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Preface

The II-VI compound semiconductors possess characteristics
which, as a group, are unique. Among the most active areas of
investigation in these materials today are blue light emitters
based on ZnSe, infrared detectors based on mercury-containing
compounds such as HgCdTe, and the properties of dilute magnetic
semiconductors. Each of these areas is represented by several
papers included in this volume. The symposium at which the papers
in this volume were orally p sented was attended by 250 re-
searchers from across the globe. Of the nearly 100 papers
presented, 69 are contained in these prpceedings.

The symposium organizers would like to give special thanks
to those institutions which provided financial support: the Air
Force Office of Scientific Research, the Army Research Office,
the Defense Advanced Research Projects Agency, the Office of Naval
Research, and Texas Instruments. Thanks also to the many who
refereed the manuscripts contained herein, and to North Carolina
State University, the Naval Research Laboratory, and Texas
Instruments for the resources which the organizers used before,
during, and after the symposium.

F.J. Bartoli, Jr.
H.F. Schaake
J.F. Schetzina

April 1990
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GROWTH OF LARGE-DIAMETER CdZnTe AND CdTeSe BOULES
FOR Hgj-xCd5Te EPITAXY: STATUS AND PROSPECTS

S. SEN, S.M. JOHNSON, J.A. KIELE, W.H. KONKEL AND J.E. STANNARD
Santa Barbara Research Center, 75 Coromar Dr., B2/8, Goleta, CA 93117

ABSTRACT

Single crystals of CdTe or dilute alloys of Cdl-yZnyTe (y 5 0.04) and

CdTel-,Se, (z S 0.04) with low defect density and large single-crystal area
(>30 cm

2
) are required as substrates for high-quality epitaxial Hg:-xCdXTe

thin films in the infrared (IR) detector industry. Bridgman or gradient
freeze has been the most common current technique used for growing these mate-
rials. This paper reviews the current status and the evolution at SBRC of one
variation of the Bridgman technique, viz., vertical-modified Bridgman (VMB),
for producing large-area substrates with excellent uniformity and repro-
ducibility. CdTe, Cdl-yZnyTe (y 5 0.04) and CdTe;-,Se, (z 5 0.04) boules of 5-
to 7.5-cm diameter have been grown unseeded in the present version of the VMB
growth system. In general, under optimum growth conditions, the boules have
the smallest grain structure (several grains) at the tip end with enhancement
of grain selection as the cylindrical body of the boule is approached, result-
ing in one predominant and large grain occupying 70 to 80 percent of the en-
tire boule volume; (111)-oriented Cdl-yZnyTe and CdTel-zSe z substrates with
single-crystal areas as large as 50 to 60 cm

2 
have been obtained from these

boules. Crystal quality characterized by x-ray rocking curve, IR transmission
(2.5 to 20 pm), low-temperature photoluminescence, and Hall-effect measure-
ments as a function of temperature, showed a strong correlation with the
starting material quality (especially that of elemental Te and Se). Analyses
of the thermal history during growth reveals that the presence of the ampoule
(with charge) increases the temperature inside the furnace by 10 to 15 de-
grees. The temperature gradient at the tip was measured to be 8 to 10'C/cm
and it dropped to 4 to 5*C/cm beyond 2.5 cm from the tip - where rapid en-
hancement of grain selection takes place in most boules. The effect of this
temperature rise on the initial crystallization near the tip of a boule can be
explained from the numerical thermal model that was developed for the growth
process with radiative and conductive heat transfer included and using a tem-
perature profile similar to that existing in the actual growth furnace. Con-
ditions for maximizing the fraction solidifying with a slightly convex inter-

face, hence maximizing the single-crystal yield are discussed.

INTRODUCTION

Various growth methods have been applied in the past to the bulk growth
of CdTe. This is mainly due to the difficulty of obtaining high quality sin-
gle-crystal material of large size. In comparison with the highly developed
group IV and III-V materials, there are several factors, viz., higher ionic-
ity, reactivity and lower stacking fault energy in II-VI materials which in
general make it more difficult for achieving large single crystals with low
defects. Although different growth methods, viz., vapor phase growth, solu-
tion growth, and melt growth have all been used for growing bulk CdTe crys-
tals, Bridgman and gradient freeze techniques of the melt growth process are
the two most common current techniques used for growing large-diameter CdTe
and dilute alloys of Cd1 -YZnyTe (y 5 0.04) and CdTel-,Se, (z 5 0.04) boules.

The use of lattice-matched substrates for growth of Hgl-,Cd.Te epitaxial
layers has been shown to reduce the interfacial dislocation density and im-
prove layer morphology. Both CdZnTe and CdTeSe have been used as substrates
for the growth of HgCdTe by liquid-phase epitaxy (LPE)[I,2]. CdZnTe succeeded
the binary compound CdTe several years ago because of greater hardness, lower

dislocation density, and the advantage of lattice matching (resulting in fewer
misfit dislocations at the substrate-layer interface). Recently, the growth
of HgCdTe on lattice-matched substrates of CdTeSe by metal-organic chemical
v-oor deposition (MOCVD) has been reported [3], supporting the importance of
close lattice matching for improved HgCdTe layer quality for MOCVD growth.

Mat. Rae. Soc. Symp. Proc. Vol. 161. -1990 Materials Research Society
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Although alternative ("foreign") substrate materials, such as GaAs with
an intervening CdTe buffer layer, have been used for the growth of HgCdTe by
both MOCVD and molecular beam epitaxy (MBE), the lattice mismatch between
HgCdTe and CdTe generates dislocations at the interface and can degrade the
HgCdTe layer properties. Current investigation of the growth of lattice-
matched CdZnTe layers grown on GaAs by MOCVD indicates promise of a possible
replacement for bulk substrates of CdZnTe (and perhaps also CdTeSe) in the fu-
ture. However, current development of next-generation hybrid infrared detec-
tor arrays relies upon active layers of HgCdTe grown by LPE, and the substrate
materials required, at least at the present time, are in bulk crystal form
with large single-crystal area (>30 cm

2
) and low defect density.

It is expected from the phase diagrams of the two alloy systems (Cd-Zn-
Te and Cd-Te-Se) that composition control can be maintained over longer boule
lengths for CdTeSe than for CdZnTe, because the equilibrium distribution coef-
ficient of CdSe is about 0.97 in CdTe compared with 1.31 for ZnTe in CdTe.

In this paper, results are reported of CdTeSe and CdZnTe boules 5 cm in
diameter grown vertically and unseeded in a specially designed multiple-zone
furnace assembly with a computerized control and monitoring system [4].
Parameters required for improved crystal quality based on growth experiments
and numerical thermal model of the growth process are reviewed. Finally, fac-
tors influencing reproducibility of single crystal yield and quality are dis-
cussed.

CRYSTAL GROWTH AND EVALUATION

The crystal growth apparatus, optimum thermal conditions from thermal
modeling of growth process, crystal growth procedure, and evaluation of grown
crystal are described in this section.

Growth Apoaratus

The crystal growth furnace assembly is shown schematically in Figure 1.
The furnace can accommodate growth ampoule up to 7.5 cm in diameter. Tempera-
ture profiling of the furnace assembly was accomplished with a thermocouple
array consisting of 11 thermocouple junctions 0.5 in. apart. The thermocouple
array was positioned inside the middlh furnace (melt or hot zone, Figure 1) to
monitor temperature distribution both circumferentially and along the vertical
axis (longitudinally). Temperature was displayed in real time on the video
screen and all measured data were available for ptintout or storage on hard
disk. Temperature profile data were obtained as a function of time with
loaded ampoule in position, to monitor temperature distribution and fluctua-
tions in temperature during the entire crystal growth period.

Thermal Modeling of Growth Process

From fundamental heat-transfer considerations it is known that for crys-
tal growth from the melt in the vertical Bridgman configuration a slightly
convex (toward the melt) liquid-solid interface is favorable for grain selec-
tion and helps to prevent spontaneous nucleation at the ampoule wall. Al-
though the thermal conditions at the interface can be controlled to a large
extent by furnace design features and furnace parameters, the thermal proper-
ties of the charge will have a major influence on the interface shape and po-
sition. The most important of the thermal properties of the charge is its
thermal conductivity. While the magnitude of the thermal conductivity influ-
ences the thermal coupling between the furnace and the charge, a difference in
thermal conductivity values for the solid crystal and the melt at the inter-
face can lead to unfavorable interface shape (i.e., concave toward the melt).

Thermal diffusivity (a), which is related to the thermal conductivity
(k) by k - apCp, where p and Cp are density and specific heat (at constant
pressure), respectively, was measured for both solid and liquid CdTe and
Cd0 .96Zn0 .04Te. Results of the thermal diffusivity measurements (4) as a func-
tion of temperature for both CdTe and CdZnTe, showed only a 20% increase in
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the thermal diffusivity values of the liquid compared with the solid near the
vicinity of the melting point.

For evaluation of the parametric effects on the solid-liquid interface
shape in the growth of CdTe, CdZnTe and CdTeSe boules by the VMB process, heat
transfer analysis using a finite-element numerical analysis code, ANSYS [5],
was performed. Calculations were made using a two-dimensional axisymnetric
model for the ampoule containing the charge, with both conductive and radia-
tive modes of heat transfer between the furnace wall and the ampoule. Convec-
tive fluid flow was eglected. The crystal diameter used was 2 in., ampoule
wall thickness 0.08 in. and crystal length 12 in. (sufficiently long to be
considered thermally infinite). Measured temperature profiles in the growth
furnace and thermal diffusivity values for liquid and solid CdTe and
Cd0 .96 Zn0 .0 4Te were used in the model to provide guidance in determining the

optimum position of the solid-liquid interface within the growth furnace. A
sample numerical solution with the hot-zone temperature at 1110*C, cold-zone
temperature at 925*C and the gradient-zone (insulated) length of 1 in. is
shown in Figure 2. The model shows that the interface is convex, lies inside
the hot-zone and is 1.5 in. from the center of the insulated zone. Similar
thermal conditions were used in the actual growth experiments described below.

FROM THYRISTOR

TO OAS

FURNACE I
WITH HEAT
PIPE FOR Cd i I NC. -
OVER. 

I ,T C
PRESSURE
CONTROL I TO:t OtrC

HOT-ZONE
FURNACE (0-
ZONE MAX) Is*l I"-- "1. o0 [NU TC' T3f

GRADIENT ...

ZONTROL

COLD.ZONE AL: "FURNACE TIb 0L[C 1 -

WITH HEAT

Figure 1. Schematic diagram of Figu.e 2. Numerical heat transfer model of
multiple-segment VMB furnace VMB process showing optimum position of

assembly, solid-liquid interface (see text).

Crystal Growth

Crystals of Cd 0 .96 Zn0 .04 Te and CdTe0 .96 Se0 .04 2 to 3 in. in diameter and

up to 6 in. in length have been grown unseeded from melts, using vapor-reacted
pre-synthesized CdTe, ZnTe, and CdSe charges. Charge masses up to 3.0 kg
(3-in. diameter) have been utilized for CdZnTe growth and up to 1.1 kg (2-in.
diameter) for CdTeSe grcwth. Both materials were grown under similar condi-
tions, that is, melt temperature approximately lll0C, Cd overpressure approx-
imately 1 etmosphere, temperature gradient without the growth ampoule approxi-
mately 5

T
C/cm, and a furnace travel rate of 1 mm/hr.

Since commercially available Se is not as pure as the readily available
electronic grade Zn (6 9's purity), prereacted CdSe was twice sublimed to ef-
fect separation of some impurities; the final sublimate was used in the prepa-
ration of the CdTeSe boules. 1l1)-oriented single-crystal substrates sawed
from the boules were used for characterization of the bulk properties of the
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material and for epitaxial Hg1Cd.Te growth Iy SBRC's vertical liquid-phase
epitaxial (VLPE) process [6] for evaluation of the substrate quality.

Crystal Evaluation

Macroscopic Structure

The characteristic crystal grain structure of CdO. 96Zn0.04Te boules 'of
different diameters are shown in Figures 3 and 4. Photographs of 2- -d
2.5-in. diameter CdZnTe boules and 1111 slices cut almost parallel to the
growth axis from those boules are shown in Figure 3a and 3b, respectively.
Figure 4 shows a photograph of a recently grown 3-in. diameter CdZnTe boule,
that shows very similar macroscopic surface grain structure aa seen in the
smaller diameter boules. For the 2.5- and 3-in. diameter boules, the furnace
travel rate was reduced to 0.75 mm/hr and 0.5 mm/hr, respectively, from the
typical speed of I mm/hr used for 2-in. diameter boules. Post growth cooling
rate was also reduced from 25'C/hr to 10*C/hr for these larger diameter
boules.

(a)

(b)

Figure 3. (a) Cd0 .96Zn0 .04Te boules 2- and 2.5-in. diameters; (b) ill) ori-
ented substrates from 2- and 2.5-in. diameter boules showing large (>40 cm

2
)

single-crystal area.

Under these growth conditions Cd0 .96Zn. 04Te boules, for which 75% of the
boule volume was single crystal, were achieved. Single crystal area as large
as approximately 50 cm

2 
was obtained from the 2.5-in. diameter boule. Usually

K __________
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a few lamellar twins on the surface of the boule are found that propagate ei-
ther parallel to or at a slight angle (approximately 15 to 30*) to the growth
axis. Generally it is seen that crystal growth begins with several grains
near the tip, but after 0.5 to I in. of growth the grains grow out and no ad-
ditional grains are nucleated. This is indirect evidence of a favorable
solid-liquid interface shape for grain selection throughout the growth period.

Analysis of the thermal history during growth reveals that the presence
of the ampoule (with charge) increases the temperature inside the

Figure 4.
Cd0.96Zno. 4Te boule

3-in. diameter
shows similar grain
structure as in
smaller diameter

boules.

furnace by 10 to 15 degrees. The temperature gradient at the tip of the am-
poule was measured to be 8 to 10*C/cm and it dropped to 4 to 5

0
C/cm beyond

2.5 cm from the tip - where rapid enhancement of grain selection takes place
in most boules. The initial temperature rise of 10 to 15 degrees is expected
to shift the interface position towards the cold-zone, changing the interface
shape from convex to concave which will promote spontaneous grain nucieaic'
near the ampoule wall. As growth progresses and the temperature drops, the
interface position can move upward toward the hot-zone and the shape changing
to convex favoring grain selection

Figure 5 shows the characteristic crystal grain structure of
CdO. 96Znc. 04Te and CdTe0.96 Se1 .04 for comparison. Longitudinal sections from
each boule cut parallel (as for CdTeSe) or nearly parallel (as for CdZnTe) to
the growth axis demonstrate comparable grain selection and large single-crys-
tal area (17 cm

2
) in both cases.

-NN

CdTeSe

Figure 5. Characteristic crystal grain structure in CdZnTe and CdTeSe.
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Microsco-ic Structure

Although the etch-pit density for these CdTeSe boules was similar to

that of typical CdZnTe (104 to low 105 cm-
2
), the precipitate size and density

were significantly reduced (factor of 10) in CdTeSe compared with that in

CdZnTe. Since Se substitutes for the Te site in CdTeSe it is quite possible
that it reduces the slope in the retrograde solubility curve of the Te-rich
side in CdTe, thereby reducing precipitation of the Te during cool-down after
growth. It is also perhaps significant that clustering of etch pits around
precipitates typically seen in CdTe and CdZnTe was not present in CdTeSe.

(3331 x-ray topographs and x-ray rocking curve (CuKaj, Si 4-crystal

monochromator) values of full width at half-maximum (FWHM) for the two materi-
als are shown in Figure 6. The FWHM values are indicated in the figure for
various locations at which they were measured. The uniformity of both the to-
pographs and the FWHM values measured at different locations in the two &u-
strates demonstrate excellent structural quality of both materials.

Cdo9eZno4Te Cuk(333) REFLECTION CdTeo 9 Seo.o4

.8 cm 2.4 cm

3.4 cm - - 3.2 cm

FWHM 16 arc sec FWHM 9.6 arc sec

Cuka (333) REFLECTION; X-RAY BEAM SIZE 1 X 8 mm 2

Figure 6. X-ray reflection topograph and double-crystal rocking curve on
CdZnTe and CdTeSe substrate.

Comoosition Variation

Variation in conposition (y-value) along the growth axis in Cd:-yZnyTe
and CdTe,_ySey boules was measured by high resolution photoluminescence at
4.2K where bound-exciton (BE) peak positions were used to determine relative
changes in composition. The 5145A line of an Ar-ion laser was used as the ex-
citation source and the samples were imnersed in liquid He (4.2K). A Spex
1404 double spectrometer (using a resolution of 0.8A) and a Hamamatsu R943
photomultiplier tube (GaAs photocathode) were used for the measurements. The
shift in the BE peak position corresponds to a change in the bandgap of the
crystal. This change in bandgap was used to determine the change in composi-
tion, y, assuming that, for small variations, the variation in bandgap with
composition (dE./dx) is linear and equal to difference in bandgap between the
two end binaries, CdTe-ZnTe and CdTe-CdSe. Figure 7 shows the composition
change (from a nominal melt composition of 4 percent for both CdZnTe and Cd-
SeTe boules) versus distance along the growth axis. For CdTeSe the composi-
tion remains relatively constant along the growth axis, whereas for CdZnTe the
composition is seen to vary downward to as low as approximately 1.2 percent



along the length of the boule, consistent with a distribution coefficient for
ZnTe which is greater than unity. The variation in composition of CdZnTe near
the tip of the boule and up to 4 cm from the tip is probably due to transient
effects, such as temperature fluctuations and associated spontaneous nucle-
ation, at the beginning of growth as discussed before.

0.005 . . . .. .. . I. . . . .. .. . .

w 0.000
,U.

S-0.005 7 CdTeSe

r_-0.010 - 0001 * CdTeSe dEg d, 23S ',V

- -0.015
(;~dZnTe dtEqd, '85'-'V

0 -0020 CdZnTe * "E - 5145 A 5C -. N
o -0.025

-0.030
0 2 4 6 8 10 12

Z (CM)
Figure 7. Photoluminescence BE peak positions used to determine relative

changes in composition along growth axis.

EpitaxilLaer on CdZnTe and CdTele

Epitaxial Hgl-xCdxTe (x = 0.26, t - 8 pms) layers grown on (il1) CdTeSe
and CdZnTe substrates by SBRC's VLPE process from Hg-rich melts showed compa-
rable surface morphology and electrical properties. However, the structural

quality of Hgl-,Cd.Te on CdTeSe was more uniform than that on CdZnTe, as shown

in Figures 8 and 9. the structural quality of the HgCdTe layer on CdZnTe, as
measured by x-ray rocking-curve FWHM values and shown in Figure 8, indicates a
systematic broadening of the rocking curve across the width of the layer. As
displayed in Figure 9, for the HgCdTe layer on CdTeSe the FWHM values did not
vary as much as in the case for the CdZnTe substrates. In both cases, how-
ever, the underlying substrate had very uniform and narrow x-ray FWHM values
(10 to 16 arc-sec).

Cuk. (333) REFLECTION
CdoZnoo4Te SUBSTRATE LPE Hgo7 ,Cdo2Te (I = 8 /im)

3.4 cm - L

Figure 8. X-ray scanning reflection topographs of (111) CdZnTe substrate and
LPE HgCdTe layer showing FWHM values from x-ray double-crystal rocking curves

at different locations in the LPE HgCdTe layer.

To determine if this variation in the structural quality of epitaxial
HgCdTe on CdZnTe was due to the variation in the Zn concentration of the un-
derlying substrate, PL measurements were made along the lengths of the same
two substrates. As described earlier, bound-exciton peak positions were mea-
sured from the PL, spectra and the corresponding composition changes determined
as a function of positiosn across tne two substrates. The results are plotted
in Figure 10. It was found that the composition of CdTeSe remained unchanged
along the length, whereas for CdZnTe the composition varied from 4- to 5-mole
percent from one side of the substrate to the other. Thus, the broadening of
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the rocking curve in the case of LPE HgCdTe on CdZnTe is most probably due to
this gradual change of composition from 4 to 5 percent across the CdZnTe sub-
strate.

CdTeo Seoo4 SUBSTRATE LPE Hgo74 Cdo2Te (t 8 8 pm)

- 3.2 cm -

Figure 9. X-ray scanning reflection topographs of 11111 CdTeSe substrate anA
LPE HgCdTe layer showing FWHM values from x-ray double-crystal rocking curves

at different locations in the LPE HgCdTe layer.
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Position (cm)
ti - and Electrical Proerties of CdZnTe

:nfried (IR) optical transmiss:'n measurements of polished CdZnTe
wafers can provide useful infrmation about excess impurities in the mater.a>.
Considering only reflectance losses at two surfaces, the theoretical transris-
sion should be approximately 63- over the typical range of 2.5 to 20 pLm -ov-
erel by most FTIR spectrometers. Figure lla shows the transmission spectrum
from a CdZnTe wafer which has an excess Cd vacancy concentration. Figure !!.1
shows the transmission of this same sample is restored after a 

0
2-hr isother-

mal, anneal at 600oC in Cd overpressure to fill these excess vacancies. Fiql,.O

2 shows the absorption coefficient versus wavelength, determined from Figuto

Ila, increases rapidly at first then as X
0 "8 5 

for ) > 7 p n. This absorptlcn
behavior ii clearly not free-carrier absorption but is another mechanism ap-
parently related to the nonstoichiometry (Cd vacancies).

An example of CdZnTe material exhibiting free-carrier absorption is
Figure 13 which shows the IR transmission expanded in the region from 8 to
20 m (spectrum is flat from 2.5 to 8 pm) from three different regions, sepa-

rated by approximately 0.4 cm, takes progressively 1-3- ,, - tail' end (,f a
boule. The absorption coefficient from each of these regions was plotted as

function of wavelength and varies as a - k 
2
,
7 

from 8 to 20 pis: this plot for
region 3 is shown in Figure 12. The value of the coefficient k, derived from
the a versus X plots, was found to be linearly related to the n-type carrier
concentration, determined from 300K Hall-effect measurements as shown in
Figure 14: Figure 14 shows that k - (8.6 x 10-

9
)Nd.
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Figure 1I. (a) IR transmission spectrum from a CdZnTe wafer with an excess Cd

vacancy concentration; (b) IR transmission spectrum from same wafer after a
72-hr anneal at 600'C in Cd overpressure.
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Figure 12..Absorption coefficient versus wavelength in CdZnTe wafers frm w
different boules. Boule B shows effect due to excess Cd vacancies ( ,

Boule A shows effect due to free carrier absorption.
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Figure 13. IR transmission spectra near tail end of a CdZnTe boule showing

effect due to free carrier absorption.
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3.0 x 10 8

T = 300K
k = (8.6 x 1 9) N d

2.0 x 10
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Figure 14. Coefficient k plotted against n-type carrier concentration N,

(300K) from Hall effect shows linear uependence, with k = 8.6 x 10
- 9 ) 

N4.

Figure 15 shows n-type carrier concentration and mobility versus temper-

ature for a CdZnTe sample taken from the same region of the boule which showed

free-carrier absorption. The overall mobility is low and decreases somewhat

at lower temperatures which indicates disorder in this region of the boule.

However, similar measurement on a sample from the tip region of this boule

show lower carrier concentration (1.7 X 1015 cm
- 3

) and higher mobility

(approximately 1000 cm
2
/V.s) at room temperature, which agrees with negligible

free carrier absorption from this part of the boule. The formation of ohmic

contacts to p-type -dZnTe is an area that needs further work to allow more

routine characteilzat .n of these materials by Hall-effect measurements.

1010

~10v **10

C-,

10

100 10 20 30 40 50

1 O0 0T(K-')

Figure 15. Carrier concentration (n-type) and mobility versus temperature for

a CdZnTe sample taken from same region of boule that showed free-carrier ab-
sorption.

Low temperature (4.2K) photoluminescence (PL) measurements made at the

tail end and tip end of this same boule are shown in Figures 16a and 16b, re-

spectively. A comparison of these figures shows the decrease in the bandgap
due to a lower concentration of Zn at the tail end of the boule as described

earlier. At the tail end, shown in Figure 16b, the donor-acceptor band or
"defect" band at 1.45 eV is exceptionally intense in comparison to this same
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band in Figure 16a for the tip end of the boule. The luminescence intensity
of the bound exciton peaks at E > 1.6 eV is approximately twice as large for
the tip region of this boule which also indicates better material quality. We
were unable to quantitatively relate the Hall-effect data in the tail end of
the boule with absolute intensities or intensity ratios of either the donor-
acceptor band or the bound exciton peaks. Quantitative measurement of shal-
low impurity concentration by PL, which is common for Si, is still elusive for
CdZnTe materials and needs further research.

(a) (b)

Figure 16. Low temperature PL spectra on samples from (a) tip and (b) tail
end of a boule that showed free carrier absorption.

REPRODUCIBILITY OF BOULE QUALITY

Assessing the current status of these crystals, although large-area sin-
gle-crystal substrates of CdTe, CdZnTe, and CdTeSe with excellent quality are
achieved, a major issue still remains that affects the reproducibility of sub-
strate quality. Based on numerous growth results in recent years at SBRC, it
is found that once the crystal growth conditions were optimized, a major fac-
tor affecting the single-crystal quality is the quality of the elemental
starting materials. Starting materials as received from commercial sources
has been found to be variable. Reduced purity of input raw materials (Cd, Te,
Zn, Se) has affected the substrate quality in two ways: (1) reduced optical
transmission and (2) higher density of twins and microtwins. Both effects can
limit the usable single-crystal yield in a boule.

Presence of excess substitutional impurities in a boule can give rise to
free carrier absorption as discussed before. Additionally, impurities, ox-
ides, or particulates such as carbon - which is sometimes detected in large
concentrations in the substrate can initiate twins and microtwins during crys-
tal growth in these materials. In the diamond or zinc blend structure, such
as in these II-VI crystals, twinning is always observed with one of the (111)
family of lattice planes acting as a twin plane. There are four types of such
octahedral planes belonging to the same family included at 700 32' to each
other. Twinning about a (ill) plane is a simple stacking fault. It is char-
acterized by a perfect fit of the lattices on either side of the fault; i.e.,
it leaves all distances between nearest neighbors and all bond angles undis-
turbed. Very little energy is therefore required to initiate twinning, only
that due to interaction between second-nearest neighbors. Therefore, a single
crystal growing with a certain crystallographic orientation can swing readily
over to one of four other orientations by this mechanism. Since very little
energy is required to initiate such a twin, small sudden temperature fluctua-
tions in the melt or local disturbances at the interface, such as those caused
by the presence of foreign particles or excess solute species might initiate
twins in these materials.
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Thus reliability of quality (purity) of input raw materials needs to be
improved to assure improved reproducibility of boule quality in these materi-
als.

PROSPECTS

Large-area single crystals of Cd0 .96ZnO.04Te or CdTeo.96Seo.04 with low
defect density are required as substrates for large-scale production of high-
quality epitaxial HgCdTe layers for hybrid focal plane arrays in the infrared
detector industry. Bulk substrates of CdZnTe continues to play a major role
in HgCdTe epitaxy either by liquid phase epitaxial (LPE) or vapor phase epi-
taxial (VPE) techniques such as MOCVD or MBE, despite future trend toward al-
ternative "foreign" substrates, viz, A1203, GaAs, or Si.

As reviewed in previous sections the quality and single crystal size of
both CdZnTe and CdTeSe have improved significantly in recent years to provide
impetus for further development of these materials in bulk crystal form. Of
particular significance is the improvement in structural quality as measured
by x-ray topography and x-ray rocking curve analysis. X-ray rocking curve
FWHM as low as 8 arc-sec and with a typical value of ! 20 arc-sec and excel-
lent uniformity have been achieved in these materials. These results are com-
parable to that of bulk GaAs. Improvements in compositional uniformity in
CdTeSe compared with CdZnTe have shown corresponding improvement of structural
uniformity in epitaxial HgCdTe layers grown by VLPE.

The aforementioned improvements in crystal quality and size is at-
tributed to a combination of several parameters established experimentally and
through the aid of a numerical thermal model of the growth process. The crit-
ical parameters are: favorable solid-liquid interface shape, promoting grain
selection; improved temperature stability with time in the melt zone (± 0.1 to
0.2'C); axial temperature uniformity in the melt zone (approximately 3*C maxi-
mum variation over 6 inches); low axial temperature gradient at the growth
interface (< 15°C/in.); and low furnace travel rate ( 1 mm/h).

However, reproducibility of boule quality still remains a critical is-
sue. Analysis of boule growth results at SBRC points toward a strong correla-
tion of boule quality with starting raw materials.

As discussed in the previous section, excess impurities by themselves or
in the form of oxides, can degrade substrate quality as well as single crystal
yield in a boule. Thus for improvement in reproducibility of boule quality,
it is imperative that the reliability of starting material (purity) is as-
sured.
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ABSTRACT

Methods used to grow bulk, CdTe crystals, effects of
alloying on their perfection and typical single crystal
properties are reviewed in this paper. Crystals grown by a
modified horizontal Bridgman technique have lower dislocation
densities than those grown by a modified vertical Bridgman
method. Dislocation densities of the order of lix10 3/cm 2 have
been observed in CdTeSe crystals grown by the former technique.
Due to the difference in the distribution coefficients of Zn and
Se in CdTe, CdTeSe ingots are chemically more uniform than CdZnTe
ingots. Purity studies of starting materials indicate that Se
substitutions may introduce more impurities than Zn additions.

INTRODUCTION

CdTe and CdTe alloys are used as substrates to grow HgCdTe,
HgZnTe and HgMnTe epitaxial layers. These epitaxial materials
are being developed for infrared detection and optoelectronic
applications. Although HgCdTe can be grown by bulk crystal growth
methods [1,2], the demand for large-area infrared (IR) devices
has increased dependence on epitaxial HgCdTe to produce large
scale, detector grade material. A variety of epitaxial growth
techniques, such as liquid phase epitaxy (LPE), organo-metallic
vapor phase epitaxy (OMVPE), and molecular beam epitaxy (MBE),
have been used to deposit epitaxial layers. In addition, since
the perfection of CdTe substrates is not very high, alternative
substrates, InSb, GaAs, and Si, have been used. However, CdTe
and CdTe alloys have the advantage of chemical compatibility and
closer lattice match.

BULK CRYSTAL GROWTH

It is well documented that the performance of
heterostructure devices is strongly influenced by the quality of
the underlying substrate (3]. Dislocations present in the
substrates are observed to be replicated into epitaxial layers
grown by MBE (4], OMVPE (5], and LPE (6]. Therefore in addition
to growing large area single crystals, a bulk crystal growth
method should be optimized to produce material with low
dislocation density, high IR transmission, high resistivity, and
absence of second phase particles. Vertical Bridgman with
OverPressure (VBOP) and Horizontal Bridgman with OverPressure
(HBOP) have the advantages of producing large area, high quality,
and stoichiometric crystals as compared to the three other growth

Met. Res. Soc. Symp. Proc. Vol. 161. , 1990 Materials Research Society
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techniques - heat exchanger method (HEM), traveling heater method
(THM) and high pressure Bridgman. THM offers the advantage of
lower processing temperatures to produce a "purer" material.
This method has been used advantageously in the growth of
CdlxMnxTe, where x > 0.15, to avoid a high temperature hexagonal
to cubic phase transformation which leads to extensive twinning
[7]-

A schematic of a VBOP furnace is shown in Figure 1. The
furnace contains ten independently controlled thermal zones with
a heat pipe providing additional stability in the overpressure
control zone. The ampoule is positioned on a vibration free
stand and remains stationary during growth. The furnace travels
at a speed of 0.5-5mm/hr with a temperature gradient of
4-8°C/cm. The temperature gradient and overpressure control
during growth and cooldown are critical operating parameters
which influence defect density and stoichiometry of the crystals.
Ingots grown to date have diameters of 60 to 75mm and masses
between 1.2 and 2.5kg. The largest, rectangular single crystals
we have fabricated from VBOP ingots had areas of 40mmx60mm or
50mmx50mm.

kk I PIPE FOR
Cd OVERP0SEURE
CONTROL 0o

0 A schematic of an HBOP
9 o furnace is shown in Figure 2.

o
ATING CIL- I0S The furnace has 10

0 o independently controlled zones
A P 0 Gin addition to an overpressure

o 5 zone containing a heat pipe.
S One advantage of HBOP
o technique as compared to VBOP
o technology is that there is no

ELT o, ampoule confinement on top of
SLID CRYSTAL I the melt. This leads to lower

o 0 thermomechanical stress inSEEO PO=T o-------. - t

o othat direction. In addition,
we use a gradient freeze

Figure 1. Schematic of a technique so that neither the
multizone VBOP furnace, crystal or furnace are in

motion during growth. By
using this horizontal

TCNumber 1 2 34 567 8 9 10 technique, we have

consistently grown crystals
with lower dislocation
densities than by our vertical
technique. Currently, the
ingots are 50mm diameter half-

Overpressure Quartz or PBN round and weigh approximately
Reservoir Boat 700g. The largest rectangular

Figure 2. Schematic of a single crystal fabricated had
multizone HBOP furnace, an area of 20mmx30mm.
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EFFECTS OF ALLOYING CDTE

Lattice Matching

The benefits of lattice matching include improved epilayer

morphology, decrease in misfit dislocation densities, and reduced
epilayer strain [8]. Because the binary compounds CdTe, ZnTe,
CdSe, ZnSe and MnTe are highly miscible in one another, nearly
any desired value of band gap or lattice parameter can be
achieved. The lattice constant of CdTe is ao=6.482A, mismatched
by approximately 0.3% with respect to Hg0 .8 Cdo .2Te, ao=6.464 A
[9]. A region of high dislocation density is known to exist at
the HgCdTe/CdTe interface [10]. If Zn and/or Se are alloyed with
CdTe, the lattice constant is decreased from 6.482A and can be
adjusted to equal that of the HgCdTe composition. Lattice
parameter as a function of alloy composition for CdZnTe and
CdTeSe can be written as:

CdlyZnyTe: a. = 6.482 - 0.381y (1)

CdTel-wSew: aO = 6.482 - 0.3987w (2)

as in references [11] and [12]. By combining (1) and (2), the
lattice parameter of CdZnTeSe can be expressed as:

Cd1IyZnyTei1wsew: a0  6.482 - 0.381y - 0.3987w (3)

We have grown two CdZnTeSe ingots. The lattice parameters
measured agree with this equation to within + 0.03% [13].

Segregation Effects

When growing an alloy such as CdZnTe or CdTeSe, one must
study the effects of solute distribution in order to approximate
the alloy concentration relative to the volume fraction
solidified. We assume normal freezing and use Pfann's equation:

C = kCo(l-g)k-
1  (4)

where C is the concentration of the freezing material, C0 is the
nominal concentration, g is the fraction solidified, and k is the
effective distribution coefficient [14]. If k=l then C=Co, and
the alloy concentration remains constant and equal to that
loaded. We have measured the chemical concentration, calculated
k, and measured the lattice parameter of samples from CdZnTe and
CdTeSe ingots [13]. Chemical concentration was measured by
direct current plasma emission spectrometry and lattice parameter

was measured with a Siemens D500 diffractometer.
Samples from a Cdl yZn Te ingot, where the nominal Zn

concentration was equal to 0.A45, were selected on the basis of
fraction solidified. The chemical concentration was measured
and plotted as shown in Figure 3. The distribution coefficient,
k, was calculated to be approximately 1.1. It is interesting to
note that the first data point, where the fraction solidified was
close to 10%, is very close to the nominal Zn concentration that
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was loaded. This indicates that non-equilibrium freezing is

likely to have occurred. We have measured other k values for Zn
in CdTe and find them to be in the range of 1.1-1.25. The
lattice parameter was measured for samples companion to the
chemical samples. Lattice parameter vs. chemical concentration

is plotted in Figure 4. Although the data does not fit exactly
with equation (1), we feel that the equation can be used as a
first approximation in determining the nominal Zn concentration
needed for lattice matching.

5.5

5.0

a 4.5

4.0

3.5 I I I i I I I
0 0.2 0.4 0.6 0.8 1.0

k= I. Co=4.5 Fraction Solidified, g
ingot 4667, Actual Zo %

Figure 3. Distribution of .n in a Cd.9 5 5 Zn. 0 4 5 Te ingot.

6.482 4a
6.482

* a= 6.4820- .381y

6.47

6.466
6.464 - Hg-, Cd Te

.~6.462
6.46 - -.03%

6.45
0 0.02 0.04 0.06 0.08

Value of y in CdI, ZnTe

Figure 4. Lattice parameter vs. chemical composition of a
Cd. 9 55 Zn.0 4 5Te ingot.

The chemical concentrations of samples from a CdTel-wSew
ingot, where the nominal concentration of Se was equal to 0.04,
were also measured and the results plotted in Figure 5. We
calculated k to be = 0.97. Figure 6 is a plot of the lattice
constants measured for the companion samples. With the exception



of one datum point the results closely agree with those predicted
from equation (2).

Figure 7 is a plot of lattice constant vs. chemical
composition for a Cd1..YZn yTei-w.Sew ingot where y = w =0. 02. We
conclude that Cdl-yZn yTei-wSew can be used as an effective
lattice matching alloy.
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0 0.2 0.4 0.6 0.8 1.0

ImSctle S.AidfCd, & k=.97 Co=i.1
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Figure S. Distribution of Se in a CdTe. 95 9 8e.041 ingot.
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rigure 6. Lattice parameter vs. chemical composition of a

CdTe. 9 5 9 Be. 0 4 1 ingot.
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Figure 7. Lattice parameter vs. chemical composition of a

cd 9 6 2n.0 2 Te.98 Se 0 2 ingot.



20

Recently, there has been a limited requirement for lattice
matched substrates for HgZnTe [15]. This alloy, analogous to
HgCdTe, can be "tuned" to yield semiconductors with a band gap
that reduces to zero at an intermediate alloy concentration.
Cd . Zny Te substrates, where 0.20 < y < 0.24, are lattice matched
to ..lx ZnxTe, where 0.16 < x < 0.19. Chemical composition
measurements of samples from a Cd0. Zn0 .2 Te ingot were plotted
and k was calculated to be 1.25.

Strengthening

In addition to changing the lattice constant of CdTe, the
addition of Zn and/or Se strengthens the material. Mechanisms
for alloy strengthening have been modeled by Sher and co-workers
using bond length and energy changes of the constituents relative
to p'.re crystal values [16). The shorter bond length of ZnTe
increases the dislocation energy and the hardness of CdZnTe
alloys. We have found that CdZnTe and CdTeSe crystals grown at
II-VI Incorporated are harder and have lower etch pit densities,
as revealed by the Nakagawa etch [17],than CdTe grown under
similar conditions. A cellular dislocation structure, due to
glide and climb caused by thermal gradient induced stresses, is
less pronounced with CdTe containing Zn [18] and/or Se.
Epitaxial crystal growth on these substrates with lower
dislocation densities has resulted in films with superior
crystallinity and morphology [19].

Purity

The purity of Cd and Te has been extensively studied and
reported [20]. However, the purity levels of Zn and Se are not
as well documented. Glow Discharge Mass Spectrometry (GDMS)
provides detection limits for most elements on the order of one
to fifteen parts per billion atomic (ppba) with accuracies of

± 20% [21]. Trace Elements via Solid Sampling Analysis (TESSA)
is a reengineered Graphite Furnace Atomic Absorption (GFAA)
technique. One advantage of TESSA is that it requires no special
sample size. However, a broad elemental survey by this technique
would be very expensive. The TESSA technique has detection
limits of 10-100 ppba for most elements with accuracies of + 20%
[22].

The Zn which we utilize in our CdZnTe ingots is sublimed

with Te to form ZnTe in a process s;parate from the crystal
growth. The Se is either reacted with Cd to produce CdSe prior
to growth or purchased in the form of a sublimed, solid CdSe
material. Zn, Te, sublimed ZnTe, Cd, reacted CdSe and sublimed
CdSe were submitted for GDMS analysis to Charles Evans & Assoc.,
Redwood City, CA for a 66 elemental impurity survey. Because of
the shape of the Se material the fabrication of a pin was
impossible and the GDMS technique could not be used. We submitted
the Se sample to VHG Labs, Manchester, N.H. for TESSA
determination of 3 elemental impurities. The raw Cd and Se
materials used in the sublimed CdSe were not available for
analysis. Results of the purity testing are shown in Table I.

The major impurities in the Se were Fe and Si and these were
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present in the reacted CdSe. The major impurity in the sublimed
CdSe was S and it is unknown if this was present in the starting
material or was introduced during the sublimation process.

TABLE I. PURITY OF ALLOY STARTING MATERIALS (PPMA)

Impurity Zn
I  

Te
1  

ZnTe
I  

Cd
1  

Se
2  

CdSe
1  

CdSe
1

(sublimed) (reacted) (sublimed)

Li ND ND .36 ND NM ND ND
B 0.02 ND 0.04 0.02 NM 0.07 0.18
Na 0.02 0.32 ND 0.01 NM 1.33 .07
Mg ND 0.01 0.03 ND NM 0.02 0.02
Al 0.01 0.13 0.08 0.01 NM 0.20 0.03
Si 0.04 0.01 0.16 0.03 11.52 3.00 ND
P ND ND ND 0.003 NM ND ND
S ND ND ND 0.004 NM 1.70 10.15

K ND 0.04 0.02 ND NM ND 0.001
Ti 0.001 0.02 ND ND NM 0.28 ND
Cr ND ND ND ND NM 0.01 0.08
Mn ND ND ND ND NM 0.14 ND
Fe 0.05 0.004 0.13 ND 8.34 3.77 0.23
Ni ND 0.0i 0.01 ND NM 0.05 0.07
Cu ND ND 0.36 0.01 NM 0.23 ND
Zn - ND - 0.03 NM 0.44 2.63
Ga ND ND 0.05 ND NM 0.008 0.052
Ge ND ND ND ND NM ND 0.08
Se ND 0.60 0.98 ND - -

Te ND - - ND 0.37 0.54 5.26

Total 0.15 1.15 2.22 0.11 20.24 11.52 18.85

1 GDMS - 66 elements surveyed
2 TESSA - 3 elements surveyed

ND - Not Detected
NM - Not Measured

CHARACTERIZATION

Single Crystal Properties

IR spectrometry, chemical etching, microhardness, double
crystal x-ray diffractometry, and IR microscopy are used to
characterize CdTe and CdTe alloys. Table II compares 4 different

materials grown by either vertical Bridgman (VB) or horizontal

Bridgman (HB) methods with typical attainable properties.

Dislocation density is lowered with the addition of Zn or Se and

hardness is increased. HBOP CdTeSe consistently has the lowest
dislocation densities and the siarpest double crystal rocking

curves. We believe this is due to the addition of Se combined
with the modified horizontal Bridgman growth procesz.
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TABLE II. SINGLE CRYSTAL PROPERTIES

VB VB VB HB
CdTe Cd I IZn.Te Cd I yZn Te CdTei-wSew

y Z-6. 45 y Z 0. o w z .043

IR Transmission > 50% > 50% > 50% > 50%
(2.5 - 25gm)

Nakagawa Etch 20-50 4-20 5-7 .1 - 6
Pit D nsi~y
(x 10 2/cm )

DCRC 13-150 10-100 13-100 8-30
FWHM (arcsec)
CuKa (333) or (400)
2mm x 2mm spot size

Microhardness 45 54 90 (tip) 54
(Knoop 50g) 80 (heel)

Photoluminescence

Photoluminescence (PL) has proven to be a powerful technique
for assessing the quality of semiconducting materials. It can be

used to determine the band gap of the material, making it useful
in determining the composition of ternary alloys such as CdZnTe.
It can be used to determine the nature and identity of impurities
in the material. In addition, such information as PL linewidths
and intensities, the presence of strong phonon replication, and
the presence of deep level "defect-band" emission is useful in
determining the structural perfection of semiconductor crystals.
In general, narrow linewidths, strong phonon replication and the
absence of deep level emission indicate a high degree of

structural perfection.
One of the effects of increasing the Zn content in CdTe is

the shift in band gap to increasingly higher energies. The Zn

concentration in Cdl .Zn.Te can be determined from the

luminescence data using heyfollowing equation;
FE (5°K, y) = 1.5964 + 0.445y + 0.33y

2 
(eV) (5)

where FE is the peak position of the free exciton and y is the
molar fraction of Zn. This formula is a modification of a
previously reported equation written for 80'K (23]. The free
excitons (FE) represent the lowest intrinsic excitation energy of
electrons and holes in pure materials at low excitation density.
This intrinsic recombination is seldom the dominant process at

low temperatures. The presence of impurities in most
semiconductors is unavoidable and extrinsic recombinations (bound
excitons) are usually dominant. Figure 8 is a characteristic
spectrum of a Cd1 .yZn Te substrate. At 1.6188, the free exciton

peak can be observed. Using equation (5), the peak energy
corresponds to y = 0.05. In order to identify the rest of the
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peaks, the assumption is made that they are related to the
corresponding peak positions in CdTe shifted in energy by

approximately the same
amount as the free489921 16- exciton. The near edge

48992X region is dominated by

two bright narrow
=6 v excitonic peaks. The

peak at 1.6144eV can be
T=5.Z identified as a neutral

4899 

X=

E - donor-bound exciton
E 00 ) The emission

line at 1.6106 is in the

00LO.,iA' 16region for a neutral
1.5912 0(FE) 161A FE acceptor-bound exciton
__ ,. I , (AO

,x) . These peaks areI.11 1.64 1.61 1.42 1.63

Energy quite bright and sharp,
Go I I, having FWHM's of 1.0meV

4899-21x W D and 2.6meV respectively.
Sharp excitonic lines
such as these are typical

,000 of high quality bulk

T .~C dZnTe. At 1.5972eV and
- 1.5890eV the first order

E LO-phonon replicas for
I5 594i, LOI the free exciton and

000- (A,x) transition can be
__O. observed. Further below1n1). L.5 0 eVi02e e t* t, : ,an,' , !- L, At-

1.44 1.46 1.40 1.50 1.52 1.54 1,56 15. 1.5602eV is present,
Energy accompanied by first and

Figure 8. Characteristic PL spectrum second order LO-phonon
of a CdZnTe substrate. replicas. This peak is

in a position that
suggests it could be due to donor-to-acceptor pair recombination
(DAP). However, a more thorough study, one that includes power

and temperature dependence measurements, is needed to further
clarify this identification.

INFRARED MICROSCOPY

Precipitates form in CdTe and CdTe alloys during cooling of
the crystals from high temperatures due to retrograde solubility
of Te in CdTe. The size and density of these precipitates vary
from ingot to ingot. It is desirable to minimize the formation of
precipitates as they may be responsible for epitaxial defects if
they are present on the growth surface. Infrared (IR)
transmission optical microscopy is a technique used to non-
destructively view bulk material that is transparent in a
particular wavelength range. Precipitates that are opaque to IR
light are photographed as dark shapes against the IR transparent
matrix. The resolution of the microscope is lpm at 400X.
Figure 9 is a group of micrographs from four different samples.
To date, we have been more successful at controlling precipitate
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size and density by HBOP as compared to VBOP possibly due to the
geometry and smaller mass of HBOP ingots.

}

"Clear" .Star "Trianqle" "Linear"

Figure 9. Variety of infrared opaque precipitates and
clear region.

TRANSMISSION ELECTRON MICROSCOPY (TEM)

In order to better vnderstand the chemistry and nature of IR
opaque precipitates, samples were examined in a Philips EM420
electron microscope operating at 120keV. Samples for TEM were
polished mechanically followed with a thinning procedure using 1%

bromine in methanol solution.
Figure 10 is an electron micrograph obtained from a CdTe

specimen. This is an example of an array of dislocations
4associated with a slip band. The dislocations in this

configuration are nearly all parallel and most of them have the
same Burgers vector. Contrast analyses, perfor..-ed from weak beam
and bright fieli images usiiag different diffraction vectors, he
revealed that dislocations are dissociated into two Shockley
partials having Burgers vectors of the type a/6<112>. A stacking
fault fringe contrast is observed at F. The small particles
exhibiting black contrast are precipitates in the matrix of CdTe.
On the basis of selected area electron diffraction, these
particles have been identified as Te precipitates. This is
consistent with earlier published results [24,25,26]. Under the
appropriate diffracting condition, Moire fringes are seen in some
of the Te precipitates. This is a result of differences in the
structure factors between precipitate and matrix. Figure 11 is an
example of stress-induced dislocations. Contrast analyses,
performed from weak beam and bright field images using different
diffraction vectors, have shown that dislocations are also
dissociated into S1ockley partials. Observation of
dislocations as seen in Figures 10 and 11 indicates that the
crystal experiences thermal gradient induced stresses during
cooling, and this causes slip to occur on parallel slip planes.

SUMMARY

CdTe and CdTe alloys grown by VBOP and HBOP methods are used

as substrates for epitaxial growth of HgCdTe and HgZnTe. With
the addition of Zn and/or Se, the lattice constant of CdTe is

IL
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reduced leading to improved lattice matching. Due to segregation
effects, a CdTeSe ingot has a more uniform chemical composition
than a CdZnTe ingot. Zn and/or Se strengthen the CdTe matrix
resulting in harder materials with lower dislocation densities.
To date, the lowest dislocation densities and the sharpest
rocking curves have been found in HBOP CdTeSe material. Purity
testing shows that Se is contributing more impurities to the
matrix as compared with Zn. Photoluminescence can be used to
assess the quality and determine alloy concentration in
CdI yZn Te. TEM has been used to identify Te precipitates.
Dislocation arrays suggest the presence of thermal gradient
induced stress during crystal growth.

$F
• ", . -4

4 a n
Figure 10. Bright field electron micrograph showing a

slipband. A stacking fault is marked F. Moire fringes are
marked with double arrows. The diffraction vector is 021 and

zone axis is [111].

.

Figure 11. Bright field electron micrograph showing arrays
of dislocations and precipitates. The diffraction vector is

220 and zone axis is [111].
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REGION OF BULK CdTe
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ABSTRACT

The native defects introduced by Br2 /CH 3OH etching and aging
under atmospheric conditions have been investigated in In doped,
bulk CdTe using photoluminescence (PL) spectroscopy. The
results indicate a large enhancement of the Cd vacancy related
1.5896 eV excitonic feature with chemical treatment and aging.
Hence, the primary perturbation is interpreted to be a small loss
of Cd within the sampling region. This result is compared and
contrasted with previous studies of etching induced
modifications. The implications of Cd depletion on interpreting
PL spectra, device processing and long term stability are
considered.

INTRODUCTION

The presence of native defects such as vacancies,
interstitials, etc. can have a significant influence on the
electronic behavior of semiconductor materials. However,
detection of specific defects and studying their microscopic
properties is nontrivial. The traditional methods of microscopic
chemical detection is inapplicable; and an indirect study of
properties such as the transport behavior lacks sufficient
information on both the microscopic details and spatial
resolution. Photoluminescence (PL) spectroscpopy, in comparison,
is almost ideal for this study since sharp well defined optical
features associated with many native defects can be investigated
with acceptable spatial resolution. It is the intent of this
paper to provide examples of the applicability of PL: the results
of an investigation of the native defects introduced as a result
of chemical treatment and aging in CdTe are presented. The
results are also important in improving the capability of PL in
the analysis of defects in CdTe since it identifies those
features introduced as a result of the modification of the
surface region.

Chemical etching is widely used for cleaning semiconductor
surfaces and in processing applications. Deleterious effects may
be caused as a result and hence, it is important to understand
the consequences to the near surface region and perturbations in
the physical properties of the sample.

Several previous investigators have used photoluminescence
(PL) to study the electronic behavior of impurities, dopants and
electrically active native defects in CdTe [1-12]. However, the
results can be ambiguous. Residual impurities, self compensating
native defects [2] and those introduced as a result of the
chemical treatment may interfere with the interpretation.

A large proportion of the published results on bulk CdTe used
surfaces that were chemically etched, the most common etchant
being a solution of Br2 and CH OH with concentrations in the
range of 0.1 to 20% by volume. It is well known that Br2 /CH3OH
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leads to a preferential loss of Cd from the surface region [14-
16]. In comparison to earlier conclusions, the results of this
study strongly suggest that the depletion of Cd may extend deeper
than the - 10A previously expected [14,15] and is likely to
modify the electronic behavior of the surface region. The
inherent ability of PL in detecting very small quantities of an
impurity or native defect in a large matrix should be contrasted
with the capability techniques such as XPS, Raman scattering and
ellipsometry which are sensitive to large stoichiometric changes
over relatively thin regions.

The investigation is confined to the near edge region of 1.55
to 1.61 eV. In the samples used in this study, a sharp peak at
1.5896 eV, at 10K, is shown to increase significantly in
intensity after the Br2 /CH3OH etch. This feature has been
observed previously and assigned to originate from an exciton
bound to a neutral Cd vacancy or a complex defect involving a Cd
vacancy [3-5]. Hence our results strongly suggest that Cd
vacancies are being introduced into the near surface region by
the chemical treatment. Samples that were stored for several
weeks without any chemical treatment were also observed to form a
Cd vacancy feature. Implications of these results on the
spectroscopic behavior, device fabrication and long term
stability of CdTe are considered in the following sections.

II EXPERIMENTAL DETAILS

The PL measurements were conducted in a conventional
facility that used a spectrometer with a resolution of 0.1 meV.
The excitation was provided by a 6328A He-Ne laser line with a
power density of 40 mW.cm at the sample surface. The
measurements reported were performed in the temperature range of
8 - 40K.

The samples used were grown by the Briqgman method and were
doped with In to a density of - ixlO 1 cm - . Large slices with
(111) oriented parallel faces, cut from the ingot, were cleaved
to expose the (110) just prior to the measurement or chemical
treatment. Cleaving, chemical etching and loading of the samples
in the dewar were all performed in an inert atmosphere of Ar or
N2  [16].

The Br 2/CH3OH etch solution concentrations used were 0.5, 2
and 5% by volume. Post treatment of the samples with IN
KOH/CH3OH which is known to remove the surface Te layer [14] was
also investigated. The effects of aging was investigated by
rerecording the PL spectrum from the unetched face after - 10
weeks. All the PL measurements, except in the case of the aged
sample, were performed immediately after the chemical treatment
and sample refrigeration.

RESULTS

The PL spectra measured in the range of 1.55 to 1.61 eV from
a set of four cleaved and Br2 /CH30H etched samples are presented
in Fig. 1. The spectral intensities displayed in the figure were
normalized to the integrated intensity in the near edge region in
order to account for overall changes due to modifications of the
near surface electronic properties such as the electric field and
the surface recombination velocity as well as slight unavoidable
changes in the measurement conditions. The spectra display
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several sharp and distinct features that are usual for good
quality CdTe. Shoulders, weak features, and subtle sidebands on
some of the peaks are also observable. The expected position of
the band edge [6] (E ) is indicated at 1.605 eV as is the
location of the free e&citon [6,7] (FE) recombination at 1.597
eV. The peaks are labeled De at 1.5930 eV; A0 -X at 1.5896 eV;
I at 1.5850 eV; I at 1 581 eV; and I1 I,-LO at 1.564-1.56 eV;
te nomenclature will be discussed in the iollowing section.

Fig. 1: The near edge PL spectra from the Br /CH 3OH samples and
a reference unetched sample are snown. The etched
spectra are magnified by a factor 2.5 for clarity. The
etch concentration is indicated on the high energy end
of the curves. Note the overall increase in the A0-X
feature with etch concentration.

i- - - -I i - -i - -- - -- -

PHOTOLUMINESCENCE - CdTe PHOTOLUMINESCENCE - CdTe8K - Br/MeOH ETCHING 8-K - EFFECTS OF AGING

EXCITATION:
EXCITATION: 6328A 40 W. cm

2

A0-X 6328A/40mW. cm
-2

-a 09 FE D 2

Ix2.5 1 L
zz% AGED SCALE:

0- 2000 cps i

SCALE: A-
2000 cps M

x2.5
<I N EgFO 12

a:F2% I.FL

0 0

x2.5 
'

00.5% FRESH - CLEAVED

ETCHED

1.61 1.59 1.57 1.55 1.61 1.59 1.57 1.5
ENERGY (eV) ENERGY (eV)

Fig 1. Fig. 2

Fig. 2: PL spectra measured from a fresh cleaved and an aged
surface are presented. The presence of the intense A0-X
feature in the aged surface is indicative of Cd
vacancies in the surface region.

The spectra measured from the freshly clea-,ed surface and
the aged sample are presented in Fig. 2. As in Fig. 1, Eg, FE,
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D p A -X, Ii and III 2 -LO are indicated. A discussion of
the specra follws.

The spectra observed from samples that were subjected to
both the Br2 /CH3OH and the KOH/CH3OH treatments were
qualitatively similar to those presented in Fig. 1, i.e., no
significant change was introduced by the KOH/CH3 0H in either the
A0 -X feature or the overall spectrum.

DISCUSSION

chemical Etching

It is clear from the spectra displayed in Fig. 1 that the
dominant effect of etching is the introduction of a distinct
feature with the peak energy at 1.5896 eV; a weak shoulder is
discernible on the high energy side of the peak for the 2 and 5%
etched samples. The 1.5896 eV peak has been observed by several
investigators in the past (1,3-5,8-10]; it is the most dominant
feature in the PL spectrum of Bridgman grown, undoped, bulk CdTe
[4,10]. Previous investigators have demonstrated that its
intensity reduces substantially when the as-grown, undoped
crystals are annealed in Cd vapor [4,10] and is correlated with
Cd vacancies produced using electron irradiation [3,5]. Hence,
it has been assigned to originate in a defect involving a Cd
vacancy: namely a simple Cd vacancy that acts as a doubly
ionizable acceptor [5], [Vcd2 -], or a complex defect made up of a
vacancy and a donor [4], i.e., [Vc2- ,D +]. The annihilation of
an exciton bound to a neutral stale of the acceptor described
above is responsible for the feature denoted by A -X. On this
basis, the occurence of the 1.5896 eV feature is interpreted as
arising from the introduction of Cd vacancies in the chemically
etched surface region. It is also apparent from the spectra
shown in Fig. 1 that the normalized intensity of the A0 -X peak
increases with the concentration of the etching solution pointing
to an etch related origin.

Previous studies have indicated a severe loss of Cd from the
surface region of CdTe etched in Br2/CH 3 OH [14-16].
Ellipsometric [15] and Raman scattering [14] measurements have
indicated the presence of a 10A thick Te layer. It has been
reported that the Te overlayer can be stripped using a IN
KOH/CH3 OH surface treatment. The effect of the IN KOH/CH 30H
treatment was investigated and found not to alter the PL spectrum
in any appreciable fashion. In addition, the spectra observed
from the etched surfaces imply only a small perturbation, i.e.,
the spectra are indicative of nearly stoichiometric CdTe with the
change in the Cd to Te ratio of <<1%. The apparent contradiction
can be understood if one considers the depth sensitivity for the
various techniques. The observed PL spectral intensity arises
from a region extending from the surface to a depth of > 2000A
which is much larger than that of XPS (< 25A) and the sensitivity
for ellipsometry (< 2A). Both observations may be explained on
the basis of a qualitative model that allows for a severely Cd
depleted region near the surface as well as a deeper region where
the depletion is less intense. The expected modifications of the
electronic properties of the deeper region and its implications
for device applications are considered in the next section.

The peak denoted by D , at 1.593 eV has been investigated by
Feng et al (7] and assigned to originate from a structural defect
or impurity-defect complex. The peak denoted by I, at 1.5850 eV
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is due to an In impurity [5,11). The 1 feature at 1.581 eV
probably also originates in an In related electronic defect. The
longitudinal optical (LO) phonon replicas of I1  and 12 are
indicated by III 2 -LO.

Effects of Aging

The PL spectrum measured from a sample that was stored under
atmospheric conditions for - i0 weeks is displayed in Fig. 2.
For comparison, the spectrum obtained from the freshly cleaved
face is also shown. The A0 -X peak at 1.5896 eV is clearly
evident in the aged surface.

The presence of the A0 -X peak strongly suggests the loss of
Cd from the near surface region from the aged face. Reaction
with the atmospheric oxygen [17) as well as an inherent surface
reactivity and/or instability may be responsible for the
formation of Cd vacancies. It has been reported that anodic
oxidation followed by electrochemical etching leads to an
enhancement of the A0 -X feature [13].

A comparison of the A0 -X peak line shapes from the aged
surface and the Br2/CH 3OH etched surfaces brings out a subtle
difference: the former contains no shoulder and is therefore much
narrower, whereas the chemically etched face clearly indicates an
additional contribution. This may signify the differences in the
centers created by the two processes, indicating perhaps the
occurence of complex defects involving [Vcd ] and Br under
Br 2/CH 3OH treatment as opposed to [VCd 

] during aging.

Implications for Device Fabrication
The tendency of bulk CdTe to form [Vcd2 -  in the surface

region as a result of chemical treatment as well as aging has
significant consequences in the device fabrication area. The
foremost of these is the formation of metallic contacts with
controlld physical properties. The formation of a large density
of [Vcd -], a known acceptor, will modify the electronic
proper ies and may dominate the surface electrical properties.
For instance, the fabrication of a simple Schottky barrier on an
etched n-type CdTe may be impossible if a thin p-type layer,
resulting from the Cd vacancies, were present near surface
region. Devices that use exposed CdTe are likely to degrade in
electrical performance due to modifications introduced as a

result of the formation of [VCd ]. The former may be
corrected by a suitable annealing step whereas the latter would
require the use of proper encapsulation.

CONCLUSION

In conclusion, the perturbation caused as a result of
Br2 /CH OH etching have been investigated. A sample aged under
atmospheric conditions was also studied to determine the long
term stability of CdTe. The reference for all the measurements
was the PL spectrum obtained from a sample cleaved in an inert
atmosphere. The results demonstrate the introduction of a strong
feature at 1.5896 eV as a result of the chemical treatment as
well as aging. On the basis of previous analysis that has
identified the peak to be caused by Cd vacancies, it is strongly
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suggested that Cd vacancies are formed in the near surface
region. The implications of these results are two fold: The
presence of the 1.5896 eV excitonic peak in the PL spectrum may
be just a consequence of the surface preparation and not any
intrinsic chemical or electronic property of the sample; the
conclusions of all previous studies that relied on this PL
feature and used chemically treated samples may have to be
reevaluated. Next, the formation of Cd vacancies may interfere
with the fabrication of devices and have a deleterious
consequence on the long term stability of those that contain
exposed surfaces.
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ABSTRACT

The main lines in the photoluminescence spectra of Zn1 Cdl-xTe single
crystals grown by a modified Bridgman method in the compositional range
of O X!O.25 have been identified. All crystals show only near-band-edge
emission. To assist in the identification, various samples with different
compositions were annealed under a Cd atmosphere. In the pure crystals,
the prominent (A',X) bound exciton line, as well as the doublet at longer
wavelengths, disappear after the annealing. In contrast, the treatments
do not change significantly the PL spectra of the mixed crystals.

INTRODUCTION

Large area cadmium telluride (CdTe) and zinc cadmium telluride (Znx
Cd1_x Te) single crystal substrates have many potential applications in
the fabrication of electronic and optoelectronic devices [1]. Interest
in this wide-gap material has also developed due to its chemical compatibi-
lity and close lattice match to the important infrared detector material
HgCdTe. However, the understanding of the native defects and their complex
with residual impurities is important in order to have a better control
of both their optical and electrical properties. In the last few years
numerous studies on the photoluminescent (PL) properties of CdTe crystals
have been reported [2-5] and only few on ZnxCdx Te [6-8].

In the present paper we report on the PL from as-prepared and Cd
vapor annealed Zn Cd, xTe (O X:O.25) single crystals. For all the inves-
tigated values of x, the prominent emission lines occur in the exciton
region indicating a high crystalline quality. In pure CdTe crystals, the
15K PL spectra exhibit two main lines in this region at 778.2 nm
(1.5934eV) and 779.5 nm (1.5907eV). The former line occulrs in the energy
range where recombination of excitons bound to shallow neutral donors
(D',X) has been reported [9]. Our studies on annealed CdTe samples under
Cd atmosphere indicate that the 1.5907 eV line is related with recombina-
tion of excitons bound to cadmium vacancies [5]. We also observed that
in the mixed crystals exciton recombination mainly occurs via neutral
donor states.

EXPER!MENTAL

All samples were grown from the melt by a modified Bridgman method
at Galtech Semiconductor Materials Corporation. The composition of the
ZnxCdj-xTe samples was determined from electron microprobe analysis and
from the energy of the main exciton line observed in the 15K PL spectra
[6]. All as-prepared crystals were unintentionally doped and have an appro-
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ximate room-temperature resistivity of 5XIO' and 8X10
8 
0 cm for the mixed

and pure crystals, respectively. All spectra in the as-prepared samples
were taken on (110) cleaved surfaces at 15K. The laser power, from an
argon ion laser, impinging on the sample was of 0.5 mW with the laser
beam focused using cylindrical optics. The PL emission was spectrally
analyz~d with a double monochromator, with slits set to achieve a resolu-
tion of less than 1A.

Annealing was carried out in a sealed quartz ampoule under Cd satura-
ted isothermal conditions at 600C for two hours. Before the PL was measu-
red all annealed samples were chemically etched to remove the surface
damage. The chemical treatment was as follows: immersion in a 1% bromine
in methanol solution for 30 seconds followed by a 60 seconds immersion
in a solution of 3.5M KOH in 1 liter of H20.

RESULTS AND DISCUSSION

Figure 1 shows typical 15K PL spectra for three as-prepared
ZnxCdj_xTe cleaved surfaces with X=O, 0.10 and 0.25. All three spectra
are plotted with the same abscissa. Considering the origin of the emission
lines, the PL spectra in the figure can be divided into three regions:

a) the exciton region, for wavelengths near the band-gap; b) the free
to bound (F-A) and bound to bound (D-A) transitions, for intermediate
X's and, c) emission at longer X's associated with crystal imperfections
and deeper impurity levels [6,10]. This latter emission generally appears
in the PL spectra as a broad band at approximately 50 to 100 nm above

the exciton lines. Notice that none of the three spectra in Fig. 1 shows
any significant emission in this latter region, which is an indication
of high crystalline quality.

The identification of the emission lines in the intermediate region,

as due to electron-acceptor and donor-acceptor transitions has been re-
ported in a previous study [111.

In the exciton region, free exciton recombination results in the
emission of photons with an energy 10.5 meV less than the band gap, which,
at 15K is at 772 nm (1.606 eV), 743.5 nm (1.668 eV) and 695.9 nm (1.7819eV)
for x=O, 0.10 and 0.25, respectively. This line is denoted by (X)n=l in
the figure. The existence of several different donors and acceptors in
CdTe has already been pointed out [12]. Free excitons can get trapped
by the potential of the impurities becoming bound excitons. The two main
lines in the exciton region of our pure CdTe crystals at 778.2 nm
(1.5934 eV) and at 779.5 nm (1.5907 eV) have been identified as due to
the recombination of excitons bound to shallow neutral donors (D*,X) [9]
and to neutral acceptor (A',X) states, respectively.

The identification of the 1.5907 eV line as due to a (A*,X) process
is based on the changes observed in the PL spectra induced by the anneal-
ing under Cd atmosphere, which are shown in Fig. 2. The complete PL spec-
tra as well as the resolved exciton regions are shown for as-prepared

(a) and for annealed (b) samples. As can be seen, two drastic changes
occur upon annealing: one is that the lines in the range of 790-800 nm
denoted by (F-A) and (D-A) have been drastically reduced and the other
is the disappearance of the (A°,X) line. The broader bands found at 790--
800nm are generally accepted to involve deep acceptorlike levels associated
with a complex center[31.and more recently their origin has been related
with cadmium vacancies [131. In a recent publication Seto et al [5]have seen
thaL, under similar annealing conditions, the intensity of a bound exciton
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Fig. 1. Photoluminescence spectra of ZnxCdl xTe single
crystals with x=O, 0.10 and 0.25. Details on the assig-

ments and identification of various lines can be found
in the text.

line at 1.5896 eV in their 4.2K PL spectra of high quality p-type CdTe

is drastically reduced after the annealing; their results strongly suggest
that this line can be ascribed to the recombinatior of excitons trapped
at Cd vacancies. Our results in annealed CdTe crystals under a Cd atmos-
phere provide further evidence for the previously proposed assignments
for the PL bands in the region of 790-800 nm as well as for the origin

of the (A
0
,X) line at 1.5907 eV. The identification of the 1.5907 eV line

is also consistent with its temperature dependence because the PL intensity

of acceptor-bound excitons decreases very rapidly with increasing tempe-
rature (111.

Figure 3 shows the PL spectra of an as-prepared (a) and Cd vapor

annealed (b) ZnxCdz-xTe with x=0.09. Similar to the pure CdTe crystals,
the PL spectra of the as-prepared mixed crystals show a dominant near-
band-edge emission. In the exciton region the line at 753.2 nm (1.6463eV)
has the same exciton binding energy of 2 meV as the line labeled with
(D',X) in the PL spectra of pure CdTe, lending evidence that this fea-
ture is due to the same transition in both cases. The line at 756 nm
(1.6402 eV) has been identified with a (A°,X) transition based on a va-
riety of evidence. In the first place, the exciton binding energy of 7.5
meV is close to the calculated binding energy of excitons bound to accep-
tors of 7 meV [14]. In the second place, this line is thermally quenched
at temperatures exceeding 50K. This assignment is also in agreement with
previous observations in other alloyed compound semiconductors showing
that the (A',X) lines are much more sensitive to alloying and that the
linewidth increases at a rate much greater than that of the (D.X) levels
[151. We have observed tKjt in the exciton region, the PL spectra of the

mixed crystals look very similar regardless of x in the range investigated.

The result of the annealing under Cd atmosphere for ZnxCdl-xTe crys-
tals is quite different than that observed in the pure crystals. In the
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mixed crystal a small decrease in the amplitude of the (A°,X) line and
a change in the shape of the broader emission line located at about 20-30
nm above the exciton range are observed. Before annealing the well defined
doublet labeled as (F-A) and (D-A) becomes a single line with a position
at 769.5 nm (1.6114 eV) in between the (F-A) and (D-A) doublet. From the
dependence on temperature and excitation intensity we have identified
this line with a (D-A) transition. We have also observed that as a result
of Cd annealing a new broad emission band appears at about 795 nm (1.5597
eV) probably originated at deeper defect levels created during the thermal
annealing, however, further studies are needed in order to have a better
understanding about the origin of this band.

Based on the annealing behavior of the PL spectCa of CdTe and Znx
Cdi-xTe crystals, one can conclude that, in contrast to pure CdTe, the
fre to bound, the bound to bound and the (A°,X) bands in the mixed crys-
tals are probably not related with recombination involving cadmium vacancy
levels. These results provides further support for the observation that
Zn addition to CdTe improves crystal quality [16,17], particularly reducing
the density of group II (Cd or Zn) vacancies.

CONCLUSIONS

The photoluminescent properties of Zn xCd -xTe single crystals for
0X<_0.25 have been studied. To assist in the identification of the lines
in the soecLra, as-prepared and annealed (under Cd atmosphere) samples
were measured. In all crystals, the dominant emission occurs at the near-
band-edge region, indicating good crystalline quality. In the pure crys-
tal, the two main exciton lines are identified with recombination of
excitons at neutral shallow conors (778.2 nm) and at neutral donors
(779.5 nm). The assignment of the latter line was deduced from its anneal-
ing behavior under a saturated Cd atmosphere. We also observed that the
doublet in the wavelength range of 790-800 nm disappears after the anneal-
ing, which indicates that the levels involved in that transition are also
related to cadmium vacancies.

In the as-prepared mixed crystals, we observed that the PL spectra
is qualitatively similar regardless of the values of x. By analogy with
the pure crystal, the main exciton line is identified with a (D0,X) transi-
tion and a weak (A°,X) line is also observed. From the observed changes
in the PL spectra of Cd annealed mixed crystals, we concluded that the
main lines in the spectra are not related with transitions involving Cd
vacancies.
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OF CdZnTe ALLOYS USING PHOTOLUMINESCENCE SPECTROSCOPY
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Central Research Laboratories, Texas Instruments, Inc., Dallas, TX 75265

ABSTRACT

Results from high resolution helium temperature photoluminescence (PL) spec-
troscopy have oeen correlated to precision lattice constant and transport measurements
and to theoretical band gap versus composition behavior. It is found that low tempera-
ture PL spectra provide precise determination (+/- 0.02%) of ZnTe mole fraction as well
as carrier type, relative impurity concentration and point defect properties of these sub-
strates. In addition helium and room temperature PL results are correlated to determine

the accuracy of room temperature measurements for composition determination.

INTRODUCTION

Alloys of CdZnTe are important substrate materials for growth of epitaxial thin
films of HgCdTe for infrared detector and focal plane array applications. In order to attain
thin films of high crystalline quality, it is known that close lattice match is needed between
the film and substrate. For matching to nominally 10 um HgCdTe, substrates of CdZnTe
alloys contaihing a few percent of ZnTe are needed. Although photoluminescence has been
used widely for evaluation of II-VI binary materials [1] only more recently has CdZnTe films
(2,31 and bulk crystals been studied [4]. In the current work the photoluminescence optical
properties of a large sampling of CdZnTe ingots with ZnTe fractions of 0 to about 8% been
studied and correlated to electrical and precision X-ray lattice constant measurements.

EXPERIMENTAL

The crystals of CdZnTe studied in this work were prepared in sealed ampoules by
the horizontal Bridgman method. Stoichiometric melt charges were precompounded from
the elements. Unseeded crystals 3-4 kg in mass were grown. Etch pit counts range from
5 x 10' to 2 x 10' cm - 2 in these crystals. Unoriented samples were rough cut from the
boules, chemomechanically polished and etched in Br/methanol prior to study. Samples
typically were taken at 3 inch intervals along the 15 inch boules.

Precision lattice parameter measurements were made using a Siemens D-500 pow-
der defractometer. Silicon was used as an internal standard. Compositions were calculated
based on the JCPDS [5] lattice constants for i- ,re ZnTe (6.1026 A) and CdTe (6.4810 A).

Photoluminescence measurements were made at room temperature and at 4.2 K
with samples immersed in liquid helium. Although different spectrometers were used for
analyzing the emission at room and helium temperatures, nearly identical excitation con-
ditions and backscattering sampling geometries were used for both cases. Samples were
excited using 5145 A argon ion radiation at a power density of approximately 0.2 W/cm 2

(6mW). The room temperature emission was analyzed with a conventional scanning dis-
persive monochromator and cooled GaAs photocathode photomultiplier whereas the low
temperature spectra were analyzed interferometrically [61 using a Michelson interferome-

ter and 77 K Ge pin diode detector. For room temperature measurements, a spectral
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resolution of 0.8 meV was used with a spectral sampling interval of 0.2 meV. At helium
temperature resolution and sampling intervals were 0.2 and 0.1 meV, respectively.

DISCUSSION

Results discussed in the following are representative of the trends observed for
about 15 boules. Shown in Fig. 1 is a 4.2 K PL spectra of a compensated CdZnTe
sample illustrating the dominant near band gap spectral features. The 13,000 to 13,200
cm- ' (1.612 - 1.636 eV) region of the spectrum is dominated by recombination of excitons.
Because the band gap of this material is a function of alloy composition, the identification
of these excitonic transitions must be derived a priori. In CdTe, the neutral acceptor
bound exciton (A0X) transition occurs at 16 meV from the band edge and the neutral
donor bound exciton (D°X) transition occurs at 12 meV from the edge [1]. The excitonic
feature observed at 1.6169 eV (13,043 cm - ') in Fig. 1 is observed to dominant in p-
type material and the feature at 1.6210 eV (13,076 cm - ') is dominate in n-type material.
Hence due the relative position and 4 meV spacing of these two strong features and the
correlation of features with carrier type, the line at 1.6169 eV is identified as the neutral
acceptor bound exciton (A°X) and the line at 1.6210 eV as the the neutral donor bound
exciton (D°X). It should also be noted that as in CdTe, the A°X is strongly vibronically
coupled in CdZnTe, with an A°X-LO replica occurring at 21 meV below the A°X feature.
All of the samples studied exhibited the same quartet of no phonon exciton lines with
spacings equal to those observed in Fig 1. Based on the identification of the A°X feature
and the A°X binding energy of 16 me, a band gap of 1.6329 eV can be calculated for the
sample in Fig 1. The binding energies of the two weak excitonic features X at 1.6231 eV
(13093 cm-1) and X 2 at 1.6252 eV (13110 cm-1) in Fig. 1, are then calculated as 9.8 meV
and 7.7 meV, respectively. From these binding energies, the feature labeled X is assigned
to the free exciton. T, - feature labeled X2 has not been conclusively identified but is
likel5 due to n=2 exciton transitions.
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Figure 1: Near band gap PL spe'trum at 4.2 K of a compensated CdZnTe sample.
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As shown in Fig. 1, donor-to-acceptor (D-A) transitions are also evident in the
spectra of these samples. Based on the band gap calculated from the position of the A*X
transition, the no phonon D-A transition occurs at 66 meV from the band edge. The D-A
center also exhibits strong vibronic coupling with 1LO and 2LO replicas clearly visible
spaced by 21 meV. At the excitation intensities employed (0.2 W/cm 2 ), the D-A bands
exhibit asymmetric lineshapes, rising steeply on the low energy side and more gradually to
high energy. Although an asymmetric lineshape is suggestive of a free-electron-to-acceptor
(F-A) transition, power dependence studies clearly demostrate that these bands shift to
higher energy with increasing excitation intensity, demonstrating that they are in fact due
to D-A transitions. The broadening on the high energy side of these bands results from
the presence of the unresolved F-A transition.

Low temperature photoluminescence also yields information about the optically
active point defect centers in these CdZnTe samples. In some of the boules studied,
a deep center is observed at 1.1 eV. Whereas the atomistic identity of this center is
uncertain, we observe that the 1.1 eV center is associated with either high initial ZnTe
mole fraction or high Te precipitate concentration. Boules exhibiting the 1.1 eV center
have lower PL quantum yields at room and helium temperature than boules free of this
center. The intensity of the 1.1 eV center remains nearly constant along the boule length
when observed. Also in the tail most sample of many of these boules, a band at 1.4 eV is
observed. This band in CdTe, described as the metal vacancy donor center, VM-D, has
been studied in detail [1].

Perhaps the most important correlation established in this work is that between the
band gap from low temperature PL and the precision lattice constant. Shown in Figure 2
is the measured 4.2 K PL band gap versus composition determined from the X-.ay powder
diffraction pattern.
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Figure 2: PL band gap versus compositon determined from X-ray powder diffraction.
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The CdZnTe band gap is calculated from the low temperature PL based on the identi-
fication of the A*X feature in the spectrum and the 16 meV A*X binding energy. The
solid line is the band gap versus composition relationships of Magnea, et al. (3]. The
uncertainty in lattice constant as determined from X-ray translates to an uncertainty of

+/- 0.2% in ZnTe mole fraction. The uncertainty in low temperature PL is that of the
0.1 meV sampling interval. From the sampling interval and the band gap to composition
relationship of Magnea et al., [3] an uncertainty of +/-0.02% in ZnTe mole fraction can
be determined. Hence the scatter in the experimental data in Fig. 2 is expected to be
limited by the X-ray measurements and by the uniformity of the samples. In addition to
scatter in the experimental data in Fig 2, there appears to be a systematic offset between

the present experimental data and the calculated behavior from (3]. It should be noted
that the band gap to composition relationship determined in reference [3] was determined
from a comparison of the 4.2 K band gap calculated from the LO phonon replica of the
free exciton in photoluminescence and composition determined from X-ray fluorescence.

The compositional dependence of these boules versus sample position was also
examined and is presented in Fig. 3. Compositions were determined as described above
from the position of the A°X band and the relationship of Magnea, et al. [3]. The initial

concentration in these boule agrees well with the initial charge composition. The decrease
in ZnTe composition with sample position is also expected from consideration of melt
segregation.
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Figure 3: Composition determined from AOX peak energy versus sample position.

One of the goals of this work has been to evaluate the potential of room temperature
PL measurements for the evaluation of CdZnTe composition. Shown in Fig. 4 is a

representative room temperature CdZnTe PL spectra. The band exhibits an asymmetric

lineshape, rising steeply on the low energy side and more gradually on the high energy
side.
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Figure 4: Room temperature PL spectrum of a CdZnTe sample.

Room temperature peak energies were determined using a parabolic fit of the band.
The recombination energy, hv, at room temperature is given by, hV = E + kT, where E,
is the band gap of the material, k is Boltzman's constant, and T the electr-on temperature
in Kelvin. Presented in Fig. 5 is the relationship between room temperature peak energy
and the A*X band position at 4.2 K. It should be noted that the scatter in the data is
much larger than the uncertainty in the low temperature (0.1 meV) or the room temper-
ature energy measurement (0.8 meV). Because the electron temperature is expected to
contribute primarily to the high energy side of the room temperature band, we also evalu-
ated the data using the energy at half height on the low energy side of the band. However
a nearly constant difference was found between the energy at the peak maximum and the
energy at the low energy half height, indicating that the scatter in the data in Fig. 5 is not
due to variations in electron temperature. It was found, however, that the samples falling
to the lower right in the distribution are n-type samples whereas the samples falling to the
upper left are p-type samples. Because of the relative large activation energy of acceptors
in CdZnTe (58 meV or greater), the acceptors are partially neutral at room temperature.
Hence the recombination energy at room temperature is likely modified by the population
of neutral acceptors. Stated differently, the peak energy at room temperature is dependent
on both the composition of the material and the position of the Fermi energy.

CONCLUSIONS

In this work, photoluminescence spectroscopy has been shown to be a powerful
method for nondestructive contactless determination of impurity, defect and compositional
properties of CdZnTe alloys. Compositional measurements based on low temperature
PL are shown to have an accuracy of (+/- 0.02%) in ZnTe mole fraction based on the
identification of the A°X transition. CdZnTe boules are also found to be of high quality as

indicated by the dominance of excitonic recombination and the general absence of optically
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Figure 5: Relationship between room temperature peak energy and A°X peak position.

active point defects in 4.2 K photoluminescence. Compositional measurements using
room temperature PL are shown less accurate than low temperature measurements due to
contributions of the Fermi energy to the measured band position.
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ABSTRACT

This is the first reported use of ion-implantation damage gettering of impurities in
CdTe to provide high-quality substrates for the epitaxial growth of appropriate binary or
ternary compounds, or for related applications. We describe the results of
photoluminescence (PL) measurements performed on samples of Bridgeman-grown CdTe
to study both the annealing behavior and gettering effects in this material. From the PL
results, it was found that impurity gettering occurs at temperatures at which liquid phase
epitaxy take place (-5000C ) so that these two fabrication procedures are compatible. It was
also found that the optimum anneal time at this temperature is four hours.

INTRODUCTION

CdTe is an extremely useful material for optical devices which require a direct bandgap
in the near infrared. Bulk CdTe is of interest as a substrate for the epitaxial growth of
HgCdTe, and for the formation of superlattices in combination with other II-VI
compounds. However, in order to properly control the liquid phase epitaxial (LPE) growth
of HgCdTe on CdTe, a knowledge of the annealing behavior of the CdTe substrate is
important. It is also necessary to identify and eliminate unwanted impurities in the CdTe
that would diffuse into epitaxial layers during growth.

One technique for the removal of impurities involves gettering. Considerable work has
been done with both ion-implantation damage gettering and surface gettering on Si and on
GaAs [1,2,3]. However, this technique has not yet been applied to CdTe. It is possible that
ion-implantation damage gettering could be useful in providing better substrates for
epitaxial growth or for other applications. It is especially important to study the annealing
behavior and gettering effects at the growth temperatures used for LPE.

EXPERIMENTAL TECHNIQUES

Eight samples studied in this investigation were taken from the same slice of a
Bridgeman-grown boule of CdTe. The crystals were not intentionally doped and they are
high purity p-type (-lEl4cm-3 ). All surfaces are of (111) orientation. Low temperature
(1.4K) PL experiments were performed on all of these samples in order to study the
uniformity of the original samples. The samples were illuminated with the 5145A line of an
Ar+ laser with an incident power of 1.2mW focused on the samples. The diameter of the
focused laser spot was approximately 200 im. The PL data on as-received samples
showed that there was no significant variation either along the surface of the samples or as
a function of depth below the surface, which was determined by step-etching the surface.

Three of these samples were ion-implanted with 200keV Kr++ ions on one side of the
wafer at room temperature, to a dose of 1El6cm- 2; the equivalent energy for Kr+ ions was
therefore 400keV. These samples were then annealed at 5000 C, which is in the temperature
range used for liquid epitaxial layer growth, for times of 2, 4 and 6 hours. The anneals
were done for both an implanted and a unimplanted sample (i.e., a control or reference
sample), sealed together in one tube with a purified Ar atmosphere. Following annealing,
both the implanted and non-implanted samples were etched in 0.5, 1, 2, 4, 14, 34, 52,
70gm steps, using 2% Br in ethylene glycol.

Santa Barbara Research Center. Goleta CA 93117 (present address: Santa Barbara Focalpla,,. Clnleta,

CA 93117.
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PL experiments were performed on both the implanted and control samples following
each step of the etching, as described above. The results of these measurements were used
to determine the effect of impurity gettering.

EXPERIMENTAL RESULTS

CdTe has a direct bandgap of 1.6eV at 1.8K. Typical low temperature luminescence
data commonly show a peak at approximately 1.5930eV, which is associated with the
recombination of excitons bound to shallow neutral donors (DOX), and four narrow bands,
at approximately 1.5897, 1.5894, 1.5890 and 1.5886eV, which are attributed to neutral-
acceptor bound exciton recombination (AOX). These four spectral features have been
associated with four different impurities, Cu, Li, Na and Ag [4, 5]. Fig. I shows PL data
from an unimplanted and unannealed sample, that is a reference sample, and an implanted
sample that has been annealed for four hours and etched to 14lim. Very weak DoX lines
and sharp AoX peaks were seen in the spectra of all samples studied, and are the main
features used for studying the quality of this material. In particular, significant changes
were noted in the intensities of the AoX lines as a result of treatment.

Aox
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un annealed

Cu Cu:1.5897eV
x200 DA Li:1.5894eV

x7 Ag :1.5886eV
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(b) Cu Implanted4Annealed: 500 0C,4 hr

Li Etched: 141am

0
z xl

Ag x15 DA

DA-LO
0 I --
7764 7774 7784 7794 7804 78 3 7943 8073 8203 8333 9463
WVL(1OA/div) WVL(130/div)

Fig. i. Typical PL spectra observed from CdTe samples at 1.4K. (a) Spectrum from
reference sample, which is unimplanted and unannealed. (b) Spectrum from implanted
sample after 4-hour anneal and l4I etching.
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There are two main mechanisms by which the intensity of AoX lines might increase in
bulk semiconductors. One is an increase in the concentration of radiative shallow acceptors
capable of binding excitons, while the other is a decrease in the concentration of deep
centers, which provide competing non-radiative pathways for recombination. The latter
mechanism, i.e., variations in the non-radiative component, has been identified as the most
important effect controlling the luminescence intensity of several materials [6,71. Therefore,
we suggest that PL intensities of the AoX lines provide a good indication of the
effectiveness of various annealing and gettering procedures.

Fig. 2 shows the PL intensity variations of three of the common acceptors, Cu, Li and
Ag, as a function of depth below the surface, for the implanted sample after a 4-hour
anneal. All three lines have a similar behavior: low intensity near the surface and
dramatically increased intensity from about 10pLm to approximately 60pm. Beyond this, the
intensities keep decreasing with increasing depth from the surface. A possible explanation
for this behavior is the gettering of non-radiative (NR) deep centers. These NR centers
might be likely to accumulate in the region of high implant defect density in order to relieve
lattice strain. The low PL intensities near the surface might result from a number of factors:
a high density of NR deep centers diffusing to the implant-damage region, shallow
impurity gettering, or strface Cd loss; on the other hand, the high PL intensities between
10-m and 60ltm is most likely due to a decrease in the concentration of NR deep centers.
The decrease of the intensities in the deeper region migh: result from a gradual increase in
NR deep centers as the gettering effect becomes weaker far from the implant.

lmglaygI4 h
Cu hr ...

5000 
side

4 4000
~Li

2000

1000 
' ~

0 10 30 50 70

Etch Depth (.m)

Fig. 2. Intensity variation vs depth from the
implanted surface. Cu, Li and Ag neutral bound
exciton lines have a similar annealing behavior, the
Cu line is the most significant one, and will be used
to study gettering in subsequent results in this paper.

The change in the intensity of the Cu line is most significant. Cu is of particular
interest because it is a common contaminant in CdTe. For example, Cu and alkali ion
diffusion from CdTe substrates into HgCdTe epilayers during epitaxial growth has been
suspected of causing high acceptor concentrations in the epitaxial material [8]. We have

used the Cu AoX line as representative of the general band-edge luminescence intensity in
most of this study.
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In particular, Cu luminescence is used in Fig. 3 to show the effect of the annealing
time for the implant side of the implanted sample. Compared to the intensity of the
reference sample (also shown in Fig.3), the intensities of all the annealed samples are
considerably higher in the gettered region (i.e. between 14 and approximately 60, u below
the surface). The 4-hour annealed sample shows more than ten times higher intensity than
that of the reference sample at the optimum depth (14prm), and therefore represents the
optimum annealing conditions.

..... •• I... .

S-4 hr
5000 2.4 t jaiside

N n
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12
~3000

2000
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Etch Depth (nim)

Fig. 3. Effect of annealing time. 4-hour annealing is
optimum, which shows more than ten times higher
PL intensity compared to that of the reference sample.

Fig.4 shows spectra from implanted samples annealed for 4 and 6 hours after ltm
etching. The low intensity of the 6-hour annealed sample might result from "over
annealing" the sample. It is significant that this decrease in intensity is correlated with the
appearance of a new, high-intensity peak at approximately 1.584eV, which dominated the
exciton region, as shown in Fig. 4(b). This new peak labeled "X" in Fig. 4(b), is
suspected to be due to the formation of new vacancy-related defects resulting from out-
diffusion of Cd during the long annealing [9].

The ion-implant damage gettering effect is compared with surface defect gettering in
Fig. 5, which shows the PL intensity variation as a function of depth after 4-hour annealing
of an implanted and unimplanted sample. The similar variation of the Cu line intensity for
the unimplanted sample indicates that some gettering occurs without implantation ode to
surface defects on the unimplanted samples. However, the luminescence intensity in the
implanted sample is 2 to 5 times stronger than the unimplanted sample, and the gettering
region is deeper. These data imply that the increased luminescence intensity in the
implanted sample does not result solely from the annealing of deep impurities or the release
of impurities from macroscopic defects such as dislocations and precipitates (all of which
can take place in unimplanted samples), but that damage-induced gettering is a significant
mechanism in the implanted sample. Therefore, ion-implantation damage gettering of the
NR deep centers is more efficient.
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Fig. 4. PL spectra from implanted samples that have been annealed for 4 and 6 hours.
The domination of a new vacancy-related peak, denoted "X" in (b), shows that the sample
is overannealed in 6 hours.
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CONCLUSION

From PL experiments the annealing behavior of bulk CdTe material was studied with
and without implantation. Implantation and annealing at the temperature at which liquid
phase epitaxy takes place (-500oC) can be explained by a reduction of the concentration of
deep non-radiative centers, possibly due to gettering of these centers at implantation
damage and at the surface. The region effected by gettering covers a depth of approximately
50gm. The surface gettering effect is observed to be much weaker. It was found that the
optimum anneal time is four hours at this temperature.
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PREPARATION AND CHARACTERISATION OF

(ZnTe)x(CdSe)l1 x SINGLE CRYSTALS

V.K.MADHU SMITHA RANI,R.P.VIJAYALAKSHMI, U.RAJA REDDY AND B.K.REDDY
Department of Physics, S.V.University College,Tirupati 517 502 India.

ABSTRACT

The titlematerial is one of the least studied among the I-VI alloy

systems. So far it has not been possible to prepare ZnTe in n-type and
CdSe in p-type with appreciable conductivities. Moreover ZnTe crystallises
in zincblende whereas CdSe crystallises in wurtzite structure. Because of
the varied nature of the end compounds, an attempt has been made to
prepare single crystals of (ZnTe) (CdSe) x in the entire range of 'x'.
The alloy material in the entire range- of composition in the single

crystalline form was grown by a modified Piper-Plich method. The grown
crystals of this alloy system have been subjected to chemical analysis.
DTA and DTG studies carried out on these alloys did not show any phase
transitions. However two exothermic peaks associated with increase in
mass were noticed. This has been attributed to oxidation effects of Se/Te
or Cd/Zn. XRD data though showed some regularity near end compositions
there is still some ambiguity for the midule compositions. Energy gap
obtained from reflection spectra and also photocurrent spectral response
showed bowing. However, there is a marked different feature at one of the
end regions. The growth and the results of all the above mentioned
irvestigations are presented and discussed in this paper.

INTROUDCTION

Method of alloying semiconductors in single crystalline form is
ostensibly of both basic and applied interest. While the former interest
tries to see the coherent behaviour of atomic systems, the latter engineers
physical properties of materials for feasible technological use. All 1I-VI
semiconductors crystallise either in cubic zincblende or hexagonal wurtzite
structure. Among these CdTe is the only semiconductor which can be

prepared in both n and p types with appraciable conductivities. Careful
analysis of autocompensation phenomenon based on the stringent
experimental conditions [1] used to prepare the other II-VI compounds in
both types did not lead to any simple method of preparing these in both
n and p types with desired conductivities. Therefore, to bridge the gap

alloys are used to tailor some of the physical parameters of II-VI
compounds, In general sulphides and tellurides are not completely
miscible. This is due to the incompatible ionic radii of sulphur and
tellurium In the same lattice[2]. The end compounds of (ZnTe) (CdSe)
quaternary system have diverse properties. [heir structure an
conductivity type normaly obtained are different. Also the mutual
quaternary system (ZnSe) (CdTe) 1  has already been studied in detail by
many workers[2,3,4,51. 0itrlkhovski[61, Vitrikhovski et al[7] and Olenik
et al [8] have reported some interesting conflicting results on the
misciblity and the nature of these mutual systems. Therefore, in the

present investigation single crystals of (ZnTe) (CdSe)1  in the entire
range of 'x' have been prepared and characterised. 1-he results are

compared with the earlier results on melt grown crystals.

Mat. Res. Soc. Symp. Proc. Vol. 161. , 1990 Materials Research Society
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EXPERIMENTAL

Single crystals of (ZnTe) (CdSe) in the entire range of 'x'
(x=0.0,0.2,0.4,0.5,0.6,0.8,1.0) iave been prepared using a modified
Piper-Pollch vapourphase growth method(Fig.l) described elsewehre in

detail[ 31.

Q 6C QR

F 6 PT PIPER-POLIC SETUP

:3 .,. P0

PRESENT SETUP

C&CHARGE , O, C=ROWING CRYSTAL , GT:GROWTH TUBE , F=FURNACE

ll*SACKING QUARTZ TUBE, *R:SUARTZ ROO, QC:QUARTZ CAM.LARY,

P~zPROTECTIV QUARTZ TUBE.

Fis. t. EXPERIMENTAL SETUP FOR VAPOUR PHASE GROWTH

The source material for crystal growth is prepared by sintering the

appropriate quantities of 99.99% pure (Baizers, Switzerjand) ZnTe and CdSe
in an atmosphere of argon at about 750

0
C for two to three days. After the

necessary ampoule preparation the growth is carried out at about 11001C in

argon atmosphere for 7 to 10 days. Good crystals of 1cm diameter are

obtained when pull rates of less than 1cm/day are used. Single
crystallinity is confirmed by the observation of spots in X-vay

backreflection photographs.

The chemical analysis of Cd and Zn has been carried out by atomic

absorbtion spectroscopy using Varian AA 575 atomic absorbtion spectrometer
with an accuracy of about 1%. DTA and DTG are carried out in the

temperature range 30-900'C with a heating rate of 10'/min. Allumina

crucible is used as reference and Pt/Ft-Rh10% thermocouple is used for

temperature sensing. XRD data is obtained from a computerised Philips
diffractometer with Cu K, radiation. Diffuse reflectance specra (300-900nm)
iz ot'," .ed using a Cary 2390 spectophotometer. The photon energy
corresponding to the point of interesection of the two linear reflectance
regions near the band edge is taken as the band gap. The band gap is

also determined by noticing the peak in photoconductivity spectral
response(200-900nm). A CEL monochromator with 600W halogenlamp is used

for this study.



4

53

RESULTS AND DISCUSSION

The source and the estimated compositions of Zn and Cd in the grown
crystals are given in table.l.

Table. I.Chemical composition of (ZnTe)x(CdSe)l_x crystals

X 0.0 0.2 0.4 0.5 0.6 0.8 1.0

Target Zn Wt% -- 6.82 13.62 17.00 20.39 27.15 33.88
Estimated " . 6.92 13.76 16.68 20.12 26.77 33.88

Target Cd Wt% 58.74 46.91 35.13 29.25 23.38 11.67 --

Estamated " 58.74 46.56 34.88 29.43 23.40 11.43 --

It is clear from the table that the deviations from the target compositions
are not very significant. Therefore in the discussion only target

composition is used. DTA and DTG of two compositions (x=0.5 and 0.8) are
shown in Fig.2. Apart from the usual endothermic vaporisation process
distinct exothermic peaks associated with increase in mass in DTG were
noticed. The peak positions of all the compositions are given in Table.II.
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-T S - - - -- -- - -- - -- - -- --- --
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Table.It; DTA peaks of (ZnTe)x(CdSe) single crystals(°C)

X 0.0 0.2 0.4 0.5 0.6 0.8 1.0

258 300 235 236 258 258 --
754 747 654 619 662 539

688 654 705 663

729 680 742

These peaks can not be attributed to structural changes similar to

those found in (ZnSe) (CdTe) 1_x  because these occur at still higher

II I n I I l II sil i" i i 1-x.



54

temperatures [5] and also increase in mass (DTG) has been observed.

These might be due to the formation of oxides of Se/Te; Cd/Zn and

selenates and tellurates of Cd/Zn. But the oxides of Se/Te and selenates

and tellurates of Zn/Cd have low melting/dissociation temperatures and

hence can not account for the increase in mass. Oxides of Zn and Cd are

stable even at high temperatures and therefore the peaks might be due to

oxidation of Zn/Cd. However, this has to explain the sharpness of the DTA

peaks also. It is also clear from Fig.2 that the evaporation process is

faster than the heating rate.

The structures of specimens of all the compositions have been

determined by analysing the XRD data. This showed cubic structure for

X > 0.4. For O.04x!0.4 the strucure is hexagonal. Fig. 3 shows the

corresponding lattice constants of all the compositions. The transition from

hexagonal to cubic is sharp and takes place near x=0.
4

.

ah ch C
47 715 611

46 710

45 -705

4 4. -700i -----------.

43 -69s -.610

42 -690 .
"

.41 -685

~40 -680

39 -6 5 609

o36 8670

3 7 -665

36 "660 *- GC
0- oh

0 5 02 03 04 05 06 0' 06 09 0

Moft fractfon Of ZnO. .

F,, 3 Oa,alo. o3 -. 1 c- P. e , 1, h com o lorh o 1n (CZn I) 
I  

CaSe, . -9

Sharp deviation in lattice constants from linearity (Vegard's law) is also

found in samples with x=0.
4
. However, Vitrikhovski [6] reported

structural ambiguities in the range 0.35 !_ x S 0.4 in the melt grown

crystals.

The band gap values obtained from diffuse reflectance and

Photoconductivity spectral response are not significantly different, These

values are marked in Fig.4 as functions of composition. Band gap varied

nonlinearly. The data is fitted to the usual second order equation in X and

found to satisfy the equation.

Eg(x)=l.706-0.156x + 0.724 x2 (1)
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23 The curve in Fig.4 is drawn
6-POTO REFLECTANCE according to the above
2 -PHOTO CURRENT equation. The bowing parameter225 -(coefficient of x ) is 0.724.

This shows that the energy gap22 passes through a minimum at
about x=0.1. However,
Vitrikhovski's data [6] shows2.15 that it occurs near about

X=0.4. By taking the variation
21 of bowing parameter with

composition, b(x) as per the
pseudopotential approach it is200 found that the bowing
parameter increases with20 increase of lattice constant
thereby showing 4hat Constancy
of b(x) X a(x) [g] is not
maintained in support of
pseudopotential model. This

190 might be due to the structural
intricacies involved in this1 system. At x=0.5(ZnTe) (CdSe)x and

(ZnSe) x(CdTe) 1- systems aret0 ident ical in chemical
composition. The structJres of
both are cubic zincblende with
lattice constants of 6.08 A' and70

(  
6.07 A' [41 and are almostequal within experimental

I errors. However, the energy
-65 ,,gap of (ZnTe)0  (CdTe)01 02 L3 04 05 06 0 7 04 0 9 10 1 .82 eV and thlt' of (ZnSe)

F , . Composo in (CdTe) is 1.68 eV [4 . e
E ngy gap aiatn with com o * of above e
ZnT.,CdS._ . fryoeqa$

is for vapourphase grown crystals prapared using the respective binarycompounds as source materials. Therefore the nature of the source materialseems to control the position of atoms and hence their properties. Thereported splitting of ZnTe-CdSe system in to CdTe-ZnSe[8] is not found tooccur in the vapour grown crystals.

CONCLUSIONS

Single crystals of (ZnTe) x(CdSe) solid soultions in the entire rangeof 'x' without any phase splitting can be obtained by vapourphasemethod. The OTA peaks are due to chemical rather than structural phasechanges. The crystals are cubic for x > 0.4. The energy gap passesthrough minimum around x0.1. The bowing can not completely be accountedby pseudopotential model and more structural intricacies have to be taken
into account.
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ABSTRACT

We used photoluminescence spectroscopy to monitor CdTe in-situ during sui-face
processing in order to optimize the surface electronic quality. Spectra of optimally-prepared (100)
films grown by molecular beam epitaxy reveal low intensity emission from deep states relative to
typical bulk-grown material.

INTRODUCTION

CdTe is used as a substrate for epitaxial growth of Il-VI compounds as well as an active
pan of various electronic devices [11. The characteristics of such devices are often sensitive to the
surface and interface properties of CdTe as well as the the bulk properties. Photoluminescence
(PL) is widely used as a characterization tool for CdTe, and is sensitive to the presence of a variety
of mid-gap as well as shallow states, which may be local to the CdTe surface [2,3]. The presence
of deep states at the surface can increase the recombination rate, alter the surface band bending, and
influence the Schottky barrier height, all of which may influence the PL spectrum 12,4]. Thus to
ensure reliable comparison of bulk-related features, the surface condition must be controlled. High
quality (110) CdTe surfaces may be obtained by cleaving the crystals in ultra high vacuum (UHV)
[2-4]. However, characterization of epitaxially- grown material or orientations other than (110)
require an alternative preparation method. Here we report the use of PL to optimize (100) CdTe
surfaces prepared by chemical etching followed by thermal desorption in UHV [5].

EXPERIMENTAL DETAILS

We grew CdTe films from CdTe sources on (100), (111), and (211) CdTe substrates
(GalTech) in an Riber 2300 MBE machine. In some cases a Te source as well as a CdTe source
was used. Substrate preparation involved etching in 0.05% Br:methanol (to remove -0.4
gm/min), rinsing in methanol, blowing dry with N2, and transferring to UHV; all under N2
atmosphere. This process leaves excess Te on the surface but no contamination. Heating to the
growth temperature (250-335 C) in UHV desorbs the excess Te. The finished films were stored in
air for several weeks, then re-etched in the same way prior to analysis in a second UHV chamber.

PL spectra were measured with the films held at 80 K. The focused beam of either a HeCd
(442 nm, extinction length 100 nm) or HeNe laser (extinction length 200 nm) provided excitation.
Only the blue HeCd laser was used for the spectra reported here. Luminescence in the range 0.4-
1.6 eV was dispersed by flint glass or CaF2 prisms and phase-detected with Ge or inSb
photodiodes. The response function of the detection system was deconvolved from the spectra.
Auger electron spectra (AES) were mt asured at room temperature with a normal incidence, 2 kV,
0.5 mA, I um electron beam and a cylindrical mitror analyzer (CMA) modulated through 2 eV at
J0 kHz. To avoid electron beam damage, the position of the electron beam was not allowed to
dwell on any portion of the surfaces used to measure PL spectra. The University of Wisconsin's
Aladdin synchrotron light source and the Mark V Grasshopper monochromator combined with a
double pass CMA provided <0.3 eV resolution for the soft x-ray photoemission (SXPS)
measurements. The SXPS measurements were made with the specimen at 80 K in order to allow
in-situ PL measurements.
Met. neo. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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RESULTS

Figure 1 shows PL spectra of air-exposed (11) CdTe films grown under various
conditions. The spectra contain near band edge (NBE) emission plus bands peaked at 0.5, 0.9,
1.3 and 1.4 eV. The spectral shape varied across the surface, with the red vs. blue laser, and with
the specimen. Similar variations were noted in spectra of (100) and (211) CdTe films. The
surface variations were probably due to changes in band bending across the surface (discussed
below), whereas the changes observed between specimens probably reflect various concentrations
of mid-gap states. The temperature we used ROK) was too high to allow resolution of the
individual features near the band edge, however changes in the shape and position of the NBE
peak were noted.

Figure 2 shows PL spectra of three air-exposed (100) CdTe films. The (100) films were
selected for further study based on their low luminescence intensity at energies below 1.4 eV. The
substrate used to grow these films had relatively intense luminescence near 1.4 eV, which may
have contributed to the observed emission in that region.

1011) MBE CdT

Tg =T335, Te flux

g 33535 (0)METe u

C0

T So

TgT 3350"E
335Tg 250

25

T g= 250 

25

S I I I
0.7 0.9 1.1 1.3 1.5 1.7 0.7 0,9 1.1 1.3 1.5 1.7
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Figure 1. PL spectra of air-exposed (I 1l) Figure 2. PL spectra of air-exposed (100) MBE
CdTe films grown as indicated. MBE CdTe films grown as indicated.

Figure 3 shows PL spectra of the (100) film grown at 335 C with additional Te flux.
Teatment of the film grown without Te flux yielded similar results. The surface was cleaned using
the procedure described above for MBE substrates, except that the desorption was carried out
incrementally, with PL and AES spectra measured after each 60 second heat treatment. The AES
spectra of these surfaces showed no C or 0 contamination, and verified that the Te/Cd ratio was
reduced to that of a UHV-cleaved (110) surface after heating to 200-250 C, depending on the time
at elevated temperature. To within our experimental error (<5%), no further change in Te/Cd ratio
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was observed after additional heat treatments up to 500 C. The initial Te-rich surface showed no
detectable luminescence, however intense NBE emission developed quickly with Te desorption.
The NBE peak intensity and energy, as well as the intensity of the 1.4 eV band all increased with
heat treatments up to 250 C. These changes were reversed by additional heat treatments above 250
C. Both the time and temperature of the heat treatments contribute to the optimal desorption
conditions, thus longer or shorter heat treatments will require lower or higher temperatures to
achieve similar results.

(10 MOE Cdl'.
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Figure 3. PL spectra of a (100) CdTe film Figure 4. SXPS valence band spectum
grown 335 C after etching and heat treatment (hv=80 eV) of a (100) MBE CdTe film grown
at the temperatures indicated. at 33f C after etching and heat treatment.

The increase in both the NBE peak energy and the intensity at 1.4 eV may be explaincd by
a reduction of the band bending near the surface as Te is desorbed. The initial Te-rich surface
produced no NBE recombination because the surface band bending was large enough to form a
depletion layer dep i than the layer where electron-hole pairs are created, and thus separate Al
losely bound electron -hole pairs. (The Te-rich surface layer might also cause increased non-
radiative surface recombination.) Lower energy emission from deep level recombination might still
have been produced, hence the lack of any observed low energy luminescence (in any of the
spectra) indicates that few deep trap states exist near the surface, and attests to the high quality of
the MBE material After the first desorption at 200 C, the band bending is reduced sufficiently to
permit some NBE recombination, however the low energy of the NBE peak (-1.55 eV) indicates
that the electric field near the surface is still large enough to favor recombinations from more tightly
bound electron-hole pairs, such as those bound to acceptor states, over the higher energy
transitions. The relative intensity from the highter energy transitions, and thus the energy position
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of the N13E peak, increased further after heat treatments at 225 C and 250 C, where the NBE peak
energy reached its maximum of -1.59 eV. We have previously observed a similar change in the
PL NBE peak position after Au deposition induced band bending (measured with SXPS) at a
UHV-cleaved (110) CdTe surface [4].

The anomolously high intensity of the PL band near 1.4 eV measured after the 250 C
desorption indicates that the band bending at both the surface and at the substrate-epilayer interface
was small enough to allow diffusion of electrons and holes into the substrate (or the interface
region), where the recombination producing the 1.4 eV luminescence occured. Thus the presence
of the 1.4 eV band in the spectrum measured after the 250 C heat treatment shows that that the
carriers in the MBE layer had long enough recombination times to diffuse through several (-5) gm
of material to the substrate interface, as well as flat band conditions at both the surface and bulk
interfaces.

Heating to 450 C and above produced a new deep level luminescence band peaked at 0.5
eV. The same low energy band also developed after exposing the surface to a I kV, I mA electron
beam focused into a 100 im spot for 5 min. The electron beam damage also reduced the NBE
emission to a small fraction of its original intensity. The electron beam damage was removed by
re-etching and re-heating the surface, indicating that it was confined to the near surface region.

Figure 4 shows a valence band spectrum of a (100) MBE CdTe film measured after etching
the surface and optimal heat treatment as monitored by PL. The spectrum shows the double
peaked structure routinely observed for UHV-cleaved (110) CdTe and other semiconductors. This
structure is not observed when the surface contains small amounts of contamination or excessive
step density, and is often used as a standard of surface quality. Thus our observation of the
valence band structur verifies the high electronic quality of the surfaces.

CONCLUSIONS

We have demonstrated that the significant changes in the PL spectrum which occur due to
surface effects can be used to optimise the CdTe surface electronic properties by monitoring
surface processing in-situ with PL. Optimising CdTe surface preparation in this way may lead to
improved and more controlled interfaces between CdTe and both metals and semiconductors.
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ABSTRACT

Thin-film epitaxial layers on silicon substrates are being actively developed as an
alternative to bulk substrates for infrared detectors. Success in this development is
expected to yield improvements in size, strength, monolithic signal processing, and cost of
the detector arrays. To provide feedback to the thin-film growth process, this study has
investigated the structural and chemical properties of these films. CdTe or CdZnTe was
grown on GaAs on Si wafers by metalorganic chemical vapor deposition (MOCVD)
followed by the growth of HgCdTe by liquid-phase epitaxy (LPE). Development of TEM
specimen preparation techniques permitted investigation of materials with up to four layers.
Cross sectional TEM and AEM investigations resulted in the following observations:
Selected area diffraction and CTEM show relations between the layers and structural
defects. High resolution imaging of the multilayers reveals that most of the heteroepitaxial
misfit is accomodated by misfit dislocations. Many, but not all, stacking faults and
dislocations which propagate across the films appear to be related to structural interface
defects. The evidence indicates that there is little, if any, contamination at MOCVD and
LPE interfaces. Interface defects mainly appear to be extremely minute pits or hillocks.
AEM investigations of interface regions have demonstrated a redistribution of material
close to the CdZnTe / HgCdTe interface.

INTRODUCTION

A key issue in the reliability of infrared detectors is their survival under repeated
thermal cycling from room temperature to cryogenic operating temperatures. Thermal
mismatch between the I-VI detector elements and the silicon chips used for signal readout
causes destructive stresses during cycling. In addition, significant cost savings should be
realized with the use of silicon wafer automated processing technology. However, growth
of single crystal, high-quality HgCdTe materials directly upon silicon has been found to be
extremely difficult. Therefore, thin-film buffer layers have been grown on the silicon prior to
growth of the active detector layers.' Single-crystal, thin-film layers of GaAs have been
successfully grown on silicon and are now available commercially (Kopin Corporation). The
large lattice mismatch between GaAs and HgCdTe (HCT) requires first a growth of a CdTe
or CdZnTe (CZT) layer as a lattice-matching buffer layer. These films have been prepared
by molecular beam epitaxy (MBE) t , hot-wall epitaxy 2, evaporation1 .3. and metalorganic
chemical vapor deposition (MOCVD). 4.5 HgCdTe thin-film layers for IR detectors have
been grown on CdTe or CZT by liquid-phase epitaxy (LPE), 6 MOCVD 7 and MBE.8

Previously, TEM has been used successfully to characterize thin-layers of CdTe
grown on GaAs by MBE and MOCVD. 9-' 4 LPE growths of HgCdTe on Cdie or CZT have
been examined by TEM.15 .t 6 This paper covers the results accomplished by TEM and
AEM of multilayer, heteroepitaxial structures. X-ray rocking curve analysis and
measurement of electrical properties of the same films have been performed by Johnson et
al.1 7 The structures investigated here also have been processed recently into 128 X 128
detector arrays, which show good electrical performance and imaging performance.1 8

Mot. Res. Soc. Symp. Proc. Vol. 161. 1 1990 Materials Research Society
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EXPERIMENTAL PROCEDURE

The investigated structures consisted of a buffer layer of CdZnTe grown by MOCVD
on a commercially available GaAs thin film deposited on Si. In addition, films of HgCdTe
were grown by LPE on some of the buffer layers.

MOCVD layers of nominally Cd0.96Zn0.04Te were grown on a GaAs/Si (100) 40 to
<111> substrate.' MOCVD growth of the CZT layer was done by a standard pyrolytic
process at a substrate temperature of 441 C. In the reactor, the substrate was heated to
600 C under flowing hydrogen for 20 minutes, then cooled to the growth temperature. The
reactants used for CZT deposition were dimethyl cadmium, diethyl zinc, and diethyl
telluride. Typically, deposition was performed for about 3 hrs at a rate of 1.8 Pm h-1 forming
a 6 gim thick layer.

An LPE layer of Hg0. 7Cd0.3Te was grown on top of the above structure from a Hg-
rich, In-doped melt containing about 6.5% Te and 0.003% Cd. The material was first
prepared with a ultraviolet light and ozone treatment followed by etching in a solution of
0.2% bromine in methanol. The growth occurred by ramping temperature between 474 and
469 C and resulted in an approximately 5 jim thick layer. The morphological properties
tended to replicate that of the underlying material. The entire structure was subsequently
annealed in a saturated Hg atmosphere at 250 C for 4 hrs. The electrical properties were
measured on a small sample by using the van der Pauw method of Hall-effect
measurement. This measurement indicated that the material was about 4xl0 15/cm 3 n-type
with a mobility of about 4x10 4 cm 2/V-s at a temperature of 77 K.

In order to retain the integrity of the multi-layer structure throughout the specimen
preparation for TEM, a ceramic cylindrical rod and tubing assembly of alumina was used. A
sandwich of two substrates with the thin-film regions face to face was cemented (M-Bond
610, Measurements Group, Raleigh, N.C.) into a slit in the alumina rod and held in place by
the outer alumina cy!inder. Discs were cut perpendicular to the rod axis and mechanically
ground and polished down to 100 gtm thickness. The discs were dimpled from one side and
subsequently ion-thinned to perforation using a liquid-nitrogen cold stage. The specimens
were carbon-coated to provide conductivity.

TEM and AEM studies were performed in a 400 kV analytical high resolution
instrument (JEOL 4000 FX). Energy dispersive x-ray spectroscopy (EDS, Tracor
Northern) and parallel electron energy loss spectroscopy (PEELS, Gatan) instruments
were used for AEM studies. During all investigations a double tilting specimen holder with
a low-temperature stage to reduce contamination was used. Spot sizes used for
microanalysis were typically 10 to 20 nm diameter,

RESULTS AND DISCUSSION

The low magnification image in Fig. I
shows a typical region of the four layer
structure consisting of an LPE HCT film grown W
on an MOCVD CZT buffer layer deposited on ...-
an MOCVD GaAs layer on a Si substrate. The
portion of the study reported here concentrated
on the microstructural and microchemical
characterization of the GaAs / CdZnTe and
CdZnTe / HgCdTe interfacial regions in the
multilayer structures. A number of the features
observed are related to the processing
techniques used during growth of the layers.

Fig. 1. Low magnification image of a
typical four layer structure.
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Characterization of the GaAs / CdZnTe interface

The MOCVD deposition of the CdZnTe buffer layer on the GaAs substrate material
forms a sharp, planar interface, as shown in Fig. 2. A high dislocation density is visible
near the interface in the CZT layer. Within about 2 jim of growth of the CZT, the dislocation
density has diminished significantly and only a few threading dislocations (Lomer-Cottrell
type 9 .tI) propagate into the HCT layers. The annihilation of the dislocations by intersection
with others appears to be the primary mechanism for the improving defect density as
growth continues. In many cases, threading dislocations are associated with micropits at
the interface (Fig. 2b), but there is no consistent relationship between the observed pits
and the threading dislocations generated at the interface.

a) b)

Fig. 2 Threading dislocations (a) independent and (b) associated with micropits at the
[100] GaAs / [100] CdZnTe interface.

Chemical analysis combining EDS and PEELS techniques of this interface gave
results related to the GaAs surface treatment prior to the MOCVD CZT deposition. No
contaminants were detectable at or near the interface using EDS, and no oxygen, carbon,
nitrogen, or other light elements were detected with PEELS analysis. Moreover, no
contamination, segregation, or amorphous layer at the interface could be detected, indicating
that the cleaning and heat treatment prior to deposition of the CZT do not result in
significant amounts of impurities. A careful examination near the interface showed that no
enrichment of Ga or As depletion occurred during the elevated temperature pre-treatment.
Although Ponce et alll suggest that the micropitting is a result of this high temperature
processing, the presence of very small hillocks as well as the pits indicates that this may
not be the mechanism of pit formation (Fig. 3a). These interface features may be the result
of the pre-deposition chemical etch. The dimensions of the pits and hillocks were too small
(typically < 20 nm) to detect any chemical contaminants which might have been associated
with them. Although the growth conditions for the layers studied here had previously
produced CZT layers of 2 wt.% zinc, Zn was undetectable by EDS analysis in these layers.
That this was not an artefact of the TEM preparation or observation was verified
independently on one of the samples with a scanning electron microscope and EDS.
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i

a) b)

Fig. 3 High resolution images of the GaAs / CdZnTe interface; (a) hillock and
(b) misfit dislocation (observed along [011] orientation).

Primary misfit dislocations adapt the lattice mismatch between CdZnTe and GaAs
of 14.7% (Fig. 3b). Ponce et al9 .11 reported a misfit dislocation distance of 3.1 nm in MBE-
deposited CdTe as is predicted from calculations assuming the strain is entirely
accommodated by these dislocations. In the present material relief of the stresses appears
to be shared (i) by the misfit dislocation period of about 3.6 nm, (ii) by an approximately 3
degree lattice tilt of the CdZnTe relative to the GaAs, (iii) remaining strain in the lattice,
and (iv) Zn interdiffusion in the lattice.

Characterization of the CZT / HCT interface

As a result of the liquid-phase growth temperatures, melting and interdiffusion
causes the CdZnTe / HgCdTe boundary be a diffuse interface. PEELS analysis over this
region did not detect any light element contaminants. EDS analysis determined the
concentration distribution shown in Fig. 4a. This distribution is not substantially different
from that given by Nouruzi-Khorasani et a1J6 for LPE HCT grown on bulk ( I) CdTe and
CZT.

-60

40 5005 200

a) b)

Fig. 4 CZT / HCT interface region: (a) elemental distribution, and (b) high resolution
image of intermediate region (incident beam parallel [011]l).

I ~ ~~~~~~ II30- l n m I mml
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High-quality HgCdTe detectors for infrared radiation require high-quality material of
low defect density. Although the defect density in the CZT / HCT interface region is rather
high (Fig 4b) outside the first few nanometers in the HCT layer, very few defects can be
located by TEM. This is consistent with a measured surface etch-pit density of about 106
cm- 2 . Because the defect density is of this magnitude, too few defects are present to
accurately verify the density by TEM. The primary defect observed near the interface and in
the HCT layer was stacking faults (Fig. 5a). One possible explanation for the source of
these stacking faults is that they may arise from the condensation of vacancies, most
probably Hg vacancies on close-packed {111) lattice planes. The bound size of the
stacking faults observed would be determined by the energy equilibrium between 1)
reduced strain energy of continued vacancy condensation and 2) increased energy produced
when enlarging the dislocation loop defining the borders of the stacking fault. This
interpretation is consistent with the reduction in numbers of the faults near the surface of
the HCT. The reduction wruld occur by annihilation of these fauits by" Hg diffusing into the
bulk during the annealing process resulting in the nearly perfect lattice shown in Fig. 5b.

a) b)

Fig. 5 (a) Stacking fault loop in ( 111) in interfacial region and (b) perfect HCT lattice
in near surface region (observed along [0 11] orientation).

CONCLUSIONS

The near-term future of HgCdTe hybrid infrared detectors requiles improvements in
size, strength, reliability, signal processing, and cost. Growth of multilayer, heteroepitaxial
thin films is expected to yield significant advances in these areas. In this study, TEM and
AEM observations of these materials have provided feedback to the development of
MOCVD and LPE multilayer processing.

The results show that the films have retained their structural integrity throughout
the processing. Although the material properties observed are similar to those previously
reported for single-layer thin films, it is important to note that subsequent processing has
not severely modified the previously grown layers. Extremely small micropits and hillocks
have been seen in the CZT / GaAs interface, but no consistent correlation could be made to
defects present in the CZT layer. A number of threading dislocations penetrate from
substrate through successive epitaxial layers, while others appear to be the result of
interface defects. Dislocations in the CZT / GaAs interface are reduced within 2 to 3 g.m of
growth to a small fraction of the near-interface dislocation density. The bulk of the misfit in
this interface is accommodated by misfit dislocations. EDS and PEELS analytical
techniques were used to determine the chemical properties of multilayer epitaxial films
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made by sequential growths: Chemical contaminants are not detectable in the interfacial
regions; There are no oxide boundaries or amorphous carbon contamination detectable. A
high density of stacking fault defects at the HCT / CZT interface is observed to be markedly
reduced within the first micrometer of growth. It is believed the reduction in the stacking
faults observed was due to annihilation of vacancies by Hg atoms during the post-growth
diffusion. Finally, the HgCdTe layer was shown to have a low dislocation density observed
over a large -'rea near the surface which approaches the high crystal perfection required for
fabrication of IR diode detectors.
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SOLUBILITY OF IMPURITIES AND DEFECT IMPURITY INTERACTION
IN II-VI SEMICONDUCTORS
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ABSTRACT

A description of incorporation and solubility limit of
substitutional impurities is made using the alloy CdHgl-,Te as a
model of analysis and a source of experimental data.

Then non-equilibrium incorporation of impurities under light
excitation is considered. A model of photo assisted doping is
presented which accounts for the high doping efficiency reported
for the donor indium in photoassisted grown CdTe.

1. INTRODUCTION

Impurity doping of II-VI semiconductors poses particular
problems : strong interaction of impurities with native defects
often occurs leading to self-compensation phenomena ; moreover
the solubility of electrically active impurities is in any case
not very high, limited to a few 1018 cm"3. This result is in
contrast with impurity doping of Si or III-V compounds where
active concentrations above 109 cm-3 are commonly obtained.

In the pabt, the attention to these problems has mainly been
focused c:i wide band gap II-VI compounds (ZnSe, ZnT- CdS) for
the reason that very severe self-compensation phenomena prevent
the conversion of conductivity type in these materials.
Theoretical models have been worked out based on the chemical and
electrical relations w'.ich link impurities and native defects
under the conditions of thermodynamic equilibrium [1] [2] [3].
They provide an interpretation of compensation effects in terms
of lattice defect properties : energy of formation, electronic
energy levels. As these quantities are not a priori known,
comparison with experiments does not lead to firm and definite
conclusions.

Another way of approach is to consider the low band gap
materials - essentially the alloy CdHgl-,Te - for which a larger
amount of data is available. Incorporation of impurities has been
carried out in a wide range of temperature and mercury vapour
pressure, either during growth (Bridgman, LPE, MOCVD, MBE) or in
post-growth anneals. In the first part of this paper we will show
that a detailed analysis of these results provides a general
understanding of the solubility limits in II-VI materials, in
terms of impurity-defect interaction.

Putting the problem of effective solubility in this way
leads to the idea of non-equilibrium incorporation, where the
feedback between impurities and defects might be relaxed.
Photoassisted doping could reach such a result according to
experiments recently reported in the literature. We will present
a simple model of incorporation of impurities during epitaxial
growth under light excitation which is able to explain some of
the observed effects. This coul] open up the way to morc
systematic studies aiming to dope reproducibly the reluctant wide
band gap materials.

Mat. Res. Soc. Symp. Proc. Vol. 161, 1990 Materials Research Society
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2. DEFECT IMPURITY INTERACTION IN CdxHg.-,Te ALLOYS

Due to the large number of data available CdHg1_xTe is an
exemplary medium for studying defect-impurity interaction.
Through specific examples we will show how the defects first
control the incorporation of impurities and second determine
their (maximum) solubility.

2.1. Role of defects in undoped material

Mercury-rich CdHgl-,Te alloy (x < 0.4) is the best example,
and perhaps the only one, of a II-VI material where the
electrical conductivity is readily dependent upon the
concentration of a simple native defect. This well known
behaviour derives from solid-vapour equilibrium involving mercury
vacancies in the solid. Using Kroger's notations [1].

Hg9 -_ Hg(g) + V"Hg + 2 h (1)

The mercury vacancy V". 9 is supposed to be in a doubly
ionized negatively charged state. Application of mass-action law
leads to the defect concentration at the equilibration
temperature (HT).

[v . IT2(2) Pwr2 P~jg

If the semiconductor is extrinsic at HT, which is valid for
x = 0.4, the hole concentration PIT is equal to 2[V",g]HT, so that
the ionized vacancy concentration is given by :

[v"H. IT K 1 ) 1/3 (3)

Assuming that this defect concentration is frozen in when
quenching the material to room temperature, the hole
concentration measured in a low temperature extrinsic state is :

PLT = 2 [V-g]HrU (PHg)/
3  (4)

Such a dependence on the mercury vapour pressure has indeed
been observed by Vydyanath et al (4] which gives a good evidence
of the presence of doubly ionized mercury vacancies.

This simple defect model has been extended to different
alloy compositions by the same authors and a number of others. As
an example, Fig. 1 shows the phase limits for the widespread
alloy Hg0.8Cd0.2Te measured and calculated in a wide temperature
range [5] : on the Te-saturated side as well as on the Hg-
saturated one, the low temperature hole concentration is
determined by the mercury vacancy concentration, according to the
equation (4).

A questionable aspect is the assumption of complete defect
freezing during cooling from the equilibration state. In wide
band gap compounds, vacancy migration and annihilation are often
postulated to explain the differences between the room
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temperature state and the modelled or measured high temperature
equilibration state [6] [7]. For instance it is known that excess
zinc vacancies introduced in ZnSe by electron bombardment
annihilate at 400 K by forming complexes with impurities and
defects [8]. A better understanding of the particularly simple
behaviour of CdxHgl.xTe remains an open question.

2.2. Group V acceptors on Te sites.

We start by analysing the incorporation process under
solid/liquid equilibrium, and first give some definitions. Let I,
designate the impurity in the liquid phase and Is, Inm, the
impurity in the solid in the electrically active soluble form Is
or associated with defects D.

The distribution coefficient is defined as

(Is) + 2: [I D.]

kd = (5)
[IJ

and can be determined from chemical analysis. The solubility
coefficient is

[Is]

ks  -(6)
[It)

and can be reached from complementary electrical measurements.
Finally the doping efficiency is given by :

[Is] k"97 = (7)

[Is] + Y[ID,] kd

The "solubility" of the ipurity I is the maximum value of
the concentration [Isj. It depends on temperature and also vapour
pressure. The last dependence is a particular feature of
compounds compared to elementary semiconductors like silicon.

We now write the incorporation reaction of, to be specific,
arsenic on Te sites.

As(l) + VTe
x = As'ie (8)

[AS'Te] = K t  [V'Te] rL [As(l)) (9)

Eq. 9 comes from the application of the mass action law to
(8). F is the activity coefficient of As in the liquid phase
and t [Aj] is the corresponding activity. To this basic
incorporation reaction we add reactions describing

- the exchange with the gas phase

Hg(g) -- Hgog + VTeC (10)

[VT,'] = KV, PH9 (11)



/3

- the ionization of the acceptor arsenic and of the
tellurium vacancies supposed to be single donors

p[As'T] = KA[ASXT.] (12)

n[V*, ] = N[VeX
]  

(13)

- global electroneutrality and electron-hole equilibrium :

p + [VOTel = n + [AS'T,] + 2 [V"Hg] (14)

np = n2
i (15)

(V"Jgl is given by (2) and ni is the intrinsic carrier
concentration. The system of equations (9), (11) - (15) can be
solved to give the concentration of arsenic in solution [As'Te]. A
particular situation is that of high mercury pressure, which
after (9) and (11) corresponds to a large incorporation rate.
Then the concentration of mercury vacancies can be neglected and
one get r

[As'Te] = (K1PHg r, [As(l) ]
3
1/2 n 2  

(16)
nj
2

+
K, PHg yt (As (1)]

K = Kt KVT KA (17)
with

K2 = KD KvT

In these conditions the low temperature hole concentration
is given by :

PLT = [As'T,] - [V'Te] (18)

These theoretical expressions can be used to analyse the
results of the doping experiments performed by Kalisher [9] on
CdxHg1.Te (0.2 < x < 0.4) grown by LPE from a Hg melt. First,
electrical measurements indicate a doping efficiency of one for
arsenic concent-ations in the solid up to a few 1017 CM"3 [10]
(Fig. 2). From (18) this shows that the concentration of ionized
tellurium vacancies is at least one order of magnitude smaller.
Second, chemical analysis makes to appear a square root
dependence of arsenic concentration in the solid versus arsenic
concentration in the melt (Fig. 3).

Such a dependence is predicted by (16) if the material is
extrinsic at the growth dependence (x.; 0.4) and if is
constant in the explored concentration range.

Fig. 3 also displays the results of Hall measurements
performed on layers grown from a Te melt with phosphorus added in
it [11]. These samples were given a post-growth anneal at 500°C
under high mercury vapour pressure. The small solubility
coefficient observed here has two origins : incorporation under
conditions of high tellurium activity and consequently a low
concentration of tellurium vacancies ; small values of the
activity coefficient of phosphorus in Te melts.
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Efficient incorporation of As and P has recently been
reported in MOCVD grown CdTe and CdHgTe layers in the temperature
range 350 - 410°C [12] (13].

The highest incorporation ratio is obtained under high Cd
activity in accordance with (16) and a doping efficiency of unity
was measured up to a concentration of a few 1017 cm "3 [13].

2.3. Group I acceptors on metal sites.

We refer here to the incorporation of copper from a liquid
Te melt as recently stutied by Sarusi et al [14]. The basic
incorporation relations are directly written as :

Cu(1) + Vg" + h = Cu'g (19)

[Cu'g] = K( p. [V",] rt (Cu(l)] (20)

and the neutrality equation at the growth temperature is

p = [Cu'..] + 2 [V",g] + n (21)

2 K"v9  n2i
p = [Cu'"9 ] + + (22)

p 2 P"g p

Finally the low temperature hole concentration is

PLT = [Cu',g] + 2 [V"Hg] (23)

Since the quantities K"v, and nj2 are known [5] the system of
equations (20), (22), (23) can be solved to predict the
dependence of PLT on the product Kb r, [Cu(l)], proportional to
the activity of Cu in Te melt (Fig. 4). This is to be compared
with the experimental results of [14] reproduced in Fig. 5. The
trend is similar but the measurements show a steeper dependence
of PLT as a function of the copper concentration in the melt,
which could be due to a variation of the activity coefficient

it . Also a limit hole concentration appears which decreases
after annealing under Hg saturated conditions. These saturation
values correspond to the solubility limits for the conditions
used in this work. We analyse the attainment of the solubility
limit by postulating that some internal equilibrium exists with a
precipitated sucond phase. Assuming that this second phase is
Cu 2Te, we write :

Cu 2Te + V"Hg t 2 Cu'mg + TeTe (24)

[Cu'9g]2L = KP [V".g] acu 2Te (25)

where ac,,Te is the activity of Cu2Te in the solid.

Introducing (2) and the neutrality equation p = [Cu'9 g] valid
at high copper concentration we get
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F K%"V acuTe 1/4

PLT = [Cu']L = (26)

Prg

If Cu2Te really forms a precipitated second phase the
corresponding activity is unity and [CU',g] depends only on
temperature and vapour pressure. This predicted dependence of
copper solubility upon mercury vapour pressure is in rough
quantitative agreement with that observed in Fig. 5.

2.4. Group III donors on metal sites.

We consider first the case of incorporation from a melt,
taking Ga as a specific donor impurity.

The incorporation reactions are now
Ga(l) + V"Hg = Sa;9 + 3e' (27)

K, [V"H9 It [Ga()
[G ,a) = (28)

n 3

and the neutrality equation is

n + 2 [V",g] = p + [Ga; 9 ] (29)

At low temperature this relation reduces to

nLT = [Ga g] - 2 [V".,] (30)

As in the case of copper incorporation it is possible to
solve the system of equations (28) - (30) to get nLT as a
function of the product Kt Wt [Ga(l)]. For incorporation under
a high mercury vapour pressure the concentration of ionized
mercury vacancy is negligible and the solution is

K3 [Ga(l) ] t / P~g

nLT = [Gar 9] = 1/2 (31)
[ni 2 + K3 [Ga(1)] / P

with

K3 = Kt K"Vg / ni4  (32)

Using l'uid phase epitaxy from a Hg melt which corresponds
to the above conditions, Kalisher [9] has determined
distribution coefficients above unity for Ga and In (Fig. 3).
This points out that the activity coefficients of these elements
in mercury melt is indeed large. A doping efficiency of 100 % is
measured for In concentration up to 1017 cm "3 (15).

Incorporation of Ga from a Te melt has recently been
reported by Sarusi et al [14). Fig. 6 shows that a solubility
limit of 2.1017 cm "3 appears in the as-grown material.
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This phenomenon can be explained in the same framework as
above by postulating the presence of a precipitated second phase
such as Ga2Te3 . Internal equilibrium is expressed by

Ga 2Te 3 2_ 2Gang + V"Hg + 3TeTe (33)

Kp ni
4

(Ga4g] 2L - Pg aG. 2 Te (34)

K"vH n
2

introducing the activity of the second phase aG.2 T,,•

This material is intrinsic at the growth temperature so that
n = ni. One deduces the low temperature electron concentration

nLT = [Ga'g] - 2[V"g93 (35)

nL Kn2) 1/2 2 K~VH

=LT P' 9 aGa 2 Te 1 (36)
"VHPri, nj 2

Since aga2 Te3 = 1 for a precipitated second phase the

solubility limit only depends on temperature and pressure. The
above expression shows that nLT increases with increasing Hg as
it is observed in Fig. 6 for the sample annealed under saturated
mercury pressure.

Incorporation of indium from a Te melt in the Cd-rich alloy
Cd0.7Hg0.3Te was studied by Lusson [16]. The results presented in
Fig. 7 clearly show the difference between distribution and
solubility coefficients. The distribution coefficient is large,
around unity, and constant in the investigated concentration
range, while the electron concentration, which is a measure of
[InCd] is small and increases very slowly with increasing indium
activity in the melt.

The donor indium is also commonly used as a dopant in vapour
phase epitaxy. An electron concentration saturating at 1017 cm 3

has been measured for CdTe grown by OMCVD at 420°C [17]. The lack
of data does not allow to attribute this saturation to a
solubility limit or to a limiting transfer of indium from the gas
phase. More detailed results were 'ported for CdxHgj-Te (0.2 < x
< 0.3) grown by MBE at 200°C and doped with indium during growth
[18]. Fig. 8 gives the measured low temperature electron
concentration versus the indium concentration in the solid, after
the results of this work.

This curve is interesting because it shows the approach to
the solubility limit. This variation was modeled in [19] by
assuming the presence of two indium related species : In and
In2Te3x. A more detailed analysis is given below. Internal
equilibrium can be described by an equation similar to (34) i

K
(In ]2 = - [In2Te 3"

]  
(37)

n
2

where I is the activity coefficient of the species (In2Te3) and
the reaction constant K depends on temperature and mercury vapour
pressure only. The electroneutrality and mass conservation
relations are
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n= [Ire] - [2V"Mg] - P (38)

[InT] = [In ' + 2 [In2Te3
x]  

(39)

(InT) is the total concentration of indium in the solid. It can
be shown that the concentration of mercury vacancies is
negligible in (38). Hence the low temperature electron
concentration is simply :

nLT [In] (40)

solving this system of equations gives nLT as a function of
[Ind]. A fit to the experimental variation can be obtained with K
S4.5.1053 cm"9 and an activity coefficient t decreasing from 1

to 0.12 when [In 2Te3] increases in the range 01 - 4.10 cm "3 . A
variable activity coefficient means that the solution between
In2Te3 and CdxHg 1-xTe is non ideal. Precipitation of In2Te3 and
attainment of the solubility limit would be observed at higher
indium concentrations.

3. PHOTOASSISTED DOPING

Recent reports on efficient doping of CdTe films grown by
photoassisted MBE have raised a strong interest [20] [21]. In
these experiments indium, antimony or arsenic were incorporated
from effusion sources during growth while the substrate was
illuminated using an argon ion laser (514 - 528 nm). The laser
power density at the susbtrate was around 150 mW/cr

2. These first
announcements were followed by others dealing with CdTe [22] and
the higher band gap compounds ZnSe [23] and ZnS [24].

All these experiments show that impurity doping is enhanced
under light excitation, which could originate in enhanced
impurity incorporation, increased doping efficiency or both. In
the following we present a model able to account for one aspect :
the photoenhanced doping efficiency. Specifically we consider the
case of CdTe doped with indium during MBE growth [20]. Without
illumination the as-grown films are reported to be semi-
insulating with a photoluminescence spectrum dominated by a broad
band centered at about 1.44 eV. This band is always observed in
compensated crystals and is associated with In-defect complexes
[25). Thus In is indeed incorporated in the films. The
compensation of indium can be described by a chain of reactions:

2Incd + VCd - 2In*d + V"Cd , (IncdVcd)' + In (41)

Basically there is a transfer of electrons from the indium
donors to the cadmium vacancies. The complex (InCdVCd) is believed
to be a deep acceptor compensating the shallow donor Incd.

The electron transfer can be described by the following rate
equation

Snt

- _n nP - d-, n n, (42)

at
n is the free electron concentration coming from the ionized
donors. n. and Pt are the concentrations of electrons and holes
trapped on the vacancy level ET. n, is related to this energy
level by the usual expression
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nj = Nk exp [- (Ec - ET)/hT] (43)

where N, is the density of states in the conduction band of
minimum energy E,. OL. is the capture coefficient for electrons.
For the sake of simplicity we assume now that the vacancy has two
charge states only, V"cd and V'Cd. Then Pt = [Vxd]. At thermodynamic
equilibrium this quantity only depends on temperature and cadmium
vapour pressure :

1V"Cd] = KVc / PCd (44)

At any time n + n. = N,, the concentration of incorporated
donors. The asymptotic (t -- ) solution of (42) is

No Pt
nt = (45)

nj + Pt

Taking Ec - ET = 0.85 eV, we have nj = 109 cm'3. Pt is not
known and is probably not given by equilibrium thermodynamics
(44). However if Pt > nj we get n, * N0 ; which describes the
state of compensation between donors and cadmium vacancies. Note
that sef-compensation occurs because there is a continuous supply
of cadmium vacancies in order to keep constant the neutral
fraction Pt. We now consider the film growing under light
illumination with a flux of photons J.. Fig. 9 represents the
electronic processes occuring near the growing surface. A surface
potential barrier is present due to the Fermi level pinning in
the gap. Photogenerated holes diffuse to the barrier and are
accelerated towards the surface. The rate equation (42) now
becomes

= , npt - ., n,n t - cln 6&p + CPtPi (46)

bt

where Ap is the concentration of excess holes at the surface
and C, is the capture coefficient of holes. pi is given by :

p1 = N. exp [- (E T - Ej)/kT]  (47)

where N. is the density of states in the valence band of maximum
energy E,. In steady state we now have :

(ND Pt + , P1 Pt No
n. = C - (48)

(p, + nj) I -ap + A

Ap is evaluated by solving the continuity equation of
photogenerated holes with appropriate boundary conditions. This
is a classical treatment which leads to the condition of current
continuity at the surface
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q Sp tp = ih - q k p (w) (49)

The right hand term proportional to the recombination
velocity S p is the current due to surface recombination. i is
the short circuit photocurrent of the barrier.

exp (- &w)
iP = q J0 (1 - R) [ 1 - + (50)+1

where R and dare the coefficients of reflexion and absorption.
Dp and LP are the diffusion constant and diffusion length of
holes in the bulk. The concentration of holes Ap and Ap(w) on
both sides of the space charge layer are related to each other by
assuming that the quasi-Fermi level of holes is constant through
the barrier. The solution can be put in two limiting forms. When
Sp P DP/LP-

dp = ip/qSp (51)

and when Sp << D L

= (52)
q Dp

where nb is the bulk electron concentration.
Introducing the values i, = 3 x 10-2 A.cm'2 (corresponding

to 150 mWcm "2 illumination), S = 10' cm s , LP = 5.10 cm, Dp =
0.4 cm2s "', nb = .101 cmM3 , we estimate the variation range of p

2.1013 cm
"3 

< ap < 1015 cm
"3  

(53)

As the ratio &P/Pt is much larger than unity (perhaps
between 10 an 103) the relation (48) shows that the concentration
of ionized vacancies has been reduced well below ND. As a result
the incorporated donors are not or only slightly compensated

leading to a high doping efficiency as it was observed. More
generally it is seen that such a photochemical process causes a
decrease of the total concentration of vacancies, which could
also improve the cristalline quality of the epitaxial layers.

4. CONCLUSIONS.

It has been shown how native defects control the
incorporation and solubility of substitutional impurities in low
band gap CdxHg1.-Te alloys. Near the solubility limit impurities
and vacancies interact to form complex defects which ultimately
precipitate as a second phase in the lattice. This process is
well exemplified in the case of cation-substituted impurities
where mercury vacancies are involved. These findings could be
generalized to wider band gap II-VI compounds.

Thus the control of defect impurity interaction is a
determining factor to obtain a large solubility and consequently
a high doping efficiency. In this respect photoassisted doping
appears to be a promising technique. A model of interpretation
has been presented which is based on the neutralization of
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vacancies by photogenerated carriers drifting towards the growing
surface. As this area of photoassisted doping and growth is
developing new results will soon appear which will allow us to
refine and extend the simple proposed model.
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THICKNESS MEASUREMENT OF THIN FILMS BY X-RAY ABSORPTION
J. CHAUDHURI AND S. SHAH
The Wichita State university, Wichita, KS 67208

ABSTRACT

An x-ray diffraction method is described for determining
thicknesses of thin films grown on single crystal substrates. The
equations, based on the kinematical theory of x-ray diffraction
and the mosaic crystal model, were developed. The thickness of
the thin film was computed from the absorption of the integrated
diffracted x-ray intensity from the single crystal substrate by
the film. Since the diffracted intensity from the film is not
required, the film does not have to be single crystal in nature.
Thus, thicknesses of less ordered, polycrystalline or even
amorphous films can be measured with high precision by this
technique.

INTRODUCTION

A substantial amount of current research activity in
materials is focused on thin films. It is desirable to know
thicknesses precisely to assist in the investigation of growth
and kinetics of these films. X-ray diffraction offers a simple
and nondestructive means to measure thicknesses. Coulman et al
attempted to determine film thicknesses by an x-ray diffraction
technique but could not provide an absolute value of thickness
Il].

In the previous study, a simple x-ray diffraction method was
utilized to determine thicknesses of thin films from the ratio of
the integrated diffracted intensities from the film to the
substrate [2]. Thus, it was not necessary to measure the direct
beam intensity. This method works very well when thin films are
single crystal in nature and are of extremely good quality.
Often, grown films are less ordered or have polycrystalline or
amorphous structure. Thus the diffracted intensity from the film
can not be used.

In the present study, thicknesses of thin films, grown on
single crystal substrates, were determined from the attenuation
of the integrated diffracted intensity due to double traverses
through the film. The kinematical expression for the integrated
diffracted intensity was corrected for the curvature effect which
arises due to the deposition of the film and, also for the
primary and secondary extinction effects by assuming a mosaic
crystal model [3]. A comparison of these x-ray measurements was
made with reflection high-energy electron diffraction (i. e.

RHEED) data to demonstrate the extreme usefulness of this x-ray
technique.

Aa it well explained by Zachariasen as well as Guinier,
among others, the reflecting power of a real crystal is in
between that of an ideally imperfect crystal and a perfect
crystal [3,4]. Thus, to account for the reflecting power of a
real crystal, the mosaic structure model was first proposed by
Darwin [5]. This model assumes that either the atoms are arranged
in layers which are not quite parallel, or they are arranged in
blocks, each block being itself an ideal crystal, but with
adjacent blocks not accurately fitted together.

Extinction in a mosaic crystal stricture is a power loss in
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an x-ray beam that is caused by the production of a diffracted
beam. The extinction within any one ideal crystal block is called
primary extinction. The power loss due to diffraction in the
blocks that are traversed by the incident x-ray beam before it
reaches the particular block under consideration is referred to
as secondary extinction.

t iTHIN FILM

SUBSTRATE

dx

Figure 1. Bragg Case X-Ray Diffraction from the Substrate
Underlying the Film.

THICKNESS CALCULATION

Figure 1 shows the Bragg case x-ray diffraction from the
substrate. The attenuation of the incident and the diffracted
beam by the film is

exp - Aft(i/siny S + 1/sinBs )  (1)

where t is the thickness of the film, Af is the mass absorption
coefficient of the film, ye is the angle between the incident
beam and the substrate andB s is the angle between the diffracted
beam and the substrate. Then, the kinematic integrated diffracted
intensity from the substrate is (6]

.2 2 I0 7s 2~ 1 cs 2 6

= 2 Io  I + C0s229 e exp - Pft(l/siny 5 + 1/sinB)
mc sin Y V2s 2 sin20 s

-"sx( I/sin Ys+ l/sinBs) d (2)

x-0

where e2/mc2 is the classical electron radius, I is the incident
x-ray intensity, F is the structure factor for the substrate, V.
is the unit cell volume of the substrate, As is the mass
abscrption coefficient of the substrate and 0a is the Bragg angle
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for the substrate. After integration, equation (2) becomes

a2 loIFs 12 3  
1 + cos2

2e e  e-____s 
t

is = ( __ ) , (3)
mc2  sinY8 V2  2 sin2B 8s5 s

where

1 1as - -

sin-s  sins

Applying the primary extinction correction of a mosaic
crystal model, the integrated reflected intensity, IP , can be
written as shown by Zachariasen [3]

IP = I f(A), (4)

where I is the kinematic diffracted intensity, and the Bragg case
primary extinction correctior is

A =tanhA + cos2e s tanhIA cos2es(f(A) =(5
A(I + coe2 2e)

where

e2  IFIit 1 + cos2e s
A =- - (6)

mc2 V sine 2
S

The secondary extinction correction of a mosaic crystal
model is appl!ad by replacing the mass absorption coefficient of
the substrate, A., by ;& +gsQs in the expression for the
integrated reflected intensity [3]. Here

= 2 X3 I + cos220sQ s (m-- ) 2  IF 12  -, (7)
c 2 V 2  2 sin2s(

1
and ge - ' (8)

2 rl/Ir

where n is the standard deviation of the block tilts in the
mosaic crystal model. After applying the appropriate primary and
secondary extinction corrections, the expression for the
integrated diffracted intensity from the substrate becomes
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is e2 )2 fAf) IFs12 X3  
+ cos 2 2 e s  e-_f_ _ t_(9)

MC sin Y V26  2 sin2e s  (ps + gsQs)as

If the direct beam intensity, I , and the integrated
diffracted beam intensity from the substrate, Is, are known, the
thickness of the thin film can be computed.

APPLICATION

As an illustration of the application of the method,
thicknesses of AlGaAs thin films on GaAs substrates (001) were
determined. These films were grown by molecular beam epitaxy.
The integrated reflected intensities from the substrates were
measured by utilizing a Blake Industries double crystal
diffractometer j.n the (+,-) parallel setting [3]. A perfect
crystal of germanium (001) was used as the first crystal. The
rocking curves of (004) reflection were measured by using CuKa1
radiation. The direct beam intensity, Io, was obtained by
multiplying the direct beam in counts per second with the total
time through which the samples were rotated to get the integrated
diffracted intensity. For best results, the system was calibrated
for a film of known thickness, 2A. Is/I values for three samples
are listed in Table I.

TABLE I. Intensity Ratios, I and Thickness Values, t, of
AlGaAs Thin Films.

SAMPLE Is/IO t ()AM) % DIFFERENCE
NO.

X-RAY RHEED

1 .00004244 0.48 0.5 4
2 .00004032 1.57 1.6 2
3 .00003287 3.33 3.5 2

The structure factor of GaAs was calculated using
appropriate atomic scattering factors and dispersion corrections
(7]. Figure 2 shows the dependence of the Bragg case primary
extinction coefficient f(A) of GaAs, on the block thickness in
the mosaic crystal model. In the present study, f(A)
corresponding to 2 pm block thickness of GaAs was considered.
The secondary extinction correction was applied considering
standard deviations in block tilts, n ,as equal to the full width
at half maximum of the x-ray rocking curves. The values are
approximately 10 arc secs but varied from sample to sample . The
correction for the curvature was added (Table I) by getting data
from another set of experiment in which a GaAs crystal was bent
in cantilever mode to different curvatures and the corresponding
integrated diffracted intensity for the (004) reflection was
obtained each time. Thicknesses for three samples, as calculated
are listed in Table I. An attempt was made to compare the results
obtained from x-ray measurement with RREED oscillation (8-10]
data as shown in Table I. There was excellent agreement between
the results from these two different methods, with the percentage
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difference being less than 4%.

t 0--

Figure 2. Dependence of Bragg case Primary Extinction Coefficient
of GaAs on the Block Thickness in the Mosaic Model.

Thickness values as calculated, without any extinction

corrections or curvature corrections, are shown in Table II. It
can be seen that, for this system, the effect of curvature
correction is quite small and the extinction corrections play an
important role. Nevertheless, there could be errors in the
determination of thickness values when there are no particular
reasons for expecting either of the correction factors to be
negligible.

TABLE II. Radius of Curvature, R, Curvature Correction, Thickness
Values without the Extinction Corrections or Curvature
Correction.

SAMPLE R CURVATURE t (AM)
NO. (in) CORN.

WITHOUT CURV. WITHOUT EXTINC.
CORR. CORR.

1 100 1.00 .48 1.095
2 20 1.07 1.65 1.72
3 14 1.11 3.60 3.01
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CONCLUSIONS

An x-ray method was described for determining the
thicknesses of thin films grown on crystalline substrates. This
method is highly sensitive, rapidly performed, repeatable,
nondestructive and inexpensive, and does not need any sample
preparation. The technique utilizes the ratio of the integrated
diffracted intensity from the substrate to the direct beam
intensity. Since the diffracted intensity from the film is not
needed, thicknesses of films not highly perfect in nature or
thicknesses of polycrystalline or amorphous films can be
determined by this method. X-ray results were in excellent
agreement with RHEED oscillation data. Applications of primary
and secondary extinction corrections of a mosaic crystal model
and effect of curvature were found to be extremely useful in
determining the correct thickness. It was anticipated that the
results could be further improved using a weaker reflection or a
shorter wavelength, since the extinction corrections tend to
become negligible in either case.
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MOCVD GROWTH AND DOPING OF ZnSe AND RELATED il-VI MATERIALS

HIROSHI KUKIMOTO
Lnagi,.; Science and Engineering Laboratory, Tokyo Institute of Technology, 4259 Nigatsuda,
Midori-ku, Yokohama 227, Japan

ABSTRACT

Recent progress in metalorganic chemical vapor deposition (MOCVD) of wide bandgap
I-VI materials, especially of ZnSe, ZnS and their alloys, is discussed with emphasis on the
general principles for obtaining uniform and high quality epitaxial layers and the current major
issue of impurity doping for achieving conductivity control. The surface morphology and
crystalline quality can be improved by a suitable choice of source materials and by lattice-
matching the epitaxial layer to the substrate. By using appropriate sources, high conductivity n-
type epitaxial layers of ZnSe and ZnS doped with impurities from group III and VII of the
periodic table have been successfully grown by low temperature MOCVD. We have also grown
p-type ZnSe layers with carrier concentration ranging from low 1016 to high 1017 cm-3 using
Li3 N as the dopant. Extensive studies are now focussed on the better p-type control. High purity
source materials, appropriate p-type dopants and low temperature growth are important keys.

INTRODUCTION

Wide bandgap Il-VI materials of ZnSe, ZnS and their alloys potentially offer optical
devices operating in the short wavelength spectral region which cannot be covered by Ill-V
materials other than nitrides. The II-VI devices expected along this line includes blue light-
emitting diodes and short-wavelength (green to blue) lasers. The studies of these wide bandgap
I-VI materials were extensively performed in the past, but encountered two major problems.
One was the difficulty in growing high quality epitaxial layers on commercially available large-
area subsrtates such as GaAs, GaP, lnP and Si by the conventional techniques established for
Ill-V epitaxial growth. Neither liquid phase epitaxy by using a variety of solvent metals nor
conventional vapor phase epitaxy by using hydrogen carrier transport of constituent elements or
by sublimation of compounds met a significant success, primarily owing to high vapor pressure
of constituent elements (Zn, Se and S) at growth temperature. The other was the hardship of
conductivity control by doping with donor and acceptor impurities due to so-called self-
compensation which is typical of these wide bandgap materials. Upon doping with a donor
impurity in ZnSe or ZnS for achieving n-type conductivity control, for example, a Zn-vacancy
acting as an acceptor tends to be generated, resulting in charge compensation. Similarly, p-type
conductivity control is hampered by the formation of S- or Se-vacancies which act as the donors
compensating doped acceptor impurities.

Metalorganic chemical vapor deposition (MOCVD) has proven in recent years to be a
very effective method for growing a variety of epitaxial layers of Ill-V materials and their
devices. The versatility of MOCVD has already been suggested in the early pioneering work of
Manasevit I 1]. The application of MOCVD for the growth of ZnSe was first demonstrated by
Stunius [2] in 1978. Since then, MOCVD growth of wide bandgap I-VI materials, especially of
ZnSe, has been extensively studied in many research groups, and recently a significant progress
has been made towards a solution to the problems mentioned above.

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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This paper is concerned with general principles for growing high quality epitaxial layers
of ZnSe and related materials and the current major issue of impurity doping for achieving
conductivity control, primarily based on the results obtained in our research group. In improving
the surface morphology and crystalline quality of epitaxial layers it has been found that a suitable
choice of source materials is essential. Further improvements can be obtained by lattice-matching
the epitaxial layer to the substrate, which is a common principle for all epitaxial layerq. The
MOCVD features low-temperature and nonequilibrium growth, and is in principle capable of
stoichiometry control by controlling vapor pressures of constituent elements. By taking
advantage of these features and by using appropriate sources, n-type epitaxial layers of ZnSe and
ZnS with sufficiently high carrier concentration can be successfully grown by low temperature
MOCVD by doping impurities from group III and VII of the periodic table during growth. The
growth of p-type ZnSe layers doped with Li and N has also become possible recently, but there
remains the problem with reproducibility.

GENERAL GROWTH PRINCIPLES

Sources

Among wide bandgap I-VI compounds, ZnSe has been most extensively grown by
using dialkylzinc (dimethyl or diethyl zinc; DMZn or DEZn) and hydrogen selenide (H2 Se) as
source materials [2-8]. The source combination is quite analogous to that for growing GaAs,
i.e., trialkyl gallium (trimethyl or triethyl gallium; TMGa or TEGa) and arsine (AsH 3). With
these sources for the ZnSe growth, however, there was a serious problem; that is a premature
reaction between these sources taking place even at room temperature. DMZn (or DEZn) and
H2 Se .ntroduced in a growth chamber easily react to to-m ZnSe-like powder, resulting in
unwanted deposition on the chamber wall before they reach the substrate on which epitaxial
layers are to be grown, as schematically shown in Fig. 1(a).

DMZn H2 Se DMZn DMSe DMZn-DMSe H2 Se

DMZn DMSe 0
4 DMZn H2 S e

(a) (b) (c)

Fig. 1. Schematic illustration of tbe processes involved in MOCVD growth of ZnSe
using different source combinations.
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Such a reaction was reduced by introducing zinc alkyl just above the substrate surface in
the low pressure reactor [2,7,81. However, uniform growth in large area cannot be expected with
this source transport configuration. A better source combination to eliminate the premature
reaction is DMZn (or DEZn) and DMSe (or DESe) [91. These sources can be transported
effectively to the substrate, as shown in Fig. l(b), resulting in uniform growth of epitaxial layers
with satisfactory surface morphology. With such alkyl zinc and alkyl selenide combinations
(DMZn/DMSe, DMZn/DESe, DEZn/DMSe and DEZn/DESe), a mass-transport limited growth
region, where the growth rate is temperature-independent above 500'C, and a surface kinetic
limited growth region, where the growth rate changes exponentially with temperature below
500*C, have been clearly observed, indicating that the combinations are ideal. However, the
temperature of mass-transport limited growth, which is related to the high decomposition
temperature of dialkyl selenides, seems to be too high to overcome the self-compensation effect
which prevents effective donor and acceptor doping. The growth temperature can be reduced to
about 300oC by using Lewis acid-base adducts of dialkyl zinc with dialkyl selenide (DMZn-
DMSe, DMZn-DESe, DEZn-DMSe and DEZn-DESe) and H2Se, although the premature reaction
is not completely eliminated with these source combinations. We believe that DMSe in the
DMZr. rMSe adduct plays an important role in protecting DMZn from a premature reaction with
H2 Se, and hence the source materials can be transported effectively onto the substrate, as shown
in Fig. 1(c), resulting in a uniform growth throughout the substrate.

Similar arguments about source combination is also applicable to the growth of related
materials, ZnS and ZnSxSel_. ZnS epitaxial layers of high uniformity havc been grown using
an adduct of DEZn-DES and H2S at temperature ranging from 250oC to 370 0C 1101, while using
DEZn, DESe and DES epitaxial layers of ZnS5Sel. have been successfully grown at 500'C
[11,12].

ZnSxSel.x o on GaAs(100)
uJ . on GaP(100)

o 1000

Z 0 0

0 1

>- 500

40

0 0 I

" 0
0 0.2 0.4 0.6 0.8 1.0

U. SOLID COMPOSITION x

Fig. 2. Line width (full width at half maximum) of X-ray rocking curves as a function
of composition x in ZnSxSel-x epitaxial layers grown on GaAs (100) and GaP (100)
substrates.
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Lattice match

Further improvements in surface morphology and crystalline quality must rely on the
lattice match between epilayers and substrates, as is the case with all kinds of epitaxial growth.
The mismatches between ZnSe and GaAs and between ZaS and GaP are about 0.3% and 0.8%,
respectively. ZnSe layers thinner than 0.15 gm grow coherently on GaAs substrates involving
strains due to the lattice mismatch to the substrate, but thicker layers contain misfit dislocations
introduced by the relaxation of strain [ 131. A similar trend is observable for ZnS layers grown on
GaAs and GaP substrates. However, there is an apparently unusual phenomenon that largely
mismatched (4.3%) ZnS layers on GaAs show better surface morphology than less mismatched
(0.8%) ZnS layers on GaP. This phenomenon has been ascribed to the strain relaxation taking
place at an earler stage of epitaxial growth on GaAs than on GaP 1141.

ZnSxSel- x alloys are lattice matched to GaAs and GaP at x= 0.06 and x= 0.83,
respectively. High crystalline quality of lattice matched layers grown using DEZn, DES, and
DESe is evident from the surface morphology and the line width of double crystal X-ray
diffraction which is shown in Fig. 2 111,12].

IMPURITY DOPING

n-Tyoe dooing

Extensive studies of n-type impurity doping have been performed since tile first work of
Stutius [15], where Al was doped in ZnSe using triethylaluminum (TEAl) during growth. The
doping elements studied include Al and Ga substituted on the Zn site of ZnSe lattice, and Cl, Br,
and I substituted on the Se site. ZnSe layers of high n-type carrier concentration have been
grown using dopant sources including TEAl [15), TEGa [16], octylchloride(l-C 811 7 C1) 1171,

HCI (181, ethylbromide (C2 H5 Br) [19], ethyliodide (C2 H51) [20,21), and normal-butyliodide
(n-C 4H 9 1) 121]. The controllability of carrier concentration over a wide range from 1015 to 1019

cm 3 is noticed for the iodine doping.
ZnS layers of n type have also been successfully grown using TEAl [10] and HC as

dopants [22]. Recently, we have found that ethylbromide (C2H 5 Br ) is also an appropriate
dopant for obtaining ZnS layers with high carrier concentrations of mid 1018 cm "3 which show
efficient blue photoluminescence at room temperature.

A general principle for obtaining high carer concentration is to grow layers at low
temperatures, typically below 350°C. The decrease of carrier concentrations in Al-doped ZnSe
and ZnS layers with increasing growth temperature above 350'C is primarily due to the self-
compensation, since the increase in self-activated photoluminescence (so called SA
photoluminescence), which is ascribed to the donor (Al)-acceptor (AI-Zn vacancy complex) pair
emission, is observable for such samples [10,231. For halogen-doped layers, a decrease in
impurity incorporation efficiency also takes place with increasing growth temperature, resulting
in decrease of carrier concentration.

One should note here that the SA photoluminescence in MOCVD grown ZnSe is not
completely eliminated at present for high carrier concentration samples. The SA
photoluminescence of ZnSe is orange at room temperature, while band edge emission is blue.
Therefore, it is very important to suppress the SA emission of ZnSe layers for its application to
blue light-emitting devices. On the other hand, the high coductivity ZnS layers doped with n-type
impurities generally exhibit efficient blue SA photoluminescence, which is favorable for its
device application for blue LEDs.
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a-Type doping

The impurities for p-type doping of ZnSe by MOCVD first noted were group V elements
of N, P and As which are to be substituted on the Se site of the ZnSe lattice, presumably because
their conventional sources of NH 3 , PH3 and AsH 3 were available. Stutius grew ZnSe layers by
MOCVD in the presence of NH 3 and PH3 and found from photoluminescence that N acts as a
shallow acceptor and P as a deep acceptor, but no direct proof of p-type behavior was obtained
(241. Okajima et al. suggested that As in 'he ZnSe layers grown using Asi 3 as a dopant forms
both shallow and deep states [251. Our samples of arsenic-doped ZnSe grown in a similar
manner have only shown deep level photoluminescence.

We have paid attention io the fact that high quality epitaxial layers of wide bandgap
materials are typically grown under high VI vapor pressure, e.g., VI/II flow ratio is larger than
10. Under this growth condition, high concentration doping with group V acceptors to be
substituted on the Se site cannot 1 expected. Instead, group [a elements which act as acceptors
to be substituted on the Se site would be more effectively incorporated. By using Li 3N as the
dopant, we have succeeded, for the first time, in growingp-type ZnSe with sufficiently high
carrier concentrations ranging from low 1016 to high 101 cm31261. The problems with this
dopant are a reaction with H2 Se and its low vapor pressure. Therefore, we were forced to use the
source combination of alkyl zinc and alkyl selenide instead of adduct and H2 Se at the expense of
low growth temperature of the latter, and to locate the dopant at a part of the susceptor in the
reactor. Typical substrate and dopant temperatures were 450*C and 400'C, respectively. This
resulted in low controllability of carrier concentration. Low temperature photoluminescence of
the samples suggests that N is also incorporated together with Li. We believe that Li and N co-
doping is effective for obtaining high hole concentration and stabilizing mobile Li atoms.

Nitrogen-doped p-type ZnSe layers with carrier concentration of about 1 0 14 cm "3 have
been grown using NH 3 [271. Lithium-doped p-type ZnSe layers grown using tertiary-
butyllithium, which show reproducible carrier concentrations in a range of 1015 cm 3 , have been
reported quite recently [281. Although these concentrations are not sufficiently high, we could
expect a reproducible growth of ZnSe layers with higher concentrations by co-doping of Li and
N using these dopants.

Our preliminary growth of ZnS using cyclopentadienyl lithium as a dopant has
demonstrated that Li act as a shallow acceptor.

It is obvious that high purity sources and low temperature growth are two keys for
achieving better p-type conductivity control of wide bandgap Il-VI materials. Our recent results
of high purity ZnSe layers grown using the DMZn source which involves extremely low
concentration of chlorine impurities and the low temperature growth of ZnSe achieved by photo-
assisted MOCVD using alkyl zinc and alkyl selenide sources are quite encouraging [29].

CONCLUSION

General principles for growing high quality layers of ZnSe and related materials on GaAs
and GaP substrates by MOCVD have been described, with emphasis on the appropriate choice of
source materials and lattice match between epilayers and substrates. Recent progress in impurity
doping during MOCVD has demonstrated that n-type control of ZnSe and ZnS layers.can be
achieved satisfactorily. It has been shown that p-type ZnSe layers can be grown by doping with
lithium and/or nitrogen during growth, but further studies are necessary to improve
controllability.
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GROWTH AND DOPING OF ZINC SELENIDE BY MCLECULAR BEAM EPITAXY

J.M. PePUYDT, H. CHENG, M.A. HAASE AND J.E. POTTS
3M Company, 201-1N-35 / 3M Center, St. Paul, MN 55144.

Recently, with the advent of thermal nonequilibrium growth techniques
like molecular beam epitaxy and metalorganic chemical vapor deposition,
great progress has been made in overcoming some of the problems
traditionally encountered in the growth and doping of ZnSe. Breakthroughs
have been made in several areas including the growth of high quality undoped
films, in intentional n-type doping and, most importantly, in p-type doping.
In this paper we will review the progress made in the growth and doping of
ZnSe by molecular beam epitaxy.

In addition, we will present some of our recent results. We will
describe the growth of ZnSe at temperatures as low as 150

0
C using thermally

cracked selenium. We will discuss our production of low resistivity p-ZnSe
and will describe the junction characteristics and injection electro-

luminescence obtained from ZnSe p-n junctions. Finally, some problems which
we feel are limiting the performance of our ZnSe light emitting diodes and
the approaches which may be used to overcome these problems will be
discussed.

Introduction

Zinc selenide (ZnSe) has several properties which make it an attractive
material for optoelectronic device applications; it has a direct band gap of
about 2.7eV at room temperature, is transparent over a wide range of the
visible spectrum and has relatively large nonlinear optical coefficients.

Some devices which take advantage of these propel ies include blue light
emitting diodes, injection laser diodes, electroluminescent displays, second
harmonic generators, frequency mixers and optical modulators.

Construction of the types of devices described above places very
stringent requirements on the crystalline quality of the materials used to
fabricate the devices. Unfortunately the growth of large, single crystals

of ZnSe with low dislocatic., and twin densities using melt growth techniques
has proved to be extrcmely difficult, if not impossible.

1

In addition to excellent crystalline perfection, some of the proposed
optoelectronic devices also require high quality p-n junctions. The
difficulty in producing high quality p-n junctions in ZnSe primarily lies in
the inability to produce conductive p-type material. The physics behind
this difficulty is the mechanism of self-compensation.

2  
Since self-

compensation is a direct consequence of thermodynamics, many groups have
turned to growth techniques in which growth is controlled by kinetics rather
than equilibrium thermodynamics; one such technique is molecular beam
epitaxy (MBE).

3

In this paper we wish to focus on the growth and doping of ZnSe by MBE.
We will review some of the advances which have been made since this growth

technique has been applied to ZnSe and will try to emphasize the more
significant results. Furthermore, we will describe some of our recent
efforts such as the production of highly conductive p-type films through Li

doping, the growth of singl- crystals at very low temperatures using cracked
Se, and the fabrication of blue LED's. We will finish by describing some of
the outstanding problems limiting the performance of our blue LED's and
potential solutions to these problems.

Mal. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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REVIEW OF MBE GROWTH

The growth of ZnSe by MBE was first reported by Smith and Pickhardt in
1975.

4 
They found that substrate choice and preparation had a significant

effect on the crystallographic quality of the resulting films; they showed
that (100) oriented GaAs was preferred over the other substrates they
studied. The 14BE growth of ZnSe on ZnSe

5 -7
, Ge

8 
and Si

9 
have also been

reported, but routine use of these alternative substrates has not gained
widespread acceptance. The advantages of GaAs over other potential
substrates are: (1) GaAs is nearly lattice-matched to ZnSe (Aa/a=0.25%), (2)
large, high quality GaAs substrates are readily available, (3) GaAs, like
ZnSe, is a polar material, and (4) surface preparation techniques for GaAs
are well developed.

In order to produce conductive, n-type ZnSe crystals using conventional
bulk growth techniques it was necessary to subject the samples to a
post-growth anneal in molten Zn (=1000°C) for several hours.

1 0  
Tha

observation of very conductive n-type epitaxial films grown by MBE without
the "Zn-extraction" treatment clearly demonstrated the superiority of this
technique over conventional growth methods.

11  
Films with resistivities

about I O-cm and room temperature carrier mobilities comparable to that of
Zn-extracted bulk ZnSe were successfully grown. The good quality of these
films was further evidenced by the dominant near-band-edge emission in the
photoluminescence (PL) at room temperature.

Studies of the effects of growth conditions on film properties began
soon after the demonstration that device quality epitaxial films could be
deposited by MBE. The parameters which were independently controlled during
these investigations were the substrate temperature (TG) and the molecular
beam fluxes. When using elemental sources evaporated from standard effusion
cells it was shown that the acceptable window for the growth of device
quality ZnSe was 2500C<TG<4000C.l

2  
Samples grown at temperatures outside

this window generally exhibited much lower electron mobilities and
defect-related features appeared in their PL. A more complete study in
which both the substrate temperature and Zn/Se beam pressure ratio were
varied revealed four growth regimes in the growth space defined by these two
variables.

14 
During this two dimensional growth space study, the Zn/Se beam

pressure ratio was varied from 0.25 to 2.0 and the growth temperature was
varied over 250-400

0
C. Reflection high energy electron diffraction (RHEED)

patterns observed during growth revealed two transition lines: (1) a
transition from Zn- to Se-stabilized growth and (2) a transition from 2- to
3-dimensional growth. The intersection of these two transition lines
provides a fundamental reference point in growth space. The electrical and
optical properties of these films were correlated with the transition lines
and the best growth conditions for undoped ZnSe were found to occur under
slightly Zn-stabilized conditions near the transition between two-
dimensional to three-dimensional growth.

Up to this point, most unintentionally doped films grown under
reasonable conditions were strongly n-type. The next major step taken was
the identification and the elimination of the unintentional donors. Several
proposals were put forth as to the origin of the unwanted donors; these
included: (1) uncontrolled, intrinsic point defects, (2) extrinsic
impurities emanating from the sources, (3) outdiffusion of Ga from the GaAs
substrate, (4) vapor transport of In which is used for substrate bonding and
(5) a combination of the above. A partial resolution of this issue resulted
from a series of secondary ion mass spectrometry (SIMS), selectively-excited
photoluminescence (SPL) and electrical transport studies.

15  
From these

studies it was concluded that the n-type conductivity was primarily due to
the unintentional incorporation of Cl.

The growth of undoped, high purity, hi h resistivity ZnSe was achieved
using extremely pure Se source materials.lo,

1 7  
In their report, Yoneda et

al. showed that repeated distillation of the Se source resulted in a
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dramatic reduction of the residual donor density as evidenced by the gradual
elimination of the donor bound excitons (DBZ) in the PL and a reduction of
the residual electron density from 10

17
cm

-3 
to less than 7xlOl

4
cm

3

(Fig. 1). This result clearly demonstrated that the donor impurities were
emanating from the Se source and that they could be eliminated by cyclic
sublimation of that source, The need to carry out in-house Se purification
was subsequently shown to be unnecessary when undoped, highly resistive
(p>lO

4
jj-cm) ZnSe could be routinely grown using ultra pure Se from Osaka

Asahi Metals Company.
18 ,15
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Fig.l Dependence of the carrier concentration and excitonic emission
intensity as a function of Se purification cycles. Reproduced with
permission from the authors and Applied Physics Letters.

Intentional n-type Dopin

The 
4
nterprptation of intentional doping studies was made much more

transparent with the elimination of inadvertent doping. With the ability to
grow high quality, intrinsic ZnSe films it was no longer necessary to
deconvolute the effects of intentional doping from those resulting from
unintentional dopant incorporation. The conventional wisdom in choosing
donor impurities has been to substitute either group III elements for Zn or
group VII elements for Se. The dopants which have been studied include
In

1 9
, Ga

20 ,2 1
, A1

22
, C1

1 8
,
2 3

,1
24 

and Br
2 5

. Of these Cl has produced the
most spectacular results.

18 ,23

Chlorine doping has allowed the highest electron concentrations to
date. The only reported source which has been used to achieve Cl doping was
99.999% pure Z,"Cl 2. The ZnC1 2 is evaporated from a standard effusion cell
at temperatures typically from 130 to 225°C.

18
,
2 3 

During our initial
Cl-doping study a series of films were grown with a substrate temperature of
300

0
C and a Zn-to-Se beam pressure ratio of 1/4. The growth rates were

0.8pm/hr. The PL of the undoped films was dominated by free exciton
recombination and the resistivity of these films was greater than 1X0

4
0-cm.

As we started doping we observed two prominent features In the PL spectra:
(1) the DBE at 2.7945 eV and (2) a very broad band with an intensity maximum
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near 2.0 eV. At low Cl concentrations, the DBE intensity increased with Cl
concentration becoming the dominant feature until it reached a maximum when
[ClP=ixlOl

8
cm 

3
. After this point the DBE intensity decreased with heavier

doping. The intensity of the broad band centered at 2.0 eV increased from
an undetectable level in the lightly doped films up to where it became the
dominant feature in the photoluminescence (Fig. 2a).

k5340 A 225-C

cc,

5S 1.2 150 0C '"I

I3.4 TZnC2130°C ,:

2.8 2.2 2.2 1.9

Energy (eV) 0/ Zn2

Fig. 2a The PL from Cl-doped ZnSe samples. The most intense feature in the
lightly doped films is from the DBE whereas a deep level becomes dominant as
doping levels increase.
Fig. 2b The electron concentration and mobility are shown versus the
reciprocal of the temperature of the dopant source.

The carrier concentrations were measured in the Cl-doped films using Hall
measurements (Fig. 2b). We found that we could reproducibly dope films with
carrier concentrations less than 10

1 5
cm-

3 
up to 1.5xlolgcm- . The room

temperature electron mobilities in our studies decreased from 430 cm
2
/V-sec

in the lightly doped films to 240 cm
2
/V-sec in the heavily doped films.

Another major concern when considering intentional n-type doping is

whether or not the dopant source will contaminate the bell jar producing the
so-called memory effect. ZnCl 2 appears to also be a very well-behaved
dopant in this respect. We have grown undoped ZnSe with dominant free
exciton emission and high resistivity immediately following the growth of
heavily Cl-doped layers.

Controllable o-tyoe Dopin

Controllable p-type doping represents the next major obstale in
development of the MBE growth of ZnSe . The standard approach for p-type
doping is to substitute with group V elements on the Se site or to
substitute with group I elements on the Zn site. The dopants most commonly
used include Li2, Na

2 7
, Ag

28
, K

2 9 ,30
, p

31 ,32 , 
As

33 
and Sb

34
. In addition

to the conventional dopants, there recently have been efforts to dope with
oxygen.35,36 Of the dopants studied so far Li, N and 0 have produced the
most promising results.
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Although oxygen is isoelectronic with Se, Akimoto et al. reported the
observation of a shallow acceptor level in ZnSe after doping with 0.35,36

While this phenomenon is not well understood it is believed that oxygen's
large electronegativity causes a charge transfer from the host lattice to
the substitutional 0 impurity. In his studies Akimoto used 99.999% pure ZnO
as the source of 0, the growth temperature was fixed at 240

0
C and the

Zn-to-Se beam pressure ratio was held at unity. The temperature of the ZnO
source was varied from 650

0
C to 900

0
C. Two peaks were observed at 443.7 and

455.1 nm in the PL taken from a sample doped with 0 at 2.2xl0
17
cm

"3
. These

peaks were assigned to emissions from a neutral acceptor bound exciton (ABE)
and the zero phonon peak in a donor-acceptor pair series (DAP). From the
positions of the ABE and DAP the oxygen-related acceptor ionization energy
was estimated to be 80 meV. ZnSe p-n junction diodes were fabricated from a
sample grown on a Si-doped GaAs substrate with an 0-doped p-layer and
Ga-doped n-layer. Although Hall measurements on the p-layers were not
possible, capacitance-voltage (C-V) profiles of the p-n junctions were
completed. From the C-V measurements the hole concentration was determined
to be 1.2x10

16
cm-

3 
and the built in potential was estimated to be 2.3V. Blue

emission was obtained at room temperature and 77K when the diodes were
forward biased at 3.5V (200 ma). The electroluminescence (EL) showed a very
pronounced peak at 466nm at room temperature and two peaks at 446 and 

4
59nm

when operated at 77K.
Reports describing N-doping of ZnSe have demonstrated that N forms a

shallow acceptor with ionization energy of approximately 110 meV. Nitrogen
doping of ZnSe by MBE has been achieved using NH3 , N2 and low-energy ionized
beams of NH3 as dopant sources.29,30 In all cases PL spectra obtained from
the N-doped films showed ABE emissions near 2.790 eV and DAP series with a
zero phonon peaks near 2.700 eV. Although the PL studies clearly showed the
formation of an acceptor level, no evidence of p-type conversion could be
obtained through electrical measurements. One of the major complications
when attempting to dope with N is that N2 and NH3 have very low stickin
coefficients. Park et al. required N2 or NH3 overpressures of about 10
mbar in order to incorporate even modest amounts of N. In an attempt to
circumvent this problem, Mitsuyu et al. used an ionized source of nitrogen.
While some improvement over doping with unionized sources was demonstrated,
conductive p-type ZnSe was not achieved.

To date, the most spectacular demonstrations of p-type conductivity in
ZnSe grown by MBE have been with Li doping.

37 ,38 
We have studied three types

of Li sources: (1) Li alkali metal dispensers, (2) Li3N and (3) elemental
Li. Of these elemental Li provides the most usable source in terms of flux
stability, active acceptor incorporation and reproducibility. The lithium
metal we use is 99.95% pure and no additional purification is attempted.
The Li is evaporated from a standard 2cc Knudsen cell whose temperature is
varied from 220 to 320

0
C. During the Li-doping studies we used growth

temperatures from 250-375
0
C and Zn-to-Se beam pressure ratios from 1/4 to 2.

SIMS measurements have qhown that Li concentrations up to 5xlOl
9
cm

"3 
have

been achieved without detectable incorporation of other inadvertent
impurities. We have not observed any type of memory effect in our system.

The typical near-band-edge PL spectrum taken at 9K from our undoped
samples is shown in figure 3. The spectrum is dominated by emission from
free excitons at 2.803 and 2.799 eV indicating very low residual impurity
concentrations. There is very little emission from DBE's (2.795 to 2.798
eV). Also shown in figure 3 is the spectrum taken at 9K from one of our
Li-doped films. The growth temperature for this sample was 350

0
C the Zn/Se

flux ratio was unity and the Li doping concentration was 1.2x1017cm-3. The
dominant feature is an ABE doublet with peaks at 2.7908 and 2.7891 eV. A
weak DAP series is also present with its zero-phonon peak at 2.691 eV. From

the positions of the ABE and DAP we obtain an acceptor ionization energy of
approximately 115 meV.
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Fig. 3 Typical PL spectra obtained from undoped and Li-doped films.

We have measured the net acceptor densities in our films by C-V
profiling. In these measurements we formed the diodes either with 300pm

diameter evaporated Au dots or with a 900pm diameter Hg electrode in a
standard mercury probe; we used ring dot patterns so that the C-V profiles
were asymmetric with respect to voltage bias. A C-V profile for a sample
grown at 300

0
C with Zn/Se beam pressure ratio of 1/2 and Li concentration of

8.6xl0
1 6

cm
-3 

is shown in figure 4. This film was determined to be p-type
from the bias polarity needed to increase the width of the space charge
region, The net acceytor concentration was determined to be 8.2x101

6
cm

" 3

from the slope of 1/C vs V; this represents our best effort to date. We
are able to routinely produce sam les with NA-ND > ixl0

1 6
cm-

3 
when the Li

concentrations are in the mid-l0
1
6 to low-10

1 7
cm

3 
over a wide ran e of

growth conditions. As the Li concentration is increased above mid-lO cm
-

the films become compensated. The origin of the compensating centers is not

known at this time.

x1015 1011

NA-1 o08.2x1016 cmn 3
Vtq-1.2 V

ZnSe.LI

-2 0 2 4 6 11 ,0 12 14 0. 0?2 0.3 oA
Vollaie IV) DepletionWidth pm)

Fig. 4 This figure shows the 1/C
2 

vs V and depth profile for our best

p-type Zii3e film to date.
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ZnSe Blue LED's

We have fabricated ZnSe p-n junction diodes where the p-layers were produced
by Li-doping and the n-layers were produced by Cl-doping. These layers were
grown on (100) oriented p+ GaAs substrates. The diode structure we
typically use is shown in figure 5. Under forward bias blue
electroluminescence (EL) centered at about 461nm is observed at room
temperature; the FWHM of this peak is approximately 9.9nm. At 77K two peaks
at approximately 444 and 459nm can be seen in the EL spectrum. The 459nm
peak has a long wavelength shoulder indicating another peak at 464nm. The
splitting between these peaks suggests that these emissions may be due to
band-to-band, band-to-acceptor, and donor-to-acceptor transitions. Very
little deep level EL was observed either at room temperature or at 77K. The
light emission we observe is not uniform across the diode. Instead the
light is emitted from numerous spots, this phenomenon is likely a result of
filamentary breakdown at the ZnSe/GaAs interface. In our better diodes, the
bright spots nearly cover the entire mesa giving the appearance of uniform
emission.

461.1

T=297K

S 9.9nm

metal
n

4
-ZnSe

p-ZnSe 375 425 475 525 575 625

Wavelength (nm)

p+-GaAs

458.3

N T=77K

metal

443.8

375 425 475 525 575 625

Wavelength (nm)

Fig. 5 This figure shows the structure of our LED's. Also shown are the EL
spectra obtained at room temperature and 77K.

Very Low Temperature Growth

As was pointed out earlier the lowest growth temperature that allows
the MBE growth of ZnSe single crystals is approximately 250'C when the Se is
evaporated from a standard effusion cell. The ability to grow ZnSe at still
lower temperatures may be beneficial for several reasons. It should
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suppress interdiffusion at the interface, allow the production of more
abrupt doping profiles, and enhance the sticking of highly volatile dopant
species. Growth at lower temperatures may also prove to be necessary in
order to further increase the incorporation of uncompensated acceptors; this
phenomenon has already been observed in certain III-V semiconductors.

39

Recently, we demonstrated that device quality, single crystal ZnSe can
be grown at temperatures as low as 150

0
C when using a thermally cracked Se

source.
40  

In cur studies we use a cracker cell which consists of a bulk
evaporator and a high temperature cracking zone of custom design. The
design and capabilities of this furnace are discussed in detail elsewhere.

4 1

We typically operate the cracking zone at 600'C. By passing the beam
through the hot cracking zone we observe a significant reduction in the
number of large molecular species (Sen, n>2) of Se.

The PL spectra obtained at 9K from three layers grown at low
temperatures are shown in figure 6. Sample (a) was grown at 200

0
C using

uncracked Se. As can be seen from the PL spectrum, the film is of very poor
quality; the spectrum is dominated by defected related bands at 2.6, 2.5 and
2.2 eV. The RHEED pattern observed during the growth of this film indicated
that the films was partially polycrystalline. Sample (b) was also grown at
200

0
C, but this time the Se was thermally cracked. The PL spectrum for this

sample is dominated by near-band-edge emission and is comparable to the
spectra obtained from samples grown at higher temperatures using uncracked
Se. Sample (c) was grown at 150'C using thermally cracked Se. The PL
spectrum is again dominated by NBE emission, but this time the DBE emission
(2.794-2.797eV) is slightly more intense than the free exciton emission
(2.799-2.803 eV); this may indicate that extrinsic impurities are more
efficiently incorporated into the growing film when lower growth
temperatures are used. Attempts to grow at temperatures less than 150

0
C

have produced only polycrystalline samples up to this time.

cn ZSE289AI 7 , I TG = 1501C ; cracked Se

ZSE285A
TG =2000C ; crocked Se

Q 1

_ (b)

ZSE280A
TG - 2000 C ; uncracked Se

2.8 2.6 2.4 2.2 2.0 1.8

Energy (eV)

Fig. 6. The PL from three samples grown at low temperatures are shown here.
Sample (a) was grown at 2000C using untracked Se. Samples (b) and (c) were
grown using cracked Se at 200

0
C and 150

0
C, respectively.
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Our undoped films grown with uncracked Se at 250-3501C are normally
fully depleted. This was also the case for the undoped layers grown at
150-200

0
C with cracked Se. In order to determine whether or not the carrier

mobilities would be diminished by growing at these low temperatures we grew
a sample intentionally doped with Cl. Hall measurements demonstrated the
electron mobility at room temperature to be 399 cm

2
/V-sec in a sample with

electron density of 2.6x1
6
cm

"3
. These values are comparable to what we

would expect for samples grown at temperatures greater than 2500C similarly

doped with Cl.
We have also recently shown that Li can be better confined in samples

grown at low temperatures. In figure 7 we show SIMS profiles from
modulation doped samples grown at 350

0
C and 150

0
C. The growth schedule for

both of these samples was such that a Li-doped layer (0.5pm thick) was to
have been sandwiched between two undoped layers (.Opm thick). However,
SIMS measurements showed the lithium concentration to be nearly uniform in
the sample grown at 350

0
C; this is likely the result of solid state

diffusion of Li. The lithium profile in the sample grown at 150
0
C, however,

shows very little diffusion into the underlying undoped layer. The

continued incorporation of Li after closing the Li cell shutter is likely a
result of the surface sefregation of Li; a similar observations have been

made in Sn doping of GaAs 
2 
and Na doping of ZnSe.

4 3 
This preliminary result

indicates that Li-diffusion may be controlled by moving to lowpr giowth
temperatures.

Figure 7 The SIMS profiles of Li doped samples grown at 350oC and 150'C.

The dashed lines indicate the region where the Li source shutter was open.

Existina Problems

Reliable resistivity and Hall effect measurements on p-type ZnSe have
not been possible in our labs because of the inability to form ohmic

contacts. Even more importantly, the performance of our LED's has been

greatly diminished because of losses at the p-layer contact; in all cases we
rely on the reverse breakdown of barriers either at the metal contact or at
the heterointerface. However, not all labs report difficulty in making

greatlym'i i minishedbecause of lose at th p-ae ot nalcssw
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ohmic contacts. Akimoto has reported ohmic contact to p-ZnSe with Au
35

; the
discrepancy is not understood at this time. Ultraviolet photoemission
spectroscopy has shown that surface states are not important in determining
the barrier height at the metal-semiconductor interface in ZnSe.

44 
Instead,

the barrier at the interface obeys the classical Schottky barrier model.
Since the valence band maximum is more 6.8 eV from the vacuum level it is
not possible to form a simple ohmic contact since no metal has a work
function greater than 5.7 eV. Nevertheless, we have attempted to form
contacts using a wide variety of metals, alloys and compounds deposited by
vacuum evaporation and RF sputtering onto surfaces which had been prepared
by a wide variety of techniques; post-deposition thermal, rapid thermal, and
laser anneals were also studied. To date, vacuum evaporation of Au onto
untreated films have produced the best results in which contacts with
barrier heights of approximately I eV are formed.

A second approach to making contact to p-ZnSe is to inject holes from
the substrate through the heterointerface. In this approach the quality of
the interface is of critical importance. Several issues must be addressed
when attempting to control or modify interface properties: (1) lattice
mismatch, (2) difference in thermal expansion coefficients, (3) band offsets
and (4) interface charges and dipoles. Although ZnSe is nearly lattice
matched to GaAs, misfit dislocations are formed to accommodate the slight
difference in lattice parameters. The effect of the dislocation network on
transport across the interface is not well understood. One solution to this
problem is to grow on lattice matched substrates; growth of ZnSe on InGaAs
has been shown to greatly reduce problems associated with lattice
mismatch.

4 5 
Not only should the substrate and epilayer be lattice matched

at growth temperature, they should also have similar lattice parameters at
room temperature. Since it is difficult to greatly modify the thermal
expansion coefficient of any potential substrate material, the approach to
reducing strain from differential thermal expansion must rely on minimizing
the difference between the growth temperature and the temperature at which
the device must operate. A significant step has already been taken in this
direction by developing growth techniques at 150

0
C. By growing at 150

0
C the

strain due to differential thermal contraction is reduced by about 50% as
compared to the situation when using standard growth temperatures. Another
fundamental problem is that the valence band discontinuity at the GaAs-ZnSe
interface is about 1.0 eV. While this represents an already large barrier,
the unfavorable band lineup may also be aggravated by uncontrolled interface
charge or dipoles. It has been shown in other systems that interface layers

can be used to influence transport across heterointerfaces.
46 

This approach
usually relies on the difference in average electro-negativit- of the two
materials. Since the average electronegativity of ZnSe is very similar to
that of GaAs, the usefulness of this approach is questionable. It should
also be noted that intentional modification of the transport properties at
heterointerfaces is at a primitive stage in all semiconductor systems at
this time.

Conclusions

Very significant progress hai been made in the growth and doping of ZnSe
by MBE in recent years. It is now possible for crystal growers to routinely
produce very pure, undoped ZnSe films. The PL spectra obtained from ZnSe
films grown using ultra high purity Se typically show dominant free exciton
recombination and very little deep level emission. These films also have
very low free carrier densities and often their resistivities exceed
10

4
0-cm. It is now possible to intentionally dope ZnSe layers n-type with

electron densities greater than 10
1
9cm

"3 
when using Cl. The carrier

mobilities observed in the Cl-doped films are high and even exceed 230
cm

2
/V-sec at room temperature in samples with n-l.5xl0

19
cm-

3
. Zinc chloride
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is most often used as the source of Cl since it provides a stable and
reproducible beam flux. Great progress has also been made in producing
p-type ZnSe. Free hole densities greater than 0

6
cm

"3 
have been reported

in both Li- and O-doped films. We have studied Li-doping extensively and
Zind that we can routinely produce layers with NA-ND up to, but not
exceeding, 8.6xlO1

6
cm

"3
. We have found that the most usable source of Li is

lithium metal since it provides a well controlled beam flux and does not
produce the memory effect. Blue-light emitting diodes have been realized
from ZnSe p-n junctions where the p-layer was produced either through oxygen
or lithium doping. In both cases the electroluminescence showed a single,
narrow peak at approximately 461 nm at room temperature with very little
deep level emission. A new avenue of research has also recently opened with
the demonstration of ZnSe growth at very low temperatures with the use of
thermally cracked Se. While the full impact of the ability to grow at
temperatures as low as 150

0
C is not known, it has already been shown to be

useful when trying to confine Li.
We feel that the most critical issues which remain to be addressed are

with contact formation to p-type ZnSe and with improving the properties of
the heterointerface. If these issues can be properly resolved then we are
confident that marketable optoelectronic devices made from ZnSe will soon
become possible.
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DEPOSITION OF ZINC SELENIDE BY ATOMIC LAYER EPITAXY FOR MULTILAYER
X-RAY OPTICS

J.K. Shurtleff, D.D. AlIred, R.T. Perkins and J.M Thorne
Center for X-ray Imaging, Brigham Young University, Provo, Utah, 84602

ABSTRACT

Thin film deposition techniques currently being used to produce
multilayer x-ray optics (MXOs) have difficulty producing smooth, uniform
multilayers with d-spacings less than about twelve angstroms. We are
investigating atomic layer epitaxy (ALE) as an alternative to these
techniques.

ALE is a chemical vapor deposition technique which deposits an
atomic layer of material during each cycle of the deposition process. The
thickness of a film deposited by ALE depends only on the number of cycles.
Multilayers deposited by ALE should be smooth and uniform with precise
d-spacings which makes ALE an excellent technique for producing
multilayer x-ray optics.

We have designed and built an ALE system and we have used this
system to deposit ZnSe using diethyl zinc and hydrogen selenide.

MULTILAYER X-RAY OPTICS

Multilayer x-ray optics (MXOs) are designed so that x rays which are
diffracted from each interface of the multilayer constructively interfere
to give a large total reflectivity. The maximum reflectivity is obtained
when the interfaces between the layer pairs are abrupt and the layers are
uniform and smooth with precise d-spacings, as depicted in Figure 1.

d

a. b.

Figure 1. a. A good multilayer x-ray mirror which gives the maximum
reflectivity. b. A poor multilayer x-ray mirror. Layers are rough and
nonuniform so that the diffracted x rays do not constructively interfere.

Mat. Res. Soc. Symp. Proc. Vol. 161. ' 1990 Materials Research Society
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ATOMIC LAYER EPITAXY

ALE was developed at the Lohja Corporation in Finland for producing
large-area thin film electroluminescent displays [1]. It is currently being
used to produce quantum well de'ices [2]. The ability oi ALE to produce
high quality thin films has prompted a great deal of research on ALE in the
electronics industry. We are the first research group to apply ALE to the
production of MXOs.

ALE is a thin film deposition technique which deposits an atomic
layer of material during each cycle of the deposition process. The
thickness of the deposited film depends only on the total number of cycles
and is independent of other process parameters so that the thickness of a
film deposited by ALE can be controlled to within one atomic layer [3-5].

ALE is possible due to the difference in bond energies of
chemisorbed atom: and physisorbed atoms.

Chemisorption vs Physisorption

A chemisorbed atom shares electrons with atoms of the previous
layer to form strong chemical bonds. A physisorbed atom is attracted to
atoms of the previous layer by weak dipole-dipole interactions or Van der
Waals forces. Covalent bonds are typically ten times stronger than Van
der Waals forces, as depicted in Figure 3.

0

EC.
I ------

wU b.

R (A)

Figure 3. Interaction energy as a function of internuclear separation. a.
Chemisorbed atoms form a strong chemical bond with atoms of the
previous layer. b. Physisorbed atoms are only weakly bound to atoms of
the previous layer c.. Energy barrier may or may not exist depending on the
type of atoms being adsorbed.

I
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Theory of ALE

To successfully deposit materials by ALE, the bond between the
adatom and the previous layer must be stronger than the interaction
between the molecules containing the adatom. For example, the bond
between a selenide atom in the previous layer and the zinc atom in diethyl
zinc is many times stronger than the weak interaction between molecules
of diethyl zinc. The deposition temperature must also be selected so that
the atoms which have been chemisorbed remain strongly bound to the
surface while the atoms which have been physisorbed are evaporated,

leaving only the single layer of chemisorbed atoms.

Deposition orocess

step 1 9

step 2 r3i( C2H5).

V e% 00 H2Se

step 3

step 4

Figure 4. One cycle -)f the deposition process for depositing zinc selenide
by ALE.

In the first step, diethyl zinc is introduced into the system. The
diethyl zinc molecules react with the selenide atoms in the previous layer
and are chemisorbed until a complete layer of zinc atoms is deposited.
Once the chemisorbed layer has formed, diethyl zinc molecules can only be
physisorbed.

During the second step, the gas flow is shut off and the system is
evacuated so that any physisorbed diethyl zinc molecules will evaporate.
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Hydrogen selenide is introduced into the system during the third
step. The hydrogen selenide molecules react with the chemisorbed diethyl
zinc molecules to form a single zinc selenide layer and ethane gas.

In the fourth and final step, the gas flow is again shut off and the
system is evacuated so that unreacted hydrogen selenide and the ethane
gas products are removed.

The cycle is repeated until the desired thickness of zinc selenide
has been deposited. The layer growth in ALE is epitaxial which means that
a complete atomic layer is deposited before the next atomic layer begins
to grow, with the result that the structure of the deposited layer
resembles that of the previous layer or substrate. To produce the required
multilayers for use as MXOs, the reactant gases are switched and a
different material deposited. Figure 5 depicts a ZnSe/CdS superlattice
which could be used as a MXO.

C - -

CCII _ 0

Figure 5. ZnSe/CdS superlattice which can be deposited by ALE and used
as a MXO.

ZINC SELENIDE DEPOSITION

We recently completed construction of an ALE reactor. The system
design has been described elsewhere [6]. We selected zinc selenide as the
first material we would deposit by ALE, because other researchers have
successfully deposited many of the II-VI and Ill-V semiconductor
materials using metal-organic and hydride reactants[7] and we are
intorested in eventually producing a ZnSe/CdS superlattice for use as a
N>o.

We report that we have successfully deposited zinc selenide on a
polished [111] silicon substrate using diethyl zinc and hydrogen selenide.
The deposition temperature was 250 C. The diethyl zinc was introduced
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into the deposition chamber by bubbling 200 ml/min of hydrogen through
the liquid diethyl zinc. The hydrogen selenide was introduced directly into
the deposition chamber at 200 ml/min. During each cycle the reactant
gases were introduced for 2 seconds and the system was then evacuated
for 8 seconds to a pressure of 3X10- 4 torr before the next reactant gas
was introduced. The total deposition consisted of 500 cycles.

We determined the thickness of the zinc selenide film to be
approximately 360 A using ellipsometry. The thickness of the zinc
selenide film indicates that we deposited less than one layer of zinc
selenide during each cycle. We believe that the explanation for this result
is that we depleted the diethyl zinc supply before the 500 cycles were
completed. We have modified the gas system so that we can now monitor
the amount of diethyl zinc in the bubbler during the deposition.

X-ray Diffraction Results

We performed x-ray diffraction measurements on the film using the
Cu Ka line at 1.54 A. The results are given in Figure 6 and clearly show
that the film on the Si substrate is crystalline ZnSe.

30"
C.

20
Cn

a. b.

8 0-
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Angle (degree)

Figure 6. a. CuKP from Si[111]. b. CuKa from ZnSe[111]. c. CuKa from
Si[1 111].

Electron Microscopy Results

To confirm the results of the x-ray diffraction measurements, we
examined the film using a scanning electron microscope. The x-ray
emission spectrum we obtained from the film and show in Figure 7 proves
that the film is indeed ZnSe.
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Figure 7 X-ray emission spectra of the film obtained using SEM. The
largest peak is due to the S; substrate.

CONCLUSIONS

We have investigated the use of ALE as a new technique for
producing MXOs. Our research suggests that ALE we be able to produce
high quality MXOs with smooth, uniform layers and small d-spacings.

We have designed and built an ALE reactor and we have used this
reactor to deposit crystalline zinc selenide. In the future, we will deposit
a ZnSe/CdS superlattice for use as a MXO.
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EFFECT OF GaAs SURFACE STOICIROMETRY ON THE INTERFACE OF AS-
GROWN EPITAXIAL ZnSe/EPITAXIAL GaAs HETEROSTRUCTURES

J. Qiu, R.L. Gunshor, M. Kobayashi, D.R. Menke, and Q.-D. Qian
School of Electrical Engineering, Purdue University, West Lafayette,
Indiana 47907

D. Li, and N. Otsuka
Materials Engineering, Purdue University, West Lafayette, Indiana 47907

ABSTRACT

In the study reported here, the GaAs surface stoichiometry was
systematically varied prior to the nucleation of ZnSe to form epitaxial
ZnSe/epitaxial GaAs interfaces. The structures were grown by molecular
beam epitaxy and evaluated by several techniques including capacitance-
voltage (C-V) measurements. A dramatic reduction of interface state
density occurred when the GaAs epilayer was made As deficient. The
resulting interface state densities of as-grown structures are comparable
to values obtained with (AI,Ga)As/GaAs interfaces.

INTRODUCTION

The wide band gap of ZnSe (2.67 eV) when compared to (AI,Ga)As
(2.0 eV for an Al mole fraction of 0.5), as well as a close lattice parameter
match to GaAs, indicated that ZnSe/GaAs could provide an alternative to
(AI,Ga)As/GaAs in a variety of device applications. In recent publications
[1,21 we have reported the occurrence of both hole accumulation (for p-
type GaAs) and inversion (for n-type GaAs) in post-growth annealed
structures. The C-V characteristics of the annealed structures were
nearly ideal, exhibiting an integrated interface state density of

2.5xl0llcm - 2 a value which compared favorably with the densities
reported 131 for typical (AI,Ga)As/GaAs interfaces. In this paper we
describe a growth technique, involving the selection of an appropriate
GaAs surface stoichiometry prior to nucleation of ZnSe, that resulted in
as-grown samples exhibiting nearly ideal C-V characteristics, without
requiring post-growth annealing.

DISCUSSION OF EXPERIMENTS

The ZnSe and GaAs epilayers were grown in separate growth
chambers of a modular MBE system in order to avoid cross-
contamination. Transfer between growth chambers occurred in an

Mat. Re.. Soc. Symp. Proc. Vol. 161. !1990 Materials Researmh Society
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ultrahigh vacuum (<3x10 - 10 Torr) transfer module. The Be doped p-type
(l.OxlO17 cm- 3 ) GaAs epilayers were grown on (100) oriented Zn doped

GaAs substrates at a substrate temperature of 582 0 C. Reflection high
energy electron diffraction (RHEED) was used to monitor the film growth;
a (2x4) reconstruction pattern was observed throughout the GaAs
epilayer growth. When the temperature of the GaAs epilayer was
lowered after the growth, an As-rich c(4x4) reconstruction pattern was
observed. Following the growth of the GaAs epilayer, samples were
transferred to the second growth chamber for the nucleation of ZnSe.

A series of experiments were performed in the ZnSe growth
chamber wherein the GaAs epilayer surface stoichiometry was altered
prior to the nucleation of ZnSe. The GaAs epilayers were heated to
different temperatures to reduce the surface As content, resulting in two
different ZnSe/GaAs interfaces. When the GaAs was heated to
approximately 5100C, a (4x6) surface reconstruction pattern was
observed. In some cases the presence of this reconstruction resulted in a
quasi two-dimensional (2D) [4] nucleation of ZnSe; on other occasions 2D
nucleation has been observed on the (4x6) reconstructed surface. (Two-
dimensional nucleation of ZnSe is always observed [5,6,7] on an As-
stabilized GaAs surface.) As the GaAs epilayer temperature continued to
be raised above the temperature where the (4x6) pattern was observed,
in the vicinity of 550 0C the reconstruction again changed. Although one
might expect that a (4x2) Ga-stabilized pattern would be seen as the
temperature was increased [8], the reconstruction pattern recorded
following the (4x6) was a (4x3), sometimes changing to (2x3). (The
occurrence of the (4x3) and the (2x3) reconstructions were very close
together in temperature and time.) The (4x3 and (2x3) reconstructions,
differing from conventionally reported GaAs surface reconstruction
patterns, may have resulted from the "decoration" [9] of the heated GaAs
surface by high vapor pressure species, most likely Se. (The (4x3)
reconstruction has recently been observed by Kobayashi et al under
similar conditions[10].) Such a modification of the GaAs reconstruction
pattern seemed not unlikely since the background chamber pressure
increased from about 5x10-1 1 to 5x10- 9 Toff as the GaAs epilayers (and
contiguous substrate mounting hardware) were heated to tempcratures
as high as 5700C.

Following the growth of the epitaxial ZnSe/GaAs heterojunctions,
circular capacitors with Al metallization were fabricated. All of the data
reported here were taken in the dark. Figure 1 shows the room
temperature, 1 MHz C-V characteristics of AI/ZnSe/p-GaAs capacitors for
various GaAs surface reconstructions. For comparison, ideal (neglecting
the effect of interface states) theoretical C-V curves were calculated
corresponding to the doping densities obtained from C-V profiling and
the ZnSe thicknesses measured from TEM images. In all cases the flat-
band voltages of the theoretical curves were shifted to facilitate
comparison with the experimental data. (The variation in the flat band
voltage, caused by the presence of fixed charge at the interfacial region,
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Figure 1: Experimental (solid line) and
theoretical (dashed line) C-V characteristics of
the as-grown ZnSe/p-GaAs heterojunctions at
room temperature. All of the data were taken at
1 MHz in the dark with a sweep rate of 0.1
V/sec. The GaAs epilayer surfaces for sample
types A, B, and C, respectively, were made
increasingly As deficient before nucleation. The
discrepancy between the experimental and
theoretical curves diminished as the surface As
content decreased. Hole accumulation was
achieved only in the type C samples. All samples
showed deep depletion at large positive gate
bias.

did not affect the total range of band bending.) As shown in Fig. 1, a

sample typical of the (4x3) reconstructed surface, as-grown, exhibited a

clear accumulation ledge; the thickness of the ZnSe epilayer calculated

from the accumulation capacitance was 840 A, a value which agreed

closely with the TEM measurement. The samples formed from a (4x6)

reconstructed surface showed a tendency to form a hole accumulation

layer before current started to flow across the ZnSe layers. For the latter

samples some interface state-related stretching could be seen clearly

from the depletion portion of the C-V curve, with the C-V characteristics

of such samples improving to nearly ideal following the same thermal
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annealing procedure as described above (1]. Among the three types of
samples, those involving nucleation on an As-stabilized surface exhibited
the most pronounced interface state-induced stretching near the mid-
gap, while those for which ZnSe was nucleated on the most As-deficient
surface had no indication of such stretching, indicating a virtual
elimination of interface states in this region of the band gap. Because of
the reduction in interface states obtained for the As deficient samples,
the Fermi level was free to move, and the band bending spanned the
entire GaAs band gap. The only remaining interface states were
distributed near the valence band edge. The C-V characteristics of the
optimally grown samples were virtually independent of frequency from
I kHz to 4 MHz, At large positive voltages, all the ZnSe/p-GaAs samples
tested exhibited deep depletion instead of electron inversion, suggesting
the existence of a small conduction band discontinuity [1,2,11,121.

The interface state density distributions were measured using
Terman's method [131 at 1 MHz. The parameters used for calcalating the
interface state density were the same as those used in generating the
theoretical curves of Fig.1. By comparing the interface state densities
near the mid-gap for the series of samples, a clear trend was seen
showing a reduction in the interface state density as the GaAs epilayer
surface became increasingly As deficient. For the samples formed on As-
deficient GaAs the integrated interface state density was 2.5x1011 cm- 2 .

At this point there is no clear model to explain the improvement
in interface quality reported in this work. One possibility is that a degree
of As deficiency of the GaAs surface is inherently required for a good
electrical interface [14]. A second possibility is that a chemical reaction
occurs between the As-deficient GaAs epilayer and the I1-VI elemental
flux [15,16]. An example of such a reaction would be the formation of a
III-VI compound such as Ga2Se3. Recent TEM studies tend to indicate the
presence of 1 or 2 monolayers of a strained interfacial compound at the
interface [17]. In the structures grown on As-rich surfaces, similar
interfacial layers have been observed, although they appeared to be
c(-nsiderably less distinct compared to those observed in the samples
grown on As-deficient surfaces.

CONCLUSIONS

In conclusion, it is shown that the interface state density can be
reduced by orders of magnitude when an appropriate GaAs epilayer
surface stoichiometry is chosen for the subsequent nucleation of a ZnSe
epilayer. Although the specific mechanism of the interface formation is
not understood, it is clear that the interface state reduction for as-grown
samples is important for the fabrication of heterojunctions involving the
ZnSe/GaAs interface.
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ABSTRACT

A series of pseudomorphic ZnTe/AISb/GaSb epilayer/epilayer
heterostructures, aimed at the realization of novel wide bandgap light
emitting devices, were grown by molecular beam epitaxy. The low
temperature photoluminescence (PL) spectra of ZnTe epilayers showed
dominant near-band-edge features related to free, and shallow impurity
bound excitons. The PL could be seen at room temperature. Both GaSb and
AISb were doped n-type using a PbSe source.

INTRODUCTION

Wide-gap 1I-VI semiconductors provide an opportunity to realize
optoelectronic devices operating in the visible portion of the spectrum. To
achieve this objective, experiments are under way to examine the epitaxial
growth and materials properties of a variety of layered structures which
incorporate both I-VI and III-V compounds that are grown on suitable
substrates. One heterojunction that might be suitable for carrier injection
and wide-bandgap light emission consists of p-ZnTe/n-A1Sb 11,2]; a
structure expected to have a favorable band line-up for carrier injection
[3]. In this paper we describe epilayer/epilayer ZnTe/AISb/GaSb
heterostructures grown by molecular beam epitaxy (MBE) on GaSb
substrates. The layer thicknesses were kept pseudomorphic (or nearly
pseudomorphic) in order to minimize interfacial dislocations.

Mat. Res. Soc. Symp. Proc. Vol. 161. 11990 Materials Research Society
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DISCUSSION OF EXPERIMENTS

To avoid unintentional doping during the growth of the Il-VIIII-V
structures, two isolated MBE growth chambers, connected by an ultra high
vacuum (UHV) transfer tube, were used. The active interface was
preserved by transferring the sample between growth chambers in the
UHV transfer module. All of the epilayers for this study were grown on
GaSb (001) substrates. The substrates were given an initial degrease
followed by etching in HCI [4]. ZnTe was grown at a substrate temperature
of 3200 C using elemental sources, and flux ratios were measured by means
of a quartz crystal monitor placed at the substrate position.
Pseudomorphic ZnTe layers were nucleated on pseudomorphic AlSb layers;
the AlSb in turn was grown on homoepitaxial GaSb buffer layers. The
substrate temperature was 550 0 C, and the Sb 4 to Ga and Sb 4 to Al flux
ratios were approximately 2:1 during the growth of both GaSb and AlSb
undoped epilayers layers; the growth rates were about 1 A/s. The RHEED
patterns of the GaSb and AlSb surfaces during growth showed c(2x6) and
(Ix3) reconstructions, respectively [5,6].

The evolution of the RHEED diffraction pattern during the nucleation
of ZnTe on an MBE-grown GaSb epilayer contrasts the behavior observed
during nucleation on a GaSb substrate. For both cases, a 3-fold surface
reconstruction is observed in the [110] prior to nucleation of the ZnTe. For
the nucleation on the substrate, one observes a spotty RHEED pattern
indicative of three-dimensional nucleation, followed first by elongation of
the spots into streaks after about 1 minute, then by the appearance of a
(2xl) surface reconstruction, with the 2-fold pattern observed in the [1101.
On the other hand, the observation, at nucleation, of a strongly streaked
RHEED pattern, and the early presence (after about 15 seconds) of
diffraction from surface reconstruction, suggests a more two-dimensional
character for the nucleation of ZnTe on GaSb (or AlSb) epilayers. The two-
dimensional nucleation ix confirmed by the observation of strong RHEED
intensity oscillations. The oscillations, which are characteristic of layer-
by-layer growth, are present from the start of the nucleation of ZnTe on
GaSb/AlSb epilayers.

Microstructural quality was examined using TEM and x-ray
diffraction. TEM images revealed a range of strain relaxation in various
samples. A small number of misfit dislocations were observed in the plan-
view specimen of a sample with 2200 A thick ZnTe and 540 A thick AISb
layers. These misfit dislocations lie predominantly along one of the <110>
directions, appearing as scattered groups, each consisting of several
dislocations. The specific interface having the misfit dislocations could not
be identified by the observation of plan-view specimens. Cross-sectional
images did not show any misfit dislocations because of the very low
density of misfit dislocations in the sample. A preliminary estimation of
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the average spacing of misfit dislocations indicated that only a small
percentage of the strain caused by the lattice mismatch is relaxed by misfit
dislocations in this sample. No misfit dislocations were observed in the
case of a plan-view specimen of a sample with 1380 A thick ZnTe and 300
A thick AISb layers, implying the perfect pseudomorphic nature of this
heterostructure. Despite the presence of a finite (but low) density of
misfit dislocations, the x-ray rocking curve of a nearly pseudomorphic
sample with 2200 A of ZnTe shows a full width at half maximum (FWHM)
of 82 arc sec, close to the theoretically expected broadening due to the
finite layer thickness (74 arc sec). No dislocations or stacking faults were
found in the examined area of the plan view specimen (over a few
thousand square microns.), suggesting that the defect density in the
epilayers is similar to that of the GaSb substrate.
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Fig. 1. Room temperature photoluminescence of a 2 gim ZnTe epitaxial
layer on a GaSb substrate. The luminescence was excited with a
wavelength of 4579 A and a power density of 3 W/cm 2 .
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Photolumiiescence (PL), reflectance, and Raman spectroscopies are
applied to study the optical properties of the heterostructures. Intense,
sharp exciton-related features are observed in photoluminescence for both
thick (strain-relaxed) and pseudomorphic ZnTe epilayers; for the thick
layers, PL is found to persist to room temperature (Fig.l) Dominant
features in the low temperature luminescence corresponds to near
bandedge transitions, and only weak deep level features are observed.
The dominant portion of the low temperature PL spectrum shows features
which can be associated with shallow bound excitons (with line widths
<lmeV) LF well as free-exciton like components [7,8,9]. The presence of
the latter -an be identified through their spectral position which overlaps
the pronounced reflectance excursions commonly encountered at the
exciton bandgap. Transition energies for the free exciton of
pseudomorphic samples are split shifted by lattice strain to higher values
when compared to thick (-2jtm) ZnTe epilayers. Raman spectra show
distinct, sharp contributions, especially from optical phonons from the
various portions of the heterostructures.

Good optical fingerpripts, in both photoluminescence and reflectance,
are also obtained from the GaSb portions of our structures. (AISb, as an
indirect gap material, has weak optical resonances at the Eo edge.) The
reflectance excursions are sharp, consistent with the good interfacial
quality. (Comparable traces are also obtained from the ZnTe/GaSb
heterostructures.)

Se doping of both GaSb and AISb have been achieved by employing
PbSe as a dopant source. Contrary to previous reports [10,11], the doping
efficiency of Se in GaSb can be similar to GaAs using a Sb/Ga flux ratio of
unity at a growth temperature of 450 0 C. An example of room temperature
carrier concentration and electron mobility for highly doped 21am thick
GaSb epilayers grown on GaAs substrates are 5.5x10 1 7 c m-3 and
1500cm 2/V-sec, respectively. The Se doping of AlSb appears to present
more of a challenge, although n-type levels in the low 1016cm - 3 range have
been obtained in our laboratory. Preliminary experiments involving the Se
doping of AISb suggest a decreased incorporation efficiency for Se when
compared to results for GaSb epilayers. Evaluation of the doping behavior
and electrical properties for ZnTe epilayers is in progress.

SUMMARY

In summary, the potentially important pseudomorphic
epilayer/epilayer heterojunction consisting of ZnTe on AISb has been
grown for the first time by MBE, and characterized by several techniques.
The nucleation characteristics of ZnTe on GaSb substrates and epilayers

I
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were compared, with consistent two-dimensional nucleation observed in
the case of epilayers. Microstructural and optical evaluations indicated a
high structural quality, and the potential for developing novel light
emitting Jevice structures. Preliminary studies support the feasibility of
Se doping of GaSb and AISb. Future efforts will be directed at optimization
of the electrical properties of this I-VI/IlI-V heterojunction.
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ABSTRACT

Interfaces of pseudomorphic (100)ZnSe/GaAs and (100)CdTe/InSb heterostructures
grown by molecular beam epitaxy have been studied by transmission electron
microscopy. High resolution electron microscope images show (lark bands with
thicknesses of one or two monolayers at the interfaces. The interfaces appear as bright
lines in dark field images of the 200 type reflections, while they become dark lines in
dark field images of the 400 type reflections. These observations nrc fxplained by
assuming the existence of interfaces layers of 111 2V13 compounds which have structural
vacancies in the sublattices of the group III atoms.

1. INTRODUCTION

In recent years, a significant progress has been made in the growth of II-VI/Ill-V
semiconductor heterostructures by molecular beam epitaxy (MBE) and metalorganic
chemical vapor deposition (MOCVD). Heterostructures havizig high structural qualities
are grown by utilizing closely lattice matched systems such as ZnSe/GaAs, CdTe/linSb.
and ZtiTe/GaSb. The growth of these heterostructures has raised a possibility of the
development of new novel electronic devices. In addition, the possibility of the
development of light emitting devices of wide-ap II-\:I semiconductors are presently
being explored by utilizing these heterostructure.

The realization of II-VI/III-V semiconductor heterojunction devices, however.
requires the preparation of heteroepitaxial interfaces having extremely good electronic
properties. For achieving this goal, important results have been obtained in a recent
stitdy by Qian, et al. [1]. This study has demonstrated the feasibility of the
preparation of ZnSe/GaAs heterojunctions whose interface state densities are
comparable to those of GaAs/(Al, Ga)As heterojunctions. For the proparation of these
lieterojunctions, the growth of pseudomorphic ZnSe epilayers on GaAs epilayers and
post-growth annealing were employed. In a more recent development, as-grown
lieterostructures having interfaces with the similar quality have been obtained by
growing ZnSe on As-deficient GaAs surfaces without the need for the post-growth
annealing [2]. These results, which have shown the change of the interface electronic
properties by the host-growth annealing or by the change of the surface stoichiontetry
of GaAs epilayers, suggest a certain form of modification of ZnSe/GaAs interface from
the abrupt one.

Earlier studies of ZnSe/GaAs [3,4] and CdTe/InSb [51 heterostructures have
suggested the formation of stable lllV13 compounds such as GaoSe3 and n2 Fe 3 at
these interfaces. These studies have utilized spectroscopic techniques for the analysis of
the interfaces; to date, no structural study of these heteroepitaxial interfaces has been
reported. In this paper, we present transmission electron microsco)e (TE.M)
observations of ZnSc/GaAs and CdTe/lnSb heteroepitaxial interfaces which directly
show the existence of interface layers. The analysi; of dark field images suggests that
the interface layers have structures identical to those of Ga2 Se3 and 11 2 Te3 .

Mat. Res. Soc. Symp. Proc. Vol. 161. 11990 Materials Research Society
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2. EXPERIMENTAL PROCEDURE

(100)ZnSe/GaAs and (100)CdTe/InSb heterostructures were grown by using a
Perkin-Elmer model 430 modular MBE system. For both heterostructure systems,
III-V semiconductor epilayers were grown first on III-V semiconductor substrates and
transferred through an ultra high vacuum (3x101 o Torr) tube to another growth
chamber for the growth of II-VI semiconductor epilayers. Details of growth procedures
of these heterostructures are described in other reports [2, 6, 7]. Thicknesses of I-VI
semiconductor epilayers were kept smaller than the critical thicknesses expected from
lattice mismatch between the I-VI and 111-V semiconductor crystals. Interfaces of
these heterostructures, therefore, are free from misfit dislocations. For the growth of
ZnSe/GaAs heterostructures, the surfaces of GaAs epilayers were varied from As-rich
to As-deficient conditions among samples by heating prior to the deposition. The
following three ZnSe/GaAs heterostructures are examined in the present study: the
sample grown on the As-rich surface which exhibits a c(4x4) reconstruction structure,
the sample grown on the As-deficient surface which exhibits a (4x3) reconstruction
structure, and the sample grown on the surface whose As coverage is intermediate
between the above two and exhibits a (4x6) reconstruction structure.

For the TEM observation, (011) and (010) cross-sectional samples were prepared by
ion thinning at low temperatures. Iodine ions were used at the final thinning stage in
order to reduce damages in the samples [8]. A JEM 2000 EX electron microscope
equipped with an ultra-high resolution objective lens pole piece was used at an
operating voltage of 200kV. The spherical aberration coefficient of the pole piece is
0.7mm which yields a point resolution of 2.0A.

3. RESULTS AND DISCUSSION

Two ZnSe/GaAs samples grown on the (4x6) and (4x3) surfaces show TEM images
which suggest the existence of an interface layer. From the sample grown on the
c(4x4) surface, on the other hand, no distinct image of the interface layer is observed.
In the following, observations of the sample grown on the (4x6) surface are explained.

Fig. 1 is a [010] high resolution electron microscopye (HREM) image of the
ZnSe/GaAs interface. The image was taken at a 0tefocusing of about -600 A with an
objective lens aperture having a diameter of 0.7 A-I. The thickness of the observed
area is about 50 A. In the image, a dark band with a width of about two monolayers
is seen along the ZnSe/GaAs interface. This dark band is seen along the interface in
all observed area except very thin parts close to edges of the sample. Compared to
[010] HREM images, 1011] HREM images do not show a clear dark band along the
interface, which may he attributed to the dominance of {lll}-type lattice fringes in
the lattice images.

Fig. 2(a) is a dark field image of the 400 reflection. The image was taken under
the exact Bragg condition of the 400 reflection with the excittion of only h00 type
reflections. The thickness of the observed area is about 400 A which was estimated
with locations of thickness contours. In the image, a distinct dark line is seen at the
ZnSe/GaAs interface. This dark line appears along the interface in all parts of
observed areas except those crossed by dark thickness contours where the interface

appears as a bright line. Similar dark lines are observed in 400, 004, and 004 dark
field images taken under the exact Bragg conditions. Fig. 2(b) is a dark field image of
the 200 reflection which is taken from the same area. Similarly to Fig. 2(a), the image
was taken under the exact Bragg condition of the 200 reflection with the excitation of
only hOO type reflections. In this image, unlike the 400 Lype images, the ZnSe/GaAs
interface appears as a bright line. The bright line along the interface is seen in all
observed areas from edges of the sample to thicker parts. Dark field images of 002.

002, and 200 reflections also show similar bright lines under the exact Bragg
conditions.
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As described earlier, these bright and dark lines are observed from the sample
grown on the (4x6) and (4x3) surfaces, but the sample grown on the c(4x4) surface
does not show distinct images suggesting the existence of an interface layer. In
particular, 200 dark field images reveal a clear difference among these samples [9].
Distinct bright lines are observed in both samples grown on the (4x6) and (4x3)
surfaces, the latter of which appears to have a more continuous bright line than the
former one. The images of the sample grown on the c(4x4) surface either have no
bright line or exhibit a very weak thin bright line. The difference among the images
of these samples suggests that As-deficient surfaces may be more preferable for the
formation of the interface layer than As-rich surfaces.

The crystal structure factor of the 200 type reflection of the zincblende structure is
given by a difference of scattering factors of atoms occupying two different face
centered cubic (fcc) sublattices, while the crystal structure factor of the 400 type
reflection is given by an addition of scttering factors of these two types of atoms.
With this difference of crystal structure factors, one can derive the following model of
the interface layer. Between ZnSe and GaAs crystals, a very thin layer having a
zincblende structure exists by maintaining coherent interfaces. One of the fcc
sublattices is occupied by cations, i.e., Zn or Ga, and the other by anions. i.e., Se or
As. Unlike the GaAs and ZnSe crystals, one of the fcc sublattices in the thin layer
has a high concentration of vacancies, due to which interplanar spacing of the layer in
the [1001 direction becomes slightly smaller than those of GaAs and ZnSe. Because of
vacancies in one of the fce sublattices, the crystal structure factor of the 200 reflection
of the thin layer becomes much greater than those of GaAs and ZnSe which are very
small due to nearly equal values of scattering factors of constituent atoms. The thin
layer, therefore, will appear with a bright contrast in the 200 dark field images. In the
400 dark field images, on the other hand, the thin layer will appear as a dark line as a
result of the smaller crystal structure factor than those of ZnSe and GaAs.

As described previously, early studies [3,4] has suggested the formation of a (Ga,
Se) compounds at the ZnSe/GaAs heteroepitaxial interface. One of the stable phases
of (Ga, Se) compounds, named Ga 2Se 3, is known to have a structure identical to that
suggested by the present observations 10]. It has a zincblende structure, and one
third of Ga sites are left as structura vacancies. As a result of these structural
vacancies, the lattice parameters of Ga 2 Se 3 is about 5% smaller than those of GaAs
and ZnSe. This lattice contraction may give rise to a shift of (202) type lattice fringes
at the interface in [010] HREM images. The shift, however, is too small to be
detected unambiguously in HREM images such as the images shown in Fig. 1, if the
thickness of the layer is only two or three monolayers. The difference of the interface
images among three samples also suggests that the interface layer may be a compound
close to Ga 2Se 3 ; As-deficient surfaces are expected to be preferable for the formation of
Ga 2Se 3 than As-rich surfaces.

Based on the model of a thin Ga 2 Se 3 interface layer, intensities of 200 and 400
dark field images are calculated. Fig. 3 schematically illustrates this model. The
calculation were made based on the two beam dynamical theory with the column
approximation. Fig. 4(a) and (b) are calculated intensity profiles Qf 400 and 200 dark
field images, respectively. The thickness of the crystal is 400 A, and the incident
beam is set at the exact Bragg condition in both cases. As seen in figures, the
calculations are in good agreement with observed images despite the use of simple
approximations

Similarly to the ZnSe/GaAs interfaces, HREM images and dark field images of the
CdTe/InSb hieterostructure suggest the existence of an interface layer. Fig. 5 is a [011]
IIREM image of the CdTe/InSb interface. Unlike the ZnSe/GaAs interface, a distinct
dark band is observed in both [011] and [010] HREM images as seen in this image.
Fig. 6(a) and (b) are dark field images of the CdTe/InSb interface which were taken
with the 400 and 200 reflections, respectively. In both cases, the reflection was set at
the exact Bragg condition with the excitation of only h00 type reflections. The 200
(lark field image shows a distinct bright line, and the 400 dark field image exhibits a
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dark line at the interface, similarly to the images of the ZnSe/GaAs interfr'es. The
bright and dark lines in this case, however, are more distinct than those observed at
the ZnSe/GaAs interface, which, along with the observation of a dark band in [011]
HREM images, suggests the formation of a more developed interface layer in the
CdTe/InSb heterosturcture; the interface layer may be more continues or may have a
greater thickness than those in ZnSe/GaAs heterostructures.

As explained in Introduction, earlier studies have suggested the formation of
In 2Te3 in CdTe/InSb heteroepitaxial interfaces [5]. Similarly to Ga 2 Se3 , In2 Te3
crystallizes in a zincblende structure with one third of is cation sites being structural
vacancies 1111. It is, therefore, expected that an In2Te3 layer appears as a bright line
in 200 dark field images and as a dark line in 400 dark field images. The existence of
In 2Te3 in the CdTe/InSb interfaces is also suggested by X-ray diffraction studies of
CdTe/InSb multilayer structures [12]. The shift of the 0-th peaks of the multilayer
structures due to the lattice contraction of In2Te 3 are obsvered in X-ray diffraction
patterns.

The results of the present study suggest that IIt 2V13 compound layers form at the
11-VI/IIl-V heteroepitaxial interfaces under certain growth conditions. One can also
suggest the formation of interface layers of these compounds with thermodynamic data.
which show that these compounds are highly stable phases despite the existence of a
high concentration of vacancies in their structures. For example, the heat of
atomization of Ga 2Se 3 , which corresponds to the energy required to break all chemical
bonds in the compound, is 308 kcal for one mole at 298 K [13,14], This value is
comparable to that of ZnSe which is 357 kcal for three moles [14]. Such a high
stability of 111 2VI3 compounds is explained by the matching of valences of constitute
atoms in their structures. One cannot, therefore, consider the present model of the
interface layer energetically unstable simply because of the existence of a high
concentration of vacancies. It is also important to point out that the systematic
dependence of the interface contrast on the reflections used for dark field images can be
explained only by the present model without adding any artifical modification.
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Fig. 1. [010] HREM image of the ZnSe/GaAs interface.
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Fig. 2. Darkfield images of the ZnSe/GaAs interface, (a) 400 reflection, and (b) 200
reflection.
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ABSTRACT

ZnSe:Cl epilayers have been grown on (100) GaAs by MBE using
a Zn to Se beam flux ratio of 2:1 and substrate temperatures as
low as 225*C. The ZnSe:Cl epilayers are highly conducting and
exhibit bright blue-violet edge luminescence at 300 K. A mobility
of 2480 cm 2/V-s at 40 K was measured for an n-type ZnSe:Cl film
that was Cl-doped to -2.3x10 17 cm- 3 and for which a compensation
ratio (NA/ND) of -3% was calculated. Carrier concentrations as
large as 6.7x1018 cm -3 were obtained by increasing the temperature
of the MBE oven containing the Cl dopant.

INTRODUCTION

ZnSe is a wide band gap II-VI semiconductor that has
attracted considerable attention in recent years. Its room
temperature band gap of - 2.7 eV makes it an attractive candidate
for the fabrication of blue light emitting devices [1,2].
Although p-type doping is currently the major obstacle in making
such devices, efficient activation of n-type dopants is of equal
importance, especially if semiconductor lasers are to be
developed. High n-type doping is also required for other related
devices such as optical modulators, transistor amplifiers, and
diode detectors which might form the basis of a new blue-green
optoelectronics technology. Recent investigations by MBE [3] and
MOVPE [4] have shown that very high n-type doping levels can be
achieved in ZnSe films using group VII elements as dopants.
However, the samples reported to date generally exhibit low Hall
mobilities compared to n-type ZnSe:Ga doped films (2]. In spite
of this, we consider the group VII elements as the most promising
n-type dopants. In this paper we report the successful MBE growth
of n-type ZnSe:Cl films at low temperatures. The films exhibit
excellent electrical and optical properties.

II. EXPERIMENTAL DETAILS

The ZnSe:Cl samples were grown in an MBE system designed and
built at North Carolina State University (NCSU) [5] . The growth
chamber has a base pressure of 6x10 -1 1 torr and is equipped with
seven MBE sources. The MBE sources feature special two-
temperature-zone furnaces, designed and constructed at NCSU
specifically for the growth of II-VI materials, which are capable
of producing highly stable beam fluxes [6] . High purity (6N
grade) Zn and Se were used as primary source materials, and ultra
dry ZnCl2 (5N grade) was used used as the dopant source. To
calibrate the molecular beam flux density from each of the primary
MBE ovens, films were deposited at room temperature and their
thicknesses were measured. The beam flux was calculated assuming
unity sticking coefficient and correlated with the beam equivalent
pressure (BEP) measured with a nude ion gauge at the exact
location of the substrate [5) . Both the Zn and Se source beams
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were calibrated in this way so that an accurate beam flux ratio
(BFR) could be obtained.

Semi-insulating (100) GaAs wafers were used as substrates.
Prior to MBE film growth, the UaAs substrate was first degreased
in standard solvents and then etched in an H2SO4:H202:H20 (6:1:1)
solution at 40°C for 3 minutes. The substrate was preheated to
580'C for 10 minutes in the MBE system to desorb the surface oxide.
A 2.5 inm thick undoped ZnSe buffer layer was first grown. Doping
was then initiated by opening the shutter of the ZnCl2 source.

Electrical characterization of the epilayers consisted of
standard van der Pauw Hall effect measurements over the
temperature range 20-300 K. Ohmic contacts to the samples were
made with an In-based solder. Photoluminescence (PL) was excited
using the 360 nm UV output from an Ar+ ion laser and was measured
using a SPEX 1403 double monochromator equipped with a GaAs
photomultiplier tube and computer-controlled photon counting
electronics. A Janis Super-Varitemp cryostat was used to cool the
ZnSe:Cl films to liquid helium temperatures.

RESULTS AND DISCUSSION

It is essential that the surface stoichiometry of ZnSe be
maintained during MBE film growth in order to achieve high quality
electrical and optical properties. The growth mechanisms of II-VI
materials have been studied by several groups [7,8]. In a recent
study, Zhu et. al. showed that while the growth rate is influenced
by the Se desorption from the growing surface into the precursor
states when the Zn to Se BFR is greater than 1, when the BFR is
equal or smaller than 1 the growth rate is influenced by both Zn
and Se desorption. Thus, it appears that it may be easier to
control the surface stoichiometry by using a Zn to Se BFR of
greater than 1. This generally requires lower growth
temperatures.

We have grown ZnSe films at low temperatures (2250C-300'C)
with Zn-to-Se BFRs ranging from 0.5 to 2. Under Se-rich
conditions (BFR<1), the films exhibit poor surface morphologies
and broad x-ray rocking curves. In contrast, films grown under
Zn-rich conditions exhibit mirror-like surfaces. Double-crystal
x-ray rocking curves for films 2-3 gm thick typically exhibit
FWHMs of -150 arc sec.

Cl-doped ZnSe films grown under Zn rich conditions exhibit
high conductivity. Room temperature carrier concentrations ranging
from 1.5x10 17 cm- 3 to 6.7x10 1 8 cm- 3 have be reproducibly obtained
by varying the ZnCl 2 oven temperature. Fig. 1 shows the carrier
concentration for heavily-doped (C21) and lightly-doped (C35)
samples, respectively. The former exhibits degenerate doping
characteristics (constant carrier concentration) versus
temperature. The carrier concentration of C35, however, is clearly
activated over the temperature range from 20 to 300 K. In order
to determine the compensation ratio and donor ionization energy,
we have calculated the carrier concentration by solving the
charge-neutrality equation which, assuming non-degenerate
statistics, can be written as (9]

n o (NA + n o ) =( E° (i)
( o - NA - no ) NeT

where ND and NA are the donor and acceptor concentration,
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respectively. The degeneracy factor 3 is taken to be 1/2.

Nc=2(2lTmc*kT/h
2
)
3
/
2 

is the density of states of the conduction

band. The effective mass for the conduction band mc' is taken to be

0.17, and ED is the ionization energy. The solid curve in Fig. 1

shows the best fit, which is obtained with ED=l6.5 meV, ND=2.3x10
1 7

cm
- 3 , 

and NA=7.0xI0
15 

cm
- 3

. The ionization energy obtained is
lower than the value of 26 meV reported from optical measurements
(101. In addition, below 60K, C35 appears to have an even smaller
activation energy. Note, however, that for C35 the Fermi level is
about 27 meV below the conduction band minimum at room temperature
and that the compensation ratio is only 3%. The low compensation
ratio provides clear evidence of the electrical quality of this
sample. Therefore, the behavior of the carrier concentration
below 60K is attributed to the presence of an unintentional donor.

Plots of Hall mobility versus temperature for samples C21 and
C35 are shown in Fig. 2. The mobility of the heavily doped layer
C21 is -220 cm

2
/V-s and is independent of temperature. In

contrast, the mobility of C35 increases with decreasing

temperature to a maximum of 2480 cm
2
/V-s at 40

0
C. To further

analyze these data, the electron mobility of C35 was calculated by
numerically solving the Boltzmann equation using the iteration
method [11, 12] . Four scattering mechanisms were taken into
account including polar mode phonon scattering, acoustic mode
(deformation-potential coupling), acoustic mode (piezoelectric
coupling), and ionized impurity scattering. The results are shown
as solid curves in Fig. 2. Curve 9ph is the phonon-scattering-
limited electron mobility, while itot is obtained when impurity
scattering is also included. The impurity concentration Nimp for

the mobility calculation was taken to be 2NA+no (131, where NA is

the acceptor concentration and no is the equilibrium electron
concentration. Both no and NA were obtained from the carrier
concentration analysis described above. Note the good agreement
between the theoretical calculation and experimental data which
supports the low compensation ratio obtained from the carrier
concentration analysis.

Fig. 3 shows the 5K PL spectrum obtained for C35. The near-
band-edge (NBE) luminescence is shown in the inset. The NBE
luminescence consists of a donor bound exciton DBE at 2.7960 eV,
an acceptor bound excitons ABE at 2.7911 eV and 2.7825 eV. The
fact that the free exciton lines are absent but the DBE line
remains narrow (FWHM = 6.2 meV) has the important implication that
the Cl atoms are successfully incorporated into the lattice. The
two ABE lines, both associated with neutral acceptors, are usually
absent in n-type undoped ZnSe epilayers grown by MBE but seem to
be present in the Cl-doped samples reported by Ohkawa et al. [3).
In our case these two lines are well resolved. The spectrum of
C35 also exhibits a very weak emission band at around 2.6 eV,
whose peak intensity is about 200 times lower than that of the
dominant peak. The deep level emission around 2.2 eV is three
orders of magnitude lower than the dominant peak and could hardly
been seen.

Fig. 4 shows the room temperature PL spectrum for C35. The
spectrum is dominated by a strong near-band-edge (NBE) emission
centered at 2.693 eV. This peak energy is consistent with that
reported by Ohkawa et al. for Cl-doped ZnSe who attribute the PL
to donor to valence band recombination [3]. The room temperature
spectrum also exhibits weak deep level emission centered at around
2.1 eV. The peak-to-peak ratio between the NBE and deep level
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emission is as high as 46, which is comparable the value reported
by Yao for high quality undoped samples (14]. Recently, we have
obtained PL spectra comparable in quality to those shown in Figs.
3 and 4 from ZnSe:Cl films grown by MBE at temperatures as low as
225'C. These films also display good electrical properties.

SUMMARY

High quality Cl-doped ZnSe films have been grown by MBE under
Zn-rich conditions at low temperatures (2250 C) . The epilayers
exhibit mirror-like surface morphologies, good x-ray rocking
curves, low compensation ratios, high electron mobilities, and
sharp, bright near-band-edge photoluminescence with minimal deep
level emissions. Our data provide further evidence that Cl is
very efficient as an n-type donor.

The authors wish to thank J. Matthews and M. Bennet for their
assistance in substrate preparation and PL measurements,
respectively. This work was supported by DARPA/URI funds under
Purdue University subcontract 530-0716.
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ABSTRACT

We have investigated excimer laser annnealing of Na doped ZnSe, with

emphasis on photoluminescence (PL) characterization as a probe of resultant

changes in materials properties. We observed a relative increase, after
annealing, of Na on substitutional (acceptor) sites vs. Na on interstitial
(donor) sites. Another result was the occurrence of extensive twinning;

unfortunately such twinning has complicated the analysis of oth-r changes.

INTRODUCTION

Laser processing has developed into an important technique for impurity

incorporation into semiconductors. A particularly attractive feature of this

method is that one can achieve non-equilibrium concentrations, i.e. one can
exceed the solubility limit [e.g. 1]. This feature is of particular interest

for wide-band-sap semiconductors, since it has recently been shown L2j that
equilibrium solubilities are very likely to be quite low in such materials.

A material of considerable interest for opto-electronic applications is

ZnSe, and it t:.us appears fruitful to investigate laser processing Cf this

material. There is of course an immediate question in use of suh laser
processing: can one obtain a temperature high enough for adequate (probably

non-equilibrium) impurity incorporation with little or no surface

decomposition? This problem would be expected to be particularly severe in a
material such as ZnSe, which has a high vapor pressure [3]. It is well known

that short pulses tend to minimize decomposition [4], and for this reason we

selected excimer lasers. An independent study by Bokhonov et al. [5], on not

deliberately doped ZnSe, also used such xcimer lasers, and studied some

changes in the PL; however, it gave only a few brief results on the PL in
the exciton region, and a few comments on the observation of extensive

twinning. In the present work we studied ZnSe(Na), and include the changes
of PL at longer wavelengths, with particular focus on the donor-acceptcr
pair (DAP) PL. Both DAP and exciton spectra can be very dseful probes of

material properties (for a general review on PL, rte for ex. [6]).

The present study focused on ZnSe(Na), since the effect on the PL of
this dopant has been wel established both for the bound exciton spectra [7]
and the DAP bands [8]. As regards these DAP bands, it has been shown [8]
that Na on the interstitial site (Na ) gives a characteristic high-9nergy
shoulder on the (more usual) DAP peak of the Group III substitutional donors

(where Na on the Zn site - Na - is the acceptor for either donor). This

thus provides a "marker" for the Na site.

For convenience, we will discuss the results of the F ;sent study in

terms of three classes of power levels: 1) "Low" power, wh,. e there is no

visible change in the surface morphology. 2) "Intermediate" power. with

visibly increased twinning and observation of the "Y" band (whicn occurs at
2.6 eV, and is discussed for instance in [9] and [10]). 1I this intermediate

range, there is no significant change In the spectral shape of th- DAP
bands. 3) "High" power, where we do observe a change in the shape of the DAP

bOwds, indicative of a higher propurtion of Na Zn in the annealed material.

Mat. Res. Soc. Symp. Proc. Vol. 161. ' 1990 Materials Research Society



142

The other changes in this range are qualitatively similar to those in the

intermediate range, although often stronger.

EXPERIMENTAL

The samples for the laser annealing consisted of wafers cut from boules

grown by the vertical zone method [11]. For the annealing, a Lambda Physik

EMG 102 MSC excimer laser was used as energy source; the w3velength was
either 308nm (XeCI) or 248nm (KrF), and the duration was typically about 16
nsec. Both single and multiple pulses were used. The annealing was carried

out in a chamber filled with nitrogen at I atmosphere.

After the annealing, the surface morphology was examined with an
optical microscope and/or a scanning electron microscope. The samples were
then etched lightly, using a boiling 45% KOH solution for 15 seconds. The
etching was done to improve the PL intensity and resolution (which we have
noted empirically), but was kept light so as to remove only a minimal amount

of the annealed layer. The PL was excitec by the UV lines (3638A and 3551A)
of an Ar laser, and analyzed with a 0.85 m Spex double monochrcmator.

The results reported here were taken primarily on wafers from two Na
doped ZnSe boules (boule A and B). To check that the dominant impurity was
Na - Li is often a contaminant in Na doped ZnSe (e.g. [7]) - we examined the

low temperature (6K) exciton spectra for evidence of Li. The results are
shown in Fig. 1. Neither boule showed the Li bound exciton peak (which s at
10.5 meV below the free excitcn edge, e.g. [7]), indicating little or no Li.

Boule A (Fig. 1a) has doublet peaks at 9.1 and 9.9 meV below the free
exciton edge. This doublet has been attributed to an Na Z -Na I pair [7]. In
view of the proximity of the Li exciton peak at 10.5 meA to the 9.9 meV
peak, it was checked that we were indeed dealing with the Na structure; this
was done by also taking data at a lower temperature (1.6K), and confirming

that the doublet did indeed show t e thermalization typical of Na [71. Boule
B (Fig. Ib) showed a singlet exciton at about 7.8 meV below the free exciton

edge; this has been assigned to Na [71. The DAP spectrum of boule B isZn
shown in Fig. 2a. A dominant zero-phonon DAP peak close to 2.68 eV is shown;
this value is typical for Na as acceptor with group III metals on the ZnZn
site as donors [e.g. . . In addition, there is a high energy shoulder on
this peak, which has been attributed to Nazn with Na I as donors [8J.

(a 27928 (b)

Z
W EBx 9.9 2.7949

w 279362.7936

Z Ex. 9.1 .78 7

0

Z D Dee

x, x 2.5

2.78 2.80 2.78 2.80

PHOTON ENERGY (eV)

Figure 1: 6K excitan PL spectra of Na doped ZnSe. (a) 5oule A, doublet Na
bound excitcn (EBX=

9
.1 and 9.9); (b) Boule B, Na exciton with E - 7.8.
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RESULTS AND DISCUSSION

A very striking result of cur excimer laser annealing, with similar
results also reported briefly in [5], is the observation of extensive

twinning in the ZnSe after annealing in the intermediate and high power

ranges. A typical result is shown in Fig. 3a, which shows such an annealed

region together with a non-annealed one. The twinning after annealing, with

short segments having orientations changing alternatively (shown enlarged in

Fig. 3b), is far more extensive than observed prior to the annealing (where

there were only a few long, parallel, twin lines). It seems apparent that
the increased twinning would be obtained only if the sample is heated at

least to the phase transition temperature [12] (14250 C, see [13]), and

might require melting. Indeed, Bokhonov et al. assumed that the twinning

indicated melting, stating "in the regions which melted and solidified w,
found ... that periodic structures were formed". In our own work [14] we

have concluded, from Auger results showing diffusion of surface oxide, hat,

at least at the higher power levels, (conservatively, from = 16 MW/cm up)

the material is melted; from these same Auger results we also conclude that,

at this power level, the melted layer is at least 0.5 am thick. As to the

7 V

Figure 3: SEN results on the surface morphology of laser annealed ZnSe. The
upper part of (a) shows a non-annealed region, the lower part the annealed
one; the reoriented twin structure in the lower part of (a) is magnified in

(b). The unit of length (the white segment) is 100 am.
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question of surface decomposition, since twinning is so very typical of
ZnSe, it seems unlikely that there is appreciable excess Zn or Se.

A summary of our PL results is given in Table I. Similar changes in the
exciton lines have also been reported by Bokhonov et al. [51; In this
connection we wish to point out that, based on its spectral position, their
primary line (which they call 

1 
') is in fact the line which is more

commonly referred to as I1 [e.g. 15]. Overall, it is obvious that the
laser causes various changes. Of course, the matter of primary interest is
the basic mechanism(s) causing these changes. Prior to discussing this in
terms of the various laser intensity ranges (below) some cautionary notes
are in order. Thus, PL changes can of course be due to changes in the

properties of the "bulk" material, but alternatively, the surface can also
be playing a role. Moreover, internal "interfaces" in the bulk, as caused
for instance by twinning, can also affect properties. In terms of more
microscopic mechanisms, there can for instance be changesz 1) Due to surface

reflection. 2) Due to the formation of surface, interface, and/or "bulk"
defect (including dislocation) states, which can introduce non-radiative
and/or new radiative paths; as an example, the so-called Y emission band [9]
has been associated with dislocations. 3) Due to internal electric fields;
it has for instance been suggested [16] that fields associated with surface
depletion regions in thin films can give PL quenching, particularly of
excitons; since it has been established [17] that twinning can also give
internal fields, such a mechanism can also be operative in twinned material.
In view of these problems we here comment only briefly on most of cur
observations (Table I), give some apparent correlations, and give an

interpretation primarily for the result of main interest in the present
work, i.e. changes in the DAP bands under high laser excitation. We now
discuss separately the results in each of the excitation ranges.

In the low excitation range, both the exciton and the DAP PL intensity
increases (Table I). We noted no new peaks, nor any changes in the positions
of the existing peaks. Since there was no detectable change in the surface
morphology, we assume there was no gross bulk re-adjustment; it then follows
that the intensity variations are due either to minor surface changes or due
to recombination-enhanced defect reactions. Since we observed no changes in
the peak positions, it seems unlikely that recombination-enhanced defect
reactions (which would be expected to introduce new defects) were playing a
role. We thus assume that there were minor surface changes. It is for
instance known that it is difficult to remove surface damage by chemical
etching, and dry-etching has been shown to improve the PL [18]; mild laser

annealing could well be having similar effects.

Table I: Changes of PL spectra in three different power ranges.

BE P.M, DAP Apo.... App..... ~Eli oio o1

.. W-"Y 1~ Y B.fd of 2.25 V DAP ho.1d.,
P.

L-P- I -B No No No

(Is MW(CM2o (o

Oke,...t-, O- D -.. .. N No
Meiu o wo' I- I-(ru-k)

(611120) fo 'o

Pfigh P-w. OD. D -. B VB. VN VO.
.M""o~ [n WVn. (Oono)
I Z100 MWIoM

2
d.WC*



145

As regards the medium and high excitation ranges, all spectral changes,
with the exception of that in the DAP bands, were qualitatively similar. We
therefore combine the discussion of these two ranges, except for the high
range results on these DAP bands (given below). An interesting spectral
chn~e was in the exciton region. Both our boules, as grown, had both Na and
11Ueep exciton lines. After annealing these lines disappeared (Table I) in
most samples, and had a much reduced intensity in one. The only remaining
spectral feature was a relatively broad peak, at 2.789 to 2.791 eV; this
peak was present also prior to annealing, but at a much lower intensity than
the Na exciton lines (Fig. 1). This same peak may well be present as a minor
feature in various published spectra, but to our knowledge it has not been
previously commented on; here we did not study its origin, and we cannot say
whether or not it is due to excitons. As to the disappearance of the Na and
I eep exciton lines, we cannot establish the cause, with any certainty;
however, we wish to point out that internal fields in the twinned regions
[17] would tend to dissociate excitons [16]. In terms of changes at lower
energies, we noted three in addition to that of the DAP bands (see below).
First, the overall PL intensity decreased. We are unable to establish
whether this is due to changes in bulk or surface properties, and/or
twinning. Second, we noted the appearance of the Y peak (Fig. 2b) subsequent
to the annealing; since this peak has been associated with dislocations
[9,10], its presence is certainly consistent with the observed heavy
twinning. The third change was the appearance of a deep luminescence band,
at about 2.25 eV, after the annealing. A band at this energy has seen
attributed [19] to Cu. Both of the boules we worked with showed the I
exciton line, which has also been attributed to Cu [15]. Thus some impurity
and/or defect site transfer could lead to the formation of the 2.25 eV band;
unfortunately, he microscopic centers responsible for either the 2.25 eV
band or for 11 do not seem to have been established yet with any
certainty, so a detailed mechanism for the present observation cannot be
suggested at this time.

A feature of primary interest as regards the present work is that of
changes in the DAP peaks observed after annealing at high laser powers. The
result for boule B is shown in Fig. 2. Prior to annealing, a high energy
shoulder on the main (zero phonon) peak can be clearly distiguished; we
attribute this to Na1 [8]. Subsequent to annealing, this shoulder can no
longer be observed; moreover, the main peak is shifted to the low energy
side. One sample of boule A was annealed under comparable conditions. Prior
to the annealing, it showed a strong high energy shoulder. Subsequently,
there was no such definite shoulder, but only a broad peak; unfortunately
the luminescence intensity was quite low, so it was not possible to evaluate
whether or not this peak was a composite. It can thus be seen that the
proportion of NaI was reduced in boule B, and probably also in boule A. This
relative change in impurity location is of considerable interest for future
work, although it remains to be investigated why comparable changes are not
seen at lower power levels (melting - based2 on the Auger results [14] - was
for instance already observed at 16.5 NW/cm ).

As a general further comment, it can be noted that Interpretation of
the present results is rendered difficult by the occurrence of the heavy
twinning. It would thus seem worthwhile to check into means of reducing such
twinning. One suggestion would be annealing of material originally without
twins (the present boules did, initially, have at least some twinning);
perhaps the heavy twinning is "encouraged" by initial twinning. A second
possibility might be use of an encapsulating layer.

CONCLUSION

We have shuwn that excimer laser annealing of ZnSe(Na) can, at least at
high power levels, lead to a relative increase in substitutional Na vs.
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interstitial Na. This is consisLint with prior theoretical predictions

[20] on the effect of fast quenching on the relative location of the

(amphoteric) alkali dopants in ZnSe. However, such laser annealing leads, in

addition, to a quite complex twinning structure. It remains to be determined

whether such twinning can be eliminated, and/or what detailed effects result

from it.
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PLASMA-ASSISTED EPITAXIAL GROWTH OF ZnSe FILMS IN HYDROGEN PLASMA

S. YAMAUCHI AND T. HARIU
Department of Electronic Engineering, Tohoku University
Sendai 980, Japan

ABSTRACT

Plasma-assisted epitaxy (PAE) wrs applied to the growth of ZnSe films
on (100) GaAs for low temperature epitaxial growth in hydrogen plasma.
High purity ZnSe films were successfully grown by the control of hydrogen
gas flow rate and VI/II supply ratio. Hydrogen-chloride gas and nitrogen
gas mixed in pure hydrogen gas plasma around 2% respectively resulted in
the growth of highly conductive n-type layers (630Scm

-1
) ard nitrogen-

acceptor doped layers (N-acceptor level-100meV), however, the control of
VI/II supply ratio is also very important for the efficient N-acceptor
doping. The plasma optical emission spectroscopy indicated that Se-N is
composed by the reaction of N -ion with SeH (or Se) in hydrogen and
nitrogen mixed gas plasma with Se supply.

INTRODUCTION

ZnSe has recently been extensively investigated in view of its ap-
plications to optoelectronic devices including the heterostructure with
GaAs. It has, however, been recognized that the growth of II-VI compound
semiconductors with controlled electronic properties is much more difficult
than IV and 111-V materials due to the strong self-compensation effect by
native defects or residual impurities, which are incorporated particularly
at high growth temperatures. Thus non-thermal equilibrium growths at low
temperatures by molecular beam epitaxy (MOE) (1), metalorganic chemical
vapor deposition (MOCVD) (2), atomic layer epitaxy (ALE) (3) and so on have
recently been attempted, aiming at the growth of purified ZnSe films and
efficient doping.

The purpose of this paper is to describe the plasma-assisted epitaxial
grno+ -' 

7
nSe films in hydrogen plasma, in order to extend the control-

lability of their electronic property

PAE APPARATUS

The PAE apparatus developed for ZnSe growth is shown in Fig.l.
Elemental Zn and Se shots were evaporated from quartz cells by resistive
heating and supplied through gas plasma toward (100) GaAs substrates
Hydrogen gas (99.9999% pure gas was purified by palladium diffuser), some-
times mixed with HCI gas (99.95% pure) and N2 gas (99.9995% pure) for
doping was introduced into the chamber and was excited through capacitive
coupling by rf power at 13.56MHz. The substrate holder was settled paral-
lel to the applied electric field to avoid the possible bombardment of high
energy ions directly accelerated by the field. Optical emission from
plasma was detected through a sapphire window at the bottom of the chamber.
The detailed growth conditions have been described elsewhere (C).

UNDOPED PAE-ZnSe GRC)WT13

Typical photolumineseent (PL) spectrum of nominally undoped PAE-ZnSe
films of 2.51m thickness grown at. 3200C in hydrogen plasma is shown in
Fig.2, where the strong emission due t.o free-exciton (E) is observed with
weak deep level emissions. It is then concluded that the PAE-undoped ZnSp
film: ar- of high purity, however, it, is to be noted here that the purity

Mat. Rs. Soc. Symp. Proc. Vol. 161. '110 Materials Research Society
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of the ZnSe filmss is very sensitive to the hydrogen gas flow rate. Figs.3
(a) and (b) respectively show the overall PL spectra and the exciton emis-
sions for the ZnSe films grown with variable hydrogen gas flow rate. As

the hydrogen gas flow rate is increased, the exciton emission intensity is
increased, the intensity of donor-acceptor (DA) pair emissions due to

residual impurities is drastically decreased, and the free-exciton emission
dominates over bound exciton emissions. In order to find out the origin of

residual donors responsible for 12 emission ( excitons bound to neutral

shallow donors), PAE-ZnSe was grown on (100) Ge. The PL spectra shown in

Fig,4 indicates that the some 12 emission dominates in this ZnSe on Ge.
Secondary-ion mass spectroscopy shows the intermixing width at the inter-

face of ZnSe/GaAs is very small and also detected C1 inside the ZnSe films.
It is then concluded that the residual donor is not Ga diffused from GaAs

substrate, but is Cl which most likely comes from the source material.
The increase of hydrogen gas flow rate can reduce the incorporation of Cl

by producing volatile Cl compounds.
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Cl-DOPED PAE-ZnSe GROWTH

Highly-conductive n-type ZnSe films were successfully grown by PAE in
a mixed gas plasma of hydrogen and hydrogen-chloride. The detailed growth
process has been already described elsewhere (5).

The conductivity, electron concentration and Hall mobility measured by
van der Pauw method for layers with 11m thickness are shown in Fig.5 as a
function of fractional content of HCl in hydrogen gas. The highest con-
ductivity of 630Scm-

1  
with electron concentration 2.8xlOl

9
cm

- 3 
and Hall

mobility lcOcm
2
/Vs, was obtained with about 2.2% HCl in the hydrogen. It

is noted here that excessive doping of C1 also reduces the conductivity,
probably by increasing Cl-related complex defects as described below.

Fig.6 shows the PL spectra of Cl-doped PAE-ZnSe films grown in the
mixed gas plasma with various content of HCI. Donor-acceptor (DA) pair
emission shifts to shorter wavelength with the increase of HCl gas content
due to the -- ' ,verage distance hetween Cl-donors and undefined
acceptors, hou.ver, we sel,-act-veteu ZA) -... ion which is cauzsed ".; the
association between donors and Zn-vacancies (6) dominates in the highly Cl-
doped ZnSe films. It is concluded that SA centres are increasingly
produced by excessive Cl and compensate the Cl-donors.
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FiF.6 PL spectra of lightly (a) and heavily Cl-doped ZnSe.
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N-DOPED PAE-ZnSe GROWTH

PL spectrum of N-doped PAE-ZnSe films grown in H2+N2 mixed plasma,
shown in Fig.7, are characterized with the exciton emission bound to
neutral N-acceptor at 2.7917eV (7) and DA pair emission related with N-
acceptor at 2.700eV (8). The N-acceptor level was estimated from the
band-acceptor (BA) emission to be at 109meV above valence band maximum, in
close agreement with that obtained by Stutius (9), but 87meV from the tem-
perature dependence of the BA emission intensity. This difference of two
energies can be explained by large lattice relaxation at N-acceptor centres
(10).

The doping of nitrogen as an acceptor is very difficult by using N2
gas due to insufficient chemical reactivity of N2, as shown in the growth
by MBE (11). Fig.8 shows the advantage of efficient doping by PAE.
Fig.8(a) shows the near-bandedge PL spectra for films grown in mixed H2+N2,

non-excited gas flow and Fig.8(b) shows the spectra for films grown in
H2 +N2 mixed gas plasma excited by 1OW rf power. The DA pair emission re-
lated with N-acceptors can be observed in the latter films. These results
conclude that the reactive species excited in the mixed gas plasma are use-
ful to dope nitrogen acceptors into ZnSe films.

Optical emission spectroscopy indicated that the intensity ratio of
N2 to N2 emissions in H2+N2 mixed gas plasma is greater than the ratio in
pure N2 plasma. It is then suggested that the ionization of N2 is en-
hanced by collisional reaction or Penning effect between excited hydrogen
atoms or molecules and neutral nitrogen molecules. The emission intensity
of N+ ions was not reduced with Zn supply into the H2+N2  plasma
(Fig.9(a)), but it was decreased with Se supply and a new emission of SeN
compound was detected (Fig.9(b)). It should be concluded that SeN
produced by the following reaction is responsible for nitrogen doping.

2 SeH (or SeH2) + N+ -3 2 SeN + H+ (or H2 + H+)

N-doped ZnSe on (100).aAs 1A,
N2 Content 1.6%

- R.F. Power 10 W

Fig.7
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The N-acceptor doping into ZnSe films is also influenced by growth
conditions such as Se/Zn supply ratio, N2 gas content in H2 gas, applied rf
power to excite the plasma and so on. Especially, the supply ratio of
Se/Zn must be controlled for the efficient doping as shown in Fig.10.
Figs.l0 (a) and (b) respectively show the intensity and haif-width of DA

pair emission in N-doped PAE-ZnSe films as a function of Se/Zn supply
ratio. The growth rate doesn't change in this region, where the Se/Zn
supply ratio is above 1 (10), because the growth rate is limited by the
supply rate of Zn, as in MBE growth of ZnSe films (1). In spite of the
growth rate saturation, the maximum intensity of DA pair emission is ob-
tained at a much larger supply ratio around 10. We speculate that this

result comes from two competing effects as a function of supply ratio: one
is the reduced association between nitrogen and Se-vacancies or intersti-
tial Zn, and the other is the reduction of incorporated nitrogen. The
best conditions, indicated so far by PL measurement, are about 10W rf power
to excite the plasma with about 2xlo

9
cm

- 3 
electron density and 2.5xl04K

electron temperature, N2 gas content around 2% in H2 gas and the supply
ratio around 10. The conductivity type of the films have not been deter-

mined because of the resistivity higher than 10
3

cm.
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CONCLUSIONS

ZnSe films on GaAs substrates were grown in H2, H2+HCl and H+N 2
plasma by plasma-assisted epitaxy for the growth of high purity, highly
conductive and efficient nitrogen-acceptor doped ZnSe films, respectively.
The undoped ZnSe films grown in controlled hydrogen gas flow rate and VI/Il
supply ratio have good photoluninescent properties with strong free-exciton
emissions and weak deep-level emissions. The residual donor-impurities in
undoped ZnSe films did not come from intermixing at ZnSe/GaAs heterointer-
face but most likely from the sources. The conductivity of Cl-doped ZnSe
films was raised up-to 630Scm-1 with 2.8xlOl

9
cm-

3 
electron concentration

and 140cm
2
/Vs Hall mobility, however, the excess Cl-doping causes the

reduction of conductivity by the increase of the density of self-activate
centres. The N-acceptor could be efficiently doped into ZnSe films by
using of H2+N2 mixed gas plasma. SeN composed in the H2+N2 mixed gas
plasma was detected by plasma optical emission spectroscopy. The supply
ratio of Se/Zn should be kept around 10 for the efficient N-doping.
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GROWTH OF ZnSxSel-x BY MBE USING AN ELECTROCHEMICAL SULPHUR
SOURCE.
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HAINES.
Department of Physics, Heriot-Watt University, Edinburgh EH14 4AS, UK.

ABSTRACT

In this paper we describe the use of an electrochemical sulphur cell to grow ZnSSej., alloys
on GaAs substrates. The cell uses the ionic transport of Ag ions in Ag2S to produce a sulphur flux
which depends on the applied voltage. The advantages and disadvantages of this type of source
will be discussed. We also describe the versatility of the cell for fabricating ZnS.Se,_jnSySe.y
multilayers as well as more complex profiles.

I INTRODUCTION

The growth of hetero-epitaxial ZnSe on GaAs substrates by Molecular Beam Epitaxy (MBE)
using solid sources is a well established process [1,2], however, the difficulties involved with the
addition of sulphur to produce ZnS.Se. , alloys has resulted in few detailed studies of this alloy
system. Sulphur itself is usually considered unsuitable as a source material despite recent work
by Kitagawa et al [3] as the vapour pressure is far too high for itto be used in conventional Knudsen
cells. This has resulted in a number of different approaches to the problem of sulphur incorporation,
generally involving some form of sulphur containing compound. For example, Matsumura et al.
[4] have used ZnS as the sulphur source to grow a range of alloy compositions while the Philips
group [5] have also used non-elemental solid sources in the form of ZnSSe., (x = 0.5)
polycrystalline charges to fabricate strained layer superlattices. Both these methods have the
disadvantage that the (Se + S)/Zn flux ratio cannot be changed to optimize the material properties
and the use of alloy charges also results in higher impurity levels in the epitaxial layers introduced
during the production of the source material. In gas source MBE sulphur can be introduced into
a vacuum system by using compounds such as diethylsulphide (DES) [6] and, although this
technique results in the production of good quality material, in general, the growth systems use
all gaseous sources. Sulphur can also be produced from a solid state electrochemical cell, which
is totally compatable with conventional Knudsen sources. The use of this type of cell to produce
fluxes of sulphur molecules S, (x = 2 .. 8) is well documented [7]. Here we describe the use of

such a cell to grow ZnSSel., layers with x<0.2 and discuss its use in the production of more
complex structures.

2 ELECTROCHEMICAL SULPHUR CELL.

Figure 1. shows a schematic diagram of the galvanic cell Ag/Agl/Ag 2S/Pt, used in this work
to generate sulphur molecules. When heated to above 200"C to ensure sufficient ionic mobility,
application of an EMF to the cell results in the production of sulphur at the positive platinum
electrode by the half-cell reaction:

xS 2- = S,+2xe- (x=2..8) (I)

Equilibrium between the various sulphur species S, has been shown [61 to be described by equation
2.

ps.(T) = P,(T)exp x (E- E)F (2)

Mat. Re. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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where p(T) is the pressure of S, at a cell temperature T over elemental sulphur and ps (T) is the

pressure within the cell, generated by the application of EMF, E, to the cell. Application to the
cell of a voltage E" results in the production of elemental sulphur at the positive electrode. In this
work T in the range 300 - 350'C was used and the corresponding value of E is -245mV [7].

CERAMIC HEATERS

S× - Ag 2 S Agi Ag

Pt ELECTRODE e- Ag

Fig. 1 Schematic diagram of the Electrochemical cell.

Figure 2 shows the pressures of the various sulphur species obtained at 300'C as a function
of cell voltage and, although the predominant equilibrium species is S2 (>95% total flux) for
applied cell voltages E < 200 mV, above this voltage the proportion of higher molecular weight
species rapidly increases. During growth it is to be expected that the smaller sulphur polymers
will incorporate more efficiently as there are fewer kinetic barriers to overcome and thus we have
used E < 200mV.

Psat
S S,

,
, S
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S2

1 0 4  . . , -
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--- E[mV]

Fig. 2 Partial pressures of the S. molecules as a function of the ENT, E at 300C.
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Electrochemical sulphur cells have been used as dopant sources for IlI-V materials and their
potential advantages have been summarized elsewhere [8,9]. Forour purposes, the main advantage
is the ability to control accurately the cell flux by means of the applied voltage, thereby allowing
complicated profiles to be easily constructed. An example of this is that the flux from the cell is
not limited to only two values (on and off) as is a Knudsen cell. This metns that superlattices of
the type ZnS.Sel-jZnSySel.y with xy*O can be grown, including, for example, strain-symmetrized
superlattices. While in theory it is possible to produce these structures using a Knudsen cell, the
long thermal time constants involved in changing the cell flux and allowing it to stabilize prohibit
the growth of any but the simplest structures.

Another type of flux profile which can be produced is a ramp. This is easily produced by
changing the cell voltage with time and enables continuously graded buffer layers and wells and/or
barriers of varying composition to be produced.

Two key conditions which must be met for the growth of any structures such as those
describeu above are firstly that the response of the cell to any change in the applied cell voltage
is fast and secondly that the maximum flux obtainable be sufficient to allow layers with sulphur
content 20-30% to be grown.

In the case of low sulphur fluxes used in doping Ill-V semiconductors, it has been shown
[8] that the time constant of the ceii for changes in the flux of x100 is less than Is. We have found
that for the much larger fluxes used in this work the appropriate time constant for a similar x100
change in flux is of order 10s. While larger than the time for the growth of one monolayer, this
is still an improvement of one order of magnitude over the time constant for a Knudsen cell and
should not present a great problem for tlte growth of structures described above. The longer time
constant associated with high fluxes is most probably a result of the change in stoichiometry of
the Ag 2S which occurs on applying a voltage. This involves a large movement of Ag ions to or
from the silver sulphide layer and is therefore determined by the maximum current obtainable
from the voltage source.

The other key issue, that of the maximum amount of sulphur obtainable from the cell, is
addressed in the following sections.

3 EXPERIMENTAL

ZnSe and ZnSSe,-, layers were grown in a VG Semicon MB288 kit with conventional Zn
and Se K-cells and sulphur produced from a solid state sulphur electrochemical cell manufactured
by VG Semicon. Source materials were Se (Osaka Asahi, 6N super grade), Zn (Johison Matthey
6N) and Ag 2S (Johnson Matthey, Puratronic grade, 5N).

GaAs wafers were degreased and etched in 15:2:2 H2SO 4 :H20 2:H20 before mounting with
indium on a sample holder and introducing into the chamber. Following degassing, the samples
were heated until a reconstructed RHEED pattern was observed, and then allowed to cool to an
indicated growth temperature of 330"C. No attempt was made to improve the surface morphology
before growth by treatment with arsenic [10,1 ].

The photoluminescence (PL) measurements were made using UV argon ion laser excitation
(350nm) at approximately 2Wcm 2 and recording the spectrum at 4.2K with a double Spex
monochromator and photon counting.

All the layers discussed in this paper are around 500A in thickness as measured by calibrated
source flux rates. Importantly, this ensures that all layers are well below the critical thickness for
the generation cf misfit dislocations (-1600A for ZnSe on GaAs).

4 RESULTS

Initially a series of pseudomorphic ZnSe layers, were grown to optimize the growth
conditions. The growth rate was 0.5pm/hr and a typical photoluminescence spectrum is shown in
figure 3 whe-' the exciton luminescence is dominated by the (c - hh) free exciton with a FWHM
of 2.3meV. Ve ascribe the feature at higher energy to the (e" - 1h) exciton following Matsumura
et al [12] while the emission at 2.800eV corresponds to a donor bound exciton recombination.
No deep luminescence bands were observed for the high quality samples and, in fact, the
luminescence is comparable to that reported for ZnSe grown on MBE GaAs buffer layers [ 10].
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Fig. 3. Photoluminescence of ZnSe epilayer on GaAs.

The initial series of ZnSSe,. , layers were grown with an unmodified VG Semicon
electrochemical sulphur cell, designed for doping, however under typical operating conditions
(T.0 = 350"C, E = 200mV) the S2 flux was insufficient to grow alloy material with x - 0.005.
However, minor modifications to the cell increased the flux by a factor of lOx allowing a greatly
increased sulphur incorporation to be achieved. For the maximum sulphur content of the order of
x = 0.2 it was necessary to reduce the growth rate to 0.05.in/hr which is on the limit of practicability
for the fabrication of multilayer structures with this composition for barrier layers.

The exciton luminescence was also used to determine the composition of the ternary layers.
The advantage of using pseudomorphic layers for this type of measurement is two-fold. Firstly,
the lattice strain is well defined and secondly the thermal strain is zero. Also, there are now two
self consistent checks on the strain value, namely the light and heavy hole and their splitting. The
standord expressions for biaxial strain were used [13] where the electron heavy (light hole) band
gap shifts by an ammount AE, (AE2) and

AE, = E, + E, AE 2 = El - Eu (3)

EH and Eu are the hydrostatic and uniaxial components of the strain respectively and are given by

EH= 2 a(CH- Eu-b(C , +2C2V (4)
C11  E C,, )

where E, the uniaxial strain is given by

a,,, - a,,,bCY =e. - - (5)

w"here a,, is the unstrained lattice parameter of the epilayer and a,,, that of the substrate. The

elastic constants, C , deformation potentials a,b, lattice parameter,d, and unstrained band gap, E,
were all assumed to vary linearly with composition. These parameter values are given in table 1.
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Table 1: Elastic constants C12, C12, lattice parameters d,
deformation potentials a,b (from [141) and the unstrained
electronic bard gap at 4K, E values used to calculate
comipositional dependence of the4ZnSSe pseudomorphic band
gaps.

_______ZnSe ZnS GaAs

C, Y l0kgin2  8.26 10.67
C.2  XlO 9kga 2  4.98 6.66
d A 5.6686 5.4093 5.6533
a eV -5.4 -4.56
b eV -1.2 -0.75
% eV 12.823 _ 3.84 I - - - I

Figure 4a shows Pl, of a ZnSSe,., layer with x = 0.02. It is typical for samples with the
layer under compression where the main feature is the donor bound exciton L. with a high energy
shoulder due to the (e' - hh) free exciton. Another emission occurs at 62±2meV lower energy than
the 12 peak and displays two or more LO phonon replicas which is characteristic of shallow donor
- acceptor pair transitions. This emission does not appear in any of the ZnSe layers, and so far is
not identified.

ENERGY (eV)

a.0 2.5 20

2 818eV

LOF -- (a) ZnS, Se_ x-002

t- I Th42X

C-)

z

0

400 500 600 700

WAVELENGTH (nM)

Fig. 4. Photoluminescence of ZnSSe,~ on GaAs. (a) x=0.02, (b) x=0.19
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Figure 4b shows the PL of a ZnSSe., layer with the greatest level of sulphur incorporation
achieved to date. This layer is under tension and ascribing the main feature to 12 associated with
the (e - lh) transition gives a sulphur composition of 19% where the very broad FWHM gives an
uncertainty of ±2% for this value. The large FWHM could be due to the lack of optimization of
the growth conditions as implied by the presence of the SA emission, or perhaps is due to a partial
relaxation of the layer. Even if one assumed the layer to be fully relaxed the luminescence energy
would still correspond to a composition of 15%.

5 CONCLUSIONS

The results clearly demonstrate that the electrochemical cell is a practical solid state source
for MBE, particularly for our current program which involves the characterization of undoped
and doped material lattice matched to GaAs and the growth of ZnS.Se1 ,JZnSe strain symmetrized
superlattices. Future developments of the electrochemical cell will improve the lifetime and
increase the flux to allow material to be grown with high sulphur concentrations at normal
(-ln/hr) growth rates.
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ABSTRACT

II-VI semiconductor surface passivants, insulators, and
epitaxial films have been deposited onto selective surface areas
by employing a new masking and lift-off technique. The II-VI
layers were grown by either conventional or photoassisted
molecular beam epitaxy (MBE). CdTe has been selectively aposited
onto HgCdTe epitaxial layers as a surface passivant. Selective-
area deposition of ZnS has been used in metal-insulator-
semiconductor (MIS) structures. Low resistance ohmic contacts to
p-type CdTe:As have also been realized through the use of
selectively-placed thin films of the semi-metal HgTe followed by a
thermal evaporation of In. Epitaxial layers of HqTe, HgCdTe, and
HgTe-CdTe superlattices have also been grown in selective areas on
CdZnTe substrates, exhibiting specular morphologies and double-
crystal x-ray diffraction rocking curves (DCXD) with full widths
at half maximum (FWHMs) as narrow as 140 arcseconds.

INTRODUCTION

Selective-area deposition of surface passivants, insulators,
and epitaxial films of II-VI semiconductors offers a new approach
for the fabrication of a number of devices such as metal-
insulator-semiconductor device structures, multicolor detectors,
integrated optoelectronic circuits, and waveguide structures.

The performance of Hg-based infrared detectors is often
dependent on the type and quality of the surface passivation.
Although it is fairly straightforward to complete an epitaxial
growth with a passivating layer, once the sample has been removed
from the growth system, patterned, and etched, the mesa edges
remail exposed. When mesa etching is followed by a blanket
deposition of a passivating sulfide or oxide layer, subsequent
device fabrication can become difficult if contact vias to the
underlying semiconductor are desired. Ideally, it would be
desirable to selectively place surface passivation only on
sensitive surfaces rather than of blanket depositions that can
require additional processing steps and selective etchants in
order to obtain electrical contacts. The same requirements hold
true for insulators in MIS structures and interlevel metal
dielectrics.

Providing that subsequent depositions do not appreciably
affect previously grown epitaxial layers, selective-area 9epita
of device structures is perhaps the ideal choice for the
integration of the various components for an optoelectronic
circuit technology. Frequently, the growth conditions for
specialized layers used in optical or electronic devices are grown
under a varied set of optimized deposition conditions.

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Sociely
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Unfortunately, the selective-area epitaxy of silicon or GaAs
requires masking technologies that can withstand elevated
deposition temperatures such as SiO 2 or Si masks, which are
difficult to fabricate. Additional epitaxial depositions can be
detrimental to existing layers due to the elevated growth
temperatures. Irvine et. al. have employed optical masks for
selective-area growth of CdTe and HgCdTe by photo-induced metal-
organic chemical vapor deposition (1], but this technique requires
highly specialized crystal growth apparatus. Since the MBE growth
temperatures of several of the II-VI semiconducting alloys are
sufficiently low to be compatible with photolithography, photo-
resist becomes a prime candidate for selective-area depositions.

SURFACE PATTERNING

The patterns used in this work are generated from various
thicknesses of photoresist that are applied to the substrate
surface. In most cases, the substrates are degreased in
trichloroethylene (TCE), acetone and methanol for 10 minutes each,
and then baked to remove solvents from the surface. AZ1350J and
AZ4330 photoresists are applied at a spin speed of 6000 rpm. Bake
and exposure times of these layers are experimentally determined.
A photoresist profiling scheme, involving a 30 second pre-exposure
soak in a 1:2 solution of hexamethyldisilizane and xylene has been
devised and used to successfully lift-off 1 im geometry features.
Employing a postbake temperature of 60C necessitates a baking
time in excess of 1 hour in order to increase the photoresist's
resiliency to chemical attack. This process mirrors that of the
low-temperature device processing technology described elsewhere
[2,3], in which the sample is not exposed to temperatures in
excess of 600C, (with the exception of the selective-area epitaxy
as described below). Prior to deposition, the native oxide is
etched in a 1:1 solution of HCI:H 20 and then the substrate is
rinsed in H20 for 1 minute. As long as the deposition temperature
does not exceed 170'C, the photoresist can be removed using
solvents.

SELECTIVE-AREA PASSIVATION

CdTt, considered a prime candidate for the surface
passivation of HgCdTe due to its close lattice-match, has been
selectively deposited in the form of 5 lm wide rings with varying
outer diameters between 30 4m and 100 im, connected to square
mesas. A photograph of the selectively deposited CdTe on a CdTe
substrate, indicating the fine control of the selective-area
linewidth, is shown in Fig. 1. Prior to deposition, a photoresist
pattern was imaged on the surface using the low-temperature
process described above. The patterned substrate was etched to
remove the native oxide, and then loaded into the MBE growth
chamber. Several CdTe thin films with thicknesses varying between
600 A and 1 Wm have been successfully deposited and lifted-off in
acteone and methanol. CdTe passivating layers have been used in
the fabrication of HgCdTe-HgTe-CdZnTe quantum-well modulation-
doped field-effect transistors [31 and HgCdTe p-n junction
infrared detectors [2], and the passivating properties of these
CdTe room temperature MBE depositions on Hg-based alloys are still
under investigation.
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Figure 1. Photograph of selective-area CdTe passivant
deposiu-d by molecular beam epitaxy at room temperature.
CdTe is 1500 A thick and the 5 Im-wide rings have diameters
in the range between 30 Im and 100 gm.

SELECTIVE-AREA INSULATORS

Thin layers of insulating ZnS, deposited by MBE into the
active gate region between the source and drain of a field-effect
transistor (FET) structure have been used to successfully
fabricate a HgCdTe MISFETs from epitaxial layers of HgCdTe [4].
Thicker layers of insulating ZnS have been employed as an
interlevel metal dielectric for advanced multilevel metallization
device - ocessing such as CdTe:As-CdTe:In p-n junctions [2]. ZnS
has bee,. deposited using a II-VI MBE system with a base pressure
of Ix10 9 Torr. Then the photoresist pattern and unwanted ZnS are
lifted-off in acetone and methanol.

The photograph shown in Fig. 2 illustrates the precise
control of the patterned linewidth as well as the ability to
selectively place insulators between existing patterned layers.
The ZnS T-gate structure is 12 gm wide and 2000 A thick. From
optical microscopy the surface is featureless and there is no
evidence of pin-holes that often can be found in thermally
evaporated ZnS layers. Further confirmation of the integrity of
the insulator is provided by electrical characterization, in which
a Au metallization and lift-off provides a gate electrode to the
MISFET. From current-voltage measurements on this MIS structure,
gate currents of less than 100 nA at 15 V were measured.

Thick layers (in excess of 6000 A) have also been deposited
selectively as an interlevel metal dielectric. In this case, ZnS
is deposited over the entire sample with the exception of previous
metallization contact pads and future contact areas. Thus, the
interlevel dielectric and contact vias to underlying metallization
are created simultaneously requiring fewer processing steps. No
current is measurable between crossing metallizations at voltages
as high as 30 V.
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j!,

Figure 2. Photograph of selective-area ZnS between the
source and drain regions of a field-effect transistor. ZnS
is 2800 A thick, deposited at 600C by molecular beam
epitaxy, and forms a 12 gm wide T-structure.

SELECTIVE-AREA EPITAXY

Epitaxial layers of HgTe, Hg0. 8Cd 0 ,22 Te and HgTe-CdTe
superlattices have been grown onto selective areas of (100)
oriented CdZnTe substrates. Prior to epitaxial film growth,
chemimechanically polished and etched substrates were
photolithographically patterned The samples were then etched in a
1:1 solution of HCI : H20 for 30 seconds to remove surface oxides,
rinsed, and loaded into a Hg-compatible MBE system. Growth
conditions were the same as for non-selective epitaxy as described
in Ref. 5, except that no sample preheat at 300 0C was performed.

DCXD spectra of the grown epilayers (for a 1 mm2 beam cross-
section) exhibit structural perfection approaching that of similar
unpatterned layers. A summary of the best results are presented
in Table I. Each of the listed layers was approximately 1.0 jm
thick and grown at a substrate temperature in the range between
1400C and 170 0 C. The characteristic FWHMs of the layers grown by
photoassisted MBE at lower growth temperatures were generally
narrower than those of films grown at 170'C. In addition, the
lift-off technique was more successful and uniform for the lower
temperature growths.

A photograph of selectively-patterned HqCdTe, grown by
photoassisted MBE, is shown in Fig. 3 (after lift-off in acetone
and methanol) . The patterned epitaxial layer exhibited DCXD
rocking curves as narrow as 362 arcse-onds. The peak x-ray
intensity of the epitaxial fili was less than half that of the
substrate peak because the selective-area HgCdTe patterns
comprised only a small fraction of the total surface. Each of the
square mesas are 125 pm on a side, while the circular mesas vary
in size: 30 gm, 50 gm, 70 jm and 100 gm in diameter. These
structures are an appropriate size for infrared detectors
operating in the 8 gm to 12 jm spectral region.

The semimetal HgTe has also been grown by conventional MBE at
a substrate temperature of 1400C. DCXD rocking curves for 1 jm
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Grown Layer Substrate Material Growth Temperature X-Ray FWHM

CdTe Te 170 0C 162 arcseconds
.78 0.22 (100)

HgTe-CdTe CdZnTe 150 0C 380 arcseconds
Superlattice (100) 1

HgTe CdZnTe 140 0C 140 arseconds
1ge (100) 1 1

Table I. Summary of the structural quality of II-VI
semiconductor selective-area epitaxial films as determined
from double-crystal x-ray diffraction rocking curves.

thick HgTe layers exhibit FWHMs of 140 arcseconds, demonstrating
excellent structural perfection for patterned layers, employing a
photosensitive polymer as a mask. In addition, low resistance
ohmic contacts to p-type CdTe:As have also been realized through
the use of selectively-placed thin films of the semi-metal HgTe
followed by the evaporation of indium. This double-layer
deposition was successfully lifted-off in the same pattern
configuration as shown in Fig. 1. This contact technique was also
used in the fabrication of CdTe p-n junctions [2].

Patterning of 10 gm wide lines with 5 pm spacings have been
successfully lifted-off as shown in Figs. 4 (a) and (b) . These
patterns consist of 100 double periods of a CdTe (25 A) - HgTe (75
A) superlattice. These structures (b) represent the first NCSU in
situ patterned superlattices. These selective area epitaxial
superlattices exhibit reasonable x-ray diffraction spectra (with
best FWHMs of 380 arcseconds) comparable to other non-patterned
HgTe-CdTe superlattices. These structures have potential uses in
infrared optical waveguiding and multi-color applications.
Selective area epitaxy offers increased versatility for II-VI
semiconductor integrated optoelectronics in which a two step

Figure 3. Photograph of selective-area epitaxy of
Hg 0.78Cd0 .22Te grown by photoassisted molecular beam epitaxy
at a substrate temperature of 170*C. Square mesa
structures are 125 gm x 125 Am while the circular mesas
vary in size from 30 Rm, 50 gm, 70 gm, and 10C 4m in
diameter. Total layer thickness is 1.0 gim.
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(a) (b)

Figure 4 (a) and (b) . Photographs of selective area HgTe-
CdTe superlattice waveguide structures grown on a (100)
oriented CdZnTe substrate at 125 *C. The 1 m-thick
superlattice consisted of 100 periods of 25 A CdTe and 75 A
HgTe. The interdigitated electrodes on the left are 10 pm
wide with a 2 gm inter-electrode spacing while the NCSU
pattern on the right is only 4 gm in width.

growth process can be used to deposit transistor active regions,
followed by the deposition of neighboring detector structures.

The contamination problems that accompany the use of
photoresist masks have yet to be determined, but with the trend
towards lower growth temperatures they are expected to become less
significant.

SUMMARY

Selectively grown Il-VI semiconductor surface passivants,
insulators and epitaxial films for advanced multilayer device
structures would significantly enhance current infrared
optoelectronic circuit technologies.
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ABSTRACT

A brief summary is given of the characterization of an optically
addressed Spatial Light Modulator (SLM) that uses a thin film of CdS as the
photosensor and a liquid crystal as the electro-optic material. The required
high dark impedance of the CdS thin film is achieved by a depletion region
created by surface acceptor states. Analysis of the SLM complex impedance
as a function of frequency and illumination indicates that the voltage
switching is due to the reduction in impedance with illumination caused by
the increased capacitance of the CdS thin film. The impedance
measurements as well as photoluminescence data were consistent with an
acceptor surface state model accounting for the depletion region of the CdS
thin film. Additionally the SLM is shown to exhibit photoelectrochemical
cell characteristics such as dark rectification, and a photocurrent and
photovoltage proportional to the illumination intensity. The SLM
performance characteristics of good resolution and sensitivity is attributed
to the surface state induced depletion region.

INTRODUCTION

Spatial Light Modulators (SLMs) have numerous applications in a
variety of optical computing and image processing systems[1.21. We have
developed a transmissive mode optically addressed SLM that employs a
photosensitive layer consisting of a thin film of CdS and a liquid crystal as
the electro-optic layer. A schematic cross section of the SLM is shown in
Fig. 1. The photosensitive layer is a thin film of CdS 2 to 4 microns thick
deposited by vacuum evaporation onto an Indium Tin Oxide (ITO) coated
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Fig. 1 Grumman Spatial Light Modular (SLM)
incident laser light is modulated by spatially
varying incoherent while light signal.
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glass substrate. The liquid crystal is a cyanobiphenyl which has a positive
ielectric anisotropy. It is aligned in a 90 degree twisted nematic

configuration Ly using rubbed polyimide layers on the CdS and ITO
surfaces. An AC voltage of 4 to 8 volts rms at 1 to 2 kHz is applied across
the ITO electrodes.

When no write light is incident on the photoactive layer, the voltage

thep ITOactrodesu crystal is below its switching threshold. Incoming
eV bandgap of the

CdS is then transmitted with its plane of polarization rotated 90 degrees by
the liquid crystal layer. When the CdS is ill, iminated by write light greater
than the band gap energy, its impedance decreases. The voltage drop
across the liquid crystal then increases above its threshold value. This re-
sults in reorientation of the twist configuration of the liquid crystal
molecules. Incoming linearly polarized light in the optically activated region
of the device then becomes elliptically polarized. The SLM acts as an
amplitude modulator when an analyzer is placed in the output path. With
no analyzer, the SLM behaves as a phase modulator.

To switch voltage efficiently during illumination the dark impedance ot
the CdS thin film should match the liquid crystal impedance. To achieve
this high impedance, Schottky barrier[31, MOS[4] or heterojunction[5]
structures have been used. This is in contrast to our SLM where the high
impedance is obtained by a surface state induced depletion region in a
homogeneous thin film.

IMPEDANCE CHARACTERISTICS

To aid in determining the light-activated voltage switching
mechanism, the complex impedance of the SLM was measured as a function
of frequency with and without illumination. The data and calculated results
of an equivalent circuit model of the SLM are given in Fig 2. The equivalent
circuit representation of the SLM is given in Fig 3. The liquid crystal layer
was modeled as a parallel RC circuit. The resistance and capacitance of the
liquid crystal layer was obtained from separate measurements and agreed
with calculated values based on its dielectric constants and dimensions [61.
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Fig. 2a. Impedance data of SLM and Fig. 2b. Imaginary component.
calculated curves using model
parameters of Table I
(real component).
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The CdS thin film depletion region was represented by a surtace state
impedance model 17]. The surface state capacitance and resistance and the
depletion region capacitance are a function of the surface state density,
ionized donor density, and band bending voltage. These parameters were
determined by using a complex nonlinear least square fitting method [81 and
are given in Table 1. The reduction in impedance during illumination is
due to the increased capacitance of the depletion region. This results from
the generated photovoltage forward biasing the space charge region and an
increase in the positive charge density. The latter effect could be due to the
capture of photogenerated holes by deep level traps. The switching of
voltage to the liquid crystal is thus due to the reduction of the depletion
region capacitance during illumination with write light.

PHOTOELECTROCHEMICAL CELL CHARACTERISTICS

The SLM behaves as a photoelectrochemical cell when the current
blocking alignment layer is not used. The liquid crystal acts as the
electrolyte with oxidation and reduction reactions occurring at the CdS and
ITO electrodes respectively. Illumination with white light produces a photo-
voltage of 0.2 to 0.4 volts. In the dark, the SLM shows rectifying behavior.
With illumination, a photocurrent is obtained in reverse bias. At forward
bias the currents measured with and without illumination do not differ
significantly. The CdS/liquid crystal barrier height appears to be
determined by Fermi level pinning due to surface states. This is supported
by the observation of similar photovoltage when different liquid crystals
were used. The depletion region formed at the CdS surface is most likely
due to chemisorption of oxygen. Surface barriers due to surface states
created by oxygen chemisorption have been extensively studied 19,101.These acceptor states capture electrons from the bulk of the semiconductor,
thereby creating a depletion region.

CdSTHIN FILM LIQUID CRYSTAL Table I. Surface state model parameters
obtained from best fit to

ICss RssI IRL, Impedance data.

SURFACE IONIZED BAND
STATE DONOR BENDINGC A R DENSITY DENSITY VOLTAGE

CO CLC LIGHT 5x1010  1015 0.22

C ss = SURFACE STATE CAPACITANCE DARK 5x 1010 1.6 X 1014 0.37

R ss = SURFACE STATE RESISTANCE

CD = DEPLETION REGION CAPACITANCE

CA = ALIGNMENT LAYER CAPACITANCE

RLC= LAYER
RESISTANCE LIQUID CRYSTAL

C LC = LAYER
CAPACITANCE LIQUID CRYSTAL

Rc = CONTACT RESISTANCE

Fig. 3. Equivalent circuit model of SIM.
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PHOTOLUMINESCENCE

To obtain information concerning the defect structure of the CdS thin
films, photoluminescence (PL) measurements were made using the 488 nm
line of an Argon ion laser as the excitation source. Room temperature broad
band PL was generally observed between 600 and 800 nm. The intensity in-
creased as the temperature was reduced. The intensity correlated with the
impedance characteristics of SLMs made from the CdS films. The films
showing more intense PL exhibited lower dark impedances resulting in
SLMs that were less photosensitive. The lower dark impedances were
attributed to smaller depletion widths due to higher donor densities. Since
the donor density of CdS is attributed to sulfur vacancies the PL band is
attributed to radiative transitions from centers associated with sulfur
vacancies. This agrees with previous work relating CdS broadband PL
centered at 720nm to sulfur vacancy defects [11,121. Fig.4 shows the PL
spectra for a CdS thin film made by evaporation from the compound and
one made by coevaporation using an excess of sulfur. The PL of the film
evaporated from the compound is much greater than the coevaporated film
indicating a poorer stoichiometry due to sulfur deficiencies.

PERFORMANCE CHARACTERISTICS

The SLM performance parameters of sensitivity and contrast ratio
were determined by measuring the transmission of a He-Ne laser as a
function of write light intensity using a tungsten halogen light source. An
analyzer oriented parallel to the laser polarization axis of was used in the
output path. The results are shown in Fig.5 and indicate the SLM is

100
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2000 4000 6000 8000 10000 120U0 /

WAVELENGTH (nm) 1
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Fig. 4. Photoluminescence spectra of WRITE LIGHT INTENSITY (pW/cm 2 )
CdS thin films at room
temperature.

(a) Evaporated from compound. Fig. 5. SLM sensitivity determination
(b) Evaporated from elements, where modulation of laser
Peaks are due to interference transmission Is given as function
effects, of write light intensity.
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sensitive to write intensities of 1 4w/cm2. At saturation a contrast ratio of
60 to 1 is observed.

A methud we have used to determine the resolution of the SLM is to
image a resolution chart onto the device and to record it using a He-Ne
laser. Fig.6 shows a photograph of the recorded central portion of the
resolution chart when the write light is focused on the CdSiliquid crysta.
interface of the SLM. Group 4 can be clearly seen with elements of gioup 5
also delineated. This indicates a resolution in the range of 30 to 40 line
pairs per mm. When the write signal is incident on the ITO/CdS interface.
the resolution is consAerably reduced. The resolution appears to be limited
by the 'ateral diffusk3n of photogenerated carriers which causes image
spreading. When the SLM is irradiated with write light incident on the
liquid crystal/CdS interface, photogeneration of carriers occurs primarily in
the depletion region. There the high electric fields reduces lateral diffu-ion
of photogenerated carriers, thus improving the resolution.

CONCLUSION

We have given a summary of some propeities of an optically

addressed transmissive SLM that uses a CdS thin film as the photosensitive
layer and a liquid crystal as the electro-optic layer. The required high dark
impedance is provided by the depletion region at the CdS surfqce. It is
probably formed by aceptor surface states created by adsorption of oxygen.
This SLM offers an advantage over existing devices in simplicity of
fabrication of the photosensor since special junction forming techniques are
not required. Additionally, the transparent nature of the liqud crystal/ CdS
interface allows for direct illumination of the depletion region. This results
in increased spatial resolution and sensitivity compared to photosen-ors
requiring light blocking layers[4].
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PHOTOLUMINESCENCE PROPERTIES OF GRADED COMPOSITION MgxZnlxSe CRYSTALS

H. J. Lozykowski, Ohio University; X. D. Jiang, University of Heilongjian,

Harbin, PRC; J. L. Merz, University of Calfiornia, S. Barbara.

ABSTRACT

The photoluminescence properties of MgxZnl_xSe solid solution grown on ZnSe
substrate by a closed solid-state diffusion technique have been investigated.
The depth profiles of the diffusion region shows distinguished surface layer
and thick graded layer. The PL. spectra of MgxZnl_xSe side of the sample
excited with a wide range of excitation energy shift the edge emission band
toward longer wavelengths with decreasing excitation energy. The edge emission
spectrum was found to shift toward the shorter wavelength with electric field
applied parallel to the compositional gradient of MgxZn1_xSe-ZnSe heterostruc-
ture.

INTRODUCTION

Because the direct bandgap, the II-VI compounds are highly efficient for
luminescence purposes; ZnSe is a particularly promiing candidate for future
electroluminescent (EL) devices covering the entire visible spectrum. In order
to give good radiative efficiency, however, the material for such devices is
often doped with impurities which displace the room temperature emission maxi-
mum to a photon energy considerably lower than the bandgap. For many applica-
tions it would be desirable to have EL devices with a spectrally narrow
emission band, as can be obtained from near-bandgap recombination. However, it
seems difficult to make ZnSe crystals which exhibit dominantly such near-
bandgap emission. In addition, the availability of a continuous range of
emitting wavelengths from such EL devices would be desirable. This might be
realized for the violet-UV region of the spectrum in a ternary semiconductor
based on ZnSe.

Changing the composition of ZnSe to a MgxZnlxSe mixed crystal increases
the bandgap. Furthermore, the PL characteristics shift dramatically from deep
extrinsic emission to ZnSe to that dominated by a narrow near-bandgap emission
at all temperatures in the range 2-300 K in MgxZnl-xSe [I].

BANDGAP VARIATION OF MgxZn 1_xSe

The values of the fundamental bandgap of MgxZnl-xSe ternary alloys
(FxGIxH) are within the range 2.813 eV (ZnSe) for x = 0 and 5.600 eV (MgSe)
for x = 1 at 80K. The bandgap variation with composition 0 : x 1 is
described by equation shown in insert Fig I where b is the bowing parameter and
(EgMgSe - EgZnSe) = 2.787 eV at 80K. The bowing parameter, b, can be calcu-
lated from the equation:

Ze 1 1 2 1 v
b = ( -) (rF + rG) exp (- s a) (1)

8& o  rF  rG 2 4
where Ze is the charge of the substituting ions, a is the lattice constant of
the mid-composition alloy, s is the screening constant (s = 0.25 A-

1
), and rF

and rG are the Pauling covalent radii of elements F and G, respectively [2].
The lattice constant of the mid-composition alloy, a, was calculated on

the basis of Vegard's law which states that the lattice constant of a solid
solution varies linearly with composition. Using a(ZnSe)zB = 5.6676 A,
a(MgSe)ZB = 5.8619 A ,the last was computed from relation aZB = aw V 2, [3] and
a(MgSe)w = 4.145 A [4]. Using covalent radii rzn = 1.225 A rMg = 1.40 A and
a = 5.7647 A, we obtain the bowing parameter b = 0.29. Figure 1 shows the com-
position dependence of the bandgap for MgxZn1_xSe alloys at 80K computed using
bowing parameter b = 0.29. In II-VI compounds consisting of elements All and
B
V I 

of the periodic table the valence band is mainly determined by the local

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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5.6
eV

Eg(,x)= 2.813 + 2.497y, + bk 2
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Fig. 1. The bandgap Eg, as a function Fig. 2. Luminescence pattern of
of composition x. ZnSe-MgxZnl-xSe obained

under UV excitation.

potential near the anion and the conduction band is determined by the cation
region. Therefore, in inhomogenous mixed crystals such as MgxZnIxSe we will
have a greater composition dependence for the conduction band states than for
valence band states.

EXPERIMENTAL

Single crystals of ZnSe were grown from the melt using Merck ZnSe powder
of purity 99.999%. The crystals were cut into slices approximately I mm thick
and oriented in the (111) or (110) directions. A sealed tube technique was
employed for diffusion. The diffusion source was metallic Mg placed in an eva-
cuated quartz ampule together with ZnSe crystals. Preparation of crystals,
diffusion conditions and all etching procedures used on the material have been
described in a previous paper EI]. For the field-dependent photoluminescence
the sample was mechanically ground to half its initial thickness after the dif-
fusions. It was then polished and chemically etched. After diffusion the
crystals were white-yellow and had an odor of hydrogen selenide. The etching
procedure after diffusion removed some part of the heavily doped surface region
but also small drops of metal (Mg, Mg + Zn) from the surface. The color of the
Mg-doped crystals varied from green to yellow to pink. The composition of the
ternary alloys was determined by electron probe microanalyzer (ARL EMX-SM
120,000). The sample surfaces were cleaved to form wafers with orientation
(111), or were embedded in epoxy ((110) wafer) and mechanically ground and
polished in oil to expose the sample surfaces. These sample surfaces were then
degreased with trichloroethylene and placed immediately in the evaporation
apparatus. After coating the samples with a thin carbon film they were placed
in the microprobe analyzer. An accelerating voltage of 20 KV was used for the
electron beam. An Au semi-transparent electrode -200A thick was sputtered onto
the MgxZnl_xSe surface. The second electrode on the substrate was a brushed
In + Hg contact or an indium alloyed contact. Photo-excitation was achievad
through the gold semi-transparent electrode. Samples were immersed in either
liquid N2 or in liouid He which could be pumped below the A point.
Photoluminescence measurements were obtained with excitation from a 200 W high-
pressure Hg UV lines or from a N2-pumped, pulsed tunable dye laser (PAR Model
2100) with spectral linewidth 0.04 nm and output peak power > 25 KW.
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the effect of Mg diffusion is the appearance of peaks at 426.5 and 437.7 nm.
For comparison, photoluminescence spectra at 1.4 K for an undoped ZnSe speci-
men, heat-treated at 1000 0C for 48 hours under Zn over pressure is also shown
in Figure 3. The very weak 11 deep line at 445.4 nm with LO phonon replicas
and a strong series of edge-emission lines due to the donor-acceptor pair tran-
sition in the region 459-485 nm are shown. Although there is a slight shift in
energy between the low energy peaks for the diffused and undiffused spectra, we
believe that the nature of emission in the region is the same for all three
spectra; the shift of the no-phonon live in (c) results from the band-gap shift
with temperature. In order to obtain information on the luminescent properties
of the MgxZnl-xSe-ZnSe graded heterojunctions, we have carried out measurements
of photoluminescence spectra at different excitation energies and intensities.
Photoluminescence spectra at 77 K for the MgxZn1_xSe side of the specimen are
shown in Fig 4a is the same as in Fig 3a, excited by the mercury line 365 nm.
Fig 4b shows emission using a low power mercury Pen Ray lamp as the excitation
source. As can be seen from the figure, the PL spectral distributions under
varying excitation intensities are different. At low excitation intensity, the
spectrum exhibits only one band in the short wavelength region which occurs at
slightly higher energy than in the higher excitation case. The remaining band
is edge emission from the ZnSe substrate. Figure 4c and d show photolumi-
nescence spectra for this same crystal excited by different dye laser wave-
lengths, 404.1 nm and 409.3 nm, respectively. For 404.1 nm excitation a broad
emission band can be observed with peaks at 429.0 nm, and 444.0 nm. The
emission spectrum excited by wavelength 409.3 nm at 77 K (Figure 4d) shows
additionally a new high energy line with a smaller amplitude peak at 410.3 nm.
Similar peaks were observed from different crystals and with different excita-
tion wavelengths, but our experimental results are not sufficient to establish
the nature of this line. Finally, in order to specify the nature of the
observed luminescence transitions, we recorded the photoluminescence spectra at
1.4 K, varying the excitation source. The pulse dye laser with repetition rate
20 pulse/sec was tuned in the wavelength range from 398.2 nm to 439.0 nm with

FL ' 4 433.3 PL 77 K
Z Se MgZnl_, Se S2)

S 42. 4E2.3 M e .

/C 4 I 4£ I ' . I

7 I

WAVELEXCH (rr'wAVEL4E0GT 6 490)

Fig. 5, The PL spectra MgxZnl1 xSe FIg. 6. The FL spectra of MgxZnl~xSe
side excited by different A crystal (a) no bias, b, c, d,
at 1.4 K. with bias HO, 130V, 150V.
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SCANNING X-RAY MICROPROBE ANALYSIS

The depth profiles were determined by using the scanning X-ray microprobe
apparatus. The samples were cut normal to the surface and the 20 KV electron
beam with diameter 1.5 pm was scanned from the surface into the bulk. The
cathodoluminescence observed visually at room temperature changed color from
violet at the surface (MgxZnl-xSe) to blue in the bulk (ZnSe). The depth pro-
file thus obtained for diffusion at a temperature of 980

0
C for a period of 48

hours samples (S1), indicate that the solid solution layer can be divided
into two regions, one 12-15 pm deep, followed by a transition region with a
graded composition to a depth of about 28 pm. The first region is better
approximated by a Gaussian relation which results in a diffusion constant, DMg
-8.3 x 10-

13
cm sec

-1
. The depth profile below the surface overlayer is

approximated by a simple complementary error function. The diffusion constant
obtained in this region is DMg = 4.3 x 10-

13
cm

2
sec

-1
.

Fig 2 shows the luminescence pattern of a crystal cut from a
(110)-oriented wafer of ZnSe into which Mg has been diffused at 1000

0
C. The

light region on the photograph corresponds to the MgxZn1_xSe layer, the dark
area corresponds to ZnSe. The photoluminescence pattern was obtained ander 365
nm ultraviolet excitation at room temperature. The thickness of the lumi-
nescent layer is not uniform; the photograph shows a clearly-distinguished thin
(24pm) surface layer of one composition (denoted by a in the figure), and
another region of varying thickness, from 73-103 pm (denoted by b). The
microscopic observation of the luminescence pattern of another sample (Si)
after etching shows a 36 pm thick graded layer, which is in good agreement with
the thickness of the surface layer determined by the scanning X-ray microprobe
analyzer.

PHOTOLUMINESCENCE SPECTRA

Fig 3 shows the photoluminescence spectra of two crystals, ZnSe and
MgxZnl-xSe (S), excited with the 365.0 nm Hg line, the sample was cut to half
its initial thickness, polished and etched. Curves a and b in Figure 3 shows
the emission spectra from the MgxZnl_xSe (SI) and ZnSe sides of the same
crystal, respectively, at 77 K. A broad emission band with peaks near 426.5
nm, 437.7 nm and 463.3 nm was observed from the Mg-rich side. The opposite
side of this crystal (undiffused ZnSe) showed a spectrum (curve b) with only
the low energy peak of the three described above here peaking at 4C4.5 nm; the
broad band in the short wavelenoth region is extremely weak. It is clear that

L 7<, PL 7( K

Mg MqZn, Se (SI1)

t /

'-, '400 440 '16
I/i O- NGT

Fig. 3. The PL spectra of (a) MgxZnl-xSe Fig. 4. Luminescence emission
side (b) ZnSe side (c) ZnSe(Rf). spectra of MgxZnt_xSe.
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nalfwidth 0.04 nm and duration time 2 ns. Figure 5 cive: an exemple of what
is obtained. The short wavelengths bands are shifted towards longer wave-
lengths and the edge emission remains at the same position (462.3-463.3 nm)
similar to the spectra taken at 77 K. The tall of the highest energy peak is
extended to 410.0 nm when the excitation wavelength is 398.2 nm, as shown in
Fig. 5. Note that for 439 nm excitation, little else is seen besides lumi-
nescence of bulk ZnSe.

ELECTRIC-FIELD-DEPENDENT LUMINESCENCE SPECTRA

If we irradiate the structure of Fig 6 (insert) through a gold semi-
transparent electrode using monochromatic light, the band-to-band transition is
excited. The very high absorption coefficient of MgxZnl_xSe at 3650 A
(? 105/cm) indicates that only the near surface region is excited. The
equations describing the electron and hole currents in graded-band-gap
material, assuming space-charge free inhomogeneous semiconductors [5, 6] give
the effective field equations which contains, the usual electric field (E) term
(determined by the applied voltage), plus terms proportional to the band edge
and effective-mass gradients. At thermal equilibrium, with E = 0, the ordinary
diffusion term and the extra term just balance out in each equation. For the
funnel-shape graded band-gap, carriers of both signs will move towards the
small gap region (ZnSe), due to the extra diffusion terms which depend on the
gradient of the band edges. Fig 6 shows the photoluminescence spectra of
MgxZn1_xSe-ZnSe heterostructures with a diffusion-type profile of composition
vs depth. The PL was excited by a Hg line (365 nm) through a gold semi-
transparent contact at liquid nitrogen temperature (77 K). Curve 6a shows the
PL spectrum with no voltage applied to the contacts. This spectrum exhibits
three maxima at 423 nm, 422.4 nm and 462.8 nm. Fig 6 b, c, d, shows the PL
spectra with different voltages applied across the crystal between the gold
electrode and the indium-mercury amalgam electrode. The effect of applying an
electric field was to shift the first peak to shorter wavelengths and to reduce
the intensities of two longer-wavelength bands when the magnesium-rich end of
the crystal (Au contact) is held at a negative potential. Spectra b, c, d,
were recorded at the same photo excitation intensity as spectrum a, but with
applied voltage of 10OV, 130V, and 150V, respectively. The luminescence inten-
sity decreases for all peaks, but does so much faster for peaks in the longer
wave-length area of the spectrum (peaks at 442.4 nm and 462.8 nm). At 150
volts the shortest wavelength emissions under an applied electric field
increase and shift 7 meV to shorter wavelength as originating from field-
enhanced positive hole transport between regions with different band gaps, and
the field enhanced diffusion of holes to the surface region, respectively
[5-8]. The spectral shift A (hv) in the high-field limit for constant gradient
dEg/dx is [8]:

A(hv) = E VpTp dEg (2)
dx

where pp and Tp are the hole mobility and lifetime. E is the field, and Eg the
band gap. Taking = 44 (cm2 /Vsec), 'p = 2 x 10- 9 sec [9, 10], an average
electrode field E = 3.6 x 103 [V.cm], and constant gradient dEg/dx = 22 (eV/cm)
we obtain the spectral shift A(hv) - 7 meV.

CONCLUSION AND DISCUSSION

The bandgap of MgxZn1_xSe was computed as a function of composition using
calculated bowing parameter b = 0.29 eV. The solid solutions of MgxZn1_xSe
were formed by solid-state-diffusion closed tube technique over a wide range of
x. The depth profiles of the diffusion region determined by using an X-ray
microprobe technique is complex. The transition region profile is approximated
by the complementary error function, from which the diffusion constant was
estimated to be 4.3 x 10-13 cm2sec -1 (at 980 1C). The PL spectra excited with a
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wide range of excitation energy shifts the shorter wavelength band toward
longer wavelengths with decreasing excitation energy, while the edge emission
in ZnSe remains at the same position. The nature of the excitation of the edge
emission using a wavelength of 365 nm is related to the funnel-shaped graded
bandgap. In such structure carriers of both signs created by photoexcitation
on the skin of the mixed crystal move towards the small bandgap region because
of the extra diffusion terms, which depend on the gradient of the band edges.

The PL spectra of MgxZnl_xSe sample (SI) prepared by magnesium diffusion
without zinc overpressure shows a very broad emission band. In contrast with
the above results, the sample prepared by diffusing Mg in the presence of
excess Zn exhibits narrow band emission obtained with excitation from a Kr +
laser (-413 nm), as was described in our previous paper [1]. The observed
spectral features in the Mg-doped regions are influenced by the usual
broadening from the alloy disorder, as well as a broadening from the gradient
in Mg concentration across the excited region of the sample (width 16-30 meV).
This means that the bare electronic shape of the edge emission in the
MgxZn1 _xSe material (obtained by diffusion of Mg + Zn) could be quite sharp, as
required, for example for an exciton transition at low temperatures. Further,
this peak remains strong in the PL spectrum of MgxZn1 _xSe all the way up to
room temperature, which is usually not observed for peaks such as exciton tran-
sitions related to shallow defect centers.

The broad emission band observed in this paper can be caused by : (a) the
higher alloy disorder created by Mg diffusion into the ZnSe crystals without
overpressure of Zn, (b) a significant change in bandgap which occurs in the
finite thickness of crystal form which light is emitted. The broadening due to
the latter effect results from the depth of penetration of excited radiation
into the crystal, diffusion of excitons and free carriers to a narrower bandgap
region, and reabsorption of light in the graded semiconductor. Finally, the
electric field dependent photo-luminescence spectra, which shows a shift toward
short wavelength with increasing field and an attenuation of the longer wave-
length emission, can be explained on the basis of graded crystal properties.
The mechanism involves the transport of minority carriers between regions of
different bandgap. The direction of the shift is such that the carriers must
be holes recombine nonradiatively. Homogenous MgxZn1_xSe material would be a
suitable candidate for the realization narrow band LED's for the violet-UV
wavelength range [].
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ABSTRACT

ZnSe, ZnTe and ZnSe-ZnTe strained-layer superlattices (SLS's) have

been successfully grown by atomic layer epitaxy (ALE) using molecular beam
epitaxy (MiBE-ALE). The ideal ALE growth, i.e., one monolayer per cycle of
opening and closing the shutters of the constituent elements, was obtained
for ZnSe in the substrate temperature range of 250-350

0
C. However. for

ZnTe, precise control of the Te beam intensity is neded to obtain the ALE
growth. Optical properties of the (ZnSe)l-(ZnTe)1 SLS were evaluated by
photoluminesence. ZnSe films were also grown by ALE using metalorganic
molecular beam epitaxy (MOMBE-ALE). Dlethylzinc (DEZnI, diethylsulfur (DES)
and diethylselenium (DESe) were used as source gases for Zn, S and Se,
respectively. The ALE growth of ZnSe was achieved at subtrate temperature
between 250 and 300

0
C which is about 150

0
C lower than that for the

conventional MOMBE.

INTRODUCTION

lI-VI compound semiconductors, especially strained-layer superlattices
(SLS's) consisting of ZnS, ZnSe and ZnTe, are promising for light emitting
devices in the visible wavelength region. We have been investigating the
properties of ZnSe-ZnTe SLS's prepared by MBE for several years and
obtained the following results: (1) The luminesence color changes from
blue-green to red by tailoring the structure of the superlattice II]. (2)
The lattice mismatch in the SLS's is accommodated by tetragonal distortion
of the crystal lattices of the constituent materials with the thickness
below the critical layer thickness 12]. (3) The SLS with modulation doping
of ZnTe with Sb and ZnSe with Ga exhibit p- and n-type conductivity,
respectively, with a carrier concentration of about 1x1O

14 
cm

-3  
[3].

However, the obtained carrier concentration is still too low for practical
device applications. We have clarified factors degrading the SLS quality
14,51. The factors degrading optical and electrical properties of the
SIS's are (1) structural degradation pt growth temperature
(interdiffusion):(2) thermal diffusion of Impurities in the SLS's and (3)
poor interface abruptness and uniformity and irregularity in the
superlattice period. We have found that the Interdiffusion of the
constituent materials and the thermal diffusion of impurities were not
main factors degrading electrical properties. To solve the third problem.
atomic layer epitaxy was employed to grow SLS's 161.

In this paper, we present the detailed ALE growth conditions of ZnSe
and ZnTe and growth of ZnSe-ZnTe SIS's. In the ZnSe-ZnTe SLS systems their
photolumlnescence(PL) peak energies cover the region from blue-green to
red. However, to obtain much shorter wavelength, for pure blue color, we
have to use S. In MBE, if we use two different kinds of high vapor
pressure source materials, especially S and Se, we suffer from elemental
cross contamination. Thus, metalorganic molecular beam epitaxy(MOMBE) Is
found to be a powerful epltaxial growth method for the superlattice
systems consisting of ZnS, ZnSe and ZnTe 17]. Preliminary results of
MOMBE-AIE growth of ZnS and ZnSe are reported for the first time.

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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GROWTH AND CHARACTERIZATION OF ZnSe AND ZnTe BY MBE-AIE

Growth system

A conventional MBE system with solid sources was used for ALE growth
of ZnSe and ZnTe. Three K-cells contained elemental sources for Zn, Se
and Te, and shutter above each cell was manipulated with a stepping motor
controlled by a personal computer. The shutters of Zn and chalcogens were
alternately opened and closed with an interval of 1 sec.

ALE LnSe

ZnSe layers were grown on (lO0)GaAs substrates. The shutter sequence
is one of the most Important parameters for successful ALE growth. We grew
several ZnSe samples by ALE with various durations of Zn supply. Figure 1
shows the ZnSe film thickness as a function of duration of Zn supply for
substrate temperature of 250

0
C. It shows that ideal AI.E growth lone

monolayer per cycle) is obtained for the Zn supply duration of 4-7 sec.
However, at 14 sec, the thickness is much larger than that expected for the
ALE growth.

We also investigated the growth rate per cycle as a function of
substrate temperature (see Fig. 10). The growth of one monolayer/cycle
condition is achieved in the substrate temperature range of 250-350

0
C.

Below 200
0
C the growth rate decreases rapidly with increasing growth

temperature, while above 350
0
C It decreases gradually due to desorption.

We deposited Zn and Se thin films on glass substrates at room
temperature in order to calculate the beam intensity. The calculated number
of Zn and Se atoms impinging on the substrate during supply (7 sec for Zn
and Se) are 8.3Ns and 83Ns, respectively, where Ns is the surface density
of Zn or Se site (6.22xl10

4
cm-2). The calculated number of atoms impinging

on the surface per cycle Is much larger than the surface density of Zn or
Se site. Thus deposition of Zn and Se atoms must automatically stop when
deposition of one monolayer Is completed. However, as shown in Fig. 1.
when the Zn supply duration exceeds 7 sec, the deposition rate rapidly
increases, which indicates that excess Zn atoms are not quickly removed
from the surface during an interval of I sec.

We achieved drastic Improvements in the surface flatness and the
optical properties of ZnSe films, in contrast to ZnSe films by the
conventional MBE. The Nomarski microscope observation shows good

morphology without any features for the samples grown at 250 and 300
0
C.

We also observed very fine streaky RHEED patterns for these samples. For
the samples grown at substrate temperatures above 400

0
C or below 200

0
C.

poor surface morphology was observed.
Optical properties of the ALE ZnSe films were studied by PL at 4.2K.

The Pi. spectra of the samples grown at 200 and 250
0
C are dominated by the

donor-bound exciton emission ;12. However, for substrate temperature above
300o

0
c, a deep-level emission Is dominant. The Pl. spectra of the ALE ZnSe

as a function of the Zn supply duration are shown In Fig. 2. The strongest
12-1ne emission Is observed for the supply duration of 7 sec. The deep-
level emission is suppressed for shorter Zn supply. Although the ALE
growth Is comfirmed, the PL spectrum of the sample grown with the Zn supply
duration of 4 sec Is dominated by the deep-level emission. The number of
Zn atoms impinging on the surface Is probably one of key parameters
affecting the film quality, even If the ALE growth condition Is satisfied.
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Fig. I The dependence of the film Fig. 2 PL spectra of AI.E-ZnSe
thickness of ALE-ZnSe against the varying the Zn supply duration.
Zn supply duration.

ALE ZnTe

We also grew ZnTe by BE-ALE. The ZnTe films were deposited on
I0O0)lnP substrates. The shutter sequence was the same as that for the ALE-

ZnSe (7 sec of Zn and Te supply and I see of interval). The dependence of
the ZnTe layer thickness on growth temperature is shown Ii Fig. 3
(indicated with circles). The ideal ALE growth is achieved in the
substrate temperature range of 240-280

0
C. The temperature range to obtain a

monolayer per cycle Is narrower for ZnTe than that for ZnSe, because vapor
pressure of ZnTe is about two orders of magnitude higher than that of ZnSe.

The growth rate of ZnTe as a function of the Te beam intensity at
growth temperature of 240

0
C is shown in Fig. 4. The thickness of the ZnTe

film is affected by the Te beam intensity, which suggests that deposition
of Te atoms does not automatically stop, and that the Te layer thickness
exceeds one monolayer for certain beam intensities. This may be due to low
vapor pressure of Te, which Is three orders of magnitude lower than that of
Se.
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Surface morphology and RHEED patterns of Zn'e samples growo urder
various Te beam intensities were studied 181. The surfaces are very
specular for the samples with the thickness below 2800A (1000 cycles).
However, the surface morphology rapidly degrads with hillocks, and RIFI ED
patterns show rings when the deposition rate exceeds one monolayer/cycle.
The number of hillocks is varied by the Te beam intensity. The hillocks may
be caused by Te precipitates.

Strictly speaking, the growth condition necessary to obtain good
crystallinity Is not the same as the ideal ALE growth condition for ZnTe.
If we adjust the Te beam intensity to achieve the ideal ALE growth lone
monolayer per cycle), surface morphology and crystallinity are degraded by
hillocks.

In order to obtain high-quality films, we grew ZnTe with the low Te
beam intensity. Fig. 3 also shows the growth rate of AIE-ZnTe against
substrate temperature for Te supply of 1.9Ns (indicated with squares).
which is smaller than that indicated with circles. The dependence of layer
thickness on substrate temperature Indicated with squares is similar to
that for the MBE growth. However, for these samples, good surface
morphology could be obtained without hillocks. Especially. the film grown
at temperature of 260

0
C has excellent surface morphology.

ALE ZnTe (1000 cye)

1,8

10.5 l - Zn= 3.5x1OS moI/h cm
2

ccmoolayer growh Li o ideat thicknesLU 0 .3 0 0. . .. -.. . . - --- -----.- --

. .. . 0 0 . . .. .2

0.6

0.5.0

I0.4 ) 0.4

H I

100 200 300 400 id0 1 id,
SUBSTRATE TEMPERATURE(M) Te BEAMINTNSITY(mol/hcr)

Fig. :3 Film thickness of AiE-ZnTe Fig. 4 Film thickness of Al,-ZnTe

varying substrate temperatures. varying Te beam Intensities.
The samples indicated with circles
and squares were grown under (Zn,Te)
supply of (54Ns,8.7Ns),(I1Ns,I.9Ns),
respectively.

w~n l~~ ilmn 0. H 0.2l
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OPTICAL PROPERTIES OF ZnSe-ZnTe STRAINED LAYER SUPERLATTICES

(ZnSe)m-(ZnTe)n (mn=1-4) SLS's were grown on InP substrates at 260
0
C,

which is about 60
0
C lower than that for the conventional NIBE. We reported

10that the P. intensity of the SLS grown by ALE is more than ten times higher
than that of the SLS grown by the conventional MBE due to drastic
improvements in the abruptness and flatness at the ZnSe-ZnTe interface 161.
In this paper, we report the PL spectra of the (ZnSe)l-(ZnTe)1 monolayer
superlattice.

The PL peak energy of the monolayer superlattice is very sensitive to
the layer thickness of ZnTe. If one shutter sequence provides enough atoms
to cover one monolayer on the surface, then the ALE growth should be
obtained regardless of the beam intensities. But, in our experimental
results, the thickness of the ZnTe film was influenced by the Te beam
intensity. Figure 5 shows the PL spectra of the (ZnSe)I-(ZnTe)1 monolayer
superlattice grown with various Te beam intensities. As the Te beam
intensity increases, the PL peak energy shifts to lower energy, approaching
the effective bandgap of the (ZnSe)l-(ZnTe)1 . This indicates that, the
deposited Te monolayer has poor uniformity over the area for all the Te
beam intensities studied in our experiments.

However, the measured SLS thickness agrees with the sum of the
thicknesses of ZnSe and ZnTe assuming the ALE growth of each layer.
Although detailed structures of these samples have not been evaluated at

4 ~present, we speculate that the overlaid ZnSe covers "holes" of Zni'Fe layers

created by desorption of Te .s shown in Fig. 6.
Figure 7 shows the FL spectra of a 750-period (ZnSe)l-(ZnTel1

monolayer superlattice at temperatures from 4.2K to 300K. It should be
noted that green-yellow luminescence is observed even at room temperature.

Tw- l!inpnenrP peaks are observed between 4.2K and 140K. The peak at
higher energy become weak with increasing temperaturc. By curve-fitting
with the sum of two gaussians, the positions of the two peaks observed at
4.2K are 510nm (2.43eV) and 538nm (2.30eV). The two peaks can be associated
with S1 and S2 bands, which are regarded as the recombinations of excitons
trapped at Te atoms and Ten clusters, respectively 19).

S i I i I

70K Ib)(c) ()

DDDDDDDDD Zn
Se

O~0000000000O0'

a-000000000000 S

00 D DDDDDElDIE]ElDZn
450 500 550 600 650

WAVELENGTH (nm)

Fig. 5 P. spectra of (ZnSe) I- Fig. 6 Speculated IZnS) I-
(UnTe)1  monolayer superlattices (Zn'e) 1 monolayer superlIat ice
with various Te beam intensities, structure with "holes" in ZnTe
(a):(b):(c):(d)- 1: 1.5: 3.5: 4 layers.
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Fi-g. 7 Temperature dependence of
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monolayer supertattice.

GROWTH of. Znle ANt) ZnS BY MOMnBE-ALF

The luminescence wavelength of' the inS,-ZnSe, SLS covers the short
wavelength range (2.7-3.5eV). We, stuied the opti cal properti es of' /nS-Ziu,,e
SI.S system growo by, nO.'1F (71. and the 111, peaks of these SLS's werel found
to be broad, due to large roughness of the ZnS/ZiiSe interface. To improve
interface smoothness, the atomic layer epi taxy (ALE) t echn ique was

emp I oyod.



6.

4

183

Growth system

Figure 8 shows a MOMBE growth system used in this work, which consists
of two vacuum chambers: a growth chamber and a vent chamber. The source
gases flow into the vent chamber before and after the growth and also
during intervals. The base pressure of the main chamber is about 2xl0

-8

Torr. Diethylzlnc (DEZn), diethylsulfur (DES) and diethylselenium (I)ESe)
were used as source gases for Zn, S and Se. respectively. Hydrogen was used
as carrier gas for the metalorganic sources. The pyrolysis of DEZn, DES and
DESe was carried out in cracking cells at the outlet of the tube.

ZnSe films were grown on (100);aAs substrates, while ZnS films were
grown on (I0)GaP substrates. The cracking temperatures of DEZn, DES and
DESe were 750

0
C, 850

0
C and 700

0
C, respectively.

Growth of ZnSe and ZnS by MOMIBE-ALE

Figure 9 shows a gas flow sequence during the ALE growth of ZnS and
Zn;e. The air valves ceontro? the gas flow. Each metalorganic gas flows for
10 see tc deposit one monoLayer. The interval time is 2 sec. The number of
1(00 cycles was used in all experiments. The substrate temperature was
varied between 200 and 450

0
C. The typical gas flow rates for the ALE

growth were 3.3x10
-4 

mol/min IDES and DESe) and 4.9xl0
-5 

mol/min (DEZn).
These flow rates are 10 times larger than that for the conventioral OMBE
growth.

Fig. 1l shows the substrate temperature dependence of the ZnSe film
thickness. In this figure, we see a flat region independent of suhstrate
temperature, arid the growth rate in the flat region is exactly one
monolayer per cycle. From this result, we conclude that the ALE growth can
he achieved at substrate temperatre from 225 to 3000C, which is about
1501 T, lower than the optimum substrate temperature in the convenl i otta I
' 1) IIF. At substrate temperatures lower than 225

0
C, the films are thicker

than 10001 monolayers. In this temperature range, deposition of Zn atoms on
7
n atoms cannot be avoided. While, at growth temperature higher than 300ot,

the surface morphology becomes degraded and the film thickness decrase-<
because of Se desorption. These results are very similar to those obtained
for the BE- M.F ZnSe.

Growth Chamber _ L..d L-k
1- Gauge Elou 

Loa Lock

Needl Vle Amr V- ePm

--------------- ?SegMO

H
2

i ief.t ; ll growth system.
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Fig. 9 Gas flow sequence in M0IBE- Fig. 10 Film thickness of ZnSe
ALE growth. by MBE-ALE and MIOBIBE-AL.E against

substrate temperatures.

Pl. measurements were carried out at 77K for the ZnSe films grown by
IONIBE-A.E. However, the excitonie emission intensity is very weak, and the
deep-level luminescence(500-750nm) is dominant for all the studied
substrate temperature range, as shown in Fig. 11. The sample deposited at
450 0 C exhibits a strong donor-acceptor pair (DA) emission, probably due to
the Ga diffusion from GaAs substrates.

The optical properties of the ALE-ZnSe are very sensitive to the Zn
beam intensity. The optimization of the deposition condition is in
progress. Another factor that degrades the MOMBE-A.E ZnSe is impurities
from gas sources. The number of source gas molecules impinging on the
growing surface Is about 10 times larger than that for the conventional
MIOMIBE. The decomposition of metalorganic source is also critical to obtain
high quality ALE-ZnSe. In the experiments, cracking temperature of DEZn was
750

0
C, which Is not enough high for decomposition of DZn. Actually, we

observed the excitonic emission for the conventional MOMBE ZnSe films grown
at higher substrate temperature, and the excitonic emission became strong
with increasing substrate temperature for MOMBE-ALE.

We also made AIE growth of ZnS at substrate temperature of 200
0
C. The

typical deposition rate of the conventional MOMBE ZnS is l000-2000A/h. The
gas flow rate of DES was set to about 4 times larger than that for
conventional MOMBE. We obtained epitaxial films with smooth surfaces, but
the obtained deposition rate (0.2 monolayer/cycle) was much less than the
ideal ALE growth. We speculate that the low deposition rate is due to low
cracking efficiency of DES and due to much higher vapor pressure of S than

that of Se.
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77K
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a- - T,-35T0C

Fig. 11 PL Spectra of )I0)iBF-ALF-Zn1;o
with various -ubstrate temperature..

CONCLUS IONS

ZnSe and ZnTe films have been giown by M18F-Al.F. Ideal AllE growth was,,
obtai tied at the subst rate temperature range of 250-3500 C. 'fTe fLf spect ra
and surface morphology of these films are much superior to those of Znlse
films by the conventional N1BE. For ZnTe, high intensity of To beam is
essential to obtain monolayer growth, but surface morphology degrades with
hillocks, which may consist of Te precipitates. The P1, measurements of the
ZnSe)1 -lZnTel monolayer superlattice indicate the poor uniformity of Tv

mono layers.
We have also grown ZnSe by M0OlBE-ALE. Ideal ALF growth of' ZnSe was

obtained, but optimization of the growth condition is in progress to
enharn- the optical properties. For ZnS, low cracking efficiency of IJIS
gives difficulty realizIng monolayer growth.

R EFERENCI;ES

III M.Kobayashi. N.M'ino. H.Katagiri. R.Kimura, )l.Konagai andi
l.Talkahashi, J.Appl.Plhys. 60 11986) 77.3

121 M.Kobayashi, M.Konagai, K.Takahashi and K.trahe.
..Appl.Phys. 61 (19871 1015

131 M.Hobayashl. S.Dosho, A.Imai. R.Kimura. M'.Konagai
and K.Takahashi. Appl.Phys.Lett. 51 (1987) 1602

141 A.Imal, M.Kobayashl, S,Dosho. M.Konagal and K.Takahashi
J.Appi.Phys. 64 (19881 647

15) M.Konagal, S.lDosho. Y.Tmkemura. N.Teraguchl. R.Kimura
and K.Takahashl In Growth and optical1 properties of
wide-bandgap If-VI low-dimensional semiconductors.
edited by T.C.NlcGill, C.M.Sotomayor Torres
and W.Gebhardt (Plenum 1ubl ishIng Co.., 1989) p. 219



186

161 S.Dosho. Y.Trakemura. M.Konagai and] K.Takahashi
J.Cryst.Growth. 95 (1989) 580

171 N.Teraguchi. Y.Takemura, R.Kimura. 'IKonagai and K.Takahashi
J.Cryst.Growth, 93 (1988) 720

181 S.Dosho. Y.Takemora. M.Konagai and K.Takahashi
J.Appl.Phys. 66 (1989) 2597

91 'r.Yao. M.Kato, J.J.IDavis and H.Tanino
J.Cryst.Growth 86 (1988) 552



187

GROWTH OF LATTICE-MATCHED ZnSe-ZnS STRAINED-LAYER SUPERLATTICES

ONTO GaAs AS AN ALTERNATIVE TO ZnSSe ALLOYS

H.ONIYAMA. S.YAMAGA AND A. YOSHIKAWA

Department of Electrical and Electronics Engineering. Faculty of

Engineering. Chiba University, 1-33, Yayoi-cho, Chiba 260

AbSiRACT

This paper describes the results of the first attempt to

reduce misfit dislocations in epilayers of a wide bandgap II-VI

semiconductor on GaAs substrates by utilizing the ZnSe-ZnS

strained-layer superlattice (SLS) structure. From a theoretical

calculation. SLSs consisting of a 200A-ZnSe and a I0A-ZnS layer

in one period can be grown as lattice-matched films to GaAs sub-

strates. It has been found from the photoluminescence measure-

ments and electron-beam-induced-current (EBIC) image observations

that the generation of misfit dislocations can be markedly re-

duced, as expected.

Introduction

Zinc selenide is a semiconductor with a direct wide band-

gap of 2. 67eV at room temperature (R. T.) and is a promising

material for the fabrication of blue-light emitting devices.

However, several problems must be solved to realize such de-

vices. One of these problems is that caused from the lattice

mismatch between ZnSe and substrates. ZnSe epilayers are usual-

ly grown on GaAs substrates which have a little lattice mis-

match of 0.26 % (at R. T. ) with ZnSe. since "substrate-quality'

ZnSe bulk crystals can not be obtained at present. Although the

lattice mismatch is as small as 0.26% at R.T.. it is well known

that it causes misfit dislocations which degrade the quality of

ZnSe epilayers. For instance, such dislocations create trap-

ping centers and/or deep luminescence centers in ZnSe epilay-

ers. [I] In order to control electrical and optical properties

of ZnSe films, the problem arising from the lattice mismatch

must be overcome. The way to solve this problem is to lat-

tice-match epilayers to GaAs substrates. Many attempts to

grow lattice-matched ZnSSe alloys onto GaAs substrates have

been carried out [21, 131, [4].

We propose a new idea to overcome the problem caused from

lattice mismatch, utilizing the ZnSe-ZnS superlattice structure

as an alternative to ZnSSe alloys. In the case of ZnSe-ZnS

superlattices (SLSs). the average lattice constant of the SLSs

can be lattice-matched to GaAs when each layer thickness is

Mat. Res. Soc. Symp. Proc. Vol. 161. '1990 Materials Research Society
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appropriate. Because ZnSe has a larger lattice constant and ZnS

has a smaller one than does GaAs.

In the present study, lattice-matched ZnSe-ZnS SLSs onto

GaAs were grown by metalorganic molecular beam epitaxy (MOMBE).
Photoluminescence measurements were performed to investigate

the strain in the ZnSe layers of the CLSs. FuiLhermore, elec-

tron-beam-induced-current (EBIC) image observations were car-
ried out to observe such defects in both the SLSs and ZnSe
epilayers on GaAs. It has been found from these studies that

misfit dislocations can be significantly reduced.

Experiment

ZnSe-ZnS SLSs were grown by MOMBE u-ng diiethylzinc
(DMZn), H2 Se and H 2 S as source materials 15]. !r . The source

materials were introd,,ced into the reacto- without any carrier

or buffer gases. The flow rates of H2 Se and H 2 S were con-
trolled by a mass flow controller (MFC), while that of DMZn was

controlled by a variable leak valve and monitored by a mass

flow meter. The cracking of the source gases was carried out
at temperatures of about 900

0
C for DMZn and about 700

0
C for

H2 Se. However, H2 S was not cracked in this study, since sulfur

corrodes the Ta herter of cracking cells. ZnSe and ZnS layers

were alternatively grown by using computer-controlled valves
and a shutter placed in the path of gas beams.

ZnSe-ZnS SLSs were characterized mainly by X-ray diffrac-

tion study and photoluminescence measurements at 18 K. For the

EBIC observations, n+-GaAs were used as substrates. After the

film growth, transparent Au dots were deposited on the surface

of both SLSs and ZnSe films to form Schottky contacts. The

electron beam was injected through the electrodes into the

samples at an accelerating voltage of 20 key.

Results and Discussions

The average lattice constant of SLSs (a SLS), which is
av

paral lel to the interface, is calculated from a following

equation[7]:

a
S L S  

[ 1-fi 4d G /d S
aav ZnSe - dZnseGZnse/dznsGzns)]

where aZnSe and aZnS are the unstrained lattice constants of

ZnSe and ZnS, respectively, and f is the lattice mismatch

between ZnSe and ZnS. GZnSe and GznS are shear moduli of ZnSe
and ZnS, respectively. As is found from this equation, the

average lattice constant is determined by the ratio of
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dZnS/dZnSe. Substituting the lattice constant of GaAs into the

equation, it has been found that the average lattice constant

of the SLSs matches to that of GaAs when the ratio becomes

0.05. However each layer thickness must be carefully deter-

mined, since the crystallinity of SLSs depends on each layer

thickness. So. we have determined each layer thickness as 200 A

for ZnSe layers and 10 A for ZnS layers, taking into account

the critical thicknesses of ZnSe and ZnS films which are each

grown on GaAs. When GaAs substrates are used, ZnSe layers in

SLSs can be grown coherently onto GaAs up to 1500A, which is

the critical thickness of the ZnSe films on GaAs. Unlike the

case of ZnSe films on GaAs, ZnS critical thickness on GaAs is

markedly small, since the lattice mismatch between ZnS and GaAs

is as large as 4.4 %. The critical thickness of ZnS films on

GaAs substrates can be roughly estimated as follows. When ZnSe

is grown on ZnS films, the critical thickness of ZnSe layers is

reported to be 13 A by T. Yokogawa et al. (81 It is thought

natural from their resLIts that the critical thickness of ZnS

on ZnSe films must be almost the same. since the stiffness

constants of ZnS are nearly equal to those of ZnSe. Morenver,

when ZnS films are grown on GaAs substrates of which lattice

constant is slightly smaller than that of ZnSe. the critical

thickness of ZnS films on GaAs is thought be a little smaller

than 13 A. Moreover, we have obtained results in which the

crystallinity of SLSs becomes poor, when ZnS layers composing

SLSs are above about 11 A. It is thought reasonable that the

value of 11 A is the critical thickness of ZnS on GaAs. Hence,

we have determined the thickness of ZnS layers in the SLSs as

10 A. When the thickness of ZiS layers is 10 A. that of ZnSe

layers are 200 A, which satisfies the condition where the each

layer thickness becomes 0.05. (The structure of SLSs is de-

scribed as (200, 10) here after.)

Figure 1 shows an X-ray Lat -vd

diffraction pattern of the (200. SLS -. GOM

10)-SLS which has fifty periods. b - 3,

The period calculated from the . l2l,

result is about 205 A. which is in :

fair accord with the value of 210

A. Satellite peaks up to the

16th order are clearly observed. 62 64 666 70 72 7.

Moreover, the peaks for CuKa I  and Fig.l.

Ka 2 are separated. It has been X-ray diffraction patterns

found from these results that high quality SLSs with

extremely flat interface can be grown. It should be noted

that, although a SLS is lattice-matched to GaAs as showna v
later, the 0th peak is observed in a slight lower-angle posi-

tion compared to the (400) GaAs diffraction peak. This indi-

cates that the average lattice constant normal to the inter-
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face, . e. SLSface, i.e.. aLS is larger than that of GaAs. due to the

Poisson effect, where aSLS (Nz ZnSe NznSa znse +NZnS

Zn~~e ZnSvav(N ZnS ea.L ~ NznS)/ (Nne+N)
a 

n s e  
and a 

n S  
are lattice constants of ZnSe and ZnS which are

normal to the interface , respectively, and NZnSe and NZnsare

the number of ZnSe and ZnS lattices in one period. respective-
Ily. .,K

Figure 2 shows the typical photo- 0* , ,PWWO-

luminescence spectra of the SLS grown

on GaAs. The total thickness of the

SLS is 0. 51 pm. The full width at half z

maximum of the band edge emission is as z
narrow as about 9 meV. Moreover, the 100 ,,o0 ,O 0

intensity of deep level emissions
4000 5000 5000 -00

for the SLSs is extremely weak. These Fig. 2. WAVELENCT. (A)

results indicate that the high quality Photoluminescence

SLSs can be obtained. In this SLS, the spectra

carrier confinement is thought to be of lesser effect, since

the ZnS barrier layers are much thinner than ZnSe well layers.

Hence, it can be thought that the photoluminescent emission

does not originate from the recombination of carriers between

quantum levels, but emanates solely from the ZnSe layers in the

SLS. Furthermore. the reflectance spectrum shown in the inset

of figure 2 indicates that the band edge emission was due to

recombination of free excitons in ZnSe layers which is strained

with the two-dimensional in-plane stress. I(a)

The .xcitonic peak was shifted to be FlTd

shorter in the position of 4416 A than 0-- 1
that of bulk ZnSe crystals. This value is 6

in almost agreement with that of coher- a .23

ently grown ZnSe layers on GaAs. 4417.6

AI91. This result suggests that the ZnS 61_

layers which are composed of SLS are 1--0W

strained to lattice-match with GaAs.

In order to confirm further whether (b)

the SLSs are lattice-matched with GaAs or Total
Fim Tlhkkess

not, the dependence of excitonic peak po- Q20.

sition in photoluminescence on the total
d 031

film thickness has been investigated.

The results are shown in figures 3(a)

for the SLS and 3(b) for ZnSe films on C 061
GaAs. In the case of ZnSe films, the peak

position shifts toward the longer-wave- 44M " I 't"1,--
"500 4500

length side as the film thickness WAVELENCTH(A)

increases. It is well known that this is Fig.3.
The total thickness

caused by lattice accommodation(10]. In dependence of the

contrast to the case of ZnSe film, no excitonic oeakposition
f (a) latt ice-matched SLS

peak shift is observed in case of the

SLS on GaAs. This suggests that the (b)ZnSe film on GaAs.
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accommodation process does not exist in the SLSs and the SLSs

are lattice-matched with GaAs substrates. These results can be

translated as follows. When only ZnSe films are grown on GaAs,

the films are accommodated through the generation of misfit

dislocations. However, when thin ZnS layers are incorporated

periodically into ZnSe layers. ZnSe films can be uniformly

strained to lattice-match with GaAs without forming misfit

dislocations. In other words, the SLSs can be regarded as the

ZnSe films which are grown coherently onto GaAs even up to I pm

by incorporating periodic thin ZnS layers. Accordingly, the

generation of misfit dislocation is though to be prevented in

the SLSs.

Finally, electron

beam induced current

(EBIC) image observations

have been performed in ". e

order to confirm a reduc-

tion of misfit disloca- ,, ,p

tions in the layer.Figures 4(a) and 4(b) (a) ZnSe film on (b) lattice-matchedFgrs4a an 4() GaAs SLS

show The EBIC images for GIm )

a ZnSe film on GaAs and Fig. 4. EBIC images <110>

for the SLSs. respectively. Each sample is as thin as about

2500 A. In the ZnSe film, cross-hatched patterns which runs

along the <11> direction were observed as shown in figure

4 (a). These patterns are the dislocations which can be caused

by misfit dislocations[Ill, suggesting that misfit dislocations

are actually generated in ZnSe films on GaAs. On the other

hand, these patterns cannot be observed in the case of the

SLSs. Hence, it has been found from the result that the gener-

ation of misfit dislocations is actually reduced in the SLSs.

Conclusion

SLSs consisting of a 200A-ZnSe and a 10A-ZnS layer in one

period, which were theoretically estimated to be lattice matched

to GaAs, have been grown onto GaAs substrates to eliminate the

problem arising from lattice mismatch. It has been found from

the total film thickness dependence of the photoluminescent peak

position that the SLSs can be grown coherently on GaAs. Further-

more, it has been shown from electron beam induced current obser-

vations that the generation of misfit dislocations can be remark-

ably reduced.
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U. S. POLYCRYSTALLINE THIN 11LM
SOLAR CELLS PROGRAM

HARIN S. ULLAL, KENNETH ZWEIBEL, AND RICHARD L. MITCHELL
Solar Energy Research Institute, 1617 Cole Boulevard, Golden, CO 80401, U.S.A.

ABSTRACT

The Polycrystalline Thin Film Solar Cells Program, part of the United States
National Photovoltaic Program, perform-s R&D on copper indium diselenide and cadmium
telluride thin films. The objective of the Program is to support research to dtvclop cells
and modules that meet the U.S. Department of Energy's long-term goals by achieving high
efficiencies (15% - 20%), low-cost ($50/rn 2), and long-time reliability (30 years). The
importance of work in this area is due to the fact that the polycrvstalline thin-film CuInSe,
and CdTe solar cells and modules have made rapid advances. They have become the
leading thin films for PV in terms of efficiency and stability. The U.S. Department of
Energy has increased its funding through an initiative through the Solar Energy Research
Institute in CulnSe 2 and CdTe with subcontracts to start in Spring 1990.

INTRODUCTION

The Polyzrystalline Thin Film Solar Cells Program is part of the United States
National Photovoltaic Program. Other areas of research and development included in the
national program are the fundamental and supporting research, flat plate thin-films, flat4 plate crystalline silicon, and concentrator cells (11.

Table 1: Polycrystalline Thin Films Program Participants

Remiestel Orpriiiikmo -. objecie

ARCO Sole, 15gb--rxw~ licincy g~o~o95 to 39gC, eoll-

Bloeing Aceoepnco & Eloctionic Evieponited Cu~ainSe, teil, 100 cot' suohnodolen

fristne of Energy conversion Evaporsited end selenjood ColnSe,' Cole mc, devic, oelmg

fnernational Sols, Electric Tehnsology E-besoofpinterivg Cob. laymr end nlessirmiton: 50 Ce,' sutnodole,

University of Illlinois Spuosdkeopoeetoed C.loSe, tell.

Univrsity of Arloom Laer-peocessed COilioSe rile, mde by eledtroplating or .,otefiig

Califonia Institut of Technology, Contacsit oeenng~ipto of CulnSe4jW interface

Solar Energy Research Insfttse Onont. ch ,-hration andl device falseicanon of CoinS,,

Coloraido Stane University Coaclefinnion ansd enleg of Cilre eind CoinSe, cell,

ONIAMETFJ Flectindepnitson of n-i-p dC4 Me,Te cells and 1001 cin' toloecollen

Photn Energy Spesying of 900) to 39100'in CiTe nolales

Uninersity of Sisnth Fild. close 9pswe Nhlinution of CilT. car.~ MOC'fD of Hge~re for try cells,

Geor&i Inste, of T~chnsohogy MOC'/D of CdTe Lod Cd,Z.^Tt cells

Mal. Res. SOC. SyMp. Proc. Val. 161. '1990 Materials Research Society
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The objective of the Polycrystalline Thin Fiim Solar Cells Program is to support
research to develop cells and modules that meet the U.S. Department of Energy's long-term
goals by achieving high efficiencies (15% - 20%), low-cost ($50/m2), and long-time
reliability (30 years). This paper covers the various research aspects of the subcontracts
program in the polycrystalline thin film area. Table 1 summarizes the various research
activities with the corresponding objectives of each of the subcontracts. The two main
materials of interest are copper indium diselenide (CulnSe2, CIS) and cadmium telluride
(CdTe). Specific research areas include fundamentals, modeling, characterization,
measurements, device design, solar cell fabrication, module design and development,
module processing, and stability of both CulnSe 2 and CdTe [21. Figure 1 shows the
progress of the polycrystalline thin film module technology in the past few years.

60 Polycrystalline Thin Films

_ 50

"! 4
0

o) 30

oa 20

fl 10
0

0 9
85 87 89 91 93

Calendar Year
Figure I Progress of polycrystalline thin film module power output versus calendar

year

COPPER INDIUM DISELENIDE

During the past decade, CuInSe2 has made significant technical progress and now
considered the leading candidate thin-film photovoltaic material in terms of efficiency and
long-term reliability of these devices [31.

Wagner and co-workers at Bell Labs first fabricated 12% efficient CulnSe 2 single
crystal cells in 1974 [4]. Single crystals are expensive for practical applications.
Nonetheless they demonstrated proof-of-concept for future research in thin-film CulnSe 2
devices for lower cost cells. Grindle et al. at the University of Maine were able to make
5% efficient cells [51 by thermally evaporating CuInSe 2 on low-cost substrates. This was
followed by the successful work done by Mickelsen and Chen at Boeing Aerospace which
was supported by U.S. DOE funding through the Solar Energy Research Institute (SERI).
Boeing was able to make 10% efficient CulnSe2 cells by ccevaporation by 1982 [61.

Several groups followed the pioneering work of Boeing. Among those who initiated
research programs were ARCO Solar, Institute of Energy Conversion (University of
Delaware), and the Solar Energy Research Institute. All these groups were able to quickly
reproduce the Boeing results in solar cell efficiency by making cells in excess of 10%
[7,81. Innovative device design (Fig. 2) first proposed by Choudary et al. [91 and reduced
to practice by Potter et al. enhanced the blue response of these CuInSe 2 devices and
improved the cell efficiency to 12.5% 1101. Further additions of small quantities of Ga
(<10%) improved the reported cell efficiency to 14.1% (active area) for 3.5 cm 2 area
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device, Boeing also improved the ce; performance to 12.9% (active area) for a I cm 2

device by the addition of 27% Ga in the CuGaInSe 2 cells [111. The Voc of this device
was 555 mV, and was considered a significant improvement.

Light

1.5 pm ZnO

0.05 pm CdS

2.0 pm CulnSe2

1.0 pm Mo

Glass

Figure 2 Device structure of a Glass/Mo/CulnSeJCdS/ZnO polycrystalline thin film
solar cell

International Solar Electric Technology (ISET), a spin-off from ARCO Solar, was
also successful in making 10.9% (active area) devices by a low-cost two-stage process [121.
Mo coated on glass is used as a substrate, on which Cu and then In are deposited by
E-beam. The Cu-In sandwich is thermally reacted with HSe gas, forming high quality
CulnSe 2. To complete the cell fabrication, a thin layer of dip-coated CdS is deposited on
the CuInSe 2 to form the hetc.. ,junction. Usin a similar approach, the Institute of Energy
Conversion has demonstrated Jsc of 42 mA/cm [131.

During the 1980s, ARCO Solar developed proprietary processes for manufacturing
CulnSe 2 modules using a potentially low-cost approach [14,15]. This success in the
manufacturability was a significant step for the CulnSe2 technology and subsequently led to
ARCO Solar's scale-up of large-area modules.

Ermer and co-workers reported on the major advances of the performance of large-
area CuInSe2 modules [161. They reported achieving an 11.1% efficient 1000 cm 2

module, the most efficient at its size among the various thin films. For even larger areas
of about 4000 cm 2 , efficiency in excess of 9% with a power output of 35.8 watts (Fig. 3)
for unencapsulated modules was also reported. These modules have now been tested at
SERI under natural sunlight for 240 days under both load and open-circuit conditions and
have been found to be very stable [17].

CADMIUM TELLURIDE

Cadmium telluride (CdTe), normally referred to as the "dark horse" of thin film
solar cells, has shown improved performance in the past few years. Based on a bandgap
of 1.45 eV, which is an optimum match with the solar spectrum, practical CdTe devices
could potentially achieve efficiency up to 18%. Theoretical efficiencies are as high as
27.5% [18%).

i llmin m-
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ZnO/CdS/CuGaInSe 2/Mo/Glass ;

"j2
0. 2
E Area 3916 cm 2

<- t 2.54 Amps

C0

V = 23.53 Volts
-FF = 0.598

0Eft = 9.1%

Power = 35.8 Watts

0
0 5 10 15 20 25

Voltage (Volts)

Figure 3 Light I-V characteristics of a large-area 3916 cm2 polycrystalline thin film
CulnSe 2 module

One of the key problems encountered in fabricating thin-film CdTe devices is its
contact stability. To circumvent this problem, a research group at Ametek has developed a
novel n-i-p cell design, which is shown in Fig.4. The undoped CdTe acts as an intrinsic
layer sandwiched between the n-type CdS and p-type ZnTe layers that induce a drift field
across the CdTe. Figure 5 shows the Auger depth profile for this cell structure. One of
the key processing steps is a heat-treatment at 400 0C for about 20 minutes. This step
causes significant change in the morphology [19,20] and is the key to high process yields.
During the heat treatment, the polycrystalline grains at the CdS-CdTe interface are believed
to coalesce or fuse, thus greatly reducing the density of grain boundary states.
Recrystallization occurs over the entire thickness of -he CdTe film. Using this cell design,
Ametek has fabricated 11% cells by electrodeposition [21]. Ametek has also tested their
cells and submoduies and have reported stability of their devices for 3000 hours.

hv

Glass

0.4 pm SnO2
0.15 pm CdS n

2.0 pm CdTe i

0.1 pm ZnTe p
0.05 Pm - - Ni

Figure 4 Device structure of a n-i-p n-CdS/i-CdTe/p-ZnTe polycrystalline thin film
CdTe solar cell
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Figure 5 Auger depth profile of a n-i-p n-CdS/i-CdTe/p-ZnTe polycrystalline thin film
solar cell

Photon Energy is another successful CdTe group. Their primary focus of research is
to fabricate thin film CdTe solar power modules by a potentially low-cost spraying method.
To date they have achieved 12.3% efficient small area cells, and 7.3% efficient square-foot
module [22]. They have also made prototype four-square-foot CdTe modules for
production.

SERf IN HOUSE RESEARCH

Active investigation is underway at the Solar Energy Research Institute to study the
materials growth, characterization and device fabrication of thin film CulnSe2 and related
alloy materials. SERI makes state-of-the-art CuInSe2 devices [23]. Also, extensive support
is given to the photovoltaic industry in terms of material characterization such as Auger
Electron Spectroscopy, Electron Beam Induced Current, Electron Spectroscopy for Chemical
Analysis, Photoluminescence, Scanning Electron Microscopy, Secondary Ion Mass
Spectroscopy, Spectroscopic Scanning Tunneling Microscopy, Wavelength Dispersive
Spectroscopy, defect chemistry, chemical and heat treatments, stability testing, etc.

CONCLUSIONS

Polycrystalline thin-film CuInSe 2 and CdTe solar cells and modules have made rapid
advances and are now the leading thin films for PV in terms of efficiency and stability.
They have attained the highest cell efficiencies (14.1% for CuInSe 2 and 12.3% for CdTe),
the highest module efficiencies (11.1% for CuInSe2 and 7.3% for CdTe on a square-foot;
9.1% for 4 square feet for CulnSe); the best stabilities (CuInSe 2 240 days without
degradation), are made by the lowest cost processes (spraying, electrodeposition, sputtering
and selenization). The U.S. Department of Energy has increased its funding through an
initiative through the Solar Energy Research Institute in CulnSe.2 and CdTe with
subcontracts to start in Spring 1990. The level of federal support for CulnSe 2 and CdTe is
doubling to about $2.4M for each material. Both CuInSe2 and CdTe are now moving out
of the lab and into demonstration projects through the Photovoltaics for Utility Sale
Applications (PVUSA) proposals. 20 kW systems of CulnSe, supplied by ARCO Solar and
20 KW of CdTe supplied by Photon Energy will be installed in Davis, California, next
year for field testing and evaluation.
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EXCITONIC PROPERTIES OF ZnSe-ZnS STRAINED-LAYER SUPERLATTICES
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ABSTRACT

Excitonic properties of ZnSe-ZnS strained-layer quantum wells (SLQWs)
with type I band lineups are reviewed on the basis of our recent results of
temperature- and strain-dependent photoluminescence and absorption spectra.
In order to estimate the conduction and valence band offsets as a function of
ZnSe well thickness, we have modified the "model-solid" theory in which the
valence bands (heavy-hole band in ZnSe and light-hole band in ZnS) are
relatively moved with strains. Temperature and high excitation dependent
studies of the n=l heavy-hole excitons suggest a localization of excitons and
reveals the important evidence on scatterings of excitons with acoustic and
optical phonons. The thermal quenching of the exciton emission is caused by
thermal dissociation of quasi-two-dimensional excitons through electrons and
holes, from which the activation energy for this dissociation is 4 times
larger than EB. ( a binding energy of bulk exciton) of ZnSe. A new
superlattice structure with a quasiperiodic crystal which is derived from a
finite Fibonacci sequence, has been fabricated by a low-pressure MOCVD method
and its photoluminescence properties are for the first time introduced.

1. INTRODUCTION

The most exciting optoelectronics applications for wide bandgap ll-Nl
materials are semiconductor injection emitters and lasers at wavelengths
throughout the visible spectrum [1]. These possibilities are now amplified
by the rapid progress in the growth of I-VI single and multiple-quantum well
(MQW) structures, which can confine electrons and holes in a two-dimensional
well, fabricated by MBE [2] and MOCVD [3]. Despite the small amount of
effort devoted to these structures in comparison with their equivalents in
Il - V materials, it has been very recently reported the possibilities of
optically-pumped blue laser [4], quantum confined Stark effect [3], waveguide

[5] and second-harmonic generator (SHG) [6] from ZnSe-ZnS(Se) and CdZnS-ZnS
[7] strained-layer superlattices (SLSs).

In semiconductor strained-layer superlattices, however, the lattice
mismatch can be entirely accommodated by elastic layer strain rather than
misfit dislocations. The flexibility in the choice of widegap II-VI SLS
materials from green (CdS) to violet (ZnS) in the spectral regions, and the
interesting effects of nonlinear properties allow SLS materials to exhibit a

wide range of photonics devices which are advantageous for SHG and
third-harmonic generator (THG) devices 18].

ZnSe-ZnS SLS, exhibiting a type I heterojunction structure, has been
most extensively studied using low-temperature excitonic luminescence and
absorption measurements to observe the valence band feature of the ZnSe well
[3,91. The lattice mismatch between cubic ZnSe and ZnS is about 4.5 % at RT,
so that a critical thickness for each layer along <100> growth direction,
beyond which the layer is expected to deform plastically, is theoretically
calculated to be about OOA [10]. Therefore, the band structure in the SLS
consisting of ZnSe and ZnS appears to be due to reduction in symmetry (D2.)
along the axis of the <100> growth of the quantum well. These properties
reflect changes of the band structure, so that excitons are more sensitive to
strains.

We have demonstrated that the ZnSe-ZnS superlattice is one of the most

Mat. Res. Soc. Syrup. Proc. Vol. 161. 1990 Materials Research Society
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fruitful example for understanding fundamental excitonic properties in the
II-VI wide bandgap SLSs [91. Namely, quasi two-dimensional (2D) excitons are
characterized by a large exciton binding energy and large oscillator strength
in addition to a strong exciton-LO phonon coupling constant. Theoretical
studies of excitons in the I1-VI SLSs have recently been started in order to
understand a correlation between the Is exciton binding energy and band
offsets for electrons and holes [Ill.

Since 1987, we have succeeded in growing high-quality ZnSe-ZnS SLSs with
MQW showing an excitonic linewidth narrower than the previous one [91 as a
result of the optimization of the growth conditions in the low-pressure MOCVD
method 112). We have already pointed out that the exciton localization is the
dominant cause for the linewidth broadening. It is therefore desirable to
control the interface fluctuation within one monolayer thickness to know the
intrinsic excitonic properties.

This paper reviews our recent outstanding results of excitonic properties
of ZnSe-ZnS SLSs grown on 100) GaAs and ZnS substrates using the

low-pressure MOCVD method. We show the temperature dependence of absorption
spectra of the SLS on ZnS substrate without removal of its substrate, and
that a l.rge Stokes shift is caused by exciton localization. Our conventional
MOCVD system allows to fabricate a new superlattice structure with a finite
Fibonacci sequence consisting of ZnSe and ZnS thin layers.

2. STRAINED-LAYER SUPERLATTICE BY LOW-PRESSURE MOCVD

2.1. Conventional sequence

The MOCVD apparatus consists of a main reaction chamber and a sample
exchange supplemental chamber with a transfer tube as shown in Fig. 1. Special
feature is that we employ a halogen lamp capable of heating the substrate up
to 600 C, by infrared (IR) radiation. Two chambers are constructed by all
Al materials and each inner wall is coated with TiN films to avoid accidental
impurity contamination. Our MOCVD process was described in detail in 112).
Depending upon the times to open the H Se and HzS MFC valves, ts- and ts,
various ZnSe and ZnS thickness can be deposited on various substrates such as
GaAs, ZnSe and ZnS with [3) or without [91 an appropriate buffer layer. Prior
to SLS growth, the substrate was first cleaned by heating at 5501C for 5 to
30 win in Pd-diffused liR gas atmosphere after chemical etching. A growth
temperature was 350 *C. The growth rate depends upon the operation pressure
in the reaction chamber: for example this is estimated to be 0.2u m/h at a
constant pressure of 0.3 Torr. We can also control the interval of t, which
is time to evacuate residual gases in the chamber in order to improve the

r -------------------------1

L .. . . . .. . . . .- ------- -- 9-V"

I~* -" -- y~

O) Gas suppts 9em (2) Flow sequence (3)Reactor charr
witblingcylinclr

Fig. l. Low-pressure MOCVD apparatus with a load-lock system for growing SLSs.
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quality of the SLS films. The thickness of the well and barrier was measured
by transmission electron microscopy and also by X-ray diffraction satellite
peak positions.

2.2. Fibonacci sequence

Quasi periodic semiconductor superlattices with a Fibonacci sequence [13]
were fabricated by ZnSe (A=25 A ) and ZnS (Bz35 A ) films. Fig. 2 shows the
schematical representation of arrangement of constant ZnSe and ZnS layers in
a Fibonacci sequence. The infinite sequence F, F2 ."- is defined
recursively by F = F,- + F.-., where F. is the n-th Fibonacci number. A
finite Fibonacci superlattice with the ratio between A and AA is given by the
Golden mean r=(l+.-5)/2.

Fibonacci superlatice

0>o

A=ZASe
B ZnS"

( ) Ib)

Fig.2. Fibonacci sequence with the Fig.3. Coherently grown lattice (a) and
widths of A(ZnSel=25A and B(ZnS)= atom row (hi along <100> and <110> di-
35A. rections.

3. INTERFACE OF ZnSe-ZnS SI.S

A typical SLS structure is shown schematically in Fig.3(a). The thin
SLS layers are alternatively in compression (ZnSe) and tension (ZnS) so that
the in-plane lattice constants (a,) of the individual strained-layers are
equal. All the lattice mismatch is accommodated by layer strains without the
generation of misfit dislocations below the critical thickness about 100 A
as indicated by 2 MeV TEM plan-view observation [101. The atomic bonding
arrangement is shown in Fig.3(b), A channelling expected along <100> and
<110> axis indicates that the <110> channelling shows much higher
dechannelling yields than the <100> case [14]. This suggests that ZnSe can
grow in a three-dimensional island growth mode rather than in a
layer-by-layer growth mode on ZnS [151.

4. EXCITON PROPERrIES

4.1. Band structure under strains

4.1.1. Uniaxiai stress of free exciton of ZnSe

Reflectance spectra of free exciton in bulk ZnSe were measured at 4.2 K
uner (100> uniaxial stress with a, and iE polarization light. So far.
stress-induced change and splitting of exciton Line have been observed by
Langer et al. [161 under P I1 <117> and <111>. Under the <100> uniaxial
strain, the crystal symmetry T, changes to 124 symmetry and as 4 result the
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degeneracy of the valence band is removed. The effect for a uniaxial stress

in the <100> direction is shown in Fig.4. The F . exciton splits into two
components; one EIP component shifts to higher energies with increasing

stress and the other polarized EIP whose energy shifts to lower energies
with increasing stress. The El lP component shifts slightly to lower energies
with stress.

Fig.5 shows the energy positions of three components and the splitting
under a- and 7E polarizations. These splittings are similar to that
predicted by Baily [17] for the <100> compressive stress. By extrapolating
the a- component to zero splitting. one can obtain the exchange splitting
between the F . and F . excitons which is nearly zero. Using the <100>
strain Hamiltonian. we can estimate the bandgap deformation constant a and
shear deformation potential constant b to be -5.23 and -1.2 eV. respectively.

2s/000~00
2K

~2 808 P//(100>

-. . : , 2 807

• 2 806 0

2 801

----------- 0 i 2 3 0 5 6

Q Ap led 0S P(l0
8dyn/m2)

Fig. 4. Exciton reflectance spectra at Fig. 5. Energy splitting of exciton
4.2 K under Eli P(t) and EiP2cr) under o- and t polarization.

photoluminescence and absorption are widely adopted fur revealing electronic

states of these structures. Excitonic behaviour of I-V[ superlattices and

quantum wells is unique rhen compared to those of IlI- V materials because of
a large excitoo binding energy, large oscillator strength and strong
exciton-phonoo interaction. In particular. until now, one cannot obtain
accurate interpretation of excitons and the energy levels from optical
absorption spectra because we always used GaAs substrates which cannot permit
to pass visible light at wavelengths from 600 to 400 nm.

In ZnSe-ZnS S.S, ZnSe well layer is considerably under <100> compressive

strain and consequently the valence band consists of heavy-hole !3/2,3/2) and
light-hole 13/2.1/2 ) bands. Excitons are presumably created by a Coulombic
force [191 between ntl electrons (E'..,) and n=l heavy-holes or light-holes
{E".=.) in the quantum well. Exciton binding energy E.' is estimated from
the principal absorption peak position by Efw) = E. + E"- + E"-= - E.

"

where E, is the apparent bandgap of well layer.
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The effective transition strength for the two-dimensional (2D) exciton
with k=0 is given by [20],

F ., = fo E' u/M( r (T)/A(T)) (1)

where fo is the transition matrix element (= 2/L'a. a. is a Bohr radius of
exciton and L is a well width), M = m.* + m.', a - (m.' + m. )

-
'. E. ' is

the 2D exciton binding energy (= 2Me'/c 't = 4Es. .,) and A (T) is the
temperature dependent homogeneous linewidth of the exciton.

We assume that the fraction of excitons r(T) with the spectral width
A (T) can contribute to recombination, so the fraction r(T) is given by

r (T) = l-expi-A(T)/kT} (2)

Due to large exciton-L0 phonon coupling effect, A (T) is always larger than
kT in I-VI SLS. The exciton binding energy E." of the 2D case for the Is
ground state has been theoretically treated [19]. Recently. Matsuura [21]
has calculated the Is binding energy of excitons in ZnSe well as a function
of well thickness taking into account polaron effect. It has been found
that the clpctron-hole interaction is screened by the high fr,--cy
dielectric constant F = . From eqs. (1) and (2), the decay of
luminescence is expressed by

r ... 2 oc ( E8 )  
(Z MAT) (T)) (3)

and since A (T) ) kT in the present ZnSe-ZnS SLS,

: . .. .. - l E . ")"- A (T) (3)

For instance, in ZnSe (20 A) and ZnS (50 A) S1.S. I ...2D was an order of
psec at 4.2 K t22].

As already mentioned above, the tetragonal distortion (D-) is known to
shift energy levels and to split band degeneracies. The ZnSe and ZnS layers
are subject to a biaxial compressive and tensile strains, respectively, along
the <100> and <010> directions in the (100) plane. This effect breaks the
symmetry of the zincblende structure and splits the degeneracy of the valence
band into 13/2,1/2) and 13/2,3/2) , in addition, the hydrostatic components
shift the bandgap to a higher (lower) energy. The schematic band structures
near the center of the BZ under biaxial tensile strain for ZnS and
compressive strain for ZnSe are shown in Fig.6 for the case along the biaxial
stress directions <100> or <010>. This splitting results in a significant
change in the valence band dispersion on the layer plane [23]. ZnSe-ZnS
system which has hole confinement in biaxially compressed layers can exhibit

E, E. E

E"E.EF- -rT .... ... .... ... . EE=
k, k, lk, E!" A.E_, E-E"'

E_ E7'-E") EU ll I

(a) bulk (b) single well superlattice

Fig.7. Band lineups of ZnSe-ZnS super-
crr Pesseress no stress tensle stress lattice without strain; (a) bulk and

Fig.6. E-k dispersion under strains. (b) QW.
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21 hole masses near the top of valence band maximum.

Fig.7 shows the energy-band diagrams of the type I superlattice in
single quantum-well of ZnSe-ZnS structure without strain and in bulk ZnS and

ZnSe crystals before the formation of the heterojunction, taking into account.
of the equivalent energy position of the Fermi level (EF) between them. This

figure also indicates both the energy difference between Evzs
" 

and E- ..
"
-

and the energy difference between Fv
z
n$ and Espz~n

s , 
assuming the energy

position of E, being located at the middle of the energy bandeap. If the

binding energies of S 2p in ZnS and Se 3d in ZnSe in the superlattice are

known. A E is calculated by,

AE = 1B B+ E EiZS. 1 - Esz 
-

= A B+ constant (4)

where AB 
= 

(Es.p - E--) in the superlattice. Finally. we can get AE,
from the relation of AE +zAFJ=AFE. From our XPS results [14], AE and
AE are calculated to be 0.73 and 0.25 eV, respectively. These values are

in good agreement with the Harrison's LCAO theory (0.82 eV).

If the ZnSe-ZnS SLS approves the free-standing superlattice. the latticp
ccn~is:L ' ,, parallel to the in-plane of the interface depending on strain

can be expressed [24].

a!, = 1aznsGznS.I.- + a-siz-s.0 i G,.s.L. I G- L)

G,= 2(c, ' + 2c.2')(I - cIc')

where i denotes the ZnSe and ZnS. a, is the lattice constant of the bulk

crystal, and c,, and c- are the elastic constants. We can express the
changes of the bandgap energy of ZnSe well and ZnS barrier in terms of the
strain and deformation potential constants listed in Table I as follows.

E."" 1LW= Eo- -
-
I Ev 

s 
+AE,. 13/2.3/2) 1 (6)

EcZ. (L.) =E z s - I E.. *," +AEV 13/2,1/2) 1 (7)

where E is the conduction band and E . is the center of gravity of the

valence band due to strain. E,. 213/2.3/2) and E. ,13/2.1/2) are heavy-hole

and light-hole band, respectively. Fig.8(b) shows the change of the bandgap
energy of ZnS barrier and ZnSe well as a function of ZnSe well width. The

bandgap of ZnSe well layer increases due to the compressive stress, while

Table 1 Physical parameters used for the calculation of the offsets in ZnSe and ZnS

ZnSe ZnS

Lattice constant a (A) 5.6687 5.4093
Band gap at 4.2 K E, (eV) 2.822 3.840

Spin-orbital splitting energy
Ls. (eV) 0.45 0.072

Exciton binding energy

E.- (meV) 19 40
Deformation potential constant.

ac - a5  (eV) -5.4 -4.0
b (eV) -1.2 -0.7

Elastic constant

C- (Mbar) 0.826 1.067
C, (Mbar) 0.498 0.666

Offset of the valence band
at non strains

AL' (eV) 0.82
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that of the ZnS barrier layer decreases due to the tensile stress as was seen
in Fig.6.

Recently. Van de Walle [241 has reported a summary of "model-solid"
theory for determining the band offsets in strained-heterostructure. We
assumed the valence band offset ( A W) to the energy difference between the
heavy-hole state in ZnSe and the light-hole state in ZnS without strains. In
model-solid theory, the conduction and valence hand deformation potential are
individually obtained. Therefore, the conduction-band offset IARcI ahd the
valence-band offset (A Ev) are expressed as follows,

,n Ec= Ec
Z S - EZnSe

AE,= EF. Z.nS - E.. ZfS

+ AF. _ZfS13/23!2) - AE2 . ,Si3/2,12 ) 9)

E = + acI l/l) (III

F-, - E.. -' + av(A2/1) IlI

when we used A Ev'=820 meV (Harrison's "=-00
value and is fairly close to the XPS , Cal
value), A Ev...' is calculated to be 694 __
meV. Fig.8(a) shows the changes of A Ec 0 850P

and A E2 as a function of ZnSe well width -

at a constant barrier layer of 50 A ., w80

From these evidence, it is 
understood a 70.

that the conduction band offset is always7
positive and changes from 60 to 80 meV 60

increasing the well layer width up to 100 a85.
A. This indicates that no type I' con-
version can be seen. This is different s0290P
from the early our expectation [251 be- E . -
cause we did not consider the effect of a5 E Z8

A Fv - on strains. However, the type I 6,.5 EgOZ
which was suggested in Van der 

Walle's

paper 1241 is thought to be caused by a 365
choice of the large A Ev

° 
M900 meV). If

we calculate the AEc using his physical 0 20 ' 60 100
parameters with deformation potential L~s.a(a)

constant and AtEv
° 

the A Ec is changed Fig.8. (a) Conduction and valence
from -41.5 to -39.0 meV between 0 and 100 band offsets and I bandgap of
A well thickness at a constant barrier ZnSe well and ZnS barrier layers
50A [24,261. as a function of ZnSe well width.

4.1.3. Exciton luminescence and absorption of SLS on (100) GaAs and ZnS
substrates

Fig.9 shows the excitonic luminescence and normal-incidence reflectance
spectra obtained at 4.2 K of ZnSeI25A)-ZnS(35A) SLS on (100) GaAs substrate
with 150 periods. The dashed line is taken under a He-Cd laser (10 mW/cm')
weak excitation and the solid line is taken under a N2 laser (l Wf/cm') high
excitation. The linewidth of the dashed curve was about 22 meV. The main
pPAk is located at 2.8559 eV and corresponds to the lower polariton branch
(fw d . The reflectance structure exhibits one distinct minimum {If TI and
a sharp maximum KfiW). The damping of about 10 meV obtained is considerably
larger than in bulk ZnSe (0.4 meV) [27]. This result can be explained by a
level broadening due to inhomogeneous strain which reduces the exciton
lifetime. The LT splitting is about 20 meV which is much larger than the
bulk II meV). This means that the oscillator strength becomes larger.
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bnse-ZJS Si.SI(OO)Ga"s 4, K
L=25A
L-~354

- -2O7ned 2 9222 e4 3-
29--2eS - I

-30962

a. /

460 40 4d4 430 420 410 400 450 4 4 420 410 400 390 380
wam"Mrgi (,') "t

Fig.9. 4.2K reflectance and lumines- Fig 10. 4.2K luminescence under weak
cence spectra obtained under weak and and high excitation conditions, and
high excitation conditions. absorption spectrum.

We have grown ZnSe-ZnS SLS on 110)
ZnS substrate (--500 xm thick) which
can allow to penetrate photon energy be- znse. s. ,( )
low 3.5 eV. Fig. 10 shows the exciton lu- L.OA

minescence for both excitation condi- L30A
tions, and absorption obtained at 4.2 K
of ZnSe(20A)-ZnS(3OA) S!S with 150 pe-
riods. The main luminescence peak posi-
tion is located at 2.9222 eV. The step-
wise absorption reflects the 2D charac-
ter in the density of states due to 7300K
quantum confinement. Two peaks are

resolved assuming a Gaussian lineshape
( and are located at 2.9660 eV i

and 3.0963 eV. The energy difference of
about 130 meV corresponds to the then- 70K

retically estimated energy difference
between the heavy-hole and light-hole

excitons. Therefore, a Stokes shift is
about 44 meV between main PL peak and

the n=l heavy-hole exciton absorption
peak. The low-energy shoulder of the PL

line taken under the weak excitation 5 4W 430 420

condition, attributed to excitons

trapped at defects, saturates with Fig.ll. Temperature dependence of
enhanced excitation density. We attrib- absorption spectra.
ute the 2.9222 eV emission line to
intrinsic recombination from n=l
heavy-hole exciton 19].

When the sample temperature is increased from 18 to 300 K, the excitonic
absorption peak shifts gradually to lower energy as shown in Fig.ll. The
features of free-exciton absorption can be observed even at HT. The Stokes
shift results from spectral diffusion of excitons towards the low-energy
localized states in the inhomogeneous line. However. the observed Stokes
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shift, is also caused by statistical fluctuation of the well layer due to 2
monolayer of the well width. The shift increases to about 50 meV at RT.

4.2. High excitation

We have tentatively proposed that ZZ.S SLSI Mt)z-S

the excitonic line, observed under the f (I wIM ,) .A
weak excitation condition, is related to L-04
the localization of excitons as was I50,pvm 505
indicated by an abnormal temperature
dependence [91. But, as shown in Fig. 12. .
the normal temperature dependence of the
main excitonic line of a ZnSe-ZnS SLS on 5- 6

a (100)ZnS substrate can be observed [9]9.._
Fig. 13(a) and (b) show the tempera-

ture dependence of the linewidth and
peak position of the exciton emission
obtained under the high excitation _'_ _

condition, respectively. In this case. n3 2 w
the FWHM is almost constant in the range
of 4.2 to about 100 K, but increases 230K

more rapidly with temperature above
100 K. The FWHM of the emission line

as a function of temperature can be .1
analyzed by the following relation. 4o 450 0 4X 42 41o '

taking into account the scattering
processes with LO and acoustic phonons, Fig. 12. Temperature dependence of
and with ionized donor impurities [28): excitonic emission of ZnSe-ZnS SI.S.

F=', +IF. T+F,exp[- (En) k. T]
+ ,o/[exp(fiW Lo/ k s T I12

where F , is the linewidth due to fluctuation of the well layer thickness. FSis a coefficient of the exciton-acoustic nhonon interaction.1 , is a
proportionality factor which accounts for the density of donor centers., E)
is the binding energy of the donor averaged over all possible positions of
the impurities within the well layer, I -, is the exciton-LO phonon coupling
constant, and fiw o is the 1.0 phonon energy (=31.4 meV) in ZnSe.

Putting F .=50.3 meV, F= 8X 10- meV/K, F ,=73.7 meV, Fll-35 mev,

and a donor binding energy (E) of 32.7 meV in eq.(12), the theoretical curve
agrees fairly well with the experimental data as shown in Fig. 13(a) by the

solid curve. It is noticed here that the (En) is about 1.3 times larger
than that of the effective-mass donor binding energy (E0 26 meV). In

general, the binding energy of the impurity is reduced by biaxial compressive
strain and increased spatial confinement in the well. As a result.. F, is

larger than in bulk ZnSe. The emission peak position shifts toward lower
photon energy with increasing temperature. Obviously, the variation of its
peak energy with temperature reflects the temperature dependence of the ZnSe

bandgap [3.9].
0As was seen in Fig. 13(a), the linewidth becomes homogeneously broader

with increasing temperature. Using eq.(3)' we can calculate the fraction of

exciton which contributes to recombination and thus the temperature
dependence on Z 1.,iD will be presented as same as A T).

The appearance of exciton absorption peaks at RT. as shown in Fig. l.
suggests that the exciton binding energy is considerably large despite the

large exciton-phonon coupling. As mentioned in Ref.[9]. the exciton binding
energy is 4 times larger than that of three-dimensional bulk excitons (about
19 meV) under the assumption of infinite potential well [211. Fig. 14 shows

the temperature dependence of the emission intensity of the excitonic peak
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SLSIzr 515aO)ZS (A) TenfrpeifiUg (K)
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oti.e 13.Teprathe ekendnigex tat ign 14.d t i~.-h hermal queniching xioi

of t he omission intensi ty, under weak exc itat ion condi tion, start s from 50, k
and shows an act i vat ioif energy of about 48 meV, However. in the case oif t hi'
high excitation, the thermal quenching starts from about 10)0 K and the
emission intensity is maintained up to 300 K. The act ivation energy of this
quenching is est imated to be 71.3 meii which is approx imat .1y 4 times larger
than that of the hulk ex i ton energy E." Thus we suggest from the thermal
quenching experiments that the thermal diss5ociaition of '211 electrons and 211
holes results from the n-I free-excitons in the well.-

5. ltMINESChENCF PHI)PIEIITS Ot FIBOlNACCI SEQUENCF

FThe purpose is to explore exc itoni c priiper t its in one dimensional quasi
periodic supeirlattice with a modulat ion following ai Fibonacci sequence. This
system may expect the Anderson localiiation 291 of excitons in the quasi

Fbo.~cv 51-S A2frSe(25i)
26124eV i5. BfrS (351)

Fig.15. A finite Fibonacci structure Fig.16. PL spectra of Fibonarci
and type I band structure with A and modulatc-d SLS at 4.2 K.

28 potential wells.
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periodic structure. These properties may include large nonlinear
susceptibility X "' due to low-dimensionality of excitons [8,291.

The present Fibonacci-modulated S.S of ZnSe-ZnS, already shown in Fig. 2,
j is schematically illustrated with a simple t.ype I band structure in Fig. 1t.

A(=ZnSe) may form the potential well and AA(72A ZnSe) also form the potential
well. We expect that when the well separation increases 2A, exciton states
become localized at some site. As a result, tile localized states can
cuntribute significantly to photoluminescence and absorption.

Fig. 16 shows the PL spectra of a finite Fibonacci supetlattice at 4.2 K.

We observed two peaks (2.8480 and 2.8124 eV) which may be attributed to the
excitonic emission from ZnSe with well A and ZnSe with well 2A, respectively.
But, the emission intensity of ZnSe(A) is weaker than that of ZnSe(2A) and
the peak positions shift toward higher energy when the NX laser excitation
(I MW/cm') was used. This may indicate a strong localization of excitons in
the 2A well [301.

6. CONCLUSIONS

We have introduced the growth and the excitonic characterizatien ef

ZnSe-ZnS MOW and Fibonacci-modulated quasiperiodic SLSs by the low-pressure
4OCVD method. We have revealed that excitonic luminescence and absorption

which originate from the n=l heavy-hole exciton transitions occur in the type
I band structure. Hlowever, a strong localization appears, so that. the
control of the well layer fluctuation is very important if we want 'to
fabricate the photonics devices. It is suggested that the thermal quenching
experiment indicates the dissociation process of the 2D excitons through
electrons and holes.
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OPTICAL PROPEIRTIES OF CdZnS-ZnS STRAINED-IAYEV SUPER I 'ICES

Yasuyukl Endoh and Tsunemasa Taguchi

Department of Electrical Engineering, Faculty of Engineering, Osaka
University, Suita. Osaka 565, JAPAN.

ABSTRACT

The Cd0 3 /no. 7S-ZnS strained-layer superiattices has for the first time
been fabricated on (lO0)GaAs substrates by a low-pressure NOCD method.
Exciton luminescence properties were investigaled by the photoluminescence
spectroscopies which show that the quantum confinement effect of excitons
occurs In the CdZnS alloy layer. Temperature dependence of the exciton
properties reveals a dominant scattering process which originates from
exciton-phonon interaction( 0 =68meV). Nevertheless. the large exciton
binding energy of about 166meV makes it possible to produce the exciton peak
at room temperature. The effect of external electric field on the excilon
intensity and Its peak position is found and is tentalivly interpreted in
terms of a quantum confined Stark effect.

I.INTRODUCTION

Of available wide bandgap I-VI compounds, it has recently been revealed
that quantum well and superlattice structures enhance the exci ton effects
[1,21 as well as In III-V materials. Among 11-VI materials. ZnS and CdS have
large exciton binding energies which have been estimated to be 40meV and
28meV [31, respectively. If this alloy, CdxZnl-xS is used to form a
superlattice with ZnS. then It acts as a well for electrons and holes, and as
a result Its electric structure is modified by quantum confinement. However.
it Is expected that the CdZnS well is considerably under compressive strain.
while the InS barrier receives tensile strain due to the lattice mismatch
between them. Namely this structure exhibits a strained-layer superlattice
(SLS) in nature within a certain critical thickness 14.51.

Both quantum confinement effect and biaxial compression will increase
the effective energy bandgap of the CdZnS well, so exciton properties are
much affected by the band structure changes which remove the degeneracy of
the valence band. Furthermore, cubic symmetry of the alloy material will be
lost, which makes It possible to create the anistropy In the
susceptibilities. So, the large nonlinear effect of the excitons In the
present SLS will appear.

Our objective for Investigating exciton properties of the CdZnS-ZnS SI.S
Is as follows: (1) observation of the RT exciton emission, (ii) scattering
mechanism and localization of excitons In the alloyed CdZnS well and (1il)
quantum confined Stark effect.

We are concerned In this paper with the characteristics of excilons In
Cdo 3Zno 7S-ZnS SI.Ss grown by low-pressure metalorganic chemical-vapour-
deposltion (MOCVD). Our discussion will concentrate on the temperature and
external electric-field dependence of photoluminescence properties which will
be originated from quasi two-dimensional excitons.

2.FABRICATION OF STRAINED-LAYER SUPERIATTICE AND STRUCTURAL PROPERTIES

The CdZnS-ZnS SI.Ss were grown by all gaseous low-pressure IOCVD method

14.51. Each layer was alternatively deposited on a Cr-doped semi-insulating

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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Cdo3Zr.7S-
ZnS SLS GoAs(400)

nzl
In=-l

znnz
kn=-2
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Fig. l X-ray diffraction satellite Fig.2 2MeV plane-view TEM

spectrum of a Cd0 3Zno. 7S-ZnS SLS on bright-field image and electron

(l0)GaAs substrate. diffraction pattern.

GaAs substrate. As gas source materials, 1% Dlmethylzinc ((Cli3 )2Zn) and
0.13% Dlmethylcadmium ((CH3) 2Cd). each of them was diluted with a Ile gas,
were used together with 10% 112S in H2. In the growth of the superlattices,
the operation pressure in the reactor was maintained at below I Torr.

We have used X-ray diffraction and plane-view high-voltage transmission
electron microscope (TEM) to characterize the crystalline structure and the
quality of the films.

Fig.1 shows the X-ray diffraction spectrum of a Cd 0 ZnO 7S-ZnS SI.S on a
(100)GaAs substrate. There appear several clear satellite peaks (n 0i,2)
around n=Oth peak. A total thickness (Lw+Lb) is calculated to be 124A, SO
that the well (Lw) and barrier (Il.b) layer thickness are estimated to be about
57A and 67A. respectively.

Average lattice constant of this compositional alloy is assumed tc be
5.532A, thus the critical thickness of each layer is estimated to be about
80A. Fig.2 shows a plane-view TEM
bright-field Image and electron

diffraction pattern observed by a 2IeV GdxZn S
electron of a Cd0 5Zno 7S(57A)-ZnS(67A) 40
SLS after removal of the GaAs substrate EgofcubcZnS(4.2K)
(where a total layer thickness is
approximately 5000A). No morie fringes 3.5

can he seen In the 1100) epitaxial layer - 9(. ) 4
and as a result Its coherency-grown SLS

layer with (100) orientation can be 3.0 z
realized. The electron diffraction 35
pattern appears to be spotty supports D G)
the good epitaxial film. It is 2.5 m

reasonable to consider that below 80A Z Eb - 30 M

thick there appear no structural defects LJG
and the strained-layer can be formed as 2.0 25
Judged from the results of Flgs.l and 2. 5

Photoluminescence (PI.) measurements

were performed at 4.2K. The dispersed 0 0.5 1
signal by a Im Jobin-Yvon single MOLE FRACTION X
monochromator was lead to the photo-
multiplier and analyzed by a Fig.3 Energy bandgap Eg (4.2K) and
conventional lock-In detectl n system. exciton binding energy Eb
A tle-Cd laser (325nm, lmW/cm and a N2  calculated for Cdx Znl xS as a

laser (337.nu, IMW/cm 
) 
were used as function of x.

excitation sources. The temperature
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dependence of the PL were also measured using a temperature-variable cryostat
(4.2K or 19K) up to RT. External electric-field dependence of the P. was
measured. For the experiment of the external electric-field effect. Si-doped
n
5
-type (lO0)GaAs substrates (10-3 Q.(ca) were used. The preparation

procedures of the sample are as follows ; First, to form the ohmic contact to
n*-type GaAs substrate, Au-Ge film was evaporated on the GaAs substrate and
subsequently annealed at 490'C in H2 atmosphere for 15min. Second, Au film
(the thickness of about 50A) was evyporai,,I on the surface of the SLS to form
the Schottky barrier contact at 10 Torr. Finally. Cu-wire was fixed on the
surfaces oj each evaporated film. The external electric-field of about an
order of 10 V/cm was perpendicularly applied to the (100) growth direction.

3.RESUI.TS AND DISCUSSION

3.1 Energy gap and exciton binding energy of the CdZnS alloy

It has been well known that ZnS generally forms a mixed texture of cubic
and hexagonal structures, while CdS forms a hexagonal structure with
exception of a few recent reports 14.5]. When ZnS can alloy with CdS, the
apparent band gap energy Eg of this alloy decreases with composition x(=Cd).
Using the physical quantities such as each hexagonal band gap and bowing
parameter (b), the Eg of the binary compounds 131 is expressed by

Eg CdxZnl-xS(x) =0.61(1-x)
2
s0.719(1-x)+2.582 leVI (1)

where each band gap of ZnS and CdS at 4.2K is 3.911eV and 2.582eV,
respectively, and b is 0.61eV [3]. Fig.3 shows the calculated Eg (4.2K) as a
function of x. where the Egc means the band gap of the cubic ZnS crystal.

On the other hand, the exciton binding energy can be simply calculated
as a function of x using the virtual-crystal approximation IVCA) model for

CGd rS-Z S SLS L.=6A
He-Cd 325nm 3(5 C3ZnoS-ZnS SLS Lb=81A

. ----peak energy 60

3.5 . . . .

W.tmev

03t1eV 0 50 100

Fig.4~~~~~ 3.4onelsln a

A43.7meV '

-77..A 332eV 40
3.3

0 50 100

37 360 350' WELLWIOTH(A)
WAVELENGTH mint

FIlg.4 Exciton-emisslon bands Eg5 Eeg hf ftepaat 4.2K of Cdn  Zo7_n Fig.5 Energy shift of the peak
at 4.2 of fCdI 3Zn o 7S -ZnS position and llnewidth as a
SLSsfunction of well thickness.
thickness at a constant
barrier of R1A.
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effective 'mass and dielectric constant in the alloy crystal I61. If this
P model is applicable to estimate the free-exciton energy for the ground-state.

the binding energy E B(x) Is presented by following equation.

X aA .(l-x)UB x(i-X) "A "B2

EB(x)=RI-_2  --z + ( -- lI(2)
A B Xt'B+(lXtLA F A '

where/ "AB Is the reduced mass of electrons and holes, c JB is the dielectric
constant and R Is Rydberg constant. For cubic ZnS and C~ crystals, we used
U ZnS=O.20 , c fnS=8 .32.0 uCdS=0'- 3 4 and C dS=8 .19 11.31. The calculated results
are also p ott ed in Fig.l. The EBX) of NO 3Zno 7S Is calculated to be
about 35meV and thus the Bohr radius Is calculated to be 24A. The dependence
of both Eg and EBon x Indicates a similar behavior.

3.2 Pl. properties of CdO.3ZnO.7S-ZnS SLS

Fig.4 shows general spectral changes of the lineshape at 4.2K of a
Cd Q Zno. 7S-ZnS SLS as a function of well (Lw) at a constant barrier
thi~ness (81A). With decreasing the Lw, the peak position moves toward
higher energy, while the linewldth (FWlPll increases dra:matically. Fig.5
represents both the peak position and FWIP1 value as a function of well width.
Below 30A well thickness, the FWIIM is significantly increased. Since the
well width becomes smaller than the Bohr radius, the localization of excitons
will significantly take place. Also, it means that strong quantum
confinement relates to the exciton transition. If we assume that this SLS
structure belongs to a type I heterojunction. the condiuction band offset is
relatively larger than that of the valence band. Consequently, the electrons

CdO-3Zr7S-ZnS SLS TEMPERATURE(K)
110-N21aser excit. 20 O50 40 2.0
1 Co (a -Cdo-ZmS-ZnS SLS

i 9a N 2lciser exci t.

~80-

70

50

3.36-
~334- %Z.

uZ'33C - 6c00 0 0
LL33 WAVELENGT (-
x) 31 166meV
< 32
a26

0 100 r05 300 0 10 20 PO t0 50 to
TEMPERATURE(K) 1000/IT (K-)

Flg.6 Temperature dependence of Flg.7 Temperature dependence of
ifnewidth (a) and energy peak luminescence Intensity of a
position (b) of a Cd 3Zno.7 S-ZnS Cd0 2 3 7n0 7S-7.nS SI.S and the spectra

SLS (lw=57A and Lb=6 9AI. taken at 4.2K and RT.
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are strongly confined In the potential well.
Fig.6(a) and (b) show the temperature dependene of the FWI.' and peak

position of a Cd 0 .3Zn3. 7S-ZnS SLS (Lw=57A, Lb=67A and 100 periods).
respectively. The soil curve for the theoretical linewidth broadening of
(a) Is described using the following equation 121.

17 a OF ri exp(I-Eb/kBT) .FLo/1exp(h-1lO/kBT)lI (3)

where F0 Is the linewidth at 4.2K F Is the strength of acoustic phonon-
exciton Interaction, F1 Is the coefficlent of the fluctuation of exeitons
trapped at defect sites and Eb is assumed to be an Ionization energy of
loca]lzed center which binds excitons. n 0I the strength of LO phonon-
exciton interaction aed ?". 0 Is about 4m frCdo 3Zno 7 S alloy. Using
F 0=54.8meV, Fa=5.OxlO- eV/K, F I 66meV. 1'0=68meV andI Eb~j8meV, we can draw
the solid curve which Is In good agreement with the experimental points. The
peak position moves toward lower energy with increasing temperature and this
behavior appears to exhibit the temperature variation of the band gap of the
quantum well.

Fig.7 shows the temperature dependence of the exciton emission Intensity
of the same SLS sample. The activation energy for the thermal quenching is
estimated to be about 166meV which is two times larger than that of ZnSe-ZnS
SLS [2]. On the basis of our previous assumption (21, this activation energy
corresponds to the dissociation energy of excitons through electrons and
holes. The 166meV will give the is exciton binding energy. In the insert of
Flg.7, the spectra obtained at RT and 4.2K under a lie-Cd laser excitation
condition were displayed.

3.3 Static electric field effect

The spectral change of the P1, bands of a Cd0 3Zn0 .7S-n SS lw71

Wx~m7S-Z,,S SLS L-77A L-81AI ELECTRIC FIELDMx16V/cm)
0 5 10

CdwZrroS-ZnS SLS L.-=77A Li;=81A 11jmI 329019K

-4V4

328KV
____ ___1 0

35 30 375 370 0 -5 -10
WAVELENGTH(nm) APPLIED VOLTAGEMV

Fig.8 Electric-field de-
pendence of exciton 1 1g.9 Dependence of the Intensity and peak
emissions at 19K of a Position on electric field.
Cd Zn S-'nS SI.S (Lw=77A
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Lb=81A and a period of 100 cycles) at 19K is shown in Fig.8 as a function of
electric field. With increasing electric field under reverse bias
conditions, the band slightly decreases in intensity. Fig.9 shows the static
field dependence of the peak position and PL intensity as a function of
reverse bias. PL Intensity decreases and the peak position shifts toward
lower energy side with inc~easlng electric field. We found the energy shift
of about 2meV at IOV (E-1O V/cm). A critical field of exciton ionization due
to electric field is estimated to be about 10

4
V/cm 17]. however. te ixciton

band Is not significantly decreased in intensity even over 1) V/cm. A
slightly decreased luminescence intensity may be caused by the tunnel out of
electrons or holes through the well within the barrier. The energy downshift
with electric field may be related to a quantum confined Stark effect 18,91.

4.CONCLUSION

The plane-view TEM, electron diffraction pattern and X-ray diffraction
measurements Indicate that the Cdo.3Zno.7S-ZnS multiple-quantum well
structure consists of the strained-layer superlattice below each 80A layer
thickness. From the well width and temperature dependence, the exciton
luminescence shows the strong quantum confinement. We have observed the RT
exciton luminescence at 3.286eV and the thermal activation energy of excitons
is estimated to be 166meV largest in the present semiconductor SI.Ss, despite
the large LO phonon-exclton Interaction (FWLO68meV). The electric field
applied perpendicularly to the (100) direction leads to the decrease in the
luminescence Intensity and the energy downshift of the peak position, so we
suggest that this phenomena may be caused by the quantum confined Stark
effect.
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PRECISE MEASUREMENTS OF TRANSIENT EXCESS CARRIER
LIFETIMES IN II-VI FILMS AND SUPERLATTICES

W. 0. DOGGETT, MICHAEL W. THELANDER AND J. F. SCHETZINA

North Carolina State University, Physics Department, Raleigh, NC
27695-8202

ABSTRACT

A system has been developed for accurately measuring life-
times for photo-induced excess current carriers in semiconductors

using the transient photoconductivity decay method. The specifi-

cations of state-of-the-art equipment, considerations peculiar to

the capture of fast transient pulses, and sophisticated statisti-

cal data analysis techniques are discussed. Experimental results

are presented to demonstrate the capability of the system (a) to
measure lifetimes in the 40-ns - 75-gs range for temperatures
varying from 77K to 300K with 10% accuracy for single lifetime

decays and 30% accuracy for individual effective lifetimes in a

multi-component decay, and (b) to use a 300-ns lifetime photocon-

ductor as a detector to measure nanosecond-time-scale structure

of laser pulses. The predominant excess carrier lifetimes of
HgCdTe samples grown at NCSU by photoassisted molecular beam epi-

taxy (PAMBE) ranged from 46 ns at 300K to 341 ns at 77K. CdTe
samples and CdMnTe-CdTe superlattices ex.,iited a multi-component

decay with the two lcngest components having effective lifetimes

of 26 gs and 4 gs for CdTe and 75 ps and 10 gs for CdMnTe-CdTe.

These values were relatively insensitive to temperature varia-
tion.

TRANSIENT BEHAVIOR OF PHOTO-INDUCED CARRIER CONCENTRATION

The rate of change of the photo-induced current carrier con-
centration, An(t), for a semiconductor whose excess carriers are

lost only by local recombination in the bulk material with a

single lifetime I is given by (1]

a(An) An(t)at- = g(t)

The term g(t) = CLL(T) is the rate of production of carrier
concentration and is proportional to the laser intensity L(t).
The solution to Eq. (1) is the convolution,

An(t) = g(t') dt' e- (t- t ')/0 (2)

At the end of the laser pulse, the concentration is An(tL) anoAo
where no = n(t) - An(t) is the steady-state carrier concentration

and Ao ' 10 - 
- 10-2. The excess concentration subsequently

decays azcording to

An(t) = noAoe - t/t (3)

Mat. Re. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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in which t in Eq. (3) and below is t - tL in Eq. (2). The decay

is sometimes more complex than a simple exponential form and must

be represented by one of the following models.

(a) Decay from different conduction bands or trapping levels [1]

An(t) = no(Ale
-
t/l + A2e

- t / 2  
+ ..- ) . (4)

(b) Bulk and surface recombination for a finite-thickness samtle

An(t) noIAKe( +XK)t

K (5)

The XK are geometry-dependent eigenvalues and AK are the local
excitation coefficients for the Kth spatial modes in the solution
of the continuity equation [1,2].
(c) Bulk and surface recombination for a semi-infinite sample [3]

An(t) = noAoexp[t/,[(S2 -1) erfc(SFT) 1, (6)

where S = sT/L, s = surface recombination velocity, L = diffusion

length of the minority carriers, and T = recombination lifetime.
Deviations from the above decay curves can be caused by the

following physical factors. An excessive applied electric field
can be a problem for p-type samples. Illumination of nonohmic or
rectifying contacts can produce a photovoltaic signal. Non-
uniform illumination of the sample can cause a departure from an
exponential decay. An intense laser pulse can (1) invalidate the
assumption of a small-signal level, Ao<< 1, and (2) change the
resistance by increasing the temperature.

THE TRANSIENT PHOTOCONDUCTIVE DECAY METHOD

Figure 1 shows the equiva-
lent circuit for our implemen-
tation of the transient photo-
conductive decay method [1]. /L~t)
A laser pulse produces the Rs(t) I t
carrier concentration An(t)
which causes the following
transient change in the con-
ductivity and resistance of EB C RL
the sample, T
0(t) = - 1 + An(t)
00 Rs(t) no , (7) Fig. 1. Equivalent circuit.

in which the subscript o denotes steady-state values. The cur-
rent through the sample is I (t) = EB/ (RL + RS (t) ] . With the
assumption that An(t)/n o << 1, the voltage observed by the oscil-
loscope is

VL(t) = RLI(t) = IoRL + R_+RL not)
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The shape of the decay curve depends on the model, ranging from a
simple or multiple exponential form after the laser pulse to a
convolution according to Eqs. (2)-(6) for An(t)/no.

DESCRIPTION OF THE EXPERIMENTAL SETUP

The most important consid-
eration in designing this sys-
tem is the selection of compo-
nents, circuits, and data ac- PO- -
quisition equipment that can SUPPLY

capture the true transient be-
havior of the photo-induced
current without distortion.
Possible sources of distortion
for nanosecond-time-scale sig-
nals include: (a) reflections
at impedance discontinuities
in the signal path from the
sample to the oscilloscope;AN
(b) reflections associated
with the bias voltage source, N L2LAE

or a non-constant voltage
source at the sample circuit;
(c) inadequate high- and low- A'Y
frequency response, voltage
amplification, or digital ac- SA WLE
curacy of the oscilloscope; AND

(d) electrical noise generated CIRCUIT- M
by the laser supplying the op-

tical pulses or by the bias
power supply; and (e) fre- Fig. 2 Block diagram of sys-
quency dependent attenuation
characteristics of coaxial ca- tem showing sample in Janis

bles and connectors. dewar. Legend: D = photodiode

A block diagram of our ex- detector, F = attenuation fil-

perimental setup is shown in ter, LN2 - liquid nitrogen, MI

Fig. 2 and a circuit diagram = mirror, M2 = partially re-

in Fig. 3. The sample was flecting mirror.

cooled in a Janis Research
Company model 8DT detachable
tail dewar. The sample tem-- - -- -
perature was controlled with a
Lakeshore Cryotronics model :
DRC-91C temperature controller ° .;c.L Cb. on:

not shown. A Spectra Physics ............. ......... .........
model 171 argon ion laser with ,o..' sy ft., O, io,-Po.

a model 344 cavity dumper pro-
vided the 10-ns FWHM optical Fig. 3. Circuit diagram for
pulses with wavelengths 457.9 the system. The oscilloscope
- 514.9 nm at a repetition is shown on AC coupling.
frequency 0 - 4 MHz. A battery

powered circuit supplied the dc bias voltage for the sample.
The laser pulse was monitored with a Spectra Physics model

403B ultra-high speed silicon photodiode with a risetime less
than 50 ps. The average lasez power was measured with a Laser
Precision RK-5720 power ratiometer. The signal was captured with
a 1-GHz Tektronix 11402 digitizing and sampling oscilloscope.
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Most signals were recorded with 14-bit accuracy at 5000 points in
time with signal averaging set at 1024 scans. Data was down-
loaded to a DEC-Pro microcomputer and processed on a VAX 11/750
computer. One of the several electrical circuits successfully
used for lifetime measurements is shown in Fig. 3.

DATA ANALYSIS TECHNIQUES

Several linear, iterative linear, and nonlinear least squares
procedures were used to fit the data to Eq. (8) for the various
models discussed above. One must make decisions on the following
factors before fitting a curve: (a) the determination of the
baseline--either letting it be a search parameter during the fit
or using a fixed average of the data over some appropriate
plateau region before or after the decay; (b) the theoretical
model--using a single or multiple lifetime or more complex decay,
or a convolution model; (c) the region of time for the curve fif
--starting (1) at the beginning of the laser pulse, (2) immedi-
ately following the end of the laser pulse, or (3) after the
early decay of very short effective lifetimes, and ending before
or after the transient has decayed into the baseline; and (d)
choice of weighting factors for the linear and nonlinear least
squares fitting. Some laser pulses have long tails extending 10
- 20 times the FWHM past the peak. For these pulses one must use
the convolution, Eq. (2), if the fitting region begins before tL .

If the lifetime is known, a photoconductor can be used as a
detector of the laser pulse with this system even if T >> tL.
From Eq. (8), the excess carrier concentration An(t) is found to
be proportional to the voltage, VL(t), less the baseline, IORL.
The laser pulse shape, L(t), can be computed from the VL(t) data
using Eq. (8) for An(t) in Eq. (1) and numerically differentiaL-
ing to obtain L(t) - g(t). The lifetime T ior use in Eq. (1) can
be obtained from the data as shown in Fig. 4.

EXPERIMENTAL RESULTS

A Hgl_×CdxTe sample grown
at the Santa Barbara Research -

Center with the liquid phase
epitaxy (LPE) method was se-
lected for making extensive
tests of the system and for
studying the infliience of sys-
tem components and analysis
parameters on the computed
lifetime. The sample thick-
ness was 5.3 pm and the x -,

value was 0.26. Figure 4
shows a semi-logarithmic plot - , , -- ,
of the data observed at 77K. T.-
The spacing between data
points was 4 ns and between Fig. 4. Decay of photo-in-
laser pulses was 244 Vs. The duced current for the HgCdTe
average laser power was less SBRC sample at 77K and theo-
than 3 mW and the bias voltage retical straight-line curve
applied to the sample was 1.5 fit with I = 514 ns.
volts.
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The straight line is a theoretical fit computed with the
nonlinear least squares program which searched for the baseline
as well as the lifetime and transient amplitude over a five-
lifetime time interval denoted by large tic marks with arrows.
The following equation obtained by the program for the fit,

V(t) = -475.93 + 5.57 e
- (t- 2 84)/5 1 4, t > 585 ns, (9)

with V in mV, and t in ns is in excellent agreement with the data

over two orders of magnitude of decay with a single lifetime of
514 ns. The early data lying above the theoretical curve may be
due in part to the long tail of the laser pulse and in part to a
short lifetime component in the decay.

The excess carrier lifetime for the SBRC sample increased
from 298 ns at 300K to a maximum of 754 ns at 225K and then
decreased to a minimum of 427 ns at 90K after which it increased
to 514 ns at 77K. The accuracy of the lifetimes is 10-15% based
on repeated measurements, the length of the fitting region, and
the variation of values when analyzed with various fitting
routines, weights, and fitting regions.

We next demonstrated the capability of the system to measure
the shape of the laser pulse using this sample at 300K as a
detector. The rise of the signal (upper points) is shown in Fig.
5 on a greatly expanded time scale. The straight line is a sin-
gle lifetime fit CC = 298 ns) extrapolated back from the region
of fit. The computed laser shape, shown as the lower curve (with
arbitrary intensity units), has the same FWHM, 8.4 ns, as the
laser pulse measured directly with a fast photodiode (shown in
Fig. 6) . Even the fine structure is resolved by the system.
These results demonstrate the high frequency and risetime
characteristics of the system as well as its accuracy and freedom

of noise pickup.
Measurements of a HgCdTe sample grown : 1 trlh Ca-clina State

University (NCSU) with the PAMBE method yielded single lifetimes
which ranged from 46 ns at 300K to 341 ns at 77K. The thickness
of the sample was 2.55 Lm and the x value was 0.26.

__ o~ on ...0. . 00 . . .. 0* ~ 3 00 00

Time ( ,)

Fig. 5. Initial rise of Fig. 6. Laser pulse measured
photo-induced current for the with a fast silicon photodi-
SBRC HgCdTe sample at 300K ode. FWHM = 8.4 ns. The mod-
(upper points) used to calcu- ulated fine structure is
late the laser pulse shape and caused by interference between
the calculated laser pulse components of the diffracted
shape (lower points). FWHM beam.
8.4 ns.
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The CdTe samples grown

with PAMBE at NCSU [4] exhib-
ited a complex decay that re-
quired at least a two-lifetime
model for fitting the longer
lifetime components. Figure 7
shows a decay analysis for 5
sample 292 at 77K for a two- B
component fit starting at 2 As % 0

after the laser pulse. The
sample thickness was 5.05 pm >
and Hal' measurements at 80K,

a using the Van der Pauw method, --
showed it to have mobility, An o

= 3.29x10 3 cm2/V.s with a car- 0 20 40 60 80
tier concentration, n =
3.22x10

15 cm-3 . The bias volt- Tre(,)

age for the sample was 1.0
volt, and laser's repetition Fig. 7. Decay of phone-in-
rate and average power were duced current for the NCSU
4.1 kHz and 2.4 mW, respec- CdTe sample 292 at 77K (,Ei
tively. Shorter effective 26 As, 12 = 4 As).
lifetime components exist in
the decay prior to 2 As and
are not shown. The upper points are the original data (less the
baseline), and the straight line passing through the data is the

long lifetime component, Vle-t/1. The lower lying points were
calculated by subtracting the extrapolated long lifetime
component from the earlier data. The straight line through these
points is the short lifetime component, V2 e

- t/2. The

theoretical curve Vie-t/tl + V2 e
-t/2 completely overlays the

earlier data points and the oi curve at long times and is not
separately discernible. The two longest effective lifetimes werc
26 As and 4 Ms at 77K, and they did not vary significantly
throughout the temperature range to 275K.

Two CdMnTe-CdTe superlattice samples produced by the PAMBE

process using modulation doping with indium at NCSU [5,6] were
investigated. The decays for these sample were also complex but
had somewhat longer lifetimes than those of the CdTe samples.
Sample 228 had a well thickness of 75A, and a mobility at 80K,

An = 4.4x,0
2 cm2 /V.s with a carrier concentration, n = l.01xl0

16

cm 3 . Room temperature values were Pn = 2.55x10 2 cm2 /V's and n =

3.15xi01 6 cm- 3 . The curve fit for this sample in the region be-
ginning at 2 As after the laser pulse required effective life-
times of approximately 75 As and 10 As at 77K. These values de-

4creased slightly as the temperature increased to 290K.

SUMMARY

The development and experimental demonstration of a state-of-
the-art measurement and analysis system for determining the
transient behavior of excess carriers in semiconductors with
lifetimes - 20 ns - 100 As over the temperature range 77K - 300K
using the transient photoconductivity decay method have been
described. Excess carrier lifetime results were presented for

I
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some II-VI films and superlattices. Additional measurements are
required to extract minority carrier lifetimes from these results
for comparis-n with theory [71. This paper dealt primarily with
a description of our experimental setup and a demonstration of
its capability. Comparisons of data with physical parameters and
theory will be presented in a later work.
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ABSTRACT

This paper will review recent progress in the growth of II-VI
semiconductors at NCSU by photoassisted molecular beam epitaxy, an
energy-assisted growth technique in which the substrate is
illuminated during the entire growth process. The materials
focused on here include undoped and As-doped CdTe, As-doped
HgCdTe, and In-doped HgCdTe. These materials were grown as single
epilayers, as well as incorpcrated in other structures including
heterojunctions and modulation-doped superlattices. The photo-
assist during growth has allowed a substantial reduction in
substrate growth temperatures, as well as an enhanced activation
of n-type and p-type dopant species. The structural, electrical,
and optical properties of the samples will be discussed below.

INTRODUCTION

The family of II-VI semiconductors has long received interest
from the electro-optics community owing to their wide range of
bandgaps from the ultraviolet (UV) to the infrared (IR). Efforts
in recent years at laboratories around the world have focused on
the lingering problem of establishing control over n-type and p-
type doping in the II-VI's. In 1986, at North Carolina State
University (NCSU), a new growth technique called photoassisted
molecular beam epitaxy (MBE) was reported to give control over n-
type and p-type doping in CdTe [1,2]. The first all thin film in-
situ-grown CdTe pn-junction was reported soon after the initial
work [3]. Enhanced doping using the photoassisted technique has
since been reported in other II-VI semiconductors, including thin
films of CdMnTe and CdMnTe-CdTe superlattices [4], and HgCdTe [5].
Reports of devices made from these doped thin films [6-81 show
great promise for future applications of II-VI materials.

The intent of this paper is to summarize progress achieved at
NCSU using the photoassisted MBE technique. An overview of exper-
imental techniques and materials' properties will be presented.
However, for a more detailed explanation of the many growth
experiments pursued since 1986, the reader is advised to refer to
the publications list in the reference section of the paper, and
to companion papers included in this volume. The materials
systems that are focused on here include undoped and doped CdTe
and HgCdTe. The dopant species which have been employed are As as
a p-type dopant, and In as an n-type dopant. The parameters used
in the various growth experiments are summarized in the following
section. A description of the structural, electrical, and optical
properties of selected films and multilayer structures then
follows.

Mot. Res. Soc. Symp. Proc. Vol. 161. '1990 Materials Research Society
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EXPERIMENTAL DETAILS

The CdTe and CdTe:As doped films were grown on high quality
chemimechanically polished (100) and (1i1) bulk CdTe substrates.
Prior to insertion in the MBE system, the substrates were
degreased and rinsed in deionized (DI) water, briefly dipped in a
1:1 mixture of hydrochloric acid and DI water, and given a final
rinsing in DI water. (Omission of the HCI dip was investigated
for some samples.) Preheat temperatures of between 300 °C and 400
oC were used to drive off the native oxide. Substrate temperatures
(Ts) employed ranged from 75 oC to 230 oC.

The illumination source used during the film growth
experiments was a Spectra-Physics model 171 argon ion laser with
broadband yellow-green optics. The laser beam was coupled into a
fiber optic cable inside the growth chamber which directed the
light onto the substrate surface. The photon energies associated
with the incident photon flux on the growth surface lie in the
range from -2.3-2.7 eV. The laser power density at the substrate
during film growth was varied from 50-150 mW/cm 2 . For this range
in power densities, substrate heating effects are expected to be
negligible. The incident photon flux is about 1017 photons/sec-
cm 2 . For growth of the undoped CdTe epilayers, two ovens con-
taining high purity polycrystalline CdTe were used. Oven tempera-
tures were adjusted such that typical MBE growth rates of 0.5-2.0
A/sec were obtained. For growth of CdTe:As layers, an additional
oven containing elemental As was employed. Arsenic oven temp-
eratures from 160 °C to 200 °C were used to vary the incorporation
rate of the p-type dopant.

Design details for the Hg-compatible MBE systems at NCSU have
been reported earlier (9]. MBE source ovens, equipped with
computer-controlled shutters and filled with CdTe, Te, and Hg were
used in the film growth experiments. For modulation doping, ovens
with elemental As or In were employed. The Hg-compatible systems
were modified for photoassisted MBE growth- experiments by
replacing one of the MBE ovens on the main source flange with an
ultra-high vacuum Pyrex window. The broadband blue-green output
from a Spectra-Physics model 2016 argon ion laser was beam-
expanded, collimated, and directed through the window allowing
uniform illumination of the substrate surface. Power densities
employed ranged from 40-100 mW/cm 2 .

The HgCdTe samples were grown on polished lattice-matched
(100) Cd0.96Zn0.04Te substrates. Immediately prior to film growth,
the substrates were preheated at 300 oC for 10 minutes in the MBE
chamber to drive off residual impurities and to insure a
stoichiometric growth surface. A substrate temperature of 170 °C
was used throughout the HgCdTe film growth experiments.

The structural quality of the CdTe and HgCdTe samples was
assessed using a Blake Industries double-crystal x-ray diffract-
ometer with a Phillips x-ray generator (Cu Ka x-rays). This
instrument has a rocking curve resolution of 1 arc sec.

Van der Pauw Hall effect measurements were performed on the
doped samples over the temperature range 20-300 K to determine
carrier type, concentration, and mobility.

The optical properties of the CdTe films were investigated
using photoluminescence spectroscopy over the temperature range
from 1.6 K to 300 K. The samples were mounted in a Janis Research
Products SuperVaritemp optical cryostat. The PL signal was
excited using the chopped output from a Spectra-Physics He-Ne
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laser focused onto the sample surface giving a power density of -2
W/cm 2 . A SPEX double monochromator with a GaAs photomultiplier
tube and lock-in amplifier were used to measure the PL signal.

Selected samples from the series of modulation doped Hg-based
structures were analyzed using IR PL spectroscopy at liquid helium
temperatures. The PL signal was excited using the chopped output
from a Nd:YAG laser focused to a spot on the sample surface to
give a power density of -200 W/cm2 . A SuperVaritemp cryostat with
ZnSe infrared windows was employed to cool the samples to 4.2 K.
The signal was detected using a Nicolet 60SXR Fourier-Transform-
Infrared (FTIR) spectrometer and lock-in amplifier.

PL under high power cw excitation was completed on undoped
Hg-based multilayers. The films were chemically removed from the
substrates using a selective etching solution consisting of 8
grams K2Cr2O7, 20 ml of nitric acid, and 40 ml of DI. We have used
this solution for removal of both CdTe and Cd0. 9 6 Zn 0 .0 4Te
substrates. The multilayered film structures were cleaved with a
sharp scalpel to form rectangular parallelepipeds and then pressed
into indium. The laser cavities were optically pumped using the
1.064 pm Nd:YAG laser output (cw). Power densities employed range
from 1 to 7 kW/cm 2 at the sample surface. The PL emission was
collected and analyzed using the FTIR spectrometer.

RESULTS AND DISCUSSION

CdTt-

Undoped CdTe films grown under illumination are often n-type,
as-grown. The conductivity is, however, dependent on substrate
preparation, and on the incident illumination power density. The
electrical properties of undoped films grown under a power density
of -90 mW/cm2 were reported earlier [10]. Room temperature carrier
concentrations in the range from 2-4 x 1015 cm - 3 and electron
mobilities as high as 6600 cm2/V-sec were measured from films grown
at T3 = 230 OC (Fig. l(a)). The donor level responsible for the n-
type behavior is believed to be ClTe, originating from the HCI dip
used during the substrate preparation. Indeed, the films grown
with the HCI dip omitted were high resistivity, using the same
illumination power density during growth.

A study of the PL emission from the n-type undoped films
grown under 90 mW/cm 2 was performed over the temperature range from
1.6-300 K (11]. A typical low temperature spectrum is shown in
Fig. I (b) . The bright sharp PL peaks attest to the optical
quality of the films grown. The emission at 1.5973 eV is
attributed to free exciton (X) recombination. The dominant
emission line occurs at 1.5935 eV, and is attributed to
superpositions of (DO0c,h) and (D0 ,X) recombinations. The X
emission could be well-resolved up to T = 140 K. The PL signal at
higher temperatures was found to originate from the 1.5935 eV
transition seen at liquid helium temperatures.

Growth experiments using illumination power densities of -150
mW/cm 2  yielded undoped n-type CdTe films with electron
concentrations of over 1017 cm-3 (see Fig 2) . The PL spectrum from
one such film is shown in Fig. 3. Note that the PL spectrun is
dramatically different from that shown in Fig. l(b). The dominant
PL recombination peak occurs at 1.56 eV in the highly conducting
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Fig. 1. (a) Carrier concentration and mobility vs.
temperature for n-type undoped CdTe film grown under
90 mw/cm2 illumination; (b) Low temperature PL spectrum
(5 K) showing ClTe donor-related transition at 1.5935 eV.

n-type films. We do not believe the n-type conductivity is due to
residual Cl contamination. We have observed similar spectra from
bulk CdTe, which was non-stoichiometric after annealing [121 . We
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Fig. 2. Plot of carrier concentration and mobility vs.

temperature for n-type undoped CdTe film grown under 150
mW/cm2 illumination.
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Fig. 3. Low temperature PL spectrum (5 K) from undoped
CdTe grown under 150 mW/cm 2 illumination showing main peak
at 1.56 eV, giving evidence of non-stoichiometry.

believe a native defect is responsible for the conductivity
observed, as explained below.

The effect of incident illumination on the desorption rate of
Te2 from the growth surface of CdTe has been studied using RHEED
measurements [13]. An increase in the desorption rate of the Te
species was reported, suggesting that the film growth surface
would then be non-stoichiometric (Cd-rich) . We suggest, then,
that the incorporation of residual impurity atoms on Te sites, DTe
(such as ClTe) would then be favored. Under high laser illumin-
ation intensity, the number density of the Te vacancies could
exceed the concentration of residual donor impurities, while the
film growth surface would still be rich in Cd. Both Cd inter-
stitials and Te vacancies act as n-type dopants, and this, we
believe, is the reason for the high excess electron concentration
observed from films grown under the higher power densities.

A second RHEED study [141 concludes that argon laser light
could affect the desorption rates of both the Cd and Te species.
This is consistent with PL studies performed on undoped CdTe films
grown by photoassisted MBE [15], in which Cd vacancy-donor com-
plex centers (Cdv-DTe, and DTe-Cdv-DTe) were observed. The altering
of the stoichiometry of the film growth surface is further
suppported by the report that illumination of the substrate during
CdTe film growth is similar to using an additional Cd flux [161:
the Cd/Te ratio is increased in either case.

The photoassisted MBE technique has allowed us to substan-
tially lower the minimum substrate growth temperature Ts at which
single crystalline films are obtained. We obtain single-crystal
films using Ts = 100 OC, which represents a dramatic reduction from
the value of 275 oC normally employed for homoepitaxial growth of
CdTe by conventional MBE (without laser light).
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High quality p-type films have been prepared by photoassisted
MBE by doping CdTe with As [17)]. Hole concentrations in the 1018
cm-3 range have been obtained. A lowering of substrate temperature
was also investigated with the CdTe:As films. X-ray rocking
curves for films grown at 125 OC and 150 OC are shown in Fig. 4.

0 0 _ _ _ _ _ __I
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Fig. 4. Double crystal x-ray rocking curves for CdTe:As
films grown at (a) 150 OC (#62) , and (b) 125 OC (#63)
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The films grown at low Ts exhibit sharp bright excitonic PL
emission peaks at low temperature, as shown in Fig. 5. Single-

10 crystal films were grown at T. = 100 oC, however, the optical
properties were degraded, as seen in Fig. 5(c).

Modulation-Doiad HgCdT!

Photoassisted MBE has been used to grow a series of
modulation-doped HgCdTe samples containing doped HgO.1 5Cd 0 .85 Te
barrier layers [5,18]. Because these barrier layers are -50 A
thick, and well layers are on the order of -1000 A thick, these
structures are essentially 8-doped. Cross-sectional bright-field
TEM images [19] of the structures show that a high degree of
regularity and structural quality was obtained. Both p-type and
n--type structures have been grown, using As and In dopants in the
barrier layers, respectively. Double crystal x-ray rocking curves
for representative samples are shown in Fig. 6, showing the main

Hg1 _Cd.Te-Hgl.Cdye SuperlaLtice Hgj CdTe-Hg1 yCdyTe Superlattice

Sample 8158 - Sample BZOA
T, 170 *C T -0*_....... ,. , i .._ _ .. ,=17 C SBRC CdZnTe C 70° SBRC CdZnTe

tL,L.= 1180 A Substrate L, L 6 '.bstrete

20,61, ClYMt.1 X-,.Y .0 0 0,61 CrY W~ X-1.,
a Rook,. C-m 1 ' Ror6,ag Ca.-

- - 2

z+-6- - -

-1000 1000 -1000 0 00

ANGLE (arc sec) ANGLE (arc sec)

(a) (b)

Fig. 6. Double crystal x-ray rocking curves showing several
orders of satellites for (a) p-type HgO.15CdO.85Te:As-
HgO.74CdO.26Te; and (b) n-type HgO.15CdO.85Te:In-HgO.8Cd0 .2 Te
superlattices.

SL diffraction peak and several orders of satellites. Diffraction
peak FWHMs in the range -20-30 arc sec are measured.

Van der Pauw Hall effect measurements were recorded from 20-
300 K. Average hole concentrations ranging from p=10 1 6-101 8 cm-3

are obtained by varying the dopant even temperature during the
various film growth experiments. Electron concentrations in n-type
samples range from n=10 17 -10 1 8 cm -3 . Fig. 7 shows the carrier
concentration vs. temperature for p-type and n-type samples. The
p-type sample has a Hgl-xCdxTe well layer for which x=0.24. The
hole concentration (1018 cm -3 ) is a factor of 5 larger than the
maximum solubility of Hg vacancies in HgCdTe for this x-value.
This provides evidence that the holes come from the As ions in the
barrier layers and are transferred to the wells. Hole freeze-out
at low temperatures is not observed in the modulation-doped
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structures since there are no acceptor ions present in the smaller
band-gap well layers. The hole mobilities are comparable to
mobilities in bulk HgCdTe due to the large thickness of the well
layers (-1000 A) . We also note that the valence band offset (VBO)
must be large enough to allow the charge transfer from the As ions
in the barrier layers. A lower limit to the VBO for the HgTe/CdTe
interface was determined to be 95 meV from 20-300 K [18].

Arsenic Doped HgCdTe Indium Doped HgCdTe
B14 

B19B

0 .2B 4 
0 .2 6

t0 1.9 E .V

p-type t oo 
0' g
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I  

|1 
t 10

10 too 1oo 10 too 1000

Temperature (K) Temperature (K)

(a) (b)

Fig. 7. Hall data for modulation doped HgCdTe superlattices.

Hall data for an n-type sample with well layer x-value of
0.21 is shown in Fig. 7(b). Again, the average carrier
concentration is independent of temperature. Since the carrier
densities shown in Fig. 7 are determined by assuming a uniform
sample, the data implies extremely high doping levels were
achieved in the 50 A thick barrier layers. For our highest doping
levels obtained to date, we estimate that As and In ion densities
> 1019 cm-3 exist in the barrier layers. High doping levels are
expected to produce extremely large band distortions in the
vicinity of the heterointerfaces, giving rise to one or more
localized (two-dimensional) carrier states. A self-consistent
approach to calculating localized hole and electron ground state
energies has shown that carriers are tightly bound at these
states, thus reducing their mobilities (18].

P-type modulation doped HgCdTe superlattices have also been
grown by alternately depositing Hgo.3Cdo.7Te:As barrier layers with
undoped Hgo.7eCd0. 2 2Te well layers. In this way, superlattices
consisting of 200 double layers were prepared. The thickness of
the Hgo.3Cd0.7Te:As doping layers was Lb - 50 A in each of the
superlattices, with the As dopant uniformly distributed (no
setback). For the small-band-gap well layers, Hg0 .78Cd0 .2 2Te of
thickness Lz = 50-104 A was used in the various superlattice growth
experiments. To prepare n-type modulation-doped HgCdTe super-
lattices, the wide-band-gap Hgo.3CdO.7Te barrier layers were doped
with In rather than As. A summary of measured sample properties
appears in companion papers in this volume.

Preliminary growth experiments of n-type modulation-doped
heterostructures of HgCdTe which contain an undoped spacer layer
have also been completed. These multilayered structures consist
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of a -200 A doping layer of Hg0. 3Cdo.7Te:In onto which is deposited
an undoped Hg0.3Cdo.7Te spacer layer followed by a 2000 A layer of
Hg0.78Cd0 .22Te. The spacer layer Lhickness was varied from 50-420 A
in the various MBE growth runs. Electron transfer was not
observed for the thick spacer layers. N-type conduction was
observed for spacer layers < 100 A. Electron mobilities were
fairly temperature-independent. Our results suggest that spacer
layers thicknesses of <100 A must be employed, if effect charge
transfer is to be realized.

P-type and n-type modulation-doped superlattices consisting
of 200 double layers of Hg0 .3Cd 0 .TTe-HgTe have also been prepared
and studied. Details of that work are also presented elsewhere in
this volume.

RaCdTa Lasers

HgCdTe is usually considered as the material of choice for
photodetection in the infrared. However, we have observed bright
PL from samples grown by photoassisted MBE, even at room temp-
erature. To exploit the light-emitting properties which this
material exhibits, we began initial studies to investigate the
possibility of using HgCdTe as an IR laser material for the
wavelength emission range from 2-5 jam. (This wavelength range
includes one of the atmospheric windows.) Theoretical predictions
for high-temperature limits of laser oscillation show that HgCdTe
is expected to be comparable to InAs-based laser structures [20]
from 2-5 gm. For lasing beyond 5 gm, HgCdTe is not expected to
compete successfully with the PbSeTe system. For emission at X<2
Jim, InGaAsP is often used as a laser material, however, a study of
Auger recombination processes favors HgCdTe over this III-V
semiconductor even for output at 1.55 jim [21).

Stimulated emission under high power cw optical excitation
has been observed from Hg-based quantum well structures grown by
photoassisted MBE (221. Refer to Fig. 8 for a schematic of the
laser structure. The active region is a superlattice composed of

T6 Cd 3 Te 166

045gm CdTe , Hg,,Cd, 5Te 60A

0 7 im Active Layer

2 25gm CdTe 30
*Double
'* Layers

22 im HgTe

* HgjCd,5Te 60A

Substrate: CdZnTe (100) Hg8Cd 3,TC 166A

Fig. 8. Schematic of laser double-heterostructure with
HgCdTe superlattice active region.
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31 quantum wells of Hgo.63Cdo. 37Te (L0 - 166A) alternating with 30
barrier layers of Hg0.15Cdo.85Te (Lb - 60A). The superlattice is
sandwiched between two wide-band-gap HgCdTe layers as shown, thus
forming a double-heterostructure. Cavity modes were observed
using cw laser power densities as low as 3.4 kW/cm 2 . Under
increased optical pumping, many emission modes appear superimposed
on the spontaneous PL background. In Fig. 9 is shown the below-
threshold PL emission at 5 K from a 65 g~m wide cavity centered at
about 2.8 gm, and a spectrum showing the many cavity modes which
result at higher pumping powers.
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D 63. W/crr

2  
imposed on PL background at

z
T > 60 KT >60 K.

W Pd z W/Cr,,

4000 3650 3300 2950
WAVENUMBER (cmr)

Considerable sample heating occurred when the laser cavities
were illuminated with the cw Nd:YAG output. We made two estimates
of the sample temperature increase by considering the temperature-
induced shift in the bandgap (22]. Note in Fig. 9, that the
observed shift in the PL background emission peak energy from the
below-threshold spectrum to the stimulated emission spectrum
amounts to 21 meV. One estimate based on the energy bandgap shift
of a single epilayer subjected to identical pumping conditions
gave an increase of temperature to 60 K. The other estimate used
the observed 21 meV shift in the experimental data and related
that to a temperature increase of 160 K! Therefore, we have
conservatively listed the temperature of the stimulated emission
spectrum of Fig. 9(b) as T > 60 K.

The observation of stimulated emission in Hg-based hetero-
structures of the type described here is especially important
since multilayers having this layered structure are also
appropriate for fabricating injection lasers by doping the two
HgCdTe cladding layers on either side of the active superlattice
region n-type and p-type, respectively. Both n-type and p-type
doping of HgCdTe by photoassisted MBE has been demonstrated at
NCSU. Thus, fabrication of injection lasers may soon be possible.
And, if the sample temperature is as high as 160 K, then HgCdTe
lasers operating at temperatures at, or above, liquid nitrogen
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temperature are indeed possible. We should note that in addition
to our results obtained from samples grown with the photo-assist,
optically-pumped lasing action in HgCdTe grown by conventional MBE
has also been observed [23].

CONCLUSIONS

We have reviewed here recent growth experiments using photo-
assisted MBE to control n-type and p-type doping of II-VI
semiconductors. The achievements to date include p-type doping of
CdTe with As yielding excess hole concentrations in the range of
1018 cm- 3 at room temperature. Single crystal CdTe and CdTe:As can
be grown at temperatures as low as 100 °C. This reduction in
substrate temperature is especially important when designing a
thin-film-structure (such as a superlattice) incorporating layers
of CdTe and HgCdTe, since interdiffusion between layers can be
substantial at temperatures normally used to grow high quality
CdTe. In addition, the growth studies of the undoped CdTe shed
some insight on the mechanisms involved in the photo-assisted
growth process. The incident illumination is altering the stoich-
iometry of the growth surface. N-type conductivity in undoped
CdTe films can stem from residual donor impurity atoms on Te-
sites, or from native defects such as Cd interstitials, or Te
vacancies.

Photoassisted MBE has been used to grow modulation-doped
HgCdTe structures. The dopant species, either As (p-type) or In
(n-type) reside in the wide bandgap barrier layers. High average
hole and electron concentrations have been obtained in structures
that incorporate no set-back, yielding doping densities as high as
1019 cm -3 in the thin (-50 A) 8-doped barrier layers. Substantial
distortion of bands near the heterointerfaces are predicted to
occur causing formation of localized (two-dimensional) hole and
electron states in the p-type and n-type structures.

And, finally, initial HgCdTe IR laser studies have begun.
The Hg-based %amples are bright emitters of PL. Optically-pumped
stimulated emission cavity modes at -3 pm have been observed from
a double heterostructure in which the active region is a super-
lattice. We are optimistic about the viability and competitive-
ness of HgCdTe lasers in the emission range from 1.55 pm to 5 gm.
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ABSTRACT

Hg,. A.Te materials where A=(Be, Mg, Ba, Sr, Ca) have been synthesized by the vertical Bridgman
technique. Hydrostatic density measurements showing segregation are presented and for HgMgTe
an effective segregation coefficient is obtained. For HgMgTe a relationship between bandgap E, and
composition x, is developed based on FFIR incasurements of cut-on wavelengths. The variation of
energy gap with composition is found to be comparable to that of HgMnTe and twice as rapid as that
of HgCdTe. Carrier concentration and mobility data from room temperature and 77K Hall

measurements are presented for samples annealed in a saturated overpressure of Mercury.

INTRODUCTION

The bulk growth of HgTe-based ternaries (having the general form Hg, A.Te: for example
Hg, Cd.Te) is extremely difficult when compared with other semiconducting materials[ 1]. Standard
and modified bulk growth techniques are often limited to boules one to two centimeters in diameter,
and thus may never be able to produce large enough samples for some device applications. Still, the
equilibrium bulk growth processes, unlike much of the growth based on epitaxy, offers some unique
advantages for producing material that may be used to divine more basic information about material
properties. Further, the equipment and associated techniques needed to produce novel HgATe
materials do not differ substantially from those needed to produce more standard HgTe-based
materials.

Of the six possible II(A)-VI HgTe-based ternaries we report the bulk growth of HgBeTe,
HgMgTe, HgCaTe, HgSrTe and HgBaTe. Of these growths HgMgTe has been the most extensively

Istudied while a growth of HgBeTe, though completed, has remained completely unstudied for health
concerns[2]. Lastly some comparisons are made between the rather novel materials mentioned
above and their better known siblings HgCdTe and HgMnTe.

CRYSTAL GROWTH

Growth ampoules were fabricated using standard quartz tubing with a wall thickness of two
millimeters. The first-to-freeze end was tapered gradually over approximately 2 cm to form a tip.
A ground glass joint was affixed to the upper end of the ampoule just above a pinched region added
to facilitate sealing the ampoule after it is charged and evacuated. An ampoule length, measured from
the tip to below the pinched region, of nine to ten inches is normally satisfactory for a charge mass
of 50-80 grams. Prior to charging the ampoules were thoroughly cleaned and their inner surfaces
were deposited with a layer of carbon to guard against adverse, high-temperature interactions
between the quartz and the ampoule's charge.

Growth was accomplished in one of two nominally identical Marshall Furnace Company,
Model 1138 two-zone furnaces. Modifications had been made to the transport mechanism to provide
slower pull rates. The temperature controllers are of the Omega CN-2010 series with two type R
(Pt:Pt + 13% Rh) thermocouples used to measure of temperature during growth.

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society

4



240

For these novel growths the upper zone temperature was 8500 and the lower zone 6750. Both
zones were ramped quickly to 7000 then raised to 8000 over a period of 24 hours. The growth was
allowed to synthesize and mix for another 24 hours. The two zones then ramped to their respective
growth temperatures over the course of several hours after which the transport system was engaged.

Growth speed and segregation are closely related[3] and there appears to be a tradeoff
between radial and longitudinal segregation in HgCdTe[4], and in HgMnTe[5]. For reasons outside
the scope of this report it was deemed important to have maximum radial uniformity. This was
accomplished by adjusting the pull rate to one millimeter per hour during material growth. Data from
the previously cited sources indicates that this growth rate will produce HgCdTe and HgMnTe
material with greater radial thar longitudinal uniformity. It was hoped that this trend would hold for
the more novel materials. Indeed the longitudinal segregation can be advantageous in that it produces
samples of varying compositions within a single growth, that can be compared against each other.

DENSITY MEASUREMENTS

Initial characterization of these materials consisted of hydrostatic density measurements[ 6].
Since the lattice parameter of the ternary is a function of the composition, i.e. ao=ao(x), it follows that
the density is also a function of composition. Knowing this functional relationship one can determine
the average composition of each section of the ingot on which a density measurement was performed.
Since the binaries MgTe, Ca "-, SrTe, and BaTe do not occur in the zincblende structure, Vegard's
law[7] cannot be applied to generate a relationship between composition and density. However, if
the concentration of the minority constituent, for example Mg, is kept low the resulting material may
form in a zicblende phase up to some critical concentration[8] below this value an empirical
relationship lx veen density and composition can be obtained. For HgMgTe the relationship was
extracted from published results[9] and found to be:

p(x) = 8.063 - 4.826x, (1)

where the units of p are grams/cm. For the other novel materials no thorough study has been made
to determine p(x).

HgBaTe - 0.10

HgSrTe - 0.10

HgCaTe - 0.10

HgMgTe - 0.12 /hgre

HgMnTe - 0.08

Density (g/cm3

Figure 1: Average measured density of several HgTe-based materials. The density of HgTe is
indicated for reference.
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Figure 1 shows a bar graph of the average measured densities of the novel HgTe-based
materials and for HgTe. The intention of this chart is to demonstrate that the minority constituents
(HgATe: A=Mn, Mg, Ca, Sr, Ba), have been incorporated into the growth. For Mg and Mn (the latter
for comparison purposes) the density variation with position along the ingot are consistent with a
non-unity segregation coefficient. The materials containing Ca, Sr and Ba all showed dramatic
fluctuations in density along the ingot indicative of incomplete mixing and/or multiple phases being
present. The values obtained for Figure 1 were averaged from outside these regions.

SEGREGATION

For the case of normal freezing Pfann[101 has described the segregation in a growth by:

C/C 0 = K(1-g) -l (2)

where g is the mass-fraction of the melt which has solidified and K is the segregation
coefficient. Cs and C. are, respectively, the concentrations of the solute, for example Mg, in the solid
and the nominal concentration of the solute in the growth. A freezing rate which is less than infinite
generates a non-equilibrium situation and this equation is no longer strictly valid. In this case the
effective segregation coefficient is a function of, at the least composition and growth rate. For
HgMgTe it proved possible to generate an effective segregation coefficient for the growth conditions
described above. An iterative technique described in the literature was used[ 11].

From density measurements the concentration of Mg in the solid was determined as a
function of g and a relationship was found between log(C/C) and log(I-g). Equation (2) was then
cast in the form:

log(C/Co) = log(K, n) + [Kdr-Illog(1-g). (3)

This relationship was then solved interatively for Kdf over the range 0 x-<O.09. Figure 2
shows the results of this iterative technique. Note that Ke is only slightly larger than unity for
compositions less than approximately 0.06. That K, begins to deviate significantly at larger

1.6

U 1.4
C
0

S.+

+4 +

C)+ + ++4--?
LLU I + ++t

0 0.03 0.06 0.09

Figure 2: Effective segregation coefficient as a function of composition along the length of the
ingot in HgMgTe. Nominal composition was x--0.12, and the pull rate was 1 mm/hr.
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compositions could be an indication that the published reports of critical magnesium composition of
0.2 could be exaggerated, at least for these growth conditions.

INTRINSIC BANDGAP

A key concern about HgCdTe and any of its sibling materials is the issue of intrinsic bandgap
variation as a function of composition. This relation is well documented for HgCdTe and ltgMnTe,
but not well established for HgMgTe. To this end samples of HgMgTe were measured and their
composition determined using the above mentioned relationship p(x). The samples were then
annealed at a temperature of 300' in an overpressure of mercury. This procedure is necessary to
eliminate the dominant as-grown defect, a mercury vacancy which results in p-type material[12]
causing very large intra-band absorption and making infrared measurements difficult. The samples
were then thinned asymmetrically to avoid "p-core" samples and mounted for easier handling.

A BioRad Digilab FTS-60 fourier transform infrared spectrometer was used to perform the
measurement. A glowbar source was used along with an interferometer having a maximum
resolution of 0.2 cm-'. A cooled HgCdTe detector was employed for the measurements which were
all accomplished at room temperature.

Figure 3 shows the spectra from two samples of HgMgTe and the I/e-zero intercept
transmission cut-on (1/e Zitco). This point has been proposed as a standard value for determining
a cut-on wavelength[ 13]. Using these data points and the known room-temperature intrinsic bandgap
for HgTe (HgMgTe where x--0) a least squares linear fit was obtained. The intrinsic, room
temperature bandgap of HgMgTe is given approximately by:

E,(x) = 3.823x - 0.115, (4)

where E,(x) is in electron volts.

100

80 -----__s2e

60

. 40

20 1716(cm" 1

1438 (cm-)

0 -------------
2500 2100 1700 1300 900 500
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Figure 3: Transmission spectra of two samples from a growth of HgMgTe. The samples were
taken from sections approximately one centimeter apart in the ingot. Segregation
results is a non-uniform concentration of magnesium, hence the variation in intrinsic
gap. The l/e-Zitco wavenumbers are indicated.
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Figure 4: Room temperature and 77K Hall data for several, novel HgTe-based materials.

HALL DATA

Another measure of a material are its Hall carrier concentration and mobility. Figure 4 gives
the room temperature and 77K carrier concentration and mobility for several samples of these novel
materials. Each of these samples has undergone a post-growth mercury anneal as described above.

The 77K mobilities for the HgMgTe samples are not significantly different fim similar data
obtained from optimized growths of HgMnTe. However, the corresponding carrier concentrations
are an order of magnitude higher. This could be due to the unintentionaldoping by residual impurites.

Since the growth conditions were not optimized for any of these novel materials more work
needs to be done before good comparisons can be made between the materials.

CONCLUSIONS

Of the novel HgTe-based materials that we have grown HgMgTe was the most extensively
An empirical determination of Eg(x) has been made and at room temperature the intrinsic bandgap
is found to vary roughly twice as fast as that of HgMnTe, which in turn varies roughly twice as that
of HgCdTe. Intrinsic bandgap measurements were attempted forHgSrTe, HgCaTe, and HgBaTe but
no transmission could be measured even after an extreme amount of thinning. One possible
explanation is that the small amount of calcium, strontium and barium incorporated (as evidenced
by density measurements very close to that of HgTe) was insufficient to generate a non-negative gap
at room temperature.

Using density measurements we have computed an effective segregation coefficient for
I I gM gTe as a function of composition. This value is slightly greater than unity for low concentrations
of magnesium, but increases rapidly with magnesium concentrations greater than approximately
x--0.06.
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ABSTRACT

A detailed analysis of Hall data obtained at temperatures
between 20K and 300K has been made for n-type HgCdTe epilayers
prepared by molecular beam epitaxy (MBE). Based on a theoretical
calculation for intrinsic concentrations that takes into account
the non-parabolicity of the conduction band, the electron
concentrations are shown to follow nicely the model for
semiconductors in their intrinsic and extrinsic ranges. The
scattering mechanisms in these materials are studied through the
analysis of electron mobility. Polar mode phonon scattering,
acoustic mode via deformation-potential coupling, acoustic mode
via piezoelectric coupling, and impurity scattering are included
in the mobility calculation. The results indicate that thesemechanisms are insufficient to explain the measured mobility.

INTRODUCTION

The compound semiconductor Hg1 _xCdxTe has attracted a great
deal of attention during the past two decades because of its many
applications in optoelectronics (1,2]. It has the desirable
feature of possessing an approximately linear variation of band
gap with composition across the pseudobinary range from CdTe to
HgTe, covering the region from 0.8 to beyond 20 gm. The
investigations on this material have been aimed at the development
of infrared detectors, especially in the 8-12 gm region. In
addition, HgCdTe is emerging as a suitable material for
applications in fiber-optic communication in the 3-5 gm region, as
evidenced by the recent observation of laser action from a HgTe-
CdTe superlattice [3].

The development of a HgCdTe technology, however, has been
hampered by several problems. Among them is the difficulties
encountered in material preparation. HgCdTe is characterized by
its native defects that result from the deviation in stoichiometry
during crystal growth. These defects are easily ionized and
electrically active [4], presenting a serious problem to the
electrical properties. Better control of stoichiometry can be
achieved by lowering the growth temperature. Several low
temperature growth techniques, such as MBE[5,6] and metal-organic
chemical vapor deposition (MOCVD} [71, have been used to prepare
epitaxial HgCdTe.

The present paper reports the electrical properties of MBE-
grown HgCdTe epilayers with x - 0.2. Electrical characterization
is highly sensitive to native defects and provides information
pertinent to the concentration of these defects. The samples were
grown in an MBE system designed and built at North Carolina State
University specifically for the growth of Hg-based materials and
multilayers. The details of the system have been described in an
earlier paper (6]. The Hall data were measured using standard van
der Pauw Hall technique over the temperature range 20-300K with a
magnetic field of 3 KG.

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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INTRINSIC CONCENTRATION

The intrinsic concentration (ni) of HgCdTe as a function of

CdTe mole fraction (x) and temperature is an important parameter
in Hall data analysis for narrow gap HgCdTe because it dominates
the electrical properties over a wide temperature range. Although
empirical expressions for ni as a function of band gap and
temperature have been published by several authors [8,91, it is
still necessary to calculate ni based on the enerqy band gap since
such a calculation also gives the Fermi level (EF), which is needed
in the mobility analysis.

When the conduction band non-parabolicity and degeneracy are
taken into account, the electron concentration can be expressed as
[10]

2 __y_12(l__/_)_/_(l+2y/_
n = Nc K-?2 fI2,+/)1 (12y dy (1)

7E 1/ 1+exp(y-11)

where Nc=2[mc*kBT/27(h/21) 2 ] 3 / 2 is the density of states of the
conduction band, 6=Eg/kT is the reduced band gap, and T=EF/kT is
the reduced £e~nU level. The hole concentration is simply given
by

p = N. exp I (2)

where Nv is the density of states of the valence band. To
calculate the intrinsic concentration ni, EF is first calculated by
equating Eqs. (1) and (2) and solving the resultant equation
numerically. ni is then obtained by substituting EF back into Eq.
(1) . The expression for Eg is taken from Hansen, Schmit, and
Casselman I1]. The integral in Eq. (1), the generalized Fermi-
Dirac integral, is calculated using a 16-point Laguerre formula
[12]. The above algorithm is suitable for Hall data analysis
since it does not involve extensive convergence checking or
interpolation. The 16-point formula appears to be sufficient for
carrier concentration calculation since a 20-point formula results
in a comparable accuracy.

Fig. 1 shows the temperature dependence of calculated
intrinsic concentration for five different x values. The results
agree well with Hansen and Schmit's data, which are also shown as
the solid curves. The slight difference is attributed to the
different algorithm used in calculating the generalized Fermi-
Dirac integral.

CARRIER CONCENTRATION ANALYSIS

Fig. 2 shows the experimental carrier concentration for
MCT82. The sample exhibits intrinsic characteristics as
temperature decreases from 300K to -80K. As the temperature
further decreases, the carrier concentration saturates and reaches
a plateau at very low temperatures. The experimental data are
fitted by solving for the electron concentration in the charge
neutrality equationn0 , + N -no)- = 0 (3)

where no is the equilibrium electron concentration, and (ND+-NA- )

is the ionized impurity concentration, which is determined from
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the plateau value of the Hall data. In the fitting process, both
the x-value and hole effective mass my* are used as parameters.
The best fit is obtained using x=0.1 7 , (ND+-NA-)=.5x015 cm -3 , and
my*=0.44. The result is shown in Fig. 2 by the solid curve. A
good agreement was obtained between calculated and measured
carrier concentration.

Fig. 3 shows the carrier concentration for an In-doped sample
(MCT20) . In this case, the extrinsic region extends towards high
temperatures and the carrier concentration reaches a much higher
plateau value at low temperatures. A good agreement was obtained
with x=0.18, (ND+-NA-)=9.5xI01 5 cm- 3 , and mv*=0.44.

Based on the above analysis, it appears that Eq. (3)
describes the behavior of carrier concentration rather well. It
is noticed that, although mv* is a fitting parameter, the best fit
is always obtained by using mv*=0.44-0.45. This is consistent with
the value derived from magneto-optical measurements [13]. We
believe that, in analyzing the carrier concentration data, the
generalized Fermi-Dirac integral should not be approximated by the
ordinary Fermi integral; otherwise, a much higher value for my*
would be necessary [8].

MOBILITY ANALYSIS

To further analyze the Hall data and to understand the
scattering mechanisms in HgCdTe, we have completed theoretical
calculations for tne e_cron mobility by numerically solving the
Boltzmann equation. For the mobility calculation under low
electric fields it is sufficient to keep the perturbation of the
probability distribution function. The Boltzmann equation thus
reduces to [15]

S0 (E)4(E) - S,±(E)(E±(h/2n)c)= 1 (4)
q'q(E)

where Ois the perturbation, S o is the collision term of the total

out-scattering, Stdenotes the in-scattering due to phonon emission

(+) and absorption (-), and (0q is the characteristic frequency of

the qth phonon mode. The drift mobility is given by
2e

I= 2e <Eo> (5)
3m kRT

where <Eo> is the Maxwellian average weighted by E.
Four scattering mechanisms are included in the calculation.

These consist of polar mode phonon scattering, acoustic mode via
deformation-potential coupling, acoustic mode via piezoelectric
coupling, and ionized impurity scattering. In calculating the
collision terms for polar phonon scattering, it is important that
the two-phonon-mode phenomenon be taken into account since both
HgTe-like and CdTe-like phonons are observed in HgCdTe [14]. The
strength of each phonon is taken to be proportional to its mole
fraction, and the characteristic frequencies of longitudinal
optical phonons for HgTe and CdTe are taken to be 138 cm-1 and 170
cm - 1, respectively. To solve Eq. (4) for 0(E), the energy axis is
divided into intervals of length (h/2t)Wq and 4(E) is calculated
using a modified iteration method [15,16].

Fig. 4 shows two curves obtained using an ionized impirity
concentration of 5x10 1 5 cm - 3 and 9x10 1 5 cm- 3 , respectively, for
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HgCdTe with x=0.2. The Hall mobilities of sample MCT82 are also
shown for comparison. It is noticed that in the high temperature
range the mobility is dominated by phonon scattering with little
contribution from impurity scattering. As temperature decreases,
impurity scattering becomes dominant and the mobility reaches a
plateau at very low temperatures. The measured Hall mobilities
are qualitatively in agreement with theoretical results but
consistently lower than the calculated values. The results
indicate that the four scattering mechanisms included in this
study are insufficient to explain the measured mobilities.
Scattering by impurity-vacancy complex, micro-twins, and subgrain
boundaries, etc. may contribute to the observed reduction in
electron mobility.

SUMMARY

Carrier concentration and mobility calculation have been
performed to analyze the Hall data of n-type MBE-HgCdTe measured
at temperatures between 20K and 300K. The electron concentrations
are shown to follow nicely the model for semiconductors in their
extrinsic and intrinsic ranges. Polar mode phonon scattering,
acoustic mode via deformation-potential coupling, acoustic mode
via piezoelectric coupling, and impurity scattering are included
for the calculation of electron mobility. The results indicate
that these scattering mechanisms are not sufficient to explain the
measured mobilities. This work was supported by NRL contract
N00014-89-J-2024 and General Electric Aerospace Group IR&D funds.
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ABSTRACT

The effects of alloy fluctuations, defect densities, and short-range clustering on the
resonance behavior of first and second order LO and TO Raman scattering are studied in
Hg,.,CdTe (MCT). X-values between 0.20 and 0.32 and photon energies from 2.35 to 2.7
eV were used with samples prepared by a wide range of techniques--LPE, MOCVD, MBE,
bulk growth, and pulsed laser annealing. We examine the resonance behavior of the HgTe-
like TO mode at -120 cm1 and the mode at 133 cm1 , which has been identified as
originating from the preferential clustering of 3 Hg and 1 Cd about the Te. We find that the
intensity of this peak for various bulk and epitaxially grown samples is unusually large only
near the E, resonance. Pulsed laser annealing with a Nd:YAG-pumped dye laser strongly
suppresses this mode in all samples suggesting that extremely rapid epitaxial regrowth may
inhibit the 3:1 cluster formation. In addition, the resonance-enhanced LO overtones are
suppressed by the pulsed laser anneal.

INTRODUCTION

In Hg,,-Cd,Te (MCT), as well as several othei common anion semiconductor alloys,
evidence has been growing recently of the existence of ordered growth, under some
conditions, in which each anion is surrounded by the same arrangement of cations.
Evidence for such ordering is particularly strong for the case of epitaxially grown IlI-V
semiconductors.' For tetrahedrally bonded semiconductors, completely ordered growth is
possible only when the cation ratios are either 1:3, 2:2, or 3:1, For other ratios, there may
nevertheless be a preferential clustering of cations in these ratios.2 That is, the number of
anions with nearest neighbors in these ratios may be much larger than that predicted by a
statistical distribution. Recently evidence from Raman3-4, infrared5 , and nuclear magnetic
resonances studies of mercury cadmium telluride has indicated that clustering may be
occurring.

In the present work we have studied the effects of differing growth conditions on
both first and second order resonance-enhanced Raman scattering. Since phonon
frequencies are sensitive to the interatomic forces and to the ion masses, phonon Raman
scattering is an effective probe of local structural order. In addition, the intensities of the
Raman lines are sensitive to the details of the electronic band structure of the
semiconductor, which reflects alloy composition. This intensity dependence is shown most
clearly in the resonance enhancements of the various Raman modes as different laser
photon energies are used in the region of allowed band-to-band transitions of the
semiconductor. Thus the Raman effect is sensitive both to alloy composition and to local
structural order.

EXPERIMENTAL

We have used samples prepared by a wide variety of techniques including one
grown from the melt (x = 0.31), one (x = 0.28) prepared by molecular beam epitaxy (MBE)
on CdZnTe, one (x = 0.27) grown by liquid phase epitaxy (LPE) on CdZnTe, and three
grown by organo-metallic chemical vapor deposition (MOCVD) (x=0.22, 0.24 and 0.26).

Mat. Res. Soc. Symp. Proc. Vol. 161. , 1990 Materials Research Society
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Finally, to examine the extreme case of very rapid crystal growth, we used nanosecond
pulsed laser annealing (PLA) on most of these samples.' For Raman scattering the
photon energy was varied from 2.35 to 2.7 eV across the E, critical point in the joint density
of electronic states. We present data obtained both before and after PLA.

The laser annealing was performed with a Nd:YAG-pumped dye laser operating at
728 nm with a pulse duration of -8 neec and an energy density of -0.05 J/cm2 (melt
threshold -0.02 Jfcm2) with the sample held in a pressurized cell with -20 atmospheres of
argon.' Raman scattering was performed at liquid nitrogen temperature with the laser beam
focused to a line image on the sample to avoid laser heating and surface decomposition.
Further details are given in Ref. 4.

The pulsed laser annealing (PLA) technique provides access to an extremelY rapid
method of recrystallizauon ot the semiconductor surace. Cooling rates exceeding 10 K/sec
are readily achieved.' This is radically different from the near-equilibrium growth conditions
present during bulk growth and LPE. MBE and MOCVD growth occur with substrate
temperatures well below the melt temperature; but in contrast with the rapid quench of the
PLA process, the MBE and MOCVD growth proceeds slowly enough that significant surface
diffusion can occur during growth, and lattice locations can be *optimized.* If the formation
of t,;sters has a slight energetic advantage, clustering may be expected to occur in slow,
near-equilibrium growth but would be suppressed during the rapid quench that occurs during
the pulsed laser annealing process. We believe that the changes in second order spectra
and changes in the first-order resonance enhancement, which are presented below, areconsistent with growth or regrowth-induced changes in the short-range order in the crystals.

ELECTRON-PHONON COUPLING

From <111> and <122> surfaces of MCT, both TO and LO modes are dipole-
allowed. In general the deformation potential electron-phonon interaction can activate both
TO and LO phonon modes. However, in polar semiconductors the LO mode is also
activated by electro-optic contributions related to the long-range electric field of the phonon.
This Frohlich coupling usually dominates the electron-phonon coupling near electronic
resonances and such is the case for MCT. In addition, however, two related mechanisms
may activate LO-phonon Raman scattering in forbidden geometries and polarizations: the
intrabano t-ronlich interaction, with a wave-vector dependent (q-dependent) matrix element,
may produce polarized scattering, and an impurity or disorder-induced Frohlich mechanism
may also produce forbidden scattering.'- 0 1 3

Our studies of samples with <100> surfaces (from which only LO phonon scattering
is allowed), of samples with <110> surfaces (from which only TO scattering is allowed), and
of samples with <111>, and <122> surfaces indicate that this forbidden, impurity-induced
Frohlich mechanism accounts not only for the LO signals in forbidden ,Gnfigurations (such
as the <110> surface) but also for the LO signals from <111> and <122> surfaces. For
example little difference is observed in the LO intensities and the resonance behavior from
the various surfaces.

Second order LO phonon Raman scattering is generally considered to be produced
by an iterated, allowed Frohlich process and produces overtones of the near-Brillouin-zone-
center LO modes. There is no need to invoke a higher order forbidden process to explain
the results.

RF£U!LTS

Figure 1 displays first and second order Raman spectra from three as-grown
samples for a laser wavelength (496.5 nm) very near the peak of the E, resonance. Note
that the two laser plasma emission lines at 175 cm' and 180 cm 1 have been removed from
the spectra. Strong similarities are seen in the spectra even though three different growth
processes were used--bulk growth, LPE, and MOCVD. As the x-value decreases from 0.31,
through 0.27 to 0.22 for traces a to c, some narrowing of the first and second order peaks



253

is observed as well as changes in the relative peak heights. Our resonance enhancement
studies (see below) show that the first-order peak heights change mainly as a result of the
decrease in the E, critical point energy with decreasing x-value.

4

M 20

zz .

FREQUENCY SHIFT (cm')

Fig. 1: First and second order Raman spectra 4 '= I4 494

obtained from three differently grown samples: FREQUENCY SHIFT (cm')
a) bulk growth (x = 0.31, <i11>) b) LPE Fig. 2: Raman spectra before (solid line) and
growth (x = 0.27, <111>) and c) MOCVD after (dotted line) PLA (X = 728 nm, 0.05
growth followed by interdiffusion (x = 0.22, J/cm2): a) MOCVD-grown, x = 0.26, b)
<122>). Raman excitation at 496.5 nm. MBE-grown, x = 0.28. Raman excitation at
Spectrometer resolution 5 cm'. Laser plasma 496.5 nm. Spectrometer resolution 7 cn'.
calibration lines at 176 cm' and 209 cm' have
been removed from the traces.

The second-order spectra in Fig. 1 Show three clearly-defined peaks at
approximately 280, 296, and 312 cm' with small shifts due to the x-value differences.
These peaks are clearly related to the first-order LO modes at -140 and -156 cm' as
overtones (280 and 312 cm') and as an intercombination (296 cm'). Note that the second
order peaks all involve zone-center mode frequencies. This is a consequence of the
iterated, allowed Frohlich process which involves near q=0 wavevectors. These second-
order peaks confirm the previous identification"'" of the peaks near 140 and 156 cm' as
the HgTe-like LO and CdTe-like LO modes respectively. Note that the 133 cm' mode,
identified as a clustering-related peak,3 ' ' does not show up in the second order spectra
even though it sometimes is the dominant peak in the first-order spectra. Furthermore, the
TO peak at -120 cm' also does not appear clearly in the second order spectra prooaby
because the second order LO modes are more strongly enhanced near resonance.

Figure 2 shows the first and second order spectra of two samples before and aftar
pulsed laser annealing at 0.05 J/cm 2. These two samples are different from ally of the

O- three shown in Fig. 1 but the spectra from the as-grown surfaces are quite similar. These
spectr3 were obtained with slightly poorer instrumental resolution (wider slits) in order to
facilitaie more reliable intensity mea-;urements of the Raman peaks. The spectra obtained
after laser annealing show little change in the first-order LO peak heights but a considerable
decrease in the peak height of the cluster-related mode at -133 cm' (more clearly evident
after deconvolution)"-' and also for the TO peak at -120 cm'. The most dramatic change
after annealing is the strong decrease in intensity of all three second order LO peaks.

The resonance enhancements of scattering intensities for the four first-order modes
were obtained by normalizing each spectrum to the incident laser power and correcting for
detection efficiency. To extract individual peak heights in the presence of significant peak

i mmI lm• m lmmm lmm m m m~
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overlap, the spectra were fit by a sum of four equal-width Lorentzian peaks. The best-fit
peak amplitudes of the TO mode at -120 cm' and the cluster mode at -133 cm' are
shown in Figure 3 as a function of the laser photon energy. These two modes were
chosen for display because they are strongly affected by the laser anneal whereas the two
LO modes are only slightly changed. The results from four samples are shown, all with x-
values near 0.25. These include one sample each grown by LPE and MBE, and two
samples grown by MOCVD--one grown as separate layers of CdTe and HgTe and then
interdiffused and one grown as the alloy directly.

The resonance enhanced intensity of the cluster mode is strongly reduced by the
pulsed laser anneal although clear evidence remains of the resonance near the E, edge.
The TO mode, unlike the custer mode (or the LO modes), exhibits a gradual rise in
intensity through the shortest wavelength used in this study (457.9 nm). The resonance
peak near the E, edge is strongly suppressed after the laser anneal and nearly disappears.

(CI) t12) I

*z c ' /1102,71227
Fig. 3: Intensities of 510 0two first-order Raman ,' '
lines (TO and cluster 5 ,' -

mode) plotted as a 0 -.v ,o
function of the exciting 2 :'
laser photon energy for "
four different samples: 40 "", 00 . :
a) LPE-grown x = 0.27, r0 .* -.

b) alloy-grown
MOCVD, x = 0.26, c) -.--- " --- -. _ _
MBE-grown, x = 0.28, .... ,
and d) layer-grown ,0
MOCVD and inter- 100271 ...... 10.... 1 ,

diffused, x = 0.24. 0 6

Dots and crosses are 00 ,0.
from the as-grown and 2 . ,
laser-annealed ,401. /'-
surfaces respectively. .0 :"
Curves are guides to . . .
the eye. Arrows 2=. / " /"indicate estimated E, , :

position. '

23 24 25 26 20702 1 20 26 21 23 04 25 26 27 24 27 26 27

P'10ON ENERGY (IV] 71701TO ENERGY (Iv, I'OTON ENERGY (0 ) P0TON ENERGY ,.y

Arrows in Fig. 3 indicate the position of the E, edge obtained from published optical
measurements.710-1  We estimate this position to be uncertain by ±0.03 eV due to
temperature shift extrapolations and to possible errors in x-values in our samples. However,
it is clear that the positions of the resonances are unchanged after the pulsed laser anneal.
This indicates that any possible macroscopic compositional change in the annealed layer is
less than -2%.
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DISCUSSION

The suppression of the cluster mode intensity could be a consequence of changes in
local structural order induced by the rapid quench of the pulsed laser anneal. Amirtharaj, et
a3 have suggested that this mode may be due to clusters in which the Te is surrounded by
3 Hg and 1 Cd. We believe that the resonance intensity behavior shown here, together
with the Raman frequencies, are consistent with the interpretation of this mode as arising
from the 3:1 clusters. If so, this particular bonding arrangement is apparently energetically
preferred and may dominate for x-values near 0.25 and under conditions of near-equilibrium
bulk or LPE growth. In addition the lower temperature, but slow, epitaxial growth of the
MBE and MOCVD processes appears to facilitate this clustering much like the ordered
growth observed in some epitaxially-grown Ill-V semiconductors.'

The pulsed laser anneal, however, generates a very rapid thermal quench which can
freeze in the statistical arrangements of the high temperature pl- se. Slight energetic
preferences would likely be lost under a rapid quench, and the 3:1 clusters would then
appear with the usual statistical probabilities. This would naturally suppress the "cluster"
mode intensity in the Raman spectrum. But in addition, this would increase the alloy
disorder that might be expected to broaden the critical point energies such as the E, edge.
Both effects would result in any strongly resonant mode being suppressed more than the
less resonant modes.

Very recently Lusson, et al. 13, have studied the behavior of first and second order
Raman scattering in HgCdTe (x = 0.2) which was implanted with In ions to create damage.
Their results show clearly that the second-order peaks are very sensitive to ion-implantation-
induced damage. However, they found that the first-order LO peaks did not fall in intensity
until much greater levels of implantation-induced damage occurred. These results suggest
the important role of the defect-induced Fr6hlich mechanism as the dominant process
responsible for first-order LO phonon Raman scattering in MCT.

The results presented in this paper, viz., the strong sensitivity to laser annealing of the
second-order peaks, the cluster mode, and the TO mode, and the insensitivity of the first-
order LO modes to laser anneal, are quite consistent with the implantation-induced damage
results of ref. 13. Thus, if the laser anneal increases alloy disorder or point defect
densities, the defect-activated forbidden Fr6hlich process driving the first-order LO modes is
further enhanced and Raman intensities are increased. However, increased disorder or
defect densities will also broaden the E, edge and thus reduce the resonance enhancement
of the phonon lines. These two competing effects explain the absence of substantial
intensity changes in the first-order LO modes, whose amplitude arises from a defect-
activated Fr6hlich process. On the other hand, the second order LO modes are doubly
resonant and the cluster-related mode is the most strongly resonant of the first-order modes
and thus these modes show a net suppression by disorder broadening of the E, electronic
states.

Thus the general trends appear to confirm a defect-activated Frohlich mechanism for
the first-order LO phonon modes in MCT. The behavior after the pulsed laser anneal
suggests an increase in alloy disorder and a reduction in the amount of clustering of cation
ratios around 3:1 although a firm estimate of the amount of clustering is not possible from
these Raman data.
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TEMPERATURE-DEPENDENT INFRARED ABSORPTION OF Eg-BASED
II-VI SEMICONDUCTOR SUPERLATTICES

Z. Yang, Y. Lansari, J.W. Han, Z. Yu, and J. F. Schetzina,
Department of Physics, North Carolina State University, Raleigh,
NC 27695

ABSTRACT

The optical absorption of a series of HgTe/Cd0.85Hg0.1 5Te
superlattices (SLs) have been measured in the spectral region from
2 to 12 gm at temperatures from 300 K down to 4.2 K. Several
subband transitions were identified and their transition energies
were compared with theoretical calculations, with the valence band
offset AEv between HgTe and CdTe as a fitting parameter. It is
found that at a given temperature, a value of AE v = 420 ± 100 meV
fits the results of all the SLs, and AEv does not depend on
temperature to within ±100 meV.

INTRODUCTION

Optical absorption is a strong tool to study the electronic
band structure in Hg-based semiconductor superlattices (SLs).
Earlier infrared transmission measurements on HgTe/CdTe SLs showed
a temperature dependence of the band gap of the SLs, and
reasonably good agreement was found between experimental results
and theory (IJ.

We have completed a careful study of the optical absorption of
a series of HgTe/Cd 0 .85Hg0 .15Te SLs in the spectral region from 2 to
12 gm and in the temperature region from 4.2 to 300 K. Several
inter-subband transitions, namely the first heavy hole subband Hl
to the first conduction subband El (transition HIEl), the first
light hole subband L1 to El (transition LIEl), and the second
heavy hole subband H2 to the second conduction subband E2
(transition H2E2), have been identified. Theoretical calculations
of the subband transition energies and the selection rules were
compared with the experimental results, using the valence band
offset AE v between HgTe and CdTe as an adjustable parameter.

EXPERIMENTAL DETAILS

Six SLs were grown on (100) CdZnTe substrates. Prior to film
growth, the transmisqion and reflection spectra of the substrates

at 300 K were measured. Transmission spectrum of a substrate test
piece at various temperatures was also measured. The substrates
were found to be transparent in the entire spectral region of

interest, with a refraction index of 2.75. Satellite peaks were
observed in double-crystal diffraction rocking curves of the SLs,
and the periods of the SLs were then determined. The nominal

thicknesses of the HgTe and the Cd 0 .85Hg0.15Te layers within each

period were then estimated from the growth rates. As will be seen
later, the estimates of the thickness are good to within one
monolayer.

The transmission spectra of the SLs were measured at
temperatures from 4.2 to 300 K. The reflection spectra at 300 K

were also measured. The exact form of the formulas for the

Mat. Res. Soc. Symp. Proc. Vol. 161.1990 Materials Research Society
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transmission and reflection of a two-layer system was used to
obtain the absorption coefficient and the refraction index from
the experimental data. The room temperature refraction index was
then used to obtain the low temperature absorption curve from the
transmission spectra.

RESULTS AND DISCUSSION

Figure 1 shows an absorption spectrum typical of the SLs
studied. The spectrum shows step-like features which exist only in
superlattice structures. The arrows indicate the predicted
energies of particular transitions which are responsible for the
sudden rise of the absorption. The HlEl, LlEl and H2E2 transitions
are clearly seen. The identification of these transitionE by
theory will be discussed later in this paper. Figure 2 shows the
absorption and the photoluminescence (PL) of SL A74. It is seen
that the PL peak is at the onset of the absorption rise. Figure 3
shows the absorption spectra of SL A20S at several different
temperatures. It is seen that when the temperature is increased
from 4.2 to 300 K, both the HlEl and LlEl transition energies
shift to higher energy. The arrows are the transition energies
predicted by theory.

The theoretical model used in the analysis has been described
in our earlier work [2]. The valence subbands of a
HgTe/Cdo.85Hg0.15Te SL are, in the order of decreasing energy, Hl,
Ll, H2 .... The conduction subbands are, in the order of increasing
energy, El, E2 .... The selection rules are such that transitions
HlEl, LlEl and H2E2 are allowed, while the remainder of the
transitions from the valence subbands to the conduction subabnds
are forbidden, due to the parities of the envelope functions of
the involved subbands.

The PL peak observed is due to band-to-band recombination in
the SL, since in small gap semiconductors this is the dominant
recombination process [3]. The position of the peak coincides with
the energy where the absorption just starts to rise. Such a
coincidence has also been seen in other SLs. It is then clear that
the energies of the transitions responsible for the steps of the
absorption spectra should be at the onset of the absorption steps.

Once the experimental transition energies are determined, they
can be compared with theoretical calculations. Besides the valence
band offset AE,, the thicknesses of the HgTe and Cdo.85Hgo. 15Te
layers in each period are also treated as variables, up to one
monolayer. It is then found that a single value of AEv at each
temperature fits well the transition energies of all the SLs.
Table 1 gives a complete summary of results for the six SLs. It is
seen that all of the transition energies shift to higher energy as
the temperature is increased. The layer thicknesses listed are the
nominal estimates. The thicknesses used in the calculations were
the nominal ones corrected by the number of monolayers AL listed
in the table. One monolayer correction means that the layer
thickness of HgTe used in the calculations is one monolayer, or
3.24 A, thinner while that of Cd0 .85Hg0.15Te is 3.24 A thicker than
the nominal values. Among the bulk band parameters used, oniy the
band gaps of HgTe and Cdo. 85 Hgo.15Te change with the temperature. A
value of AEv = 420 meV was found to best fit the experimental
results. It is seen from the table that the theoretical
calculations are in good agreement with the experimental results,
except for the H2E2 transitions. This is because the k.P model is
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HgTe(58.2i)/CdTe(42.1A) SUPERLATTICE
(Sample AI8S)
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Figure 1. The absorption spectrum of SL A18S at 205 K. The arrows
indicate the transition energies predicted by theory.
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Figure 2. The absorption and photoluminescence (PL) of SL A74 at
4.2 K. The PL peak coincides with the energy where the absorption
starts to rise.
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F'igure 3. The absorption spectra of SL h20S at several
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Table 1. The list of nominal layer thicknesses, energies of the observed
transitions for the six superlattices. The predicted transition energies
and the thickness correction for each superlattice are also listed.

SAMPLE iHlEl (meV) LIEl (meV) H2E2 (meV)

L z (HgTe) T(K)

L b (CdTe) Exp. Theo. Exp. Theo. Exp. Theo.

5.0 < 80 35.3 159±20 128.3 424±2S 490.5

A17S 58.0 -C 80 48.3 165±15 140.5 460±25 500.0

58.2A142.l A 153.0 90±10 73.0 186±15 163.8 4 79±25 516.3
1 205.0 105±10 87.1 189±15 177.4 483±25 525.6

5.0 < 80 35. 120±20 128.3 434 ±25 490.5

A1S 58.0 < 80 48.3 1 28±1 5 140.5 431 ±25 1500.0

58.2A/42.1 A -99.o 80 58.7 145±20 150.3 462±25 506.6

1 205.0 83±10 87.1 183±15 177.4 479±25 525.6

Al19S 4.2 j1 62±20 171.7 - - 275.9 - - 650

35.6A/32.4A 78.0 170±30 190.2 - 294.3 -- 650

1 300.0 250±20 247.4 - 351.5 650

4.2 100±10 106.4 220±10 209.7 - 650
A20S

78.0 119±10 124.9 238±10 227.9 . . 650
45.4A/38.4A 13.- 1±014.-4±0 24. 5

1 134.0 ____ 119±20___ 1400 28±10 20.6 .. 65

300.0 190±20 185.5 279±10 287.5 .- 650

5.0 -C 80 60.9 152±25 159.6 4 79±25 615.7
A21S 73.0 -C 80 79.1 167±20 177.1 493±2 5 626.1

54.9A142.1 A
1 137.0 83±10 95.2 186±10 193.0 51 0±25 630.0

1205.0 91±15 116.5 205 ±20 211.2 51 0± 25 647.1

324/92 160±20 158.8 249.8 - - 650

094.0 1170 ±30 180. > -~ 650
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not accurate when the energy level is too far away from the bulk
band edge, as is the case for the E2 subband. The value of AEv is
for the binary RgTe/CdTe heterojunctions. A positive value of AE
means that the valence band of HgTe is above that of CdTe. The
value of AEv is assumed to be linearly dependent on the
composition of CdxHgl-xTe. The energies c. the LIE1 transitions are
insensitive to the value of AEv. A cnange of 100 meV in AEv
changes the LlEl transition energy only t_ 5 meV. The enercies of
the HIEl transitions are much more ser-Ative to AEv, with a change
of 5 meV in AEv corresponding to 1 meV change in HIE1 transition
energy for a typical SL. Taking into account the errors of the
experimental transition energies, we estimate that the uncertainty
of AEv determined from the fitting is ±100 meV. The nominal
thicknesses of SLs AI7S, Al8S and A21S are very close to one
another. Their absorption spectra turned out to be also almost
identical, although they were grown at different times.

The value of AEv = 420 ± 100 meV obtained from the fitting
exhibits little temperature dependence from 4.2 to 300 K. This is
consistent with x-ray photoemission results [4,5] and the recent
optical results [6], but is in contradiction with earlier optical
results [1,21 and the recent theoretical prediction of itz
temperature dependence [7].

In summary, we have, for the first time, studied experimentally
the optical absorption of HgTe/Cdo. 85hg0.j5Te SLs involving several
inter-subband transitions in the temperature range from 4.2 and
300 K. The energies of the observed transitions have been found to
shift to higher energy when the temperature is raised. The
theoretical results agree very well with the experimental
results, if the valence band offset between HgTe and CdTe is 420
meV.
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PROPERTIES OF MODULATION-DOPED HgCdTe SUPERLATTICES

S. HWANG, Z. YANG, Y. LANSARI, J.W. RAN, J.W. COOK, JR.,
N.C. GILES, AND J.F. SCHETZINA
Department of Physics, North Carolina State University, Raleigh,
North Carolina 27695-8202

ABSTRACT

Photoassisted molecular beam epitaxy has been employed to
successfully prepare p-type and n-type modulation-doped HgCdTe
superlattices. The samples were grown at 170'C. In this paper,
we report details of the MBE growth experiments and describe the
optical and electrical properties that these new multilayered
quantum well structures of HgCdTe possess.

INTRODUCTION

Modulation doping involves the transfer of carriers (holes or
electrons) from a substitutionally doped layer (modifier layer) to
an adjacent matrix material having a smaller band gap. In 1969,
Esaki and Tsu [1] proposed a selectively-doped heterojunction
structure for enhanced carrier transport parallel to the hetero-
interface. Independently in 1978, Dingle et al. [2], using n-type
AlGaAs-GaAs heterostructures, first demonstrated that enhanced
carrier transport can, indeed, occur and first evoked the name
"modulation doping". Since then, modulation-doped structures
composed of III-V semiconductor layers such as GaAs, AlGaAs, and
GaInAs have been studied in detail, and the properties that these
novel structures possess have subsequently been incorporated into
many planar devices [3].

Precise control of the electrical properties of HgCdTe
through the addition of substitutional impurities is a fundamental
requirement for the fabrication of infrared (IR) detectors based
on p-n junctions or p-on-n heterojunctions. The detection of IR
radiation is the most important area of application for HgCdTe at
present. Boukerche et al. [4] have recently reviewed the problems
associated with the use of both Group I elements (Li, Ag, Na) and
Group V elements (Sb, As) as potential p-type dopants in HgCdTe.
It appears that none of these elements are suitable for use as p-
type dopants in MBE-grown HgCdTe.

In an attempt to address this fundamental doping problem we
have employed modulation doping techniques coupled with photo-
assisted molecular beam epitaxy (MBE) to produce stable p-type
alloys of Hgl-xCdTe (x = 0.18-0.26) (5]. N-type modulation-doped
samples of Hg 1_CdTe (x = 0.18-0.26) have also been prepared [6].

In these initial studies, 6-doped Hg0 .1,5Cd0 .85Te barrier layers of

thickness Lb - 50 A were alternated with Hg1_×CdxTe (x = 0.18-0.26)
well layers of thickness L. - 1000 A. This produced a q
al of HgCdTe, the properties of which are described in [7]

Large doping levels in 6-doped structures are accompanied by a

substantial distortion of the band structure in the vicinity of
the heterointerfaces which gives rise to one or more localized
(2D) carrier states ESE or EBHH [7] . The degree of localization
increases with doping density. One way to minimize this type of
carr'.cr localization is to employ matrix layer thicknesses that
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are small and comparable to the barrier layer thicknesses: Lb = Lb
- 30 - 100 A. For layer thicknesses of this magnitude, our calcu-
lations indicate that there will be little distortion of the
inherent superlattice band structure due to the charge transfer
process associated with modulation doping. Thus, the carriers
introduced by modulation dopiiq will more nearly reflect the pro-
perties of the unperturbed superlattice, and transport perpendi-
cular to the layers may be enhanced.

In this paper, we report the growth of these new modulation-
doped superlattices of HgCdTe. The structures were prepared by
means of photoassisted MBE. Details of the MBE growth experiments
are given along with a discussion of the electrical and optical
properties that these interesting new HgCdTe quantum structures
exhibit.

EXPERIMENTAL DETAILS

Modulation-doped HgCdTe scperlattices were grown in a Hg-
compatible MBE system designed and built at NCSU. A description
of this MBE system together with the techniques that have been
developed to grow HgCdTe by both conventional and photoassisted
MBE are given in earlier publications [7,8]. In the present work,
p-type modulation-doped HgCdTe superlattices were grown by alter-
nately depositing Hg0.3Cd0 .7 Te barrier layers that were heavily
doped with arsenic with undoped Hg3 ,8Cd0 2Te layers. In this way,
superlattices consisting of 200 double layers were prepared. Thc
thickness of the Hg0.3Cd0 .7Te:As doping layers was Lb - 50 A in each
of the superlattices, with the As dopant uniformly distributed (no
setback). For the small-band-gap well layers, Hgo.7 8Cd 0.22Te of
thickness L, = 50-104 A was used in the various superlattice growth
experiments. To prepare n-type modulation-doped HgCdTe super-
lattices, the wide-band-gap HgQ. 3Cdc.7Te barrier layers were doped
with indium rather than arsenic.

All of the modulation-doped HgCdTe superlattice samples were
grown using lattice-matched (100) Cd0 .96Zn0 .04Te substrates. The
substrates were polished and etched using standard techniques
(11]. Immediately prior to film growth, the substrates were
preheated at 300 "C for 10 minutes in the MBE chamber to drive off
residual impurities and to insure a stoichiometric growth surface.
A substrate temperature of 170 "C was used throughout the film
growth experiments.

Electrical characterization experiments consisted of van der
Pauw Hall effect measurements performed on each modulation-doped
sample over the temperature range 20 - 300 K. Infrared
photoluminescence (PL) measurements at 4.2 K were completed for
each of the modulation-doped HgCdTe superlattices using a Nicolet
60 SXR Fourier-transform infrared spectrometer (FTIR) . In these
experiments, the PL signal was excited using the 1.06 pm emission
from a Nd:YAG laser focussed to a spot on the sample surface to
give a power density of approximately 200 W/cm 2 .

MODULATION-DOPED HgCdTe SUPERLATTICES

Figure 1(a) shows plots of Hall mobility and carrier
concentration versus temperature for a representative n-type
modulation-doped HgCdTe superiattice (B77A) consisting of 200
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double layers in which the barrier layer thickness is Lb = 51.8 A
and the well layer thickness is L, = 103.7 A. These thicknesses

are estimates, rounded to the nearest monolayer, that were

obtained from the total thickness of the superlattice as measured
with a Dektak surface profilometer, the measured x-ray diffraction

satellite spacing of the superlattice, and from an analysis of its

optical absorption and photoluminescence spectra. Note from the
figure that B77A is n-type and exhibits an essentially flat
carrier concentration of 3.5 x 10' cm-

3 
at temperatures below 200

K. The electron mobility is 7 x 103 cm
2
/V S at 300 K and

increases monotonically to 3 x 104 cm
2
/V s at 30 K. The

photoluminescence spectrum obtained for B77A is shown in Figure
l(b). It consists of a main PL peak centered at 118 meV (10.5 gm)
having a full-width-at-half-maximum (FWHM) of 30 meV. A high
energy shoulder is also seen at -130 meV. We attribute the
observed PL peaks as being associated with transitions between the
allowed quantum states of the superlattice, with the principal
peak corresponding to the energy released by an electron in going
from the n = 1 conduction band state to the heavy hole ground
state (lH transition), which corresponds to the band gap energy of
the superlattice (114 meV at 4.2K).

Figure 2(a) shows plots of Hall mobility and carrier
concentration versus temperature for a p-type modulation-doped
HgCdTe superlattice (B75A) consisting of 200 double layers in
which the barrier layer thickness is Lb = 51.8 A and the well layer
thickness is L, = 90.7 A. For this superlattice, the Hall

coefficient is negative at room temperature due to thermal
excitation of carriers, since the electron mobility in HgCdTe is
much larger than the hole mobility. The Hall coefficient becomes
positive at -180K and at lower temperatures the holes manifest
their properties. For B75A, it is seen that the hole mobility
increases monotonically as the temperature decreases and reaches a
maximum of ji, = 850 cm

2
/V s at 30 K, the lowest temperature

measured. This is an excellent mobility value for Hg, -8Cdo. 22Te,

especially since the quantum confinement shifts the bnd gap of
B75B at 4.2 K to nearly 8 4m, corresponding to a bulk alloy of x
-0.26. Note, in addition, from Figure 2(b) the very bright and
narrow (FWHM = 10 meV) PL peak that is observed at 4.2 K. For
this superlattice, the low temperature hole concentration is not

constant, as would be expected for a modulation-doped structure,
suggesting that some of the dopant ions may have diffused across
the layer interfaces to provide centers for hole freeze-out at low
temperatures. Alternatively, hole freezeout may be due to other
impurities (such as Hg deficiencies) in the quantum well layers.
It would be premature to speculate further on this point at this
time, since only a few superlattices of this type have been grown
to date.

Figure 3 shows Hall effect and photoluminescence data for a
p-type modulation-doped superlattice B73A for which L, = L, = 51.8

A and x = 0.22 for the Hg,-,CdTe well layers. Note that the

quantum confinement associated with small L. is manifested by the
large energy shift in the PL peak at 4.2 K to 220 meV (5.6 jim),
which corresponds to the band gap of an equivalent bulk Hg,-,Cd,,Te

alloy having x = 0.31. The hole mobility increases with de-
creasing temperature, as shown in Figure 3(a), and reaches a value
of pp = 200 cm

2
/V s at 30 K.
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THE EFFECT OF SURFACE LAYERS IN EPITAXIAL
n-TYPE Hgl_=Cd.Te

K.K. PARAT, N.R. TASKAR, I.B. BHAT and S.K. GHANDHI
Electrical, Computer and Systems Engineering Department, Rensselaer Polytechnic
Institute, Troy, New York 12180.

ABSTRACT

The presence of low mobility surface electrons on n-Hgl-,Cd.Te is generally not
apparent in the temperature dependence of the Hall Coefficient (RH) or the Hall mo-
bility (PH) of the layer. However, its influenLe is clearly seen in the magnetic field (B-
field) dependence -f RH. The B-field dependence of RH can be analyzed to extract
the bulk and surface carrier concentrations and their respective mobiF!tics.

This diagnostic technique has been used for evaluating epitaxial Hgj-=Cd.Te lay-
ers grown by organometallic vapor phase epitaxy (OMVPE), which have been con-
verted to n-type by annealing in Hg overpressure. In addition, the effect of anodic sul-
fide pssivation on the B-field dependence of Hall coefficient is also outlined.

Hall-effect analysis in Hgi-,Cd.Te is often complicated by the presence of surface
carriers in addition to the bulk carriers [1-5]. An unpassivated surface of Hgl_.Cd.Te
typically has a sheet layer of surface electrons with a concentration in the range of 3
X 10"l/cm2 to 1 x10"2/cm 2 . These urface electrons come about due to the fixed
positive charges present in the native oxide of Hgl_,Cd.Te. The mobility of these
electrons is usually a factor of 5-10 lower than those of the bulk electrons, while still
a factor of 10-20 higher than those of the bulk holes.

The high mobility of the surface electrons compared to the bulk holes makes their
presence readily apparent in Hall measurements of p-type Hgl-,Cd.Te, even in cases
where the bulk holes far outnumber the surface electrons. As a result, the Hall data
on p-type layers including the effect of the surface electrons has been analyzed with
great detail [2-5].

The lower mobility of surface electrons compared to the bulk electrons makes
them of relatively minor importance in the case of n-type Hgi_ Cd.Te layers which
are either very thick or heavily n-type, such that the surface to bulk ratio is small.
In the case of Hgl_,Cd.Te layers grown by OMVPE, which have been converted
to n-type by Hg saturated anneal, we find that this is not the case. Here, the typi-
cal layer thickness is around 10 Am, and the bulk electron concentration is around 5
X 101

4/cm 3 . For an average surface electron concentration of 5 X1lO/cm 2 , the sur-
face and bulk electrons are thus equal in number. This makes flall measurements of
these light n-type layers susceptible to surface effects. The presence of surface elec-
trons causes the measured effective carrier concentration in the layer to be higher than
the actual bulk value, and the effective electron mobility to be lower than the bulk
value. In addition, the measured values of carrier concentration and mobility depend
on the magnetic field at which the Hall measurement is done. However, unless the sur-
face electron concentration is very high compared to the bulk electron concentration.
the presence of surface layer is not very apparent in the temperature dependence of
the Hall coefficient or mobility of n-type layers.

The Hall effect on layers with multi-carrier conduction has been analyzed in the
past i6, 7 . Here the magnetic field dependence of the Hlall coefficient, along with the
conductivity of the layer, can be used to isolate the various types of carriers. These

Mat Res Soc Symp. Proc. Vol 161 1990 Materials Research Society
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techniques have been used to study epitaxial layers of InAs and polycrystalline lay-
ers of InSb, where in addition to bulk carriers, surface and interface carriers were ob-
served [8, 9]. More recently such techniques have been employed for gtudying p-type
Hgl-.Cd.Te layers [3, 4]. In this paper we have applied this technique for evaluating
the effects of surface electrons on Hall effect in n-type Hgl-.Cd.Te layers. The B-field
dependence of the Hall coefficient is analyzed in order to separate the bulk and sur-
face carrier concentrations and mobilities. Results of the analysis are verified by subse-
quently passivating the layers using anodic sulfidization which alters the c-ncentration
of the surface carriers without affecting the bulk value.

The data on one particular sample is chosen for the sake of demonstration. The
sample described here is a Hgl_,Cd.Te layer of composition x = 0.267. It was grown
on a (100) CdTe substrate by the simultaneous pyrolysis of dimethylcadmium, mer-
cury and diisopropyltellurium at 3700C 1101. The as grown layer, which is approxi-
mately 4 X1016/cm 3 p-type due to Hg vacancies, is converted to n-type by annealing
under Hg saturated conditions. The n-type conduction in the annealed layer is prob-
ably due to the residual donor impurities in the layer. Hall effect measurements were
made using the van der Pauw technique fIll.

Figure I shows the Hall coefficient RH, and the Hall mobility yH of this layer as
a function of 1000/T. A magnetic field strength of 2.4 KG was used for this measure-
ment. The thickness of the layer was 10.6 pm. Both RH as well as uH shows a "classi-
cal" n-type behavior [12]. The carrier concentration shows a slight freeze-out, which is
expected in lightly doped n-type Hgj-.Cd.Te of this composition. The mobility peaks
around 30K with a value of 90,000 cm 2 /Vsec, and the measured effective electron con-
centration in the layer is 7.5 X1014/cm

3 at this temperature.

With p-type Hg 1 _-Cd.Te, the presence of surface layers is very obvious in the
temperature dependence of RH and PtH [2]. However, this is not the case here, where
there are no unexpected peaks in the RH curve and the measured carrier concentra-
tion and mobility are also acceptable as the actual bulk values. The presence of two
carrier conduction becomes immediately apparent when the Hall effect measurement is
carried out as a function of the magnetic field. Figure 2 shows the RH of this sample
measured as a function of B-field at a temperature of 30K. Ignoring the variation in
the Hall factor (rH) with B-field, the RH is expected to be independent of the B-field
if the conduction in the layers is purely due to the bulk electrons. But, in the case of
conduction due to carriers with different mobilities, such a variaticn in RH with B-
field is expected. As the layer is fully extrinsic at 30K, only electrons will be present
in the bulk of the sample; and hence the B-field dependence of the RH has to be due
to additional low mobility elcctrons present at the surface.

The layer was analyzed assuming that there were only two types of carriers
present: bulk electrons and surface electrons. It was assumed that they can be char-
acterized by two well-defined mobilities. The good agreement of this model with the
experimental results presented here seems to vindicate this assumption. For a layer
containing bulk as well as surface carriers, the Hall coefficient RH is given by:

RH = _ {(:±~ + A
2

I4. (n +n.) (1)

and the conductivity a is given by:

a q(nu + n.p.) (2)

Here n is the bulk electron concentration, and n, is the average concentration (sheet
carrier concentration N,, divided by the total thickness of the Hg 1_,CdTe layer) of
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the surface electrons. tt and u are the corresponding bulk and surface mobilities.
Using computer simulation, the bulk electron concentration in the above sample

was calculated to be 4 xl0'4 /cm 3 with a bulk mobility of 137,000 cm2 /Vsec at 30K.
The surface electron concentration was calculated to be 6 xl011/cm 2 with a surface
mobility of 23,500 cm 2 /Vsec. The solid curve drawn through the experimental values
of RH in Fig. 2 is the theoretical curve for these values of the bulk and surface param-
eters. The excellent fit vindicates the assumption that only two types of carriers need
to be considered in these layers.

Table 1 shows the result of Hall effect analysis with and without, including the
effect of the surface carriers. Here the first column lists the electron concentration and
mobility as measured at 30K using a magnetic field strength of 2.4 KG. In the second
column the results of the variable B-field analysis, which separates out the bulk carrier
and surface carriers, is presented.

To verify that the B-field dependence of RH was indeed caused by surface effects,
and that the bulk parameters extracted using this technique are reliable, the layer was
passivated using anodic sulfide [13] and the Hall measurements were repeated. An-
odic sulfidization results in a reduced surface carrier concentration; and since it is a
low temperature process, the bulk parameters are expected to remain unchanged [4,
131. Before sulfidization the sample was given 30 seconds etch in 1% Br-methanol, and
the sulfidization was carried out in a non-aqueous solution of sodium sulfide in ethy-
lene glycol. After growing about 400 A of native anodic sulfide, the layer was capped
with about 2500 A of evaporated ZnS. Due to etching and growth of native sulfide the
thickness of the Hgl-,Cd.Te layer was reduced to 9.7 urm from the original value of
10.6 pm.

The RH of the passivated sample as a function of B-field, as measured at 30K, is
shown in Fig. 3. The sample still shows some variation in the RH with B-field. How-
ever, the values of RH are considerably higher than before, and the total variation is
also significantly lower. From the measured values of RH and a, the bulk and surface
parameters were once again calculated. The bulk c]cctron concentration was evaluated
to be 3.9 x1014 /cm 3 with corresponding bulk mobility of 142,000 cm 2 /Vsec. The sur-
face carrier concentration was evaluated to be 1.5 xl01 1 /cm 2 with a surface mobility
of 31,000 cm 2 /Vsec. Table 2 shows the results of the variable B-field analysis before
and after passivation. Note that the bulk values are essentially the same. For the sul-
fidized sample, the surface electron concentration is lower by a factor of 4 compared to
the bare sample. There is also some increase in the surface mobility in the sulfidized
sample, which is probably due to the reduced concentration of the surface electrons
and reduction in the surface scattering as a result of passivation. The RH vs. B-field
characteristic looks very different before and after sulfidization, and yet both yield the
same values for the bulk parameters; which proves that the bulk values ca!c,-ated by
this method are correct.

Figure 4 shows the temperature dependence of the RH and uH of the sulfidized
layer taken at a B-field of 2.4KG, as in the case of the unpassivated layer (Fig. 1).
Due to the reduction in the number of surface electrons, the measured value here
become closer to the bulk value as is seen by the increase in the RH and jIJ. The
measured electron concentration and mobility (the effective values) at 30K are 4.9
x 1014 /cm 3 and 123,000 cm 2 /Vsec, which are nearer to the bulk values calculated us-
ing the variable B-field technique. If the layers were perfectly passivated so that all
the surface electrons could be eliminated, these values would have been the same as
the bulk values.

In the foregoing discussions it was assumed [3, 4[ that the Hall factor rH did not
change with B-field. Theoretical calculations show that at 30K this variation would be
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less than 3% in CdTe and less than 10% in HgTe [141. In the unpassivated sample, the

RH varies by about 30% in the 0 to 6KG range and by about 10% in the passivated

sample. The contribution to this from variation in the rH is unknown at present and

has been neglected. But this would certainly be less than 10%.

The variable B-field analysis can only evaluate the effective volume concentra-

tions and mobilities of the two types of carriers, and not their physical location. It

is well-known that the bare surface of Hgl-Cd.Te usually has surface electrons of

the order of 3-10 x 10 1 /cm 2 , and that by anodic sulfidization these can be reduced to

about 1-2 X 1011/cm2 [4]. In layers investigated in our laboratory, we notice the same

trend. Hence, the low mobility electrons have been attributed to the top surface. In

addition, the two carrier model gives a near perfect match between the theoretical and

experimental values. As a result, we have ignored the presence of any electrons at the

epi-substrate interface between Hgi-,Cd.Te and CdTe which might have mobilities

different from those of the bulk and surface electrons.

The results reported here are for an average sample with a bulk carrier concen-

tration of 4 X1014/cm 3 , and surface carrier concentration of 6 x1011/cmm . As is ex-

pected, the effect is more severe in layers with lower bulk electron concentrations or

higher surface electron concentration. In such cases, ignoring the presence of the sur-

face electrons leads to an overestimation of the bulk doping concentration and an un-

derestimation of the bulk electron mobility.

In conclusion, we have shown that the presence of surface electrons on lightly

doped n-type layers of Hgl_,Cd.Te alters the effective carrier concentration and mo-

bility significantly. The problem can be eliminated by passivating the layer, thus elim-

inating the surface electrons prior to the Hall measurement. Alternatively, by analyz-
ing the B-field dependence of the RH, the true bulk electron concentration and mobil-
ity can be evaluated. The correctness of the technique was verified by analyzing the
Hall-effect of the same bulk layer with different surface carrier concentrations.
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TABLE 1

RESULTS OF HALL EFFECT MEASUREMENT AT 30K WITH AND WITHOUT

INCLUDING THE SURFACE EFFECTS

APPARENT VALUE ACTUAL VALUE
(B = 2.4KG)

n4/cm 3 ) 7.5 x 1014 4 x 1014

p(CM2 /V7sec.) 90,000 137,000

Ns(/cmn2 ) -- -- 6 x 1011

1Ss(cm
2 /Vsec.) - -- 23,500

4 RESULTS OF THE VARIABLE B-FIELD ANALYSIS AT 30K

BEFORE AND AFTER SURFACE PASSIWATION

BEFORE AFTER

SULFIDIZATION SULFIDIZATION

n(/cm 3 ) 4 X 10"1 3.9 x 1014

A(em2 /Vsec.) 137,000 142,000

N,?(/em 2 ) 6 x 10" l..r x 10"l

1US(cm 2 /Vsec,) 23,500 31,000
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ABSTRACT

Anodic oxide passivation of p-type HgCdTe generates an inversion layer. Extremely
high Hall mobility data for electrons in this layer indicated the presence of a two-
dimensional electron gas. This is verified by use of the Shubnikov-de Haas effect from
1.45-4.15K. Data is extracted utilizing a numerical second derivative of DC
measurement. Three sub-bands are detected. Their relative occupancies are in excellent
agreement with theory and with experimental results obtained on anodic oxide as
accumulation layers of n-type HgCdTe. The effective mass derived is comparable to
expected.

INTRODUCTION
The narrow-gap semiconductor HgCdTe is an importart infrared detector material.

Most photodiodes are implemented on p-type HgCdTe. The performance of these
devices is heavily dependent on surface properties. Thus the selection of an appropriate
passivation is crucial.

Anodic oxide forms an accumulation layer on n-type material. The two-
dimensional sub-bands of this passivation have been thoroughly investigated in recent
years. Findings obtained using various magnetoresistence measurements [1-71 are in
good agreement with data obtained from other narrow-gap non-parabolic semiconductor
systems, in particular on HgTe and HgTe/CdTe superlatfices [8-10]. It has been shown
both in theory [11,121, as well as experimentally [1,5,61 that narrow-gap non parabolic
materials possess common features. One characteristic of accumulation and inversion
layers on such materials is a large number of occupied sub-bands, as many as five in
HgCdTe [5,6]. Ando [12] has shown that a large change in the band-gap energy has little
effect on the relative occupancy of the various sub-bands.

In this work we report the use ol the Shubnikov-de Haas (SdH) technique to
measure the transport properties of electrons in an inversion layer on p-type
Hgt-xCd0 Te. The inversion film was formed by generating an anodic oxide passivation
to a low concentration p-type substrate, Na - Nd 8 

1 0 4 cm -3 , with composition ratio
of x=0.22. The low acceptor concentration enhanced the Hall data of the inverson layer.
An extremely high Hall mobility, higher than measured for elcctrons in n-type material
of similar composition, triggered our speculation that a 2-dimensional electron gas is
present [131. Since previous measurements concentrated on accumulation layers, it
seemed intriguing to examine an inversion film, in particular since the theory of Takada
et al. [ I I] was developed for the latter structure (see remark in [71).

When a magnetic field is applied perpendicular to a surface layer, the translational
motion is quantized into Landau levels. Sweep of the field reveals oscillations periodic
with inverse magnetic field due to modulation of the density of states at the Fermi level
as the Landau levels increase in energy with increasing field. When several sub-bands
are occupied, these SdH measurements generate a waveform which is a superposition of
the oscillations for each sub-band. The two-dimensionality of the structure can be
verified by a vanishing signal as the sample is rotated by 90'.

Mat. Res. Soc. Syrnp. Proc. Vol. 161. 1990 Materials Research Society
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EXPERIMENTAL WORK

The measurement of DC magnetoresistence on HgCdTe frequently reveals little
information. Seiler and Becker [14] introduced an AC technique where the magnetic
field is modulated and phase sensitive detection is employed. The second derivative of
the amplitude presents clear data of SdH oscillations [2,5,6,8,10]. An alternative method
is using a metal-insulator-semiconductor (MIS) structure and modulating the gate voltage
[1,7,15]. Since our experimental setup did not provide for modulation of the magnetic
field and Hall bar samples were used, we had to develop appropriate numerical methods
in order to extract the oscillatory data. Fourier analysis showed no uscilldtory pattern
following background subtraction. Instead numerical second derivative of the voltage
with respect to the field combined with data smoothing was employed. These were
obtained by fitting a small number of points to a second degree polynomial. This process
eliminates the background and reveals the SdH oscilations.

Figure 1 shows such a plot of the second derivative versus an inverse magnetic
field measured at 1.45 K. Several frequencies of oscillations can be observed,
corresponding to various sub-band populations and their harmonics. In figure 2 we
separated between these frequencies: trace (a), corresponds to 0.31-0.44 T, with a
frequency of 3.75 T; trace (b), corresponds to 0.51-0.79 T, with a frequency of 9.7 T and
a change of phase (beat) at 0.66 T; trace (c), corresponds to 1.01-1.16 T and shows
superposition of the previous frequency with a 30.4 T waveform.

The effect of increasing temperature is presented in figure 3, in which trace 2c is
repeated, this time at 4.15 K. There is an obvious decrease of the amplitude of the 30.4 T
oscillation, while the reduction in the 9.7 T component is minimal.

4

-3

-4 -22
-33

I/B (Teslo l )

Fig. 1: Numerical second derivative of magnetoresistance measured at 1.45K, showing
SdH oscillations of an anodic oxide inversion layer on p-Hg .78Cd0 .22 Te
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Fig. 2: High resolution data of Fig. 1. revealing 3 oscillation frequencies:
a. 0.31-0.44T, F = 3.75T.
b. 0.51-0.79T, F = 9.7T. Note the phase shift at -1.52 ln'.
c. 1.01-1.16T, superposition ofF = 9.7T andF = 30.4T.
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Fig. 3: Same as Fig. 2c, at 4.15, showing substantial decrease
of 30.4T component, less of the 9.7 one.

ANALYSIS AND DISCUSSION

The change in the resistivity due to the magnetic field can be expressed as [ 161

M -m"I11 exp (-fTj~m,'/) f2ttMF- I
P A B sinh (PMTmn/B) B

where T = temperature, B = magnetic field, F = oscillation frequency, # = phase, TI) =
Dingle temperature, m, = effective mass ratio (m /mo), and = 27

2 kB mo/HB e = 14.7
T/K. The summation on M is over the harmonic frequencies of a given sub-band n. In
order to obtain the occupancy of the various sub-bands, the Fourier transform of the data
was obtained using an FFT. Figure 4 shows a transform of the second derivative taken
at 4.15 K. Similar spectra were obtained for all other measured temperatures. These
results highly resemble the data of Beck and Anderson (Fig. 2, Ref. 7). obtained for an
accumulation layer. In addition to the three main frequencies, corresponding to three
occupied sub-bands, one can easily observe the second and third harmonics of the 3.75 T
line (with the third harmonic more intense than the second).

The effective mass of electrons in the various sub-bands can be derived from the
reduction in amplitude with increasing temperatures. This dependence can be
summarized as X/sinh , where X= 1TmrlB. Unfortunately due to the very small
effective mass in HgCdTe and due to the superposition of the various lines, it is hard to
obtain precise data in the limited temperature range employed. Figure 5 shows a fit for
the amplitude of a peak at 1.05 T (0.95 /T) which corresponds to the first sub-band,
with the largest effective mass. The fitted value is m* = 0.033m 0 . The convex shape of
the curve indicates that the argument of the hyperbolic function is indeed small, thus
replacing the hyperbolic sine with an exponential function should be done with extreme
caution! [91. The data is summarized in Table I. The uncertainty in the value of the
effective masses is large. Moreover, since the ratio of x to its hyperbolic sine approachos
rapidly I as x approaches 0, the very small effective masses of the second and third
subbands renders a ratio which is almost temperature independent, causing a further
increase in uncertainty in determination of these values. The accuracy of the derivation
may be improved by either a deconvolution of the various frequency component s of the
waveform, or a simulation this pattern.
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Fig. 4: Foarier transform of SdH oscillations. Clear peaks of 3 fundamental
frequencies, due to 3 sub-bands, and harmonics of F = 3.75T.

The sub-band occupancy is given by N,. -e .F'. Summing up the
h

concentration of the first three sub-bands, and adding 4% for the higher ones 151, we
came up with the ratio of the sub-bands occupancy to total surface concentration N,.
prcenicd in Table I.

Table I
n Fn(T) N n(cm- 2 ) N nINT rin

1 30.4 1.47 1012 0.693 0.033±0.008

2 9.7 4.69 10"l 0.221 0.018±0.007

3 3.75 1.81 1011 0.0855 0.011+0.005

The concentration ratios are in excellent agreement with the theory in [121, the
results of Beck and Anderson 171 and the various Singleton, Nicholas and Nasir
investigations [1-61. Taking into consideration the composition ratio (x = 0.22), our
results indeed fit perfectly with a slight difference between those -)f x = 0.2 and x = 0.34 [2]. The discrepancy between these data and that of Zhao et al. [1] was recently
explained (51.

The effective masses obtained are on the iower edge of the theory 'Il l and
experimental results [6,71. However, the large uncertainty in present values necessitates
further investigation before any conclusions can be drawn.

The two-dimensionality of the data was verified by rotating the sample by 90.
The numerical analysis renders noise with amplitudes one-order of magnitude smaller
than the SdH oscillations, for all temperatures tested. No peaks are present in the Fourier
transform.

A change of phase, such as we observed at about 0.66 T, has been previoi~sly
reported for SdH data on various materials, including HgTe films 181. The last one was
observed only at -1.9 K, and was attributed to strain-effects, rather than to inversion
asymmetry, since it was observed at low electron concentration. In this ,ork it is also
possible that the beat is a result of the superposition of the two frequencies at 9.7 T
(second sub-band) and at 11 T (third harmonic third sub-band).

WIMMOO lOMm
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Fig. 5: Measured temperature dependence of peak at 1.05T.
Effective mass derived from theoretical fit m* = 0.33m0.

CONCLUSIONS

~The SdH experimental technique performed on an inversion layer, generated by
anodic oxidation of a p-HgCdTe, proves the existance of a 2DEG and renders data on
three sub-bands. The calculated relative occupancies of these sub-bands agree extremely
well with theory and experimental results obtained from accumulation layers on n-type
materials. The analysis should be extended to achieve better accuracies of the effective
mass by both measurements at higher temperatures and by mathematical simulation of
the data. This also may render scattering times. Experimental work at higher magnetic
fields may reveal additional structures.

The numerical analysis performance in this work has proven that it is possible to
compensate for limitations in experimental facilities by appropriate mathematical tools.
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ABSTRACT

The results of electrical characterisation of a series of MOVPE layers of
CdxHg,-xTe (CMT) grown by the interdiffused multilayer process (IMP) are reported. It
is shown that the properties of the CMT layers when grown as a "sandwich" between
CdTe buffer and cap layers display ;sical p-type Hall effect curves. These have been
modelled and the sensitivity of the fi ,ng parameters are reported. It is shown that there
is evidence of complex ("anomalous") two-layer like behaviour in low x material which is
not attributable to inversion behaviour.

INTRODUCTION

The assessment of the basic electrical transport properties of epitaxial layers of
CdxHg1_xTe by Hall effect measurements can present serious interpretation difficulies.
These difficulties arise because surface inversion and interface effects lead to complex
"two-layer" RH curves, often referred to as anomalous. In this paper we report detailed
electrical measurements on high quality MOVPE layers in which these effects have been
effectively suppressed using controlled growth procedures. The Hall curves have been
modelled using a minimum of fitting parameters. The mode!s are sensitive to the choice
of alloy composition from which ni is derived. In the low x range it will be sh.,wn that
very small changes in ni can lead to a model which predicts a second low temperature
sign change in the Hall coefficient. This effect arises as an intrinsic effect and is not
due to inversion phenomena.

ROLE OF INTERFACES/SURFACES

Inversion behaviour involving the creation of n-type carriers in the surface regions
of p-type CMT can arise from a variety of causes. In an original study by Mullin and
Royle (1) surface oxidation or damage on bulk CMT was identified as an important cause.
Subsequently (2) a range of preparation-related phenomena were shown to give rise to
inversion-like effects on epitaxial layers. They included impurities on or from substrates,
Ga from GaAs for example, capricious growth behaviour resulting in the formation of
HgTe or low x CMT, as well as post-growth phenomena involving the effect of Hg in
creating n-type surfaces. This latter cause, involving Hg indiffusion during cool-down
following the growth of MOVPE layers, has been identified as a common phenomenon.
The cool-down conditions which avoid this problem have been modelled by Irvine et al
(3). The effects of Hg indiffusion have been avoided by Ghandhi et al (4) and by the
authors (3) by using a thin layer, typically 0.1pm, of CdTe in order to cap the CMT
layer. The significantly reduced diffusion in CdTe compared with CdxHgl1_xTe can
eliminate the problem of Hg converting the surfaces of layers from p to n. The effect of
diffusion from the substrate can also be avoided in a similar manner by using a buffer
layer of CdTe.

In the present study then the judicious use of CdTe buffers and caps have been
used to eliminate extraneous, preparation-related, inversion effects in order to enable the
transport properties of pure CMT to be assessed.

MODELLING

The Hall coefficient RH as a function of I/T and T has been modelled using the
standard expression given in equation 1:

Mat. Res. Soc. Symp. Proc. Vol. 161. 1 1990 Materials Research Society
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RH = I (p - nb
2 )(1

q (p -+nb
2

)

where p, n, b and q are respectively the hole concentration, the electron concentration,

the mobility ratio of electrons to holes and the charge on an electron.

The value of p was obtained from the charge neutrality expression (equation 2)

p - n - Na - + Nd+ = 0 (2)

by solving equation 2 as a cubic in p where Na- and Nd+ are the ionised donors and
acceptors respectively. Na- is given by:

Na- = Pa x Na (total) (3)
p + Pa

using P. = IN exp (-ha/kT): (g=4) (4)
g

Nv = 2(2.rm kT) 3/2 (5)

and ni 2 = np (6)

where Nv, Ea, mh and ni are respectively the density of states in the valence band, the
ionisation energy of the acceptor, the hole effective mass ratio (0.55) and the intrinsic
number. In order to model R, it was necessary to input a value of b and choose
appropriate values of the five parameters x, b, Ea , Na and Nd.

The Hall measurements were made over the temperature range 4.2 to 300K at 0.2
Tesla. A series of 18 epitaxial layers were examined, the experimental results being
compared against the model. The results and models have been drawn on two scales RH
versus T to define the high temperature range clearly and RH versus I/T to define the
freeze out region. In many cases excellent fits were obtained but in the others, although
they were all very good, precise fits were not achieved. The dominant pajameters in the
high temperature region were x and b and although they are interactive, b was chosen
primarily to coincide with RH maximum and x to give the sign change in RH at the
appropriate temperature.

In the low temperature region Na and Ea dominate. The choice of Na is
straightforward if there is a well defined exhaustion region. This was rarely the case
because this region is only clearly defined for high x and low p-type. Nonetheless
adjustment of Na was made to fit the results. As most results were at fairly high p
levels, Nd was not included. It was assumed Nd would be small compared with Na and
SIMS analysis shows that the common donor impurities were either at or below their
detection timits of 10' atoms cm-

3. The choice of Ea was then made to fit the freeze
out region.

EXPERIMENTAL

The epitaxial layers were grown using the IMP process (see 3 and references
therein). The growth was carried out at 350"C using Me 2Cd and iPr 2Te. The substrates
were CdTe oriented -3" off (100) towards the (110).

The Hall effect measurements were made using the van der Pauw method on -5mm
square cleaved samples from the epitaxial layers using the equipment and procedure
described in reference (2). It should be noted that the Hg vacancy (acceptor)
concentration in Cd 0. 2Hg 0. Te layers grown at 350'C would be -1x 0 1 7carriers cm- 3 .

Effect of buffers and caps

Typical Hall curves for three different epitaxial structures are shown in figure 1.
The upper curve (J185) shows the results for the first structure for a 7.5Am thick
epitaxial layer of CMT (x=0.19) which was grown without a buffer or a cap. The dotted
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Fig. 1: Results on J185, no cap, no buffer, x=0.19 at thicknesses 7.5ktm full line and
3.5jtm dotted line with RH XlOO. J203, cap, no buffer, x=0.198, small
symbols, with RH xlO. J233 cap and buffer, x=0.198, large symbols. J203 fit
at x=0.198, b=36, Ea=14.SmeV, Na=5
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Fig. 2: J203 and 3233 same samples and fits as fig I but plotted on R v T scale
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curve shows the same layer after 
3

.On had been removed from the surface. RH was
-ye for both curves throughout the temperature range. The behaviour is typical of a two
layer structure (2). It was attributed to the effect of a post-growth anneal occurring in
the Hg vapour in the reactor as it cooled from the growth temperature to room
temperature.

The second structure for which J203 is an example is cha:acterised by a CMT
epitaxial layer onto which was grown a 0.1/um cap of CdTe. The results are dramatically
different to those of J185. An almost classic p-type* (where the asterix signifies the low
temperature RH characteristic) curve is obtained. However, whereas the height of the
peak of RH and the inversion temperature in the two carrier region could be fitted exactly
the fitting around the peak diverged from the experimental points as did the low
temperature (<20K) data. This latter turnover (droop) is typical of the presence of
minute inversion effects.

However, both exact fitting and the avoidance of droop at low temperatures were
achieved in the third category involving a structure of CMT sandwiched between a CdTe
buffer and cap. J233 showed a well fitted activation energy of 16.5meV. The line fit
diverges from the experimental points around 20K with an indication of a second shallower
ionisation level. The model has not taken this into account. This will be considered in
a later paper. The divergence of the fitting curves from the experimental data for 3203
and J233 shown in figure 1 can be seen more clearly by plotting RH versus T, as in
figure 2. The fit parameters used for these curves are shown in the figure captions.

Sensitivity of fitting parameters

Before discussing the low x material, it is appropriate to note the role of x and n i
on the sensitivity to fitting the data. The equations for deriving ni are empirical
equations in alloy composition (x) and temperature (T). They are derived for a generally
limited range of alloy composition. The various equations are in good general agreement
but not exact agreement. The variation of ni with T is shown in figure 3 for Schmit (5)
and Hansen and Schmit (6) and Nemirovsky and Finkman (7).

0. 12

0.16s

0. 14-

.0.12

0.10-

0. 04

0 100 200 300
Temp (K)

Fig. 3: Plots of the energy gap Eg (eV) versus temperature. The dashed line is ref
(5), the full line is ref (6) and the dotted line ref (7)
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A dominant term in the expression for ni is exp(-Eg/2kT), Eg being derived as
f(xT) in a similar empirical manner. The overall trend (see figure 4) is towards lower
Eg for a given x and for Eg to decrease more rapidly at low temperatures. Consequently
the values for ni are increasing, especially at low temperatures. These higher ni values at
low temperatures could explain the double sign change results seen in low x material
discussed in the next section.

Behaviour of low x CMT

In cases of low x and fairly low p CMT the fitting parameters x (ni) and b can be
particularly significant at low temperatures. This behaviour can be seen in figure 5 which
shows the Hall data for J235, together with two fitting curves differing only by small
changes of the fitting parameters as given in the figure caption.

If ni is -10'5 below 50"K then the number of electrons can be comparable with
the number of holes (reducing due to freeze out) and if p <nb2 then a second low
temperature sign change in RH, that is from p to n, can occur, as seen in the dotted
curve. This sign change, which is frequently seen experimentally in low x material, is not
a function of two layer effects but results from the intrinsic fitting parameters. An
extrapolation of the effect is that low x and low p-type material will only give rise to
Hall coefficients that are negative across the whole temperature range.

CONCLUSIONS

Inversion-like behaviour resulting from surface and interface effects during the

measurement of the electrical properties of p-type* CMT can be avoided by the use of
CdTe buffers and caps. Using this procedure it should be possible to more accurately
determine ni and assess the various fundamental transport parameters for CMT. Inversion
behaviour in low x low p-type CMT may not necessarily be due to interface or surface
effects but can be due to intrinsic behaviour.

Acknowledgements: Miss D Jones is thanked for technical assistance with layer
growth and Dr A M White for helpful discussions on modelling.
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ABSTRACT

A single-and multilayer growth model is presented. Surface order-disorder transitions are
studied with the entropy calculated in the Bragg-William approximation and in the quasi-
chemical approximation. A plausible explanation for high-quality growth obtained with energy-
assistance is given. The model nas been extended to study low-temperature epitaxial growth of
HgTe and CdTe on different surfaces. The relevant surface energies are evaluated in a Green's
function approach.

INTRODUCTION

The theory of surface order of solids is essential to an understanding of their growth
properties. The mechanisms dominating surface order depend on a number of factors, including
the crystal orientation, substrate temperature, and growth method. The atoms arriving at a
growing surface interact both with the underlying surface and with one another. Their mutual
interactions may cause them to undergo an order-disorder transition from a "rough" to a
"smooth" (or ordered surface) or from a "rough" to a "superlattice" (SL) surface. In the smooth
limit, the newly arriving atoms tend to cluster into islands; in the disordered state, the atoms tend
to be randomly distributed [11, and in the SL-ordered state, the atoms and vacancies on the
surface form long-ranged ordered patterns. For a half-filled cubic surface, for example, one SL
pattern is a checkerboard arrangement of atoms on the available sites. The temperature that
characterizes the transition from smooth to rough surface is called surface roughness transition
temperature, T. When the growth temperature T is smaller than Tc, the surface will be smooth.
The growth rates and crystal quality are expected to differ in these two limits.

The rough-to-smooth transition occurs when the effective interaction between surface atoms
is attractive, while the rough-to-SL transition is a consequence of repulsive surface atom-atom
interactions. Because repulsive interactions among surface atoms have not been previously
considered to be realistic, this type of order-disorder transition on the surface has not been treated
extensively in the literature.

In this paper, we first study the surface roughness for a cubic lattice by obtaining the surface
entropy contribution to the change in free energy in a random approximation [also called Bragg-
Williams approximation (BWA)], and in the quasichemical approximation (QCA) with pair
interactions. Based on the difference between their predictions, we suggest a plausible
explanation for better quality growth obtained with energy assistance. The surface roughness
model is then extended to study the surfaces of realistic semiconductors-HgTe and CdTe-
grown by atomic layer epitaxy (ALE) and by molecular beam epitaxy (MBE). The transition
temperatures and surface roughness for growth in various orientations are given.

SURFACE ROUGHNESS THEORY

Because of space limitations, the approach will be discussed in brief; the details can be
found in the literature for the single-layer growth model with BWA [ II and for multilayer growth

Mat. Res. Soc. Symp. Proc. Vol. 161. , 1990 Materials Research Society



292

model with QCA [21. We begin by considering a monatomic cubic solid grown from a (1(X))-
oriented seed with a smooth crystal surface. The change in enthalpy and entropy are calculated
to obtain the change in free energy. The most probable configuration is obtained by minimizing
the free energy. The atoms arriving at the surface make one bond each with the layer below and
above, and four in-plane surface bonds.

In the multilayer growth model with QCA, we first identify all distinct classes of pairs that
contribute to the free energy. Secondly, we write the probability for occurence of each type of
pair. Then, using appropriate factors for indistinguishability of pairs, the entropy for different
layers is written with appropriate constraints. The free energy is then minimized to obtain the
most probable pair distribution. In this multilayer model, an atomic site in any upper layer is
allowed to be occupied, even if the site immediately below it is not occupied. In other words,
"over-hangs" are permitted. Although these configurations are energetically less favorable, they
contribute to the entropy, and thus should be included in the free energy. Tn this model, we have
four types of pairs: atom-atom, atom-vacancy, vacancy-atom, and vacancy-vacancy. For each
layer, there are nine variables (four interlayer pairs, four intralayer pairs, and one layer
concentration) and six constraints relating them. The minimization of free energy in two of the
remaining three variables can be carried out analytically. The numerical minimization in the
remaining one variable is then carried out. The temperature at which the second derivative of the
free energy vanishes for the surface coverage of 0.5 gives the transition temperature, Tc.

The calculated layer concentrations in the three-layer growth model are shown in Figure 1
as a function of surface coverage averaged over three layers for three growth temperatures Tt, T,
and T2 (TI < Tc < "2) by thick-dashed, dashed, and solid lines, respectively. The index on the
curves represent the layer number. At k = 1, 3N atoms have been added to the surface, where N
is the number of sites per layer. In this convention, Layer I is immediately above the seed
surface. We note that at growth temperatures near and above Tc , all three layers grow
simultaneously, but with x, > x2 > x3. However, at temperatures below Tc, the upper layers do
not grow until the lower layers are nearly full. In this limit, layer-by-layer growth takes place.

At temperatures well below Tc, the atoms arriving at the surface cannot move and imperfect
growth results. The quality of the growth can be characterized by the fraction, yo, of atom-atom
pairs to the total number of pairs in a layer. y0 has been calculated in the BWA and QCA.
Figure 2 shows that less perfect growth occurs in BWA case. However, if there is energy
assistance, where photons or ions provide enough energy to permit the atoms to move on the sur-
face, then the QCA entropy is more appropriate and the perfection improves (y0 increases). The
reason for the difference between yo in these cases is evident: The BWA entropy is larger, and
therefore it emphasizes the drive toward complexity. This results in layers at a given coverage
with more imperfections. QCA, where the entropy is smaller, predicts that layers are more
nearly perfect.

When the substrate temperature is sufficiently low, the characteristic time constant for sur-
face migration is larger than the the equilibration time for interaction of the surface with beam
and gas (thought of as a heat bath). Under these conditions, BWA is more appropriate. How-
ever, if the surface mobility is enhanced with an energy assist, the effective time constant for the
migration is reduced (so that surface equilibration can take place faster than equilibration with
beamor gas bath), then the QCA is more appropriate. This is a plausible explanation for high
quality obtained in energy-assisted epitaxial experiments [3,4]. The energy assist in these experi-
ments is sufficient to allow the needed surface mobility.
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ENERGETICS A; X GROWTH MODEL FOR SEMICONDUCTORS

The model described in the previous section has been generalized to the case of diamond
and zinc blende lattices. Also, the energies of interaction between pairs on the surface and that
between layers has been evaluated, using a Green's function approach. We cahulate the energy
to remove the atoms from nearly empty surfaces, referred as the dilute case, and that to remove
the atoms from nearly full surfaces, referred as concentrated case [5]. The respective energies
are denoted Ed and Ec. The calculations were carried out for the removal of anions and cations
from various orientations of Si, GaAs, CdTe, and HgTe. The details of these calculations will be
published elsewhere [5]. We report only HgTe and CdTe results here.

In the single-layer growth model, we consider three kinds of pairs: namely, atom-atom,
atom-vacancy, and vacancy-vacancy and their respective energies Eaa, Eav, and E, The
number of effective bonds an atom makes to the substrate, r0, and the number of surface bonds,
711, must also be specified, The free energy and the surface-pair populations are obtained from
the effective energy Eeff, given by (Eav - (Eaa+Ew)f2). Without calculating Eaa, Eav, or E, we
can find Eeff from the difference of calculated Ec and Ed, and I from Table 1. In our
convention, a negative Eeff indicates an attractive interaction between surface atoms.

In atomic layer epitaxy, grown from a free atom vapor phase, only one type of atom species
(anion or cation) is present at a given time, and the growth is necessarily layer by layer. The
single-layer model developed in the previous section can be applied to study HgTe and CdTe
with the calculated pair energies. QCA is is used in the evaluation of surface entropies. When
the pair interaction is attractive, the smooth-to-rough transition takes place, as the growth
temperature is varied near Tc . However, when the pair interaction is repulsive, the surface is
either rough or the atoms are in a SL arrangement with vacancies. Then the order-disorder
transition takes place near a different Vc. The preferred ordered SL arrangements are
composition-dependent; however, in regions of ordering, the surface will be arranged to
maximize the number of atom-vacancy pairs. Calculated values of Tc are given for growth of
HgTe and CdTe in (11) and (100) directions in Table I.
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Table 1. Extraction energies and critical temperatures.

CdTe HgTe

Atom/ Ed E, Tc  Ed Ec  Tc

Surface Layer 7io Ill leVI leVI [K] leVi leVI [K]

(II )A a 1 6 3.9 4.2 710 1.8 3.8 4700

c 3 6 2.7 0.6 5000* -0.3 1.1 33(0

(lll)B a 3 6 5.2 2.1 7400* 2.8 2.8 0

c 1 6 2.2 1.3 2100* -4).2 0.3 1200

(100) a 2 4 5.0 2.6 5000* 2.4 3.1 15(M0

c 2 4 2.1 0.1 4200* -0.2 1.0 2500

In our calculation, the pair interaction is alway. attractive in HgTe and the temperatures
shown in Table I indicate Tc for the rough-to-smooth transition. Howeve . the pair interaction is
repulsive for CdTe, except for the growth of a singly bonded anion layer on the (IIl)B surface.
Temperatwres Tr denote the rough-SL transition temperatures. Because the Tc values are very
large, ALE growth of HgTe occurs mostly in the smooth domain limit and that of CdTe occurs

4 mostly in the SL domain limit.

In layers grown by MBE, both anion and cation atoms impinge on the surface at the same
time and both layers can grow simultaneously. The way in which the layer grows depends on the
flux rates of the two constituents and their respective sticking coefficients. Hence. an
appropriately generalized multilayer model to that described briefly in the previous section is
applicable. For simplicity, we assume only double-layer growth. The interlayer pair interaction
energies are obtained from Ed and ilo. The intralayer pair energies for each layer are obtained
from Ec, Ed, and 711. With the surface entropy obtained in QCA, the free energy is calculated for
various values of anion and cation layer coverae. The effect of anti-site defects is not included.

Because of the repulsive intralayer pair energies, CdTe surface is expected to grow in SL
domains. Hence, in addition to random distributions considered here, one must consider all
ordered configurations for a given concentration. This case is being studied in detail and will not

be presented here. However, the interlayer and intralayer pair interactions in HgTe are attractive.
so the double-layer growth model applies to this system.

When the minima in the free energy at a given temperature occur near 0 and 1, islands are
formed on the surface that are nearly fully occupied and the remainder of the area is nearly
empty. As the surface coverage is increased, the islands grow in size with a fixed vacancy con-
centration until the layer is fully grown. The vacancies fill only at the end of the layer growth;
then the formation of the next layer takes place. These events are calculated by examining a
sequence of equilibrium arrangements. Realistically, kinetic effects will prevent all vacancies
from filling in one layer before the start of the next layer. Thus, we expect that island growth-
where the vacancy concentrations are low-is likely to correlate with high-quality material.
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Sequential double-layer growth is predicted to be the case for HgTe, for example, in ( II)A
dlj:,ction. In this case, at 185"C we predict smooth growth in ALE for both Hg and Te layers,
and in either Hg or Te stabilized MBE growth 161 we also predict smooth layer growth. At this
same temperature on the (1 I)B surface in ALE we find smooth growth for the Hg layer, but
rough growth for the Te. Moreover, in this particular case, we find Te-stabilized MBE growth to
be smooth, and Hg-stabilized MBE growth to be rough. In principle, it is possible to find situa-
tions and temperatures where in ALE one layer grows smooth and the other rough, and in MBE
the layers grow rough for both stabiliza.tions. This provides a rationale for the sensitivity of
material quality to stabilization type, and temperature.

F CONCLUSION

We have calculated the exce:,s free energy of the surfaces for addition of several layers of
atoms. The surface energies that enter the statistical mechanics are found in a Green's function
approach. The entropy calculation employs a surface modification of QCA. While the calcula-
tion only finds the equilibriur arrangement of atoms for specified surface coverages, given rea-
sonable speculations about kinetic effects, we can appreciate how energy assist functions, in
principle, to improve the quality of epitaxial layers; the phenomenology dominating HgTe
growth for different orientations; and reasons to expect differences between the MBE growth
hat;ts of CdTe and HgTe.
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ABSTRACT

Synchrotron radiation photoemission studies of ultra-thin Yb
diffusion barriers at the interface between Mercury-
Cadmium-Telluride semiconductors and Ag overlayers show that the
interlayers act as effective diffusion barrier only after
thicknesses of 10-15 A are reached. Studies or interlayer
morphoiogy by means of photoemission from physisorbed Xe indicate
that effective diffusion barriers are consistent with a rodei 2i
which a continous Yb-Te reacted layer is covered by an Yb-rch
layer with high alloying enthalpy for Hi.

INTRODUCTION

Mercury-Cadmium-Telluride (MCT) is a pseudorinary
semiconducting alloy extensively used in h- i-performance ifrared
detectors. Processing of this material is complicated by its low
stability, resulting, for example, in Hg loss from t-he interface
region during contact fabrication. Our recent experiments

I -
j have

demonstrated that thin (3-18 A) Yb interlayers can be usec as
effective diffusion barriers at junctions between MCT and reactive
metals such as Al

1 -2
, In

3
, and Cr

3
, with corresponding decrease in

atomic interdiffusion, overlayer metal-Te reaction, and associated
Hg-depletion of the MCT surface. We have prooosedl

- 3 
that thr

diffusion bar-ier effect deriv s from the superior thermodynamic
stability of the MCT/Yb reactioi products relative tc the
MCT/overlayer metal reaction products, based on the high

Yb-telluride formation enthalpy
4 

and on the calculated
! - 3 ,

alloying enthalpie- of Hg and Cd in the Yb overlayer.

Unlike the reactive metals we have studied ear!ierl
- 3

, Ag
exhibits reactive behavior on the MCT surface that is dominated by
long-range Ag i:.- iffusion into the MCT lattice via Hg vacancses

6- 7
,

rather than by a Hg-depleting Ag-Te reaction. The unusual
diffusive behavior of Ag on the MCT surface makes MCT/Ag junctions
an interesting test case for diffusion b-rriers. We conducted
synchrotron rajiation photoemission studies of MCT/Ag junctions in
the presence of Yb interlayers of various thicknesses. We observed a
non-monotonic coverage dependence of the diffusion barrier effect
on Yb thickness. Thin barriers (Yb coverage 3-5 A) are only
partially effective at hindering Ag indiffusion, intermediate
thicknesses (8 A) initially wor: but fail suddenly at high Ag
cove'ages, while Yb interlayers of 10-15 A thickness behave as
idea. diffusion barriers. To explain the striking non-monotonic Yb

coy, raige-dependence of the diffusion barrier effect, we have
conducted studies of the coverage dependence of the interlayer
morphology by means of photoemission from physisorbed Xe. To our
knowledge this is the first application of this technique to the

study of semiconductor metallizations.
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EXPERIMENTAL DETAILS

The experiments were ccnducted using photons fros the
Aladdin 1 GeV electron storage ring, monochromatized by 3m or 6m
toroidal grating monochromator3, V'Lth overall experimental
resolution of 0.15 to 0.25 eV. Single-crystal posts of p-type
Hg 0 .78Cd 0 .22Te 3x3x10 mm

3 
in size were cleaved in-situ to expose

(110) surfaces. Metal depositions were performed in-situ by
thermal evaporation from W coils, with metal coverage emonitored
by a quartz thicvness monitor. The spectrometer operating pressure
was in the low _)-I1 Torr range, while pressure during metal
evaporation remained below 2 x 10-10 Torr. At each metal coverage
data were recorded at room temperature, and after cooling at 35K.
Exposure to 2L of Xe, corresponding to submonolayer Xe coverages,
were performed in situ.

RESULTS AND DISCUSSION

In Fig. 1 we present the integrated Te 4d core emission
intensity from MCT/Ag junctions as a function of Ag coverage in A,
normalized to the clean-surface Te 4d emission, in the presence of
Yb interlayers ranging from 0 A (no interlayer) to 15 A. When no
interlayer is present (solid circles), the Te 4d intensity
decreases slowly with Ag deposition, retaining 80 % of the initial
surface intensity even after deposition of 150 A of Ag. The slow
attenuation of the Te 4d signal reflects long-range indiffusion of
Ag into the MCT lattice

6- 7
, with relatively little Ag accumulating

at the surface. When thin Yb interlayers (3 and 6 A, shown
respectively by solid triangles and squares) are present at the
MCT/Ag interface, relatively little difference is observed in the
Te 4d intensity coverage dependence relative to the no-interlayer
case. Prior to Ag deposition, the Te 4d signal was reduced to
about 75 % of the clean-surface value, as a result of Yb
deposition; even after deposition of 200 A Ag, the Te 4d signal
retains 70 % of its cleaved-surface iutensity. We conclude that in
this Yb coverage rnge the interlayers do not play the role of
effecti,e diffusion barriers.

For thicker i'b interlayers (10 and 15 A, indicated
respectively by open triangles and squares), the general trend in
Fig. 1 is a nearly exponential decrease in Te 4d signal as a
function of Ac coverage. By 100 A Ag coverage, the Te 4d signal
has been reduced below our detection lirr. _ This, together with
data for the Ag 4d emission that cannot be presented here due to
space limitations", demonstrates that in this Yb coverage range
the interlayer is remarkably effective at reducing Ag indiffusion
11. Yb interlayers of 8 A thickness (shown by open circles) induce
an intriguing non-monotonic MCT/Ag junction behavior. As indicated
in Fig. i, the Te 4d attenuation rate is initially similar to that
observed in the presence of thick Yb interlayers. However, at a Ag
coverage of approximately 20 A, the attenuation rate decreases and
becomes similar to that observed in the presence of thin Yb
interlayers. This, together with data for the Ag 4d emission
intensity, indicate that in this Yb coverage range the Yb
interlayer hinders Ag indiffusion at low Ag :overages, but "fails"
abruptly at higher coverages.

The effect of Yb interlayers on Ag indiffusion can be
understood by making a detailed microscopic examination of the
interlayer [orphology as a function of Yb coverage. We
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accomplished this by the thotoemission of Adsorbed Xenon
technique 8-1 0 , which is used here for the first time to monitor
metallization of a semiconductor. The PAX technique exploits the
fact that the vacuum level of a Xe film condensed on a metal or
semiconductor will align with the vacuum level of the substrate.
Since the Xe ionization energy remains constant from substrate to
substrate9 , in photoemission the apparent binding energies of the
Xe electronic levels relative to Ef reflects the local work

function of the substrate. For a spatially inhomogeneous
substrate, differences in the local work function will give rise
to multiple Xe features. The apparent binding energy of each
feature gives the local work function of the corresponding
adsorption site. The relative intensity of the features give the
corresponding fractional area, since our studies indicate that the
Xe sticking coefficent is constant (within 10%) along the surface.

In Fig. 2 we present photoelectron energy distribution
curves (EDC's - solid circles) for the Xe 4d core emission
obtained from MCT/Yb junctions formed at room temperature, cooled
to 35 K, and exposed to 2L of Xe. Yb coverages are given to the
right of the corresponding EDC. Xe physisorption on MCT (0 A Yb)
gives rise to a well-defined Xe 4d core doublet, indicating Xe
physisorbed on a homogeneous semiconductor surface. Physisorption
on MCT/Yb interfaces yields two Xe 4d doublets at all Yb coverages
below 7 A, while only a single Xe 4d doublet is observed for Yb
coverages above 7 A. A least squares fit of each Xe 4d component
in terms of a Lorentzian function convoluted with a Gaussian
function was performed to deconvolve the two Xe doublets. The
results are the Xe 4d I (substrate-induced) and 4d 11
(overlayer-induced) doublets shown in Fig. 2 (dotted and dashed
line, respectively) . These measurements clearly indicate that at
all Yb coverages < 7 A, regions of the bare MCT surface are
available for Xe physisorption. At coverages > 7 A, only a
metallic film of low work function relative to MCT is exposed to
Xe1I . We therefore conclude that islands are present at all Yb
coverages < 7 A, and that the islands have coalesced with the
formation of a continuous layer at a Yb coverage of 7 ± I A.

The PAX measurements described above allow us to construct a
detailed microscopic picture of the effect of Yb interlayers on Ag
indiffusion. We can also use the apparent binding energy of the Xe
4d II doublet to robe the overlayer work function, and therefore
its composition I 

. We saw in Fig. 1 that thin (3-6 A) Yb
interlayers had little effect on Ag indiffusion, as indicated by
the persistence of the Te 4d signal at high Ag coverage. For thin
Yb interlayers (< 7 A), the interlayer is composed of islands of
nonmetallic, high work function Yb-Te reaction products1 i ,
separated by regions of bare MCT. Upon Ag deposition, the bare MCT
regions will offer no barrier to Ag indiffusion, while the islands
will hinder Ag indiffusion. Although we observe some increase in
the Ag concentration at the surface due to Ag atoms collecting on
the islands1 1 , the Te 4d coverage-dependence in Fig. 1 is
consistent with minimal reduction in Ag indiffusion.

Fig. 1 indicates that for the 8 A Yb interlayer, Ag
indiffusion is substantially reduced relative to the no interlayer
case for Ag coverages < 20 A, while at higher Ag coverages little
effect on Ag indiffusion is observed. The Ag 4d emission intensity
displays a sudden decrease at a Ag coverage of 20 All, consistent
with an onset of Ag indiffusion at this coverage. Fig. 2 indicates
that, at his Yb coverage, the interlayer consists of a continuous
Yb-Te layer; measurements of the work function and core emission
indicate that this layer has little or no metallic Yb on top

11 and
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that relatively small amounts of Ag are able to diffuse into the
Yb-Te layer. Therefore, we propose that the "failure" of the 8 A
Yb interlayer for Ag coverages greater than 20 A is related to Ag
alloying with the reacted Yb-Te layer; at a Ag coverage of 20 A,
the solubility limit is reached, and metallic Ag precipitates out
at the interface where it is free to diffuse into the MCT lattice.

The results for the thick (10-15 A) Yb interlayer regime
indicate substantial reduction of Ag indiffusion at all Ag
coverages explored, as shown by the exponential decrease in Te 4d
signal with Ag coverage. Our PAX measurements indicate that the
interlayer morphology in this regime consists of a continuous
Yb-Te layer covered by a metallic Yb-rich low work function
layer11 . Correspondingly, we find that in this Yb coverage range
the Yb interlayers act as effective diffusion barriers against Ag.
We propose that the success of Yb interlayers in hindering Ag
indiffusion derives from the formation of a continuous Yb-Te
layer, which blocks the diffusion pathways for Ag into the MCT
lattice, as well as the formation of a metallic Yb-rich layer at
the surface, which may act to chemically trap Ag at the interface
due to the large enthalpy of alloying for Ag in Yb (-88 kJ/mol
Ag).
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GROWTH OF HIGH QUALITY LWIR FILMS
BY LIQUID PHASE EPITAXY

Dipankar Chandra

Texas Instruments Incorporated, Dallas, Texas 75265

ABSTRACT
Growth of long wavelength infra-red mercury cadmium telluride films by liquid

phase epitaxy has usually yielded films of inferior electrical properties as evidenced
by Hall mobilities lower than theoretical values by factors of 5 or more at 770K. In
addition the Hall behavior over the entire temperature range did not follow classical
patterns. A systematic series of investigations was conducted to improve the electri-
cal performance of these films by four methods: i) growth of HgCdZnTe films, where
a portion of the cadmium was replaced by zinc, ii) growth at temperatures > 550'C,
iii) growth at a slow rate on a CdZnTe substrate following 'cleaning' in the melt of
the substrate surface and iv) doping the film by controlled levels of indium. The
first method did not lead to any improvements in the Hall behavior. In addition,
the films grown displayed varying dislocation densities. The second method led to a
small but definite increase in the yield of non-anomalous or classical films (5%). The
third method yielded films with classical or non-anomalous Hall behavior about 20%
of the time. The last method consistently led to films with classical Hall behavior.
This was accomplished with indium doping levels at 1.5x 10' 4/cm 3 . Preliminary data
indicate that it will be possible to go to still lower doping levels while maintaining
classical Hall behavior. The improvement in electrical properties of these epifilms
can be attributed to the reduction or elimination of type inhomogeneities known to
degrade Hall mobilities in films grown by liquid phase epitaxy.

INTRODUCTION

An extensive series of investigations has been in progress at Texas Instruments
to grow high quality thin films of mercury cadmium telluride. A prime objective of
the present investigations was to understand the mechanisms limiting LWIR LPE
quality prior to the initiation of the present investigations. A wide survey of the
data base revealed the following:

i) a large majority of the n-type epifilms (converted to n-type by post-growth
stoichiometric adjustment anneal) displayed Hall mobilities > 5 times lower than
theoretically predicted values for the respective cutoffs; a small fraction (5-10%) did
display Hall mobilities within 50% of the theoretical mobilities,

ii) all films however displayed 'anomalous' Hall behavior when the measurements
were carried out as functions of temperatures [1].

Hence all epifilms displayed deviations from classical behavior, the laer being by
far the most important deviation. Two important related observations are: a) the
anomalous' behavior is not a 'skin' effect; progressive removal of the surface did not
remove the anomalous behavior, b) it also could not be related to possible 'absorp-
tion' of impurities by the 'misfit' dislocation band near the epi-substrate interface,
removal of the substrate and the misfit band and placing the Hall contacts on the
backside of the film did not remove the anomalous behavior [2]. The anomalous
behavior appears to exist throughout the bulk of the epifilm. The observed behav-
ior, therefore, is consistent with the model where a three dimensional network of
Mat. Res. So. Symp. Proc. Vol. 181. 1 1990 Materials Research Society
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interconnected p-type regions was assumed within a n-type matrix [1]. This model
requirts the least number of unlikely assumptions.

The Hall behavior of the LPE thin films therefore was different from the obser-
vations made on 'bulk' samples grown by the solid state recrystallization technique.
For tie latter, a 'classical' variation of Hall mobility with temperature was observed
with a significant yield when the post-growth annealing treatments were appropriate
[31.

EXPERIMENTAL PROCEDURES

The films were grown by liquid phase epitaxy on lattice matched CdZnTe sub-
strates from tellurium rich melts following the dipping method [4]. Various average
growth rates were employed. It was possible to alter the average growth rate by
employing either one or both of the following techniques:

i) changing the temperature 'cool-down' rate during actual growth,

ii) changing the temperature profile imposed on the melt. The latter was accom-
plished by installing a small 'compensating' heating coil over the existing heating
elements of the furnace. The shape of the temperature profile could be changed by
large degrees by altering the power input into the compensating coil. For growth
to occur, the temperature gradient needed to be positive (colder above). For neg-
ative temperature gradients (hotter above), not only no growth was recorded, but
a slow dissolution of the substrate (etchback) started. Hence it was possible, not
only to control the growth rate with a degree of precision using this method, but
also to 'etchback' the substrate even at temperatures nominally below the liquidus!
Detailed description and analysis of this procedure will be discussed elsewhere [51.

The average growth rate was observed to be the single most important parameter
controlling the degree of melt inclusions in the films grown. Onset of constitutional
supercooling at growth rates above a 'critical' rate, leading to a breakdown of the
melt-solid interface, was the primary cause of inclusion incorporation. Note that sub-
strate misorientations exceeding 0.5" will lead to poor surface, which might worsen
the problem of melt inclusions. The following separate series of investigations were
performed:

1) Growth of HgCdZnTe: Elemental zinc was added to the melt. Segregation
coefficients controlling zinc uptake by the films were determined from the present
series of investigations and have been reported elsewhere [6].

2) The films were grown between two widely separated temperature regimes:
i) between 450 and 500°C and ii) between 540 and 5900C. For the latter group
of experiments, the Hg reservoir needed to be maintained at or above the normal
(atmospheric) boiling point of mercury. Heavy refluxing of mercury took place during
these studies; these experiments pushed the operating temperature limits of the
dipping reactors.

3) Slow growth following heavy etchback: Etchback of the substrates was per-
formed by dipping the substrate in the melt at temperatures 25-30C above the
liquidus for varying lengths of time. Following the etchback, the melt was reequilib-
riated and the epigrowth performed by equilibrium cooling.

4) Extrinsic Doping: This method was used to eliminate the p-type micro-
inclusions [1] without necessarily eliminating the inhomogeneous distribution of the
impurities themselves. Both indium and gallium have been used. The doping was
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performed by first doping the melt.

RESULTS AND DISCUSSIONS

A. Undoped Films:

The growth and treatment procedures developed permitted control over a wide
range of microstructural properties.

Hall behavior: These were measured for a large number of samples. A wide
variation in the 77°K Hall behavior was observed. The Hall mobility at 77rK var-
ied between lx104 and 1.Sxl0 5cm 2/Vxsec (Figure 1). No measurable correlation
could be established between growth parameters and the Hall behavior observed.
Post growth annealing at temperatures as low as 200'C did not appear to influ-
ence this behavior. The only measurable correlation possible to be established was
the relationship between incompletely annealed and completely annealed films. In a
number of instances, the films switched completely from n-type to p-type on comple-
tion of annealing. Completion of annealing for the LPE films refers to the completion
of annihilation of tellurium precipitates by the in-diffusing mercury, similar to the
mechanism observed for bulk mercury cadmium telluride (7].

In attempts to establish some correlation between microstructural properties,
growth parameters and electrical results, Hall data were obtained over the entire
temperature range. Immediately, two groups of films were observed. The overwhelm-

ing majority consisted of films where the variation of mobility with temperature was
not 'classical'. In general the mobility reached a maximum value around 770K and
decreased with decreasing temperature. The height of the maximum or the 'peak'
varied from film to film. Two examples of this behavior are given in Figure 1, in
agreement with the general behavior referred to and modelled by Chen et. al [1].
These films can be classified as 'anomalous' films. The Hall behavior can be in-
terpreted as arising from an interconnected network of p-type regions existing in a
n-type matrix (Figure 5 in Ref. [1]). The relative volume of the p-type regions will be
significant in determining the magnitudes of the mobility values, though the general
shape will all be similar to the examples shown (Figure 1). An inhomogeneity in type
across the film therefore is responsible for this type of behavior. Note that since the
effect arises from a 'three dimensional' network, and not a skin, no amount of surface
removal and/or surface preparation will eliminate the inhomogeneity. This has been
confirmed during the present investigations. Differential Hall measurements, that is
repeated removal of surface did not lead to any change in the basic shape displayed
in Figure 1, though the magnitudes of mobility values within the respective segments
varied. These results add to the earlier data referred to above.

A small minority of films however displayed 'classical' behavior (Figure 1). Ho-
mogeneity in type therefore was achieved for these instances.

To decrease the yield of these 'anomalous' films two separate avenues were ex-
plored: i) variation in growth parameters, ii) addition of substituents or dopants.

Variation in growth parameters: The parameters which were varied were i)
growth rate, ii) etchback time of the substrate prior to growth, iii) film thickness
and iv) temperature of growth.

Growth rate: As discussed above, the average growth rate alone appeared to
control the degree of melt inclusions. Figure 2 shows the number of melt inclusions
as a function of average growth rate. Below a 'critical' rate the density of melt
inclusions appeared to be virtually zero. Elimination of melt inclusions virtually
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eliminated the incidence of p-type films, but still did not lead to the growth of films
which displayed 'classical' behavior following stoichiometric adjustment anneal,

Etchback time: The etchback time of the substrate in the melt immediately
prior to growth appeared to significantly affect the electrical behavior. Increasing
the etchback time increased the yield of near-classical or classical films, but it reached
a plateau between 15 and 25% for etchback times higher than 120 seconds (Figure
3). Etchbacks higher than 350 seconds began to degrade the surface quality even
with rotation.

Film Thickness: A distinct correlation between Hall behavior and film thickness
was not observed.

Growth temperature: The yield of classical or near-classical films displayed small
but definite increase on raising the growth temperature from 480 to 5500C. Combin-
ing the high growth temperature with heavy etchback increased the yield of near-
classical films to 25-30%. However, growth at these temperatures degraded the
surface quality due to rapid Hg droplet formation either just prior to insertion of
the substrates into the melt or immediately after removal from the melt following
growth.

B. Doped Films:

Addition of dopants: Drastic increases in yield of classical films was obsprved
when a substrate etchback of approximately 120 seconds was combined with the
use of either indium or gallium as a dopant. FigUre 4 demonstrates the increase in
yield with indium doping, mnre than 80% of the films converting to classical hall
behavior with indium doping levels at < 5X 10' 4 /cm 3 . Approximately half of the films
yielded classical Hall behavior with indium doping levels at 2xl0' 4 /cm 3 . Recent
data indicate that a significant yield of classical films will be obtained even with
lower indium doping levels, at approximate 1 x 1014/cm 3 . The segregation coefficient
controlling indium incorporation from the melt was measured during the present
investigations and shown in Figure 5. With increasing indium concentration, the
segregation coefficient appeared to approach unity.

CONCLUSION

The Liquid Phase Epitaxy process has been studied and modified to yield high
quality films reproducibly and routinely. This was possible both with and without
using an extrinsic dopant. The yield was close to 100% for the former, even for
doping levels lower than 5x 1014/cm 3 .
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EFFECTS OF DEFECTS ON METAL-INSULATOR-SEMICONDUCTOR
PROPERTIES OF HgCdTe FILMS GROWN BY LIQUID PHASE EPITAXY

Dipankar Chandra* and Michael W. Goodwin*

*Infrared Devices Laboratory, Texas Instruments, Incorporated; Dallas,

Texas

ABSTRACT

A comprehensive study of all materials parameters influencing metal-insulator-
semiconductor (MIS) properties of n-type HgCdTe films grown by liquid phase epi-
taxy from tellurium rich melts was conducted. When the epitaxy process was opti-
mized to grow films free of inclusions and terracing, the first indications of the MIS
properties to be expected could be obtained from the temperature dependence of
the Hall electron mobility.

Films displaying an anomalous dependence of the Hall mobility on temperature
yielded non-classical low frequency MIS properties with little or no measurable 'dark'
storage times (< 2x 10' second). The MIS performance of these films appeared rela-
tively independent of other materials parameters; remaining, for example, virtually
tnaffected by the film dislocation density changing between 5X104 and 2x 106/cm 2 .

Films displaying a classical dependence of the Hall mobility on temperature
yielded drastically improved classical high frequency MIS properties. For these films,
the MIS performance appeared almost exclusively dependent on dislocation density
levels as long as the donor density remained lower than I x 10t 5/cm 3 . The dark stor-
age time of classical films increased continuously with decreasing dislocation density
levels, rising to lOOsec for a dislocation density level of I x 10'/cm2 for materials with
a 770 K cutoff wavelength of 10.5m. A simple monotonic relationship could be es-
tablished between the MIS performance parameters and the dislocation density over
the entire measurement spaw7 from 5x10 4 to 2.5:,,10 6/cm 2.

INTRODUCTION

An extensive series of investigations has been in progress at Texas Instruments
to grow epitaxial thin fi.:6m cf mercury cadmium tellurid,! using liquid phase -pi-
taxy. The prime objective is to produce films which will fulfill MIS photocapacitor
performance requirements within the LWIR range (8-12pm at 770K). It is there-
fore essential to establish the materials obstacles limiting device performance, with
particular emphasis placed on prioritizing these factors. The thrust can then be
,oncentrated towards solving the most important limitation. Once this is achieved,
it can then be redirected towards a solution of the next most important problem and
so on.

MATERIALS ISSUES

The only information available from device physics of relevance to materials
growth scientists has been the desired upper limits in carrier concentrations for n-
type and p-type materials respectively [1]. To this could be added the data base

Mat. Res. Soc. Symp, Proc. Vol. 161. 1990 Materials Research Society
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collected from bulk materials establishing the importance of dislocation density lev-
els. Prior to the initiation of the present investigations, net donor densities in films
grown by liquid phase epitaxy were comparable to the magnitudes observed in bulk
materials. Nevertheless, MIS properties of these films were almost exclusively very
poor, the large majority displaying low frequency behavior at 2 MHz. The dislo-
cation density levels in these films were generally high, in the 106/cm 2 range. This
alone however would not explain the poor MIS data observed, since bulk materials
with comparable defect density levels displayed MIS performance parameters, which
while inferior to bulk containing low dislocation density levels, were still superior to
materials grown by LPE [2].

Hence the materials obstacles confronting films grown by LPE in fused silica
dipping reactor appear to be considerably more complex and severe. An examination
of the various parameters measured establishes the following salient features for
LWIR LPE:

1. Hall mobility; a significant fraction of films grown by LPE displayed mobili-
ties > 5 times lower than theoretically predicted values for respective cutoffs at 77°K.
Other films (5-10%) did display Hall mobilities within 50% of theoretically predicted
values. All films however displayed 'anomalous' Hall behavior when the measure-
ments were carried out as functions of temperature. Anomalous Hall behavior has
also been reported by workers at other laboratories on LPE films [3,4,5].

2. The dislocation density levels generally stayed within the high 105 to low
106/cm 2 range. It slowly decreased with increasing distance from the epi/substrate
interface.

3. Melt inclusions: A relatively small fraction of the films contained melt inclu-
sions. These generally were the thicker films, with thicknesses exceeding 75pm. An
important factor contributing to melt inclusions is the growth rate. High growth
rates lead to constitutional supercooling, which in turn may lead to a breakdown of
the planarity of the melt-solid interface, leading to 'entrapment' of melts. This will
be discussed in more details elsewhere [6].

4. Terracing: The degree of terracing appeared to vary significantly from run
to run. Severe terracing was almost invariably related to a severe melt inclusion
problem. In addition to growth rates as discussed above, terracing can be influenced
by pretreatment of the substrate, substrate holder design etc. [7].

In all this the importance of the substrate quality cannot be overestimated. It
will influence all of the above, in most instances being the single most important
influence. For example, in conformity with observations by other workers [8], films
grown on substrates where the growth face is misoriented by more than 0.50 from
the (111) B face contained a high degree of terracing and frequently melt inclusions.
Furthermore, in as grown films, a general correlation has been observed between the
dislocation density within the 'bulk' of the film and the substrate dislocation density
[6], also in agreement with observations reported by some workers [9].

APPROACH AND EXPERIMENTAL PROCEDURES

To isolate the most important materials obstacle among the various problems
outlined above, it was decided to concentrate on materials where as many of the
above aspects have been optimized as possible. For example, only properly oriented
substrates were employed following screening. A significant reduction in the sub-
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strate dislocation density was possible following the replacement of CdTe substrates
with CdZnTe substrates [10]. A detailed description of the instrumental aspects of
the dipping liquid phase epitaxy process itself from tellurium rich melts has been
provided elsewhere [11,121.

The degree of melt inclusions was drastically eliminated by reducing the growth
rate, by eliminating constitutional supercooling. A systematic decrease in the growth
rate was achieved by employing both a lower 'cooldown' rate as well as by progres-
sively altering the temperature profile imposed on the melt using a novel heating
element design. These have been referred to in the preceding publication [13], and
will be discussed in more details in a forthcoming publication [6]. Limiting substrate
misorientation to < 0.50and decreasing the average growth rate below a 'critical' value
[13] permitted the growth of even thick films (> 100m thick) free of melt pockets.
Note that the 'critical' rate depended on the imposed temperature gradient and
will vary from reactor to reactor. This was particularly important for LWIR films
(x< 0.23). Due to reasons not completely understood, for MWIR films, inclusion free
growth was possible even at higher growth rates.

Establishment of procedures permitting growth of films without melt inclusions
increased the relative importance of substrate impurity levels drastically. Two as-
pects are relevant here: impurity at the substrate surface or near surface regions and
impurity levels within the bulk of the substrate.

Surface and Near surface impurity levels: Accumulation of impurity levels at the
substrate surface was confirmed both directly and indirectly, though the reasons for
this deposition remain unclear. The direct method involved SIMS profiling of impu-
rity levels as a function of depth within the film and the substrate (Figure 1), where
relatively drastic increases in impurity levels were observed at the film-substrate
interface [10]. Note that the impurity species examined by Weirauch were silicon,
potassium, sodium, aluminum, lithium, chromium, carbon and chlorine. Since other
species were not studied, the total extent of contamination introduced into the film
from an 'impure' substrate surface remains unclear. This observation is consistent
with the Hall data collected on such films during the present investigation. These
data indicate a high incidence of p-type films, n-type films with high carrier concen-
trations and low mobility n-type films.

This accumulation is observed when film deposition is allowed to be initiated on
the substrate not subjected to any 'cleaning' immediately prior to growth. A radi-
cally altered condition develops when the substrate is 'cleaned' in the nutrient melt
held at a temperature above the liquidus, immediately prior to growth. A significant

if remarkable change in the Hall data is observed. The incidence of p-type films
drastically decreases, the incidence of high mobility at 77K increases. Furthermore,
as referred in the preceding publication [13], during the present investigations it was
observed that the yield of films displaying a classical dependence of Hall mobility on
temperature increased, almost continuously with increasing severity of the 'cleaning'
or the 'etchback' procedure. Note that the increased 'severity' of the etchback proce-
dure refers only to increased time of immersion of the substrate in the nutrient melt
immediately prior to growth. A general consistency is observed between these Hall
results and Weirauch's SIMS data. For the latter, the 'hump' in the impurity level
near the substrate-epi interface is drastically reduced for films grown on etched-back
substrates (Figure 2).

The introduction of etchbacks exceeding 120 seconds permitted a significant yield
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of films displaying classical or non-anomalous dependence of Hall mobility on tem-
peratures. As is evident, a type of saturation phenomenon is observed when the
etchback times are extended to considerably longer than 120 seconds [131; no further

V increase in yield of classical films is observed. Since increasing length of etchback
progressively degrades the surface quality of the growth face which in turn leads to
the growth of films with increasing degrees of terracing leading to melt inclusions,
etchback times significantly longer than 120 seconds were not employed. Note that
the highest yield of classical films did not exceed approximately 20%. Hence between
70-80% of films still displayed either an anomalous dependence of Hall mobility on
temperature or an outright p-type behavior. The latter (p-type behavior) occurred
about 15% of the times.

DISLOCATION DENSITY MEASUREMENTS

The dislocation density distribution in these films varied widely. A consistent be-
havior was established during the present investigations by rapidly cooling the film
following growth: the dislocation densities within the 'bulk' of the films immediately
after growth and prior to any heat treatments generally followed the substrate dislo-
cation density (Figure 3). Following the stoichiometric adjustment anneal however.,
the dislocation density increased by degrees ranging between 300 and 1000% (Figure
3). This mechanism has been studied earlier in bulk materials and has been traced
to the formation of HgTe when excess tellurium is annihilated by the advancing
mercury front [121. During the present investigations, a dislocation multiplication
reduction (DMR) annealing procedure for thin epitaxial films was developed. It
will be discussed elsewhere [141. Interposition of this anneal process prior to the
stoichiometric adjustment anneal virtually eliminated the degree of dislocation mul-
tiplication. The dislocation density within the 'bulk' of the epifilm (i.e. in regions
removed from the 'misfit' dislocation band) again tracked the substrate dislocation
density levels approximately (Figure 3).

RESULTS AND DISCUSSIONS

These films, both with and without prior DMR anneal, were henceforth sub-
jected to MIS characterization. The MIS devices on these films were fabricated at
Texas Instruments. A general description of the methods followed and the general
device physics have been discussed extensively by Kinch [1]. The details of the device
performance and physics will therefore not be discussed in this space; only the per-
formance parameters relevant to understanding the materials issues will be referred
to. For these films, the dislocation densities varied widely, since some were subjected
to DMR and some were not. The DMR treatment only permitted the dislocation
densities in the films to follow the substrate dislocation density, as discussed above.
When the 'dark' storage times were plotted vs. the dislocation density (Figure 4),
immediately two groups of films were apparent. The first group contained films
which displayed classical or nun-anomalous dependence of the Hall mobility on tem-
perature, whereas the second group consisted of films which showed an anomalous
dependence of the Hall mobility on temperature. Films displaying a non-anomalous
dependence of the Hall mobility on temperature show 'dark' storage times strongly
dependent on dislocation density values (Figure 4). The higher the dislocation den-
sities, the lower the storage times. No such strong dependence is noticeable for films

f m mm m mm~ mmUmm~l m mm
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displaying an anomalous dependence of the Hall mobility on temperature (Figure
4), even though here too the performance as measured by the storage time gener-
ally degrades with increasing dislocation density. The storage times are drastically
inferior for films showing the anomalous dependence. Note that for the classical or
non-anomalous films, the storage times decrease with increasing dislocation densities
approximately linearly, with values rising to > 100psec for dislocation densities at or
below 105/cm 2 . The cutoffs at 770K for all the films shown fall between 10.0 and
10.5pm.

These results indicate the significantly stronger influence of the Hall behavior on
MIS device performance when compared to the effect of the dislocation densities. The
dislocation density becomes performance limiting once the classical Hall behavior is
reached.

COPNCLUDING REMARKS

Clear and unambiguous establishment of the greater importance of obtaining
classical Hall behavior over lowering of dislocation density levels in attaining superior
MIS device performance as measured by the dark storage times was achieved by
following the data obtained from a random selection of classical and anomalous films
with varying dislocation densities. For the first time a materials variable was uniquely
identified as the key parameter to be fulfilled to achieve desired MIS performance for
n-type LWIR LPE. A method to systematically and reproducibly solve this problem
will be described elsewhere [6].

References

1. M.A. Kinch, in Semiconductors and Semimetals, Vol. 18, "Mercury Cadmium
Telluride," ed. by R.K. Willardson and A.C. Beer (1981).

2. L. Colombo and A.J. Syllaios, IRIS Detector Specialty Group, July, 1982.

3. M.C. Chen, S.G. Parker, and D.F. Weirauch, J. Appl. Phys. 58, 3150 (1985).

4. L.F. Lou and W.H. Frye, J. Appl. Phys. 56, 2253 (1984).

5. B. Pelliciari and G. Baret, J. Appl. Phys. 62, 3986 (1987).

6. D. Chandra (unpublished data), to be submitted for publication.

7. S.G. Parker, D.F. Weirauch and D. Chandra, J. Crystal Growth 86, 173 (1988).

8. C.F. Wan, D.F. Weirauch, R. Korenstein, E.G. Bylander, and C.A. Castro, J.
Electron. Mater. 15, 151 (1986).

9. H. Takigawa, M. Yoshikawa, and I'. Maekawa, J. Cryst. Growth 86, 446 (1988).

10. D.F. Weirauch (private communication).

11. D. Chandra and M.W. Goodwin, IRIS Materials Specialty Group, June, 1988.

12. H.F. Schaake, J.H. Tregilgas, J.D. Beck, M.A. Kinch and B.E. Gnade, J. Vac.
Sci. Technol. A3, 143 (1985).

13. D. Chandra, Proceedings of the Materials Research Society Fall Meeting, Boston,
Massachusetts (1989).

14. D. Chandra and J.H. Tregilgas (unpublished data), to be submitted for publica-
tion.



323

LOW TEMPERATURE DEVICE PROCESSING TECHNOLOGY
FOR II-VI SEMICONDUCTORS

D.L. DREIFUS*, R.M. KOLBAS*, B.P. SNEED**, AND J.F. SCHETZINA**
* Department of Electrical and Computer Engineering, North
Carolina State University, Raleigh NC 27695-7911
** Department of Physics, North Carolina State University,
Raleigh, NC 27695-8202

ABSTRACT

Low temperature (<60'C) processing technologies that avoid
potentially damaging processing steps have been developed for
devices fabricated from II-VI semiconductor epitaxial layers grown
by photoassisted molecular beam epitaxy (MBE) . These low
temperature technologies include: 1) photolithography (1 gm
geometries), 2) calibrated etchants (rates as low as 30 A/s), 3)
a metallization lift-off process employing a photoresist profiler,
4) an interlevel metal dielectric, and 5) an insulator technology
for metal-insulator-semiconductor (MIS) structures. A number of
first demonstration devices including field-effect transistors and
p-n junctions have been fabricated from II-VI epitaxial layers
grown by photoassisted MBE and processed using the technology
described here. In this paper, two advanced device structures,
processed at <60 0C, will be presented: 1) CdTe:As-CdTe:In p-n
junction detectors, grown in situ by photoassisted MBE, and 2)
HgCdTe-HgTe-CdZnTe quantum-well modulation-doped field-effect
transistors (MODFETs).

INTRODUCTION

Controlling the conductivity of Hg-based alloys by the
deliberate creation of defects (through ion implantation or
thermal annealing) has been employed to fabricate p-n junctions
[1] and metal-insulator-semiconductor field-effect transistors
(MISFETs) [2]. These techniques are adequate for devices formed
in bulk or thick epitaxial layers, but are inappropriate or self-
defeating when applied to thin films and multilayer hetero-
structures. With the advent of controlled substitutional doping
of many II-VI semiconductors, new processing techniques are needed
to preserve (not destroy) the as-grown characteristics to make
possible advanced device structures for optoelectronic circuits.

Unfortunately, the II-VI materials are too soft and
temperature-sensitive to use traditional Si or GaAs device
processing techniques, since processing-induced crystal damage, Hg
vacancies, or Hg-interdiffusion can appreciably alter the
characteristics of thin multilayers. In addition, basic informa-
tion concerning etching, surface passivation, ohmic contacts, and
design rules are unavailable in the open literature either because
they have not been developed or are considered proprietary.

The thrust of this work is the development and demonstration
of a processing technology that uses low-temperatures (<600 C) and
minimizes crystal damage or variations in the as-grown material
characteristics. CdTe metal-semiconductor field-effect tran-
sistors (MESFETs) [3], HgCdTe MISFETs [4], and CdMnTe Schottky
diodes and MESFETs [5] have already been demonstrated using these
low-temperature processing techniques.

Mat. Res. Soc. Symp. Proc. Vol. 161. '1990 Materials Research Society
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II-VI SEMICONDUCTOR DEVICE PROCESSING TECHNOLOGY

A successful II-VI semiconductor device processing technology
requires wafer handling schemes, reduced-temperature photo-
lithography, controlled chemical etching, metallization lift-off
processes, and an insulator technology for MIS structures and
interlevel metal dielectrics.

To address the issue of wafer softness a series of Teflon
supports and stainless steel holders were devised to mount and
transfer wafers. This avoids the use of tweezers and minimizes
the chance that a sample can become inverted (epitaxial layer side
down), which can adversely affect the ability to fabricate
functioning devices. These techniques have dramatically reduced
accidental processing induced damage.

Traditionally, the maximum processing temperature for Hg-
based alloys is around 100'C. However, based on Hg diffusion
studies (6] this temperature is inappropriate for devices
requiring multilevel masking sequences. This can involve several
hours of processing at elevated temperatures, leading to
significant Hg interdiffusion at heterointerfaces (and thus
variation in the bound state energies of quantum confined
structures). In this work an upper limit on the processing
temperature of 600C was selected to be compatible with 1) the
minimum hard-baking temperature of the photoresist and 2) reduced
Hg-interdiffusion and vacancy generation.

Photoresist exposure times, bake times, and spin speeds for
the reproducible photolithographic transfer of patterns at a
maximum temperature of 60'C are as follows. Initially, the sample
is degreased in trichloroethylene, acetone, and methanol at room
temperature for 10 minutes in each solution. The sample is baked
at 600C for 60 minutes, AZ 1350J photoresist is applied at a spin
speed in excess of 6000 rpm, and exposure and develop times (using
a 1:1 AZ Developer : H20) solution are experimentally optimized for
the various photoresist thicknesses. A profiling scheme involving
a 30 second pre-exposure soak in a 1:2 solution of
hexamethyldisilizane and xylene has been devised and used to
successfully lift-off 1 pm geometry features. Employing a
postbake temperature of 60*C necessitates a baking time in excess
of 1 hour in order to increase the photoresists' resiliency to
chemical attack. The photoresist pattern on top of the etched
mesa structures is preserved with a negligible amount of shrinkage
in the etched pattern.

Controlled etching is required for device processing. We
have focused on wet chemical etching since plasma and ion beam
etching are unsuitable due to the potential damage that they can
cause. A measure of success in calibrating various etchants
compatible with the 60'C photolithographic process has been
realized. These include nonselective etchants consisting of
bromine and ethylene-glycol, and selective etchants based on
potassium dichromate and nitric acid. Although the etching rates
of these solutions are somewhat unstable as a function of time,
they can be used to achieve reproducible etch rates as low as
30 A/s. For example, MODFETs require a complicated processing
sequence that involves the selective etching of unwanted surface
layers in order to facilitate ohmic contacts to the two
dimensional (2D) electron gas . An etchant consisting of 4 gm
K2Cr207 : 10 ml HNO 3 : 20 ml H20 has been successfully employed to
remove CdTe from HgCdTe or HgTe (100:1 for HgTe:CdTe) . HgTe thin
films can now be employed as stop-etch layers and have been
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successfully used to remove CdTe substrates for optically pumped
HgCdTe laser structures. [7]

Ohmic contacts and Schottky barrier rectifying contacts have
been successfully made to n-type and p-type II-VI semiconductors.
The sample temperature during metallization is carefully monitored
and is not permitted to exceed 600C. Low-resistance ohmic
contacts to n-type CdTe, CdMnTe, HgTe, and HgCdTe have been
accomplished using In (exhibiting contact resistances in the range
between 0.5 0 to 10 Q for a 100 nm square metal pad) . In order to
obtain ohmic contact to p-type CdTe:As, a multilevel metallization
was developed, consisting of three consecutive electron-beam
evaporations of Ni (75 A), Cu (250 A), and Au (2500 A).
Unfortunately, this ohmic contact scheme required a 20 minute
anneal at 200'C in a nitrogen ambient. An alternate approach has
been the MBE deposition of HgTe followed by a thermal evaporation
of In. These unanneoaled contacts exhibited linear current-voltage
characteristics similar to the Ni-Cu-Au contacts, and have been
used successfully to obtain device results for CdTe p-n junctions.
Au has been employed for p-type ohmic contact to HgCdTe and
Schottky barrier diode gates on n-type CdTe:In and CdMnTe:In.

An insulator technology is required to fabricate MIS
structures, to prevent junction shorting in p-n junction detectors
when running metal interconnects off mesa structures, and for
multilevel metallizations. Several insulator technologies such as
a remote plasma deposition of SiO 2, spin-on glass, and thermal
evaporations of ZnS were investigated. The best results, however,
were obtained for room temperature MBE depositions of ZnS. Since
the insulator deposition is performed at room temperature,
photoresist masking becomes a viable choice for the pre-patterning
of the deposited insulator. Using the same lift-off profiling
scheme as was developed for metallization definition, selective
area depositions of ZnS have been accomplished. Prior to each ZnS
deposition, the surface is etched for 15 seconds in a 1:1 solution
of HCl:H 20 to improve the surface adhesion. This technique has
been used successfully in the fabrication of HgCdTe MISFETs [5],
and a photograph of processed devices is shown in Fig. 1 These
clearly defined patterns (5 gm gate lengths) illustrate the
control of the patterned linewidth achievable employing the low-
temperature processing technology. The entire surface, except for
the In ohmic contact pads, has been coated with MBE-deposited ZnS.

DEVICE RESULTS

CdTe:In-CdTe:As double layer p-n junctions were grown in situ
by photoassisted MBE. (100) oriented, polished, and etched CdTe
semi-insulating substrates were used onto which a 1 gm buffer
layer of semi-insulating CdTe was deposited by conventional MBE.
The photoassisted MBE deposition of a 2 Jim thick layer of n-type
CdTe:In followed by another 2 gm thick layer consisting of p-type
CdTe:As was performed at 180'C. Carrier concentrations and
mobilities, based on previous single layer growths, have been
estimated to be in the range of I x l0l cm-3 (for both layers), and
500 cm2/V's (n-type) and 80 cm2/V.s (p-type) respectively.

Fabrication of the device structures began with two 2 4m deep
mesa isolation etches to form columns of p-type material on top of
the n-type mesas. An etch consisting of a 1:1 solution of HCL:H 20
solution was performed prior to a thermal evaporation of In to
form ohmic contacts to the n-type CdTe:In. Next, a 4800 A thick
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Figure 1. Photograph of processed HgCdTe MISFETs. Ohmic

contact to n-type material was performed using In, while Au

was employed as the gate contact. Transistor gate length by

gate width include 5 im x 25 gm, 5 1m x 50 gm, 5 pm x

200 gm, and 100 gm x 200 pm area structures. An MBE

deposition of ZnS (2800 A) was used as the gate insulator.

selective-area MIE ZnS deposition was perforred leaving the In

contact pads and che centers of the p-type semiconductor columns
exposed. A 2500 A thick HgTe layer was deposited at room

temperature using a Hg-compatible MBE system, followed by a
thermal evaporation of 3000 A of In, and subsequently lifted-off

in acetone. A photograph and schematic cross-section of the
processed device structure is shown in Fig. 2.

Current-voltage measurements of the CdTe p-n junction
detector structure are shown in Fig. 3, exhibiting reverse break-

down voltages in excess of 20 V. By subtracting a series

resistance from these characteristics, a junction ideality factor

SCHEMATIC CROSS-SECTION OF PROCESSED
CdTe P-N JUNCTION

Indium n-type
* - ohmic contact NO- -9 .. . - _ .. . HgTe-lndium

ZnS / Zn S n-type ohmic

pe contact

I p-type Crge _S

n-typ Cdre

CdTe Urmdoped Buffer Lyer

CdrTe (100) Semnt-Insulating Substrate

Figure 2. Photograph and schematic cross-section o f
processed CdTe p-n junction detectors. Ohmic contact to n-
type material was performed using in, while Ni-Cu-Au was
employed as the p-type ccetact. The open rings are 5 4m

thick and vary in diameter between 30 gim and 100 Aim. ZnS
(4800 A) was used as an interlevel metal dielectric.
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Figure 3. Current-Voltage characteristics of a CdTe:As-
CdTe:In p-n junction. Ohmic contact to the n-type CdTe was
obtained using In while a combination of MBE-deposited HgTe
and In was used for the p-type ohmic contact. Reverse
breakdown voltages were in excess of 20 V (<100 nA of
reverse bias current).

in the range between 4 and 8 can be determined. It had been
speculated that p-n junctions could not be grown using both In and
As in the same MBE growth chamber because of a dopant memory
effect observed for indium. This first demonstration of p-on-n
layers demonstrates that these structures can be grown by photo-
assisted MBE and that detector structures can be successfully fab-
ricated in CdTe using the low temperature processing technology.

Modulation-doped quantum well structures containing the
semimetal HgTe have bcen successfully grown by MBE [8]. Epitaxial
structures were grown in order to study the behavior of HgTe
quantum wells and then later used in the device fabrication. The
potential well is composed of 150 A of HgTe sandwiched between the
CdZnT2 substrate and a 100 A Hgo.1,Cdc.85Tc cap layer. These
epitaxi-i layers were grown at a substrate temperature of 1500 C
and exhibited ch.aracteristics of a 2D electron gas with
approximate electron densities of 1.0 x 1012 cm -2 and low-
temperature electron mobilities of 9000 cm2/V.s.

MODFET device fabriration proceeded with a 3000 A mesa etch.
Subsequently, a semi-in, iating CdTe surface passivation layer was
deposited at room temperature by MBE. P:ior to an ohmic contact
metallization using indium, the CdTe cap and surface passivation
iayers were selectively removed in a K2Cr 207 and HN0 3 solution.
2000 A of In was deposited by thermal evaporation and the excess
metal was removed by the lift-off technique. Finally, a 2500 A
thick layer of Au was deposited by electron-beam evaporation.

A schematic cross-section of the processed device structure
and the drain-to-source current-voltage characteristics for a
100 Im gate length by 200 Lm gate width device structure are shown
in Fig. 4. Unfortunately, these devices did not achieve pinch-
off, but a rough calculation of the room temperature trans-
conductance yielded approximately 4.0 mS/mm. The inability of
this device to achieve pinched-off is probably due to the
formation of an inversion layer at the HgCdTe-CdTe interface.
These results are promising and indicate that many of the advanced
III-V multilayer device structures such as quantum-well "ODFETs
may now be fabricated from II-VI semiconductor epitaxial layers.
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SCHEMATIC CROSS-SECTION OF HgTe
QUANTUM WELL MODFET

Gold

Gate
Indium Indium

CdZnTe Substrate
(Insulating)

Figure 4. Drain-to-Source current-voltage characteristics
and schematic cross-section of the processed device for a
100 im gate length by 200 gm gate width HgCdTe-HgTe-CdZnTe
quantum well modulation-doped field-effect transistor.
(Gate voltage steps = -50 mV, vertical scale = 100 gA/div,
horizontal scale = 200 mV/div).

SUMMARY

The low-temperature device fabrication methods explored in
this research work have been developed to take full advantage of
the the as-grown electrical and optical properties of
heterojunction and superlattice device layers. Using the low-
temperature techniques, the first demonstrations of advanced
metals device structures such as CdTe p-n junctions, grown in situ
by photoassisted MBE, and HgTe quantum-well MODFETs are reported.
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RECENT PROGRESS IN THE OMVPE GROWTH OF HgCdTe

SORAB K. GHANDHI
Electrical, Computer and Systems Engineering Department, Rensselaer Polytechnic
Institute, Troy, New York 12180

ABSTRACT

The last two years has seen rapid development in the growth of mercury cadmium
telluride material for use in far infrared detectors. This paper will briefly review the
progress before this period, and will focus on recent developments in these materials.

The emphasis will be on the direct alloy growth of HgCdTe material by
organometallic vapor phase epitaxy (OMVPE).

TECHNICAL

The epitaxial growth of Hgl-iCd.Te (MCT) has received considerable atten-
tion during the past several years, because of its potential for producing active lay-
ers of higher electrical quality than those grown by bulk methods. Several methods
have been reported for the growth of these layers; of these, organometallic vapor phase
epitaxy (OMVPE) has emerged as the most promising candidate [1-81 for the com-
mercialization of this material. To this end, a major effort is underway at the present
time.

Compositional Uniformity:

The driving force for these developments is the need for focal plane array detec-
tors, operating in the 10.6 pm range. Here, the main requirements are layers of 10-15
,m thickness, with an x value around 0.2. A high degree of compositional uniformity
(±0.005) is required for z (the Cd-fraction), and devices as large as 1 cm x 1 cm are
envisioned. This composition uniformity is relatively easy to obtain in mass transport
limited systems such as AlGaAs and InGaAs. In these systems, OMVPE has a unique
advantage since source reactants can be mixed prior to entry into the reactor. As a re-
sult, compositional uniformity over the substrate is achieved under all flow conditions
and independent reactor details or layer thickness.

The situation with HgCdTe is, unfortunately, more complex, since growth is lim-
ited by surface kinetics. One approach around this problem is to grow the binaries,
HgTe and CdTe, in a sequential manner, and then homogenize them in a final heat
treatment. This method, known as the Interdiffused Multilayer Process (IMP), can be
used [9, 101 to readily achieve the compositional uniformity goal. However, it involves
an interdiffusion process which requires a rather high temperature, which offsets the
advantage of low temperature growth. In addition, the crystallinity of interdiffused
HgCdTe layers has been shown to be poorer than that of alloy grown HgCdTe, as de-
termined by double-crystal x-ray diffraction [111. This has been attributed to defects
generated due to the lattice mismatch between HgTe and CdTe, and to incomplete dif-
fusion.

Additional problems with the IMP process come about because of the large dif-
ferences in incorporation rate for dopants in HgTe and CdTe. Together with the fact
that diffusion rates of the preferred dopants are extremely slow compared to the ho-
mogenization rate, this leads to striations in doping rather than uniformly doped lay-
ers. It is for these reasons that we have adopted the conventional approach of direct

Mat. Res. Soc. Symp. Proc. Vol. 161. t 1990 Materials Research Society
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alloy growth.
In our own work we have used a vertical reactor, operated at 380 Torr. Here, we

have achieved a uniformity of z = 0.2 ± 0.002 over a 1 cm x 1 cm area, using a sta-
tionary susceptor [12, 131. More recently, using a rotating susceptor, we have improved
the compositional uniformity to x = 0.2 ± 0.001 over a 1" diameter. The eventual
goal of our work in this area, to extend the uniformity to a 2" diameter substrate,
should be met in the reasonably near future.

Annealing:

HgCdTe is a semiconductor material in which defects are electronically active.
Conventional devices use this property to obtain both p- and n-doped layers for diode
fabrication. Typically, controlled annealing in a Hg-overpressure is used to set the
level of [VHg], which is p-type. Controlled damage, by ion implantation, is used to
produce a region which is n-type. While this combination of processes has resulted in
useful devices, the exploitation of advanced HgCdTe structures will demand the con-
trolled use of extrinsic dopants of both impurity types. A necessary pre-condition for
extrinsic doping is the need for fully annealing the grown layers so as to eliminate (or
minimize) the residual background concentration due to Hg-vacancies. This anneal-
ing is carried out by heat treatment in a sealed quartz ampoule in which excess Hg is
present.

HgCdTe layers usually have a high mobility n-type layer on their surface, result-
ing from charge states in the native surface oxide. The presence of such a surface layer
on lightly doped p-type Hgl_.Cd.Te is readily apparent, since it gives rise to anoma-
lous behavior in the Hall Coefficient vs. Temperature data. This behavior, which has
been analyzed in great detail [14, 15[, is a consequence of the fact that these inver-
sion layer electrons have surface mobilities which are a factor of 10 to 20 times higher
than those of the bulk holes. Their concentrations lie in the range of 3 x 1011 to
1 x 1012 /cm 2 , depending on the nature of the surface and its treatments.

The annealing behavior of bulk HgCdTe is well understood, unlike that for
OMVPE grown material. For the latter, extremely long times (21 days) and high
temperatures were reported [161, with full anneal to n-type occurring in only isolated
cases.

We have made an extensive study of annealing of OMVPE grown material over
the last two years. For our work, layers were sealed in ampoules which were evacuated
to 10- 7 Torr using a turbo-molecular pump equipped with a liquid nitrogen trap. All
annealings were carried out with the sample kept 2*C warmer than the Hg reservoir,
to avoid Hg from condensing on them. The annealed samples were characterized with-
out any further surface treatment. For some samples which exhibit anomalous p-type
behavior, the surface was passivated by anodic sulfidization [171 and Hall data were
taken once again.

Figure 1 shows the Hall coefficient (Rm) and the conductivity (a) for a 6.7 um
thick as grown HgL-Cd Te layer with a 0.5 pm thick undoped CdTe cap layer and
an alloy composition of 0.228. The data were taken at a magnetic field of 2.1 kG. The
solid curve shown here is a computer simulation which gives a least square to fit to
the experimental data. The best fit corresponded to (NA-ND) of 3.61 X 1016/cm 3 , a
hole ionization energy of 6.2 meV, and a low temperature hole mobility (p,,) of 840
cm 2 /Vs. Because of the high doping due to Hg vacancies, it was not necessary to con-
sider the presence of any inversion layer in order to obtain this fit.

Figure 2 shows RK for a sample annealed at 2300 C for nine hours, taken at 2.1
kG. This sample had an z value of 0.208 and a thickness of 12 pm. This combina-
tion of temperature and time should be sufficient to anneal bulk HgL-.Cd.Te up
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TABLE I. DATA FOR FULLY ANNEALED SAMPLES

X Thickness Annealing (ND - NA) u,.(30K)
(r) Conditions (CM-1) (cm 2 ! Vs)

0.205 8.2 290'C/15 hr. 5.4 x 1014 334,000
+220'C/13 hr.

0.220 5.8 2900 C/15 hr. 6.2 x 1014 210,000
+220'/13 hr.

0.226 5.8 2900/15 hr. 3.3 x 1014 120,000
+220'C/13 hr.

0.226 5.8 270'C/14 hr. 3.5 x 101" 190,000
+220'C/12 hr.
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Figure 1. Hall coefficient and conductivitY for an unannealed
HgCdTe epilayer.
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Figure 3. Hall coefficient and conductivity for a fully annealed
layer.
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to a depth of 15 um. Even though significant reduction of hole concentration is ob-
served here, the complete conversion of the epilayer is not achieved. This curve was
fitted to a computer model which assumes a p-type epilayer with n-type surface in-
version. Parameters providing the best fit (represented by the solid curves) are NA of
1.65 x 10' 5 /cm 3 , ND of 4 x 10' 5 /cm 3 , EA of 7.0 meV and a low temperature hole
mobility (jup.) of 1620 cm 2 /Vs for the bulk layer. The inversion layer carrier concen-
tration was 2.2 X 1011/cm 2 , with a low temperature surface electron mobility (U.o,) of
7000 cm 2 /Vs. Note that the theoretical fit to the experimental data points is not very
good in the region where RH begins to fall with decreasing temperature. This is due
to some degree of nonuniformity in the hole concentration through the layer.

Figure 3 shows RH and a versus 1000/T for a sample annealed with 290'C for 15
hours, followed by a 220'C anneal for 13 hours. The layer was 8.2 pm thick, with z
= 0.205. The data were taken at 1.1 kG. It is seen from the shape of the RH curve,
as well as the high mobility value, that this is an n-type layer. However, it is possible
that the measured electron concentration and mobility may be different from the ac-
tual bulk values, due to the presence of the surface electrons. The measurement of RHq
as a function of B field allows the effect of these carriers to be separated 1181.

Table 1 lists the results of Hall data on this and several other annealed samples,
which show complete conversion to n-type. Samples were annealed at 220'C following
the initial high temperature anneal. At 220'C, the equilibrium concentration of Hg
vacancies is expected to be in the 1012 -10 13 /cm 3 range [191. Hence, the compensation
due to the Hg vacancies is expected to be negligible, so that the net donor concentra-
tion ND approximates the free electron concentration (Nv-NA). These residual donor
impurities are probably associated with process related issues such as chemical con-
tamination from the system and bubblers, as well as inherent defects in Hg-..Cd.Te
due to lattice and thermal expansion coefficient mismatch between the epilayer and
the substrate. The number of such donor impurities is seen to be in the range of 3-6
x 1014/cc in these layers.

In summary, full annealing of HgCdTe layers is now routinely achievable, using a

two-temperature anneal process. However, the difference between the annealing char-
acteristics of OMVPE grown and bulk layers is not understood at the present time.
We propose that this can be explained by considering the role of Te precipitates in
the annealing process. Interstitial Hg is expected to react readily with these precipi-
tates 120], the reaction rate being limited by the mass transport of the Hg to the Te
precipitate, which act as a sink for this Hg. During the annealing process, the diffu-
sion length of interstitial Hg is comparable to the spacing between the Te precipitates,
resulting in an overall reduction of 1[H.] in the lattice. This would cause a higher con-
centration of vacancies to exist in the lattice as long as the Te precipitates are present.
Once the Te precipitates are all annihilated, lIq.) can rise, and IVHgl can drop, to
their equilibrium values. A higher annealing temperature enhances the in-diffusion
of Hg, and increases the rate of annihilation of the Te precipitates. This, followed by a
low temperature anneal, with reduce the Hg vacancies and convert the layer to n-type.

Doping:

As mentioned earlier, doping of HgCdTe devices is commonly achieved by the use
of ion damage for n+-regions, and controlled annealing to produce VH 0 , which are p-
type. Extrinsic p-doping with As and Sb has been achieved with LPE by low tempera-
ture annealing in a Hg-rich ambient 1211.

Extrinsic n-type doping of OMVPE grown HgCdTe material has been shown to
be relatively straightforward 1221 with indium as the dopant of choice. P-type doping



336

Io7

} 
A

E

0

4O

1 10 10O0 1000

Arsine Flow Rate (cm 3/min.)

Figure 4. Net acceptor concentration as a function of arsine
flow: (8) GaAs substrate; (A) CdTe substrate.

20

+ ++
+ 

+

10

S01

NtAsceo Fo .R ate (c /in)Figure 5. Net Acctorccetation asnaefnctio of arsinci g~~.Te
flegow: Hg) Gaais strate; (A)w () subsre

cm ro

t 5

'1 Net Acceptor Conc., Na-Nd (cni 3)
SFigure 5. 1U) Activation energies of arsenic in HgCdTe. The1energy of Hg vacancies is also shown (+) for

comparison.



337

10'

z

u.. £ANNEALED AT 205*C,15 HOURS
C.

101'

aL

0 10 20 30 40 50 60

1000( 1)

Figure 6. Hall coefficient as a function of reciprocal

temperature for an as-grown and an annealed HgCdTe
layer doped with As. The Cd composition of both the

layers was 0.31.



338

is considerably more difficult. In principle, both group V elements (which are incorpo-
rated on the Te sublattice), and the group I elements (which incorporate on the metal
sublattice), act as p-type dopants [23]. Group V elements are preferred because they
are much slower diffusing species and hence can be used to form stable device struc-
tures.

We have demonstrated [24, 25] that it is possible to achieve extrinsic p-type dop-
ing of HgCdTe during growth by OMVPE. Arsine gas in hydrogen was used as the
dopant source. Figure 4 shows the net acceptor concentration as a function of arsine
flow rate. The measured doping concentration increased from 3.5 x 1015 to 4.3 x 1016
cm- 3 as the arsine flow was increased from 5 to 250 sccm, with all the other param-
eters held constant. The mobility of these films was in the range 400-600 cm 2/Vs,
which is comparable to that of bulk p-type films using Hg-vacancy doping.

Arsenic incorporation in these layers has been confirmed by SIMS measurements
[261. Moreover, the activation energy of the arsenic acceptor has been measured on
a series of p-doped samples, as shown in Fig. 5. Also shown are values of the Hg-
vacancy acceptor [27]. Note that the ionization energy obtained for arsenic is consis-
tently a factor of 2 lower than that for Hg acceptors. The same order of difference in
the ionization energy between Hg vacancies and external impurities has been observed
in bulk and LPE doped films.

A major advantage of extrinsic doping is that it is considerably more stable with
temperature than p-doping using VHg. This is shown in Fig. 6 where data for an as-
grown arsenic doped layer is compared to that for a similar layer which was subjected
to a 205'C heat treatment for 15 hours. The similarity of these curves clearly estab-
lishes the stability of extrinsic doping in HgCdTe. Moreover, it shows that modern
devices, using regions of controlled doping, can now be made with this semiconductor.

Low Temperature Growth:

HgCdTe is highly susceptible to thermally induced defects at growth temper-
atures. As a result, significant improvements can be made by reducing the growth
temperature. In recent years, much research has aimed at low temperature growth
by OMVPE, using laser assisted and other forms of stimulated growth, in addition to
the use of less stable Te precursors [28-30]. Of all these methods, growth by using Te
alkyls, which are more readily cracked, is the most promising one since it results in
material with a minimum of damage.

Historically, progress in the OMVPE growth of HgCdTe has steadily aimed at the
exploration of new chemicals for reducing the growth temperature. Initially, diethyl-
telluride was used with growth at around 415'C or higher temperatures. Growth with
alternative chemicals such as diisopropyltelluride (DIPT) has allowed reduction of the
growth temperature to around 370*C, with a corresponding improvement in the re-
sulting crystal quality. At the present time, this alkyl is available in high purity, and
is routinely used for HgCdTe growth. Other Te precursors such as ditertiarybutyltel-
luride [31] and diallyltelluride 132] have been used to grow HgTe at low temperatures
(250-350*C). A disadvantage of these chemicals is their low vapor pressure, which ne-
cessitates the use of heated bubblers and lines to transport a sufficient amount of Te
to the reactor.

Recently, methylallyltelluride (MATe) has been used to grow HgTe at about
320*C, using dimethylmercury [33]. This Te source has a relatively high vapor pres-
sure (6.2 Torr at 20 0 C) so that it can be transported readily to the reaction zone. In
our recent work [34] we have shown that HgTe and HgCdTe can be grown over the
240-320*C range using this Te alkyl. Growth at 3200C resulted in featureless surfaces.
Material quality of layers grown at 320'C is demonstrated in Fig. 7 by the very nar-
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row full width at half maximum (FWHM) of x-ray diffraction (29 arc secs), which is
comparable to that of the substrates used in our study.

HgCdTe layers were also grown at 320*C, using DMCd, MATe and Hg. Figure
8 shows the FTIR spectrum for two layers grown on CdTe substrates. The excellent
epilayer substrate interface is demonstrated by the sharp interference fringes present,
even for a thin layer (3.3 Am), when grown using MATe. For layers grown with DIPTe
at higher temperatures, these fringes are less sharp due to interdiffusion effects. X-
ray rocking curves, taken on HgCdTe layers and grown on CdZnTe substrates, show
the FWHM of this 3.5 Am epilayer to be 70 arc secs. Comparable values have been
obtained for 6 Am thick layers grown with DIPTe at 370*C.

In summary, we have shown that MATe can be used to grow HgTe and HgCdTe
layers of excellent crystalline quality. The electrical quality of these layers is not, how-
ever, as good as that obtained with well established Te sources such as DIPTe. This is
probably due to residual contaminants in this newly developed chemical.

CONCLUSIONS

This paper has reviewed the significant progress which has been made in the al-
loy growth of HgCdTe by Organometallic Vapor Phase Epitaxy during the last two
years. Progress has been made in the areas of compositional uniformity, annealing, ex-
trinsic n- and p-type doping, and low temperature growth. Commercial exploitation
of OMVPE grown material can now be considered for the first time. Significant issues,
on which much further work needs to be done, are the control of Te precipitates, the
measurement and improvement of lifetime, and the growth of hillock-free layers of high
quality HgCdTe on GaAs substrates. Selective epitaxy, growth on silicon substrates,
and surface passivation of OMVPE grown material are additional research issues for
this important material.
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VAPOUR PRESSURE MEASUREMENTS ON ORGANOTELLURIUM
PRECURSORS FOR MOVPE

J.E. HAILS, S.J.C. IRVINE AND 3.B. MUILIN

Royal Signals & Radar Establishment, St Andrews Road, Malvern, Worcs, WRI4 3PS, UK

ABSTRACT

Before an organometallic compound can be used as an MOVPE precursor, certain basic
properties need to be known and one of the most important of these is vapour pressure. A
technique for the measurement of vapour pressures using an MOVPE system designed for
precursor assessment is described. Results on the assessment of di-iso-propyl-telluride,
di-n-propyl-telluride, di-allyl-telluride, methyl-allyl-telluride and di-l-butyl-telluride are
presented.

INTRODUCTION

A well accepted objective for improved material quality in the MOVPE qrowth of the
infra-red detector material (Hg,Cd)Te is deposition at lower temperatures. ThL will lead to
reduction and control of the equilibrium mercury vacancy concentration, allowing greater
control of the electrical properties. Lowering the growth temperature would also reduce the
interdiffusion between substrates and epitaxial layers, thus enabling more complex structures to
be grown. There are two ways in which the growth temperature can be lowered, both of
which will require the use of tellurium precursors other than the commonly available Pri2Te
and Et 2 Te. Firstly by the use of precursors which are thermally less stable than those
currently limited to 410'C by Et 2Te or 350"C by Pri 2Te, this essentially means a less stable
tellurium precursor. Secondly photolytic growth can also provide a way of growing (Hg,Cd)Te
at lower temperaturesfl].

Before a new organometallic compound can sensibly be used as an MOVPE precursor,
certain basic chemical and physical properties need to be known about it and one of the most
important of these is vapour pressure in the range of temperature typically used for bubblers,
0-30'C. Ideally the volatility should be above I Torr at 20'C and the precursor be thermally
stable at these temperatures. Several tellurium precursors have been tried recently, but vapour
pressures recorded in the literature are limited to single temperature measurements (Table 1,
reference 2). Even the commonly used Pri.Te is only recorded as 5.6 Torr at 30'C (3,4]. In
order to remedy this situation, vapour pressure measurements over the range of temperatures
0-30'C on a number of possible tellurium pre, -sors have been measured and are presented
here.

EXPERIMENTAL

All the vapour pressure measurements which are discusssed here have been carried out
using an MOVPE system specifically designed to investigate organotellurium compounds for
suitability as MOVPE precursors[2]. The section of the system used in measuring vapour
pressures, shown schematically in Fig. 1, is located between the gas handling section and the
MOVPE reactor. The pipework shown in the diagram was held at 40"C throughout.

Prior to collection of a sample for vapour pressure measurement, the reactor and the
section in Fig. I up to valves A and B were evacuated to 9x10- 7 Torr at the Penning gauge
on the pumping system and checked for leaks using helium and a mass spectrometer. The
pressure transducer, an MKS Baratron, was zeroed at this point. In order to obtain a
background reading, valve C was closed and the the change in pressure recorded. This had to
be below 0.012 Torr over 1000 seconds before the experiment proceed-d further.

A sample of the organometallic compound under investigation was collected by passing
palladium diffused hydrogen through the required bubbler and then through the vaocur pressure
cell (valve A closed, valves B and C open) held at liquid nitrogen temperature to condense
out the precursor. When suffiLient compound had been collected, the gas flow was stoppeJ.
valves A and B closed and the reactor section of the system evacuated, still with the silica cell
in liquid nitrogen. After about 5 minutes the cell was isolated and allowed to warm up. From
,his point onwards the sample was kept dark to avoid photoinduced decomposition. The sample

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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Fig. 1 Schematic illustration of apparatus used for vapour pressure measurements.

was "conditioned" by 3-4 cycles of pumping for 10 seconds (valve C open) and around 1
minute recovery while the cell was held at 0"C. For each individual measurement valve C to
the pump was opened for 5 seconds and the recovery of the pressure recorded over a period
of 1000 seconds. The background was substracted to ideally give curves as in Fig. 2. The
vapour pressure was read off the flat portion of the plot. The background substraction was
particularly important for less volatile compounds such as Prn 2Te. This method of pumping on
the sample for 5 seconds and monitoring the recovery of the pressure is similar to that
described in reference 5, but differs in that a sample is removed from the bubbler in our
experiments. This has the a, ,antage that any involatile decomposition products are left behind
in the bubbler when removing a sample and any volatile products are removed during
"conditioning". The vapour pressure equations were calculated from a series of pressure
measurements at different temperatures working from 0 to 30"C and back down to 0"C again.
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Fig. 2 Three pressure versus time curves at 21 C for Pri2Te.
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Measurements at OC and at a temperature around 20"C were repeated several times to check
for consistency and possible decomposition. The (allyl) 2Te and But 2Te were obtained from St.
Andrews University, Pri2 Te from Epichem Ltd, the Prn 2Te from Alfa Products and the
Me-allyl-Te from American Cyanamid Company.

RESULTS AND DISCUSSION

Fig. 2 shows three pressure versus time curves for PrI.Te obtained at 21 "C and illustrates
its reproducibility. A similar series was obtained at OC. The Arrhenius plot of logP(Torr)
against reciprocal temperature is illustrated in Fig. 3. The 25 points lie close to the least
squares fit line giving confidence in the reliability of the technique. The only published data
on the vapour pressure of PrI 2 Te is 5.6 Torr at 30"C [3,4]. The comparable value obtained

from the equation here is 4.65 Torr at 30"C.

6.96-

6.75-

0.66

6.45.

Lg P
6l,36l

6.15

1/T x 10^3-8.10-

3.6 3.25 3,38 3.35 3.48 3.45 3.56 3.55 3.6 3.65 3.76
-6.15

-8.38-

Fig. 3 Arrhenius plot for Pri 2Te. Vapour pressure is given by LgP(Torr) = 8.288-2309/T.

Prn 2T e is much less volatile than Pri 2Te, but the pressure measurements were very
consistent. The Arrhenius plot is shown in Fig. 4. The published vapour pressure point for
Prn 2Te[4] is 2.0 Torr at 30'C while the extrapolation of our vapour pressure equation is 1.62

eTorr at 30'C. At 20"C the vapour pressure is 0.82 Torr which falls below the criteria of 1
Torr at 20"C for suitability as an MOVPE precursor for (Hg,Cd)Te. It is unlikely that a
sufficiently high growth rate could be achieved with Prn 2Te.

Methyl-allyl telluride has recently been used as an MOVPE precursor [6,7]. It, too, gave

reproducible pressure versus time plots of the type illustrated in Fig. 2. Its Arrhenius plot is
reproduced in Fig. 5. On returning to OC, the points obtained were close to, but not exactly
the same as, those obtained at the start of the series of measurements, probably indicating
slight decomposition of the sample during measurement. Its vapour pressure at 20"C is 4.48
Torr and at 30'C is 7.92 Torr, making it the most volatile of the precursors discussed here.
The vapour pressure equation given in the Cyanamid literature is Lg P = 7.718 - [2028/T]
which corresponds to 6.3 Torr at 20'C and 10.6 Torr at 30"C. These values are somewhat
higher than those presented here. Ghandhi et al [6] report that HgTe can be grown using
liquid Hg and methyl-allyl telluride in the range 250-320 C and this together with its volatility

makes it a tellurium compound worthy of further investigation as an MOVPE precursor,
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Fig. 4 Arrhenius plot for prn 2 Te. Vapour pressure is given by LgP(Torr) =8.857-2620/T.
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Fig. 5 Arrhenius plot for Me-allyltelluride. Vapour pressure given by LgP(Torr)=8.146-2196/T.
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Attempts at establishing the vapour pressure equation of (allyl) 2Te did not prove so
successful. Repeated pressure versus time plots were not reproducible as illustrated in Fig. 6,

2.

1.75

I

U
r
e'075
(Terr)

6.5.

8.25-

I 111 211 31 480 583 681 780 888 918 Lil
Tim (see)

Fig. 6 Pressure versus time curves at 19'C for diallyltelluride.
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8.30

SI/T x 133
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-8,150
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-0.45
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Fig. 7 LgP versus liT plot for diallyltelluride. Equation of line is LgP(Torr)7.308-2125/T.
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which shows plots obtained at 19'C. Successive plots always gave a lower pressure than those
obtained previously. In addition, the plots were not flat, the pressure always slowly rising. At
the end of the series of measurements the (ally) 2Te was removed leaving the inside of the
silica cell with a black coating, presumably of tellurium, where it had been in contact with
(allyl),Te. Not surprisingly, this behaviour did not give a good straight line Arrhenius plot
(Fig. 7). The conclusion from these observations is that the (allyl) 2Te is thermally unstable in
the range 0-30"C and was slowly decomposing while measurements were being made. The
decomposition is probably of the form:

(allyl) 2Te -+ volatile product + involatile product

The volatile product is responsible for the slow rise in the pressure versus time plots, but
would be removed during the next 5 second pumping cycle. From initial Gas Chromatograph
Mass Spectrometry work, it would appear that this volatile product is 1,5-hexadiene, boiling
point 59'C. The involatile product, tellurium or possibly diallylditelluride, would not be
removed from the cell during the measurements and its concentration would steadily increase.
Following Raoult's law this build up of an involatile product would lead to a progressive
lowering of the vapour pressure at a given temperature. This is what is observed. Given this
thermal instability and its involatility (allyl) 2Te is not an improvement on existing precursors.

I9 P 11x14

3.1I 3.25 3.31 3.35 3.41 3.45 , 351 3.55 3.71

1.60

Fig. 8 LgP versus I IT plot for Bu
t 

Te. Equation of line is LgP(Torr) = 4.727-13231T.

Measurements on But 2Te were even less successful as Fig. 8 illustrates. The vapour
pressure measurements were not reproducible for heating and cooling with the latter lying
below the former. The line in Fig. 8 is the best least squares fit through the points, but in
reality has no practical use. We believe the But 2Te is decomposing as measurements are made
on it, but in contrast to (allyl)2Te no deposit of tellurium was observed. Further work remains
to be done to explain this behaviour, but Bu

t
2Te is unlikely to prove a suitable MOVPE

precursor for alloy growth.
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CONCLUSIONS

A method for measuring vapour presaures of organometallica likely to be used as MOVPE
precursors has been described. The method also gives information on the stability of the
compounds at around room temperature. The vapour pressure equations for Pr' 2 e, Prn 2 Te
and methylallyltelluride have been determined.
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STRUCTURAL AND ELECTRICAL PROPERTIES OF
METEROEPITAXIAL RgCdTe/CdZnTe/GaAs/Si

S.M. JOHNSON, W.L. AHLGREN, M. H. KALISHER, J. B. JAMES, AND W. J. HAMILTON,
JR.
Santa Barbara Research Center, 75 Coromar Dr., Goleta, CA 93117

ABSTRACT

The structural and electrical properties of heteroepitaxial
HgCdTe/CdZnTe/GaAs/Si were evaluated using high-resolution x-ray diffraction
techniques and Hall-effect measurements as a function of temperature.
Significant tilting of the layers was found for both (100} and (111) CdZnTe
layers grown on misoriented (100IGaAs/Si substrates, consistent with the
interpretation of a low-angle tilt boundary being formed at the interface to
relieve the large lattice mismatch between the layers. The GaAs layer is in a
state of biaxial tension before and after the growth of the CdZnTe layers.
The x-ray FWHM of HgCdTe layers grown by LPE on these substrates was found to
be reduced from that of the MOCVD-grown CdZnTe buffer layer due to both an
annealing effect during LPE growth and to the increased distance of layer
surface from the defective CdZnTe/GaAs interface. Hall-effect mobility for
{100}HgCdTe layers was nearly identical to that of layers grown on bulk CdZnTe
substrates. High-quality heterojunction infrared detectors have been
fabricated using these materials.

INTRODUCTION

HgCdTe grown by liquid-phase epitaxy (LPE) on lattice-matched single-
crystal CdZnTe substrates is currently the best-established technology for the
fabrication of second-generation infrared focal-plane arrays (1,2]. Although
this technology currently uses bulk CdZnTe substrates with areas as large as
20 cm

2
, there is strong interest in substituting a Si-based alternative

substrate for the bulk substrate for improvements in size, strength, cost, and
reliability of hybrid focal-plane arrays and for the development of advanced
monolithic arrays. The alternative substrate employed in this work is
heteroepitaxial CdZnTe/GaAs/Si grown by metalorganic chemical vapor deposition
(MOCVD).

Epitaxial growth of CdTe on GaAs/Si composite wafers has been
demonstrated previously using congruent vacuum evaporation from a CdTe source
[3-6] and using MOCVD for the growth of CdTe [7-9] and the alloy CdZnTe
[10,11]. HgCdTe was then grown on these substrates using close-spaced vapor-
phase epitaxy [3-6] and MOCVD [8] for undoped material and using LPE [121 and
MOCVD (9] for growth of doped HgCdTe. The motivation for this work is to
evaluate the structural properties of Cdl-yZnyTe/GaAs/Si (nominal y-0.0

4
)

grown by conventional pyrolytic MOCVD [11] and the structural and electrical
properties of controllably doped HgCdTe grown by LPE on these substrates.

X-RAY ANALYSIS OF GaAs/Si AND CdZnTe/GaAs/Si

X-ray rocking curve measurements were made utilizing a novel, compact Si
four-crystal monochromator to produce CuKa1 x-rays. Lattice tilt and strain
measurements were made using a high-resolution diffractometer that
incorporates a Ge four-crystal monochromator and has an optically encoded
angular readout of the diffractometer axis for precise angular measurements
[13]. Layer tilt was determined from symmetric x-ray reflections by measuring
the peak separation between the substrate and the layer twice for the same
reflection but using a different geometry where the second measurement has a
reversed pathway for the incident beam (14]; the incident beam direction is
always normal to the tilt axis of the diffracting planes so that the true tilt
angle is measured. The perpendicular and parallel strain in the layer
(Aal/a.) is determined from symmetric and asymmetric x-ray reflections of the
substrate and layer by a procedure described in detail elsewhere (15].

Mat. Rea. SoC. Symp. Proc. Vol. 161, 1990 Materials Research Society
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Fig. 1. Schematic showing layer tilts relative to Si (100} which is tilted

3-4' off normal toward the nearest <111>.

The starting substrates were GaAs/Si wafers, which consisted of a GaAs

layer 2.5 Im thick grown on 100}Si tilted about a <011> tilt axis 3-4' toward
the nearest <111>; typical (400) rocking-curve full-width at half-maximum
(FWHM) values for these GaAs/Si substrates are 150-200 arc-sec. Either (100)-
or (111-oriented CdZnTe layers could be obtained in the MOCVD growth
depending on the growth conditions (10,11]. For (100) heteroepitaxy, the
layer <011> is parallel to the substrate <011> and is the tilt axis. For
{ll1)CdZnTe/{l00}GaAs/Si the layer <112> is parallel to the substrate <011>;
these directions were found to be coincident with the tilt axes of the layer
and substrate, respectively.

Figures la, b, c show a schematic representation of the relative layer
tilts for multilayer structures of (100}GaAs/Si, {O00)CdZnTe/)00)GaAs/Si, and
(ll1lCdZnTe/(100}GaAs/Si, respectively, where the tilt angles are measured
with respect to the Si (400). Figure la shows that the thin GaAs layer is
tilted back toward the surface normal by 0.20 in the starting substrate;
subsequent growth of a {100)CdZnTe layer decreases this tilt to about 0.10,
while growth of a {lll}CdZnTe layer decreases this to about 0.0V. Figure lb
shows that the l00)CdZnTe layer is substantially tilted, by 4.2, from the Si
back toward the substrate surface normal, while Figure lc shows that the
(lll}CdZnTe layer is tilted about 10 from the Si farther away from the
substrate surface normal. Large layer tilts are consistent with previous
observations for CdZnTe layers grown on bulk GaAs substrates and are
attributed to the interaction of closely spaced misfit dislocations that
arrange to f- I ' oundary (16]. 7, :neller tilt of the jiii1 layer may
be related to the tact that the lattice mismatch along the coincident
<112>/<011> tilt axis for the layer and substrate is small (-0.7%) [17], so
that fewer dislocations are needed to make up the mismatch at this interface.

Table I summarizes the tilt measurements and the perpendicular and
parallel strain measured with respect to the Si substrate for the layers
discussed above. For (100IGaAs and CdZnTe layers, the symmetric (400) and
asymmetric (511) reflections were used for strain analysis. For the
{l11)CdZnTe layer the lattice constant was measured using the Bond technique
from symmetric (333) and asymmetric (513) reflections and then used to
calculate the strain. Table I shows that the as-grown GaAs/Si substrate is

Table I. Summary of heteroepitaxial layer tilt and strain measurements.

eGa GaAs Gafe 06Te Cde CdTe
Layer/Substrate Tilt Aaprpas Aapara/as Tilt Aaperp/as Aaparalas aperp

(deg) (x10-2) (x10-2) (deg) (x10-2) (x10 -2) (A)

{100)GaAs/Si -0.213 3.962 4.202 5.6461

(lO0ICdZnTe/f(00)3GaAs/Si -0.121 3.596 4.347 -4.166 19289 19.288 6.4785

(111)CdZnTe/(l00}3*GaAa/Si -0.066 3.957 4.244 0,968 19.307 19.356 6.4795

L _'mmm mmm, mmm~mmmmmmmmmm•m ~
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Table II. Summary of twin density measurements.

Layer/Substrate X-ray (333) FWHM Relative Twin Volume Density

(arc-sec)

{111)CdZnTe/{100)GaAs 256 0.96

(111}CdZnTe/(111)2°GaAs 205 0.86

S111 )CdZnTe/(1 00}3
0 GaAs/Si 230 0.12

(111 )HgCdTe/CdZnTe/{100)3°GaAs/Si 119 0.0

tetragonally distorted and in a state of biaxial tension (lapara/as >

Aaperp/as). The perpendicular lattice constant of the GaAs layer is 5.646A,

which is in excellent agreement with measurements reported for 2pm thick
layers of GaAs/Si grown by MBE (18]. Subsequent growth of a [100CdZnTe layer
causes further tetragonal distortion of the GaAs layer while growth of a
llll)CdZnTe layer leaves the GaAs in essentially the same state of strain.

Table I shows that there is no tetragonal distortion in the 1100) CdZnTe
layer and that the JllllCdZnTe layer has only a very slight distortion. These
layers are thus virtually incoherent with the substrate, and the lattice
mismatch is accommodated by misfit dislocations at the interface, consistent
with the interpretation of a tilt boundary at this interface. This
interpretation is also consistent with a recent high-resolution TEM study of
this same (1001 multilayer structure [19]. Table I also shows that the
lattice constant of both CdZnTe layers is slightly less than the bulk CdTe
lattice constant of 6.481A, and indicates their alloy compositions are y <
0.01, rather than the nominal y = 0.04.

A disadvantage of using (1111 is that VPE-grown layers of CdTe and
CdZnTe are usually heavily twinned, with the (1111 twin planes lying parallel
to the growth interface. This type of twinning can be detected by using
asymmetric (4221 x-ray reflections; an untwinned crystal will have three such
reflections (three-fold symmetry) accessible from a {li) surface while a
twinned crystal will have six such reflections (six-fold symmetry) (20]. As a
relative measure of twin "density" we have taken the ratio of (4221 x-ray
rocking curve intensities measured in the direction of a (422) and rotated
1800 from that position; this twin volume "density ratio" is thus zero in an
untwinned crystal and unity for a layer having 50% of its volume rotated 1800
about the <111> surface normal.

Table II summarizes these measurements made on the lllICdZnTe layer
described above together with 1111) layers grown on bulk {lll}GaAs tilted 2'
toward the nearest <123> and {100)GaAs all in the same MOCVD growth run (11].
Table II shows that the 13331 FWHM of each of these layers is similar (200-250
arc-sec, independent of the GaAs crystal quality (bulk GaAs is 15-20 arc-sec
versus 150-200 arc-sec for GaAs/Si)] . Table II also shows that the twin
volume density in the CdZnTe grown on GaAs/Si is very low in comparison with
that of the layers grown on the bulk substrates. These results illustrate
that the GaAs/Si substrate misorientation can help to suppress twinning under
certain growth conditions. Table II also shows that an LPE HgCdTe layer grown
on a sister 1ll))CdZnTe/l100GaAs/Si substrate from this same MOCVD run was
untwinned. This implies that the twins in the CdZnTe layer were not close to
the layer surface where they would have propagated into the LPE layer, as we
observed when heavily twinned substrates were used for LPE growth.

LPE HgCdTe ON CdZnTe/GaAs/Si

To evaluate the quality of the CdZnTe/GaAs/Si substrates, In-doped 1213,
n-type, Hg0. 72Cd0.28Te layers were grown simultaneously on CdZnTe/GaAs/Si and

(111)A CdZnTe bulk substrates using "infinite-melt" vertical LPE (1,2] from a
Hg-rich solution. Figures 2a,b show optical micrographs of the surface
morphology of a o100)CdZnTe/1100)GaAs/Si substrate and an LPE-grown HgCdTe
layer grown on a similar substrate, respectively. Figurs 2a shows a surface
facet on the (100lCdZnTe surface that is found to be elongated in the
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(a) (b)
Fig. 2. Optical micrographs showing surface morphology of

a) (100)CdZnTe/GaAs/Si substrate and b) LPE-grown HgCdTe on a
similar substrate; (Si 1100) tilted towards LHS of micrograph).

no10 0 Ll
(a) (b)

Fig. 3. Optical micrographs showing surface morphology of
a) (lll)CdZnTe/GaAs/Si substrate and b) LPE-grown HgCdTe on a
similar substrate; (Si (100) tilted towards LHS of micrograph).

direction of the Si substrate tilt. After an LPE HgCdTe layer is grown, the
tops of such facets are flattened; however, their height above the surface is
still approximately 5 pm. These defects on the (100) surface have been
directly correlated with a local increase in detector leakage current [12],
and growth conditions must be found to eliminate them.

Figures 3a,b show optical micrographs of the surface morphology of a
}lll)CdZnTe/(100)GaAs/Si substrate and an LPE-grown HgCdTe layer grown on a

similar substrate, respectively. Figure 3a shows that the (lll}CdZnTe surface
morphology is smooth, while the LPE-grown HgCdTe morphology is wavy, which is
characteristic of growth on misoriented (1l1(CdZnTe substrates. Although this
HgCdTe surface is not specular, it does not have the growth facets that are
typical of the (100) surface (Figure 2b); it may be better for fabricating
detectors.

We have found that the x-ray rocking-curve w4"h of the LPE-grown HgCdTe
layer is better than that of the CdZnTe/GaAs/Si s rate. This has also been
recently reported by other workers for an MOuVD-grown HgCdTe/CdTe/GaAs
structure [22]. Figure 4 shows a plot of the FWHM of the HgCdTe layer versus
that of the CdZnTe/GaAs/Si substrate obtained using symmetric x-ray
reflections. Figure 4 shows that the FWHM of the HgCdTe layer is typically
reduced from that of the initial CdZnTe buffer layer. To see if this effect
was due to annealing during the LPE growth, a (100}CdZnTe/GaAs/Si substrate



355

10000 105 .

a 1100) -~(11l1)AI& CT.t 10} (11{l00 CdZnTes
- £4111}

(a U

a 1000 1 0 lO
4

w U .0

1 0 0 A 1 0 3 - -- -- ----. .

100 1000 10000 0 1 0 20 30 40 so

Substrate FWHM (arc-sec) I OOO/T (K-)

Fig. 4. X-ray rocking curve FWHM of Fig. 5. Hall mobility versus

LPE-grown HgCdTe layer versus that temperature for In-doped Hgo.72Cd 0.28Te

of CdZnTe/GaAs/Si substrate, layers grown simultaneously by LPE on
bulk CdZnTe and {100CdZnTe/GaAs/Si.

was annealed in the LPE melt without exposing the surface, to simulate the
growth conditions without growing the HgCdTe layer. The as-grown substrate
4001 FWHM was 390 arc-sec, and following anneal it reduced to 265 arc-sec.

Additionally, high-resolution TEM studies have shown that the dislocation

density in the CdZnTe is reduced significantly within about 2 pm of the
CdZnTe/GaAs interface due to dislocation annihilation by intersection with
others as the growth continues (19] . An improvement in rocking-curve width is
then seen as the distance from this interface increases, relative to a fixed
sampling depth of the x-rays, by growing an additional layer of HgCdTe.

Figure 5 shows that the Hall mobility versus temperature (field - 10kG),
measured after a Hg-overpressure anneal, is nearly identical for In-doped
Hg0 .72Cdo.28Te layers grown simultaneously by LPE on (100)CdZnTe/GaAs/Si and
(1I)A CdZnTe bulk substrates. These same results were also obtained for LPE
HgCdTe layers grown on 1100) CdZnTe bulk substrates. The 77K carrier
concentration for these layers is 4 x 1015 cm

-3
. We have not yet evaluated

the electrical properties of recently grown HgCdTe layers on
(lll)CdZnTe/GaAs/Si.

High-quality p-on-n heterojunction infrared detectors have been
fabricated using controllably doped HgCdTe grown by LPE on the

(100)CdZnTe/GaAs/Si substrates and used to demonstrate the first 128 X128
focal plane array fabricated on these materials (12]. Detectors with a cutoff
wavelength of 6.0 Jim and a resistance-area product (RoAj) average of 6.0 X 104

ohm-cm
2 

at 80K for 16,189 detectors in the array were achieved. For operating

temperatures above -120K these were comparable in performance to detectors
co-fabricated on standard lattice-matched bulk CdZnTe substrates (12].

CONCLUSIONS

The structural and electrical properties of heteroepitaxial
HgCdTe/CdZnTe/GaAs/Si were evaluated using high-resolution x-ray diffraction
techniques and Hall-effect measurements as a function of temperature.
Significant tilting of the layers was found for both (100) and 111) CdZnTe
layers grown on misoriented (100}GaAs/Si substrates, consistent with the
interpretation of a low-angle tilt boundary being formed at the interface to
relieve the large lattice mismatch between the layers. The GaAs layer is in a
state of biaxial tension before and after the growth of the CdZnTe layers.
The x-ray FWHM of HgCdTe layers grown by LPE on these substrates was found to
be reduced from that of the MOCVD-grown CdZnTe buffer layer due to both an
annealing effect during LPE growth and to the increased distance of layer
surface from the defective CdZnTe/GaAs interface. Hall-effect mobility for
{100)HgCdTe layers was nearly identical to that of layers grown on bulk CdZnTe
substrates. High-quality heterojunction infrared detectors have been
fabricated using these materials.
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Properties of HgTe:ZnTe Strained Layer Superlattices
Grown by MOVPE

J.T. Mullins, P.A. Clifton, P.D. Brown, D.O. Hall and A.W. Brinkman.

Applied Physics Group, S.E.A.S. University of Durham, South Road,
Durham DHI 3LE, U.K.

Abstract

HgTe:ZnTe superlattices have been grown by thermal MOVPE at temperatures down
to 3250C . At this temperature, interdiffusion is sufficiently low to make superlattice
periods as low as 45A practicable. The results of theoretical calculations of the electronic
structure of these materials are also reported. These show that the electronic structure
may be significantly different to that found for the HgTe:('dTe system due to the large
biaxial compression present in the HgTe well layers.

Introduction

HgTe:ZnTe strained layer superlattice4 have been proposed as an alternative to
Hg 1-,('dTe for long wavelength infra-red devicesf' . In contrast to the more widely
studied HgTe:CdTe superlattice system " , interdiffusion coefficients are expected to
be about an order of magnitude lower. This makes them suitable for growth by thermal
Metal Organic Vapour Phase Epitaxy (MOVPE) at currently attainaLle temperatures. In
a previous paper: 3; we reported the development of a process for the growth of HgTe:ZnTe
superlattices by thermal MOVPE. In that work, growth was carried out at 395°C us-
ing di-methyl zinc (DMZ), di-ethyl telluride (DET), and elemental mercury and some
interdiffusion was observed.

Here we report growth at the reduced temperature of 325'C which has been made
possible by the substitution of di-isopropyl telluride (DIPT) for DE" as the tellurium
precursor. Transmission electron (T.E.) microscopy has been used to characterise the
resulting structures and provide information on the total thickness and hence period of
the superlattices. EDX was used to deteimine the composition and hence to provide an
estimate of the relative well and barrier thicknesses. Infra-red transmission measurentents

were performed at room temperature and for one superlal tire indicated an energy gap of
0.2 eV.

Also reported are the results of some theoretical calculations of the electronic structure
of these materials. The HgTe wells may be under considerable biaxial compression due to
the 5.2% mismatch between HgTe and ZnTe. This is in contrast to the case of HgTe:C'dle
superlattices where the wells are under a small biaxial tension. This change in the sense of
the strain (an lead to significant differences in the electronic structure of the two systems.

Structure and Interdiffusion

A T.E. micrograph of a HgTe:ZnTe superlattice with a period of 115A grown on j 100}
GaAs at 395'C using DET is shown in Fig.l(a). Fringe contrast can be observed for

approximately 20 periods at the top of the layer. By assuming that the lower portion of

Mat. Res. Soc. Symp. Proc. Vol. 161. 1 1990 Materials Research Society
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o- the layer had interdiffused. and from a knowledge )f the growth time and superlattice

period, it was possible to estimate a value of 1 x 15' cu
2

s
-

1 for the interdiffusion

coefficient between HgTe and ZnTe at 395'C " This value of the interdiffusion coeffi-
cient is one order of magnitude lower than that found for the interdiffusion of CdTe and

HgTe during the development of the interdiffused multilayer process"' fr the growth of

Hgl_,Cd,Te which was determined under essentially similar conditions of temperature,

mercury vapour pressure and annealing time. It is also at least two orders of magnitude
lower than that expected from the HgTe:ZnTe diffusion couple experiments of Granger

and cq-workers " . Their work was performed in vacuum while the superlattice growth

reported here took place under one atmosphere of hydrogen with a mercury partial pres-

sure ui 20 Torr. Mercury vacancies are known to control the interdiffusion and it may
he that the lower interdiffusion coefficient found for the superlattice growth is due to the

presence of a lower concentration of mercury vacancies.

(a) (b)
Fig.]. T.E. micrographs of HgTe:ZnTe superlattices grown at (a) 395'C and (b 325'C

Fig.I(b). shows a T.E. micr- graph of part of an 80 period HgTe:ZnTe superlattice grown
on {100) GaAs with a 7nTe buffer at 32.50 C ising DIPT. For this sample the period was,

,15A with approximately equal well and barrier thick,,esses. In contrast to growth at

395°C . and despite a growth time 30% longer than for the sample discussed above which

was grown at the higher temperature, clear fringe contrast was observed throughout the

layer. When the extremely short period is considered this result clearly demonstrates the

feasibility of growing ltgTe:ZnTe superlattices by thermal MOVPE at this temperat ure.

Optical Properties

One 40 period HgTe:ZnTe superlattice grown at 395°C with a period of - 200A c-m)-
prising ; 70A of HgTe and z 130A of ZnTe exhibited strong optical absorption at

6,.m.:r, this case consideration of the interdiffusion coefficier:, discussed in the pre
vious st ion suggested some interdiffusion would have taken place although even near

the substrate/superlattice interface this would not have been complete as tne period was

greater and fewer periods were grown than for the sample considered previously.

I
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Graphs of the optical absorption coefficient, a, versus photon energy, hi,, and (ahv) 2

versus hi, for this sample are shown in Figs. 2(a) and 2(b). respectively. The absorption
coefficient has an exponential dependence on photon energy up to values of _1 X 10 3

cm- 1 . This may be fitted to the empirical expression of Urbach 61

a = aoexp(B(hi, - ))

where e is a constant. B is the gradient of the logarithmic portion of the absorption curve

and in this case is equal to 34 eV - 1. For larger values of a up to the maximum of 4 x 103

the dependence is parabolic. Extrapolating this parabolic region to (ahv) 2 = 0 yields a
value of 0.2 eV for the energy gap of the superlattice.

slO' a (cm-,) (ah-v) 2 (eVcm-1) 2

20

(a) (b)
.10, . 16

X10s 12

X1028

slO hv (eV) -v (eV)

0.10 0.15 0.20 0.25 0.30 0.10 0.15 0.20 0.25 0.30

Fig.2 (a) optical absorption coefficient versus hv and (b) (cthv) 2 versus hi, for a 40 period
HgTe:ZnTe superlattice grown at 395*C .

The energy levels in HgTe:ZnTe superlattices were calculated using the Kronig-Penney
model as reformulated for superlattices by Hung-Sik Cho et al 1l . In the calculations

the superlattices were assumed to be free standing and fully strained. The strain in the
constituent binary layers was calculated from simple elasticity theory. The effect of this
strain on the energy levels was incorporated using deformation potentials as given by Wu
and McGill 1 for HgTe and by Gil et alt) for ZnTe. Conduction band effective masses
of 001m0 and 0.116mo were used for HgTe and ZnTe respectively while the heavy hole
mass was taken to be 0,mT0 in both cases. The valence band offset ( E. (HgTe) - E,_
(ZnTe) where Ea,, is the average energy of the light and heavy r8 bands) was taken to

be 250 meV as determined by Hsu et ad " l .

Here we consider a superlattice composed of 130A ZnTe barriers and 70A HgTe wells as
estimated for the superlattice above. The band lineups of the binary constituents are
shown in Fig.3(a). Both the F8 valence-like bands and the F6 conduction-like band in
the HgTe lie above the ZnTe valence bands. When the HgTe is placed under a biaxial
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stress corresponding to the 6.176A in-plane lattice constant calculated for the superlattice
(Fig.3(b)), the energy gap is increased (made less negative) slightly and the light and

heavy 18 bands are split b the uniaxial component of the strain. In this diagram E,.0 "
is represented by the dotted line. This splitting is the most significant effect the strain
has on the electronic structure. In contrast to the HgTe:CdTe case, the heavy hole like
r8 state moves up in energy while the light hole state moves down. This difference is due
to the HgTe wells being under biaxia compression rather than biaxial tension as is the
case for HgTe:CdTe superlattices. When the superlattice is formed, quantum confinement
moves the 176 band up in energy by 190 meV leading to a conventional positive energy gap
between the F6 conduction band and the 178 heavy hole valence band. The superlattice
is type II for light holes with the [ 8 light hole band lying 230 meV below the heavy hole
band and so this band is not expected to contribute to the electrical or optical properties.

The above analysis predicts a direct energy gap for the superla"ice of 90 meV while
experimental value was 200 meV. This discrepancy may be explained by the effects of
interface non-ideality and strain relief in the real structure and uncertainty in the input
parameters for the theoretical model. In particular this model is very sensitive to the
exact value taken for the HgTe electron effective mass. However the essential features of
the electronic structure of this system can be seen.

ZnTe HgTe ZnTe HgTe HgTe:ZnTe

F 6
2.6 C6

0.36

F- 8hh 
03

F 8 05 0.28 0.27_ .0.25

6 r 8hh
- 0.17

- 0.12--------01
F 0.11 r 81h

r 6 ___ 0.05

00---0.02 F8h 0.04

Fr8 

_ 0.0-0.03

F 8hh81

(a) (b)()

Fig.3. Energy levels in the HgTe:ZnTe system at 300 K. (eV)
(a) Bulk compounds (b) strained bulk compounds (c) supcrlattice



361

Conclusions

The growth of HgTe:ZnTe superlattices by thermal MOVPE has been demonstrated.
For growth at 325'C interdiffusion does not present a problem as evidenced by the
growth of a superlattice with a period of ; 45A. Infra-red absorption measurements have
shown strong optical absorption at wavelengths commensurate with the formation of a
superlattice rather than a ternary alloy.

The electronic structure of HgTe:ZnTe superlattices has been calculated using a mc,. fled
Kronig-Penney model. It has been shown that splitting of the [8 bands is the most signif-
icant effect of the strain in this system and that in contrast to the HgTe:CdTe superlattice
system, the light hole F8 band is moved down in energy and does not contribute to the
electrical or optical properties.
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MBE GROWTH AND CHARACTERIZATION OF SMALL BAND GAP
HgTe-HgCdTe SUPERLATTICES.

Y. LANSARI, Z. YANG, S. HWANG, J.W. COOK, Jr, and J.F. SCHETZINA,
Department of Physics, North Carolina State University, Raleigh,
NC 27695-8202.

ABSTRACT

A series of modulation-doped small-band-gap HgTe-Hg_xCdXTe
superlattices (SLs) have been grown by photoassisted MBE. N-type
or p-type conductivity was obtained in the modulation-doped
samples by incorporating either In or As dopant atoms in the
barrier layers, respectively. The electrical and optical proper-
ties that these new multilayered quantum well structures display
will be discussed.

INTRODUCTION

In recent years, important advances in the growth and
characterization of undoped HgTe-CdTe SLs have been achieved
[1,2,3]. However, the problem of in-situ doping of these SLs has
only recently been addressed [4]. Since the well layers consist
of HgTe, a negative-band-gap semimetallic material, it is possible
to engineer a semiconducting structure having a band gap in the
long wavelength infrared (LWIR) region of the wavelength spectrum.
In fact, by choosing appropriate barrier layer Lb and well layer Lz
thicknesses, superlattices can now be prepared reproducibly that
exhibit either semiconducting or semimetallic properties.

Here, we report the properties of a series of modulation-doped
HgTe-Hgl-xCdxTe superlattices grown by photoassisted MBE in which
the Hgl-xCdxTe barrier layers were doped either p-type or n-type by
using In or AG as the dopant species, respectively.

EXPERIMENTAL DETAILS

All of the modulation-doped superlattices (SLs) were grown in
a Hc-compatible MBE system, designed and built at North Carolina
State University that is described in an earlier publication [5].
The modulation-doped SLs were deposited onto high structural
quality, chemimechanically polished (100) CdZnTe (4% Zn) sub-
strates. Prior to their loading into the MBE system, the sub-
strates were degreased and etched in a 1:1 HI and DI water
solution to remove the native oxide. The substrates were then
preheated at a temperature of 300 'C while in the MBE growth
chamber. All of the modulation-doped SLs were grown at 140 0C
using photoassisted MBE. In the photoassisted MBE process, the
beam-expanded, broad-band output (458-514 nm) from a Spectra-
Physics model 2016-05 argon-ion laser was used to uniformly
illuminate the substrates during film growth. Power densities of
40 mW/cm2 were employed, resulting in negligible substrate heating
from the laser beam. The Hg flux, with equivalent beam pressure
of -1.5x10- 4 Torr, was maintained constant throughout each
growth. The CdTe barrier layers, therefore, are grown under a Hg
flux. Because of this overpressure of Hg, the barrier layers are
actually Hgl-xCdxTe, where the x-value depends on the growth

Mat, Res. Soc. Symp. Proc. Vol. 161. 1 1990 Materials Research Society
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conditions. The CdTe and Te fluxes were such that the growth
rates obtained for HgCdTe and HgTe were in the range of 1 A/s and
3 A/s, respectively.

In the modulation doped samples, In and As were used as the
n-type and p-type dopants, respectively. The dopants were
incorporated uniformly in the barrier layers (no setback), and the
temperatures of the In and As ovens were varied from run to run,
resulting in a range of doping levels obtained for the series of
SLs. Each of the superlattices consisted of 200 double layers of
HgTe-Hgl-xCdxTe.

The individual layer thicknesses for each SL were determined
by using DEKTAK total thickness measurements, the angular separa-
tion of x-ray satellite peaks relative to the main diffraction
peak, and the growth rates of HgTe and HgCdTe determined using
calibration layers grown under the same conditions. HgTe well
layer thicknesses L7 between 23-81 A and Hgl-xCdxTe barrier layer
thicknesses Lb from 26-52 A were thus obtained.

Double-crystal x-ray rocking curve measurements were per-
formed on all the SLs included in this study. The full-width-at-
half-maximum (FWHM) of the main (400) diffraction peak was used as
a measure of structural quality. FWHM values as low as 28 arcsec
(small Lb) and as high as 300 arcsec (large Lb) were measured.
Electrical characterization of the SLs consisted of standard van
der Pauw Hall measurements over the temperature range between 30-
300 K. Optical absorption coeffients for selected SLs were
determined by measuring their transmittance and reflectance at
room temperature. Details of these experiments are given in an
earlier paper [6).

RESULTS AND DISCUSSION

N-type and p-type modulation-doped SLs were successfully

grown for a range of single layer thicknesses (Lb = 26-52 A, Lz =
23-81 A) and doping levels (4xl0l4-lxl017 cm -3 at low temper-
atures). Figure 1 shows Hall data for four In-doped superlattices,
respectively. These four SLs were grown under identical condi-
tions, except that the In dopant oven temperature was increased
sequentially by 250 C from one growth to the next. The effects of
doping are clearly manifested by the Hall effect data. The
electron concentration for A663, prepared using an In oven
temperatu-e of 400*C, decreases monotonically with decreasing
temperature reaching a value of -1.0 x 1016 cm -3 at 30 K. The
mobility exceeds 105 cm2/V s at temperatures below 80 K. For A67B
(TIn = 425 0C), the carrier concentration decreases with decreasing
temperature and then begins to plateau at about 1.5 x 1016 cm -3 at
temperatures below 50 K. The electron mobility reaches a maximum
in excess of 105 cm2 /V s at 70 K and then decreases at lower
temperatures. The maximum in the mobility occurs because the band
gap of this SL approaches zero at about this temperature. In the
zero gap state, both the electron and hole mobilities become very
large because the effective mass of both types of carriers becomes
small (7]. At lower temperatures, A67B becomes semimetallic, the
carrier effective masses become larger and, thus, the mobility
decreases.

This decrease in mobility at low temperatures associated with
the negative-band-gap state is even more pronounced in the Hall
data for A68A, grown using an In oven temperature of 450 0C. Note,
also, that the low temperature carrier concentration reaches a
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plateau at about 2.5 x 1016 cm-3 . SL A69A (Tin = 4750 C) has a well
thickness of 58.3 A and a barrier thickness of 48.6 A,
corresponding to a band gap Eg = 19.5 meV at 77 K. From the
figure, it is clearly seen that modulation doping has been
successfully achieved for this semiconducting SL. The electron
concentration is constant and equal to l.lxl0 1 7 cm - 3 at
temperatures below -100 K. The electron mobility increases with
decreasing temperature and reaches a maximum of 32,000 cm2 /V s at
30 K.

Optical absorption coefficients versus photon energy for SLs
A66B-A69A are shown in Figure 2. Each spectrum shows sharp steps
which are a manifestation of the 2D quantum nature of these
structures. Note, in particular, for the three SLs (A66B, A67B,
and A68B) which undergo a transition from the semiconducting to
semimetallic state at low temperatures the occurrence of a step
beginning at about 110-115 meV. This corresponds to the light
hole (H1) to conduction band (El) transition and thus is a measure
of the light and heavy hole energy splitting in the valence band
due to quantum confinement. Its occurrence at this energy is
consistent with a large valence band offset (about 360 meV for the
HgTe-CdTe binary interface). Note also that for the semiconducting
SL A69A the onset of absorption occurs at about 100 meV and the
HI-El transition is barely discernable at about 210 meV.

Figure 3 shows Hall data for two p-type modulation-doped SLs.
A74 is a p-type sample for which Lz = 25.9 A and Lb = 35.6 A.
These layer thicknesses correspond to a band gap Eg = 171 meV at
77 K. In this case, the Hall coefficient becomes positive at -285
K. At temperatures below -180 K, the hole concentration is
constant and equal to -7x10 1 6 cm- 3 . The hole mobility is
approximately 250 cm2 /V s over this temperature range, which is
reasonable for a -7 gm band gap structure. Corresponding Hall
data for A76 is also shown. In this case the Hall coefficient
becomes positive at about 180 K. Note that for this SL the low
temperature mobility approaches 104 cm2 /V s while the hole
concentration decreases to less than 1016 cm-3 . The decrease in
hole concentration at low temperatures implies that impurities
capable of inducing hole freeze-out are present in the well
layers. This is most likely As atoms due to the very small
barrier layer thicknesses employed.

SUMMARY

We have found that it is possible to prepare n-type
modulation-doped HgTe-Hg0 .3 Cd0 .7Te superlattices reproducibly,
with desired carrier concentratior.s determined by an appropriate
choice of the In dopant oven temperature. We have prepared n-type
structures having various band gaps by simply changing the well
layer thickness Lz, including modulation-doped near-zero gap and
even negative band gap structures. P-type structures have only
been prepared for superlattices having layer thicknesses which
place them in the semiconducting regime. Zero band gap and
negative band gap (semimetallic) structures are always n-type,
even when large densities of As dopant atoms are added to the
barrier layers of such structures. The reason for this is
presently unclear. It may be related simply to the growth
parameters employed at NCSU, or there may be new physics to be
understood about the transfer of holes to states in the valence
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band that may lie above corresponding electron states in the
conduction band in the zero band gap and negative band gap
regimes. Additional superlattice growth experiments and new
characterization experiments are needed to clarify this point.
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ABSTRACT

In this paper, we studied the magneto-field emission from Hgre/Cdre
superlattices with graded structure and compared the same with the bulk
specimens of the constituent materials. It is found that the field emitted
current density increases both with electron concentration and magnetic
field in an oscillatory manner. The field emission in HgTe/CdTe SL is
greater than that of the same from constituent materials the theoretical
results are in agreement with the experimental observation as reported
elsewhere.

INTRODJCTION

With the advent of MBE [11 , MOCVD [2] and other experimental

techniques, it has become possible to fabricate superlattices (SLs) of
small-gap se.niconductors, many of which are currently under study due to
their interesting physical properties. The S. finds wide applications in
many device structures, such as photodetectors [3) , transistors [4],
light emitters[ 5) etc. Anong the various types of SLs, HgTe/CdTe SLs have
raised a great deal of attention since 1979 when they were first suggested
as a promissing new materials for longwave length infrared detectors and
other electro-optic applications [63 . Interest in Hg based SLs has further
been increased which has revealed new properties with potential device
applications £7) . The features arise from the unique zero-band gap material
HgTe [8J and the direct band gap semiconductor CdTe which can be described
by three band Kane model L9 The aforementioned SLs have been proposed with
the assu:nption of zero interface thickness. Since an intermediate potential
region exists for the electrons, the influence of the finite thickness of
the interface on the electron dispersion law becomes very Important since
the electron energy spectrum controls all the electronic properties.
Though considerable work has already been done, nevertheless it appears from
the literature that the field emission under magnetic quantitation from
HgTe/CdTe SL with graded structures has yet to be Investigated. We wish to
note that at the field strength of the order of 109V/m, potential barriers at
the surfaces of metals, alloys and semiconductors usually become very thin
and result in field emission of the electrons due to tunnel effect £10) . In
the present paper we shall study the magneto field emission from HgTe/CdTe
SL with graded structures and conpare the same with the bulk specimens of
constituting materials.

THWORETICAL BACKGROLND

The dispersion relation of conduction electrons in bulk specimens

of HgTe/CdTe SL are given by[ 8,9 ,

Mt S/2m1 ) + ( e Sike )

Met, Res. SOC. Syrup. Prec. Vol. 161. t 1990 Materials Research Society
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and E G (2, %.'G (E, (2)
k 2  EG 2& )

where E is the energy as measured from the edge of the conduction band in

- the absence of any quantization$ h is Planck's constant, m" and ES arl

the effective band-edge electron mass and the permttivity of HgTe, m jr-
and A ara the effective bandedge electron mass, band-gap and spin-obi
splitting of CdTe respectively. The magneto-electron energy spectrum in
HgTe/CdTe SL with graded structure can be written as'/2-

K = [A(E, n) .l -  (3)

where A(E,n) =[p (E,n) - 2e Blo2- (n +*)I p (E,n) 4,(Fos 3
'(E,n) = -2 Cosh ( (En)) COst. (E,n)) + C (,n) sinh{ (E,n)sin{ (=,n)) + &0 -(K 2 (En) QI (En) - 3 Q (En))° Cosh (P(an)i sin

+40 C2 K0
2 (a,n) - j (En)) Coshf (En)3 Cost) (E,n)J +d/1).

2 1 3 O

( o  ,n). Q" En) + 5 Q (I,n) Ko- (E,n) - 34Q (E)n) K (2,n) sinh
0 0P(E~n)}_ sin g (6,n))JJ, ( ,n) =jQ1  (2,n) K (E)n) "- -,n).(En)j, 3 (=) =L , Z Q-  )  ( En ) - K (2- G (

Qa (E 
(,n) 0 -L

E-Vo,) 2 2) + r4- (n +1)7 , E = V - E, Vo is the potential barrier

encountered by the electrono< 2 =< 192 B is the quantizing magnetic field

along z-diraction, n is Landau quantum nuaber, e is electron charge, Q(En)

'~~ c 2 2 2E{ )i2
= ~ -' 1 128E + {( 128~ G- '1 -

_7(n + 1)j , 0  = a + b ) is the period length, 4& is the interface
1fidth and and b are te widths of the barrier and well respectively.

The use of 3) leads to the expression of field emitted corrent density
and the electron concentration respectively as

n
max

Zi In t (1 o exp (+ (4)

n max
and n 0 = CO 4, + - (5)

4n =0

where K1 = e2 B k1 4I 2 2 kB i Boltzmann constant, T is temperature

'1t (i, ' o) = L71 + exp (21 ) + 2exp (11 oos(A o) J! = (EF- E )/kBT
is the Fermi energy in the present case, En is obtained from the quality

A En ,n) = 0, \ r'/k T, T = I k.T., T Dis Dingle temperature, b
= A (7 ,n)J-'4 4/3eF A'c,) l - F:n~ I C is the work-function,

is the electric field along Z-axis, prime denotes the differentiation w.r-t.5

F *freal partof J (,n), c0 =E .: i 2-

l2
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( 1 72r) . 2 rr is the set of real positive integers, =(1-2 2r

e /Vl 2t 1 0 and (2r) is zeta function.

The magneto-dispersion law of the bulk specimens ca be expressed as

42 k 2 / 2m;+ (n + J) + 9 g."B= V. (E) (6)
whc 1ad2z . j = e .

which j I and 2,) i = eE. J? gj are the magnitudes of the band edge

g-factors for HgTe and CdTe respectively, &is iohr magnetion (E) =
A_7  C-5 +T3 

+ 4A 1 A- / 32 and

2 (E) = F 6i (, Eg2 , 2 ). The basic expressions of (4) and (5) remain

sanew ( p (' p(E) -
ae ere 4 1 j s W ( - -L

(+ i o~~~i g+ -7.s, 4 1 =.Real part of p (a.)anC
nder the conditions - and 2g2 (6) assume the well known form

t 2 2
+ (n +il 4  g±+jfB (7)

Under the conditions W*O and T:O we get
-4(2ml)

(j 3 eF 2/8fl,, 0 ) exp. Ic -(jn"i t 3/2 _ (8)

wich is the well-known Fowl r-Nordheim foraula, If7.

RESULTS & DISCUSSION

Using equationh(4) and (5) and taking the parameters -12_7 m = 0.025 m

= 20 0.4 2 - 9eV, g2=.73eV, r = 4.2k, r.) = 3K,S 2 0 0 62 EI

A °  5A o= 50A, bO = 40A and B = 2 Tesla we have plotted the field

emitted current density from HgTe/CdFe SL as a function of n as shown in
plot a of fig. 1. FIe simplified cases for4 o = 0, HgTe, Cdore and parabolic
energy bands are shown in the plots bcd and e of fig. I respectively. rhe
circular plote exhibits the experimental results as given elsewhere -13_/7.
In fig. 2 we have plotted all the )ove cases as functions of 3 corresponding
to an electron concentration of l0c m- 3.

It appears from Fig. 1 that the current density increases with increasing
electron concentration in an oscillatory manner and the SL structure exhi-
bits the greatest value of the current density as compared to that of bulk
specimens of the constituent materials for a given value of no It appears
from fig. 2 that the current density oscillates with B and the appearance
of the humps in both the figures are due to SdH effect. Finally we should
note that though the influence of image face and many-body effects have not
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mno( 3)

Fig- I Plot a shows the doping dependence of the magnoto-field emitted
curent density from HgTe/CdTe S. with graded structures. The plotsbcd
and e exhibit the same dependence for o 0, HgTe, Cdfe and parabilic
energy bands respectively.
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been considered in this simplified analysis, our theoretical formation is
in agreement wdth the experimental ooservation as reported elsewhere and we
have obtained the famous Fowler-Nordhim formula from our results whitch is
also an indirect test of our simple analysis.
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ABSTRACT

We have grown high-mobility LWIR HgCdTe thin films on CdTe
substrates, using molecular beam epitaxy (MBE). The structural, optical,
and electrical properties of these epilayers were determined by SEM,
DCRC, FTIR, and Hall effect measurements. For films of 10 to 11 jum
thick and composition X value ranging from 0.152 to 0.172, the highest
mobility observed was 7.5 x 105 cm2 /V-sec, and the FWHMs of the
rocking curves were 75 to 110 arcsec. We also have carried out the
temperature-dependent EXAFS study of HgCdTe.

INTRODUCTION

In spite of recent advances in the growth of other materials with
long wavelength infrared (LWIR) detection potential [1,2], HgCdTe
remains the most promising detector material for the spectral range of
8-12 gm. Molecular beam epitaxy (MBE) is a growth technique in which
all important growth parameters can be precisely controlled. Therefore,
it is ideally suited for the growth of LWIR HgCdTe, for which optimal
deposition conditions must be carefully maintained for long growth
periods.

In this paper, we describe the experimental conditions for MBE
growth and the procedures used for epilayer characterization. The
structural, optical, and electrical properties are summarized. Finally,
the quality of these epilayers is compared with other published results.

EXPERIMENTAL TECHNIQUES

The HgCdTe epilayers were deposited in a RIBER 2300 MBE system on
1 cm x 1 cm CdTe (100) substrates purchased from II-VI Corporation.
Double crystal rocking curve (DCRC) measurements of the substrates
indicated that the FWHM of the (400) reflection spot was about 50
arcsec.

The substrates were degreased and etched with 1.5 %
bromine/methanol solution for 90 sec prior to mounting in the growth
chamber. Within the growth chamber, the substrates were first annealed
at 320 0C for 90 min. A CdTe buffer layer, 0.5 Im thick, was grown on
each substrate before the depositing of HgCdTe. HgCdTe epilayer
deposition was carried out at 200°C, and the substrate temperature was
maintained throughout the growth period to within 0.2 0 C. IR
transmission data were taken with a Mattson Cygnus 100 FTIR
spectrometer, which uses a special wafer-scanning software. The Van
der Pauw technique was used to measure the electrical properties of the
epilayers. Indium micro-ball cold wire bonding was used for electrical
connection to the sample.

Mat. Res. Soc. Symp,. Proc. Vol. 161. 1990 Materials Research Society



The electrical transport properties were measured over a
temperature range of 10 to 270 K and in a magnetic field from 1000 to
8000 Gauss. EXAFS experiments were carried out at the National
Synchrotron Light Source (NSLS) of Brookhaven National Laboratory over
temperatures ranging from 10 K to 300 K.

RESULTS

Table I summarizes the growth conditions for three LWIR HgCdTe
epilayers that will be discussed in this paper. The growth conditions for
all three samples were identical except for Hg flux, which was
deliberately varied to study its influence on bandgap.

The epilayer's thickness was measured directly using a Tencor
Instruments model Alpha 2000 surface profiler, which has ultimate
resolution of 40 A.

A SEM photo of sample MCT27 is shown in Fig. 1; characteristic
pyramidal hillock structures are clearly observed. Samples MCT28 and
MCT29 also exhibit these hillock structures. Similar features have been
observed for MBE growth of HgCdTe along the (100) orientation and have
been previously reported [3,4].

Surface density of these defects for the epilayers is listed in Table
II. The values in Table II are comparable to previous work [4] that
reported the hillock structure density ranging from 104 to 105 /cm- 2 on
HgCdTe films grown on CdZnTe substrates.

Table I Epilayer Growth Conditions

EPILAYER TEMP Hg FLUX, THICKNESS0 C ARB. UNIT Am

MCT27 200 1 11

MCT28 200 0.96 11

MCT29 200 0.93 10

- 10 'm

Fig. 1 SEM picture ot MCT 27 showing
pyramidal hillock structures.

Table II Characterization Result Summary

EPILAYER X DCRC, HILLOCK DENSITY, MOBILITY, CARRIER CONC,
ARCSEC cm

2  cm
2/V-SEC cm

3

MCT27 0.153 75 7.6 x 104  9.2 x 104 2 x 1015

MCT28 0.160 110 1.0 x 105 7.5 x 10
5  4.8 x 1015

MCT29 0.172 100 7.7 x 104 6.0 x 105 3.4 x 1015
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Figure 2 shows the FTIR transmission spectrum measured near the
center of one of the three epilayers. The spectrum exhibits a sharp onset
of transmission in the LWIR spectral range, indicating good
compositional uniformity along the growth direction. The FTIR spectra
of the other two samples also exhibit a sharp transmission onset. From
these spectra, the epilayer bandgap is assumed to be the energy
corresponding to an absorption coefficent of 500 cm- 1.

Composition X value is then determined from the bandgap by applying
the equation used by Hansen et al. [51.

The FTIR spectrometer also was used to obtain wafer-scanning IR
transmission profiles by measuring the spectrum at 1.0 mm intervals
across the samples. The spot size was slightly less than 1 mm in
diameter. Due to the dimensions and the geometry of the present sample
mount, the scanning profile is limited to a circular area about 5 mm in
diameter. Figure 3 is an example of an IR transmission profile. As
indicated in the figure, the X value of the epilayer is uniform to within
0.003 for up to 2.5 mm from the center of the wafer.

Figure 4 shows the double crystal rocking curve measurement result
for sample MCT 27. The FWHM of the (400) reflected beam is about 75
arcsec; for samples MCT 28 and MCT 29, it is 110 arcsec and 100 arcsec,
respectively.

The electrical properties of the three epilayers measured at 20 K also
are summarized in Table I1. All are n-type and show high mobility at
20 K.

Hall effect measurements also were carried out over a wide range of
temperature and magretic field. Figure 5 shows the variation of mobiity
and carrier concentration for MCT 29 from 10 K to 270 K at a magnetic
field of 8000 G. Hall measurements of MCT 29 over the same
temperature range but at lower magnetic fields gave results nearly
identical. The electrical measurements for MCT27 and MCT28 indicate
high-quality n-type material.

0.152

j#m

2.5 3.0 3.5 4,0 5.0 6.0 8.0 10 15 20
50) 0.154 0.153 0.152

Z40
0

3 0.155 0.154 0.153 0.151 0.150

AV = 0.154
to .5 0.152 0.151! /

10~

4000 3500 3000 2500 2000 1500 1000 500

cm 
1  0.153

Fig. 2 FTIR transmission spectrum of MCT28. Fig. 3 Composition profile of MCT27.
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DISCUSSION

As shown in Fig. 1, our epilayers exhibit pyramidal hillock structures.
Most of these structures are similiar in size, which increases with the
thickness of an epilayer. These features are consistent with those
observed in previous studies (4]. The origin of these structures also has
been discussed elsewhere [3,4].

As shown by Fig. 2, the samples we studied exhibit an onset of IR
transmission that is sharper than for LWIR HgCdTe recently described
[6]. If we define the wavelength at which IR transmission intensities
are reduced to 25 % of maximum as the cutoff wavelength, then the
cutoff wavelengths for samples MCT27, MCT28, and MCT29 are 11.7 Jim,
9.6 I.m, and 9.3 im, respectively.

The compositional uniformity of our epilayers is as good as some of
the latest published results (6,7], although the area covered by our IR
scanning profile is not as large.

Significantly, however, we have shown that the cutoff wavelength for
LWIR HgCdTe can be fine-tuned simply by varying the Hg flux.
Furthermore, this was accomplished while maintaining the sharpness of

4the transmission onset.
The DCRC results for our epilayers are comparable to some of the

published results [6,8], but clearly inferior to the best published DCRC
results [9,10,11]. Since the FWHM of our CdTe substrates was at least
50 arcsec, the peak width for our epilayers might be limited in part by
the quality of our substrates.

The mobilities we observe, especially for MCT28 and MCT29, are
comparable to the best published mobility data for n-type, undoped
HgCdTe to date [11]. Furthermore, all three samples show well-behaved
electrical properties for a wide range of temperature and magnetic
field.

I
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In an attempt to further characterize our material, we have recently
measured the extended x-ray absorption fine structure (EXAFS) of Hg,
using the Lill absorption edge in HgCdTe thin film as well as HgTe (x=0) .
EXAFS has already proven to be a powerful tool for determining the local
structure in ternary semiconductor compounds [12].

EXAFS was measured for each sample as a function of temperature
from 13 K to 300 K.

Figure 6 shows the radial
distribution function (Fourier

transform of the EXAFS data) of
consecutive atomic shells 2
surrounding the Hg atoms in .o 1.8 iTe
sample MCT28. At 300 K, only the 1.6- I
first (nearest neighbor) Hg-Te c 1.4
shell is observed, while at 13 K, 1.2T

the Hg-Hg, Cd second shell and the 1. 0 Hg, Cd ,e

Hg-Te third shell appear. The 0;g T 13

large peaks in Fig. 6 agree with 0r =13K
theoretical predictions for a 
zincblende lattice. The difference o 0,

in the Debye-Waller disorder t 0.2300 K

parameter, A02 , for the Hg-Te o0  1 234 567 8
first shell between 300 K and 13 K RADIAL COORDINATE, A
is 0.00728 A2. This indicates that
a significant amount of thermal Fig. 6 Hg edge EXAFS spectrum of MCT28
disorder exists in this material at taken at 300 K and 13 K.
room temperature (A0 2 of Pt is

0.00299 A2 [13]).

There is also a significant degree of anharmonicity in the interatomic
potential at 300 K as derived from bond length analysis. For the HgTe
(x=0) thin film, the bond length change with temperature is insignificant,
consistent with the thermal expansion, but for the three MCT epilayers
there is an apparent decrease in the average first shell Hg-Te bond length

4of about 0.03 ±.01 A from 300 K to 13 K. The first shell Hg-Te bond length
at 300 K was found not to change significantly as the composition X varied
from X - 0 to X= 0.17.

. A detailed analysis of the EXAFS data, including a temperature-
dependent analysis of the Debye-Waller parameter to separate thermal
from static disorder, determination of the relative bond strengths, and a
full account of the relative bond length changes in these materials, will
be presented in a future publication [14].

I

I
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CONCLUSUN

We described procedures for MBE growth of LWIR HgCdTe with cutoff
wavelengths raging from 9.3 pim to 11.9 Im and thicknesses of 10 to 11
gim. Comprehensive characterization of these epilayers shows that they
are compositionally uniform, are of good crystal quality, and possess
excellent electrical properties.
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FREE-CARRIER INDUCED OPTICAL
NONLINEARITIES IN

NARROW BANDGAP SEMICONDUCTORS

D. Walrod('), S. Y. Auyang and P. A. Wolff(b)
Francis Bitter National Magnet Laboratory

Massachusetts Institute of Technology
V Cambridge, MA 02139

ABSTRACT

Free-carrier induced third-order optical nonlinearities can be both large
and fast in narrow-gap semiconductors. We have studied a variety of
mechanisms in bulk semiconductors and heterostructures using CO 2
lasers and found third-order susceptibilities as large as 2x10-3 esu with
picosecond relaxation times. These mechanisms saturate at much higher
intensities than do slower mechanisms and hence induce huge modu-
lations of the dielectric function. In addition, most of these processes
are nonresonant so they do not require the exact matching of material
parameters and are relatively insensitive to temperature.

I INTRODUCTION

The first observation of a third-order nonlinearity caused by a free-carrier process in
semiconductors was made by Patel et al.

1 
These modest nonlinearities in n-lnSb, n-GaAs and

n-lnAs were explained by Wolff and Pearson as resulting from the nonparabolicity of the
conduction band.

2 
The nonlinearity was very fast, relaxation times in the picosecond range,

but fairly weak. Hence, for many years, it was believed that fast processes such as these were
intrinsically weak. Our studies have shown that this is not the case. There are several free-carrier
processes which are both fast and moderately large. We have observed x(s) of 2x10 - 3 

esu with
picosecond relaxation times in Hgo. 84Cdo.IGTe epilayers with a near-zero bandgap. Similar
nonlinearities have been found in other Il-VI epilayers.

The major free-carrier processes that we have investigated rely on a modulation of the
free-carrier dielectric function. In narrow bandgap semiconductors, the important mechanisms
are

I. Nonparabolicity of the energy bands.
2. Excitation of interband transitions.
3. Excitation of intervalence band transitions.
4. Energy dependence of carrier scattering.

These mechanisms have been observed in both bulk and epitaxially grown semiconductors.
Enhanced nonparabolicity due to superlattice structure has also been observed in various narrow
gap superlattices.3

Free-carrier nonlinearities have a number of features that are very desirable for device
applications. Most processes have very fast relaxation times, so they are well suited to devices
where speed is critical. They also do not tend to saturate at high power. Since most of the
processes are non-resonant, there are not stringent requirements placed on material parameters
and they are fairly insensitive to temperature changes.

Met. Res. Soc. Symp. Proc. Vol. 161. 1 990 Materials Research Society
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Table 1. Figures of Merit for Third-Order Optical Noallnearitles In Semiconductors

MediumNonlinear X(3)
MeimMechanism T(K) 'esu) ocknrm1) r(sec) X (3,/of

Hg0 s4Cd0 0 Te interband 4  80 2x 10-3 3000 SuclO-12 9XI0 4

HgTe interband5  300 24l0-4 3400 5XIO0' 2  9X10 3

n-InSb nonparabolicity"O 2 2x10-7  2 4X10'22  3x104
p-Hg0 7sCdo %zTe intervalence 6  300 8I 04 48 2x]0-13  8X10 5

p-GaAs intervalenCe7  300 1xio06  5000 5xi0-'5  4x 102

n-Si:P impurity26  300 3xl0-7  700 IXIO- 12  4x102
Hgo.71.Cdo.13Se.Fe impurity"s 90 1x10 6  90 8XIO013 2xI04

IaSba band filling' 7  90 3xl10' 70 4xil0 7  IX10 4

Hg0 78Cd 0.22 Te band filling"l 80 6 24 3x]0-6  SX10 4

p-Hg0.7gCdo22Te band filling20  80 5xI0-2  a 3xI0 68 2xI06
Ge valence electron" 300 lxlO-10  0.01 IXI0-14  lXlO6
GaAs/GaAlASb free excitong 300 4410-3 12000 2xl108  170

\- 5.4 jurm
b A - 0.84 ;4m

2 THIRD ORDER FREE-CARRIER INDUCED NONLINEARITIES
Free-carrier nonlinearities are caused by a modulation of the free-carrier dielectric

function

This modulation can be accomplished by changing the occupation of states and by promoting
carriers to states with different effective masses or scattering rates.

We will use the following plane-wave expansion for the total electric field driving the
dielectric function,

E(x.t)- Re Z(Eexp(-u3,t)- cc.]. (2)

Under this convention, the intensity is given by I-cn1E12 /8n
So that we can treat nondegenerate four-wave mixing, we will assume that the incident

light consists of two different frequencies w, and w3. Hence, the laser can modulate the dielectric
at the difference frequency. This can be utilized to measure the relaxation time of the nonlinear
process.

The ith component of the nonlinear polarization is given by

The factor 3 in the definition of P(3) arises from the requirement that the polarization be
invariant to spatial symmetry operations'. Now, let us take X to be any parameter in the
dielectric function that can be modulated by the incident electric fields. X can either be
modulated directly, or indirectly through carrier heating. This leads to a modulation of (of
the form

6- (,is/.3X)bX - 123tX
131 1- .E, (4)
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For the case of direct modulation, a simple kinetic equation can be used to describe the
steady state response of X for dissipative nonlinearities. We will concentrate primarily on
nonlinearities whe-e dissipation is important because they tend to have X(R)'s that are much
larger than those where dissipation is small. When the difference fr-q,,Irwy &w - L, tho 7atio
of the dissipative to the nondissipative effect is of the order of the ratio of the energy to
momentum relaxation times T/ro.

10 
The equation of motion for the parameter X is

6X 6X .cnou 'Eexp(-iAwt). (8)

3tt*

where a is the absorption coefficient responsible for the modulation of X, f is the efficiency
of the process, and r is the relaxation time of the nonlinear mechanism. If we assume X to
be modulated at the difference frequency Aw - w1-w2 , then we immediately obtain an expression
for XMs)

X(3) . cnoay (6))

96n(1 i)x)(a ' (6

The parameter X can also be modulated by laser induced fluctuations in the carrier energy.
In most cases it is proper to identify the carriers with a temperature because the rate of energy
flow from the carrier to the lattice is quite small compared to the carrier-carrier collision rate.
Hence, we will assume that the carriers have an equilibrium temperature of T and the lattice
has an equilibrium temperature of TL. This then allows us to write the following kinetic
equation for carriers being heated by the incident lasers

(T . T -T T)(-W c-!E 1
' E ; exp(-Awlt). (7)

where (6W/8T) - Cv, the specific heat of the carriers, and T is the thermalization time. Since
the carrier temperature is modulated at Aw we obtain this equation for X(3)

__________ (Lc )(ftaX)
X" 96l 2 l-hw-r)~ aX (8)T

Some important points should be made about these basic equations for the third-order
nonlinear susceptibility. From Eq. (1) and Eqs. (78) we see that X

(
3
) 

is inversely proportional
to the effective mass m'. Hence narrow band gap semiconductors, with their small effective
masses, generally have fairly large third-order susceptibilities. Also, note that X(

s) 
is proportional

to a and r. This means that materials with large absorptions and long relaxation times tend
also to have large nonlinearities. What makes the free-carrier mechanisms that we have studied
so interesting, is that we have observed large X(3),s with fairly small absorption and picosecond
relaxation times.

The (I - iAwr) in the denominator shows that all mechanisms will exhibit some dispersion
in X(s) as a function of dw. The relaxation time of the nonlinear mechanism can be determined
by taking advantage of this dispersion and measuring the four-wave signal as a function of
Aw, It is clear from Eq. (8) that the four-wave signal will experience a roll-off when Aur w
i. For Awr >> I the carriers are driven in a "sloshing' mode. The carriers are perturbed in

velocity space by the incident electric field. In this nondissipative mode, the carriers and the
field interchange energy without loss. It is this mode that Patel, et al observed' and Wolff and
Pearson described

s
. This was thought to be the only mode until Yuen'

0 
discovered a large

dispersion of X
(s) 

in Aw in n-lnSb.
When Auw << I, the electrons enter a new, dissipative mode. This 'breatning mode"

results because there is now an irreversible flow of energy from the electric field to the carriers
to the lattice. Both modes contribute to the nonlinearity, but the "sloshing" mode dominates
for Awr >> I and the "breathing' mode dominates for aur << 1.

I

4
j4III ls
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Table 2. Relaxation Times Measured by
Nondegenerate Four-Wave Mixing Experi-

o3  
metas Compared to Theoretical Predictions

:0
Nonlinear rexp rtho Mechanism Medium (psec) (psec)

a Light to p-GaAs6 0.09 0.13
heavy hole p-GaAs' 0.23 0.20
transitions p-GaAs" 0.46 0.52

<'Zby optical p-Ges 0.70 1.7

- phonon0 00 emission

Thermal n-InSbb 3 -'Relaxation n-GaAs 0.7
~n-si:Pc I -

10 * :Z l n-HgCdSe:Fe
d 0.7 -

9 Reference 7

d: • • •b Reference 10
€c Reference 25

10

& tCm')

Figure 1. Four-wave mixing signal in
n-Hg10 .7 4Cd0 2 5Te at 2K as a function of the
difference frequency for two polarization
configurations. The nonlinear mechanism is
conduction band nonparabolicity.

The electric field of the lasers interact with the carriers through p.A term in the
Hamiltonian. So. for a dissipative process at finite Aw, it is required that El.Ez*0. This is
because when the fields are perpendicular, there is no cross term of the form El.E 2 e-iAt.
Hence, there will be no modulation of the carriers at the difference frequency and consequently
the dissipative effects described in Eqs. (5) - (8) will disappear. Nondissipative processes such
as those observed by Patel et all will still be observable, however the magnitude of the signal
will be decreased by a factor of nine.

3 EXPERIMENTAL SETUP
We are able to perform both non-degenerate and degenerate four-wave mixing experi-

ments. Figure 2 gives a schematic of the experimental setup. The laser source is a pair of
line tunable, synchronously Q-switched CO lasers. The pulse length is 120 nsec and they are
capable of producing intensities at the sample of I MW/cm 2

. When the lasers are operating at
two different frequencies wl and W2, the minimum difference frequency AW is 1.38 cm-1

. This
is limited by the spacing of the CO2 lines. The light from the lasers can be polarized parallel
or perpendicular to each other. Also, by using a polarizer, the laser polarization can be rotated
to any arbitrary angle. This technique is used in studies of superlattices. The four-wave signal
is at ws - 2w,-w2 and it is separated from the pump beams by a double-pass spectrometer. A
Cu:Ge detector is then used to observe the signal.

In the non-degenerate configuration, a piece of optical grade Ge is used as a reference.
This allows us to obtain absolute values for X(3). Unfortunately, there is some uncertainty
regarding the value of X(s) for intrinsic Ge. Values of 1.OxlO- 10 

esull and 2.5xl0"
-
l esu"

2 
have

been reported. We use the larger value as a reference because it is the most widely quoted and
is much closer to the theoretical value of .ixl0

- l
l esu.13 The four-wave signal is referenced

to the Ge by usingll
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I =256n'3 X3J]21 2112 Ta-OL IL. (9)

where I and 12 are the laser intensities, L is the thickness of the nonlinear medium, Tit is the
trans.nission at the sample surface and a is the total absorption coefficient.

ZtiS. calibroted ZnSo sample

spectrotoer

Wa

to de Gt eector

to)

Ib)Figure 2. Schematic of experimental stup: (a) nondegenerate four-wave mixing, tb) degenerate

four-wave mixing

The degenerate configuration is useful for studying samples that have relaxation times
so slow that Awr > I even for Aw - 1.38 cm-'. The probe beam makes an angle of approximately
5 with respect to the two counterpropagating pump beams and is about 20 times weaker. T,
four-wave signal reflected along the direction of the probe beam is separated with a beam
splitter. The Ge reference cannot be used in this case because the different thickness of the
Ge and the sample make comparisons unreliable. Instead, the magnitude of the four-wave
signal is referenced to the reflected intensity when the sample is replaced by a mirror. This
reflectivity is given by' 4

R -.6.w [6(31]Z1 1L
2

T' e' (10)
C4n' a(1 L/2)(

Proper sarnple preparation is very important. The bulk samples are polished on both
sides and the light is incident normal to the crystal surface. If Fabry-Perot interference proves
to be a problem, the back side of the sample is roughened to minimize reflections.

-4 NONLINEAR PROCESSES

A ENERGY BAND NONPARABOLICITY
One of the best known free-carrier optical nonlinearities is that produced by the non-

parabolicity of the energy bands 1,10,16 As the carriers are heated by the incident laser radiation,
their effective masses change. This leads to a modulation of the dielectric function resulting
in an optical nonlinearity.

In the two-band model, the effective mass of the electrons can be approximated bylo
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I I

m" m.(l-p1/m'oE.)" 1

The third order nonlinear susceptibility is then given by

(3) 002a,, ITT 1 2 I8E,/SE, (12)
x tP l2nm w 2

E,( -) (I +4E,/E,)
5'2 '

where Ey is the Fermi energy and of - 4zrNe2/mok0cnorT is the free carrier absorption
coefficient. The second term on the right hand side of Eq. (12) results from resonant enhancement
as the laser frequency approaches the band gap.

The third term in Eq.(l2 :omes from averaging over the carrier velocity distribution.
The carriers near the Fermi en y have a larger contribution to the nonlinear process and the
average effective mass is quite different from the band-edge value. This effect is important
in heavily doped semiconductors.

10.

ri.IriSb, T-2 lo?

o n , 2 a 10
1 7

¢m
s3

I- 0 n Sb T I-_3V
z n -2. 10 6cmn ttMr•~~~ HO Too%,,so 

n-H 
*2 '

~T • 80*K

Il0
z

TT 4

t: Irir T

.0 . I

(0 0
3, 0 0 0

> 000

000000 00a

1 10121
tO io2  

I0

aw (cml) 'W (Ccm
"1)

Figure 3. Four-wave mixing signal versus Aw Figure 4. Four-wave mixing signal versus Aw
due to nonparabolicity in the conduction due to interband transitions in HgTe at 80K.
band of n-JnSb. The solid curves were The increase in the four-wave signal at small
generated from Eq.(12) using measured Aa, is due to thermal population modulation,
relaxation times while the tailing off of the signal at large Aw

is due to direct interband recombination.
We have observed optical nonlinearity due to band nonparabolicity in bulk n-type GaAs,

GaSb, HgCdTe, HgMnTe as well as lnSb/InAISb and GaAs/GaAIAs superlattices at temperatures
from 2K to 300K. In all our experiments, the relaxation times were on the order of a few
picoseconds. This is much shorter than the relaxation times reported using low power transport
measurements in lnSb. The difference is caused by the fact that in our experiments the electrons



391

are heated by the laser to 20K to 30K even when immersed in liquid helium. When the electrons
are hot, they can relax by the more efficient process of optical phonon emission. Hence the
relaxation time is very short.

B INTERBAND TRANSITIONS

In narrow gap semiconductors. optical nonlinearities arising from interband transitions
can be driven either directly by the absorption, or indirectly by the modulation of the carrier
temperature.

The direct modulation of the carrier populations, commonly known as band
filling7 ,ls9.3o 21 , is the only important mechanism in materials where the band gap is large
compared to the carrier temperature. The nonlinear susceptibility follows immediately from
Eq (8).

X
( 3 ) -r (13)

24nh um'(1 -iAw',)'

where ai is the interband absorption coefficient and TR is the interband recombination time.
Band filling effects have been observed in InAs, InSb' 7 and HgCdTe.21

If the band gap is only somewhat larger than the carrier temperature, then population
fluctuations can be driven by the laser heating of the carriers. From Eq (8) we see that

X() .- cnoXT I nNo (14)
24nmw'2 ( I - iAW'Tr)C, JT '

where a is the total absoaption, including both interband and free carrier.
We have observed optical nonlinearities due to both direct and indirect carrier population

modulation. Their relative strengths depend on the interband recombination time and the
thermal relaxation time.

The variation with signal of the four-wave power in HgTe at 80K (Figure 4) shows the
existence of these two processes. At small Aw, the signal increases as I/(Aw)2. This is caused
by the thermally modulated population fluctuations. A degenerate four-wave mixing experiment
has allowed us to estimate the momentum relaxation time for this process to be about 5 psec.
As Aw increases, the four-wave signal becomes constant. This indicates the existence of another
faster but weaker nonlinear process. We have attributed this to direct interband transitions
with a relaxation time of about 0.3 psec.

In superlattices, one could also utilize intersubband transitions to drive optical nonlin-
earities.e These transitions would be formally very similar to the interband transitions mentioned
previously. While intersubband induced nonlinearities have not yet been observed, it is predicted
that they should have very large X(3)'s.

C 0NTERVALENCE BAND TRANSITIONS
The carrier population distribution can be modulated by intervalence absorption which

promotes holes from the heavy-hole to the light-hole band. In this mechanism, the laser is
directly modulating the heavy hole N h and light hole N, populations such that SNI = -6Nh. This
immediately gives from Eq. (6)

(3_ cnoe2a,,, 14 l m
x 4h)" 24 h w-r,,) . M , -m' "(l5

where oh is the intervalence band absorption and rf is the relaxation time from the light to
the heavy hole band.

This mechanism has been observed in p-type GaAs, Ge and HgCdTe and the measured
values for X(3) agree well with Eq. (15).
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D CARRIER SCATTERING

All of the abeve mentioned mechanisms are based on the modulation of the real part of
the dielectric function. However, if the carrier scattering rate has an energy dependence, then
it also can be the basis for a nonlinearity. This mechanism was first proposed by Kaw22, who
suggested a case where the scattering rate changes abruptly with energy. We have observed
two different mechanisms which are based on impurity levels.

The first mechanism is based on the presence of resonant scattering levels in HgCdSe
doped with Fe

2
+.
2s By choosing the proper composition, the impurity levels can be made to

lie inside the conduction band.1 4 
We have observed a large optical nonlinearity in a HgCdSe

sample with the Fe
2+ 

state 73 meV above the conduction-band edge. This nonlinearity was
absent in a similar sample where the Fe

2+ 
state was located inside the band gap.

103 ..... - I . * .. I

p-GoA, T,-3O0K

20 NA * 2 i 1019 ¢mf,
3

- NA 4 a 101
6
cm

3

'-

-iO2 T4h, 0.5 PSC
4

oplEI

z

&I 0 -. tlh" 90 fat

M
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P-  

Ed  E

A w(cm"l

Figure 5. Four-wave signal versus &(w due to Figure 6. Electronic density of states in a
intervalence band transitions in p-GaAs. The system with a resonant scattering level at E
solid curves were generated from Eq.(15) -Ed.

using measured relaxation times

A peak in the density of states (Figure 6) is created by the existence of an impurity level
inside the conduction band. The electrons experience a huge increase in scattering when they
are near Ed. The lasers can create a temperature modulation that drives the electrons in and
out of this range. This then causes a modulation in the dielectric function.

Using the Anderson model to calculate the conductivity in the presence of a resonant
scattering level, we arrive at

2cnoe@a,',E7 9
A  

(E,+ fuAi)(p(E,*)It-.) E -E,(6
X12, - i i i ) E(E,) l(E - E;)2

A2]2 ).
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where Ed is the location of the impurity level above the conduction-band edge, A is its width
and p(E) is the band density of states of energy E. We can obtain a theoretical value for X

(3)

by fitting the theoretical absorption with the measured absorption. This gives us A - 12meV
and X(3) - 6xl0-7 

esu. This agrees well with the measured value of lx10-6 esu in the
Hgo.7Cdo,2Se:Fe sample.

The second nonlinear mechanism based on the modulation of carrier scattering was
observed in n-Si:P. Si is normally regarded as a very linear material. However, as the doping
density was increased through the metal-insulator transition, we observed a peak in the optical
nonlinear susceptibility per carrier.

2 6 
The variation of X( 3) 

per carrier with doping density is
'early quadratic. This is consistent with a scattering mechanism where there is an excitation
of an electron from a localized state (i.e. one strongly influenced by the impurity) to a delocalized
state (i.e. one weakly influenced by the impurity).

5 HETEROSTRUCTURE EFFECTS

All of the above data is from bulk semiconductors and uniformly grown epilayers. As
such, the magnitude of the effects are limited by the natural material characteristics. Superlattices
allow more freedom to design the crystal band structure in such a way as to maximize non-
linearities. The mechanisms at work in a superlattice are essentially the same as those discussed
in Section 4. The only new mechanism is intersubband transitions. Intersubband transitions
are of the same character as the interband transitions. The only modification needed is that
in Eq. (13) a must now refer to the intersubband absorption and r is the intersubband
recombination time. The real difference lies in the fact that we can to some extent tailor the
crystal bandstructure to suit our needs.

Currently, we are exploring the enhancement of several different nonlinear processes in
narrow band gap superlattices. An enhancement in the nonparabolicity nonlinearity has been
observed in an InSb/InAlSb and a HgTe/HgCdTe superlattice.

We also report here for the first time an enhancement of the nonlinearity in thin, n-type
epilayers. In n-type GaAs and InSb epilayers we have observed a Xt s ) 10 to 50 times larger
than that found in bulk samples of comparable doping levels.

A ENHANCEMENT OF NONPARABOLICITY
The nonparabolicity of the energy bands in superlattices can be increased over that found

in the constituent bulk materials. The coupling between the light and the carriers is given by
the matrix element p-A where A is the vector potential of the light and p is the momentum of
the electron. Clearly, any enhancement due to the superlattice modification of the band structure

will only be observed for light polarized in the superlattice growth direction. Light polarized
parallel to the superlattice layers will only probe the bulk bands of the various layers.26 Hence,
to observe the enhancements in X(3) 

due to the superlattice structure, a technique different
from that used for bulk samples must be used.

In order to observe the effects of superlattice structure, the incident light must have a
substantial polarization component along the growth direction. One method that we have used
to achieve this is end firing. With end firing, the light is brought in along the edge of the
superlattice. This technique allows all of the light to be polarized along the growth direction
and potentially gives very long interaction lengths. It is also quite convenient to rotate the
polarization and thereby compare the superlattice structure to the bulk structure. Unfortunately,
since it is difficult to cleave a sample much narrower than I mm, this configuration will not
work if the absorption coefficient of the superlattice is much larger than about 10 cm - 1.

In order to calculate the enhancement in x(3), one must take into account the anisotropy
of both the nonlinear mechanism and the absorption. For the case where nonparabolicity is
the dominant mechanism

dT ,m')

where AT is the laser-induced carrier temperature modulation.27 In the superlattice,

Tr-.(a,cos~e +a,ain~e), (18)
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where 9 is the polarization angle and aj is the absorption coefficient for I-polarized light. This
gives us the four-wave power as a function of 0

([( a7c.os~e-v,din 20) sine]} (19)

Fitting this to the data showing four-wave power as a function of 0 allows us to estimate the
enhancement of both X(3) and a due to subband structures in the growth direction. We find
that the enhanced X(S) is approximately 8.5x!0 -6, or 7.7 times the bulk value, and that a. about
3.8 times oa,.

The absorption of the superlattice was small enough that we were able to observe the
anisotropy of X(S) by using the end firing technique. Figure 7 shows the variation of X(3) with
angle 0, where 0 - 0 means that the incident light is completely polarized along the superlattice
growth direction.
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Fig..'/. Four-wave signal vs. polarization Fig. S. Four-wave signal vs. difference
angle for the InAISb superlattice. 0 is normal frequency for the lnAISb superlattice with
to the plane of the superlattice. The signal polarization normal and parallel to the plane

is normalized to account for the loss from of the superlattice.
the linear polarizer used to rotate the
polarization. The theoretical result from (19)
also is plotted.
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The AlInSb/InSb superlattice we studied consists of 50 periods, each with 45 A of lnSb
and 60 A of Alo.oslno.9 Sb. The sample is not intentionally doped, but contained on the order
of 1016

/cc thermally zxcited carriers.
In order to definitively determine the nonlinear mechanism responsible for the

enhancement, we measured the four-wave signal for the two orthogonal polarizations. We
observed a well defined roll-off at Ac-l0 cm-', corresponding to an energy relaxation time
of 0.5 ps for the nonparabolicity mechanism in the bulk direction. The polarization of the
light was then switched to the superlattice growth direction which displayed a roll-off nearly
identical to that found for the bulk direction (see Figure 8). The similarity of the relaxation
times for the two different polarizations strongly suggests that the enhanced nonlinear signal
is caused by the greater nonparabolicity of the subbands in the superlattice direction and
possibly by greater absorption in the superlattice direction.

Similar enhancements in the nonparabolicity have also been observed in HgTe/HgCdTe
superlattices.

B EPILAYER ENHANCEMENT

We have measured the value for x(s) in n-GaAs and n-lnSb epilayer and found an
enhancement of 20 to 50 times ovi r that found in the bulk. In these cases, it appears that the
thickness of the nonlinear medium affects the nonlinear signal. The figure of merit for these
samples is among the highest we have ever observed. The measured values of X(s) - 4x10-e
esu n - 30 cm - 1 and r = I psec give a figure of merit of X(3)/ar = lxlO. This compares very
favorably with the other figures we have observed in the processes shown in Table I.

In GaAs we have measured this for a series of doping levels, and found that the
enhancement seems to peak at nDw2x1018 cm-3. A similar though somewhat smaller enhancement
has also been observed in InSb epilayers.
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ABSTRACT

We report an experimental study of the nonlinear optical properties of HgTe-CdTe
superlattices grown by MBE and Pbl-,Sn.Se grown by hot wall epitaxy. Nondegenerate
four-wave mixing has been employed to measure third-order nonlinear susceptibilities at
10.6 um as a function of temperature, laser intensity, and difference frequency. The non-
linearity is believed to be due to modulation of the free carrier temperature and density
by the optical beams. The HgTe-CdTe results are compared to theoretical calculations
based on free carrier contributions to the susceptibility, and the agreement with experi-
ment is quite good. In 1-jim-thick Pbl-,SnSe layers, multiple internal reflections of the
light within he sample is found to enhance the nonlinear signal by an order of magnitude.

INTRODUCTION

It has recently been demonstrated that semimetallic Hg-based semiconductors such
as HgTe,[1] Hgo.isCd0.s4 Te[2] and HgTe-CdTe superlattices[3] have highly attractive non-
linear optical properties which combine the advantages of large X(

3
) , picosecond response,

and high saturation threshold. Here we report an experimental and theoretical investi-
gation of semiconducting HgTe-CdTe superlattices with energy gaps between 35 and 80
meV. We also discuss the first study of carrier-generation nonlinearities in Pbl-,Sn.Se
alloy layers. Besides having large nonlinear optical coefficients, growth of that material
on BaF2 substrates is demonstrated to lead to the opportunity for significant Fabry-Perot
enhancement of the nonlinear response.

THEORETICAL

The magnitude of the four-wave signal P3 is related to the third-order nonlinear
susceptibility X(3 ) by the relation

P3 (w 3 ) . Ix(S)Aw ) 2  (1)

where P and P 2 represent the intensities of the beams at frequencies w1 and w2 , respec-
tively, W3 = 2w,1 - w2 is the frequency of the four-wave signal, and Aw = wl - w2 is the
difference frequency. Optical nonlinearities result from a modulation at the difference
frequency of the free-carrier contribution to the dielectric constant. The ) (

3
) associated

with modulation of the free carrier density may be written[1, 3]

(3) = 7ce
2fa E Qkrk

247rmn~hW3 k 
(1 + iAwrWk) (2)

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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Sample dw/dB t Eo T r a- t-
(A/A) (pm) (meV) (K) (ps) (esu) (esu)

HgTe-CdTe Superlattices

BMCCT16 78/29 2.1 0 300 > 3 4.1 x 10 - " 3.4 x 10 - '
BIMCCT18 61/39 2.0 35 8 1.4 1.2 x 10- 5  1.5 x 10 - 5
BMCCT17 58/45 2.0 54 8 0.8 8.7 x 10- 6 7.5 x 10 - 6

BMCCT21 55/49 2.1 80 8 1.1 7.5 x 10 - 6 5.4 X 10 - '

Pbl -,Sn.Se
89-44-1 x = 0.20 1.0 ;-50 300 > 3 2.2 x 10-

where 77 is the index of refraction, c is the speed of light, f is a resonant enhancement

factor,[l) a is the absorption coefficient, and m. is the ,letron effective mass (hole contri-
butions are usually much smaller). The summation is over carrier generation mechanisms,
and -k is the relaxation time for a given process. For example, in the case of photoexci-
tation across the forbidden gap r would be the excess carrier recombination time, while
for intrinsic electron generation due to optical heating of the free carrier plasma 7 is the
energy relaxation time. In analyzing the data for HgTe-CdTe superlattices, it has been
assumed that the dominant mechanism is carrier heating as it is in semimetallic Hg-based
materials studied previously.I!, 2, 3] Equation (2) has then been used in conjunction with
a detailed modeling of the electron density and free carrier specific heat as functions of
the laser intensity and carrier temperature,[3] where experimental magneto-transport re-
sults on the same superlattices[41 bav been incoFor2-,d. A detailed d-rirtion of the
theory will be provided elsewhere.

EXPERIMENTAL

Nonlinear optical coefficients have been determined for a series of HgTe-CdTe su-
perlattices grown by molecular beam epitaxy (MBE) on [100] CdTe -,,bst rate-. Tht,,,
and barrier thicknesses listed in Table 1 are such that the low-temperature energy gaps
varied between 0 to 80 meV at T = 0 K. Measurements have also been performed on a

Pbo.s0Sno. 2 0Se alloy layer grown by hot wall epitaxy (HWE) on a [111) BaF2 substrate.
Total film thicknesses for each sample are listed in Table 1. The electrical properties for
the superlattices are documented in detail elsewhere,[41 and the Pb1 -zSn.Se sample was
p-type with p - 7 x 1017 cm- 3 and tip 3 x 10" cm2 /Vs at low temperatures.

The experimental arrangement for the nonlinear optical measurements has been
described elsewhere. [3] The sample was excited using two synchronously Q-switched CO 2
lasers, which were grating-tuned to frequencies w, and w2. The excitation generated a
nonlinear optical signal at the mixing frequencies w3 = 2w, - w2 and w4 = 2W2 - -1,
and a 0.85-m double monochrometer was used to discriminate the mixing signal from
the transmitted pump beams. The intensity of the mixing signal was measured using a
Hg- .Cd 1 Te detector at 77 K.

The magnitude of X(3 ) can be determined by comparing the the signal from the
sample to that from a piece of optical-grade germanium (x( 3 )  1.0 x 10 0 esu[5]),
and making the appropriate corrections for sample thickness, index of refraction, optical
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absorption, and surface reflection losses. When measurements were made on Hg-based
samples, the back surface of the substrate was roughened in order to minimize the effects
of multiple internal reflections. This technique is effective because the reflectivity at the
sample/substrate boundary is fairly low due to the similar indices of refraction of the two
materials. In the case of the Pbl-,SnSe, however, only a small fraction of the light is
actually reflected from the back surface due to the relatively low index of refraction of the
BaF2 substrate. The Pb.-.SnSe itself has a large index of refraction (- 5.2[6]), meaning
that both the front surface and the interface with the substrate have high reflectivities.
Furthermore, the round-trip optical path length for light with;n the 1-pUm-thick sample
is 10.4 pm, which is quite close to the laser wavelength of 10.6 pm. There should thus be
constructive interference of the internally-reflected light, i.e., the internal electromagnetic
fields are strongly amplified by the effective presence of a Fabry-Perot etalon cavity. In
the Appendix, we briefly summarize the derivation of the expected correction factor by
which the apparent value of \(3) obtained from the experiment should be larger than the
actual value obtained after correction for etalon effects. Results for x (3) reported below
will refer to the actual value after correction.

We take the absorption coefficient for the Pbl-,SnSe sample to be 3400 cm - 1

which is based on the measured transmission at 300 K. Using this value and the index of
refraction cited above, the etalon enhancement factor of X() at 10.6 pin is estimated to be

3.6. From Eq. (1) we see that the nonlinear optical signal is amplified by (3.6, 2 , more
than an order of magnitude over what it would have been had there been no etalon effect.
(The apparent XM3t is larger than the actual x (3 ) because we are at the transmission peak
of the etalon. At a transmission minimum the apparent X( ' ) would be smaller than the

actual x( 3 )

RESULTS

Figure 1 shows the dependence of the third-order nonlinear susceptibility on
temperature for two different samples, HgTe-CdTe superlattice BMCCT21 and the
Pbl-,Sn.Se alloy layer. The dramatic decrease of the superlattice )((3) above T 65 K
is clearly due to the temperature shift of the energy gap. A theoretical calculation of the
band structure for the appropriate well and barrier thicknesses[4] yields that hw < Eg
for T > 14J K, which is in good agreceit with the .xp rimental temperature beyond
which the nonlinear signal becomes too weak to be detectable. For Pbl-,SnSe, the
X(3 ) shown is the actual value obtained following the correction for etalon enhancement.
Since the energy gap in Pb0.sSno.2 Se is no greater than 100 meV for any T < 300 K,[7]
it is not surprising that the temperature dependence is much weaker for that sample.

Figure 2 shows X(3) as a function of laser power within the material for the same
two samples. The nonlinearity for HgTe-CdTe at an initial temperature of 8 K saturates
somewhat due to laser heating of the sample, i.e., the lattice temperature increases
to the point where the laser light is no longer strongly absorbed (see Fig. 1). The
curve represents the results of a calculation which has no adjustable parameters, since
input electronic properties have been obtained from magneto-transport measurements
on the same superlattice.(4 The agreement between theory and experiment is seen to be
remarkably good. The nonlinearity for Pb0 .8Sn0. 2 Se at 300 K also saturates somewhat,

possibly because of a a similar shift of the energy gap due to laser heating (at 300 K,
a relatively modest temperature shift would move the gap beyond the photon energy).
However, for that material a more detailed analysis is required to verify the interpretation.
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2 oBMCCT21 (8 K)

*Pbo.8Sno. 2Se (300 K)

100 50 100 150 200 250 104 1 . ..
T (K) Laser Power (W/cm

Figure 1 (above). )L(a(Aw = 1.8 cm- '
vs sample temperature for HgTe-CdTe super-
lattice BMCCT21 (E. = 80 meV) and the 10-4

Pbi-SnSe alloy layer.

Figure 2 (above right). Xj3)(A, 1.8
cm-1 ) vs laser intensity for the same two .,u,- , 10 5

pies. The points are experimental and the -O
curve is theoretical. I

Figure 3 (right). X(3) vs n6 for the same two 10-6  oBMCCT21 8 K) 0
samples. The laser powers were I MW/cm2  .Pbf sSn 2 Se (300 K)
for the HgTehCdTe and 200 kW/cm

2 for the

Pb_-SnSeThe points are experimental and 7 LI
the curves represent fits to Eq. (2). 10

Figure 3 shows the dependence of X() on A,,: for the same two samples. For the
HgTe-CdTe superlattice, k(3) is inversely proportional to A. at large Aw but becomes
constant at small Aw. The solid curve shows a fit to Eq. (2). which yields a relaxation
time of 1.1 ps. By contrast, the data for the Pb-_SnSe sample is nearly constant at
large Aw but shows a 1/Aw dependence at smaller A .. This apparently indicates the
presence of two different nonlinear mechanisms which have different relaxation times [see
Eq. (2)]. A fit to the data yields r, < 70 fs and r 2 > 3 ps. Until a more complete study
has been carried out, we defer speculation concerning the identity of these mechanisms.

Table 1 summarizes the nonlinear optical coefficients of four different HgTe-CdTe
superlattices with a range of energy gaps as well as results for the Pb_-Sn Se alloy
layer. For the HgTe-CdTe, X (3) monotonically decreases with increasing energy gap. The
theoretical calculation accurately reproduces this trend, which is due primarily to the
inverse dependence of A (3) on electron effective mass [see. Eq. (2)]. The nonlinearity for
Pb -,SnSe exceeds those of the superlattices, and is in fac* among the highest reported
for fast processes in narrow-gap seniconductors.[2] Etalon enhancement effects further

increase the achievable nonlinear optical signal over the base level one predicts using the"actual" )(3 ) from the Tabie.
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CONCLUSIONS

In summary, nonlinear optical coefficients have been determined from non-
degenerate four wave mixing measurements on a series of HgTe-CdTe superlattices as
well as a Pbl_,SnSe alloy layer. The superlattice results are accurately reproduced by
a theory which contains no adjustable parameters. Although the nonlinearity for finite-
gap samples are found to saturate at high laser powers, X\(')'s in zero-gap samples show
no evidence for saturation at powers tip to 2 MW/cmn.(31 The results for Pb ,SnSe
are significant in that the magnitude of the nonlinearity is quite high. There is evidence
for two nonlinear optical mechanisms, one much faster than the other, and etalon er-
hancement further increases the nonlinear response. These results demonstrate that free
carrier nonlienar optical processes in narrow-gap IV-VI materials should be investigated
further.I This research was supported by SDIO/IST ard managed by NRL.

APPENDIX

Calculation of the actual 1\ s l in an etalon is a two step process: we calculate an
apparent t3) by assuming that tie reflected light plays no role in the nonlinear optical
generation, and then a correction factor is determined to account for the etalon effects.
The correction term itself consists of two factors, a correction for the electric field strength
of each pump beam, and a correction for the nonlinear heam.

4 The correction factor for the pump field strength can be found by summing an
infinite series corresponding to each pass of the beam. One obtains[8

F, 1 - rlr 2 ,(-.+2k.)L (3)

where rj = V/-R, R, '!n the reflectivity for surface j. o, and k, are the absorption
coefficient anid propagation constant at frequency wi. and L is the sample thickness.
Note that this term becomes unity in the limit of no internal reflection, since reflection
losses at the surfaces and absorption losses due to the first pass through the sample have
already been taken into account in the calculation for the apparent ,(3).

The correction factor for the nonlinear beam can be found by breaking the fild at
frequency W3 into two components, a beam traveling from left to right (E93,) and a beam
traveling from right to left (E31 ). For definiteness, we take the incident pump beams to
be traveling rightward. The equations obeyed by these field intensitie ; are as follows:

L) E (),,O1~3
2
Ck,, II. (i:*(, O)Ez,, 0) (4)

' 3 l(', 0) 9 3 1Vr, L)e " . ./
2 f&k.L + Kf2,(F . L)E*(f., L) (5)

Ea(, ,L) r 2 E 3,(iL) (6)

E r(F,0) = rl9.3((F,0), (7)

where K is the nonlinear optical gain including absorption losses due to a single pass.

Tile leftward and rightward pump beam fields must satisfy the relation
2f d . ) lyL 1 2 -* ))( )3c (ee=)/ek,

llF ) 2,F )=El,(i , O)E-r(r, ){ 2  c(8)

since there must be one pass through the sample and a reflection before there is a leftward
pump beam. Equations (4-8) can be solved for electric field of the nonlinear beain just
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before it exits tile sample,

-- rlr2
(- 

+2. k3
-

)L (9)

If there are no multiple internal reflections [rlr 2 e -
13L - 01, then the term in

brackets becomes unity and we obtain the required result for the electric field of tile
nonlinear beam corresponding to the apparent X (3): !:,(r, L) = KE(F, 0)E(, 0). The
correction factor for the nonlinear beam is thus the bracketed term in Eq. (9), and the
total correction facto, Ls given by

Cx __F F x i1 + rlr3,(-"s/2-.,-.,'/2+2"k3n3)LI

.,= F 12  x 1 2 }(I I - r r e (- 3 + 2,k an ,)L ( 0
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TRANSPORT PROPERTIES OF NARROW GAP I-VI SUPERLATTICES
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ABSTRACT

The present understanding of the carrier transport properties in Hg-based super-
lattices such as the HgTe-CdTe system is reviewed. Novel features in the calculated
superlattice band structures and their implications for macroscopic transport properties
are discussed. Nearly all of the main experimental results are qualitatively consistent
with a large valence band offset, but are difficult to explain if the offset is small. The
valence band offset controversy thus appears to have been largely resolved.

INTRODUCTION

Impressive advances have been made in the fabrication of narrow-gap Il-VI het-
erostructures since the first successful MBE growth of a HgTe-CdTe superlattice in
1982.[11 Significant strides have been made experimentally and theoretically toward the
development of a fundamental understanding of their properties.[2, 31 It is now apparent
that the band structures of these superlattices exhibit unique features that are distinct
from those found in either Hg-based alloys or in wide-gap superlattices. These have led
to the observation of a number of novel phenomena.

Only two years ago there was no clear picture of the relation between the predic-
tions of band structure theory and the results of experimental studies. Several intriguing
observations, such as extremely high superlattice hole mobilities,[4 were unexplained
except for the vague suggestion that they may be related to some special property of the
Type-III interface states. Early magneto-optical investigations[5 reported a valence band
offset A of 40 meV, in sharp disagreement with x-ray photoemission experiments[6, 7)
which yielded A 350 meV. Several a priori calculations also tended to support a larger
value for A. [8] It will be seen in the following sections that most of the principle exper-
imental results can now be understood qualitatively in terms of theoretical dispersion
relations which are sensitive to A. It will be argued that the long-standing controversy
concerning the valence band offset has effectively been resolved in favor of a large value.

The unique nature of narrow gap HgTe-CdTe superlattice band structures makes
them attractive for a variety of electronic and electro-optical applications. Indeed,
promising infrared applications of these superlattices were discussed theoretically as early
as 1979.[9] However, to assess the ultimate potential, a thorough understanding of their
fundamental properties is required. In this paper, we review recent advances in the un-
derstanding of HgTe-CdTe and related superlattices. Section 2 summarizes theoretical
results for the superlattice band structure, including its strong dependence on valence
band offset. In Section 3, recent magneto-transport data are reviewed and correlated
with the predictions of band structure theory.

BAND STRUCTURE THEORY

Theoretical investigations of the HgTe-CdTe superlattice band structure have been

discussed in previous reviews.42, 3] Many of the treatments include strain effects,110]

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materiml Research Society
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which are significant despite the close lattice match between HgTe and CdTe. Magnetic
fields parallel to the growth direction are also easily incorporated when the k p approach
is used.[11-14] In general the results appear to be relatively independent of the method
employed, as long as the formalism is sufficiently detailed. For example, it has been
explicitly demonstrated that the transfer-matrix k . p algorithm of Ram-Mohan et al.[11]
generates band structures which are in good qualitative and quantitative agreement with
those obtained from the multi-band tight-binding calculation of Schulman and Chang.[12]
Nonetheless, even though adequate formalisms have been available for several years, many
of the most significant implications of the theory had not been fully appreciated until
recently.

In summarizing the primary results of the calculations, we first briefly outline how
the energies of the dominant bands vary with superlattice parameters, such as well and
barrier thickness, strain, and valence band offset.[13] It is well known that if the well
thickness dw is relatively thin, quantum confinement causes there to be a sizable energy
gap Eg between the lowest-order electron-like band, El, and the lowest-order hole-like
bands HH1 and LH1. Here we temporarily set the valence band offset and strain to zero,
so that there is nothing to lift the degeneracy of the two hole bands at the zone center.
This band structure is quite similar to that of semiconducting Hgi_,Cd.Te (x >_ 0.16),
except for the additional presence of a series of zone-folded heavy hole bands, HH2, HH3,
etc. If we next increase dw and weaken the quantum confinement, E. shrinks until at
some point El meets HH1 and LH1 at the F-point. For still larger dw the energy gap
becomes negative and the two light-carrier bands invert, with LHI becoming a conduction
band and El a valence band as in semimetallic Hgi_,Cd.Te (x <_ 0.16). However, in
this region El continues to respond to reductions in the quantum confinement by moving
down like an electron band rather than up like a hole band. Similarly, even though LH1
is now a conduction band it is unaffected by quantum confinement as long as there is no
valence band offset. We also note that as in Hgj-,Cd.Te, the in-plane effective masses
for both El and the lighter of the two hole bands is approximately proportional to 1E51.
The effect of tuning dw in the superlattice is thus seen to be quite analogous to that of
varying the composition x in the Hgl-CdzTe alloy system, even though the physical
mechanisms are often different in the two cases.

We next introduce strain and a valence band offset, whose effects are superimposed
on the variation with dw discussed above. For a well thickness such that there is a
small positive energy gap, Fig. 1 shows the results of leaving the valence band offset
small (A = 40 meV) but including strain. Because the lattice constant of CdTe is 0.3%
larger than that of HgTe, strain in the superlattice has the effect of moving the LH1
band to higher energies with respect to the HH1 band.[10 Figure 1 also illustrates an
important aspect of the mass anisotropy of the two hole bands.[10] Whereas El has a
light effective mass both in the plane (k.) and in the growth direction (k.), LH1 has
a light mass only in the growth direction, i.e., mjt, > mi. Conversely HH1, which is
nearly dispersionless in the growth direction, has an in-plane mass which mirrors that
of the electrons (mhz ; m, < mh:). This complementarity between light (heavy)
mass along one axis vs heavy (light) mass in the transverse direction occurs not only in
superlattices but in any zincblende or diamond structure semiconductor with a uniaxial
perturbation.[141 Clearly, any measurable property which depends on the effective mass
of free holes along either axis will be extremely sensitive to whether LH1 or HH1 is the
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uppermost valence band.
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Figure 1. In-plane and growth-direction Figure 2. Superlattice in-plane and
dispersion relations for a [100] HgTe- growth-direction dispersion relations for
Hgo.13Cd.ssTe superlattice with A = 40 A = 350 meV and including strain (dw =
meV and including strain (dw = 84 A, 61 A, dB = 29 A).[15] The dashed curves
dB= 29 A).[15] are in-plane dispersion for k, = w/d.

The ordering of the two hole bands can be reversed by increasing the hole quantum
confinement, i.e., by assuming a large valence band offset. Because quantum confinement
has much more effect on light-carrier bands, LH1 moves below HH1 whenever A > 150
meV, although an offset of ; 200 meV is required before there is enough separation for
the light in-plane mass of HH1 to become evident.[13] Figure 2 shows that when the XPS
value[6, 71 of A = 350 meV is employed, HH1 dominates near the zone center and as was
discussed above, mhz m, < mh5 . It is also apparent from a comparison of the solid
(k, = 0) and dashed (k. = 7r/d) curves that the in-plane dispersion for HH1 has a very
strong dependence on growth-direction wavevector. This is because mhp cc E., and E,
is seen to be a rapidly-varying function of k,. Since the valence band maximum extends
along the entire k, axis, the consequence is that holes with a wide range of in-plane
masses coexist within the superlattice, a phenomenon which has been designated "mass-

broadening".[16] In the example shown in Fig. 2, m°, % 0.0015m0 while m ,, ; 0.04,
i.e., the hole masses vary by a factor of 27. Thus the low-temperature hole mobility
should be intrinsically broadened and not describable in terms of a single type of hole
with sharply-defined mobility. Note also in Fig. 2 the extreme nonparabolicity of the

in-plane dispersion for HH1. At k5 = 0 (solid curve), mhZ varies from - 0.0015m0 near
the valence band maximum to essentially infinite (or electron-like) only 22 meV lower
in the band. One should expect that such a dramatic variation of the free hole effective
mass with energy should be reflected in the experimental properties.

The band structure shown in Fig. 2 is for a small positive energy gap. The effect
of further decreasing the electron quantum confinement is that E, at k. = 0 becomes
zero or negative, i.e., El crosses below HH1. Once the confinement has been reduced
sufficiently for the bands to cross, the superlattice converts from a semiconductor to a
semimetal. Although E, < 0 at the zone center, there is some k. = k5 c for which the
energy gap is nearly zero and the in-plane electron and hole masses are extremely small.
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Both electrons and holes can exhibit strong mass broadening in this regime. The extent
of the semimetallic region is directly related to the k, dispersion of the El band, i.e., it
depends strongly on dB. If the quantum confinement is decreased further, El eventually
falls completely below HH1 and a net "negative energy gap" opens up,[17, 18] i.e. the
superlattice again becomes a semiconductor.[19 For small valence band offsets there is no
extended semimetallic region, so that no semiconductor-semimetal-semiconductor double
transition is predicted.

Summarizing, a central result of the theory is that the identity of the dominant
hole band depends on whether the valence band offset is large or small. If it is large as in
Fig. 2, HH1 is the highest hole sub-band and the growth direction hole mass is extremely
heavy while the in-plane electron and hole masses at the zone center are mirror-images
of one another. The in-plane dispersion of HHI is extremely nonparabolic and mass-
broadening should occur. Furthermore, it is predicted that a second semiconducting
regime may exist in the region of large well thicknesses. On the other hand, if the offset
is small as in Fig. 1, LH1 dominates and the growth-direction electron and hole masses
are comparable while the hole mass in the plane should be much heavier than that of the
electrons. Strong nonparabolicity, mass-broadening, and the semiconductor-semimetal-
semiconductor double transition are not predicted for small offsets. Obviously, such
significant differences should have numerous consequences on the observable experimental
properties.

RECENT EXPERIMENTAL RESULTS

In this section, we summarize some recent experimental magneto-transport results,
which have contributed substantially to our understanding of the superlattice band struc-
ture and electronic properties. We will see that the experiments are far more consistent
with the theoretical predictions of the preceding section when a large valence band offset
is assumed.

Recent magneto-transport studies have demonstrated numerous qualitative corre-
lations between the experimental results and specific features in the theoretical band
structures. From a mixed conduction analysis of Hall and conductivity data as a func-
tion of magnetic field, Hoffman et al. obtained electron and hole densities and mobilities
vs temperature (4.2 to 300 K) for a large number of HgTe-CdTe and Hgl-,ZnTe-CdTe
superlattices.[20,21,24-26] Since many of the samples had zero or relatively narrow en-
ergy gaps, intrinsic electrons were often observable over a broad temperature range. The
temperature dependence of ni could therefore be used to obtain an accurate non-optical
characterization of E,.[17, 20] If ni(T) is normalized to T3 2 and plotted vs. T on
a semilog scale, to a first approximation the slope of the line obtained is proportional
to the zero-temperature extrapolation of the gap, E,. Figure 3 illustrates this for five
HgTe-CdTe superlattices with varying well thicknesses. As theory predicts, the superlat-
tices are semiconducting whenever the wells are relatively thin. With increasing dw, E °

decreases until near dw L 75 A, they enter a semimetallic regime where n, oc T3 /2 . A
large number of samples with a wide range of well thicknesses have been found to have
E° z 0. However, recent data (filled circles) indicate a significant energy gap (16 meV)
in a sample with dw = 128 A and relatively wide barriers (dB = 89 A).[21] This verifies
the theoretical prediction discussed in the preceding section, of a second semiconducting
region at large well thicknesses. No extended semimetallic regime or semiconductor-
semimetal-semiconductor double transition would be expected to occur if the valence
band offset is small. Furthermore, experimental energy gaps obtained in this manner for
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a series of HgTe-CdTe samples with a wide range of dw were found to agree much better
with theoretical gaps calculated assuming a large A (350 meV).[17]
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0

I0
's  051 (80 meV)

010 20 00 0 150

(T/300K)-' EX" (meV)

6Figure 3. Experimental intrinsic carrier Figure 4. Low-temperature electron
densities (normalized by T3 /2 ) vs in- and hole mobilities vs experimental en-
verse temperature for five HgTe-CdTe ergy gap. Data from fourteen HgTe-
superlattices.[21]. Well thicknesses CdTe and llg1 _Zn Te-CdTe superlat-

and energy gaps derived from the slopes tices are represented. The negative-gap

of the straight-line fits are indicated, data point is for the thick-well samplewhose 5(T) is given by the filled circles
in Fig. 3.

One of the more dramatic findings of the early experimental work on Hg-based
superlattices was the observation by Farie et al.[4] of low-temperature hole mobilities

that are much higher than any seen in Hg1 -zCdzTe alloys.[22] Recent measurements
on zero-gap superlattices have yielded /p > 2 x 105 cm 2 / Vs,[16] the highest ever for
a Il-VI semiconductor. Until recently these results were largely unexplained. Figure 4
illustrates low-temperature electron and hole mobilities as a function of energy gap for
fourteen different HgTe-CdTe[16, 17, 21, 23] and Hg anZnTe-CdTe[16, 24] superlattices.

In general, there is seen to be a strong inverse dependence of both and p on Eg, with

Ssemimetallic samples clearly having the highest mobilities. Furthermore, , p in all

samples for which a comparison could be made, implying a near equality of the electron

and hole effective masses. These observations are entirely consistent with the calculated
band structures as long as one employs a large valence band offset, since HH1 is then
the dominant valence band and seen rrin lE (see Fig. 2). However, the data are

difficult to explain if a small A is assumed, because LH1 is uppermost and mh e> fo

in that ca se e Fig. 1).

The temperature dependence of the transport properties also provides useful infor-
mation. Figure 5 gives experimental mobilities for electrons and two types of holes in a

semimetallic HgTe-CdTe superlattice.[i For nearly all p-type samples with zero energy

gap, it was found that one could not account for the low-temperature Hall and conduc-

tivity data as a function of magnetic field if only a single species of high-mobility hole
was assumed to be present. In fact, that observation is consistent with the band struc-

ture analysis discussed in the preceding section, since strong mass-broadening of the hole
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population is predicted whenever a large valence band offset is employed. The two-hole
fit shown in Fig. 5 may therefore be viewed as a simplified approximation to a continuous
distribution of hole mobilities, where the values of p, and Pp2 roughly indicate the range
of mobilities being spanned. Mass broadening for electrons in semimetallic samples has
also recently been observed.[21] Figure 5 further illustrates that while Pp s ,p at low
temperatures, p, decreases much more abruptly when T is increased above 30 K. This
result, which appears to be general for p-type Hg-based superlattices with small energy
gaps, is probably related to the theoretical prediction that the in-plane dispersion for
HH1 is extremely nonparabolic[17] (see Fig. 2). With increasing T the holes will popu-
late higher-energy states which have a much larger effective mass, hence a lower mobility.
Again, it is difficult to account for the data when a small offset is assumed, since both
mass-broadening and strong nonparabolicity are then absent (see Fig. 1).

105  0 0 0 j L M 0

0 Figure 5. Experimental electron and hole
E A 0 mobilities vs temperature for a p-type HgTe-

0 CdTe superlattice.[17] At low T the fits yield
HgTeCde op, 1.2x 1015 cm- 3 and p2 . 3x 1015 cm- 3.

(78A - 29A) A
1 0A 0

0 JUPI

10 . I I

10 100
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Reno et a1.[25] measured the hole mobility in a series of Hg-.Cd Te-CdTe super-
lattices with well compositions x spanning the range 0 to 0.27. They observed a relatively
abrupt drop in the hole mobility when z was increased from 0.08 to 0.16, and attributed
it to a disappearance of symmetry-induced interface states at the transition from Type-
III to Type-I superlattices. Meyer et al.[13] suggested that the mobility drop is instead
related to a shift of HH1 holes from very light-mass states near the r-point to states with
much heavier mass farther out in the zone (k, z 0.03), which coincidentally is predicted
to occur at some x near that corresponding to the Type-III to Type-I transition. While
theory clearly predicts the existence of these quasi-interface states, there is no conclusive
evidence that any of the dramatic effects observed in the transport or magneto-optical
properties result from the Type-IllI to Type-I transition.

The experimental results discussed above overwhelmingly support a large valence
band offset. This conclusion is confirmed by magneto-optical and optical experiments.
For example, Perez et al.[26] have reported hole cyclotron resonance in a p-type HgTe-
CdTe superlattice with E° very near zero. From measurements in Faraday and Voigt
geometries, the hole effective mass ratio was determined to be rnh/mh, - 280. As dis-
cussed in the previous section, the large ratio is fully consistent with a large valence band
offset (Fig. 2) but is difficult to explain if the offset is small (Fig. 1). Furthermore, the
two resonances observed in the Faraday geometry and their magnetic field dependences
are correctly predicted by Landau-level calculations[27] if a large A is assumed. (Johnson
et al.[18] have recently shown that early magneto-optical investigations,[51 which argued
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for a small offset, could albo be understood assuming a large A.)

Recent infrared absorption spectra on HgTe-CdTe superlattices of particularly high
quality also strongly support a large A. Their spectra exhibit not only the broad steps
which correspond to transitions between the various heavy hole and electron sub-bands,
but also a weaker feature due to LH1 to El transitions.28] The valence band offset must
be at least as large as the observed separation of the two peaks.

DISCUSSION

In the previous sections it was seen that there is a good qualitative correlation
between theory and experiment for HgTe-CdTe superlattices. Unfortunately, a quanti-
tative comparison with experiment is not yet possible, since a suitable formalism for the
macroscopic transport properties in narrow-gap superlattices does not exist. The theory
for macroscopic superlattice properties, must be completely reformulated to incorporate
the unique features found in narrow gap superlattice band structures. Here we briefly
outline just a few of the many issues which must be addressed in the development of such
a theory.

Due to extreme nonparabolicity in the band structure, it is necessary to develop a

formalism which treats arbitrary in-plane and perpendicular dispersion relations. Simi-

larly, since the electrons tend to have perpendicular masses (m.) which are of the same
order of magnitude as their in-plane masses (me,), the transport should be considered
as anisotropic in three-dimensions rather than two-dimensional. As was discussed in the
previous section, the theory must also account for kz-degeneracy "mass-broadening" in
the valence and conduction bands. The dominant scattering mechanisms at low tem-
peratures have not yet been positively identified. Besides ionized-impurity and possibly
interface-roughness scattering, electron-hole scattering should be important in narrow
and zero-gap samples. In contrast to the case of zero-gap bulk materials, electron-hole

events will strongly affect transport of both electrons and holes. The interface nature of
electron and light hole states may play a role in some instances, and the treatment of
screening by very light and extremely nonparabolic carriers may require special care. Di-
electric enhancement in the zero-gap regime due to virtual band-to-band transitions[29]
must be reformulated for the superlattice case.

As should be clear from this partial list of considerations, the unique features of
narrow-gap superlattices will require the development of a comprehensively new theoreti-
cal transport formalism. Minor modification of existing theories developed for narrow-gap
alloys or III-V superlattices will not be adequate. When available, such a theory will al-
low more detailed predictions of how the unusual aspects of narrow-gap superlattice band
structures affect the macroscopic properties. It will naturally also be necessary to develop
new approaches to such phenomena as nonlinear optical properties, energy-relaxation
mcchanisms, optical and magneto-optical transitions, recombination in indirect zero-gap
materials, etc.

CONCLUSIONS

In this review we have attempted to summarize the current understanding of trans-
port properties in Hg-based superlattices. Theory shows that the free hole properties
should be highly sensitive to whether the uppermost valence band is H1ll or LH1. While
LHI dominates for small valence band offsets, Hill dominates whenever A is greater than
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approximately 200 meV. For large offsets, theory predicts roughly equal in plane electron
and hole masses which are approximately proportional to the energy gap, extremely non-
parabolic hole bands, a very large hole effective mass in the growth direction, strongly
mass-broadened holes and electrons in narrow-gap and zero-gap structures, and a dou-
ble semiconductor-semimetal-semiconductor transition which occurs as the well width is
varied. By assuming a large A, we can account for a broad range of experimental data
in lowest order by considering only the straightforward consequences of the theoretical
dispersion relations. However, the reported experimental observations would be difficult
to explain if A were small, since LH1 would then be the dominant valence band and the
predicted band edge properties would be very different.

It should be noted that detailed quantitative theories for free carrier magneto-
transport, optical and magneto-optical transitions, carrier recombination etc., which de-

pend on distinctive features of the Hg-based superlattice band structure, have not yet
been developed. Future work should focus on placing the broad qualitative observations
discussed above on a more rigorous theoretical footing.
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ABSTRACT

We report a detailed magneto-transport investigation of HgTe-CdTe multiple quan-
tum wells. The data yield the first experimental confirmation of a theoretically-predicted
"negative-gap" semiconducting region in wide-well Hg-based heterostructures. Gaps of
up to 19 meV are observed.

INTRODUCTION

It is well known that in the low-temperature limit, the Hgi-,CdTe alloy system
is semiconducting for compositions x > 0.16 and semimetallic for x < 0.16. It has re-
cently been demonstrated experimentally[1] that HgTe-CdTe superlattices are somewhat
analogous in that as the well thickness dw is decreased, there is a point at which the
material undergoes a semiconductor to semimetal transition. Whereas samples with thin
quantum wells are semiconducting, superlattices with dw > 78 A (and up to 130 A)
are found to have energy gaps of zero to within the experimental uncertainty.[1, 21 The
observation of a semimetallic regime is easily understood theoretically[1] in terms of a
crossing of the El energy band, which has strong dispersion in the growth direction (k.),
and HHI, which is nearly dispersionless in kz. At well widths for which the two bands
cross, both the conduction band minimum and the valence band maximum lie at the same
energy along different portions of HH1. Electrons occupy the region of the Brillouin zone
between k, = 0 and the crossing point (k,,) while holes occupy the region between k.,
and lr/d. However, it has recently been argued theoretically[31 that in contrast to the
Hgi-,CdTe alloy, HgTe-CdTe superlattices should display a second transition back to
the semiconducting state whenever the well thickness becomes so large that the bands
no longer cross, i.e, El lies completely below HH1. We also point out that the band
crossing responsible for the semimetallic behavior occurs only when the El band has a
strong dispersion in the growth direction. It follows that HgTe-CdTe multiple quantum
wells (whose barriers are too thick to allow significant interactions between neighboring
whlls) should display no extended semimetallic regime. Instead, as the well thickness is
increased the material should pass directly between a positive-gap semiconducting state
and a negative-gap semiconducting state.

In the present work, we have carried out a detailed experimental magneto-transport
investigation of HgTe-CdTe multiple quantum wells with relatively large well widths.
Energy gaps for each sample have been determined from an analysis of the temperature
dependence of the intrinsic carrier density. As a consequence, we are able to report
the first experimental verification of the negative-gap semiconducting regime which is
predicted to occur at large well thicknesses.

Mat. Rea. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society



414

QUANTUM WELL BAND STRUCTURES FOR WIDE WELLS

Recent publications have treated at some length the systematics of HgTe-
CdTe superlattice band structures in the positive-gap semiconducting and semimetallic
regimes.[1, 4] However, the wide-well (negative-gap semiconducting) regime has not pre-
viously been discussed in any detail. We therefore briefly summarize some of the primary
considerations.

Theoretical band structures were obtained numerically using the multiband tight-
binding theory developed by Schulman and Chang.451 A valence band offset of 350 meV
was employed, and strain was ignored since the present multiple quantum wells were
grown on lattice-matched substrates. Figures 1 and 2 illustrate results for the in-plane
(k.) and growth-direction (k,) dispersion relations of multiple quantum wells with two
different well thicknesses, 81 A and 128 A. In both cases the barrier thickness of 89 A is
wide enough that there is no significant dispersion in k. The theory predicts that E, is
positive (El lies above HH1) only when dw < 78 A, thus there is a small negative gap of
5 meV at dw = 81 A (Fig. 1). In this regime the energy gap is direct and both electrons
and holes have very small in-plane effective masses near the band extrema. However, due
to the side-maximum at k. ; 0.035, holes with energies only 15 meV below the band
edge have a much larger mass and a much higher density of states.

40 40

20- 20-i- 0- ~
>HI - >d

E-20 - E- 20 H112

-40- -40 =
HH2 HH3

-60- -60 El

0.04 0.02 0 0.2 0.4 0.6 0.8 1.0 0.04 0.02 0 0.2 0.4 0.6 0.8 1.0
k. (2,r/a) k. (,rid) k. (2r/a) k. (r d)

Figure 1. In-plane and growth-direction Figure 2. In-plane and growth-direction
dispersion rdatinn for a [1001 HgTe- dispersion relations for a multiple quan-
HgsisCd.ssTe multiple quantam we'! tum well with dw = 128 A, dB = 89 A).
(dw = 81A , dB = 89 A). A valence band The indirect energy gap is indicated.
offset of 350 meV has been assumed.

When the well thickness is increased to 128 A (Fig. 2), El lies below not only HH1
but also HH2 and HH3. In this regime HH1 is the conduction band and HH2 is the
valence band. Note that while the negative energy gap increases with dw as long as El
is the valence band, it begins to decrease again as soon as El passes below HH2. This
is because reducing the quantum confinement by increasing dw has the effect of moving
the hole bands closer together, hence decreasing the gap between HH1 and HH2. We
also find that the valence-band maximum is now at k.:: 0.025, i.e., the gap is indirect.
In this example, E "d 9.5 mcV (sce th- arrow in the figure) while Edia r ; 17 meV. The
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in-plane inass for electrons has increased from .0019rn0 in Fig. 1 to 0.017rno in Fig. 2 (it
is roughly proportional to the separation between HH1 and El). Furthermore, the hole
mass in Fig. 2 is much larger than the electron mass, in contrast to their near equality in
Fig. 1. These implications of the theoretically-derived band structures will be considered
when the experimental data is interpreted below.

MBE GROWTH AND EXPERIMENTAL

Six 100-period HgTe-Hgo.IsCdo.ssTe multiple quantum wells were grown in an
MBE system which has been described previously.61 Deposition was directly onto a
lattice-matched [100] Cd 1_1 ZaiTe substrate with no buffer layer. The well and barrier
thicknesses listed in Table 1 were accurately determined from x-ray satellite peaks in
conjunction with growth-rate data.[1] Note that the barrier thicknesses of 89-109 A are
large enough to prevent any significant tunneling between neighboring wells. Thus all
bands in these structures are predicted to be nearly dispersionless in k_, in contrast to
most previous studies involving superlattices with much thinner barriers (< 60 A).

Table 1 - Sample Characteristics

dw dB no [p / I, E Ph
(A) (Al (cm 3 ) (cn]2 /Vs) (ci 2 /Vs) ( meV) Dir. Ind.

1 68 97 1.8 X 1016 5.6 10' 1.2 x 104  = 0 +17
2 83 99 2.5 x 10 5 4.8 x 10i 1.1 X 104 8 -8 -19

3 96 99 [2.3 x 10151 4.3 x 10' 1.4 x 10' 11 -19 -15
4 112 109 1.4 x 10-i 5.1 . 10' 2.5 x 104 9 -19 -12
5 128 89 0 5.7 - 104 2.4 x 104 19 -17 -10
6 160 102 [1.7 x 10"15 3.9 x 10' 2.7 × 10' 9 -12 -7

Van der Pauw Hall and conductivity meanisurements were performed on each sam-

ple as a function of magnetic field (0-70 kG) and temperature (4.2-300 K). A mixed-
conduction analysis was then employed to extract the electron and hole densities and
mobilities as a funtion of temperature. In contrast to some previous studies of HgTe-
CdTe heterostructures, the data showed no evidence for the presence of charge-transfer
electrons or holes.[7, 8] Furthermore, in contrast to previous studies of thin-barrier HgTe-

CdTe superlattices, the fits did not yield multiple electron or multiple hole species due
to "mass-broadening".[1, 9] Table 1 gives the electron or hole concentration in the low-
temperature limit (no or p0), along with the maximum electroi mobility (which generally
occurred at intermediate temperatures), and the electron mobility at 300 K.

RESULTS

With increasing temperature, the electron and hole densities are observed to in-
crease in a manner consistent with the thermal generation of intrinsic carriers. In previous
studies of Hg-based superlattices, analysis of the temperature dependence of n, has been
found to provide a valuable method for determining the energy gap.[1] However, the
lowest-order analysis is slightly different in the cases of a superlattice, which may be
thought of as an anisotropic three-dimensional material, and a multiple quantuim well.
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which has no k, dispersion and thus contains quasi-two-dimensional electron and hole
gases in each well. Whereas the earlier treatruent[ll had used the conventional 3D "law
of mass action" result

n 2 d,- ) (n ,n )3/4 BT 3/2 ' - /2k 8 T (1)

here we will use the 2D analog for tile intrinsic density per well,

2D (ksT') ,ds /2- -E°/2kjjT
7,hk (- < m n , )n / 2 e.l

2 
k e T ( 2 )

In both expressions, El is the zero-temperature extrapolation of the energy gap, - is the
temperature coefficient of E (T), and m"' and md are the density-of-states electron and
hole effective masses. Since the 3D and 2D results have the same exponential dependences
on T - , the key difference between the two expressions is the proportionality to T D / 2 ,

where D is the dimensionality.

We see from Eq. (2) that if n, 
D is normalized to T and plotted vs T 1 on a

semilog scale, the slope of the curve should be proportional to E ° . For three of the
multiple quantum wells, such plots of the experimental intrinsic densities are illustrated
in Fig. 3.[10] Results for the sample with the thinnest wells (68 A) indicate that the
low-temperature gap is near zero. Thi6 compares with a theoretical value in Table 1 of
+17 meV (theory predicts that the zero-gap point should occur when dw .: 76 A). When
dw is increased, data for all of the other multiple quantum wells show clear evidence for
the opening of a negative E.. For example, the slope shown in the figure for Sample 6
(160 A) gives a gap of 9 meV. The most dramatic case is Sample 5 (128 A), for which
the intrinsic density freezes out by three orders of magnitude when T is lowered front
60 K to 15 K. For that sample, the data from the figure yield EO 19 meV.[11] At low

temperatures (e.g., 15 K), ni is largest in the 68 A sample because its direct gap is much
smaller than the indirect gaps in the other two samples. However, with increasing T,
kBT becomes comparable to the gaps of the thicker well samples and the much larger
density of states at the indirect valence band maximum becomes the dominant factor.
Although the increase of the slope for the 68 A sample at higher T is probably due to the
contribution of the indirect maximum, that sample has the largest Ein d and therefore
the lowest intrinsic density at high T. A further consideration at higher T is that when
dw is large, the sub-band spacings for HH2, HH3, etc. are much smaller and higher-
order bands contribute increasingly to the available density of states. This probably
accounts for the larger ni(300K) in Sample 6 than in Sample 5. Comparison of the
experimental and theoretical energy gaps listed in Table 1 shows quite good agreement
with respect to the general magnitudes of IEq1. For the five negative-gap samples, theory
gives values between 7 and 15 meV while the data yield 8 to 19 meV. However, the
experimental dependence on dw is not very systematic. It is unclear whether this is
due to an insensitivity of the data to relatively small changes in E., or whether some

-other factor which has not been accounted for is having a higher-order effect on the
experimental results (e.g., band bending due to unintentional modulation doping).

Shown in Fig. 4 are electron and hole mobilities as a function of temperature for the
sample with the thickest wells (dw = 160 A). We note first that p,(T) does not decrease
significantly with increasing temperature until T > 200 K, i.e., a positive slope persists
well into the regime where phonon events have become the dominant scattering mecha-
nism. For the series of six multiple quantum wells, there is a nearly monotonic increase

I,
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with dw of the temperature at which the electron mobility has its maximum. This quali-
tative observation is easily understood in terms of the theoretical band structures and the
relation between in-plane effective mass and the E1-HH1 energy gap: m,(T) cc IE,(T)I.
Since Eg(T = 0) < 0 in the present samples and since dE_/dT > 0, there will be some
intermediate temperature at which the gap passes through zero and the mass has its
minimum value. While this occurs in the low temperature limit for Sample 1 (dw = 68
A), the minimum mass in Sample 6 (160 A) is not predicted to occur until T 220 K.
The ambient-temperature electron mobilities listed in Table 1 are seen to increase with
increasing dw. This is consistent with the theoretical prediction that at higher temIper-
atures the positive E. monotonically decreases with increasing dw. We conclude that in
wide-well HgTe-CdTe heterostructures, the main qualitative features of the temperature-
dependent electron mobility are dominated by the strong variation of the band structure
with T rather than by the details of the scattering mechanisms.

T (K)

02 300 50 30 20 15

001

E 1 1 d w = 6 8 A A0 o o e m e o

.160 000 0 0

ow i-o
00 *0

10
9  

128A 2 1
o

* p (HgTe)

10 s 0 10 20 101 ' 0 100

(T/300K)-1  T (K)

Figure 3. Experimental 2D intrinsic Figure 4. Experimental electron and
carrier densities per well (normalized hole mobilities vs temperature for a
by T) vs inverse temperature for three HgTe-CdTe multiple quantum well.
HgTe-CdTe multiple quantum wells. Hole mobilities for HgTe[12, 31 are
Well thicknesses for each sample are in- shown for comparison.
dicated.

Whereas the band structure calculations predict a very light effective mass for holes
in the thin-well regime (see Fig. 1), theory also predicted tnat for thicker wells the mass
at the indirect valence band maximum is roughly equal to that of the heavy holes in
HgTe (see Fig. 2). It is therefore noteworthy that the low-temperature mobility ratio
,,/p1 , in Fig. 4 is only about a factor of 2 even though the mass ratio mp/m. should

be greater than 10. For comparison, Fig. 4 also gives temperature-dependent mobilities
for holes in HgTe.[12, 13) We find that up in the multiple quantum well and in HgTe are
quite similar, which is not surprising since the effective masses and scattering mechanisms
are probably comparable. On the other hand, while the electron mass in Sample 6 is
predicted to be slightly smaller than that in HgTe[14] (, 0.02mo vs 0.028mo), the electron
mobility in the figure is nearly an order of magnitude lower than that in comparably-
doped HgTe.[12, 13] This may imply the presence of an additional scattering mechanism
in the multiple quantum well. One possibility is interface roughness scattering, which is
expected to have much more effect on the electrons than holes due to a strong inverse
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dependence on effective mass.[15]

CONCLUSIONS

We have carried out a detailed magneto-transport investigation of HgTe-CdTe mul-
tiple quantum wells. The results provide the first experimental confirmation of the
negative-gap semiconducting regime which had been theoretically predicted[l, 3] to occur
in HgTe-CdTe heterostructures with wide quantum wells. As the well width is increased
from 68 A to 160 A, the energy gap is observed to increase from 0 to as much as 19
meV. We thus have the counter-intuitive finding that in some regions, the energy gap
increases with decreasing quantum confinement. The present data on multiple quantum
wells contrast previous results for superlattices, which have been found to be semimetallic
for a broad range of dw between 78 and 130 A. We also find that for the range of well
thicknesses studied, the temperature at which the electron mobility has its peak is more
sensitive to the band structure than to the details of the scattering mechanisms. Due
to the negative temperature coefficient of the effective mass, A. in thick-well samples
increases with T well into the region where phonon scattering dominates the momentum
relaxation.
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QUANTUM-CONFINED STARK EFFECT IN I-VI SEMICONDUCTOR
COUPLED QUANTUM WELLS

Z. Yang, and J. F. Schetzina, Department of Physics, North
Carolina State University, Raleigh, NC 27695

ABSTRACT

The Quantum-Confined Stark Effect in II-VI semiconductor
coupled quantum wells is studied theoretically. It is found that
because of the difference in localization of the wavefunctions of
the heavy hole and the electron subbands involved, large band gap
shifts can be induced by an external electric field for quantum
wells with zero-field band gaps in the spectrum region from 0.4 gm
to 12 I.m. Several potential device applications based on this
effect are proposed.

INTRODUCTION

The Quantum-Confined Stark Effect (QCSE) in III-V semiconductor

quantum wells (QWs) has been studied extensively in recent years,
and various device applications based on the effect have been
demonstrated [1-3]. The effect in Hg-based narrow gap II-VI
semiconductor QWs was recently studied theoretically, and large
band gap shifts were predicted in coupled QW structures [4,5]. In
this paper we extend our previous work [5] to II-VI semiconductor
QWs with zero-field band gaps ranging from 0.4 pum to 12 Lm. Novel
device applications are also proposed.

QUALITATIVE ANALYSIS

A typical coupled QW structure chosen for study is shown in
Fig. l(a) . In the structure two HglxCdxTe well layers are
separated by a thin Hgl-yCdyTe (y > x) wider-band-gap barrier
layer, and the three layers are sandwiched between two thick CdTe
barrier layers. The structure can be repeated many times to form
thick samples. The two wells separated by the thin low barrier
within each structure are coupled while, because of the thick CdTe
barriers, each structure is isolated from one another.

The QCSE in the coupled wells can be qualitatively analyzed in
the following way: With proper x and y values and layer
thicknesses, the electronic subbands in the structure are such
that the first two heavy hole subbands, HI and H2, are above the
valence band edge of the low barrier and therefore their
wavefunctions are mostly localized in the left-side well and in
thb right-side well respectively. The first conduction subband El
lies above the low barrier conduction band edge with its
wavefunction thus extending over both the wells and the low
barrier region. The light hole subband L1 is below the valence
band edge of the low barrier and its wavefunction also spreads
over the entire structure. Its contribution to the QCSE is thus
very limited. When an external electric field is applied
perpendicular to the well layers in the direction shown in Fig.
l(b) (defined as positive bias), an additional potential V(z)
exists, where z is the coordinate along the field direction. If
the center point of the structure is chosen as z = 0 and V(0) = 0,

Mat. Res. Soc. Symp. Proc. Vol. 181. 1190 Materials Research Society
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V(z) is then positive when - < 0 and negative when z > 0. The
first order perturbation t the energy of a particular subband is

AE = f IT (z) 12 V(z) dz,

where '(z) is the envelope wavefunction of the subband. It is
readily seen that the level Hi will increase in energy while El
remains unchanged as the field strength increases, if the two
wells are of the same thickness. Level H2 will decrease in energy.
The band gap of the structure, determined now by the energy
difference between El and H1, will then decrease. When the field
direction is reversed (negative bias) H2 will increase in energy
while Hl will decrease in energy, in exactly the same way as for
positive bias, since the structure is symmetric. The band gap of
the structure, now determined by the energy difference between El
and H2, again decreases as the field strength increases.
Therefore, for a symmetric coupled-well structure the applied
electric field induces a RED shift in the band gap of the QW
structure.

Suppose now the left-side well layer is thicker than the right-
side one, as is shown in Fig. 2. At zero field, level HI is above
level H2. The field will induce either a RED shift or a BLUE
shift, depending on the direction of the field. If the field
direction is the same as in Fig. 2(b) then, since the band gap is
determined by the energy difference between El and Hi as long as
HI is above H2, and HI decreases in energy faster than El does
when the field strength increases, the band gap will BLUE shift.
The band gap will RED shift after H2 is above Hl. Under positive
bias, HI increases in energy and the band gap RED shifts when the
field strength increases.

RESULTS

The theoretical model used in this work to calculate the
subbands of QWs in the presence of an external electric field has
been presented in detail in our previous work [4,5]. Room
temperature bulk band parameters of Hgl-xCdxTe alloy are used and
strain effects are neglected. The valence band offset between HgTe
and CdTe is taken as 360 meV and a linear dependence of the offset
on the composition is assumed.

Figure 3(a) shows the calculated band gap Eg versus applied
electric field E for a symmetric QW structure with both the wells
comprised of a 42.12 A HgTe layer. The low barrier is a 35.64 A
HgO.8CdO.2Te layer. The thick high barriers are Cdo.8 5Hg 0 .15 Te
layers. The zero-field band gap of the structure is 118 meV, or
10.5 gm. The band gap decreases almost linearly to 86 meV when the
field strength increases to 100 KV/cm. Such a high field is
attainable in Hg-based QWs, as has been demonstrated in Ref. 6.
The band gap changes in the same way as the field is reversed,
since the structure is symmetric.

By using higher x-values for the well and the low barrier, QWs
with zero-field band gaps at shorter wavelengths can be obtained.
An example is shown in Fig. 3(b). Both wells are made of a 58.32 A
Hg0 .8Cdo.2Te layer, separated by a 32.4 A Hgo.6Cdo. 4Te barrier. The
zero-field band gap is 305 meV, or 4.05 gm. The gap reduces to 250
meV when the field strength is 100 KV/cm.

Figure 4 shows the change in band gap Eg as a function of the
applied field E, which is pointing in the same direction as in
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(a) (b)

Figure 1. Schematic diagram of a symmetric coupled quantum well
structure. The thick lines are the potential the electrons see and
the dashed lines are the subband levels. (a) No applied field. (b)
Under positive bias.

E=O E

El El

(a) (b)

Figure 2. Schematic diagram of an asymmetric coupled quantum well
structure. The thick lines are the potential the electrons see and
the dashed lines are the subband levels. (a) No applied field. (b)
Under negative bias.
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Figure 3. The band gap Eg of symmetric structures versus the
applied electric field E. The gaps RED shift when the field is
applied. (a) The zero-field band gap of the structure is 118 meV,
or 10.5 pis. (b) The zero-field band gap is 305 meV, or 4.05 Jim.
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Figure 4. The band gap Eg of an asymmetric structure versus the
applied electric field E. The structure is under negative bias.
The band gap BLUE shifts until the field strength reaches
65 KV/cm.
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Fig. 2(b) for an asymmetric QW structure. The left-side well is a
55.08 A HgTe layer and the right-side well is a 16.2 A HgTe layer,
with a 48.6 A HgO.8Cdo.2Te barrier in-between. The band gap BLUE
shifts up to 7 meV when the field strength reaches 65 KV/cm. Level
H2 is then above H1 when the field strength further increases, and
the band gap red shifts rapidly.

Structures with even larger band gaps can be obtained by using
even higher x-values and large band gap shifts continue to exist.
Finally for the structures with band gaps in the visible light
region, we propose to use ZnSxTel-x/ZnSe coupled QWs. With an
x-value of 0.7, the two semiconductors are nearly lattice-matched.
If a linear dependence of the band parameters of the ZnSxTel-x
alloy on the composition is assumed, then the conduction band edge
in ZnS0.7Te0.3 will be about 250 meV above that in ZnSe, while its
valence band edge will be about 300 meV below that in ZnSe. The
ZnS0.3Te0.7/ZnSe can then be used to form a type-I QW, with ZnSe
being the well and ZnS0.7Te0.3 being the barrier. ZnSxTel-x with an
x-value slightly lower than 0.7 can be used as the low barrier in
the coupled well structure. Large band gap shift with the electric
field is expected.

APPLICATIONS

One potential application of the QCSE in II-VI QWs is for high
speed electrooptic modulators in the important infrared spectral
regions from 8 to 12 pm and from 3 to 5 jm, and in the visible
region near 4000 A. A light beam with photon energy slightly below
the zero-field band gap of a coupled QW structure will pass
through it with little loss. When a bias is applied to the
structure, the band gap shifts to lower energy and the incident
light will be absorbed. The intensity of the transmitted light is
therefore controlled by the bias voltage. The switching speed of
such a device is mainly limited by the RC time constant of the
bias circuit, as has been demonstrated in III-V QWs [2].

Another application is the self-electro-optic device (SEED)
[3]. QWs with band gaps that can be BLUE shifted are needed, since
in narrow gap II-VI QWs there is no excitonic feature near the
band edge absorption. The device circuit includes a constant
voltage source, a coupled QW and a series resistor. When there is
no incident light, there is a certain voltage drop across the
series resistor. The remaining source voltage is across the QW and
its band gap is blue shifted. A monochromatic light beam with
photon energy slightly below the shifted band gap is incident on
the QW. When the light intensity is low, little photo-current is
generated and the QW is transparent to the light. However, when
the intensity is high, additional photo-current is generated, and
the voltage drop across the series resistor increases, and the
bias on the QW decreases. The reduction of the bias then shifts
the band gap to lower energy, which in turn increases the light
absorption and therefore increases the photo-current, which in
turn further reduces the bias. Such a positive feed-back process
will quickly shift the band gap from above the photon energy to
below the photon energy, until a flat absorption region is
reached. The QW is then opaque to the incident light.

A third application is a non-linear optical device, where a
high power laser beam provides the electric field for a symmetric
QW structure. The beam should be incident at an angle relative to
the QW layers so that there is a finite component of the electric
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field perpendicular to the QW layers, or the beam could be coupled
in so that it propagates parallel to the layers, with its
polarization being perpendicular to the layers. The oscillating
electric field induces a red shift of the band gap and therefore
alters the optical properties of the structure. Such a non-linear
optical process is expected to be very fast, since no band filling
or thermal redistribution of the electrons is needed in order to
induce the process.

In summary, we have demonstrated theoretically that in II-VI
semiconductor coupled quantum well structures large band gap
shifts can be induced by an external electric field applied
perpendicular to the QW layers. The zero-field band gap of the
structure can be chosen to be anywhere from 0.4 Pm to 10 Pm. These
QCSE structure can be used as electro-optic modulators, self-
electro-optic devices, and ultrafast non-linear optical devices.
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RECENT DEVELOPMENTS IN HI-VI DILUTED MAGNETIC SEMICONDUCTORS

N. SAMARTH AND J. K. FURDYNA
Department of Physics, University of Notre Dame, Notre Dame, IN 46556.

ABSTRACT

Much of the work in diluted magnetic semiconductors (DMS) in past years has focused
on the Ai \xMn.B v I alloys such as CdixMnxTe. Recently, there has been an increasing accent
on DMS alloys containing the transition metal ions Fe2 + and Co2 *. We review here the

properties of these new materials and compare them with the AllxMnBvi alloys. We also
examine the novel opportunities afforded by the molecular beam epitaxy of epilayers and
heterostructures containing the "rnetastable" zinc-blende phase of Cdl.xMnxSe.

INTRODUCTION

The term "diluted magnetic semiconductor" (DMS) was originally coined to describe
alloys such as Cdl-xMnxTe in which Mn2+ ions are randomly substituted for the group II atoms
in a Il-VI semiconductor [1]. However, this nomenclature has grown to include diverse systems
derived from other semiconductors (such as IV-VI's) and incorporating other magnetic ions
(such as Co2+, Fe2 + and Eu2+)[2]. Moreover, the non-equilibrium technique of molecular beam
epitaxy (MBE) has enabled the growth of DMS materials not readily accessible to bulk growth,
such as zinc-blende phases of MnSe [3], MnTe [4], FeSe [5] and CdI-xMnxSe [6], as well as a
new class of DMS alloys derived from HI-V semiconductors [7]. In th-c paper, we review the
properties of some of the new II-VI materials, beginning with the A!xFexBvlalloys. We then

discuss the new AlIXCoxB vl alloys (Znl-xCoxSe, Znl-xCoxS and CdltxCoxSe), followed by a
look at the opportunities provided by the epitaxial growth of zinc-blende Cdl-xMnxSe, and
conclude with a look at future prospects.

AI 'xFexB v tDMS ALLOYS

As shown in Table I, the AlIxFexBv alloys grown to date include both wide-gap
materials (Znl-xFexSe [8,9] and Cdl.xFexSe [10]), as well as narrow-gap alloys (Hgl-xFexSe
[11, 121 and Hgl.FexTe [13]). The alloy Hgl.xFexSe is of great interest due to the unique
relationship between the Fe2 + level and the bottom of the conduction band of HgSe. Since the
properties of this alloy have been extensively reviewed elsewhere [11, 12], we shall omit this
material in the present review.

The ground state of Fe2 + is a non-degenerate A l orbital singlet that has no permanent magnetic
moment. At high temperatures, there is sufficient contribution from excited states with a finite
moment so as to give paramagnetic behavior with S = 2.1 [10]. The values of the nearest-
neighbor d-d exchange integral J as deduced from the Curie-Weiss behavior of the high

temperature static susceptibility are comparable to those in the corresponding All IxMn 1Bvi alloys
-- see Table I. At low temperatures, the non-magnetic ground state of Fe 2+ results in Van Vleck

paramagnetism, as opposed to the Brillouin paramagnetic behavior of the AIMx nxBv alloys.
This was first demonstrated in studies of HgI.xFexTe [131, and also later inferred from studies
of Cdl-xFexSe [10] and ZnI-xFexSe [8,91.
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TABLE I. Crystal structure, composition range and exchange

constants of A.T BV'(T = Co2 +, Fe2 +) alloys.

Alloy Crystal Composition Jdd(K) N0oa No (a-D)
Structure Range

Znl-xCoxS zinc blende 0<x<O.12 -47±6 .... ....
Znl.xCoxSe zinc blende 0<x<0.06 -54±8 ---- 2.42
Znl-.FexSe zinc blende O<x<0.30 -22 ---- 1.56
Cdl.xCoxSe wurtzite 0<x<0.22 37±5 0.32 ----
Cdi-xFexSe wurtzite 0<x<0.15 -19 0.23 2.13
Hgl.xFexSe zinc blende 0<x<0.15 -18 .... ....
Hgl-xFexTe zinc blende 0<x0. 12 .... .... ....

(a)B=0

CB................
Strain

-0A
-, d

/  
.- mj=-3/2

. . . . . .. . . ..

VB 112
ZnFeSe/ ZnSe/ZnFeSe

(b) Br 0

m j=- /2 ..,- CB moi+1/2C L-
GBm3/2

,'-. VB
m .3/2

xl-32(h h) T x,(h h)

Fig. 1. Band diagrams for a Znl.xFexSe/ZnSe/Znlx.FexSe single quantum well structure. (a) In
zero magnetic field, the effect of strain removes the degeneracy between heavy hole and light
hole states. (b) In the presence of a magnetic field, there is a spin splitting of the conduction
band and the heavy hole valence band. Transitions excited by & and (" polarizations of incident
light are indicated, as well as the general shapes of the single particle wavefunctions. [14]
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The growth of ZnlxFexSe by MBE is of particular interest both because of the wide
alloy composition range (0 < x < 1) 151 and because of the unusual properties of
ZnSe/Znl 1 FexSe quantum well structures [141. Magneto-reflectivity studies of pseudomorphic
ZnSe/Znl-xFexSe (x = 0.1) single quantum wells grown on (100) GaAs reveal a novel situation
in which the confining valence band potential in a magnetic field is determined mainly by the
magnetic-field-induced spin splitting. As shown in Fig. 1, in zero magnetic field the heavy and
light hole states are split as a result of strain. The application of a magnetic field removes the
degeneracy between the heavy hole m- - 3/2 and mj = -3/2 states, raising the energy of the
former while lowering the energy of the latter. At high enough magnetic fields, the spin splitting
results in a novel spin-dependent confinement: heavy holes in the mi = 3/2 state are confined to
the ZnSe well (type I behavior), while simultaneously, holes in the in = -3/2 state are confined
to the Znl-xFexSe barrier (type-II behavior). This band alignment is ramatically manifested in
astrongly asymmetric Zeeman shift of the reflectivity signatures associated with the spin-split~heavy-hole states. Since holes in the mj = -3/2 state are confined to the Znl-xFexSe region, the

associated optical transition (excited by light polarized in the o"+ sense) experiences a very large
sp-d exchange-related Zeeman shift. However, the mj = 3/2 holes are confined to the non-
magnetic ZnSe layer and hence the associated reflectivity feature (excited by Y- polarization)
shows a relatively small shift. The magneto-reflectivity experiments allow an accurate and
elegant determination of the valence band offset between ZnSe and Zn0 .9Fe0 .1Se. It is estimated
that the valence band offset is only 1.5 meV, which is about 1.5% of the total unstrained band
offset. By comparison, the spin-splitting in Zn0.9Mn0.ISe at a field of 10 kG is almost a factor
of 10 larger (about 13 meV), hence permitting the spin-segregation effects just described.

A'i'xCoxBvt DMS ALLOYS

TheAl,I xCOXB alloys have been prepared by chemical vapor transport [15], sintering
[161 and by MBE [171. As indicated by Table I, the incorporation of Co2 + into a Il-VI host
lattice is not easily accomplished, resulting in a limited alloy composition range. Apparently,
even the non-equilibrium technique of MBE cannot overcome this difficulty [17].

The atomic ground state of Co 2 + (3d 7 ) in a tetrahedral environment is an orbital singlet

(4A2 ) with a spin S = 3/2. Consequently, the AlllXCoxB v] alloys, like the All t MnxB vl alloys,
are Brillouin paramagnets. However, due to spin-orbit mixing of the 4 A2 ground state with the
next excited state triplet (4 T2), the Co2 + ion acquires a significant orbital angular momentum
component, leading to a Lande g-factor larger than the spin-only value for Mn2  (g = 2). For
instance, the g-factor measured in Znl.xCoxSe and CdltxCoxSe is 2.27 [181 and 2.32 [19],
respectively. Another striking difference between the Mn- and Co-based alloys lies in the
values of both the sp-d and d-d exchange constants, which are much larger in the latter class.
Since these two types of exchange are at the root of the unique magnetic and magneto-optical
properties of DMS alloys, the experimental determination of the associated exchange integrals is
extremely important, and we now address this issue.

Static susceptibility measurements have been employed to deduce the nearest-neighbor
Co-Co exchange integral J in Znl-xCoxSe (x 0.05) and Znl-xCoxS (x <0.145) single crystals
grown by chemical vapor transport [15]. The d-d exchange integral calculated from the Curie-
Weiss temperature has values of J = 47 ± 6K and -54 ± 8K for the sulfide and the selenide,
respectively. These values are at least three times larger than the d-d exchange in the

corresponding Mn alloys. Furthermore, the All~xCo1B
vl alloys do not seem to follow the

chemical trends found in the AY!xMnxB"7 alloys: the exchange integral is Zni.,CoxSe is larger
than in Znl-xCo.S, unlike the corresponding Mn-based alloys. Since a detailed theoretical

calculation of the exchange in the AlxCoxBvt alloys is not yet available, the reason for this
change in trends is not understood.

Another method of measuring the d-d exchange integral is by means of inelastic neutron
scattering, and this technique has been successfully used for single crystal as well as
polycrystalline sintered samples of Znl-xCoxS [161. Essentially, the inelastic neutron scattering
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technique directly probes the energy spectrum of a pair of magnetic ions. The three excited
states for a Co2+-Co 2 + pair are 2J, 6J and 12J for a total spin of ST = 1, 2 and 3, respectively.
The neutron energy loss in an inelastic scattering process is equal to the difference between two
neighboring levels, with the selection rule AST = 0, ± 1. At very low temperatures, practically
all the pairs are in the lowest energy state ST = 0. Hence, only one transition (ST = 0 to ST = I)
corresponding E = 2J is seen. At higher temperatures, the ST = 1 to ST = 2 transition becomes
possible, giving rise to an additional peak at E = 4J. The observation of such peaks (shown in
Fig. 2) hence allows the very direct and precise determination of J = 47.5 ± 0.6K for
Znl-xCoxS. The sp-d exchange integral in Znl-xCoxSe

has been determined from magneto-
Zn 0 9 4Co 0 06S, Q=1.347x2rr/a reflectivity experiments performed on

I I I epilayers grown on (100) GaAs [18]. These
experiments, which measure the excitonic

200 - spin-splitting in a magnetic field, yield the

6 . parameter N0 (a - 13) = 2.42 ± 0.04 meV,
where at and 13 describe the exchange

10K _ between the Co ions and valence band and
0K OK Ibetween the Co ions and conduction band,

s to 15 respectively. This is almost twice as large
| (nV) as in Znl-xMnxSe. The sp-d exchange in

_Q 400 Cdl.xCoxSe has been deduced by observing
.w spin-flip Raman scattering from electrons

bound to donors [19]. By measuring the
Raman shift of such a spin-flip resonance as

75K . a function of magnetic field, it is possible to
- deduce the value of the sp-d exchange

200 integral c and this is found to have a value
1of around 320 meV. (For comparison,

- N0a = 261 meV for CdI-xMnxSe.)

a ] CUBIC Cdl.5 MnxSe: EPITAXIAL
0 1 LAYERS AND MODULATED

5 10 15 STRUCTURES

Energy (meV) It is well known that, in the bulk,
Cdl.xMnxSe -- like CdSe -- crystallizes
exclusively in the hexagonal wurtzite phase
[1]. However, epitaxial growth of CdSe

Figure 2. Inelastic neutron scattering spectra [20] and Cdl-xMnxSe [6] by MBE on (100)
obtained from triple axis spectrometer zinc-blende substrates can produce single-
measurements on Zn0.94Mn 0 .06S at various phase zinc-blende epilayers. The isolation of
temperatures, showing the decrease of the this phase is aided by at least two factors.
intensity of the 0--1 transition (E = 2J), and the First, at the low growth temperatures

emergence of the 1-1,2 peak (E = 4J) with (around 200' C) employed in the MBE
process, the zinc-blende phase is likely to beincreasing temperature. As shown in the inset, more stable than the wurtzite (211. Second,

the maximum emerging a E = II meV is also ,me symmetry of the (100) face isseen in the data from pure ZnS, indicating that h thaet (100) fac is
thiseffct riss fom pono sctt tatg incompatible with that required for the

this effect arises from phonon scattering. coherent nucleation of a hexagonal structure.
We find that single-phase zinc-blende Cdi.xMn.Se can be grown directly on (100) GaAs, as
well as on buffer layers of ZnSe and ZnTe grown on (100) GaAs.

We have also examined the growth of the following modulated structures:
ZnSe/Cdl.xMnSe [6] and ZnTe/Cdl.MnxSe. These two systems are extremely attractive
because they provide deep magnetic quantum wells situated between non-magnetic barriers.
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This offers the possiliity of observing dramatic magnetic-field-induced effects due to the sp-d
exchange, particularly when the Mn concentration is in the vicinity of x = 0. 1. Further, since
Cdl.xMnxSe can be easily doped n-type, such structures are potential candidates for studying
confinement and localization effects on phenomena such as the bound magnetic polaron and
spin-flip Raman scattering from donor-bound electrons. We discuss here the opportunities
provided by the growth of such heterostructures, and also examine the difficulties encountered
so far.

Cdi_,MnSeEpilayers on (100) GaAs

The stabilization of single-phase zinc-blende epilayers of Cdl.,MnxSe on (100) GaAs is
possible for a wide composition range (0 x 5 0.8) [6]. The lattice mismatch between the
Cdl-xMnxSe epilayers and GaAs varies from around 7% to 4% for this composition range.
(We recall that bulk-growth of single-phase wurtzite Cdl-xMnxSeis limited tox <0.5 [1].) The
single-phase zinc-blende structure of these epilayers is clearly indicated by both transmission
electron microscopy (TEM), as well as x-ray diffraction. Further, the epilayers show clear
Raman phonon spectra characteristic of cubic symmetry, as shown in Fig. 3 [221. It is likely
that very thin epilayers of composition larger than x = 0.8 can also be stabilized, for instance in
ZnTe/CdI xMnxSe superlattices, and this possibility is currently being investigated.

After examining the epitaxy of Cd IxMnxSe/(100) GaAs using a wide variety of growth
conditions, we have concluded that the epilayers -- at least those grown so far -- tend to contain
a large number of structural defects. This is indicated by broad double crystal rocking curves
(with full width at half maximum (FWHM) typically around 1800 arc-seconds) and broad
photoluminescence (PL) spectra dominated by mid-gap defect states. TEM observations indicate
that the predominant structural defects are stacking faults that occur in the [111] direction [23].
The stacking fault density as seen in TEM cross-sectional views of orthogonal [1101 faces is
highly asymmetric, suggesting that they arise due to unequal propagation rates of different [ 1111~growth fronts.

The most dramatic experimental phemonenon exhibited by Cdl- Mn Se epilayers occurs
in neutron diffraction experiments [24]. We have found clear evidence for a second-order
antiferrmmagnetic phase transition in Cdtl-xMnxSe epilayers for x _> 0.70. This is deduced from
the appearance of diffraction peaks corresponding to long-range type-Ill antiferromagnetic order

(AFM-III, see Fig. 4) at temperatures below a
well-defined Neel temperature (in the vicinity of

. . 56 K). The correlation lengths deduced from
these experiments are around 300 A. (WeI 10, believe that the extent of the AFM-III ordering"25- 5Ki1 A in

201O Cdt.xMnxSe epilayers is limited only by the
0, presence of crystalline defects such as stacking

1 faults.) These correlation lengths are in marked
contrast with studies of bulk-grown single-

m is crystal DMS alioys of comparable Mn
concentration (CdO. 3 M n 0 . 7 Te and4 z ZnO. 3 2MnO.68Te), where the AFM-1I1

0 tO correlations increase gradually with decreasing
, temperature, eventually reaching saturation

o 1 ozozo values of at most 70 A. Experimental studies of
10 1magnetic ordering in A' tMnxB v' alloys in theRAM SHIFT cOvl) composition range x > 0.6 are of fundamental

importance to the understanding of randomly
diluted, fully frustrated Heisenberg vector

Figure 3. Raman spectrum of a zinc-blende antiferromagnets 125]. Consequently, efforts
Cdo.4MnO.16 Se epilayer at T = 5 K. The aimed at improving the crystalline quality of
spectrum was recorded in the backscattering CdxMnXSe epilayers in this composition range
geometry z(xx)i with an incident wavelength are continuing.
of 6328 A.[221
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Cdo.3Mno.7Se epilayer

1250 Nuclear peak in-
tensities divided 020N

by a factor of 40
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Fig. 4. Neutron diffraction spectrum at T = 5K from a 2 gim thick epilayer of Cd0 .2 5Mn0 .70 Se
grown on (100) GaAs, showing the (0,2,0) nuclear peak and the (1,112,0) and (1,3/2,0)
magnetic peaks corresponding to AFM-III order. The scans were carried out for the
longitudinal direction, and the peaks are plotted as a function of the magnitude of the Q-vector.
Note that the widths of the magnetic and nuclear peaks are about the same. The correlation
length estimated from the width of the magnetic peaks is 380 ± 80 A.

ZnSe/Cd.xMnxSe Hererostructures

Although CdlxMnxSe has about the same lattice mismatch with ZnSe as with GaAs,
one might expect better nucleation of Cdl-xMnxSe on an epitaxially grown ZnSe buffer.
Surprisingly, this is not the case, and a three-dimensional nucleation is observed.
Consequently, ZnSe/Cdl-xMnxSe quantum well structures have atomically rough interfaces --
clearly indicated by TEM observations -- and characteristically show broad (FWHM - 50 meV)
PL peaks [6]. Despite these imperfections, ZnSe/Cdt-xMnxSe superlattices exhibit a spectacular
spin-flip Raman spectrum, in which the resonances associated with transitions within the
Zeeman-split Mn 2 + manifold ("Raman-EPR") are highly enhanced. This allows the
unprecedented observation of seven orders of spin-flip resonances, as shown in Fig. 5 [22].
The reason for this large enhancement is not completely understord, but is quite intriguing,
especially given the structural imperfections in this system.
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Fig. 5. Raman-EPR spectrum of a ZnSe/Cdo. 9 Mno. 1 Se superlattice at T = 5 K. The spin-flip
resonances labeled nPM (n = 1, 2,...7) have Raman shifts in a magnetic field H given by
flo)PM = ngltBH, with g = 2 for Mn2 +. The spectrum is obtained in the crossed polarization
configuration z(yx)i, with the magnetic field along x and incident wavelength of 6764 A [221.

ZnTeICdixMnxSe Hererostructures

In contrast to the growth of Cdl.xMnxSe on ZnSe, RHEED observations indicate a
smooth two-dimensional nucleation of Cdi.xMnxSe on ZnTe. As a consequence,
Cdl.xMnxSe/ZnTe heterostructures can be expected to much better interface quality than
CdlpxMnSe/ZnSe. In this system of heterostructures, the lattice mismatch ranges from around
0.2% for CdSe/ZnTe to around 4% for MnSe/ZnTe. RHEED observations further show that
the growth of Cdi MnSe layers on ZnTe proceeds reasonably well for thicknesses less than
under about 2000A. Beyond this limit, RHEED indicates the rapid formation of structural
defects. The microscopic nature of these defects is currently being studied by TEM. It appears
that ZnTe/Cdl-xMnxSe superlattices with a small number of periods (10-20) can be grown with
sharp interfaces and few defects as long as the CdlxMnxSe layer thicknesses are kept small (for
instance, see Fig. 6) [261.

Such ZnTe/Cdl-xMnxSe superlattices offer an unusual system of band configurations.
Theoretical estimates 127] of the valence band offset of CdSe/ZnTe predict a type-Il alignment,
since the valence band of ZnTe (Eg = 2.3 eV) is about 350 meV above that of CdSe
(Eg = 1.67 eV for cubic epilayers [201). Consequently, we expect ZnTe/Cdl.xMnxSe to also
form a type-l superlattice for small x, with holes confined to the ZnTe layers and electrons in
the magnetic Cdl.xMnxSe layers. With increasing Mn concentration, the energy gap of
Cdl.xMnxSe increases, while the valence band is expected to remain relatively stationary.
Consequently, beyond some value of x, the band alignment of ZnTe and Cdl-xMnxS will
transform to a type-I configuration, with both holes and electrons confined to the ZnTe layers.
We are currently performing optical measurements of ZnTe/Cdl-xMnxSe superlattices
(x = 0, 0.3, 1) to test these ideas.
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FUTURE PROSPECTS

We have tried to illustrate the rich variety
of new problems that are being generated by the
latest additions to the family of I-VI DMS
alloys. The novel spin-dependent type-I/type-lI
behavior observed in ZnSe/Znl-xFexSe single
quantum well structures has provided the first
demonstration of magnetic-field-sensitive
confinement effects. Further studies of such
structures, such as the magneto-transport
properties of modulation-doped ZnSe/
Znl-xFexSe superlattices, can be expected to
produce fascinating physical phenomena. The
Co-based alloys with very strong sp-d and d-d
exchange interactions are very attractive for their
magneto-optical and magnetic properties. It is
hoped that thz epitaxial growth of modulated
structures involving these alloys will be further
pursued. Finally, the recent introduction of a
system of heterostructures involving ZnTe and
zinc-blende CdI-xMnxSe promises a rich variety

Fig. 6. TEM image of a 10-period of band line-ups. It is hoped that the structural
ZnTe/Cd0 .70 Mn0 . 0 Se multiple quantum well quality of these heterostructures will soon be
structure, with 20A layers of CdO7OMnO 3oSe optimized so that systematic investigations of
and 26 A layers of ZnTe. The buffer and cap the magnetic and optical properties can be
layers are ZnTe, and the entire structure is undertaken.
grown on a (100) GaAs substrate [261.
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ABSTRACT
CdTe/Cd J-XMn Te superlattices with well/barrier thicknesses ranging from 20A to

300A were examined via plan and cross section TEM in analytical instruments capable of
EDX and CL. Misfit dislocations, inclined dislocations and stacking faults were observed
with a net density of around 109cm- 2.

It was observed that the dislocations originated near the substrate/epilayer
interface and that stacking faults appeared preferrentially on the pair of (III )B
(tellurium terminated) planes in the growth direction rather than on the (II hA planes.

It is suggested that this is due to a difference in mobility between a and fi
dislocations originating at or near the substrate.

INTRODUCTION

II-VI semiconductors are becoming important as their large band-gaps are suited
to optoelectronic devices such as solid state lasers and optical detectors. Furthermore,
dilute magnetic semiconductors (DMS) such as CdMnTe offer additional applications as
the interaction between their electronic and magnetic properties produces large magneto-
optical effects such as magnetically tunable band gaps [I]. Molecular beam epitaxy (MBE)
growth techniques allow high quality epilayers to be grown, including quantum well and
superlattice structures which exploit two dimensional confinement effects for band gap
tailoring purposes, and have been found to be strong photo-emitters.

This study involves CdTe/Cd _xMn xTe superlattice structures grown on (100) InSb
at Hull University. Values of x were near to 0.2 and quantum well thicknesses varied
between 20 and 300A . InSb was chosen as the substrate material for its good lattice
matching with both CdTe (approximately 0.02% mismatch at 25°C) and Cd. Mn Te
(approximately 0.45% at 25=C for x=0.2). Furthermore high quality inSb is available
which is suited to low temperature MBE growth [2], reducing the interdiffussion of
layers.

Samples of the CdTe/CdMnTe system have been examined in both cross section
and plan view transmission electron microscopy (TEM), with both orientations revealing
extensive detail. A typical sample consists of a (100) InSb substrate on which a 1000A
CdTe buffer layer is grown, followed by a 2000A CdMnTe isolating layer. This CdTe
buffer layer has been found to be critical to layer quality [2]. Superlattices comprising of
wells and barriers of equal thickness, between 20 and 300A for different samples, with
an overall thickness of about 1500A are then grown on this base. A second 2000A
CdMnTe capping layer is finally grown to allow manganese composition determination by
photoluminescence (PL).

The (100) p-type lnSb substrates were chemically cleaned and surface oxide was
removed in vacuo using argon ion milling and growth temperature thermal anneal cycles
until C(8x2) surface reconstruction was observed using is situ RHEED. The superlattices
were grown in a VG Semicon V80H MBE system using high purity CdTe and Mn
sources. Layers were grown at a rate of 0.5 microns per hour on substrates at a
temperature between 200 and 250*C.

Cross section samples were produced by mechanical polishing and iodine reactive
ion milling to reduce the ion beam damage associated with argon-thinned ll-VI materials
[3]. Plan section samples were produced by mechanical polishing followed by chemical jet
etching with a 0.5% bromine-methanol solution. Samples were examined in Philips
EM430 and EM400 machines (300KeV and 120KeV respectively) capable of energy
dispersive X-ray (EDX) analysis and microscopic cathodoluminescence (CL)

Mat. Res. Soc. Symp. Proc. Vol. 161. ' 1990 Materials Research Society
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RESULTS

Figure 1 shows a typical cross section, consisting of two (110) oriented samples
separated by a thin layer of glue. As the CdTe system is non-centrosymetric, the two
<110> type directions in the growth plane are not equivalent. The [110] direction defines
the intercept of the pair of (111)B planes advancing in the growth direction and [I 10] the
intercept of advancing (III)A planes. Cross sections were prepared with two orthoganal
halves to show both orientations. It can readily be seen that the defect structure in the
two directions is different.

In both halves of the cross section the interfaces between InSb and CdTe are seen
to be decorated with dark regions which EDX analysis showed to be iodine rich particles
resulting from specimen preparation. Both halves of the sample also show a number of
a/2<l10> dislocations running through the epilayers. These often bend over at internal
interface planes to produce misfit dislocation (MD) segments. The most common MD lie
between the 1000A CdTe and 2000A CdMnTe layers nearest the substrate. MD segments
within the superlattice itself were rarely seen in samples with individual layer thicknesses
below 150A. Very few dislocations were observed in the InSb substrate, most seeming to
originate at the InSb surface. It should be noted that as the two halves of the cross
section were not exactly orthogonal the (220) diffraction condition for the two halves has
a differing deviation parameter, giving one side better dislocation contrast than the other.

Only in the upper half, however, can planar defects be seen lying on the two
edge on (Ill ) type planes. The majority of these defects were single layer stacking faults
(SF) rather than micro-twins (as demonstrated by the absence of extra twin spots in
selected area diffraction patterns). The stacking faults generally appeared to originate at
the substrate interface although as some SFs may have originated outside the plane of the
cross section this conclusion is somewhat tentative at the moment.

Figure 2 shows a substrate-epilayer interface region in more detail. Although

there is little contrast between the 1000A and 2000A thick layers the position of the first
CdTe/CdMnTe interface was deuced from the known layer thicknesses. It can be seen
that there are a number of short dislocations running along this interface (arrowed) and
also at the interface between the 2000A CdMnTe layer and the start of the superlattice. It
can also be seen that there are a number of small black/white contrast spots which are
taken to be small precipitates. These spots are seen most at the first CdTe/CdMnTe
interface. Within the superlattice similar precipitates seem to lie preferentially at
interface sites rather than within layers.

Figure 3 shows a typical plan-section. The details observed in such sections
correspond well with those from the cross-sections. For example dislocation segments are
seen running up through the foil with straight (misfit) sections running along both
orthogonal <110> directions (note that the (220) diffraction condition of fig.2 only shows
one set of these MDs). The misfit dislocations can be seen as created from inclined
dislocations which bend over to run in the (100) plane for a while before continuing up
through the foil. This is shown by the fact that the dislocations at either end of the
misfit segments run in different directions, one part running down to the substrate and
the other continuing up to the surface, forming "S" shapes around the MDs. Again
stacking faults are clearly shown to lie ios preference on one pair of (111) planes (no SFs
show up in the orthogonal reflection). Stacking faults were seen to lie on both (111)
planes of the preferred pair. Stereographic imaging showed that few of the threading
dislocations lay on their (11l) slip planes.

In order to determine the character of the habit planes of the stacking faults,
crystal polarity was determined by convergent beam electron diffraction using the
method of Spellward and Preston [4]. This approach compares the asymmetry in
convergent beam discs down <110> with that in computer simulations. Good matching
with theoretical simulations was found for both plan and cross-section samples. Both
cases gave the result that the stacking faults lay on (II )B type (tellurium) terminated
planes. It should be mentioned that the small number of micro-twins that were observed

in certain samples also lay preferentially on these planes.
Microscopic CL was carried out on a number of samples at liquid helium
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recombination rates but plan section barl-gap to deep level intensity ratios indicated
good quality material. The high level of dislocations, however, acted to reduce CL
intensity and to complicate excitonic emission spectra. Lower dislocation densities would
be necessary to separate the various effects which are evidently occurring.

DISCUSSION

The strains in this system (< 0.5%) are sufficient for misfit dislocations to be
energetically favourable for quite thin layers. As the mismatch between CdTe and
Cd Mn 0.2Te is much greater than that between CdTe and InSb, M~s within the
ep. ayer, particularly between the thick layers, are likely to be more important than those
at the substrate/ buffer layer interface. Using the Mathews model (5] the critical thickness
for CdTe on CdMnTe (the thickness at which the strain energy relieved by a misfit
dislocation exceeds the dislocation energy) is approximately l70A at 25'C but falls to
about 70A at the growth temperature. These values, however, relate to the growth of a
thin layer onto bulk material. In the case of superlattices where both layers are strained
about an average lattice constant the critical thickness rises to about 1000A. The model
considers the generation of misfit dislocations by the glide of existing dislocations. To
introduce dislocations into a perfect layer, however, requires the dislocation nucleation
energy to be overcome and consideration of likely nucleation mechanisms suggests that
homogenous generation of misfit dislocations is unlikely in systems with strain below
about 2% (5]. In the absence of such a mechanism for generating dislocation half loops,
and given the low density of substrate dislocations it appears that dislocations are
produced at inhomogenous regions within the layers. This is hardly surprising as lnSb
surface preparation is known to be problematical, with a tendency to leave indium rich
sites which might act as dislocation nucleation points [6]. Furthermore, the observations
suggesting micro-precipitates within the samples provides a second possible dislocation
source. This conclusion is supported by the fact that the majority of dislocations appear
to originate at the substrate/ buffer layer interface.

A mechanism where dislocations originate at or near the substrate and propagate
through the epilayer until they reach a level at which the strain is sufficient to cause
them to glide to generate MD segments is consistent with our observation. Both cross-
section views and the ps shape in plan view of dislocations involving MD segments
indicate that the dislocations originate at the substrate region rather than gliding in from
the surface. It may also be deduced that the dislocation glide occurs early on during
growth because dislocations rising to the surface are not restricted to their slip planes. It
follows that after gliding to form MDs the dislocations propagating into the rest of the
layer are free to climb as well as glide. Further, the critical thickness calculations show
that MDs are more likely to be produced at the growth temperature and within the
current surface layer rather than within the body of the superlaitice itself. The
plausibility of these thickness calculations is supported by the fact that MD segments
were only seen within the superlattice for layer thicknesses greater than eA, in good
agreement with theory

The most likely cause of the stacking faults found in the epilayers is the
commonly seen dissociation of a perfect a/2< o> dislocation into a/6n21I> Shockley
partials with the generation of such a stacking fault. It is also possible that stacking fault
irregularities may occur in the early stages of island growth as previously reported in the
case of GaP [7]. Both mechanisms offer explanation for the preferred occurrence of
stacking faults on one pair of (Ill1) planes.

In the first case, misfit dislocations lying at a certain interface will always be
oriented such that all dislocations running in one <I 0> direction will be so called ao
dislocations and all those in the perpendicular direction will be 6i dislocations. This
conclusion follows from the fact that the extra half set of planes associated with the
dislcations must always lie on the same side of the interface so as to relieve strain. It is
most likely that there will be a difference in the mobility of the a and R dislocations
making one more likely to dissociate than the other. Hence the faults originating at a
given interface will be more likely to lie on the pair of (Ill) planes common to the
preferred <1 10>. Since the majority of MDs occurred at the interface between the buffer
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would show a preferred direction. The 2000A CdMnTe was grown under tension and it
was seen that dislocations running in the [110] direction dissociate on the (II I)B planes.
This direction corresponds to a dislocations with the extra half planes terminated on
tellurium atoms. It would follow that the a dislocations dissociate preferentially.

Alternatively it is possible that such stacking faults are grown into the material by
misordered layar deposition. Such behaviour has been observed in GaP 17] where in the
early stages of growth islands form with facets which lie predominantly on one pair of
the advancing (Ilt) planes due to differences in surface energy. Misordered deposition
on these surfaces then gives stacking faults or twins in a preferred direction.

Both of these models give plausible explanation for the preferred orientation of
stacking faults and also for that of the smaller number of micro-twins seen in some
samples. In the second mechanism reversal of layer order during growth may clearly give
rise to twins. In the first case it is possible to envisage twin formation by the successive
production of stacking faults on adjacent planes since a twin is identical to a series of
stacking faults. Examination of layers terminated before island coalescence occurred
should distinguish between the two mechanisms.

SUMMARY

In the series of samples examined the dislocation densities observed are fairly
high (108-10'°)/cm 2 . The dislocations appear to originate at the substrate/buffer interface
or at precipitates within the epilayers. These dislocations are distorted to form misfit
sections in agreement with the model proposed by Mathews. The formation of stacking
faults on a preferred pair of (111) planes is thought to result from the difference in
mobility between a and 6 type dislocations, although an alternative explanation is
advanced based on faceted islands in the early stages of growth.
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ABSTRACT

A study of Ga and In outdiffusion into Cd !,"xTe ( 0 _5 x : .70 ) epitaxia layers grown on
(111)GaAs and (001)InSb was carried out. The layers were grown by pulsed laser evaporation and
epitaxy on substrates held at temperatures below 310 'C. The structural quality of the layers was
examined using x-ray diffraction and transmission electron microscopy. A tendency toward precipitation
of Ga at the near surface region of (1 11)CdMnTe grown on (111)GaAs, usually less than 300 nm wide,
has been observed with secondary ion mass spectroscopy. Similar results were observed for the
migration behaviour of In in (001)CdTe grown on (001)lnSb. The ion imaging revealed that both In and
Ga accumulate near the surface at localized spots, up to about 10pm in diameter. The concentration
of the spots is in the range of 104 - 106 cm" . The Ga- and In-rich channels sometimes extend over
the whole sample. Annealing at temperatures as low as 400 "C for 2 h significantly increases the
concentration of the Ga spots and the average concentration of Ga in the films to above 1016 cm"] .

Low-temperature photoluminescence data obtained for annealed samples do not indicate any structural
deterioration typical for heavily doped Bridgman grown samples. A sharp neutral-donor bound-exciton
transition (D ,X) is observed for samples with 0 < x <e .10.

INTRODUCTION

A continuing interest has been observed in the application of GaAs and InSb substrates
for epitaxial growth of CdTe, HgCdTe and CdMnTe. Relatively mature technologies of CdTe,
and HgCdTe on GaAs and InSb promise potential applications of these structures in IR
detection1,2 and high-speed MIS devices3 . Epitaxial layers of CdMnTe are of particular interest
due to their potential application in devices based on magneto-optical effects4 and as an
alternative to CdTe substrate used in HgCdTe IR detectors. Performance of such devices will
depend upon the ability to control the unintentional doping that takes place as CdTe or
CdMnTe are grown on GaAs and InSb. Significant migration of Ga 5.6 and In7 .8 into epitaxial
layers of CdTe grown on GaAs and InSb has been reported. Recently, we found 9 that
accumulation of Ga In localized spots takes place near the surface region of CdTe grown on
GaAs. The presence of Ga was verified in such a case with low-temperature
photoluminescence (PL) 10 and electrolyte electrorefiectance1' measurements.

In this paper, we describe the use of secondary ion mass spectroscopy (SIMS) and
low-temperature PL to study Ga diffusion in (111)CdMnTe grown on (111 )GaAs. Preliminary
results of In diffusion in (001)CdTe grown on (001)InSb are also presented.

EXPERIMENTAL DETALS

The epitaxial layers of (111)Cdi XMn Te (0 -< x s .70) and (001)CdTe were grown by
pulsed laser evaporation and e uitaxy (PLEE) f2 13 on the B-face of (111)GaAs and on (001)lnSb,
respectively.

The (111)Cd.x Mn Te layers were grown on substrates held at a fixed temperature In
the range of 210 - 310 oC. The basic properties of the layers were studied using scanning
electron microscopy, reflection high-energy electron diffraction and low-temperature PL, and
these results were published elsewhere" .A single crystal x-ray diffractometer study was carried

Mal. Res. Soc. Symp. Proc. Vol. 161. 11990 Materials Research Society
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out for the samples 0.8 - 1.3 pm thick. (111) Kie
reflections with full widths at half maximum (FWHM) Ka,
between 0.10 deg and 0.046 deg were observed for
the layers. For comparison, the same reflection
observed for (111 )GaAs substrate was 0.038 deg. (ttl dM 'T
An example of an x-ray diffraction spectrum obtained
for a 1.0 pm thick Cd.9 2Mn.0Te layer grown on
(111)GaAs is shown in Fig. 1. It can be seen that J
the spectrum is characterized by well resolved KQ2

(111) K., and K.2 reflections from both the layer (
and the substrate. Aside from (111) K. and Ko no
other reflections were observed in the studied
samples indicating the absence of non-cubic

KO
structures or orientations other than (111) in the K
layers. Ka2

A group of (001)CdTe samples grown by
PLEE on (001)lnSb v:as used to study the K

outdiffusion of In. The substrates were degreased in U
standard solvents, and then etched in-situ with 20 2 24 2 28 s0
1000 eV Ne-ions of density _ 10-6 A/cm2 . The 20 (deg)
substrates were kept at 300 °C during ion etching Figure 1 X-ray diffraction spectrum for a
and as a result of this treatment a reconstructed 1.0 pm thick (111)Cd 9,Mn Te layer
(001)lnSb-[4x2] surface was obtained. The growth, grown by PLEE on a (11 1)Ga.oA substrate.
at a fixed temperature in the 190 - 290 °C range,
produced (001)CdTe. Most often, a reconstructed
(001)CdTe-[2xl I surface was recorded with RHEED. A detailed study of the structural properties
and low-temperature PL measurements for these samples is currently being carried out.

The SIMS measurements were carried out using a Cameca IMS 4f system. An Oz ion
beam operating at 1.5 keV ( impact energy per ion ) was used for sputtering the samples at
a rate of - 60 nm/min. The primary beam was scanned over an area of 250 pm x 250 jm. The
size of the analyzed area was 150 pm in diameter for ion imaging. For in-depth profiling the
size of the analyzed area was 62 pm in diameter. The Ga69 mass was used for tracing the
presence of Ga. In some cases, additional measurements of the ratio of the SIMS signal for
Ga'e and Ga71 were taken to verify the results. This ratio was always constant. The
concentration of Ga in the layers was estimated on the basis of the known concentration of
dopants in Ga implanted CdTe. The SIMS detection limit for Ga in this experiment was
estimated as 5 x 1015 cm"3. Some measurements were carried out also for samples annealed
at 400 °C under a saturated pressure of Cd vapour. The In115 mass was used for tracing In.
The detection limit for In was - 1015 cm "3 . An In doped bulk CdTe sample was used to
determine the detection limit for In. A complementary study of both as-grown and annealed at
600 'C bulk In-doped CdTe was also carried out.

Transmission electron microscopy observations were performed using a JEOL 200CX
electron microscope operated at 200 kV. The cross-sections were prepared by Ar ion milling
using a cold stage to reduce ion damage.

RESULTS AND DISCUSSION

A SIMS Ga ion imaging study revealed that migration of Ga from the GaAs substrate
into the layers Is a strongly nonuniform process. Islands of Ga-rich material, against a relatively
uniform Ga background, were always seen at the surface of investigated specimens. The
diameter of an individual island ranged from 2 pm to 10 pm and their concentration was in the
range of 10 - 106 cm21. This result is similar to our earlier findings concerning outdiffusion of
Ga in CdTe grown on (001)GaAs9. An example of Ga ion images observed at different depths
of a 1.82 pm thick (111)Cd. 92 Mn.oTe layer which was grown on the (111)GaAs substrate is
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a c

Fige2 The Ga ion image of a 1.82 pm thick (11 1)Cd Mn Te layer. As-grown surface (a),
and surface after sputtering of a layer - 0.07 pm thick (, and - 0.8 pm thick (c).

4 a

Figre 3 The Ga ior, image of the sample from Fig. 2 after annealing at 400 *C. As-produced
surface (a), and surface after sputtering of a layer - 0.15 pm thick (b), and - 1.1 Jim thick (c).

shown in Fig. 2. The island! of Ga-rich material are seen at the near surface region. The
islands extend into the sample to a depth of more than 0.07 pm. Some of the Ga islands, such
as the one observed in Fig. 2c, persist over the whole depth of the specimen. A dramatic
increase in the concentration and the size of Ga islands was observed in annealed samples.
Fig. 3 shows the effect of annealing in saturated Cd vapours at 400 0C for 2 hours for the
same sample as in Fig. 2. A more intense Ga background when compared to an as-grown
sample can be seen even at a depth of 0.15 pm. The concentration of Ga islands that
propagate throughout the layer is also significantly increased. Thus, a relatively low-temperature
annealing induces a significant increase in migration of Ga into Cd 1.xMnTe epitaxial layers
grown on GaAs substrates. In this study, we did not observe any influence of the chemical
composition of the layers on the level of Ga migration.

For all the investigated samples, the SIMS Ga and In depth profiles showed a rapid
decrease of Ga and In concentrations near the GaAs and InSb substrate, respectively. Such
a decrease, usually to below 5 x 1015 cm 3 , took place within 0.3 - 0.4 pm from the
Cd 1.xMn Te/GaAs and CdTe/InSb interfaces. We note, however, that because of a nonuniform
distribution of Ga and In in the films, the SIMS concentration can only be treated as an
approximate value which is averaged over the analyzed area of 62 pm in diameter. A
substantial increase in intensity of SIMS Ga and In signals was observed near the surface of
the analyzed samples. A transition region, where the near surface concentration of Ga and In
increased from the SIMS detection limit to - 1018 - 1019 cm "3 , usually had a width of less than
0.2 pm. An example of a Ga depth profile, in the sample for which the Ga ion images were
presented in Fig. 2, is shown by curve 1 in Fig. 4. it can be seen that the concentration of
Ga changes near the surface region by approximately one order down to the detection limit
within a depth of less than 0.01 pm. The fact that the Ga-rich spots for this sample were still
observed at a distance greater than 0.07 pm implies that, sometimes, it may be difficult to
reach any definite conclusion about the presence of Ga (In) in Cd 1 ,Mn.Te films grown on
GaAs (InSb) if observation is limited to the SIMS depth profile alone. A Ga depth profile
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obtained after annealing of this sample at 400 0C is 106

depicted by curve 2 in Fig. 4. Evidence of (111)Cda2MnosTe/(111)GaAa
temperature induced Ga 'percolation' toward the log
surface is clearly demonstrated. The broadening of
the CdMnTe/GaAs interface is very minimal, whereas
the average concentration of Ga in the layer is now
higher than 1016 cm ,3 . A drastic increase of some 3 W
orders of magnitude in the average Ga
concentration near the surface corroborates with the ice To

results of the Ga image observed in Fig. 3.rLow-temperature PL measurements wereI
carried out on (11 1)Cd, ,MnxTe samples as-grown
and annealed at 400 0C for 2 hours. For samples
with x < 0.10, the neutral-acceptor bound-exciton
recombination, which is known in the literature 14 as o -1
the L2 transition, dominated the PL spectra of 1O

as-grown samples 3 . The FWHM for this transition
was in the range of 9.5 - 12 meV. We did not detect
any features in the PL spectra that could be directly lg 0. 1.5
related to the presence of Ga in these films. A weak DEPTH (p-)
shoulder that was sometimes observed on the Figure 4 The SIMS Ga profle for the
high-energy side of L2 transition could originate from sample from Fig. 2 (curve 1) and from
the neutral-donor bound-exciton transition (D°,X). Fig. 3 (curve 2).
However, the position of this transition overlapped
with an expected position of a free exciton and it
was difficult to obtain an unambiguous conclusion. (111)Cd NMn o@T9/(ll)&A*
A dramatic change in PL spectra was observed in • e•
annealed samples. An example of the PL spectra d - 1.82 jum
obtained for an as-grown and an annealed T - 6 K
Cd 92Mn 0aTe layers, for which the SIMS results are
presented in Fig. 3 and 4 (curve 2), is shown in '
Fig. 5. The intensity of the main PL peak in an
annealed sample is about 2 orders of magnitude
greater than the intensity of the L2 transition
observed for this sample before annealing (the same As-grown

excitation conditions and temperature were used in
both cases). The position of the new peak is shifted e.

toward a higher energy by 4 meV when compared X 100

to the position of the L2 before annealing, it seems
reasonable to link this new peak with a donor,
probably neutral-donor bound-exciton (D°,X)
transition since, as a result of annealing, the sample l
became strongly Ga-doped (n G> 1016 crn3). The 70 goo 900
FWHM of this transition is 6 meV which approaches Wavelr;,th (n)
bulk-like behaviour for a donor-bound exciton line. F'giu 5 PL spectra from an as-grown
It is worthwhile noting that for most of the annealed (solid line) and an annealed at 400 0C for
samples the FWHM of the D°,X transition was in the 2 h (dashed line) (11 1)Cd. 92Mn.0aTe layers.
range of 6 - 8 meV. We take this as a measure of
the quality of the crystal structure of the material produced with PLEE. The weak feature with
a maximum at 743 nm, that can be seen in Fig. 5, is believed to be related to a free-electron
neutral-acceptor (e,A°) transition"5 . From these results, we conclude, that complementary to the
study of Ga and In doped bulk Cdl.xMnxTe, the annealing of the Cd t1 XMn To layers grown on
GaAs and InSb substrates provides a useful tool for the study of the behaviour of Ga and In
Impurities in these materials. Further PL investigation of as-grown and annealed PLEE samples
is In progress.
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An In ion imaging carried out for (001)CdTe grown on (001)lnSb revealed qualitatively
the same features as those observed in the case of Ga outdiffusion. A significant accumulation
of In took place at the surface and near the surface region of CdTe. The size and
concentration of In islands were of the same order as those of Ga islands. However, a

* tendency toward agglomeration of the In islands was less evident. Typically, the In-rich spots
disappeared within 0.1 - 0.2/pm. This depth was usually greater than the distance from the
surface at which the measured In concentration decreased below the SIMS detection limit. We
also observed an increase in the concentration of In near the surface of In-doped and annealed
bulk CdTe, similar to the effect of Ga surface accumulation in Ga-doped bulk CdTe 9. The lateral
distribution of In was strongly nonuniform. The In-rich islands of 2 - 3 pm in diameter were
observed at distances of up to - 0.2 - 0.3 pm from the surface.

Transmission electron microscopy observations of the specimens grown on the B-face
of (111)GaAs revealed a considerable number of twins with coherent twin boundaries parallel
to the substrate surface. Twins of a few pm in length were observed. The coherent twin
boundaries were atomically flat, although some of their segment were separated by ledges of
one to several (111) interplanar distances in height, indicating that growth had proceeded via
a ledge mechanism. These macroscopic ledges correspond to incoherent twin boundaries.
Stacking faults, misfit dislocations and threading dislocations were also found in the filmsgrown on (11 1)GaAs. The substrate-thin film interface was found to undulate locally with an

amplitude of up to 10 nm. The undulations most probably resulted from a predepostion
substrate surface treatment. Layers grown on (001)lnSb contained only a few microtwins that
originated in thin film, with very few microtwins originating at the interface. The interface
between the substrate and the film was found to be planar. Threading dislocations, originating
at the (001)CdTe/(00t)lnSb interface, were also observed. Examples of TEM micrographs
indicating the existence of threading dislocations in (111)CdTe grown on B-face of (111 )GaAs
and in (001)CdTe grown on(001)InSb are shown in Fig. 6.

The mechanism responsible for the nonuniform accumulation of In or Ga at the surface
of CdTe is unclear at this stage, but it seems reasonable to relate this mechanism to defects
such as threading dislocations and incoherent twin boundaries that are found in the
investigated layers with TEM. A pipe diffusion and a grain boundary diffusion appear to be
feasible processes that could lead to the formation of the surface Ga (In) islands. A pipe
diffusion is strongly related to the concentration of dislocations as has been observed, for
example, in In-implanted Si 16. Since low-angle grain boundaries and high concentration of
dislocations (above 10

s cm 2 ) are commonly observed in bulk CdTe, similar diffusion

1•

InI

G ." lum

Fogie 6 Bright field TEM images of the structure of CdTe films grown on (a) B-face of (11 l)GaAs,
(b) (001)lnSb. Note the presence of threading dislocations.

it
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mechanisms appear to be responsible for surface precipitation of Ga (in) in annealed bulk
CdTe which was originally uniformly doped with Ga (In).

CONCLUSIONS

This SIMS and PL study of Ga incorporation in (11 1)Cdl.xMnxTe films grown on (111)GaAs
and of In incorporation in (001)CdTe grow on (001)InSb shows that: (1) There is a substantial
migration of Ga (In) toward the surface of an epitaxial layer. This process is laterally strongly
nonuniform. The islands of Ga-rich (In-rich) material, on a relatively uniform Ga (In) background,
are always seen at the surface of an investigated specimen. (2) The size of an individual Ga
(In) island ranges from 2 pm to 10 pm. Islands or their agglomerates, in concentrations of up
to 106 cm-

2
, were observed at the surface region of epitaxial layers. (3) The concentration of

Ga (In) in the as-grown films, aside from the interface and near the surface region, is usually
below the detection limit, i.e. 5 x 1015 cm "

3
. (4) Pipe diffusion appears to be the process

responsible for the nonuniform distribution of Ga (In) near the surface of CdlxMnxTe epitaxial
layers grown on GaAs (InSb). (5) Annealing of (111)CdlxMnxTe(l 1 1)GaAs samples produces
a strongly Ga-doped material with n a > 1016 cm"3 . A strong donor related transition (Do,X) with
FWHM = 6 - 9 meV is observed in such samples. (6) We believe that annealing induced Ga
and In doping of CdlxMnxTe epitaxial layers grown on GaAs and InSb substrates may serve
as a useful tool in the study of the behaviour of donor-like impurities in these materials.
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ABSTRACT

We present a photoluminescence study of the excitons and electron-to-acceptor (e-A ° )
transitions in Cdl-xMnxTe (x = 0.05 and 0.15) under hydrostatic pressure at 15K. We
investigate the changing magnetic and Coulombic binding energies of the e-A° transition under
pressure. We find that the e-A 0 binding energy increases with pressure for x = 0.15 where the
magnetic term due to the acceptor bound magnetic polaron is large, while it decreases for x
0.05. We also obtain the pressure coefficients of the excitonic and acceptor related transitions.

INTRODUCTION

The diluted magnetic semiconductors (DMS) display novel spin dependent phenomena
arising from the sizeable sp-d exchange interactions. Among these novel phenomena are bound
magnetic polarons (BMP), which are ferromagnetic spin clusters caused by the exchange
interaction between the spin on the magnetic ion and a carrier spin localized at an impurityt. The

model Hamiltonian for the BMP is2

2 2
H= p e _ J (s.S 1 )5(r-Rj)] (1)2m* r or J

where m* is the effective mass, Eo is the static dielectric constant, s and S are the spins, and r
and R are the position vectors of the carrier and the magnetic Mn 2 + ion, respectively. The
strength of the exchange interaction JNo is about I eV for holes, allowing large acceptor BMP
effects to be observed in the photoluminescence spectra. The formation of BMPs gives rise to an

additional binding energy in the acceptor related transitions, due to the third term in Eq. (1).
The magnetic part of the binding energy is temperature dependent, unlike Coulomb binding

energies. At low temperature, the spins are aligned, producing large binding energies. As the
temperature is increased, thermal fluctuations decrease the degree of spin alignment, and hence
the binding energy. The BMP binding energies also depend on the concentration of magnetic
ions. For small Mn concentrations (x < 0.1), the response is essentially paramagnetic, and the
BMP binding energy increases with x. For x > 0.1, the antiferromagnetic coupling between

nearest neighbor Mn 2+ ions lowers the effective s-d interaction, causing the binding energy to
saturate beyond x - 0.25.

The effects of x and temperature have been studied in the prototype DMS, Cd l-xMnxTe
using different acceptor related transitions. Acceptor BMP effects have been observed both in

Mat. Res. Soc. Symp. Proc. Vol. 161. 1 1990 Materials Research Society
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the neutral acceptor bound exciton3 , A°X, and the electron to neutral acceptor, e-A 0 transitions 4 .
For the A°X one faces a complicated three body problem in interpreting the data. The e-A ° ,
however, is relatively simpler to interpret. Bugajski et. a14 have studied P- doped Cd1 xMnxTe,

and find that the e-A ° shifts to lower energies relative to the band gap with increasing x ( 0 < x <
0.35 ), indicating an increase in the magnetic part of the binding energy. The binding energy

also has a sizeable temperature dependence which is composition dependent, decreasing with
increasing temperature. The Coulomb part of the bare acceptor energy is not expected to vary
significantly with either x or temperature, since the changes in the effective mass and dielectric
function are not large. Thus the additional binding energy is almost totally magnetic.

Our present experiments study the effect of hydrostatic pressure on the energies of the

excitons and the e-A 0 transitions. We study two samples, one with x--0.05, in the paramagnetic
regime, and another with x = 0.15, where the antiferromagnetic coupling between nearest
neighbor Mn 2+ spins begins to play a role. We find that the e-A 0 binding energies decrease
with pressure for x = 0.05, where the Coulombic effects are relatively large compared to the
magnetic effects, while they increase for x = 0.15 where the magnetic effects are large. In
addition, we obtain the pressure coefficients of the excitonic and acceptor related transitions.

Our low temperature measurements have allowed us to study both the magnetic and bandgap
effects. Previous measurements of CdlxMnxTe under hydrostatic pressure were mainly 3(X)K
studies of the change in the bandgap and the Mn 2+ intraionic transitions 5 .

EXPERIMENT

Cd 1. x Mn x Te crystals were grown using the vertical Bridgman technique. They "ere doped
with Sb to levels of -10 17 cm - 3 . Photoluminescence (PL) was excited using 0.2 to 10 mW of
5145A radiation from an argon ion laser. Measurements were conducted at 15K in a diamond
anvil cell, using argon as the pressure transmitting medium. Other experimental details are
published elsewhere6 .

RESULTS AND DISCUSSION

Photoluminescence spectra at ambient pressure are shown by the solid lines in Figs. I and 2
for x = 0.05 and 0.15, respectively. The sharp peak at the highest energy is identified as the
bound exciton, A0 X. The weak peak at slightly lower energies, 1.648 eV (1.806 eV) i Fig. I
(Fig. 2) has been attributed 7 to a magnetically localized free exciton (self trapped magnetic
polaron), designated as LI in these papers. At lower energies is the e-A 0 peak. The energy

separation between A0 X and e-A 0 increases from 46 to 83 meV upon increasing x from 0.05 to
0.15 (at ambient pressure), larger than the separation of 35 meV for CdTe. The additional
energy (over the Coulombic CdTe value) is due to the binding energy of the BMP. An increase
in temperature from 15 to II0)K shows that the separation between AIX and e-A° decreases,
consistent with the lowering of the magnetic part of the binding energy of e-A 0 with temperature.

The application of hydrostatic pressure increases the band gap. In most semiconductors, the

excitons follow the band gap closely. In Fig. 3, we plot the energies of the four peaks observed
in the x = 0.05 sample: A0 X, LI, e-A 0 , and a phonon replica of e-A 0 (not shown in Fig. 1).
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The energies increase sublinearly with pressure. The first three peaks listed above are also

observed for x = 0.15, and their pressure dependence is shown in Fig. 4. Owing to larger alloy
broadening, the phonon replica of the e-A0 peak could not be observed in this sample. It was
found that the relative intensities of the AIX and e-A ° varied considerably with incident laser
power (for x = 0.15). The e-A ° was relatively stronger for low incident intensities, and optimal
powers of 0.25 and 2mW were used. The spectra shown in Fig. 2 were obtained with 0.25 mW
of laser power. One can also see in Fig. 2 that the e-A ° rides on a decreasing background. It
was ne'-. sary to subtract the decreasing background to obtain reliable values of the peak energy
for e-A 0 . The energies plotted in Fig. 4 are obtained after background subtraction.

Data were obtained upto -35 kbar, beyond which a phase transition to the NaCI structureg

occurs, and no luminescence is observable.
Pressure coefficients were obtained (Table I) by fitting the energies E as a function of

pressure P (in kbar) to the expressicr

E(P) = E(0) + otP + OP2 (2)

Table 1. Pressure coefficients of the PL peaks in Cdl-xMnxTe at 15K.

x Identification E(0) (eV) at (meV/kbar) ? (meV/kbar 2)

This work (15K):

0.05 A°X 1.663 ± 0.001 7.91 ± 0.17 - 0.036 + 0.005
LI 1.648 ± 0.002 8.17 ± 0.3 -0.05 + 0.01

e-A 0  1.616 ± 0.001 8.44 ± 0.14 - 0.044 ± 0.(X)4
Phonon replica 1.595 ± 0.001 8.01 ± 0.2 -0.035 + 0.005

0.15 A0 X 1.826 ± (.001 7.66 ± 0.2 -0.032 0.007
LI 1.806 .002 7.92 ± 0.3 - 0.041 + 0.009

e-A0  1.742 ± 0.001 7.53 ± 0.2 - 0.033 + 0.()6
Previous work (300K, Wei Shan et. al., Ref.5):

0.0 Band gap 1.483 8.3 -0.04
0.1 Band gap 1.618 7.7 - 0.039

While absorption measurements for exactly the same compositions and temperature are not
available, there is good agreement between the pressure coefficients for the band gap and the

AIX for compositions that are fairly close. There is also a slight decrease in a with x.
More interesting are the differences in a for the A0 X and the e-A 0 transitions. For x =

0.05, a (A°X) is smaller than a (e-A 0 ), indicating a decreasing separation between the two.
This can be appreciated better in Fig. 1, where the spectra for 0.6 and 27 kbar are plotted so that
the exciton positions coincide. The e-A 0 peak is clearly seen to be closer to A°X at the higher
pressure. The energy difference between the peaks is plotted in Fig. 5, and is seen to decrease

monotonically with pressure from 47 to 40 meV.
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and e-A ° as a function of pressure for and e-A ° as a function of pressure for

Cd0 .9 5 Mn 0 .0 5 Te at 15K. Cd 0 .8 5 Mn 0 .1 5Te at 15K. The solid line is a
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In contrast, an examination of the pressure coefficients for the x = 0.15 sample, shows that

ax (A°X) is larger than ct (e-A°), implying an increasing separation under pressure, borne out
by the spectra in Fig. 2, and by the increasing separation as a function of pressure in Fig. 6,
Though the pressure coefficients of AIX and e-A ° appear very close, within their experimental

uncertainties, their energy separations, obtained in the same spectrum and at exactly the same

pressure, are less sensitive to the statistical errors that are present in the (X's. The trend of
increasing binding energies with pressure is then evident.

The binding energy of e-A ° consists of Coulombic and magnetic parts, both of which could.

in principle, change with pressure. Strictly speaking, the binding energy of e-A 0 is measured
relative to the band gap 3 , and is 56 meV (94 meV) for x = 0.05 (x = 0.15) at 15K 9 . In our

discussions here, we assume that changes in the e-A ° binding energy are reflected in the

separation between AIX and c-A0 , and that the relatively smaller AoX binding energy (10 meV
for x = 0.05) does not change much under pressure.

The BMP binding energy has contributions 2 from the kinetic, Coulomb and magnetic terms
in the Hamiltonian (Eq. (1)). The effect of pressure on all three terms requires a full calculation

of the acceptor BMP binding energies, and is quite complex. Our measurements on CdTe1 0(

show that the (purely Coulombic) separation does not change much with pressure. It appears

then, that the acceptor BMP binding energy changes due to the combined effects of the
decreasing lattice constant on the dielectric function, effective mass, and possibly the exchange
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integrals. It is also possible that antiferromagnetic coupling for x = 0.15 plays a role. A detailed
calculation is currently in progress.
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Introduction

Dilute magnetic semiconductors (DMS), such as Cdl.,MnTe, are excellent hosts for the study
of disordered magnetic systems. In these diluted random alloys, neighboring magnetic ions form
clusters through short range spin exchange interactions. A number of experiments [ 1-8] have been
devoted to the investigation of the nearest-neighbor (NN) coupled magnetic ion pairs, by measuring
the quantized total spin in afield. In (CdMn)Te, the obtained NN exchange constant J1 is -6.1 K[7,81.
However, to understand full range of magnetic and optical phenomena in DMS, it is important to
explore the behavior of clusters larger than pairs and interactions beyond NN.

In this report, we summarize the recent results of high-field magnetization measurements using
a Faraday rotation technique on (Cd,Mn)Te up to 60T at liquid helium temperature[9]. We provide
quantitative evidence of magnetic ion triplets, and of the saturation of magnetic ion pairs.
Quantitative agreement with the experimental results is obtained from a NN cluster model. Effects
of further-neighbor interactions are observed in the form of an experimental bias field A. We found
a linear relationship between A and magnetization M for ion pairs, independent of manganese
concentration x for x < 0.1. From this relation, we deduce the next-nearest-neighbor (NNN)
exchange constant J2/k, = -1.1K. For detailed discussions, see reference 9.

Magnetic Ion Triplet Clusters

In the nearest-neighbor interaction model [101, for low magnetic ion concentration ( x -< .1),
small clusters such as singlets, pairs and triplets (open and closed) dominate the the magnetic ion
population. The magnetization of these small clusters can be obtained exactly from general thermal
ensemble theory. At T=OK, each type of clusters show a series of equal-step like magnetization
increases with magnetic field. The onset field of the ladder and the number of steps are different
for different cluster types. Pairs have five steps starting at - l0T, while open triplets have seven
steps starting at - 30T. At T=4K these equal-step ladders are broadened into linear trends and the
structure of M(B) is simplified. Thus we expect an increase in the slope dM/dB due to the contribution
from open triplets. In the range of interest, larger clusters have no effect in the slope change as
indicated by the self-consistent calculation[91 using the Weiss molecular-field model.

Fig. I displays the measured and calculated magnetization derivative dM/dB versus field B at
T - 4K. In the range of 15T to 60T, the magnetization versus B is composed of three different linear
regimes. At approximately 30T, we observed a slope increase due to the onset of open triplets. The

Mat. Res. Soc. Symp. Proc. Vol. 161. '1990 Materials Research Society
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decrease of slope at - 50T is attributed to the saturation of pairs. The amount of increase and decrease
in the slope is proportional to the number of open triplet clusters and pairs respectively. Quantitative
comparison with the calculated probabilities [10] assuming random distribution is given in Ref.9.

0.12
I.--

0.10

M 0.08 \

0.06

0 10 20 30 40 50 60 70
B (tesla)

Fig. I Comparison of experimental and theoretical derivative of magnetization M as a function of
applied magnetic field B in the range 15T to 60T at T - 4K for Cd,,MnTe, x--0.095. (after Ref.9)

Effect of Non-Nearest-Neighbor Interactions

In DMS materials, the effective field experienced by a given (NN) cluster differs from the external
field by a bias field--average exchange field due to further-neighbor interactions. For pairs the bias

field at the nth step is defined as A: B.P(meas.) -B:P(NNcalc.), where B. is the step field. Since
the magnetization M is a measure of total spin alignment, we expect that A is proportional to M.
Fig.2 is a collection of all available data on A for Cd,-,Mn.Te plotted versus M. These include the
data obtained at different steps of the same sample. Despite the difference in manganese
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concentrations ( which varies from 0.033 to 0.095), a single linear relation between A and the total
magnetization M for pairs is observed,

A=cM. (1)

The constant c is directly related to the non-nearest-neighbor exchange energies.

4

3 (Cd,Mn)Te trIpletsK -_--

3I

a)2 =o.36M

0 2 4 6 8 10
M (emu/g)

Fig.2 Magnetization dependence of the bias field A for pairs and triplets for various x and T.

For pairs: x=0.033 at T=1.3K (0) and T=1.28K (7(Ref.7); x=0.047 at T= 1.3K (A) and T=O.47K

(Q) (Ref.3), and T=I.4K (0) (Ref.8); x=0.095 at T=0.6K (0) and T-4K (i) (this work). For

triplets: x=0.095 at T-4K (A) (this work). Typical error bars are shown here. The data include
those obtained at different steps of the same sample. (after Ref.9)

In the mean-field theory[4,91, assuming that on average, the two spins in a pair have equivalent
paramagnetic environments, the bias field may be written as

A= Y-NJ,-
r,2 g9B

where N, is the number of rth neighbors for pairs and J, is the rth --i ghbor exchange constant. A

is Avogadro's number, g=2, and W is the formula molecular weiE tor Cd1,,Mn.Te. Combining
Eqs.(l) and (2), we obtain

ci I I jI--A 2 NYmrj (3)



458

Note that c is independent of temperature T, and weakly dependent on x through W. This is consistent
with experimental observation. To estimate J2, the form J,,2, 

= J ["r 7[ 11] is assumed. We find
J2/kB = -1.1 ±0.2K for interactions up to 4th neighbors are included. This value is comparable to
the approximately estimated values [4,12,13].

In summary, we provide quantitative evidence of triplet ion clusters in DMS. Mn2  pair saturation
is observed at - 52T. Quantitative agreement between our experiment and calculations using the
nearest-neighbor cluster model is obtained. The linear dependence of the bias field on the total
magnetization derived here is consistent with the mean-field model. These results give important
information on interactions beyond nearest-neighbors.

This work was supported by the National Science Foundation Grant No. DMR8807419, and
DARPA-N00014-86-0760. The Francis Bitter National Magnet Laboratory is supported by the
National Science Foundation.
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ABSTRACT

We have conducted a systematic study of Ge-Cdl-xMnxTe
heterostructures prepared in situ by deposition of
polycrystalline Ge onto atomically clean Cdl-xMnxTe (110)
surfaces. We examined by means of high resolution synchrotron
radiation photoemission the valence band offset AEv as a function
of the substrate composition x (x=0, 0.35, and 0.60) and bandgapSEg (Eg l.4 7 , 1.93, and 2.13 eV) . We find AEv=O.84±0.lOeV in all

cases, and no dependence of AEv on the substrate bandgap within
experimental uncertainty. This finding indicates that within the
range of validity of the transitivity rule, Cdl-xMnxTe-Cdl-yMnyTe
heterojunctions may actually follow the common anion rule.

INTRODUCTION

Semimagnetic semiconductors are usually ternary alloys in
which some of the cations in a II-VI semiconductor lattice have
been replaced by magnetic atoms such as Mn or Fe. The resulting
materials exhibit new magneto-optical and magnetotransport
properties, such as giant Laudau splitting, giant electronic
g-factor and large magnetoresistance[l,21 . Consequently,
heteroscructures formed by these materials would exhibit
magnetically tunable superlattice optical and transport
properties which could open the way to novel device

applications [3].However little information is available about
crucial heterojunction parameters of these materials, including
the valence band offset AEv, which is one of the most important
parameters for any device design[4].

In this paper we present a first synchrotron radiation
photoemission study of the electronic properties of the
semimagnetic semiconductor heterojunction Ge-Cdl-xMnxTe(ll0). We
measured the valence band offsets AEv for different substrate

compositions (x=0, 0.35, and 0.6) and bandgaps (Eg=1.47, 1.93,

and 2.13 eV) using both conventional methods and a new method
which exploits spectra for Ge and Cdl-xMnxTe to generate a
composite valence band edge, and a least squares fitting
procedure to fit the experimental spectra for the
Ge-Cdl-xMnxTe(ll0) interface to the composite valence band
obtained a priori. The two procedures obtain remarkable
consistent results only if a proper lineshape analysis of the Ge
core level is performed as a function of coverage. Failure to do
so yields incorrect estimates of band bending and therefore
erroneous values of AEv from the conventional procedure. The new
procedure is instead immune from these problems. The main
conclusion of this work is that the valence band offsets are
identical (0.84±0.10eV), within experimental uncertainty, for all

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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of the heterojunctions examined, so that, if the transitivity
rule applies to such systems, Cdl-xMnxTe-Cdl-yMnyTe will follow
the common anion rule.

EXPERIMENTAL DETAILS

Single crystals of Cdl-xMnxTe alloys were grown at Purdue
University and characterized through X-ray diffraction and X-ray
microprobe analic. Atomically clen (110) surfaces were
obtained by cleaving the samples in situ in a photoelectron
spectrometer at an operating pressure of 5x10- I I Turr.
Heterojunctions were prepared at room temperature by Ge
sublimation from a W basket at pressure of 5x10 -l 0 Torr with
coverage monitored by a quartz thickness monitor. Angle
integrated photoelectron energy distribution curves (EDC's) were
obtained in the 45 hv:l10eV range using a 3m toroidal grating
m'nochromator, radiation from the 1 GeV Aladdin electron storage
ring at the Synchrotron Radiation Center of the University of
Wisconsin-Madison, and a commercial hemispherical electron energy
analyzer. The overall energy resolution was 0.2 - 0.3eV. More
details on the experimental procedures employed can be found in
Ref.5-6.

RESULTS AND DISCUSSION

EDC's for the leading edge of the valence band emission from
Ge-Cdl-xMnxTe(ll0) interfaces (x=0, 0.35, and 0.6) at a Ge

coverage of 5A are shown in Fig.l (solid circles). The spectra
have been normalized to the main emission feature and are shown
in arbitrary units. The binding energy scale is referred to the
zubztr~te .alence band maximum Ev, estimated through a linear
extrapolation of the leading edge of the substrate valence
band[7]. All of the spectra in Fig.l exhibit similar structure.
The main feature corresponds in all cases to a Te-derived density
of states (DOS) feature, and the well defined shoulder on the low
binding energy side derives from the Ge valence band emission.
Valence band discontinuities much larger than the -rerimental
energy resolution have been measured directly in the past[5] by
simply linearly extrapolating the leading edge of the substrate
and overlayer-related valence band features in EDC's similar to
those displayed in Fig.l. Unfortunately, by this method we could
not obtain quantitatively consistent results throughout the Ge
coverage range explored. Values of AEv as low as 0.42eV and as
high as 0.67eV were obtained for Ge coverage between 1 and 5A.
Since the coverage-dependence of the substrate and overlayer
emission intensity indicates[8] that negligible interdiffusion
takes place across the interface during room-temperature
formation of these heterojunctions, the experimental valence band
emission in Fig.l (solid circles) should reflect a simpip
superposition of a Ge-type valence band emission with a
CdlxMnxTe type of valence band, shifted relative to each other
by the valence band offset AEv. We therefore used EDC's for the
valence band emission prior to Ge deposition, and for the
Ge-covered surface at the highest coverage explored (20A) to
obtain a "composite" valence band that could be compared with the
experimental valence band EDC's for Ge-Cdl-xMnxTe in the Ge
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Figure 1. Valence band EDC's at hv=8OeV for 5A Ge on
Cdl-xMn.Te(ll0) with x=0, 0.35, and 0.6 (solid circles). Best fit

of the overall lineshape (solid line) were obtained through a
least squares procedure described in the text. Two components
correspond to substrate VB emission (dashed line) and overlayer
VB emission (dotted line). The distance in energy between the two
components gives rise to AEv .
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coverage range from 1 to 5A. Positions and intensities of the two
EDC's comprised in the composite valence band were used as
fitting parameters, and were determined through a non-linear
least squares fitting procedure. The best fits are shown in
Fig.l.(solid lines) superimposed to the experimental EDC's (solid
circles) . We also give the individual Ge-type (dotted line) and
substrate-type (dashed line) valence band spectra corresponding
to the best fit. Comparing the linearly extrapolated value of the
valence band maximum for these two spectra we obtained for AEv
values of 0.80±0.10ev, 0.83±0.10eV, and 0.81±0.10eV,
respectively, for Ge-Cdl-xMnxTe heterojunctions with x=0, 0.35,
and 0.6. We note that most of the experimental uncertainty on
each single value of AEv derives from the linear extrapolation
criterion to determine Ev. On the variation of AEv with x the
uncertainty is actually smaller, since it derives primarily from
the least squares fitting procedure, and would not be affected by
a systematic error in the determination of Ev for one or the
other of the two semiconductors. We estimate the uncertainty on
the variation of AEv in the series to at most 0.05eV. The
validity of our method is supported by the fact that it yields
quantitatively consistent values of AEv in the whole Ge coverage
between 1 and 5A, and by the value of AEv=0.85±0.l0eV reported by
Katnani and Margaritondo for Ge-CdTe(l10) [7).

A more conventional method to obtain AEv exploits the
zero-coverage and high coverage limits of the linearly
extrapolated position of the valence band maximum. The difference
of the two positions reflects, in principle, AEv and the
variation in overlayer and substrate band bending in the coverage
range examined. If the band bending can be estimated from the
coverage dependence of the substrate and overlayer core binding
energies[9), then one can extract the value of AEv. Recently this
very successful method came under some criticism[10], since high
resolution core level photoemission studies during Ge
heterojunction formation with a number of III-V semiconductors
repeatedly showed lineshape changes due to interface chemistry
which greatly complicated the task of extracting the band bending
variation. We decided to compare the AEv value obtained with our
valence band fitting method with the result of the conventional
method. In the present high resolution results we observed no
detectable coverage dependence of the Te 4d lineshape, and we
used the apparent Te 4d binding energy to monitor the substrate
band bending. We observed instead lineshape changes for the Ge 3d
core levels. A superposition of two 3d doublets could be used to
obtain a good fit of the overall lineshape in the intermediate Ge
coverage range (1-5A). The coverage-dependence of the two
doublets clearly identify the high binding energy doublet as due
to Ge atoms involved in a chemically-induced local interface
dipole and the low binding energy doublet as due to the growing
elemental Ge overlayers. We used the energy position of this
second Ge 3d contribution to estimate the band bending variation
within the Ge overlayer. The values of AEv derived from the two
methods are summarized in table I. All of the values are
consistent within experimental uncertainty, and we conclude that
the valence band offset is 0.84±0.10eV for all of the
heterojunctions examined, and that the valence band offset change
in the series is less than ±0.05eV.
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Table I. Valence band offsets AEv for
Ge-Cdl-xMnxTe determined from two different
methods discussed in the text.

interface AEv(eV)a AEv(eV)a

VB fitting core levels

Ge-CdTe 0.80 0.80
Ge-Cd0 .6 5Mn0 .3 5 Te 0.83 0.85

Ge-Cd0 .4Mn0 .6Te 0.81 0.86

a
Uncertainty of each numerical value of AEv

is 0.10eV, but uncertainty on the change in
AEv in the Cdl_xMnxTe series is only 0.05eV
(see text).

The transitivity rule[4,9] would allow us in principle to
determine the value of AEv for a hypothetical

Cdl-xMnxTe-Cdl-yMnyTe heterojunction from the known value of the
valence band offset for heterojunctions of the two semiconductors
with a common third semiconductor. From the results of table I
one would then conclude that a valence band offset of 0.00±0.05eV
is expected, i.e. that the Cdl-xMnxTe-Cdl-yMnyTe system would

follow the much maligned common anion rule[9] . We should add,
however, a word of caution: to date, the transitivity rule has
been found to hold only within a substantial experimental
uncertainty (±0.15eV).

CONCLUSIONS

We have employed two different analysis methods to study the
valence band offset at heterojunctions between Ge and
semimagnetic CdlxMnxTe semiconductors as a function of x. In

particular, we have proposed a new simple least squares fitting
procedure to obtain values of the valence band offset with an
accuracy of 0.05eV in the change of this parameter in the
heterojunction series. We found the valence band offset for
Ge-Cdl-xMnxTe to be independent of substrate composition and
bandgap. We conclude that within the range of validity of the
transitivity rule, Cdl-xMnxTe-Cdl-yMnyTe heterojunctions may
follow the common anion rule.
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ABSTRACT

Epitaxial layers of Cdj-xMnxTe have been grown on CdTe (100) substrates by

evaporating a target with a 1.06 gim pulsed laser. The high - quality materials were characterized

by photoluminescence spectroscopy (PL) and energy dispersive analysis of x-ray (EDAX). We

find that the incorporation of the Mn in the epitaxial layer is about two - thirds of the

concentration in the target. A comparison is made to the epitaxial layers grown on CdTe (I 1l)

and GaAs (100) substrates.

Diluted magnetic semiconductors, like Cdj.xMnxTe, form a novel class of semiconductor

materials. Epitaxial growth of these materials has recently become feasible. CdI xMnxTe epitaxial

layers have been grown by molecular beam epitaxy (MBE) 1,2 , metalorganic chemical vapor

deposition (MOCVD) 3 , atomic layer epitaxy (ALE)4 , and pulsed laser evaporation and epitaxy

(PLEE)5.6 .

The PLEE technique has some advantages over the MBE technique for fabricating layered

semiconductors and microstructures. 7 ,8 Instead of using an effusion (Knudsen) cell as a

molecular beam source, PLEE uses suitable solid targets that are heated locally to a few

thousand degrees OC with a pulsed laser beam to produce an atomic-beam source. One unique

characteristic provided by this technique is that composition changes can be made during the

epitaxial layer growth by directing the laser beam to different targets using a computer controlled

mirror. This can be employed to layer different materials in superlattices and quantum wells. In

addition, since a single laser shot produces only about one tenth of a monolayer, materials from

different targets can be evaporated and directed to the substrate during the deposition of a single

monolayer. Therefore one can anticipate that single monolayer growth with any reasonable

composition can be obtained, and that an ordered material like Cd3 MnTe4 might be grown by this

tcchnique 9 .

A pulsed Nd: YAG laser operated at 1.06 ltm, repetition rate of 10 Hz and pulse duration

of 0.1 ms, is used in the growth. In general the growth rate depends on the laser power, beam

diameter, target material, and the distance between target and substrate. We obtain a growth rate

between 2k/sec and 4k/sec using an average power of 0.8 W ( 80 mJ/pulse), beam diameter of

0.5 mm, and target to substrate distance of 7 cm. The energy density per pulse is 30 J/cm 2.To

ensure a uniform evaporation of the targets, the laser beam is scanned across the rotating targets.

The former is accomplished by a computer-controlled stepping motor attached to a reflecting

mirror. An ultra-high-vacuum chamber is used with a base pressure of I x 10-8 torr. The growth

rate is monitored by a quartz - crystal thickness monitor and the substrate growth temperature is

Mat. Res. Soc. Syrp. Proc. Vol. 161. ' 1990 Materials Research Society
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typically 300 OC. Optical characterization of the as-grown epitaxial layers is carried out by

photoluminescence (PL) spectroscopy at liquid helium temperature using an alignment-free fiber

optics apparatus. 10

Epitaxial layers of CdTe and Cdi-xMnxTe were grown on CdTe substrates with two

different substrate orientations, (100) and (111B). Usually no substrate etching is used after the

original chemical polishing by the vendor. After rinsing in methanol, the substrates were

mounted on tantalum discs by using indium solder, and then degassed by heating to 350 OC for 5

minutes in the chamber prior to the growth.

One conclusion from our experiments is that (100)-oriented substrates of CdTe give
higher quality epitaxial layers for the growth of CdTe and Cdl-xMn.Te, compared to the (111B)

oriented substrates. The PL intensity is at least 20 times stronger for the epitaxial layers grown
on (100) oriented substrates than those grown on (11I B)-oriented substrates. This has been

verified within a reasonable range of the growth rate and growth temperature.

We also found another interesting result when comparing the Mn concentration in the

CdI-xMnxTe epitaxial layer to that in the target: less Mn incorporates when CdTe substrates are

used, but excess Mn incorporates when GaAs substrates are used. The latter has also been

observed recently by other authors, and was compensated by using an over-pressure of Cd

introduced during the growth in order to maintain the stoichiometry. 5,6

Both PL and EDAX were used to determine the Mn concentration. Comparison of PL

spectra from a Cdl.xMnxTe target and from the epitaxial layer grown from the same target
material clearly shows this Mn deficiency in the layer (see Fig.1). Three types of transitions can

be identified in the spectrum of the target shown in the Fig.1 (a): a donor-bound-exciton transition
(DOX) at 1705 meV; an acceptor-bound-exciton transition (AOX) at 1692 meV; and a broad and

weak transition centered at about 1647 meV, which is related to donor-acceptor-pair transition
(DAP) and/or band-acceptor transition (eAO). To determine the Mn concentration, we use a

formula for the acceptor-bound-exciton transition energy (or LI transition energy) 1

ELI(X)= 1588.8+1440x meV (for0<x<0.1 atT--4K),

and obtain a Mn concentration x=0.071. Next we examine the Cdl-xMnxTe epitaxial layer. In
Fig. 1(b) there is a small additional peak at 1590 meV, and is identified as a bound-exciton
transition from the CdTe substrate. Since this epitaxial layer has a thickness of 1.5 gm, the

exciting photons with 1.96 eV are mostly absorbed in this layer (absorption length -t = 0.4

im). The excitons are created in the layer and then some migrate to the substrate when they

recombine. We have confirmed this exciton migration by performing PL with higher photon

energy (2.6 eV) and still observed a similar CdTe-related-transition peak, while in this case the
photons are totally absorbed in the layer (absorption length a- = 0.13 }.tm). Now, the (AOX)

transition has moved to 1653 meV and the (DAP/eA o ) transition has moved to about 1610 meV.

In the same way, we can determine the Mn concentration in the epitaxial layer as .c-0.044, which

is 38% less than in the original target material. Another indication from the PL spectra is that

there are more acceptors in the epitaxial layer than in the target, since the (D°X) transition is
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Fig. 1 PL spectra from: (a)
C_ (b) AAX CdI.xMnxTe, x=0.071,

target; and (b) Cdl.

ADA X 10 xMnxTe, x--0.044, epitaxial

CdTe W layer grown on CdTe (100)

substrate from the same
Q) target material as shown in
0 (0) (a). The sample temperature

o is 4.2 K. The exciting
DA ophoton energy is 1.96 eV

.: A JAand the light intensity on the
E sample is 0. 1W/cm 2.

1.55 1.60 1.65 1.70 1.75

energy (eV)

absent in the epitaxial layer. Also the relative amplitude of the (AOX) transition to the (DAP / eA o)

transition is several times larger in the epitaxial layer. The excess acceptors are probably related

to additional Cd vacancies in the epitaxial layer.

The above results for the Cd IxMnxTe epitaxial layer composition based on PL spectra

are confirmed by the EDAX data shown in Table I, which is from another set of target and

epitaxial layer samples with higher Mn concentration. The Mn concentration in the target is

x--0.28, but is only x=0.17 in the epitaxial layer grown on a CdTe (111) substrate. Again, the

loss is 39%. This Mn deficiency is consistent with the PL results from the sample with low Mn

concentration as described above. In contrast, Table I shows that the Cdi.xMnxTe epitaxial
layer grown on a GaAs substrate has a Mn concentration higher than the target. No PL data was

Table I. EDAX data from a Cdl.xMnxTe target and the epitaxial layers grown from this target,

using various substrates.

Concentration(%)

Material Mn Cd Te x- value

target 13.9 35.9 50.2 0.28

epilayer on (I1IB)CdTe 8.5 37.5 53.9 0.17

epilayer on (100)GaAs 16.7 32.4 50.9 0.33

Spot,epilayer on (100)GaAs 35.3 15.2 49.5 0.71
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Fig. 2 SEM micrograph of

an layer of CdlxMnxTe,

grown on a GaAs (100)

substrate.

obtained to confirm this, probably due to the poor surface morphology and the gallium-related

defects. Many spots of 1 - 10 gm diameter were observed on the layer grown on GaAs substrate.

The Mn concentration was found to be as high as 0.70 on these spots. An SEM micrograph of

this layer is shown in Fig.2. The EDAX analysis of the same sample revealed the presence of

significant amounts of gallium in the layer. Smaller amounts of gallium in the layer has been

reported previously 12 .

In summary, we have grown high-quality epitaxial layers of Cdl-xMnxTe on CdTe (100)

substrates by PLEE technique. PL and EDAX data indicate that about two-thirds of the Mn in the

target is incorporated in the epitaxial layers, for targets with x=0.07 and 0.28. On the other hand,

epitaxial layers grown on GaAs substrates show higher Mn concentration than the targets, in

addition to the very high Mn concentration spots. We also find that the use of CdTe (100)

substrates results in a high-quality epitaxial layer than CdTe (111) substrates.
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ABSTRACT

The near bandgap photoluminescence of ZnSe epilaycis grown on GaAs substrates

is measured for pressures up to -25 kbar using a diamond anvil cell at T = 9 K.

The bandgap changes with pressure, dE/dp, for pseudomorphic and nonpseudomorphic

films are obtained, and are compared with results for bulk crystalline ZnSe.

INTRODUCTION

Commensurate growth of ZnSe on GaAs has been achieved for thicknesses up to

-0.15 gm [1-31. Elastic strain due to the lattice mismatch (0.25% at room temperature) is

accommodated until the critical thickness is obtained. For larger thicknesses misfit

dislocations lower the total energy of the system and incommensurate growth ensues.

Previous studies have demonstrated the relation of this strain to epilayer thickness, with its

concomitant effect on the density of misfit dislocations [2,4]. Moreover,

photoluminescence (PL) studies have demonstrated the effect of this strain on band-edge

emission [4-6].

The presence of biaxial strain in very thin films is also expected to alter the effect of

applied hydrostatic pressure (p) on the band-edge photoluminescence relative to its effect

on the PL from bulk material. Previous reports have determined dE/dp, the change in

bandgap energy with press ire, to be in the range 6.0 - 7.5 meV/kbar for bulk ZnSe at

room temperature down to 77 K [7-91. The current study determines dE/dp for ZnSe

epilayers of contrasting thickness, grown by MBE on GaAs, and compares these values

with the bulk crystalline value, which is also measured here. All measurements are made at

9 K.

Mat. Re. Soc. Syrup. Proc. Vol. 161. 1990 Materials Research Society
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EXPERIMENTAL PROCEDURE
Photoluminescence measurements were made on 0. 1 and 2.1 gIm-thick ZnSe

epilayers grown on GaAs by MBE and on bulk ZnSe grown by zone melting. The "thin"

epilayer was commensurately grown, while the "thick" layer was thicker than the critical

thickness for commensurate growth. Experiments were conducted at a temperature of T

9 K and at pressures up to -25 kbar. The GaAs substrate was initially -300 gtm thick, and

was thinned down to -50 ±n by mechanical polishing.

High pressure measurements were made in a gasketed Merrill-Bassett diamond

anvil cell (DAC) [10,111, contained within a closed cycle refrigerator (9 K). The ZnSe

sample was loaded with ruby chips in a liquid argon bath within the DAC to obtain near-

hydrostatic pressure conditions at low temperature [121. ZnSe and ruby

photoluminescence were excited using the 4067 A line from a krypton ion laser, and were

detected using a 0.85 m double spectrometer and a cooled PMT. Photon counting

electronics were interfaced to an IBM AT for A/D data conversion, storage, and analysis.

The pressure in the DAC was determined using the calibration scale for ruby

fluorescence vs. pressure [13]. This was in turn calibrated using the 6929.468 A line from

a neon discharge lamp, together with the 6965.430 A line from an argon lamp. The

pressure determination is accurate to < 0.15 kbar, and energy measurements for the ZnSe

photoluminescence are accurate to < 0.6 meV. The resultant uncertainty in the values of

dE/dp is less than 0.21 meV/kbar.

RESULTS
Near band-edge PL spectra are shown for the three samples at ambient pressure

(1 bar) and T = 9 K, as the lower spectra in each of the three parts of Figure 1. For the

bulk crystalline sample in Fig. Ia, the dominant feature at 2.7973 eV (120) is associated

with a neutral bound donor exciton, attributed to either an In or Ga impurity. A neutral

bound acceptor accounts for the exciton feature at 2.7924 eV (Ii). The feature at

2.7829 eV (IDtEl') is due to a deep level acceptor, commonly attributed to Cu. The

phonon replica, I1 DEEP-LO, is found 31.6 meV lower in energy than I1 DEEP. Finally, the

two weak features higher in energy than 120, are due to the excited state (n=2) of a donor

bound exciton at 2.8014 eV (12D) and the free exciton transition at 2.8039 eV (FE).

Identification of the PL peaks is less certain f'r the epilayers. For the "thick" film

in Fig. lb, the ambient pressure peak at 2.8009 eV (FE) is attributed to the ground state

free exciton peak. The red shift from the bulk value may be due to a slight tensile strain

[31. The peak at 2.7958 eV (120) is associated with an exciton bound to a neutral donor and
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the peak at 2.7728 meV (I') is as yet unidentified. For the "thin" film in Fig. lc, one large

peak is obtained. This corresponds to the ground state free exciton transition with energy

2.8055 eV (FE). The blue shift from the bulk value corresponds to an in-plane

compressive strain due to a lattice mismatch at 9 K of -0.23%. A very small peak is found

near 2.7998 eV (Ix), which is usually attributed to a neutral bound exciton.

The photoluminescence is monitored with increasing pressure for all three samples.

A representative plot for each sample at a higher pressure is provided by the upper spectra

in the three parts of Figure 1. For the "thick" epilayer, the 120 peak intensity decreases with

increasing pressure and disappears altogether at approximately 16 kbar. At approximately

the same pressure, a new feature begins to grow at 2.9170 eV, which is 6.4 meV higher in

energy than the FE peak. As pressure is increased the exciton energies 120, IIDEEP, and

I1DEEP-LO are monitored for bulk ZnSe, the FE, 120 C,Iin,Ga, and I' peaks are monitored for

the "thick" sample, and the free exciton transition (FE) is monitored for the "thin" sample.

The resultant plots of energy vs. pressure are shown in Figure 2. Least square lines are

plotted for these data, yielding values for dE/dp. For bulk crystalline ZnSe, a value of

dE/dp = 6.64 + 0.12 meV/kbar is obtained for the dominant 120 peak, with dE/dp =

6.59 + 0.12 meV/kbar for ItDEEP and 6.58 ± 0.15 meV/kbar for IIDEEP-LO. For the
"thick" sample, dE/dp = 6.50 + 0.13 meV/kbar for the dominant free exciton (FE) peak,

6.54 + 0.13 meV/kbar for 120, and 6.67 _+ 0.15 meV/kbar for 1'. For the "thin" sample,

dE/dp = 6.48 _+ 0.21 meV/kbar (FE).

ANALYSIS
The effect of hydrostatic and uniaxial pressure on a semiconductor is to shift the

conduction and valence band edges by changing the volume and crystal symmetry. For

ZnSe with its direct bandgap at F, the conduction band is only subject to hydrostatic

components of strain. However, in addition to the effect of hydrostatic strain on shifting

ilie valence bands (18), tetiagonal distortion splits the degeneracy of the four-fold P3 2

multiplet into heavy hole (hh: J = 3/2; mj = + 3/2) and light hole (1h: J = 3/2; rni = _+ 1/2)

bands. The effect of biaxial stress due to lattice mismatch may therefore be separated into

hydrostatic and nonhydrostatic components [14,151, which when considered together with

externally applied hydrostatic pressure may be shown to affect energy bandgap shifts,

according to:

3p2CI2] ZnSe-T(,[3pg (a-,-) [2(ac - av)(l - '- b(1 + l (.Tx,-,v [11
A~ -(cav II+2C12 Ct1 C+
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The first term is the hydrostatic pressure component, while the first component of the

second term is due to the hydrostatic portion of the strain and the second component is due

to tetragonal deformation, with - for heavy holes and + for light holes. Spin-orbit splitting

has been included in the overall bandgap term. Here, a. and a, are the hydrostatic

deformation potentials for the conduction and valence bands respectively, b is the uniaxial

deformation potential for a strain of tetragonal symmetry, and C11 and C 12 are elastic

constants for ZnSe. The strain JnSe(T,p) is evaluated for a given temperature and

pressure and has the form:

--7-Se(Tp)) = Cil + 2 CQ2  -1[2'xxe(P ax(Tp 0 ) 1 [21
I1 C-42(7,1

where ax(T,p0 ) is the lattice constant for ZnSe at temperature T and ambient pressure (p0 =

I bar), and the primed quantities correspond to the respective parameters for GaAs.

The resultant shift in bandgap energy with pressure for a strained layer may be

related to (dE/dp)bulk = - 3(ac - av)/(Ctt+2C 2)} for bulk material by:

(dp )h = PPut
th

[2(ac ~ av)(I+f2L2) ; b( l + 2C2)1 [ 1 1 +2C]21
- + Cil ax(T,p0) QI + 2C1 '2  C1 I 2

131

The variation of the exciton binding energy with applied hydrostatic pressure is not

significant here.

The values for dE/dp may be evaluated using C11 = 929 kbar, C12 = 562 kbar,

C1'i = 1221 kbar, C' 2 = 566 kbar [16,171, ax(298 K,p 0 ) = 5.6676 A, and a (298 K,p 0 ) =

5.6533 A [5,17]. The elastic constants are for T = 77 K. For 9 K, the elastic constants are

cstimated to be 940, 570, 1234, and 577 kbar, respectively, extrapolating from the

constants at 77 and 300 K by using an exponential fit. A wide range of deformation

potential values are reported in the literature. The values (a. - av) = -4.17 eV and

b = - 1.20 eV [3,18] can be used as reference parameters. Then the expected values of

dE/dp are 6.09 meV/kbar for bulk crystalline ZnSe, and 6.05 and 5.72 meV/kbar for the hh

and lh bands for strained layer ZnSe on GaAs, using the elastic constants at 77 K. At 9 K,

the respective values are 6.01, 5.98, and 5.65 meV/kbar. Using the previously determined
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experimental values [61 as a second reference, (ac - av) -4.87 eV and b - 1.05 eV, the

three expected values for dE/dp are 7.11, 7.02, and 6.73 meV/kbar, respectively at 77 K,

and 7.02, 6.93, and 6.64 meV/kbar at 9 K. The value of (a. - av) determined here is

- 4.60 eV, using dE/dp measured for the 120 peak in bulk crystalline ZnSe and using the

elastic constants estimated for 9 K.

The heavy hole band is higher in energy than the light hole band for compressed

films, while for films under tensile stress the light hole band is higher. However, since

dE/dp for hh is greater than that for lh, increasing the pressure will cause the bands to

cross. Thus films initially under compressive stress, such as "thin" ZnSe films, will

become tensile beyond some pressure, and the value of dE/dp will change from the hh to

the lh value. The "thick" films, on the other hand, are always either relaxed or under

tensile stress, and will therefore follow the lh value throughout.

Low temperatures (9 K) will affect the film strain and the relative energies of the

valence bands. Specifically, for ZnSe films on GaAs, a temperature decrease relaxes the

compressive strain due to lattice mismatch, since the thermal expansion coefficient for ZnSe

is larger than that for GaAs [ 151. Nonetheless, the "thin" films here remain compressively

strained even at low temperature for p < 41 kbar, so that the heavy hole band will therefore

always be at the higher energy. Hence, the model suggests that dE/dp for the "thin" film

hh excitons and for excitons in the bulk should be within 0.1 meVikbar of each other.

Within experimental uncertainty, this is seen here.

The "thick" ZnSe films, however, are always under tensile stress, since it is

assumed that the compressive strain has been completely relaxed at room temperature. As a

result, dE/dp for these films is expected to be the lh value which, according to the model, is

-0.3-0.4 meV/kbar lower than the bulk and "thin" film values. Within experimental error,

this is consistent with the reported measurements.

CONCLUDING REMARKS

The experimental value obtained for dE/dp for bulk crystalline ZnSe falls within the

range of values determined in previous experiments. Moreover, the values of dE/dp

obtained for the ZnSe epilayers grown on GaAs are indistinguishable from the bulk result.

Work is continuing on examining the effect of pressure on ZnSc films, including potential

causes of strain relaxation in films with the application of high pressure.
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ABSTRACT

The magnetic and electronic properties of some II-VI semiconductors with 3d transition
metals other than Mn are presented. For example, the nonzero orbital moment in Fe2

leads to more complex electronic energy levels than for Mn2 ions. In (Cd,Fe)Se, inelastic
light scattering experiments demonstrate that the ground state is nonmagnetic (Van Vleck
ion), and directly measures the energy spacir,; between the three lowest levels. For Sc
ions the donor level lies above the bottom of the conduction band in the Cd-based
materials.

INTRODUCTION

Research on Ti-VI semiconductors with Mn " has been quite productive in the past
ten years in establishing many of the basic interactions. This is due to the simplicity of
both the electronic and magnetic properties of the Mn ion. On the other hand, most of
the other 3d transition metals are more complex, leading to new effects not found with
Mn* ions. A striking example is the charge ordering of ionized Fe3' donors in
(Hg,Fe)Se.[I,2] Here, we will address some new effects and applications of non-Mn 3d
transition metals in II-VI semicondu-tors.

Since Mn2 is the only magnetic 3d ion having a simple spin-only moment (S=5/2,
L=O), its paramagnetic properties are easy to model. In more concentrated material the d-d
exchange interaction between the ions significantly modifies the magnetic properties. The
mechanisms and effects associated with the d-d exchange have been relatively easy to
understand because of the simplicity of the Mn2' ion. Figure 1 displays the quantum
numbers for spin (S) and orbital momentum (L) for all the 3d transition metal series. The
nonzero orbital moment of all the non-Mn ions leads to more complicated magnetic
behavior due to spin-orbit coupling in crystals. This coupling induces a nonmagnetic
singlet ground state (Van Vleck ion) for the Fe' ion.

In addition to the magnetic properties, the energy levels of the 3d transition metals
have some interesting interactions. The Mn 2' donor level (2+/3+) lies deep within the
valence band of all the II-VI semiconductors, shown in Fig. 2. In contrast to Mn 2', the
donor levels of other 3d ions often lie near the band edges, or even abvc the conduction
band level. Thus some of these ions act as a source of large concentrations of conduction
electrons, as with Fe in HgSe. One can also speculate that the transitions 2+ -+ 3+ might
be useful for optical processes, since the donor levels provide an additional level to interact
with the existing conduction and valence band states.

Mat. les,. Soc. Symp. Proc. Vol. 161 1990 Materials Rieearch Society
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Cc 2 + Sc 2+ Ti 2+ V 2+ Cr 2+ Mn 2+ Fe 2+ Co2+ Ni2+ Cu2+Zn 2+

3 11--O\ /0O O\ 3

S 2 d 9- -2 2L
// 
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ELECTRONS IN 3d SHELL

Fig. 1 -- Quantum numbers for spin (S) and orbital (L) momentum for the doubly-ionized
3d transition metals.

DIVALENT (2+)3d TRANSITION METALS
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Fig. 2 -- Donor (2+ -4 3+) and acceptor (2+ -*1+) energy levels for the doubly-ionized Id
transition metal series. On the right are the conduction and valence bandedge energies for
Il-Vt semiconductors. The relative band offsets and transition metal levels are uncertain to
approximately ±0.1 eV. See Refs. 9-11 for details.
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INELASTIC LIGHT SCATTERING IN (Cd,Fe)Se

The spin-orbit coupling and crystal fields in materials with Fe2 combine to produce
a ground state multiplet of electronic energy levels having separations of 1-2 meV. In
wurtzite (Cd,Fe)Se the three lowest levels have symmetries A1, A, and E, respectively.
The first observation of these transitions using Raman scattering has recently been
published.[31 The transition energies between the A, ground state and the two excited
states were measured and found to be E(A,-4A,)=I.5 meV and E(A,-4E)=2.0 meV. Fig. 3
shows these transition energies in magnetic fields to 15 tesla. Subsequent calculations[4]
of these energy levels agreed with the measured field-dependent variations, shown as solid
lines. Notice the large differences when the magnetic field is applied either parallel or
perpendicular to the hexagonal c-axis. This arises from the selection rules for field-induced
mixing of the wavefunctions of the interacting states. The lowest energy transition is
nearly B-independent for B perpendicular to c, demonstrating that both the A, and A2
levels have equivalent diamagnetic-like shifts. Compare this to the large shift for the same
transition but with B parallel to c, demonstrating a large mixing. The highest energy
transition in Fig. 3 is an overtone of the latter transition, and is not the ground to third
excited state which is expected to lie above 4 meV at B=O.[41

2I I -A B(T)
-' 0.2 0.4 0.6

6 - -o- 1.5 ---- -_
Cd,-, Mn.Se /

X 0.05 ,'

*J.4 '.0-// -I": , ". -/

• W0 CdIxe~
<(meV) -

'0 - - , :00

B *0.5- Cdl-,Fe.Se A
2 x 0.04

, -.- T I.9K

Cd - Fe, Se 
1

x =0.03 0 .-

o 0 0.1 0.2 0.3

0 5 10 15 20 M(emu/qg

B (T)

Fig. 4 -- Zeeman splitting of donor-bound

Fig. 3 -- Internal Fe' transition energies electrons versus magnetization for

versus applied magnetic field for (CdFe)Se and (Cd,Mn)Se, from spin-flip

Cd,.xFeTe, x=0.03 at T=2 K. Raman Raman scattering, after Ref. 6. The

scattering was used to measure the smaller energy for (CdFe)Se is due to the
transitions A,--A 2, A,--E, and 2(A,--A 2 ) for absence of the bound magnetic polaron,
directions of magnetic field parallel and characteristic of the nonmagnetic, induced-

perpendicular to the hexagonal c-axis, moment ground state of Fe2 .

after Ref. 3. Solid lines are calculations
from Ref. 4.



482

Next, we examine the nonmagnetic ground state of Fe2 in CdSe using spin-flip
Raman scattering (SFRS). In Fig. 4, the SFRS from donor-bound electrons is compared
for (Cd,Mn)Se and (Cd,Fe)Se. The bound magnetic polaron (BMP) in (Cd,Mn)Se is a
well-known example where the localized donor electron experiences a finite exchange field
(nonzero Zeeman splitting) even at B20.[51 In remarkable contrast to this, a similar
concentration of Fe does not show the BMP effect -- the energy extrapolates to zero as B
decreases.[6] This results from the fact that Fe 2  ions do not have the large S=5/2 moment
like Mn2', they only have a small field-induced moment. In the Mn-material there are only
N-I 2 stochastically fluctuating spins, giving rise to roughly N 2 net spin alignment at B=O.
At moderate fields, the induced moment in (Cd,Fe)Se amounts to about one-quarter of the
alien moment in similar concentration (Cd,Mn)Se.

MAGNETIC QUANTUM LIMIT IN Hg(Te,Se):Fe

In very high magnetic fields, conduction electrons are expected to form charged
rods when the cyclotron energy is much larger than the Fermi energy. Moreover, these
rods might order in space perpendicular to the field, forming a Wigner-like lattice. This
configuration could be further stabilized, if the background positive charges are mobile,
allowing rearrangement of the positive charge along the rods as "pearls on a string". Up
to now, such effects have been predicted to occur in exotic systems like neutron stars.
However, with the discovery of the mixed valence Fe2*/Fer' phenomenon in HgSe:Fe, it
now appears that these collective effects might occur in a laboratory system.[7]

There is a lot of recent experimental evidence[2,8] showing that in HgSe:Fe the Fe3'
ionized donors orderflj to some extent. In this situation, when the number of Fe2 ions far
exceeds the number of ionized Fe' ions, the Fe3 "choose" which Fe sites to occupy in
order to maximize their distance. Unfortunately, in pure HgSe the Fe2' donor level pins
the Fermi level at a large value of E, = 220 meV. Thus the quantum limit (B>95 T) is
out of reach of present dc or long-pulse magnets. The pinning level, and hence the
quantum limit, can be reduced by alloying with tellurium.18] Results from high-field
transport measurements (Hall- and Shubnikov deHaas-effect) on HgSe,-YTey:Fe give EF =
135 meV for y = 0.12, and E. = 45 meV for y = 0.19. In the latter sample the quantum
limit is observed at B=14.5 T.

SCANDIUM DOPED MATERIALS

The highest-lying 3d donor level in Fig. 2 is that of Sc 2'. It appears to lie above
the bottom of the conduction band in all the Cd compounds. Preliminary SFRS
measurements have been made on donor electrons in Cd,.xMnTe, x=0.05, doped with -10"
cm 3 Sc. This gives us an opportunity to study the interaction of the Sc2' donor level with
the conduction band.

It is a pleasure to acknowledge collaborations with E.D. Isaacs, S.H. Bloom, Y.
Shapira, R. Kershaw, K. Dwight, A. Wold, and W. Giriat. This work was supported by
Grant NSF-DMR-887419, and the FBNML is supported by the NSF.
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ABSTRACT

The high field magnetization for Fe based Diluted Magnetic Semiconductors has
been calculated. It is shown that the low temperature magnetization displays characteristic
steps, related to the nearest neighbour exchange interaction JrN!, provided that JK1, exceeds
a critical value.

INTRODUCTION

Up till recently, investigations on Diluted Magnetic Semiconductors (DMS) were
almost exclusively devoted to DMS containing Mn- as a magnetic ion [1]. However, an
increasing number of papers nowadays deals with DMS containing other magnetic ions
such as Co- or Fe- [2].

From a magnetic point of view these ions represent a more general case since also
orbital momenta are involved. As was shown before (3] for Fe- this results in a rather
complex energy level scheme with a magnetically inactive ground state, giving rise to a
Van Vleck type of magnetic behavior.

For the understanding of the exchange mechanism between the magnetic ions the
strength and sign of the nearest neighbour interaction JNN is of utmost importance since
it is intimately related to the location of the d electron levels with respect to the band
structure [4]. For Mn-DMS the location of steps in the magnetization has been used as a
direct probe for the determination of JN [5], while in Fe-DMS, to which we will restrict
ourselves, in this contribution, the d-d interactions can only be estimated from the high
temperature susceptibility.

In this paper we will show by calculation that, also in the case of Fe-DMS
magnetization steps can be expected which are related to JNN, provided that J3N exceeds
a certain critical value.

THE COUPLED Fe PAIR

The energy levels and wave functions of a single Fe ion in a cubic crystal field has
been extensively studied by Slack et al [6]. In our calculations we also implemented an
isotropic exchange interaction for a pair and an external field:

ij = -2J 9i Sj + B " (Li 2 Si), (1)

which is defined on the 5E- 5E subspace of the lowest orbital doublet given by the
solution of the crystal field Hamiltonian including spin orbit interaction [7].

The magnetization per mole of Fe 2
* ions can be calculated from:

-E i/kT
= -R/2 j /-. II (2)

M-R2 [- 15 Le __---. 9/
e

where E1 represent the eigenvalues obtained from diagonalization of (]). For the
calculations we will use the date for ZnFeSe which may be considered as representative
for several Fe-DMS from the I-VI group. The crystal field parameters are well

Mat. Res. Soc. Symp. Proc. Vol. 161. 1990 Materials Research Society
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established; A = 10 Dq = -2930 cm-1, A = -95 cm -' [8] and an estimation for the nearest
neighbour exchange has been found from high temperature series expansion; Jmg = -22 K
[3].

For isolated ions (J = 0) the situation is relatively simple. An external field B
induces a mixing of the orginally non magnetic ground state with higher states, causing a
repulsion of the ground state and an induction of a magnetic moment. For small fields
the ground state varies quadratically with field, yielding at low temperatures a
temperature independent linear magnetization (so called Van Vleck paramagnetism).
The contribution of these isolated Fe'*-ions magnetization is included in fig. 2 and
displays no characteristic steps.

J -10 K 20 
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S-200
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Fig. 1. Field dependence of the Fig. 2. Magnetization for isolated
lowest levels of an exchange coupled Fe spins and exchange coupled pairs in
pair in a cubic crystal field for two three field directions.
values of J 1,1, above and below
Jcrit 2 -14 K. The insert shows the
appearance of a magnetization step
when Jss > Jcrit"

A completely different situation arises when antiferromagnetically coupled pairs
SJ<0) are considered. One may note that for sufficiently large J, i.e. when
JI >> A2/1 A l, the cnergy scheme becomes analogous to the spin-only situation, where

the ground state is intersected by magnetically active states, yielding steps in the
magnetization at fields gaBBs = rkBIJ1, with r = 1..4 for S = 2. We checked that for
J = -100 K this situation is almost achieved. Lowering the interaction strengths, a
critical interaction strength IJcrtI (Jcit z -14 K) is observed, below which no steps in
the magnetization are visible. In this case the relatively large degree of mixing bends the
ground state in that amount that the excited states cannot intersect. For J = -10 K and
J = -22 K the low-lying energetical structure as well as the inferred low temperature
magnetization are plotted in Fig. 1. The contribution of a pair to the magnetization is
shown in fig. 2, while the relation between the location of the first step and JN is
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displayed in fig. 3. The field dependence of the magnetization close to Jcrit is further
illustrated in fig. 4. In general, the position of the steps (J > JI it ) depend strongly
on the field direction and seem somewhat arbitrary. This is illustrated in Fig. 2, showing
that for B along the [0011 axis the number of steps is maximal whereas in the [111
direction only two steps are visible. Intuitively this may be due to a minimal degree of
overlap between the wave-functions when the external field is applied along one of the
principal crystallographic axes.

We would like to emphasize that, despite the complex general behavior, as far as
the first step is concerned, the field direction does not influence its position considerably.
Only the size of the step is affected. It also appears that a close resemblance with the
spin-only situation (gpzBB, = kB I J I) is already obtained for interaction strenghts closely
approaching Jcrit. Moreover, variation of the spin-orbit parameter from -95 cm 4 to
-105 cm 1 , which actually increases the single-ion splitting roughly with 25%, induces a
step-shift of less than 10%.

SAMPLE MAGNETIZATION

In an actual DMS crystal, the magnetic ions are randomly distributed. For not too
large magnetic ion percentages (up to a few percent) we assume that the respons of such
a system may be described as arising from isolated ions and exchange coupled nearest
neighbour pairs, provided that the exchange between the magnetic ions is short ranged.
In contrast to Mn-DMS, so far no conclusive evidence about the range of the interaction
has been obtained, nor has a clear spin glass transition been observed, which would be
indicative for a long-range nature of the d-d exchange interactions [9]. Therefore we feel
that the assumption made above is justified. The magnetization of such a;. array of
statistically distributed single ions and pairs can now be calculated on the basis of the
results obtained in the foregoing paragraph. Again, we will use ZnFeSe as a
representative example. The results for a crystal containing 5% of Fe ions are shown in
fig. 5 at different temperatures. It is clear that, due to the thermal population of excited
states the steps in the magnetization broaden.

I I

Zn 0. 05 Fe 0. 5 Se

6.0-

4.0

911(1111, J -22K
2.0- calt. T-4.2K

B//tlI .J=-22K
-o- exp. Swagten et a[

0 20 40 60

B(T)

Fig. 5. Total magnetization calculated for Zn0 .s5Fe0 .o5 Se. The data points were taken
from Swagten et al. [7].
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No experimental data on the magnetization have been reported yet in the field
range where according to our calcuiatioas the magnetization stepq sh uld occur. Data are
reported for ZnFeSe [7] and CdFeTe [10] in fields up till 15 T. The data for ZnFeSe are
included in figure 5 and seem to be rather well described by the present calculation.
However, since these experiments are restricted to low fields we will refrain from further
interpretation in the scope of this paper.

DISCUSSION

The existence of a critical exchange strength, J, it, necessary to observe steps in
the magnetization, may not the very transparant crom the treatment of the full
Hamiltonian, but can be understood from the following simplified model for the behavior
of the energy gap between ground statc and first excited level for an Fe-Fe pair:

Eo-Ei = Xpair 
B 2 + giiBb -2kB(J.I. (3)

The first right hand term represents the Van Vleck type variation of the ground state
energy; the second term represents the field dependence of the exited state which closely
resembles the spin-only eigen state of a pair E1 = msairgABB; while the third term
represents the zero field offset between the levels which is only valid for spin-only eigen
states of a pair. The solution of (3) for E0 -Ej = 0 is implemented in figure 3 and predicts
indeed also a critical exchange strength, though somewhat smaller than observed in the
full treatment.

The experimental observation of the magnetization steps may not be as evident as
suggested by our calculations. Apart from the fact that, obviously, the exchange
interaction should exceed the critical strength Jcrit, we also did not consider the
contribution of clusters of more than two Fe-ions. These clusters, which become
important for higher concentrations, will not contribute to the structure near the first
step, but will decrease the height. On the other hand broadening may be caused by
temperature effects (as we showed in figure 5.) and by additional matrix elements (such
as DM anisotropy [11]) which wefe not considered in the present calculations.

In conclusion, we have shown that in principle, the magnetization of Fe-DMS
displays a steplike behaviour. The magnetic field at which these steps occur are
determined by the nearest neighbour interaction JN between Fe** pairs, provided that
this exchange exceeds a certain critical value Jcrit. Experimental conditions favourable
for the observations of these phenomena include : low temperatures (well below 4.2 K)
and high fields (order of 50 T); the use of oriented crystals preferably along the [111] axis
for ZnFeSe-like II-VI compounds and Fe concentrations of a few percent to maximize
the number of nearest-neighbour pairs.
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ABSTRACT

We present a study of the low lying energy levels of Fe2+, Co2+ ,

Ni2+ and Cu2  in diluted magnetic semiconductors such as Cdj_xCoxTe and
Cdl-_CoxSe and their counterparts. In the first of these compounds the
magnetc ion sits on a site of symmetry Td while in the second the
symmetry is trigonal (C3v). We develop a formulation that permits a
continuous variation from Td to C3V symmetry. Comparison with experi-
mental data in Cd1_xCoxSe shows that the C~v distortion amounts to about
10% of the crystal potential at the Co2+ site. Our study of the energy
spectra of Fe2+ in Td and C3V crystal potentials reveals that, even in
the cubic field, the levels exhibit an aniso~rupy which manifests it-
self in an anisotropy of the magnetization, M, in the regime in which M
is not a linear function of the magnetic field 9. The study includes
all the levels in the lowest terms of the (3d)n (n=6,7,8,9) configura-
tions. The calculations are carried out to second order in the spin-
orbit int raction and in B for the lowest orbital states and to first
order in I for the excited states. The g-factors of all the levels are
obtained including their anisotropy for the Co2  and Cu2 + r8 states.

Diluted magnetic semiconductors (DMS's) []J are materials obtained alloy-
ing a II-VI compound AB, where A and B are elements of the groups II and VI
of the periodic table o the elements, respectively, with MB where M is a
transition metal ion. Usually, the element M enters the structure substitu-
tionally at A sites in the compound AB. The chemical formula of the result-
ing compound is Ai-xMxB, x being the atomic concentration of M. The Mn-based
DMS's have, until recently, received the greatest attention. Since the
ground state of Mn2+ is 6 S5/2 , the crystal field has a neglbgible effect on
its magnetic properties and isolated Mn2+ ions in OMS's behave as if they
were free. Other doubly-ionized transition metal ions exhibit ground terms
possessing orbital as well as spin degeneracies. A systematic investigation
of these transition ions in zinc-bleade and wurtzite semiconductors has been
carried out [2-31. In the former, the symmetry of the site of the impurity
is tetrahedral (group Td) whereas in the latter a slight distortion along
the [ii1] direction yields trigonal symmetry (group C3V). Excluding Mn2t,
all the doubly-ionized iron group ions have ground states that are either D
or F terms. The values of L and S are symmetrical with respect to the half-
filled 3d shell so that a study of ions whose shell is more than half-filled
yields automatically information about those for which the 3d shell is less
than half full. However, the order of the crystal-field-split levels is re-
versed and the spin-orbit coupling constant, x, changes sign. Therefore, we
need only study four of the transition metal ions. We have investigated the
energy spectra of Fe2+(3d 6),Co 2 +(3d 7 ),Nik+(3d 8) and Cu2+(3d 9 ). Symmetry
arguments show that while a D term splits into a doublet r3 and a triplet r5
in the presence of a tetrahedral field [4], F terms split into r2+r4+r 5. It
can be shown [51 that the ground multiplet of an ion in the (3d) n configura-
tion in a field produced by a tetrahedral arrangement of negatively charged
ions is r, for n=5, r2 for n=2 and 7, F3 for n=l and 6, r4 for n=3 and 8,
and r5 for n=4 and 9. We expect a fundamental difference between the be-
havior of Fe2+ and Ni2+ on the one hand and of Co2+ and Cu2+ on the other
because while the number of electrons in the former is even, in the latter it
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is odd. By virtue of Kramers' theorem all eigenstates of Co
2+ 

and CU
2
t have

even degeneracies and thus must always exhibit paramagnetism. Fe
2+ 

and Ni
2 +

can have both degenerate and non-degenerate states. It turns out that, i,
the crystals under study, the ground states of Fe

2
t and Ni

2
+ are non-degen-

erate and are, in first approximation non-magnetic. However, in the pre-
sence of a magnetic field, the Zeeman interaction mixes the states of the
lowest term giving rise to a temperature-independent paramagnetism (Van Vleck
paramagnetism).

We first consider the case of a D term in a Td field. The only signifi-
cant part of the crystal potential can be expressed as

*V(Td) =-_a L'L2 -1 (1)6L_1

where L,=L,±iLy and Lx,LY,LZ are components of the angular momentum operator

along the cubic axes xy and z. The orbital angular momentum states of the
free ion are eigenvectors of Lz and are denoted by IML>(ML=2,1,0,-l,-2). The

orbital states in the presence of the Td field and their symmetry characteri-
zation are:

r3: u1 10>

u 2  -2 (12>+1-2>)

r 5 : V, :-I>

V= 2- (j2>- -2>)

v_ -1I>. (2)

u], u2, v+, v5 and v- are taken as the unperturbed wave functions. The spin-
orbit coupling and the Zeeman interaction are treated as perturbations.

We write the Hamiltonian operator of the problem as a supermatrix
divided into diagonal square blocks of 2(2S+1) and 3(2S+I) dimensions corres-

ponding to the 2(2S+I) Ju1 , MS> states (i=1,2; Ms=S,S-1 .....- S+1,-S) generat-
ed by the orbital rs levels. We consider the Hamiltonian

H = Hc + Hs,o. + H7 (3)

where Hc is the Hamiltonian qf the ion in the crystal field excluding the
spin-orbit c upling Hs..= AL-. The term Hz is the Zeeman energy in a mag-
netic field B=B, i.e.,

HZ = IB0n.(L+2S). (4)

The expression for the Hamiltonian H is

Eo(r3 )+2UBBn.S +Bn)
(XS + B ).U Eo(F5)+2BBA.S-(AS+uBB ). (5)

Here Eo(r 3) and Eo(r 5 ) are the unperturb d energies of the r3 and r5 states,
respectively. Two new quantities U and I are introduced, their definition
being
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<Uv VK (6)

and

lLlv,> -IK' (7)

{V=1, and <,K'=+,O,-). The components of I obey the commutation relation
xT=il and can thus be treated exactly as an angular momentum operator with
quantum number I=1.

The Schrddinger equaticn H =E can be rearranged replacing the 5(2S+1)-
component vector o by a composite of two vectors, namely 00) and (5 ) of
dimensions 2(2S+1) and 3(2S+1), respectively. The Schr6dinger equation is
equivalent to two coupled equations which can be solved for 0(31 and (s) by
iteration keeping terms up to second order in x and VBB. A similar perturba-
tion formalism can be developed for F terms in a Td field. The eigerialues
and eigenstates of the spin Hamiltonian are easily determined introducing the
operator +=t+S. The components f t obey commutation rules identical to those
of T and S. The eigenvalues of -P are F(F+I) and the energy levels are ob-
tained working in the representation generated by the states

IF,MF> = I IMSMI><MS,MIIF,MF> (8)
MsMI

where MI=1,0,-I, Ms=S,S-1...,-S+I,-S and MF=F,F-1 .....- F+1,-F. <Ms,MiIF,MF>
is a Clebsch-Gordan coefficient. The trigonal distortion which affects the
energy levels and the magnetic properties of the system is described by the
additional potential

V(C3 v) -b(2-L
2
)-c L 4_31 L 2+6

.12 1 12 1 5 (9)

where L, is the component of L along the trigonal axis. As an example we
investigate the magnetic susceptibility of Fe2+ in a wurzite semiconductor,
such as CdSe.

The differential magnetic susceptibility is defined by

= nkBT lim Z-I(a
2
Z/aB

2
)-Z-

2
(DZ/aB)

2  
(10)

where

Z = jexp(-Ei/kBT) (II)
i

is the partition function and n is the number of Fe2+ ions per unit volume.
We take into account the contributions of the states arising from the lowest
orbital multiplet of Fe2+ , namely 5r3. We calculate the energy levels of the
sr3 states using second order perturbation theory and assuming that the
Zeeman splitting is smaller than the separation between the levels caused by
the trigonal field. The results, including all the 1 vels within the lowest
orbital states, are displayed in Tables I and II for B parallel and
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perpendicular to the trigonal axis Z, respectively. In these tables, t=6a is
the crystal field paraniter and 3W=21(3b-c)XI/A is the energy splitting of
the r2 (C3v) and r3(C3v) states originating from the r4(Td) level of the
lowest orbital state. Figure I shows the temperature dependence of the dif-
ferential magn tic susceptibility of Cd1 _xFexSe. We note that the suscepti-
bilities when B is either parallel or perpendicular to Z differ considerably
below IOK in good qualitative agreement with experimental results 16-71. The
reason for this behavior lies in the fact that the Zeeman interaction giving
rise to the Van Vleck paramagnetism mixes thi r, and r2 states when B is
parallel to and the r, and r3 states when B is perpendicular to this axis.

Table I. Energy eigenvalues of the 5 1' states of Fe2 in a field of s~xnmetry
C3 1 including terms to second order in the magnetic field B 1

"d C'3v Energy eigenvalue

S  F -24 'A
- ' -8;,B2(6\ 

2A--2W)
1

14 I1 -18X2A
- 1 -2W-f+8jB-,(6\

2
A

- ' -2W)-
1 -/12B2A/3X

2

"3s -1 -W--j,,B (.1 +2,A--')-4 BB (, A
- ' 

-W)-'-I/B,[A/.\

-t8X'A -+V+tPBB,(I 2XA
- )-4[B (6X

2A-w)--
'  BA/12 I

[3 [3 -12XA-'+4p,2B(6,\
2
A

- ' -W)
- '

-4
,
uB(6X

2
A

--
I

+
W)

-

rs, P', -6X2A-1 -2W -81t12 Wf>,A-l +2W)-' +1121BA/3W

"3 -6,2A-1 +W-PBB,{1-6XA-1 )+4pB2B 2(6>,A-1 _ Wy- I +IL t2A/12,\I

-6X2 ' -+W+IeB,,(1 -6N\A-')+4pj2B2(6x 2 A 1' +W)-' +1fs12\

['2 "1 8jB2(6X2A-' 2W)
1

Table H. Energy eigenvalues of the 5 1'3 states of Fe
2 + in a field of symmetry

C3 v including terms to second order in the magnetic field BL4.

Td C3, Energy eigenvalue

F, -24X2A - t - 8+ BW (6 1A'

F4 -18XA-' -2W-p'B4W [(3W)-'t+4(6X2
A

-
' +2W)'-,-(12X

2A - ' +3W)-'I

lS-18X2- +W+-jBj (3W) - +w)
- l

-
2 

- -W)- -(A/6,2)

- (12X'- 
- '  -3W )-' I

-12X2A
- 

+j4,Bt [4(6\X
2
A-- +2W)

-
I +2(BX A

-
'-W

) - 
-2(6,"A

- 
+W)

-
II

5 F, -6XA-'-2W4-,p2B1 !(12X- A 
'-3W)-'+4(8X2A-'-2W)-'-(3W)

- '
j

"3 -6XA-' +W+ 0B [(12X'A ' +3W)-' +(A/X
2

)+2(6 
2
A

-
' +W)-' -8(6,\ 

A 
... W 11I

-6X1A-'W pH2 +w+
2 

/ () \2)+(3w)-_+2(X2_A-_+w)- _
F, r, 8,ass z' (6 X a - t - w )
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Figure 1. Magnetic susceptibility

04- of Cdl.xFexSe as a function of
temperature for small x and weak
magnetic fields. The curves are

0 obtained using A=-81cm
- 

and03 - Xl
A=2680cm

-1 
taken from Ref. (6].

The energy separation of the
SP 2 (C v ) and r3(C3v) is selected to02-X

be 3W=7.5cm to yield agreement
with the experimental data [7].

X11and X are the differential
0 magnetic susceptibilities when B

is parallel and perpendicular to

0 1 J I the trigonal axis, respectively.
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ABSTRACT

In contrast to the bulk diluted magnetic semicondtictor (DMS) Cd,_,Mi,,Se which oc-
curs with the wurtzite structure, its epilayers grown on (001) GaAs substrate by Molecular
Beam Epitaxy exhibit the cubic zinc-blende structure. Raman spectroscopy and photolu-
minescence studies on this novel DMS show (1) a "two-mode" behavior of the zone cen-
ter optical phonons, (2) the Raman line associated with the spin-flip in the Zeeman split
S = 5/2 ground state of Mn 2+ , and (3) large Raman shifts associated with the spin-flip of
donor-bound electrons. The large magnetic field dependence in (3) with saturation at high
fields and low temperature shows that the s-d exchange interaction characteristic of DMS's
is also manifested strikingly in the zinc-blende phase of Cd,-.Mn.Se.

INTRODUCTION

The tetrahedrally coordinated Mn-based II-VI diluted magnetic semiconductors (DMS's)
are continuing to attract intense interest in view of their remarkable magnetic and semicon-
ducting properties [1]. More recently DMS's in which Fe2 + and Co2 + replace the group
II element have also become available and their distinctive behavior has been the object
of several investigations [1, 2]. We note that the II-VI DMS's typically occur either in
the cubic (zinc-blende) or the hexagonal (wurtzite) structure. For example, Cdl_.Mn.Te
and Cd-.,Mn.Se grown by bulk growth techniques have zinc-blende and wurtzite structure,
respectively. Bulk crystal growth appears to restrict the maximum concentration of the
magnetic constituent which can be incorporated; for example, Cdl.-Mn.Te occurs with a
maximum x of 0.75. Also, MnTe has NiAs structure, whereas viewed as the "end member"
of the Cdl_.MnTe system with x - 1, it has a zinc-blende structure. It is evident that
subtle thermodynamic considerations play a role in determining the structure assumed by
the system and in limiting the maximum x which can be incorporated. In this context
a non-equilibrium growth technique like molecular beam epitaxy (MBE) offers a mean to
increasing x even up to unity 13] and for realizing alternative structures [4, 5j.

Recently, Samarth et al. [4, 51 demonstrated that CdSe, Cdl_,Mn,Se and Cdl-ZnSe
can be stabilized in the cubic zinc-blende structure by growing epitaxial layers on (001)
GaAs substrates using molecular beam epitaxy (MBE). In this paper we describe and dis-
cuss the Raman spectra of Crd ,Mn,Se epilayers, as well as, Cdl-,ZnSe/Cdl_,Mn.Se and
ZnSe/Cdl-.Mn.Se superlattices [6]. We have observed zore center optical phonons, Raman
electron paramagnetic resonance(wpM: Raman EPR) of Mn +2 and the spin-flip of the dono
bound electrons (wsFR). We discuss them in the context of the two-mode behavior expected
for zone center optical phonons and the large spin-spin exchange between the d-electrons of
Mn 2+ and th, f -lectrons of ,c. F, r-ndiuction hand

Mat. Res. Soc. Symp. Proc. Vol. 161. '1990 Materials Research Society
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Figure 1: (a) Raman spectrum of the zinc-blende Cdo.94Mno.16Se epilayer at T=5K. The
spectrum was recorded in the backscattering geometry z(zx)i with incident wavelength of
6328 A. (b) Composition dependence of the zone center optical phonon frequencies in zinc-
blende Cdl-,.Mn.Se.

II. VIBRATIONAL RAMAN SPECTRA

The Raman spectrum of a (001) epilayer of cubic Cd,_,Mn.Se, x = 0.16, recorded in
the backscattering geometry z(zz)i is shown in Fig. la. The spectrum was taken at T=5K
with the 6328 A line of a He-Ne laser. As shown in Fig. lb, the Raman peak labeled L0 2
can be traced to the zone center LO phonon of CdSe as x - 0. The Raman peak labeled
LO, corresponds to the line evolving from the local mode of Mn in CdSe as x increases. The
TO mode is not observed since it is forbidden in the (001) orientation of the epilayers.

The optical phonons of Cdj_,Mn.Se show a composition dependence corresponding to
a "two-mode" behavior. As shown in Fig. lb, in the two-mode behavior the modes (LO
and TO) of each of the two binary crystals involved in the alloy maintain their character
throughout the concentration range. We shall refer to them as "CdSe" modes and "MnSe"
modes. The CdSe modes at z = 0 converge into the gap mode of Cd in MnSe as z - 1.
Similarly, the MnSe modes at x 1 become the local mode of Mn in CdSe as z - 0. At z = 0
the Mn impurity in CdSe has a higher frequency than the two modes of CdSe, as expected
for an impurity with a mass significantly smaller than those of the other constituents. The
curves in Fig. lb were generated from a modified random-element isodisplacement (MREI)
model [7, 8).

We have compared the frequencies of the zone center Raman lines as a function of x
observed in cubic and uniaxial (91 Cdl-,Mn.Se. Both structures show a similar two-mode
behavior. In the cubic zinc-blende (T') crystals only F2 optical modes are allowed. In the
wurtzite (C ,) crystals the Raman active zone centeroptical phonons consist of A, +E, +2E 2.
The hexagonal crystal field splits the F2 vibrational modes of the zinc-blende lattice into
the A, and El modes of the wurtzite structure. Since the frequency of the F2 (TO) and
F2 (LO) modes in the zinc-blende epilayers are close to those of the corresponding At and
E, moden ;n ,t- r '. M'q.' , ", ' c-- position range, we conl-d- 0lat

the anisotropy of the crystal fieid is small.
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Figure 2: Raman-EPR lines in the Cd0.gMno.,Se/ZnSe superlattice, at T=SK. The Raman
lines in (a) correspond to 1PM, 2PM, 3PM, 4PM, and 5PM. They result from transitions
within the Zeeman multiplet of Mn 2 + , with Ars= 1,2,3,4, and 5, respectively. This spectrum
is obtained in the crossed polarization z(yx)z with magnetic field H=60 kG along r and
incident wavelength of 6764 A with 57 mW power. The 5PM line appearing superposed on
the photoluminescence shows how closely the resonance condition is fulfilled. The spectrum
in (b) shows the additional 6PM and 7PM lines observed at a lower magnetic field. In this
spectrum the 1PM line is obscured by the parasitic laser light.

Il1. RAMAN-ELECTRON PARAMAGNETIC RESONANCE OF Mn 2 +

In addition to the vibrational modes, the Raman spectra of Cd 1_,Mn.Se show magnetic
features typically encountered in DMS's. The Raman fine associated with the spin-flip
transition within the Zeeman split 3d' multiplet of Mn 2+ . i.e., the Raman-EPR (PM), has
been observed in CdiXMn.Se and in the Cdo.qMno.jSe/ZnSe superlattice. The intensity
of this Raman line is resonantly enhanced when the scattered phonon is close to that of a
Zeeman component of the excitonic transition. This resonant enhancement demonstrates
[101 that the mechanism for the Raman-EPR involves interband electronic transitions. The
Raman-EPR shift, given by hwpM = gM,#BH, yields a g-factor of 2, as expected for Mn 2 F

Figure 2(a) shows the remarkable Raman-EPR spectrum observed in a Cdo.qMn0.jSe/ZnSe
superlattice, at T=5K, where Cd0 .qMnG.0 Se is the well. The observed Raman lines labeled
1PM, 2PM, 3PM, 4PM and 5PM have their origin in the transitions with Ams=1,2,3,4 and
5 within the S=5/2 Zeeman multiplet of Mn 2+ . Figure 3 shows the linear dependence of
the Raman-EPR shift as a function of magnetic field where the solid lines correspond to

gM 2+ = 2. In Fig. 2(b) we also observe peaks corresponding to 6PM and 7PM (see also
Fig. 3). The multiple spin-flip features in a DMS can be accounted for in terms of excita-
tions within neighboring pairs of Mn 2 + ions coupled antiferromagnetically and assuming an
anisotropic exchange interaction between the ground state multiplet of one and the cxcited
state of the other [111.
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Figure 3: Raman-EPR (PM) shift as a function of magnetic field in the Cdo.sMn0.jSe/ZnSe
superlattice, at T=5K. The solid lines correspond to the Raman-EPR shift given by
ngM 2+ypH with gM 2+ = 2 and n = 1. 7.

IV. SPIN-FLIP OF ELECTRONS BOUND TO DONORS

Another Raman feature associated with magnetic excitations encountered in DMS alloys
is the spin-flip of electrons bound to donors, enhanced by the s-d exchange interaction. As
in a bulk DMS, the Raman shift of the donor spin-flip line exhibits a Brillouin function-like
behavior, as can be seen in Fig. 4. Since the spin-flip Raman mechanism also involves inter-
band electronic transitions [10], the observed resonant enhancement for incident frequencies
close to excitonic excitations is to be expected.

The spin splitting of the donor ground state in DMS's is determined by the macroscopic
magnetization of the Mn 2+ ions and the "intrinsic" Zeeman effect, i.e.,

hWSFR = a" Mo(H) + g*PH = g9ffPBH, (1)
gMn2+

where a is the exchange integral characterizing the interaction between the spins of Mn?
ions and those of the s-like F6 electrons; JIB the Bohr magneton; Mo(H) the macroscopic
magnetization; gM.2+ =2, the g factor of Mn 2+; g' the intrinsic g factor of the band electrons.
and g9ef the effective g factor of the conduction band. Because of the strong s-d exchange in-
teraction, the first term, characterzed by the Brillouin function Bs/2(gPBH/kBT), dominates
the spin splitting [12].

From the slope of the linear portion of the spin-flip data for Cdl-,MnSe, x=0.10, shown
in Fig. 4, we obtain g I = 94 at T=5 K, within experimental errors, close to that previously
observed in bulk Cdo0.Mn 0 .jSe [12].

In Fig. 4 we also observe the smaller spin-flip Raman shift associated with a higher
concentration, x = 0.75. At x = 0.75 we obtain gqjJ = 20 at T = 5 K which is considerably
smaller than the value given above for x = 0.10. The spin-flip Raman shift, which is
proportional to the magnetization, increases with x until it reaches a maximum shift at about
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Figure 4: Magnetic field and temperature dependence of the spin-flip Raman shift in
Cd,-Mn.Se epilayers, x = 0.1 and x = 0.75, with external magnetic field in the plane
of the (001) layers. The spectra were obtained in the cross-pol.rization z(xy), with incident
laser wavelength ), = 6471 A.

x = 0.20. For higher concentrations the antiferromagnetic interaction reduces the effective
number of spins contributing to the magnetization. Equation (1) does not reproduce the
experimental data at high x which show a much weaker dependence on the temperature. An
ansatz (12] that works very well is to replace T by T + TAF, where TAp is a phenomenological
constant that is inserted to account for antiferromagnetic interactions. We found that TAF
steadily increases with x, having a value of about 400 K for x = 0.75. These experimental
results are in reasonable agreement with Faraday rotation measurements in bulk Cd-,MnSe
(0.0 < x < 0.5), where the magnetization as a function of x behaves quantitatively similar
to the gff [13]. Faraday rotation in Cd1 .,Mn.Te also shows large values of TAF for large x
1141.

V. CONCLUDING REMARKS

The Raman scattering confirms the zinc-blende nature of Cdj_1 fMnSe epilayers grown
on (001) GaAs substrates. These new members of the family of I-VI semiconductors and
their alloys are zinc-blende counterparts of the wurtzite structure occurring in bulk crystals.
As a member of the DMS family of materials, zinc-blende Cdj-,Mn.Se shows the magnetic
excitations characteristic of these materials, namely, Raman-EPR and spin-flip scattering
from donor-bound electrons. These features are also seen in Cd,-.Mn.Se layers incorpo-
rated in superlattices. As the growth parameters are brought under better control, features
characteristic of superlattices and quantum wells (such as folded acoustic phonons, confined
optical phonons, and confined electronic levels) will be explored.
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ABSTRACT

The magnetospectroscopy data of free exciton in hexagonal
Cd.---Fe.Se are presented for different magnetic field
orientation. Combining exciton splitting data with magnetic
susceptibility data we estimate p-d exchange integral for CdFeSe
valence band.

INTRODUCTION

Most research on Diluted Magnetic Semiconductors ill has
been devoted to Mn-based DMS, which represent rather simple case
because of spin-only magnetic moment of Mn ions (L=0. S=5/2)
leading to Brillouin-type paramagnetism. On the other hand the
class of Fe-based DMS represents more complex case, since Fe"
ions possess both spin and orbital momenta (L=2. S=2) 12,3,4). In
this situation the ground state of Fe ions is a singlet resulting
in Van Vleck-type (i.e. magnetic field induced) paramagnetism
[3,41.

Although recently Fe-based DMS have been intensively
investigated [5-171 the available data are still rather poor. In
particular the influence of s,p-d exchange interaction on
conduction and valence bands has been reported only for ZnFeSe
1101 and partially for CdFeSe [11,12,13,141. Therefore we thought
it worthwhile to study free exciton in CdFeSe in some detail.

EXPERIMENTAL

We studied hexagonal Cd,-.Fe. Se crystals with Fe
concentration x=0.007, 0.011, 0.032, 0.036, 0.038, 0.044, 0.049.
0.055, 0.068, 0.077 (x determined from the free exciton energy in
the absence of magnetic field 113]).

We measured reflectivity and transmission (on the samples of
the thickness less than lum) in the free exciton energy range at
temperature T=I.8K and Faraday configuration in circularly
polarized light (o, 7 ). Magnetic field (up to 5T) was oriented
relatively to the crystal hexagonal c axis.

In the absence of magnetic field two exciton lines are
observed (exciton A and B as expected for hexagonal crystals).
These exciton lines are strongly split in magnetic field into 4
lines: a. b, c and d. In Fig.la, b and c we show representative
exciton splittings for different magnetic field orientation. We
notice strong anisotropy of exciton splittings while rotating
sample relatively magnetic field. General structure of exciton
lines in our material is similar to that observed for CdMnSe
[15]. The absence of saturation effects for exciton level
splittings with magnetic field (observed for CdMnSe) results from
Van Vleck type paramagnetism of Fe- ions.

Mat. Res. Soc. Symp. Proc. Vol. 161. 
•

1990 Materials Research Society



504

Cd~Feo0 3OSe Cd0 inFe.OSe b.
T=1.8K &--b c T=1. 8K

0 C1 a

13 a 0 0

15100 0~

.3 15100 13 a a

14900 a a

CdI0 IFe IS I Mgfle field MT

T=1.8 K0

1 155M Fig.1 Enercuies ot the

exciton lines (full syrn-
C'bols - open symbols -

) In Cd, .,Fp.Se at
T=1.8K. The crystal hexa-
gonal axis is oriented on

a * W angle to the magneti,
field. a). x=0.038,

d -6 7 . C) . 0=. 044., '9(-
Bic I The lines S how

0 * results C, calcultions

as discussed in the text
1510-(N., =0. 2eV and N,.13=-

mapetlo field (T)



505

DISCUSSION

The large exciton splitting in magne-1c field reflects
strong band splittings due to s,p-d exchange interaction between
band electronF and Fe ions 11.161. This interaction is usually
described by Heisenberg-type Hamiltonian, which in simplified,
mcaa.- field approximation reads (161:

(1) F--J s- .<8 >xn,

where s.,, is z component of band electron (hole) spin. S' > is
mean value of magnetic ion spin. K, denotes the number of unit
cells pe.- unit volume and J is exchange operator resulting in
matrix elements -SIJ(S> and B=<.XIJ(X> for conduction and
valence bands, respectively. The Heisenberg-type Hamiltonian is a
proper one f interacting states are simple multiplets, as for
materials containing Mn . Although for Fe**the situ& ion is more
complicated, the exchange Hamiltonian in this case was also

assumed in the form (1) having in mind simiiai exciton behaviour
in Mn- and Fe-based materials 101.

The mean spin <S. > was suggested to be e'pressed by
macroscopic magnetization in the form 1101:

(2) <S, >=k<M, >=(m/x) tk/. }K)

where m=(l-x)mi,,+ xrn.+ it.- is mass of CdFeSe molecule, . is

magnetization (per unit mass} and k is prefactor describing the
fact that magnetizat)on of Fe** ions results from both spin and
orbital fomenta [3]. in the case of CdSe: k=0.444 (for spin-only
case k=1/2 101). It follows from a Fe-Fe pair calculations 18;
that k-factor should be practically the same -or n.ninteracting
Fe" ions as well as for infeiacting systems for which ENNPA
calculations apply (x<0,05, (81).

The full Hamiltonian describing conduction and valence bands
can be obtained in a form similar to the CdMnSe case (see Ref.17.
eqs. I and 5). We ntice that this Hamiltonian is parametrized by
<5,> and then by the magnetization. Since experimental

magnetizatic- data are not available, we calculated Cd .Fe. Se
magnetization for BlIc and Bic in the ENNPA approximation [231.
Using parameters N,,, and Ni obtained as described below, we

diagonalizeu Hamiltonian matrix obtaining exciton energy levels.
The results are shown in Fig.l. We find satisfactory matching
with the experimental data.

Exchange parameters N-, and N,13 can be determined by
comparing exciton splitting with magnetization or susceptibility
in the configuration Bl~c. In this case the splitting of lines a
and d (Fig.l) reads 117):

(3) c

where X_ is magnetic susceptibility.
In order to estimate exchange integrals N-,, and N.,- we

determined numerically derivative of exciton splitting d(E,-
E.)/dB and we measured susceptibility (both for B)ic) of some of
our samples. Obtained susceptibility data reveal deviation from
expected Van Vleck-type behaviour 14,81: susceptibility increases
monotonously with decreasing temperature instead of being
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temperature independent at low temperatures (below at about 4K).
Similar situation was also encountered for ZnFeSe 110] and HgFeSe
[9,181 and was attributed to the paramagnetic impurities present
in the in",stigated crystals [10,18,19]. We notice that rather
small amounL of such impurities (x-10 1-10 , which corresponds
to N,_ 102"-10Ocm

-
) is enough to mask completely the

temperature independent susceptibility of Fe' ions at low
temperatures [4].

In the spirit of this interpretation we corrected
experimental data to remove from susceptibility and exciton
splittings contribution of the impurities [20]. Finally (N,-c'-M.8)
may be evaluated using formula (3) for each sample. We found
decrease of (N,'-N.jB) with increasing Fe concentration. However,
in our opinion, experimental accuracy is too poor to derive
pertinent conclusions concerning this dependence. Moreover we
notice that if the calculated magnetization [23] is used for (I.,-
E..) vs. K, plot, one finds IN,.-NoB) independent of concentration
(N.,-N.,=2.0eV in this case). We believe, that at the present
stage the most reasonable estimation of (lL--NB) for CdFeSe
should be the average value: (,,"No)=(2.13±0.15)eV. Using
U.=0.225eV, the value resulting from Raman scattering experiment
il], one finds K,=(-1.9±0.15)eV, the value very close to that
reported for ZnFeSe (N-,3=(-I.74±0.13)eV 1211). Since the
differences in exchange parameters for different materials aoes
not exceed the experimental accuracy, one can hardly conclude
about the chemical trends of sp-d exchange interaction for Fe-
type and Mn-type DMS. In general we find similar situation for
both families, where s-d as well as p-d exchange parameters are
similar for Zn and Cd selenides as shown in Tab.l.

Table 1

material R, ,(eV) N.o13(eV) J-N/k(K)

ZnFeSe 0.22 110] -1.74 1i01 -22 [22)
CdFeSe 0.225 [111 -1.9 -19 1231
HgFeSe -18 [231

ZnMnSe 0.26 124] -1.31 [24] -12.6 1251
CdMnSe 0 23 1151 -1.26 [151 -8 [261
HgMnSe -11 [281

-6 [271

This situation should be correlated with the d-d exchange
interaction for these materials (see Tab.1). Assuming that
superexchange is the dominant mechanism of d-d interaction, the
stronger p-d exchange (reflecting larger probability of the
electron hopping between Fe ions) should lead to stronger
interaction between magnetic ions (monitored by J-N) 129). This
trend may be recovered comparing Mn and Fe DMS families (Tab.2).
Moreover similar NB values for ZnFeSe and CdFeSe correspond to
similar d-d interaction between Fe ions. Unfortunately more
detailed analysis of exchange is difficult at the moment since
the knowledge about the other parameters involved in the s,p-d
and d-d interaction model [291 for ZnFeSe and CdFcSe is rather
poor and proper analysis of chemical trends for p-d and d-d
interaction still awaits further study.
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