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Foreword

Symposia provide a valuable forum for stimulating interest and activity in the
latest developments in an emerging field of research or scientific breakthrough.
This has been the case for the Symposium F on New aspects on the growth, charac-
terization and applications of CdTe and Cd-rich related alloys that was held at the
Conseil de I'Europe of Strasbourg on June 2-5, 1992 in the frame of the EMRS
Spring Meeting 1992 dedicated to Electronic Materials. The research reported at
this Symposium F has resulted in this volume, which contains 12 invited and 51
contributed papers.

Some 100 scientists attended. They were mainly from France (30), Germany
(26), UK (9), USA (8), and Russian Federation (5), although the meeting was
fortunate in attracting researchers of eight other countries.

This four-day Symposium has provided the opportunity to take stock of the
researches devoted to CdTe and related Cd-rich alloys (roughly in the band gap
energy range 1-2 eV) during the last decade, since the encyclopedic and famous
work of De Nobel (1960), the Strasbourg conferences of 1972 and 1977, both
dedicated to CdTe, and the excellent monography of K. Zanio (1977).

CdTe exhibits numerous attractive features. It has a band gap of 1.5 eV, just in
the middle of the solar spectrum, making it an ideal material for photovoltaic
conversion. It also has a high average atomic number of 50, very convenient for
nuclear detection. A high electro-optic coefficient is another feature (5.5 for
CdTe:V to compare with 1.2 for GaAs:Cr or 1.34 for InP:Fe) allowing high
performance electro-optic modulators and photorefractive devices. It can present
both types of conductivity (n and p), which makes diode technology and field effect
transistors possible, and it has a semi-insulating state as well. CdTe-based
semimagnetics, owing to the large solubility of some magnetic ions like Mn or Te in
a II-VI matrix, display extremely exciting properties making the material attractive
for basic studies and potential applications. This is also true for heterostructures
where the band gap engineering concept opens up a tremendous field of possi-
bilities.

Because of these attractive properties, there has been a never-failing interest in
CdTe for about thirty years. The history of CdTe has been marked by the different
applications to which it has given rise, from the first solar cells of the sixties, reacti-
vated industrially for about five years, to the nuclear tomography, the industrial
production of substrates for the MCT epitaxial growth (expressed by an annual
world production of several tons of material), the electro-optic modulators and
now the photorefractive devices.

At the same time, CdTe has been an ideal tool for fundamental studies dealing
with e.g.: self-compensation; crystal growth in micro or macro gravity, owing to its
extreme sensitivity to all growth parameters; study of its structural defects; semi-
magnetic physics; quantum well superlattices (more recently where it appears
either as a barrier in CdTe/(Cd, Hg)Te/CdTe structures or wells in (CdA)Te/CdTe/
(Cd, A)Te structures with A being typically Zn or Mn); thermodynamics of defects
owing to its large stoichiometry departure whose extension is still much debated;
the significant influence of native defects on its electronic properties.

The true revival of CdTe owing to the possibilities of the "new" techniques of
epitaxial growth at low temperatures (like MBE or MOCVD (heterostructures,
supcrlattices, band gap engineering concept)), the fantastic progress of the growth
and characterization techniques leading to a better knowledge and control of its



x

properties, and the emergence of new application fields, . been at the centre of
this international Lonference.

The good health of CdTe is particularly shown through the richness of the
device sessions: classical devices, like nuclear detectors and solar cells are
improved while new applications appear in the field of photorefractivity, non linear
optics, optical switching, and light emission with new quantum well structures.
Owing to the emergence of new applications and the possibilities of the epitaxial
giowth techniques at low temperature, the research devoted to CdTe, this "old"
material, is enjoying a new boom. CdTe remains a topical material. It is hoped that
further meetings will stimulate additional interest and support for this very inter-
esting and important compound.

R. TRIBOULET
W. R. WILCOX

O. ODA
Chairmen
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Mechanical properties of CdTe

R. Balasubramanian* and W. R. Wilcox
Center for Crystal Growth in Space and Department of Chemical Engineering, Clarkson University, Potsdam,
NY 13699 (USA)

Abstract

Thermal and mechanical stresses are thought to play an important part in the formation and multiplication of dislocations
during the directional solidification of CdTe. To evaluate the effects of stress on crystal quality, it is necessary to know the
mechanical properties of CdTe at all temperatures that a growing ingot would experience. In this context, we have deter-
mined the stress-strain behavior and the critical resolved shear stress (CRSS) of CdTe from 300 to 1353 K. Single crystal
CdTe specimens, oriented along the / 132) axis, were uniaxially compressed at a strain rate of 10-' s-I at different
temperatures. B,0, was used as an encapsulant to prevent evaporation of CdTe at temperatures of 773 K or above. The
CRSS decreased rapidly with increasing temperature up to 400 K, was nearly constant between 400 and 800 K, and
decreased again beyond 800 K. The CRSS ranged from 5 MPa at 300 K to about 0.2 MPa at 1353 K. The shear modulus
ranged from approximately 100 MPa at 300 K to 30 MPa at 1353 K. B,03 did not appear to affect the onset of plastic
deformation. The apparent shear modulus values were lower with the use of B230.. In a related work, we studied in situ
the effect of applied stress on tensile specimens of Si, Si-doped GaAs and CdTe crystals by synchrotron X-ray
topography. Results indicate that defects, believed to be dislocations, began to move and multiply in Si-doped GaAs and
Si crystals at stresses that were approximately 0.3 to 0.6 times the CRSS calculated from an engineering stress-strain
diagram. Dislocation motion could not be observed in CdTe due to the poor resolution of the topographs of CdTe
samples.

1. Introduction to about 5 MPa at room temperature. Similar results
for the yield stress were obtained by Lubenets and

CdTe is a binary II-VI semiconducting compound Formenko [9]. Carlsson and Ahlquist [ 11 investigated
with a growing number of industrial applications [ 1-31. the effect of light on the mechanical properties of CdTe
A number of techniques have been tried to grow large, at room temperature. They found that the yield stress
good quality single crystals of CdTe, but these efforts of low resistivity CdTe samples increased by 70% as a
have met only limited success [ 1, 21. One of the prob- result of illumination of test specimens.
lems in bulk-grown CdTe is a high dislocation density Gutmanas et al. [10] reported the CRSS of CdTe to
[2, 4-6]. Dislocations are thought to propagate and be 5 MPa at 100 K, and 2 MPa at 500 K. Hall and
multiply when the stress exceeds the critical resolved Vander Sande [121 were the first to conduct experi-
shear stress (CRSS) [4, 5, 7]. ments to obtain data on the mechanical properties of

The thermal stress in a growth system can be CdTe at temperatures greater than half the melting
modelled fairly accurately if the physical constants of point. From their stress-strain curves, the yield stress
the material and the growth parameters are known. A of CdTe from 300 to 773 K varied from approximately
simplified thermal stress analysis for CdTe ingots 9 to 2 MPa.
grown by the Bridgman technique was reported by It is only in recent years that studies on the
Huang et al. [4]. For the formulation of a detailed stress-strain behavior of CdTe were conducted at tem-
model, data on the physical properties of CdTe at high peratures above 773 K by Imhoff and co-workers [5,
temperatures are required. 13] and Rai et al. [6]. We are not aware of a previous

The mechanical behavior of CdTe was studied in the attempt to measure the mechanical properties of CdTe
past at temperatures near room temperature or below single crystals at temperatures close to its melting point
[8-10]. Maeda et al. [8] report that the resolved yield of 1366 K. In this paper we report the results of com-
stress for CdTe ranged from around 20 MPa at 200 K pression tests on single crystal CdTe from room tem-

perature to 1353 K.
We also studied in situ the effect of applied stress on

*Present address: Johnson Matthey Electronics, East 15 128 tensile samples of CdTe, Si-doped GaAs and Si single
Euclid Av.. Spokane, WA 99216, USA. crystals by synchrotron X-ray topography.

0)921-5(107/93/S6.,)1 C I 993 - Elsevier Sequoia. All rights reserved
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2. Experimental procedure The movable piston was brought very slowly into
contact with the sample placed vertically; this contact

2.1. Compression tests was indicated by the change in load on the load cell
Uniaxial compression testing of single crystals is indicator. The load-compression data were recorded

the most widely used method to determine the at constant intervals till the sample had been plastically
stress-strain behavior and CRSS of semiconductor deformed to approximately 60% of the original length.
materials [5]. This is due to the brittle nature of semi- The load-compression data were transformed to
conductors at room temperature that makes machining shear stress-shear strain curves, assuming single glide
of tensile specimens difficult (e.g "'dog-bone" shaped). on a [11 1 (1 10) slip system [12, 13j. The CRSS was
Here the test technique consisted of uniaxial compres- assumed to be the value of the resolved shear stress at
sion of accurately oriented parallelepiped specimens at the intersection of the linearly extrapolated line of the
a constant strain rate and temperature. The details are apparent stage I plastic deformation curve [ 15] with the
described elsewhere [141. The strain rate was main- initial linear part of the stress-strain curve (elastic
tained at 10-' s-1 in all experiments. The specimens regime). The slope of the initial, linear part of the
used in our work had (132) compression axes. The stress-strain curve was recorded as the shear modulus.
sample dimensions were 5 mm x 3 mm x 3 mm with a
maximum tolerance of 1 mm in each dimension. A 2.2. X-ray topography studies
schematic diagram of the test specimen used in this Tensile specimens of Si, Si-doped GaAs and CdTe
work is shown in Fig. 1. single crystals were stressed in an apparatus con-

The compression tests were conducted in the appa- structed for in situ observation of single crystal samples
ratus shown in Fig. 2. A typical experiment was as by white beam X-ray topography. X-rays at the
follows. The specimens for the test were "mined" from National Institute of Standards and Technology (NIST)
ingots grown by a vertical Bridgman method. The beamline X-23A3 of the National Synchrotron Light
CdTe used in our experiments had an etch pit density Source (NSLS), Upton, NY, were used in the topog-
of 104-10- cm-2. The oriented grains were subse- raphy work. The tensile specimens were in the shape of
quently cut to the desired size and compression axis a dog-bone and had a (112) tensile axis. This orienta-
((132)). The samples were polished in steps using 5, tion allowed us to obtain (220) diffraction images of a
0.05 and 0.03 tim alumina suspensions, and chemically tensile sample while it was being stressed. A schematic
polished in a 2% Br-methanol solution. diagram of the sample used in the X-ray topography

For experiments carried out at a temperature of experiments is shown in Fig. 3.
773 K and above, B20 3 powder was poured to cover
the sample. The apparatus was sealed with the heater
and the thermocouple in place. The apparatus was
evacuated by a mechanical pump and back-filled a .. N SERVOMOTOR

number of times with N2. Subsequently, a continuous

flow of N2 was established in the chamber containing BALL+SCREW

the test sample, The sample was heated at a rate of
approximately 10 K min- I to the desired temperature. . ;ROt*tD STFE1_ SHNFTS

S... .BALL-SCREW NUT

t < 132> L -MOVABLE PLATE

LOAD CELL

"S" , . .... BELLOWS

:(Tij 110>
:SL.IP SYSTEMS1FUL Ct

SLAMPLE

TO VAC.LIM Pit:MP

* ~ ~ mDATA AND NITROG;EN (;AS

3 mm F m s s e 2 A m SreiON............... 3 mm ]4" & C'ONTROL J

Fig. 1. Compression test specimen. Fig. 2. Compression test apparatus.
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Fig. 3. Top: tensile specimen used in the synchrotron work. 5- .. :::Rai et al.

Bottom: approximate section of the sample seen in the topo- Imhoff

graphs in Figs. 7-9. C 4-

Ci• 3

A brief description of the experimental procedure o
follows. Tensile samples were mounted on the experi- 2o

mental apparatus on the topography rig at Beamline
X-23A3 of the NSLS. A diffraction topograph of the
sample was recorded on photographic film prior to the o
start of heating the sample. Subsequently, the diffrac- * *
tion image was observed continuously on a television 200 0 10,00 14.00

monitor during heating and stressing of the tensile TEMPERATURE K
sample. In this work, the experimental temperatures Fig. 5. CRSS of CdTe from 300 to 1353 K. For comparison, data
were 1023-1173 K for Si, 673-873 K for Si-doped oflmhoff[5]andRaiet aL[6areincluded.
GaAs and 373-673 K for CdTe. Topographs were
recorded on film at regular intervals. Details on the 160-

apparatus and the experimental procedure are given 0 o0o ENCAPSULANT NOT USED

elsewhere [14]. A"AA ENCAPSULANT USED

120

Ci)

3. Results and discussion

3. 1. Results of compression tests on CdTe 80S

Several of our stress-strain curves for CdTe single
crystals from 300 to 1353 K are shown in Fig. 4. CRSS
vs. temperature data are shown in Fig. 5. For com- 40 1
parison with published work, we include the CRSS CI
data reported by Imhoff [51 and Rai et al. [6] in Fig. 5.
Shear modulus vs. temperature data are shown in Fig.
6. The error bars shown in Figs. 5 and 6 are 95% con- 200 i360..............

fidence limits obtained from a statistical analysis of the TEMPERATURE (K)
data. Fig. 6. Shear modulus of CdTe from 300 to 1353 K.
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3.1.1. Stress-strain curves of CdTe ments with B,O, ranged from 50 MPa at 773 K to 30
At a strain rate of 10-4 s' and temperature of MPa at 1353 K. It appears that B,0 3 encapsulation

300 K, the stress-strain behavior of CdTe was linear to was probably responsible for lower values at tempera-
a stress of approximately 4.8 ± 0.5 MPa. The departure tures of 773 K or more. Imhoff [5], Rai et al. [6], and
from linear stress-strain behavior began at a stress Hall and Vander Sande [ 121 did not report shear modu-
beyond 4.8 ± 0.5 MPa. This led to a linear work hard- lus data.
ening regime followed by brittle fracture at a strain of
20%-30%. As the temperature was increased to 3.1.3. Critical resolved shear stress
373 K, a departure from linear stress-strain behavior Figure 5 shows the CRSS vs. temperature from 300
occurred at a stress of around 1.75 ±0.25 MPa. The to 1373 K. Three distinct regions can be seen. The
initial slope of the work hardening region also was average CRSS was 4.8 MPa at 300 K and rapidly
lower, probably indicating facile slip due to the dropped to a value of 1.8 MPa at 373 K. As the tem-
increase in temperature. At a strain of approximately perature was increased further, the CRSS remained
30%, the slope of the stress-strain curve (work harden- nearly constant up to a temperature of 773 K. Beyond
ing rate) increased. This might be indicative of stage II 773 K, the CRSS decreased again with increasing tem-
plastic deformation [15]. Stage III behavior [15], indi- perature. Comparison of CRSS values measured in this
cated by another change in the slope of the work with those in the literature indicates both paral-
stress-strain curve, was not seen in any of the lels as well as differences. Rai et al. [6] reported CRSS
stress-strain curves recorded in this work. values considerably lower than those reported by

At 573 K, the departure from linear stress-strain Imhoff et al [131 as well as those measured in our work.
behavior occurred at a stress of 2.2 ± 0.25 MPa. At The values of CRSS reported by Rai et al. [6] are
773 K, the value for departure from linear stress-strain almost constant in the temperature regime 473 K
behavior was 1.7 ± 0.25 MPa. The stress-strain curve (about 0.5 MPa) to 873 K (about 0.25 MPa). In com-
at 773 K showed three distinct regimes, identified in parison, our values of the CRSS ranged from an aver-
terms of the differences in their slopes, i.e. an elastic age of 1.8 MPa at 473 K to 0.9 MPa at 873 K.
region followed by stage I and then stage II plastic There is good agreement of our CRSS data with
deformation. At 773 K, the initial slope of the work those reported by Imhoff [5] in the region 773 < T,<
hardening region was much smaller than those at lower 1100 K. In the temperature range 373 < T< 873 K,
temperatures. the values of CRSS reported by Imhoff [5] were con-

The stage I plastic deformation regime of the sistently higher than ours. Differences in our
stress-strain curve extended over a 15% strain range at stress-strain behavior of CdTe from that reported in
773 K. At 973 K, stage I plastic deformation behavior literature [5, 12] could be attributed to the differences
extended to only a few per cent strain before the slope in the strain rates, dislocation density and also differ-
of the stress-strain curve changed. At temperatures ences in the machines used.
above 973 K, the three stages of the stress-strain curve
seen at lower temperatures were absent. A nearly 3.1.4. Effect of the encapsulant on the stress-strain
linear work hardening rcgime followed the elastic behavior of CdTe
portion of the stress-strain curve. The stress-strain The average CRSS value measured from experi-
behavior seen at temperatures in the region ments where B.03 was used was 1.72 MPa. In experi-
1173 < T,< 1353 K might indicate the onset of stage II ments without BO 3 the average value of the CRSS was
plastic deformation immediately following the elastic 1.70 MPa. Thus, in contrast to the results reported by
regime. The yield stress measured from the stress- Imhoff [5], in our work B,0 3 did not affect the CRSS
strain curves in 0L: region 773 < T,< 1353 K decreased of CdTe single crystals in a compression test. The
continuously with increasing temperature. apparent shear modulus was, however, affected by the

addition of B.0 3.At 773 K, the average shear modulus
3.1.2. Shear modulus in experiments with B'0 3 was 46 MPa. In comparison,
A graph of the shear modulus vs. temperature in experiments conducted without B20 3 an average

obtained from the present work is shown in Fig. 6. The shear modulus of 92 MPa was measured.
shear modulus of CdTe ranged from an average of We attempt an explanation for the results described
100 MPa at 373 K to 30 MPa at 1353 K. A noticeable above. When B,0 3 was used it is likely that a layer of
difference in the shear modulus values was seen in the encapsulant was initially present between the sam-
experiments with and without B2 03 . In the tempera- pie and the piston. Hence, it is possible that the highly
ture range 300 < T,< 773 K, where B2 0 3 was not used, viscous B,0 3 acted as a lubricant and reduced the
the shear modulus values ranged from 100 to 70 MPa. resistance of the compression specimen to loading. The
In comparison, the average shear modulus in experi- barrel shape of the specimens after plastic deformation
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in our experiments indicated sticking of the samples to tion (Fig. 8). We believe that upon reaching a threshold
the loading device. stress, dislocations started to move, producing the

white, needle-like structures in the topographs. As the
3.2 Results ofsyonchrotron experiments stress was further increased, multiplication of the dis-

About 30 experiments were conducted on Si, GaAs locations resulted in the formation of broad bands, as
and CdTe samples in this work. Here we show three seen in the topograph shown in Fig. 8. Further increas-
topographs of an experiment conducted at 1073 K on ing the applied stress resulted in the distortion of the
an Si tensile specimen. A more complete sequence of topograph (Fig. 9). It is probable that lattice rotation as
topographs can be found in ref. [14]. a result of plastic deformation of the crystal caused the

Figure 7 is a (220) transmission X-ray topograph of scattering of the X-ray diffraction image. Similar results
an Si tensile sample prior to loading. (This topograph is were obtained in experiments with other Si and GaAs
illustrated as a reference for defect formation in topo- samples.
graphs shown in Figs. 8 and 9.) As the sample illus- The important result from our studies and those
trated in Fig. 7 was slowly stressed, no change in the reported in the literature [16, 17] is that, in semicon-
image contrast was noticed to a stress of 9.5 MPa. At ductor crystals, dislocation motion and propagation
9.5 MPa white, needle-like structures developed along occur in the pre-yield stage of an engineering
the edge of the gauge-section of the tensile sample. stress-strain diagram. In Figs. 10 and 11 we show a
Upon increasing the stress on the sample, these needle-
like structures immediately developed into broader
bands that moved along the crystallographic slip direc- 200 m•"

.. 200 pm

Fig. 9. Distortion of the topograph, possibly as a result of lattice
rotation in the Si sample.

Fig. 7. Topograph of an Si sample at 1023 K with no load. 20

i • ~200 pin m
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Fig. 10. The stress required to initiate dislocation motion in Si
Fig. 8. Topograph of an Si sample when movement of disloca- samples as seen by X-ray topography: 0, CRSS data for Si
tions was observed. A stress of 13.8 MPa was applied to this (Yonenaga and Sumino 1181): 0, stress required to initiate dis-
sample at 1023 K. location movement (this work).
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- 1 of the microscopic movement of dislocations was
observed in the engineering stress-strain tests. Yield

"- 10. was noticed only when the plastic deformation became
large enough to cause deviation from linear stress-
strain behavior.

While the CRSS value obtained from uniaxial com-
pression or tension tests may give an approximate indi-

W 6 cation of the initiation of motion of dislocations, it may
not be the correct stress to use in modelling crystal

Wz 4 growth. In crystal growth, dislocation motion does not

in itself present problems. However, during the motion
0--- of dislocations, mechanisms for their multiplication

X 0 @ exist, such as the Frank-Read source. Hence, stresses
that induce motion of dislocations in crystals should be0 .. . . a v o i d e d .

600 700 800 900
TEMPERATURE (K)

Fig. 11. The stress required to initiate dislocation motion in Si-
doped GaAs samples as seen by X-ray topography: 0, CRSS Acknowledgments
data for Si (Swaminathan and Copley [191); 0, stress required to
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Basic problems of vertical Bridgman growth of CdTe
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Humboldt-Universitit zu Berlin, FB Physik, Institutfiir Kristallographie und Materialforschung, Invalidenstrasse 110,
0-1040 Berlin (Germany)

V

Abstract

Many efforts have been made to grow CdTe bulk crystals with a low defect content but improvements are limited. The
best ingots with large extended single-crystal regions can be grown by the vertical Bridgman method. However, funda-
mental studies about the CdTe growth peculiarities are absent. Our investigations are concentrated on the following
problems: (i) the influence of the melt structure, from which an associated state is assumed, on the crystalline quality, (ii)
the composition instability in conventional ampoules, (iii) the segregation behaviour of the excess component (normally
tellurium), (iv) the axial distribution of inclusions and precipitations, (v) the mass transport in modified ampoules with an
additional cadmium source, (vi) the correlation between the vacancy and impurity segregation and (vii) the substrate
purity as a function of the axial crystal position.

1. Introduction tion distribution) will also be described. An important
point of interest is the interaction between the con-

Recently, there has been an increasing need for trolled melt composition by exact starting charge
single-crystal CdTe and CdTe-rich alloys for several scaling using a cadmium source and the optical and
applications: electro-optic modulators, windows, electrical properties of the grown crystals. A correla-
prisms and y-ray detectors. Furthermore, single-crys- tion between intrinsic point defects caused by non-
talline CdTe slices are used as substrates for different stoichiometric growth conditions (cadmium vacancies)
epitaxial deposition processes of (Hg, Cd)Te and and extrinsic impurities (dopants) is demonstrated in
(Hg, Zn)Te. This need for substrates is the essential some more recent investigations [11, 12]. In Section 4
motivation for the increasing efforts in the crystal we shall discuss first results which show the strong
growth of CdTe and its related compounds. For several dependence of the total impurity content on the
years, research activities have been concentrated on cadmium vacancy concentration (see also ref. 13).
the following points of interest: increasing the crystal Moreover, purification with respect to volatile residual
diameter up to about 75 mm [1, 2] for preparation of elements can be achieved using a cadmium over-
greater substrates areas (up to 4 cm x 6 cm); mathe- pressure during the crystal growth run. Finally, it can
matically modelling the temperature field and the be shown that the impurity level of the substrate is a
influence of convection [3-5]; improving the chemical function of the crystal position from which the sub-
homogeneity and the electrical properties of the strate slice has been taken.
(doped) semiconducting compounds by adjusting a
definite cadmium overpressure [6, 7]; alloying with
zinc, selenium and manganese with respect to the 2. The Cd-Te melt state and superheating-super-
segregation behaviour and reducing the dislocation cooling effects
density [8-10]. Very little attention has been paid to the
melt properties. We have observed that the "thermal The properties of the liquid phase (melt) are
history" of the melt state has a strong influence on the assumed to have a distinct influence on the crystal
crystalline quality of the grown CdTe crystals caused quality. Some properties characterizing the melt state
by the associated structure of the II-VI compounds in are summarized in Table 1. In particular, in the case of
the molten state (Section 2). Stoichiometry-correlated unseeded Bridgman growth the spontaneous nuclea-
growth effects will be discussed in Section 3. Further- tion behaviour will depend on the structure of the
more, the segregation phenomena of the excess com- molten state. Additionally, the kinetic growth con-
ponent caused by composition instabilities in ditions are affected very sensitively by the "form of the
conventional sealed ampoules (inclusion and precipita- growing-in elements", too [14].

0921-5107/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserved
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TABLE I. Some thermodynamical and physical properties of molten CdTe in comparison with GaAs and silicon (where R is the
universal gas constant)

Parameter (units) Value for the following

CdTe GaAs Si

Melting point T (K) 1365 1511 1683

Vapour pressure at the congruent melting point p (MPa) 0.07 0.1 6.5 x 10-8

Heat of fusion AH (kJ mol - ') 58 97

Entropy of fusion AS(J mol - I K-') 41 64

Type of phase transition mode Solid semiconductor- Solid semiconductor- Solid semiconductor-
Liquid semiconductor Liquid metal Liquid metal

Dimensionless radius of liquidus curvature at the 62 1735
congruent melting point r = ASfi(4 R)-'

Degree of dissociation fl,L (%) 5 90

Density pL (g cm- 3 ) 5.67 5.71 2.53

Coefficient of thermal expansion a rL (K-') 5 x 10-4 1.78 x 10-4 1.5 x 10- 4

Thermal cuiductivity AL (W cm- I K- ') 1 X 10-2 1.8 X 10- 1 5.4x 10-'

Electrical conductivity oL (S cm- ') 1 X 102 8 x 10- 1.2 x 104

Specific heat cpL (J g1 K- ') 0.36 0.434 1.0

Dynamic viscosity q (gcm - I s) 2.3 x 10-2 2.8 x 10-2 7 x 10- 3

Prandtl number Pr 0.413 0.068 0.013

Contrary to the III-V compounds the II-VI semi- molecules and separate atoms. Therefore the structure
conducting compounds show a hyperbolic shape of the of a slowly superheated melt will be characterized by a
liquidus near to the congruent melting point (Table 1). great number of these more highly organized particles
This liquidus shape indicates a much stronger inter- which should influence the nucleation process and the
action between unlike particles arising from the con- growth kinetics.
siderable ionic contribution to the bond energy. The The correlation between superheating and super-
regular associated solution model is capable of describ- cooling has been investigated in real Bridgman con-
ing the II-VI liquidus shapes in a satisfying manner [15, ditions as a sensitive method for detecting the role of
16]. The dissociation coefficient in a slowly super- different melt structures. Of course, the general crystal
heated Cd-Te melt is assumed to be roughly 0.05. On quality was a point of interest and gives information
the contrary, in the case of GaAs the melt state is about the "thermal history" of the melt. The results are
characterized by a degree of dissociation of about 90% documented in Fig. 1. At small values of superheating
(see also Table 1). Consequently, some differences (less than 9 K), no supercooling can be observed in
between the crystallization behaviours of III-V and stoichiometric CdTe. At values higher than 9-10 K a
1I-VI compounds will be expected. According to distinct supercooling occurs up to 20-30 K. Such
experimental investigations of the melt parameters by behaviour can be explained only by an abrupt structu-
Glasov et al. [17] the melting process of CdTe can be ral alteration of the melt state as above discussed. A
assumed to be a solid semiconductor-liquid semicon- transition from three-dime-isional complex particles to
ductor transition owing to the conservation of a con- lower dimensions of melt associates can be assumed at
siderable covalent contribution to the cohesive energy this value of A T= 9 K. According to Glasov et al. [ 17]
in the melt. Because of the spatial character of covalent an additional transition effect will be expected at a
bonds a three-dimensional arrangement of the superheating level of about 60 K, obviously as a result
associates (tetrahedra) in the slowly superheated melt of the formation of separate atoms in the melt. In low
can be predicted. With increasing melt temperature superheated melts the more highly organized clusters
(superheating) these tetrahedra are reorganized into are assumed to reduce the nucleation energy and the
two-dimensional associates (rings and chains), result is suppressed supercooling in the tip of the
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.20 0-
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Tm 10 20 30 40 50 Fig. 3. Stereographic analysis of the "self'-growth orientations of
superheat i ng LT/ K the dominant grains in unseeded CdTe crystals: 0, our results; C,

results taken from ref. 18.
Fig. 1. Influence of the degree of superheating (AT' = Tm + T)
on the degree of supercooling (A T - = Ti - T) for stoichiometric
CdTe measured with a thermocouple at the tip of vertical
Bridgman ampoules moved with a constant velocity v = 1 mm superheating of the Cd-Te melt was chosen to be
min - 1: A, supercooling of former high superheated melts subse- higher than 20 K. The influence of superheating AT'
quently cooled and kept for 5 h at the melting point T.. on the crystal quality was also described by Khattak

and Schmid [2] in CdTe grown by the heat exchanger
method. The higher the melt temperature

3 (30 K<A T~ - 120 K) the smaller is the number of
grain boundaries and twins. Lu et al. [20] have tried to
influence the melt state by a coupled vibration-stirring

-2 method. The tendency to initiate a single-crystal tip
region was increased by orthogonal vibration of the
ampoule with frequencies up to 100 Hz. Such effect
may be explained by the acoustic-coupled destruction
of associated melt complexes. The observations show

(a) (b) that single-crystal growth demands a definite super-
heating behaviour which is in contradiction to artificialFig. 2. Typical growth structures of (a) a high (A T ÷= 27 K) and seeding in the tip of the ampoule. Only electrodynamic

(b) a low superheated (AT = 3 K) unseeded CdTe crystal: 1, muetin e g ie furae should meetral ir
polycrystalline tip region; 2, twin lamella; 3, large grain multizone gradient furnaces should meet all require-
boundary. ments to solve this difficult growth problem in the

future.

ampoule. In Fig. 1 the open triangles indicate that no
structural reorganization will occur during a decrease 3. Stoichiometry-correlated growth effects
in the former superheated state of more than 25 K.

The crystal quality of both the tip region and the 3.1. Growth without control of the melt composition
whole CdTe ingot also depends on the original super- Principally, in sealed ampoules without any vapour
heated situation. For a stoichiometric composition a pressure control the crystal growth of compounds is
large extended polycrystalline tip can be observed if a influenced by variation in the melt composition. First,
superheating of more than 9-10 K is applied (Fig. corresponding to the formula Cd0.5 - aTe0.5 + c:. a devia-
2(a)). This polycrystalline first-to-freeze region is tion 6y may arise because of weighing errors in the
followed by a single-crystal part or by a region with process of the CdTe synthesis. The order of magnitude
only one or two grain boundaries. The dominant of such stoichiometry deviation may be simply esti-
growth direction is near to the (112) orientation (Fig. mated from
3). Contrary to this situation, in the case of a small N. = 2 d N(
superheating of less than 9-10 K a single-crystal initial
growth is often observed (Fig. 2(b)). However, a larger where N,, (cm- 3 ) is the number of tellurium (or
number of grain boundaries and twins is originated cadmium) excess atoms and N. = 1.468 x 1022 cm -I is
during the further growth run. It is assumed that any the number of tellurium (or cadmium) atoms in stoichi-
associated complex will have a strong influence on the ometric CdTe. Secondly, the melt composition will be
growth kinetics and morphological stability owing to influenced by the formation of a gaseous phase over
the misoriented growth. Our observations are in a good the melt. It is well known from phase relations 121 ] that
agreement with results of other workers. First Lorenz a nearly stoichiometric melt of CdTe evaporates incon-
191 has observed a supercooling up to 10 K if the gruently. At 1100 *C the different vapour pressures of
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Te, and cadmium indicate that the vapour phase starting material the crystal growth process will always
established over the Cd-Te melt consists of about 96% begin from a tellurium-rich melt. Consequently, any
of cadmium atoms. Therefore the Te, partial pressure segregation phenomena of the tellurium can be
can be neglected. Using the perfect-gas law the expected.
cadmium mass loss from the melt can be calculated Two different kinds of crystal imperfection will arise
[22]. by the solidification from tellurium-rich melts.

The number of cadmium atoms evaporating into the (i) Inclusions are assumed to originate as a result of
gaseous phase is equal to the number N. of additional morphological instabilities at the growth interface.
excess tellurium atoms in the melt. Thus the concentra- Tellurium-rich melt droplets will be captured from the
tion of excess tellurium atoms in the melt caused by boundary layer ahead of the interface. Typical
cadmium evaporation becomes diameters of such inclusions are 1-2 pm. but diameters

up to 10-20 ,m have also been observed [1, 24-26].

Ný -PodN V" (2) (ii) Precipitates originate during the cooling process
RT V, from the retrograde slope of the solidus line. The pre-

cipitation process is characterized by cadmium
with NA Avogadro's number, and Vv and Vl, the vacancy condensation. A diffusion time of less than
volumes of the gaseous phase and the melt respectively. 1005 is estimated to be needed for nearly complete
Because of the cylindrical geometry of the ampoule, precipitation at about 700'C (the cadmium tracer co-
Vv/ VL reduces to hvl/hl, the ratio of the melt length to efficient D is taken from ref. 27). Precipitates observed
the length of the free volume. At 1100° C the partial by transmission electron microscopy have average
pressure of cadmium is roughly 105 Pa [21 ]. Thus. eqn. diameters of about 10-30 nm with distances of roughly
(2) can be simplified to 100 nm [28-301. On the assumption of precipitates

and inclusions with a spherical geometry, the total

NF = 5.1 x 10, hv(3) tellurium excess per cubic centimetre in the crystal can
h , be calculated as

The correlation between the number N,: of the Nre = 4 pI Ng` r, 3p, (5)
tellurium excess atoms in the melt and the hvl/hl ratio 3A.•. I
is shown in Fig. 4. Therefore the total deviation from
the exact stoichiometry of the melts becomes where r, is the radius and p, the density of the precipi-

tot NI: (4) tates or inclusions, AT, is the relative atom mass of
N - Nw + tellurium, Pr, is the density of the tellurium mass and

where the sign of Nw represents the weighing excess of the index i represents each class of particle diameters.
tellurium or cadmium. The axial distribution of tellurium precipitates and

If we assume a completely mixed melt state in con- inclusions has been studied by IR extinction analysis
ventional vertical zmpoules by (natural) convection and IR transmission microscopy respectively. The
[231 which were filled with stoichiometrically adjusted precipitate density and diameters have been detected

from the energy dependence of the scattering cross-
section [31]. The crystals were grown at a growth rate

' .. . ...- ,of 1 mm h- and a temperature gradient of about 8 K
10• r-y , '1 -lO- cm- and were cooled to room temperature at a rate of
OEs 10-2- about 20 K h-'. For the above-described analysis theo10 E crystals were cut into slices, lapped and chemomechan-

,W ••J*LAM3 ically polished.Z10" Tr•Z-"• /0'10-4 0 In Fig. 5 the axial distribution of the tellurium excess

10s6s 10 is shown considering eqn. (5) and with respect to in-
X C clusions (full symbols) and precipitates (open symbols).

C) 1 105L 1-The distribution of inclusions may be explained by the
10 1 0variation in constitutional supercooling rather than by

hv/h ( a segregation effect. Radial inhomogeneities were also

Fig. 4. Estimated tellurium excess in the melt (liquid) and in the observed, predominantly at small-angle boundaries
first-to-freeze region of CdTe crystals vs. the ratio of the length and twin lamellae. Nevertheless, some segregation of
h, of the space above the melt and to the length h, of the liquid the te
column: cmp. congruent melting point composition, +, our t tlurium particles takes place and the density is
experimental results obtained for different h,/h, ratios (I) and IR increased in the last-to-freeze region. On the contrary,
scattering at tellurium precipitates in the tip region (S). the precipitation is found to be independent of the
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in precipitates

.. in inclusions 3.2. Growth with afixed melt composition
Control of the stoichiometry is one of the most

important requirements for crystal growth of CdTe
0 0.2 0.4, 0.6 0.8 1 with definite properties such as high resistivity, high IR

transmission and a small number of tellurium particles.
sotidified fraction g An adjustment of the melt composition can be

Fig. 5. Axial distribution of the tellurium excess in two vertical achieved using a cadmium excess to the stoichiometric
CdTe crystals (BR38 and BR41) calculated from eqn. (5): A. 0. composition or by an additional cadmium source
inclusions analysed by IR transmission microscopy; A, 0. which gives a definite overpressure.
precipitates analysed by IR extinction. N,,,, is the initial tellurium
excess concentration in the melt from eqn. (4). Both methods have been analysed. Figure 6(a)

shows the correlation between measured free-carrier
concentrations [31, 32] and different adjusted material

initial tellurium excess. For example, crystals which compositions at the tip (g = 0.2) and at the end kg = 0.9)
differ strongly in their starting melt composition show of several crystals. The conductivity types and the
roughly the same amount of precipitated tellurium (Fig. carrier concentrations differ by orders of magnitude in
5). This is not surprising because the amount of pre- the first-to-freeze region (g = 0.2). but the samples all
cipitated tellurium depends only on the shape of the have the same concentration p of about 1016 cm-- in
solidus line which represents the maximum solubility the end region. Contrary to the tip region a conversion
of tellurium in CdTe at growth temperatures. In from p-type to n-type material at g = 0.9 has not as yet
crystals grown from the melt with a small deviation been observed. We have already shown [33] that in the
from stoichiometry the axial distribution of the precipi- first-to-freeze region the residual donors and acceptors
tated tellurium excess can be simply approximated by mostly compensate each other. Thus in this region the
Pfann's distribution function with a distribution coeffi- resulting carrier concentration is dominated by native
cient k. Near to the congruent melting point the solidus point defects very sensitively. Corresponding to Fig. 6
and liquidus lines are assumed to be linear and k shows and eqn. (3), nearly stoichiometric material will be
nearly constant. On the contrary, for melts with a high obtained using starting material with a cadmium excess
deviation, such an assumption is not valid, possibly 6y of about (2-5) x 10 -. Crystals grown under such
because of the variable values of k which are caused by conditions show high transmission, and inclusions are
a steep slope of the solidus line for tellurium concen- mainly absent. However, the last-to-freeze region is
trations higher than 5 x 10'7 cm - . Summarizing, mostly characterized by residual acceptor impurities
growth from non-stoichiometric tellurium-rich melt owing to segregation coefficients much lower than
compositions leads to a reduced crystal quality by unity in comparison with any donors with k- 1 1331.
capturing tellurium in precipitates and inclusions. On Therefore the free-carrier concentration at g = 0.9 is
the contrary, the analysis of such grown crystals pro- determined by the sum of residual acceptors which
vides additional information about the shape of the T-y exceed the concen'ration of the native point defects.
phase diagram near to the congruent melting point Such a scaling method should be only possible in very
(Fig. 4). pure (better than 99.9999%) material.
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A finer adjustment of the homogeneity can be h-1 for steady state conditions. Our crystals were
achieved using a definite cadmium overpressure. We giown with a rate of 1 mm h ' or less.
have located a cadmium reservoir in the top of a A time of about 24 h is assumed to guarantee
specially designed ampoule within a multizone Bridg- complete saturation of the melt and to avoid any
man furnace (Fig. 7(a)). By variation in the pressure of transient effects in the first-to-freeze region. Thermo-
the cadmium source it was possible to adjust the con- dynamic equilibrium between the cadmium source and
ductivity type and the carrier concentration in the the melt surface can be reached by this method and a
range 10' '-10'1 cm- 3 over the whole crystal (see Fig. constant melt composition can be adjusted every time.
6(b)). It can be shown that the conversion temperature CdTe single crystals grown with such controlled
from p-type to n-type conductivity is about cadmium overpressure are characterized by low carrier
810-82 0 'C. This is in good agreement with the p-T concentrations which are homogeneously distributed
phase relation in which the corresponding values are along the growth direction (see Section 4). The
800 and 850'C. The different values are caused by the tellurium concentration accumulated in precipitates
uncertainty in the data for the stoichiometric line in the and inclusions is also reduced, resulting in a high IR
p--T projection [2 1]. transmission (2-15 4m) of about 65%.

To achieve nearly stoichiometric material a
cadmium excess in the melt of about 6x 10 ' cm-3
(yv= - 2 x 10 -) must be used. Therefore in the case 4. Distribution of residual impurities
of complete mixing of the melt a similar supply of
cadmium atoms per cubic centimetre in the vapour The concentration of background impurities has
phase will be maintained. The calculation was taken been determined in the raw elements (cadmium and
from the perfect-gas law (Section 3.1). On the assump- tellurium), in the single-crystal CdTe and in
tion of a (free) volume above the melt of about 120 cm 3  Hg, -,CdTe/CdTe liquid-phase epitaxy (LPE) layer/
and a vapour pressure of about 105 Pa the concentra- substrate structures [32]. The impurity level in the
tion of cadmium in the gas phase will be about 6 x 10 s elements has been distinctly reduced by a triple distilla-
cm - '. Taking into account a natural convection of the tion of cadmium and zone refining of tellurium (40
melt 1231 a simple estimation of the mass-balanced times) to a value lower than 10'1 cm - •. The
grow•h rate shows critical values of more than 1 mm concentrations of sodium, potassium, calcium, silicon,

tin, antimony and bismuth are enriched in the CdTe
originating from the high temperature procedure in

Sz/crn silica ampoules.
1, 0Distinct differences between the impurity levels of

CdTe crystals grown in the vertical Bridgman method
VI - with (VBZ) and without (VB) a cadmium source can be

1- observed. In VB crystals grown from a slightly
tellurium-rich melt the axial distribution of the

C =SCO0 acceptor elements copper, silver and sodium with a dis-
- Cl [C01 ] tribution coefficient k < I is characterized by pro-

-0 F L . nounced segregation behaviour. On the contrary
S ---. ---- -.the distributions of important donors such as chlorine

1 ............ .,1 7  and indium are less marked (Fig. 8(a)). Obviously, the

ll 20 Co/ cm-3  variation in the carrier L.ncentration from the first-to-
con cntrato of Cd freeze region (p-10' cm-3) to the end region

0 -(p< 10" cm-) corresponds to the distribution of the800 1000 - 40oT/oC .. k,..1,-5_1 main acceptors. However, a significant discrepancy
between the absolute acceptor concentration and the

a ( c hole concentration can exist because of donor-accep-
Fig. 7. The vertical Bridgman growth of CdTe single crystals tor compensation effects, neutral complex formations
with a controlled cadmium overpressure: (a) furnace and and infiltration of impurities into tellurium inclusions
ampoule arrangement: (b) measured axial temperature distribu- (see Section 3.1). Photoluminescence analysis which is
tion: c; estimated relative axial cadmium excess distribution capable of detecting the substitutional impurity con-
wsith (, the concentration of cadmium atoms in the vapour centrations )Cu(-.( and A&gd) [341 is in good agreement
phase. o(C the excess of cadmium atoms in the melt required for with the corresponding p values. Thus the observed
at stoichiometric crystal composition o(C = 0. ks, the coefficient
of separation between vapour and melt, and k, , the segregation increase in the p-type carrier concentration with
coefficient between melt and solid, increasing normalized crystal position g can be



14 P'. Rudolph, Nt. Miihlberg / Vertical Bridgman growth of CdTe

VB VBZ ES
lal (~~c) O tI

*=1018�, N 1018u ,/1X NA

C I No

1 N A~u N010 1 11-
L X+_ ~~In 10I N

lO I 1 1 .. 1 lO , I ...

Cl C. No Li
U 10 1 o6-- C

0•

U , ohd
2~i15.; 15- Ag
1 0 0 Li 10o 0 --- ---- ------ - Cc

1014 -- "1T4 -

L_1
(b (d)

u c --'cd Agc d

LL~
0

15 d1 o105-3 0 Do
0 D i

toCD

, L 121 I I I I 10121 I I I

0 0.1 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

solidified fraction g

Fig. S. ai), (c) Total concentrations (determined by spark source mass spectroscopy and atomic adsorption spectrophotometry) for
some important residual impurities and the sums of all acceptors (curve NA) and donors (curve N,) and, (b), (d), the concentration of
substitutional acceptors (curves CU(.d and Ag(.d) and donors (curve D") deduced from photoluminescence analysis 1341 and the hole
concentration p (curve p)as functions of the axial position gin vertical Bridgman crystals grown without (VB) and with (VBZ) an extra
cadmium source C ES).

mainly explained by the distribution of the shallow in VBZ crystals (Fig. 8(d)) shows that the shallow
acceptors which are located at cadmium lattice acceptors are strongly compensated by donors. VB
positions. crystals always have a high p-type concentration of

In VBZ crystals grown of near-stoichiometric about 101 cm- 3 (see Fig. 6(a)) in the last-to-freeze
composition the total concentrations are generally region independent of the melt composition chosen.
lower than in VB crystals (Fig. 8(c)). Some of the This observation favours the assumption for the VBZ
volatile impurities (sodium, lithium and chlorine) are crystals that the volatile acceptors evaporate and
enriched in the cadmium reservoir (ES) by an evapora- condense at the lower temperature level in the
tion process from the melt (Fig. 8(c)). The concentra- cadmium reservoir. Further investigations are neces-
tions of silver and copper are also reduced which sary in order to solve this problem which indicates a
agrees with the much lower precipitates and inclusion non-steady state growth process. Consequently, atten-
densities in VBZ crystals. Obviously in VB crystals a tion has to be paid to the selection of the substrate
considerable part of these acceptors are collected in Te slices for epitaxial processes. It has been shown [33]
inclusions and precipitates. Additionally, the marked that the carrier concentration and the conductivity type
decreased cadmium vacancy (Vcd) concentration of the LPE Hg1 _•CdTe layers are influenced by the
during the growth with a controlled cadmium over- impurity levels of the substrates taken from different
pressure leads to a decreased occupation of cad- axial positions of conventionally grown VB CdTe
mium site impurities. The extremely low axial ingots. LPE layers grown on substrates selected from
homogeneously distributed free-carrier concentration the last-to-freeze regions of the VB crystals have
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carrier concentrations p> 1 X 1() 6 cm--3 . This may be impurities. Furthermore, these crystals show a very
caused by an outdiffusion process from the substrate homogeneous axial and radial distribution of the
and should be valid for the fast acceptors such as silver, carrier concentration in comparison with the con-
copper, sodium and potassium. An adjustment of the ventionally grown crystals. Two reasons are discussed
carrier concentration to values lower than 1 x 101()' for the improved crystal quality: (i) the possible
cm- 3 was only possible if the substrates were taken additional purification of the melt during the growth
from the first-to-freeze and central regions of the VB with a cadmium source owing to evaporation of the
CdTe ingots. Additionally, such epitaxial layers can be volatile impurities; (ii) the decreased cadmium vacancy
converted to an n-type conductivity by isothermal concentration which tends to reduce the cadmium site
annealing. The influence of VBZ substrates on the impuri;:es.
epitaxial layer quality is a matter for further investi- Finally, special attention should be directed to the
gations. selection of the CdTe substrate slices for epitaxial

processes. The substrate quality is a function of the
axial position from which the substrate will be taken.

5. Conclusions The substrates from the last-to-freeze region of con-
ventionally grown crystals have a high concentration of

We have started some detailed investigations of rapidly diffusing acceptors which infiltrate into the
crystal growth of CdTe from the melt. First, the layer during the epitaxial and annealing processes.
structure of the melt is shown to have a strong influ-
ence on the crystal quality. In the case of unseeded
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Defects and electrical properties of doped and undoped CdTe single
crystals from tellurium-rich solutions

E. Weigel, G. Miller-Vogt, B. Steinbach and W. Wendl
Kristall- und Materiallabor der Fakultitfiir Physik, Universitit Karlsruhe, Kaiserstrasse 12, 7500 Karlsruhe
(Germany)

W. Stadler, D. M. Hofmann and B. K. Meyer
Physikdepartment E 16, Technische Universitat Miinchen, 8046 Garching b. Miinchen (Germany)

Abstract

CdTe single crystals have been grown using either the Pridgman or the travelling-heater technique. Crystals doped with
indium or chlorine were compared with those without any intentional dopant. With high resolution atomic absorption
spectroscopy analysis it was possible to measure the effective segregation coefficient of indium down to concentrations of
3 x 1O0 5 In atoms cm -. Higher amounts of indium resulted in n-type conductivity but, with less indium than I x 10'
cm •, crystals were p type, as is always the case for undoped crystals. Photoluminescence spectra taken from as-grown
samples and from samples annealed at 380 °C or 780 °C with subsequent quenching revealed the A centre but require
reconsideration fif the role of this complex in the compensation models.

1. Introduction characterization should serve as feedback information
for the control and change of our growth parameters.

As an interesting material for technical applications
(it is used as y,-ray and X-ray detector, as a substrate
material for Hg1 , CdTe, as material for solar cells 2. Experimental details
and in the optical industry) as well as for purely scien-
tific reasons, CdTe has received much attention in the CdTe single crystals were grown either with the
past [j 1. However, in spite of many efforts there are still Bridgman technique on the tellurium-rich side of the
some gaps in the knowledge of the relationship phase diagram [81 or by the travelling-heater method
between on the one hand the parameters of crystal (THM) with a tellurium zone [9, 101. In the Bridgman
growth and the chemistry and on the other hand the case, two values for the starting atomic tellurium-to-
electrical behaviour of the material which can be cadmium ratio were chosen, namely 55%/45% and
expressed in the values of concentration. mobility and 72%/28%, leading to starting temperatures for crystal
lifetimes of both holes and electrons. Although there is growth of 1050 *C and 900 'C respectively. Synthesis
general agreement on the importance of residual im- and growth were carried out in the same quartz
purities and intrinsic defects and of their interplay ampoules with a graphite coating of the inner walls.
12-61, conclusive correlation to these values is still lack- Chlorine in the form of CdCI, and indium in elemental
ing. Related to these questions is the problem of the form were used as intentional dopants and were added
self-compensation mechanism, which is even more to the starting materials in Bridgman runs or to the
urgent for the other Il-VI compound semiconductors tellurium zone in the THM.
171. The chemical analysis of the residual impurities and

The aim of our study was to grow single crystals of of the dopant concentration was done by atomic
CdTe with different solution growth techniques under absorption spectroscopy (AAS) with a flame in routine
various conditions, e.g. growth temperatures, growth operation mode or with a graphite furnace (GFAAS) if
velocities and cooling rates. High resolution chemical better detection limits were necessary.
analysis of intentional and unintentional dopants in the Electrical characterization of samples was done by
sub-parts per million range and electrical and optical conductivity and Hall measurements at around room

44921-514 47/93/$1•0 444 0 1)93 - I-Isvicr Sequoia, All right- re'cred
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temperature. Contacts for p-type samples were made flame AAS could be detected and proved the flame
by electrodeless deposition of gold [1 1]; contacts were data for iron to be artificially enlarged. The same prob-
made to n-type samples by a droplet of pure indium. In ably holds for the aluminium values but here the reason
every case, crystals were lapped and etched in a 5°/, may be the non-availability in our laboratory of dust-
bromine in methanol solution prior to making contacts. free conditions which might influence the results

In addition, photoluminescence (PL) spectra of our because of the normally very high background for alu-
crystals at 2 K were recorded using the excitation of minium. In summary, our AAS measurements show
the 514 nm line of an argon ion laser with an operating that the starting materials of highest purity nowadays
power moderately below 100 mrW. available seem really to have a total residual content of

metal impurities of less than I ppm. The measurements
on the crystals themselves showed no increase in metal

3. Results and discussion impurity concentration and thus confirmed that growth
itself is a further purification step, as the segregation

3. 1. Chemical analysti of starting materials atnd cystals coefficient of most metals is smaller than unity. Im-
As a basis of reference for the concentration of purity take-up of the measured metals from the high

foreign substances in our crystals, we examined the purity synthetic quartz ampoules seems to play a minor
starting materials cadmium and tellurium from differ- role in our case. In order to follow some residual im-
ent producers labelled 1-4 in Table 1. Material in purities quantitatively we have to improve the chemical
every case was specified as purity 9 9 .9 9 9 9 % or better. detection limits for at least one further order of magni-
As expected, the concentration of most elements was tude.
beyond detection limits of flame AAS which was in the
range of a few atomic parts per million for nearly all 3.2. (liemicalanalysis of indium-doped cr.stals
elements even when working with amounts of sub- As a well-known doping element leading to n-type
stance exceeding I g. The use of the much more sensi- conductivity we concentrated on indium as a model
tive method of GFAAS not only allowed us to lower dopant to study its segregation behaviour during
the detection limits of some elements by up to two growth in a quantitative manner and with a high local
orders of magnitude but also reduced substance con- resolution. We succeeded in following the indium con-
sumption to 50-100 mg per analysis, which resulted in tent within a statistical uncertainty of about 20% down
a much higher local resolution within the samples. to very low concentration ranges only slightly above
Additionally the systematic error connected to specific our present detection limit for this element of 0.07
chemical reactions during some preparation steps for ppm or 2 X 1(15 In atoms cm -'.

TABLE 1. Analysis of foreign elements in starting materials for CdTe using atomic absorption spectroscopy with a flame and with a

graphite furnace

Amount (at.ppm) of the following elements

Al Fe Ni Cu Zn Ag In

Flame AAS
Cd- 1 3.2 < 5.0 < 1.8 1.2
Cd-2 3.8 < 3.4 < 1.2 1
Cd-3 3.6 <3.1 < 1.1 <0.5 <3
Cd-4 3.9 < 0.7 < 0.2
Te-1 3.4 < 2.8 < 1.0 <0.6
Te-2 4.1 < 3.5 < 1.6 < 0.6 < 0.3
Te-3 3.7 < 2.2 < 0.8 < 0.4 < 4
Te-4 6,9 < 0.9 < 0.3

GFAAS
Cd- I 5.8 < 0.3 < 0.8 < 0.02 < 0,07
Cd-2 9.2 < 1.1 <0.9 <0.1 0.I(
Cd-3 6.7 < 1.2 1.9 < 0.2 < 0.9 < (0.I
Cd-4 2.1 < 0.4 < 0.02
Tre- I 4.7 < 0.3 5.2 < 0.9 <0.03 0.1 < 0.07
Te-2 6.7 < 1.3 < 1.1 < 0.07
Te-3 6.7 < 1.1 2.6 <0.2 < 1.1 <0.06
Te-4 6.7 < 0.4
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Figure 1(b) and l(c) show the indium distribution range below about l()0 at.ppm In. For higher indium
within Bridgman crystals doped at a level of 0.5 ppm. concentrations they found segregation coefficients of
For comparison a crystal with a concentration roughly between 0. 1 and 0.2 well comparable with our values
an order of magnitude higher is shown in Fig. 1(a). The within the given uncertainties. However, one should be
distribution in every case corresponds exactly to the aware of the fact that they performed near-stoichio-
theory of segregation for directional solidification ! 2}. metric growth with a tellurium excess of less than 0.05
So the calculated effective segregation coefficient of at.% whereas in our case the tellurium excess ranged
0.2 for Bridgman growth has an accuracy of about from 5 at.% (Bridgman starting condition) up to 35
± 15% and shows itself to be independent of concen- at.% (THM). Therefore we believe that with our value
,ration. Even for doping amounts as high as 1 000 ppm of the segi egation coefficient we can estimate the actual
and also for the THM crystals doped with indium we indium concentration in our crystals even for indium
obtained the same k,,,. The stated independence of ktf doping levels in the range of 1014 cm -, too small to be
on the indium concentration seems to contradict the detected by AAS, with rather a high confidence.
results of Yokota et al. [13] who believe that they have Looking at the ideal segregation behaviour of
evidence that the indium segregation coefficient indium and at the small scattering of the measuring
decreases with decreasing indium concentration for the points we take the higher concentration values at the

very top of the crystals which can be seen in Figs. 1(b)
and 1(c) to be real. The explanation seems to lie in a

CRYSTAL MELT high undercooling of the melt necessary for the pri-
02mary crystallization to set in. Rudolph and coworkers

.10.0 [141 have shown in recent investigations that the under-
cooling can amount to some 10 K, depending on the
overheating of the liquid phase. This is in line with the

"•5.0 observations made by many groups that the first region
3 t.* to?,m of the grown crystals is always of polycrystalline type.- V - -_- -- - _ 1 10 17 Cm-3

S• ' .33. Electrical characterization of the crystals0.00.0......................................... '.....3..E..iclcaa riaino "tecyt~

0.0 2.0 4.0 6.0 8.0 Table 2 shows the electrical parameters of indium-
la) doped Bridgman and THM crystals ordered according

to their doping levels together with undoped and
1.0 chlorine-doped samples. The most pronounced feature

kE, 0.2 is that indium leads to n-type material whereas no
0.8 intentional doping at all as well as chlorine doping

= 0.6 0.55 o always result in p-type material. Because of the high
S0.4. . accuracy of the AAS measurements described in theS0.4

last section we were able to determine the indium range
02of the transition between n and p type and have locatedo 0.23

0o 3.1015 cmn- it to the concentration region (2-6) x 10'- cm
° 0.0 .0.4.0.6.0.8.0 Above this region the indium content seems to have no

0 2 . 0 specific influence on the resistivity, being always in the
range of 10i- 10' Q cm. Only within the narrow range

1.0 , specified have we succeeded in growing crystals with
kl, = 0.2 resistivities exceeding 10' Q cm. The critical indium

0.8 concentration is comparable with that of the intrinsic
r 0.6 defects and therefore is evidence for these defects to
.--- -0 -- -- play a key role in the whole process. In order to change

0.4 the intrinsic defect system with the indium content kept
Aconstant we treated our samples at different tempera-

S0.2 4 o ýsae tdifrn
0.30105 cm3- tures: annealing for I h at 380 °C or 780 °C in an argon

0,0 ............ atmosphere, followed by rapid quenching to room tem-
0.0 2.0 4.0 6.0 8.0 10.0

(c) length of crystal (cm) perature, had only little effect on the conductivity of

Fig. I. Indium distribution in crystals of (CdTc grown with the crystals with a high indium content, quite in contrast
vertical Bridgman technique from a tellurium-rich solution: (a) with those with an indium content in the critical range
crystal doped with I x 10" In atoms cm -: (b), (c) examples of which became p type even at the lower annealing tem-
two crystals doped with 1.5 x I1" cm ' perature. To demonstrate this point, Fig. 2(a) shows the
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TABLE 2. Compilation of the electrical parameters of doped candidate often discussed in this context is the A centre
and undoped CdTe single crystals consisting of a cadmium vacancy and a neighbouring

Crystal and In-doping Resistivity Type Mobility indium atom. To check this possibility we investigated
method (ppm) (Ohm cm - 1) cm: (Vs)- the PL spectra of our crystals.

THM 1 2300 6.OOE + 03 n 50 3.4. Photoluminescence measurements
Bridgman 1 950 2.OOE + 03 n 300 Examples of PL spectra for undoped, chlorine-
THM 2 230 3.OOE + 03 n 450 doped and indium-doped samples are presented in Fig.
Bridgman 2 140 8.00E + 02 n
THM 3 34 8.OOE + 02 n 390 3. We shall not discuss the fine details of these spectra
Bridgman 3 15 4.OOE + 04 n in this paper but only wish to draw attention to the
Bridgman 4 3 2.OOE + 03 n 660 main features relating to the above-mentioned electri-
Bridgman 5 0.5 4.OOE + 03 n 830 cal behaviour. The PL between 1.4 eV and 1.5 eV is
Bridgman 6 0.5 6.OOE + 08 n 900 related to donor-acceptor recombination lines of
BLidgman7 0.1 4.00E + 06 p <20 residual impurities and of A centre complexes [15].
L -idgrnan -- 1.00E +04 p

THM - 1.00E + 04 p Heavily indium-doped crystals (Fig. 3(c)) do not show
Bridgman C 1 > 1.00E + 08 p 50-80 any single lines but are smeared out to only one broad
THM Cl > 1.00E+09 p 60-90 band. However, in the low-level-doped crystals (Fig.

3(d)) the line of the A centre is clearly visible [16].
Another important feature is the deep luminescence
around 1.2 eV. This is probably related to intrinsic

n - type defects, Vcd being one likely candidate.
S1000 The evolution of the spectrum in Fig. 3(d) after

A +annealing shows first a diminishing and then fully dis-
appearing A centre intensity. So this complex is ruled

>5 out as a possible candidate to explain our conductivity:: 500-
results. It would be more likely to assume that cad-

0 mium vacancies are responsible for the observed
S effects. It is clearly to be seen that the PL at around 1.2

0 .... 6..80.eV is more pronounced in undoped and chlorine--40 -20 0 20 40 60 80(a) temperature (-C) doped crystals (Fig. 3(a) and 3(b)) which are both p

type and that this spectral range shows up clearer in the
tempered crystals which also became p type. Of course
this needs further confirmation.

p - type

>200.
2 4. Conclusions

100. We have demonstrated for indium that it is possible

Z -with GFAAS to follow quantitatively and with high
local resolution foreign impurities down to concentra-

0 .......................... tion ranges as low as 10 - cm - , com parable with the
-40 -20 0 20 40 60 80 concentration range of the electrically active intrinsic

(b) temperature (*C) defects that exist even at low temperatures. With the

Fig. 2. Hall mobilities of the two crystals from Fig. l(b) (+ ) and effective segregation coefficient thus obtained, we can
1(c) ( A ) with an average indium concentration of 5 x 1011 cm-> estimate concentrations at least one order of magni-
measured in the room-temperature region: (a) as-grown samples
(A is a sample from the start of the crystal, and E is a sample tude lower with a high confidence. Regarding new tech-
from the end portion); (b) after annealing the crystals at 380 °C niques as optical detected magnetic resonance and

- - )and at 780 'C (--)for I h. magnetic circularly polarized emission (MCPE) which
can reveal not only the nature but also the fine details
of the structure of individual defects, the understanding

Hall mobilities of as-grown crystals with 0.15 at.ppm In of the relationship between electrical properties and
(cf. Fig. 1(b) and l(c)), and Fig. 2(b) the results after defect structure should become possible in the near
annealing at 380 'C and 780 *C. We have to conclude future and provide feedback on the optimization and
that the temperature treatment increases the number of control of growth parameters and of after-growth treat-
compensating acceptors in this material. A common ments which are still a challenge to the crystal grower.



E. Weigel et al. / Properties of CdTe from Te-rich solutions 21

T 21K , I 'r-7----- I I I r I I I

T 2K T = 2K

-

3 D
BW19. A3j%-

CO) W15. A

.4- 4-_. c

TW)O. aD

0.8 1.0 1.2 1.4 1.6 0.8 1.0 1.2 1.4 1.6
energy (eV) energy (eV)

(a) (b)

T= 2K

C
€" ! - lh 780"C annealed

CO SS 1h 380V( anneal@

V~Q 02 asgrow

0.8 1.0 1.2 1.4 1.6 0.7 0.9 1.1 1.3 1.5 1.7

energy (eV) Energy (eV)
(c) (d)

Fig. 3. PL spectra measured at 2 K (labels beginning with B indicate Bridgman crystals and those beginning with T THM runs): (a)
undoped THM and Bridgman crystals; (b) three examples of chlorine-doped crystals, two THM and one Bridgman sample; (c) a THM
and a Bridgman crystal with an indium level of about 30 ppm or I x 108 cm- 3; (d) example of a Bridgman crystal containing
0.2 at.ppm In in its as-grown state and after the tempering steps (cf. Fig. 2) (the zero-phonon lines and neighbouring phonon replicas of
the A centre (VCd-In-d) [14, 151 are clearly to be seen in the as-grown sample and still after 380 TC annealing but not after 780 TC
annealing.
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Floating-zone melting of CdTe

Wen-Ming Chang, W. R. Wilcox and L. Regel
Center for Crystal Growth in Space, Clarkson University, Potsdam, NY 13699 (USA)

Abstract

To produce superior crystals of CdTe, floating-zone melting in space has been proposed. Techniques required for
floating-zone melting of CdTe have been developed. CdTe has been successfully float zoned using square feed rods and
resistance heating. The maximum zone length in a 3.5 mm wide square CdTe rod on Earth was about 5 mm. Evaporation
of the CdTe melt was controlled by adding excess cadmium to the growth ampoule combined with heating of the ampoule
wall. The temp :rature of the ampoule wall was the primary factor in determining the deposit-free time. Slow rotation of
the growth ampoule was necessary to achieve a complete, symmetric molten zone. The maximum zone travel rate,
considered from the heat transfer standpoint only, was experimentally determined to be 6 mm h- 1. Most of the resultant
cylindrical rods were single crystals with twins. Rods grown at a cooling rate of 40 'C h - I yielded a much lower etch pit
density (EPD), ranging from 2.2 x 103 to 8.2 x 102 cm-2 , than those grown by quenching, which had EPD values ranging
from 5.4 x 104 to 8.7 x 104 cm- 2. The pits formed in these rods were randomly distributed, which was different from the
cellular structure observed in CdTe produced by the vertical Bridgman technique. A lower EPD was obtained at the
periphery of our rods. An approximate radiation model was developed to predict the heater power requirement. For
CdTe molten zones, the power requirement predicted by the model differed by 5% to 30% from that measured in the
experiments. The model predicts that the power requirement for the zone heater to maintain a static zone varies with the
rod radius, R, in the range from R, " to R, 1". This relationship is affected by various factors, such as the ampoule wall
temperature and the gap between the rod and the zone heater.

1. Introduction gradients will diminish greatly so that turbulence,
which can give rise to striations, will be curtailed [2, 3].

Sizeable CdTe single crystals with low defect con- Plastic deformation is also reduced in space; the grow-
centrations are desired for the high efficiency of ing crystal of CdTe is not then subjected to its own
devices. Although much effort has been made, current weight.
terrestrial techniques used to grow CdTe still cannot Two inherent difficulties associated with floating-
fulfil the device requirements. A possible growth tech- zone melting of CdTe are evaporation of the melt and
nique to obtain high quality single crystals is floating- the small size of the molten zone (about 5 mm in
zone melting. The floating-zone technique provides diameter and length) owing to the low surface tension
containerless processing. Containerless processing and high density of the melt. At the melting point of
significantly reduces undesirable spurious nucleation CdTe, a stoichiometric melt yields 0.8 atm of cadmium
and contamination from the ampoule, and eliminates vapor pressure and about 0.01 atm of tellurium [4].
any sticking to an ampoule wall. Currently, CdTe is The ease with which CdTe fractures also provides a
grown commercially by the Bridgman technique. challenging problem in ampoule design. For design of
Wilcox et al. [ 1 pointed out that "sticking of the crystal the flight experiment using larger diameter CdTe rods,
to the ampoule is the major contributor to stress within it is necessary to have some idea of the power require-
the crystal in the Bridgman growth technique". In addi- ments.
tion, the floating-zone technique requires low energy
consumption to maintain the small volume of melt in
the zone. 2. Experiments and results

Several advantages arise from conducting floating-
zone melting in space. The diameter of the crystal can The ground-based floating-zone apparatus used in
be enlarged, because supporting the weight of the zone this work and the method used to hold the CdTe feed
by surface tension is no longer required. Thus, high rods have been described elsewhere [5]. Polycrystalline
density, low surface tension materials can be more eas- square rods of CdTe donated by I-VI Incorporated
ily float zoned. Natural convection caused by density were used as feed rods in this work.

0921-5107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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2.1. Zone size TABLE 1. Conditions and results of experiments for evapora-
The maximum length L of a CdTe molten zone in tion of molten CdTe

a cylindrical rod for terrestrial experiments can be Experi- Excess Hot wall Time, Result
estimated by Heywang's equation [6, 7] to be about ment cadmium3 temperature" (h)
5.4 mm, using a surface tension of 200 dyn cm -I [81 for no. (mgcm-3) (°C)
molten CdTe at its melting point and a density of
5.65 g cm- 3 [9]. Heywang's stability plot indicates that 1 11.2 850 0.5 Heavy deposit
the rod diameter must be greater than 7.6 mm to pre- 2 11.6 850 0.5 Moderate deposit

3 12.0 850 1.0 Moderate deposit
vent a zone 5.4 mm high from dripping down. How- 4 13.4 850 2 Moderate deposit
ever, this is in conflict with heat transfer analyses 5 15.9 850 2 Moderate deposit
showing that the rod diameter must be equal to or less 6 11.2 900 4 Light deposit
than the zone height to form a full zone with nearly 7 13.4 900 4 Light deposit

planar interfaces (see, for example, refs. 10 and 11). To 8 15.0 900 6 Light deposit
9 11.2 950 15 Light deposit

meet the limits of both zone stability and planar inter- 10 11.2 950 16 Light deposit
faces, the maximum zone size can be obtained by 11 13.4 950 16 Light deposit
setting the zone diameter equal to its length on Hey- 12 10.7 1000 - Furnace burned out
wang's zone stability curve. In this way, the maximumrod diameter and zone height on earth were estimated 'Milligrams of CdTe added to the ampoule per cubic centimeterof free volume inside the ampoule. The volume of the CdTe
to be about 5 mm. molten zones was about 0.06 cm3 ; i.e. the volume of a square

With square CdTe rods 3.89 mm across we experi- CdTe rod of 0.35 cm per side and 0.5 cm long.
mentally found a maximum zone length of about 'Time to observe deposits on the ampoule wall.
4.5 mm; square rods 4.95 mm across gave a maximum eThe hot wall temperature was the temperature of the furnace
zone length of about 5 mm [5]. used to heat the ampoule and was measured by two type-R

thermocouples positioned near the ampoule wall.

2.2. Evaporation control
One of the major obstacles to floating-zone melting

of CdTe is the high vapor pressures of cadmium (0.8 estimated by the volume of a solid square rod 3.5 mm
atm) and tellurium (0.4 atm) over its stoichiometric wide and 5 mm long), the amount of excess cadmium
melt at the melting point [4]. If condensation can occur added to the ampoule is given here as the amount of
elsewhere, these high vapor pressures will cause both excess cadmium divided by the amount of free volume
cadmium and tellurium to rapidly evaporate from the inside the ampoule. No hot wall temperature higher
melt. When this condensation occurs on the ampoule than 1000 °C was tested owing to the maximum service
wall above and below the zone heater, the zone length temperature of the top furnace. No experiment with
becomes difficult to control for subsequent growth, 15.9 mg or more excess cadmium per cubic centimeter
since the deposit seriously interferes with the heat of free volume inside the ampoule was performed
transfer between the zone heater and the rod. To suc- owing to concern about the possibility of ampoule
cessfully conduct floating-zone melting of CdTe, evap- rupture. From experiments 1, 6 and 9 it was found that,
oration must be eliminated, with the same amount of excess cadmium, the time

According to Kweeder [12], CdTe evaporation can before condensation was elongated by increasing the
be controlled by heating the wall of the growth hot wall temperature. However, when using the same
ampoule containing the CdTe rod to a high tempera- hot wall temperature, the time before condensation
ture combined with the addition of excess cadmium to was unchanged, even by adding 20% more excess
the ampoule. (The temperature of the ampoule wall is cadmium in experiment 11 than in experiment 10. In
henceforth called the hot wall temperature.) Therefore, addition, with different hot wall temperatures, the
we tested different hot wall temperatures combined deposit-free time was dramatically reduced from 16 to
with various amounts of excess cadmium added to the 2 h, even though 42% more cadmium was added in
ampoule. The hot wall temperature was measured by experiment 5 than in experiment 10. The hot wall tem-
two type-R thermocouples positioned near the peratures used in experiment 5 and 10 were 850 °C
ampoule wall. After the CdTe zone formed, the length and 950 °C respectively. The results showed that evap-
of time was recorded at which deposition on the oration of the CdTe melt can be controlled by the hot
ampoule was observed. Square CdTe rods 3.5 mm wall-excess cadmium technique and that the length of
across were used in these experiments, time which the ampoule stayed clear was primarily

All the experimental conditions and results are listed affected by the hot wall temperature. However. experi-
in Table 1. Since the volume of the molten zone was ments also showed that a higher hot wall temperature
about the same in each experiment (about 0.06 cm-, required more energy, although it reduced the power
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requirement for the zone heater to maintain a molten CdTe molten drops were left on the two remaining
zone. CdTe rods.

The correct explanation for the success of the hot
wall-cadmium overpressure technique is uncertain; wc
speculate as follows. With a high cadmium pressure 2.4. Crvstalgrowth and characterization
inside the ampoule, the CdTe melt is no longer stoi- Some 40 experiments were carried out to grow
chiometric, because most of the excess cadmium will CdTe crystals by floating-zone melting using the
go into the molten zone until the vapor reaches equilib- ground-based apparatus depicted in ref. 5. The
rium with the melt; a cadmium-rich melt results. ampoule was translated at rates ranging from 1 to 4
According to the P-T--x phase diagram for CdTe [131, mm h-', while the ampoule wa, rotated at rates rang-
the melting point decreases and the tellurium vapor ing from 0 to 6 rev min -.
pressure decreases dramatically as the melt becomes To create successfully a complete CdTe molten
rich in cadmium. In addition, excess cadmium inter- zone, it was necessary to rotate the ampoule to heat the
feres with the mass transfer of tellurium. This has been feed rod uniformly. Without rotating the ampoule, the
demonstrated in vapor growth experiments [ 14]. surface of the square rod always melted first at one of
Therefore, the vapor pressure of tellurium is greatly the four edges. The molten portion then propagated
reduced at potential condensation sites and the driving toward one or two adjacent sides, as shown in Fig. 1(a).
force P T' PT" for nucleation and growth of CdTe is Upon further heating, more CdTe melted, some molten
reduced. (Here Pcd is the partial pressure of cadmium CdTe ran down the solid rod below the molten portion,
and P•, is the partial pressure of Te,.) and the remainder of the melt bulged out in the lower

region of the molten portion. Subsequently, the molten
portion spread out and penetrated into the rod with a

2.3. Maximum zone travel rc,- thin solid portion left, as shown in Fig. 1(b). Finally, the
A higher zone travel rate is favored for lower energy square CdTe rod melted through and two CdTe molten

consumption, but there exists a maximum zone travel drops were left on the two remaining rods, as shown in
rate. For example, Eyer et al. [15] experimentally deter- Fig. 1(c). Experiments showed that, when rotating the
mined the maximum zone travel rate in float-zoning ampoule at 6 rev mrin- , melting usually began simul-
silicon using a double-ellipsoid mirror furnace. In their taneously at the four edges of the rod. Even though
study, they considered the maximum zone travel rate sometimes melting did not start at the four edges simul-
from the heat transfer point of view as follows. For a taneously, the other solid edges melted a short time
constant power supply, as the zone travel rate is later. Subsequently, a band of molten CdTe formed and
increased, the melting interface becomes increasingly a complete, stable zone was still obtained. When
convex toward the melt, forming a steep solid cone. rotating the ampoule at a rate lower than 6 rev min - ', a
Eventually, the cone touches the freezing interface to CdTe molten zone was sometimes generated; however,
form a "solid bridge" and there is no longer a complete the molten zone was often asymmetric and still often
molten zone. Therefore, they concluded a maximum failed to form. When the ampoule was rotated at a rate
zone travel to be that which causes a solid bridge, above 6 rev min- -, melting started at the four edges

Several experiments were performed to find the simultaneously, but the ampoule wobbled slightly; the
maximum zone travel rate in CdTe floating-zone melt- molten zone always broke about 20 min after it
ing. Since the zone motion was accomplished by formed. Figure 2 shows three CdTe rods grown by the
moving the ampoule in the present experiments, the floating-zone technique at different ampoule rotation
zone travel rate described here is referred to as the rates.
ampoule translation rate. The maximum zone travel After the growth was completed, the crystals grown
rate in our CdTe floating-zone melting was found were cooled in two manners: one method was to
experimentally to be 6 mm h'-. However, this maxi- quench, i.e. shut down the furnace after finishing
mum zone travel rate was not determined by the for- growth; the other method was to cool to 300 °C at a
'nation of a solid bridge, but by the melt running down. rate of 40 °C h -. However, most of the growth experi-
Initially, a CdTe molten zone was created in a CdTe ments were unsuccessful, owing either to the failure to
rod 3.5 mm square at a hot wall temperature of 950 °C generate a complete zone or to the melt dripping down
and an ampoule rotation rate of 6 rev min- '. Then, the during the ampoule translation. Only 14 experiments
ampoule was translated downward at a different rate in succeeded in yielding a cylindrical CdTe rod with a
each experiment. When the ampoule was translated at length of more than 2 cm. Of the resulting rods, 12
6 mm h ', the CdTe molten zone elongated and the were single crystals with twins.
molten CdTe bulged out in the lower portion of the Rods grown at 40 °C h- I yielded a much lower etch
zone. Eventually, the CdTe melt dripped down and two pit density (EPD), ranging from 2.2 x 103 to
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necessary to have somie Idea of tile power require-
menits. [he low% surface t ension and] hig~h density, of
('dTe limit the rod] diameter to about 5ý mmn in terres-
trial experiments. Therefore. we performed an ap-

41iiioproximate heat transfer analy sis to predict the power
requirement 151. This model was used to predict the
power requirement f'or the zone heater to maintain a

C static CdTe molten zone under five different condi-
III. Photogfu iraphs ,ho%%ing how. /onc uci~cratioI1 tailcd \\hcn tions. The pow.er requireid by the zone heater was also

thc fli~~li "asnotrotacd.meiasured by experiments tunder these five cont:itions.
TFable 2 lists the theoretical and experimcrntai results.

8.2 x M' cm '. than those obtained by quenching, The power requirement predicted by the model dif-
,which had [P1) values rangzing~ fromn 5.4 X M'tt to fered by 5'% to 30",, from that measured in the experi-
S. 7 x M'( cm . The pits formedi in these rods were ments. This discrepancy might have been caused by
randomly dlist ributed, which was different from the violation of' the assumptions made in the model. Tlie
cellular structure observed in (kdle produced by the surface area of the zone is one of the primary factors to
vertical B~ridgman technique 11 71. A lower [P1) waIs determine the powver requirement. The surface area of
obtained at the periphery of our rods, the zone was assumed to bie 2.7rR, /-, where R, is the

T[he resistivity as g~rown was 1 0" to 10(P Q cm and rod radius and L., is the zone lengzth. [he surface area
the crystal grown was n type. [he y-ray response on a of the zone, however, Was niot necessar~ly 2.-rR, I.,,.
wafer 2 mnm thick wkith the highest resistivit (4 x 1 0' because square ('(re rods wecre used in experiments.

Qcm )had at very higzh noise, the zone shape wvas niot actull1y cylindrical, and the
volumectric properties changed upon melting. ]in addi-
tion. the quartz amnpoule wa's alssumed to bie to tally

3. Power requiremenit model transparent to all radiation, but it actually transmits
about1.19( )",( radiation with at wavelengthtI shorter than

Todesign the floating-zone flight hardware for pro- 2.5 pmi. though it profoundly absorbs the rest of thle
cessing of larger diameter 'd'le rods in space. It Is radiation 1161.
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TABLE 2. Experimental and theoretical results for power TABLE 3. Relationship between estimated power required by
required by the zone heater to maintain a CdTe molten zone the zone heater and the CdTe rod radius under different
under different operation conditions conditions

Rod radius R,, ( = R 1) 0.25 0.25 0.25 0.25 0.25 T, = 950 °C 1T = 900 °C r, = 850 °C
(cm)

Zone heater radius R, 1.0 1.0 1.0 1.0 1.1 R, = 4.OR, p3ccR R, 1JOC R1 ,12 /)cc R (t,

(cm) E, =0.15
Furnace radius R4 (cm) 3.0 3.0 3.0 3.0 3.0 3R,= 3.0R, P-c Ri ' l, 13, RtT 1IO Rt 1
Zone heater length L . 1.5 1.5 1.5 1.5 1.2 )R15

(cm) (1=0.15
Furnace length L4 (cm) 40 40 40 40 40 R,= 2.4R 1  PRocR PR RIT P1 cRI-
Furnace temperature T4 970 950 900 850 920 1= 0.15

Zone heater insulation 1.0 1.0 1.0 1.0 1.5 R,= 4.0 R, IoR Np R ,' , R 1I' -

thickness X(cm) E= 0.35

Power requirement 81 90 114 135 105 R, =4.0R, l'cR, l'CRtO 1
7 PocRR, I Ib

predicted by the d1=0.55

model (W) R, =4.0R, POCR P"' - R, lOCR'
Power requirement 86 97 120 173 137 F1 =0.7

measured by experi-
ment(W) Here R, is the rod radius. R, is the inside radius of the zone

heater. T, is the hot wall temperature. P is the power require-
ment for the zone heater and -, is emissivity of the solid CdTe.

1400

tionally enlarged when the rod radius was increased.
ý1200 For larger rods, the power required by the zone heater

depends on many factoi s, such as the furnace tempera-
S100 ture, the gap between the rod and the zone heater, the
) ...- - 4.CR, radiative properties of the materials etc. Table 3 lists

R00 R 2.4R / the relationship between the power requirement and
0 -the rod radius for several different conditions. It shows

600 . - that the power requirement for the zone h,-,ter to
Q 600 -"maintain a static molten zone falls in the range from

R 1.5. to R, M

0 400 - - -
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Bridgman growth and assessment of CdTe and CdZnTe using the
accelerated crucible rotation technique

P. Capper, J. E. Harris, E. O'Keefe, C. L. Jones, C. K. Ard*, P. Mackett and D. Dutton
Philips Infrared Defence Components, PO Box 217, Southampton, Hants S09 7QG (UK)

Abstract

The Bridgman growth process for CdTe has been extended by applying the accelerated crucible rotation technique
(ACRT). Modelling using ACRT has been extended to the 50 mm diameter required to produce grains large enough to
yield CdTe (and Cdo.9,Zn.),) 4Te) slices suitable for use in liquid phase epitaxy of CdHg, _Te (CMT) layers. Two regimes
are identified: ACRT parameter combinations which give maximum fluid velocities and that which maintains stable
Ekman flow. Growth of crystals shows that larger single crystal regions are obtained when the Ekman flow is stable.
Effects of changing the ampoule base shape have also been investigated. Techniques have been developed to produce
20 mm x 30 mm substrates oriented close to the (111) direction. Assessment of these samples has included IR transmis-
sion, IR microscopy, defect etching, X-ray topography and X-ray diffraction curve width measurements. Chemical
analyses have been carried out to determine impurity levels and matrix element distributions. Good quality CMT epitaxial
layers, as demonstrated by good surface topography, electrical data and chemical analyses, have been grown onto material
produced in this study.

1. Introduction multizone furnaces are needed to control the Cd
partial pressure and the thermal flows [1, 6]. We have

There has been considerable progress in the epi- adopted a different approach based on the addition of
taxial growth techniques of metallo-organic vapour the accelerated crucible rotation technique (ACRT) to
phase epitaxy (MOVPE) and molecular beam epitaxy the simple Bridgman process. The ACRT was origi-
(MBE) for CdxHg, _-Te (CMT) using non-lattice nally applied to CdTe by Wald and Bell [7] who used the
matched substrates, e.g. GaAs. Despite this, substrates travelling heater method (THM). Since that early use of
based on CdTe are still widely used for liquid phase ACRT, we have developed the technique for the
epitaxy (LPE) growth and for some MOVPE and MBE growth of CMT [8-171.
growth also. Lattice matching by adding small amounts This paper reports on the application of ACRT to
(3%-4%) of Zn and/or Se into CdTe produces higher CdTe/CdZnTe growth using ampoule diameters large
quality epitaxial layers. Bridgman growth has been enough to produce substrate material for LPE growth
used since the earliest days of CdTe development and of CMT, i.e. 20 mm x 30 mm in our case. Fluid flows
is still used by the major world suppliers of substrates resulting from ACRT were modelled using simulations
[1, 2]. In the work reported here, Bridgman growth and estimated from equations developed in ref. 10.
refers to the vertical configuration, although the hori- Growth of crystals 50 mm in diameter of both CdTe
zontal process is also being developed by several and Cd0 .9 6Zn0.04Te will be described as will the results
groups [1, 3-5]. of changing the ampoule base shape. It will be shown

The major issues in substrate development, as sum- that ACRT increases the volume of single crystal
marized by Johnson [1], include size, purity, stoichi- material compared with those of non-ACRT crystals.
ometry, crystallinity, seeding and economics. These are Techniques for producing substrates oriented close to
interdependent but, by rating growth techniques in the (111) direction will be outlined. Assessment
these terms, it is concluded in ref. 1 that both vertical methods of the samples have included IR transmission,
and horizontal Bridgman growth, with overpressure IR microscopy, defect etching, X-ray topography and
control, are the preferred methods. In these techniques diffraction curve measurements and chemical analyses.

The properties of our material will be compared with
*Present address: Il-VI Inc., 375 Saxonburg Blvd., Saxon- those reported in the literature. The ultimate test of the

burg, PA 16056. USA. material is in the LPE growth of CMT, and good

0921-5107/93/$6.00 0 1993 - Elsevier Sequoia. All rights reserved
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quality layers have been produced on ACRT-grown
CdTe and CdZnTe substrates.

2. Accelerated crucible rotation technique irals

SCoette
2. 1. Application to ( F celts

In order to improve x uniformity in CMT, a means
of stirring melts contained in sealed ampoules was
needed. The ACRT of Scheel and co-workers [18-20]
was used because it increased the size of crystals and
gave stable growth rates [71. We have shown how the
ACRT improves both radial and axial x uniformity in Ekiaon

'musniroom",CMIT [9, 12]. A secondary benefit of the ACRT was a
decrease in the number of major grains [12]. Interface t Instability in
depths in quenched crystals were found to be less for Z O Ekmcn flow
ACRT crystals and increasing the maximum rotation
rate Q, produced minimum interface depths for
25 < Q, < 60 rev min- [21 ]. Quenching studies in flat-
based ampoules revealed a flatter interface and single (o) (b)
crystal material [13], demonstrating the power of Fig. I. ACRT simulations in flat-based ampoule for (a) spin-up

Ekman stirring near the interface. This was confirmed and (b) spin-down (from ref. 11).
in crystals grown at slow rates in ref. 22. Crystals
grown at various rotation rates showed small radial
variations for 12 < Q, < 60 rev min' but, outside this The number of spiral arms is given by
range, x variations and crystallinity deteriorated, agree-
ing with the interface depths [13]. If the trends seen in N= QpR2/16tr7l (3)
applying the ACRT to CMT growth are found in the with separation
case of CdTe, then larger grains would be expected. Ar= 4u/pQr (4)

2.2. Modelling where r is the radius of the point in question.
From the paper by Schulz-Dubois [20] three pro- (c) Ekman flow occurs above a solid boundary

cesses are seen to occur on acceleration and/or de- placed perpendicular to the axis of rotation. During
celeration. These are as follows, spin-up, fluid is forced to the side walls and returns

(a) Transient couette flow occurs on rapid decelera- more slowly through the bulk; the reverse occurs on
tion (spin-down), particularly in tall containers. Liquid spin-down.
adjacent to the container walls decelerates faster than The Ekman layer thickness is given by
does liquid in the bulk, and centrifugal forces drive the
inner portions of liquid towards the wall. Horizontal d• =(r/Q,) (5)
vortices form in counter-rotating pairs. with maximum radial fluid velocity of

(b) Spiral shearing occurs on both spin-down and V= Q(R (6)
spin-up, and is again caused by fluid at the walls chang-
ing velocity faster than liquid in the bulk. It is charac- and maximum vertical fluid velocity of
terized by the thickness d of a layer at the wall where W= (,7Q/p)T5  (7)
the rotation rate i% half its initial value and t,, the time
taken by the central part of the fluid to halve its The flow decreases within a time
velocity. T. = R(p/lQ)ý)1 5  (8)

d - R(EQ,,t)"' 5 ()t7/p) 05  (I) Figure 1 depicts these flows as seen in water simula-

l=0.1(EQ,,) I0.1pR
2/7 (2) tion trials [ 11]. All three flow patterns existed, as pre-

dicted, and showed qualitative agreement with the
where t is the time after container stops rotating (s), R parameters given in eqns. (1)-(8) for liquids with
the container radius (cm), !Q, the maximum rotation similar properties to CMIT melts. The most vigorous
rate (rev min '), p the fluid density (g cm '), q the stirring arose via Ekman flow at the container base.
dynamic viscosity of the fluid (g cm I s 1) and E the Brice et al. 10] have reviewed the models developed
Ekman number (0j/fQR 2o). for ACRT-induced flows. While recognizing that ther-



P) .Capper ei al. / Bridg,'man and A('R Tgrowith oj (d'T and ( "dZnie7e 31

06 2.4 45 rpm(CdTeR=2.5cm) face depth plot for the CMT case (Figure 2(a)). Once
a b C d10C•4 (CMT, R:0 65cm) Ekman flow is fully established, the interface depth

decreases to a minimum. As Re increases further,
Ekman flow becomes unstable and the interface depth

6- ,increases. Clearly, too much melt mixing can be pro-
r •duced by some ACRT conditions, leading to a deterio-

0 ration in crystal properties.
The ACRT rotation sequence used is depicted in

"0 20 40 60 80 Fig. 2(b) along with the velocities and distances in the
Maximum rotation rate (rpm) Ekman region (spin-down) (Fig. 2(c)). Table 2 lists the

a) relevant parameters and the desired magnitudes of
these interrelated variables. Figure 3 shows the
dependence of the parameters defined in eqns. (3)-(8)"E ,'~l T,- ,l~d Is '

. r on rotation rate. Rapid acceleration and/or decelera-

tion (in 1-5 s) is easily achieved and the criterion T,,
0• o /T "i r<. is obtained at any rotation rate. The Ekman

Tim0 layer thickness should be small (less than 0.05 cm).
0 Time

b) TABLE i. Critical Reynolds number and corresponding critical
rotation rates for the ACRT in ampoules 25 mm in radius with
qlp = 0.006 cm 2 s -'

Event Re. Q
(rev min-')

I 2.5cm Ekman flow startsa 15 0.1
d_ Ekman flow fully developed' 70 0.6Couette flow unstable, 270 2.4

c) Ekman flow unstabled 500 4.5

Fig. 2. (a) Interface depth vs. ACRT maximum rotation rate for
CMT (from ref. 14) and estimates for CdTe from Table 1. (b) 'Fromeqn.(13)ofref. 10.
ACRT rotation sequence and (c) dimensions and flow velocities hCorresponds to boundary thickness of about 0.2 z.,,, (z.., is

in Ekman region during spin-down (referred to in Table 1). maximum height of Ekman flow).
"From eqn. (16) of ref. 10 shown in Fig. 18 of ref. 10).
IFrom Section 2.4 of ref. 10 (shown in Fig. 18 of ref. 10).

mal and density-driven flows also occur in real systems, TABLE 2. ACRT parameters
they identify three flow regimes as the acceleration
and/or deceleration rate increases. (This is equivalent Parameter Figure Aim
to changes in the maximum rotation rate if the acceler-
ation or deceleration time is kept small, as it usually is.) e Acceleration/ 2(b) (to ma xm rfdeceleration time (to maximize Ekman flow)
For small accelerations, axially symmetric fluid flows T
increase the symmetry of the heat and mass flows.
Moderate accelerations produce axial and radial flows
at the base (for a height of R to 2R) which stir fluid in 3. Ekman layer 3 d, < 0.05 cm

this Ekman region only. Large accelerations give rise to thickness d,

unstable asymmetric flows which can lead to time- 4. Vertical/horizontal 2(c) PrY, , r! >R
dependent mixing. The system is characterized by the fluid velocities (to pass Ekman volume

dimensionless Reynolds number IV, V through Ekman layer)

5. Separation of 3 Ar< 0. 1-0.01 cm
Re=R 2A Q,p/1 (9) spiral arms Ar (to enable homogenization

where AR,. is the step change in rotation rate (rev via diffusion)

min 1). Table I (from ref. 14) lists the critical Reynolds 6. Run/stop times 2(b) T,. T, < Tr,

numbers and corresponding rotation rates for the value ,, rto maximize use of
of R used in this study (25 mm) and an r//p ratio of 7. Re number 2(a) e < low0oo6c2siwhich is typical of Cd'le melts [23. 7.Rynolds nme 2a) Re < 500
0.006 cm 2 s Re (for stable Ekman flow)
These values of Re, are superimposed onto the inter-
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TABLE 3. Growth conditions of crystals grown
250 -N/ 1

/ Number Stoichiometry Base Rotation
shape parameter

(rev min -I s- 1)
/ 10-1

^ -. / CT50 No excess Conical 5
CT51 No excess Conical 5"s ¢L .... CT52 No excess Conical 5

150 '" CZT53 No excess Conical 5
I

/CT55 No excess Conical ± 40/15
CT56 29% Cd excess Conical ± 10/12

03 CT58 0.5% Cd excess Flat ± 4/50
10 CT59 0.5% Cd excess Necked ± 4/50

, CZT65 No excess Necked ± 4/50I /
CZT67 /% Te excess Necked ±4/505 CZT69 I% Te excess Necked ±4/50

41-V/-S.

40 0 80 120 CdZnTe crystals) are loaded into a SiO, ampoule

Rotation rate (rpm) which has been coated with a layer of C by pyrolysing
Fig. 3. ACRT parameters for CdTe in ampoules 50 mm in propane at 1000 *C. Carbon coating of ampoules
diameter, referring to eqns. (3)-(8). prevents charges sticking to ampoule walls [24, 251 and

Holland [26] has proposed that it may also reduce
ngrotation rates of more than 20 rev min isotherm concavity. Melting takes place by slowly

necessitating rotatio cites of more than ramping the temperature to 820 °C, holding for 24 h to
The horizontal flow velocities are much moreotha ensure complete reaction, then continuing the ramp to
R/r and the vertical flow velocities are approximately 1150 'C. After holding at this temperature for a few

R/rF for rotation rates up to 100 rev mn-, ensuring hours, growth takes place by lowering the ampoule at
that the '"Ekman volume" passes through the Ekman 1 mm h- -. Slow rotation about the vertical axis is used
layer in each ACRT cycle. A rotation rate of over 50 for non-ACRT crystals. Growth took place in the
rev min` would be required to reduce Ar to the levelneedd t hoogeizetheflui bydifusin. oth microprocessor-controlled equipment used by Coatesneeded to homogenize the fluid by diffusion. Both et al. [ 15] in ACRT growth of CMT. In addition to the
these run (at maximum rotation rate) and stop times e al[1in rtagrow f th in ad o tecan e st t r~ r lssto esur deayin Ekan low more flexible rotation facility, the rotation parameters,
can be set to r, or less, to ensure decaying Ekman flow growth rate and temperature are monitored and
is not present for significant periods while maintaining recorded. The "no-mixing" temperature profile, in
high mixing levels. which the temperature increases monotonically into

The above criteria have been met for the growth of the furnace [16], gave shallow temperature gradients
CdTe crystals (see Section 3.2). Unfortunately, as can which several groups suggest leads to a less stress-
be seen from Fig. 2(a), rotation rates over 5 rev min- I induced structure 12, 6, 27, 28].
will lead to high Re numbers and consequent unstable After cutting away the SiO, ampoule above the
Ekman flow. Two quite separate flow regimes can crystal, the crystal was slid out of the ampoule. Etching
therefore be identified: ACRT parameter combina- in nitric acid removed the excess Cd and abrasion
tions which maximize flow (items 1-6 in Table 2) and revealed the grain structure and the major twins.
that which maintains stable Ekman flow (item 7 in Careful maps of this structure acted as a guide in
Table 2). With R = 25 mm, combinations of 40 rev crystal cutting. As the aim was to obtain samples of
min-- I with 15 s run and stop times and 4 rev min- dimensions 20 mm x 30 mm, crystals were normallywith 50 s run and stop times correspond to the two cut into 30-35 mm sections prior to slicing parallel to
regimes respectively. Couette flows will occur, on spin- twins. Segments were cut and measured on a Laue
down, for all rotation rates used and should suppress camera for orientation. Misorientations from the ( 1 I )
nucleation on ampoule walls, direction were measured using the technique of

Fewster [29]. The crystal segment was transferred to a
3. Growth and substrate fabrication multibladed cutting machine for slicing using an

abrasive slurry, as used for CMT and described by
3. 1. Overallprocess Fynn and Powell 130]. These slices were then examined

In our Bridgman process, elemental Cd (etched in and areas of 20 mm x 30 mm marked. A diamond wire
nitric acid) and cleaved pieces of Te (plus etched Zn for saw was used to dice the 20 mm x 30 mm samples to
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an accuracy of ± 0.01 mm. Table 3 summarizes the by the ACRT and provide the first direct evidence that
crystals grown in this study. such flows exist. The spiral separation is about 0.1 cm

at the periphery increasing to about 0.5 cm near to the
3.2. (idTe crnstals centre, as predicted from eqn. (4). The number of spiral

Crystals 50 to 53 were grown with a constant 5 rev arms is also in qualitative agreement with eqn. (3).
min' to act as a base-line to compare with ACRT Crystal 58 was grown using ± 4 rev min- I with 50 s
crystals. Figure 4 shows the grain map for crystal 52. A run and stop times. This rotation rate should ensure
large grain propagates from the tip to the tail end. stable Ekman flow while the run and stop times maxi-
Slicing parallel to the twins produced several sub- mize the effect of Ekman mixing. The flat ampoule
strates. Clearly, the precise three-dimensional shape of base ensured that Ekman flow was maximized at the
the largest grain and the disposition of the twins first-to-freeze end. The grain map (Fig. 6) revealed a
dictates the number of substrates. The other non- single grain running the entire length. The central cut
ACRT crystals 50 and 51 consisted of small grains and shows one dominant grain, albeit with a twin running
produced no 20 mm x 30 mm substrates. along the growth axis. Comparing Figs. 4 and 6 sug-

Crystal 55 was grown with ± 40 rev mrin- and 15 s gests that the ACRT increases the single crystal region.
run and stop times which should maximize fluid
velocities but lead to unstable Ekman flow (see Section
2.2). This crystal consisted of many small grains, . ..
suggesting stable Ekman flow is required for large - 4.
grains. No substrates were obtained.

An intermediate combination of ACRT parameters,
i.e. ± 10 rev min' and 12 s run and stop times, was
used to grow crystal 56. The aim was to confirm
whether rotation rates less than 5 rev min-' were
necessary for stable Ekman flow, as shown in Fig. 2(a).
A weighing error was made which led to this crystal
having a 29% Cd excess. This caused polycrystalline
growth but, as the excess Cd could not be accommo-
dated in the lattice, it floated on the melt surface and - -

solidified on top of the crystal. The crystal was
quenched while the Cd was still molten (T 400 °C)
and the top of the crystal had the features shown in Fig. -,
5. (One half has been etched in nitric acid to reveal the
features.) These are believed to be spiral sets formed Fig. 5. Spirals frozen-in on CT56.

Side Side
I- . . . . -, ,, ,, , '., - , , ,, ,,,,

, ; ,__ , , ,, , • .. .f •,,~ ,

LI -\ -' -- - . 2 _ _ "--

1' / -- ' ', -'I
'Iv • ",- t J 1,1 )

SI 50mm 50mm

L-L..-.... ' Ii ,

",'< "-"- '• - - ,.

Central section Tip Tip Central section
(viewed from tip) (viewed from tip)

Fig. 4. Grain map of non-ACRT 50 mm crystal showing tip and Fig. 6. Grain map of ACRT 50 mm crystal in flat-based ampoule
tail ends after initial cuts. grains and twins (continuous straight showing tip and tail ends after initial cuts, grains and twins
lines) around the crystal periphery (side) and in the centre after (continuous straight lines) around the crystal periphery (side)
cut. and in the centre after cut.
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An attempt was made to improve the nucleation gular or square substrates so the benefit of the (111 )
conditions at the first-to-freeze end by using a constric- direction lying parallel to the growth axis is clear.
tion, termed "necked" here. This type of constriction
was used by Horowitz et al. [311 who grew improved 3.3. Cd0oZn0ooTe crystals
Rb2MnCl4 using the ACRT. Other groups have used Crystal 53 was grown with a constant rotation rate
similar means of restricting grain growth in CdTe [27, of 5 rev min- 1, consisted of many small grains with
32], while several attempts have been made at (111) several large cracks and yielded no 30 mm x 20 mm
seeding [33, 34]. Figure 7 shows the result of using a substrates.
"necked" ampoule base in our system. The constriction Crystal 65 was grown using ± 4 rev min •, 50 s run
has succeeded in reducing the number of grains propa- and stop times and a "necked" ampoule base. These
gating through to the full diameter region. At this point were the conditions which gave the largest CdTe grains
Ekman flow dominates and, if stable, should minimize (see Section 3.3). In the case of CdZnTe, however,
the nucleation of secondary grains. Figure 7 shows that cracking prevented the cutting of any 30 mm x 20 mm
this is partially successful. The grain map of the tip substrates. The grain sizes were, on average, larger
section shows some grains on one side of the crystal than in the non-ACRT crystal.
but grain A covers some 70% of the area and propa- Suppression of this cracking was achieved by chang-
gates through to the tail end. The central section cut ing the starting stoichiometry and crystal 67, grown
shows grain A still dominates 70% of the area. Several under the same ACRT conditions, yielded a number of
twins can be seen but, as in crystal 58, they lie roughly substrates. The grain size was equivalent to crystal 65.
parallel to the growth axis. This means that the largest Several slices had grains up to 42 mm x 57 mm in size
single crystal slices in the (I 11) direction were poten- and a few yielded two 20 mm x 30 mm substrates.
tially some 65 mm x 50 mm in size. As the aim was to These conditions were repeated to grow crystal 69.
produce 30 mm X 20 mm substrates, this crystal was Again the grain sizes were equivalent but a fine crack
cut in half to maximize their number. Both sections running through the largest grain prevented any sub-
produced 30 mm x 20 mm substrates. In our view, this strates being obtained, although smaller pieces were
type of crystal is preferred to ones employing seeding. produced for assessment purposes (see Section 4).
In the latter case, (111) slices 50 mm in diameter can
only yield a single 30 mi x 20 mm substrate. Crystals
such as 59 have the potential to yield several (111) 4. Assessment
slices almost 65 mm x 50 mm in size and many more
between this and 30 mm x 20 mm from the sides of the 4.1. Polishing
crystal. Several slices produced two 30 mm x 20 mm Selected samples were given a mechanical polish on
substrates, which is only achievable, in crystals 50 mm both sides to remove sawing damage. This was fol-
in diameter, if the twins lie nearly parallel to the growth lowed by a chemical (bromine/ethylene glycol) pad
axis. Sliding-boat Te-rich LPE requires regular, rectan- polish to remove mechanical polishing damage, but not

the full treatment used prior to LPE growth. Usually,
samples with dimensions 20 mm x 30 mm were used

Side but, where partially destructive testing was carried out,F-7--- ,"-7 ," --•f- -,-/T -
,-7Tc..7- r?§ , •samples with small comer grains or edge chips were

, ' used.

SU , i, I 4.2. JR transmission spectrometry
I"! tThese measurements were carried out over the

range 2-25 um using a sampling area 3 mm in diam-
j ON eter. Typical values of maximum transmission are

given in Table 4. Many of the samples had near maxi-
"mum transmission, suggesting few electrically active

,( It defects or impurities which are known to reduce the
50o percentage transmission [2, 27J. Where lower percen-

'-Constriction tage figures are quoted, they refer to that at 25 pm; the
Tip "variation is normally linear between the highest figure,

measured at 2 pm, and this lowest level. It is necessary
Fig. 7. Grain map of ACRT 50 mm crystal in necked-base to study this aspect, because impurities in substrates
ampoule showing tip and tail ends after initial cuts, grains and may diffuse into LPE layers and affect electrical
twins (continuous straight lines) around the crystal periphery
(side) and in the centre after cut. characteristics.
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TABLE 4. Summary of assessment of crystals grown

Property CdTe CdZnTe

Non-ACRT ACRT Non-ACRT ACRT

IRT (%) 67 67-50 66-50 65-60

Te precipitates
( < 10um)(cm- 2 ) 5-30x 102 1-30x 102 1 x 104 2-20x 102
(> 10,um) Yes No Yes No

Diffraction curve widths (arc sec)
(tilt) 17 22 15 17
(strain) 40 26 23 16

EPD (cm-) 9.6 x 104  3.3 x 104  4.2 x 104  5.8 x 104

4.3. IR microscopy material. Nevertheless, almost the entire sample area in
Examination of samples using an IR microscope each case was imaged, indicating the material is of good

fitted with a polarizer/analyser attachment reveals Te crystalline quality with low strain. Fine cracks can be
precipitates (as confirmed by energy-dispersive X-ray seen in both the CdZnTe samples, while subgrains and
assessment) down to 2 um in size [1]. Table 4 sum- large Te precipitates (black spots) are.apparent in the
marizes the densities of small precipitates (less than 10 non-ACRT sample. The vertical banding is a conse-
,um) and the occurrence of larger ones. A few samples quence of the vertical slit. The technique has proved
were precipitate free but many contained only small useful in revealing certain defects, e.g. twins, which
precipitates. These small precipitates do not have a were not visible after polishing. As such, it can provide
major deleterious effect on LPE layer growth [1] but a degree of substrate screening prior to LPE growth.
large precipitates can give rise to defects if they lie near These topographs compare well with those taken
to the surface. The non-ACRT crystals had the largest with the more difficult Lang technique by Sen et al. [6]
number of large precipitates and occasionally lines of and double crystal and synchrotron topography by
precipitates. The lowest levels of small precipitates, Kennedy et al. [33]. Bruder et al. [38] have shown an
coupled with an absence of large precipitates, occurred example of a large CdZnTe substrate and noted that
in a crystal grown under the preferred ACRT condi- strain and subgrains are reduced by slow cooling the
tions (see Section 3.2). None of the samples were material after growth. Low temperature gradients were
subjected to high temperature Cd annealing which is used by Mihlberg et al. [39] to reduce subgrains. Bean
known to reduce Te precipitates and macro-scale strain et al. [40] performed a detailed study using the power-
[35], and improve transmission [36]. ful tool of synchrotron X-ray topography on substrates

Johnson [1] reports precipitate densities from zero and LPE layers. They noted that subgrains and large
to 1 x 104 cm-2 in both CdTe and CdZnTe. Sen et aL precipitates near to the surface always degrade layer
[6] found their material to have densities of (2-5) x 103 quality.
cm - 2. Values ranging from 1 x 102 to 1 x 104 cm- 2 are X-ray peak widths for our topography samples were
given by Wood et al. [27], who also note the correlation measured using a high resolution multiple-crystal
of small precipitates and low IR transmission. They diffractometer [41]. Values for the strain component
also report that impurities concentrate at precipitates are given in Table 4. The lower limit for this arrange-
and are rendered electrically inactive. Care must be ment was 14 arc sec. These figures are sensitive to
taken when Cd annealing is used to reduce precipitates, surface preparation and, as mentioned above, these
because this may release impurities (predominantly samples were not given the full pre-LPE growth treat-
acceptors [351) into the material. ment. A better indication of crystal quality is obtained

by changing the scan mode (co-2wo' in ref. 41) to
4.4. X-ray assessment measure the tilt or mosaic spread. The values shown in

k simple Berg-Barrett apparatus was used to assess Table 4 demonstrate that the ACRT has improved the
non-destructively the defects in our material. The crystallinity in both CdTe and CdZnTe, and that
equipment is a copy of that described by Fewster [37]. CdZnTe is better than CdTe, as seen by other groups.
Figures 8 and 9 give examples of topographs for both
ACRT- and non-ACRT-grown material. These samples 4.5. Defect etching
were not suitable for LPE growth because of twins or The samples shown in Figs. 8 and 9 were also sub-
edge chipping, and are therefore not typical of the best jected to defect etching to reveal etch pit densities
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Fig. 8. X-ray topographs of (a) non-ACRT CdTe and (b) ACRT Cde.IFI

S(b) 10 mm

Fig. 9. X-ray topographs of (a) non-ACRT CdZnTe and (b) ACRT CdZnTe.

(EPDs). A variation on the Nakagawa etch technique These figures may be compared with the lowest
[42], consisting of 30 s at room temperature in given by Johnson [1 of 8 and 3 x 10' cm -2 for CdTe
HF: H20 2: H20 = 1: 2:2 followed by a water rinse was and CdZnTe respectively. A tentative correlation
used. Counting the etch pits gave the values shown in between EPDs and X-ray peak widths suggested in
Table 4. The lowest figure was seen in the crystal which refs. I and 34 is borne out to some extent by our work.
also had the lowest density of small Te precipitates. The value of 3.3 x 10' cm 2 compares well with the
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• •CMT layers. Layers have been grown onto many
ACRT-grown substrates by the Te-rich sliding boat
technique at 500 °C [43]. Figure 10 shows an example
of a layer together with flatness assessment using a
scanning laser system. The surface is flat to within
±2 2m over 60% with the normal fine-scale terracing.
The large melt droplet is not typical of more recent
layers. Electrical measurements made on as-grown
layers revealed carrier concentrations of 2 x 10'7 to
"4x 1016 cm-3 p type for x between 0.2 and 0.38, as
expected for Hg vacancy-controlled material grown at
500 'C [43]. Annealing in Hg (at 200 °C) to remove the
vacancies resulted in n type carrier concentrations of
1-20 x 10" cm- 3 with mobilities in the range 2 x 10'
to 4x 105 cm2 V-' s-, depending on the x value. A
lifetime measurement on the sample with the highest
mobility gave a value of 1.5 ps for a carrier concentra-
tion of 1 X 1014 cm-3, which is within the range found
"for equivalent bulk material by Pratt et al. [44]. These
data testify to the high quality of the layers grown on
substrates produced in this study.

4.7. Chemical analysis
Work in this section falls into two areas. The first is

the measurement of the Zn distribution in t;,e CdZnTe
crystals by atomic absorption spectrometry (AAS). In
earlier work in CMT growth we found that the ACRT
decreased segregation for many impurity elements [451.
Zinc concentrations were measured at three positions
(between the 10% and 90% solidified points) of non-
ACRT and ACRT crystals. The values were used to
estimate the segregation coefficient using Pfann's equa-
tion as outlined in ref. 45. The non-ACRT crystal gave
a value of 1.18 as compared with 1.25 found by
Johnson [11 and 1.16 of Kennedy et al. [331. For the

28mm ACRT crystal a value of 1.05 was found, confirming
the trend seen in CMT growth. This means that more
of the ACRT crystal will have the desired Zn content

Melt for lattice matching to the CMT layer.
droplet The second aspect is the purity of substrates and the

CMT layers grown on them. Table 5 shows results of
19mm laser scan mass spectrometry (LSMS) [46] and second-

(bh Contour interval 2prm ary ion mass spectrometry (SIMS) analyses. The
Fig. 10. (a) CMT layer grown by LPE on ACRT substrate and CdZnTe substrate in this example is free of major
(b) flatness measurement showing 60% of area within ± 2 pm. impurities, C and 0 being known surface contami-

nants. AAS analysis showed levels of Fe of 2 x 10'1
5 xl 04 cm- 2 quoted for CdTe grown by the horizontal cm- 3 in both the substrate and layer. Both C and 0
Bridgman method [3]. Low EPDs of 2 X 104 cm- 2 were levels increase at the interface but there is no evidence
seen by Sen et al. [6] in CdTe, although their CdZnTe of the interface concentration enhancement (ICE)
showed a higher EPD. A range between 3 and 8 X 1(04 peaks noted in other reports [47, 48], particularly for
cm- 2 was seen by Bruder et al [381 for CdZnTe. Na, K, Li and Si. Levels of impurities in the layer are

low, supporting the conclusion from the electrical data
4.6. Liquid phase epitaxialgrowth that the quality of layers is high.

The ultimate aim of the work, and the most impor- A recent report by Triboulet et al. [49] suggests that
tant test of the material, is its use in LPE growth of IR transmission at room temperature can be used in
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TABLE 5. Chemical analyses of CdZnTe substrate grown using the ACRT and LPE layer grown onto such a material

Element Layer Layer Interface Substrate
(5-9 pm) (13-25 pm) (29-34 pm) (50-70 pm)

Li 0.3 0.3 0.3 0.3
C 600 60 600 90
0 30 2 30 1
Na 0.6 1 2 1
Mg 3 3 2 < 0.3
Al 0.3 0.3 2 0.6
Si < 0.6 < 0.3 < 0.6 < 0.3
Cla <2 <0.6 <9 <15
K 0.3 0.3 0.6 0.6
Cu <3 <2 < 3
1 <3 <2 <6 3

Detection limit 0.3 0.3 0.6 0.3
(monoisotope)

(from SIMS)
Br < 0.4 0.4 0.5 < 0.4

aInterference from 712Zn2
1. (Results x 101 5 CMa- 3.)

place of chemical analyses to determine rapidly purity densities comparable with those reported in the litera-
levels in substrates. They found a correlation between ture. X-ray topographic studies show low strain levels
the percentage transmission at 750 cm-1 and in both CdTe and CdZnTe samples, although some
(ND - NA). Hall measurements showed that full trans- twins were observed, and subgrains in a non-ACRT
mission corresponded to a carrier concentration of CdZnTe sample. The ACRT decreases the X-ray line
5 x 10l cm-3; a very low doping level. On this basis, widths in CdTe and CdZnTe material. Chemical anal-
our material also contains very few electrically activtL yses show low impurity levels in both the substrate and
impurities as the samples studied exhibited near maxi- CMT layer grown onto it. The surface topography of
mum transmission at 750 cm- the epitaxial CMT layers is good and the electrical

characteristics demonstrate the high quality of layers
grown on ACRT material.

5. Conclusions
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Cd1 _ZnyTe substrates for Hg1 _xCdrTe liquid-phase epitaxy

M. Bruder, H. Figgemeier, R. Schmitt and H. Maier
Infrared and Night Vision Devices Subdivision, AEG A ktiengesellschaft, Theresienstrasse 2, W- 7100 Heilbronn
(Germany)

Abstract

The vertical unseeded Bridgman growth of Cd. __ZnTe (y= 0.04-0.045) is described. Crystals of 65 mm diameter and
total mass 2400 g have been obtained. The influence of annealing Cd, _,Zn,Te substrates has been investigakd. The
annealing, which reduced remaining strain and tellurium inclusions and precipitates, leads to a very suitable epitaxial layer
quality used for the production of two-dimensional IR detector arrays.

1. Introduction sealed quartz tubes. Ampoules with an inner diameter
of 65 mm and a mass of 2400 g of reacted Cd, _,Zn,.Te

Multielement IR detector arrays require high. are used for one growth charge. We use a multizone
quality epitaxially grown Hg, - ,CdTe layers. Among furnace with a temperature of 1140 'C in the melt zone
the various epitaxy methods, liquid-phase epitaxy on and 900 'C in the post-anneal zone. A temperature
lattice-matched Cd -_,ZnTe substrates is the appropri- gradient of 10 K cm-' is established in an unheated
ate technique to fulfil these requirements. Cd_ -,Zn,.Te isolated zone between the furnace. In our growth
is transparent in the IR wavelength range, allowing system the ampoule is fixed and the furnace with the
back-side illumination of detector arrays connected to gradient moves towards the growth chamber. A growth
a silicon read-out device by indium bump technology, velocity of 1 mm h ` after a melt homogenization of
The zinc content y= 0.045 is in order to achieve lattice 24 h is used. After the solidification the crystal is
matching for Hg,,.,,Cd,1.24Te epitaxial layers (epilayers), cooled to room temperature with a decreasing rate of
and y = 0.04 for the Hg&.7 1CdO. 29Te epilayers [I]. As an 10 K h-.
additional effect, the zinc content increases the stack-
ing fault energy in the lattice, leading to improved 2.2. Substrate preparation
mechanical stability of the substrates, while the distri- (11 1)-oriented substrates are cut from single-crystal
bution coefficient of 1.35 12] leads to a variation in the blocks using an inner-diameter saw. Single-crystal areas
distribution of only ±0.5% along the total crystal. of 12-25 cm2 are routinely obtained (Fig. 1). For

For the manufacture of Cd_ -,ZnTe substrates, dif-
ferent Bridgman methods are employed. The horizon-
tal technique [31 offers the advantage of reduced
contact with the growth chamber but requires the
establishment of a vapour-controlled system. The ;
vertical Bridgman method [4, 5] allows large crystal •
volumes and, with the modification of the gradient
freeze technique [6], mechanical disturbances in the
growth system are reduced. We describe the manufac-
ture of Cd, - Zn,.Te crystals using the unseeded vertical
Bridgman growth method and the characterization of
the substrates with respect to the fabrication of high
quality IR detector arrays.

2. Experimental details ,

2.1. Growth process
High purity (99.9999%) elements of cadmium, zinc Fig. I. Single-crystal Cd_ ,ZnTe slice (diameter. 65 mm) with

and tellurium are used for synthesis in graphitized (0 1 )-oriented substrates.

0921-5107/93/S60.00 1993 - Elsevier Sequoia. All rights reserved
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surtace preparration the substrates are lapped, mech-
anicallv polished and subsequently etched in a final
chemornechanical bromine-methanol step. This treat-
ment leads to scratch-free specular surfaces.

2.3. Liquid-phase epitaxy v
The substrates are used for fabrication of'

Hg ,Cd,'TC liquid-phase epilavers. The layers are
grown from at tellurium-rich solution at a temperature
of 470 'C in it vertical dipping system. The growth pro-
cess is composed of a supercooling of I K followed b.
a ramp cooling rate of( 0.2 K miin '. During a growth
time of 15 min a layer 1(0 jm thick is obtained.

3. Results and discussion A

AA

The evaluation of different ,rowth runs indicates a "
single-crystal part consisting of 60-80(% of the crystal A

volume. Although the crystals are grown unseeded. A A A

701% of them grow in the {I I () direction with a devia- 2

tion of typically 50. We found that no seed selection
occurs in the tip of the ampoule owing to supercooling -,4 ..............

of the melt. s tc c c -re e

After the beginning of the solidification the phase
boundary moves to the equilibrium state, while 1501 g Fig. 2. Wal X-ray reflection topography exposure substrateSdimn sionns, 301 nmmx 2o1 mm. bh1 Etch pit rate ,listributior, vs.Nof the melt has frozen after I h. This effect is indicated crysital diameter.

first by the polycrystallinc start of growth and second
by an increase in the temperature by 10 K measured
with a thermocouple at the tip of the ampoule, resulting
from the heat of solidification. After this solidification.
fast selection of one grain occurs in the first step of the
growth.

3.2. / )i.sIoalion dencsitv / /j
For the evaluation of the etch pit density distribution

iii the crystal, the etchant Used by Nakagawa et al. 1 71
on the Cd " I I I side is the established method for the ýJ4

characterization of' Cd , Zn,Tc substrates. Indepen- 70

dent of the position along the crystal, we found the dis- 6/

tribution which is shown in Fig. 2. .60'o
The middle part shows good homogeneity with 55

lowest etch pit density values of' 2 x M'l cm 45 while : 0/
the edge shows a sharp increase to values one order of ' : ft/" I

magnitude higher. This area with increasing etch pit ' ,,/
density is caused b1 the wall contact of the growing 5 / k '. • -

crystal or by detachment during the cooling phase. Its_ - -"
extension is inldependeint of the grown diameter. This 0

emphasizes the necessity of large-diameter crystals for 5 .j
the fabrication of high quality substrates.

.?. .. \-raN tq•pography
"TO Conit1rol the lattice perfection of the crystals, tie Vii,. 3, X-ram rocking cuc Ama t ,1 (al, d/n, I c substrale vv

same substlrates are submitted to X-ray topcography the clr\ ,talt darnctcr.
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measurements. Figure 2 shows reflection topography 4. Influence of annealing
exposures, which indicate strain and small-angle
boundaries in the edge areas. Defects as described could propagate into the

To study the mosaic structure of the crystal, high epilayer and influence the detector performances.
resolution diffractometry is employed using a four- Taking the reverse bias maximum dynamic resistivity of
crystal Ge (220W monochromator (81, K444) sample the diodes as the criterion, we observe reduced per-
reflection and a cross-section of the X-ray beam of 2.5 formances on detector elements which are placed on
mm x 0.8 mm. The rocking-curve full width at half- strained areas. Epilayer defects normally lead to total
maximum (FWHM) distribution is shown in Fig. 3. In breakdown of detector performance.
the homogeneous areas we have FWHMs between 30 To avoid reduced detector yield, effort is made to
and 40", while a value of 25" corresponds to the resolu- improve the obtained as-grown substrates. An anneal-
tion of the measurement method with the above con- ing process near the melting point should heal the
ditions. remaining strain. On the contrary, under a cadmium

overpressure established to prevent material sublima-
3.4. IR microscop'y tion, tellurium precipitates and inclusions could react

The IR microscopy of substrates shows inclusions in with diffused cadmium. Optimized parameters of this
the material with a typical size between 5 and 15 um developed process are an isothermal temperature of
and a density of 10 -5 x 105 cm--. These inclusions 900 0C, a cadmium vapour pressure of 1.5 atm and an
result from temperature fluctuations at the phase boun- annealing period of 10 days. Figure 4 shows the topog-
dary. followed by the build-up of small melt droplets in raphy exposure of a heavily strained substrate before
the growing crystal. If such an inclusion cuts the sur-
face, it induces a defect in the grown epilayer.

(a)

4P

(a) (b)

hi i

Fig. 4. (a) As-grown heavily strained substratc: (b) same sub- Fig. 5. IR microscopy exposure of same local substrate area: (iat
stratc after annealing (substrate dimcnsions, 31 mm x 20 mm). as grown: Ib) annealed. The marker represents 1(1010 m.
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In Fig. 6, the etch pit distribution on the same wafer
shows a cellular structure on the as-grown substrate,
while the distribution after annealing is homogeneous.
The situation is not yet clear as to why the density of
the etch pit formation rate does not decrease, confirm-
ing the improved mosaic structure of the X-ray topo-
graphs.

With substrates treated in this manner, liquid-phase
epilayers which show a defect density below 10 cm -

are obtained; this is an important condition for pro-
cessing multielement IR detector arrays.

5. Conclusion

(a) The vertical Bridgman method i, used for fabrica-
tion of Cd, -,Zn,.Te substrates, on which Hg, ,CdTe
epilayers are grown. The remaining defects in the sub-
strate material are reduced using an anneal process
under a cadmium atmosphere. Microscopic defect den-
sities on the epilayers of less than 10 cm 2 indicate the
high quality of these annealed substrates.
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Horizontal Bridgman growth of large high quality Cdl-yZnyTe crystals

P. Brunet, A. Katty, D. Schneider, A. Tromson-Carli and R. Triboulet
Laboratoire de Physique des Solides de Bellevue, CNRS, I place A. Briand, F-92195 Meudon Cedex (France)

Abstract

High quality Cd,,9 Zn,1 4Te single crystals, as demonstrated from X-ray diffraction measurements, have been grown by
the horizontal Bridgman (HB) method in glassy carbon boats. The relevance of this crucible material has been shown
from contact angle measurements with liquid CdTe and Cd_, ZnTe. Nevertheless, its thermal conductivity, which is
higher than that of silica, is shown to favour a growth interface concavity. The use of [1101-oriented seeds, after deter-
mination of the preferential growth axis of CdTe crystals grown by the HB method, has allowed us to control supercooling
and to grow single crystals of controlled growth direction. A residual pressure of hydrogen in the growth tube is shown to
inhibit any parasitic growth on the Cdm -_ ZnTe ingot surface and to act on the compensation state of the crystals.

I. Introduction (iii) Seeding is easier in the HB configuration than in
the VB configuration.

The need for high performance second-generation (iv) In the HB method the growth interface is not
Hgj-,Cd,Te-based IR detectors has motivated the submitted to the weight of the liquid column as in the
research and development of epitaxial HgCd, ,Te VB method.
detector technology. The quality of the epitaxial layer is (v) Finally because of its growth axis which is per-
critically dependent on the nature and quality of the pendicular to the gravity field, unlike the VB method
substrate. At present, Cd1 ,-Zn,.Te is a leading sub- where the growth axis and gravity field mingle, the HB
strate material for the epitaxial growth of Hg, - ,Cd,.Te. method has an additional degree of freedom; imposing
The addition of zinc not only is used for better lattice a transverse gradient allows one to control and to
matching between the substrate and Hg, - rCd, Te layer modify the growth interface shape.
but also has been shown to reinforce the Cd-Te bond The drawbacks of the RB method lie in Marangoni
and therefore to decrease the dislocation density of convection due to the large free surface of the liquid in
the crystals [1]. Large-diameter single crystals of contact with the gaseous phase, resulting in instabilities
Cd,-,-Zn,.Te with a low defect density and a large of the growth surface, and a non-cylindrical shape of
volume are thus required. The present lack of high the ingots which causes some problems in the tech-
quality large-area bulk CdI _-.Zn.Te crystals is gener- nological post-growth operations.
ally recognized as the main limitation on the develop- The interest in the HB rather than the VB method
ment of an efficient HgCdTe detector technology, and has already been discussed in several studies 13-5].
as the main reason for the very high price of the sub- Among the numerous parameters which govern the
strates. CdTe Bridgman growth and which have been analysed

Most of the commercially available Cd_,1 ZnTe and discussed in the review by Rudolph [61. we have
substrates are cut from boules grown by the vertical focused our attention on four main parameters: the
Bridgman (VB) method. This VB technique has shown nature of the crucible, the control of supercooling.
some limits in obtaining high quality crystals [21. The seeding and the nature of the residual atmosphere
horizontal Bridgman (HB) method, successfully used surrounding the crystal.
for the growth of GaAs, presents several basic advan-
tages over the VB method.

(i) The control of the stoichiometry by a cadmium 2. Experiments
vapour pressure in contact with both the solid and the
liquid is effective in the HB method because of the The growth furnace and the growth process used
large free surface. have been described in ref. 4. The liquid temperature

(ii) There is no ingot confinement if a tapered cruci- (overheating) was fixed at only 5 'C above the melting
ble is used and thus less mechanical stress during temperature in order to minimize the convection in the
growth and cooling, melt and the supercooling as well. The thermal gradi-

0921-51 07/93/S6.00 0 1993 - Elsevier Sequoia. All rights rese.rved
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ent was about 2 'C cm- 1; the growth rate was in the avoid the appearance of twins but experiments using
range 3-6 mm h I depending on the runs. different growth directions are in progress.

2. I. Nature ofthe boat material 2.4. Atmtosphere surrounding the cryistals
Surface phenomena are crucial in crystal growth; The resistivity of CdTe crystals grown by the Bridg-

surface tension, the growth angle and the contact angle man method has been shown by Yokota et al. 191 to
of the melt on the crucible material have important vary largely with the residual gas pressure in the
effects on the quality of the crystals. Glassy carbon is ampoules used for preparation. It was proposed that
obtained by pyrolysis of organic compounds. This the resistivity increased as the concentration of oxygen
material is extremely stable in temperature and resis- incorporated from the atmosphere into CdTe during
tant to chemical corrosion. Glassy carbon boats pur- preparation decreased. The residual gas pressure is
chased from HTW GmbH (Meitingen, Germany) quite difficult to control reproducibly from one experi-
present an extremely smooth surface aspect and excel- ment to another. This is why we have chosen as a more
lent cleanness, as shown from no degassing at 1100 'C. reproducible standard state the presence of a residual
In order to confirm the relevance of this material to hydrogen pressure in the tubes.
CdTe crystal growth, we have performed contact angle
measurements of CdTe and Cd1 , Zn,.Te on glassy
carbon by the sessile drop method as described in ref. 3. Results
7. At I100T0C a wetting angle of 1260 has been
measured for Cd .,,,Zn,,.,,Te on glassy carbon in com- The crystals grown in glassy carbon crucibles,
parison with a value of 132' for CdTe on pyrolytic according to our growth conditions, have been shown
boron nitride [81 which has been considered up to now always to be of a larger size than those grown in graphi-
as the reference. tized silica boats. The remelting of the charge has also

been shown to have a spectacular effect on the size of

2.2. Supercooling the crystals, mainly at the onset of the growth. The

From numerous experiments in the VB configura- ingot generally contains one important grain, up to 40
tion, we have found supercooling to be one of the most vol.% of the ingot. The length of the ingot is 25 cm and

detrimental phenomena in CdTe crystal growth from the section is about 3 cm x 4 cm.

the melt. At the onset of the growth, the solid-liquid The use of an oriented seed has allowed to keep the

interface jumps up suddenly after travelling for several selected [110] orientation in the first grain extending

centimetres. making the first part of the ingots highly over several centimetres. Figure 1 shows the partly

polycrystalline.
To avoid this problem, an ingot grown in a classical

way by the HB method was then partially remolten.
This melt-back process was stopped at about 1.5 cm
from the end of the charge in order to keep a '"natural/
seed". The presence of this natural seed suppresses
most of the supercooling.

2.3. Seeding
In order to choose the most appropriate crystallo-

graphic direction to achieve optimum microstructure
and uniformity, seeding has been accomplished by
using oriented (Cd, Zn)Te or CdTe crystals.

From a systematic determination of the preferential
growth directions of CdTe grains in the HB method
using an optical orientation technique as described in
ref. 4, we have found that the propagation axis of the
crystals is rarely [ I I I or II 00] but is situated in direc-
tions close to I I 101 and [2 11 i. This observation and
technological considerations made us choose [I I101
orientation for our first seed orientation, although it is
considered as favouring twinning. In a three-dimen-
sional growth situation such as ours, no orientation can Fig. I. IPhotograph of an oriented sccd after grow•h.
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Fig. 2. Photograph of a cross-section of an ingot after 12 cm of
growth.
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remolten seed after 2 cm of growth, while Fig. 2 dis- WAVE NUMBER

plays a cross-section of the ingot after about 12 cm of Fig. 3. IR transmission spectra of two (Cd, Zn)Te samples: curve
growth. a, growth in a tube sealed under vacuum; curve b, growth in a

The presence of a residual hydrogen pressure in the tube sealed under residual hydrogen pressure.
tubes has been found to bring about two distinct
effects. First, any parasitic growth in the vapour phase File = pbpl.005
on the surface of the ingot, as occurring when the Power=35kv 20ma (333)11-13-TETEx+90
growth is achieved under vacuum, is completely inhib- 8-
ited. The very bright surface of the ingot allows one to 70000 - :
see distinctly the growth interface shape which is'
materialized by periodic transverse lines associated 60000 .
with the density difference between solid and liquid. 50000-
The interface has been found to present a marked 0
concavity near the boat walls. (The solid-liquid or z 40000-
growth interface is concave seen from the growing 4
crystal.) This probably expresses the fact that the 0 30000-
thermal conductivity of glassy carbon (k(1000°C)= "000
0.110 W K-' cm-') is higher than that of the CdTe 20000
(k, 01(1092 °C)=0.018 W K-' cm- 1). From this point of 10000
view, glassy carbon is less favourable than silica which
has a thermal conductivity of 0.30 W K-I cm-' but . ....
superior to boron nitride (k = 0.25 W K- I cm - 1). 3300 3350 3400 3450 3500

The second impact of using a residual hydrogen theta (arcsecondl

pressure concerns the electronic properties of the Fig. 4. Typical X-ray double-diffraction rocking curve of a HB-

crystals which are slightly affected. Under our classical grown crystal measured on a (Ill) surface using Si(31 1) as the

growth conditions under vacuum, and mainly from the

cadmium pressure equilibrium control between liquid
and vapour during the growth, and solid and vapour maximum (FWHM) lying in the range 20-30". Figure
during the cooling step, the crystals are generally semi- 4 shows a rocking curve with an FWHM of 28" from
insulating. The presence of hydrogen slightly increases which 8" can be subtracted. (When the two crystals in
the IR absorption as shown in Fig. 3, indicating a modi- an X-ray double-diffraction experiment are not exactly
fication of the compensation state of the crystals in parallel, as in our case, a broadening of the FWHM
agreement with the observations of Svob et al. I 10]. occurs and can be calculated from the formula A 0 =
The rocking curve measured by X-ray double diffrac- ('AAI/)(tan 02 -tan 0,), where A0 is seconds of arc,
tion on (I 11) surfaces using Si(31 1) as the first crystal and 0, and 0, are the angles of the first crystal and
shows a single peak structure with a full width at half- sample respectively.) No mosaic structures are seen
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from X-ray topography experiments. Finally the high Acknowledgments
quality of the material is confirmed by the results on
Hg, -CdTe liquid epitaxy showing excellent epitaxial This work was supported by Direction des
layers [I 11. Recherches Etudes et Techniques Contract 89-160.

4. Conclusion

Glassy carbon is shown to be appropriate as a References
crucible material for the growth of Cd1 tZnyTe crys-
tals by the HB method, as already suggested from con- 1 K. Guergouri, R. Triboulet. A. Tromson-Carli and Y.
tact angle measurements. The thermal conductivity of Marfaing, J. COyst. Growth, 86 (1988)61.

glassy carbon, which is larger than that of silica, 2 K. Zanio. Semicond. Semimet., 13 (1978) 12.
3 A. A. Khan, W. P. Allred, B. Dean, S. Hooper, J. E. Hawkey

appears nevertheless as favouring the concavity of the and C. J. Johnson, J. Electron. Mater., 15 (1986) 18 1.
growth interface at the crucible wall. The detrimental 4 P. Cheuvart, U. El Hanani, D. Schneider and R. Triboulet.
influence of supercooling has been controlled using a J. Cryst. Growth, 101 (1990) 270.
small overheating and ( 110)-oriented seeds after deter- 5 0. A. Matveev, S. V. Prokof'ev and Y. V. Rud', Izv. Akad.

mination of the preferential growth axis of the CdTe Nauk SSSR, Neorg. Mater., 5 (1969) 1175.

crysals owhich has been found to lie in the range 6 P. Rudolph, Mater. Sci. Eng., B16 (1993) 8-16.
crystals7 A. Katty, P. Dusserre, R. Triboulet and T. Duffar. J. Cryst.
11101-t2111. A residual pressure of hydrogen in the Growth, 118(1992) 470.
growth tube is found to inhibit any parasitic growth in 8 R. Shetty, R. Balasubramanian and W. R. Wilcox, J. Cryst.
the vapour phase on the surface of the ingot, and to act Growth, 100 (1990) 51.
on the compensation state of the crystals. 9 K. Yokota, T. Yoshikawa, S. Inano and S. Katayama. Jpn. J.

Finally, the high crystallographic quality of the Appl. Phys., 28 (1989) 1556.te 10 L. Svob, A. Heurtel and Y. Marfaing, J. Crvst. Growth, 86
Cd 196Zn,.04Te crystals grown by the HB method is (1988)815.
demonstrated by X-ray diffraction measurements. I 1 B. Schaub, personal communication, 1992.



48 Materials Science and Engineering, B16 (1993) 48-50

Computer simulation of CdTe crystal growth and application

Ch. Steer, M. Hage-Ali, J. M. Koebel and P. Siffert
CNRS Phase, BP 20, F-67037 Strasbourg Cedex (France)

Abstract

In a step towards intelligent material processing, we studied the effect of the temperature distribution in the growth
ampoule on the crystallization process. We constructed a mathematical model to calculate the temperature distribution in
the sample, using the temperature profile in the furnace. In the experimental part, this profile was accurately imposed by
our modified vertical Bndgman furnace with 12 independent zones. This equipment was applied to pure CdTe, which is
known to be a difficult material with which to achieve large single crystal growth. After optimization of the temperature
profile and the other growth parameters. we grew several large single crystals.

1. Introduction at solidification and during radiation heat transfer.
Models using the finite element approach do not have

Modern control technology together with multi- this drawback [3]. We used a finite element approach
zone furnaces allow precise control of the temperature [41 to have full flexibility in choosing a temperature
profile along the ampoule during crystal growth [1]. profile. Our model is based on basic heat conduction,
However, very little is known about the effect of the considering the conductibility changes with tempera-
temperature profile in the furnace on the crystal ture. Convection and radiation are not considered in
growth and the crystalline quality. In this paper, we this article. The basic formulae can be found in ref. 5.
study the effect of the temperature profile on CdTe We used a direct-solving algorithm in which non-
crystals in the formation of large single crystals. linearities are treated by piecewise linearization and

Temperature measurements in crystal growth iteration. The thermal parameters used for the calcula-
ampoules are nearly impossible. We developed a tion are as follows: liquid CdTe, K = 0.150 W K -I
mathematical model of the heat transfer to calculate m-1; solid CdTe, K=0.075 W K` m- t ; quartz.
the temperature distribution, using a temperature K = 2.7 W K- I m - 1. With this model, we can calculate
profile of the furnace. With this model we can select the isotherms in the growth ampoule in the absence of
those temperature profiles which result in a convex convection. The isotherm of the melting point is
interface shape. For CdTe the temperature range for regarded as the interface shape. The direct verification
"good" profiles is very narrow. of the predicted interface shape is very difficult. Some

To carry out the experimental work, we built a modi- quenching experiments showed a very high crystalliza-
fied vertical Bridgman furnace using 12 independently tion rate of pure, stoichiometric CdTe and the original
regulated zones with a precision of 0.1 K. In Section 4 interface shape could not be determined. However,
we present some details of crystals and their charac- there is an indirect verification: all the experiments with
terization. a predicted convex interface shape resulted in crystals

with large, single crystalline areas.

2. Mathematical model of heat transfer
3. Crystal growth equipment

The purpose of the model is to calculate the temper-
ature distribution inside the growth ampoule using the The rapid progress in microelectronics and power
temperature profile of the furnace. Some remarkable electronics has led to new concepts in crystal growth
analytical approaches were made by Naumann and equipment. With a multi-zone furnace, the temperature
Lehoczky [2]. Analytical approaches are very difficult profile can be imposed by the control electronics. We
owing to the non-linearities during the phase transition decided to construct crystal growth equipment with the

0921-5 107193/S6.(10 1993 - Flsevicr Sequoia. All rights reserved
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3x 380V =

furnace

Fig. 1. Diagram of the system.

following characteristics: 0.1 K temperature precision,
12 zones, a digital temperature control algorithm and
an automatic growth procedure for exact reproduci-
bility.

The system is comprised of four modules: the
furnace, the power control unit, the temperature 100
measurement system and the control computer (as seen
in Fig. 1). The furnace was a modified vertical Bridg- 90
man furnace with 12 zones. The internal diameter was
40 mm, the zone height 30 mm and the total height 360
mm. The maximum temperature was 1300'C. The 80
power control unit delivered the heating voltage and
current Imaximum 30 V and 20 A' iu dc -A2 zones -73
with a total precision of 0.0018 V (14 bits). TlIe tem-
perature measurement system used type S thermo-
couples to measure the 12 zones with an accuracy of 60
0.05 K. An IBM PC was used to regulate the furnace
temperature and to control the whole growth process. 50
This was done to ensure the exact reproduction of the
experimental run. 40

The equipment has been in operation for 1 year and
is stable. It is very useful for research to have the
capability of imposing a chosen temperature profile by 30
electronic means without having to make changes to
the furnace hardware. 20

4. Experimental procedure and results

In most experiments we used undoped CdTe. A - Kr 19 -1800o
graphite-coated quartz ampoule (d= 35 mm, 1=200 Fig. 2. Typical crystal grown with our equipment.
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TABLE 1. Impurity analysis of the crystals (weight-ppm)

Al Fe Cu Ge Mg Mn Se Ni Ag Au Pb Sb Zn
<0.1 <0.1 <0.02 <0.03 <0.5 <0.05 0.8 <0.5 <0.05 <0.05 < 1 <0.3 < 1

mm) was filled with 99.9999% purity CdTe material, CdTe .erica Bndg••)

and a slight excess of Te was added to avoid the high
vapour pressure of Cd. The ampoule was evacuated I
and sealed. In the furnace we increased the tempera- 12

ture at a rate of 200'C h- I up to 1150'C. This temper- 20v

ature was maintained for several hours to achieve good - 1
mixing of the material. Then the temperature profile
was imposed and the ampoule lowered at a speed of 9 10v

2.5 mm h- 1. After crystal growth, the temperature was 0.6-

lowered slowly to avoid mechanical stress during cool-
ing. Figure 2 shows a typical crystal grown with our 0.4-

equipment. It started directly as a single crystal, had 02

one grain boundary and continued as a single crystal.
Twinning was observed in our crystals. An analysis of 0 [

some impurities is given in Table 1. The resistivity is 80 10o 120 10 160 [so .:0o
about 10' to 106 Q cm. The etch pit density is in the Temper•u• tK

range of 3 x 101 cm-2. A thermal stimulated current Fig. 3. Plot of current is. temperature for vertical Bridgman

spectrum is shown in Fig. 3. grown CdTe.

stationary) and conventionally grown crystals. Other
5. Conclusion and discussion objectives are to reduce twinning and subgrain struc-

tures by minimizing the mechanical stress.
We developed a mathematical model of the tem-

perature distribution in the growth ampoule, consider-
ing heat conduction and conductibility change on Acknowledgments
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Heteroepitaxy of CdTe on GaAs and silicon substrates

J. P. Faurie, R. Sporken, Y. P. Chen, M. D. Lange and S. Sivananthan
Microphysics Laboratory, Physics Department, University of Illinois at Chicago, PO Box 4348, Chicago, IL 60680
(USA)

Abstract

CdTe can be grown directly by molecular beam epitaxy on substrates such as GaAs or silicon, which exhibit very large
lattice mismatches of 14.6% and 19% respectively. The occurrence of dual epitaxy, which has been previously reported
for growth on (100)GaAs, has also been found recently for growth on (211 )GaAs. The (133)CdTe-(211 )GaAs hetero-
interface presents a smooth continuation of the tetrahedral bond network from GaAs to CdTe, which is not the case for
the (21 l)CdTe-(21 1)GaAs interface. Single-domain, twin-free CdTe( 111)B films are currently obtained on Si(100)
surface where single atomic steps are dominant. The crystalline quality of CdTe/Si films has been dramatically improved
as confirmed by X-ray diffraction, photoluminescence and electron microscopy investigations. The narrowest rocking
curves obtained for as-grown epilayers are 70 arcsec for (133)CdTe/(21 1)GaAs, 50 arcsec for a flash-annealed
(211 )CdTe/(211 )GaAs and 140 arcsec for (111 )B CdTe/( 100)Si. These results confirm that CdTe/GaAs and CdTe/Si
composite substrates should be viewed as prime candidates to replace bulk CdTe substrates.

1. Introduction area for GaAs and silicon respectively). For IR tech-
nology silicon is even more attractive than GaAs

CdTe is very often viewed as an almost ideal sub- because in focal plane array technology the coupling of
strate for the epitaxy of Hg, -.,CdTe which is obviously the silicon substrate with the silicon readout will allow
very important for IR detector technology, the fabrication of very large arrays, exhibiting long-
Cd_ ,-ZnxTe is another commonly used material term thermal cycle reliability because of the absence of
because its lattice parameter can be tuned by adjusting thermal expansion mismatch.
the Cd/Zn ratio to obtain a perfect lattice match for CdTe/GaAs and CdTe/Si heteroepitaxial systems
any Hg, -_xCd.Te composition. have very large lattice mismatches of 14.6% and 19%

Today, these two materials are still widely used as respectively. The epitaxy requires the formation of
substrates for this purpose, but they have some intrin- heterointerfaces with mixed atomic bonds in order to
sic limitations which appeal to be difficult to solve, minimize (and ideally to avoid) electrostatic charge
Large-area substrates which exhibit uniform high imbalances at the interface. GaAs retains here an
structural quality are difficult to produce. Furthermore, advantage over silicon since the ionicity of CdTe is
it has been found recently that the electrical properties closer to that of GaAs than to that of silicon. GaAs
of HgCdTe layers grown by molecular beam epitaxy might also have another advantage over silicon as a
(MBE) on commercially available CdTe and Cd, -. - substrate for CdTe growth by MBE in that the cleaning
ZnTe substrates are controlled by impurities diffusing temperature of 550 'C required for GaAs is much
from the substrate [1]. Because of these limitations and lower than that for silicon, which is 850 *C-900 *C.
because CdTe and Cd_ -ZnjTe substrates are very This causes less outgassing, reducing the likelihood of
expensive, fragile and difficult to process, GaAs and, recontamination of the substrate surface, which is criti-
more recently, silicon have received much interest not cal for the initiation of the growth. The purpose of this
only as substrates for CdTe. The composite CdTe/ paper is to present the current status of our work on
GaAs or CdTe/Si material can be used as an alterna- the MBE growth of CdTe on GaAs and on silicon.
tive substrate for Hg, - CdTe but also in y-ray and
X-ray imaging and spectroscopy, as well as in solar
energy conversion and in electro-optical modulation. 2. Experimental details
Compared with CdTe and Cd , -,ZnxTe, GaAs and sili-
con are much stronger, are available in larger areas 2.1. GaAssubstrate
with high quality and they are much less expensive than The growth of CdTe on GaAs(100) has led to a
CdTe (at 5 x 10-2 and 2 x 10-3 times the cost per unit novel epitaxial phenomenon called dual epitaxy with

Elsevier Sequoia
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the occurrence of both the (I100)CdTe/( 100)GaAs and At the (133)CdTe-(211 )GaAs interface the lattice
the (111)B CdTe/(100)GaAs epitaxial orientations, mismatch is not accommodated by the formation of
Numerous studies have been carried out to elucidate closely spaced misfit dislocations, in contrast to the
the origin of the dual epitaxy, resulting in the findings (211 )CdTe-(211 )GaAs interface, but by a new
of a number of intriguing aspects of this epitaxial mechanism requiring a lattice mismatch close to 14.6%
system [2-7]. and a (211) substrate surface as stated before. There-

Recently, we have found that the growth of CdTe on fore, we believe that (133)CdTe/(211 )GaAs epitaxy
(211 )GaAs by MBE also results in dual epitaxy, i.e. should not be viewed as a twin relation with (211 )CdTe
the occurrence of the (211)CdTe/(211)GaAs and [10].
(133)CdTe/(211)GaAs [8]. One of the important The quality of CdTe which can be grown on GaAs
observations made by high resolution transmission has improved over the years. An important step was
electron microscopy (HRTEM) is a smooth continua- made with ( 111 )B CdTe/( 100)GaAs when we showed
tion of the tetrahedral bond network from the GaAs that the severe twinning occurring in the ( 111) orienta-
crystal to the CdTe at the (133)CdTe-(211)GaAs tion can be eliminated by using a slightly misoriented
interface, which is in striking contrast to the (100)GaAs face [II]. A misorientation of 2' towards
(211)CdTe-(211 )GaAs interface for which the tetra- [110] was found to be significantly better than for
hedral bond network is severely distorted because of either of the other orientations tested. A dramatic
closely spaced misfit dislocations. Characterization by improvement in crystal perfection has been found for
reflected high energy electron diffraction, X-ray dif- these films compared with those grown on nominal
fraction, transmission electron microscopy (TEM) and (100)GaAs. On nominal (100)GaAs, X-ray double
photoluminescence has indicated high crystalline crystal rocking curve (DCRC) full widths at half-
quality for both growth orientations, especially for the maximum (FWHMs) of CdTe layers were in the
(133), which may be attributed to the aforementioned 200-300 arcsec range, whereas DCRC FWHMs of 60
difference of interfacial atomic structures. arcsec were reported on misoriented (100)GaAs,

The analysis of the atomic structure of the though not on a routine basis. Such a low value has
(133)CdTe-(211)GaAs interface carried out using never been reported for (100)CdTe/(100)GaAs, the
HRTEM has shown that the lattice mismatch at the homo-orientation being more difficult to control. The
interface is accommodated by a novel mechanism, effect of the tilt on the suppression of the twins was
which occurs with the combination of the 14.6% lattice confirmed later [12] and it has been reported that twin-
mismatch between CdTe and GaAs and one wurtzite- free layers are obtained on a GaAs surface with gallium
type bond sequence of the (211) substrate surface. The steps [13]. X-ray measurements performed on the first
geometrical condition for the new mechanism has been CdTe(211 )/GaAs(211) and CdTe(331 )/GaAs(211)
summarized as follows [9]. First, consider the growth of epilayers have shown FWHMs of the order of 160
one zincblende-type crystal on the surface of another arcsec and 140 arcsec respectively [8]. These results
zincblende-type crystal, the surface orientation of have been improved on since then. (133)CdTe is now
which is tilted with respect to a { 11 } plane by a rela- routinely grown with FWHMs of 80 arcsec, the best
tively small angle. If one wurtzite-type bond sequence result being 70 arcsec. For (211 )CdTe, FWHMs of 90
occurs at the interface, the two crystals will face each arcsec are obtained on a regular basis. However, using
other with mutually different crystallographic planes; a flash technique for annealing on a CdTe(21 1) layer
the two planes are (211) and (133) in the present case. 11.8 /um thick, an FWhiv of 50 arcsec has been
Two surfaces, which are tilted from the {I I I plane, are measured. To the best of our knowledge, this is the
made up of periodic arrangements of I 111 terraces. If lowest value ever obtained by any growth technique for
the unit terrace widths of the two surfaces are nearly a CdTe film grown on a GaAs substrate.
equal to each other, the two crystals can form an
epitaxial interface without having severe distortions of 2.2. CdTe/Si
the tetrahedral bond network and, hence, can accom- Before presenting the development of the growth of
modate the lattice mismatch between them without CdTe on silicon by MBE, we would like to recall some
introducing closely spaced misfit dislocations. The of the challenges related to this process. First, the very
equality of terrace widths is obtained by the proper large lattice mismatch (19%) between CdTe and silicon
combination of the size of the lattice mismatch and the could lead to the idea that epitaxial growth of CdTe on
pair of crystallographic planes which form the epitaxial silicon is impossible. It is now well established that
interface. With the geometrical condition summarized epitaxial growth does indeed occur, although the lattice
above, one finds that the new mechanism can be mismatch is expected to create many dislocations at the
applied to the growth of other systems of zincblende- CdTe-Si interface. Fortunately, this problem is reduced
type crystals. to some extent because the epitaxial relationship is
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CdTe( 111)/Si( 100), which brings the lattice mismatch at the Microphysics Laboratory, they obtained X-ray
down to 3.4% along the CdTe[2 11]. Also, it appears DCRCs with FWHMs of 315 arcsec.
that the crystal quality of the CdTe layers has been Some groups tried to overcome the difficulties
improved tremendously over the past three years; the related to the direct growth of CdTe on silicon by
FWHM of the X-ray DCRCs is now only 140 arcsec growing an intermediate layer of another material.
for the best CdTe( 111 )B/Si( 100). Examples include (Ca,Ba)F, [17], GaAs [18] or ZnTe

There is also a relatively large thermal mismatch [19]. Although this method has some short-term
between CdTe and silicon. For practical device applica- advantages, such as the possibility to grow CdTe(211 )B
tions, one thus should be concerned about the risk of or CdTe(100), the presence of such an intermediate
cracking or peeling of the films because of temperature layer is not desirable. Recent success with the direct
changes either during the fabrication of the film or growth of CdTe on silicon fosters the hope that the
device, or during its operation. Finally, as a result growth of an intermediate buffer layer can be aban-
of the CdTe( 11 1)/Si(100) epitaxial relationship, the doned.
CdTe[2 11] axis can be parallel to either the Si[O ill or Figure 1 illustrates the improvement of the crystal-
the Si[011] direction. This can generate the formation linity of the CdTe(1 1 1)B/Si(100) layers grown by MBE
of domains, rotated 90* apart, whose boundaries are in the Microphysics Laboratory since 1989. The
defects which can lead to poor device performance. FWHM of the X-ray DCRCs is taken here as a
Therefore, it is important to develop a method to avoid measure of the structural quality of the layers. From
the formation of such domains. We will show that sig- about 1000 arcsec three years ago, the FWHM has
nificant progress has been made recently towards this been reduced to 140 arcsec for the best layers grown
end. during the second quarter of 1992. Overall, this

As on other substrates, CdTe( 111 )B on Si(100) also improvement correlates well with the decrease in the
suffers from the risk of twinning. This problem is not FWHM of the BE peaks in the low temperature photo-
specific to the use of silicon substrates, but it is interest- luminescence spectra. At 12 K, the FWHM is now as
ing to investigate the effect of the silicon substrate
condition on the formation of twins in the CdTe films.
As for now, let it suffice to say that twin-free single-
domain films of CdTe(1 I )B have been grown on
Si(100). We will describe the characteristics of the best 1000

of these films and show the improvements which were U CdTe( II)B/Si(100)
achieved over the last three years. Whenever possible, CdTe(111)B/GaAs(100)
the reasons for these improvements will be discussed. 800

3. Results
600

Direct growth of CdTe on silicon by MBE was
reported in 1983 by Lo et al. [14] but these layers
seemed to consist of a mixture of several crystalline
phases. Chou et al. [151 used metallo-organic chemical

vapor deposition (MOCVD) to grow CdTe directly on
silicon. They did not specify the orientation of the
layers or whether single crystalline films were obtained. 200
Since 1989, the Microphysics Laboratory of the Uni- u
versity of Illinois at Chicago has developed a research C3 (1987)
program regarding the direct growth of CdTe on 0
Si(100) by MBE. While much work still needs to be I F F
done to understand the CdTe-Si interface and to 1 989 1 99() 1991 1992
improve further the quality of the CdTe layers, the
results are very promising. The best layers are twin- Year
free (within the detection limit of the X-ray DCRC Fig. 1. Full width at half-maximum of the X-ray double-crystal
experiment), single-domain, single crystal CdTe( 111 )B rocking curves on CdTe( Ill )B/Si(100). Data are for some of the

best samples grown in the Microphysics Laboratory since 1989.
with DCRCs with FWHMs of 140 arcsec. Korenstein No distinction is made between substrates with different mis-
et al. [ 16 grew CdTe(111 )B on Si(100) by hot-well orientations. The value for the best CdTe( Illl)B/GaAs(100) (60
epitaxy. Using experimental conditions similar to those arcsec obtained in 1987) is included for comparison.
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low as 1.4 meV, compared with 5.6 meV for some of (SEM). As we pointed out earlier [22], no features are
the earlier samples 1191. The BE peaks from the photo- detected on twin-free single-domain films, whereas the
luminescence spectra for such a sample are shown in domain boundaries are clearly seen in those films
Fig. 2. The most recent data can be compared with where the domains are present. We have not yet com-
values for CdTe/GaAs for which 60 arcsec and pleted a study of the effect of repeated temperature
0.7 meV are the best results reported so far for as- changes over a wide range. However, some information
grown layers. Taking into account the fact that the can be gathered from the behavior of the CdTe/Si films
growth for CdTe/GaAs is already much more mature, after low temperature photoluminescence measure-
we consider the results on CdTe/Si as quite competi- ments as well as that of Hg, -,Cd,Te/CdTe/Si films
tive. after Hall effect measurements. For both experiments,

The improvements in layer quality are due to several the samples are cooled below 20 K and are allowed to
reasons. First, the substrate -preparation has been warm up to room temperature at the end of the experi-
improved steadily over the last three years. The chemi- ment. For samples up to 10-12 u m thick we do not see
cal cleaning we use before loading the substrates into cracks or other macroscopic defects caused by this
the MBE system is derived from methods known as treatment. We are now extending our investigation to
Shiraki [20, 211 or RCA clean. The handling of the thicker samples.
wafers as well as of the cleaning equipment has been One of the advantages of silicon substrates is their
simplified as much as possible, and the timing of the large size. The MBE equipment of the Microphysics
cleaning process was adapted to our needs. In situ Laboratory can handle substrates with diameters up to
cleaning done at 850°C-900°C has benefited from 125 mm. We have investigated the uniformity of the
the use of a new MBE system which was set into opera- MBE-grown layers over such large areas and results
tion in September 1989. This system is designed for have been presented elsewhere [23]. Some of the thick-
MBE growth on large-area substrates and one of its ness uniformity data are summarized in Table 1. Shown
interesting features for the growth of CdTe/Si is its are the standard deviation of the CdTe layer thickness
newly designed substrate heater for indium-free as well as its maximum variation relative to the average
mounted samples up to 125 mm in diameter. thickness for diamond wafe's with diameters of 2, 3

Further improvements of the crystal quality were and 5 in.
achieved when the formation of twins and domains in
the CdTe layers was avoided. Cleanliness of the sub-
strates, distribution of steps on the substrate surface 4. Discussion
and good control of the first stages of growth seem to
play key roles in this regard. These issues will be We have mentioned repeatedly that to grow CdTe
addressed again in a later part of this article, layers for practical purposes it is essential to develop a

The surface morphology of the CdTe layers on technique which consistently produces twin-free
Si(100) is checked by scanning electron microscopy single-domain films. A first attempt to grow single-

domain films involved the use of vicinal Si(100)
surfaces with a relatively large tilt (6o-8*) [22]. On such

25 substrates, the CdTe layers were always of the single-
domain type and the substrate tilt also secmed to help

20 in avoiding the twinning, at least over large parts of the
samples. Concurrently with this obvious improvement
of the layer quality, the photoluminescence linewidthS15
decreased to 3 meV. Surprisingly, however, the FWHM

;. 10 I '
,/ TABLE I. Thickness uniformity for CdTe(I 1 I)B/Si( 100)/ grown by MBE for various substrate diameters

Diameter 5in 3 in 2 in

0 - - . . . I . . I . . .I . . . ._ __ _ __ _ __ _ __ _ __ _ __.__ __ _ __ _ __ _ __ _ __ _ __ _ __ _

1.570 1.575 1.560 1.585 1.590 1.595 1.600
ad

h'rgr (,,V) -2.3 0.6 0.3

Fig. 2. Photoluminescence spectrum of CdTe( 1I I)B/Si(100) at
12 K excited with a focused argon laser (514.5 nm wavelength) d,, ,,-dIn,, 6.5 1.0
at I mW power. The layer is single-domain CdTe( III )B, I11m d
thick.
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of the X-ray I)CRCs was always larger than for layers temperature, growth rate, etc.). A quantitative relation
grown on nominal Si) 100)-usually above 600 arcsec. between these factors is difficult to establish, but quali-
Although we do not know the effect of these large tativcly we note that as the preparation of the sub-
FWHMs on the quality of Hg, ,Cd,Tc subsequently strates and the control of the initial growth conditions
grown, this fact prompted us to investigate the effect of improves, the minimum value of the substrate tilt for
other tilt angles. This study is still in progress and single-domain growth decreases. Finally, it is interest-
results will be published in a separate paper. At any ing to note that, as long as the size of one domain is
rate, it is clear that a small tilt (a few degrees or even small compared with the other, the upper part of the
less) away from (100) is sufficient to grow single- film can be single domain even if the growth starts with
domain films. Also. the best CdTe layers grown on two domains.
Si(100) so far were obtained on such slightly mis- The microscopic mechanism which suppresses the
oriented substrates. This may also explain why single- twin formation is more difficult to establish. As for the
domain films are obtained on some nominal Si(100) domains rotated 900. a slight tilt of the substrate sur-
substrates, because these substrates usually have a face away from Si( 100) seems to help for the growth of
small accidental tilt. In that c high preheating tem- twin-free layers. TEM images obtained recently on
peratures would not be necessary for the growth of such a sample show that the microstructure of the
single-domain CdTe layers on some nominal Si(100) CdTe layer is very similar to that of CdTe(1 1 I)B on
substrates, contrary to our initial assumption [241. This GaAs. While the lower part of this epilayer (up to 3 or
fact has now been verified experimentally. 4 pm) contains many microtwins, the upper portion is

In a recent paper [251, we have proposed a model twin free. X-ray DCRC analysis may therefore lead to
for some of the mechanisms which take place at the the belief that a substantial fraction of the layer is
beginning of the CdTe-Si(100) interface formation. In twinned, because of the large probing depth of this
this model, single-domain films grow on Si(100) as a technique, while these defects may be limited to the
consequence of two processes: ( I ) the step distribution region closest to the substrate-epilayer interface.
on the substrate surface changes, resulting in the doub-
ling of steps owing to the interaction of the substrate
with the ;,coming atoms, and (2) there is a preference 5. Conclusions
for the growth of CdTe to start at one of the two types
of step edges that are present on Si( 100). However, if MBE growth of Cd'l'e either on GaAs or on silicon
nucleation of CdTe occurs predominantly on thc substrates has been extensively studied in the last few
terraces rather than on one type of step, double- years. Recently, it has been found that the growth of
d,: .iain films will grow except if all the terraces belong CdTe on (21 l)GaAs results in dual epitaxy, i.e.
tL) the same silicon-sublatticc. As a result, we suggest (211 )CdTc/(21 I)GaAs and (I 33)CdTe/(21 I)GaAs.
that single-domain films of CdTe(l 1 I)B can be grown Both X-ray diffraction and TEM indicate that
on Si(l100) under the following circumstances: either ( 133)CdTe epilayers have better structural qualities
the substrate tilt is large enough so that even on the than those of (21 l)CdTe cpilayers, which may be
clean substrate, all terraces belong to the same sub- attributed to the smooth continuation of the tetra-
lattice or, if the substrate misorientation is small, the hedral bond network at the heterointerface. DCRC
growth conditions (including substrate cleanliness) FWHMs of 70-80 arcsec are currently obtained
must be such that silicon and tellurium atoms can easily for this epitaxial orientation. The analysis by HRTEM
diffuse to the step edges. We mention only tellurium has shown that the lattice mismatch at the
atoms here because we have found by X-ray photoelec- ( 133)CdTe-(211 )GaAs interface is accommodated by
tron spectroscopy that only tellurium binds to the a novel mechanism.
silicon atoms. Cd-Si bonds are not formed, so cad- The quality of (I I 1)B CdTe grown on Si(100) has
mium binds to the tellurium atoms which are already also been significantly improved in the last three years
on the silicon surface. Obviously, in order tc grow good as illustrated by DCRC FWHMs which have de-
CdTe layers on Si( 100) with a large misorientation, the creased from 1000 arcsec down to 140 arcsec for the
substrate cleaning and initial growth conditions are best film. This improvement has been obtained by a
also critical. However, the conditions to grow single- systematic investigation of substrate cleaning, substrate
domain CdTe films are less stringent on these sub- misorientation :ind growth parameters. Single-domain
strates than for Si( 100) with a small misorientation. films, which previously were obtained only on vicinal

Based on this discussion, we expect to see a range of surfaces with double atomic steps, are currently grown
domain size ratios between 0 (single-domain film) and on surfices where single atomic steps are dominant.
I (two domains of equal size), depending on the experi- The twinning has also been eliminated on the top
mental conditions (substrate tilt, cleanliness, substrate portion of the CdTe epilayer. We have shown that the
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quality of CdTe grown directly on silicon is equivalent 9 Y. Nakamura. N. Otsuka. M. D. Lange. R. Sporken and J. P.
to that of CdTe grown on silicon with a buffer layer. Faurie, App!. Ph vs. Lett., 60 (1992) 13 72.
These results confirm that CdTe/GaAs and CdTe/Si 10 M. D. Lange, R. Sporken, K. K. Mahavadi. I. P. Faurie.

Y. Nakamura and N. Otsuka, App!. PhYS. Lett., 59 (1991)
offer many advantages compared with CdTe bu'. 2055.
substrates. 11 J. L. Reno, P. L. Gourley, G. Monfroy and J. P. Faurie. App!.

Plzvs. Lett., 53 (1988) 1747.
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CdTe rotation growth on silicon substrates by metallo-organic chemical
vapour deposition

H. Ebe and H. Takigawa
Fujitsu Laboratories Ltd, 10-1 Morinosato- Wakamiya, Atsugi 243-01 (Japan)

Abstract

We observed a 300 in-plane rotation slip for ( 111) CdTe epilayers grown on ( 111) Si substrates by metallo-organic chemi-
cal vapour deposition when we increased the group VI to II ratio. We define this effect as rotation growth. This rotation
alignment reduces the lattice mismatch between CdTe and silicon from 19% to 3.4%, thus promising better crystallinity.
When the group VI to II ratio is increased, the full width at half-maximum of the X-ray rocking curve is decreased from
over 1000" to 400" for an epilayer 1 m thick. The rotation growth mechanism was examined by Auger electron
spectroscopy and results show that the tellurium atoms are adsorbed to the silicon surface more readily than are cadmium
atoms. We also found that the ( 11) Si substrate had to be misoriented toward the [i 103 direction to suppress twinning in
CdTe rotation growth.

1. Introduction employed [6]. After annealing the silicon substrates at
1000 °C in a hydrogen ambient, CdTe was grown at a

HgCdTe hetero-epitaxial growth on silicon is a key substrate temperature of 400 'C. The epilayers were
technology for the development of monolithic IR about 1 tm thick.
detectors. As CdTe is the most readily available buffer Double crystal X-ray diffraction measurement was
layer for HgCdTe, several attempts have been made to used to evaluate crystallinity and crystal direction.
grow CdTe on silicon by molecular beam epitaxy
(MBE) [1-3] or metallo-organic chemical vapour
deposition (MOCVD) [4, 5]. Since there is a large 3. Results and discussion
lattice mismatch of 19% in CdTe/Si, it is difficult to
grow good quality epilayers. To reduce this large lattice 3.1. Rotation growth
mismatch some researchers used GaAs [5], BaF2 or ( 111) CdTe was grown on ( 111) Si substrates. Figure
CaF2 [2] buffer layers between CdTe and silicon. Of 1 shows the full width at half-maximum (FWHM) of
these, CdTe direct growth on silicon is still the most the (333) X-ray rocking curve vs. the group VI to II
attractive, since a simple growth chamber is available ratio. When the group VI to II ratio is increased, the
and less contamination is expected. FWHM decreases from over 1000" to 400". The in-

In this paper we study CdTe direct growth on ( 111) plane CdTe crystal direction was evaluated by X-ray
Si by MOCVD. We observed a 300 in-plane rotation of diffraction (Fig. 2) to see why the FWHM decreases
(11) CdTe epilayers on ( 111) Si substrates and we [7]. In this measurement, the X-ray direction incident
found that it reduced lattice mismatch between CdTe on the CdTe epilayer was fixed to get (422) reflection.
and silicon from 19% to 3.4%. Specimens were rotated around the epilayer's [ 111 ]

axis. The (422) X-ray diffraction intensity profile was
then measured. Figure 3 shows the (422) X-ray reflec-

2. Experimental details tion intensity from the CdTe epilayer with respect to
the specimen's rotation angle while the (422) reflection

CdTe was grown on (111) Si substrates by MOCVD. angle from the silicon substrate is defined as zero. In
Dimethylcadmium (DMCd) and diethyltelluride this case, the silicon substrate is misoriented in the
(DETe) were used as the cadmium and tellurium [1121 direction. Open circles represent the profile for
sources. (111) Si substrates were misoriented 30 CdTe grown with group VI to II ratios of 5 and 15,
towards [112] or [ 1101. Typical chemical cleaning was while full circles represent the CdTe profile with a

0921-5107/()3/S6,00 0 1993 - Elsevier Sequoia. All rights reserved
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~' vI=5,15 ' ,alignment, the CdTe atom spacing in the [i 10] direc-

"tion periodically matches the silicon atom spacing in
the [112] direction. Estimates show that this alignment

- -60 -30 0 30 60 drastically reduces the actual lattice mismatch from

Angle from Si (422) (0) 19% to 3.4%, promising better crystallinity. This effect
seems to contribute to the decrease in the FWHM.

Fig. 3. (422) X-ray reflection intensity from the CdTe epilayer Rotation growth seems to originate from the atomic
with respect to the specimen's rotation angle while the (422)
reflection angle from the silicon substrate is defined as zero. bonding mechanism. The first growth stage was investi-

gated in two samples by ex situ Auger electron spec-
troscopy. Both samples were silicon-exposed for 5 min,

group VI to 1I ratio of 30. For the group ratio of 5 and one to DETe flow and the other to DMCd. As shown
15, there is an angle of 60' between the CdTe (422) in Fig. 5, a tellurium signal was detected from the
plane and the direction of the silicon substrate (422) sample exposed to DETe. In contrast, no cadmium
plane. This relationship is similar to the twinning effect signal was detected for the sample exposed to DMCd.
which is often observed in zincblende crystals. In These results show that tellurium atoms are more
contrast, for the group ratio of 30, there is a rotation readily adsorbed into the silicon than are cadmium
slip of 300 in the hetero-interface between the CdTe atoms. The Auger electron spectroscopy results also
epilayer and the silicon substrate. We define this effect suggest that the CdTe growth mode is changed by the
as rotation growth. The two peaks at ± 30' indicate group VI to II ratio. When the ratio is small, island
twinning in the CdTe epilayers. A method to suppress growth is dominant because cadmium atoms are
twinning will be discussed later. adsorbed on top of the CdTe surface in preference to

Figure 4 shows the top view of a 300 rotation slip the silicon surface. When the ratio is large, lateral
alignment in the hetero-interface between the CdTe growth is dominant because tellurium atoms are
epilayer and the silicon substrate. The open circles adsorbed on the silicon surface beforehand and then
represent upper silicon atoms and the shaded circles cadmium atoms are readily adsorbed on the tellurium.
represent lower silicon atoms. To simplify the figure, When the later growth mode is dominant, rotation
only one species of tellurium or cadmium atom for growth-which we assume is faster in a lateral direction
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(1121 press twinning. As was predicted, CdTe could be
grown on the silicon substrate without twinning by
using misorientation toward [110].

4. Summarizing remarks

N[i101 (111) CdTe was grown on a (111) Si substrate by

mm* Lateral growth direction MOCVD.
- Twin boundary direction Increasing the group VI to II ratio rotates the CdTe

Fig. 6. The relationship between lateral growth direction and epilayer 300 in the hetero-interface plane. This rotation
twin boundary directions in (bw11) CdTe. reduces lattice mismatch from 19% to 3.4%, promising

better crystallinity. When the group VI to II ratio is

increased, the FWHM of the X-ray rocking curve de-
creases from over 1000" to 400" for an epilayer 1 gim

than normal growth because of lattice matching- thick.
dominates at the hetero-interface. A (111) Si substrate must be misoriented towards

[Li 10] to suppress twinning in the CdTe rotation growth.
3.2. Twin reduction

As mentioned before, the CdTe crystallinity is
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Applied Physics Department, University of Hull, Hull HU6 7RX (UK)

D. E. Ashenford and B. Lunn
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Abstract

Multiple quantum well structures of CdTe and the dilute magnetic semiconductor Cd, -Mn.Te (x ý 0.08) have been
grown by molecular beam epitaxy on lnSb substrates. High resolution double crystal X-ray diffraction analysis using
rocking curve simulations based on the dynamical theory of diffraction shows that these layers are of excellent structural
quality and uniformity. The diffraction data indicate the presence of a highly mismatched layer a few monolayers thick at
the interface between the InSb substrate and the CdTe buffer layer, which is consistent with previous Raman spectroscopy
studies identifying the phase as In 2Te3. Photoluminescence and photoluminescence excitation spectroscopy
measurements indicate that well width fluctuations occur on a monolayer scale. Observation of the 2S state of both light
and heavy hole excitons allows the binding energy of both excitons to be deduced--17.1 meV and 19.7 meV
respectively-considerably enhanced from their three-dimensional values.

1. Introduction tions are on the monolayer scale. The 2S states of both
heavy and light hole excitons have been identified from

The work described in this paper is part of a wider their large diamagnetic shifts in an applied magnetic
study involving the growth and characterization of field. Their observation has allowed both light and
single and multiple layer structures containing dilute heavy exciton binding energies to be established which
magnetic semiconductor materials. In such structures, are compared with their calculation based on a vari-
the electronic and magnetic systems couple strongly, ational model.
leading to enhanced optical, electrical and magnetic
effects. The present paper concerns the structural and
optical investigation of a series of multiple quantum 2. Sample growth
well (MQW) structures based on CdTe and the dilute
magnetic semiconductor Cd 1 _MnTe grown on (001) The MQW samples were grown using a VG V80H
lnSb substrates by molecular beam epitaxy (MBE). MBE system on (001) InSb which is closely lattice
From an analysis of high resolution double crystal matched (less than 0.05%) to CdTe. The substrate
X-ray diffractometer data, these structures have been preparation involves a number of cycles of Ar' ion
found to contain a highly mismatched layer a few cleaning and thermal annealing j2]. CdTe (Hull) and
monolayers thick at the InSb-CdTe buffer layer inter- doubly distilled 99.99% Mn (Johnson Matthey) were
face, which is identifiable with the lnTe3 interfacial used as source materials, and the samples were grown
layer found at this interface by Raman spectroscopy at 240°C at a rate of 0.7 pm h-1. The samples
[ ll. The X-ray rocking curve data show extensive short consisted of a 15-period MQW stack with nominal
period Pendell6sung interference fringes and can be growth parameters L, =75 A (CdTe). LB= 150 A
closely matched to simulations based on dynamical dif- (Cd, _,MnTe), x = 0.075 grown on a CdTe buffer layer
fraction theory. 1000 A thick. All the samples showed excellent

Photoluminescence and photoluminescence excita- structural characteristics, including sample M296
tion spectroscopy have shown that well width fluctua- which is the subject of this paper.

0921-5107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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3. X-ray structural analysis growth on InSb. The lattice parameters of InSb
(6.4782 A) and CdTe (6.48 10 A) differ greatly from

X-ray diffraction data were collected using a double- that of InTe3 , and such an interfacial layer will intro-
crystal diffractometer fitted with a (022) channel-cut duce a phase difference between the wave fields
double-bounce Si beam conditioner. This arrangement, diffracted from the regions of the structure above and
in conjunction with a (111) Si crystal mounted in a dis- below it, because the 004 reflection planes in the
persive setting on the first axis, which acts as a mono- lnTe3 will be incommensurate. This phase shift, not
chromator, produces a very low background beam at the scattering from the thin layer itself (which is weak),
the sample with a small angular width (10 arc sec or produces a very significant modulation of the PendellI-
less), a wavelength spread of about 0.1 times that of the sung interference fringes. Those fringes arising from
full width at half-maximum (FWHM) of the Cu Ka, the layers above the interfacial layer can be con-
profile and reduced Bragg tails. This makes it possible siderably enhanced, depending on the magnitude of the
to study fine diffraction details occurring close to phase shift [3]. This effect has been used by a number
strong Bragg reflectiom.. of authors to determine the thickness of deliberately

The 004 Cu Ka, rocking curves of this series of grown mismatched layers to monolayer accuracy [4-61.
MQW samples show, in addition to the main satellite The phase shift depends on the interfacial layer mis-
reflections, well-resolved Pendellbsung interference match, strain state and thickness. For the 004 reflection
fringes which relate to characteristic distances in the from (001) InSb/ln.Te3/CdTe, this phase shift is
structure, enabling these to be accurately determined. 29.50 A- ' for lnTe3 fully strained to InSb. Since
The rocking curve of M296 (Fig. 1) shows these the causal parameter is the phase shift, the resulting
features and also a 180" period modulation of the short Pendell6sung fringe modulation is cyclical in units of
period Pendcll6sung fringe;s. This modulation corre- 2r leading to a corresponding indeterminacy in the
sponds to a real space distance of about 1000 A and is interfacial layer thickness equivalent to a phase change
an artefact which is present in all the samples in the of 2:r. For fully strained InTe3, the thickness for a
series. This modulation cannot be successfully phase change of 2g is 12.3 A.
modelled using either the dynamical or kinematical For sample M296, simulation of the rocking curve
diffraction theories, even though the CdTe buffer is with a fully strained InTe3 layer 2 A thick included at
1000 A thick, unless an ultrathin interfacial layer of the substrate-CdTe buffer interface produces a very
heavily mismatched material is assumed to be present good fit to the observed 180 arc sec modulation of the
at the InSb-CdTe buffer layer interface. Evidence for Pendelldsung fringes. Because of the indeterminacy in
the existence of such a layer identified as InTe3 1, which the thickness referred to above, acceptable fits also
has an f.c.c. cell with a,= 6.162 A, has come from occur for thicknesses which are 2 A plus integer
Raman scattering studies of lnSb/CdTe heterostruc- multiples of 12.3 A. The simulation in Fig. I is based
tures [1] which suggest that an InTe3 layer up to 20 on an InTe3 thickness of 14.3 A, which is consistent
monolayers thick is formed in the initial stages of CdTe with critical layer thickness considerations, and

includes a MnTe layer 2 A thick to account for the
large Mn flux transient which occurs when the Mn cell

InSb 004 is first opened. The simulation in Fig. I was calculated
assuming structural perfection and abrupt interfaces

,o-oo. ,,and the very close match to the experimental curve
indicates that the samples are close to the ideal. Given

Sll ithe sensitivity of the satellite reflections and the
Pendelldsung fringe system to layer thickness varia-

,tions and to interface gradation and roughness which
:,c, lead to peak broadening and intensity reduction, both

increasing with increasing reflection order number, it is
0 10 ,apparent that the period cannot vary by more than

±2 A across the area sampled by the X-ray beam.
S-Interface gradation, which includes the averaged inter-

. . i- - .!500 face roughness occurring on a scale less than the
coherence length of the X-ray beam, which is large, isFig. I. Results fo~r sample M296. (A) 004 Cu Krai double-crystal consistent with the estimate of well width fluctuations

X-ray diffraction rocking curve. (B) Dynamical simulation based

on the structure InSbiln.Te, 14.3 Al [CdTc 1050 A] [MnTc 2 Al- of plus-or-minus one molecular monolayer ( + 3.24 A)
[(Cd- ,Mn,Te 158 A) (CdTe 75 A) x 15 periods] [Cd, Mn,Te determined from photoluminescence studies of the
158 Alx =0.075. exciton emission lines from this sample, albeit with a
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probe size markedly different from the X-ray case calculations were carried out assuming pseudomorphic
since the exciton diameter is calculated to be about strain of the structure as indicated by the X-ray data.
140 A. The shoulders observed on each side of the (ehl) IS

PLE peak, and repeated less clearly on the (e,1l) 1S
peak, are also observed in the PL spectrum but with

4. Photoluminescence spectroscopy different intensities. This structure is attributed to well
width fluctuations in the MQW stack. The separation

Photoluminescence (PL) and photoluminescence between the main peak and the high energy shoulder
excitation (PLE) spectroscopy measurements were corresponds almost exactly with that expected for a
carried out with the samples at 2 K, excited by either well width fluctuation of one molecular monolayer.
an Ar' ion laser or a pyridine dye laser. The emission The corresponding separation to the low energy
was dispersed with a 1 m monochromator and shoulder is equivalent to 0.6 monolayers. The line
detected with a GaAs photomultiplier. width and structure observed in these lines indicate

Figure 2 shows the PL of sample M296 excited with that well width fluctuations occur on a monolayer
10 mW of 488 nm radiation. The PL emissions are scale. Furthermore, the structure observed on the (e~h,)
shifted about 25 meV above the band edge of CdTe by IS transition is different in PL and in PLE. In particu-
confinement of the electrons and holes. The emissions lar, the lowest energy peak is stronger in PL. This sug-
between 7640 and 7660 A are attributed to the recom- gests that migration of excitons takes place, following
bination of the IS state of the heavy hole (e~h,) IS excitation, to the wider regions of the well. Such migra-
exciton. The broader emission around 7670 A is tion is unlikely to occur via tunnelling through the rela-
shifted about 3 meV to lower energy which, by com- tively thick 150 A barriers. These considerations, and
parison with bulk CdTe, allows it to be assigned as a the observed temperature redistribution of die PL from
donor bound exciton DAX. The extrinsic nature of this the low to high energy region, are consistent with intra-
emission was checked by confirming that it saturated at well width fluctuations and island growth on a scale
higher laser powers. comparable with the exciton diameter, calculated as

The PLE spectrum in Fig. 2 was recorded while 140 A (see below).
monitoring the D"X emission. The peaks at 7615 and Of particular interest to the present work is the
7652 A are identified as 1S states of the light (e, 1,) and observation of the two weaker peaks in the PLE spec-
heavy (ehI) hole excitons, based on calculation of their trum at higher energy which we interpret as the 2S
energies for partition ratios (the ratio of the valence states of the (e, 11) and (eh 1 ) excitons. This interpreta-
band to the total band offset) in the range 0.2-0.4 tion is based in part on their diamagnetic behaviour in
[7-91. The calculated energies are relatively insensitive a magnetic field, applied in the Faraday configuration,
to the value of the offset ratio within this range. The and in part on calculations of the binding energies.

Application of a field causes both 1S and 2S transitions
of Fig. 2 to split into two components. However, the 2S
states, unlike their IS counterparts, move rapidly to
higher energy as the field increases. This diamagnetic

PL E behaviour is indicative of the larger excitonic radius of
1S(HH) the 2S states.

Considerable information can be inferred regarding
the exciton binding energies from a knowledge of the

1HPL S-2S energy separations which are observed to be

f XD"X13.7 meV and 15.8 meV for the (eli,) and (e~h,)
excitons respectively. We have calculated the exciton
binding energies using a variational wavefunction2S(LH) 2SiHH) which is the product of the uncorrelated one-particle
wavefunctions of the electron and hole (,. and Oh

7520 7560 7600 7640 7680 respectively) and an interaction term OR which repre-
WAVELENGTH (A) sents the relative motion of the electron and hole,

where
Fig. 2. Photolumincscence (PL) and photoluminescence excita-
tion (Pt.E) spectra of a CdTe/Cd, MnTe MOW (M296} with OR = Ols - exp( - r/A)
1= 75 A. L, = 150OA and x= 0.075. The identities of the
various peaks are indicated. The structure observed in PL and and
PIE peaks around 7652 A is attributed to well width fluctua-
tions. r 2 =x 2 +y 2 +(1 -f')z-
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TABLE 1. Calculated binding energies (BEs) of the IS and 2S show considerable enhancement of their BEs from
states of the (e, l/) and (e, h,) excitons in a CdTe/Cd, _,MnTe their three-dimensional values by confinement. In
quantum well with x = 0.075 for two different partition ratios K particular, we notice that for the heavy hole exciton the

K (e, 1,) (e, h,) value is close to that of the LO-photon energy of CdTe,
BEis, 2s, (meV) BE 1s,,s,(meV) 21.2 meV.

0.2 11.7(2.3) 12.8(2.3)
0.4 12.8 (2.2) 12.8 (2.3) 5. Conclusions

We have shown that it is possible to grow MQW
structures in the CdTe/Cd - ,Mn,Te system of excel-

in which x, y and z are relative coordinates (e.g. lent quality defined in terms of their structural perfec-
x-2 =(x,- Xh)-), and A and #3 are variational parameters. tion as determined by high resolution X-ray analysis
An analogous hydrogenic wavefunction was adopted and by the PL and PLE spectra in which both IS and
for the 2S state and the variational parameters adjusted 2S states of the light and heavy hole exciton are
to give the maximum binding energy [10]. The calcu- observed.
lated binding energies (BEs) for the (e111 ) and (elh,)
excitons in the IS and 2S states are shown in Table 1
for two different partition ratios. References
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Abstract

The growth of CdTe epitaxial film on a CdTe substrate using a laser deposition method has been investigated: the beam of
a pulsed ArF excimer laser is focused on a CdTe target and the plume of ejected material is collected onto a (111) Zn-
doped CdTe substrate (4%). From the X-ray diffraction measurements and double-diffraction X-ray analysis, the mirror-
like film grown is found to be a homoepitaxial layer. Film thicknesses, deduced from optical profilometry, range between
1.9 and 6.5/um. The few differences that appeared between the photoluminescence spectra of the film and the substrate
can be explained by a small composition variation and some defects or impurities in the CdTe that lead to new radiative
transitions.

1. Introduction epitaxy of the CdTe film, with a small angular
difference (around 10'). The photoluminescence

Much progress has been made recently in the epi- spectra of the film and substrate exhibit some differ-
taxial layer growth technologies and, in particular, ences: the intensity level of the impurity transitions is
molecular beam epitaxy (MBE) [1-3] and metallo- two times higher for the film and the bound excitonic
organic chemical vapour deposition (MOCVD) [4, 5] transition is lower for the film than for the substrate.
give high quality epitaxial films. Also, laser deposition
is less used for II-VI film fabrication [6].

Since their introduction, excimer lasers have quickly 2. Experimental set-up
found increasing use in material processing applica-
tions, mainly because the short wavelength output of Our experimental set-up includes a 193 nm ArF
lasers results in material removal with few thermal excimer laser (Lambda Physik LPX 205) and a vacuum
effects. Pulsed ArF excimer lasers used for ablation of chamber in which are mounted the rotating holder
CdTe have an efficiency of 0.1 um per pulse for a which keeps the CdTe target and the sample heated
fluence of 400 mn cm -2. The ejected material collected support at a distance of approximately 3 cm from each
on a substrate leads to the deposition of a film. The other. The laser beam is focused through an optical
properties of excimer laser ablation, such as its few delivery system onto the CdTe target at an angle of
thermal effects and its ability to reproduce the com- incidence of 45*. The source operates with a repetition
position of an appropriate target onto a neighbouring rate of 5 Hz and a fluence ranging from 0.4 to 1 J
substrate, lead us to investigate the possibility of cm- 2. During the deposition, the substrate temperature
growing CdTe epitaxial films on ( 11) Zn-doped CdTe is maintained between 230 *C and 270 *C. Moreover,
substrate (4%). The film thickness is deduced from our elaboration cell just allows poor vacuum condition
optical profilometry by measurement of the step (1()-3 Torr) to be maintained. With this set-up, a
between the film and the hidden part of the substrate. deposition time of 20 min leads to a layer about 4 pm
X-ray diffraction measurements followed by double- thick. However, the growth rate is not linear because
diffraction X-ray analysis demonstrate the homo- the quartz input window on the beam trajectory is

obscured by the evaporated material and this leads to a
decrease in the laser beam intensity on the target

*Author to whom correspondence should be sent. (Fig. 1).
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Fig. 2. Etch depth vs. laser fluence.

3. Experimental results has a small angular difference (around 10 min) relative
to the substrate. This result is confirmed by double-

3.1. CdTe etching and deposition diffraction X-ray.
A preliminary experiment has been conducted on a Figure 3(b) shows that the (333) rocking curves for

CdTe target in order to find the ablation process effi- the thinner CdTe sample, substrate and film signatures
ciency. The results are depicted in Fig. 2. Above a can be obtained simultaneously. The substrate rocking
fluence threshold of 80 mJ cm-2, the ablation rate curve is larger than that obtained in the original sub-
increases with the fluence. At 400 mJ cm- 2 each laser strate. This damage is probably due to ejected mate-
pulse removes a homogeneous CdTe layer the thick- rials incoming at high speed onto the first atomic layers
ness of which is 0.1 jm. This efficiency increases of the substrate. The rocking curve of the film varies
linearly up to 0.3 um at 1000 mJ cm- 2.All the deposi- with the probe position, proving inhomogeneous crys-
tions have been carried out in this fluence range which talline deposition. The full width at half-maximum
allows us to monitor the film deposition rate. Our first (FWHM) is 20 s in the best places (Fig. 3(a)).
three layers have mirror-like surfaces and their thick-
nesses are 1.9 um, 4 /um and 6.2 /um respectively. 3.4. Photoluminescence
From optical profilometry, film thicknesses are Finally, photoluminescence analysis has been
deduced by the measurement of the step between the carried out to examine the purity of the CdTe epitaxial
film and the hidden part of the substrate. This ap- film. The excitation source is an argon laser, with the
proach also gives an indication of the surface aspect: experiment conducted at 4 K. The sample probed is
neither pinholes nor surface defects appear in our films the 6/um thick film.
as is confirmed by optical microscopy. Figure 4 allows comparison of the substrate photo-

luminescence measurement and that of the layer. The
3.2. Composition analysis excitonic transition is detected at 1.6016 eV for the

The compositions of the deposited films are com- substrate and at 1.601 eV for the film. These results
pared with the substrate composition using an energy- should be compared with the excitonic energy of pure
dispersive X-ray analysis (EDXA) and give the same CdTe at 1.596 eV. Moreover, the film luminescence is
cadmium and tellurium ratio. There is a slight differ- 10 times lower than that of the substrate.
ence due to the presence of zinc, the concentration of Low energy transitions due to impurities are about
which is less in the film. This will be further confirmed two times higher in the film than in the substrate.
by X-ray, double-diffraction X-ray and photolumines-
cence results.

4. Discussion
3.3. X-ray and double-diffraction X-ray analysis

X-ray diffraction measurements demonstrate the Double-diffraction X-ray results show that good
homoepitaxy of the CdTe film but the layer structure epitaxial films have been grown by laser deposition.
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The lower intensity level of the bound excitonic
D.D.X transition and the higher level for impurity transitions

.. ... for the film are coherent with our experimental growth
PIC (3.3.3) conditions and, in particular, the poor vacuum in the

-. elaboration cell during the evaporation process.

-- SUBSTRATE
CdT LAYER

-6 Cd E 5. Conclusions

_ Even though the growth process and experimental
E apparatus are very simple, we have demonstrated the
Z ability of ArF excimer lasers to give good epitaxial
z_ CdTe films. Double-diffraction X-rays show that the

first layers of the substrate surface are lightly damaged
by the incoming material; these particles could be

31.5 31.6 31.7 31.8 31.9 32.0 slowed down using low pressure neutral gas. Experi-
(b) ANGLE mental conditions should now be improved and we

Fig. 3. Double-diffraction X-ray curves: (a) best substrate and consider the possibility of carrying out the evaporation
film rocking curves; (b) substrate and film rocking curves with in the optimum vacuum conditions.
the analysis carried out on the edge of the step. Preliminary experiments of CdTe films on silicon

and GaAs substrates have been undertaken; X-ray
analyses exhibit crystalline films, and -'her structural

Small angular difference could be explained by a small characterizations are in progress.
zinc composition difference between the film and Up to now, our film characterizations are only
substrate resulting in a strained interface. This zinc structural investigations and they must be followed by
composition difference would be responsible for the other experiments with the object of giving valuable
light energy shift in the luminescence spectra. information on the electric properties of CdTe films.
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Abstract

A method of crystal growth from the vapour phase, which had been worked out for A"v Bv" compounds, has been applied
to CdTe. Single crystals shaped with (110) and (I 1) planes of approximately 10 mm size have teen obtained. A high level
of structure perfection has been confirmed by means of X-ray rocking curve measurements resulting in half-width values
down to approximately 15". The suitability for production of homogeneous CdTe-based A" Bvl solid solution crystals is
discussed.

Creation of small, well-shaped single crystals on the whole heating system, where one of the most important
surface of the source material is a common effect parameters is the solid angle, under which the cold, far
accompanying various sublimation processes but areas are "seen" from the material surface. Possible
difficulties in controlling the phenomenon to achieve values for the radial temperature differences have been
crystals with a satisfactory size are restricting its useful- estimated according to the Stefan-Boltzmann law, with
ness. However, growth of large CdS single crystals [II the assumption that heat exchange between a small,
in a vertical, sealed ampoule and, later on, production spherical body and its environment takes place by
of AIBv" single crystals representing a high level of radiation only. It has also been shown that the tempera-
structure perfection and dimensions of over 10 mm, ture of the body does not depend significantly on its
have been described [2-81. Positive results for experi- position along the tube radius-this means that the
ments on CdTe have also been reported [9, 10]. Except cooling effect remains almost constant in the cross-
for experiments on CdS, horizontal growth systems section of the furnace chamber (except in the case of
have been applied, direct wall contact).

Generally, crystal growth has been performed in As heat transport by convection outside the
ampoules placed in tube furnaces showing no, or only ampoule is more intensive than inside, the temperature
very weak, longitudinal temperature gradients. The of the ampoule wall becomes almost equalized with the
application of slightly hotter, border zones [6] has furnace chamber wall and thus the temperature of the
enhanced control of the process by preventing the body can be considered not only in relation to the
material from being transported to the end parts of the furnace but also to the ampoule. Because the tempera-
ampoule. ture of a crystal is an integrated effect of heat radiation

The existence of radial temperature differences in balance and of heat conduction from the ampoule walls
the furnace chambers has been reported [2, 5], and an via the source material, the coldest parts of the material
active role of these differences in crystal growth has are those which can be cooled by radiation but have a
been suggested, but their origin has since been studied weak inflow of heat by conduction. This allows
[8]. It has been shown that the radial temperature explanation of the crystal selection as well as the
differences may be created as a result of cooling by frequent occurrence of crystals "on the neck" in the
emission of heat radiation along the furnace axis, and early stages of the process.
that such a cooling is intensive enough to create the Although heat radiation study allows definition of
thermodynamic mass driving force required for crystal the main phenomena influencing the process, the
growth. The effect depends on the geometry of the variety of accompanying factors makes it impossible to
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apply purely calculated temperature fields. However.
the theoretical interpretation leads to some useful
conclusions. For instance, rather short furnaces with a
large bore shall be used and the walls of the furnace
chamrber ought not to be covered with a strongly
emitting material.

In order to find a proper temperature profile, one
can apply a procedure based on balancing the heat
radiation from the hotter, border zones. When heat
radiation from the border zones is too weak, condensa-
tion in the ampoule end parts is observed. If heat radia-
tion from the border zones is too intensive, the surface
of the material becomes hotter than the ampoule walls
and the material is transported towards the walls (in the .......
central part of the ampoule) with the creation of a
compact, polycrystalline layer. The height of the Fig. 1. CdTe crystals obtained in a weak temperature gradient
border zones suitable for crystal growth :,2s between (millimetrc scale seen at the bottom).
the cases mentioned above. Difficulties in finding the
propir conditions are mainly due to the gas pressures
in the ampoule. if lying over approximately 10 Torr-
this is probably because the temperature differences
inside the ampoule are reduced by heat convection as
wL' as by diluting the transported vapours. if inert gas
or a large excess of one of the elements is present.

It should be mentioned that the heat transfer
phenomena here do not depend strongly on the
properties of the crystallized material in its sclid state-
even the emissivity does jot have a dominant role
in the process. Therefore, it has proved possible to use
the same furnm -,es with unchanged temperature profiles
for producing various A"VB" crystals, for example,
(Pb.Sn)Te and Pb(Se,S) in the full ranges of composi-
tions with comparable results when based on it temper-
aturc of 820 'C in the middle zone 181. Neither
composition gradients nor other signs of macro-segre-
giation have been found, ".nd therefore it has been poss- Fig. 2. Product of CdTe crystallization in a temperature

iblc to apply Pb(S .S) crystals as reference sampl's in
precise lattice constant measurements [I Il I.

Cadmium telluride crystals have been grown in tem-
perature profiles o' -wo types: the first with a constant,
longitudinal gradier, of 0..1 -0.2 °C cm ' at approxi-
maticy 900 'C in a furnace with bore 4(; mm and length
700 mm 19, lOj; and the second showing a temperature
".valley'* of approximately 10 'C depth on 820 'C 112] --- 2
(analogous to that used for AIVB"M materials). Crystals
grown in the first profile are shown in Fig. I. The half- 4
width of the X-ray rocking Larve measured on as-
grown ( I I I ) planes varies from 13.9 to 33.8", while the
theoretical value is 8.9"11101. Except for (111) facets
(which have been identified as Te-planes), (I 10) facets
are present 191.

The result of CdTc crystallization in the secodid
profile is shown in Fig. 2. The compact block cons..ts
of several large grains. The largest facet shown in Fig. 3

has proved to be a( I 10l) plane similar to smooth planes Fiu. 3. An as-gro%% n I 101 plan.
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S 4"",4 4... densation. The latter model results in the composition
4 f a of the condensing material being identical with that of

the vapour-as appears, for instance, in common liquid
* • * . distillation.

+ Contrary to the unidirectional flow processes, the
nearly reversible evaporation-condensation procedure

tends to reproduce the source composition in the con-
densing material despite incongruency of particular
phase transitions. Here composition change is to be
taken as a function of deviation from equilibrium of the

t. system as a whole due to the temperature difference.
Maximum enrichment of the condensing material with
the more volatile component can be estimated by com-

........ paring the partial pressure decrease (as a function of
'+' ' f 4 ' • • temperature lowering) and the increase (as a function

Fig. 4. Pyramid growth on a CdTe crystal. of concentration enlargement). Other phenomena able
to influence composition may be considered, but their
effect is rather negligible. The "quasi-equilibrium"

created by splitting across the block [13]. Small interpretation is supported not only by crystal growth
"valleys" in the lower part of the photograph are not of pseudo-binary solid solutions just discussed, but also
due to deep structure defects; however, several parallel by positive results in the crystal growth of SnTe,
lines in the upper part are connected with disoriented despite its strongly incongruent evaporation.
areas [13]. Pyramid growth shown in Fig. 4 results It should be mentioned that the main disadvantage
probably from vapour transport disturbances due to an of the method discussed above lies in difficult process
excess of one of the elements. control. Some chances of facilitation have appeared in

Application of the process to (CdZn)Te and other tentative experiments carried out in a vertical system
CdTe-based solid solutions depends on the possibility with PbSe as testing material. This can prove pre-
of composition maintenance. Up to now, this has been ferable in CdTe crystal growth, if confirmed by experi-
confirmed in analogous experiments not only on ment. In such a case, the growth of A"B"v crystals on
PbTe-SnTe and PbSe-PbS systems, where the compo- the source material in vertical systems may gain new
nents (as compounds) show rather similar vapour importance.
pressures, but also in the growth of homogeneous
(Pb,Ge)Te crystals of size 3-5 mm [8]. By means of
X-ray diffractometry it has been shown that the crystal References
compositions are identical with those of the mixtures E. Kaldis. J. Crvst. (rowth, 5(1969) 276.
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Abstract

This paper reviews the structural and optical properties of CdTe/Cd,_ ZnTe strained heterostructures grown by
molecular bezam epitaxy. Special attention is given to the control of strain and interface roughness and sharpness. It is
shown that high quality superlattices are obtained with well width fluctuations on the monolayer scale. The electronic
properties are also strain dependent, especially the valence band line-up. Two-dimensional exciton states are the
dominant features of the optical spectra of CdTe/Cd, _ Zn,Te quantum wells. By appropriate quantum well engineering.
the exciton-phonon interaction is reduced and large room-temperature absorption observed.

1. Introduction tion of room-temperature exciton absorption in
specially engineered quantum wells. In the conclusion

Recently there have been major developments to- wc shall review the potential applications which can be
wards the realization of CdTe-based optoelectronic expected from CdTe-based hetcrostruct,,
devices such as Cd1 ,.HgTe laser diodes [1] compact
visible microgun-pumped CdTe/Cd, - :MnzTe lasers 121
and photodiffractive devices based on Cd_,-ZnrTe/ 2. Growth
ZnTe quantum wells (QWs) [31. The capability of
molecular beam epitaxy (MBE) to produce CdTe MBE growth is performed on CdTe, Cd0.,7 Zn,1 1, 3Te
layers and quantum wells with well-controlled param- and CdO.7sZnO.2_Te substrates with (001)-, (111)- and
eters, high structural and interfacial perfection and high (211 )-oriented surfaces. The RHEED oscillation
purity is at the origin of these realizations. The aim of studies show that for the whole range of zinc concen-
this paper is to review the structural and electronic. trations the growth proceeds by a two-dimensional
properties of MBE-grown CdTe/Cd, -,ZnTe hetero- (2D) layer-by-layer mode [4]. For Cd(001 )-stabilized
structures. It is worth noting that many of the results surfaces the cadmium and tellurium species have a high
that are presented here apply equally to CdTe/MnTe surface diffusion which provides a wide temperature
and CdTe/HIgTe systems. range (220-320 °C) for growing high quality materials.

First we shall describe the optimal growth condi- A cadmium overpressure is also essential to achieve a
tions and demonstrate the importance of strain sym- high efficiency of indium doping 15], to improve the
metrization to obtain defect-free superlattices. The interface flatness and the morphology of the epitaxial
sharpness and the roughness of the interfaces are layers (epilayers). For the (111) surface, the tempera-
measured from X-ray diffraction, reflection high ture range for obtaining a 2D growth is narrower and
energy electron diffraction (RHEED) oscillations and shifted to a higher temperature compared with (001).
exciton linewidth. Interdiffusion is shown to be negli- This is probably due to a decrease in the surface
gible and the layer thickness fluctuations are on the mobilities of cadmium and/or tellurium and hence a
monolayer (ML) scale. Next we shall describe the higher thermal energy is needed for adatoms to be
electronic band structure, emphasizing the key role of incorporated in the good site. This reduction in surface
strains in defining the valence band line-up and migration which favours nucleation on terraces, added
explaining the optical features. The discussion will also to the low value of the stacking-fault energy in II-VI
include a short description of the intrinsic Stark effect compounds, leads to the formation of twins. To avoid
resulting from the piezoelectric field and the observa- twin formation, we introduce steps, on purpose. by a
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substrate misorientation, so that atoms are preferen-
tially adsorbed at step edges and establish only correct 10F (a) -2 smom r' "

:62/63
bonds [6]. Then 2D growth by step migration is guar- 0 +1 *2

anteed and twin formation prevented. A particular case
is the (n 1l) surfaces with n> 1 which can be consid-
ered as highly misoriented ( 111) surfaces towards the 107
(001) direction. They are formed of a periodic array of
steps and short terraces; then epilayers grown on these
surfaces are effectively free of twinning.

S~(b)
S101 N÷1

3. Strains 63/11

As the CdTe/ZnTe has a large lattice mismatch of W
6.4%, the strain is an important parameter to control .
whether heteroepitaxy has to be carried out. Indeed 10°3

strain relaxations introduce extended defects which are (c) .0+ s1ubtrat

detrimental to the electronic properties and even in a 61/2 +1
system with a low mismatch (- <( 0.5%0) the strain relax-
ation strongly perturbs the crystal quality. This can be 10. +2
avoided by keeping the CdTe layer thickness below the
critical thickness tc which is defined by the thickness
where the elastic energy overcomes the dislocation
generation and migration threshold. In the CdTe/ZnTe . .
system, t, has been shown to vary for the (001) orienta- -0.6 -0.4 -0.2 0 0.2 0.4 0.6

tion as e - 3/2 with t, -4000 A for CdTe on Cd0 .97Zn0.0D R
Te and tc - 17 A for CdTe on ZnTe [7]. As the material A 8 (DEGREE)
is stiffer along the (I 11) direction, for (111) growth one Fig. 1. (004) rocking curves of pseudomorphic CdTe/

expects a critical thickness a factor of 2 lower. The low Cd, - ,Zn,Te SLSs (U.A., arbitrary units): curve (a) Xz, = 0.08; (b)

values of tc should impose strong limitations on the Xzn = 0.22; (c) xzý = 1. The CdTe layer thickness is kept constant
of heterostructures, but it is possible to over at around 62 ML while the Cd,_,ZnTe layer thicknessdesign is adjusted to preserve the coherency with the Cd, 9 7Zn,, 3Te

come that by growing strained-layer superlattices substrate.

(SLSs) with an average strain close to zero. This is
obtained when the substrate lattice parameter lies in
between those of the two components of the super- at half maximum (FWHM) of all the diffraction peaks
lattice. Then the CdTe layers are in compression and lies between 20 and 35". This provides evidence that
the ternary layers in dilatation. By correctly choosing there is no strain relaxation even in the CdTe/ZnTe
the layer thicknesses, the coherence between the sub- SLS, thus demonstrating the importance of strain
strate and the superlattice is maintained whatever the symmetrization in growing highly mismatched multi-
total thickness, provided that the average lattice para- layers. Accurate values of thickness, lattice strains and
meter d, of the SLS along the growth axis is equal to chemical composition of the constituent layers are
the substrate lattice parameter and each layer stays obtained from kinematical simulations of the SLS rock-
below its own critical thickness. The parameter d, is ing curves [81. Generally the calculations reproduce the
easily calculated by minimizing the total elastic energy X-ray pattern intensities quite well with parameters
with the above condition [8]. Figure I shows the X-ray very close to those deduced from the RHEED oscilla-
rocking curves of three CdTe/Cdl ,Zn,Te super- tion data. As we assume ideally abrupt interfaces in the
lattices grown coherently on Cd, 9 7Zn 1, 3,Te substrates. calculation, this is indicative of a small fluctuation in
The CdTe thickness is kept constant (62 ML) while the the average period p (Ap = ± I ML) and of sharp inter-
zinc concentration increases, x=0.08 for Fig. !(a), faces along the growth axis.
x=0.22 for Fig. l(b) and x= I for Fig. I(c); conversely
the thickness of the barriers (63 ML, I I ML and 2 ML
respectively) decreases to maintain coherency for a 4. Interfaces
total thickness of I pm. The "zero" order peak, which
is due to diffraction by the average lattice parameter, A quantitative evaluation of interface quality is a dif-
lies very close to the substrate peak and the full width ficult task. Indeed two kinds of data have to be
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measured: interfacial roughness and sharpness. The ing wave to diffuse. The best fit gives Di- 1.6 x 10"
former reflects the shape of the growth front and cm 2 s ' at 360 'C. In Fig. 3 we show the values of D,
"Imeasures" on the atomic scale the size and density of measured at different temperatures between 360 and
terraces in the interface plane. The latter gives an 420 *C. A least-squares fit of the data yields a tempera-
image of the composition modulation along the growth ture-dependent coefficient Di = 114 cm 2 s-' exp( - 2.2
axis and depends essentially on interdiffusion and eV/kT). The good agreement with the high tempera-
segregation phenomena. X-ray diffraction on SLS is ture data in ref. 10 also shown in Fig. 3 and the value of
used to measure the sharpness and the interdiffusion the activation energy EA= 2.0 eV indicate that metal
coefficient [9]. Indeed in a system with a one-dimen- vacancies are probably involved in the interdiffusion
sional periodic modulation of composition, the inten- mechanism. Extrapolation to the growth temperature
sities of the satellites are proportional to the Fourier commonly used (T, = 280 'C) gives a value for Di of
component of the direct-space composition profile. about 10--22 cm 2 s -', showing that the contribution of
Therefore the interdiffusion of CdTe and Cd_ ,ZnTe interdiffusion to interface sharpness is negligible.
is studied on the atomic scale by measuring the varia- Nevertheless these data put some limits on the thermal
tions in satellite intensities as a function of post-growth stability of CdTe/Cd_ -ZnTe SLSs for subsequent
annealings. Figure 2 shows the variation in the first and processing and also on the abruptness of the interfaces
second harmonics with annealing time for a CdTe/ which can be obtained if higher growth temperatures
Cd,,,3Zn,•.7Te SLS annealed at 360 'C under a cad- are needed. First insights into the interfacial roughness
mium overpressure. Considering an interdiffusion are obtained from RHEED oscillations. Indeed the
coefficient Di independent of composition we solve the observation of intense RHEED oscillations is charac-
diffusion equation, calculate the composition profile teristic of 2 D layer-by-layer growth, but it is generally
and then the diffraction pattern and adjust Di to fit the difficult to extract any quantitative data about the
experimental data. The full lines in Fig. 2 show the cal-
culated variation in Im by allowing a rectangular start-

10-7

(39ML) CdTe /(40ML) Cdo. 93Zno.0 7Te A 100oc CdTe / CdZnTe

Ta=360'C D=1.6 r
1 8 CM

2 /S 109 \A D= 114.expt-2.5 eV/kT) cm2/s
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Fig. 2. The Fourier amplitudes of a ('dTc/('d, ZnTc SI.S as a 103 /T ( K' I
function of annealing time at 36(0 (': 0, 0 *. A, experimental
points; - . curve given by solving the linear diffusion equation Fig. 3. Arrhcnius plot of the interdiffusion data deduced from
assuming that 1) = 1.6 x I10'" cm 2 s '. X-ray measurements and chemical analysis in ref. I1.
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density and lateral size of the terraces [ I11. A quantita- 5

tive chemical mapping of the interfaces is given by high calculated
resolution transmission electron microscopy. Never-
theless the interface images obtained on cross-sections o experimental
include information on the roughness and the sharp- 0
ness which are difficult to separate. Moreover, the 4 *

contrast between CdTe and Cd, -_,Zn,Te material is
too low to obtain quantitative information on the
interfaces.

Another microscopic probe is the exciton. Indeed
2 D excitons are sensitive to layer thickness fluctua- 3
tions with a lateral resolution of the order of the Bohr
radius, i.e. 60-70 A in CdTe. Because the recombina-
tion energy of the exciton is essentially determined by 2
the well width, the roughness can be estimated from the z
inhomogeneous broadening of the excitonic recombi- L 2
nation lines. Three types of interface morphology have 0
been proposed [12]: (i) smooth with 1 ML terrace areas 0

significantly greater than the exciton Bohr radius (two 0 0 0

or three sharp discrete lines are observed); (ii) pseudo- o o • 0
smooth when such areas are much smaller than the • 0
exciton which now samples an average potential (a 1 0
single sharp line without a Stokes shift is observed with
a linewidth, reflecting the spatial distribution of inter-
face potentials); (iii) rough if the interface potentials
fluctuate spatially for dimensions comparable with or
less than the exciton with a depth large enough to 0
induce exciton localization (the recombination line is 0 10 20 30 40 so 60 70
broad with a Stokes shift). In Fig. 4, we have plotted the
2 K linewidth of the heavy-hole (HH) exciton as a func- Thickness (ML)
tion of QW thickness for barriers with x = 0.1 7. Thebroaen g expethictned for barriers wt ML flu n is 1 o T Fig. 4. Plot of the FWHM of the e~h, transitions as a function ofbroadening expected for a I ML fluctuation is also CdTe QW thickness: - . curve calculated by assuming a 1 MLplotted. Surprisingly the experimental linewidth variation.
remains constant between I and 2 meV and lower than
that calculated for a monolayer fluctuation except for
thick OWs where the linewidth reflects the homogene-
ous broadening due to the interactions with acoustic 5. Electronic structure
phonons, defects etc. No Stokes shift is observed
between absorption and emission but the three discrete The understanding of the electronic band structure
transitions characteristic of smooth interfaces have of strained CdTe/Cd 1 - ZnTe QWs and SLSs relies on
never been observed. So we believe that we are rather optical spectroscopy and leads to the following
in the pseudosmooth regime with a growth front distri- description sketched in Fig. 5. The conduction band
buted on one ML (in agreement with the RHEED offset confines the electron in the CdTe QW for the
oscillation data) with islands of lateral size less than whole composition range. The chemical valence band
100 A but regularly distributed at the interface. The offset (VBO) is relatively small (about (0.05-0.15)
same excitonic linewidths are obtained for high AE') with some controversy about the true value [13,
barriers (x = 0.33), confirming that the exciton averages 14]. The shear part of the biaxial strain lifts the light-
the well width fluctuations, hole (LH-HH) degeneracy. One peculiarity of the

This overview of the structural properties of CdTe/ CdTe/Cd, -,ZnTe system is that the LH-HH splitting
Cd_- ,Zn,Te heterostructures shows that MBE can is approximately half the band gap difference AEg for
provide systems with well-controlled parameters. The the whole composition range. As VBO is small, the
control of laver thickness, strain state and interface confining potentials for the holes are essentially deter-
morphology is essential to understand the electronic mined by the strain. The HHs are confined in the CdTe
properties which will be developed in the next two wells, providing type I e,,h,, transitions, while the LHs
sections. are essentially confined to the barriers, producing type
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II (spatially separated carriers) e,,I,, transitions. the two types of carrier. This increases the oscillator
Whether the highest confined level is HH, or LH, strength of the excitonic transition and makes the type
depends on the relative mismatch between the well, the II e Il transition quasi-direct [14, 16].
barrier and the substrate. This effect allows one to (iii) LH states are very sensitive to perturbing poten-
observe the strain-mediated type I type II transition tials. As an example, when I ML of ZnTe is introduced
[13]. As sketched in Fig. 5(c), a CdTe]Cd,).g,)Zn,..Te in the Cd.1,2Zn,.,,Te barrier (see Fig. 5(b)) the LH
SLS grown on a CdTe substrate is type 11 in the sense states are pinned by the strain attractive potentials
that the e,1, line is the ground-state transition while the (Vh =250 meV). Now the electron-LH overlap and
same SLS is type I when grown on a Cd,.9 2Zn,).(Te thus the oscillator strength become so small that the
substrate (Fig. 5(a)). For low zinc concentration el, transition is not observed in the spectrum while the
(xz,,< 0.2) the hole localization potential is small elh, transition is not affected (Fig. 5(b)).
(Vh, I - 10-20 meV). This has several consequences. Another important effect of strain is the piezoelec-

(i) Ultrafast time-resolved experiments show a tric field which develops for growth on polar surfaces
dynamic Stark shift resulting from the electric field [17]. The strain-induced polarization generates a longi-
created by localized electrons in the CdTe wells and by tudinal electric field Ep as large as ]05 V cm-I which
delocalized holes before their capture by the well [15]. deeply affects the electronic band structure and the

(ii) The effect of the electron Coulomb potential on carrier wavefunction. A review has already been given
LH confinement increases the wavefunction overlap of for ( 11 1 )-oriented CdTe/Cd,_ - ZnTe [18]; so we shall

just mention the main characteristics of what can be
called "intrinsic Stark superlattices". The QW band

e, h, gap is reduced by the quantum Stark effect (see inset of
el 1,• Fig. 6). Because the electrostatic potential drop
e1 I1 increases with increasing layer thickness, the wider the

wells, the larger is the red shift. This effect is shown
LH

HH

Lh HH

S......(a)15mVe

HHHH_______ _________

' c 1510 1550 159o0 1630

Fig. 5. Band structure of CdTe/Cd1 _,Zn ,Te quantum wells ENVERGY (m V.)
for different strain states: (a) Cd,,Zn,(Te buffer; (b)

Cd,, 9,Zn.,,Te buffer plus 2 ML of ZnTe in the barrier; (c) CdTe Fig. 6. Plot of 1.8 0K lumincscen•,x spectra for a series of CdTe
substrate. For each configuration the 1.8 *K reflectivity spectrum QWs with thicknesses of 12t0. 80, 40) and 2() A grown on a
shows the HH and LH exciton identified by optical pumping. CdV,•Zn,je buffer layer (a-u. arbitrary units): curve (a). 00)O)I
The 1-H transition is quite insensitive to the strain state contrary surface: curve (b). 211I surface: curve )c). same as curve (b) hut
to the LH transition. with a laser power divided by 10'.
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in Fig. 6 where we compare the low temperature 25
luminescence spectra of four single QWs of various
thicknesses grown on (001)- and (211 )-oriented Cd0.92- 23
Zn 0.08Te buffer layers. As the electron and hole con- - E
finement potentials are small in these structures, calcu- ZLcx
lations show that the red shift A E varies linearly with 21

the QW thickness, which provides a simple way to
measure the internal field [18]. The electric field r 19

P=7x 10' V cm-1 measured for the (211) sample is Tar
lower by a factor of 0.7 than that measured on a ( 11) 0 17
sample with the same mismatch e - 0.5%. Indeed the .
strain-induced polarization generates a pure longitu- r 1 35%

dinal electric field for the (111) growth axis while for .
the (211) direction a transerve polarization field in the W=2
plane of the layers appears. This polarization field does 13 b
not affect the energy band diagram but leads to bi-
refringence for light propagating along the growth axis 11
[1 7]. The field Ep measured in the (211) sample corre- 0 0 10% 150 200 250
sponds to an interface charge density around 5.5 X 10l Quantum Well Thickness (A)
cm -2. If electron-hole pairs are created by optical Fig. 7. Plot of the exciton binding energy as a function of QW
absorption, the internal field can be screened if the thickness calculated for two barrier compositions: 0, 5, experi-
carrier lifetime is long enough. As shown in Fig. 6, mental data deduced from magnetoabsorption. The LO(F) and
when the laser power increases, one observes a blue transverse optical (TO) (F) phonon energies are indicated.
shift in the photoluminescence transitions proportional
to the QW thickness. For an optical density of 1 W
cm- 2 the screening efficiency is around 10% but of four CdTe wells of 60 A grown on Cd0.7SZno.22Te
quickly saturates at higher powers. substrates have been measured as a function of tem-

perature (Fig. 8). Up to 70 K the spectra are charac-
terized by very sharp transitions with a linewidth of

6. Exciton states 1-2 meV (inset of Fig. 8) and very large absorption
coefficient of 106 cm-' well-' at the exciton peak.

In high quality heterostructures, the exciton states Above 120 K the line broadens because of exciton-
generally dominate the optical properties. This is es- longitudinal optical (LO) phonon scattering. Neverthe-
pecially true in CdTe/Cd, _.-ZnjTe where the exciton less room-temperature absorption is observed with a
binding energy R1V* is strong owing to the high electron coefficient of 4 x 10' cm -'. The temperature depend-
effective mass. In structures with a low zinc concentra- ence of the linewidth F can be expressed as
tion and wide well thickness (200 A or less), R.* is
comparable with the carrier confinement energy. The r=r,, [ (+ ]-h 1)I
electron-hole correlation along the z axis is main- -+Ph e\p - -1(

tained, while the exciton motion is quantized [19]. This
effect has already been extensively discussed [19], so where rF0 accounts for the inhomogeneous broadening
we shall focus on 2 D excitons in highly confined (about 1-2 meV) and rph describes the strength of the
systems and on the importance of confinement to pro- LO phonon thermal broadening [20]. Figure 9 shows
duce room temperature excitonic resonances. The goal the plot of the experimental homogeneous broadening
is to increase R.* and simultaneously to reduce the F - F0 for three CdTe QWs with different values of the
broadening mechanisms. Figure 7 shows calculations exciton binding energy R],* obtained by changing the
of R,* vs. the well thickness for two barrier composi- well thickness and/or barrier height. The full curves are
tions. The calculation is based on variational tech- fits to eqn. (1) from which it is found that Fph is sub-
niques including the effect of electron Coulomb stantially smaller than the bulk value of 30 meV and
potential on hole states as well as electron-hole corre- decreases to 15 meV when R * 1> h'LO. This reduction
lations, of significance for QWs with small valence in rph reflects the larger mean free time for exciton
band offset 116]. The maximum value of R,.* is obtained ionization by LO phonons. This has been attributed to
for barrier composition xz, - 0.35 with a well thickness the enhancement of the exciton binding energy [201.
of around 60 A. To illustrate the effect of confinement Indeed R,* increases from a bulk value of 10.6 to 22
on the broadening mechanism, the absorption spectra meV, close to the LO phonon energy hWoLO ± 21.3 meV
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Fig. 9. Homogeneous exciton linewidth as a function of tempera-
ture for multiple QWs with various exciton binding energies R,*:

e1 T=2K -,fits of eqn. (1) in the text.

1600 1700
Energy (meV)

... ......... photodiffractive coefficient related to the Franz-1500 1600 Keldysh effect. High diffractive yields in two-wave mix-

Energy (meV) ing experiments have already been obtained in ZnTe/
Cd1 _ Znx~e quantum wells [31. With CdTe as the

Fig. 8. Temperature-dependent absorption spectra of a sample ctive laye even h elds can be e at

made up of four 60 A CdTe wells grown on a Cd(.78Zn,•1 ,Te active layer, even higher yields can be expected at
substrate (a.u., arbitrary units). The inset shows the 1.8"K around 850 nm. For growth orientation other than
absorption spectrum. The line splitting is due to a fluctuation of (001), the built-in piezoelectric field offers the possi-
1 ML in the first well. bility of optical band gap tuning with large optical non-

linearities. The appropriate combination of all these
effects (large excitonic absorption, photorefractive

(see Fig. 7), thus decreasing the probability that the effect and piezoelectric field) in one heterostructure
collisions between a phonon and an exciton cause the will inevitably lead to very original all-optical switching
latter to ionize. Simultaneously the oscillator strength is devices in the spectral range extending from the IR to
enhanced by the confinement so that room-tempera- the visible using mercury and manganese compounds
ture excitonic resonances are observed even with a respectively.
very small number of QWs.
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Abstract

CdTe-ZnTe superlattices (SLs) with a period ranging from 13 to 38 A have been grown by atomic layer epitaxy (ALE) on
(001) GaAs substrates. In a substrate temperature range between 270 *C and 290 'C the growth rate for both CdTe and
ZnTe regulated itself to exactly 0.5 monolayers per reaction cycle, allowing the growth of very precisely tailored
structures. For lower substrate temperatures the growth rate increased to approximately 0.8 monolayers per cycle, but did
not reach 1 monolayer per cycle before ZnTe started to grow polycrystalline. Using the ALE growth parameters for
CdTe, SLs of CdTe with metastable cubic MnTe were prepared. The superlattices were characterized by high resolution
X-ray diffraction and photoluminescence. The X-ray data show that the SLs exhibit excellent period constancy and
smooth interfaces.

1. Introduction metastable cubic form by growing it epitaxially on
CdTe. In this modification it exhibits a drastically

Atomic layer epitaxy (ALE) of semiconductors has increased direct band gap of 3.2 eV [6]. Because of its
recently attracted considerable interest because it has high band offset compared with that of CdTe, a blue
an excellent capability for controlling layer thickness shift of luminescence peaks of more than I eV has
and for growing high quality films at low substrate been realized in MnTe/CdTe quantum well structures
temperature, so minimizing interdiffusion. This is a 171. Very recently, SLs of ZnTe with cubic MnTe have
consequence of the fact that, provided that the growth been reported [8]. It was therefore of interest to grow
parameters are chosen properly, ALE growth is not SLs of CdTe with metastable cubic MnTe because
continuous but occurs in discrete steps (so-called large variations in the band gaps from the near IR to
reaction cycles or growth cycles), the near UV regions (1.6 to 3.2 eV) can be expected.

Multilayers of II-VI wide-gap compound semicon- Furthermore, possible two-dimensional magnetic
ductors are of current interest for applications in short effects are introduced by the narrow MnTe layers.
wavelength optoelect. inic devices. Strained layer
superlattices (SLs) of CdTe and ZnTe grown by molec-
ular beam epitaxy (MBE) have been extensively stud- 2. Experimental procedure
ied [1-31. CdTe and ZnTe are both direct gap
semiconductors with band gaps of 1.6 eV and 2.2 eV The epitaxy was performed in a vertical MBE
respectively. By varying the thicknesses of the CdTe system equipped with a 30 kV reflected high energy
and ZnTe layers the band gap can be tailored. If the electron diffraction (RHEED) system, seven effusion
thickness of each layer is kept below the critical thick- cell ports, together with fast magnetically coupled
ness, SLs are perfectly designed as buffer layers, shutters for operation in the ALE mode. For ALE
because they are grown without any additional incor- growth of ZnTe, CdTe and MnTe, elemental zinc-,
poration of misfit dislocations. Furthermore, they may cadmium-, manganese- and tellurium-effusion cells
reduce the density of threading dislocations [4]. were used. As the substrate material we used (100)-

MnTe crystallizes normally in the hexagonal NiAs oriented semi-insulating GaAs 2' off to the next (110)
structure with a band gap of 1.3 eV [5]. However, it has direction, which was chemically cleaned in a standard
been shown recently that it can be stabilized in a HSO4/H,O, etch and preheated to 640 °C before

0921-51 07/93/S6.0)0 0 1993 - Ulscvier Sequoia. All fights reserved
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growth in order to desorb the oxide layer. A virgin below the value expected for ideal ALE growth with I
ionization gauge placed near the substrate was cali- ML per growth cycle even at substrate temperatures as
brated for zinc, cadmium, manganese and tellurium low as 205 'C. At lower temperatures, ZnTe grew
beam intensities by depositing polycrystalline zinc, polycrystalline, which was concluded from polycrystal-
cadmium, manganese and tellurium films on etched line fringes in the RHEED pattern. However, for a
and preheated GaAs substrates at a substrate tempera- substrate temperature between 270 °C and 290 'C the
ture of - 10 'C. SL periods correspond exactly to a growth rate of 0.5

The CdTe/ZnTe SLs were grown on an MBE de- ML per cycle for both materials. In this temperature
posited ZnTe buffer layer about 1 pm thick. In the range, growth is self-regulating and the SL period does
ALE mode the constituents were deposited by alter- not change if the cadmium, zinc or tellurium flux is
nating evaporation pulses of 1-2 s duration with 0.2 s varied by a factor of two. This behaviour is in agree-
dead time between them. The beam flux intensities ment with data reported in the literature: a growth rate
were adjusted to deposit 2-5 monolayers (MLs) cad- of 0.5 ML per growth cycle is reported by Y. Takemura
mium, 1.6-2.6 ML zinc and 1.3-2 ML tellurium within et al. [9] for ZnTe and by W. Faschinger and H. Sitter
one evaporation pulse. [10] for CdTe. J. Li et al. [ 11] grew ZnTe/CdTe multi-

In a first set of experiments we examined the growth quantum wells with a growth rate of about 0.5 ML per
of ZnTe/CdTe superlattices as a function of substrate growth cycle.
temperature ranging from 200 'C to 300 *C. The For further investigations of the self-regulating
nominal structure of all SLs was 12 growth cycles region we grew a series of SLs with different periods
ZnTe/ 12 growth cycles CdTe repeated 30 times. We but constant total thickness. Figure 1 shows the experi-
then grew a series of SLs with constant total thickness mental SL period vs. the theoretical SL period calcu-
(560 nm), a nominal composition of 50% CdTe and lated with a growth rate of 0.5 ML per growth cycle.
50% ZnTe and a nominal period ranging from 12 The solid line denotes the expected result. As one can
growth cycles ZnTe/12 growth cycles CdTe to 4 see, the agreement between the calculated and
growth cycles ZnTe/4 growth cycles CdTe at a sub- measured period thicknesses is excellent, proving the
strate temperature of 280 'C. high reproducibility due to self-regulating growth The

The CdTe/MnTe SLs were grown on CdTe MBE discrepancy of less than 5% between the theoretical
buffer layers 0.2-1 pm thick. The CdTe layers of the and measured period thicknesses is comparable with
SLs were prepared by ALE under the same conditions the results obtained by G. Lentz et al. [12], who grew
as determined for the CdTe/ZnTe SLs, whereas the their ZnTe/Cd,,.,Zn,,,Te SLs on (001) Cd,,Zn,,,,,Te
MnTe part of the SLs was grown by MBE under tel- substrates with phase-locked epitaxy. However, in our
larium-rich conditions, since ALE self-regulation is case the growth parameters are less critical, as the
not expected to work for low vapour pressure com- growth regulates itself.
ponents such as manganese. RHEED patterns showed Figure 2 shows the rocking curves for SLs with a
a (2 X 1) reconstruction which was indistinguishable periodicity of 4 ML ZnTe/4 ML CdTe repeated 225
from the pattern occurring during the tellurium pulse times and 2 ML ZnTe/2 ML CdTe repeated 450
of the ALE-grown CdTe, showing that MnTe grew in
the metastable cubic structure.

High resolution X-ray diffraction (HRXD) rocking
curve measurements were taken around the (004) or M1, W, Z.1c
(002) peaks to determine the SL period from the 1 '-5
spacing of satellites. In the case of one CdTe/ZnTe SL C 05 5
with a period of 20 A, corresponding to 3 ML ZnTe/ 5- , NI

3 ML CdTe, we measured four asymmetric ((026),
(-335), (335) and (-315)) diffraction reflexes in 20

order to determine the exact composition. rcl 1L 'Tn•

1.7 K photoluminescence (PL) of the CdTe/ZnTe 2,-.1[ (-, l. ...
samples was measured at an excitation wavelength of 0(
488 nm on an excitation level of 5 to 20 W cm - .

3. Results and discussion Thcorctical Superlattice-Period JAI

Fig. 1. SL period of the Sl.% grown at a sub.trate temperature of
The measured SL periods of the sample series 28(1 v( v:'. the theoretical SL period for a growth rate of 0.5 MI.

grown at different substrate temperatures were all per growth cycle.
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Fig. 2. HRXD spectra around the (004) peak of SLs with the Omega I'

following structures: (a) 4 ML ZnTe/4 ML CdTe (150 repeti- Fig. 3. HRXD spectrum around the (002) peak of a CdTe/MnTe
tions); (b) 2 ML ZnTe/2 ML CdTe (450 repetitions). superlattice with 8 ML CdTe and 4.5 ML MnTe (100 repeti-

tions).

times. The fact that the second-order satellite peak of
the former and the first-order satellite peak of the latter peaks are clearly separated and the intensity between
coincide exactly demonstrates the reliability of the self- the peaks goes down to the background level, demon-
regulation. The intensity between satellite peaks strating good period constancy. Compared with CdTe/
reaches almost the background intensity level of 1 ZnTe SLs of a similar period, the intensity drop
count per second. This is a sign of highly perfect between zero-order and first-order satellite peaks is
periodicity, since periodicity fluctuations should result larger. However, computer simulations of X-ray dif-
in a rise of background intensity between the SL peaks fraction showed that this is not due to a decrease in
[13]. crystalline quality but reflects the differences in atomic

For the 2 ML/2 ML SL, which has to our knowledge scattering factors between zinc and manganese.
the shortest period length published so far, an interface Figure 4(a) shows the low temperature PL spectrum
roughness of I ML would result in a strong reduction of a CdTe/ZnTe SL with an individual layer thickness
of the satellite peak intensities. The fact that first-order of 2 ML (full line) and the spectrum of a ZnTe buffer
satellites are clearly observed suggests that the inter- layer grown on the GaAs substrate by conventional
face roughness is below 1 ML. This is in good agree- MBE (dashed line). We suppose that the SL PL spec-
ment with results obtained from far IR reflectivity trum is a superposition of the PL emission from the SL,
measurements of the same series of samples, where the the buffer layer and the GaAs substrate. The sharp line
energy shift of phonons confined in the CdTe layers is at 1.49 eV is most likely a GaAs exciton line. To obtain
evaluated [141. the SL contribution to the PL emission we subtracted

For the SL with a periodicity of 3 ML CdTe/3 ML the intensity of the ZnTe buffer layer spectrum from
ZnTe the thickness of each individual layer is well the CdTe/ZnTe SL emission. Since the SL is not trans-
below the critical thickness [2, 3]. As a consequence, it parent at energies above 1.8 eV, the buffer layer PL
is reasonable to assume that the SL is of the strained intensity was set to zero for hv> 1.8 eV. The result of
layer type. In this case, the average composition x of this procedure is shown in Fig. 4(b). The SL-related PL
the SL can be determined with high accuracy from the emission line has a width of about 150 meV. In a
position of the zero-order peak of asymmetric reflexes. similar way, the PL spectra from SLs with individual
(Details of this procedure will be published elsewhere layer thicknesses of 3-6 ML were obtained. These
[ 15].) We find an x value of 0.5 ± 0.005, this value spectra show a shift of the PL peak energy to smaller
corresponding exactly to the one expected for a perfect values with increasing layer thickness.
symmetrical SL. This is a further proof for the accuracy The relatively broad and weak SL PL emission
of the self-regulating process. stands somehow in contrast to the high degree of crys-

Figure 3 shows the (200) rocking curve of a CdTe/ talline perfection and good interface quality which was
MnTe SL with a period of 40.5 A, corresponding to observed by HRXD. We assume that threading disloca-
8 ML CdTe and 4.5 ML MnTe, repeated 100 times. tions, which penetrate from the buffer layer into the
Since the MnTe was grown by MBE without self- SL, are responsible for the broadening of the PL line
regulation, growth with an exact number of MLs was and also for the broad Bragg reflexes-though they do
not achieved. To our knowledge this is the first short not affect the interface quality.
period SL of CdTe with metastable cubic MnTe Figure 5 shows the PL spectrum of an 8 ML CdTe/
published so far. As in the case of CdTe/ZnTe, the 4.5 ML MnTe SL with 100 repetitions, which emits
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Fig. 4. (a) The 1.7 K PL emission from a 2 ML CdTe/2 ML Fig. 5. 1.7 K PL of an 8 ML CdTe/4.5 Ml MnTe SL.

ZnTe SL (full curve) and from the ZnTe buffer layer (dashed
curve). (b) The difference in SL emission and buffer layer emis- and the "Gesellschaft fur Mikroelektronik". We thank
sion shown in (a). Since the SL is not transparent for hv > 1.8 eV, 0. Fhs frechal aistance.
the buffer PL intensity was set to zero in this range. 0. Fuchs for technical assistance.

light in a similar spectral range to those of the CdTe/ References

ZnTe samples. In contrast to CdTe/ZnTe, in this case
the PL line is very intense and narrow (full width at 1 G. Monfroy, S. Sivanathan, X. Chu, J. P. Faurie, R. D. Knox

half-maximum= 25 meV). This fact shows that CdTe/ 2and J. L. Staudenmann, Appl. Phys. Lett., 49(1986) 152.
2 J. Cibert, Y. Gobi], Le Si Dang, S. Tatarenko, G. Feuillet,

MnTe SLs could be a good alternative to CdTe/ZnTe P. H. Jouneau and K. Saminadayar, Appl. Phys. Lett., 56
for light emission between 1.6 and 2.2 eV. (1990) 29.

3 J. Cibert, A. Andre, C. Deshayes, G. Feuillet, P. H. Jouneau,
Le Si Dang, R. Mallard, A. Nahmani. K. Saminadvar and

5. Conclusions S. Tatarenko, Superlatt. Microstruct., 9 (1991 ) 271.
4 1. Sugiyama, A. Hobbs, 0. Ueda, K. Shinohara and H.

Takigawa, Appl. Phys. Lett., 57(1991) 2755.
ALE has been used to grow CdTe/ZnTe short 5 W. D. Johnston and A. E. Sestrich, J. Inorg. Nucl. Chem., 19

period SLs on (001) GaAs substrates, and SLs of CdTe (1961) 229.
with metastable cubic MnTe have been prepared for 6 S. M. Durbin, J. Han, 0. Sungi, M. Kobayashi, D. R. Menke,
the first time. We show that the ALE method is well- R. L. Gunshor, Q. Fu, N. Pelekanos, A. V. Nurmikko, D. Li, J.

Gonsalves and N. Otsuka, Appl. Phys. Left., 55 (1989) 2087.
suited for the fabrication of precisely tailored struc- 7 J. Han, S. M. Durbin, R. L. Gunshor, M. Kobayashi, D. R.
tures. In a substrate temperature range between 270 'C Menke, N. Pelekanos, M. Hagerott, A. V. Nurmikko. Y.
and 290 'C, ALE of CdTe and ZnTe regulates itself to Nakamura and N. Otsuka, J. Cryst. Growth, 111 (1991) 776.

a growth rate of 0.5 ML per growth cycle, whereas 8 P. Klosowski, T. M. Giebultowicz, J. J. Rhyne, N. Samarth,

MnTe cannot be grown in a self-regulating way because H. Luo and J. K. Furdyna, J. Appl. Phys., 70 (1991) 622 1.
9 Y. Takemura, H. Nakanishi, M. Konagai and K. Takahashi,

of the low vapour pressure of manganese. HRXD Jpn. J. Appl. Phys., 30(1991) L246.
measurements show that the SL period is constant. 10 W. Faschinger and H. Sitter, J. Cryst. Growth, 99(1990) 566.
Since we are able to observe clear SL satellite Bragg 11 J. Li, L. He, W Shan, X. Cheng and S. Yuan, J. Cryst. Growth,

reflexes even for a 2 ML CdTe/2 ML ZnTe SL, we 111(1991)736.

conclude that the interface roughness is less than 12 G. Lentz, A. Ponchet, N. Magnea and H. Mariette, Appl.
Phys. Lett., 55 (1989) 2733.

1 ML. 13 V. S. Speriosu and T. Vreeland, J. Appl. Phys., 56 (1984)
2755.

14 T. Fromherz, G. Bauer, M. Helm, F. Hauzenberger, W.
Acknowledgments Faschinger and H. Sitter, Phys. Rev. B, submitted for publica-

tion.
15 F. Hauzenberger, W. Faschinger, P. Juza. A. Pesek. K.

This work was supported by the "Fonds zur F6rd- Lischka and H. Sitter, Thin Solid Films, submitted for pub-

erung der wissenschaftlichen Forschung in Osterreich" lication.



Materials Science and Engineering, B16 ( 1993) 83-86 83

Spectroscopy of donors and donor-bound excitons in
CdTe/Cd_ -xZnxTe multiple quantum wells

R. T. Cox*
SPMM/Laboratoire de Physique des Semiconducteurs, CEN-Grenoble, BP 85X, 38041 Grenoble Cedex (France)

A. Mandray and S. Huant
CNRS-MPI High Magnetic Field Laboratory, BP166, 38042 Grenoble Cedex 9 (France)

F. Bassani
Laboratoire de Spectromrtrie Physique, CNRS/Universitu J. Fourier, BP 87X, 38042 Saint Martin D'H&es Cedex
(France)

K. Saminadayar
SPMM/Laboratoire de Physique des Semiconducteurs, CEN-Grenoble, R~P S&X, 38041 Grenoble Cedex (France)

S. Tatarenko
Laboratoire de Spectromrtrie Physique, CNRS/Universitc J. Fourier, BP 87X, 38042 Saint Martin D'Hres Cedex
(France)

Abstract

Optical spectra for D"X (excitons bound by neutral donors) are identified in emission and absorption spectra of CdTe/
Cd, _,ZnTe multiple quantum wells that were planar-doped with indium. The effect of quantum confinement on the
exciton localization energy is measured as a function of well width. The 1 s- 2p ÷ transition of neutral donors is studied by
far-IR magnetoabsorption spectroscopy and shows no evidence for segregation of the dopant atoms.

1. Introduction 2. Experimental details

The intrinsic optical properties of CdTe quantum Indium was introduced into CdTe/CZT microstruc-
wells with Cdt -ZnxTe (CZT) barriers have been tures during MBE growth on CZT (3%-4% Zn) sub-
studied extensively in recent years (see, for example, strates at about 220 °C under excess cadmium pressure
the review by Magnea [1]). In this paper, we will [2]. The doping was nominally planar with the indium
describe the optical spectra of CdTe/CZT wells which plane placed either at the centres of the CdTe wells or
were doped with the donor impurity indium during near the well edges. The well widths L. were in the
their growth by molecular beam epitaxy (MBE). Our range 30-2 50 A. The optical characterization methods
study has two main motivations. Firstly, optical used were (a) luminescence, absorption and photo-
spectroscopy of neutral donors (DW) and of excitons luminescence excitation spectroscopy in the near-
bound to donors (D')X) can provide useful diagnostic IR (0.7-0.8 um - 1.6 eV) and (b) Fourier transform
information in doping trials. Secondly, we are absorption spectroscopy in the far-IR (10-400 cm
interested in the fundamiental effects of quantum under magnetic fields up to 13 T.
confinement on the speciesi nd D'X.

3. Results and discussion

We first discuss the near-IR measurements which
*Author to whom correspondence should be addressed, concern the bound exciton species L"1X. As reported

0921-5 107/93/S6.0(1 © 1993 - Elsevier Sequoia. All rights reserved
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elsewhere [3], we began our study by attempting to recombination of donor-bound excitons DAX. The
dope microstructures consisting of a single quantum energy difference X-D"X defines the exciton "local-
well in thick CZT barriers. However, it proved very ization energy" E,,,:..
difficult to adjust accurately the doping on a single Our CZT (3%-4% Zn) substrate material is trans-
plane because of compensation by the large numbers of parent to about 1.605 meV and for large L, the con-
background acceptor impurities (copper, lithium, etc. fined excitons can be seen in transmission as shown in
in the 1015 cm- 3 range) available in the CZT barriers Fig. 1(b) for sample ZD42 (Lý, = 135 A). For this
and substrate. This led us to grow multiple quantum MQW, grown directly on the sub trate, the X and DAX
well (MQW) samples of total thickness 0.5 um or lines are narrow and there is no obvious -Stoke's shift"
more, with the CZT barrier widths Lb comparable with between the absorption and luminescence peaks.
the well widths L., and with doping in each well to give One expects quantum confinement to compress the
a volume-averaged indium concentration of order wavefunctions of the two electrons and the hole of the
5 x 101' cm-3. Capacitance-voltage measurements DAX complex and so increase the exciton localization
show that these doped MQWs are n-type; this is con- energy with maximum effect at the well centres. Thus,
firmed by the far-IR spectra (see later) which show we attribute the sharp low energy edge of the DAX
absorption due to the internal transitions of D". absorption, giving a marked peak at 1.597 eV in Fig.

Figure 1(a) shows luminescence spectra for several 1(b), to donors at the well centres. The X - D`X differ-
doped MQWs. These all give a strong emission line at ence in the absorption spectrum then gives a very
progressively increasing energy levels with decreasing accurate value of E,,, at the well centre for
L. and lying 3-5 meV below the (heavy hole) free Lw = 135 A, namely 4.2 meV. In fact, EI,,, does not
exciton recombination line labelled X. Whereas line X appear to depend strongly on the donor position: a
is dominant for undoped samples, it is relatively weak sample similar to ZD42 but doped near the well %.dges
here. We attribute the strong emission lines to the gave an absorption onset only about 0.4 meV closer to

X. The intensity above the main DOX peak in Fig. 1(b).
extending up towards X, probably corresponds to

ZD42 ZD103 ZD102 unresolved excited "rotator" states of D"X.
For small well widths the X and DAX lines lie above

-- the substrate absorption edge and their absorption has
) (a) to be taken from photoluminescence excitation (PLE)

spectroscopy. Figure 1(c) shows a PLE spectrum for
.C
E the narrowest well studied which has L,. = 32 A (10
D monolayers, sample ZD 10 2).

SA• In order to maintain high confinement at ahis small
x I x L., this sample was grown with relatively high zinc

2.0 DIX tx , Content (24% Zn) CZT barriers 153 A thick on a

DIX II relaxed buffer layer of CZT (20% Zn) which matches
C--I its average lattice parameter. We think now that it

,D would have been better to match the MQW to a buffer1.•0 with a different percentage of zinc content, because we
0b x get a very large excitonic linewidth (about 5 meV) and

)c) , a large, energy-dependent Stoke's shift (about 1 meV)
0.0 .4 between absorption and emission (see Fig. l(c)). This

__gives an uncertainty of the order of 1 meV in deter-
mining E(,,,. These effects (and similar effects for

1.58 1.60 1.62 1 64 1.66 1.68 sample ZDI03 in Fig. 1, also grown on a 20% Zn
Energy (eV) buffer) have been traced to an unusually high, relaxa-

Fig. I. (a) Normalized luminescence spectra at 2 K for three tion-induced defect density found for buffer-alloy

CdTe/CZT MOWs doped with indium at well centres. Well compositions in the 20%-25% range [4J.
width L,. is 135 A for ZD42, 52 A for ZDI03 and 32 A for Figure 2 plots the data for E,,,, and compares these
ZD102: zinc content in the CZT barriers is 8% for ZI)42 and with its value in bulk CdTe [51, redefined to be
24% for ZDI03 and ZDII02. (b) Absolute optical density spec- El,,. = E.1 - E(D"X) = 2.7 meV where E, is the trans-
trum (log,,( I/transmission)) of sample ZD42 (40 wells=0.54 verse exciton energy, which is the appropriate limit for
,um of ('dTe) showing lines X and DX on the rising background E(X) as L. approaches infinity.
of the substrate's absorption edge. (c) PLE spectrum (arbitrary
units, monitored on low energy wing of UVX)for sample ZI) 1(2, As seen in Fig. 2, at small L. the parameter E,,,
showing Stoke's shift for exciton lines, reaches at least twice its bulk value. Comparison with
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the three narrowest wells, grown on high defect density CZT at 10 A from the lower (upper) edge for ZD86 (ZD8 7). The
buffers, large Stoke's shifts give the uncertainty ranges indicated transmission dips at 229 cm- 1 (ZD78) and 215 cm-' (ZD86,
(where lower limits are from luminescence data alone and upper ZD87) correspond to the I s - 2p + transition of neutral donors.
values take PLE spectra into consideration). The dashed curve is
a guide for the eye only. ZD78) than for bulk CdTe (207 cm-l, see ref. [81)

because quantum confinement has compressed the
limited experimental data for the L. dependence of the donor wavefunction, increasing intradonor level
donor ionization energy E, (from "two-electron D°X" spacings. We have made variational calculations of the
transitionis [6]) suggests that there is no "Haynes' rule" Is-2p+ spacing for these samples using a model 19]
(proportionality of Ejo, to E1 ) for the L, dependence of suitable for a real MQW structure (finite barrier height,
Eo,,: the localization energy increases faster than Ei as finite barrier width) in a magnetic field. Neglecting
L, decreases from infinity. electron-phonon interaction and using an effective

We now describe our far-IR transmission measure- Rydberg of 12.5 meV and effective electron mass of
ments in which the Is--2p÷ internal transition of 0.09 6 me for CdTe, we calculate a transition energy of
neutral donors is observed as a function of the mag- 217 cm-I at 13 T for ZD78, in reasonable agreement
netic field. In studies of GaAs/Gal-,AlxAs quantum with the measured value (about 229 cm -1). The dis-
wells it has been shown that the Is- 2p' transition can crepancy is most likely because the electron-phonon
give valuable information about the effects of confine- interaction is neglected, since calculating the transition
ment on donor states and about impurity redistribu- energy in the bulk with the same assumptions gives an
tion, because its energy depends on the well width and equivalent disagreement.
the impurity position in the well [7]. Figure 3 shows the Is- 2p' transitions lying at lower

It proved necessary to work in quite a high magnetic energy levels for donors near the well edges and gives
field to move the Is - 2p + transition into a transparent an insight into the width of the doping profile. Sample
region above the reststrahlen band (at relatively low ZD86 is doped at nominally 10 A from the lower
energy in CdTe/CZT). Transmission spectra taken at interface and ZD87 at the same distance from the
13 T and normalized to zero-field spectra are shown in upper interface (where "up" means in the growth direc-
Fig. 3 for three MQW samples with the same well tion). The two spectra will not be the same if there is
widths, namely Lw = 108 A, but with differing loca- unidirectional segregation of the donors (i.e. a redis-
tions of the indium planes. The transmission minima at tribution of the impurity that is asymmetric with
around 220 cm -I in Fig. 3 can be attributed to the respect to the growth direction) as has been seen in a
is-2p+ transition of D1, confirming that n-type similar study of donor-doped GaAs/Ga1 Al_- As
doping has been achieved. The other features in the MQWs [7]. Segregation would bring some donors
spectra are not donor related and will not be discussed towards the middle of the wells in sample ZD86 and
here. thus distort the spectrum towards a higher energy level

The Is--2p+ transmission dips in Fig. 3 are dis- while donors would be drawn away from the well
placed to higher energy levels (229 cm at 13 T for centres in sample ZD87, distorting the spectrum
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Abstract

The deformation potentials of CdTe are such that a (001 ) or (I 1) in-plane biaxial strnin strongly shifts the energie:; of the
light hole states and leaves nearly unchanged the heavy hole states. As a consequence. in strained CdTe-based fetero-
structures, from piezoreflectivity measurements combirned with first-order derivatives of the reflectivity structutes, we
identify in terms of heavy and light hole excitons all features associated with optically active layers (epilavers. substrates,
buffei layers, quantum weil and/or superlattices). fiii., appears of crucial relevance in the CdTe/(Cd.Zn)Te hetero-
structures (with a zinc composition of less than 0.15) because the lattice mismatch-induced splitting, the electron-hole
Coulomb interaction and the valence band offset have the same order of magnitude. This produces a complex situation
relating to the electronic states of the valence band. From the analysis of our experimental data via the envelope function
formalism, including the specific strain effects, we find (i) new shear deformation potentials of CdTe; (ii) unambiguous
identification of the character (heavy or light, type I or 11) of excitonic ground states, in CdTe/(CdZn)Te quantum wells
and strained-layer superlattices; (iii) an accurate value of the chemical band offset between CdTe and (CdZn)Te; (iv)
finally, period dependence of the heavy and light hole exciton binding energies.

1. Introduction of light holes are strongly shifted. This is due to the
values of the hydrostatic (aJ) and shear (b or d) defor-

Recent developments in the physics of strained- mation potentials, which compete to build the stress-
layer superlattices (SLSs) made it possible to take induced energy shift of the valence bands. Thus,
advantage of lattice mismatch effects as ingredients for a piezoreflectivity experiments allow an unambiguous
"refined" gap engineering. In particular, not only the assignment of the observed spectral features to light
energy of the gap, but also its type (I or II) and the hole or heavy hole excitons.
symmetry of the involved carriers (light or heavy holes)
can now be chosen by adjusting the values of the layer
thicknesses and compositions. Of course, correct 2. Experimental details
modelling requires an accurate knowledge of basic
material parameters, such as deformation potentials, The sample coplanar piezomodulation is carried out
band offsets, etc. Piezoreflectivity allows us to improve by gluing the samples onto a piezoelectric radial trans-
this knowledge and the subsequent band gap engi- ducer, such as lead zirconate titanate (PZT) ceramic,
neering. driven by an alternating voltage. Such transducers

The principle of piezoreflectivity is the same as for generate a strain Al/i= 10-s. The piezomodulated
any kind of modulation spectroscopy: when a perturba- signal is detected with the standard lock-in technique,
tion is applied to a sample, the band structure and where the lock-in detector reference is obtained from
dielectric constant are altered. Consequently, the opti- the a.c. stress driver. The resulting spectrum is then an
cal response of the material is in turn modulated. Bi- amplified first derivative of the original spectrum [ 1.
axial piezomodulation has a selective effect on the
various components of the spectrum, depending on 2 1. A-CdTe epilayers
their symmetry; this allows their identification, as In Fig. I are plotted the direct (R), the wavelength-
demonstrated in earlier works [I]. The case of CdTe- modulated (WMR) and piezomodulated (PMR) reflec-
based quantum wells (QWs) or SLSs is particularly tivity spectra of (a) (001 -grown and (b) (I I )-grown
favourable since, for a given value of a biaxial strain CdTe strained epilayers. The spectra reveal two types
applied along the (001) or ( 111) plane, the energies of of features related to heavy and light hole excitons. In
heavy holes are almost unchanged, while the energies both cases, spectra (PMR) show that the light hole exci-

Elsevier Sequoia



88 J. Calatayud et al. / Piezoreflectivity investigation of CdTe/(Cd, Zn) 7 e heterostructures

eh el a eh el b

R
R

4-J CdTe"teCdTe
Sstrained layer trained layer:::1 (01) -grown

T-6K (Il)-grown
T-6K

>- • • ~WMR .. JI/•_- MC-

PMR PMR

| .590 1.594 1.598 1.602 1,606 1.610 1.590 1.594 1.598 1.602 1.606 1.600

ENERGY (eV) ENERGY (eV)

Fig. 1. Direct (R), wavelength-modulated (WMR) and piezomodulated (PMR) reflectivity spectra of (a) (001I)-grown and (b) (11 Il)-
grown CdTe epilayers strained by a GaAs substrate.

ton is strongly modulated. The ratio K of the 1000 A, and a series of SLSs consisting of equal thick-
modulation rates of light hole and heavy hole struc- ness layers of CdTe and cadmium-rich (Cd, Zn)Te alloy
tures is K0oo I- - 16 (for the (00 1) growth axis) or (%oZn - 10%), with periods ranging from 70 to 400 A.
KgIII -- -+-30 (for the (111) growth axis). These coeffi- They were grown in a Riber 32P MBE machine on
cients are related to the deformation potentials as (001)-oriented Cd0.96Zl"o.4Te substrates. Reflected
follows: high energy electron diffraction (RHEED) provided an

b 2(I, +S12 I _001in situ measurement of the layer thickness with an
b_ 2(, +2I2)1K00taccuracy of one monolayer. For convenience, we

a S11-S12 I +K~ol present, in Figs. 2 and 3, experimental data from two
and particular samples, including both QWs and SLSs.

The main difference between these samples arises
d 4,/3(Sl, +2S,,) I -K... from the period of the SLS: sample A (Fig. 2) is a
a-44 I+Kl (35 A)/(35 A) CdTe/Cd0.91Zno.09Te SLS, while sample

a $44 +K,,B (Fig. 3) is a (70 A)/(70 A) CdTe/Cd0.90Zno.loTe SLS.
From the most recent value a-,-3.43 eV [2] of the Both samples contain an isolated quantum well (IQW)
hydrostatic deformation potential, and with the four K made up by a CdTe layer 2 10 A wide. It should be
elastic compliance constants given by Greenough and noted that the first superlattice (A) is slightly strained
Palmer [3] (Sll -, 0.416 kbar- 1, S12 - -0.171 kbar- ' by the Cdo.97Zno.03jTe substrate; in contrast, for sample
and S44-"0.483 kbar- •), we can deduce new shear B, the composition of the Cdo).955Zno).o.5Te substrate is
deformation potentials for CdTe at low temperature: close to the average composition of the superlattice.
b -" -0.98 eV and d, -3.41 eV. Sample B can therefore be considered as almost free-

standing. From a lot of information on direct (R), wave-
2.2. B-Cd Te/ (Cd, Zn) Te strained quantum wells and length-modulated (WMR) and piezomodulated (PMR)
superlattices reflectivity spectra, we present only the fundamental

We have studied a series of CdTe/(Cd,Zn)Te QWs transitions of the active layers. (QWs and SLSs are
with CdTe layer thicknesses ranging from 50 to carefully studied in refs. 4 and 5.)
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sample A. This is a (35 A)/(35 A) CdTe/Cd(9JZn....Te SLS Cd(.,(Zn,,.(Te SLS (sample B). This sample also embeds a CdTe
containing an isolated quantum well (IQW) made up by a CdTe IQW 210 A wide.
layer 210 A wide and slightly strained by a CdO.9 7Zn0 .03Te

substrate.

within the envelope function formalism, taking account
We can identify the features of the substrate (S), of of both the chemical band offset and lattice mismatch

the IQW (ehw, elw) and those of the SLS (eh, el). The effects. The chemical valence band offset Qv may be
fundamental excitonic transition of the IQW 210 A written as
wide is the exciton line ehw in both cases. This situa-
tion is typical of all CdTe QWs grown on (Cd,Zn)Te Qv= AE_
substrates: the ground exciton state is a type I heavy AEg
hole exciton with a binding energy of about 15 meV as
predicted by a theoretical calculation; transitions where AEv is the valence band discontinuity in the
involving light holes are spatially indirect and thus absence of strain (AEv <0 for Ev(CdTe)> Ev(CdZnTe)).
hardly detectable. For the SLSs, the situation is more As this parameter is not well known, we wish to
complex. The fundamental line is the type II (indirect) extract a reliable value by fitting our calculated sub-
light hole excitonic transition el in the case of sample A band-to-subband transitions to our experimental data.
(el < eh, Fig. 2), and the type I (direct) heavy hole Indeed, the exciton energy eh (el) can be deduced
exciton eh in the case of sample B (eh < el, Fig. 3). This from the subband-to-subband transition EH (EL) by
point is addressed in the next section through a quanti- subtracting a quantity which should correspond to the
tative theoretical analysis of our data. exciton binding energy (EBE). It can be easily shown

that an accurate estimation of Qv is obtained if one
takes advantage of the measurement of type II optical

3. Data analysis and discussion transitions in SLSs with rather wide periods, as
sketched in Fig. 4, where we show, for a (200 A)/

For each sample, piezoreflectivity allowed us to (200 A) SLS (sample C), that the EL type II transition
identify the heavy and light hole confined exciton is much more sensitive to the value of Qv than is the
states. We can now calculate the transition energies EH transition, which is type 1. For such a wide period,
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the light hole EBE is weak, since the electron and the about 11 meV. Finally, the value Q,. . 2 ± 3% pro-
light hole respectively lie in CdTe and (CdZn)Te vides the average maximum agreement between theory
layers, with a vanishingly small envelope function and experiments (note that here 3% corresponds to
overlap. This EBE is slightly higher than 3 meV [6]; in about 1 meV).
the present case, we have taken a value of 4 meV. Thus, In Fig. 5 we show the values of EH - eh and EL- el
by comparing the experimental el transition energy to for symmetrical SLSs with various periods. First, we
EL, we can derive a value Qv. In order to check the note that a value of about 11 meV is effectively
accuracy of this value, we can apply the above method obtained for very short periods, which confirms the
to all our samples. The quality criterion is as follows: if coherence of our modelling of internal strain effects.
we choose the good value for Qv, the variation of Next, the variation of both quantities vs. the period is
EH - eh and EL- el vs. the period must be the same as similar to that for EBEs given by recent theoretical
for the EBE. We have seen that for wide periods, the calculations [7]. This is particularly crucial in the case
heavy hole EBE is equivalent to the heavy hole EBE in of light hole excitons, since another value for Qv may
a single QW, e.g. about 15 meV for a wide QW 210 A, lead to an inconsistent behaviour of EL- el. We can then
and the light hole EBE is weak. (This value is the lower conclude that the chemical valence band offset Qv is
limit which can be reached, because of the spatial small and that the type and character of the fundamen-
separation of the carriers. It corresponds to the binding tal gap of an SLS result from the competition between
energy of the 2p-like interface exciton (0.25R*), as internal strain effects and the Coulombic interaction.
theoretically predicted, for example, by Matsuura and Indeed, the theory shows that, in a free-standing super-
Shinozuka.) For small periods, the SLS is equivalent to lattice, the energy of EL is always slightly lower than
a quasi-alloy, and both light hole and heavy hole exci- that of EH. However, since the heavy hole EBE is
tons recover a three-dimensional binding energy of larger than the light hole EBE, the fundamental gap of

the SLS keeps a direct (type I) character (eh <el), as
shown in Fig. 6(a). This is the case of sample B pre-
sented in Fig. 3. In contrast, sample A (Fig. 2) exhibits a

161 light hole type II ground excitonic transition (el < eh).
1615

E L
sample C

1G14 20

EH -- - - - -- 18
"1610 4meV 16 Reh

>04mel

E 14
"- 1606 -

15meV 12 R 3 D

01602

II L9.,
Z Rh 8.
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JJ S.
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Fig. 4. The dependence of the calculated band-to-band transi- Fig. 5. Plot of the differences EH - eh and EL- el. as deduced
tion energies EH and EL vs. the chemical valence band offset from our experiments and calculations, vs. the period for several
ratio Q, for a (200 A)/(200 A) CdTe/Cd,,Zn.,,Te SLS symmetrical SLSs. The variations obtained are those expected,
(sample C). The measured excitonic transition energies are also respectively, for the binding energies of a type I heavy hole
represented by horizontal lines. exciton and a type 11 light-hole exciton.
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1640 1 1 1 1 1 1 . strate which leaves CdTe layers less strained than
"free-standing SLS' (Cd, Zn)Te layers; (ii) a choice of small periods.

1630> EH EL '

0.1 14. Conclusions

>. 1610e - By usin&, piezoreflectivity experiments, we have im-
el e -- proved the knowledge of CdTe and CdTe/(Cd,Zn)Te

3f 1600 e h strained-layer heterostructures from two points ofUi
Z view. First, quantitative measurements of piezo-

1550 type I modulation rates of light hole and heavy hole features

provided us with reliable values for the deformation
1590 100 200 300 400 Soo potentials b and d in CdTe and cadmium-rich

16400 10 2 300 400 500 (Cd, Zn)Te. Secondly, the assignment by piezomodula-
tion of optical features to light hole or heavy hole

"1630 excitons, for several samples, was carefully compared
> EH EL with tl.e results of model calculations. This allowed us

Q)1620 ,-to extract a value for the chemical valence band offset
ratioQv = -2 3%, and the coherent variation of the

160 o-binding energies of light and heavy hole excitons vs. the
- - - period of the SLS. Thus, knowing the combined condi-

-i 10 tions of strain and period which control the type (I or
Z 11) of a CdTe-(CdZn)Te SLS, we can now proceed
., t59o -towards refined gap engineering.

rtype I I type I

1580
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Piezomodulated reflectivity on CdMnTe/CdTe quantum well structures
as a new standard characterization method

E. Kurtz*, K. Schmitt, D. Hommel, A. Waag, R. N. Bicknell-Tassius and G. Landwehr
Physikalisches Institut, Universitat Wiifrburg, D-8700 Wuirzburg (Germany)

Abstract

Piezomodulated reflectivity (PZR) measurements are reported for the first time as a standard characterization method for
CdMnTe/CdTe single (SQW) and multiple (MQW) quantum wells grown by molecular beam epitaxy on CdTe substrates
1 mm thick. Previously, modulation spectroscopy studies of 11-VI structures required thin substrates which needed
special preparation. In this paper we present studies of optical properties of CdMnTe/CdTe SQWs and MWQs using the
PZR technique. The samples, mounted on a sinusoidally driven piezoelectric transducer are subjected to an alternating
strain. Exploiting "lock-in" techniques, the first derivative of the reflectivity is measured directly. Specific electronic
transitions. e.g. excitons. are well resolved in the modulated spectrum and can be easily identified. This makes PZR a very
sensitive and powerful tool for the characterization of quantum well structures, and a useful complement to other
standard techniques such as photoluminescence and excitation spectroscopy.

1. Introduction has been successfully employed in the study of bulk
materials [4-6] and recently of microstructures 17-10].

In recent years, CdTe and other I-VI compounds The application of uniaxial stress to a sample, as
have become very popular because of their potential done in PZR, lowers the crystal symmetry but pre-
for band gap engineering. Wide gap materials cover a serves the translational invariance of the crystal. The
wide range in the visible range up to 3.8 eV (ZnS), modulated spectrum consists essentially of the first
while narrow gap I1-VI semiconductors can even have derivative, related to the energy, of the static reflec-
negative band gaps (-0.3 eV for HgS). This is of tivity, and interpretation is straightforward compared
special interest for optoelectronic applications ranging with those of other modulation techniques. Many
from detectors to diode lasers. Diluted semimagnetic advantages arising from the use of PZR have been
materials, such as CdMnTe have advantages at low accounted for by Lee et al. 17].
temperatures since their band gap can be varied by the In this paper, we report on the use of PZR for the
manganese content and by the magnetic field as well. characterization of CdMnTe/CdTe SQWs and MQWs.
Today good quality epilayers, and single (SQW) and It is shown that this technique is also applicable to
multiple (MQW) quantum wells containing II-VI semi- samples grown on CdTe substrates 1 mm thick without
conductors can be grown by molecular beam epitaxy the need of thinning. This and the fact that optically
(MBE) [1] or metallo-organic chemical vapour de- allowed transitions are well resolved makes PZR a
position (MOCVD) [2]. useful complement to other characterization methods.

Characterization of these structures is generally
performed either by destructive techniques such as
secondary ion mass spectroscopy (SIMS) or optically 2. Experimental details
by means of photoluminescence, photoluminescence
excitation (PLE) and modulation techniques [3], such The CdMnTe/CdTe quantum wells used in our
as photomodulated (PMR) and electromodulated study were grown by MBE on (001) CdTe substrates
(EMR) reflectivity. Piezomodulated reflectivity (PZR) 1 mm thick and of dimensions 5 mm X 10 mm.

To apply external strain to a microstructure, the
sample is mounted on a lead-zirconate-titanite trans-

*Correspondence should to be sent to Elisabeth Kurtz. ducer using the technique of Gavini and Cardona 15].
Arbeitsgruppe MBE/EPIII. Physikalischcs Institut, Universitiit To obtain uniform stress at the centre of the sample
Wiirzburg, Am Hubland. D)-8700 Wirzburg, Germany. only its ends are fastened to the transducer with high

0921-5107/93/S6.00 0 1993 - Elsevier Sequoia. All rights resercd
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vacuum grease which is easy to handle and hardens at 4 Sample ct396
low temperatures allowing for the relaxation of internal 3 SQW U=58A, 11.4% Mn
strain owing to cooling. The sample is mechanically 2Wt5A1.4M

modulated along its longer side (i.e. its (0 11) direction) 2
by applying a sinusoidal electric field along the thick- • 1
ness (1.5 mm) of the transducer. Voltages ranging o0
between 600 and 800 VPP are obtained by suitable CdTe

-1 bufe CdMnTe
amplification of the reference taken from a function buffbar
generator. A frequency of 180 Hz was chosen because -2 Jib

of the strong decrease in amplification for higher -3

frequencies. Owing to the high field strength, liquid 1,55 1,6 1,65 1,7 1,75 1,8

nitrogen had to be used instead of helium in the bath energy leVI
cryostat. Light from a 100 W Xenophot-halogen lamp Fig. 2. SOW ct396: thin sample (200 um) where a relative pre-
was focused to about 1 mm2 on the sample in a near strain of 10-' was taken into account tor the numerical deter-

perpendicular incidence configuration. Warming of the mination of the well width from the heavy and light hole
sample can be neglected owing to the fact that it is transitions.
directly immersed in liquid nitrogen. The reflected light
then passes through a grating monochromator (HR640
Jobin Yvon) and is detected by a silicon photodiode.

The signal contains a d.c. component, which is
measured by an HP 3468A multimeter, and an a.c. Sample ct310
component proportional to the periodic, strain- 0,8 MQW Lz=70A, 20% Mn

induced change AR in the reflectivity. This a.c. com- 0,4 ,•''II
ponent is detected phase sensitive compared with the 0
modulation reference with an Ithaco 396 1 B lock-in # _______ " W _

amplifier. Both signals are recorded simultaneously, C
processed by computer and divided to obtain the ratio 1-0,4 CdTe

ARIR. 
-0,8 buffer

3. Results 1,57 1,59 1,61 1,63 1,65 1,67

Two SQWs and three MQWs have been investigated

for the present study. The spectra of the SQWs ct302 Fig. 3. Sample ct310: MOW on a substrate 1 mm thick. Both
manganese content and well width had to be determined numeri-and ct396 are shown in Figs. I and 2, while Figs. 3-5 cally from the heavy and light hole features.

represent the MQW structures ct310, ct434 and ct530.
Interpretation is straightforward. The features at
1.586 eV are attributed to the excitonic transition in
the CdTe buffer (substrate). The next higher signatures
correspoiid to heavy and light hole transitions in the Sample ct434

MQW LU=80A, 13.6% M~n
• 0,5

Sample ct302 . 0 • ,-..• //•

-1,
0,5 SQW Lz=29A, 18.1% Mn

-0,5 _0,57151,1,6
buffer

,51,57 1,59 1,61 1,63

Mde barrier energy leVI
buffer 1lhbare

-1 -Fig. 4. Sample ct434: MOW with manganese content of 13.6%
1,55 1,6 1,65 1,7 1,75 1,8 1,85 1,9 on a substrate 1 mm thick. The manganese concentration was

energyleVI determined from the reflection spectrum, since the lack of a
CdMnTe cap layer resulted only in a very small change of reflec-

Fig. 1. PZR spectrum of sample ct302 SOW on a substrate 1 mm tion and the transition could not be recognized in the PZR
thick taken at 77 K. spectrum.
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quantum wells. The highest energy feature to be found using an appropria:e envelope function con isting of
is the transition in the C '"nTe barrier from which the the product of one particle functions for the electron
manganese content x w;-, o termined using 1III q,,( z) and hole ,h(Z,) and the wave function for the
E)Cd, , Mne) (1.58, L.50) Ix) eV relative motion ,..h(P, h) with the variational param-

eter b to account for the two-dimensional diameter of
since measuremerts " ere performed at liquid nitrogen the exciton. The Schroedinger equation of the system is
temperatures. Thise features could not be seen in the then solved by simultaneously varying three hand
PZR spectra of samples ct3 10 and ct434, since both parameters of the wave function until the resulting
lacked a CdMnTe cap layer. In the case of sample exciton energy approaches a minimum. During all the
ct434, the manganese content could he determined calculations a natural valence band offset of 15'%, was
irom reflection measurements where the transition was assumed for the type I CdMnTe/CdTe quantum wells.
slightly visible while, for sample ct3 10, both the man- Further information concerning the general calculation
ganese concentration and well width had to be calcu- method and the parameters used can be found in ref.
lated from the heavy and light hole features. 12 and references therein.

"TO obtain the width L, of the quantum wells from In the case of the SOWs the thin CdTe laver is
the experimental data, a suitable numerical model embedded in two comparably thick CdMnTe barrier
equally consistent for both heavy and light hole layers. Therefore, the barrier was assumed to be
excitons 1 121 was used. The splitting is not only caused relaxed to its own lattice constant and the well com-
by strain owing to lattice mismatch between the pletely strained according to the relative lattice
('dIMnTc buffer and the CdTe well but also by differ- mismatch of Aa/a=(0.225x) 13). In the MOWs the
ences in confinement and binding energies owing to strain was distributed according to the thickness of the
differences in mass. The energies are calculated from layers. The quantum well thickness L, was determined
an enhanced two-band model bv variational methods using the known manganese concentration, strain dis-

tribution in the layers and valence band offset with L,
as the variational parameter for the calculation of the

1Sample ct530 exciton energies. The results for heavy and light hole
transitions were fitted to the experimental data giving%1QW LU=53A, 10.6", Mn (~~

0,2; r. M ,.,tr,. L,. In the spectra the calculated energies are marked
iwffe'r ""' .5 and labeled accordingly. Owing to the fact that there is

-• o & .. ' . , *.Ai a great uncertainty in some of the general parameters
, i used in the calculations, a relative deviation from the

-0,23 1h actual L., of approximately ± 10"%, may be considered.
In the case of sample c6310 (Fig. 3). both the man-

"_ _ _ _ _ ganese content and well width had to be determined
-03 inumerically, since no signal of the barrier could be

e,, nergy n,7 7detected, resulting in a high relative deviation for both
energy leVI values.

Vi-;. 5. t/ZR spectrum of sample ct530 MOW on a substrate I Sample ct396 (Fig. 2) is an exception in the way
mm thick at 77 K. that it was prestrained. Owing to the fact that this

TAIBt.LF I. Major data concerning the samples used in the study, experimental and numerical results

(jrowih data Calculated energies Results

Sample ('die ('dMnTe Number ('dMnie Natural strain Heavy tight Mn Quantum
namc buffer barrier of cover distribution in hole hole concentration %ell wvidth

.Pmn periods layer (A) CdTe well % eV eV "' I., (A)

ct3(2 0.5 1.5 Jim SQW 800 I00 1.70172 1.7293 18.1 29,
ct39)6 1.0 1.5 Jim S()W 800 I 00 1.6260) 1.6481) 11.4 58

ct3 10) 0.1 301) A 50) - 75 I.o253 1.6509 20 70
ct434 0.2 75 A 50 - 50 I.6092 1.6234 13.6 80
ct53(i 0.5 61) A 50 10)0)0 50 1.63104 1.6448 10.6 53

"I hces data have been corrected to an additional relative %train of i0
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sample is only of dimensions 2 mm x 2 mm and Acknowledgments
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Structural defects in bulk and epitaxial CdTe

K. Durose, A. Turnbull and P. Brown*
Uniiversinv of Durhamn, l)epartment of Physics, South Road, Durham (UK)

Abstract

The advantages of growing bulk CdTe from the vapour are summarized and the structural defects presc:-" in material
grown using three different vapour methods compared critically. Kawano's growth rate explanation of twin distribut'on is
developed and the effect of growth conditions in anomalous cases is speculated upon. Experimentally observed tilts and
rotations in CdTe/GaAs(001 ) are explained using a dislocation model which indicates a degree of cooperative alignment
of certain interfacial dislocation components. The equilibrium distribution of threading dislocations and the prospects for
filtering using soft, tensed layers, e.g. (HgMn)Te, are discussed.

1. Introduction 2. Defects in bulk vapour-grown CdTe

The presence of structural defects in both bulk and Although the majority of bulk CdTe is grown from
epitaxial CdTe represents one of the greatest barriers the melt, vapour growth is known to offer the signifi-
to the utilization of this material in high performance, cant advantage of growth below the maximum melting
low cost IR detectors. Although CdTe and (CdZn)Te point of 1092 'C [5]. Growth at lower temperatures
should be ideal substrates for (CdHg)Te epitaxy, the carries the benefits of redaced thermal strain on cool-
wafers are expensive because of the difficulties in ing, higher CRSS at the growth temperature and
producing single-grained boules with low defect reduced contamination. Furthermore, control of the
density. Avoidance of the problem by resorting to vapour composition should enable close stoichiometric
foreign substrates, notably GaAs, leads to new defect control.
problems. A wide variety of vapour growth configurations are

Grown-in structural defects in CdTe fall into three available in principle and here the structural defects
categories: present in as-grown CdTe boules grown by three of

(i) Grain boundaries and twins occur, arising from them are compared (see Fig. 1).
nucleation and growth phenomena. Twinning is espe- The "Durham" method [6] shown in Fig. l(a)
cially prevalent [ 1] since CdTe has a high ionicity (74%) employs an evacuated silica capsule with a conical
[2] and hence a low stacking fault energy. nucleation tip connected to a Te reservoir by a narrow

(ii) Dislocations and subgrains are common on orifice. As the capsule is drawn upwards through the
account of the low critical resolved shear stress (CRSS) temperature gradient, transport begins at an ill-defined
and hence yield stress (ay = 25 kg cm - 2 at 300 K [31) of point and is, omplete after about 7 days. Polycrystal-
CdTe, which make it susceptible to deformation by linity is common although sometimes single crystal
thermal stresses during growth. boules are obtained, the irreproducibility being due to

(iii) Precipitation of excess Cd or Te is prevalent in nucleation at the tip and the inability to control the
the bulk material owing to the retrograde solid solu- residual pressure in the tubes. Many of the grains are
bilities of these elements in CdTe [4]. twin related (1 = 3, 9, 27), and broad lamellar twins are

This paper deals with three current topics related to common. Te inclusions 5-30 um in size are invariably
defects in CdTe, namely the relationship of differing associated with grain and twin boundaries, the higher
bulk vapour growth methods to defect content in bulk energy boundaries being more heavily decorated [7].
CdTe, twin suppression in epitaxy and the effect of Concentration of dislocations with similar Burgers'
interfacial and threading dislocations in CdTe/GaAs. vectors into regular arrays was observed by transmis-

sion electron microscopy (TEM) 17, 81 and most of the

*Present address: Department of Materials. University of dislocation density was present as subgrain boundaries
Cambridg., Cambridge, UK. approximately 100 /um apart. The overall situation is

(1921-5 1(07/93/S6.00 0 1993 - FVlcvicr Sequoia. All right% rcserv'ed
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a) 0) c) *.'

C • V.

Temp I . •

HeM

Temp
Fi,. I. The three %apour transport configurations compared in
this work. a) "')urham" sealed ampoule method: growth time
about 7 days., b)"Pil,cr-Polich" self-scalinig tube in an Ar atmo-
sphere: growth time about I day. ci "HAI-N'X method using`1-
continuous pumping with tic back-filling capability.

one in which the grown-in defects have reached a state
of equilibrium during the extended growth period and
ramped cool down.

In the "'Piper-Polich" method 171 (Fig. lhb)) an open
growth tube with a narrow neck is placed in a tempera-
ture gradient under Ar at atmospheric pressure. When
transport begins the tube self-seals and the crystal it No4

grows within 21 h. after which the boule is cooled -•
rapidly by switching off the furnace. The incidence of
multiple grains and twinning is similar to that of .7
"D)urham" material. However, the dislocations are only ,
loosely organized into arrays of mixed Burgers' vector
j71 with a subcell size of about 100) pm and a high intra-
cell dislocation density. Precipitates are small (typically
less than 1 pm in size), are coherent with the lattice and
are generally scattered throughout the bulk of the Fig. 2. Room temperature S-M/CI. micrographs of a i

material. In "Piper-Polich" boules the short growth wafer of"FlMA"C'dlc": ajbt, grains: 1 1slip band,.
time lead to a less equilibrated defect distribution and
this appears to be desirable.

The third method examined here has been devel- 5 x 10' cm 2. This is probably because cathodolumi-
oped by the "ELMN' research and development asso- nescence has a higher penetration depth than etching
ciation of Moscow. It is illustrated in Fig. i(c) and and also because no attempt was made to find a good
utilizes a seed wafer mounted on a sapphire rod. part of the boule. Examination of other parts of the
Charge material is supported vertically above it in a boule revealed slip hands oriented in II 1()0, as shown
hotter region of the furnace. Continuous pumping in Fig. 2(b). These may be a result of thermal stresses
operates and the chamber can be back-filled with inert caused by sticking to the sapphire block., Lso visible in
gas. The CdTc boule studied here was 50 mm in Fig. 2(b are dark spots with especially high contrast.
diameter and about 10 mm deep with a convex growth These are piecipitates [11I about 2 14m in size and
surface which was identified as (I I I)A using Laue appear to be randomly distributed throughout the
back reflection and etching in HF+ HNO,+('HOOH sample. Occasional inclusions up to 10 um were
(1:1:1) 191. The etch revealed no large angle grain observed. The use of a seed wafer has yielded single
boundaries and only one small inclined twin lamella crystal material with a low twin density. Growth would
was seen. Figures 2(a) and 2(b) show room tempera- appear to have been relatively rapid. giving distributed
lure cathodoluminescence micrographs of a (00(1)- rather than associated dislocations and precipitates.
orienteJ bromine/methanol etched surface. Figure 2(a) ('learly. the conditions of vapour growth are impor-
is typical and the black spots due to dislocations are tant in determining the defect content and distribution
only lho,.-'ly organized into subgrain boundaries with a in ('ITe. The use of a seed wafer was efficient in
minimum separation of about 100 pim. The average generating single crystal material and further reduc-
dislocation density in the figure is about 10" cm t. tions in twin density may bc realized if a twin suppress-
somewhat higher than the manufaclurer', figure of ing orientation st,.oh as (; 12 )B were used (see Section
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3). Precipitation and dislocations are introduced by a) [110] projection; twins do not grow

non-stoichiomery and strain, and their distribution is "1 )B (111)B (2 1)A
controlled by the thermal profile of the growth process.
It is only through the careful control of these factors
that the full benefits of bulk vapour growth will be 0 (001)
realized. [110]

3. Twinning in epitaxial CdTe b) [1 TOl projection; twins grow

(22- )B (i1)A (111)A (221)B
Twinning in CdTe represents a major problem and is

prevalent in almost every form of the material. The
relationship between twin and matrix in the sphalerite E (001)
lattice is highly symmetric and is variously described as [1101-
a 7 = 3 coincidence relationship, a E = 250* 32' (110) L
tilt boundary, a shear in (211) with 1111} invariant, or a Fig. 3. Anisotropic twinning in CdTe(001): (a) [1 101 zone axis:
0 = 1800 (111) twist boundary. Parallel planes in twin (b)[Ii01 zone axis.
and matrix may be identified using one of the four 3 x 3
matrices which may be written for each (111) twist axis
[11-13]. ing so twinning is suppressed on (i 11)B and (I i 1)B

In this paper twinning in homoepitaxial CdTe is planes which intersect [110]. This dispels the notion
examined with reference to the work of Kawano et al. that twinning is solely a B-face phenomenon. Different
[13]. They point out that twinning should only occur material systems and even different samples of the
during the thickening of an epitaxial layer if the twin same material show varying degrees of anisotropy. This
orientation grows as fast or faster than the matrix could be caused by differences in the growth rates in
orientation. Many common orientations can be treated the critical directions in other materials. In the case of a
by using the fact that (I i i)B grows faster than (111 )A single materials system, anisotropy variation could be
[ 14] as do planes oriented more closely to (1 i i)B than caused by growth conditions. Alternative models of
to ( 111 )A. anisotropic twinning based on the differential mobility

Twinning in homoepitaxial 111 ]CdTe was first of a and f# dislocations [16] and the generation of
assessed by Hails and Brown [15] using scanning defects at substrate steps [ 17) have been advanced.
electron microscopy (SEM), reflection high energy The growth rate analysis can also be applied to 1112}
electron diffraction (RHEED) and cross-sectional surfaces for which it has been observed that (i i2)B
TEM (XTEM). Growth on (i i)B generates thin suppresses twin nucleation but (1I12)A does not. In
lamellar twins throughout the epilayer thickness which these cases, it is expected that the twins will have
have (i i )B composition planes, indicating that a ( i i )B and (111 )A composition planes. Applying the
growth accident phenomenon causes twin nucleation, twinning matrices to 1 121A and 11121B gives (552)A
Growth in [ 111 JA is disrupted by tetrahedral surface and (332)B respectively. However, since both [ 112] and
features with fast growing (i i)B surfaces. Twinning [552] are oriented symmetrically (at 19.50) to [1111,
develops on ( 11 )A but mostly on the inclined I i i i 1B and similarly for [ i i 2lB and [5 211B, there is no simple
facets since the twin nuclei are not outgrown by (11 )A basis upon which to allocate relative growth rates.
growth. Kawano et al. [13] make the assumption that growth in

Twinning on (001) surfaces is known to be aniso- the matrix orientation is fastest foi (1 i i2)B growth and
tropic [16], with the [1 i0] XTEM projection revealing slowest for (1 12)A growth to account for the fact that
a higher twin density on (111 )A and (I ll )A than does the former suppresses twinning and the latter does not.
the [ 1101 projection on (111 )B and (1 1 )B. Use of the However, recent XTEM observations of 112JA- and
twinning matrices allows the indices of the twin planes 11 21B-oriented metallo-organic vapour phase epitaxy
corresponding to the (001) matrix orientation to be (MOVPE) grown epilayers in this laboratory have
established. The results are summarized in Fig. 3 and shown that twinning is suppressed on ( 112)A and not
show that I i i i }B planes which intersect [ 1101 support on (i i 2 )B, the orientations having been confirmed by
twins with {221}A surfaces, while twinning on the microdiffraction [18]. It is suggested here that the
I lll)A planes which intersect [110] give 1221 }B planes. growth technique or growth conditions used for a
Since the 122 i 1B planes have close proximity to I{i i i B, particular run may affect the relative growth rates on
they are expected to grow fast, giving inclined twins (I I I )A and (i i )B, hence giving different twinning
which intersect [1 0]. However, (221)A is slow grow- behaviour.
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4. Interfacial and threading dislocations in are chosen to relieve compressive interfacial strain and
CdTe(00 1)/GaAs(OO 1) hence have defined bkii components there is no such

constraint on the b, and be, components. The number
4.1. Interfacial dislocation phenomena and tilt and/or rotation type of these components

Two recent experimental observations of tilts and present in the eight 600 misfit dislocations is shown in
rotations in CdTe/GaAs deserve further explanation. Table 1. Equal numbers of b, components give rota-

(i) The observation that CdTe/GaAs contains tions clockwise and anticlockwise, and similarly equal
subcells about 0.6 mm wide which cause a mosaic numbers of bki components tilt the epilayer up and
spread of 600 arc sec is revealed by triple axis diffrac- down. It is therefore feasible to test whether the tilts
tometry. The cell boundaries correlate directly with and rotations arise from a cooperative alignment of
those in the underlying GaAs in which the misorienta- interfacial dislocations or whether such components
tions are only about 10 arc sec. Larger tilts of 1-2* in are randomly oriented.
domains up to 8 mm across have also been observed.
Tilts in the CdTe are replicated in any subsequent 4.1.1. Complete cooperative alignment model
(CdHg)Te overlayers [19, 20]. If only those dislocations with similar tilt and rota-

(ii) Plan view TEM [21] of near-interface CdTe/ tion components exist at the heteriointerface because
GaAs reveals subcells on the scale of a few microm- of alignment phenomena, then the tilts and rotations
eters, rotated with respect to one another by 1V-4'. will be maximized. If 4 is the tilt angle then

In this work an explanation of these effects based on
the properties of interfacial dislocations is advanced, tan 0 - 0 - k,
Schwartzman and Sinclair [22] among others has iden- s
tified the misfit dislocations in as-grown CdTe/GaAs
as being predominantly of the 600 type. Such mixed where s is the spacing between dislocations. Hence
dislocations may be resolved into screw and edge com-
ponents as shown in Fig. 4. Edge component bi O= a
( = a/242 in (110)) relieves interfacial stress, edge com- 2 x 1.57 x 10-9 1.8°
ponent b,,( = a/2 in K100)) provides a tilt and screw
component b,(=a/2j2 in (110)) gives an in-plane An analogous calculation for rotation components
rotation. The 600 dislocations can lie along either gives the rotation angle 0' as
[I 1] = I1 or [I 10]= 1 and their Burgers vectors lie in
directions pointing either up or down the four other tan 4' - b,
(110) directions comprising the edges of a square- spacing
based pyramid on (001). For a layer under compres-
sion, i.e. CdTe/GaAs, the Burgers vectors must have a a840
b~j component corresponding to an extra half plane in 2J2 x 1.57 x 10- 4
the substrate. If the SF/RH convention is used then the
Burgers vectors of the dislocations relieving compres- These angles are the maximum possible tilts and rota-
sive strain are as follows using the Thompson tetra- tions and they are independent of domain size.
hedron notation: for 11-DB, AD, CB and AC, and for
/,-DB, DA, BC and AC. Although these dislocations 4.1.2. Random alignment model

If the Burgers vectors are randomly aligned then the
components must be treated in the same way as the
"random walk" model used in kinetic theory [23].
Using the same treatment for n dislocations, n, of

be tilt

b V IGTABLE I. Summary of the components of 600 dislocation
relieving compressive stress

/1_* I k all

mismatch Stress relief 4 4 8
b Clockwise tilt 2 2 4rotate AnticlockwisV tilt 2 2 4

I Rotate anticlockwise 2 2 4
Rotate clockwisc 2 2 4

Fig. 4. The components of a 60* dislocation.
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which have a Burgers vector be, pointing up, and could be significant. The rotation domains are on a
defining x-= n , be ± then P(x) the probability of being different scale but need not be related to tilt domains as
at x can be shown to be they could result from island nucleation.

P_(x) -/2 exp 4.2. Threading dislocations
rnJ 2n /Threading dislocations are defined as those which

penetrate the epilayer from the substrate or else which
where s' is the number of steps used to get to x directly. link interfacial segments to the epilayer surface. It has
This is a normal distribution with a mean of 0, the been shown that it is energetically favourable for an
standard deviation of steps from the origin being interfacial dislocation to be bent upwards to intersect
(2 n)' 2. If the tilting is due to random orientation of the with the surface upon meeting a second interfacial
Burgers then it is better than 99% certain to be caused dislocation at right angles. Since the spacing of inter-
by no more than 3(2n)1/ 2 tilt steps. The standard devia- facial dislocations in CdTe/GaAs is 15.7 A, this helps
tion tilt OsD is given by explain the high near-interface dislocation density

encountered in this system and shown in Fig. 5. The
tan OsD- 0 - bý, (2 n)--2 -- 2Nb• llong, straight threading dislocations inclined to the

d d substrate have been identified as dislkaicmi dipoles

[25] and pure screw [261.
where N is the linear dislocation density and d the A model of the equilibrium density distribution of
domain size. This random tilt assessment was first threading dislocations has been formulated by Ayers et
applied to low mismatch Il1-V systems by Turnbull al. [27] for thick mismatched epilayers. It predicts that
[24]. the dislocation density D varies as thickness h such

For the largest tilt domain reported [19] (8 mm) this that
gives a maximum tilt of 3 sD= 80 arc sec and for an
average domain (0.6 mm) 3 0SD= 2 9 2 arc sec. For D= IfiJ2(1+v)(1-2v)lln{2:rlfl/(l- v)[I
rotations, a 1 pum cell gives a rotation of 1015 arc sec abh( 1- v)3{ 1 - ln(2b,]D)}
(0.282*). Larger domains give smaller rotations pro-
portional to I [/d for a given mismatch. where a is a geometric parameter equal to I or more

and v is Poission's ratio and f the misfit. Hence
4.1.3. Discussion of tilt calculations
The tilt data are summarized in Table 2 and clearly D -(const) I

show that the experimentally observed tilts and rota- h
tions could not be generated solely by random align-
ments. Partial but not full alignment of the tilt and Brown et al. [26] have recently compared this expres-
rotate components of the interfacial dislocations is sion with experimentally determined values for ZnTe/
implicated. Correlation of the tilt domains in CdTe GaAs (f- 7%). All the measured dislocation densities
with those in the substrate could be caused by align- were in excess of the maximum equilibrium values
ment of the interfacial dislocations with those origi- calculated using a = 1 in Ayers' model, the excess being
nating in the substrate. Since the interfacial dislocation a factor of 2-5. This indicates that the threading dislo-
density is very high (6.4 x 106 cm-'), such alignments cations were not at equilibrium in the MOVPE grown
could trigger the partial alignment necessary for the samples examined. The proximity to equilibrium could
observed effects. Alternatively, the surface steps have implications for dislocation filtering.
present on the vicinal surfaces of the substrate subcells For reduction of the dislocation density, selected-

area epitaxy is known to be effective for low mismatch
systems [281. However, it is unlikely to be of value for

TABLE2. Summary of tilt and rotation data for CdTe/GaAs CdTe/GaAs owing to the shortness of the interfacial

Tilt Rotation dislocation segments. Nevertheless, it could be viable at
the better matched (CdHg)Te interface, the CdTe being

Domain size d = 8 mm d = 0.6 pm d = I um part of a hybrid substrate.

Experiment 1°-2° 600 arc sec 1-4- The introduction of a thin layer under tension into

Complete 11.80 8.4' CdTe buffers grown on GaAs, e.g. ZnTe, provides
alignment stress of the correct sign for the filtering of threading

dislocations in a compressed layer. This has been
alignment or 0.282' successfully demonstrated using subcritical thicknesses

of ZnTe [29] which do not introduce further defects
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[301. Strained-layer superlattices have been examined epilayer above it. It is presumed that the low CRSS of
by a number of authors and have met with limited the (HgMn)Te layer allows thin interfacial dislocations
success [16, 31]. An effective procedure has been the to be generated easily and that these defects then fail to
introduction of two CdTe/ZnTe superlattices with propagate further into the epilayer. Of course,
different barrier-well widths into CdTe/GaAs; how- (CdHg)Te might itself also be considered as a soft
ever, even this only reduces the dislocation density by a tensed epilayer on CdTe and there is evidence that
factor of 5 or so. there is a significant improvement of quality in

An alternative approach is to use a single layer of a (CdHg)Te. A good example is the reduction of double-
soft material under tension. The dilute magnetic semi- crystal X-ray diffraction full widths at half-maximum
conductor (HgMn)Te is suitable for this since the lat- by a factor of 2 in (CdHg)Te compared with the values
tice parameters of HgTe (6.429 A) and cubic MnTe observed in hybrid CdTe/GaAs substrates [19]. Fur-
(6.34 A) are both smaller than that of CdTe (6.477 A). ther studies of (HgMn)Te as a filtering layer are
The composition (H&,.,Mn(, )Te has a lattice param- planned.
eter of about 6.42 A and might be expected to filter
4 x 105 dislocations cm `'from CdTe. Figure 6 shows a
layer of MOVPE grown (Hg,) .Mno.,)Te on a CdTe 5. Conclusions
buffer about 1.5 um thick. There is a considerable
reduction in the dislocation density from about 6 X 10' (i) Vapour growth is an attractive means of pro-
cm -'just below the interface to about 200 cm-1 in the ducing bulk CdTe, and (i i2)B seeded growth arrange-

g=220

0.5 im GaAs

Fig. 5. XTEM of CdTe/GaAs showing threading dislocations.

1 rm (HgMn)Te

/"'° i CdTe

GaAs

Fig. 6. Dislocation filtering using (FigMn)Tc.



102 K. Durose et al. / Structural defects in bulk and epitaxial CdTe

ments with good vapour control and minimal thermal 8 K. Durose, G. I. Russell and J. Woods, Inst. Phys. Conf Ser.,

stress could generate excellent material. 76 (6)(1985) 233.

(ii) Kawano's growth rate model of twinning in 9 P. D. Brown, K. Durose, G. J. Russell and J. Woods, J. Cryst.
Growth, 101 (1989) 211.epitaxial layers is successful in most cases. However, 10 C. C. R. Watson and K. Durose, Cathodoluminescence

specific growth conditions may effect the growth rates microscopy of CdTe, J. Cryst. Growth, in the press.
on key planes, hence giving "anomalous" twinning II C. B. Slawson, Am. Minerol., 35(1950)193.
behaviour. 12 K. F. Hulme and J. B. Mullin, Solid State Electron., 5 (1962)

(iii) Tilts and rotations in CdTe/GaAs(001) are due 211.
e dis- 13 M. Kawano, N. Oda and T. Sasuki et al., J. Cryst. Growth,

to the partial cooperative alignment of interfacial 117(1992) 171.
location components. 14 S. Sivananthan, X. Chu, J. Reno and J. P. Faurie, J. Appl.

(iv) Threading dislocations in some MOVPE grown Phys., 60(1986) 1359.
ZnTe/GaAs samples exceed their equilibrium densities 15 J. E. Hails, G. J. Russell, A. W. Brinkman and J. Woods,

and this is likely to be true also for CdTe/GaAs. J. Appl. Phys., 60 (1986) 2624; J. Cryst. Growth, 79 (1986)
940.

(v) (HgMn)Te alloys are a promising dislocation P. D. Brown, J. E. Hails, G. J. Russell and J. Woods, Appl.
filter for CdTe/GaAs. Phys. Lett., 50 (1987) 1144.

16 P. D. Brown, T. Golding and G. J. Russell et at.. Inst. Phys.
Conf. Ser., 100(4)(1989) 357.

17 P. Pirouz, F. Ernst and T. T. Cheng. Mater. Res. Soc. Symp.
Acknowledgments Proc., 116 (1988) 57.

18 A. Tromson-Carli et a!., Mater. Sci. Eng., BIo (1993)

Thanks are due to all those who supplied material 145-150.
19 A. M. Kier, A. Graham and S. J. Barnett et at.. J. Cryst.

examined in this work including Alex Chernov, Growth., 101 (1990) 572.
Michelle Simmons, Haider AI-Allak and Norman 20 A. M. Kier, S. J. Barnett and J. Geiss et at., EMRS Meeting,
Thompson. Thanks also to Chris Gibson for informa- 1990.

tion services. 21 A. Hobbs, personal communication, 1991.
22 A. F. Schwartzman and R. Sinclair, J. Electron. Mater., 20

(10)(1992) 805.
23 For a full treatment see, for example, P. W. Atkins, Physical

References Chemistry, I st edn., Oxford University Press, Oxford, 1978,
p. 840.

24 A. Turnbull, Ph.D. Thesis, University of Durham, 1992.
1 K. Durose and G. J. Russell, J. Cryst. Growth, 101 (1990) 25 A. Hobbs, 0. Ueda, 1. Sugiyama and H. Takigawa. J. Cryst.

246. Growth, 117(1992) 475.
2 K. Zanio, in R. K. Willardson and A. L. Beer (eds.), Semi- 26 P. D. Brown, Y. Y. Loginov and P. A. Clifton et al.. Disloca-

conductors and Semimetals, Vol. 13, Cadmium Telluride, tions in MOVPE grown ZnTe, J. Cryst. Growth, in press.
Academic Press, New York, 1978, p. 62. 27 J. E. Ayers, S. K. Ghandhi and L. I. Schowalter, Mater. Res.

3 E. Y. Gutmanas and P. Haasen, Phys. Status Solidi A, 63 Soc. Symp. Proc., 209 (1991)661.
(1981)63. 28 E. A. Fitzgerald and G. P. Watson et at., J. Appl. Phys., 65

4 K. Zanio, in R. K. Willardson and A. L. Beer (eds.), Semi- (1989) 2220.
conductors and Semimetals, Vol. 13, Cadmium Telluride, 29 P. A. Clifton and P. D. Brown. Mater. Res. Soc. Symp. Proc.,
Academic Press, New York, 1978, p. 6. 216(1991)135.

5 K. Zanio, in R. K. Willardson and A. L. Beer (eds.), Semi- 30 A. Hobbs, 0. Ueda, I. Sugiyama and K. Shinohara, Inst.
conductors and Semimetals, Vol. 13, Cadmium Telluride, Phys. Conf Ser., 117(1991)619.
Academic Press, New York, 1978, p. 2. 31 P. D. Brown, H. Kelly and P. A. Clifton et al., Mater. Res. Soc.

6 K. Durose, G. J. Russell and J. Woods, J. Cryst. Growth, 72 Symp. Proc., 216 (1991) 427.
(1985)85. 32 I. Sugiyama, A. Hobbs and T. Saito etal., J. Cryst. Growth,

7 K. Durose and G. J. Russell, J. Crysi. Growth, 86(1988)471. 117(1992)161.



Materials Science and Engineering, B16 (1993) 103-107 103

RHEED studies of MBE growth mechanisms of CdTe and CdMnTe

A. Waag, Th. Behr, Th. Litz, B. Kuhn-Heinrich, D. Hommel and G. Landwehr
Physikalisches Institut der Universitdt Wiirzburg, Am Hubland, D-8700 Wiirzburg (Germany)

Abstract

We report on reflection high energy electron diffraction (RHEED) studies of molecular beam epitaxy (MBE) growth of
CdTe and CdMnTe un (100) oriented CdTe substrates. RHEED oscillations were measured for both the growth and
desorption of CdTe and CdMnTe as a function of flux and temperature. For the first time, the influence of laser and
electron irradiation on the growth rate, as well as desorption, of CdTe is studied in detail using RHEED oscillations. We
found a very small effect on the growth rate as well as on the CdTe desorption rate. The growth rate of CdTe was deter-
mined for different temperatures and CdTe flux ratios. The obtained experimental results are compared with a kinetic
growth model to get information on the underlying growth processes, taking into account the influence of a precursor by
including surface diffusion. From the comparison between model and experimental results the sticking coefficients of Cd
and Te are determined. The growth rate of CdMnTe increases with Mn flux. This dependence can be used to calibrate the
Mn content during growth by comparing the growth rate of CdTe with the growth rate of CdMnTe. The change in growth
rate has been correlated with Mn content via photoluminescence measurements. In addition, the sticking coefficient of
Mn is derived by comparing experimental results with a kinetic growth model. For high manganese content a transition to
three-dimensional growth occurs.

!. Introduction Here we report on investigations of the growth
mechanisms during the MBE growth of CdTe and

The growth of high quality CdTe and CdTe-based CdMnTe by reflection high energy electron diffraction
thin film structures by molecular beam epitaxy (MBE) (RHEED) intensity oscillation measurements.
has been demonstrated in the past [1]. One advantage
of MBE is the low growth temperature used, far away
from equilibrium growth conditions. Under such non- 2. Experimental details
equilibrium conditions, the growth mechanisms can
differ drastically from those present for equilibrium The epilayer growth was carried out in a four-
CdTe bulk growth, and therefore very different mate- chamber Riber 2300 MBE system. CdTe(100) sub-
rial characteristics can be expected. The mechanisms strates were used. The substrate preparation has been
responsible for the compensation of extrinsic described in detail elsewhere [6]. The substrate tem-
dopants-a problem that is present in all wide gap perature was measured with a thermocouple in contact
1I-VI semiconductors-can be especially influenced by with the back of the molybdenum block holding the
such non-equilibrium growth methods as MBE or sample and calibrated using the melting point of
MOCVD. indium. For the growth of CdTe, a Cd, Te and a CdTe

In addition, very sharp interfaces beween a barrier source was used.
material and a well material can be grown by MBE, The energy of the electron beam used for RHEED
resulting in high quality quantum well structures. was varied between 8.5 keV and 10.5 keV, and an
CdTe-CdMnTe [2, 3] and CdTe-CdZnTe [4] quantum emission current between 0 uA and 200 uA was used.
well structures were grown in the past and their optical The RHEED pattern was monitored by a CCD camera
properties were investigated in detail. One very inter- and stored by a video recorder. On-line RHEED
esting feature of such quantum well structures is their oscillations were measured by a photodiode coupled
high efficiency and very fast recombination time, which via an optical fiber to the monitor screen [71. Growth
was found to be considerably shorter than in corn- oscillations of the RHEED intensity were usually
parable GaAs-AIGaAs quantum wells [5]. monitored after a growth interruption of approxi-

Though the MBE technology has advanced quite far mately 10 min. To measure RHEED oscillations dur-
in the past, little is known about the underlying growth ing the desorption of CdTe, the RHEED intensity was
mechanisms. monitored after a growth stop under UHV conditions.

0921-5107/93/$6.00 C 1993 - Elsevier Sequoia. All rights reserved
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Throughout this work, the specular spot was used to 1.3
measure RHEED intensities. Beam equivalent pres- 12 Cd rich, PL = 0

1.2 0 Cdrich,P = 120mW/cm
sures (BEP) for the different molecular beams were b) 0 Terich,PL=O

measured with an ionization gauge at the substrate
position. To obtain the absolute flux (particles cm- 2

s- ), such BEPs were calibrated through film thickness 1.0
measurements by a step profiler. For this purpose, Cd, 09
Te, Mn and CdTe films were grown on top of a partly
masked CdTe-covered silicon wafer to produce a step ý 0.8
on the substrate, while the substrate was held at 20 *C.
At this temperature, the sticking coefficient of the 07

impinging atoms and molecules is assumed to be unity. 0.6
Flux calibrations carried out at different days were 220 240 20 20 300 320

reproducible within a 10% error. substrate temperature / *C

Fig. 1. Growth rate of CdTe as a function of substrate tempera-
ture for a Cd-Te ratio F> I (curve a) and F< I (curve b). For

3. Laser and electron irradiation both curves, experimental points obtained with and without laser
illumination are plotted. No change of the growth rate with laser

In the past, both static and dynamic (during MBE intensity P, could be detected.

growth) RHEED reconstructions of (100)-CdTe sur-
faces were investigated by various groups [8-101. It was
shown that, under Cd-stabilized conditions, with a 2.5

Cd-Te flux ratio F much larger than unity, the growing
(I 00)-CdTe surface exhibits a c(2 x 2) reconstruction. 2.0 -

If a single CdTe molecular source is used, producing a
ratio F= 1, To-stabilized (2 x 1) reconstruction <

usually occurs during growth. After a growth stop, - 1.5 .

this Te-stabilized (2 x 1) reconstruction changed to a _

c(2 x 2) reconstruction, and the corresponding transi- 0 time (a.u.)

tion times were measured by RHEED [10, 11] and 1
assumed to result from Te desorption. o PL=75mW/2'A PL = 95 roW/eraM 2-

Recently, this was demonstrated experimentally by 0.5 r- P =125 mW/cm2 =
comparing surface coverages measured by X-ray
photoelectron spectroscopy (XPS) and RHEED 0.0
measurements [ I 11. In addition, both laser illumination 310 320 330 340 350 36 370 30 390

and high energy electrons (from the RHEED gun itself) substrate temperature /C
were shown to decrease the Te desorption times dras- Fig. 2. Desorption rate as a function of temperature for different
tically [9, 12]. laser intensities. An example of RHEED desorption oscillations

This electron and photon stimulated desorption, is given in the inset.
which was also found for MBE growth of other II-VI
materials [13, 14], could possibly influence, and there-
fore falsify, growth rate and desorption measurements Te. For both Cd and Te rich conditions, experimental
via RHEED. For ZnSe for example, it has already been results are plotted in Fig. 1 for the illuminated and non-
demonstrated that the growth rate is reduced with laser illuminated case. As is clearly seen, no change in the
irradiation [15]. Therefore we investigated in detail the growth rate of CdTe can be detected with laser illumi-
influence of electron and photon irradiation on the nation.
growth rate as well as desorption of CdTe. The desorption of CdTe was measured via RHEED

Figure 1 shows the growth rate of CdTe, as deter- oscillations after a growth stop. Neither Cd nor Te
mined by RHEED oscillations, as a function of sub- atoms were impinging onto the CdTe substrate surface
strate temperature. Separate Cd and Te sources were in this case. Over 30 desorption oscillations could be
used for this experiment. The growth rate with and monitored under good conditions (see inset in Fig. 2).
without laser illumination was determined for both Cd The desorption rate increases exponentially with tem-
and Te rich conditions. With increasing temperature, perature. In Fig. 2 this desorption rate is plotted for
the growth rate decreases because of the higher four different laser intensities. Again, no change of the
desorption and a lower sticking coefficient of Cd and desorption with laser illumination can be detected.
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To determine the influence of high energy electron simulate this dependence with a kinetic growth model,
irradiation on the desorption as well as on the growth which will be described below.
rate of CdTe, both were measured in the same way as In general, the number of Cd and Te atoms chemi-
described above for different electron beam intensities, sorbed in a time interval dt, dN(.d and dN,., respec-
In Fig. 3 the desorption is plotted as a function of the tively, will be given by eqn. (1):
reciprocal temperature for three different RHEED dN(. =Sc.dFcj dt dNT,:=STFT, dt
beam intensities. No change with the RHEED intensity
can be seen. The same is true for different electron where Scd and ST, are the corresponding sticking coef-
energies between 8.5 keV and 10.4 keV. From the ficients, and F(_d and FT, are the fluxes of Cd and Te.
slope of the desorption vs. 11T the desorption energy After the growth start, the sticking coefficients, which
of CdTe can be determined. For the CdTe desorption usually depend on the surface coverage, will in general
energy, we obtain 1.93 ± 0.05 eV, independent of change with time until steady-state conditions have
electron or laser irradiation. In addition, no change in been reached after growth of a few monolayers.
the growth rate can be detected for the three RHEED In this way, the problem of MBE growth is reduced
intensities studied. We also checked the growth rate to two dimensions; no attempt was made to include
without electron irradiation by switching off the details of the layer-by-layer growth during MBE. The
electron beam for some time and then comparing the details of chemisorption, physisorption, surface diffu-
phase of RHEED oscillations before and after this sion etc. are put into the sticking coefficients Scd and
RHEED interruption. Again no influence of the $1. respectively, which can depend on temperature,
electron beam could be detected. From the experi- free Cd and Te sites (surface coverage) and step density
mental results described above, we can conc'ude that at the surface, as well as all other conditions influencing
neither electron irradiation nor laser illumination (in the physisorption and chemisorption of the involved
the parameter range measured) can influence the molecules or atoms in general. In the following, we
growth rate or desorption of CdTe to an extent that assume the step density and other relevant conditions
could be interesting from a technological point of view. are constant. Desorption from the chemisorbed state
However, we have demonstrated that electron irradia- was neglected throughout because the temperatures
tion does not falsify the growth and desorption rates of used were too low for desorption to play an important
CdTe obtained by RHEED oscillation measurements. role.

From the differential equations, eqn. (1) steady-state
conditions can be calculated by setting dNcd = dNT..

4. Kinetic model of CdTe MBE growth It is this steady-state growth rate (dNc-d/dt=dNTIdt=
growth rate) which was then compared experimentally.

To obtain more information on the CdTe growth The above assumption for the steady-state is only valid
mechanisms, we determined the growth rate as a func- if neither Cd nor Te, but only the binary compound
tion of the impinging Cd-Te flux ratio F and tried to CdTe, can grow. At the temperatures studied, this is the

case. The followinp model was found to describe the
experimental results quantitatively.

In our model, we introduce a surface-coverage-

0 IR =90,A dependent sticking coefficient and take into account
1.0 R = 150 pA the influence of a precursor state, in which atoms can

0A R=2WpA be physisorbed. This latter was done by including a
-- 0.5 constant probability k for an atom to probe another"9 0.0 surface site if it could not be chemisorbed at the site.9 where it arrived first. The physical idea is that atoms

-0.5 can diffuse somewhat in the weakly-bound precursor
-0.

S -1.0 state. Starting from this assumption one can calculatethe total probability of an atom finding a free site some-
-1.5 where. The details are given in refs. 16 and 17. The

-. 0 Aresulting term for the sticking coefficient is given ineqn. (2).

1.48 1.5 1.52 1.54 1.56 1.58 1.6 1.62 1.64 1.66
reciprocal substrate temperature / 1/(1000*K) Sd = P. d( I - BCd) Sr Pr R( I -BTJ) (2)

Fig. 3. Desorption as a function of temperature for different ( I - kCd B( I - kT-BT,
electron beam intensities on a semi-logarithmic scale. The slope
gives a desorption energy of 1.93 ± 0.5 eV. where p is the probability for the particle to be



106 A. Waag et al. / RIIEEI) siiaies ofJMBL growthi ,m/euIhnixmsm

desorbed from the physisorbed state, B is the surface case, a CdTe and a Mn source were used. From the
coverage of Cd and Te, and k reflects the influence of Mn-CdTe flux ratio the Mn content of the CdMnTe
the precursor. layer was determined. This was done by using a cali-

With eqns. (1) and (2) and the relation BT, + Bca = 1, bration curve for the x values determined by photo-
B.I, and B.,- can be eliminated and the growth rate luminescence measurements for different samples
calculated as a function of Cd and Te flux. grown with varying Mn-CdTe flux ratio. RHEED

For k = 0, the particle cannot diffuse at all. For k = 1, oscillations could be observed up to a Mn-CdTe flux
the particle can diffuse until it finds an appropriate site ratio of one. For such high Mn fluxes, a very rapid
where it can be chemisorbed. transition to three-dimensional growth could be

Surface diffusion in the chemisorbed state, and observed.
desorption from the chemisorbed state, are neglected The growth rate of CdMnTe increases with Mn flux.
here. It should be mentioned that the four parameters In Fig. 5(b) the Mn x value is plotted vs. the corre-
(P(d, p-., k(.d, k-n) entering the model have to be com- sponding relative change of growth rate. A Mn flux
patible with a function of two independent parameters: corresponding to 10% in the CdMnTe films results in
growth rate as a function of Cd flux and Te flux, which an increase in growth rate of around 4%. This clearly
is obtained experimentally, indicates that Mn is not only pushing Cd atoms away

Figures 4(a) and 4(b) compare experimental results from the available Il-sites, but increases the sticking
from RHEED oscillation measurements with those coefficient of Te to a certain degree. It should be men-
obtained by applying the growth model described tioned that in Fig. 5(b) experimental results are plotted
above (upper curve in Fig. 4). Growth rates were for varying absolute CdTe fluxes. All points are lying
measured at a substrate temperature of 290 'C. The on the same curve, which indicates that the x value
parameters used are given in the figure caption. The depends only on the relative Mn-CdTe flux ratio.
agreement between theory and experiment is very The Mn x value is plotted as a function of the im-
good. If surface diffusion is neglected (k = 0), such a pinging Mn flux-this scale is calibrated to the growth
good agreement between theory and experiment rate of Te atoms-in Fig. 5(a). The slope of this curve
cannot be obtained (lower curve in Fig. 4), indicating gives the Mn sticking coefficient. In this way we obtain
that, under the assumptions made, the influence of a a sticking coefficient of 0.9 for Mn x values lower than
precursor state for both Cd and Te atoms plays a role 10%. For higher x values the Mn sticking coefficient is
during MBE growth of CdTe at 290 TC. decreasing.

4.1. Growth of CdMn Te
To get a first insight into the growth mechanism of 5. Summary

CdMnTe, we measured the growth rate of CdMnTe as
a function of Mn flux via RHEED oscillations. In this In summary, we have checked the influence of elec-

tron and laser irradiation on the growth rate as well as
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Fig. 4. Growth rate of CdTc (in Tc atoms A- -s') as a function Mn flux/growth rate growth rate: (CdMnTe-CdTc)/CdMnTe

of (a) Cd and (b) Te flux. Points: experimental; solid upper line: Fig. 5. (a) Experimental points show the Mn x value as a func-
kinematic model including surface diffusion; lower line: neglect- tion of the ratio of impinging Mn flux to the growth rate of Te.
ing surface diffusion. The parameters used for the model: The slope of this curve gives the Mn sticking coefficient, which is
(compare with eqn. (2)) S.(, 1=0.65; k,,=0.58; S,.=0.76; indicated in the figure by a solid line. (b) Mn content as a
kT• = 0.24. (a) Constant Te flux=0.025 atoms A-2 s-'; (b) function of the relative change in growth rate of CdMnTc
constant Cd flux = 0.024 atoms A- 2 s- i compared to CdTe.
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Abstract

In this paper we report the dry etching of epitaxially grown CdTe layers on GaAs using a CH,-H, gas mixture in a barrel
reactor. We obtain the etch rate as a function of gas composition and total flow rate for (100)- and ( 1 I1 )-oriented CdTe
epitaxial layers (epilayers). We find clear evidence for both isotropic and preferential etching along crystallographic planes
depending on the set of etch parameters used. We demonstrate that this effect can be used for the preparation of
structures with submicrometre dimensions using conventional lithography with micrometre resolution. The surface of the
etched epilayers was analysed by Auger electron spectroscopy. Special attention was paid to the surface composition as a
function of the CH 4 -to-H, gas ratio. We obtained a set of etch parameters for stoichiometric etching.

I. Introduction that this effect can be used for the preparation of
structures with submicrometre dimensions using

In the late 1980s and at the beginning of the 1990s, conventional lithography with micrometre resolution.
II-VI semiconductors gained importance as materials
for the production of optoelectronic devices 11-3].
This interest initiated the application of various dry- 2. Experimental set-up
etching processes to 1I-VI compound semiconductors.
Approaches which have been used so far are ion beam All our experiments were performed in a Technics
milling 14], laser-assisted photochemical etching [5], Plasma PP 300/M barrel reactor. An aluminium Fara-
BC13 etching [6], dry etching using a secondary after- day cup is used to confine the plasma glow region and
glow reactor [7], dry etching using an H, plasma [8], to shield the samples from impacting ions. The gases
and dry etching using a CH4-H, plasma [9]. are introduced through the door of the reactor and

In this paper we report the dry etching of CdTe pumped out at the rear side of the chamber. Methane
epitaxial layers (epilayers) using a CH, -H2 plasma in a and hydrogen are used as support gases. An r.f. fre-
barrel reactor. The etching process was developed for quency of 2.45 GHz is applied externally at two
(1 00)- and (I I I )-oriented CdTe epilayers. CdTe is well electrodes using a matching network. A rotary vane
known as a substrate material for Hg1 - ,CdTe epitaxy. pump with a pumping speed of 35 m- h- I maintains a
The effects of various process parameters on the etch base pressure of about 2 mTorr in the chamber. The
rate were studied and the conditions for sample prep- samples are mounted on a glass substrate holder and
aration and etching were investigated and optimized. are placed inside the Faraday cup. The typical steady
Special interest was paid to the surface stoichiometry. state temperature inside the reactor was about 85 *C at
The surface composition was investigated using Auger an r.f. power of 300 W. All the samples were grown by
electron spectroscopy (AES). hot-wall beam epitaxy [1] on GaAs. Both (100)- and

We find clear evidence for both isotropic and prefer- ( 11 )-oriented CdTe epilayers grown on (100)- and
ential etching along crystallographic planes, depending (111 )-oriented GaAs with a 2* misorientation towards
on the set of etch parameters used. We demonstrate the next (110) direction were used. A typical layer

0921-5107/93/S6.4)0 € 1993 - Elsevier Sequoia. All right% re•erved
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thickness was about 15-25 /im. The samples were cut Between 55 and 65 standard cm 3 min m a local maxi-
along the (l0 ) cleavage planes with a sample size of mum appears. The double-maximum structure of the
4 mm x 4 mm and patterned with an AZ 1518 photo- etch depth vs. total gas flow curve may be due to the
resist mask. simultaneous action of two different etch processes

Etch depth measurements were performed with a which exhibit a maximum etch depth at different values
Rodenstock RM 600 laser stylus profilometer. Scan- of the gas flow. We assume that one affects only ( 100
ning electron micrographs were used for inspection of planes and one is isotropic. The etch depth for the
the etched structures and provided visual assessment (111) orientation exhibits only one maximum at a
of anisotropy and horizontal surface smoothness. A total flow of about 65 standard cmý' min m . At a total
Perkin-Elmer PHI 15-255 GAR double-pass cylin- flow below 50 standard cm 3 min-' the etch depth in
drical mirror analyser was used to measure the integral ( 111 )-oriented CdTe is significantly smaller than that in
Auger electron spectra, providing information on the (100)-oriented CdTe, indicating the effectiveness of the
elemental composition of samples in the near-surface processes. When the total flow rate exceeds 50 stan-
region. dard cm 3 min •. no difference between CdTe(I 00) and

CdTe( 11) is observed, indicating an isotropic et-h
process. These results indicate preferential etching

3. Results and discussion along crystallographic planes when Q,,, < 50 standard
cm3 mrin-. It should also be noted that the point where

3.L. tLfj'cts o•fprocess parameters on the etch rate the difference disappears coincides with the second
The etch depth in (100)- and ( 111 )-oriented CdTe local maximum in the curve for (100) orientation.

was measured as a function of the total flow rate and Further details of microstructures which were pro-
the methane fraction r of the CH 4-H, gas mixture, duced using the crystallographic etching processes will
where r is equal to the total ratio of methane flow over be given in the Section 3.3.
the total gas flow. In Fig. I the etch depth in ( 100)- and The dependence of etch depth vs. gas composition
I I I )-oriented CdTe is plotted as a function of total gas was measured using Q,, = 33 standard cm-" min'

flow. The r.f. power was 300 W, the etch time 40 min p = 64 mTorr. I= 300 W and t= 40 min and is shown
and the gas composition r=0.1. The etch depth for in Fig. 2. The etch depth is found to increase rapidly
i 00)-oriented samples increases from zero to yield a from a non-zero value, to reach a maximum and to
maximum at about 3.2 jim at a total flow of 22 stan- decrease at methane levels above about I0,,,. The
dard cm" min '. As the gas flow increases further, the general trend in Fig. 2 is similar to that observed with
etch depth decreases to 0.4 um at a total flow of 200 Ill-V compound semiconductor. [I I I and Hg, -
standard cm" min . The increase between 10 and 30 CdTe 18]. Using pure hydrogen the samples exhibit
standard cm mrin is most probably due to the porous surfaces. This is most probably due to prefer-
increasing density of methane and thus methyl radicals ential etching of tellurium which leads to a cadmium
in the reactor. The decrease of the etch depth may be drop-like surfacc. However, at r= 0.02 no effect of
attributed to (at the decreasing mean free path of radi- surface roughening was observed. Using pure methane.
cals 171 and/or (b) a change in reaction kinetics [10].
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Fig. I. The etch depth in 1(10)- and (I I I)-oriented ('iTe as a function of the methane fraction r, which k the ratio of the
function of the toial gas flow. The etch parameters are r = ).09. methane flow to the total gas flo. C.),, = 33 standard cm' min
I' = 300 W and an etch time t of 40 min. p = 64 mTorr; P= 31010 W, t = 41 min,.
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the samples are covered with a polymer overlayer that (a)
can easily be removed using an oxygen plasma. 

Cd
0

3.2. Properties of dry-etched surfaces
We have used AES to measure the elemental com-

position in the near-surface region [12]. In order to ...... . ..____ __:_....

obtain quantitative results it is necessary to determine (b)
the concentration of cadmium and tellurium by an
absolute method such as Rutherford backscattering W 0

spectroscopy (RBS). This allows one to quantify the z e
AES measurements for samples of similar composi-
tions. RBS was measured using a beam of 4.2 MeV 4He .... _:_....___...._:_...._:_....
ions. From the yields of the ions backscattered by (C)
cadmium and by tellurium respectively, the composi- Tr

tion of the near-surface region of the sample was deter-
mined using standard procedures [13]. Thus, for the 0
sample measured, the composition in the near-surface
region was found to be Cd0 .47 2Te0.528 with a relative
uncertainty of ± 2%. This deviation from stoichiome- 150 250 350 450 550 650
try may be attributed to possible outdiffusion and eva- E (eV)
poration of cadmium from the CdTe surface region Energy (eV)
that takes place after the termination of the growth Fig. 3. Numerically differentiated Aug- r spectra of CdTe
process while the sample is still kept at elevated tem- samples following different surface treatments: (a) as-grown

sample; (b) wet etching using Br,-methanol; (c) dry etching using
peratures. This process has been reported to yield a Q,,,, = 33 standard cm3 min- 1, r = 0.09, P = 300 W and an etch
cadmium deficit of 2-5 at.% by Juza et al. [ 14]. time of 40 min.

For the AES measurements, 3 keV electrons were
used for primary ionization and a double-pass cylin-
drical mirror analyser was used to measure the integral where lCd and ITe are the intensities of the Cd MNN
Auger electron spectra. The Cd MNN transition at and Te MNN Auger transitions respectively.
376 eV and the Te MNN transition at 483 eV were Figure 3(b) shows the Auger spectrum of CdTe
used for the quantitative analysis of the spectra. All which was etched for 5 s using Br 2-methanol. This
other elements were considered only in terms of a process is frequently used for CdTe and Hg, - CdTe
qualitative analysis but not for quantitative and is known to yield a tellurium-rich surface [161. The
measurements. Auger spectra show excess tellurium and carbon

Prior to the measurements a beam of 2 keV Ar÷ was contamination. Figure 3(c) shows the Auger spectrum
used to clean the surface. This process is known to of a dry-etched sample using Q,, = 33 standard cm 3

leave the composition of the surface unchanged [15]. In min - 1, P= 300 W, t = 40 min and r = 0.09. The surface
fact, we observed no change in the AES spectr'a, once composition is alr-nst stoichiometric. Using eqn. (1)
the surface impurities were removed, and the ratio of the numerically differentiated Auger

Figure 3(a) shows a numerically differentiated peak-to-peak signal Cd MNN/Te MNN we obtain
Auger spectrum of an as grown sample. Taking the Cd0 .46Te0 .54.
peak-to-peak heights as a measure of the line intensi- Figure 4 shows the surface concentration of cad-
ties an intensity ratio 'T,/ICd of 0.733 is obtained for mium as a function of the gas composition used for dry
the cleaned sample. From the concentrations of cad- etching. This plot reveals the ontimum conditions for
mium and tellurium determined by RBS the ratio of the stoichiometric etching to be at r = 0.05. Nevertheless
relative AES sensitivities is found to be Scd/ST, = 1.53. an experimental error of about 10% should be taken
Using these sensitivity factors we are able to obtain a into account. Notwithstanding any quantitative argu-
quantitative concentration for any CdTe surface as ments, Fig. 4 indicates that it is possible to control the
long as the material composition is close to stoichiom- surface composition in a wide range and even to
etry. The cadmium concentration Cc, can be found restore stoichiometric composition.
using

3.3. Dry-etched microstructures

C)d---- (1) We produced microstructures in CdTe using elec-
l + (_rlc1d)(5Cd/Sl) tron beam lithography and dry etching. Figure 5(a)
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Cd I shows a scanning electron micrograph of an etched

structure in a CdTe (001) epilayer. Hereafter, ), (), [ ]
and K) will refer to families of planes, specific planes,

0.75 families of crystallographic directions, and specific
'6 directions respectively. The structure was etched usinga) I - r=0.17, Q 0,,=33 standard cm3 min -, p=64 mTorr,
C0 P = 300 W and t = 40 min. The epilayer was patterned
0CD with photoresist stripes 3 pm wide. The photoresistCO 0.25S025mask was not removed after etching and can be seen in
U) Fig. 5(a) on top of the etched structure. The sample

Te 0 was cleaved along one 11 10} cleavage plane in order to
0 0.25 0.5 0.75 1 reveal the lateral dimensions of the feature. Figure 5(b)

100% H2  Methane Fraction r 100% OH 4  shows a schematic diagram of the same sample with the

Fig. 4. Surface composition of CdTe as a function of the gas crystallographic directions indicated.
composition used for dry etching. The scanning electron micrograph in Fig. 5(a) shows

that the mask is undercut by the etch process, and from
this figure the anisotropy of the etch rate can be
obtained. The etch depths in different directions are
a =0.86 pm, b= 2.90 pm and c = 0.85 pm. With these
values we obtain an anisotropy factor of A = 1 - a/b =

,; ... 0.66, where a and b are the horizontal and vertical etch
depths respectively. The vertical planes of the etched
structure in Fig. 5 are I 10) crystal planes, the planes
which are inclined by about 540 to the epilayer surface
are 111I planes. These planes appear during the etch
process owing to different etch rates for crystal planes

.. with different orientations.
The preferential etching along crystallographic

planes was used for the production of submicrometre
structures using lithography with micrometre resolu-
tion as shown in Fig. 6. The structure in Fig. 6 was
produced using a photoresist mask 2 pm wide,
r=0.17, Q,,,,=33 standard cm 3 min-', t=40 min and

-,, 2gm •.P= 300 W. A structure width of 270 nm is obtained.
•4 ........... (110)

4. Summary and conclusions

We have applied a dry-etch process using a barrel
reactor with CH,-H, feedstock gases to etch (100)-

Sand (111 )-oriented CdTe. The etch rate in CdTe(100)
b-(110) (001) was measured as a function of total flow rate and gas

b composition. A maximum of 800 A min- is observeda 1 0 0for a total flow of 33 standard cm 3 min - and a
MOW: methane concentration of 9%. At a total gas flow above

50 standard cm3 min' we found no difference
between the etch rates of (100)- and (I I I)-oriented
CdTe epilayers. However. below 50 standard cm'

(h) min m a significant dependence of the etch rate on the
Fig. 5. (a) Scanning electron micrograph of an etched structure in crystallographic direction was measured. The etch rate
a tt) 01-oricnted (di'e epilayer i -).O 7: Q,,., = 33 standard cm 2  in (100)-oriented CdTc exceeds that in (1 Ii)-oriented
mrin ; p = 64 mTorr: P= 300 W. i= 40 min) with photoresist CdTe by a factor of up to 3. This is considered as one
stripes 3 pm wide parallel to the (It10) direction. (h) Schematic
diagram of the structure with crystallographic orientations and of the first observations of crystallographic effects in
lateral dimensions (a = 0.86 pm; h = 2.9) prm; c= 0.85 pm) as I!-VI semiconductors. We have demonstrated that this
indicated, effect can be used for the preparation of structures with
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Qualification of a new defect revealing etch for CdTe using
cathodoluminescence microscopy
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Abstract

The action of a new defect revealing etch comprising a saturated FeCI3 solution has been investigated. The etch was found
suitable for use on (111 )A, ( 111)B and other surface orientations of CdTe, and (111 )A and (11i)B. surfaces of
Cd,.96Zn,,Te. Direct correlations with cathodoluminescence and infra-red microscopy have shown the etch to success-
fully reveal twin boundaries, precipitates and dislocations. A background etch rate of approximately 2m uramin has
been measured.

1. Introduction microscopy, the success of the etch in revealing and
distinguishing between as-grown defects is assessed.

Bulk single crystals of CdTe and (Cd,Zn)Te are well
known as substrates for the epitaxial growth of
(Cd,Hg)Te. However, they contain a high density of as- 2. Experimental
grown structural defects and therefore quick and reli-
able techniques for defect assessment are desirable. The etch was prepared by dissolving 35 g of Analar
Chemical etchants such as Nakagawa's (HF, H20 2 , FeCI3(H 20) 6 in 10 ml of demineralized water to pro-
H 20) [1], Inoue's (AgNO 3, HNO 3 , K 2Cr 2 0 7 , H20) [2], duce a saturated solution. Prior to etching all samples
Rockwell (HNO 3, HCi, K 2Cr 2O 7 ) [3], Schenk's (HF, were chemically polished in a 2% bromine in ethylene
Cr0 3 , HNO 3) [4] and 1/2% bromine and methanol glycol solution and washed thoroughly in clean metha-
under illumination [5] are in common use. Some of nol. When successive etch steps were used the etching
these tend to be unreliable and selective of the crystal reaction was quenched and the samples cleaned in
faces on which they work. It is of special importance distilled water.
that defects on the (i i i)B face are revealed, for this is Excepting a small amount of work involving poly-
the technologically important growth surface. crystalline vapour grown CdTe [7] grown in Durham,

Scanning electron microscopy (SEM)/cathodolumi- all the CdTe and (Cd,Zn)Te samples were Bridgman
nescence microscopy (CL) provides a rapid, contact- grown material provided by Philips Infra-red Defence
less and non-destructive technique for defect Components of Southampton.
observation. It provides the capability of depth pro- The SEM/CL studies were performed using a
filing (on varying the primary beam energy) and also, Cambridge S180 scanning electron micrograph fitted,
by temperature dependent CL contrast measurements, with an Oxford Instruments CL302/1 light collector, a
the discrimination of qualitatively similar defects [6]. Hammamatsu SI response photomultiplier tube and

The aim of this paper is to report the action of a an Oxford Instruments CF301 cold stage. A "hover-
saturated FeCI3 solution as a new defect revealing probe" was used for specimen thickness measure-
etchant for CdTe and (Cd, Zn)Te. Furthermore by ments, etch features were profiled by use of an a-step
correlating etch features observed using optical micro- 200 stylus profilometer and Nomarski optical, and
scopes with images obtained by CL and infra-red (IR) transmission infra-red, microscopy was also utilized.

0921-5107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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3. Results and discussion

The CdTe crystal orientations examined were the
(11I)A, (1ii)B, 1511}, 157131 faces and a random
polycrystalline boule, all of which developed pits when
etched with a FeCI 3 solution. The background etch rate
was measured, using a hoverprobe, for the (111 )A and
(1 i i)B faces and found to be linear with time and have
a rate of approximately 2 ur mmin

The chemistry of the dissolution process is thought Fe2 O3 p ate et
to proceed as follows. FeCI3 is hydrolysed in aqueous
solution and the species below are in equilibrium (all
with coordinated water and/or chloride ion) [8]:

H,O HO H1O
FeCI13 - FeCI,(OH) ,•- FeCI(OH)2 • Fe(OH)3  40 gm

+ HCI + HCI + HCI
Fig. 1. IR microscope image of a large Te inclusion and platelets

2Fe(OH)3 - Fe.03 + 3H0, the latter being rust. of rust.
FeCl 3 thus forms a brown acidic "solution" (a col-

loidal dispersion of Fe20 3"xHO). The etching of CdTe
then proceeds by dissolution of Cd1 2 as CdCI, and
(with the aid of atmospheric oxygen and in the pres- the twin decorated by precipitates, assumed to be small
ence of HClaq) the oxidation of Te- 2 to Te` 4 as TeCl. t
In HCHq TeCI4 is complexed as TeCIH,0- and Te inclusions [9]. Semi-metal elemental Te has an infi-
TeCI6

2 - and these species are in equilibrium with their ntsurface recombination velocity producing an effi-hydrolysi thes epcerneucient quenching, at all specimen temperatures, of the
hydrolysis products, e.g. luminescence, hence precipitates are revealed by a CL
TeCI4 + HCI - (H3_0 )2TeCI 6 - contrast darker than that associated with other defects

11o H 0 such as dislocations. Surface profiles across twin bands
TeCI4 • TeCi3OH - TeCI,(OH)2 on [ I ll} faces indicated a higher etch rate on (511

+ HCI + HCI (twin) than on I 111 [A and B faces (matrix).

H o H[o Larger Te inclusions approximately 40 pm in size
STeCI(OH)3 • Te(OH)4  identified by IR microscopy as shown in Fig. I, were

+ HCI + HCI also revealed by CL and etching as shown in Figs. 3(a)

In the event that the surface of the crystal is oxidized and 3(b) respectively. All of the micrographs show

prior to etching or else by dissolved oxygen the stable arms of contrast radiating from the central feature

oxide will be TeO. This is soluble in acidic solution: every 60'. The CL and optical micrographs show
longer arms than the IR micrographs and are made up

H O of individual etch pits. These features can be explained
TeO- - TeCI4 + 2H,0 using a dislocation "'punch out" mechanism for stress

As HCI is consumed during the reaction Fe,0 3 is relief at a stress concentrator (see Hull, for example
plated out onto the crystal surface giving the charac- [101). The thermal expansion coefficients of CdTe and
teristic features shown in Fig. I. Cd are 4.5 x 10-` K-' and 31.8 x 10 - K-I respec-

Twin boundaries clearly defined by FeCI 3 solutions, tively so rapid cooling from approximately 594 K (Cd
were seen to be decorated by circular pits approxi- freezing point) to room temperature can generate a
mately 2 um in size on etching. A direct 1: 1 correlation significant tensile stress on the lattice which is relieved
was observed between these pits and precipitates inter- by dislocations on I 1111 slip planes. These intersect the
secting the surface as seen by IR microscopy at the j 111 surface at 60° intervals giving the characteristic
same point. These etch pits therefore undoubtedly rosettes shown here. The observation that the IR
indicate the presence of precipitates associated with micrograph shows contrast at the rosette arms indi-
the boundaries. Likewise a correlation was observed cates that the dislocations closest to the inclusion have
between similar pits and areas of very dark CL been decorated by Cd, however weaker CL contrast at
contrast. Figure 2(a) shows a CL image of a twinned the outer reaches of the arms indicates that the disloca-
region, on the (i i i)B .,urface, and Fig. 2(b) is an SEM tions furthest from the inclusion are undecorated and
image of the same area after etching. It can be seen that that the pits revealed by the etchant are due to disloca-
the strongest CL contrast corresponds to segments of tions only.
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Fi.2. 1 % in hmmidar\. decorated by prcc ip1iates it, icenihy a,

(T.: h SF I. afer etehint, In Fe('tg e nilil" tw l %:a ( -b t ria 71r
conx. after ctchino inl K( I

Small inclusion~s approximately 1 -2 ' mr in size wici
re~vealed bv the etch ats circular pits after etch times of
approximately 2 mmi. Oil continued etching these pits
wecre seen to Lrowv in size before becoming indistinct. A
similar sequence wvas observed at pirecipitates in

id. Zn Te samples and Fig. 4 show~s such an example. .

The Fe'l, etch thus has the ability of profiling through
defects leaving at shado-w of the original feature. T his
depth profiling action (of the etch is expected to make it
of' value in obtaining estimates of the volumne densities
of, defects.

Networks of' circular pits consistent with the pres-
enice of' sub-grain boundaries were observed onl all
surfaces examined. Figgure 5 shows at typical network
(in the tI I I iA face of at Bridgman specimen with an 10 AM
average pit density of approximately lW)~-1IW cal
E~xperiments onl identical sample areas has shi iwn CL I q! 4. Prfli- (iof;lCiimeil d. e
Fig. 6 aj to reveal at higher number of teat ures t han I ~ (d/ c

that disclosed by etching f-ig. 64)),, this, being due to
the penet rat ioni of the elect ron beamn. Therefore correc- IeC(T1 etching wajs sceen to produce at highAer resol utioin
lation (of" all dark spots with etch pits is not expected, than the (T1 tchniqueiti. for exampilell in the den'ýC cluster
ho wever atl A, in Fijgs. 6 a and 6A( b a c(orrelatuion oif etch pit,, seen in) Fig. (6 h individual featuires are
bectweenf individual etch pits arid CLI spots is observed,. resolved but tit) indlividual dark CL. spots are visible in
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the correspo)nding area o[ Fig~. 6. at. (iorrelat ion ofl thle
pits deCVCloped 1W FeC! soIlutions wkith those revealed
h\ Nakagimawa etch 1 haIs not been( iattemtd 1 f1 ,1JA 1C ere

also etched in FleCI As for C'dTe pits were produced
onl both faces, at the sites of' both precipitates and
di slocat ions. Background etch rate results wecre iden-
lical xvith ('die, all close packed f'aces havingit rate of'
approximately 2 urni mini

While it is straidoht forward to idenltify\ those etch1 pits
produced by large precipitates v isible with I R micros-
Copy. it is riot So f*or Pits, of* less than 1 1,u1 m wich are
hC\0ond the resolution f[ thle I R mnicroscopic. T hese __
small l pits may indicate precipitates or dislocations. 1

Howvever, ats th'is wvork has indicalted, preCcipitates are
represented by at (T1 cont rast darker than thfat which ý
reveals dislocatio ns and tlieref ire utilizing CL. tenipel -

at tire1- dependent contrast arialsis. defectls (of, similar w ' 1
apparacemay be quant itativel distingzuished.

C orrelations with complementary techniques such .

ats (T, and I R micr(oscopy have ind'icated thal t asaltul- A

rated Fe'l, solution is at reliable defe'ct revealine, etch tIIeii' n(t pim

f*or defcICts in both C( de arid ~('d./ril 'fe. '[he echCI llmic1P0iol\cp\.tii CtiIC(Vllti

Works onl a r-ange of' crystal -orientations including thle
lechrnoin igically impoirtanit I I I B surf'ace. /\ If coimmo n
crystall defectis such as precipitates. dishocationis. subl- (o onpais rions of C'I micrograph, with optical miicroI-
grain boundaries arid twill bounldaies re rex eailed. A sCope inmages of etch pits, has indicated that al greater
linear etch rate of approximately 2 Pill rulin 'has been resolution of indivdtiial features is obfaiinafie \\11th
measured f'or both thle . I I I A and I I I B faces, of Ic CIZ etefiiri but thle ( 1. techlnique was seen to rex cal
( die arnd ('dw,/ri,),,, . enlablingL tile use of' the etch a fil -ce numberllc of defects. I loxcx er. there is a rnced ito

inl profiling experimenclts. discrimriinate betweencl etefi pits, represenltin, line ls
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Abstract

Using reflectance anisotropy (RA), we investigate in situ the metal-organic chemical vapor deposition (MOCVD) of CdTe
and ZnTe on GaAs (100). RA transient signatures are observed at the beginning of the heteroepitaxy of lattice-
mismatched semiconductors: CdTe on ZnTe and ZnTe on GaAs. RA records also exhibit a fast initial variation (6r/r=
10-1) during the homoepitaxial growth of these II-VI compounds. In order to clearly understand those phenomena,
surface coverage is analyzed by alternating the precursor flows. Large RA signals (6r/r= 10-2) correlated with the 3D
growth of ZnTe on GaAs are observed, before the material relaxation. These signals can be.interpreted in terms of surface
roughness evolution within the framework of the effective medium theories (EMT). Moreover, ex situ spectroscopic
measurements of CdTe layers are performed and simulated; a good agreement is obtained between EMT models and
experiments.

1. Introduction layers for the HgCdTe epitaxy (infrared detectors).
ZnTe is also studied as a buffer layer between GaAs

Organometallic chemical vapor • deposition substrate and CdTe (14.6% lattice mismatch). RA is
(MOCVD) is one of the most commonly used tech- similar to phase modulated ellipsometry [7, 8]; a
niques for the growth of thin layers (semiconductors, difference with this latter technique is the normal
superconductors), and for the realization of hetero- incidence of the beam onto the sample. But the main
structures [1]. In comparison with molecular beam feature of RA is selective sensitivity to the surface
epitaxy (MBE), MOCVD suffers not only from higher when used to characterize isotropic materials [9].
temperatures of growth, but also from a high pressure Extrinsic contributions arise from physi- and chemi-
in the reactor (atmospheric in our case) that prohibits sorbed molecules, anisotropic surface films and surface
the use of a surface characterization method such as roughness (SR). Relative reflectance difference Ar/
reflectance high-energy electron diffraction (RHEED). r= (ro0 I-roi)/r is measured where r01o and r01i are the
A real-time in situ technique, reflectance difference normal incidence reflectances parallel to [011] and
spectroscopy (RDS) or reflectance anisotropy (RA), [01 i] directions, and r is the average value.
has been developed [21 to investigate the semicon-
ductor surface during crystal growth by MOCVD.
Such a method can allow a better understanding of the 2. Experimental details
reaction mechanisms and optimize the epitaxy of
heterostructures [3]. Free-carrier concentration has Coupling RA (ISA Jobin-Yvon spectrometer) to
also been determined by RDS [4]. MOCVD offers the possibility of following both real

Reflectance anisotropy has been used up to now to (S2.=Re(Ar/r)) and imaginary (S ,=Im(Ar/r)) com-
study III-V compounds [5, 6]; we present the first ponents of the anisotropy during the growth [10].
application of RA to the growth of II-VI semiconduc- Figure 1 shows the arrangement of the optical compo-
tors: CdTe and ZnTe. Many efforts are made to grow nents. Using the photoelastic effect, the polarization of
CdTe either as optoelectronic material or as buffer a light is modulated, and then reflected on the sample

0921-51 07/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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•analyzer

processing1

modulator
photomultilplie/

flow H, OFF

MOCVD reactor

De/nON
Fig. 1. Schematic diagram of the RA system. DOTe ON

0 10 20 30 40 50 60 70 80
time (secs)

surface. The interaction with the material leads to a

change in the polarization. After the analyzer, the beam Fig. 2. RA signal for ZnTe growth at 365 °C; precursor (DIPTe:
enters a photomultiplier; the parameters characterizing 200 cm3 min-', DEZn: 100 cm3 min- 1) and hydrogen (550 cm3

min- -') flows were switched on and off at the times indicated by
the reflexion are extracted by signal processing. We do the arrows. Total flow is 5000 cm3 min - 1.
not consider mirror effects (a mirror allows normal
incidence on the sample) or window birefringence.

In situ we will work at a fixed wavelength, but
spectroscopies of CdTe epilayers will be performed ex 3. Results
situ. Light sources are, respectively, a low power HeNe
laser emitting at 633 nm and a 75 W xenon lamp for There may be a variety of structural and chemical
in situ and ex situ experiments. Experiments are contributions to the surface anisotropy. At the onset of
conducted using a horizontal commercial reactor ZnTe homoepitaxial growth, the RA signal changes
including three silica walls (two fixed windows and a abruptly, exhibiting one large oscillation during 15 s
liner). ZnTe is grown at 365 °C using diisopropyl- (Fig. 2). The same transient is recorded when a hetero-
telluride (DIPTe) and diethylzinc (DEZn) on GaAs. junction of ZnTe on GaAs is grown, whereas the
CdTe is grown at 365 'C on ZnTe(buffer)/GaAs and heteroepitaxy of CdTe on ZnTe is quite different.
directly on GaAs using DIPTe and dimethylcadmium Except for this last experiment, the form of RA signal
(DMCd). The orientation of GaAs substrates is (100) is reproducible. Oscillation at the beginning of the
2' off [1101. In these conditions of epitaxy, we check growth is still observed, even when equilibrating the
the (100) orientation of all the layers by pseudo- pressure before and after the commutation of the
Kikuchi lines, except for CdTe epilayers on GaAs precursor flows.
which present (111) orientation. For RA, relative We also observe transients of 10-15 s time-scale
orientations of all the optical components are essential when adding or subtracting 500 cm' min I hydrogen
for the relevance of the data. Modulator and analyzer flow during the growth of ZnTe (Fig. 2). This perturba-
eigenaxes are chosen parallel to those of the mirror. in tion (10% of the 5000 cm 3 mrin- -total flow) seems to
order to minimize its effects. The polarizer axes are involve dilution effects, changing the chemical state of
oriented at 45° to the modulator as for those of ihe the surface. The fact that any commutation of precur-
sample to provide equal illumination along [011] and sor flows or any perturbation (adding a flow) involves a
[011 ] directions. 10-15 s time-scale transient can emphasize a problem

Measurements with the substrate position rotated by of the epitaxist. Without understanding precisely what
900 changes the sign of the RA signal, since (r0 ,I-r01 )/r happens at the onset of the growth, we clearly see that
or (roli-roll)/r is recorded; this proves the RA main multilayer processes calling for less than 15 s growth
contribution to the signal. Unfortunately, parasitic between two precursor commutations seem difficult to
sources like an r.f. generator make the measure noisy, perform, thus inducing a limitation in the MOCVD
(about 2-3 x 1 0-'). Another consideration is the bire-. heterostructure growth.
fringence of the three silica windows. This bire- " Figure 3 shows RA signatures of alternances of one
fringence adds an offset level to the RA signal; precursor flow (hydrogen saturated in DIPTe or in
therefore only variations of the optical anisotropy can DMCd); 30 .s of hydrogen flow separate each altern-
be measured, rather than absolute values. ance. Nevertheless this procedure cannot be called
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can predict the effective dielectric constant -, for the
L electric field in the jth direction, provided that the

corresponding depolarization factor q, for the effective
L1 medium is given. The effective dielectric constants for

the anisotropic SR are calculated fiom:

V Cd OFF I Cd OFF I1+kE, e+ ke"d 1 1__ -- _ (1)E--
lt~l•Te ON OF

where - is the dielectric constant of the deposited
Smaterial, f, is the volume fraction of voids, and k, is the

C ION Te ON 0F Cd ON screening parameter. This latter quantity accounts for
I • i I I i i the accumulation of charge at the boundaries of the SR

0 30 60 90 120 1S5 180 210 and is related with the depolarization factor q%, for the
time (sees) direction along the electric field, according to the

Fig. 3. RA signal for CdTe growth at 365 °C, alternating expression k, = (1 - q1)/q1 . The depolarization factor q,
precursor flows (DIPTe: 200 cm3 min . DMCd: 50 cm3 min ). incorporates the effect of the shape of the individual
Total flow is 5000 cm3 min - 1. regions that comprise the surface microstructure.

Let z be the axis normal to the growing surface. The
depolarization factors (q,, q,, q.) of the SR overlayer

atomic layer epitaxy of CdTe since the amount of along the three directions must satisfy the conditions
organometallic molecules sent is much more than that that q, + q, + qz = 1. If the SR consists of hemispherical
needed for a monolayer. However, stable and repro- isotropic hillocks, the depolarization factors for such a
ducible states of the surface are performed for each 2D symmetric system q. = q, = (1 - q)/2, and the RA
alternance. The time constants associated with the signal should equal zero. But if hillocks are triangular
switching on and off are very fast ( -1 s). Figure 3 also or exhibit a more complicated form then q_, # qy , qz,
shows that DMCd switch-off does not involve any and the RA signal is expected to be dependent on the
change in the signal, whereas DIPTe switch does. At surface morphology.
this point, it is clear that these observations are directly To compute the relative reflectance anisotropy for
correlated to the reaction mechanisms. the sample, the anisotropic SR is taken into account.

The two-layer system is represented as a uniaxial
anisotropic film (SR) on the top of an epilayer which is

4. Optical model grown on an isotropic substrate. The optical (z-) axis of
the uniaxial film is perpendicular to the surface. The

Lattice-mismatched growth induces elastic strain in relative reflectance anisotropy Ar/r is related to the
the epilayer. One can expect a weak contribution of the ellipsometric parameters V and A by the following
optical anisotropy related to the strain as this strain is manner Ar/r= 2?'+ iA', where ip'= V+ sr/4 and
probably isotropic in the plane of reflectance [11, 12]. A'= A - .r in the case of small anisotropies [10]. The
Therefore, the optical axis is normal to the interface, parameters tp and A are defined according to row I/ro1i
Nevertheless the induced optical anisotropy of the = tan •i exp(iA). The reflection coefficients for [011]
epilayer is taken into account as we found that the RA and [01 ] j polarizations are related both to the dielec-
signal is sensitive to its contribution. Generally, surface tric constants of substrate, deposited epilayer and
morphology of CdTe (ZnTe)/GaAs epilayers are effective dielectric constants of the anisotropic SR.
rough, exhibiting hillocks and pyramids [13]. As a They are also related to the thickness of the epilayer
result, both the time and spectral character of the RA and the effective thickness dsR 01 the rough layer [8]. In
signal at the lattice-mismatched growth are determined order to simulate the kinetics of the deposition we
by an appearance and evolution of anisotropic surface suggest a constant deposition rate Vd and the following
roughness (SR) whereas a contribution of adsorption law to describe an evolution of the SR:
can be dominated only at the initial stage of deposition[6c. dsR = ate- (2)

Consider the SR as a single layer that has an effec- This general law can describe both increase and reduc-
ti-ve thickness d and a set of effective dielectric tion of the SR.
constants c, (j= 1, 2 and 3) determined by Bruggeman Since RA detects anisotropy changes but does not
effective medium approximation (BEMA) [ 141. BEMA provide an immediate identification of the origin of the
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Fig. 4. Comparison between experiment and theory for the RA Fig. 5. Comparison between experiment and theory for the RA
records (S., and S~,. as a function of time) of ZnTe growth at spectroscopic records (S., and S2,. as a function of energy) of
365 *C. 1000 A CdTe epilayer.

"signals, it is important to carry out both kinetic and 5. Summary and conclusion
spectroscopic measurements to characterize unam-
biguously the process under investigation. Figure 4 Using reflectance anisotropy, we investigated in
shows both the experimental kinetic results of ZnTe situ the growth of 11-VI semiconductors (CdTe and
deposition on GaAs and simulation of the process with ZnTe) by MOCVD. Preliminary results show that

d=0.8 A s-, a=34A, b =1.6 and c =0.26 s' signal changes occurring over different time-scales are
Damping oscillations are related with light inter- related to different contributions to the optical aniso-
ferences in the deposited epilayer. The simulation
reveals that SR reaches a maximum around. 125 A anstropy of s th en mtria.Sectrald dependencert odiferthe

Sn e thicknesses of CdTe epilayers. Within the framework of
smooth and/or isotropic morphology. . effective medium theories, a model has been developed

Figure 5 shows the results of spectroscopic to describe surface roughness anisotropy. Good agree-
measurements on a 1000 A thick film of CdTe oFn ment between experiments and simulation has been
GaAs, and the simulation with the effective width of found. The preceding results illustrate the potential of
the SR, dth =p60 A, and volume fraction fids using reflectance anisotropyo fe invositdtes to

fý=0.39. Depolarization factors are q., 0.0, q ' = 0.69 susdn rfetane anOis gowtrop asam nstechnnssof1-Iqu tom

andows bot 0.31 indicatngtal stiptcharacters of thesufae situd the OCDgrowth mcaim of I--Vemcndctr (Com-an

andepo 1io ndGati an strip ractio of the surfacess w pounds, and to optimize the epitaxy of heterostruc-
morphology. In order to get a best fit to the expeS- tures.
mental curves, the induced optical anisotropy of the
epilayer is described by ae =ecdTe(ld + 6e'), where
ECdTe is the dielectric function of CdTe and
6E Xe = 0.008. For a 1 ~um thick film dSR =93 A, Acnweg nt

f,= 0. 14 which indicate a reduction of the SR. De- The authors would like to thank R. Benferhat and Y.
polarization factors are q,= 0.0, qY = 0.8 and q, = 0.2.. Josserand (ISA Jobin Yvon) for technical assistance.
An additional anisotropy 6e, = 0.3 of the material of
the SR layer (CdTe) has to be introduced in order to
get both the relatively high level of the RA signal and References
an acceptable fitting to the experimental curves. This
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Abstract

In order to study the damage produced as a function of both the chemical nature of the ion and the implantation energy.
I 1111 CdTe single crystals were implanted with 150 keV Mn and 50, 100 and 200 keV P ions. Analysis of the damage was
carried out by Rutherford backscattering spectrometry and ion channeling measurements using 'He beams at different
energies. These measurements show that the disorder induced by ion implantation in CdTe exhibits specific features: (i)
saturation of damage without reaching the amorphous state; (ii) existence of an almost undamaged near-surface region. In
fact, whatever the implantation conditions, the normalized channeling yield (which is a measure of the integrated
disorder) reaches the value of 0.6-0.7 at saturation and the low damaged layer depth is about 40 nm thick. The channel-
ing measurements are consistent with a previous study in which the residual damage was identified as small-sized disloca-
tion loops mainly located beyond the ion projected range Rp. These results are interpreted as indicating a high mobility of
defects in CdTe together with a high efficiency of the surface in their recombination process, and the role played by the
dislocation-loop-induced stress.

1. Introduction Although in MCT these characteristics have been

ascribed to the very high mobility of the mercury inter-
Ion implantation as a doping technique has been stitials, the general trend of the damage mechanism

widely used in recent years in the attempt to obtain appears to be the same in both materials, so that the
p-type CdTe with a high dopant concentration [1-41. problem of understanding this damage mechanism
The problem related to this doping technique is the could be related to specific features of CdTe and,
difficulty of recovering the damage produced by the possibly, of other I-VI compounds.
bombarding ions. The main reason for this is the A previous study undertaken by Uzan-Saguy et al.
anomalous damaging process which has been observed (51 on indium-implanted Hg(Cd, -Te (x = 0, 0.24, 0.7,
in ion-implanted CdTe with respect to other semicon- 1) shows the same general trend in the damage evolu-
ductors1

2, 5-8]. tion as a function of the fluence, independent of the
More recently, because of the great technological mercury molar fraction. Three different damage

interest in HgCdTe (MCT), many studies have been regions have been identified as a function of the
undertaken concerning the implantation damage in this implanted dose. The fluences at which the changes in
material [9-11]. The main characteristics of the the damage behaviour have been observed correspond,
damaged layer produced are similar in both MCT and for all the compositions, to the same residual damage
CdTe, and can be summarized as follows: (i) the surface density. A qualitative model where the ionic
implanted layer does not become amorphous at room forces existing in the lattice are responsible for the
temperature, even at very high implantation fluences; defect recombination that prevents the amorphization
(ii) a layer of extended defects is created, deeper than of the implanted layer has been proposed [5]. More-
the calculated ion projected range Rp. over, when damage saturation is reached, an in-depth

defect redistribution, related to a radiation-assisted
*Author to whom correspondence should be addressed. diffusion process, has been suggested.

Permament address: Dipartimento di Scienza dei Materiali, In a previous study performed by ion channeling
Unita GNSM-INFM, Via per Arnesano, 73100 Lecce, Italy. analysis of phosphorus-implanted CdTe as a function
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of implantation fluence and energy, evidence was of energies ranging from 400 keV to 4 MeV were used
found that the damage mechanism involves a defect for the analysis, allowing a good depth and mass reso-
diffusion both at depths greater than Rp and towards lution in the surface region.
the surface, where a defect annihilation mechanism
must be particularly efficient [8]. Moreover, by in situ
transmission electron microscopy (TEM) observations 3. Results
of plan sections, the residual defects have been iden-
tified as small-sized, interstitial-type dislocation loops Figure 1 shows typical RBS spectra taken in chan-
[12]. neling conditions along the [1111 CdTe direction for

Our present results, together with other literature the sample implanted with 150 keV Mn ions at several
data, allow us to conclude that the main features of the fluences. As observed in previous studies, the
damage process are independent of the implantation implanted layer does not become amorphous even at
parameters and are thereore related to the matrix the highest implantation dose. Nevertheless, the
characteristics. sequence of the spectra in Fig. I shows a damage

quasi-saturation on increasing the fluence. Moreover,
these spectra show a low channeling yield extending

2. Experimental details from the surface down to a depth at which quite a
sharp variation in the dechanneling rate sets in. The

Brome-methanol-etched samples of [1111 CdTe, high dechanneling rate extends down to a kn-e, where
grown from the melt by the Bridgman technique and it becomes nearly equal to that of a virgin sample. This
supplied by COMINCO, were implanted with 50, 100 fact leads to the assumption that the knee represents
and 200 keV P, and 150 keV Mn ions at fluences the end-point of the damaged layer produced by ion
ranging from 1x 1014 to 1 x×101 ion cm-2. All the implantation. The knee depth increases with the
implants were performed at room temperature with a implantation fluence, ranging from roughly Rp up to
current density below 0.2 pA cm- 2, in order to restrict 2 Rp when damage saturation is reached. This increase
the temperature rise during implantation. Both the ion of the damaged layer depth is not due to dopant-
implantor of the University of Padova and that of the enhanced diffusion, because secondary ion mass spec-
Centre de Spectrom~trie Nucl6aire et Spectrom6trie de trometry (SIMS) measurements show that the dopant
Masse (CSNSM) at Orsay were used. The values of the profile is centred just around the calculated Re.
ion projected range Rp calculated using the TRIM The low channeling yield observed in the surface
program [131 for the different implantation conditions region for all the implantation fluences indicates the
are reported in Table 1 and range from 56 to 186 nm. presence of a nearly damage-free surface layer (low

The characterization of the damage produced in the
implanted samples was performed by RBS and ion
channeling measurements at Laboratori Nazionali di , 5ISev'65 ' 1 O ,9 75 0 80 0 ' - .',, 3

Legnaro (Italy) and in situ at the CSNSM in Orsay 3000
(France) with the ARAMIS accelerator in line with the ITS
ion implantor IRMA [ 14]. Unlike pre, ious works [5-71 1150
performed by low energy hydrogen beams, 4He beams

2000

TABLE 1. Summary of the implantation conditions: ion. 150
implantation energy E,,m and ion projected range R. The last 0
column reports the thickness tt., of the low damage layer
measured with 'He beams of different energies ERHS 1000

Ion 'amp(keV) R,, (nm) E", (MeV) 1 1 (m

P 50 56 1.0 33 " --
4.0 28 0

0(( 4, 0
P 100 99 1.0 462.0) 37

Fig. I. 1 MeV in siu 4He RBS spectra in channeling condition
P 200 186 0.4 35 along the [I1II axis for a 150 keV Mn implanted sample at

2.0 42 several fluences: (I) virgin sample; (2) 2x 10" ion -n- 2; (3)

Mn 150 92 0.4 50 5 x 1()14 ion cm 2 ; (4) , x 1015 ion cm- 2 ; (51 3 x )to" ion cm -;

2.0 40 (6) 5 X 10" ion cm A random spectrum (7) is also shown for
comparison.
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damage layer). This fact is also supported by the clearly In order to get information on the nature of the
evident channeling surface peak. It is important to residual damage, the normalized channeling yield Xk,,,.
emphasize that this low damage layer is a common at the knee depth was measured at different 4He beam
feature of all the examined samples, independent of the energies ranging from 0.4 to 4 MeV. No energy
implantation conditions. Thus the surface region has dependence was found for any samples, suggesting that
been systematically analysed for all the samples using the residual defects are mainly sma!l-sized dislocation
'He beams of different energies. In fact, the kinematic loops; this is in agreement with the TEM observations
energy separation between the cadmium and the tel- [121.
lurium signals corresponds to 9 nm and 127 nm at 0.4 The evolution of the lattice disorder with the
MeV and 4 MeV respectively. While the surface mini- implantation fluence is shown in Fig. 2 where Xk... is
mum yield Xmi, which is a measure of the surface dis- reported as a function of the fluence. The behaviour is
order, slowly increases from 6% for the virgin sample qualitatively the same for all the implantation condi-
to 2()%/ at 5 X 1015 ion cm - 2, no significant variation of tions, showing a rapid increase in disorder up to a
the thickness tlD of the low damage layer is observed. quasi-saturation by increasing the fluence. The satu-
The values of tLD, averaged for the different implanta- ration value of the channeling yield, which depends on
tion doses, are reported in Table 1 for the different the integral disorder, is always about 0.6. whereas the
implanted ions and implantation energies. The table fluence (P,, at which the damage saturation is reached
shows that t1., has a mean value of 40 nm with a stan- decreases by increasing the energy v(E) lost in nuclear
dard deviation of ± 7 nm. independent of the ion pro- collision, as shown in Table 2. In the case of 50 keV P,
jected range. the saturation was not reached at the highest implanted

dose but ), can be estimated by extrapolating the
experimental yield measured at lower fluences and by

0.8 .......................... assuming a Xk,,, saturation value equal to that found
for the other implantation conditions. The values of the

= -- saturation dose in each sample are reported in Table 2
' 0.6 / -- together with values deduced from some literature data

- ' [5, 151.

"-•' 04 ,'

S0.2 * 4. Discussion

0 The results presented above clearly show that CdTe
i(11 10ol iO't loll never becomes amorphous following room temper-

Dose (at/cm) ature implantation, even after high dose ion implanta-
tion (5 x 10t5 ion cm -2), which agrees with previous

Fig. 2. '1he channeling normalized yield Xk,,, calculated at the literature data. Nevertheless, the residual damage

knee depth as a function of the implantation fluence for I5(1 keV

Mn implantations (O) and phosphorus implantations at 5(0 keV exhibits a quasi-saturation at a level independent of the
SA i. 1(10 keV i A i and 200 keV (t). The lines through the data implantation parameters. When this damage saturation
points are only drawn to guide the eve. is reached, residual defects are found at a depth almost

'IA BI - 2. The energy lost iii nuclcar collisions in Cdirc. v0.) and the ratio vi( F /R,, as calculated by 1RIM-'90 program for several
implanted ions and implantation energies

hin IF 0(/) 1,(/' , j/R, i.( , (- ,, IR, is ! ),..
*kcV) (keVj (eVnm )(oncm ") eVcm') eVcm

P 5(1 26 464 7x It0" 3.2 x I10" I.8 x 10:"
P 11(1 47 475 3.5 x M1` L6x 10' 1.6 x 10"'
P 2(101 8O 43(0 2 x 10' (o.9 X I o- I.6 x I0"
Mn 150 92 1000I 2 x Ioll 2.0 x 10`) 1.8 X 10"
IIg' 350 227 3247 7x 1(011 2.3 x 10-` 1.6 x I W1
In" 32(1 211 2184 8x I1', 1.7x (1"2 1.7x I(0-"

The damage saturation tlucnces (),.,, obtained from - ig. 2 and from literature data are also reported, together with the volume energy
density '( ; /Rp 4i,,, and the surface energy density v! 1-4,.,.
"ftcr ref. 15.
"After ref. 5.
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twice the ion projected range, suggesting a very high of energy per unit volume has been deposited in
mobility of the primary defects. nuclear collisions. A rough estimate of this parameter

Diffusion data for CdTe 116] indicate a very high can be given by (v(E)/1Rp)), where v(E) is the energy
mobility of tellurium interstitials, while the vacancy lost by the implanted ion in nuclear collisions and D
mobility (of both cadmium and tellurium) is nearly the fluence. In the case of phosphori . implantation, the
three orders of magnitude lower. Because of the high data in Table 2 show that v(E)/R, is virtually inde-
interstitial mobility, the probability of defect recom- pendent of the ion energy (456 ± 19 eVnm -), while
bination and defect clustering is increased. However, as the damage saturation fluence changes by almost a
pointed out in ref. 17, following the kinematics of the factor of four. It can be concluded that damage satura-
collision cascade, excess interstitials are mainly found tion in ion-implanted CdTe is not related to a critical
at a depth greater than Rp, leaving an excess of vacan- volume energy density v(E)4 .a,/Rp. Instead, a strong
cies at depths lower than about 0.8Rp. This fact inverse correlation of the saturation fluence is found
together with the interstitial diffusion explain both the with v(E), i.e. a critical surface energy density instead
TEM results [12] and our present channeling data. In of a volume density (see last column in Table 2). Not
fact, TEM observations have shown that the residual only our data but also literature data support this
defects are small-sized interstitial-type dislocation conclusion which is most significant because both the
loops (15 nm or less) located far from the surface, v(E) and v(E)/Rp values span almost one order of
which is in agreement with the depth measured by RBS magnitude. Hence, the data in the last column of Table
channeling ranging from Rp to 2 Rp. Moreover, the 2 lead to the conclusion that ion implantation damage
small size of the dislocation loops accounts for the saturation in CdTe is related to a surface density of
independence of the dechanneling probability from the energy deposited in nuclear collision, which is of the
analysing beam energy. The TEM measured density order of 1.7 ± 0.1 x 102" eV cm- 2, independent of the
and size of the dislocation loops show that the number implantation conditions. The fact that the critical
of interstitials clustered in the loops is almost three parameter is a surface energy density provides further
orders of magnitude lower than the number of primary evidence that the damaging process is completely
displacements. This fact indicates a very high inter- dominated by diffusion processes, in agreement with
stitial-vacancy recombination probability and this is the previous discussion.
also supported by the suggested interstitial mobility.
The enhanced probability of vacancy-interstitial
recombination can also explain the surface low damage
region. However, the fact that the thickness of this layer 5. Conclusions
is 40 nm, independent of the ion projected range, indi-
cates that the crystal surface plays a specific role as a A systematic study of the ion implantation damage
defect sink in the damage mechanism during CdTe ion in CdTe leads to the following conclusions.
implantation. This thickness thus seems to be con- (i) The high interstitial mobility produces both a high
nected to an effective recombination range charac- defect recombination efficiency and interstitial cluster-
teristic of the CdTe surface. ing in dislocation loops at depths greater than Rp.

The damage saturation mechanism is more difficult where vacancies are not available. This fact prevents
to explain because it requires the assumption of some the amorphization.
change in the diffusion mechanism of the primary (ii) A low damage surface layer is always observed.
defects as the implanted dose (and hence the residual Its thickness is independent of the ion projected range
damage) increases. One possible hypothesis is that the and it appears to be a specific feature of the CdTe sur-
increase in strain between Rp and 2 Rp caused by the face, which acts as a preferential defect sink.
interstitial dislocation loops acts as a diffusion barrier (iii) Independent of the implantation conditions,
for the newly generated interstitials so they preferen- damage saturation is reached at a given surface density
tially diffuse toward the surface, where they easily of residual disorder. This condition, characteristic of
recombine with the vacancies. This hypothesis is CdTe, is believed to steer the interstitial diffusion pref-
supported by the fact that damage saturation always erentially towards the surface because of the lattice
corresponds to the same amount of integral residual strain induced by the dislocation loops.
disorder as shown by the normalized channeling yield (iv) Damage saturation is reached when 1.7 x 102-1
(Xkn, - (.6). The critical stress responsible for the eV cm- 2 are deposited in nuclear collisions. The fact
damage saturation does appear to be related to a well- that the relevant parameter is a surface energy density
defined density of dislocation loops. instead of a volume density again indicates the domi-

For most semiconductors, damage saturation (amor- nant role played by primary defect diffusion in the dis-
phization) is generally achieved when a given amount ordering process.
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Abstract

Optically detected and conventional spin resonance investigations have been successful in determining the structure of
cation vacancy-donor pairs (A-centers) and anion vacancies (VTe) in CdTe. Investigations in the ternary alloy system
Cd, - ZnTe for the complete range of x show that the A-center binding energy is almost independent of the composition.
In CdTe the VT-J" level position is 0.2 eV above the valence band and correlation to a deep luminescence band at 1. 15 eV
can be drawn. In the alloys this photoluminescence band closely follows the conduction band from CdTe to ZnTe. Studies
of the spectroscopic g-values of the shallow donors in Cd I-ZnTe show that they shift linearly from - 1.69 in CdTe to
- 0.4 in ZnTe.

1. Introduction In CdTe and ZnTe knowledge of intrinsic defects or
complexes of intrinsic defects and impurities is much

In the wide gap II-VI compounds the identification less definite. No identification of an isolated intrinsic
and structure determination of intrinsic defects by defect has been reported so far in the literature and
electron paramagnetic resonance (EPR) and optically contradictory results for A-centers exist.
detected magnetic resonance (ODMR) has been very In ZnTe a defect was detected by EPR having simi-
helpful for the understanding of the self-compensation lar g-values as A-centers in ZnS and ZnSe [5]. This was
mechanism in these materials, taken as evidence for the existence of deep A-centers in

Isolated intrinsic defects such as cation vacancies, ZnTe. But hyperfine interaction with the surrounding
acting as acceptors, anion vacancies acting as donors tellurium ligands has not been observed, which would
and interstitials have been studied in particle irradiated confirm that the defect is located on the anion sub-
or additively colored ZnO, ZnS and ZnSe [ 1, 2]. lattice. A defect with comparable properties has been

A-centers, which are complexes of a cation-vacancy found in neutron irradiated CeTe again without obser-
and a nearby donor impurity and which act as single vation of any hyperfine interaction [6]. In 1985 Cox
acceptors, were shown to be responsible for the high and co-workers observed by ODMR, a defect in
resistivity of ZnS and ZnSe in the as-grown state. ZnTe:CI with trigonal symmetry and with lower
ODMR investigations made it possible to directly symmetry in Al-doped material [7]. The observation of
correlate these defects to so-called "self-activated" the Te ligand hyperfine interaction showed that the
luminescence bands [3]. The EPR investigations defects are located on the Cd sublattice. They pre-
resolved that the A-centers have trigonal symmetry sented a conclusive interpretation of their data and
when a group VI1 donor is involved (nearest neighbor identified these defects as being A-centers. The g-
pairs) but have lower symmetry for a group III donor values and optical data were significantly different
(next nearest neighbors pair). The g-values of the compared to A-centers in ZnS and ZnSe. These prop-
A-centers were close to the free electron value of erties reflect that A-centers in ZnTe act as shallow
--2.00, reflecting that these centers are deep level defects, not as deep ones.

defects 141. The outline of the paper is as follows: first, we will

0921-51i 07/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserved
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briefly describe the method used for our investigations, tion frequencies were used as reference for lock-in
the optical detection of magnetic resonance (ODMR) detection. The signal output of the lock-in is propor-
using the magnetic circular polarization of the emission tional to the intensity difference for the left and right-
(MCPE). This technique was very successful when circularly polarized components of the emitted light
identifying the A-centers in the 1.42 eV luminescence (I,. - 1,-). The EPR experiments were performed on a
band of CdTe [8]. With a binding energy of 120 meV commercial Bruker (ESR 300) spectrometer (X-band,
the A-centers are shallow centers in CdTe as they are in 9.5 GHz).
ZnTe. The behavior of the A-center over the complete
composition range of x will be discussed. The centers
preserve their shallow character, thus having similar 3. Results and discussion
optical properties as the residual transition metal
impurity Cu. 3.1. A-centers

The second part of the paper deals with the 1.15 eV As early as 1959 it was proposed that A-centers are
photoluminescence band in CdTe. The dependence of present in CdTe, and give rise to a photoluminescence
the emission energy on the alloy composition x in band centered at 1.42 eV [9]. However, a correct
Cd, _•ZnTe gives evidence that the responsible defect assignment has been possible only recently by ODMR
is located on the tellurium sublattice. With conven- [8]. This was partly due to the fact that not only A-
tional EPR investigations the first isolated intrinsic centers contribute to the 1.42 eV PL band in CdTe. but
defect in CdTe, the tellurium vacancy (F-center), could also the residual impurities Cu, Ag and Au show radia-
be detected. The defect is a single donor in CdTe with a tive recombination in this spectral range [10]. In addi-
level at E, + 0.2 eV. tion, a defect of yet unknown structure also emits at

Finally, we describe the determination of the com- 1.475 eV [11] (see Fig. 1). Without going into the
position dependence of the donor g-values in details of the ODMR analysis of the A-centers, we
Cd1 ,ZnjTe. briefly summarize the results. A trigonal (I11)

symmetry was obtained for A-centers in Cl-doped
CdTe. The g-values obtained are g, = 2.2 and g, = (0.4

2. Experimental dettils for a description within an effective spin S'= 1/2 state.
The hyperfine interactions with the three nearest Te

The CdTe samples used in the experiments were neighbors with nuclear spin I= 1/2 have been resolved.
grown either by the travelling heater method (THM) or The optical excitation spectra of the A-center ODMR
by the Bridgman technique. For the purpose of obtain-
ing high resistive material, the growth was performed
under Te-rich conditions. Up to 10 " cm- 3 group II or
VII donor dopants were added to the melt.

The ternary Cd1 -_ZnTe crystals were grown by CdTe
THM from a CdTe seed in a Te zone with a ZnTe T = A
reservoir at about 800 'C with a speed of 3 mm per
day. With this technique crystals covering almost the '

complete composition range of x were obtained in one "z
boule. The samples were cut from these crystals and .
the composition was determined by energy dispersive
analysis of X-rays.

For the MCPE and ODMR experiments the samples
were placed in an open cylindrical TE1)11 microwave • b)
resonator (12 GHz or 24 GHz) situated at the center of "PL
a superconducting magnet. The sample and the reson- 0
ator were directly immersed in superfluid helium
(T,< 4.2 K). Photoluminescence was excited by typi-
cally 100 mW of the 514 nm line of an Ar-ion laser. I.
The emission spectra were detected using an LN,- 1.35 1.4 1.45 1.5
cooled Ge-detector or a photomultiplier. For the energy (eV)
MCPE measurements a linear polarizer and a piezo- Fig. 1. Photoluminesccnee spectra of different CdTe samples: (a)
electric quartz modulator were inserted into the Fi.IPhtlmncnesptrofdfrntCe ape:a

spectrum originating from an unidentified defect: (b)
emission beam. To analyze the circular polarization donor-acceptor recombination between the Cu acceptor and the
components of the emitted light (o+, a-) the modula- Cl donor: (c) excitation spectrum of the A-center ODMR signal.
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signals (Fig. I(c)) show a well-resolved emission band rule and exhibit stronger phonon coupling. The
with a zero phonon line (ZPL) located at 1.478 eV and binding energy is constant, independent of the chemi-
followed by LO-phonon replica. The emission is cal nature of the donor involved in the A-center com-
explained by the recombination of shallow donors with plex, but the phonon coupling changes remarkably.
distant acceptors (A-centers), since both shallow With respect to ZnTe and the alloy Cd, -,ZnTc. we
donors (g= 1.69) and A-center ODMR signals were find that the luminescence band located at 1.42 eV in
observed. If we compare these results to the properties CdTe follows the band-gap shift and is located in ZnTe
of the "classical" A-centers in ZnSe we find striking at about 2.2 eV (Fig. 3). Cu, Au and Ag as well as the
differences [3. 4]. In ZnSe these centers show a broad N-center ,omplexes maintain their propertie, For the
deep luminescence band around 1.9 eV (Egapp 2.7 eV); shallow acceptors, only slight changes in the binding
the binding energy is estimated to be 0.7 eV. The g- energies are found [14].
values are close to 2.00. In contrast the recombination The same holds for the A-centers: the binding
energy of A-centers in CdTe is much closer to the energy shifts from 125 meV in CdTe to 160 meV in
bandgap energy of 1.6 eV. The binding energy is calcu- ZnTe (CI-A-center), the phonon coupling S is reduced
lated from the position of the ZPL to be 125 meV. from 2.2 to 1.6, respectively. This behavior can be
Therefore the coupling to the lattice is weaker, which understood from the fact that A-centers, as well as Ag,
explains qualitatively the observed phonon structure of Au and Cu, reside substitutionally in the Cd sublattice.
the PL band. The four nearest Te neighbors do not change in the

The binding energy of the A-centers is comparable alloys. This is in line with the resolved Te ligand hyper-
to 145 meV of Cu acceptors in CdTe [101. The g-value fine interaction for A-centers in ZnTe and CdTe. It is
of the copper acceptor (J= 3/2 state) with cubic the dominant interaction of the paramagnetic electron
symmetry was determined from Zeeman spectroscopy and the spin density of the defects is located to a great
to be g=0.71 [12]. In the description of a shallow extent on the Te neighbors. In the Zn, _,SeS alloys in
acceptor, the g-value of the A-centers would be contrast, the nearest neighbor atoms change from 4 Se
g•1' 1/2/3 = gf/21 = 0.73 again similar to the value for Cu. to 4 S atoms with increasing alloy composition. This

The optical p. .,,erties of the A-centers differ, causes significant changes in the optical properties of
however, from those of the "shallow" acceptors Cu, Au the A-centers in these compounds [ 15].
and Ag when considering the strength of the phonon
coupling as a function of the binding energy (Fig. 2). 3.2. Deep hlminescence bands
From Hopfields theory a linear dependence of the In our PL studies of various CdTe crystals either
phonon coupling, described by the coupling parameter doped or undoped, we realized that apart from the
Shoo, on the binding energy is expected (S is the 1.42 eV band, additional deeper bands in the spectral
Huang-Rhys factor; h1w is the phonon energy) [13]. region from 1.2 to 0.8 eV are present. As an example
This is indeed found for the transition metal acceptors
Ag, Au and Cu [141. The A-centers do not follow this

300 __Cd,.,Zn 
Te

=0 T = 4.2 K
0 metal impurities Au

> A-centers (V%,-donor) *I -S. 0.3

S200 77

Cu x=0.6
In

"A, CI Br F, .* *
100 Ga=

10 20 30 40 50 60 70

ShNo (meV) 1.2 1.6 2.0 2.4

Fig. 2. Binding energy as a function of the phonon coupling Energy (eV)
(Shw) for acceptors in CdTe. full circles: Ag, Cu. Au: full
squares: cadmium vacancy-donor complexes (A-centers) with Fig. 3. A-center photoluminescence band in Cd, -,Zn,Tc for
different donors involved. crystals of different composition r.



1). A.1. Ilhimann et al. / l)efecis in C(di AZn, 131

the bandgap shift, being set up from Cd 5s antibonding
CdTe:F 1.15 eV states and Zn 4s antibonding states. As we have seen

= Tfrom the discussion of the A-centers, these shallow

.4 centers located on the Cd sublattice follow the valence
band properties in the alloy. The defect responsible for
the 1.15 eV band in CdTe shows an opposite behavior:
the rather constant emission energy indicates that it is
correlated to the conduction band, i.e. being located on
the Te sublattice. The 1.15 eV band is observed in
various crystaih independent of doping, this indicates

0. - .6 that it may be either due to an omnipresent residual
energy (eV) impurity or an intrinsic defect.

Fig. 4. Photoluminescence spectrum of nominally undoped In the literature only a few investigations on PL
CdTe. In addition to the 1.42 eVa deep luminescence centered bands at an energy below the 1.42 eV band are
at 1.15 eV is visible. reported. Kernocker et al. attributed a PL band at

1.15 eV to Fe in Fe-implanted CdTe [17). However.
substitutional Fe is located on the Cd sublattice. In

2.5- ,electron-irradiated CdTe a similar PL band has been
2.0- bobserved. From annealing experiments of the irradia-

tion induced defects, it was concluded that this band

1.5- originates from a Te vacancy defect [181. EPR experi-

> ments described in the next section identified VT, in
10 CdTe. Based on the energy level determination of VTc,

3-o- it is not unlikely that this intrinsic defect is responsible
for the emission band.

3.3. Te vacancy in CdTe

!valence bandl The formation and defect structure of anion vacan-
-0.5 •cies (F-centers) have been studied extensively in ionic

0 0.2 0.4 0.6 0.8 1.0 crystals of rocksalt structure [19). Apart from the wide
CdTe composition x ZnTe band-gap materials with high ionicity, for instance.

Fig. 5. Peak positions of the A-center photoluminescence band BeO and ZnO, ZnS is the only member of a compound
(full squares) and the 1.15 eV band (full circles) in CdTe as a semiconductor in which the anion vacancy has been
function of the alloy composition x in Cd, ,ZnTe. identified by EPR ( I ].

It was unexpected to observe these defects in CdTe
grown under Te-rich conditions favoring the formation

we show a spectrum of a PL band located at 1.15 eV in of Vc,(. Additionally, the samples were annealed in an
Fig. 4. The broad gaussian band suggests a strong argon atmosphere for 1 h in a temperature range from
electron-phonon coupling (i.e. S>6). S=17 and 380 °C to 780 'C. Already a 380 °C anneal was suffi-
hw = 13 mcV was obtained from the temperature cient to make the VFT ÷ EPR signal observable.
dependence of the emission band halfwidth. From the The EPR spectrum (Fig. 6(a)) consists of nine lines
peak position at 1.15 eV and the Stokes shift (Shw() we due to the hyperfine interaction with the four nearest
estimate a binding energy of 1.38 eV, which is consis- Cd neighbors ('..Cd and '' 3Cd, nuclear spin 1= 1/2,
tent with the onset of the PL band. Investigating this natural abundances 12.75% and 12.26%, respectively).
band as a function of the alloy composition x, we found The outermost of these nine lines are hardly resolved
that its emission energy starting from 1. 15 eV in CdTe, in the experiment. The spectrum is isotropic (isotropic
remains almost constant up to ZnTe (x= 1) while the g-value, g = 2.000 ± 0.001) consistent with an F-center
A-center luminescence energy increases as the band groundstate of s-type symmetry.
gap from CdTe to ZnTe. This behavior is shown in Fig. To study the electrical properties of VI-, we have
5. It should be noted that the values for the energy shift illuminated the sample with sub-band-gap light. The
of the valence and conduction band were taken from result is shown in Fig. 6(b). For light energies of 1.4 eV
Langer and Heinrich [161. According to this work, the and above, a strong increase of the Vr,. EPR signal
valence band, being set up from Te 5p bonding states, is observed. We propose that the vacancy is
shifts only about 40 meV from CdTe to ZnTe. The directly ionized in a transition from the neutral charge
conduction band on the other hand contributes most to state to the singly positive (paramagnetic) state:
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Fig. 6. (a) Electron paramagnetic resonance (EPR) spectrum of
the singly ionized tellurium vacancy (Vre.) in CdTe. (b) Photo-
excitation spectrum of the VT,. EPR spectrum in CdTe. 1.0 1.1 12 13 1.4 1.5
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Fig. 7. (a) Electron paramagnetic resonance spectra of the donor
VTe° - VTe+ + e-. The corresponding energy level would resonances in Cd, - ZnTe of different composition x; (b) opti-
hence be at E, + 0.2 eV. In the second threshold at cally detected magnetic resonance spectrum of the donor reson-

0.92 eV Ni acceptors are involved. The Ni2 /+ level is ance in Cd0.18Zn082Te.

at E, + 0.95 eV [20]. Ni2 + is the equilibrium charge
state in this high resistive material. The ionization
transition Ni2 + -- Ni + creates free holes, which are is thus unobservable. If ge is -0.4 in ZnTe we expect
trapped by the neutral vacancy and create paramag- for a linear interpolation g = -0.7 for x = 0.8. Using 12
netic VTe+. Since Ni" is also paramagnetic this has been GHz microwaves, a resonance position would be at
confirmed by monitoring the Ni + EPR signal. 1.25 T. Figure 7 shows our results of EPR and ODMR

From these investigations we can conclude that VT. investigations for the donor resonances in Cd1 _ Zn Te.
acts as a single donor in CdTe with a level position of For the compositions x = 0.0, x = 0.12 and x = 22 we
0.2 eV above the valence band. This energy is in used conventional EPR techniques (9.5 GHz). The
reasonable agreement with the onset of the 1.15 eV PL resonance shifted from 402.2 mT through 450 mT to
band and the estimate of the corresponding level 500 mT. This corresponds to g, = 11.691, 11.511 and
position described in section 3.2. Furthermore, the 11.361, respectively. For higher compositions of x no
behavior of the 1.15 eV PL in the ternary compound donor resonances could be found by conventional
supports the involvement of VTe. EPR, possibly due to the compensation of the material

which forces Zn-rich alloys to become p-type. How-
3.4. g-values of shallow donors in Cd, -_Zn, Te ever, for the higher alloy compositions ODMR experi-

The sign of the g-values of shallow donor conduc- ments were successful. The result for the x=0.82
tion electrons has been discussed for ZnTe [21]. sample is shown in Fig. 7(b): a broad resonance occurs
g= -0.4 has been measured by Zeeman spectros- at g. = 10.691 which was the value estimated above for
copy, whereas g. = + 0.4 has been determined from this alloy composition. Supported by temperature and
ODMR experiments. In CdTe a negative value of magnetic field dependent studies of the MCPE of the

=•- 1.7 was found [22]. For a positive ge-value in donor acceptor recombination [23] the dependence of
ZnTe, g& in the alloy Cdl_- ZnTe is expected to the g-values in the Cd_ -,ZnTe alloy was found to be:
become zero for a composition of about x = 0.8. In a
spin resonance experiment this would correspond to a
resonance position at infinitely high magnetic field, and A nonlinear dependence of the g& values as a function
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Positron trapping at native vacancies in CdTe crystals: In doping effect
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Abstract

Positron lifetime measurements give evidence on vacancies in n-type CdTe crystals. The crystals are either nominally
undoped or In doped and grown by the travelling-heater method (THM) or the Bridgman technique. In THM CdTe(In)
crystals grown using Te as the solvent, the concentration of vacancies correlates with the concentration of In and
electrons. This correlation is in agreement with the model of self-compensation where the In donors are compensated by
In-vacancy complexes. In addition to (VC.d-In)- complexes, it is found that positrons are trapped by negative ions.

I. Introduction 2. Experimental details

The growth of undoped CdTe crystals leads to The CdTe crystals were electrically characterized by
materials of various resistivities. CdTe crystals are n or Hall effect measurements performed between 5 and
p type depending on the growth conditions as well as 300 K. Pairs of identical samples (4 mm x 4 mm x
the nature and the concentration of residual impurities. I mm) between which the positron 22Na source is sand-
Nowadays, highly resistive CdTe is obtained under wiched were selected to carry out the positron lifetime
conditions of p-type growth by doping with an n-type experiments. Bcfore mounting the samples in the life-
impurity. Native acceptors are thus compensated by time spectrometer [61, we etched them chemically in a
the donors introduced, and a semi-insulating material 5% bromine-methanol solutio to remove thin oxi-
can be obtained by choosing the right donor concentra- dized layers. The lifetime spectra were recorded as a
tion. Different models, especially in the case of In function of temperature from 15 to 300 K by using
doping, have been proposed to explain this self- fast-fast coincidence spectrometers [61 with a full width
compensation [1-4]. In some of them, vacancies play at half-maximum resolution of 260 or 275 ps associ-
an important role as the native acceptors [ 1, 2, 4]. ated with a closed-cycle He cryocooler. Each spectrum

Positrons can be used as a probe of vacancy-type recorded about 2 x 106 annihilations. After source and
defects in semiconductors by studying their annihila- background corrections, the lifetime spectra n(t) were
tion with electrons or their diffusion properties. We analysed as the sum of decaying exponential corn-
have earlier performed positron lifetime measurements ponents X•I, exp( - t/ri). The intensities 1i (X,I, = 1) and
in CdTe(ln) crystals [5] to investigate the role of the time constants 'r are determined with a fitting
vacancies in the In compensation. We show here that program. The average positron lifetime, i.e. the centre
undoped n-type CdTe contain also vacancies and that of mass of the lifetime spectra, is given by r = ,Ilr,. In
in addition to V(.d-ln complexes CdTe(ln) crystals our experiments, only one or two components were
obtained by the travelling-heater method (THM) resolved.
contain a high concentration of negative ions.

3. Positron lifetime in nominally undoped CdTe

*Permanent address: Laboratoire SRI, B~timent de Chimie Positron lifetime spectra were measured in p- and
Physique, Universit6 Pierre et Marie Curie, I I rue Pierre et n-type CdTe crystals. The CdTe samples were cut from
Marie Curie. 75231 Paris C6dex 05, France. p-type (n-type) ingots grown at CNRS Bellevue by the

)92 1-5 107/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserved
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TABLE 1. Calculated values of the cadmium vacancy Vj-2 - concentration in undoped and In-doped CdTe crystals

Growth Sample Type n3,1WK 1, T,,K k Vc 2-
method number (X 106 cm -3) (x 1016 cm- 3) (ps) (X ll s- ) (x 1016 cm-3

Asgrown, undoped Bridgman CT5.1 p - - 289± 1 4.5± 1.3 0.6± ±0.1

Asgrown, undoped THM CTHM4A p - - 285± 1 -- -
Asgrown, undoped THM CTHM54 n 0.1± 0.01 - 292± 1 8.8± 1.6 1.1 ±0.2

Asgrown, Indoped Bridgman CT50 n 5 ±0.5 5 295± 1 14.0±+2.0 1.8±0.3
As grown, In doped Bridgman CT48 n 4.4 ±0.4 4.4 294 ± 1 12.1 ± 1.9 1.5 ±0.3
As grown, In doped Bridgman CT45 n 20±2 20 293± 1 10.4± 1.7 1.3 ±0.2

As grown, In doped THM CTHM52 SI - 3 293-± 1 10.4 ± 1.7 1.3 ±0.2
As grown, In doped THM CTHM45/27-1 n- 0.003 10 304 ± 1 41.7± 5.1 5.2± 0.6

Annealed, Indoped THM CTHM45/27-2 n÷ 10± 1 10 293± 1 10.4± 1.7 1.3±0.2

In as-grown THM CdTe(ln) the vacancies are associated with In. VCd2 - is calculated from positron lifetime data (see text and eqn. (1))
using a positron trapping coefficient u of 8 x 10 - cm- 3 s- . In undoped crystals, the charge transitions 2- or - from n- to p-type
crystals have been disregarded, which possibly underestimates Vcd in p-type crystals by a factor of 4-10. In the In-doped crystals. c1, is
taken to be equal to the carrier concentration n 100K after decompensation annealing.

THM using Te(Cd) as the solvent and from p-type 278 ± 2 ps [91 or 283 ± 1 ps [10]. These values are in
ingots grown at the Nippon Mining Co. by the Bridg- agreement with theoretical estimates [ 111. Using the
man technique. The electron concentration 11300K at local-density approximation, Puska [11] found that, at
300 is 10t5 cm- in the n-type samples. room temperature, Tb in CdTe varies from 277 to 282

The average positron lifetime r remains constant as ps depending on whether electron densities are taken
the temperature decreases from 300 K to 77 K in the from atomic superposition or "self-consistent'" linear
p-type crystals as well as in the n-type crystals. We muffin tin orbital calculations with the atomic spherical
resolve one lifetime in p-type crystals which has the approximation.
value of 285 ± I ps in THM samples and 289 ± 1 ps in The lifetime of 320 ps is the longest that we have
Bridgman samples. The average lifetime in n-type measured in as-grown CdTe crystals. Lifetimes in the
CdTe is longer than in p-type CdTe and reaches range of 325 ± 5 ps have also been measured in CdTe
292 ± 1 ps (Table 1). Two lifetime components are crystals and after electron irradiation [9]. This lifetime
found in the n-type crystals and the long component r, characterizes positron annihilation in vacancy-type
is 320 ± 5 ps in the temperature range 77-300 K. defects where the trapped positrons see an electron

The lifetimc spectra in CdTe reveal one or two com- density lower than in the bulk [6). The ratio T2/rI =

ponents. This indicates that positrons can annihilate 320/285= 1.11 is comparable with the ratio of
from different states, either delocalized in the bulk or vacancy lifetime vs. bulk lifetime in other semicon-
localized in defects. We consider that the two decay ductors. The lifetime of a positron trapped in a Cd
constants 285 ± I ps and 320 ± 5 ps correspond to vacancy (or in a Te vacancy) has been calculated to be
positrons annihilating in two well-defined states. The around 293 ps (or 304 ps) whereas the lifetime of a
decay constant 320 ± 5 ps appears in several different positron trapped at a divacancy is around 384 ps [ 11].
crystals and over a wide range of temperatures [5]. The Our conclusion is that the lifetime of 320 ps is due to a
decay constant 285 ± I ps appears as the limit of decay nativc monovacancy. The monovacancy is either iso-
constants seen at low temperatures in CdTe(In) crystals lated from or associated with another point defect.
(Fig. 1). We discuss below the nature of the states which We consider the charge state of the vacancy to
give rise to these two positron lifetimes, discuss which isolated vacancy-Vea or V-1.--traps

The lifetime of 285 ps is the lowest that we positrons. Positrons are positively charged and conse-
measured in CdTe crystals. We attribute it to positron quently positron trapping at positive vacancies is not
annihilation either in the bulk or at negative ions. observed. On the contrary, positron trapping has
There is increasing evidence that, in semiconductors, clearly been observed in neutral or negative vacancies
positrons annihilate with the same lifetime even if they in semiconductors [ 121. In CdTe, Te vacancies are
are delocalized in the bulk or localized at Rydberg believed to be positive and Cd vacancies to be neutral
states around negatively charged acceptors [7, 8]. The (V(.Q,) or negatively charged (V(d- and V(.,,2-- ) depend-
bulk positron lifetime T, in CdTe is not yet well estab- ing on the position of the Fermi level jIJ. Several
lished. According to different experiments, its value is workers have proposed that the ionization level 2- or
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- of the V,,, vacancy is located at about E, -0.7 eV [1] is four times higher: 2 x 10l cm-3. We found that r at
(E, is the minimum of the conduction band). The 300 K is the same within 3 ps for the three pairs of
expected charge state in n-type CdTe crystals is then samples and is on average 294 ± 1 ps (Table 1). The
V(.,12 . This leads us to co, lude that the isolated spectra can be resolved into two components and the
monovacancies which can give rise to the lifetime of long component is 319 ± 4 ps. We concluded that the
320 ps is V.,-' -. Bridgman CdTe(ln) crystals contain vacancies as Cd-

The trapping rate k into the vacancies can be calcu- saturated THM n-type CdTe crystals. The vacancy
lated in the framework of the trapping model [6] by concentration is independent of electron and In con-
using the formula centrations.

(r-r4.2. Te-saturated THM CdTe(In) crystals
rb(r,- r) (1 A weakly n- -type and a semi-insulating (SI) ingot

were obtained using In-doped Bridgman ingots which
where r is the average positron lifetime, rb is the bulk were successively regrown several times by THM [4]
lifetime (285 ps) and r, is the vacancy lifetime (320 ps). using Te as the solvent. In the n--type samples, n300K
In n-type crystals, the trapping rate is then 8.8 x 108 varies from 4.0 X 1012 to 1.4 X 10 " cm- 3 for samples
s - '. The vacancy concentration is obtained by dividing which have been cut from the same wafer. It increases
the trapping rate k by the trapping coefficient u in a to 2.1 x 1oll cm- 3 for crystals cut from a wafer located
vacancy. This last quantity is difficult to determine 5 mm from the other. This difference of more than two
since very few techniques give reliable information on orders of magnitude in n30oK for crystals of the same
the vacancy concentration. In ref. 5, we have estimated region in the ingot illustrates the difficulty in obtaining
for the trapping coefficient in (Vcd-ln)- a value of as-grown n-type crystals with well-controlled carrier
about 8 x 10- I cm3 s - 1. It can be reasonably compared concentrations. In the SI crystals, the resistivity is
with the values estimated by calculations for a negative 1.2 x lo01) Q cm at 300 K. After decompensation
vacancy [12]. Using this value, we find that the VCd 2 - annealing, the crystals from the weakly n- type and SI
concentration is about 10 1 cm - 3 in n-type crystals. ingots are n + type with n300 K equal to 1.0 x 10' cm- 3

It is noticeable that in p-type CdTe crystals no (Te- and 3 x 1016 cm- 3 respectively.
saturated THM) or only a few (Bridgman) vacancies In Fig. 1 the upper curve is characteristic of the posi-
are seen by positrons. In such crystals, we could expect tron lifetime behaviour as a function of temperature in
V(d to be present [13]. The situation is different in the as-grown n --type THM samples. In three pairs of
p-type HgTe or Hg1).,Cd0.,Te grown by THM under Te- samples, we observe that the average lifetime is con-
saturated conditions where it can be observed that in stant below 60 K and above 250 K and increases from
some crystals the vacancy concentration increases with 285 ± I to 304 ± 1 ps between 60 and 250 K. Two
increasing hole concentration at 77 K [14, 15]. components are satisfactorily resolved in the spectra

from 115 to 300 K. The long component r2 increases
noticeably by 20 ps between 115 and 250 K and then

4. Positron lifetime in In-doped crystals reaches a plateau at 320 ± 5 ps.

Positron lifetime measurements were performed on
as-grown Bridgman as well as on as-grown and 310

annealed Te-saturated THM CdTe(In) samples. The
electron concentration increases in THM crystals when
they undergo a so-called decompensation annealing at 300
700 'C under a saturated Cd vapour pressure for 3 h.
In contrast, it remains unchanged in the Bridgman
crystals. Thereafter, the In concentration is taken to be 2' 290
equal to the carrier concentration.

4. 1. Bridgman CdTe(ln) crystals 280
The Bridgman ingots were grown at CNRS Bellevue 0 100 200 300

from melts containing an In concentration of 1.6 X TEMPERATURE (K)
l0o7, 3.25 x lo0l or 1.3 X 1011 cm- 3 . For the samples Fig. i. Average positron lifetime as a function of temperature in
cut from the first two ingots, the electron concentra-tion fl(J( K ae 5x 116 c ~ nd .4 X101 cm as-grown (U) and annealed n-type (o) CdTe( In). The lifetime
tions n300K are 5x10 cm-3 and 4.4Xl01 cm-3 spectra are resolved into one component (i, o) or two
respectively. For the samples cut from the third ingot, it components (0.0 ).
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The lower curve in Fig. I is obtained after the expected in the self-compensation model 121. This
decompensation annealing. The main feature is the supports further our identification of the vacancies to
strong decrease in the average lifetime which, above the complexes V ( 1-In in CdTe(In). Our conclusion that
250 K, is 10 ps lower after annealing than before. V(,,1-In complexes art- involved in the compensation of
There are two components above 250 K but it is diffi- carriers in THM CdTe(ln) samples is different from
cult to resolve them. that reached in Bridgman CdTe(ln) samples by using

In the as-grown n -type CdTe(ln) crystals, the life- time-differential perturbed angular correlation (PAC)
time of 320 ps is detected between 250 and 350 K. In studies. PAC studies performed on In-implanted CdTc
the annealed n*-type CdTe(ln) crystals, the decom- 1161 have previously shown that about 60% of the In
position in two components is difficult but we can atoms were located to a metal site and associated with
analyse the spectra into two components by fixing the an i.trinsic defect believed to be a Cd vacancy. How-
long component at 320 ps. This means that we can ever, in diffused or quenched Cd-rich Bridgman
assume that there is also a positron annihilation state CdTe(ln) samples 1171, another defect, the nature of
corresponding to 3201 ps in the annealed n'-type which is not identified, has been observed to be asso-
CdTc(In) crystals. The strong decrease in T in the ciated to In and most probably plays a role in the
annealed n*-type CdTe(In) crystals indicates that the carrier compensation.
positron trapping rate at the 320 ps vacancy defect is In the as-grown n -type CdTe(In) crystals, the tran-
lower after annealing than before. By considering that sition between the lifetime spectra with one component
the trapping coefficient of the 320 ps vacancy defect and the lifetime spectra with the long lifetime at 320 ps
is the same in the as-grown and annealed crystals, occurs over a wide range of temperature between 70
we obtain that the ratio of the concentration cb of and 250 K. This transition cannot be correlated with
defects before annealing to the concentration c' of the ionization of the donor level since, as seen in Fig. 2.
defects after annealing is directly given by the ratio of the ionization of the donor level takes place below
the trapping rates. The calculations (see eqn. ( 1)) give a 100 K in the as-grown n -type samples. As mentioned
value of 0.21 for the ratio c,/jc,. This fraction is at least above, negative ions are able to trap positrons at
two orders of magnitude greater than that calculated in Rydberg states with a weak binding energy We explain
the self-compensation models involving only V(-, the positron behaviour in the as-grown n - -type crystals
vacancies. It is difficult to imagine that the trapping by the competition between trapping in negative ions
coefficient in the 320 ps vacancy defect could increase and the 320 ps vacancies. Once trapped at the negative
at 300 K by two orders of magnitude after annealing, ions, positrons annihilate with a lifetime close to the
Also, our conclusion is that the positron behaviour bulk lifetime. As the temperature increases, the frac-
cannot be explained in the models of In compensation tion of posit-ons annihilating in these shallow traps
involving only V(.d vacancies. In ref. 5, we have shown decreases owing to thermal detrapping, and more
that the positron behaviour is consistent with the self- trapping at the vacancy-type defects takes place. The
compensating models involving V(.,-In complexes in acceptors are either residual impurities or intrinsic
addition to V(.,, vacancies. We have proposed that the defects (interstitials or antisites). By fitting the r curves
positrons detect the V(., vacancies in the annealed in Fig. I with a trapping model taking into account the
crystals and the V(.,, vacancies and/or the V(,1-In com- negative ions and the vacancies [ 181, we can determine
plexes in the as-grown crystals. In the complexes, the concentration of the negative ions and the positron
although the position of the In atoms with respect to
the V(.d vacancy is not well known, it is likely to be a
second neighbour. We can then expect that the positron ,
lifetimes in the complex and in the vacancy arc very 1014

close. The Fermi level at 300 K is above E, - 0.3 eV in
all the CdTe(In; n) crystals. The V(,, vacancies and V) 10,
V(d-In complexes are then believed to be in the (
charged state V(,, 2  and (V(..-In) respectively 11. z
Consequently, we attribute the lifetime of 320 ps to

(V(,d-In) or V(,,2
In the SI CdTe(in) crystals, the average lifetime is W 108

low: 293 ps. There are two components above 250 K 0 io 200 300
but it is difficult to resolve them. In ref. 5. we have TEMPERATURE IK)
shown that the decrease in r from as-grown Fig. 2. The carrier concentration as a function ot temperature in
CdTe(In; n) to CdTe(In; SI) crystals matches the de- as-grown n-type CdTe. The increase in the carrier concentration
crease in the concentration of (VW.(,-ln) vacancies occurs below the increase in the positron lifetime in Fig. I.
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New method for the determination of VCd concentrations in p-CdTe
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Abstract

If p-CdTe crystals are dipped in an AgNO, solution followed by storage of the crystals at 300 K, one can observe a strong
decrease in the hole concentration after some days. This is obviously due to fast diffusion of silver, which takes place most
probably via interstitial sites (Agi), and is consistent with the increase in the degree of compensation detected by photo-
luminescence (PL) analysis. Deep-level transient spectroscopy investigations have shown the appearance of a new hole
trap at 0.47 eV after the silver diffusion procedure, which is tentatively assigned to the Ag. deep donors.

If the silver treatment is applied to p-CdTe crystals annealed in a tellurium atmosphere, the concentration of Aged
impurities grows owing to the defect reaction V(.d + Ag, Aged as can be seen from the enhancement of the correspond-
ing (A", X) line in the PL spectra. Positron annihilation measurements with the same crystals have confirmed this reaction
by the observation of a decrease in the average positron lifetime before the silver treatment (about 295 ps) to a value of
about 285 ps which occurs after some hundred hours.

By means of a quantitative PL analysis we are able to estimate the concentration of isolated Vcd in p-CdTe from the
increased Aged concentration. Other possible defect reactions are discussed on the basis of our PL investigations.

1. Introduction 2. Experimental details

So far, there has been no definite information about The p-type CdTe single crystals were grown in pyro-
the manifestation of isolated cadmium vacancies (Vcd) lytically coated quartz ampoules by the conventional
in CdTe in spectroscopic data. This is in contrast, for vertical Bridgman method with a slight tellurium excess
example, with the well-established assignments of (less than 10-2 at.%) [5].
many photoluminescence (PL) lines to other types of The room-temperature diffusion of silver was
defect centres (including substitutional impurities and started by dipping (30 s at 300 K) the samples into a
vacancy-donor complexes (see for example refs. I and 1% aqueous solution of AgNO 3 and subsequent rinsing
2)) in that material. in distilled water. Our results show that in samples of

We have developed an indirect method for the thickness about 1 mm a uniform distribution of silver is
detection of V(.d in PL spectra. This method makes use reached after some hundred hours (see Section 3.1 and
of the extremely fast diffusion of silver at room temper- Fig. 1).
ature [3, 4], which leads to the transformation of VCd The PL measurements were made (i) on the surfaces
into Age, and enables the latter to be detected by exposed to the AgNO 3 solution as well as (ii) on
means of the corresponding bound-exciton and donor- surfaces produced by cleaving the samples after a near-
acceptor pair lines. Since the silver diffusion should homogeneous silver distribution had been established.
occur through interstitial sites, the relevant reaction The PL spectra were measured, with the specimen
will be immersed in liquid helium, using a GDM 1000 double

monochromator (Carl Zeiss Jena). The excitation of
Agi + V(d -- Ag(d (1) the PL was performed by means of the 514.5 nm line
In the following we demonstrate by a combination of of an ILA 120 Ar÷ laser or the 647.1 nm line of an
experimental techniques (PL, IR absorption, deep-level ILK 120 Kr' laser.
transient spectroscopy (DLTS) and positron annihila- For the DLTS, Schottky diodes were prepared using
tion) that this reaction really takes place and can be the same crystals as for the IR absorption measure-
used to estimate V(.,, concentrations. ments and evaporating gold contacts. To make one of

0921-5107/93/S' 00 0 1993 - Elsevier Sequoia. All rights reserved
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storage time (hi -Fig. 2. PL spectra of a tellurium-annealed p-CdTe sample (BR
Fig. 1. Dependence of the average hole concentration p in two 33111) before (- ) and after (--- ) an AgNO3 treatment at
p-CdTe samples (thickness, 1 mm) on the time after an AgNO 3  1.8 K under Kr' laser excitation, showing the formation of AgCd
treatment: - , calculated (see text). centres (reaction (1)).

the contacts ohmic, a higher density of defects was between 625 and 800°C for 4 weeks and then
produced at the corresponding area by mechanical quenched to room temperature.
grinding before gold evaporation [6]. In Fig. 2 we compare the PL spectra of an annealed

The positron annihilation investigations were per- crystal before and after a silver diffusion procedure.
formed at room temperature by means of a conven- Clearly, the (A0, X) and the donor-acceptor pair lines
tional fast-fast lifetime spectrometer with a time due to the AgCd acceptor appear after the AgNO 3 treat-
resolution of 230 ps (full width at half-maximum). ment of the sample. Obviously, this behaviour can be
"22NaCI (20 uCi) was used as the positron source. explained by the occurrence of reaction (1).

For a more quantitative discussion we use our
method described in ref. 7 to estimate the concentra-

3. Results and discussion tions of the neutral acceptors and donors from inten-
sity ratios of the corresponding bound-exciton lines

3.1. Hole concentration to the free-exciton first-longitudinal-optical-phonon
The in-diffusion of silver leads to a decrease in hole satellite. The results (including data for as-grown

concentration p. As will be shown later, this is due to crystals) are summarized in Table 1 together with the
partial compensation of the dominant acceptors by the free-carrier concentrations obtained by the IR extinc-
A& deep donors. The average hole concentrations p tion analysis [5] and Hall measurements. After the
(average over the diffusion profile; see inset in Fig. 1) silver diffusion we observe a remarkable increase in the
were determined by IR transmission measurements at AgCd concentration in all annealed samples covering
room temperature, in the range of intravalence band the range (1-5)X 10" cm-3. In agreement with the
transitions [5]. Figure 1 shows the strong decrease in p discussion in Section 3.1, we find that the silver diffu-
with increasing storage time after the AgNO 3 treat- sion leads to a decrease in p for all these samples
ment, for two typical CdTe crystals. This result is in because of an increasing degree of compensation. Since
complete agreement with the results in ref. 3. For the by our method [7] we see only the neutral fraction of
diffusion coefficient D for this process, one obtains the acceptors, the total Agcd concentrations should be
D 10- cm22s -I(Fig. 1) from the solution of the time- higher than the values given in Table 1. From the
dependent diffusion equation under the assumption of behaviour of Agcd in the as-grown crystals (see Section
non-depletive silver reservoirs at the surfaces, with a 3.3) we estimate deviations by factors of between 15
boundary concentration depending on the hole con- and 20. On this basis we can estimate an upper limit of
centration of the crystals. about (8-10) x 1011 cm- 3 for the concentration of the

isolated VCd in our annealed crystals (which corre-
3.2. Defects in tellurium-annealed crystals sponds to complete occupation of the vacancies by

To produce high VCd concentrations, various silver atoms).
p-CdTe crystals were annealed in a tellurium atmo- Positron annihilation measurements with the same
sphere under equilibrium conditions at temperatures crystals were performed at room temperature to
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TABLE 1. Concentrations of neutral (substitutional) acceptors and donors from the photoluminescence analysis [7] including the hole
concentrations from the IR extinction analysis [5) and from Hall measurements for tellurium-annealed and as-grown p-CdTe crystals

Sample Concentration ( x 101 cm- 3 )

Before Ag diffusion After Ag diffusion

Ag&d CUCd Nacd or Do p AgCd CUCd NaCd or Do p
Licd Licd

Te-annealed

BR 52T10 - 2.4 - - 0.15 1 - - 0.033
BR 52T12 - 1 - - 1.2 0.25 1 - -

BR 33111 - 0.6 - - ? 0.8 0.16 - 2.3 ?
As-grown

HBM1a - 4.0 - 1 1.7 0.5 1 - 0.8 0.05

BR 39E 0.6 .4 - 0.35 10 0.04 2 - 1.5 2.3
BR41E 1.1 5 1.1 0.8 8 0.05 1.8 - 1.0 -
BR41A 0.05 1.3 1.5 2.6 0.2 0.05 1.3 0.7 2.6 0.2

-, not detectable; ?, no information.
aln this sample a high VCd concentration was established owing to extraordinarily rapid cooling after crystal growth.

monitor directly the decrease in the Vcd concentration (dTe
according to (1). This method which has already been I I I

applied to CdTe [8, 9] is based on the fact that in the 295 -a

presence of VCd the average positron lifetime 'r is j 8
higher than the "bulk" material (rb = 285 ps [9]). 7, 290 o

Figure 3 shows the dependence of the average --
positron lifetime r on the storage time after AgNO 3  285 ------
treatment. Before this treatment, r for the annealed
p-CdTe was found to be 295 ps, which is clearly above
Tb. Already after short times a distinct decrease in r is 280
observed. After 400 h, r tends to a stationary value 0 200 400 600 800

equal to r,. The decrease in the average lifetime is a storage time [hi

result of the disappearance of the Vcd or their com- Fig. 3. Plot of the average positron lifetime r vs. time at
plexes because of filling by silver atoms. To estimate T= 300 K after AgNO 3 treatment for a tellurium-annealed

the concentration of VCd we need the positron-trapping CdTe sample (BR 52T 11).

coefficient p,. We shall use the value 8.4 x 10 - cm 3

s - l, which has been determined for the (VCd-ln) - com- positron annihilation measurements can be explained
plex in ref. 9 and is close to the value 6 X 10-1 cm 3 s- I by the additional detection of Vcd complexes in the
obtained in ref. 10 for negatively charged metal vacan- second case. In Section 3.4, we shall give support for
cies in Hg, - ,CdxTe. Then the sum of VCd and the this argument by the observation of new lines in the PL
(Vco-D) concentrations may be calculated using the spectra of our annealed and AgNO 3-treated crystals
relation [101 which we ascribe to defect reactions between Agi and

VCd complexes.
C= (2)

lt, T-r,(2) 3.3. Defects in as-grown crystals

Figure 4 shows the effect of silver diffusion on the
Here r2 is a characteristic positron lifetime referring to PL spectrum in the bound-exciton and pair ti ansition
a given type of vacancy defect. We put T2 = 330 ps ranges for an as-grown crystal. Obviously there is a
according to data obtained in ref. 8. With our experi- decrease in the Ag(.d (N', X) line intensity correspond-
mental results we estimate that C- 2 x 10 " cm for ing to a decrease in the neutral fraction of the Ag(-,
the initial defect concentrations (VCd and (VU(--D)) in concentration (Table 1). We conclude that (i) in the as-
the annealed p-CdTe crystals. The small difference grown crystals the V-, concentration is negligible, so
between the V., concentrations deduced from PL and that reaction (1) is not significant and (ii) an additional
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Fig. 5. PL spectra at T= 1.8 K of as-grown p-CdTe crystals in treatment.

the spectral range of TET before and after AgNO3 treatment: (a)
under interband excitation (Kr' laser) before (- ) and after rise to a reduction in the internal strain caused by these
(---) AgNO3 treatment; (b) under intradonor (dye laser) excita- defects. Further investigations of this problem are
tion at 12852 cm- before (- ) and after (---) AgNO 3 treat- planned by us.
ment. To find out whether Agi acts as a shallow donor we

looked for possible diffusion-induced changes in the
amount of the Ag(-. impurities present before the diffu- range of two-electron transitions (TETs) in the PL
sion is compensated by the Ag, donors. These conclu- spectrum. In Fig. 5(a) we show, as an example, the
sions are supported (a) by positron annihilation emission spectra of sample BR 41A under conven-
measurements which show that the average lifetime r tional laser excitation. From the coincidence of the
agrees with the "bulk" value Tb in the as-grown state observed TET lines before and after silver diffusion we
and (b) by the observation that the neutral fractions of conclude that the Ag, impurities do not act as shallow
other types of acceptors (Cucd, Lieu, NaCd) also tend to donors. In Fig. 5(b) we present analogous results for a
decrease owing to the diffusion process ('lable I). sample with a higher hole concentration (sample BR

The observed narrowing of the bound-exciton line- 39E, Table 1), which have been obtained with intra-
widths after silver diffusion is probably due to decora- donor (dye-laser) excitation. Within experimental
tion and "filling" of crystal defects (e.g. dislocations and accuracy (limited by line broadening and background
grain boundaries) by silver atoms, which should give effects) we again do not see the appearance of a new
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type of shallow donor. The assignment of the TET spectrum which is usually attributed to complex
lines to the donor species was made on the basis of centres. This shows that the silver treatment occasion-
work in ref. 11. ally leads to defect reactions additional to (1).

To obtain information on the appearance of diffu- In some cases we observed that after silver diffusion
sion-induced deep donor levels we performed DLTS a new band at 1.555 eV (12 550 cm -) appears. This
measurements before and after the silver treatments band could be also detected in as-grown CdTe crystals
(Fig. 6(a)). In this figure, one recognizes two peaks intentionally doped with silver during the Bridgman
(hole traps) in the initial state of the sample. After the growth process (Fig. 7). We believe that this band is
silver diffusion these are absent and two new hole traps associated with a complex centre containing silver. It
are observed. By variation of the rate window and the should also be noted that in many samples we observed
corresponding Arrhenius plot of the hole emission rate a band at 1.541 eV (band A at 12 430 cm- 'in Fig. 7);
(Fig. 6(b)) the thermal activation energies E,, can be this band was always found to vanish owing to the
deduced. The energies of the untreated sample are AgNO 3 treatment.
E,(2) = 0.43 eV and E,,(4) = 0.54 eV. The trap labelled In tellurium-annealed samples we detected two
2 in this work can be clearly identified as the corre- diffusion-induced lines at 1.5837 eV and 1.5809 eV
sponding trap H 3 observed in refs. 12 and 13. The (, 3A and X,4 9 in Fig. 8). The X,19 line is close to the
additional hole trap labelled 4 is not mentioned in the bound-exciton line X_,g at 1.5815 eV reported by
literature to our knowledge. After the silver diffusion Monemar et al. [14] for silver-doped CdTe crystals
the new traps 3 and I with the activation energies after aging for about 1 year. In ref. 14 the X,Ag line was
EL(3) = 0.47 eV and E,(1) = 0.44 eV appear. We think tentatively assigned to an (Ag-,j-Ag,) complex. From
that the high concentration level 3 is due to a silver- the fact that our new lines (with their corresponding
related defect, probably the Agi donor. Thus we phonon replicas) were observed only in annealed crys-
identify E,,(3) with the separation between the tals, we infer the occurrence of defect reactions
corresponding donor level and the top of the valence between V(.d complexes and Ag,.
band.

3.4. Formation of complexes Acknowledgments
In some samples we found diffusion-induced

changes in the low energy part of the bound-exciton The authors are indebted to M. Wienecke and C.
Albers from the Humboldt-Universitit Berlin for the
Hall and the IR transmission measurements. The posi-
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Abstract

CdTe layers were grown by metallo-organic chemical vapour deposition on GaAs substrates of different (h 1) orienta-
tions and polarities. The morphology and structural properties of the epilayers were investigated using several techniques,
namely scanning electron microscopy, transmission electron microscopy and double crystal X-ray diffraction. The best
results were obtained foi epitaxy on (211) A and (311) B substrate orientations. The occurrence of twinning in the cases
of opposite polarity, i.e. (211) B and (311) A, was attributed to the presence of single dangling bonds on the etched
substrate surfaces.

1. Introduction This paper reports a systematic investigation of the
influence of {hi 1} GaAs substrate orientation and

The high crystalline perfection, relatively low price polarity on the structural properties and surface
and its ready availability make GaAs an ideal substrate morphology of CaTe layers grown by metallo-organic

far (Hg, Cd)Te (MCT) heteroepitaxy. However, the vapour phase epitaxy (MOVPE). Growth on these low
large 14% lattice mismatch between GaAs and MCT index surfaces allows the study of several parameters,
makes it necessary to use a buffer layer. The structure such as surface shape, III-V atom ratio and surface
and morphology of CdTe buffer layers grown on GaAs polarity. The surface polarity of the I h 1} GaAs sub-
are highly dependent on the substrate orientation strates was determined without ambiguity by electron
[1-31. This is also true for CdTe and GaAs homo- microscopy [16, 17]. rhe structural quality of the CdTe
epitaxy [4, 5]. CdTe grown on {111}1-oriented sub- epitaxial layers was assessed by double crystal X-ray
strates contains a high density of lamellar twins lying diffraction (DCXRD), electron channelling pattern
parallel to the interface [6, 7], and sometimes has a high (ECP) and cross-sectional transmission electron
doping level [8-10). The commonly used 1100} GaAs microscopy (TEM). In some instances, complementary
substrate orientation is also far from ideal for the information was obtained from photoluminescence.
heteroepitaxy of CdTe: slightly misoriented GaAs{ 100}
substrates give rise to surface features and polycrystal-
line defects, e.g. hillocks [8, 10, 11], which severely 2. Epitaxial growth
affect device fabrication [12]. To overcome the prob-
lems of defects a number of different solutions have CdTe epitaxial layers 3-4 um thick were grown on
been tried in attempts to grow CdTe buffer layers and GaAs substrates of different orientations, including 2'
to obtain MCT layers of good crystalline quality [5, 8, off{ 1001, {hl 1 A and {hi 11 B, with h=2,3 and 5. The
13-15]. layers were grown at atmospheric pressure in an MR

0921-5107/93/S6.0)0 0 1993 - Elsevier Sequoia. All rights reserved
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Semicon MOVPE reactor under nominally identical 3.1. 1311/surfaces
conditions at 365 'C. Dimethylcadmium (DMCd) and On the A face, the surface morphology shows a
diisopropyltelluride (DipTe) were used with a II-VI pyramid-like surface cut by lines which presuppose
ratio of 0.7 in the vapour phase in a total hydrogen flow twinning (Fig. 1(a)). This twinning was apparent on
of 4000 cm 3 mrin-. The alkyl partial pressures were TEM micrographs made on a (011) plane perpen-
about 10-1 atm. dicular to the interface (Fig. 2(a)). Numerous twins are

The { h 11 GaAs substrates were supplied ready visible lying in 111 planes. A high magnification
polished by Sumitomo, while the 1100[ GaAs sub- permitted us to evaluate a tilt angle of about 50-.550
strates were obtained from Wacker, also ready between the layer and the substrate (Fig. 2(b)).
polished. Before loading into the reactor, the substrates We found two different values of the rocking curve
were cleaned using trichloroethylene and methanol, width in two orthogonal directions. The smallest value
etched in a mixture of 2NH 4OH, I HO, and 8HO, (175") occurred when the axis of the rocking curve was
and then rinsed in high purity water. Immediately prior parallel to the (0 1) cleavage plane. In the orthogonal
to growth, the substrates were heated to 365 'C in the direction the rocking curves were found to be asym-
reactor in a hydrogen flow. This treatment results in an metric and broader, indicating that the layer was tilted
arsenic-rich surface as shown in a number of works on the substrate by about 50 and more disoriented
[18-20]. around this direction.

On the B face, the surface morphology is rough and
does not show lines indicative of twinning (Fig. 1(b)).

3. Results and discussion The TEM micrographs are also quite different from
those taken on the A face (Fig. 3(a)). Very few twins are

Table 1 shows some results of structural character- visible but numerous dislocations are present at the
ization for the different orientations of the GaAs interface because of the lattice mismatch between the
substrates used: 11001, 1211 A, 12111 B, 13111 A, layer and the substrate. On a high magnification micro-
13111 B, 15111 A and 15111 B. This table includes as a graph very few stacking faults are encountered (Fig.
reference a CdTe layer grown on a [1001 misoriented 20 3(b)). The layer is tilted with respect to the substrate by
off towards (100) GaAs substrate. In this case, the about 5', as on the A face. We also found on this face
[ 100] layer orientation was stabilized by interposing a two different values of the rocking curve width for two
thin (100 nm) ZnTe layer [21]. The surface morphol- orthogonal measurement directions. The tilt occurs
ogy was determined by SEM observations with mag- around the [0 i1 ] direction, with a broad rocking curve
nification in the range 4000-10000X. The angle indicating misorientation around this direction. Also,
between the layer and the 'I 11 substrate plane was the rocking curve width is affected by the high density
deduced from the ECPs ano verified by DCXRD of dislocations. It should be noted that the layer tilt of
which also provided the rocking curve widths. We now 50 found on both A and B surfaces is smaller than the
consider in more detail the different orientations theoretical value of 8' needed to match perfectly the
studied. two crystals. This difference is accounted for by the

TABLE 1. Structural characteristics of CdTe epitaxial layers grown on GaAs substrates of various crystallographic orientations

GaAs CdTe layer Asymmetry DCRC SEM TEM
substrate thickness around [0111 width morphology cross-section

(um) (degree) (arc sec)

(211) A 2.85 4 175 No polycrystalline defects. No twins, dislocations:

small facets I 0, -1 0 cm-

(211) B 3.5 4 280 Irregular, rough surface Twins, very few dislocations

(311) A 3.75 5.5 175 Lines on top of pyramids Twins, very few dislocations
(311) B 3.2 5.5 300 Rough surface Stacking faults, numerous

dislocations

(511) A 3.7 8 500 Numerous lines, faceted
pyramids

(511) B 3.7 0 600 Very rough surface, a few -
lines

(100) 3 0 300 High faceted pyramids. No twins, dislocations:
polycrystalline defects I 0, cm -2
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Soon " (311) A

a

[{100) ' GaO 0
ASS *

[011] Large circles are in the plane of the figure

[oil] Small circles are behind and ahead of it

Fig. 4. Atomic structure of (a) an ideal (311) A surface and {b) an
ideal ý311 ) B surface projected on the (011I ) plane.

In conclusion, both (511) A and (51 1) B faces are
not good substrate orientations for growing high
quality CdTe buffer layers.

3.3. /2111 surfaces
Fig. 3. Cross-sectional TEM micrographs of a CdTe epitaxial On the A face, the surface morphology is not smooth

layer grown on (311)B GaAs substrate and observed in the

(011 ) plane under (a) low magnification and (b) high magnifica- but is regularly faceted and does not show polvcrvstal-
tion. line defects (Fig. 6). No twinning is observed on cross-

sectional TEM micrographs. However, numerous
dislocations, about 10'O cm , rise from the interface
through the buffer layer. The ECP picture indicates a

(311) B faces respectively. However, the (511 ) A layer tilt of 4'. The layer surface orientation is between
shows more linear features, suggesting a very signifi- (211) A and (3 I1) A owing to some rotation around
cant twinning. Furthermore, the layer is tilted by about [0 il]. This asymmetry is verified using DCXRD
80 around the [Oi II direction. These two observations measurements in two orthogonal directions. The
seem to indicate that epitaxial atoms bind with the smallest rocking curve width (180") occurs when the
single dangling bond of the gallium atoms lying just measurement axis is parallel to the cleavage plane.
below the ideal surface (position I in Fig. 5(a)), while On the Bface, the surface morphology is very rough.
many gallium surface atoms have been removed by The ECP shows poorly defined Kikuchi lines owing to
etching (position 2). The (511) B layer is neither tilted the roughness and a layer misorientation of 4' around
nor twinned. In this case, epitaxy should occur by 10 I] as on the A surface. The rocking curve is also
bonding to two neighbouring arsenic atoms (positions asymmetric around this direction and diffraction
1 and 2 in Fig. 5(b)). Broad rocking curves were widths are larger than those measured on the (21 1) A
measured in both cases, indicating a high level of layer. The cross-sectional TEM micrograph indicates
misorientation in the epilayers. that twinning occurs at the interface (Fig. 7).
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(511) A "
CdTe

11001]
a 0Ga

AS*@9

- [0111 Large circles are in the plane of the figure GaAS
[Oil) Small circles are behind and ahead of it Fig. 7. Cross-sectional TEM micrograph of a CdTe epitaxial

layer grown on (211) B GaAs substrate.

(511) B O O @O ** (211)AOCJ 0 (_ý C 1 (1 (_1 (21 ;

Fig. 5. Atomic structure (a) of an ideal (5 11) A surface and (b) an 0 0 0 0 0 0a

ideal (511 ) B surface projected on the (o0 I ) plane. 100]

AsO 0

[011] Large circles are in the plane of The figure

[111] Small circles are behind and ahead of it

Fig. 6. Surface morphology of a CdTe layer grown on (211 A i le

GaAs substrate.

Considering, in the same spirit as above, the atoms b
and bonds present on the 1211 surface, it is seen that Fig. 8. Atomic structure of (a)an ideal (211) A surface and (bh an
an ideal (211) A or (211) B surface possesses an equal ideal (211) B surface projected on the (O I) plane.

number of gallium and arsenic atoms, but the bonds
are not identical (Fig. 8). On the A face, when gallium as in the position I and position 2 in Fig. 8(b). These
atoms have been removed by etching, arsenic atoms bonds may induce twins, which are indeed visible on
with double dangling bonds remain on the surface, the cross-sectional TEM micrograph (Fig. 7). An
these being able to induce epitaxy without twinning. epitaxial atom may also be deposited in position 3.
On the B face, gallium atoms can be easily removed Hence, the existence of three possibilities for atom
by etching because of their double dangling bonds. bonding induces lattice distortion and explains the
Arsenic atoms then remain with single dangling bonds, large rocking curve widths (see Table I).
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Scanning tunneling microscope investigation of the effects of CdTe
substrate preparation on molecular beam epitaxially grown n-CdTe
layers

M. Ehinger, M. Wenzel, T. Litz and G. Landwehr
Physikalisches Institut der Universitiit Wiirzburg, Am Hubland, D- W-8700 Wiirzburg (Germany)

Abstract

Because of the small lattice mismatch. CdTe is used as a substrate material for the molecular beam epitaxial (MBE)
growth of CdTe and Hg, -_ CdTe. For investigations of its structural surface properties on a nanometer scale, which
greatly influence homogeneous growth, a scanning tunneling microscope is well suited. The surface roughness was deter-
mined after different surface preparation steps. Mechanically polished samples show a surface roughness of about
1000 A, caused by the polishing powder. By chemico-mechanical polishing it was possible to reduce roughness to about
60 A. Typical surface structures with lateral dimensions of up to 200 A and v -.:ical dimensions of 40 A remained after
etch-polishing. Further, we studied the effect of substrate polishing on the rouglutess of the MBE grown layers and found
a strong correlation between substrate and layer roughness even for thick layers ( > 1 m). The dependence of the growth
temperature on the roughness of n-type CdTe layers is under investigation and the first results are presented.

1. Introduction 2. Experimental details and results

There is a great interest in II-VI materials and their The roughness of the delivered substrates, which are
applications, especially in the field of new devices and mechanically prepolished by the manufacturer with 0.1
narrow gap detectors. The possibility of tuning the ym alumina powder, was measured as a first step.
bandgap by different x-values in Hg, -,CdTe turns this Typical corrugations in the shape of long scratches [8]
material into the technologically most interesting with a height of up to 1200 A (see Fig. 1(a)) were
representative of the II-IV semiconductors. For its found. These can be explained as the effect of the
growth, epitaxial techniques such as molecular beam grains of the polishing powder. Thus, - ss damaging
epitaxy (MBE) [1, 2] or metal-organic chemical vapor polishing steps are absolutely necessary for the treat-
deposition (MOCVD) [3, 4] are commonly used. The ment of CdTe surfaces. For this purpose, bromine-con-
good lattice matching of CdTe has led to the use of this taining etch solutions are widely used [9-111. Figure
material as a substrate; however, the quality of the I(b) shows a cross-section of a surface etched for 2 min
commercially available crystals is not sufficient. There- in an aqueous solution consisting of 25 vol.% HBr and
fore, an often-used procedure is to grow a buffer layer 0.6 vol.% bromine. The deep scratches disappeared
of CdTe on the substrate before growing the layer of and the remaining surface structure is dominated by
Hg, - •CdTe [5, 61. hillocks with a typical length of 550 A and a height of

In the following, we report upon the roughness of 200 A. This clearly reduced roughness (compared to
commercially acquired substrates and the effect of that of Fig. 1(a)) could only be decreased slightly by
different polishing procedures measured with a heating the substrates for 15 min at 350 'C in an ultra
scanning tunneling microscope (STM) described in ref. high vacuum, as this is the typical preheating procedure
7. The measuring parameters for the topographies before growth (see Fig. 1(c)). However, this roughness
which were taken in the constant current mode were is not suited for MBE growth of epitaxal layers and
- 4 V bias voltage and 100 pA tunneling current. The theretore the etching performance of a bromine-
(100) nominally undoped p-type CdTe substrates were methanol-based solution [9-11] was studied. We used a
bought from II-VI Inc. and contacted on the back side solution consisting of 61.5 vol.% methanol, 38.5 vol.%
[8]. ethylene glycol and 2 vol.% bromine in which the

0921-5107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved



152 M. Ehinger et al. / STM studies on MBE grown n-CdTe layers

p I

ASubstrate Roughness

1666 -

149 ."

1260 -

less --

400 b

1666

20O [d

a..!

see6 Roughness ot n-CdTe Layers

466

6.6
200 - -

S 18 006 2066 3066 4066 5606

Fig. 1. Cross-sections of a mechanically polished substrate (a), an HBr-etched substrate (b) and an HBr-etched sample after heating (c).
Cross-sections (d), (e) and (f) are taken from Figs. 2, 3 and 4, respectively, each going from point A to B. The upper curves correspond
to substrates after different treatments, while the lower curves (e) and (f) denote cross-sections of grown layers (see text). The curves
are shifted against each other for clarity.

samples were polished for 5 min. This procedure with a typical hillock diameter of 700 A (Fig. 1(e)).
leaves a featureless surface (see Fig. 2) with a rough- Once more, in the upper right part of the figure there is
ness of less than 60 A (see Fig. 1(d)). Again the pre- a scratch with a depth of almost 1000 A very similar to
heating procedure did not affect the surface structure the scratches found on the mechanically prepolished
but the roughness increased to a typical value of substrates (see Fig. 1). We came to the conclusion that
120 A. the large scale, substrate surface structure-like

The roughness of CdTe layers grown on mechani- scratches dominate the roughness of the grown layers
cally prepolished and bromine-methanol-treated sub- and are not smoothed significantly during the growth
strates under the same growth conditions were found process.
to show a strong correlation with the roughness of the On the contrary, the layer grown on the polished
substrate (see Figs. 3 and 4). This is remarkable as the substrate shows two-dimensional growth in large areas
thickness of the grown layers was about 2 um and, with a roughness below 25 A. It is only disturbed by
therefore, much thicker than the observed corrugations single islands with a height of 70 A (see Fig. 1(f)). This
on the substrate. The layer grown on the prepolished indicates that a low substrate roughness is extremely
substrate (see Fig. 3) shows a hillock-like topography important for the growth of epilayers with a high
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Fig. 2. STM grayscale image of bromine-methanol-etched
substrate (6500 Ax6500 A). The z-scale from the lowest
(darkest) to the highest (brightest) point is 120 A. See also Fig.
1(c) for a cross-section from point A to B. 28 2 , I 2 . , 3228 248 268 289 383 3231

Substrate teniperature(.°C)

Fig. 5. Influence of the substrate temperature on the roughness
of the grown layers. A minimum is clearly visible in the tempera-
ture range from 280 °C to 300 *C.

surface quality. Thus, the above-described bro-
"mine-methanol polishing procedure gives a reliable
base for further investigation of the influence of other
growth parameters.

The growth temperature is one parameter for which
an optimal value is still under discussion. Several
groups use temperatures ranging from 180 °C [12] up
to 350 'C [13]. From growth simulations [14] we exi ect

A an influence of the temperature on the surface
,,,d roughness. Therefore, we studied this dependence with

Fig. 3. STM grayscale image of a 2 Mm-thick CdTe layer grown an T adresen in thef this results

on an unpolished substrate (5300 Ax 5300 A). The z-scale from an STM and present in the following the first results.
the lowest (darkest) to the highest (brightest) point is 1000 A. See The roughness values are evaluated following
also Fig. 1(e) for a cross-section from point A to B. DIN 4768. As the total roughness depends on the

measured area, these values are normalized to the area
size from which they were taken to have the possibility
for a direct comparison. The results at temperatures
between 230 'C and 320 'C are shown in Fig. 5. The
dashed line is drawn as a guide to the eye. A minimum
is evident in a temperature range from 280 'C to
300 'C. Each data point in Fig. 5 corresponds to a dif-
ferent location on the same sample. The variation of
these data points shows the large scale uniformity of
the surface. This variation increases significantly for
temperatures besides the optimal range and indicates
that the temperature not only affects the absolute
roughness but also the homogeneity of the roughness
distribution.

3. Conclusion
Fig. 4. STM grayscale image of a 2 Mm-thick CdTe layer grown

on a polished substrate (7000 Ax 7000 A). The z-scale from the
lowest (darkest) to the highest (brightest) point is 18o A. See also In conclusion, different CdTe substrate preparation
Fig. I(f) for a cross-section from point A to B. procedures were examined and their effect on the
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X-ray photoelectron diffraction from the CdTe( 111 )A polar surface
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Abstract

Polar and azimuthal X-ray photoelectron diffraction (XPD) data on a CdTe( 111 )A (Cd terminated) surface are reported
and discussed on the basis of a single scattering cluster (SSC) theory. Significantly distinct patterns are predicted for the
two different (111 )A and (I 11()B polar surfaces, suggesting that the XPD technique is a valid tool for the absolute deter-
mination of the surface polarity. Moreover, the azimuthal diffraction patterns obtained at grazing polar angles (so that the
probed surface region is very shallow) revealed details which can be elucidated assuming either a surface relaxation,
where Cd and Te atoms of the outermost double layer are almost coplanar, or a (2j3 x 2N13) R30* surface reconstruction.

I. Introduction XPD recently has been adopted to study the (111 )A
(cation-terminated) and (111 )B (anion-terminated)

1I-VI semiconductor crystalline compounds have polar surfaces of HgCdTe and CdZnTe [6]. In the case
been the subject of many surface characterization of HgCdTe, the accuracy of the measurements, particu-
studies, particularly with respect to the (110) cleavage larly at grazing emission angles, was somehow limited
surface [ 1 ]. Even if the ( 111 ) surface is of particular because a perfectly clean and crystalline surface was
technological importance for epitaxial growth of I1-VI unachievable because ultrahigh vacuum (UHV)
compounds, relatively few studies have appeared in the annealing, after sputter cleaning, causes the loss of Hg
literature. In contrast, the structural properties of the from the sample. Information on the surface structure
substrate (111) surface, i.e. termination, relaxation and that could have been obtained from the analysis of
reconstruction, can effect the quality of subsequent azimuthal scans taken at grazing emission polar angles,
epitaxial layers. where the contribution to the XPD pattern arises

X-ray photoelectron diffraction (XPD) has proved mainly from the outermost layers, therefore has been
to be quite a powerful technique for the determination lost.
of surface structures [21. In such a technique, the core In the present work, we analyse a series of new polar
level photoelectron intensities are monitored as a func- and azimuthal scans taken on a CdTe( 111 )A sample
tion of the emission direction (azimuthal and polar sputter cleaned and annealed in UHV. Very accurate
scans). The rather large (10%-50%) intensity fluctua- XPD azimuthal curves recorded at several different
tions are originated by the interference phenomena of polar angles are now compared with the results of
the photoelectron waves elastically scattered by the numerical simulations carried out adopting the single
near-surface atomic layeis. Therefore, this can be con- scattcring cluster (SSC) model within a spherical wave
sidered as a sort of electron diffraction where the (SW) formalism.
electron source (emitter) is located inside the sample
and the resulting diffraction pattern contains informa-
tion on the structural features of the surface. The 2. Experimental details
peculiarity of this technique is that it allows a simple
geometric interpretation of the dominant intensity The intensities of Cd 3d,,, (KE = 1082 eV; de
maxima in terms of emitter-scatterer directions [2, 31. Broglie wavelength 0.329 A) and Te 3d,,, (KE = 914
XPD phenomena can be quantitatively described using eV; de Broglie wavelength 0.406 A) peaks were
a multiple scattering (MS) approach [4], but a simple measured on a VG ESCALAB MKII using Al Ka
single scattering (SS) theory has proven to be adequate radiation. The spectrometer is equipped with a modi-
in most cases 151. For example, such an SS approach to fied manipulator which allows both polar (0) and

(921-5107/93/S6.0 C 19 I 3 - tFlsevier Sequoia. All rights rcscr'cd
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Fig. 1. Experimental set-up of an XPD experiment: a is the angle S

(fixed) between the incoming photon direction (k00 ) and the
analysis direction (k); Q,, is the acceptance angle of the analyser; 8--101
the polar angle (0) is referred to with respect to the surface and \i0-
the azimuthal angle (0) is referred to with respect to the [112]
direction.
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azimuthal (0) rotations with an accuracy better than

0.50 (see Fig. 1 for definitions), a five channeltron Fig. 2. Azimuthal scans of Te 3d5, 2 and Cd 3d5/2 XPS peaks of0.5 (se Fg. fo deintios),a fve hanelton CdTe (111)at several polar angles.

detection unit and a shutter in front of the electrostatic

lenses to achieve good angular resolution (± 1.50).
Automatic angular scans can be obtained by two com- 100. Some of the data are reported in Fig. 2 where 0
puter-controlled stepping motors driving the sample varies in a 120* interval.
rotations. From a preliminary analysis of the azimuthal scans it

All the azimuthal and polar scans were obtained clearly appears that the diffraction patterns depend on
using 2* steps; the full 360* range was scanned for both the nature of the emitter and its crystallographic
azimuthal scans and the data were then threefold site. In fact, the Te 3d 5,2 XPD scans are completely
averaged into 120* because of the ternary symmetry of different from the Cd3d5 /2 scans recorded at the same
the (111) surface. The CdTe crystals were grown by E value. A simplified interpretation of the XPD curves
liquid phase epitaxy (LPE) and mirror polished. In situ can be attempted, knowing that the recorded intensity
ion bombardment (1 KeV Ar÷ ions) was applied to is enhanced for those directions where the scattering
remove the oxide overlayer and the sample was then angles between the emitter and its nearest neighbours
annealed at 300 0C for 10 min. During all the runs, the are close to 00. To maximize these "forward-scattering
base pressure was in the 5 x 10-`0 mbar range; surface effects" (also for crystal alignment purposes) it is con-
contamination by 0 and C was checked periodically by venient to select a particular set of E polar angles so
XPS. that, when scanning through the range of 0, some of

In analysing our data, we have used spherical wave, these directions coincide with the direction of analysis.
single scattering cluster (SW-SSC) calculations accord- In the present case, the polar angles for which nearest-
ing to the model described in detail elsewhere [2, 7]. neighbour forward-scatterers can be found are
The theory includes the correct SW nature of the final E = 19*, 35' and 550, corresponding to crystal direc-
states' photoelectron waves [7]. In comparing experi- tions [I 1 ii], 1010] and [ 110], which become [ 112], [ i 2 i]
mental and theoretical curves, we have also used R and [112] when projected on the ( 111) plane.
factors [8] as a quantitative measure of the goodness of The reason why an XPD experiment can give
the fit. All the calculations were run using an inner directly information about the surface polarity is, as
potential of 15 eV, inelastic mean free paths (A,,) of already discussed for HgCdTe [61, the dependence of
14.8 A for Te 3d_1 2 and 16.8 A for Cd 3d5/2, and an azimuthal scan on the emitter type and its crystal-
muffin-tin scattering phase shifts. lographic site. It is easy to understand that a simple

azimuthal scan, recorded at a polar angle of 0 = 190,
allows us to distinguish between polarity A and B.

3. Results and discussion Actually, the photoelectron wave emerging from the
emitter at this polar angle finds nearest neighbours

3.1. . azimuthal scans only when the emitter is located in the bottom atomic
Azimuthal scans were recorded at the following layer of each double layer. Therefore, the azimuthal

polar angles: 0- = 550, 450, 350, 190, 16*, 140, 12' and scans recorded at E = 19* must be characterized by the
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presence of strong forward-scattering peaks only in the trons with the same KE as that of the recorded XPS
case of the Te 3d5 /2 scan for a (111 )A (Cd-terminated) peaks. Residual diffraction effects, visible in these
surface or in the case of the Cd 3d 5/ 2 scan for a (Ill )B background curves, were smeared out by a simple
(Te-terminated) surface. In Fig. 3, Cd 3d,/, and smoothing procedure. Looking at the polar curves in
Te 3d5/, azimuthal scans at 0 = 190 are compared with Fig. 4, it is clear that, in addition to the forward-scatter-
the results of SSC-SW calculations, assuming model A ing peaks, other peaks arise from higher order diffrac-
or B for the surface. It is well evident that model A tion effects.
allows better reproduction of the experimental data. In The angular position of all these peaks is correctly
the same figure, the values of the R factor are also reproduced by the SSC-SW calculations. However,
reported, indicating significantly lower values for it is important to notice that the relative intensity of
model A than for model B. Good agreement between the peaks in the theoretical curves is comparable with
the experimental data and theoretical simulations the experimental data only in the case of the scan at the
carried out with model A is evident also for azimuthal [i 2 i] azimuth. In particular, the intense peak along the
scans at different polar angles. 1110] direction is highly overestimated in the calcula-

tion. In fact, the photoelectron waves along this direc-
3.2. E polar scans tion are transmitted through rows of atoms belonging

Polar scans were collected along [1121 and [i 21) for to the same sublattice and, as already suggested [4], in
both Te 3d5,2 and Cd 3d 1/2. Each curve was recorded such a situation MS events produce a strong defocusing
three times, shifting the azimuth by 120' to verify the effect. The SSC approximation used in our calculations
( 111) surface alignment. On analysing the data, one can does not take into account this effect and, therefore,
infer that the ( 111) orientation is correct within 1.00. A overestimates the intensity of the peak at E = 550 along
higher degree of misalignment with respect to the (111) the [112] azimuth. Nevertheless, our calculations
orientation would cause a shift of the peaks, corre- demonstrate how a simple SSC theory allows us to
sponding to equivalent crystal directions. In Fig. 4, an
average of the three symmetry-equivalent curves is
compared with SSC-SW calculations. A polar-angle- Te3d:r2 Cd3dt,
dependent background, which is a function of 1/sin e,
was subtracted from the experimental curves. The
background was measured experimentally as the -Theory -Theor
intensity coming from inelastically scattered photoelec- -Experiment -Eopeimem

Te3d5 /2 Cd3d5 /2 11[)
- 1 0)

Modell B

'j 

E ( 

I I 

T1

20 40 60 80 20 40 60 80
0 (degrees) 09 (degrees)

FoperirnentO=~190 Eripenirent 0190
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-Expenment -Thewrv
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140 80 120 0 40 80 120
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Fig. 3. Comparison between experimental and SSC-SW theo- 20 40 CO 80 20 40 60 80

retical azimuthal scans of rc 3d,•, and Cd 3d,5 XPS' peaks of (-)(dcgrecs;H (-rdeg-,e')

(dTc (I 11) at 9 = 19*. The two different turface polarities Fig. 4. FExperimcntal and SSC-SW theoretical polar scans of Te
ýmodcls A and B. unrciaxcd) furnish rather different visual 3d, a ind Cd 3d, , XPS peaks of ('c (I I ] alt the two different
agreement with the experiment and different R factors, azimuth I I 121 (top)and I J 21 I (hottom .
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reproduce correctly almost all the diffraction features The calculations obtained assuming a relaxed cluster
present in the spectra and, therefore, this theory can better reproduce the experimental curves of Cd 3d5 S,
safely be used for a detailed determination, by a 'trial as is confirmed by the R factor values reported. The
and error' procedure, of the surface structure in those calculation for an unrelaxed bulk structure at E) = 100
cases where MS effects are negligible, does not reproduce peaks at -= 30', 60' and 90',

however, these are well reproduced in the relaxed
3.3. Surface stnrcture calculation. If we now look at the Te 3dj,, scan, we see

Taking advantage of the very good surface quality of that the differences between the relaxed and unrelaxed
our sample (very clean, crystalline and well oriented), models are less important than for Cd. This can be eas-
we decided to collect azimuthal scans at grazing polar ily understood if we think that the scattering geometry
angles (19 = 140, 12* and 10--lower values are for- of the Te atom, viewed as an emitter at a polar angle of
bidden by natural surface roughness) to achieve a high 100, is almost insensitive to the above-described
surface sensitivity. The data at 19 = 10' are reported in surface relaxation. Actually, considering the Te atom as
Fig. 5 for Cd 3d512 and Te 3d 5/, together with SSC-SW the emitter at the origin, the analysis direction is almost
simulations. midway between the Te-Cd directions of the unrelaxed

It is clear from Fig. 5 that the degree of agreement and relaxed models, so that the scattering process is
between the experimental data and the SSC-SW very similar in both cases.
simulation is not satisfactory. It can be easily demon- It is important to point out that a similar good agree-
strated that, at a polar angle of emission of 10', more ment between theory and experiment can be obtained
than 60% of the XPS signal comes from the first 5 A by assuming a (2J3 x 2J3) R30' surface reconstruction
below the surface. Then we are confident of the relia- as already found for CdTe( 111 )B [9]. To reproduce the
bility of the SSC calculations since at these low emis- three-fold symmetry found in experiment, we needed
sion angles MS effects are negligible. We therefore to assume a three-domain model where the recon-
decided to optimize the structure of the outermost structed cell has three different orientations rotated by
double layer, moving both the Cd and Te atoms to look 1200 with respect to the bulk lattice. Further
for evidence of some surface relaxation. We found the measurements are in progress, in our laboratory, in
best agreement with the experiment by decreasing the z order to settle this matter.
coordinate of the Cd atom by 1.35 A and that of the Te
atom by 0.2 A. As a consequence, we have a contrac-
tion of the Cd-Te bond of 5%-7%. In this configura- Acknowledgments
tion, Cd and Te atoms are almost coplanar, the Cd
atom being at a slightly lower z than the Te atom. This work has been partially funded by Progetto

Finalizzato "'Materiali Speciali per Tecnologie Avan-
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Abstract

We report on the structural characterization by ion channelling Rutherford backscattering spectrometry (RBS) of thin
(less than 3 um) CdS epitaxial layers grown on {111 [A-oriented CdTe substrates by chemical vapour deposition. The
overall crystalline quality of the present epilayers has been studied as a function of their thickness. Also, the occurrence of
single crystal growth vs. highly textured polycrystalline growth has been checked by studying channelling angular dips at
different ' He beam energies. The CdS epilayers turned out to be essentially single crystalline, although the present RBS
measurements show that extended defects are contained in the layers and at the CdS/CdTe interfaces. The dechannelling
beam energy dependence allows us to identify these defects as stacking faults, whose concentration profile in the epilayers
is reported.

1. Introduction efficiency of the n-CdS/p-CdTe heterojunction is
19.7% under AMO (air mass zero) sunlight spectral

The growth and characterization of CdS/CdTe- conditions [2], actual cell performances are limited by
based heterostructures continue to be the subject of problems concerning the conductivity control of, and
much research effort, because these heterostructures the realization of low resistance ohmic contacts on,
have potential applications in the field of photovoltaic p-type CdTe [3, 4]. Meyers [5] proposed a novel p-i-n
solar cells. Their main advantages are related to the solar cells structure of the type p-ZnTe/i-CdTe/n-CdS
physical characteristics of the cutnstituent materials: in in which CdTe is used as an intrinsic absorber layer,
fact, the energy gap value of CdS (i.e. 2.42 eV at 300 K) thereby avoiding the above-mentioned problems.
makes it suitable as a semiconducting material for the Recently, monocrystalline p-ZnTe/i-CdTe/n-CdS solar
realization of highly conductive window layers, cell structures have been realized by sequential
whereas the corresponding value for CdTe (i.e. 1.44 metallo-organic vapour phase epitaxy (MOVPE) of
eV) is near optimum for photovoltaic solar energy con- ZnTe and CdTe layers on CdS substrates, resulting in
version. Research in this field has initially focused on device efficiencies of up to 13% under AM 1 (air mass
the study of low-cost, polycrystalline, thin film devices, one) illumination [6].
resulting in photoconversion efficiencies typically Despite their attractive features, the CdS/CdTe-
below 10%. However, since the early works of Yama- based heterostructures raise the problem of matching
guchi and co-workers [1, 21, the use of solar cells based the hexagonal (wurtzite) CdS lattice with the cubic
on the epitaxial CdS/CdTe heterostructure has gained (zincblende) lattice of CdTe. As a consequence, several
increasing attention in the attempt to improve cell substrate orientations have been investigated to assess
efficiencies. Although the maximum theoretical the growth of both CdTe/CdS and CdS/CdTe hetero-

structures. The best epitaxy has been reported recently
[71 for CdTe layers deposited by MOVPE on non-

*Author to whom correspondence should be addressed, metal surfaces of 1000 1 [- and 101 1 6[-oriented CdS
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substrates, their epitaxial relationships being strates using a l%Br-methanol solution for 1 min
1 IIICdTelI0001}B-CdS and j375ICdTejlj01 i6}B- immediately before the introduction into the growth

CdS respectively. Howe er, thin lamellar twins were chamber was followed by an in situ thermal etch at
shown to affect CdTe layers deposited on 100011- 600°C for 15 min in an H,-N, (2:1) gas flow. The
oriented CdS substrates, whereas no twinning has been present CdS epitaxial layers were grown in a 300
reported for the 10116} orientation. Similarly, the SCCM total H, flow at a deposition temperature of
growth of CdS epitaxial layers on oriented CdTe sub- about 600'C, the source temperature being 100°C
strates has been extensively studied by several authors. higher. These conditions resulted in a CdS growth rate
Until now, only three CdTe substrate orientations have of about 0.1 pm min 1. Total CdS epilayer thicknesses
proved successful in growing CdS epitaxial layers, ranging from 0.5 to 3.0 pm were considered in the
namely 11101 [8], 12211 [91 and I 111 A [1]. For the first present work.
two Qrientations no precise epitaxial relationships A high precision goniometer with both repeatability
seem to hold, although for 1221 I-oriented CdTe sub- and an overall precision of 0.010 [13] was used for the
strate a relationship close to 101 L6ICdS [1221ICdTe structural characterization by ion channelling. To mini-
has been suggested. However, growth on I111 IA- mize the accumulation of damage induced by the
oriented CdTe gives rise to the well-known epitaxial analysing beam, care was taken when moving the beam
relationship 10001 ICdS 111111 A-CdTe, resulting in a spot on the sample surface, after a given value of the
9.74% mismatch for the in-plane lattice parameters. total beam charge was integrated. 4He' beam energies

Despite such a high value of the lattice mismatch, of 1, 2 and 4 MeV were used for the present
10.5% efficiency has been reported for n-CdS/p-CdTe measurements.
solar cells grown by H, transport on 1 1 1 11-oriented
CdTe [1). To our knowledge, very few structural studies
have been reported in the literature about 3. Results and discussion
10001 }CdS 11l j IIA-CdTe heterostructures. In a
previous paper [ 1 01, the high crystalline quality of thick Figure 1 shows the 2.0 MeV 4He' RBS spectra in
(3-30 pm) hexagonal CdS epilayers grown by chemical aligned conditions along the CdS c axis for three
vapour deposition (CVD) on 111 IA-CdTe has been samples with different epilayer thicknesses, i.e. 0.5 um
demonstrated by channelling Rutherford backscatter- (T60), 0.9 ,um (T62) and 3 um (T61). The random
ing spectrometry (RBS). In this work, we investigate the spectrum for sample T60 is also reported in Fig. I for
structural properties of relatively thin (less than 3 pm) comparison. The energy-to-depth conversion for our
CdS epilayers. Their overall crystalline quality has geometry has been obtained by using the stopping
been studied as a function of the epilayer thickness. power in ref. 14. The interface width is much larger
The occurrence of single crystal growth vs. highly than the experimental depth resolution. This fact could
textured polycrystalline growth has been checked by be due to interface mixing between CdS and CdTe
studying channelling angular dips at different 4He'
beam energies. Moreover, the presence of extended Cd depth scale (nm)
defects in the layers has been detected and their nature 5 '-n%, * I 500 0
determined by analysing RBS channelling spectra as a S
function of the ion beam energy. This allowed us to 4
identify these defects as stacking faults and to calculate T60 rindm

their concentration profile in the CdS epilayers. - 3. :.,. . Cd
T60

2. Experimental details 2

T62

1000 I -oriented hexagonal CdS layers have been
grown on I11 I IA-CdTe by CVD using H, as the trans- T61

port agent from the source to the deposition region . -- . ."-
I111. Nominally stoichiometric CdS of 99.999% purity 600 W0 1200 15W0 180M

from Cerac, Inc. was used as the starting material. The E (keV)
I I I I-oriented CdTe substrates, supplied by Cominco,inc.. were lapped and polished with diamond paste to a Fig. I. 2.0 MeV SHe' RBS spectra in channelling condition

along the c axis of growth for the three samples investigated with
mirror finish. ThejI I I A face of the CdTe substrates different epilaver thicknesses: .160) 0.5 jim. 162) 0.9 jim.
was identified by selective etching 1121 in (1611 3 14m. The random spectrum for the sample T60 is
IHF: I HNO1 : ICH'COOH. A light etch of the sub- reported for comparison.
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and/or to thickness inhomogeneities in the epilayers. The seen that our experimental values are systematically
spectra show clear Cd surface peaks and relatively low slightly lower than the predicted values: moreover. they
channelling yields. The surface minimum yield X,,1 1 i.e. can be fitted by a straight line whose zero energy inter-
the aligned yield just behind the surface peak normal- cept coincides with the origin within the experimental
ized to the random yield, is reported in Fig. 2 as a uncertainties, thus excluding misalignments higher than
function of the epilayer thickness for the three samples a few hundredths of a degree from point to point in the
in Fig. 1. The minimum yields for thicker samples are layers. These results lead to the conclusion that even
also shown [10]. It appears that the Xmi value rapidly relatively thin CdS epilayers are essentially single
decreases with increasing CdS layer thickness up to a crystalline.
few micrometres, and then it reaches a minimum which From Fig. 1 it appears that the channelling yield for
is slightly higher than the theoretical estimate given by sample T61 is very low, indicating a reduced amount of
Barrett [14], i.e. X' m, = 0.0398. defects in the layer. It appears that the corresponding

As reported in a previous work [10], the surface yields for the thinner samples smoothly increase up to
morphology suggests a highly textured grain structure depth values which roughly correspond to the inter-
for the present CdS epilayers. Nevertheless, it has been faces, at which point sudden jumps take place. Below
demonstrated that their structure in the near-surface the interfaces, the yields of the two samples are equal
region is single crystalline at least for the higher thick- and the dechannelling rates are nearly the same as that
ness values. However, a possible textured columnar of sample T6 1. We can thus divide the dechannelling
growth could explain the higher X m values obtained yield profiles into two regions, i.e. (i) the surface and (ii)
for the present thin layers. To investigate this point, the interface region, where different types of defects
channelling dips for the conditions aligned with the c seem to be present.
axis were recorded at different beam energies. In fact, it The nature of these defects and their depth distribu-
has been shown [15] that ion channelling is able to tion can be deduced by comparing the normalized
qualify the texture of a polycrystalline material by channelling yield as a function of depth with the corre-
measuring the experimental critical angle W1,2 as a sponding yield for the perfect crystal. In fact. the total
function of the beam energy E, using the expression disorder N,,(t) integrated from the surface to a depth t

can be obtained by the equation [16]S, 02 const
Wtf,2, = g2 In 2+ W 2 = In 2+ -

E In 1 x- (t) = NI)(t) af n= f (t )CD d)t'

where a is the standard deviation of the crystallite 0

orientation distribution and tl, is the channelling where Xv(t) and X)D(t) are the normalized yields for the
critical angle for a perfect single crystal. reference and the defected crystal, respectively, and ao

Figure 3 reports the square of the experimental is the dechannelling factor typical of the particular type
critical angle W_,,2 vs. the reciprocal of the beam energy of defect actually present in the crystal: finally. no)t') is
for the same samples as in Fig. 1. The theoretical the local defect volume density.
values [14] are also reported for comparison. It can be
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0.04 .. .

0.0 0.2 0.4 O.6 ( 08 1.0 1 2

0.03 I , 1 _e¢ i
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CdS layer thickness (yrm) Fig. 3. The square of the experimental critical angle W, - as a
function of the reciprocal of thc ion beam energies. The solid

Fig. 2. The surface minimum yield X .. as a function of the C dS line represents the linear best fit of the data, whereas the dashed
epilayer thickness. line represent% the theoretical estimate.
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The N1)(t) a,) values measured at the end of the first of the overall defect distribution. However, the normal-
(surface) region for different 'He' beam energies are ized yield after the interface roughly correlates with the
reported in Table I for the two thinnest samples in Fig. square root of the ion beam energy, suggesting that the
1. In our calculations we assumed the Xv(t) values to be interface defects are misfit dislocations formed to
coincident with the normalized yield of sample T6 1. It accommodate the high lattice mismatch involved with
appears that the defects in the epilayers have a dechan- the CdS/CdTe heterostructure.
nelling probability independent of the beam energy, The presence of stacking faults in CdS epilayers
indicating that these defects are stacking faults. More- grown on 111 }A-CdTe substrates never has been
over, as the same holds true for any intermediate depth observed before, although similar results have been
between the surface and the interface, it also can be recently reported by Brown et al. [171 for CdS epilayers
concluded that stacking faults are the main defects in deposited on J11 I(B GaAs by MOVPE, for which
the present CdS epilayers. dense arrays of irregularly spaced stacking faults on

From the derivative of ND(t)UD the defect concen- close-packed planes parallel to the CdS-GaAs inter-
tration profile n[)(t) can be obtained. The result is face have been observed by conventional transmission
shown in Fig. 4 where the interface has been chosen as electron microscopy and attributed to the dimorphism
the origin of the profile. It appears that the two profiles of CdS at the low growth temperatures involved with
mimic each other and show a slow decrease in n[)(t) MOVPE. However, the hexagonal (wurtzite) phase is
with increasing distance from the CdS/CdTe interface, the stable phase of CdS at the relatively higher growth
These data are in agreement with those of Fig. 2, temperatures (550-750'C) required for the CVD
showing that an epilayer thickness of at least 3 um is process. In this respect, it should be noted that the
necessary to obtain a good surface quality, characteristic stacking fault concentration profile

As far as the second (interface) region is concerned, reported in Fig. 4 strongly indicates that the formation
the fact that the channelled fraction after the interface of these defects in the CdS layers is somewhat related
yield jump is the same for the spectra of the two to the CdS-CdTe interface. In fact, stacking faults are
thinnest samples of Fig. I indicates that the density of generally associated with partial dislocations and,
these defects is nearly independent of the epilayer therefore, they can contribute to the removal of the
thickness. The ion channelling analysis of the interface high lattice mismatch in the CdS/CdTe heterostructure
defects is complicated by the double-layered structure along with misfit dislocations.

TABLE I. The integrated disorder N,))u1 values as measured at 4. Conclusions
different 'He' beam energies for the two thinnest samples

Energy ýkcV) \))u)T6t)) N,162) The epitaxy of CVD-grown CdS epilayers on CdTe
substrate has been studied by means of RBS channell-

1000 0.15±0.02 0.19±0.02 ing for different epilayer thicknesses, extending a
2000 0.16 ± 0.02 0.22 ± 0.02 previous work to thinner layers. The main results of the
4000 - 0.18 ± 0.02 present work can be summarized as follows.

(1) 100011-oriented hexagonal CdS epilavers on
1111 }A-CdTe substrates are single crystals independent

2 of their thickness.
T60 (2) In the interface region, a high density of defects

_ 1.6 T62 is present, which can be reasonably identified with

"E misfit dislocations, as required to accommodate the
1 .2 T60 •tr,,,, large lattice misfit between the two structures.

Z r(3) An additional defect distribution spanning from
0.8 the interface to the surface has been observed, these

defects being identified as stacking faults. Their depth
0.4 concentration profile decreases slowly with increasing

CdS-CdTe interface distance, and a good surface
0 crystalline quality can be obtained for CdS epilayer

0 100 200 300 400 500 thicknesses above about 3 pm.
distance from surface I nm)

Fig. 4. The stacking fault concentration profile in arbitrary units Finally, it has been sougested that the higher stacking
as a function of the distance from the interface for samples I6(1 fault density in regions of the epilayer close to the
andT62. CdS-CdTe interface is symptomatic of their role in
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Complete characterization of epitaxial CdTe on GaAs from the lattice
geometrical point of view

P. M6ck
Humboldt- Universitdt, Institut flir Kristallographie und Materialforschung, in validenstrasse 110, 0-1040 Berlin
(Germany)

Abstract

The complete characterization of two monocrystalline samples of epitaxial CdTe( 111) on GaAs(0O1) rotated 2' aroý md
[f1 10 using a new description tool and X-ray techniques is given. In addition, the structural quality of the deposits was
correlated to the angles of epitaxial misorientation.

1. Introduction For complete characterization of epitaxial systems
from the lattice geometrical point of view, and also for

In epitaxial CdTe(lll) on GaAs(OO1), double investigations of epitaxial misorientations, a new
positioning of two kinds, which are caused by different description tool using transformation matrices has
reasons, occurs during the deposition. These two kinds been developed by this author [ 1, 8, 9]. To correlate the
of double positioning are called double positioning of lattice geometry of monocrystalline CdTe( 111) on
the first and second order [1]. Double positioning of GaAs(00 1) rotated 2' around [1 i0] with the structural
the first order is caused by the face symmetries of the quality of the deposits, two epitaxial samples grown by
bounded crystal surfaces, in contrast to double metal-organic zhemical vapour depot.don under
positioning of the second order which is related to the different growth conditions were characterized com-
growth conditions. The two orders of double position- pletely. The crystalline quality of the deposits was
ing are designated commonly as twinning, determined qualitatively and quantitatively.

Recently, it was found that the problems of double
positioning of the first and second order can be over-
come in this epitaxial system using GaAs substrates 2. Experimental details
with a vicinal angle of some degrees rotated around the
axis [I i0] and appropriate growth conditions [1, 2]. The transformation matrices of the two epitaxial
Thus, monocrystalline epitaxial samples follow- samples were determined by diffraction goniometry
ing the law of overgrowth (001 )GA 1(ii)cdTe, using an X-ray diffractometer equipped with an optical
[1I ()Iuags 11112CdT, can be obtained, reflection goniometer. The goniometry of reciprocal

It is well known that the laws of overgrowth fail in lattice vectors was performed for 12 reciprocal lattice
general because epitaxial misorientations exist (see, for vectors of the substrate and deposit. The Bragg angles
examples, refs. 1-7). Results from other epitaxial sys- were determined with a precision of about 0.020. The
tems (see, for example, ref. 5) show that engineering of goniometer adjustments can be described by a spheri-
epitaxial misorientation can lead to a significant cal coordinate system. The two angles of this spherical
improvement of the structural quality of the deposits. coordinate system were determined with a precision of
Epitaxial misorientations are related in a first approxi- about 0.02'. The cartesian coordinates of the recipro-
mation to the vicinal angles of the substrate, but up to cal lattice vectors under diffraction conditions can be
now this effect has not been fully understood (see, for easily derived from the values read on the goniometer
example, ref. 6). Reviews of the most important litera- circles. The correct signs of the indices of the recipro-
ture on epitaxial misorientation are given in refs. 1, 7 cal lattice vectors (polarity) were determined in the
and 8. case of the CdTe deposit by an anomalous X-ray

0921-5107/93/S6.0t)0 1993 - Elsevier Sequoia. All rights reserved
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scattering method [101 and, in the case of the GaAs are obtained. Using the arguments given by Haussihl
substrate, by KOH etching in correlation with polarity [151. it follows from the components of the defocma-
determinations using Kossel diffraction [11, 12]. tion tensor that the deformation of the deposit is

The experimental data for the calculation of the monoclinic or triclinic. Taking into account the lattice
deformation tensors of the deposits were obtained by parameters, the deposit belongs to the trigonal or tri-
means of a special X-ray diffractometer using the clinic crystal system. Therefore. it can be concluded
Soller slit method [ 13]. The Bragg angles of the nine from these two statements that the deposit is triclinic.
symmetrically equivalent reciprocal lattice vectors The calculation of the symmetry group of the
1337] of the deposits were determined with a precision deformed deposits using Curie's principle I161 leads to
of about 0.002'. the point symmetry groups m or 1 and, hence. to

The structural quality of the CdTe deposits was monoclinic or triclinic symmetry. This is also in agree-
determined using double-crystal, rocking-curve half- ment with the conclusion that the deformed deposit of
widths. In addition to these quantitative measurements, sample no. I belongs to the triclinic crystal system.
the structural quality of the deposits was determined Table 2 gives the results of the investigations of the
qualitatively using Kossel diffraction [1 2]. From one of structural quality of the deposits together with the
the epitaxial samples a qualitatively sufficient electron thickness of the deposits. Comparing Tables I and 2. it
channelling pattern of the CdTe deposit was obtained seems to be true that a high structural quality of a
in a scanning electron microscope (Cambridge Stereo- deposit is correlated to the epitaxial misorientation
scan S260). The orientations of the GaAs substrate which can be calculated according to the model of
surfaces (including polarities) were checked by optical Pond et al. [3 1.
goniometry in combination with KOH etching I 1] as Figure 1 shows electron channelling patterns of the
well as by Kossel diffraction [12]. deposit and substrate of sample no. 1. In this figL e. the

(inhomogeneous) deformation of the CdTe deposit and
the epitaxial misorientation can be clearly seen. The

3. Results electron channelling pattern of the CdTe deposit
demonstrates also the relativC:y high structural quality

From the transformation matrices it can be of this crystal.
concluded that the orientation relationships of the two In conclusion, it must be stated that systematic
cpitaxial samples are different. investigations on monocrystalline CdTeo 11 1 on

The decomposition of the transformation matrices GaAs 0(I) 1) rotated by various angles around I1 I10] are
leads to the conclusion that the epitaxial samples differ necessary to proceed in engineering of epitaxial mis-
mostly in the rotation matrices of cpitaxial misorienta- orientation in this epitaxial system.
tion. The rotation parameters were derived from these
matrices and are given in Table I. This table shows that
the samples differ, within the range of the error limits. TAB1,E I. Rotation parameters ofepitaxiaf misorientation
(ml\ in the angles of epitaxial misoricntation. The angle Sample Angle of cpitaxial Axis of epitaxial
of cpitaxial m isoricrntation for sampie nI . I agrees \with no. misoricnitation ,deg) misorientation ±+ ).) 5
the model of epitaxial misorientation after Pond et al.
13 I. hercf'orc. it can be concluded thai. in this ,'pitaxial 1 (.(4 1_± 0.04 171 77 01
sample. interfacial dislocations exist. Furthcrmorc. 2 1.41+±1.04 [7")01

accordling to Pond's theory of line dceccts in interfaces
114'. m•c can expect that, ill the epitaxial sample no. 2.
interfacial disclinations and interfacial dispirations ]I.,11.1 2 Siru,..cturai; tlUjeit\ and thicknes of the de~os,,it,,

ssamnpie I hicknc's of) Ihal)-\\ dths it Sharpnev, of
A stronLg dcfon~illali o)f tile dleposits, \\as obtained. no. (l.posli, tll rocking cur\cs Kosscl line,,

1-)r example. for the (dle deposit of sample no. 1, de.
the lattice parameters a= (.648185± 0(.0(0(007 nm, - ..... .
1) (.1.-48 ) 1 444441(4(4(0 7 Fnm. c- (4,482533 ± 0.000)0)7 I 1.3 1 2 +0.1+3+ I ±1.41h

2I.I + 442 ().l14 _+± 44)1 I os
(1. : S ) .)NS ' (044 0444 /1 -- S9.9) 89) ) _( 0.0 . and 4. +".. . 0. 1

"-'*k) i)57 Ij ' 1144-M4 . ;i) thc dcIl(rinaiMili(mn tcinsmn

1 )1 444)44441 44.44)444442 44.'4) 4){ ± (t1.)000)IW) (44.44444)II-5 +_ (4.4444(4442

I DI ))' t )cl 12 -H4 MW.I)4I(I1*7 09 9)(m70 4444 -01.001115() )6 ±0.)(4040002

(If 4)4.4 ( ,"(1 1(11•l4 14 .4444444 .401 0070) - 0).00044 1 ( 1
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X-ray experiments, and Dr. H. Berger for the critical
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Relation between dislocation density, bulk electrical properties and
ohmic contacts of CdTe

1. Hahnert and M. Wienecke
Humboldt-Universitdt zu Berlin, Fachbereich Physik, lnstitutf'ir Kristallographie und Materialforschung,
Invalidenstr. 110, 0-1040 Berlin (Germany)

Abstract

There are large variations in the density and distribution of dislocations in CdTe crystals. The dislocation density was
determined by etching. For the electrical measurements (Hall effect and conductivity by the Van der Pauw method),
crystal regions were selected which showed extre' -ly different dislocation densities. The dislocation density did not
noticeably affect the bulk electrical properties. For the preparation of ohmic contacts, a thin, strongly disturbed surface
region with a high dislocation density appears to be necessary. On crystal disks with low as-grown dislocation densities.
dislocations were produced by lapping or other mechanical treatment to prepare ohmic contacts on high-resistivity CdTe
for Hall effect measurements.

1. Introduction 4x 10 " cm 3 at the end did not seem to play an
important role [ 11.)

The electrical and optical properties of CdTe are Electrical measurements were made by the Van der
important for applications of CdTe. The structural pro- Pauw method at room temperature. For this purpose,
perties and surface phenomena of CdTe also play ohmic contacts have to be produced. For this, the
important roles. CdTe crystals have large variations in samples were coated with Au by evaporation through
dislocation density and distribution, even in neighbour- an appropriate four-point mask and Au wires were
ing regions. This leads to the question of whether or soldered with In. Before that, the surfaces were lapped
not the dislocation density affects the electrical (7 um Al2O3 powder) and chemically nolished
properties important for applications. This question (I %Br./methanol), removing 15-20 um of the dam-
was investigated. aged material (usual procedure). Using this surface

preparation, the contacts were ohmic (i.e. not acting as
barriers) in all cases.

2. Characterization of material and experimental Dislocations were detected by chemical etching.
procedure Before etching, each sample was mechanically polished

(1 um Cr.O, powder) and chemically polished
The crystals investigated were grown by the vertical (I %Br,/methanol). dissolving more than 20 urn to

Bridgman method with an additional auxiliary Cd remove the damaged layer. The etchant was composed
source. The concentration of native point defects was of 60 vol.parts H20, I vol.part Cr-acid, I vol.part
expected to be uniform. Homogeneity was revealed by conc. HNO , I vol.part cone. HF 12]. The etch pits pro-
the electrical properties measured ' ý the initial part of duced by the etchant were proved to be due to disloca-
the crystal (1), in the middle part (M), and at the end tions by correlating the etch pit patterns with X-ray
(E): reflection topographs and by deformation experiments

() P= 7.46 x 11
2 

CM-, u=59CM2 V - 131. The examination of a number of crystals has shown

(M) p=4.06X 1012 cm-, p=87cm2 V-s I that CdTe crystals usually have large variations in their

(E) p=6.1x 1l
2cm CM , p=63cm2 V ' sIetch pit densities (EPDs) and distributions, even in

neighbouring regions of the same crystal disk. To
where 1 is the carrier concentration and 4 the mobility. investigate the relation between the dislocation density
(Impurities of I x 1017 cm ' in the initial part and and electrical properties. such disks with an extreme
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variation were selected. Region (A) (Fig. 1(a)) had a 3. Results and discussion
very high but relatively homogeneous dislocation
density with very small subgrains (EPD > 5 x 105 cm -). On sample (A) with the high dislocation density, a
Region (B) (Fig. l(b)) had a typical subgrain structure: carrier concentration of p 1.85 x 10 cm and a
the EPD in subgrains was about I x 10' cm-2 and the mobility of 53 cm 2 V - s - were measured. Consider-
EPD in the subgrain boundaries was about 3 x 103 ing the error in Van der Pauw measurements, these
cm- 1. data are of the same order of magnitude as measured

After etching, the different regions were separated on the whole crystal (see above). An increased carrier
by cleaving. For the electrical measurements, these concentration owing to dislocations (in crystals with
samples were chemically polished again to remove an the zincblende structure, dislocations are probably
additional 25 pm and then the contacts were made. In charged) is not to be expected, because a dislocation
these cases, the procedure did not always lead to ohmic density of 10W cm can only cause a carrier density of
contacts. less than 10" cm -3 .

The surface damage owing to different mechanical On sample (B) with large subgrains and a lower dis-
preparation was analysed on reference samples by location density, the contacts were not ohmic, although
etching and by cathodoluminescence, which is sensitive they were made in the same way as for sample (A).
to dislocations and shows the electrical behaviour of This leads to the suspicion that the dislocation density
dislocations as luminescence contrast. For cathodo- affects the contact behaviour.
luminescence investigations, the samples were dimpled For that reason, the same samples (A) and (B) were
from the back-side up to the damaged surface by a Br/ subjected to the usual surface preparation, i.e. lapping
methanol vapour beam (for the method of sample pre- and short-time chemical polishing. Now, the contacts
paration see Fig. 4(b)). were ohmic also on sample (B). The electrical

measurements yielded the following:

(a) ". .. .on sample (A) p= 9.60 x 10-12 cm-3

p=86cm2V is

on sample (B) p=5.78X 1012 cm-

,, p = 52 cm 2 V Is-1

The carrier densities of both samples were of the
same order of magnitude. The different mobilities do
not seem to be caused by the surface treatment. In
addition, the mechanical surface treatment did not
significantly affect the carrier density of sample (A).
However, the contacts on sample (B) were ohmic after
this processing.

The only difference to the treatment described
.. ".. .,, above was the surface preparation. For that reason, the

damage laver owing to different mechanical prepara-
tion was systematically investigated. In particular, the

-djcation density was analyscd for its dependence
"upon the depth. Figure 2(a) shows the etch pattern of a

• , lapped specimen after chemically dissolving 15-20 pm
of the damaged layer. The EPD is over 105 cm -.

which corresponds to the as-grown state of sample (A).
In Fig. 2(b). the same sample is shown after removing
more than 8) pm of the lapped surface. In this case, the
F[PI) is equivalcnt to that of sample (B) in the as-grown
state. It has bieen found that the surface damaged by

So~o.u lapping has a higher dislocation density to a depth of
up to 61) pm. A model of a lapped surface is shown in

-i. I. Fich pattern of regions of ith saic crystal disk %%ith Fig. 3. In contrast, the surface disturbed by mechanical
ext rene dilttrcnee'. in tl'.taeiitian tlen.iix,: a' rcLIn A ~and b polishing i I urn ('riO. powder I is polycrystalline to a
regian Htex t:., urielatian ofdi,,k lt IA. depth ol about 3 pm (investigated by reflected high



J1. stonl da ae laye

obe e sufc hmcly-tind ufc

z -l *Ilp' ~pl !:

prpcli, hil if. kli, hm,:fl o~c kl~~u
suf c to g ,c n a i a e 11', fl C )l II C ( l '( ~ I L " l b t kI h 'L I

wit lap in po de M C -I C I C I L*lil l I

strongy dam ged rgion.IWII hN M C iiltih2Ci h\ it 10 It'N tllk[ hC~ III III1 ,1C dClifI lcla

brokien to grains

depth to about 10 pm r\tinI)tIit.dtii.ai] ~i~i.CC /NII it tNL

---- plasticly detormed region 1 k)ai l

with nigh dislocationi density Ntlriacc

iepd -lC'c~mi I Ilk: Lld thaIlaiit L*I) iitI i N ilk -IllilllC Ciit'iflit..iii

depth to about 60 pm lc~~iiii it*il it i( (Willit. (Mlla l t I I illi1i tt.Ni"Ilki!

as-grown state 'd Ic I ". . ( I t Iufll itIC(I h\ 111c;1,1l ClIll"INl. t i 1 1 1 IlMtmi

depth fromn 60 pm 1) C(l i.ip IiC~~ Iiitl () C4 Ii~ t .. iii C\ I CIII

- .position of surface whitch hasý

to be contacted to have ohmic. WrntaCts



I. hilihnert, M. Wienecke / Dislocation density, electrical properties and ohmic conta'ts of (CdTe 1 71

by lapping and short-time chemical polishing. This References
layer has no significant effect on the bulk carrier con-
centration. I P. Rudolph, M. Miihlberg, M. Neubert, T. Boeck. L. Parthier,

A high dislocation density near the surface is neces- K. Jacobs and E. Kropp, J C(rst. Growth, 118 (1992)204.
2 1. H~ihnert and M. Schenk, JI Cnsc. Growth. /01 (1990 (251.sary to prepare ohmic contacts on high resistivity 3 1. Hfihnert, Z. Krist., to be published.

CdTe. 4 1. Hahnert, to be published.
On samples with low as-grown dislocation density, a 5 A. Heydenreich, Diploma, Humboldt Universitat, 1991.

thin damaged layer can be produced by mechanical 6 U. Becker, P. Rudolph, R. Boyn, M. Wienecke and 1. Utke,
treatment-in our case by lapping. Phys. Status Solidi A, 120 (1990) 653.

7 H. Zimmermann, R. Boyn. P. Rudolph, J. Bollmann. A.
No relation between the dislocation density and Klimakow and R. Krause. Mater. Sci. Eng., B16 (1993

mobility was found. 139-144.



172 Materials Science and Engineering, B/6 (1993) 172-177

Effect of large-scale potential relief on the electronic transport in doped
and compensated CdTe: the role of impurity correlations

N. V. Agrinskaya
A. F loffe Physico-Technical Institute, St Petersburg (Russian Federation)

Abstract

We have analysed our experimental data on electronic transport in bulk dopt d and compensated CdTe crystals. The level
of doping has been varied from the weak doping to the high doping limit. It has been shown that the data obtained can be
explained by the presence of large-scale potential relief owing to an inhomogeneous impurity distribution. As for the case
of heavily doped crystals (including low resistivity samples and semi-insulating samples) the energy and spatial scales of
the potential are controlled by the spatial correlation of impurities and defects.

1. Introduction in semi-insulating crystals of CdTe:CI. As for theoreti-
cal backgrounds, we have used the approach based on

In any doped semiconductors there is a system of percolation theory, as developed by Shklovskii and
charged impurities and, in general, one cannot expect a Efros [1].
long-range ordering of their spatial distribution. On the
other hand, it is clear that spatial fluctuations of charge
distribution lead to the formation of some potential 2. Weakly doped crystals
relief with a spatial scale much larger than the average
distance between impurities. This large-scale potential Here we shall consider the effects of LSPR on trans-
relief (LSPR) does not change either local band struc- port properties of weakly doped CdTe with shallow
ture or the local density of states. donors (ND < 1017 cm-3). In the case of non-zero

The presence of such LSPR imposes on a semicon- compensation K = NIND $ 0, the presence of localized
ductor the features of a disordered system, the degree charges leads to an increase in the dispersion of the
of the disorder depending on the LSPR energy scale y impurity levels. This dispersion appears to be greater
and on the temperature. Some specific phenomena than one owing to overlapping of wave functions corre-
occur, such as Anderson localization, variable range sponding to different impurities. The model of non-
hopping and a Coulomb gap near the Fermi level, linear screening for the case of a Poisson distribution of
Despite there being considerable amounts of related impurities and of large compensation (1 - K 1 1) pre-
literature, the physical picture is not completely clear dicts the following characteristic spatial (Rj) and
even for elementary semiconductors. This is even more energy (y(R,)) scales of the LSPR:
the case for doped A2B6 compounds which were not
investigated in such detail. Here, one should take into NR 3

account these compounds' principal differences from n 2/3
elementary semiconductors which result from larger 13 (1)
gaps and a larger degree of compensation available due eN,___
to the generation of intrinsic defects and the ampho- V,(Rs) =Kn-13
teric behaviour of impurities (self-compensation).

In this article we would like to summarize the results where N, = ND + NA, n being the electron concentra-
of our studies of electronic transport in doped and tion, and K is the dielectric constant.
compensated CdTe crystals. The level of doping has How does this long-range potential affect the posi-
been varied from the weak doping to the high doping tion of the Fermi level and the activation energy e, (Fig.
limit, when a condition Na3 > 0.02 has been valid 1)? Attempts have been made to ,.alculate the depen-
(where N is the impurity concentration and a the locali- dence e,(ND, K) in the two limiting cases of low tem-
zation length). We have also studied the effects of LSPR perature [21 (where kT is small compared with the

0921-5107/93/S6.00 0) 1993 - Elsevier Sequoia. All nghts reserved
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SE 20

Fig. 1. Energy diagram for a lightly doped and compensated - "
semiconductor with LSPR: u is the Fermi level and EP the perco- , 1 0
lation level.

width of the impurity band W= e 2NA11 3/K) and of high
temperature [3] (kT > W).

In the first case, the following expression has been I I I I I
obtained: 1 2 3 4 5

N
113 . 105

1  = -- OGN Di /3  (2) Fig. 2. Effect of the concentration of charged donors (N, D Na)

where a is some tabulated function of K and e0 is the on e calculated according to eqn. (1).

optical ionization energy.
However, the majority of experiments reported for

CdS, CdSe and CdTe [4], have demonstrated that the
use of eqn. (2) leads to different values of e0 for differ-
ent values of K for the same type of donor, and that the I5 -
coefficient a does not agree with the theoretical coeffi- 0
cient. The reason for such a discrepancy is that in real
experiments kT- E, > W and the low temperature con-
dition does not hold. >

The second regime [3] is closer to the experimental •.
situation. In this case the redistribution of electrons
between the states of the impurity band leads to a
decrease of ec such that

El = E -f( g) K 32' ( kT)1/2  (3)

This equation is valid if n < NA, ND-NA and 1 z
kT> Ae= -1- -. N •0In the frameworks of this model we have analysed

Inthe fresul tainedork Cf thin mor weharier invses - Fig. 3. Effect of the total donor concentration N,) on - according
the results obtained for CdTe in our earlier investiga- to eqn. (2): 0, experimental results;- -, theoretical calculation
tion [6]. We have studied n-type samples which have for T= 50 K, K = 0.95(1) and K = 0.8 (2).
not been subjected to any deliberate doping but which
contained residual impurities. Depending on the type
of donor, the optical ionization energy of these samples 0.8 and e, = 13.5 meV. We found that the points for
is 13.5-14.2 meV. The thermal ionization energy c, samples with similar values of K are located on the
has been calculated from the temperature dependence theoretical lines, whereas the samples with inter-
of the Hall coefficient in the range 15-100 K. Figure 2 mediate K values are in the interval between the
shows the dependence of ec on ND 1/3. straight lines.

It can be seen that it gives two values of e0, namely Figure 4 shows the theoretical and experimental
14 and 17 meV (the first being close to optical e,) and dependences f(K). We can see that at least in the range
the second having been attributed to another sort of of large K the theory properly describes the experi-
donor). However, this discrepancy can be removed by mental data. It should be noted that this theory does
using an alternative approach 13]. We plotted the not take into account any correlation in the impurities
dependences E, (ND'/) for samples with different positions, so the satisfactory agreement with the
values of K (Fig. 3). The two straight lines shown in experiment leads to the conclusion that impurity corre-
Fig. 3 were calculated from eqn. (3) with K = 0.94 and lation is of no importance in weakly doped CdTe.
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3. Heavily doped and compensated low resistivity impurities distribution (eqn. (1)). Figure 6 demon-
crystals strates the significant deviation of experimental curves

from the theoretical linear dependence of n- -- /3 in eqn.
In the case of heavily doped crystals (Na3 > 0.02) (1) especially for samples with large values of K. The

electron states are delocalized, the impurity band theory in question is valid if it holds that R, > R, where
merges with the conduction band and the transition to e. 1 (T.,/8:rNe- )"- (4)
metallic conduction (the Mott transition) takes place. R,=( " ' (4)
At a sufficiently high degree of compensation the con- is the
duction becomes activated. The density of states in frescreening radius owing to charged impurities at
these heavily doped and compensated (HDC) crystals freezing temperature Ta. In the case of strongly comn-
decreases exponentially into the forbidden gap, form- pensate amples one has R(i co Rr and it became neces-
ing a density of states "tail' (Fig. 5). It has been shown sary to allow for impurity correlations. Since the
that the main ideas of non-linear screening theory density of intrinsic carriers at Ta is el cm-3, their
remain fruitful in the HDC case [1]. Typical values of contribution to the screening is small. The electronic
LSPR scales R, and y(R,) are the same as given by eqn. properties of compensated semiconductors with a
(1). The activation energy -, of d.c. conduction owing correlated distribution of impurities have been investi-
to the free carrier band mechanism in the non-metallic gated theoretically in refs. 1 and 8. It has been shown
phase is -I =Ay where A is a numerical coefficient. that the energy r, decreases logarithmically with an

In HDC CdTe crystals with shallow donor concen- increase in n such that

tration N1 > 2 X 1017 cm we have studied the band
conduction o owing to allowed states, its dependences 12 ,l n,2 In()5_l|
on temperature and on compensation [6], as well as low • [hi n JJ
temperature hopping conductivity [6, 7]. Crystals have
been doped with chlorine and indium during the
growth process (the donor concentration being /
N1 - 101 cm -3) and have been compensated by pro- /
longed high temperature annealing at Ta = 900 °C /
followed by quenching. By varying the annealing con-
ditions (cadmium vapour pressure) we have been able
to obtain low resistivity crystals with different degrees
of compensation K = 0.5-0.99. Such differences in the - ----

degree of compensation have been obtained as a result T
of different concentrations of intrinsic compensating • /1
defects. It is possible to distinguish two regions in the
temperature dependence of a. The first region corre- TT g (E

sponds to the range 100-300 K and can be character- g tE)

ized by an activation energy -,. We have shown that Fig. 5. Density of states of a highly doped and compensated
dependence of e- on carrier concentration n cannot be semiconductor in the presence of a Coulomb gap A.
described by a simple theoretical model for the random

0.05

4 0-04
S>

x 0.03

2x A 0-02
S0002

1- X 2 0oiO -

I I I I I I I I I I I
0.5 K 0.1 0-3 05 0.7 0.9

Fig. 4. I)epe(K) with the curve calculated for .(K) n-1 13 ( 105)

Aý K+ ,4 JK( I-K)I. Experimental results are plotted for Fig. 6. Dependence of r, on ni calculated according to eqn. 1: .
donoi s (O)and acceptors ý x CdTe:ln; 2, CdTc:CI.
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Here the value of y, is controlled by the impurity tion, described by eqn. (8) has been observed) or amor-
screening rather than by electron screening such that phous semiconductors (where Mott-type hopping

conduction has been observed) until our studies. Such
a transition has been reported for the compound of the

We have experimentally observed the dependences same type, i.e. CdSe [9]. It is a specific density of states
rI(n) to be the same as predicted by eqn. (5) (Fig. 7); behaviour in systems with correlated spatial distribu-
from the slopes of the curves we have obtained the tion of impurities that, in our opinion, explains the fact
values y,,=0.026 and 0.015 eV for CdTe:In and that the transition discussed seems to be observable
CdTe:CI respectively. It should be noted that such a only in a specific class of semiconductors. From the
correlated impurity distribution can be realized only in parameters of the u(T) dependence we have obtained
wide-gap doped and compensated semiconductors, the values of the Coulomb gap A 1 X 10 -3 eV,
where the intrinsic carrier concentration at T., is lower density of states near the Fermi level and values of K

than the charged impurity concentration. Thus, for and a near the metal-dielectric transition 17J.
HDC crystals, the scale of LSPR is independent of n or
K but is determined by the concentration of charged
impurities and the value of 7',, which should be greater 4. Semi-insulating crystals
than the freezing temperature of the impurities.

In the temperature range 20-6 K in the Ohmic Semi-insulating semiconductor crystals, such as
regime the conductivity of these samples obeys the GaAs and CdTe, are used widely as detectors of radia-
Mott law which is characteristic for the variable range tion but there is no model at present which could
hopping mechanism. account for all electrical and galvanomagnetic pheno-

mena. This makes it difficult to determine the principalIn a =( - 7I;/1 )i 7
parameters of semi-insulating materials, such as density

At the temperatures 8-4 K a transition to a more and mobility of carriers. In high resistivity semicon-
steep dependence has been observed (Fig. 8); in a low ductors the screening of LSPR by free carriers is not
temperature region 1.7-6 K the latter can be approxi- effective, therefore the spatial and energy scales of
mated by the expression [ 1] LSPR are expected to be large (y-= Eg/2 ) [ 1].
In a( T, /IT)'12  (8) The semi-insulating CdTe crystals have been pre-

pared by shallow donor doping and by a programme of
This type of dependence characterizes hopping con- thermal treatments after growth. In the course of such a

ductivity owing to states in the parabolic gap near the treatment, intrinsic defects, impurity-defect complexes
Fermi level, which is owing to the Coulomb interaction as well as clusters of impurities and defects are created.
of localized electrons [I]. Such a transition has been
predicted theoretically but, as far as we know, it has not
been observed in either crystalline (where the conduc-

*()1/4

10-1 0 ( 1_)7/2
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As is known, electronic transport in these semi-insulat- magnetic field does not alter the geometry of the flow
ing crystals is strongly dependent on the conditions of of the current in an inhomogeneous semiconductor, the
this treatment. However, we have found some evidence relative value of the transverse magnetoresistance
that for semi-insulating CdTe the scales of LSPR are Ap/p should represent the true electron mobility ,,;
not so large: examples of this evidence include the therefore, the mobility can be estimated experimentally
absence of persistent photoconductivity and the from the values of Ap/p in weak magnetic fields B:
presence of intense, narrow exciton lines and
donor-acceptor lines in luminescence spectra. Ap/p = fl(/,,B/c)2  (10)

In the case of p-type crystals the conduction is
dominated by holes, and the values of the Hall coeffi- where f3 is the magnetoresistance coefficient (f8 = 0.5
cient RH and Hall mobility p/ reflect the actual hole for inhomogeneous crystals where carriers are
density p and mobility u, (note that at tempera- scattered by optical phonons).
tures T>, 300 K, u, is determined by optical phonon It is demonstrated in Fig. 9 that the value and tem-
scattering, with the theoretical estimate being upj perature dependence of the mobility u(T) deduced
(T= 300 K)= 100 cm 2 V` s- 1). For most p-type crys- from the above relation for / = 0.5 are close to the
tals p- 107-101 cm-- and PH= 50-80 cm 2 V-I s-'. theoretical results predicted for sample 1. As for the
The dependences uH(T) have appeared to be close to significant discrepancies between the temperature
that found theoretically for polar optical scattering. dependences of ul and of the mobility deduced from
Therefore, it can be concluded that in this case y • kT Ap/p measurements, these can be explained only by an
while the slight difference between PH and p, can be inhomogeneity of the current flow in a sample, i.e. by
explained by the framework of the effective media the presence of an LSPR.
model. The dependence u,1 (T) for samples I and 2 is

The samples with a negative Hall constant exhibit steeper than predicted theoretically for the case with
very small values of pH, the ratio puH/p) being of the y =constant (eqn. (9)). Such behaviour can occur if the
order of 10-100 at T= 300 K [10]. The value of PH(T) value of y actually decreases with an increase of T
increases with T according to a power law. One could because of the exponential increase of screening carrier
try to explain the low values of uH as a result of the density n,. The value y = 0.088 eV is then found for
presence of mixed n- and p-type conductivities, but the sample I at 300 K but it decreases to 0.04 eV as T
product of experimentally determined electron (n) and increases.
hole (p) densities appeared to be np (10-l0 3 )n,2 We have also observed that semi-insulating crystals
(where ni is the intrinsic carrier density) rather than with low values of y,, exhibit non-Ohmic behaviour in
tip = n,2 which is expected for a homogeneous semi- relatively weak electric fields as wveil as a strong fre-
conductor. Therefore, this approach is not self-consis- quency dependence of a in a frequency range 15- 107
tent. Thus we have concluded that the only possible
way to explain the behaviour observed is to suggest the
presence of LSPR. If the average LSPR amplitude
y> kT we can describe electrical properties making 4

use of percolation theories [11. The behaviour of the
Hall effect for such a case has been explained in ref.
1I, where it has been shown that the effective carrier
density contributing to R11 exceeds the carrier density 3

on a percolation level, such that u, is always less than /;

P,,. It has been predicted also that PH obeys a tempera- E'-1i2
ture dependence in the form of a power law such that 2

,u ) - u,,(k7/'l ) (9)

where m = 2, 3 or 4.
We have analysed in detail the data for sample I

(Fig. 9) with the lowest ui,. We have considered the 1I 1
results obtained using a model of an inhomogeneous 2-48 2.52 2.56

semiconductor and assuming that the conduction F g (T,K

occurs mainly in an electron cluster because of the Fig. 9. Dependences !qt I) in serni-insulating C(dTe:(. Curves
1-3 represent different n-type samples and curve 4 yj1

negative sign of the Hall effect and the large value of deduced from the measurement of A/)/o for sample 1. The
the mobility ratio u,,1/p,. Since the application of a dashcd curve is the theoretical dependence P,, I
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Hz [121. Such behaviour is in qualitative agreement energy scales of the potential are controlled by the
with theoretical results of Pistoulet et al. [ 13]. spatial correlation of impurities and defects.

Thus our investigations of the galvanomagnetic
phenomena in semi-insulating CdTe crystals have
demonstrated that the low values of uH and the great
variety of the dependences /H(T) observed for differ- References
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Efficient n-type doping of CdTe epitaxial layers grown by photo-assisted
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Abstract

Chlorine has been used successfully for the first time for n-type doping of CdTe epitaxial layers (epilayers) grown by
photo-assisted molecular beam epitaxy. Similar to n-type doping of ZnSe layers, ZnCI, has been used as source material.
The free-carrier concentration can be varied over more than three orders of magnitude by changing the ZnCI, oven
temperature. Peak mobilities are 4700 cm 2 V- ' s- I for an electron concentration of 2 x 10" cm- 3 and 525 cm 2 V- I s-
for 2 x 1011 cm-3 . The electrical transport data obtained by Van der Pauw configuration and Hall structure
measurements are consistent with each other, indicating a good uniformity of the epilayers. In photoluminescence the
donor-bound-exciton emission dominates for all chlorine concentrations. This contasts significantly with results obtained
for indium doping, commonly used for obtaining n-type CdTe epilayers. The superiority of chlorine over indium doping
and the influence of growth parameters on the behaviour of CdTe:CI layers will be discussed on the basis of transport.
luminescence, secondary ion mass spectroscopy and X-ray photoelectron spectroscopy data.

1. Introduction lattice site), is 14.5 meV as determined by photolumi-
nescence (PL) and transport measurements [7, 8].

Devices based on II-VI semiconducting compounds Although chlorine was found in MBE-grown epitaxial
are of increasing interest owing to their potential appli- layers (epilayers) as a residual impurity, to our knowl-
cation in optoelectronics. Because of the so-called self- edge no attempts have been made so far to use chlorine
compensation, either n- or p-type doping is hard to for intentional doping during MBE growth [9, 101.
obtain for a given 1I-VI semiconductor. A break-
through has been achieved in the last year by the 3M
Company, demonstrating the first green-blue p-n 2. Sample preparation and experimental details
junction laser based on ZnSe [I]. Also recently a near-
IR Hgl-/CdxTe/CdTe quantum well laser has been The CdTc:CI epilayers were grown on CdTe (100)
reported [2]. For such devices, high carrier concentra- substrates in a four-chamber Riber 2300 MBE system.
tions up to 10 "1 cm are needed. Substitutional dop- Details of the substrate preparation can be found else-
ing of CdTe, grown by molecular beam epitaxy (MBE), where [4]. CdTe and ZnCI, were used as source materi-
can be enhanced by illuminating the growing surface als. ZnCl, was chosen as dopant because elemental
with laser light of an energy larger than the band gap halogens, which should give rise to shallow donors on
(photo-assisted molecular beam epitaxy (PAMBE)) tellurium sites cannot be used in a standard MBE effu-
[3]. Using PAMBE n-type CdTe:In layers with peak sion cell. ZnCI, is used successfully for n-type doping
mobilities up to 3250 cm2 V- 2 s- I for a carrier concen- of ZnSe epilayers [ 11]. The substrate temperature was
tration of 7.7 x 10's cm- 3 have been reported [4]. 200 'C for the growth of the chlorine-doped layers

Chlorine, which forms a shallow donor in CdTe, has 2 pm thick. Prior to that a 0.2 pm undoped CdTe
been widely used in the past to obtain semi-insulating buffer layer was grown at 300 'C. The growth rate was
bulk crystals [5]. Bulk CdTe:CI is also an interesting typically 0.6 um h 1. The growing surface was illumi-
material for efficient y-ray detectors [61. The ionization nated with the 488 nm line of a continuous-wave Ar'
energy of the shallow donor (chlorine on a tellurium laser with about 50 mW cm- 2. No cap layers were

0921-5107/93/S6.00 © 1993 - Elsevier Sequoia. All rights reserved
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deposited onto the CdTe:Cl. The transport properties becomes more important, resulting in a shift in the
were measured using samples in the Van der Pauw peak mobility to higher temperatures.
configuration as well as Hall structures. PL measure-
ments were done at 1.8 K using an excitation well 3.2. Photohlminescence
above the band gap. Chlorine and zinc concentrations The PL spectra of different CdTe:CI layers and an
were determined by secondary ion mass spectroscopy undoped sample are given in Fig. 3. Even for the
(SIMS). As SIMS investigations are very sensitive to
low elemental concentrations but not at all quanti-
tative, X-ray photoelectron spectroscopy (XPS)
measurements were performed to qualify the dopant too ... . .

concentrations. 80

60

3. Experimental results 40 -.

3.1. Transport measurements 
20

Free-carrier concentrations between 6 x 1016 and 0

2 x 1018 cm- 3 can be obtained reproducibly by chang- 0 50 100 ISO 20 250 300

ing the temperature of the ZnCl, effusion cell. This Temperture K)

corresponds to resistivities between 8.5 x 10-3 and 2.6 Fig. 2. The temivýrature dependence of the mobility for CdTe

Q cm. With increasing ZnCi, source temperature the layers with different chlorine content normaized to equal peak
values: 0, sample CT523 (Tt= 100°C); D. sample CT522

free-carrier concentration reaches a maximum of about (TTc. = 120 'C); *, sample CT512 ( T. = 200 'C). With increasing
2 x 10l cm- 3 and decreases then to a value between dopant concentration the scattering at iolized impurities
3 X 101 and 5 x 1017 cm- 3 ',Fig. 1). As expected for dominates, resulting in a shift in the mobility maximum to higher

shallow donors, the carriers are frozen out for a low temperatures.
doping level but their concentration remains constant
for degenerately doped layers. ,,EP%'

The highest peak mobility of 4700 cm 2 V- I s- at i , 52 : 4E 4ý '
30 K was found for a free-carrier concentration of n at
room temperature of 1.8 X 1016 cm -, which is the
highest reported value for n-type CdTe with this carrier
concentration. Peak mobilities for CdTe:C! layers with
n>, 1017 cm- 3 are between 560 and 840 cm2 V-I s-I
depending on the details of the growth conditions. In
Fig. 2 the temperature dependences of their mobilities,
normalized to their peak value, are given for three
characteristic samples. With increasing ZnCI, flux
(dopant incorporation), scattering at ionized impuri-
ties, being the limiting factor at low temperatures,

JO l

1018

S1016

Fig. 3. The 1.8 K PL spectra of. from the bottom to the top.
JOS samples C7516 (undoped: high resistance. sample CT523

60 80 100 120 140 160 180 200 220 ('1 = lI(00 °C 1.7x l0I" cm- 3 ), sample (7T522 i1(= 120'C,

3.2 x 101' cm '), sample CT511S7'(T= 170'(': 1.7 1X 0"cm ')

)opant Source Temperature ("and sample (7T512 ( 1=200 'C- 5.5 x IW" cm ". Usen a; the
Fig. I. The free-carrier concentration, measured at 300 K, as a highest dopant incorporation, D)AP and DL emissions are
function of the ZnCI, dopant source temperature. negligible.
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highest chlorine doping level the donor-bound-exciton accompanied by a shift in the excitonic peak to a higher
(DBE) emission dominates the spectrum. Donor- energy.
acceptor pair band (DAP) and deep-level (DL) emis-
sion due to the formation of defects are very weak and 3.3. Secoudar' ion mass spectroscopy
detectable only for higher doped layers. The acceptor Positive SIMS for the elements zinc, cadmium and
concentration therefore must be lower than 1015 cm-. tellurium and negative SIMS for the elements chlorine
It has been checked carefully by comparison with and tellurium were measured subsequent to XPS analy-
undoped layers and substrate luminescence that the sis. The zinc-to-tellurium and chlorine-to-tellurium
observed emission arises from the CdTe: Cl epilayer. ratios calibrated to the concentrations specified with

In Fig. 4 the excitonic part of the spectra is seen in XPS for high doped samples (the XPS detection limit is
detail. The half-width of the DBE line (D", X) in the 0.7% for chlorine and 0.07% for zinc). The zinc con-
undoped CdTe layer (CT516) is 0.14 meV. The resis- centrations obtained by SIMS are half those for
tivity of this undoped sample was too high to obtain chlorine, indicating a nearly stoichiometric incorpora-
information about the type and net doping from elec- tion of the ZnCI, source material into the epilayers.
trical measurements. The half-width is still relatively
small (1.55 meV) for sample CT522 with a room-
temperature free-carrier concentration of 3.2 X 1017 4. Discussion
cm- 3 and increases with further increase in the ZnCh,
cell temperature because of the interaction of the In indium-doped CdTe epilayers the strong ten-
DBEs. Although at the highest carrier concentrations, dency towards self-compensation limits the achievable
screening effects might be expected the observed line free-carrier concentration to the mid-10' 7 cm-3. At
shape and the energy position of the peaks discussed such concentrations, DAP and DL emissions are sig-
here are strong evidence for an excitonic origin of the nificant in the PL spectra. This is not the case for
transitions. For sample CT512, with a free-carrier chlorine-doped CdTe epilayers. Free carrier concen-
concentration close to that of CT 522, but grown with a trations up to 2 x 101 cm-3 can be obtained without
higher ZnCI, flux, this half-width is 6 meV. This is the formation of deep compensating complexes. Also

the influence of laser illumination during growth-a
necessary condition for successful indium doping-is

ENERGY levJ not so drastic. Studying a pair of CdTe:CI samples
S59@ 596 1 599? 590 5 508 1 1 590, grown in the same run with only one of them illumi-

.' I ''nated, the free-carrier concentration in the PAMBE

sample is only 40% higher than in the conventionally
grown sample. For CdTe:In samples this difference is
"larger than one order of magnitude and DL emission is
much stronger for growth without laser assistance. The
mobility of the MBE sample is about 15% lower than
that of PAMBE-grown CdTe:CI epilayers of a similar
free-carrier concentration.

As shown in Fig. 1, the carrier concentration as a
function of the ZnCI, cell temperature goes through a

*..maximum and decreases with a further increase in the
- •dopant flux. This is in contrast with results reported for

ZnSe:CI [11, 12]. In CdTe:CI bulk crystals the forma-
tion of deep compensating acceptor complexes has

---- been discussed for higher chlorine concentrations [8].
A molecular complex of a chlorine atom on a tellurium
site and a second chlorine atom on one of the nearby

/ I,'interstitial sites (ClIr-ClGn,) has been considered [13],
-____ ........ ________ but no significant DAP or DL emission was found in

;• *'8 •0 ivŽ ,:o our epilayers. Such compensating defects, which are
" " connected with cadmium vacancies, may not be formed

Fig. 4. The excitonic region of the same epilayers as given in because potential cadmium vacancies could be occu-
Fig. 3. Although samples CT522 and CT512 have similar free- pied by zinc atoms.
carrier concentrations (see Fig. I ) the ()", X) peak is broadened
much more for sample (T7512 owing to the higher dopant incor- The observed PL shift of the (D", X) peak to a lower
poration. wavelength for higher ZnCI, cell temperatures is due
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Effect of thermal annealing on the microstructure of CdTe and
Cdl - ZnxTe crystals
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Abstract

The effect of annealing in cadmium or tellurium vapor on CdTe and Cd,,Zn(.4 Te was investigated using different
characterization methods. Tellurium-rich precipitates with a size between 0.5 and 5.0 pm were no longer seen after
annealing in tellurium vapor, while precipitates between 5.0 and 15,pm appeared. Annealing in cadmium vapor caused
the concentration of the larger precipitates to diminish. The lattice constant was decreased by annealing in cadmium
vapor and increased by annealing in tellurium vapor. The etch pit density was decreased by annealing in tellurium vapor
and increased by annealing in cadmium vapor.

1. Introduction all 99.9999%. Our growth furnace was a two-zone VBS
furnace with the following growth parameters: ampoule

The post-growth annealing of CdTe and zinc-doped translation rate, 2 mm h - 1; furnace temperature
CdTe has been reported in the literature [1-3]. Lorenz gradient near the solid-melt interface, about 2.5 'C
and Segall [4] reported that slow cooling after anneal- cm - 1; hot-zone and cold-zone temperatures, 1120 'C
ing in the tellurium vapor avoids the formation of and 1080'C respectively; post-growth cooling rate,
finally divided precipitates. In another study [5], the 10'C h-' from 1090 to 1000 °C, 20 °C h-1 from 1000
tellurium precipitate density in p-type CdTe was to 800 "C, and 50 °C h- I from 800 °C to room temper-
increased by annealing in tellurium vapor and de- ature. CdTe and Cd 0.96Zn0.04Te single-crystal wafers
creased by annealing in cadmium vapor at 650 °C. with a thickness of 2.0 mm were mined from the ingots
Triboulet et al. [6] reported that cadmium- and tel- and sectioned into 15 mm x 20 mm samples. Both
lurium-rich CdTe showed opposite changes in prop- sides of the samples were mechanically polished and
erties by annealing in cadmium vapor. They explained then chemically polished in 2%Br-methanol before
these results by the presence of cadmium-rich or tel- annealing. The annealing processes were conducted
lurium-rich precipitates in the as-grown crystals. inside well cleaned and evacuated (less than 10-6 Torr)

The goal of the present work was to improve the quartz ampoules with excess cadmium and tellurium
understanding of the effect of annealing in cadmium shot in each ampoule. The experimental parameters for
and tellurium vapor on the microstructure of CdTe and each experiment are listed in Table 1. After annealing,
zinc-doped CdTe crystals. IR microscopy, chemical the furnace was cooled at 33°C h-1 from 700 to
etching and X-ray powder diffraction were employed 500 °C, and then the power was shut off. Both sides of
to characterize the crystal samples. all samples were repolished as before annealing.

Finally, samples were cleaned in deionized water and
dried in air.

2. Experiments

The CdTe ingot used in these experiments was 3. Results and discussion
grown in our laboratory by the vertical Bridgman-
Stockbarger (VBS) technique. The starting material for 3.1. Precipitates
CdTe growth was obtained from Il-VI, Inc. Cd0 .96 - Based on X-ray energy-dispersive spectroscopy
Zn 0.04Te wafers were cut from ingots grown by a (EDS), the precipitates in the as-grown CdTe crystals
modified VBS technique by II-VI, Inc. The original were tellurium rich, while the precipitates in the cad-
purities of the starting materials were reported to be mium-annealed sample AE2 were cadmium rich. The

0921-5107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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TABLE 1. Samples and results

Samples Annealing conditions (7'= 700 'C) Results

Wafer Plane Material Treatment t Precipitates EPD Lattice
(h) constant

Composition 1-5um >5,um

AE2 (111) CdTe As grown Te
AE2 (111) CdTe Cd annealing 25 Cd T t

AE3 (111) CdTe As grown Te
AE3 (111) CdTe Cd annealing 20 Te ,
AE3 (111) CdTe Te annealing 20 Te t I '

AE4 (111) Cd,,.9,Zn,.0 4Te As grown Te-Cd
AE4 (111) Cd,),, Zn0 .(,4Te Cd annealing 20 Te ,
AE4 (111) Cd(,,,hZn,., 4Te Te annealing 20 Te I I

AE5 (211) Cd,,,,Zn,,. , 4Te As grown Te
AE5 (211) Cd, 6 Zn,,,, 4Te Cd annealing 20 Te
AE5 (211) Cd,,. .Zn,, .,4Te Te annealing 20 Te

1. decrease; T increase.

concentration of the precipitates larger than 5.0 pm 111 }(211). In the corresponding tellurium-annealed
was increased by annealing in cadmium vapor at AE4 samples, only randomly distributed precipitates
700'C, as illustrated in Fig. 1(a) and Table 1. No with larger sizes were found. Note that [111}(211)
needles or precipitate clusters were observed in these usually are the directions along which dislocations and
samples. This result may have been caused by the stacking faults lie [7-91. Thus we believe that excess
following mechanism. When annealing in cadmium tellurium atoms are deposited along dislocations and/
vapor, cadmium atoms diffused into the crystal and or stacking faults during the post-growth cooling.
combined with tellurium in the precipitates to form The EDS results showed that precipitates in the
CdTe and to eliminate tellurium precipitates. Longer AE4 and AE5 samples had excess tellurium (except
annealing in cadmium vapor put excess cadmium into for the as-grown sample AE4, in which both cadmium-
crystal that precipitated out during the relatively slow rich and tellurium-rich precipitates were observed). We
cooling process (33 °C h-I). believe that the smaller tellurium precipitates grew

The precipitates in both cadmium- and tellurium- during the tellurium annealing.
annealed CdTe samples AE3 were tellurium-rich. The
concentrations of both the larger and the smaller pre- 3.2. Etch pit density
cipitates in AE3 were decreased by annealing in As shown in Fig. 2 and Table 1, the etch pit density
cadmium vapor, while these were not changed much by (EPD) was either unchanged or increased by annealing
annealing in tellurium vapor, as shown in Fig. l(a) and in cadmium and was decreased by annealing in tel-
Table 1. As seen in Figs. l(a) and 1(b), the precipitate lurium for all experiments (no sample was available for
densities for all as-grown samples were almost the tellurium annealing of sample AE2 and no reliable
same (about 105 cm--). Thus the difference between etchant was available for the (211)-oriented AE5
the cadmium-annealing results for samples AE2 and samples). Schaake and coworkers [9, 10] reported that
AE3 was unlikely to be caused by the difference multiplication of dislocations happened with mercury
between the precipitate densities in the as-grown crys- annealing of Hg, _yCdyTe owing to the annihilation of
tals, but rather by the different annealing times. tellurium precipitates. They attributed the increase in

For Cd,,.,.Zn,,, 4Te samples AE4 and AE5, the EPD during annealing to the formation of larger pre-
precipitate density was decreased by annealing in cipitates and to the annihilation of smaller precipitates
cadmium vapor and increased by annealing in tel- along dislocations. The annihilation of smaller precipi-
lurium vapor, as shown in Fig. 1(b) and Table 1. For tates was claimed to have generated dislocation loops
samples AE4, cluster needle-shaped precipitates were owing to dislocation climb. Smaller precipitates
observed in the as-grown and cadmium-annealed (1.0 pm or less) were often found to decorate disloca-
samples. The density of the needles in, the as-grown tions nr s•,hgrin boundaries in H-VI crystals [11 J.
Cd,. 9 6Zn0,,, 4Te was appr-Aimately 2.3 x 104 cm-3. According to the transmission electron microscopy
Their shape was almost unchanged by annealing in (TEM) results of Durose et al. [ 121, not only the larger
cadmium vapor. These needles were all oriented along precipitates but also the microprecipitates smaller than
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6.460,''

Cd-annealing As-grown Te-annealing

1.0 um induced significant strain in CdTe. Moreover, it Fig. 3. Variation in lattice constants upon annealing conditions
was observed by TEM that cavities and dislocation (T= 700 -C).

tangles and small loops developed where precipitates
disappeared during cadmium annealing [13]. Subse- chiometric CdTe at room temperature is 6.482A
quently, it is reasonable to attribute the increase in (± 0.001 A), while the lattice constants of crystals
EPD to the disappearance of precipitates. grown from cadmium-rich and tellurium-rich solutions

The decreased EPD caused by annealing in tel- are 6.480 A and 6.488 A respectively.
lurium vapor, as seen in Fig. 2, is puzzling. All observa- As illustrated in Fig. 3 and Table 1, all experiments
tions showed iat the density of precipitates larger than showed the same tendency, i.e. the lattice constant was
1.0,um was either unchanged or increased by anneal- dccreased by cadmium annealing and incrcascd by tel-
ing in tellurium vapor. lurium annealing. The CdO.96 Zn004 Te samples changed

more sharply than the CdTe samples. The difference
3.3. Lattice constant between the lattice constants of the two zinc-doped

It was reported 114] that the lattice constant of stoi- CdTe samples was probably caused by the different
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zinc concentrations in the samples. These two samples 2 H. R. Vydyanath. J. Ellsworth, J. J. Kennedy. B. Dean. C. J.
were taken from two ingots. It was reported [1 5] that Johnson. G. T. Neugebauer. J. Sepich and P. Liao. J. Vac. Sci.
the lattice constant of Cd1 -ZnTe decreases with an Technol., in press.

3W. J. Kim, M. J. Park. S. U. Kim. T. S. Lee, J. M. Kim. W. J.
increase in zinc concentration. Song and S. H. Suh, J. Cr'st. Growthi, 104 (1990) 677.

4 M. R. Lorenz and B. Segall. Phys. Leti, 7 (1963) 18.
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Abstract

The diffusion of Ga into bulk-grown, single crystal slices of CdTe was studied in the temperature range 350-811 'C where
the diffusion anneals were carried out in sealed silica capsules using three different types of diffusion sources. These were:
excess Ga used alone, or with either excess Cd or excess Te added to the Ga. Each of the three sets of conditions resulted
in different types of concentration profile. At temperatures above 470 °C, a function composed of the sum of two comple-
mentary error functions gave the best fit to the profiles, whereas below this temperature a function composed of the sum
of one or more exponentials of the form exp( - ax) gave the best fit. The behaviour of the diffusion of Ga in CdTe is
complex, but it can be seen that two diffusion mechanisms are operating. The first is where D appears to decrease with Cd
partial pressure, which implies that the diffusion mechanism may involve Cd vacancies, and a second which is
independent of Cd partial pressure. The moderate values of D obtained, confirms that CdTe buffer layers may be useful in
reducing Ga contamination in (HgCd, - ,)Te epitaxial devices grown on GaAs substrates.

1. Introduction on the diffusion of Ga in CdTe. It is important that the
rate of diffusion of Ga in CdTe is known at the temper-

The growth of good quality infra-red detectors using atures at which these devices are grown because Ga
epitaxially grown layers of mercury cadmium telluride, can act as an n-type dopant in MCT. Jones and Mykura
HgCdj- ,Te (normally referred to as MCT) depends [41 have reported on the diffusion of Ga in CdS which
critically on obtaining a suitable substrate. The obvious possesses a wurtzite crystal structure. They found that
choice is cadmium telluride, CdTe, but bulk-grown the diffusion coefficient was concentration-dependent,
crystals of this material can contain defects, such as with diffusivity proportional to concentration, and the
twins and subgrain boundaries, which propagate up mechanism by which diffusion occurred was a defect
into the growing epitaxial layer. In addition, tellurium complex of the form (VcdGa(.d).
precipitates are quite common in CdTe. Good quality
CdTe substrates are in very short supply and are
expensive, and attention has changed to using a much 2. Experimental details
cheaper and readily available substrate such as gallium
arsenide, GaAs. In these circumstances, an epitaxially The single crystal slices of CdTe used in thi., investi-
grown buffer layer of Cd'le is grown on the substrate gation were sawn from bulk-grown material manufac-
prior to growing the infra-red detector MCT. The tured by Mining and Chemical Products Ltd. (MCP).
buffer layer is used to reduce the diffusion of constitu- The surface of each slice that was to be used in the
ents such as Hg and Ga from their host lattice because measurement of the diffusion profile was polished
the quality of the device operation will be affected if using successively finer grades of emery papers
this occurs [I]. followed by successively finer grades of diamond

The diffusion of Hg in CdTe has been studied pastes. The last grade that was used was 0.1 ym. This
extensively [2, 3] but no work has been reported to date was then followed by etching the slice for a short time.

0921-5107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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The radioactive Ga was produced by the neutron mass. As Ga dissolves exceedingly slowly in oxidizing
irradiation of high purity metal in the nuclear reactor acids, the source was made by heating a small sample
facility at the Imperial College of Science and Tech- of Ga on papei and smearing it to give a thin source.
nology, London. Each sample was irradiated in a This was done to minimize the effect of self-absorption
neutron flux of 10-12 cm 2 s- I for approximately 7.5 h. of the radiation emitted by the radioactive Ga. The
In order to reduce the risk of the Ga contaminating the purity of the Ga tracer was checked by measuring its
reactor core tube in which the Ga was located, triple half-life using the low background geiger counters and
encapsulation was used with the inner-most container by measuring gamma-ray spectra at periodic intervals
made of silica and the two outer ones made of poly- using a high purity Ge detector with an 8000 channel
thene. Silica was selected for the inner-most container analyser. In fact, to within the limits of experimental
as liquid Ga metal wetted silica much less than poly- error, no such impurities were observed.
thene.

The irradiation of naturally occurring Ga, which is
composed of two isotopes, produces two radioactive 3. Results and discussion
isotopes via the reactions 7'Ga(n, y)72Ga and
"Ga(n, y)7 'Ga with half-lives of 14.1 h and 21.1 min Diffusion measurements were made over the tem-

respectively. The half-life of the radioisotope 71"Ga is perature range 464-811 'C using the mass difference
so short that it makes a negligible contribution to the radiotracer sectioning technique and over 350-465 'C
total radioactivity of the Ga when the diffusion profiles using secondary ion mass spectrometry (SIMS). For the
were measured. The decay scheme for 72Ga is very measurements carried out at temperatures above
complex [51 and it emits several types of radiation 470 'C, each of the three sets of conditions used for the
including positive and negative beta particles, and diffusion anneals resulted in different types of profiles
gamma rays in the energy range 0.1 MeV to 3.0 MeV. which are shown in Fig. 1.

The experimental procedure used to carry out the An attempt was made to analyse the experimental
diffusion anneals and measure the diffusion profiles curves by fitting them to a function of the form:
were very similar to that reported by the authors in C= aerfc(a,x)+ a
their measurements of the rate of diffusion of Cu in C 3erfc(a~x)
CdTe 161. The CdTe slices were annealed in evacuated where a, are the fitted parameters. A function of this
si! -a capsules that contained sufficient radioactive Ga form indicates the existence of two contributions to the
metal to give a saturated vapour pressure because of diffusion profile but this was not evident in all cases.
the metal over the CdTe slice throughout the diffusion
anneal. In addition, an excess of Cd or Te was occa-
sionally added to the capsule in order to define the
anneal conditions precisely. 1°1° - • %.

It was originally intended to use anodic oxidation N 0
sectioning [7] to measure the diffusion profiles, but 09 0
work with preliminary experiments showed that the 10 0 3

technique was not sensitive enough to measure the 0
small amount of tracer taken up by the CdTe. Conse- V
quently, the profiles were measured using a mass differ- E W0 -
ence sectioning technique developed by Jones [8]. The O 0
parallel sections were removed from the CdTe slice by 1 o 0

lapping the surface on discs of SIA 7 x 0 emery paper 107 CID0 0 0
using a lapping jig. The thickness of each section was 0 000
calculated by weighing the crystal assembly both 0 0 0 a
before and after each lapping step using a micro- 1016 0 0

I I 1I I

balance with a resolution of I ug. Between 400 ,ug and 0.0 0.5 1.0 1.5 2.0 2.5
1500 ,ug of CdTe was removed from the slice at each 112

step in this technique compared with 50 pg removed in xtf 2 i/gms- -

each section by anodic oxidation. Fig. 1. A plot of the Ga concentration vs. x/t ''2 for the diffusion
The amount of tracer in each section was calculated of Ga in CdTe for the three different types of diffusion sources

by measuring the radioactivity in each of the emery used. The graphs illustrate the difference in the shape of the
concentration profiles resulting from each type of diffusiondiscs using low background anti-coincidence geiger source. Key: C Ga with excess Te: T= 81I 'C. I = 2520 s: 0 Ga

counters. The counters were calibrated by measuring with excess Cd: T= 811 'C, t = 1800 s; 6 Ga only: T= 796 'C.
the count rate from a small sample of Ga of known t= 2040 s.
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For the diffusion anneals carried out in Ga with excess values of 0.031 x/+ 1.3 cm2 s - and 0.059x/ 1.3 cm2

Te, two separate contributions could be identified, s-I respectively.
whereas for the other two diffusion anneal conditions, The fact that the faster diffusing component of the
that is Ga alone and Ga with excess Cd, this was not the profiles from diffusion anneals performed under condi-
case. For diffusion anneals carried out with Ga alone, tions of Ga with; 2xcess Te shows similar behaviour to
only one contribution was identifiable, whereas with the only measurable diffusion component for anneals
the diffusion anneals carried out in Ga with excess Cd, carried out under conditions of Ga with excess Cd
the profile dropped away very quickly before levelling indicates that mechanism "B" is independent of Cd (or
out to the main part of the curve giving a much deeper Te) partial pressure.
diffusion of lower concentration. It was not possible to Diffusion anneals carried out under Ga with excess
measure the diffusion coefficient for this surface layer, Te indicate clearly the existence of two diffusion
as typically this region consisted only of two or three mechanisms each possessing widely differing values of
experimental points. the diffusivity. In addition, as the initially high concen-

The diffusion coefficients obtained using the com- tration of Ga near the surface for the profiles obtained
puter fitting are shown in Fig. 2, where it can be seen under Ga with excess Cd covers the same concentra-
that there appear to be two different distinct diffusion tion range as the slower diffusion mechanism (mecha-
mechanisms operating, possessing similar values of the nism -A") for the diffusion anneals carried out under
activation, energy, but widely differing values of the Ga with excess Te, it is tentatively suggested that the
diffusion coefficient. These are: mechanism "N' domi- same diffusion mechanism is involved in the two cases.
nating the profiles under conditions of Ga with excess If mechanism "A' involves vacancies on the Cd sub-
Te and mechanism "B" dominating under conditions of lattice then such behaviour would be expected as the
Ga alone and Ga with excess Cd. The relevant parts of excess Cd vapour would suppress vacancy production
the diffu;ion profiles shown in Fig. I that contributed and thus reduce the diffusion coefficient.
to each mechanism are shown in the inset to Fig. 2. Most of the diffusion measurements carried out at
Fitting the diffusion data for mechanisms NA" and "B" temperatures below 470 °C resulted in profiles of a
to Arrhenius plots independently gives activation ener- different shape. This covered most of the experiments
gies of 1.52_±+0.02 eV and 1.56± ±0.02 eV and D, using SIMS and one of the experiments using radio-

tracer sectioning. A typical SIMS profile is shown in
Fig. 3 and it was shown that under these conditions the

10, resulting diffusion profiles consisted of a series of

T 0O
A

10 .10 B

E A
10) 101-

102 E

CO
10 13 io'

0.9 1.0 1.1 1 .2 1.3 1.4

(1 OOO/T)/K- 1-

800 700 600 500
T/ C - - 1014

0.0 0.2 0.4 0.6
Fig. 2. An Arrhenius plot of the diffusion coefficients obtained x/Itm-_
for the diffusion of Ga in CdTe. The graph shows how the data
appear to be split into two groups referred to as "'mechanism A' Fig. 3. A typical profile obtained using SIMS for the diffusions of
and "'mechanism B" in the text. The symbols 0, E) and X repre- Ga in CdTc. The experimental curve can best be represented by
sent diffusions carried out under conditions of Ga with excess the sum of a series of exponential functions of the form
To. Ga with excess Cd and Ga only respectively. An inset of Fig. exp( - ax). The curve shown here was for a diffusion anneal
I has been included to show which parts of each profile corre- carried out in at atmosphere of Ga with excess Cd. Diffusion
spond to the two mechanisms. details: I= 320 OC, t = 0.328 x 10" s.
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exponential profiles each of the form expi - ax). This the lattice with a diffusion coefficient of 1), for a period
may be an indication of diffusion with trapping. The of time (average of t,) before becoming a substitutional
penetration of the Ga in all the profiles affected was (trapped) atom again. It can be shown that if the diffu-
much shallower than those obtained at temperatures sion time is large, then the measured diffusion coeffi-
above 470 *C. cient is D,[ij and normal diffusion profiles are

A trapping mechanism is one in which atoms diffuse measured, but if the diffusion time is less than t,/[i] then
via a relatively fast moving defect of low concentration. the observed behaviour becomes dominated by the
A typical example of such behaviour is interstitial diffu- trapping rate, and concentration profiles of the form
sion which is shown in Fig. 4. At any given moment a exp( - ax) can result [9, 1l].
fraction [i} of atoms are occupying interstitial sites. An If the diffusion time is long enough for almost all of
atom that has become an interstitial can move about the atoms to have had an interstitial episode then

normal diffusion profiles result, but if only a propor-
tion of the atoms have been mobile via this mechanism

o 0 0 0 (less than 10%) then exponential profiles of this form
will result. Interstitial diffusion has been used as an

O 0 00 0 example for this in this paper but the same arguments
can be used for dislocation diffusion or any other

O 0 0 mechanism in which the diffusion atom is part of theo 0 0 0 mobile defect that is responsible for diffusion.

A Mobile interstitial atom is created

4. Conclusionstat

The data given here represents the first investigation
0 0 0 0 on the diffusion of Ga into CdTe so far reported. It is

0 0 0 0 0 not possible to compare this data with s•milar
measurements made in CdS because the CdS used in

0 0 0 0 the investigation reported above [4] and CdTe used in
this investigation possess different crystal structures.

0 0 0 0 To summarize, the behaviour of Ga in CdTe is complex
The mobile interstitial rapidly diffuses but the following points can be made.

through the crystal, with diffusion coefficient D, (a) Two diffusion mechanisms are operating, "A'
tb) and "'B" with activation energies of 1.52 eV and 1.56

eV and I)D values of 0.0031 cm2 s and 0.059 cm- s
0 0 0 0 respectively.

0 00 •0 0 (b) The diffusion coefficient resulting from mecha-
nism A" appears to decrease with increasing Cd partial

0 0 0 presst .e which implies that the diffusion mechanism
may involve Cd vacancies.

0 0 0 0 (c) Mechanism "'B" appears to be independent of
The interstitial approaches a Cd partial pressure.

tudifferentt vacancy (d) There is evidence that one or more of the
Ic) mechanisms shows the occurrence of diffusion with

trapping in shallow profiles.
(e) The moderate value for the diffusion coefficient

of Ga in CdTe (approximately 10 to 100 times the Cd
0 0 0 0 self-diffusion values) confirms that CdTe buffer layers

0 0 0 0 may be useful in reducing Ga contamination in MCT
epitaxial devices grown on GaAs substrates.

0 0 0 0
The atom is trapped and is now substitutional
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Depth non-uniformities in thin CdTe layers grown by MBE on InSb
substrates

D. E. Ashctiford, P. Devine, J. H. C. Hogg, B. Lunn and C. G. Scott
Depirtment of Applied Physics, University of Hull, Hull HU6 7RX (UK)

Abstract

Measurements have been made of the carrier concentration as a function of depth through CdTe layers grown by MBE on
InSb (001) substrates. Both In-doped and undoped layers are n-type but the free carrier concentration diminishes in the
vicinity of the CdTe-InSb interface, possibly due to the presence of an increased density of extended defects in this region
resulting from lattice mismatch at the interface. In order to provide more detailed information concerning the origin of
these depth non-uniformities, double cryýtal X-ray diffraction (DCXRD) techniques have been employed to provide
information about the crystal quality and lattice strain within the layers. By studying a variety of samples with different
structure and quality, it is clearly demonstrated that regions of reduced carrier concentration correspond to those regions
where significant strain relaxation has occurred.

1. Introduction this paper we present new evidence to support this
contention.

Previous reports have demonstrated that high
quality epilayers of CiTe can be grown using (001)
InSb substrates provided that appropriate care is taken 2. Experimental details
with the substrate cleaning process [I]. Of course, for
device purposes, it is necessary to dope the material in The layers were grown on 0.5 mm thick wafers of
order to achieve a particular conductivity type and to (001) InSb using a VG(V80 H) MBE system. Surface
control the free carrier density but, as for other 1I-VI preparation within the va,#tm chamber involved
materials, full activation of the dopant in CdTe is several argon ion etching and thermal annealing cycles,
frequently prevented by self compensation effects. For as described previously [ 1 ]. With a substrate tempera-
the case of In-doped CdTe the compc sation mecha- ture in the region 230-240 °C, the growtl. -ate wa
nism is thought to be associated with the generation of typically 0.7 pm h-'.
In-V(,, complexes but for epilayers grown on CdTe Measurements of the effective shallow donor con-
single crystal substrates, it has been found that the centration in the layers were made using capaci-
problem is alleviated by the use of laser radiation tance-voltage (C-V) techniques and the depth
during growth [2]. Alternatively, formation of the V(,, dependence was investigated using a Polaron profiler.
complex centres is suppressed by the use of an excess Double crystal X-ray diffraction (DCXRD) rocking
flux of Cd during growth [3]. In this laboratory, using curves were obtained to provide information about the
(001) lnSb as the substrate material, In-doped CdTe structural quality of the films.
layers with free carrier concentrations up to 10s cm --

have successfully been produced without the use of
either an excess Cd flux or illumination during growth. 3. Results and discussion
However, we have noted previously [4] that, in the
absence of an excess Cd fix, the electrical activity of Figure 1 (curve (a)) shows the depth dependence of
the dopant is effectively diminished in the region of the the free carrier concentration for a 4 uim thick In
cpilayer closest to the substrate. This reduction was doped CdTe layer (sample I) which was grown with a
assumed to be related to the presence of dislocations single, stepped reduction in the In flux half way
and other extended defects in the vic;nity of the through the growth period. The expected step in the
epilayer-substrate interface due to the relief of strain carrier concentration is clearly seen in Fig. 1(a) at a
resulting from the lattice mismatch at the interface. In, depth of approximately 2 um but, whereas the upper

0921-5107/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserd
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i•: (for sample H) shows quite clearly that, for these

samples with visible growth irregularities, the region of
reduced carrier density extends right through the layer
to the surface rather than being confined to a region

1 17 close to the substrate.
a In order to obtain more detailed information con-

o cerning the structural differences between the two

parts of the wafer yielding the different profiles in Fig.
1, DCXRD measurements were made on samples from

16 these two regions. Corresponding DCXRD rocking

_ _ __, curves are shown in Fig. 2. Curve (a) is for sample A
o 1 2 3 which was located adjacent to sample I (giving the

x ,"m "normal" profile in Fig. 1 (a)). Curve (b) is for sample G,

located adjacent to sample H which produced the
profile (b) in Fig. 1. As the CdTe layer had a total
thickness of 4/um, both curves are dominated by a

tb peak due to reflections from the CdTe layer, with a
much smaller peak associated with the underlying
InSb. However, it is quite clear that the angular sepa-

o ration of the two peaks is greater in curve (a) than in
curve (b) indicating a greater strain in the CdTe layer
for sample A as compared with sample G. The two

16 peaks are more clearly distinguished in curve (c) which
was obtained with the X-ray beam directed into the

0 1 2 3 base of the etch pit resulting from a depth profile
x,Ajm measurement of the type shown in Fig. 1. With ap-

Fig. I. Carrier concentration as a function of depth for two proximately 3 #m of the CdTe layer removed by the
different samples taken from the same wafer: curve (a) for a high electrochemical etching process. the intensity of the
quality sample sample Ik; curve (hb for a sample with visible CdTe peak is significantly reduced in comparison with
growth defects (sample H). the lnSb peak allowing the relative peak positions to be

more clearly determined.
While the peak separation provides information

half of the layer exhibits the expected uniform carrier about the strain state of the layers, the width of the
concentration (approximately 1.4 x 1017 cm-3) the peaks give a measure of the density of dislocations [51.
higher concentration (approximately 8 x 1017 cm- 3) on with the peak width becoming broader as the disloca-
the substrate side of the step is found to be maintained tion density increases. The full width at half maximum
for less than 0.25 um with a subsequent steady reduc- (FWHM) values of the rocki!,?g curve peaks for the
tion towards the substrate interf, ce. Such a reduction is various samples referred to above are summarized in
a characteristic feature of both In-doped and undoped Table I together with the peak separation values and
n-type layers on lnSb and, as previously reported I11, the maximum carrier concentrations recorded in the
this effect has been attributed to dislocations arising depth profile (the type of which is indicated in the table
from lattice strain which is relieved over a narrow as type (a) or type (b) according to whether it had the
region of the CdTe layer close to the interface. This form represented by curve (a) or (b). respectively, in
association between the presence of extended defects Fig. 1).
and a reduction in the effective shallow donor density It is notable that the smallest FWHM value included
is no% supported by the results obtained from several in Table I is for sample A which had the highest
different parts of the wafer ,from which sample I (in Fig. recorded carrier concentration and most uniform
l(a)) was taken. Samples taken from areas adjacent to depth profile (type (a)). This sample is also seen to
sample I provided depth profiles very similar to that in provide the largest separation between the CdTe and
curve i(a). However, one small region of this layer InSb peaks (104 arc secs) consistent with the least strain
exhibited surface defects attributed to some local resid- relief (approximately 15%) and lowest concentration of
ual imperfection on the substrate surface prior to CdTe extended defects. In contrast, samples G and H (with
growth. Samples taken from this part of the wafer pro- profiles of type (b)) have the largest peak widths and
duced very different depth profiles to that in Fig. I(a). smallest peak separations consistent with the samples
An example is given in Fig. I (curve (b)). This curve being more relaxed and, correspondingly, containing a
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TABLE 1. Structural and electrical characteristics for five
different samples from the same wafer

Sample DCXRD Max. Profile
cone., N type

FWHM Peak sep. (cm -
(arc secs) (arc sees)

a
A 69 104 8x 10' 7  a
G 81 90 6x 10)" b
H 81 80 1 X1loll h
1 78 100 8 X 1017  a
J 76 95 6 x 10" a

U XRD studies [6] and PL studies [7] of CdTe layers
grown on GaAs which provided evidence for a reduc-

ation in the density of extended defects with increased
CdTe layer thickness. Like XRD rocking curves, PL
spectra are very sensitive to crystal quality and the

b strong, narrow, near band edge exciton lines which
M• characterize the emission from layers grown in this
W •laboratory are indicative of high quality material.
"C However, recent studies of the emission from regions
0 close to the epilayer-substrate interface (exposed by
u etching as above) have shown that the emission inten-

sity (particularly the exciton emission) is much
reduced. This is clearly consistent with increased
lattice disorder in this region.

8-

4. Summary

Measurements of the free carrier concentration as a

4 function of depth in CdTe layers grown on (001) InSb
have shown a diminution in the carrier concentration
in the vicinity of the epilayer-substrate interface.
DCXRD techniques have been employed to investigate
the relationship between this effect and the strain state
of the layers. By examining samples of differing crystal

100 300 500 700 900 quality, it has been found that the effective carrier
density is reduced in regions characterized by signifi-

arc secs. cant strain relaxation. In higher quality samples, this
Fig. 2. 004 Cu Ka DCXRD rocking curves for different samples relaxation, accompanied by generation of dislocations
from the same wafer. Curves (a) and (b) are for unetched samples and other extended defects, is confined to a narrow
A and G respectively (4pum thick). Curve (c) is for sample G with region of the layer close to the epilayer-substrate inter-
3pum removed by electrochemical etching. face.

higher density of dislocations. For these samples References
(profiles of type (b)), the dislocations appear to be
distributed throughout the full thickness of the epi- ! D. E. Ashenford. Johnston, B. Lunn and C. G. Scott.J. Phys. (Condens. Matter, 1 (1989) SBS I.
layers but in the higher quality samples (profiles of type 2 R. N. Bicknell-Tassius, J. Cryst. Growth, 101 (1990) 33.
(a)) the dislocations appear to be more confined to a 3 F. Bassani, S. Tatarenko, K. Saminadayar, J. Bleuse. N.
region close to the substrate. This is consistent with Magnea and J. L. Pautrat, Appl. Phys. Lett., .58(1991) 2651.
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Chemical diffusion of Hg in CdTe

J. H. C. Hogg, A. Bairstow, G. W. Matthews, D. Shaw and J. D. Stedman
Department of Applied Physics, University of Hull, Hull HU6 7RX (UK)

Abstract

Proton-induced X-ray emission has been used to characterize Hg interdiffusion from the vapour phase into CdTe
between 360 *C and 550'C. The measured interdiffusivities are described by D= 6.6 exp( - 1.91 eV/kT) cm 2 s- I for Hg
concentrations of 3% or less. The results differ significantly from earlier measurements based on electron microprobe and
Rutherford backscattering techniques but are in good agreement with very recent radiotracer experiments. Possible
causes for the differences with the earlier measurements are discussed.

1. Introduction 2. Experimental procedure

The ternary semiconductor alloy Hgl_- CdTe is an Hg was difft.sed from the vapour phase into
important material for IR opto-electronic applications. undoped, high purity, Bridgman-grown CdTe samples
An understanding and knowledge of self-diffusion and contained within evacuated sealed SiO 2 ampoules. The
interdiffusion in the material are clearly necessary for Hg diffusion source was a droplet of the element
the control and design of annealing procedures used in located in a small-bore, tubular tip of the ampoule. The
material and device fabrication. Measurements of the overall internal volumes of the ampoules were between
interdiffusivity D have almost all been made using 3 and 4 cm 3. The dimensions of the CdTe samples
electron microprobe analysis (EMPA) of a bevelled were typically 5 mm x 5 mm x 1 mm and their principal
section through the interdiffusion region [1-61. The faces were prepared by mechanical lapping followed by
results show that D has a strong dependence on both x chemical polishing using a Br/methanol mixture. Diffu-
and temperature (D decreasing with increasing x), with sion annealings were performed in a horizontal furnace
D obtained usually in the range 0.1 < x < 0.9. Takita et at temperatures of 360 *C, 400 °C, 450 °C, 500 °C and
al. [7] measured D for x = 0.99 using Rutherford back- 550"C. The Hg tip was between 10 *C and 12*C
scattering (RBS) (40 MeV 0- + ions) to determine the cooler than the CdTe sample in all the annealings other
Hg concentration profile and found D values substan- than that at 550"C when the tip was 50*(C cooler in
tially greater than extrapolated values from refs. 1-6. order to reduce the risk of Hg condensing on the CdTe
Very recently, Jones et al. [8] have reported sample. Annealing durations varied between 1 and
measurements of D (x<0.99) obtained by an Hg 168 h.
radiotracer method. Their results lie between those of Following the annealing, a PIXE spectrum was
ref. 7 and the EMPA data. In this paper, we describe obtained from a principal face of the diffused sample
the results obtained for D (x -0.99) using proton- using a 400 keV proton beam (beam diameter about
induced X-ray emission (PIXE) to obtain the Hg con- 0.75 mm; beam current about 10 nA; dose 10 uc). The
centration profiles. Our results were obtained over the beam was about 10" off normal incidence. Serial sec-
temperature range 360 °C-550"C and we find that tioning of a single principal face was then carried out
there is a satisfactory agreement between our data and using a Br/methanol etching solution. The thickness
those of ref. 8 in the temperature range where there is removed was obtained by mass loss using a micro-
an overlap (360 *C-400 C). We have previously used balance. A PIXE spectrum was collected at each
PIXE to measure successfully interdiffusion in the sectioning stage and the Hg concentration profile
Pb,-,Sn.Te/PbTe system [9]. PIXE is even better derived from the Hg(M)/Te(L) ratios and the ratio
suited to the Hg, _.Cd1Te system because the Hg(M) obtained from a calibration sample of Hgo.80Cdo.0 0Te.
line does not overlap with any of the Cd or Te emission As the surface concentrations of Hg in the diffused
lines. samples were 2% or less, we can neglect any variation

0921-5107/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserved



196 J. H. C. Hogg et al. / ('heical diffusion of tlg in ( die

of D with x. From the boundary conditions imposed integral ratio in eqn. (2) cannot be evaluated, but it is
during the annealing, the Hg diffusion profile should be clear that the ratio is 1 or more so that the term
a complementary error function (erfc) provided the Hg C* = Y(0)C(cal)/ Y(cal) defines a lower limit to the
surface concentration is independent of time. This true surface concentration. Although, in the above dis-
condition should be met in the present experiments cussion, the Y terms were defined as the Hg(M) yields,
because, although chemical diffusion is taking place, in practice greater precision was obtained with the
we estimate the Hg loss from the source to be about Hg(M)/Te(L) ratio as noted earlier. Changing Y to
0.01%, i.e. any change in the composition of the exter- represent this ratio does not alter any of the foregoing
nal phase is negligible. If Y(0) and Y(z) are the Hg(M) discussion or statements.
emission yields from the initial diffused surface and at
depth z below the initial surface (i.e. after a depth z has
been etched off) then [9] 3. Results and discussion

ierfc(z/L )/ierfc(0) < Y(z)/Y(O) < erfc(z/L) (1) Figure 1 shows one of the Hg profiles obtained using

where L is the interdiffusion length 2(Dt)1 12.The lower PIXE. The data from all the diffusion anneals are
and upper limits correspond to the proton range being contained in Table 1. The D values listed were
much greater than L and much less than L respec- obtained by multiplying the values determined from
tively. the probability plots by 0.76 in order to correct for the

The calculated path length [101 and projected range
[I I] of 400 keV protons in CdTe are approximately
3.8u um and 2.6 ,um respectively (the presence of Hg at 20
about 1% has little effect on these values). In the
present experiments 0.8 < L < 5 um so that neither of - -
the limits in eqn. (1) is realized. We therefore obtained "'
values of D from probability plots of Y(z)/ Y(O) vs. z [9] ,
assuming that L was much greater than the proton 1.0 " 0
range (the upper limit in eqn. (1)). This procedure can
overestimate the true value by up to 73% depending on
the range and values of z/L [9]. The true D value could
be determined as described in ref. 9 if the production
cross-section vs. proton energy was known for the 0 2'0
Hg(M) emission. As far as we are aware, no such data z (Pm)
are available. If we therefore assume that, to a first Fig. 1. Hg concentration profile in a CdTe sample after 65 h

approximation, Fig. 2 in ref. 9 is applicable to the annealing at 400°C. The continuous line is an erfc distribution
present experiments then, as the largest values of z/L for D=7.1 x 10-" cm 2 s-I (i.e. uncorrected). The broken lines
varied in our samples between 0.72 and 1.36, we are erfc distributions for D = 10.7 X 10-14 cm-2 s-' (upper) and

-stimate that the method for finding D described above D=3.6xl10-' cm2 s-' (lower) (i.e. ±50% variations on

overestimates D by 20% to 43%. Correction for this 7.1 x 10- 'cm 2 s-

overestimate only affects the pre-exponential factor in
the Arrhenius expressions for D. Following the same TABLE 1. Summary of results for the interdiffusion of Hg into
analysis and notation in ref. 9 we find that CdTe

Y(O) Temper- Duration Hg surface Total D
C() = C(cal) J4(x) dx f erfc(x/L) O(x) dx ature (h) concentration thickness (cm-s- ')

Y(cal) 0 (C) C* (%) removed
"((2) (�m)

where O(x)=o{E(x)} exp(-,ux/cos 0), C(0) is the Hg 360 168 0.46 0.73 (2.4 ±0.1)x 10-'s
surface concentration (i.e. z = 0), and Y(cal) and C(cal) 400 65 2.7 2.90 (4.8 ± 1.4)x 10-' 4

400 65 2.0 1.70 (5.4 ±0.5)x 10-1 4

are the Hg yield from and Hg concentration in a homo 450 3 1.0 1.35 (3.3 ± 0.3) x 10- I3
geneous sample of (HgCd)Te respectively, o is the 450 24 0.61 3.17 (0.2±0.2)x 10-I
excitation cross-section for protons with energy E at 500 3 0.83 3.80 (3.9 ±(0.2) x 10-12
depth x below the surface and p is the linear absorp- 500 3 0.61 3.55 (4.3 ±0.1)x 10 -2
tion coefficient. It is assumed that the E(x) function is 500 1 2.4 1.73 (1.5 ±0.2)x 10-' 2

500 1 0.42 2.30 (4.2 ±0.3)x 10-12
the same for both the diffused and calibration samples. 550 1 0.45 2.50 (6.1 ± 0.6)x 10- 12

As the excitation cross-sections are unknown, the
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2 during the RBS profiling cannot be automatically
110 excluded. The possibility that a variation of D with Hg

partial pressure might be responsible is unlikely as D
exhibits little dependence on non-stoichiometry and

10 the same is true for cation self-diffusion in CdTe and in

E 6o Hg0.8Cd0.2Te [12].
0-14 ,7 The annealing procedures used by Jones et al. 18]

6 -and by us only differed in the Hg pressure imposed. In
\ • ,,our experiments, the Hg pressure was less than the

10-16 6" saturated value whereas in ref. 8 the saturated value
1.0 1-2 1.4 16 1.8 was established. The Hg surface concentrations for the

10'/ T (K0) slow component of D increased from about 0.07% at

Fig. 2. Arrhenius plots of D from literature data together with 360 °C to about 6.7% (extrapolated) at 550 0C 18].
the present results taken from Table 1 (0). A plot of eqn. (3) is Takita et al. [7] performed their annealings with the
also shown as the line through the 0 data points. The results CdTe sample immersed in liquid Hg and reported Hg
from ref. 3 (500 °C-600 °C) lie between those from refs. 4 and 6, surface concentrations at 310 'C of 2.7%, which is a
and have been omitted to avoid congestion. The low tempera- factor of 80 greater than that obtained in ref. 8 at the
ture sections, 6' and 6" of ref. 6 refer to Te- and Hg-rich condi-
tions respectively. The + data points are from ref. 8. same temperature. Our C* results (Table 1) vary

between 0.42% and 2.4% without any obvious varia-
tion with temperature: the scatter found at 500 'C may

overestimate present in the probability plot value. A be due to variations in Hg pressure between samples.
least-squares fit of these D measurements to the usual Owing to the nature of C* discussed earlier and its
Arrhenius expression gives possible dependence on Hg pressure, we are limited to

D =(6.6~ 14) exp{( -1.91 ± 0.16) eV/kT cm2 S- (3) concluding that our true Hg surface concentrations are
similar in order of magnitude to the results of ref. 8.

An Arrhenius plot of our D results is shown in Fig. 2
together with eqn. (3). Also shown are Arrhenius plots
of the results obtained by other workers for x = 0.95 4. Conclusions
(extrapolated where necessary from a lower x range)
together with data points at 360 'C and 400 °C from Agreement has been found between D values in
ref. 8. HgI -_ CdTe (at low Hg concentrations) determined by

The possibility that the proton beam could modify the separate PIXE (present results) and radiotracer [8]
the Hg concentration profile was checked by measur- techniques. These values are significantly greater than
ing the Hg(M)/Te(L) ratio, as a function of proton dose those obtained by the EMPA technique [1-6] and sig-
in eight stages between 10 and 150 uC on two separate nificantly smaller than values determined by RBS [7]. It
samples diffused for 1 h and 24 h, respectively, at was established that the 400 keV proton beam did not
450 'C. No significant or systematic variations in the modify the Hg concentrations in the diffused samples.
yield ratio were found. It is evident from Fig. 2 that the To account for the differences with the other particle
EMPA data above 400 °C lie well below our results beam techniques, it is suggested that in the EMPA and
and those of refs. 7 and 8. The EMPA plots corre- RBS methods the beams modified the Hg concentra-
spond to x = 0.95 and, as x -- 1, D will decrease but tions. In view of the extensive measurements of D that
by no more than a factor of 2 so that the discrepancy have been made across the composition range of
still remains. While our results are in reasonable agree- Hg, _,Cd•Te using EMPA [14], it is important that the
ment with those for the slow component from [8], cause(s) for these differences be established.
where the temperature regions overlap, they lie, well
below those of [7]. The reasons for these differences
are not known, but a dependence on the measurement References
technique needs to be considered. In the case of
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Effect of interdiffusion on dislocation generation in epitaxial layers on
CdTe, (Cd,Zn)Te and Cd(Te,Se) substrates

I. Utke, L. Parthier and M. Schenk
Institute of Crystallography and Materials Science, Humboldt University of Berlin, Invalidenstrasse 110,
0-1040 Berlin (Germany)

Abstract

Diffusion modifies the interfacial strain field induced by the composition difference and temperature changes. The strain
field is estimated theoretically for liquid-phase epitaxial-grown (Hg,Cd)Te layers on different substrates. The effect on the
generation of misfit dislocations is compared with etch pit density profiles.

1. Introduction ing condition with an Hg).,Cd0 ,Te layer. Solving Fick's
diffusion equations for the system, and assuming the

The epitaxial growth of (Hg,Cd)Te layers on (111 )B diffusion coefficients D to be constant and the fluxes
CdTe, (Cd,Zn)Te and Cd(Te,Se) substrates is a well- independent of each other [2, 3], each compositional
established method used in the fabrication of IR profile displays the shape of an erfc distribution, and its
devices. Generally, the epitaxial system is subjected to width is proportional to (Dt)I/2 where t is the time. This
three temperature ranges [1]: firstly, the range of approximation serves sufficiently well for the following
growth temperature, confined to 450-500 °C for considerations. Therefore, the composition-dependent
liquid-phase epitaxy (LPE) from a Te-rich solution. interdiffusion coefficient determining the Cd/Hg
The processes of interdiffusion through the hetero- ratio [4] has been weighted for the calculations to
interface and of motion and generation of misfit dis- D = 5 x 10-1 cm 2 s - [2]. The values for the substrate
locations take place mainly in this range, i.e. during components Zn and Se were found by extrapolation
growth. The second range comprises the temperature from refs. 5 and 6 to be Dz, = 3.7 x 10-12 cm2 s-I
decrease to room temperature after growth. Diffusion (x =0.0) and Ds5 =3.2x 10- cm2 s-1 (x = 0.2) at
can now be neglected. Stresses are generated owing to 460 *C. The computed profiles for the compositions x,
the different thermal expansion coefficients of the layer v and w are shown in Fig. 1, calculated by means of the
and substrate. The same situation holds true for the expressions given in refs. 2 and 3.
third temperature range of device application of about
77 K. 2.2. Interfacial lattice parameter profiles

In this paper, the effect of interdiffusion during By means of the compositional profiles in Fig. 1, the
growth on the change in the lattice parameters and lattice parameter profiles a(z) can be calculated [2]
stress near the interface is investigated and compared such that
with its change after growth.

aHg,_,Cd,Te = 6.4614 + 0.0084x + 0.0168x2 - 0.0057x3

2. Model (1)

2.1. Interfccial compositional profiles a(Hg,_,Cd,),_,.Zn,TC = aHg,_,Cd.T--O.381 -0.02(1 -x)}v (2)

During epitaxial growth of Hg, _,CdxTe layers on aHg,._Cd.Te__.-- aHg,_,Cd,Tc - 0.3966w (3)
CdTe, (Cd,Zn)Te and Cd(Te,Se) substrates, the respec-
tive solid solutions Hg, - ,CdTe, (Hg, -,,Cd,)l -_,7ZnvTe It can be seen from these equations that both substrate
and Hg, - CdTel -,,Se, are formed in the interdiffu- components (Zn, Se) affect the lattice parameter of
sion region. The initial substrate composition values of CdTe in a stronger manner than does the layer com-
Zn and Se were chosen according to the lattice match- ponent Hg.

0921-51 07/93/S6.00 Cl 1993 - Elsevier Sequoia. All rights reserved
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I-, V, W f(z) % Z
1 0,1

I-x

0,8 o,08 substrate layer

substrate layer0,6- v 0,06 0.1I - T=77K (fj= +0.0059%)

0,4 w 77\r=298K I,=+0.039%)

-0.4 W 004)
-0.1 T=733K (f0=0.0%)

T=77K (to= +0.059%)
0.05

-0.2 -0,1 0 0,1 0,2 0,3 0,4 0 T\T=298K (% = +0.039%)
[Pm] -0.05 b) \

W T=733K (fe=0.0%)
Fig. 1. Calculated interfacial compositional profiles for initial
values of substrate v = w = 0.05 and layer x = 0.2. Position z = 0
refers to the interface, z < 0 to the substrate and z > 0 to the 0
epilayer. See text for values of the diffusion coefficients and 0.
growth temperature. -. 1T=77K (f=-0.249%)

-0.2- ý/ = 290K %fo=-0,265%)

The thermal expansion coefficients a were obtained -0.3 a)
as aHg,,(,dJ =4.9-0.9(1 -x)}x 10-6 and 1C,,ZnTC= I T=733K(1=0.2%)

(4.9+3.4v)x 10-6 by linear interpolation of the data I I - I I
in ref. 1. Thus, the temperature dependence was 0 h(t)

taken into account by multiplying eqns. (1)-(3) by the Fig. 2. Computed lattice parameter profiles for (a) CdTe, (b)
factor [1 + {4.9-0.9( 1 -x)+ 3.4v} 10- 6A T]. Data for (Cd,Zn)Te and (c) Cd(Te,Se) substrates at the growth tempera-
CdTe - ,,.Se. were not available, and so were assumed ture and after rapid cooling to room or device working tempera-

tures. The diffusion-induced misfit is frozen in. Note that in (a)to be the same as for (Cd,Zn)Te. We assumed that a one composition changes and in (b), (c) two compositions
constant temperature field exists in the epitaxial system change, either x,i' or x,w.
and that no change in the lattice parameter occurs
owing to thermal fluctuations. Thermally activated
dislocation motion [7] was assumed to be prevented by The lattice parameter profile for a CdTe substrate
lattice matching the substrate at the growth tempera- (Fig. 2(a)) adapts smoothly to the lattice parameter
ture T6, i.e. the natural (geometrical) misfit f,( TG) = 0, values of a substrate and layer, and its shape follows
where mainly the erfc distribution of composition (1 - x) in

Fig. 1. By using (Cd, Zn)Te or Cd(Te, Se) substrates, the
f(T) = aL(T) - as(T)( additional wider diffusion regions of v and w accountas(T) (4) for the "oscillation-like" adaptation behaviour near the

interface in Figs. 2(b) and 2(c). While f,(Tj) equals
Here as and aL are the stress-free lattice parameters of zero, generally fiz, T) does not equal zero within the
the substrate and layer, respectively. The abrupt diffusion region. In the following, this is termed a diffu-
change in the lattice parameter at the interface sion-induced misfit. The effect of the diffusion-induced
becomes a continuous distribution as a result of inter- misfit formed during epilayer growth is of the same
diffusion. Consequently, there is defined order of magnitude as the thermally induced misfit

after cooling, as shown in Figs. 2(b) and 2(c). The diffu-
f(z, T) = a(z, T) - as( T) (5) sion-induced misfit is frozen in at lower temperatures.

as(T)
2.3. Interfacial stress profiles

where a (z, T) is the lattice parameter for a given tem- The stress profiles were calculated with a model of
perature T at position z from the interface. By inserting the theory of elasticity [8] modified for epitaxial
the compositional profiles shown in Fig. I into eqns. systems in ref. 3, setting the elastic strain equal to
(1 )-(3), the lattice parameter profiles f(z, T) in Figs. f(z, T). This model is valid as long as no relief of stress
2(a)-2(c) were calculated for the three temperature by plastic deformation occurs, i.e. the layer thickness
ranges. h(t) is less than the critical thickness hk [1]. The f(z, T)
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stress [MPal z apd icrn
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(on CdTe-substrate) 107
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• 7
100 substrate layer d...,, V'

10 v&lue**~

( (on CdZnTe-substrate) V • ""...... ,,°I, , ..... .. A #. . . . .. . . .. . . .. . .. . .. . . .. ... . . .. . .. .. . . . .. . .. ..3 K' • * . ** '
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-0,3 -0,2 -0.1 0 0,1 0.2 0.3 0,4 0,5 -14 -12 -10 -8 -6 -4 -2 0 2 4 6 8 10 12 14

IPm] IPmi

Fig. 3. Calculated stress profiles for Hg,,.,Cd, 2Te layers on mis- Fig. 4. Etch pit density profiles of LPE-grown (Hg,Cd)Te on
matched CdTe and lattice-matched (Cd, Zn)Te substrates for the (I11 I)B CdTe (v,f,,= - 0.28%) and (Cd,Zn)Te (A,Lf,= -0.12%
same temperatures as in Fig. 2. The current epilayer thickness is and *, f,= -0.08%). The interface z=0 was determined by
less than hk. The Peierls stress is indicated by the dotted line. means of an optical microscope.

profiles in Fig. 2 cause the respective stress profiles
presented in Fig. 3. Cd(Te, Se) behaves similarly to 4. Conclusions
(Cd, Zn)Te, and so its stress profile is omitted.

Stresses a <0 are compressive and a> 0 tensile. The lattice matching at the heterointerface is deter-
The number and position of the neutral planes (a =0) mined by the natural misfit, temperature changes and
depend on the substrate material. All the features of the diffusion-induced misfit. The diffusion-induced
the lattice parameter profiles are maintained in the misfit leads to the generation of dislocations within the
stress profiles. Thus, the stress consists of contribu- diffusion region of both the substrate and the layer.
tions from diffusion, natural misfit and temperature
changes. If h, is exceeded, the stress profile is partially
relieved by the generation of dislocations [9], including
a shift of the neutral planes. Half-loops generated on
the layer surface can expand only to the first neutral References
plane where the sign of a changes. Threading disloca-
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Carbon and silicon in travelling heater method grown semi-insulating
CdTe

L. Chibani, M. Hage-Ai, J. P. Stoquert, J. M. Koebel and P. Siffert
Centre de Recherches Nuclaires (CRN), Laboratorie PHASE (UPR dit CNRS n, °292), BP 20, 67037 Strasbourg
Cedex 2 (France)

Abstract

Carbon- and silicon-doped CdTe have been studied by charged particle activation heavy ion induced X-ray emission and
secondary ion mass spectroscopy to determine the impurities present at low concentrations. Electrical characteristics
have been investigated by thermally stimulated current and the Van der Pauw resistivity measurements, in order to
correlate the impurity concentrations and electrical behaviours.

1. Introduction ambiguous quantitative results despite its high sensi-
tivity, and another analytical technique is useful for the

High purity CdTe is an optimal material for nuclear understanding and interpretation of SIMS measure-
gamma-ray detectors working at room temperature ments. HIXE via a quasi-molecular inner shell ioniza-
and for photovoltaic converters [1]. Several properties tion mechanism, during heavy ion-atom collisions,
of this material depend on the nature and concentra- allows both a high sensitivity for selected elements and
tion of trace elements present in the crystals. These the possibility of determining their relative concen-
impurities can originate from the starting products, and trations in several samples [4]. This goal is reached by a
may be introduced intentionally as dopants or through convenient choice of the nature and of the energy of
contamination during the processing. the bombarding ion. The choice of argon ions to

As the concentration values are of the order of parts induce selectively the X-ray emission of elements in the
per million (ppm) or less, high sensitivity analytical Al-Cl region is justified on the basis of electron
procedures are needed to identify and control the promotion diagrams for Ar-Si collisions in the theo-
distribution of dopants and impurities in the crystals. retical description of inner shell ionization in heavy ion
Furthermore, because of the matrix composition, inter- collisions by Fano and Lichten [51 and Bosat and
ference effects from cadmium and tellurium have to be Lichten [6].
avoided or at least limited to a minimal level. This can In the case of argon bombardment, a strong excita-
be achieved by charged particle activation (CPA), by tion of K X-rays of silicon (or of the neighbouring
selective heavy ion induced X-ray emission (HIXE), by elements) is expected, whereas K X-rays from cad-
secondary ion mass spectroscopy (SIMS), by IR spec- mium or tellurium will be attenuated; only a
troscopy or by atomic absorption (AA) analysis. The contribution from Cd L lines due to the Ar Is-Cd 2p
CPA technique is known to be of great interest for the level matching effect is expected.
absolute determination of low concentrations of light For electrical measurements we used essentially high
impurities or dopants at the ppm level in particular, for resolution thermally stimulated current (TSC) spectra
the case of carbon in CdTe where this technique is well [7] to detect the various trapping levels present in our
adapted. The SIMS technique is strongly affected by travelling heater method (THM) grown crystals. The
the presence of impurities: the ion production rate for a TSC method is well known but improvements have
given element depends on the presence of foreign been introduced especially by the "cleaning up pro-
atoms in the lattice or at the surface, even at low cedure" as well as by using adequate computer pro-
concentrations. For CdTe, it has been shown [2, 31 that grams.
surface layers are formed following the etching of the The resistivity of each sample was deduced from
crystals. These layers influence the ion yields of cad- Van der Pauw measurements using gold contacts de-
mium and tellurium. The method will therefore yield posited on the sample [8].

0921-5107/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserved
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2. Crystal growth 3.3. Secondary ion mass spectroscopy
For SIMS analysis, the measurements are performed

Two ingots of CdTe 8 cm in size were grown by on the positive ions sputtered from the surface of the
THM. samples by a 3 keV 0, beam. The scanning time of

To study the effect of carbon in CdTe and to simu- each mass is 3 s. The current density of the oxygen
late the carbon layer in the crucible, carbon powder is beam is kept low enough to sputter off a negligible
introduced in one ingot, corresponding to an initial thickness of material during the measurements and to
mean concentration of 3.3 x 10 " atoms cm- 3. In the avoid contamination. Positive charge accumulation on
second ingot, we have introduced silicon with an initial the semi-insulating sample is avoided by simultaneous
concentration of the order of 9 x 1018 atoms cm-- .The low energy electron bombardment. The residual pres-
crystals are grown at a tellurium zone temperature of sure in the analysis chamber is approximately 10-')
850 °C and at a speed of 1 mm per day. Torr.

3. Characterization techniques 4. Electronic methods

3.1. The activation method (CPA) 4.1. Thermally stimulated current
The CPA method has been used at the 4 MV accel- In this technique, the traps are filled by illuminating

erator at CRN in Strasbourg. "X(d,n)'÷'Y nuclear the sample at low temperature with interband light
reactions converting X into positron emitting #' (;t=0.63 pm using an He-Ne laser). The discharge
radionuclei ""'Y with half-time T,1, have been chosen current is then measured in the dark and recorded as a
such that function of temperature. The improved TSC proce-

i' •dure involves a precise calculation of the defect levels",X(d,n)A-"'Y . I."y energy [121 and further uses a microcomputer-based
where "X can be either 12C or 2'1Si and "Ay Y 3 N or 30p. deconvolution procedure of the experimental spectra
T,,, for carbon is 10.05 min and 2.5 min for silicon, recorded in a cryostat over a temperature range from

Each CdTe wafer is irradiated during one period 77 to 450 K.
with an incident deuteron beam of intensity 200 nA Figure 1 shows the TSC spectrum for a THM grown
and energy 3 or 3.5 MeV. The residual pressure in the high resistivity material.
target chamber is about 10-6 Torr. Unfortunately, at
this pressure, the incident beam also deposits carbon 4.2. Van der Pauw technique
atoms on the surface of the sample during the activa- This technique is described by Kobayashi et al. [ 13].
tion [9]. The nuclear activity is determined by fl + spec- We have used this method to determine the resistivity
trometry. (This method is described in detail in a along the two ingots. In nearly all the ingots we have
previous work [6].) The absolute concentration of observed a strong decrease in the resistivity-up to
carbon in CdTe is deduced from the comparison with 108 Q cm at the first sections of the ingots and down to
the activation of a pure carbon target irradiated during
30 s with a beam of 30 nA following the method
described by Ishii et al. [ 10]. ENERGY LEVEL WeVI

0.10 0.16 0.21 0.28 0.33 0.43 0.48 0.53
3.2. Heavy ion induced X-ray emission -50 Tsc SPECTRUM FOR HIG, RES

The 0.8 MeV Ar÷ ions used in this work are deliv- MATERIAL

ered by the 4 MV acceleratoi. The samples are posi- - 40
tioned perpendicular to the beam axis and X-rays are
detected in a Si(Li) counter at an angle of 1350 with 30
respect to the beam direction [11]. The Si(Li) detector, pw-,
with an energy resolution ranging from 160 to 250 eV - 20 \
in the region of interest from 1.25 to 15 keV, is applied CA

directly to the vacuum system through a 100 pm beryl- 10
lium window. In order to avoid pulse pile-up, the
counting rate has been kept below 400 pulses s- I by 0 ,
limiting the beam intensity. The goal of these 0 100 140 180 220

measurements is to study the evolution of the relative TEMPERATURE ('K)
concentration of impurities from slice to slice all along Fig. 1. TSC spectrum for high resistivity THM grown material as
the crystals. a function of the temperature and energy level.
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10' to 1(0" Q cm towards the end-which is a normal 5.3. Heavy ion induced X-ray eliission
behaviour in THM crystal growth, corresponding to A typical HIXE spectrum obtained by argon ion
the gradual saturation of the tellurium zone. bombardment is shown in Fig. 5. The detected ele-

ments indicated on the spectra are the Cd La and
Te La HIXE rays from the target bulk. For the trace

5. Results elements, the most important peaks correspond to
silicon. The HIXE intensity ratio remains constant

5.1. Charged particle activation method along the crystal, revealing a constant mean composi-
The absolute concentration C(x) in each slice is tion (Fig. 6).

normalized to the initial concentration C,. The
measurements are compared with Pfann's formula [14]. 5.4. Discussion
The value of the apparent segregation coefficient which Determination of the concentration of carbon and
can be deduced is Kf= 7 x 10-3 + 1 X 10-3 [9]. We silicon in CdTe is generally difficult because of the
deduce that if some carbon atoms are introduced into permanent contamination of these two elements during
CdTe from the graphite protection of the quartz tube the growing, preparation or measurements by am-
during THM treatment, these atoms are carried off to poula, skewing, polishing powder (diamond or silicon
the end of the ingot with the molten tellurium zone. carbide), vacuum oil, etc. For this reason, results are

For the silicon ingot, we relied on the 2'Si(d,n) 3Ip largely distributed in all cases.
nuclear reaction, which converts the silicon into posi- However, we made here an attempt to see if carbon
tron emitting P3 radionuclei of 30P, with half-life T, 2 of and silicon follow the general behaviour of the other
the order of 2.5 min.

-9Si(dn) 3'lp i' I -- 2 m, 0 -__Si__

However, the "'O(dn) "F nuclear reaction with half-
life 71, of 1.07 min has severely masked the informa- 304 Carbon profile (SIMS)

tion of the previous reaction.
""20-

5.2. Secondary ion mass spectroscopy -
A typical mass spectrum obtained by SIMS is shown

in Fig. 2. The lines of trace elements originating from 10-
different contamination appear mainly at the surface. a 'a

The SIMS carbon profile (Fig. 3) is not very signifi- -0 ,_,_,_,_,_,_,_, __
cant because the samples are contaminated by hydro- 1 2 3 4 5 6

carbon during the measurements. However, this Relative Position
method gives information to compare results of the Fig. 3. Carbon SIMS profile as a function of relative position.
CPA (Fig. 4) and TSC for the carbon ingot and HIXE
(Fig. 5) and TSC (Fig. 6) for the silicon ingot.

... k 2 E-3
- - k=1.8 E-2

-- kz7O E-3

" eL.A 0 Exp Data (l1
10 o Exp Data (2)

Bulk l. 0.1 o-

10 0o Ed 00
1_ 0 I- 0 0a0 0-o

10 i T o
S010.01 I o 0 o-... . o- 40" .01o o. 0

10 "0 II ! 0.0 1.0 2.0 30 4.0 5.0 6.0

10 - &4, 0A Al Relative Position X/I

11 20 1.L ' ' 0 '- Fig. 4. Pfann's curves for different values of K,, compared
with the relative concentration C(x)/(;,. A mean value

MASS NUMBER K=.=7 x 10-! ± IxI 0- is deduced irom the experimental
Fig. 2. Typical SIMS spectrum. points: (1) Ed = 3 MeV; (2) Ed - 3.5 MeV.
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Fig. 7. Relative concentration of defect level and Van der Pauw
Fig. 5. Typical HIXE spectrum of a CdTe ingot containing resistivity in the carbon ingot as a function of the relative
silicon. position.
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Fig. 6. HIXE intensity ratio from Si K to Cd L lines and silicon Relative Position
SIMS profile as a function of the relative position. Fig. 8. Relative concentration of defect level in the silicon ingot

as a function of the relative position.

elements from group IV-germanium, tin and lead-
which relates the electrical activity determined by resis-
tivity and TSC (Fig. 7) to carbon and silicon the 0.16-0.20 eV energy band, which correspond
concentrations measured by CPA (Fig. 4), HIXE and again to a decrease in the measured resistivity at the
SIMS. The silicon relative concentration of defect level end of the crystal.
is shown in Fig. 8.

In the case of silicon, AA was used to verify the
original concentration because the profile along the 6. Conclusions
ingot is highly distributed in HIXE measurement. We
can see either by this method weakly or by SIMS that In both cases, weak correlation is found between
the silicon concentration increases from the beginning silicon and carbon concentration below 100 ppm and
towards the end of the crystal. This is followed by an the electrical characteristics. The possibility of inter-
increase in the 0.3-0.4 eV energy band (TSC) and by a action from other dopant action is still present.
decrease in the 0.16-0.20 eV energy band, corre- Electron paramagnetic resonance measurements [15,
sponding to a decrease in the resistivity towards the 161 are in agreement with this behaviour for carbon- or
end of the ingot; this is the normal trend in THM silicon-doped material. TSC or resistivity measure-
measurements. ments are sensitive, even if the dispersion is great, but

The same trend appears for carbon at the end of the they also do not show large correlation. However,
ingot. A slow decrease in carbon either by SIMS or further studies are needed to obtain better statistics
CPA is apparently followed by a sharp increase in the and to confirm the donor character of carbon and
0.3-0.4 eV energy band (TSC) and a slow increase in silicon.
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Abstract

In-doping of CdTe and Cd,- Zn,Te (x < 20%) layers and quantum structures is performed during molecular beam
epitaxy with a Cd overpressure. The In flux is determined as a function of the cell temperature. The role of the Cd over-
pressure in the activation efficiency is studied. Carrier mobilities of up to 5300 cm2 V- ' s- I are observed at light doping
levels. In migration and formation of In-related compounds are studied by X-ray photoelectron spectroscopy. The doping
profile quality is studied by secondary ion mass spectroscopy: efficient, well localized doping is achieved for low growth
temperatures (200-220'C) and low sheet densities (about 10' cm- 2 ); otherwise marked migration of the dopant is
observed.

1. Introduction perature Hall effect measurements. In the X-ray photo-
electron spectroscopy (XPS) we use the Mg Ka

This paper focuses on some aspects of molecular (1253.6 eV) line as source.
beam epitaxy (MBE) growth of In-doped CdTe and
Cd_, ZnTe (CZT) layers and quantum structures. In 2.1. Effect of Cd overpressure
our previous work, the lowest growth temperature was In doping of (001) CdTe can be carried out effi-
280 °C; actually this temperature is not optimum for ciently by MBE without photoassistance if a Cd over-
doping [1] and so the present results are concerned pressure Pcd is maintained during growth [2]. Different
with samples which are grown at two considerably samples were grown using identical CdTe and In fluxes
lower temperatures, i.e. 200 and 220 'C. (PcdTe = 10-6 Torr, Tin = 325 *C) but with Pcd varying

between 10-I and 6 X 10 - Torr. For a growth tem-
perature of 220 °C, a constant carrier concentration

2. Experimental results and discussion (n = 2 x 1016 cm- 3 ) is obtained for PCd lying in the
range from 0.4 to 4 x 10-7 Torr: no critical PCd value

The (001) CdTe epilayers are grown on (001) exists within this range. However, for the lowest Cd
CdI - ,ZnTe (x = 0.03-0.04) substrates. In concentra- overpressure, a decrease in the growth rate is observed
tions and profiles are deduced from secondary ion along with a much lower crystalline quality as deter-
mass spectroscopy (SIMS) using a calibrated In- mined by luminescence. For Pcd higher than 6 x 10-1
implanted layer. Electrical characterization includes Torr, a "spotty" reflected high energy electron diffrac-
room temperature capacitance-voltage and low tem- tion (RHEED) pattern is rapidly observed; this limit

corresponds to a change in the growing CdTe surface's
structure from a mixed (c(2x2)+(2x 1)) type to a

*Authors to whom correspondence should be addressed, pure, Cd-rich c(2 x 2) type [3]. For higher In fluxes we

0921-5107/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserved
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observed a better doping efficiency using the highest 2.3. Transport properties of uniform doped layers
tolerable pQa consistent with good crystallographic Figure 2 presents the electron mobility vs. tempera-
quality. For growth at 200 'C, to avoid surface ture curves using the Van der Pauw technique. For low
deterioration we have to keep P-, below 3 x 10-' Torr; doping levels, a classical temperature dependence is
this pressure corresponds also to the surface structure observed but for the most highly doped layer the
change described above. mobility becomes independent of temperature, as

already reported by Segall et al. for bulk samples [5].
22. Control of the In cellflux For the layer with the lowest concentration (1016

In MBE the only way to control the In flux is by cm-3), the electron mobility is 5300 cm 2 V` s-' at
monitoring the In cell temperature T1,. In Fig. 1, the 40 K; this value demonstrates the lowest degree of
straight line (a) is determined from our experiments. It compensation of these n-CdTe films but it remains an
is drawn through the "effective" In flux •ff data points order of magnitude smaller than the mobilities
0,ff = Nin Vg where Nin is the amount of incorporated In observed for Cd-annealed, undoped bulk CdTe [5].
atoms (from SIMS) and v. is the growth rate (from the
RHEED record). Curve (b) is the "theoretical" Off( Ti,) 2.4. X-ray photoelectron spectroscopy studies of planar
curve calculated using parameters taken from Nesmey- In doping limitation
anov's work [4] and geometric parameters of the We have shown that in planar-doped layers the
growth chamber. donor concentration limit does not exceed that

The shift between the two lines is attributed to obtained by the uniform doping method [6]. Two
uncertainty in the values of the thermodynamic param- effects can be invoked to explain this result: migration
eters (which are deduced from experiments at tempera- of the In atoms and chemical reactions of In with Te.
tures much higher than ours) and also to uncertainties These phenomena were studied by XPS.
in the temperature T,,. The parallel slopes of the About 5% of a monolayer of In (2 x 1013 In cm -2)
curves demonstrate that In is incorporated into the was deposited at 200 °C on the (001) CdTe surface and
sample with a constant efficiency over the concentra- buried by eight monolayers (MLs) of CdTe (1 ML=
tion range studied (up to 3 x 101 cm -3); line (a) can be 3.24 A). This sample was then annealed and analysed
used to define the temperature T,, necessary to achieve by XPS. At 220 °C, the In XPS intensity begins to
a desired value of the In concentration. increase (electron escape depth is about 15 A= 4 ML)

[7] and it increases again after annealing at 280 *C. In
1 QII atoms diffuse at a temperature as low as 220 *C. A dif-

:(....b) .... ' • ''...' .. fusion coefficient Dn, 10-' cm2 s- at T=220°C
(b) can be deduced and thus the broadening (2(2D 1nt)" 2)

(a)'

, '4 10
N 1010

* (a)
E

o 55 o

0(b

71 1 1 7 1. I

a, (d)

1.3 1.4 1.5 1.6 1.7 1.8 10 2
1 0 100 200 300

1000/TIn(K') Temperature (K)

Fig. I. In flux at the growth surface vs. inverse temperature of the Fig. 2. Electron mobility from Hall measurements for four In-
In cell. Line (a) is an exponential least-squares fit of experimental doped CdTe layers grown at 220 'C. The donor concentrations
results. Line (b) is the theoretical flux deduced from thermo- n at room temperature are (a) 8 x 10'" cm i, (b) 3 x 10(' cm-3,
dynamic considerations and from the growth chamber geometry. (c) I x 0l 7 cm-'and(d) I x I(t"cm- .
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of doping planes could be of order of 10-100 A during planar doped at the well centre. The In SIMS profile
typical growth times ( 102--10' s). presents one maximum for each CdTe well; these

To study the chemical reactivity of In with CdTe, maxima are located in the central part of the wells. The
about 5% of an In ML is deposited on the (001) CdTe In peaks appear relatively abrupt on the left-hand side
surface at different growth temperatures between 180 (growth direction): for this lightly doped SL there is no
and 280 °C and the In 3d5/2 peaks were studied in large diffusion of In towards the surface during growth.
detail (Fig. 3). For In adsorption at 180-220 'C (curve The doping of the SL in Fig. 4(b) consists of two
a), the XPS peak can be fitted using only one gaussian indium planes symmetrically placed inside the CdTe
line (line 1) centred at 444 eV; at 280 °C (curves b) a wells 5 ML from the CZT barriers. We clearly resolve
second gaussian line (line 2) must be added on the high two maxima in the In profile for each CdTe well; their
energy side (about 0.3 eV from line 1) to account for separation is in good agreement with the value given by
the experimental lineshape. We attribute line 1 to In the RHEED oscillations record (30 ML--- 97 A). On
atoms adsorbed on top of the CdTe layer and line 2 to closer inspection, we note that the concentration of the
In atoms involved in an InTe3 compound [8]. lower In plane (the plane grown first, on the right-hand

side of Fig. 4(b)) is somewhat higher than that of the
25. Secondary ion mass spectroscopy studies of locally upper plane (grown later); we attribute this to the In
doped CdTe/CZT quantum structures flux "burst effect".

Discussions on the SIMS resolution will be given These results together with other data [6] show that
elsewhere [6]. In the present work this rcsolution can good localization of the In atom sheets can be achieved
be estimated to be 2ao- 70 A. A variety of doped
CdTe/Cd, - rZn.je (x = 0.08) quantum structures were ~
locally doped either in the CdTe wells or in the CZT (a) ZD42
alloy barriers [6, 9].

Two examples of doped superlattices (SLs) are
presented in Fig. 4. These SLs are made up of 40 C
CdTe/CZT periods. In Fig. 4(a), each CdTe well is =0 o '-. -.

,') :. ,' . * .

aa a' 
' • : l "

S, . .o .. .o

0
50 250 450 650 .50

"! .(b) ZD47

I•. .. . .

0 0bb
0

'* !

_ _ _ _ _ 200 300 400 5o0 g00 700 g00

445 444 443 Distance from surface (A)
Binding energy (eV) Fig. 4. In and Zn SIMS profiles compared for two CdTe/

Fig. 3. Variation of the ind.,, XPS line of samples on which Cd,-_Zn,Te (x=0.08) SLs (40 periods of 41MLCdTe/
about 5% of a ML of In is deposited on the (001) CdTe surface. 42MLCZT) locally doped with In at a growth temperature of
the deposition temperatures being (a) 200 °C or (b) 280 TC. Line 220 *C: (a) one sheet of In (nominal density N21' = 1.7 x l0ol
I (centred at 444 eV) is attributed to adsorbed In atoms while cm- 2 ) in each CdTe well, at the well centre; (b) two sheets of In
line 2 (located about 0.3 cV from line I) is associated to In atoms (N21)=8.5 x 101" cm- 2 ) in each well, symmetrically placed at 5
involved in In2Te, species. ML from the CZT barriers.
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Abstract

Implantation-enhanced interdiffusion in CdTe/ZnTe quantum wells (QWs) has been studied using photoluminescence
and secondary ion mass spectroscopy. In this system, a strong compositional disorder is produced by implantation alone.
This is attributed to defect diffusion during the implantation process. The main effect observed after short-time annealing
is the recovery of the QW optical properties.

1. Introduction Samples were pieces of a heterostructure grown by
molecular beam epitaxy at 320 *C. A ZnTe layer about

Implantation-enhanced interdiffusion (IEI) has 1000 A thick was first deposited on a (001) GalnAs
attracted increasing interest owing to its potential substrate, followed by a Cd0o84Zno.16Te buffer layer
application for planar confinement and laterally guided about 2.7 ym thick, prior to the coherent growth of
laser diodes. It has been extensively studied in III-V five CdTe (133 A)i'ZnTe (16 A) QWs. Finally, a
semiconductor heterostructures and found to occur via Cd 0.84Zn0.16Te cap layer 400 A thick was used. The
two mechanisms. The first mechanism is induced by buffer layer defines the lattice parameter within the
implantation defects, as observed in GaAs/GaAIAs growth plane. Thus, a strong expansion is imposed on
after high dose Ar [1] or Si [2], or low dose Ga [3] the ZnTe barriers (Aa/a- 5%), while the CdTe QWs
implantation and rapid thermal annealing. The second remain weakly compressed (Aa/a - 0.9%). We present
mechanism is impurity-induced interdiffusion and implantation results at 300 K for doses ranging from
appears during long-time annealing [1] when impurities 1013 to 1.6 x 104 cm- 2. Samples were annealed under
(Zn, Si) have been implanted. This annealing induces an H2-N2 flux at 400 °C for times ranging from 5 to 90
long range disordering correlated with impurities diffu- min. PL was carried out at 1.8 K using an Ar ion laser
sion. In 11-VI compound heterostructures, IEI has with a typical power density of about 50 W cm-2.
seldom been studied. To our knowledge, the only work SIMS experiments were performed at 77 K using a
found in the literature concerns high dose Si implanta- beam of Xe0 with an energy of 1.8 keV and a flux
tion in ZnSe/ZnS [4], where IEI is dominated by the equivalent to about 10 nA.
diffusion of implantation defects even after a long
annealing time.

3. Results and discussion

2. Experimental details Optical spectra are given in Fig. 1. For the as-grown
QWs (Fig. 1(a)), the PL exhibits a rather sharp (2 meV

We report on photoluminescence (PL) and second- or less) elh, excitonic line (about 1604 meV) with an
ary ion mass spectroscopy (SIMS) studies of Zn, Cd extrinsic structure on the low energy side. The eh, line
and Ar IEI in CdTe/ZnTe quantum wells (QWs). intrinsic character is confirmed by photoreflectance

0921-5107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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Fig. 2. SIMS profiles obtained for CdTe/ZnTe QWs.
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Energy (eV)m nes y seta fparable in intensity with the e~h, intrinsic line. This

Fig. 1. Photoluminescence spectra from CdTe/ZnTe QWs. suggests either a higher defect density, or a better
transfer to impurity-bound excitons. The blue shift
saturates to 60 meV for a dose of 8 x 1013 cm- 2 (and

and PL excitation measurements t5]. The position of annealing for 5 min, not shown); then the splitting
the e~h, line slightly shifts from sample to sample (3 between the eth1 line and its extrinsic structure is no
meV or less), suggesting a fluctuation in the well thick- longer resolved and the resulting line FWHM - 15
ness of plus or minus two monolayers. The peak at meV. For doses greater than 8 x 1013 cm- 2 we observe
higher energy (about 1685 meV) corresponds to the the appearance of an intense, broad band and the
buffer exciton. The origin of the low energy peaks increase of the buffer luminescence after annealing.
(1550-1590 meV) is not clear at present. After anneal- This is probably due to the formation of complex
ing for 5 min (Fig. 1 (b)), almost no change is seen either defects.
in the position of the e h, line or in its width. The main To clarify the effect of implantation alone and that of
effect is the disappearance of the multiple peaks at thermal annealing on IEI, we performed SIMS
lower energy, accompanied by an increase in the eth, measurements to obtain a direct view of the Cd-Zn
intensity (by a factor of two). For longer annealing interdiffusion. In Fig. 2 we present the SIMS Zn signal
times (not shown), a small blue energy shift is obtained as a function of depth. The as-grown sample profile
(for example, 5 meV after annealing for 60 min) while (Fig. 2(b)) shows the evolution of the SIMS resolution
the width of the e,h, line remains below 3 meV and its with increasing depth. The implanted sample (Fig. 2(c))
intensity further increases. Therefore, the QWs struc- clearly shows that the dominant contribution to IEI
ture is weakly affected by the annealing process. occurs during implantation. This result is similar to that

A moderate implantation (180 keV Zn; RP ±ARp observed for high dose Ar (1011 cm- 2 or more)
770 ± 380 A) has a strong effect on the evolution of PL implantation in GaAs/GaAIAs [1], but contrasts with
upon annealing (Fig. I(c)). For the as-implanted QWs, the case of ZnS/ZnSe [41, where a high Si dose (1016
no measurable luminescence could be obtained. cm- 2 ) does not change the SIMS signal. Upon anneal-
However, after annealing of the implanted QWs, the PL ing (Fig. 2(d)), a minor disorder of the composition is
yield is more important than for the as-grown QWs; induced, i.e. no evident enhancement is observed.
this corresponds to the recovery of the optical quality. Thus, the main effect of annealing is the recovery of the
The blue shift observed for the implanted and PL intensity.
annealed QWs is increased relative to that in the as- Ar ions (130 keV; RP ± ARP= 820±415 A) exhibit
grown QW, and the luminescence lines broaden with a behaviour similar to Zn after implantation and
increasing implanted dose. Also, we note that the annealing. Luminescence is more intense and the
extrinsic structure (4 meV below e~h,) becomes corn- broadening of the e~h, line remains small (5 meV or
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less). However, less disordering occurs, i.e. doses two 15
times higher are necessary to produce the same
enhanced interdiffusion with these lighter ions. Heavier .

ions produce a higher defect density and hence a > 1 0
higher disordering efficiency; this is the case for -'360 keV Cd (Rp+ARP =1085±465 A). A dose of

2 x lol cm-2 produces a continuous energy shift with 3 6. 5,
IL.

increasing annealing time, i.e. there is no saturation ,.
after annealing for 5 min, as observed for Zn and Ar.
The blue shift is accompanied by an important broad- 1600 1640 1680
ening and the luminescence line FWHM is about 15 Energy (meV)
meV.

Figure 3 displays the evolution of the elhi line Fig. 3. Exciton line FWHM vs. energy. The symbol represents
FWHM obtained after implantation and annealing for 180 keV Zn for (0) 1013 cm- 2, (+) 2x 1013 cm-2 , () 4x 1013

cm 2 , (0) 8 x 1013 cm- 2 ; 180 keV Ar for (o) 2 x 1013 cm-2 , ( x)various ions and energies. It appears clear that low 5 x 1013 cm 2; 130 keV Ar for (*) 5 x 1013 cm 2, (A )8 x 1013
dose implantation with Zn and Ar causes a minor cm- 2 , and 360 keV Cd for(m) 2x 1013 cm- 2 .

broadening (the eh, linewidth remains smaller than 5
meV), while strong broadening is produced by Cd ions.

Figure 4 displays the interdiffusion length A
deduced from the PL results for Zn implantation. Cal- interdifused QWs
culations were done using an error function profile for 40
the interdiffused interface [6]. For the sake of clarity, -8 1013

the Ar and Cd results have not been reported in this . 4 1 0'3

figure. For the annealed (not implanted) sample, a short - 1 0' 13

diffusion is involved (less than 10 A after annealing for < 20 ----. nnCafed

90 min). The extracted thermal interdiffusion coeffi-

cient is then D - 1.6 x 10- I8 cm2 s- i. In contrast, for
the implanted and annealed sample, A is already large _____-__--__-_____,_______

after annealing for 5 min (e.g. about 8 A for 2 x 10'3 0
0 3 6 9 12

cm- 2), and then increases slowly for longer annealing 012 1/2

times. Hence the interdiffusion enhancement is related
to implantation defects which are annealed out after Fig. 4. Dose dependence of the interdiffusion length for Zn
the 5 min anneal. The strong decay of the PL intensity implantation. Thermal annealing results are reported for corn-
after implantation is due to the presence of such parison. Doses are indicated on the figure.

defects. The interdiffusion length was also extracted
from SIMS data for a quantitative comparison. The Zn
barrier signal was fitted using a similar profile with a approximately RP thick is free of complex defects, but
characteristic length Aexp corrected by taking into probably contains isolated points defects with a small
account the SIMS resolution Are,. Ar,, is calculated as a density; (ii) deeper in the sample (about 2Rp), extended
function of the depth by fitting the profile of the as- defects are observed (by channeling and transmission
grown sample. It is found to vary between 8 and 28 A electron microscopy studies [7]) and identified to be
from the first to the last ZnTe barrier. Then, taking small Frank dislocation loops of the interstitial type.
A2 = A2,p -A 2  we find A -(27 ±2) A, independent We believe that implantation has similar effects in
of the depth; this is close to the value obtained from CdTe/ZnTe QWs. Thus, only isolated points defects
PL, i.e. A - (35 ± 8) A. It should be noted that the opti- are involved for 180 keV Zn, 130 keV Ar and 360 keV
cal determination of the interdiffusion length A is quite Cd which have similar Rp values. From the behaviour
precise for small interdiffusion lengths but that, in this of the PL upon annealing, it seems that the residual
last case of strongly interdiffused QWs, SIMS data are defects are more abundant and less homogeneous in
more accurate. the case of 360 keV Cd than in the cases of Zn and Ar.

Low dose ion implantation creates excess intersti- For 180 keV Cd (RP ± ARp = 643 ± 323 A), RP is signi-
tials and vacancies. Their densities increase with ion ficantly smaller, so that the QWs are within the zone of
mass but remain weak owing to the important self- complex defects. This assumption, quite natural from
annealing observed during implantation at 300 K in electron microscopy observation of bulk CdTe, is con-
bulk CdTe [7]. These defects obey the following dis- firmed by our PL results (broad bands and poor effi-
tribution in CdTe: (i) close to the surface, a zone ciency of annealing).
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Native defect equilibrium in semi-insulating CdTe(Cl)

P. H6schl, R. Grill, J. Franc, P. Moravec and E. Belas
Institute of Physics, Charles University, Ke Karlovu 5, CS-121 16, Prague 2 (Czechoslovakia)

Abstract

CdTe single crystals doped with Cl were grown by normal freezing from a Te-rich solution. The results of charge carrier
transport measurements were used to investigate the semi-insulating properties of CdTe(CI) samples. Using the results of
the theoretical calculation of the total energy, it was shown that Cd vacancies Vcd are the dominant defects on the Te-rich
side of tht; phase diagram. The deep acceptor level, probably connected to the second ionized state of divalent VcdN was
determined to be Ea2 - 0.65 eV. The probabilities of the occurrence of free vacancies, vacancies bound into acceptor
complexes (VcdCITe) and neutral complexes (Vcd 2 CIT,) theoretically determined for various possible distances in the
zincblende structure were used to explain the semi-insulating properties.

1. Introduction concentration of deep levels (e.g. Ge, Si) is correlated
with the residual shallow acceptors. Therefore, the

The use of wide bandgap 1I-VI semiconductors in main candidates for shallow and deep acceptors are
opto-electronic applications is often limited by self- intrinsic native defects. This paper tries to explain
compensation (SC), [1, 2]. Some materials (e.g. ZnS and quantitatively the process of SC in close connection to
ZnSe) remain n type and some remain p type (e.g. the method of preparation of SI p-CdTe.
ZnTe) independent of doping with foreign acceptors or
donors. An exception is CdTe, with which it is possible
to prepare both n type and p type materials. In this 2. Experimental details
case, the semi-compensation effect is widely utilized in
the preparation of semi-insulating (SI) p-CdTe crystals The vertical Bridgmann method was used to grow
by doping shallow donors, such as InCd and CITe. The CdTe single crystals by normal freezing from a Te-rich
SI properties are important in the preparation of solution [7]. CdTe single crystals contain Cl in a total
CdTe(In) on the Te-rich side of the phase boundary [3]. concentration [CITjo, - 1017 cm- 3 .
Donor impurities hnCd and CITe are fully effective as After the completion of growth, the CdTe crystal,
n-type dopants only when the CdTe is equilibrated on which contains some Te precipitates, was equilibrated
the Cd-saturated phase boundary [4, 5]. at 450"C for several days. These conditions are

The basic idea of SI material follows from the three- equivalent to annealing on the Te-rich side of the phase
level model [6]. In material that contains an excess of boundary where, for a vapour pressure of Cd, we have
shallow donors (ND) over shallow acceptors (NA) Pcd= 2.47 x l10 exp(-2.45 eV koT) atm. We first shall
(ND > NA), the deep acceptor level at about Eg/2, to collect the results of the experimental measurements
which the Fermi level EF is pinned, must be present on our SI p-CdTe samples and combine these with the
with a concentration N, > (ND - NA). results of other authors to reach some conclusions,

In accordance with different estimates in SI which are a basis for verification of the SC model
p-CdTe(CI), the total concentration of CIT, predicted in the next section.
[CITC]tt = 10 17-10l cm- 3 [7, 8] and the concentration It was determined by the time-of-flight technique [9]
of deep levels does not exceed 1013-10'-" cm-3 [8]. that our samples contain "shallow" acceptors lying
This fact demonstrates very strong compensation, 4e. 0.10-0.15 eV above the valence band, and shallow
N) - NA. donors (CIT,) in approximately the same concentration,

It is difficult to explain why at different levels of Cl i.e. about 5 x 1016 cm-3. We understand "shallow"
doping foreign residual shallow acceptors (e.g. Cu) are acceptors to mean acceptors lying below EF, which is
present at the same concentration as CITe, and why the localized in the midgap. The acceptor level is most

0921-5107/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserved
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probably created by a complex (V(.dCl-,) whose exist- 3. Theory and discussion
ence was recently confirmed from photoluminescence
measurements 14, 10] and whose position above the 3.1. Defect equilibrium
valence band was found to be E,,, = 0.120 eV. The acti- We shall consider the intrinsic defects that can
vation energy of the Cl.1 • shallow donors corresponds accommodate excess Te: Cd vacancy V(d, Te anti-site
to a hydrogenic donor-level depth Ed = 0.014 eV 1111. Te(. and Te interstitial Tel which can as acceptors
Opinions differ on the position of the first ionized state affect the process of compensation during Cl doping.
of a divalent acceptor VC.d. For example, from lumin- The defects, in principle, can be created by thermic
escence measurements it was determined that generation or as a result of the compensation of
Eal =0.069 eV 112]. We shall suppose that it is com- shallow donors.
pletely ionized. The deep acceptor level E.,-, > 0.6 eV Berding et al. [17] have calculated the formation
above the valence band, which appears in samples energy of native point defects in CdTe using the full
equilibrated on the Te-rich side, is often connected potential linearized muffin tin orbital (FP-LMTO)
with the second ionized state of Vcd [8, 13, 141. An method. Free atom initial and final states were used as
exact determination of the position of this level is very references. It is convenient for the analysis of defects in
sensitive to the method of analysis of the experimental our case to consider pure solid CdTe(s) and Cd in the
data (e.g. from I/eRH =f( I/T)). vapour Cd(g) as references for the defects. Using the

We have measured the Hall coefficient and conduc- values from Table 1 in ref. 17, we obtain
tivity in the temperature range 250-450 K [151. New
simultaneous analyses of RH(T) and u(T) were per- d

formed with the help of theoretically determined El Ck + 2CdTe -- TecTe + 2Cd(g) Er, =7.28 eV (4)
mobilities and Hall factors of both electrons and heavy Er•, + CdTe - Tel + Cd(g) ET, = 6.21 eV (5)
holes. From the electric neutrality condition we
obtained the value E,,. = 0.65 eV above the valence If we calculate the values of the equilibrium con-
band. The same value for the deep level was deter- stants of reactions (3)-(5), i.e. Kv(d= C -'I[V(.dlpCd,
mined for our samples by d.c. measurements of space K-T.,d = C [Tecd]pc(, 2, KTe, = C1 t[Te|IPcd, where
charge limited currents (SCLC) [16]. The Fermi level C = 1.47 x 1022 cm -, by a method analogous to the
EF= -Eg +Ea2 + 0.72koT is pinned to Ea2 . The method described in ref. 18 for HgTe. for the Te-rich
electric neutrality condition is side we obtain [VM]- 1 08 cm -, [Te(,IJ/[VcdI 10 -

and [Te|]/[VI]j - 10- 1 at 450°C and p(. - 2 X 10- `
(1 +f2)[VcdI = CTJ -V CCIT () atm, and tV(.d] i0| cm- , [Te(.d]/[Vc(-= 10 a and

where =1 + g,• exp[( - Eg+ E, - EF )/kT]}-| and [Te|]/[Vcd,] 10-1 at 7001C and Pyd - 5 x 10-"atm.
wr fWe can see that on the Te-rich side the Cd vacancy is

g2a = 2/3. The total concentrations of CITe and Vcd are the dominant native point defect. The same situation is

[CITjI,0, = [CI-CI + [VCdCITj + 2[V(.i2CITJ (2a) of course valid for defects generated during the process
of SC.

[V.,],, = [V(dl + [V(.dCITJ + IVCd2 CIT,] (2b) In principle, for the Te-rich side we can take CdTe(s)
and Te(s) or Te(l) as references in reactions (3)-(5).

where Then for the Te-rich side, the energies of creation (;f
VCd (about 2.15 eV), Te(.d (about 2.14 eV) and Tel

[VCdCl-rJ=•• = (V(.dCIT)] (about 3.44 eV) are directly obvious.

IV('d2Cl.,j = V [(V(d2Cl.,),1 3.2. Self-compensation
To explain the mechanism of SC it is necessary to

know which portion of the vacancies created by SC
and index i is the ord.r of nearest neighbours. The remains free (deep acceptor), and which portion is
square brackets indicate the concentration. For the bound in complexes (V(tdCil,) separated by various
binding energy of the complex (V(.dCI)]', we have possible distances in the sphalerite structure or in
H(l=2(E,,'-E,,)=2(0.12-(0.65) eV=-1.06 eV. neutral complexes (VCd 2 CITj.
This value is in a good agreement with the Coulomb The concentrations IV,'d2 CliJ], [V(.,|Cl.I. and IV(,,l
binding energy for the first nearest neighbours are calculated by the partition function formalism
H.' = - 2e 2 /(c,, r) = - 1.08 eV for r,, = 9.7 and
r, =a3112/4=2.8x 10'- cm, when a=6.48 x 10' cm Z=E exp( - E,/k,, T) (6)
isthe lattice constant.
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TABLE 1. The configuration parameters, the activation energy of the complexes (V(.ClI,),and the probabilities of different configura-
tions

r,[(VcdCITC)!,] [(VCd 2CITJ),]
r, E.' (eV) D, g I, g2, [V~dl,,,
r, N , [v ,,.. I., [ 1 d....

1 0.120 1.694 4 6 0.590 0.403
2 0.5222 0.373 1.345 12 12 5.2 x 10-4 2.1 x 10-s

3 0.3974 0.439 1.306 12 12 6.2 x 10-5 1.1 x 10)-3

4 0.3333 0.473 1.244 16 12 2.8 x 10-5 3.8 x 10-4

5 0.2928 0.495 1.221 24 24 2.1 x 10-' 5.1 x 10-4

[V-d 2 - ]/[wV1dl,,,W = 8.86 x 10-4.

The energy E, is here given by the Coulomb interaction given by
of two atoms CIT,+ and a vacancy Vcd2 - located in the
mean volume 1 ]/Vcd]t,,t = 2/[CITJt,, =2x 10-17 cm 3, 1 (r\
corresponding to a fully compensated regime. E+) = E H, H •

By inclv !ing the most probable events in the calcu- 2

lation, the three dominant configurations are asfollows: are shown in Table 1. The results for temperature
T=-450°C are given on the right-hand side of Table 1.

(1) Both atoms CIT,+ are distant from VCd- - - the As can be seen, the close-packed complexes (VcdCIT,)
case of a single vacancy VCd2-. The partition function and (Vcd2CIT,) are dominant (59% and 40%) in
contribution is then given by (E, is neglected here) CdTe(CI), while the single Vcd has. a small concentra-

tion (0.089%). These theoretical values obtained on the
32 Z[Vcd (7) basis of the proposed model of SC are in good agree-

Z1I [CITJ]a", = [ V-d],1o, ment with experimental data.

(2) One atom CITe+ is located near Vcd2 --the case
of the complex (VCdCITJ). Here we have Acknowledgment
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Native point defects in CdTe and its stability region
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Abstract

The main charged native point defects in CdTe are tellurium vacancies in cadmium-rich CdTe and cadmium vacancies in
tellurium-rich CdTe. The stability region seems to be much broader than that measured by methods which are sensitive to
electrically charged native defects.

1. Introduction spectrometry showed total concentrations of impurities
of ca. 10"7 cm- 3 [10]. As-grown samples had carrier

The compound semiconductor CdTe is of practical densities p= 1014 to 10 15 cm- 3 .
interest, for example as a substrate material for IR n-type CdTe was made by annealing as-grown
detectors. Knowledge of the stability region and of the p-type samples for several days at 800 'C in an iso-
point defects which cause it enables material to be pre- thermal regime with a cadmium-rich additional source,
pared with efined electrical and optical properties. establishing the three-phase equilibrium vapour pres-

The native defects and the deviation from stoichi- sure on the cadmium-rich side of the p-T diagram.
ometry of CdTe have been studied in recent years by Then the samples were quenched to room tempera-
several authors [1-3]. Their results on the stability ture.
region of CdTe differ owing to the diverse methods of The non-stoichiometry of p- and n-type samples was
analysis used. The types of nmive point defects in CdTe adjusted by annealing in tellurium- and cadmium-rich
are also described differently in the literature as vacan- CdTe vapour respectively, according to the three-phase
cies [2], or vacancies and interstitials [4], or antisite equilibrium at the respective temperature. Statistically
defects [5-7]. To investigate the non-stoichiometry in a distributed micro-precipitations play the role of
complex manner, it is desirable to combine several dif- sources and traps of native point defects. The appara-
ferent analytical methods sensitive to certain point tus used for this annealing process [I11] was improved
defects. In addition, if possible, the measurements for annealing cadmium-rich samples in a closed system
should be performed at equilibrium conditions. to prevent unverifiable evaporation of cadmium due to

This paper is a contribution to describe the limits the high cadmium partial pressure. During the heat
of stability of CdTe composition and to derive a treatment, carried out using an isochronic tempera-
defect model from the results of high-temperature Hall ture-time procedure, the Hall effect and conductivity
and conductivity measurements combined with room- were measured 'iy the van der Pauw method at con-
temperatitre investigations of lattice parameters and stant temperatures for a defined time to analyse the
positron annihilation on annealed and quenched equilibration process.
samples (for raore details see also ref. 8). After the high-temperature electrical measurements,

the ampoules containing the samples were quenched in
water. Precise lattice parameters were measured on

2. Experimental details these samples using the Soller-slit method [12] and cor-
rected for the usual aberrations. Room-temperature

CdTe single crystals grown by the unseeded vertical lattice-parameter measurements should characterize
Bridgman technique [9] were used. The excess ratio of accurately the real high-temperature defect density,
tellurium in the starting material, which was highly because, owing to rapid quenching, the defect concen-
purified, was less than 10-2 at.%. Spark-source mass tration at the annealing temperature should only be

0921-5107/93/S6.00 0 1993 - L isevier Sequoia. All rights reserved
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frozen in near the surface, because the low heat con-
ductivity of CdTe prevents effective quenching of the 09 am
whole sample. 1.0 x. 700

For the positron annihilation measurements, p-type
samples were annealed at different temperatures 1 " -600

between 600 and 750 °C in sealed silica ampoules -
under saturated tellurium conditions and quenched in 1-

ice water [13]. The technique of positron lifetime spec- •_ 13 Zo.. 500-
troscopy is reported in ref. 14. 6 Q)

•1.4E

1.5 4 '*00

3. Results and discussion 1.6 T

The results of high-temperature Hall-effect and con- 17 n- CdTe300
ductivity measurements, realized during equilibrium ......... ......... _300

annealing under cadmium-rich and tellurium-rich con- ro 107 cm-e 1016 10'5

ditions are shown in Figs. 1(a) a.d 1(b), respectively. (a)
The carrier density for p- and n-type CdTe, calculated
from the measured data [8], is a definite exponential 09 1 -D

function of the reciprocal temperature, at both sides of T O 700

the stability region, over the whole range of
measurement. The additional arrows and crosses in 1.1 60 0

Fig. 1(b) signify changes in concentration of electrically 12

active defects due to annealing at constant temperature 1.2
(24 h). These changes are caused either by precipita- -13 S "-0oo
tion or by dissolution of precipitations, depending on 5"i
the direction of the equilibrium process adjusting maxi- 1.,
mum solubility. The same processes appear at the cad- 150 E

mium-rich side but are not shown in the figure. Time
dependence of the measured electrical data was found 16

only up to about 600 'C. Above this temperature, the "T
dissolution or precipitation process takes place so fast 17 p-CdTe 300
that the equilibrium state is reached during the tem- .... 10,6 . 1 .7 .
perature change. ( 00 N

On both sides of the stability region, the limits (
always appear at the same concentrations as an expo- Fig. 1. Carrier concentration vs. reciprocal temperature.
nential function of the reciprocal temperature, inde- measured in three-phase equilibrium for n-CdTe (a) and p-CdTe

(b). Arrows in (b) characterize the diffusion process: NA, N,),pendent of heating or cooling, i.e. the process is concentrations of elcctrically active native acceptors (NA=p-n)
reversible. These results were verified by the large and donors (N[ = n-p) respectively. Data of Zanio [I I and Smith
number of samples investigated. [151 are also shown.

In Fig. 1(a), because there were too few of our own
results, the data of Smith [151 are drawn in, showing
quite good correspondence with our results in the con- temperature leads to the conclusion that one type of
centration region of about 10 )6 cm- 1. The dashed lines electrically active defect is predominant in each case.
on both sides showing the (calculated) intrinsic carrier The lattice parameters measured after equilibrium
concentrations confirm the assumption that the high- annealing and immediately after quenching from differ-
temperature electrical measurements are not visibly ent temperatures are plotted in Figs. 2(a) and 2(b) vs.
influenced by intrinsic carriers, the carrier density measured at the corresponding

The stability region, which is related to the carrier annealing temperature. On both sides of the stability
density, extends, at 800 *C, to carrier concentrations of region, a linear dependence appears between the
p-=2.1 x 1017 cm-3 in tellurium-rich CdTe and carrier densities, taken as a measure of non-stoichi-
n = 5.9 x 10 ' cm -I in cadmium-rich CdTe. On both ometry, and the lattice parameters.
sides of the stability region, the clearly exponential To interpret the results described above, the relation
dependence of the carrier concentration on reciprocal between native point defects and impurities as well as
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defects. Under thermodynamic conditions, only native
7no n- CLTe point defects determine the electrical properties in the

range of carrier concentration from 10 " to about 1017
cm-'. The curve of Zanio [11 in Fig. 1(a), which

600 deviates from a straight line in the lower concentration

p' range, could be interpreted in this sense by assuming
the existence of essentially higher impurity concentra-

500 tions than in the present studies. The same is valid for
his results concerning tellurium-rich CdTe.

p The influence of dislocations, probably charged, in
the zinc-blende structure, on the measured properties
is negligibly small owing to their low concentration
[161. Therefore, only the native point defects remain to

300 - explain the present results, giving information about
0. . . . 0non-stoichiometry.

N•00 N[c)m-] When discussing the limits of the stability region,
(a) one has to consider that the high-temperature Hall-

effect and conductivity measurements are only sensi-
tive to electrically active point defects. Assuming one

9 p - CdT, predominant type of defect each for p-CdTe and
n-CdTe, one is able to calculate the formation energy
of the ionized native point defects as given in ref. 8 as

600 1.70 eV in both cases. To determine the formation
energies of the uncharged defects, the ionization ener-
gies have to be known. Using the ionization energy
given in the literature [7, 17] for a doubly ionized cad-
mium vacancy, we obtain the value 0.80-1.00 eV for

0 the formation energy.
The changes in lattice parameters agree qualitatively

with the generally accepted vacancy model for non-
stoichiometric CdTe, supposing the validity of the

300 simple continuum model 118]. Therefore, it can be con-
2 16 • cluded that any overcompensation effects caused by

N, icMl ',I0'- repulsion of the equally charged nearest neighbours of

i b) the vacancy should not occur, as has been discussed for

Fig. 2. Lattice parameter immediately after quenching vs. carrier GaAs 119]. The decrease in lattice parameters with

density measured in equilibrium at high temperature for n-CdTe increasing defect concentration for cadmium-rich and
(a) and p-CdTe (b) (carrier density on a linear scale according to tellurium-rich CdTe leads to the conclusion that intrin-
the continuum model), sic vacancies dominate on both sides of the stability

regions of CdTe, i.e. VT, and V.,.
other crystal defects, and their influence on the Defect concentrations estimated from the changes in
measured properties have to be considered. lattice parameter by means of the continuum model are

As shown above, the impurities exist at an overall up to two orders of magnitude higher than the density
concentration of the order of 1017 cm-3 but the of charged defects measured electrically. Supposing
amount of electrically active impurities is unknown, that only vacancies cause the changes in lattice param-
The annealing processes lead to reversible changes in eter, concentrations of 8 X 10 " and I X loll cm 3 are
electrical properties; this cannot be explained by such a calculated for p- and n-type CdTe respectively, i.e. the
high concentration of electrically active impurities. The real "chemical" stability region should be much larger
present results imply that the discrepancy between the than is concluded from the electrical measurements.
relatively high overall concentration of impurities and Positron annihilation measurements only yielded
the comparatively low as-gaown carrier density, as well results for p-type CdTe, proving that only negatively
as the reversible changes in carrier concentration due charged vacancies like VCd' or V(.," act as lifetime pro-
to equilibrium annealing, may be explained by com- longing traps [15]. The investigations provided life-
pensating effects between point defects and impurities times of about 290-300 ps corresponding to a
leading to neutral complexes of impurities and native concentration of charged vacancies of about 10 " cm -I
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[13], in agreement with electrical measurements on 8 M. Wienecke, H. Berger and M. Schenk, to be published.
quenched samples. These measurements confirm the 9 M. Miihlberg, P. Rudolph, C. Genzel, B. Wermke and U.
conclusion that the electrical measurements are deter- Becker, J. Cryst. Growth, 101(1990) 275.
mined by charged vacancies and not by imurities.10 P. Rudolph, M. Miihlberg, M. Neubert, T. Boeck, P. M6ck, L.

Parthier, K. Jacobs and E. Kropp, J. Cryst. Growth, 118
(1992)204.

11 C. Albers and M. Wienecke, Cryst. Res. Technol., 22 (1987)
K53.
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Deep levels in semi-insulating CdTe
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Abstract

A general review on deep levels in CdTe created by doping of group IV elements and of 3d transition metal impurities is
presented. We compare these data with some of our experimental results on Fe- and V-doped CdTe crystals. The problem
of compensation is discussed.

1. Introduction However, it seems now that V-doped CdTe has better
characteristics in the beam coupling experiments [3, 4].

The interest in CdTe crystals arises from the exten- It is seen consequently that further improvement of
sive use of this compound in the fabrication of nuclear semi-insulating CdTe, favourable for various devices,
detectors, epitaxy substrates for HgCdTe and electro- cannot be easily realized directly without chemical
optic devices. The majority of CdTe applications have doping or compensation by appropriate elements for
several severe requirements for the crystals. In particu- deep level concentration and high resistivity, purifica-
lar, a high resistivity (p = I 08-10 $ 2 cm) and good tion or trace defects apparently being largely insuffi-
charge transport (high 1 r product) are needed, cient.

Many of the physical properties of CdTe are con- Here, we present a general review on the existing
trolled to some extent by the relative position of the data about deep levels in CdTe formed by doping
energy levels within the forbidden gap associated with mainly of group IV elements and of 3d transition metal
native defects, impurities and their complexes. The impurities. The goal of this paper is to discuss favour-
concentrations of defects and dopant atoms are not able dopants for applications and verify some of their
independent of each other. The introduction of electri- properties in concrete examples.
cally active impurities into a host crystal can induce the
formation of electrically active defects and complexes
which tend to dope or to compensate the material 2. Deep levels in CdTe
closely.

The high resistivity usually has been achieved by A more general review on investigations of deep
compensating the native acceptor defect (Cd vacancy) levels in CdTe was given recently by Kremer and Leigh
with a shallow donor (halogen) [1]. However, it has [5]. Jantsch and Hendorfer [6] reviewed defect charac-
been found that, by adding Ge to CdTe, a semi-insulat- terization by electron paramagnefic resonance (EPR)
ing material can also be obtained [2]. Recently, in combination with optical methods, such as photo-
increased interest has been given to semiconductors in EPR, optically detected magnetic resonance (ODMR)
optical data processing and image processing applica- and photoluminescence (PL), also to obtain informa-
tions. The necessary material criteria are that it must be tion on energy levels.
electro-optic, available in semi-insulating form and
must include deep levels which make trapping of 2.1. Group lV elements
photocarriers possible. Study of photorefractive semi- The elements Si, Ge, Sn and Pb have been identified
conductors has concentrated mainly on GaAs and InP. by EPR in their paramagnetic state in cubic II-VI com-

pounds and, except for Si, also in CdTe [7, 8]. The EPR
spectra were interpreted as being due to the singly

*On leave from Institute of Physics. Charles University, ionized substitutional donor on the cation site. Despite
Prague, Czechoslovakia. various attempts to incorporate C or Si into CdTe,

Elsevier Sequoia
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neither EPR nor thermostimulated current (TSC) [91 notion on transition metal, energy level pinning to the
characteristics of the respective isolated, substitutional vacuum level is unjustified and must be abandoned.
donor has been found so far. The presence of a level at The 3d atoms which replace Cd form a centre with
E, + 0.73 eV was indicated in Ge-doped crystals by the 3d"4s2 configuration, neutral relative to the lattice.
TSC and by the constant photocurrent method (CPM) Illumination may induce electron transitions from an
[10]. The material was semi-insulating but gave weak impurity centre to the conduction band (energy 0/+)
response when used as a nuclear y detector. A few or from the valence band to an impurity (energy 0/ -).
deep levels were revealed in both highly resistive and The energies (0/ + ) and (0/ - ) are called the donor and
Cd-vapour-annealed, Sn-doped, n-type samples by acceptor levels of the 3d impurity respectively. These
recording deep level transition spectra (DLTS) [5] and energies for Cr, Fe, Co and Ni identified by photo-EPR
charge transient spectroscopy (QTS) [ll] respectively, and related techniques are presented in Table 2
The only levels which are directly due to the presence together with other data referring to the presence of
of respective dopants of group IV are given in Table 1. respective dopants of 3d impurities.

Crystals with different Sc and Ti impurity concen-
2.2. 3d transition metal impurities trations (1016 to 5 X 10" cm- 3 ) were studied in ref. 16.

The problem of deep energy levels created by 3d It was found that 3d' electrons of Sc atoms became free
impurities in semiconductors has been studied by and formed a donor impurity band. A deep level
several groups, who ascertained universal trends in the observed in CdTe:Ti crystals was proposed to be
binding energies of these impurities in II-VI com- formed by the neutral complex (Ticd 2

+VQ - )". The
pounds [ 12-14]. Langer et al. [ 15] assert that transition initial concentration of V added into the CdTe crystals
metal energy levels are effectively pinned to the used in photorefractivity study was 10'1 cm- 3 [4]. The
average dangling-bond energy level, which serves as sample with the resistivity of 1.3 X 10' Q2 cm showed
the reference level for the heterojunction band align- absorption on deep levels, which were probably intro-
ment. They have shown that an increasingly popular duced in the material by V doping. The best fit of the

TABLE 1. Deep energy levels in CdTe doped by group IV elements

Dopant Energy (eV) Assignment Experiment Reference

Ge E(.-0.95 Da Photo-EPR 6
E,+0.73 TSC, CPM to

Sn E,, - 0.85 D- Photo-EPR 6
E, - 0.9 DLTS 5
E,. - 0.89; E, - 0.43 QTS I I

Pb E, - 1.28 Da Photo-EPR 6

"D indicates the substitutional donor.

TABLE 2. Energy levels in CdTe doped by 3d transition metal impurities

Dopant Energy (eV) Assignment Electrical properties Experiment Reference
(300 K)

Sc E,-0.01 Donor band p - 5 x 10- 2 Q cm PL. reflection 16
Ti E - 0.73(± 0).03) (Ti(2 + V(.d2-)0 n 107- I cm - 3  PL. reflection 16

Hall effect
V E,+0.74 0/+ ? 12
Cr Ev+ 1.34 o/ - Semi-insulating EPR, ODMR, PL 17
Mn E( -0.73(±0.02) n=4x 107cm- 3  Hall effect 18

E( - 0.05 to 0.06 n - 7 X 1t0' cm-
Fe E,+ 0.35( ±0.05) 0/+ Semi-insulating EPR, ODMR, PL 19

1.1, 1.475 Emission lines Semi-insulating PL 20
1.03, I .13 Emission lines Semi-insulating PL 21
Ev+0.15 0/+ SPS 22
E, + 0.2 0/+ CPM 23

Co E,,+ 1.25(±0.05) 0/- Semi-insulating EPR. ODMR, PL 24
Ni E1 + 0.92 0/ - Semi-insulating EPR. ODMR. PL 19

F. - 0.76 o/- CPM 23
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beam-coupling gain coefficient was obtained for an It is necessary as well to subjoin Cu to this group
effective trap density of 5 x 10'1 cm -. The transport of transition metals: this is the case for a simple
properties of the semi-insulating and Cd-vapour- acceptor with the 3d shell filled. A comprehensive
annealed CdTe: Mn crystals with a high concentration study of Cu behaviour in CdTe has been performed by
of the dopant (1021 -cm -3) were studied in ref. 18. The our group [25]. It has been demonstrated that Cu
character of the determined levels was not specified in creates complexes with native defects and/or Cl, giving
detail. rise to a band of defect levels centred around 0.15 eV.

More knowledge has been obtained for Fe-doped This leads to self-compensation of the material.
crystals. First investigations of the PL spectra revealed Secondly, a fraction of the incorporated atoms
two emission lines, one sharp emission at 1.475 eV and becomes electrically active by substitution into Cd
a broad band at about 1.1 eV [201. In the PL spectrum sites. In this case, Cu acts as an acceptor with an ioniza-
of Fe'-implanted and annealed CdTe, two lines with tion energy of 0.33 eV.
the maxima at 1030 and 1130 meV, respectively,
appeared [21]. The former may be due to a free-to-
bound transition involving Fe impurities and the latter 3. Complementary data
due to an intra-impurity transition or defect complex.
The 1.475 eV emission, however, was observed in only Analysing reviewed data and looking at the weak
a few cases. The surface electronic structure of response in our nuclear detectors prepared from Ge-
Cdl_,FeTe crystals with x=0 and x=0.03 was doped crystals [101, we have chosen Fe and V for inten-
studied by surface photovoltage spectroscopy (SPS) in tional doping. The crystals grown by the travelling
ref. 22. heater method (THM) were prepared starting from Cd

and Te of 99.9999% purity. They were grown Cl-
compensated with Fe or V addition into the starting
material during the synthesis procedure. The Cl con-
centration of 5-100 ppm was introduced in the Te

CdTe Fe key solvent zone. Large single crystals up to 150 mm in
Cd~e, Fe length could be obtained, especially in the case of V

57Co doping. The concentration of the residual impurities
- =80vexisting in the THM-grown crystals was determined by

high sensitivity atomic absorption spectroscopy. The
resistivity of the samples was measured all along the

S •ingots by the van der Pauw technique. The nuclear
."-d e te c to r s w e r e p r e p a r e d in th e c o n v e n tio n a l w a y [2 6 ]

and irradiated with 57Co or '37Cs y-rays (Fig. 1). The
basic material characteristics of several crystals are
summarized in Table 3. TSC measurements were

"36 keV employed to determine the defect characteristics in
high resistivity crystals. The typical spectra are
reported in Figs. 2 and 3. In all our crystals a high

Channel number density band appears below about 0.15 eV. In addition,
Fig. 1. "Co y-ray spectrum of Fe-doped CdTe detector at room pronounced peaks are seen in the ranges 0.41-0.46 eV
temperature. and 0.48-0.55 eV for Fe and V doping respectively.

TABLE 3. Basic properties of Fe- and V-doped crystals

Dopant Crystal IDopantJ Slice [Dopant] Resistivity Nuclear
no. in synthesis no. in crystal (Q cm) detection

Fe 587 I ppm 13 _< 0.1 ppm 1.9 X 109 Very good resolution
Up~pr- I0-4

4 5 <0.1 p p m 1 .0 5 x 10 ( G o o d re so lu tio n
67 0.15 ppm 4.0 x 1 01 Fair resolution

V 2076 1500 ppm 33 ?644 ppm 3.1 x I 10 Good resolution
2077 135 ppm 16 0.3 ppm 2.0 x 10" Good resolution
2078 135 ppm 20 0.2 ppm 2.0 x 10t Good resolution
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2- come. Regarding the self-consistent model in ref. 34,
the complex mentioned above is the dominant ionized
one among all the defects comprised in our crystals

1.5- Cdre:Fe with the Cl concentration of about 1016 cm-3.
Recently, the idea of a key role of the Vcd-Cl complex
has been supported by PL and electrical measurements

S1[35].

U 0.41-0.46eV The knowledge about 3d impurities in the compen-
0.5- sation behaviour of CdTe is still unsatisfactory. For Fe

the presence of the substitutional impurity Fe2 1/3, was
revealed by EPR. However, another possible candidate

101 I could be interstitial Fe' [36]. Our TSC measurements100 150 200 250 revealed mainly acceptor defect bands at 0.41-0.46 eV
Temperature [K] and 0.48-0.55 eV for Fe and V doping respectively.

Fig. 2. Typical TSC spectrum of high resistivity Fe-doped CdTe Taking into consideration all the foregoing facts, we
crystal. propose the following microscopic description as a

speculative approach, showing the possible role of the
Fe and V dopants in Cl-compensated CdTe.

2 The main compensating process is expected to be
realized by the species CITe+ and (VCdClTe)-. A fraction

5CdTe:V of the Fe atoms (concentration of about 1015 cm- 3 )
1.5 0.48-0 ,incorporated into the CdTe lattice substitutes the Cd

V atoms and the remaining part occupies interstitial posi-
S1 tions. The former can create a deep donor level

FeCd 2 1/3+. Part of the Fecd2
+ can be associated with

VCd2 , leading to the formation of a complex
0.5 (VCdFeCd)O. Interstitial Fei+ may act as a shallow donor

and also be associated in the acceptor complex
(VCdFei) - which contributes to the compensation of the

01 11• 150 20250 1 material. Finally, we consider that the presence of a

Temperature [K] complex incorporating ClTc+, Fei+ and VCd- ispossible.
Fig. 3. Typical TSC spectrum of high resistivity V-doped CdTe We are not able to investigate deep traps over the
crystal. midgap in our TSC set-up. Consequently, the positions

of the deep donors Fe2
+/3+ and V2 +/3 + have not yet

been revealed in our crystals. However, the deep donor
The former is similar to the 1.13 eV emission line levels occurring below the deep acceptor of VCd2 -

observed in ref. 21. could assist in pinning the Fermi level near the midgap.
The reason could be a lower value of resistivity (106 Q
cm) compared with that in our semi-insulating THM

4. Problem of compensation crystals (1 09 cm or more), which is why photo-EPR
did not reveal other electrically active levels besides the

The growth of Cl-doped CdTe from Te-rich solution isolated Fe3 + [36].
yields crystals which are initially Te saturated at the
growth temperature to establish the deviation from
stoichiometry needed for self-compensation [1, 27, 5. Conclusions
28]. An existing deep acceptor level plays the essential
role in obtaining semi-insulating properties of these Fe and V have been shown to be promising dopants
crystals. In agreement with a number of compensation in photorefractive devices but also in semi-insulating
models [29-33], it is often connected with the doubly Cl-compensated CdTe favourable for nuclear detec-
ionized Cd vacancies in the position E, + 0.6 to 0.9 eV. tion applications. The TSC bands observed in the
As was shown in a detailed point defect model describ- ranges 0.41-0.46 eV and 0.48-0.55 eV are probably
ing the association of Cd vacancies and Cl atoms [33], connected with complexes created by the Fe and V
the creation of the compensating complex (VcdClTr), doping respectively. To understand the role of 3d
neutral and singly ionized is the most probable out- impurities in the compensation process, further
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Abstract

Semimagnetic semiconductors, also called -diluted magnetic semiconductors", are semiconductor compounds in which
some cations are randomly substituted by magndic ions. The most studied alloys are II-VI semiconductors containing
manganese and particularly Cd, -_MnTe. During the last 15 years, these compounds have received considerable atten-
tion, mainly because they present new and particularly interesting properties arising from the strong exchange interaction
between the magnetic ions and the carriers of conduction and valence bands. This paper presents some of these magneto-
optic and magnetic properties, such as the giant Faraday rotation and Zeeman effect and the magnetization steeps, which
are now quite well explained. Recently, semimagnetic quantum wells and superlattices have been grown. They open new
and very attractive fields of research. The last part of the paper will be devoted to these studies.

1. Introduction (2) Mn can be incorporated in place of the group II
element in a sizeable amount in the II-VI host matrix

Some of the spectacular properties of semimagnetic without affecting substantially the crystallographic
semiconductors (SMSC), such as the giant negative qualities of the resulting material. A diagrammatic
magnetoresistivity of Hg, _xMn.Te, have been known overview of the II _xMnVI alloys and their crystal
since the middle of the 1960s [1]. Nevertheless, real structure, proposed by Giriat and Furdyna is reported
systematic studies of this class of semiconductors in Fig. 1 [8].
started in the late 1970s. A series of works were (3) Mn2 + possesses the largest magnetic moment of
reported on Hg, _,Mn,Te [2, 3] as well as on a new the transition metals (S= 5/2). A rare earth could be
wide gap SMSC Cd, _,MnTe, which presents very also of great interest as substitute magnetic ions.
interestirg magneto-optical properties [4-6]. Since Unfortunately, they present very low solubility in the
then, much study has been devoted to SMSC [7]. These II-VI matrix [9].
compounds are II-VI or IV-VI semiconductors in (4) Mn2

+ is electrically neutral in the lI-VI host.
which some cations are randomly substituted by mag- For reasons related to the obtaining of high quality
netic ions: Mn (and recently Fe and Co) on II (Cd, Zn) ingots by the Bridgman method, Cd, _,MnTe is
VI (Te, S, Se) and Mn, Fe, Eu, Gd on IV (Pb) VI (Te, S, certainly the most studied SMSC. Therefore, it can be
Se). Nevertheless, II1 Mn•VI remains the more considered as a good representative of the typical
studied SMSC. There are several reasons for this properties of wide gap II1 _,Mn•VI. The first of these
choice. properties concerns the classical semiconductor prop-

(1) Mn is a. transition metal with valence electrons erties of ternary alloys. For example, their ternary
corresponding to the 4S2 orbital. It differs from the nature makes it possible to tune the band parameters
group II elements by the fact that its 3d orbital is half and lattice constants by varying the alloy concentra-
filled. However, according to Hund's rules, all five tion. The second properties are the magnetic prop-
spins of the 5d orbital are parallel and it requires a erties due to the dilution of the magnetic ions. One
considerable amount of energy to add one electron spectacular manifestation is the presence of steps in
(with opposite spin) to the atom. In this sense, the 3d5  high field magnetization. The third properties are the
orbital acts as a complete shell and the Mn resembles a original magneto-optical effects that arise through the
group II element. Its 4s2 electrons contribute to the band carrier-Mn2- ion exchange interaction. A new
s-p 3 bounding. and interesting field of research is now opened by the

0921-5 107/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserved
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zincblende respectively [8th 
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successful elaboration of SMSC thin films, quantum MANGANESE MOLE FRbigoN (X)
wells and superlattices. Fig. 2. Variation of the energy gap and Mn transition with Mn

concentration in Cd, siMnTe for 10,80 and 300 K [12]. A: free
exciton; Mn 2 : 6A, - 4 T,.

2. Classical semiconductor properties

2.1. C rystal structure photoemnission measurements [f13]. A sharp peak with a
Cde andMn.Te retains the zincblende structure of its half-width of about 1 eV at 3.4 eV below the valence

parent CdTe in its whole domain of existence: band edge has been unambiguously attributed to the
0 <x < 0.77. X-ray data suggest that the lattice param- 3d5 ground state. The optical transitions corresponding
eter obeys very closely Vegard's law [10]. In reality, the to intra-Mn transitions (Mn atom in a cubic crystal
microscopic situation is more complicated and the field) are observed in absorption [14, 15] and lumines-
extended X-ray absorption fine structure show that the cence [16, 17] spectra for the Mn concentrated sam-
CdTe and MnTe bound lengths remain nearly constant pies.
throughout the entire composition range [11]. The
cation sublattice which is randomly occupied by Cd or
Mn ions is, to a first approximation, not distorted. It 3. Cdn -cMn-Te: a diluted magnetic semiconductor
follows that each Te atom adjusts its position in rela-
tion to its neighbouring atom to keep Cd-Te and 3. 1. Magnetismn
Mn-Te bound lengths as constant as possible. The remarkable properties of Cdas rp Mnrt Te (and

SMSCs more generally) appear mainly at low tempera-
22 Bandstructure tures and under a magnetic field and they result from

CdI _.hMnTe alloys possess a direct band gap- with Mn-Mn or Mn-carrier exchange coupling. The dilu-
the zone centred band structure characteristic of zinc- tion of magnetic ions allows spin ordering effects to be
blende crystal. The highest valence band is split by the induced at a reasonable magnetic field. Different
spin orbit interaction in four subbands F. and F7.The magnetic phases are observed [18] depending on the
upper rF8 (JN= 3/2) and the lower 17̀ (J= 1/2) are, temperature and concentration as reported on Fig. 3.
respectively, four-fold and two-fold degenerate. The For Mn-rich alloys, an antiferromagnetic (AF) phase
lowest conduction band r, (J= 1/2) is two-fold de- appears at low temperatures. With decreasing concen-
generate. Figure 2 shows the near linear variation of tration, the AF phase changes gradually at around
the energy gap with the Mn mole fraction. The position x = 0.6 to a spin glass (SG) phase. Iiý can be explained
of the occupied Mn 3d' levels and their hybridization by a short range antiferromagnetic interaction mecha-
with the p valence band states have been studied by nism, i.e. the superexchange. Below the nearest neigh-
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Fig. 3. Magnetic phase diagram for Cd, _,MnTe. Insert shows Cd, _,Mn.Te at 1.8 K [23].
the low x range [ 19-21 ].

bour percolation concentration limit x - 0.2 an SG where S,, is the spin of the Mn2
+ localized at the Rn

phase persists with extremely low freezing temperature site, a is the spin of the band carrier and J(r - Rn) is thewhich involves more distant neighbour interactions. exchange integral. The magnetic part of the hamil-
whichstvolves mornedistzantnigouoery dinterac stios. tonian for a band electron in a magnetic field consists
The study of magnetization of very diluted systems of two terms: H = Hm + Hex. Hm, which describes the

is particularly attractive because the short-range direct influence of the magnetic field on the carriers,
exchange interactions allow us to separate the magnetic can be neglected in wide gap SMSC compared with the
system into a sum of small clusters (singles, pairs, of Hfe splittin g oidhga S madfwta h
triplets... ). Step-like behaviour observed in high field effect .The splitting of the 6, F and F7 bands is

calculated takin inoacon dhare sp isri
magnetization makes possible the direct and easy veri- taking into account the large spin orbit
fication of theories [22]. Figure 4 represents the high splitting compared with the ion-carrier exchange
field magnetization of Cd, -xMn 1Te. The steps are due energy, and attributing to every cation site a fraction
to magnetization of nearest neighbour Mn pairs. At x(Sz) of the mean spin value (virtual crystal approxima-
low field strengths, due to antiferromagnetic exchange tion). A schematic representation of the result for ]6

interactions, the effective pair spin S. iand r8 bands is reported in Fig. 5. No denotes the
Sthe field, the effective spin changes from number of unit cells per volume unit, and a and fi areincreasing tthe exchange integrals for the conduction and valence

Seff =0, 1, ... to Se = 5 which corresponds to the
parallel orientation of spins by step. Seff becomes bands respectively. Six optical transitions are allowed:
S=n for magnetic field N,=n (B, - b)+b where b Is four in circular right (cr+) and left (a-) polarization
an effective field which accounts for the interaction (Faraday configuration) and two in or linear polariza-

between the pair and the next nearest or more distant tion (Voigt configuration).
neighbours [24]. Typical magnetoreflectance spectra are reported in

Fig. 6. It is easy to derive a and fP from the equations

3.2. Magneto-optics N0(a-P) = (Ed - Ea)/X( Sz)
The origin of the remarkable magneto-optical prop- and

erties of Cd, _,MnTe (giant Faraday rotation and
Zeeman effect, spin-flip Raman scattering, etc. [25] is in l/a = (E,- Eb)/(Ed - Ea)
the large splitting of conduction and valence bands, in where E, Eb, E, and Ed are given by magnetoreflec-
the magnetic field, which arises through the exchange
interaction of band carriers with the 3d electrons local- tivity measurements and x(S•) is obtained from mag-
.zed on Mn2+ ions. This band splitting is easily netization measurements.

accounted for by a simple mean field model, expressing fi (Na = 0.22 eV; Nt- = - 0.88 eV [27]) were first
the 

Theae differenc 
inercto 

bot sign aorm maniud ofaan

the Mn-carrier exchange interaction in the form of a explained by Bhattacharjee et al. [28]. They have noted
Heisenberg hamiltonian [26]. that the Mn 3d-carrier exchange results in two com-

Hýx =-XJ(r-Rn)Sa peting mechanisms. The first, originating from the
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J+ /2 SMSCs, while fewer studies have made use of its pro-
No . Sz> portionality to magnetization to observe the magnetic

, - 1/2 properties of SMSCs, e.g. the phase transition between
0+ the SG phase and the paramagnetic phase of SMSCs

a b c:,. , f [34].
I I - 3/2

J =Z3/2 - - 1/2 xN0 1 <Sz> 3.3. Effect of exchange interaction in the absence of an

" +1/2 applied magneticfield
+3/2 The absorption edge of classical semiconductors

usually exhibits a blue shift when the temperature
B=0 13>0 decreases. In magnetic semiconductors this behaviour

is strongly affected by magnetic phase transition, e.g.
Fig. 5. Schematic illustration of the allowed transitions between

the spin split valence (r.) and conduction (r.) bands. the energy gap of EuO is reduced by about 25%. Below
the Curie temperature, an effect on the energy gap of
large gap SMSCs vs. temperature relation is also
observed [35]. An analysis in the case of SMSCs, fol-

- lowing the second order calculation used for magnetic
semiconductors [36], found a "magnetic" contribution
to the variation in the energy gap proportional to the
temperature and magnetic susceptibility [371.

>_ We have reported in Fig. 7 the temperature variation
.Z • of Zn ,-Mn.Te for different x values. One should
_ notice the "bump" at low temperatures for the highest
- Mn concentration and the strong variation of the slope

164 163 162 1.61 of the linear part of the curves with composition.
PHOTON ENERGY (eV) Another manifestation of the Mn-carrier exchange

Fig. 6. Magnetoreflectivity spectra of Cd(,, 8Mno.o2Te at T= 1.4 K interaction, which occurs even in the absence of a
and B= 1.1 T [271. magnetic field, is the bound magnetic polaron (BMP)

formation. The simplest BMP is the donor BMP. The
single electron in such a complex moves in a non-

direct potential exchange interaction between bands degenerate conduction band and has an extended
and d electrons is relatively weak and ferromagnetic. orbit. The alignment of the Mn spins in the donor
The second arises from the hybridization between the radius with the electron spin is favoured by Mn-carrier
Mn d orbital and band states. This "kinetic" anti- exchange. It results in a local magnetic moment due to
ferromagnetic contribution, which is negligible for the the partial alignment of the Mn2 

+ spins inside the
conduction band, becomes dominant for the valence donor volume. In this induced magnetization field the
band. Recent analysis of a and 03 values obtained for donor electron suffers an energy splitting as in the case
different transition metals in different host matrices with an external magnetic field. This electron is both
gives a good agreement with this theory [291. the cause and the method of studying the BMP.
Measurements carried out on concentrated samples More experimental observations of donor BMPs
have revealed a drastic decrease of the (Ed - Ea)Ix(Sz) have been carried out using spin-flip Raman scattering
slope when x is increased [301. A second order correc- (SFRS) measurements. Figure 8 shows the SFRS of
tion to the mean field model gives a satisfactory inter- Cd -_xMnxTe:Ga. The shift of the observed Stokes'
pretation for this behaviour [3 11. line corresponds to the spin-flip energy for the donor

The Faraday effect corresponds to the rotation.0 of electron AE 0 , which is equal to the conduction band
the plane of polarization of linearly polarized light splitting as reported in Fig. 5. Its measurements allows
propagating through a sample along the magnetic field the precise determination of Noa = AEo/x(S,). In
in which it is placed. The giant Faraday rotation contrast to the exciton energy splitting, the spin-flip
observed in large gap SMSCs, such as Cd, _xMnTe, is energy does not vanish in the absence of an applied
of the order of 10 deg T- I cm - [32] and is a direct magnetic field. This corresponds to the spin flip of the
consequence of the enhancement of the Zeeman split- electron in the BMP field. BMPs bound to an acceptor
ting of the exciton by Mn ion-band carrier exchange. 0 also exist and exhibit the strongest coupling. Unfortu-
is proportional to Ed - Ea and thus to the magnetiza- nately, this is not easy to study. The SFRS of a hole has
tion [33]. Many studies have been devoted to this not yet been seen in an SMSC. The first observation of
subject as well as to study the Faraday rotation of an acceptor BMP has been made through the photo-
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luminescence (PL) temperature dependence of accep- induced by optically generated spin-aligned carriers
tor-bound exciton binding energy [40]. More [421.
sophisticated measurements were made from analysis
of time-resolved measurements of the donor-acceptor
PL [41]. Some years ago, problems concerning the 4. Quantum wells and superlattices
dynamics of BMPs were studied using time-resolved
techniques [421. A powerful method was used by Bulk SMSC alloys have been extensively studied
Awschalom et al. [43] who used a miniature SQUID since 1977 because they present original and attractive
susceptometer to detect the magnetization of the BMPs physical properties. However, this field of research

always remains active with, for example, the possibility
to change the magnetic ion and thus to explore the

3.1 properties of new SMSCs. In 1982, Von Ortenberg [43]
pointed out the possibility of inducing new effects in...... SMSC superlattices, such as the formation of a spin

..8 superlattice or the type I -type II magnetic-field-
2...... induced transition. Since the first successful prepara-

0.. 7 tion of Cd, -_MnxTe/CdTe superlattices in 1984 [44],
* many studies have been devoted to these new materi-

.6 0.6 als. A unique property of SMSC quantum wells (QWs)
...... 04 and superlattices (SLs) is that the bands' aligniment can

, .be tuned by applying a magnetic field. Figure 9 pre-
2.4 0. 7 sents a schematic representation of the effect of the

0.02 external field on a QW. The Zeeman splitting of the
SMSC barrier changes the barrier heights V, and Vh
when a magnetic field is applied, which in turn results

2.2 in changes in both the electron and hole confinement
6 to N 3 energies. This property has been used to investigate the

TEMPERATURE WK) interesting question of band offset in heterostructures
Fig. 7. Fit of the energy gap of Zn, -,MnTe vs. temperature [451. Deleporte et al. [46] have observed a type I-- type
(lower lines). The dotted lines were calculated without a mag- II magnetic-field-induced transition at a moderate
netic field, magnetic field (2 T) for a CdTe/Cd ,_., MnjTe SL.

Recently, evidence of the formation of a spin SL has
been reported in ZnSe/Zn, _•MnSe [47]. It corre-

120 , I sponds to a spatial separation of the spin-up (heavy
CdaxMnxTe (Go) holes) and spin-down (electrons) states, respectively, in

- X-.03 the well and in the barrier when a magnetic field is
+-* . 8.9 K applied on this SL, which presents small band offset at

90- + + 05OK- a zero magnetic field.
I 0
E 0
U 0

0I- 0ox CdMnTe CdTe
o 0 +1/2

. 60 ] -1/2

Z 0 " To_
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Fig. 8. Magnetic field and temperature dependence of the +3/2
Raman shift associated with the spin flip -f electrons bound to Fig. 9. Schematic representation of the effect of an external
donors in Cd, _,MnTe (391. magnetic field on a quantum well.
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Abstract

We compare the optical properties of coupled and separated CdTe/CdMnTe asymmetric double quantum wells where
one of the two wells of the structure contains some manganese. Photoluminescence at zero field shows very efficient
radiative transfer from the wide CdMnTe well to the narrow CdTe well in the case of the coupled sample. Study of
reflectivity under a magnetic field allows observation of an anticrossing between the first two heavy hole levels of the
coupled sample.

Semimagnetic semiconductors present giant been proved [61 that it is possible to obtain high quality
magneto-optical effects due to the strong exchange Cd ,_MnyTe/Cd1 ,xMnTe heterostructures where the
interaction between the spins of carriers and magnetic carriers are confined in a ternary CdMnTe alloy. We
ions (for a review, see refs. 1, 2). In a mixed crystal like present here a study of structures where one of the two
CdMnTe, an applied magnetic field produces a wells contains magnetic ions so as to increase drasti-
Zeeman splitting of the valence and conduction bands, cally the influence of the magnetic field on the confined
two orders of magnitude larger than in a non-magnetic carrier levels.
semiconductor (such as CdTe). The incorporation of We have designed ADQW heterostructures where
CdMnTe in a heterostructure offers the possibility of the narrow well (N) is made of pure CdTe whereas the
tuning the band structure continuously by applying an wider (W) one is made of Cd, -,Mn•Te (see Table 1).
external magnetic field. Successful molecular beam The two wells are confined by Cd1 _.MnTe barriers;
epitaxial (MBE) growth of high quality heterostruc- the thickness of the middle barrier is 530 A for sample
tures involving CdMnTe has allowed studies of the ADQW 1 and only 10 A for sample ADQW2. In a
changes in the optical and transport properties due to magnetic field, the confining potentials (valence and
the modification of the electronic band structure by an conduction) of the CdMnTe QW move relatively to
external magnetic field [3-51. Our aim in the present those of the CdTe QW: this allows us to bring some
work is to exploit this original feature to modify the levels into resonance. Since the heavy hole band is
coupling between two quantum wells (QW). We will much more field-sensitive (four times more compared
compare the behaviour as a function of a field for two to the conduction band and three times more com-
asymmetric double quantum well (ADQW) hetero- pared to the light hole band [7]) we anticipate heavy
structures having two different middle barrier thick- hole resonance effects in our samples. The samples
nesses. were grown at 280 °C by MBE along the 1100} orienta-

In most of the spectroscopic studies of Mn-based tion on Cd 0.96Zn0.04Te substrates. Oscillations of the
heterostructures the well material is pure CdTe, reflection high energy electron diffraction (RHEED)
whereas the CdMnTe alloy corresponds to the barrier patterns were used to monitor layer thicknesses.
material: this offers the advantage of giving an optimal Growth interruptions (of about 4 minutes) were per-
quality for the well (since it is made of pure binary formed at each interface so as to smooth the surface
CdTe) but on the other hand, the influence of a mag- and to allow changing the temperature of the Mn cell in
netic field on such a structure is limited since the order to vary the composition from x to y. The struc-
carriers are mainly confined in the CdTe wells where tures were deposited on a CdMnTe buffer layer (2 pm)
there are no magnetic ions. However, it has already of the same composition as the barriers: under such

0•921-5107/93/S6.00 (0 1993 - Elsevier Sequoia. All rights reserved
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conditions, the barriers are strain-free whereas the two studying reflectivity under a magnetic field since the
wells are under biaxial compression. This splits the ew, Ihw, transition, involving carriers located in the wide
hole band and pushes the light hole band to a higher CdMnTe well, shifts much more rapidly than eh\,
energy: from now on, we will focus on heavy hole- with the field. Note the small linewidths and small
related transitions. Stokes shifts between PL and reflectivity, which

Figure 1 schematizes the change in the band struc- indicate the high sample quality: 4 meV linewidth and
ture under magnetic field B in Faraday configuration, in 2 meV Stokes shift for the alloy-made QW (e, ,hw,
the case of a coupled structure (only the o + configura- transition). For the case of ADQW2, the PL spectrum
tion is shown, the a- one is of less interest since it shows only the eNhNI (Is) line corresponding to the
does not show the anticrossing effects we are looking recombination in the narrow well at low energy; the
for). For clarity, we label the levels in each well inde- ea,hw, transition (direct recombination in a wide well)
pendently: hN,(/h') means the first hole level in the
narrow (wide) well. At zero field the ground state of the
structure is eNyhN,, the eN,hw, state being at a higher e1 h,
energy. When B = B, the two hole levels (hN, and hw.) eN"h N

1  (is)
come into resonance, and when B> B•, then ground (is) z
state of the structure is e. ,hw,. -

Figure 2 compares the photoluminescence (PL) and Z
reflectivity spectra (at B = 0 T and T= 1.8 K) of the.
two samples. For the case of ADQW 1, we observe very --1 " " d
clearly luminescence lines corresponding to direct 50CdMnTe
excitons in the two wells (separated by the 530 A --
central barrier) that correspond to eN~hN, (is) and ADOWl (uncoupled)

ew, hw, (I s). This identification was confirmed easily by
eN1 hN1

TABLE 1. Structural parameters of the two samples (the Mn (is)

compositions x and y were determined by studying reflectivity ew'h'under magnetic field, see text) (is) w

LN L X
(RHEED) (RHEED) (RHEED) e, hN 1,

(s) CdMnTe
ADQWl 55A 530A 146A 3.9% 12% "
ADQW2 55 A 10A 142 A 4.8% 14.7% SADW 2 (coupled)

LN La Lw

M Kn) y (16 Mn)jL .

1.62 1.64 1.66 1.68 1.7
- •- Fig.Energy (eV)

S U* U = Fig. -2. Photoluminescence (continuous line) and reflectivity
(dashed line) spectra obtained at 1.8 K and zero field for the twof t_ asymmetric double quantum wells heterostructures. Line Y is a
defect exciton line not discussed here.

eN1 1• ;
00

e Z
N

w
(a) B= 0 (b) B= B, (c) B > Bl

Fig. 1. The change of band structure of a coupled asymmetric double quantum well structure under a magnetic field in the Faraday C +
configuration is represented schematically. B, is the critical field for which the first two heavy hole levels become resonant.
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is observed only in the reflectivity spectrum. This 17M 7I I . , ,

shows that there is very efficient transfer from the wide transitions invoving e,,'

well to the narrow one at lower energy (i.e. ADQW2 is 1710-ewl h1w' tr invoving ew' 1710
-- calculation

indeed a coupled sample, whereas ADQW1 is an
uncoupled sample). The ew,hw, transitions appear at 1690 -- 0 + 1690

slightly different energies for the two heterostructures ew' hwl

since the wide wells have slightly different Mn concen- 1670. 1670

trations (see Table 1). 1 hN .. 1
We have studied the reflectivity spectra of both 1650 ..I.. . .i. 650

samples under a magnetic field up to 5 T (in the 1 h,"

Faraday configuration, in both polarizations oa+ and 16M0 _1- W

a-). We fitted the shifts of signal of the barriers and of 1610
the ewhwi a- line (of the wide CdMnTe well) with 1610 4 3 2 1 0 1 2 3 4 5

modified Brillouin functions [7, 8] to obtain a more - Magnetic field MT)
precise knowledge of the Mn concentrations in the Fig. 3. Change in the energy position of the lines observed in
barriers and in the wide wells for both samples; for the reflectivity for the coupled structure as a function of the
wide CdMnTe wells, one assumes that the shift of the magnetic field. For clarity, a+ and c- polarizations are plotted
carrier confinements with the field is negligible com- on the right and left, respectively. The continuous lines give the
pared to the Zeeman shifts of the well bandgap itself (at result of the calculation; the crosses and full circles correspond

least for a- polarization), and therefore it is possible to the experimental energy positions of the different transitions
observed.

to consider the shift of the ew, hw, a - line as "bulk-

like"; we determined thus the Mn concentrations x and
y given in Table 1. We calculated the transition energy tions associated with eN, (the conduction band being
for the two polarizations in the following way: at a much less influenced by the magnetic field, this elec-
given magnetic field we determined the form of the tron level remains in the ground electron state from 0
confining potentials including composition, strain and to 5 T). The comparison between the experimental
Zeeman effects and assuming a chemical valence band points and the calculated exciton energies shows that
offset of 25% of the band gap difference [9]; then we the ground exciton state of the structure changes pro-
solved the Schr6dinger equation (we have used (for gressively from eN~hN, at zero field to eN~hw. at high
CdTe and CdMnTe) the masses given in ref. 10) and field; its energy does not saturate rapidly with the field
obtained the different energy levels and wavefunctions; as compared with the a - component. Moreover, the
finally we subtracted from the calculated gaps, the line observed at higher energy is identified as the
calculated values for the binding energies of the crossed exciton transition eN, hw at low field; its energy
excitons submitted to a magnetic field. (We have decreases rapidly with increasing B consistent with the
worked with the model developed oy Leavitt and Little fact that it involves the hw, level (confined in the wide
[11] together with the model discussed by Peyla et al. CdMnTe well). In other words, one observes the anti-
[12] and Peter et al. [13].) crossing between the hole levels hNl and hw,.

Figure 3 shows the energy variation of the different Identification of the transitions involving ew' is more
lines observed in reflectivity for the coupled sample problematical. We have noticed in particular a large
under a magnetic field (we show only the Is transitions influence of the value supposed for the valence band
for clarity; results concerning the identification of 2s offset on the calculated fan diagram of the transitions,
excited states-observed in both polarizations-will be and we hope that a careful fit of these experimental
published elsewhere). All the transitions observed at data could provide an estimate of this parameter. (We
zero magnetic field could be followed in both polariza- tentatively assign two of the three lines observed at
tions when increasing the field. However, one notices high energy and high field in Fig. 3 to ewihw,, ew,hN,
clearly that the reflectivity spectra look much more in order of increasing energy.)
complicated in a + polarization (a configuration for Figure 4 summarizes the results obtained for the
which anticrossings are expected to occur) than in o- eN,-related transitions for both samples so as to better
polarization (a configuration for which no anticrossing emphasize the differences between the coupled and
should occur); in other words, when increasing the uncoupled structures. For o- polarization, the agree-
magnetic field, one observes additional lines in a + ment is very good between the energy shifts for both
polarization that correspond to crossed exciton transi- samples-the slight difference (1 meV) between
tions that do not have their analogous a - component absolute energies observed also at zero field is due to
(in this polarization, the oscillator strengths of these small differences between the two :;amples (such as in
transitions are too small). Let us focus on the transi- barrier compositions). On the contrary, for oa+ polari-
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1660 ... in reflectivity) and that should help to assign more
w *confidently the higher energy transitions and therefore

-e.' h to evaluate band offsets.
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Time-resolved light-induced Faraday rotation in Zn1 _ xMnxTe and
Cd1 -.MnTe
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Abstract

The giant Faraday rotation (larger than 900) photoinduced in ZnMnTe or CdMnTe by picosecond duration pump pulses
is analysed by the time-resolved pump and probe technique. Slow thermal and fast photocarrier-induced processes are
found to occur depending on the choice of the semimagnetic semiconductor sample.

1. Introduction This difference of refractive indices for the two
circular polarization states can be traced to the

Control of the transverse characteristics of a laser Zeeman splitting that the magnetic sublevels undergo
beam is of great interest in optical signal processing in the presence of the static magnetic field. Its strength
and other related areas. Non-linear optical processes is expressed by the Lande gyromagnetic factor g, which
mediated via magneto-optic interactions can be used for most cases has a value of the order of two; this is,
for this purpose by judicious choice of the material. for instance, the case for electrons in atomic orbitals
Here we analyse how one can exploit the enhanced but also in such extended states as the valence and con-
magneto-optic coupling that leads to giant Faraday duction band states in binary semiconductors and in
rotations in the semimagnetic semiconductors particular the I-VI compounds. When the latter are
II_ x-Mn.-VI to also obtain giant photoinduced Faraday rendered semimagnetic by introducing magnetic
rotations under the action of a powerful pulsed laser impurities, for instance, Mn, this situation changes
beam. We first review the physical origin of the linear drastically.
Faraday effect in these compounds and then outline the
mechanisms that underlie the photoinduced effect. 22. Exchange interaction in II- VI semimagnetic
Emphasis will be on the dynamics of the different semiconductors
contributions and in particular the thermal one. In this Usually, in Faraday experiments, the difference of
respect we present detailed experimental results and refractive indices between circular polarization states is
discuss ways of reducing this contribution. due to a Zeeman splitting. In the more complex case of

semimagnetic semiconductors, three steps are involved
in the Faraday effect:

2. Giant Faraday effect in II, -_Mn 1 VI (1) First, there is a Zeeman splitting of the spins of

the localized Mn 2+ 3d electrons in the 6S,12 ground
2.1. Faraday effect state. For a given temperature and a given magnetic

The Faraday effect in a medium occurs whenever its field, a Boltzmann equilibrium leads to a magnetization
refractive indices n , and n , respectively, for right and in the material.
left circular polarizations of a light beam become (2) Second, the exchange interaction between the
different, for instance, by applying a static magnetic spins of the localized Mn 2 + 3d electrons and the
field. Then a linearly polarized beam of frequency 0o delocalized band carriers enhances the usual splitting
after propagating a distance L inside such a medium, of the conduction and valence spin sublevels by two
senses a rotation of its polarization state by an angle: orders of magnitude.

toL (3) Finally, since difference spin projections are
0F=2c (n, -n-) involved in right or left circular polarized transitions,

these splittings give different refractive indices for the

where c is the velocity of light in vacuum, counter-rotating circular polarization states, and this

0921-5107/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserved
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leads to a giant Faraday effect (of the order of we can theoretically plot the photoinduced rotation as
10 0000 T- I mm -I if the laser frequency is near the a function of the magnetic field for a given absorbed
band-gap resonance [1 ]). energy. Indeed, the Faraday rotation angle

2.3. Expected photoinduced Faraday rotation O5gmfH=u/ H

This enhancement of the coupling of the band OF( T, H) = 00 B 512

electrons with the magnetic field that leads to a giant

Faraday effect can also be the origin of giant photo- is related to the B5 12 Brillouin function which monitors
induced rotations. One can show that for a given wave- the spin statistics of the Mn 2

+ ions. In the argument of
length, the refractive index is a function of the position this Brillouin function, gMn - 2 is the Land6 factor, /B is
and the population of the levels involved in the optical the Bohr magnetron, k4 the Boltzmann constant, H the
transitions, and (n , - n- ) is almost proportional to the magnetic field amplitude, T the sample temperature,
magnetization in the material. Then, the photoinduced and TAF is an antiferromagnetic temperature which is
effect contains three contributions originated by three phenomenologically introduced in order to take into
distinct mechanisms: account the exchange interaction existing between

(1) Level displacement caused by an optical Stark Mn2 
2 ions. As a consequence, for a small temperature

effect: such a contribution follows the light pulse which increase AT the photoinduced Faraday rotation angle
was 30 ps in our experiments (see Section 4). is:

(2) The population change of the spin sublevels: the
excitation of the photocarriers in the bands and their NE(H, T)-- Bj/a 5 M2kUB H AT (1)
relaxation down to the bottom of the bands take place a - kB T+TAF
within 1 ps, so the risetime of this population effect is
related to the pulse duration. Besides, the effect lasts as If AT is consecutive to the linear absorption of the
long as the existence of the carriers, i.e. 10 ns if there is pump pulse, it can be written as:
only spontaneous emission, but less than 1 ns when IT ,5gH)B H

there is stimulated emission. NE(H, T) =0'0 B5 /2  (2)
(3) The off-equilibrium magnetization change via aT 2k8  T+ TAF

exchange interaction: on the one hand, because of the here I is the pump intensity, and 0,' another constant
spin-exchange interaction, the spin of a carrier changes wtaki into a unteatc i and the aorp-
at the same time as that of an Mn 2+ ion, keeping taking into account the heat capacity and the absorp-

constant the sum of the spins. This occurs in less than tion coefficient of the pump. Let us note that we

1 ps and the ensuing off-equilibrium impurity spin checked that the derivative shape was the same as the

orientation lasts from 100 ns to the us range, depend- theoretical difference for two close different tempera-

ing on the concentration of the magnetic ions and the tures (A T,<1 K).

sample temperature. In addition, thermal processes can Figure 1 shows the expected shape of ONL(H, T) if a

be involved; their risetime is related to the Mn 2 + spin thermal process is involved. So, in order to un-

relaxation (about 100 ns in our experiments), and their ambiguously identify such a process, high values of

lifetime corresponds to the cooling down of the (HI(T+ TAF)) are needed to show not only the satura-

sample, i.e. in the ps or ms range in our experiments. tion but also the decrease after H/(T+TAF)=

In the next part, we will focus our attention on the 0.457. Therefore, for the experiments, we chose the

"'thermal" effects. For a given magnetic field, heating highest possible magnetic field (H = 5 T), the lowest

the sample leads to a change in the Mn2 spin distribu- temperature (3 K achieved by pumping on a helium

tion in order to obtain the Boltzmann equilibrium at a bath), and the lowest antiferromagnetic temperature

higher temperature. Then, the Faraday effect changes (2 K by taking a small concentration in magnetic ions,

because of the exchange interaction. When the sample
has regained its original temperature, the photoinduced ONL (HT) (a.u.]

effect vanishes. 0,4 -

3. Thermal contribution 0,2 To,

3. 1. Expected function O, .(H) 0,0
As shown in Section 2.3 heating the sample can 0,0 1,0 2,0

change the Faraday rotation. If we consider only the Fig. I. Expected photoinduced Faraday rotation vs. the applied

contribution of magnetization in response to heating, magnetic field in the case of thermal processes.
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2.5% and 8%). Besides, as free-carrier contribution had
to be avoided, we took ZnMnTe samples where the too (a)
absorption involved intra-Mn transitions, whose 8

energy is lower than the band-gap, whereas the
CdMnTe alloys are the opposite case [2, 3].

3.2. Experimental setup 4

The experimental setup was based on the usual
pump and probe technique. Pump and probe beams
were focused on a ZnMnTe sample which i•vas placed H[T]

in a magnetic cryostat. The pump beam consisted of a 0 1 2 3 4 5 6

30 ps duration, 0.57 p•m wavelength, 100 uzJ energy
laser, focused onto a 0.7 mm diameter spot. The probe IS- x

beam was a linearly polarized 10 mW continuous wave 200 (b
HeNe laser focused onto a 0.2 mm diameter spot ()
centred on the pump spot. The polarization direction
ondf thea dtor.Utput probe was determined using an analyser 0.! /" -

3.3. Experimental results
We first measured, as a function of the magnetic m

field, the linear Faraday rotation of the probe beam 0° 6

with no pump excitation. Fitting the experimental
results obtained at T= 2.9 K with the B5 /2 Brillouip Fig. 2. Faraday rotation as a function of the magnetic field: (a)
function provided the value of the antiferromagnetic difference between linear rotations at 2.9 K and 3.9 K and (b)

photoinduced rotation. The continuous lines are the theoreticaltemperature ( TAF = 2.0 K for the 8%/ concentration fits obtained using B.,1 2 Brillouin functions (see text).
ZnMnTe sample). Taking this value, a good agreement
for the theoretical and experimental points for the dif-
ference of rotation between 2.9 K and 3.9 K was
obtained (see Fig. 2(a)). This very good fit is a supple- Experiments were also performed in CdMnTe
mentary proof of the valicity of the fitting function. (25%) in a case where free carriers were created

Second, in pump and probe experiments, we through two-photon absorption. As shown in Fig. 3,
measured the photoinduced effect of the probe beam which compares the risetime of the photoinduced
rotation as a function of the incident pump energy for signal for the ZnMnTe (Fig. 3(a)) and CdMnTe (Fig.
different magnetic fields. The curves showed a linear 3(b)) experiments, a very fast exponent exists in
relation as expected for little sample heating. The CdMnTe which is absent in ZnMnTe where the
siGpes of these straight lines were p'otted as a functioni proc,.s is only thermal. This fast component, which
of the magnetic field in Fig. 2(b). The experimental was attributed to photocarriers, is studied in the next
results are fitted satisfactorily by eqn. (2), demonstrat- section.
ing the thermal origin of the photoinduced Faraday
rotation process.

Considering the analysis of shots in the [10 ns-10 4. Experiments in the non-thennal case
ins] range (using three oscilloscopes), we saw that the
effect was created in about 100 ns depending on both In order to analyse the fast component which is too
the temperature and the concentration of Mn ions. fast to be thermal, pump and delayed probe experi-
Indeed, this risetime decreases with increasing temper- ments were performed in the 30 ps-i1 ns range.
atures and increasing concentrations of Mn ions. Both As the fast component contains free-carrier-induced
of these behaviours were expected if the process was contributions (see Section 2.3), the experiment used
attributed to Mn 2 ÷ spin relaxation [4]; there are more two-photon absorption of 1.064 pm wavelength pump
phonons at higher temperatures and Mn 2 

+ clusters are laser pulses in Cd, _ rMniTe (x = 25%). The low inten-
more efficient than isolated ions for this spin relaxa- sity probe pulses were derived and delayed from the
tion. The lifetime (in the 100 ps-i mns range) could be main pump pulse. The polarization direction of the
attributed to thermal diffusion processes, which was output probe beam, which was measured in exactly the
confirmed by shifting the pump spot from the probe same manner as in the previous experiment, was
one. plotted as a function of the delay between the pump
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Probe intty • of oN1. observed between 50 and 150 ps, this decay
,, olte- (a) being related to the stimulated recombination of free

carriers which was actually observed experimentally
[6]. Finally, the signal occurring around the zero delay
is mainly due to the instantaneous Kerr contribution.
Indeed, by summing these three contributions with the
appropriate constants, one obtains the continuous line
in Fig. 4 which, therefore, represents a good qualitative

TIM (ns) fit with the experimental results.

0 I00 200 300

Probe Intensity bdhind 5. Conclusion
an aolyser (b)

In this work, we saw that lI-Mn-VI alloys which
provide giant Faraday rotation could also show giant
photoinduced effects. Indeed, photoinduced rotations
larger than 900 could be obtained, which corresponded
to the transition from dark to full light between two
crossed polarizers. We saw that thermal effects were

Time (m) very efficient, but only at very low temperatures
o100 (T< 30 K) because material heating could not be

signal in obtained at high temperatures without damage. We also
Fig. 3. Risetime of the photoinduced Faraday rotation expect the non-thermal phenomena to appear at room

temperature, and think that their very fast risetime

could be useful for applications in signal processing.
6 (0) Therefore, we have to complete our investigations on

this fast component in particular.
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Abstract

The iron acceptor charge state Fe+ in as-grown ZnTe was investigated by electron paramagnetic resonance and photo-
electron paramagnetic resonance. The photoelectron paramagnetic resonance results show a threshold energy at 1.75 eV,
locating the acceptor level at 0.65 eV below the conduction band. For a valence band offset of 100 meV between ZnTe
and CdTe, the acceptor level Fe'"1 - in CdTe is predicted to be located at about 0.2 eV above the conduction band edge.
Our investigations do not confirm that the 1.17 eV emission band in CdTe is related to iron.

1. Introduction The deep luminescence bands in CdTe at 1.0-1.2 eV
are supposed to involve the iron impurity [5, 6]. Since

The iron group transition metals (TMs) in semi- the iron donor level (3+/2+) is located at about 150
conductofs are important deep level defects, since they meV above the valence band [71, the recombinations
can induce donor as well as acceptor states in the for- could involve the 3 + and 2 + charge states of iron, or
bidden gap [1]. Electron paramagnetic resonance the + charge state, if the acceptor level (2 + / +) falls
(EPR) and photoelectron paramagnetic resonance into the gap (in high resistivity material Fe2

+ is the
(PEPR) served as microscopic means of identification equilibrium charge state). It was therefore our aim to
of the isolated TM ions, and in many cases allowed for determine the iron acceptor level in ZnTe and, based
the charge state and energy level to be determined. In on the well accepted and established scheme of LH, to
state-of-the-art bulk-grown CdTe, EPR detects nickel, predict the respective level in CdTe. Following the
cobalt, iron and manganese as omnipresent impurities. suggestions of refs. 5 and 6, we then discuss the possi-
Whereas nickel and cobalt induce acceptor levels bility of radiative recombinations involving the iron
(manganese is not electrically active), the role of the impurity.
isolated iron is not well established. It is interesting to
note that EPR investigations in ZnS [2] and ZnTe [3]
have shown the presence of an acceptor state Fe' (the
donor state of iron is Fe3 ); thus iron should induce a 2. Experimental details
donor as well as an acceptor level in the forbidden gap.
However, the energy levels in CdTe, ZnTe and ZnS EPR and PEPR were performed in a commercial
have still to be determined. The isolated TM impurities X-band ESP 300 spectrometer while the sample tem-
act as a reference level and allow the determination of perature was held at 8 K. Monochromatic illumination
the valence band and conduction band offsets in II-VI was achieved by an f/3 25 cm monochromator in
and III-V semiconductors as demonstrated by Langer connection with a halogen lamp. PEPR transients were
and Heinrich [41 (LH). Knowing the band offsets measured with the magnetic field held at a resonance
between, for example, CdTe and ZnTe allows the posi- position. The photon flux was determined indepen-
tion of acceptor and donor levels to be predicted in one dently and the optical cross-section was correspond-
system (CdTe) if they have been determined in the ingly normalized. The highly resistive samples grown
second system (ZnTe). by the Bridgman and travelling heater method con-
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tained nickel, cobalt, manganese and iron as residual photons is the result of only one defect level. Normal-
impurities (Nto, < 1016 cm -3). izing by the photon flux, the optical cross-section as

The Fe' EPR signal, which was usually two orders presented in Fig. I has been determined. It shows the
of magnitude stronger if illuminated with light close to shape typical for a TM element in Ill-V and II-VI
the band gap of ZnTe (see inset in Fig. 1), consists of a semiconductors with one energy level in the gap. From
single line with a g value of 2.28. The isotropic eight- the threshold at 1.75 ± 0.05 eV we estimate the energy
line spectrum with a lower intensity is due to Co 2÷. The level of Fe 21/1 in ZnTe at Ev+ 1.75 eV. Indeed, our
Fe' line position is slightly anisotropic according to the result confirms the strong photosensitivity close to the
higher order terms in the spin hamiltonian [3]. band gap energy already mentioned [3].

To determine the acceptor level, (0/ - ) in the charge
state notation, PEPR investigations measuring EPR
transients were performed. As already mentioned, light 3. Discussion
illumination close to the band gap increases the inten-
sity by two orders of magnitude. This shows that the The isolated TM impurities can act as a reference
dominant charge state of iron is the neutral charge state level to determine the valence band and conduction
Fe2+. It is thus possible to determine the optical cross- band offsets in II-VI and III-V semiconductors. This
section for the hole ionization process has been clearly demonstrated by Langer and Heinrich
Fe2÷ -- Fe÷+ hvB [4]. The valence band offset between CdTe and ZnTe issmall; values between 40 and 150 meV are discussed
by employing the initial slope technique. For an exact [7]. Thus, for a comparison of both systems only the
analysis it is prerequisite that the time dependence of conduction band offset is of relevance. Based on the
the EPR signal upon illumination with monochromatic LH rule [4], the Fe2+/+ level in CdTe therefore should

be as deep as 0.2 eV in the conduction band (see Fig.
2).

3 For the deep luminescence bands in CdTe at 1.0-1.2
10 u I I eV our investigation demonstrates that only the 3+

and 2+ charge states can be involved. For Fe"+ (3d 6,

ZnTe:Fe S = 2) the ground state (1E) and the excited crystal field
"C/3 state 5T2 state, separated by 0.28 eV, can take part in

T= 6K the luminescence process (see Fig. 3). Since the level of
S3 + /2+ is at Ev+ 150 meV, emission close to the band

0 gap at 1.45 eV involving the 5E state (transition 1 in
S102 0 Fig. 3) as well as at 1.17 eV to the 5T, state (transition 2

in Fig. 3) could be seen for the Fe2 + -related recombi-
nations. In refs 5 and 6 an additional emission band at

0

CU0

0 101 2

C 2+

290 3W0 3100

Magnetic field (G)

100 1 I I I 2

1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 0 5 ...
Photon energy We) 0 0.51

Phoon nery (V)CdTe composition x ZnTe

Fig. 1. Optical cross-section for the hole ionization transition

FeC2  - Fe' + hv, determined from PEPR investigation. Inset: Fig. 2. Energy level diagram showing the position of the donor
EPR signal of Fe + in ZnTe (T= 8, v = 9.50 GHz). The partially and acceptor levels of iron in CdZnTe as well as possible radia-
resolved eight-line spectrum is due to Co 2 *. tive and non-radiative transitions involving Fe2 *.
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dence of the emission band halfwidth. Since the 5T, and
T 4.2K 5E states are further split by the combined effect of1Z spin-orbit and crystal field interactions, multiple,

CdTe:F narrow line transitions are expected to be seen in
photoluminescence. They are indeed clearly resolved

CdTeln in the absorption and emission spectra between the 5T.
and 5E states of Fe 2+ at 0.28 eV [10, 11]. One further

e 1.0 1.1 1.2 1.3 objection comes from recent photoconductivity [12]
e ymeasurements which show that the lattice relaxation

"energy (Franck-Condon shift) for the iron impurity is
-, at most 22 meV and thus cannot account for the broad
SLNemission band at 1.17 eV.

1.0 1.1 1.2 1.3 1.4 1.5 1.6
energy (V) 4. Conclusions

Fig. 3. Photoluminescence spectrum for CdTe:In showing
shallow (1.5-1.4 eV) and deep (1.17 eV) recombinations. Inset:
the deep luminescence band at 1.17 eV for CdTe: In and CdTe: In conclusion, we demonstrate that iron in ZnTe acts
(T= 4.2 K. Ar* excitation 514 nm). as a deep donor and deep acceptor. The acceptor level

is determined by PEPR at Ev+ 1.75 eV. In CdTe, only
the donor level is electrically active. For the deep

1.07 eV was attributed to an internal 3T, -- 5T, transi- luminescence bands at 1.17 eV in CdTe we have no
tion within Fe2 + (transition 3 in Fig. 3). However, it direct experimental evidence for an assignment to iron-
should be noted that for such a spin-forbidden transi- related transitions.
tion a broad gaussian emission band as found in refs. 5
and 6 is rather unlikely.
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Fourier transform IR spectroscopy of CdTe:Fe

M. C. Carmo and M. J. Soares
Departamento de Fisica, Universidade de Aveiro, 3800 A veiro (Portugal)

Abstract

We have investigated the optical properties of CdTe doped by Fe diffusion at about 600 °C by means of Fourier transform
IR spectroscopy. The results agree with previous results where Fe has been introduced during growth, but a number of IR
bands from 300 to 700 cm - are observed and reported for the first time.

1. Introduction spin-orbit interactions acting on isolated lattice sites.
Therefore, we expect optical transitions to occur

The optical properties of CdTe in the near and far within the 5E and 5E-- 5T, states. According to Slack
IR have been reported by a number of workers [1, 2]. and co-workers [5, 61, the 5E transitions occur in the
With the advances in Fourier transform (FT)IR spec- far IR (about 71 cm -') and the 5E - 5T2 transitions
troscopy, the near and far IR are now available with an occur in the near IR (about 2700 cm- 1).
accuracy and detail never reached before. From our point of view, it is important to understand

It is normally accepted that the Fe impurity diffuses clearly the properties of Fe in bulk CdTe in the strongly
in the charge state Fe2 

+ and substitutes for a Cd atom diluted case. Most of the measurements were made
in the CdTe lattice. The free ion Fe2 

+ has a 5D(L = 2, in the late 1960s and since then this and related materi-
S = 2) ground state and, in a tetrahedral site (Td), the als have been the subject of great interest.
crystal field splits this state into a doublet 5E and triplet
5T,, the doublet 5E being lower in energy. The 2. Experimental details
spin-orbit interaction provides additional splitting of
these states as follows: In this work we used high purity CdTe single crystals
5E-Al +T, +T 2 +A 2  grown by a modified Bridgman technique. Fe doping
5T 2 -A, +E+2T, +2T 2  was achieved by diffusion at temperatures in the range

600 to 800 °C for 6-14 h. The samples were sealed in
Therefore, the ground state of an Fe2

+ ion in a Td quartz ampoules under vacuum and a Cd overpressure
lattice site is expected to be a non-magnetic A, singlet was achieved by means of ultrahigh purity excess Cd.
and there will be no localized spin at the impurity site. After diffusion, the samples were mechanically
Any magnetic properties of the CdTe:Fe system will polished and mounted in the cold finger of an APD
result from mixing between the ground non-magnetic cryostat with appropriate windows. Control samples
state and the excited magnetic states through the action were kept at all stages of the diffusion process for com-
of a weak perturbation. This will result in standard Van parison. The IR properties were measured with a
Vleck paramagnetism. The situation expected here is Bruker 66v FTIR spectrometer.
thus theoretically quite different from the better known
situation of Mn2 '-doped CdTe where the ground state
Mn2 + is a non-vanishing spin state. The technological 3. Results
interest of these materials in diluted magnetic semi-
conductors (DMSs) stresses the importance of better The IR absorption of high purity CdTe is dominated
qualitative and quantitative knowledge of the behav- by a number of very weak absorption bands as shown
iour of these 'magnetic' ions in II-VI materials [3, 4]. in Fig. 1. We can easily identify the free carrier absorp-

At low doping concentrations, the optical properties tion [11 (from about 0.1 to 0.2 eV) associated with a
of CdTe:Fe will be dominated by the crystal field and number of low energy structures attributed to transi-
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Fig. 1. Typical absrption (taken from the percentage transmittance) of as-grown CdTe.

T 2. 47 eV bands are also present in near-edge photoluminescence
of these samples, peaking at 1.47 and 1.43 eV (Fig. 2).
These bands are typically 60 meV wide and are
persistent at high temperatures. They have been iden-
tified by some authors [7, 8] as donor-acceptor pair
bands related to intrinsic defect clusters.

1 43 eV Figure 3 shows the IR room temperature absorption
(taken from the percentage transmittance of CdTe:Fe).
We notice a strong increase in the absorpticn between
about 1000 and 5000 cm-, peaking at about 2750
cm -. At low temperatures, the band is resolved and
the fine structures already identified as transitions
between the 5E and 5T2 states was observed. Figure 4
shows the logarithmic plot of two room temperature
absorption bands from two samples with different Fe
concentrations; the more heavily doped sample shows

7 7 7 9 8 1 8 3 8.5 8.7 8.9 a larger absorption. These results are mainly in accor-
Wavelength (103.A) dance with Slack etal. [5, 6].

Fig. 2. Near-edge luminescence of pure CdTe showing broad However, in the more heavily doped sample we
luminescence bands (12 K). notice a very strong absorption from 330 to 1000

cm-' which never has been reported before. This
region of the spectrum is shown in Fig. 5. These bands

tions from the valence band to localized acceptors. are probably related to vibrational bands involving
Other broad bands peaking at about 0.4 and 0.5 eV, defects (intrinsic or dopants) and defect clusters con-
and typically 50 meV wide, can be identified and taining Fe. This indicates that Fe may occupy positions
attributed to absorption into deep traps. Similar bands in the CdTe lattice other than the simple substitutional
at about 0.7 and 1.1 eV have been reported [7]. Broad position.
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Fig. 3. Room temperature IR absorption of CdTe doped with Fe. Two different samples are shown.

A Bs.( x 1O) 4. Discussion
3

A We have shown in this paper that absorption from
2 A A CdTe doped with Fe by diffusion can reproduce pre-

&A A vious results obtained for growth doping. Also, we
A A report the presence of new vibrational sidebands in the

10 a A heavily doped samples. These sidebands are probably
0a-A 0 A related to defect pairs involving Fe and a defect other

8 * than the simple substitutional defect. Such defect pairs

6 - 0 in CdTe involving Al and Cd vacancies have been
A reported already [9]. Therefore, we conclude that the

* A •present model for Fe diffusion in CdTe, where Fe
0 simply occupies pure substitutional sites, is probably

• oversimplified and more work in this area is clearly
needed to take full advantage of the properties of this

2 A dopant in CdTe.
0
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Thin films of CdTe produced using stacked elemental layer processing
for use in CdTe/CdS solar cells

R. W. Miles, M. T. Bhatti, K. M. Hynes, A. E. Baumann and R. Hill
Department of EEE&P, Newcastle Polytechnic, Newcastle-upon-Tyne NEI 8ST (UK)

Abstract

The stacked elemental layer (SEL) technique has been used to synthesize thin films of CdTe. This technique consists of
depositing alternate layers of Cd and Te in the stoichiometric ratio needed to form CdTe and then annealing the stack to
react the layers to form the compound. The Cd and Te layers were deposited using thermal evaporation and annealed in
N,, vacuum or air to synthesize the CdTe. Transmittance and reflectance data, X-ray diffraction data and scanning
electron microscopy observations of the surface topology are given for the layers produced. Post-synthesis annealing of
the layers using CuCI,/CdCl,/methanol was also investigated. Such annealing was found to substantially increase the
grain size of the layers produced. The CdS/CdTe solar cells produced using the large grain CdTe have open circuit
voltages up to 0.68 V and short circuit currents greater than 11 mA cm- 2 under AMO illumination. A preliminary energy
analysis has been carried out, and energy payback times and energy ratios are presented in conjunction with a discussion
of the environmental costs of using such technology. The SEL technique promises to be a commercially realizable process
for manufacturing CdS/CdTe solar cells.

1. Introduction developed in our laboratory to produce thin films of
copper indium diselenide (CIS) [7]. This technique is

CdTe is considered to be one of the most promising simple and it promises to be a low cost method to
thin film photovoltaic materials. With a direct band gap produce large areas of good quality thin film materials
of 1.5 eV, near the optimum for solar energy conver- for use in solar cell devices.
sion, it also has a high optical absorption coefficient To be a viable energy supply option, solar cells
(over 104 cm-) which means that solar radiation with should be nett producers of energy and hence an analy-
energy in excess of the band gap is absorbed within sis of the energy required to produce these solar cells
1-2 uam of the surface and hence a relatively short using SEL processing has been made. The energy pay-
minority carrier diffusion length (about 1 um) in the back times and energy ratios have been determined
material can be tolerated. This means that material assuming realistic values for the module efficiency and
costs are minimized (because thin layers are used) and lifetime. A discussion of the environmental issues
that low cost deposition methods can be used to pro- concerning the use of CdS/CdTe solar cells is also
duce the layers (because a long minority carrier diffu- iven.
sion length is not required).

The work presented here is part of a joint European
effort (Joule Programme) to develop CdTe solar cells. 2. Experimental procedure
The techniques used to produce CdTe include electro-
deposition (BP Solar International Ltd. [1]), close The evaporations were made in an oil-pumped
spaced sublimation (Battelle Institute [21), screen vacuum system operating in the 10- 5- 10-' Torr range
printing (Gent State University [3]), sputtering and of vacuum pressures, and the source heaters were of
ion-assisted doping (University of Parma [41), the type described in ref. 8. Two shutters were used,
metallo-organic vapour phase deposition (University of one close to the substrate to prevent deposition onto
Durham [5]) and atomic layer epitaxy (Microchemistry the substrate and the other, just above the quartz
Ltd., Finland [6]). Efficiencies of about 14% have been bottles containing the Cd and Te, could be adjusted to
achieved in refs. I and 6 for small area cells and cover both sources or just one source to prevent either
efficiencies of about 9%- 10% in ref. I for large area Cd or Te vapour or both reaching the substrate.
(30 cm x 30 cm) modules. The work presented here The annealing of the stacks in N,, air or vacuum to
uses stacked elemental layer (SEL) processing to synthesize the layers and the post-synthesis heat treat-
produce CdTe thir eilms. This technique was originally ment using CdCI,/methanol, CuCI2/methanol or

0921-5107/93/S6.00) 0 1993 - Elsevier Sequoia. All rights reserved



R. IV Aliles et al. / (idTe thin films for CdTe/CdS sohlr cells 251

CdCI2,/CuCI2/methanol solutions, were performed in a Transmittance vs. wavelength measurements for the
separate vacuum chamber which could be evacuated to stacks annealed in N, air and vacuum are given in Fig.
a pressure of 10-2-10-3 Torr. Transmittance and I and, in conjunction with reflectance measurements,
reflectance measurements were made using a Cary the variation of a with hv (Fig. 2) and the variation of
17-D spectrophotometer and the X-ray diffraction (ahv)2 with hv (Fig. 3) determined. It is apparent that
data were obtained using an X-ray diffractometer with CdTe layers have been successfully synthesized using
a Cu Ka X-ray source. all three annealing environments. The grain size for

annealing in N2 and vacuum was consistently found to
be small (typically about 1000-2000 A) as shown in

3. Experimental results Fig. 4(a). Annealing in air produced slightly larger
grains with grain sizes typically in the range

It was found to be difficult to evaporate homogene- 1500-3200 A.
ous, uniform films of Cd directly onto Corning 7059 X-ray diffraction data for the samples are given in
glass substrates, whereas the deposition of Te films of Fig. 5. For the layers synthesized in N, the full width at
uniform thickness and without pinholes was found to half-maximum (FWHM) of the (111) peak was 0.42',
be straightforward. Good films were obtained using
unheated substrates (at a temperature of about 20 0C)
for a Te source temperature in the range 100
220 *C-260 *C. Increasing the substrate temperature
was found to produce non-uniform layers with pin-
holes present so an ambient substrate temperature was 80

used in this work. A Te source temperature of 230 'C /

(for such a substrate temperature) was adopted so that g
060the quartz crystal monitor in the system could be cali- _ /

brated to permit controlled deposition of the Te. The / '*/
deposition rate for these conditions was 10 As-. s 40

Deposition of the Cd onto such Te layers resulted in . I
uniform films free from pinholes for Cd source temper- 20 Air
atures in the range 120 *C-150 'C. A standard Cd 20 /W - auum
source temperature of 135 °C was adopted and the .......... Nitrogen

quartz crystal monitor calibrated to permit controlled 0
deposition of the Cd. The deposition rate of the Cd for 5M0 1000 150 200

these conditions was 10 A s- 1. WAVELENGTH (nm)

Alternating Te/Cd stacks were deposited using the Fig. 1. Transmittance vs. wavelength for the CdTe produced by
optimized conditions such that the relative thicknesses annealing repeated Te/Cd stacks in N,, in vacuum and in air.
of the layers were in the stoichiometric ratio, and these
stacks were annealed in N2, vacuum or air to react the
elements to form CdTe. The annealing conditions were _ __0 ._._.
optimized by annealing the stacks for 15 min at tem- ......

peratures in the range 350 'C-600 *C, starting with the
lower temperatures and then annealing at 50 °C inter- p
vals until good absorption edges were obtained. -./.

Annealing at too high a temperature (over 500 0C) was • /
found to degrade the maximum transmittance and the • /
absorption edge, and an annealing temperature of 104

450 °C (for an annealing time of 15 min) was consid- 0--O Vau•um

ered to be optimum for all the different annealing 8 14-- W--4 Nitrogen

environments.
The results obtained for annealing six-layer stacks F I

(with a total CdTe thickness of 1300 A) have been
reported previously [9]. Good absorption edges were _0 __...............

obtained but the grain size was small (typically about 14 16 18 20 22

1000-2000 A). In the work reported here we have Ener (@V)

increased the number of stacks to produce CdTe films Fig. 2. a vv. hv for the CdTe produced by annealing repeated
with thicknesses of more than 1 pm. Te/Cd stacks in N. in vacuum and in air.
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Fig. 3. (ahv)2 vs. hv for the CdTe produced by annealing (b)
repeated Te/Cd stacks in N., in vacuum and in air.

for the layers synthesized in vacuum it was 0.47' and
for the layers synthesized in air it was 0.29'. It is
apparent that single-phase, sphalerite structure CdTe
was produced for the layers synthesized in the N, and
vacuum environments, whereas extra peaks caused by
the formation of oxides (in particular CdTeO 3 ) are
present for the layers synthesized in air.

To increase the grain size, the CdTe samples were
dipped into solutions of CdClh in methanol or CdCIW

and CuCl, in methanol and then annealed at 450 °C in
air. The grain size was increased to over 1 uim as shown
in Fig. 4(b) and the FWHM of the ( 111) X-ray diffrac-
tion peak was reduced to 0.210 (Fig. 5(d)). Such a heat
treatment was also found to convert the CdTe samples ýC)
from n-type to p-type with a nett acceptor concentra-
tion up to 1016 cm-1.

Solar cells were produced by depositing the Cd/Te
stacks onto CdS layers whiC% had been thermally evap-
orated onto indium-tin-oxide (ITO)-coated glass slides,
and the structure annealed in N, at 450 'C for 15 min
to synthesize the CdTe. The structure was then dipped
into the CdCI2/methanol solution or the CdCI,/CuCI2/
methanol solution, the solution allowed to dry and then
colloidal graphite (containing Cu) painted over the
layer to form a back contact. The most promising solar
cell efficiencies have been obtained by annealing the
structure in air at 450 'C for 1 min. Using the CdCI2/
methanol solution, a V,, of 0.68 V, a J,, of 11 mA cm-
and a fill factor of 0.35 have been achieved. The value
of V, obtained indicates that the CdS-CdTe interface Fig. 4. (a) Scanning electron microscopy (SEM) image of a layer

is satisfactory, but the fill factor and J,, are both ap- produced by annealing a Te/Cd stack in N, at 450 C for 15 min.
proximately half the best results obtained for CdS/ (b) SEM image of a layer produced by annealing a Te/Cd stack

in N. followed by the (CuCl./CdCl,/methanol heat :reatment-CdTe solar cells 1, 61. Detailed studies of the junction plan view. (c) SEM image of a layer produced by annealing a
[I )0 indicate that the back contact is rectifying and that Te/Cd stack in N. followed by the 'CuCI,/CdCl,/mcthanol heat
the series resistance of the device is too high. More treatment-side view.
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CdTe(111) (b) CdTe(111)

CdTe(220)

CdTO(223 ) 1

50 45 40 35 30 25 20 50 45 40 35 30 25 20
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(c) (d) CdTe( 11)

CdTe( 11)I I
CdTe(220) = CdTO(220)

C CdTe{311)
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Fig. 5. X-ray diffraction data for the CdTe produced by annealing repeated Te/Cd stacks in (a) N2., (b) vacuum, (c) air and (d) after
synthesis by annealing in N, followed by the CuClI/CdCl,/methanol heat treatment [FWHM of (I 11) peak: (a) 0.420, (b) 0.47', (c)
0.290 and (d) 0.2 1].

extensive experimentation with the back contact and determined. The energy input for the whole sequence
with the doping of the CdS and CdTe deposited will is obtained by the summation of the inputs for each
improve further J,, and the fill factor. step. The energy analysis described in this paper

conforms to IFIAS Convention Level 3 [11] which
includes the inputs from process energy, material input

4. Energy analysis and takes into consideration the energy content of the
capital equipment required. These factors are embod-

Energy analysis is a widely used technique for deter- ied in the three quantities: process, materials and
mining the energy flows in industrial processes, and machine energy requirement [12]. The energy used to
allows the calculation of the required energy input for perform eaah process step is referred to as the process
unit output of product. In this case unit output is energy. The materials energy is the amount of energy
defined in terms of area (i.e. 1 m2 of module area) and a consumed in manufacturing the materials which appear
linear production sequence is assumed. This allows the in the finished product. The machine energy is the
sequence to be broken down into the individual energy consumed in the manufacture of the production
process steps for which the primary energy inputs are equipment used in each step.
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The production sequence studied in this paper is requirement for both steps is due to process energy. If
based on thin film modules produced using SEL CdTe the deposition rates could be improved then this would
as the absorber material. This preliminary work was greatly reduce the process energy and thus the energy
done using the following assumptions. Energy values requirement of these steps. The machine energy
for a particular process step were calculated assuming requirement is also slightly higher because vacuum
maximum throughput per machine, based on cycle equipment is being used. It should be possible to
time, and for continuous three shift operation for 300 replace at least one of the sheets of glass with a material
days per year. Clearly, in a true production facility, which has a lower energy content and this would also
some machines will be operating below maximum reduce the energy requirement of the module.
capacity to eliminate backlogs in any particular area. The energy requirements in Table 1 can be used to
Therefore, the energy values were corrected assuming give energy payback times and energy ratios for the
an annual production of 100 000 m2 of modules meet- technology under investigation. These values are
ing the required specification. This involved correc- shown in Tables 2 and 3, respectively, for a range of
tions for reduced throughput for some process isolation levels, cell efficiencies and cell lifetimes. We
machines and for cumulative process yields. Any can see from Table 2 that the energy payback times are
output not reaching the required standard and, there- very encouraging and, even for modules in operation in
fore, not proceeding to the next stage of the production Northern Europe with an efficiency of only 10%, the
sequence, was assumed to be discarded at no energy energy payback time is only about 18 months. From
cost, due to waste disposal, or energy benefit, due to the energy ratios for operation in Southern Europe
recycling. A conversion factor of I kWh(e)= 4 kWh(t) given in Table 3, we can see that the cells are nett pro-
has been used throughout. ducers of energy and that they all have energy ratios

Table 1 describes the individual process steps which greater than 10 which is the standard critcrion for the
were considered and also gives the energy requirement viability of energy sources. These results compare well
for each process step and as a percentage of the total with similar studies carried out on other thin film tech-
energy requirement. It can be seen that the production nologies [13].
steps requiring the greatest energy input are the deposi- It should be recognized that some of the techniques
tion of the absorber and window materials and the considered in this analysis have only been proven on a
materials requirement of the front and back glass. As laboratory scale so this does not allow an accurate
the absorber and window materials are both produced determination of all the process parameters for large
by thermal evaporation, the major part of the energy scale production. However, this analysis can be used to

compare techniques and steps within various tech-
niques and also to determine the most sensitive processTABLE 1. Breakdown of process steps and derived energypamersithpodconeholginemsf

requirement for thin film CdTe/CdS module production parameters in the production technology in terms of
energy requirement. Provided that the accuracy limita-

Process Description Energy Per cent tions of such analyses are recognized and that the
step requirement of total

(kWh m-)

Front glass Float glass 3 mm thick 70.61 20.8 TABLE 2. Energy payback times (in years)

Cleaning Solvent clean 1.38 _ Insolation Efficiency (%)
(kWh m-2 per day)

Deposition of ITO, magnetron sputter 3.32 0.4 1 0 12 15 20
front contact

Deposition of CdS, CBD, followed by 68.01 20.0 5 0.62 0.52 0.41 0.31
window layer thermal evaporation 3 1.03 0.86 0.69 0.52

2 1.55 1.29 1.03 0.78
Deposition of SEL thermal evaporation, 73.86 21.7
CdTe annealing, etching

Deposition of Cu/Mo. magnetron sputter 9.4 2.8 TABLE 3. Energy ratios for operation in southern Europe
back contact

Patterning and 20 5.9 Lifetime Efficiency (%)
encapsulation (years)

Back glass Float glass 3 mm thick 51.31 15.1 It 12I

Edging Aluminium 41.74 12.3 It0 9.7 11.6 14.5 19.3
15 14.6 17.4 21.7 29.0

Total energy requirement 339.63 (1(00.0 20 19.4 23.1 29.0 38.7
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assumptions involved are clearly stated, energy analysis modules could pose some hazard, although, for small
can be used at an early stage of a research programme areas, the hazard would be significant only for those
to identify issues which could restrict competitiveness being so close to the fire as to suffer far greater hazards
and therefore require attention. The analysis can be from smoke and flames. A large building clad with
used to feed back information on which materials or CdTe modules, however, could emit Cd vapour-turn-
processes are energy or cost intensive or have the ing to CdO dust-into the smoke plume. According to
potential to be so. a study by Moskowitz et al. [14], standard fire-safety

procedures would protect the population from this Cd
hazard.

5. Environmental issues of CdTe Emissions of CdO dust in the refining stage, emis-
sions of Cd during manufacture and possible leaching

Energy sources are significant contributors to local of Cd into the ground water from modules discarded at
and global environmental pollution. The costs for the end of their working life present hazards to per-
repairing or reversing damages inflicted on the sonnel and the population close to photovoltaic
environment and human health are neither represented manufacturing plants. The waste Cd and Te from the
in the energy industry's calculations nor are they re- manufacturing plant can be economically recycled and
flected in the consumer's energy price, emissions reduced to very small levels even for a 100

To quantify environmental costs associated with MW per year production rate. In all these cases, the
photovoltaics/CdTe requires a complete analysis of its monitoring and control strategies are well established
life cycle. This means that all stages, from the initial in existing industries where Cd is used, and no addi-
mining of raw materials to waste disposal and/or tional problems can be foreseen for photovoltaic
recycling ("from cradle to grave"), have to be assessed manufacture.
according to the material and energy input as well as Disposal of CdTe modules may need to be con-
the emissions, burdens and multiple environmental trolled more strictly than, for example, CIS, and re-
impacts. The linkages between a particular energy cycling of materials is important both for
technology and the associated externalities are shown environmental reasons and for the value of the Cd and
in Fig. 6. Te. The technological problems associated with this

During operation, CdTe modules can leak Cd into recycling appear to be readily solvable at low cost.
the environment if they are broken or subjected to high Hazardous emissions from CdTe and other various
temperatures, but they pose tittle hazard, because different types of solar cells are summarized in Table 4.
broken modules would be replaced quickly in routine It is interesting to note that the amount of Cd con-'
maintenance. A fire in a building clad with CdTe tained in the CdTe modules needed to generate energy

of say 1 GWh over their lifetime is about equal to the
Cd emitted from the smoke-stack of a typical coal-fired

Fuel Cycle of an Energy Technology station while generating the same 1 GWh of electrical

TABLE 4. Hazardous emissions from photovoltaics
Emissions from Soieal
each stage o impacts of Material Production Operation Disposal
A cycle each stage

of Piet cde Silicon Silica dust
Silanes

Oisfribi.on Other Diborane
of emissions emnronmental Phosphene

impacts Solvents

Copper Hydrogen selenide Cadmium CadmiumSindium Cadmium oxide Selenium Selenium
Burdensintr a imoie cn

diselenide Cadmium dust (In a fire) (If not recycled)
Selenium
Solvents

Impacts Cadmium Cadmium oxide Cadmium Cadmium

telluride Cadmium dust Tellui imrn Tellurium
Tellurium (In a fire) (If not recycled)

Environmental Costs Social Costs Solvents

There is an energy input to all technologies derived from the fuel
Fig. 6. Linkage between fuel cycle and external cost. mix of the nation producing the photovoltaic.



256 R. W. Miles et al. / CdTe thin films for CdTe/CdS solar cells

energy. Very little of the Cd would be lost into the Acknowledgment
environment, so the photovoltaic plant is cleaner, even
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Potentiality of photorefractive CdTe
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Dipartement Technologies Appliqu~es d la COnnectique, Centre National d'Etudes des Telecommunications, BP40,
22301 Lannion (France)

Abstract

For optical telecommunication networks, optical switching is now being studied. Different solutions have been proposed
(integrated optics, free space switching, etc.), and reconfigurable optical interconnects, based on phase conjugation,
should be one interesting method. For example, some results have been obtained with a double-phase conjugated mirror
configuration, allowing reconfigurable connection between single-mode optical fibres. These phase-conjugated optics use
photorefractive crystals and the first demonstration has been given using Bi,,TiO,, photorefractive crystals. In a tele-
communication network, semiconductive crystals with a good efficiency in the near-IR wavelength are needed. Our first
experiments were carried out with lnP:Fe crystals at 1.3 pm.

However, it is well known, from published studies, that I1-VI materials are, in principle, more interesting for the follow-
ing reasons. The electro-optic coefficient is higher (and therefore the figure of merit is higher). The solubility of dopants is
higher (and therefore the space charge electric field, which modulates the refractive index of the material, may be higher).
Next we tested a CdTe:V crystal and, in a two-wave mixing experiment without an external electric field, an amplification
gain was observed and a high photosensitivity demonstrated at 1.3 pm.

In this paper, we shall describe the photorefractive effect and explain our choice of the CdTe:V crystal, taking into
account the parameters of this photorefractive effect and some other parameters required by the applications in the
optical beam steering field. Next the results will be given, and finally an optical configuration using phase conjugation will
be presented as an example of application.

1. Introduction erties of photorefractive crystals, one can consider that
the studied material is active to the wavelength used. In

For optical telecommunication networks, optical an optical switching system used in an optical network,
switching systems are now under study, and some it is essential that the photorefractive crystals are sensi-
systems using integrated optics have been proposed, tive to the telecommunication wavelengths; this is the
but a spatial holographic interconnect is also an attrac- first requirement. The second requirement, concerning
tive solution for the switching of high bit rate channels. aberrations in optical configurations, is that the single-
Holographic gratings can be used to steer the optical mode fibres could be used as an input and output
beams, emerging from an input matrix of single-mode signal source, with little loss.
optical fibres to an output matrix of single-mode opti- In this paper, first the photorefractive effect will be
cal fibres. Two characteristics have to be fulfilled in presented and the properties discussed. Next we shall
such a system: it must be active at the telecommunica- explain why the CdTe crystal is an interesting photo-
tion signal wavelength, i.e. 1.3 and 1.5/um, and it must refractive material and the first results will be given.
manage as large a number of channels as possible. Finally an optical configuration will be proposed as an

Photothermoplastic devices have been proposed [11 example, which could be considered as a first step of a
and, in such an optical configuration, two recording beam-steering system.
beams are used in the visible range (their wavelengths
depending on the sensitivity of the recording material)
and the reading beams, at 1.3 or 1.5 um, are deflected 2. Photorefractive effect: properties
by the recorded gratings. In this case, the photothermo-
plastic device is not sensitive to the signal wavelength. The photorefractive effect, which can be described

With photorefractive materials, it is possible to as the combination of two properties, namely photo-
imagine an optical system where the signal beam is conductivity and electro-optic effect, is explained in
active itself. Thus, in two-wave mixing (TWM) experi- Fig. I. Two interfering beams are focused on the
ments which are commonly used to estimate the prop- crystal; so carriers are photogenerated in the

092 1-5 107/93/S6.00 © 1993 - lscvier Sequoia. All rights rcscrscd
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Fig. 2. Two-beam coupling configuration: PRC. photorefractive
An(z)- -Esc(z) crystal; BS. beam splitter.
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Fig. 1. (a) Illuminating energy, following the interference pattern -. 4-

on the crystal, and generation of carriers. (b) Inside density of
carriers. (c) Esc, space charge field built up by the carrier 0. 75
density. (d) Index modulation created in the crystal and phase
shifted from the interference pattern.

0.5

illuminated zones of the material. These carriers
diffuse into the non-illuminated zones where they are 0. 2
trapped, and then a non-homogeneous density of
carriers reproduces the interference pattern. Because 0 0

of the modulated density of trapped carriers, a space 25[0 15 N 5 9 C-, 1

charge field occurs, which is phase shifted by ;r/2 from P/NME5r-1
the interference pattern. When the electro-optic coeffi- Fig. 3. Absorption spectrum of CdTe: V. The ordinate is absorb-

ance. The thickness was 5 mm. 1.3 and 1.5 Um wavelengths indi-cient of the crystal is no longer negligible, a modulation cated by vertical lines.
of the refractive index can then be observed. So, a
phase grating shifted from the recording interference
pattern can be read from the recording beams them- two beams are active and are used as recording and
selves or from a reading beam at a wavelength not reading beams. From eqn. (1), it is clear that n and r,,
active for the material. are the intrinsic properties of the crystal and depend

The basic equation which describes the index modu- only on the chosen material and for a given wavelength
lation A n in the crystal is and that Es(. depends on the experimental parameters
All-n3 -(and also on the crystal), briefly listed below.

A=nr 4 l ESC (1)
where n is the refractive index, r4 , the electro-optic 2.1. carriers photogeneration quantum yield and
coefficient depending on the crystal orientation and wavelength sensitivity range
Es(. the space charge field. The absorption of a CdTe:V crystal (from R. Triboulet,

The most commonly used optical experiment for CNRS, Bellevue) is reported in Fig. 3. It is clear that
studying the photorefractive behaviour of materials is the semiconductic ,rystals can be used only at wave-
TWM, and the configuration for this is shown in Fig. 2. lengths corresponding to lower energies than the band
Two beams interfere on the crystal: one-the pump gap, where the crystals are sufficiently transparent. In
beam-with a higher energy than the other-the signal Fig. 3, the 1.3 and 1.5 pm wavelengths are indicated by
beam. Because of the grating recorded inside the vertical lines, and a residual absorption, which is said
crystal, the pump beam "sees" this index grating and to come from doping agent vanadium, is observed. A
part of its energy is deflected in the signal beam direc- similar spectrum has been published 121 for ZnTe:V.
tion; if this deflected energy is higher than the losses and also the photoconductivity studied in this way; the
due to signal beam absorption and the deflected energy formation time of the holographic grating was
of the signal beam, an amplification gain can be measured by following the total intensity of the two
measured with the detector. Note that, in this case, the beams. It clearly appears that the formation time obeys
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the same law as the photocurrent in the material. This (2) Two other solutions have been proposed to
means that the photorefractive effect is linearly related exceed the limit in eqn. (3): (a) an applied d.c. field and
to the photogeneration quantum yield. Therefore one a moving grating [7]; (b) an applied a.c. electric field, of
can expect from the spectrum in Fig. 3 that CdTe:V sinusoidal or square wave nature [8]. However, the
will be sensitive to the 1.3 and 1.5 pm wavelengths, same requirement of high resistivity is needed for both
which has already been demonstrated [3]. So. two these conditions.
aspects have to be emphasized: the generation quan- (3) Note that resonance mechanisms have also been
tum yield governs the response time of the material, proposed to increase the gain in the TWM experiment:
but the number of trapped carriers will govern the a Franz-Keldysh effect near the band gap [9], and an
space charge field. intensity-dependent resonant behaviour depending on

the temperature of the material [ 10].
2.2. Trapp)ing level in the photorefractive crstal

Because it comes from the trapped-carrier density, a
large space charge field will be observed in two condi- 3. Materials and results
tions: when the carriers are trapped in deep traps, and
when the number of traps is large. For iI-VI crystals, it In eqn. (1), n and r4 , are intrinsic parameters of the
is well known [4] that doping with vanadium, titanium chosen material. Different photorefractive materials
or nickel can induce deep levels, especially in CdTe are compared in Table 1. 11

3r can be used as a valuable
and ZnTe. figure of merit, because its value is the effective param-

The doping solubilities are larger in 1I-VI material eter that one has to take into account. Some points,
than in Ill-V 151. This means that the photocurrent will from Table 1, have to be emphasized.
be larger and the response time shorter but, above all, (1) The largest electro-optic coefficients were
that the number of trapped carriers will be larger and, measured for the oxide or organic crystals, but unfor-
as a consequence, the space charge field larger. tunately they are not sensitive enough in the near-IR

range.
2.3. Space charge.field limits (2) Because the refractive index occurs as tv3 in the

Consider now, in Fig. 1, the diffusion of carriers; figure of merit, interest in organic materials is reduced;
when some of them are trapped in the dark zones, the in III-V crystals, n3 is about twice that in CdTe.
space charge field begins to increase. However, a (3) Of the semiconductive crystals, CdTe: V has the
conduction current in the opposite direction appears, largest electro-optic coefficient and therefore the
and equilibrium will limit the space charge field when largest figure of merit. Values about the same [3] were
the conduction current becomes equal to the diffusion measured at 1.06 and 1.5 um.
current. In these conditions, the electric field inside the Now two comments should be noted.
crystal can be written (a) The comparison between InP:Fe and CdTe:V

seems to apply more generally to comparison between
Es(- kB (2) Ill-V and 1I-VI crystals; for example GaP (n3r= 44 at

A e 0.54 pum) to ZnTe (n~r= 133 at 0.59 pm) have ap-
where A is the wavelength used, k,, the Boltzmann proximately the same n3r ratio as InP:lFe to CdTe:V.

constant and T the temperature. Different solutions TABLEfmrit of materials here
hae en rpoedt ecedthslii. ABEI.Fgures omeiofphotorefractic aeril %hrhave been proposed to exceed this limit. the r values are r, for the crystals. except for organic materials

(I) A continuous electric field is applied to the
crystal 161. but the phase shift between the interference Material n r n-r
pattern and the electric field modulation must be pre- (pm V') ýpm V-' I Vum,
served. So another limit will now appear LiNbO, 2.26 31 360 0.633

eA N, BaTiO, 2.36 1640 21500 0.546
E,,( (3) Bi_,SiOQ, 2.54 5 82 0.633

Bi, GeO,,, 2.55 3.5 58 0.633

where A is the grating period, N. the number of effec- GaAs:EL.2 3.48 1.43 601 1.06

tive traps and c the dielectric constant of the material. GaAs:Cr 3.5 1.2 51 1.06
Following the grating period, the effective limit can InP:Fe 3.29 1.34 48 1.16(_~: .82 5.5 123 I.!16

come from the resistivity of the material, limiting the ckl:rV 2.82 .5.5 123 1.52
('d'rc: V 2.82 551210 1.52

external applied electric field, especially in semicon-
ductive crystals. To avoid too large a dark current, Polymer 1.56 2.5 9.5 1.514

rOrganic crystal 1.7 24 1 is 0.676highly resistive materials are needed (I I('- li 0' cm).
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ýb) When an external electric field is applied, tv3 r/c intensity). The grating period was always 1.72 pm. In
can be taken as a figure of merit. Because c is slightly the best conditions (fl=50, ,> 10 mW cm -2 and
smaller in I1-VI than in III-V materials, this new figure the grating period is about 2 pm). thL, largest F
of merit is more advantageous for II-VI than the pre- obtained was about 0.15 cm - .
vious figure of merit. However, it should be noted that It seems that, in this first attempt, the vanadium
highly resistive crystals are always needed. content is low compared with other published results:

Because the figures of merit are well known, I1-VI by improving the physicochemical parameters. 0.6-1
materials have already been tested and the photo- cm- ' should be possible. However, it should be noted
refractive properties have been published for CdTe:V that the best result with InP:Fe crystals was around
13, 11] and ZnTe: V [12]. The picosecond response of 0.15 cm -, without an external electric field [14].
the semiconductive materials shows again [13] that
CdTe:V is the most sensitive material in the near-IR
range. We carried out some experiments on a CdTe:V 4. Applications
crystal, received from R. Triboulet (CNRS, Bellevue) and
the results are shown in Figs. 4 and 5. The absorption Photorefractive crystals can be used as signal ampli-
spectrum of this crystal was reported in Fig. 3. All the fiers, when high amplifications gains are obtained.
measurements were carried out with a 1.32 pm wave- Perhaps the most promising applications will use phase
length laser, at room temperature, without an applied conjugation. As an example, an optical configuration.
electric field. A TWM configuration is used and F, the based on a double-phase conjugated mirror (DPCM)
amplification gain, is measured. will now be discussed. A DPCM is observed when a

In Fig. 4, F is plotted against the total incident common grating occurs as a result of two incoherent
energy and one can see that the F maximum is beams of light, and when the gain F measured in the
obtained at about 1 mW cm-- (the grating period was TWM experiment is sufficiently high. Two other beams
1.72 pum. The plotted curve is calculated from the are now diffracted which are the complex conjugates of
equation the opposite beams. In Fig. 6, the DPCM effect is

sketched. This effect has been demonstrated with

F= F,, (4) Bi) 2GeO,,) [15] at 633 nm and the condition has been
1 + 11/I defined as

where Fr is the maximum F (here 0.105 cm-'), I the FLO >,4 (5)

irradiance used and Id the irradiance at which the where L,, is the interaction length in the crystal. A
photoconductivity equals the dark conductivity (here DPCM was also observed with lnP:Fe at 1.06 pm [11].
40 pW cm -2). The same sensitivity was observed at This effect is found when the two interacting beams
1.5 pm [3]. In Fig. 5. F is plotted against P3 (I,/I,) (where have the same wavelength. When the wavelengths are
1p is the pump beam intensity and I,, the signal beam slightly different, a double-colour pumped oscillator

now results and this effect was also observed [ 16i with
0.15

Gamma(cm-1)
0.125 0.14 Gamma (cm-i) 1 p 14.1 mW/cm2

0.0.15

0.12 0 1p 435 mW/cm
0.1

0.075

00 /00.08 .Z 0  9 UT0JB.008

0.05 0.06

0 0

Incident intensity (mW/cm2) 0.02

0.001 0.01 0.1 1 10 100 0

1:ig.4. Amplificationgin. fo•r a('d'c:V crystal inTVM experi- 110 100 1000 1P 00
merit. against incident intensity, at 1.32 14m wavelength, without Fig. 5. For the same crystal as In Fig. 4. amplification gain against
an external electric field. at room temperature. The grating /t. the ratio of the pump bearn intensity to the signal beam inten-
period %kas 1.72 urn and the ratio of the pump beam intensity to sitv. The inset indicatcs the total inltensitt in the t\mo runs. The
the signal beam intensity was 40. other conditions iu rc not changed.
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- ................. between the first and the third optical fibres. The

...... -.......... optical interconnect has been reconfigured: such an
optical configuration can be considered as the first step
of an optical reconfigurable interconnect system.

. .Because the conditions in eqn. (5) are fulfilled here by
P1 -....................... S P 2 the crystals, this optical function can bc used with

S2 ................... Bi1,GeO, at 633 nm. Depending on the sensitivity of
< ---------------- > the material, other wa, elengths could be attained when

Lo eqn. (5) is obeyed and especially by CdTe : V at 1.5 Pm.
Fig. 6. Optical sketch of a 1)PCM" two incoherent beams P I and
P2 act as pump beams, and SI and S2 are diffracted in the
opposite direction when the condition 5) is fulfilled. 5. Conclusion

In an optical telecommunication network, near-IR
wavelengths are used as a signal propagation support.
"To achieve a reconfigurable spatial interconnect as a
switching system, phase conjugation could be a suitable
solution. We have demonstrated that a DPCM, using

S2 P2 phase conjugation in photorefractive crystals, could be
Len an interesting answer.

M However, this demonstration was carried out at a
633 nm wavelength with Bi_,.GeOi, crystals. satisfy'ing

Fig. 7. Optical configuration of a two-face t)PCM: PRC. photo- 6c
rcfractive crystal: Pl. P2. the incoherent beams (from single- conditions on gain amplification of optical signal
mode fibres): M. semitransparent mirrors used to analyse the beams into the material. Because of it:, wavelength
diffracted beams SI and S2. When Bi,2 GeO,,, is used as the range sensitivity, the higher values of figures of merit of
photorefractive crystals and P t and P2 are beams of wavelength I-VI materials compared with other semiconductive
633 nm. up to 4t)% of the pump beam intensity' can be focused crystals, and the possibility of obtaining highly resistive
int' the output single-mode fibre.

material, one can support the idea that such optical
configurations could be achieved with CdTe:V crys-

InP: Fe for the pairs of wavelengths 985 and 1047 nm, tals. The first experiments Larried out on this material
and 1.06 and 1.32 pm. 'he law in eqn. (5) is obeyed by gave us the expected values of gain amplification
Bi1,GeO,, at 633 nm and by InP:Fe at 1.06 and 1.32 compared with the other semiconductive crystals.
'Um. If one considers now the electro-optic coefficients
and the figure of merit in Table 1, it is clear that a References
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Deep centres for optical processing in CdTe

E. Rzepka, Y. Marfaing, M. Cuniot and R. Triboulet
Laboratoire de Physique des Solides de Bellevue, I Place A. Briand, F92195 Meudon Cedex (France)

Abstract

The characteristics of defect and impurity centres which introduce near-mid-gap localized levels in CdTe are reviewed.
Attention is focused on the 0.8-0.9 eV energy depth range corresponding to the wavelength range of optical tele-
communications. The most appropriate centres are deep donors of group IV (tin, germanium) and transition metals
(either deep donors (titanium, vanadium) or a deep acceptor (nickel)).

1. Introduction 2. Deep levels associated with native defects

There is increasing interest in the utilization of semi- Despite the abundant literature devoted to this
conductors as active media for applications in the field topic-and specifically to the cadmium vacancy-no
of optical processing. Non-linear optical phenomena definite picture emerges.
near the band edge-preferably within quantum The energy levels of the cadmium vacancy, which is
structures-are being extensively studied. In addition, assumed to be a double acceptor, appear to be rather
extrinsic excitation from localized deep centres gives deep, because the high temperature electrical
rise to particular effects, such as the photorefractive measurements performed under a low cadmium
effect. For this, CdTe appears to be a promising vapour pressure give no indication of a native defect [2,
material because of the high value of its electro-optic 3]. In addition, there are a number of experimental
coefficient r4 l and of a figure of merit which is four observations showing the presence of a level at
times that of InP [1]. The choice of a convenient local- E, - (0.6-0.7) eV in crystals compensated by annealing
ized centre for this application must satisfy several in vacuum, in tellurium vapour or under a low cad-
criteria7 solubility in the range 106"-1() cm-', the mium vapour pressure [4. 51. This level may tentatively
depth of the energy level corresponding to the excita- be associated with the second ionization state of the
tion wavelength domain, and the achievement of a cadmium vacancy. However, the control of the concen-
semi-insulating state. tration of this deep centre is quite difficult. If shallow

Generally speaking, deep level centres can be donors are introduced in order to partly fill the deep
searched for in three areas: native defects, impurities level by electrons, association between the ionized
with deep valence electrons and impurities with donors and the negatively charged vacancies occurs,
unfilled inner shells (transition metals, rare earths). The leading to a marked decrease in the deep centre con-
purpose of this paper is first to review the properties of centration. This has been observed, for instance, in
thes.e various centres in CdTe from the literature data. chlorine-doped crystals 16. 71. For a proper dopant
We will give particular attention to the energy depth concentration, the crystals become semi-insulating but
domain corresponding to the wavelength range of with a very low density of mid-gap levels. The complex
optical telecommunications (1.3- 1.55 pm or 0.8-0.95 donor-cadmium vacancy is a well-documented centre.
eV), because applications of the pholotcfractivc effect It has been studied by thermally stimulated current
are envisaged in this area. We will then present optical (TSC) 181, deep level transient spectroscopy (DLTS) 91
measurements performed on CdTe doped with some and more recently using electron paramagnetic reso-
transition elements, namely cobalt, vanadium and nance (ESR) [ 101. The associated acceptor energy level
nickel. is rather shallow, being around E, + 0.13 eV.

t)921-51 07/93/S().()() Cc 11193 - lsecvicr Sequoia. All right', rccrved
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This rapid survey shows that native defects are not 4. Transition metal impurities
good candidates for optical excitation effects.

Several experimental results exist concerning the 3d
series which have been reviewed recently [141. These

3. Deep donor impurity levels impurities substitute for the cations in Il-VI com-
pounds. When incorporated into CdTe the elements

Unlike the group Ill elements (aluminium, gallium, from scandium to nickel, in the neutral state (denoted
indium) which introduce shallow donor levels when M"), take the formal oxidation state TM2 -. The bond-
substituted for cadmium, the group IV elements ing orbitals are filled and the inner d shell has an open
(germanium, tin, lead) give rise to deep donor levels configuration d" (n < 10). The specific optical spectra
when incorporated on cadmium sites. are characterized by intra-atomic transitions within the

Earlier studies on germanium-doped CdTe using d shell. In contrast, charge transfer to the bands of the
transport measurements [111. TSC and photoconduc- semiconductor or to other localized levels may occur
tivity [121 revealed the presence of a level at leading to changes in the d shell configuration and in
E, + (0.62-0.73) eV. More definite conclusions were the charge state. If the transition impurity captures an
attained from photoelectron spin resonance performed electron, the configuration and oxidation state become
on CdTe doped with germanium, tin and lead [131. In d"' and TM"* respectively. The impurity acquires a
the neutral donor state (D") the group IV elements charge - 1 with respect to the lattice which charac-
have the ionic configurations Ge>', Sn2' and Pb2. terizes an ionized acceptor centre (M -). Symmetrically,
The singly ionized donors D' (Ge3 +, Sn3 and Pb 3 +) after capture of a hole the configuration and oxidation
have a paramagnetic ground state 2-Sl, which gives rise state are d" - and TMN3 '. The charge state is + 1 which
to the observed spin resonance. Light enhancement of corresponds to an io,-:- -d Jorn v, centre (M-). Depend-
the ESR intensity allows the threshold energy of the ing on the element., :.; ,-ociated energy levels
first ionization step to be estimated separating two charge stq,,tc:, can appear in the band

D"+ hv - D* + e gap of the semiconductor. Figure 2 displays the donor
and acceptor energy levels determined for the different

These threshold energies are used to locate the upper 3d elements in CdTe. Such determinations, which are
donor level of the three impurities considered in the rather inaccurate, mainly rely on two sets of data: first,
CdTe band gap (Fig. 1). It is seen that the level of tin measurement of the photon energy threshold for
(and perhaps germanium) should allow optical trans- quenching or enhancement of the ESR signal of the
itions to either the conduction or the valence band in impurity in a paramagnetic state; secondly, utilization
the 0.7-0.8 eV range, while maintaining the semi- of the fact that the levels of a given transition impurity
insulating state of the material. The maximum solu- occur at the same energies within a group of isovalent
bilities of these impurities are not known. semiconductors when referred to a common level such

4 _6_-_ca o donor o acceptor

A '2. 0

Qý 09-

SGe 2 ,,

0 Sc hT V Cr Mn Fe Co Ni,

Iiw. I. P Ilition, of cnlcrgN Icclcs o1 lch icalli identified fil. Uq!. 2. I-ncrgp Ic~cls of donor, and acccptor, ot 3d mipurin cs In
gcrmanium. cad' dccp inpurim, ccnlrcs in ("dIc. ('dIC.
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as the vacuum level [15, 16]. We now consider in more correspond to the excitation of a valence band electron
detail each particular impurity, to the d shell of Mn 2 and to the subsequent binding of

the free hold by coulombic attraction. Such bound
Scandimn exciton transitions occur near 1.5 eV at T= 4.2 K in

Hall effect measurements indicate that scandium CdTe doped with 0.05% Mn. Hence the acceptor level
introduces a donor level near the conduction band of appears to be degenerate with the bottom of the con-
CdTe at E, - 0.10 eV [ 17]. Photoconductivity experi- duction band.
ments performed on scandium-doped CdTe and ZnTe
show a common absorption band at 1.51 eV [18]. This Iron
is interpreted as being the result of transitions from the The optical spectrum within the d" shell of Fe" has
valence band to the scandium donor level: been reported and analysed previously [27, 28]. An
ScI, + liv Sc- +h ESR signal has been observed in p-type crystals andattributed to Fe3 [291. The spectral dependence of the
This result confirms the fact that the scandium donor ESR signal makes it possible to determine the thresh-
leel is shallow in CdTe (Ec - 0.08 eV) and is deep in old energy corresponding to the transition [30]
ZnTe (E,.- 0.8 eV). Fe3 +hv Fe> +e-

Titanium Thus the donor level (Fe-/Fe3 ÷) is located at
Optical absorption spectra have been recorded by E, - 1.45 eV.

several authors and analysed in the frame of crystal
field theory as being the results of transitions within the Cobalt
d shell of Ti>÷ ions [19-21]. A photoionization Optical absorption within the d7 configuration of
threshold has been determined from photoconductivity Co0 + has been reported in ref. 28. Light quenching and
spectra 120] and analysis of the absorption curve [21]. enhancement of the ESR signal of Co2> makes it
This places the titanium donor level at possible to locate the acceptor level (Co'/Co2÷) after
E, - (0.91-1.05) eV. the two respective transitions [31]

Vanadium Co2- + lIv Co' + h'

Optical absorption and photoconductivity spectra Co + hv Co2 
+ +e-

have also been recorded on vanadium-doped CdTe These results lead to the construction of a configur-
119, 20]. The spectra are rather similar to those ational coordinate diagram for the acceptor state. The
observed on titanium-doped CdTe. The donor ground zero phonon transition occurs at E, + 1.25 eV. DLTS
state is set at E, - 0.78 eV. experiments in n-type crystals yield an energy level at

C'hromitni E, -0.47 eV [31]. The donor state (Co>2/Co>.) islocated within the valence band.
An absorption band near 5 100 cm - due to trans-

itions within the d4 shell of Cr2- ions has been reported
in ref. 19. In addition, two charge states were observed Nickel
by ESR experiments: the ground Cr>' (d') state [22] An ESR spectrum due to Ni' (3d') and associated
and the excited Cr' (d5 ) state 123, 24]. The spectral optical transitions within the d shell have been
dependence of the light-induced Cr' ESR signal [25] is reported for CdTe in ref. 32. The same state has also
in reasonable agreement with the absorption and been studied in ZnTe [33]. Light quenching of the ESR
photocurrent results near the CdTe absorption edge signal in ZnTe makes it possible to determine the
124]. Analysis of this dependence makes it possible to threshold energy for the transition
locate the chromium-associated acceptor level (Cr*/ Ni' + 1-- Ni2 • +e
('r * at P:, + 1.34 eV for thermal excitation and

+ 1.5 cV for optical excitation 1251. The donor level Thus the acceptor level (Ni /NiP- is set at E, + I eV.
* Cr> /(*r" is resonant with the valence band states. The same value can be taken for the nickel acceptor

level in CdTe.

I1 is well known that the ground state of the Mn The above results can now be used to select the
ion lies below the valence band top in (dITc. The transition impurities which are most promising for
position of the accerir level (Mn'/Mn-' ) has been getting useful pholorefractivity in the 1.3-1.55 jim
estimated from ele_,oreflection. photoconductivity wavelcngth range. The requirements are twofold: the
and elcctroabsorption spectra [26]. These observations presence of a level in the energy range 0.6-0.8 eV
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below the conduction band; compensation by a shallow of the absence of free carriers and this confirms the
impurity in order to get a half-filled centre. Vanadium high resistivity of the samples studied.
in a p-type sample is an obvious choice and this has
been confirmed in specific experiments [ 1, 34]. A more 5.1. Cobalt-doped CdTe
accurate determination is needed for the titanium The energy level diagram for a Co 2

, (d') configura-
donor level which, normally, should also be suitable in tion is shown in Fig. 3 which describes the successive
acceptor counterdoped crystals. level perturbations of the free ions in a crystal field of

The nickel acceptor level is also a possible candi- T, symmetry. The fundamental level is 'F, which is split
date. In that case, the crystal has to be counterdoped into 4A-, 'T, and 4T, and the lower level is 'A_. The
with shallow donors. orbital selection rule is AX T, for the electric dipolar

Finally, let us remark that the scandium donor level transition. The lower transition 'A, -
4T, is of low

and the chromium and cobalt acceptor levels are too intensity because it is not allowed. It gives an evaluation
shallow in CdTe but could have the correct energy of the Dq parameter such that the energy transition is
depth in CdZnTe alloys of suitable composition. 10 Dq from which Dq is 300 cm- '; the transition to the

second excited state 'T, is allowed and gives an intense
optical absorption band at 5529 cm- . The transition

5. Optical measurements 4A'( 4F)--'4 T,(4P) appears with a structure at 10928,
11082 and 11453 cm-'. Sharp lines are observable

We have studied crystals grown by the vertical which are caused by spin-orbit interaction (Fig. 4).
Bridgman method with the dopant added in the melt.
The equipment set up at the laboratory (cold point 5.2. Vanadium-doped CdTe
zone) allows us to control the stoichiometry as well as The energy level diagram for states of the d3 con-
to eliminate the residual tellurium precipitates by figuration is similar to that of Co(dT). The level 'F is
adjusting the partial pressure of cadmium during split into 4T1, 'T, and 4A, with the lowest state being
growth. Different CdTe crystals were grown doped in the level 4T,. The lower transition 4T, -' 4T, is not
the melt with 10l cm- 3 of vanadium or nickel and allowed but appears with a very low intensity at 3793
1.45 10e2 cm -3 of cobalt. cm- . The transition 4T1 -_ 

4A, towards the second
We have performed optical absorption and photo- excited state is allowed and gives a poorly struc-

conductivity measurements for these crystals and these tured band at 6666 cm-1 (Fig. 5). The transition
show optical absorption in the near IR. The spectra are 4T,(4F)-_4 TT( 4 P) in the 3d3 shell gives a wide and
described in terms of 3d" metal ions on substitutional strong band which is partially structured into three
cadmium sites in tetrahedral coordinance. In contrast, bands at 8699, 9313 and 9926 cm-'. Such spectra
there is no optical absorption in the middle IR because cannot be due to the spin-orbit splitting alone. It is

possible that the broadening of this peak is due to
mixing with nearby doublet levels coming from the

(a) (N) atomic levels 2G and 2H. It has been noted that the

4p 4T4 peak connected with the transition 'T,( 4F)-'T,(4 P)
observed in ZnSe:V, CdSe:V and CdS:V is always
broadened even at low temperature [35].

E
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tj400
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Fig. 3. Energy level diagram for (0'" (di) configuration: a) free Eneriy keV)

ion; Nhi uhstitution of cadmium in (CdTc with 7 • ,yrmmetry. Fig. 4. Optical absorption spectrum at 77 K of cobalt in ( d'e.
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Fig. 5. - . Optical absorption spectrum at 6 K of vanadium in Fig. 6. Optical absorption spectrum at 77 K of nickel in CdTe.
CdTe: - - - -. , photoconductivity response at 120 K.

Photoconductivity measurements (Fig. 5) were per- order to get the proper semi-insulating state with
formed at 123 K. They show that the photoconduc- partially filled deep levels. The reverse applies for
tivity has the same general spectral shape as the optical nickel. A definitive choice for photorefractive applica-
absorption. The photoconductivity threshold was not tion will also rely on complementary aspects: maximum
reached in our set-up but it is apparently lower than 0.8 solubility, absorption oscillator strength or the possi-
eV. A photoconductivity continuum is observed from bility of optical-thermal resonance [36].
0.9 eV with small peaks at 1.1 and 1.23 eV and a major
peak at 1.56 eV which corresponds to the CdTe gap
value. Beyond this, intrinsic photoconductivity domi-
nates and its amplitude decreases due to surface References
recombination.
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Abstract

Laser-induced picosecond transient gratings are used to study carrier transport via free carrier and photorefractive
nonlinearities. The feedback effect of a light-induced space charge electric field is found responsible for diffracted beam
intensity oscillations during the grating recording and its decay.

1. Introduction (p=5.10' Q cm) was grown by using the modified
Bridgman technique and vanadium-doped to 10 i

Photorefractive semiconductor crystals are of great cm -3 to produce a deep donor level at - Ec -0.75 eV
interest for high speed optical processing in the near [81. The absorption coefficient of the d= 5 mm thick
infrared. Optical nonlinearities of different origins and sample is measured equal to 2 cm- I at ). = 1.06 um.
various refractive index modulation mechanisms take The sample was cut with faces along crystallographic
place in these crystals under excitation by short power- directions (110), (-110) and (001). In our experi-
ful laser pulses at 1.06 um [1-7]. We present time- ments, the orientation of the grating vector Kg was
resolved and excitation-energy-dependent analysis of along (110) or (001) directions. Probe and diffracted
carrier transport and of space charge field mechanisms beam polarization states were monitored to separate
in photorefractive CdTe:V. These kinds of studies may coexisting refractive index gratings from different
help to optimize crystal parameters for different origins. The cases when pure photorefractive (PR)
applications as well as to improve nonlinear optical grating (i.e. p-diffracted component of s-polarized
techniques for determining electrical parameters of probe beam for Kg along (1 10)) or pure free-carrier
semiconductors.

DELAY
2. Experimental set-up INEv

GP

Carrier transport studies in vanadium-doped CdTe
were performed by using degenerate 4-wave mixing
technique at 1.06 pm (Fig. 1). An yttrium aluminium
garnet (YAG) laser with pulse duration TL = 28 ps full
width at half maximum (FWHM) and output energy up
to 10 mJ cm-2 was used. Two s-polarized beams of
equal intensity were used for recording a grating with D
period A= 1.8 pm. The semi-insulating crystal DFLAY X--

GP k'2 from

*Also: Material Research Laboratory INTEST. Semiconduc- IP 2,

tor Physics Department of Vilnius University, Sauletckio 9, Fig. i. Experimental set-up: GP Glan-polarizer. 1./2 half-bld.3, Vilnius 2054. Lithuania. wavelength plate. D detector.

0921-5 107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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(FC) grating (p-diffracted component of p-polarized of the sample (i.e. low excitations):
probe beam for KU along (110) or (001)) have been
analysed experimentally. A Glan-polarizer oriented to
reflect p-polarization was used for separation of a =AA12t"' I Al" (1)
Bragg-diffracted beam counterpropagating to one of Here An = 1lhAN is the refractive index modulation of
the recording beams. The separated beam was directed the grating, with AN the spatially modulated free-
to a fast silicon photodiode through the next p-trans- carrier concentration, and ' 1 ,h is the refractive index
mitting polarizer. Such a set-up allows us to detect change due to one electron hole pair.diffracted signals as low as 1O-6-10-7. Diffracted chnedetoeeetrnhepa.
beamrintensityals as lor gatn efficiency Di d In a general case, band-to-band linear carrierbeam intensity (11) or grating efficiency i7=(l,)/(lT) generation will lead to value P = I and corresponding
(here ([,) and (IT) are time-integrated values of dif- generationilato lueht a nor resPoifracted and transmitted probe beams) as a function of 7= 3; for two-photon light absorption process /3 = 2

and y = 5. In our CdTe:V sample, y-values reveal threeexcitation level E and of probe beam delay time At are excitation regions corresponding to different light
studied. For qualitative analysis of processes involved absorption mechanisms. For FC gratings, we observe
in carrier and space charge field dynamics we solved carrier generation from deep levels altered by two-step
the set of six material equations [ 1, 51 assuming that transitions via impurity states (y = 4), two-step and two-
carrier generation from and via deep traps dominates, photon absorption of light (V = 5), and, finally, the satu-

ration of diffracted beam intensity at high excitations.

3. Results and discussion The defocusing of transmitted and diffracted beams at
high excitations was observed, and this may be the

In Fig. 2 the exposure characteristics (EC) for FC reason for FC grating profile distortions leading to (11)
and PR gratings (i.e. dependences of the diffracted saturation. To avoid this, we mainly carried out our

measuremerts at E <, 5 mi cm - 2. Photorefractive non-beam intensity (lý) versus excitation energy 1) are mearity, becat of 5 mw cm- s.tPhotoreve no-
presented. The EC of a semiconductor contains the iinep an use of its lower sensitivity, reveals twvo-
main information about carrier generation. It usually step and two-photon carrier generation ( C = 5) at lower
follows a power-law dependence at low excitation excitations with the following decrease of EC slope
energies, K/j) = IJY with y,-value corresponding to carrier from value ), = 5 to ), = 3 at higher excitations (linear
genergie, (rate =91. Assuming that carrier concentra- increase with energy). The linear increase of the spacegeneration rate suming tat by owera- charge field with excitation while the carrier concentra-
ANt = A we have the following relationship between tion increases more rapidly in a nonlinear way, points
slopes , andw/3 in the region of linear transmittance T out that space charge field dynamics is more compli-cated than FC processes. Indeed, in this regrne, both

electrons and holes are generated and can compete
5 Y FC T PR giving opposite contributions to the space charge field.

z FMeasurements of sample transmittivity vs. excitation
S10 '- - -i •energy (Fig. 3) have shown a tendency of absorption

A FC bleaching at low currents atid revealed the increasing
4 role of nonlinear absorption with energy. In this way,

~i{) .• transmittivity measurements confirmed the observed
EW processes of carrier generation.

~~ // PR It

10-5

II

-lo
__7. 0.9 -

106

2 3 4 5 l(10__
Energy (ml. cm"2) 5 1 2 3 4 5 I0

Fig. 2. Dependence of diffracted probe beam intcnsity (/,I and Energy in.l.cm
efficiency q vs. recording energy I for frec-carricr (FC) and
photorcfractive PR) gratings (probe beam delay time corre- Fig. 3. Transmittivity of the sample at different excitation
sponds to the end of the lascr pulse; sample orientation K. along energies for p-polarized probe beam ifilled circles) and for s-
(I 1I0). polarized one (open circles).
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R 1000 with time. Electron diffusion during the action of the
0-Io3 laser pulse will create an SC field between the mobile

charges and ionized deep traps. Then hole-related pro-
cesses may be observed: (i) the hole drift to grating

.6 minima will reduce the negative charge in these
.9 0 7 positions due to the previous diffusion of electrons and

(ii) the build-up of a pure hole grating (that is. r-shifted
M 3 iff from its former position) will take place after the holes

4 will reach the minima of the light interference field
0 200• 400 600 s00 000o 12) n400 (here Es5( = 0). Such behaviour of the free-carriergrating was predicted by computer simulation of

Delay time (ps) carrier dynamics in photorefractive crystals [5]. Thus.

Fig. 4. Free-carrier (FC) grating dynamics at high excitation the role of the holes increases more and more with time
energies: E=8.5±0.5 mJ cm-- (1). 6.5±0.3 mJ cm- (2). but in addition it increases also with excitation. In a
4.5±0.25 mJ cm-' (3) and 3.75±0.25 mJ cm-- (4): sample general case, the average speed of FC grating decay willorientation, K, along (I110). gnrL, cs.teaeaesedo Cgaigdcywl

be governed by carrier bipolar diffusion related to

electron-hole concentration at the given moment. The
values of the bipolar diffusion coefficient Da are given

S. ,05 by eqn. (2):

D,,= kT,,/e =(kT/e)(AN+ AP)/(AN//h + A'//.4,) (2)

.ý7 i0fM) with Yu. the bipolar mobility, and AN(AP) the spatially•" modulated concentration of free electrons (holes).

._ Thus the grating decay constant at the lowest excita-
.Ktions md te corresponds to fe=330-410 cmt V(

s-'ý> B, showing that electron generation is much
more efficient than hole generation. At higher excita-

_ _ __ 107 tions decay slows down as the hole concentration
, , approaches the electron one, and value rý,2 = 230 ps

0, 2M 4M 6M•O, IMX) 1 2MX) corresponds to carrier ambipolar mobility for the case
Delay time psI AN=AP with the value u,,= 135-140 cm2 V` s-,

Fig. 5. Photorefractive (PR) grating build-up and decay at following from eqn. (2). The value for hole mobility
different excitation levels: E = 6.5 ± 0.5 mJ cm - (2 ). 4.75 ± 0.25 = 80-90 cm 2 V -' s ', a typical value for CdTe [ 10].
mJ cm--" (2). 2.88 _±0.12 mJ cm - (3) and 1.88 _±0.12 mJ cm- w

(4): sample orientation, K• along ( I 0). Error bars are presented was obtained from decay time rg3

on curve 2 showing the reality of the oscillations. Photorefractive gratings (PR) have shown two decay
times at high excitations (Fig. 5). when 7>-- 5 x 10 -"
The fast decay has a time constant r, = 220-230 ps
that corresponds to an ambipolar carrier diffusion

Carrier transport peculiarities have been observed coefficient equal to 3.56-3.73 cm' s 1. Thus the origin
in the dynamics of both FC and PR gratings (Figs. 4 and of this refractive index modulation mechanism is a
5). We found that the FC grating decay time r. varies transient Dember field between mobile carriers. At
with excitation energy and with time. The fastest longer delays or at lower excitation levels, a slow com-
average grating decay time r. = 80-100 ps was ponent of grating decay with r =700 ps dominates.
observed at the lowest excitations used here ( 1 mJ We attribute this to the relaxation of the ionic grating
cm -). With increasing incident power, the decay created in deep traps. Rough estimation of the SC field
speed was slowing until it reached the value T., - 230 relaxation time rs( was made for these conditions by
ps. At high excitation energies the decay rate also slows using the formula for the dielectric relaxation time
with time: at At > 600 ps we found r,3 365-410 ps. modified by a grating factor [II] and experimental
FC gratings decay finally with a time constant of 1.7 ns, values from FC grating measurements: carrier concen-
which we attributed to carrier recombination time. tr-'ion N- 3 x 10l" cm ', their lifetime Tr = 1.7 ns and

The processes of carrier diffusion and drift in light- electron mobility 4, = 520 cm' V ' s '. A good agree-
induced space charge (SC) field must be taken into ment between the calculated value rs( 600 ps and the
account to explain the observed behaviour. One must experimental one was found. In fact, the relaxation time
consider that the value of created electric field E,( is is dependent on the ionized donor concentration and
dependent on carrier redistribution and thus varies will vary in time-scale. What we observed is probably
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Figs. 4 and 5). We attribute this to a feedback effect of
A n S5ý

. - -the created space charge field on the grating modula-r, 4 '
4 J.A tion, i.e. to the redistribution of the electron concentra-

200 400 600
1.61, 0 200 4006-00 tion due to the SC field. In addition to impeding their

diffusion, the field will force carriers to move back to
E -2ES grating peaks from a previous nearly homogeneous

Sc -2-2 00 400 6 distribution. This will lead to electron grating recon-
--2.4 3-430 _00 --- --- struction and to an increase of the grating efficiency.

During the action of a laser pulse, the competition
1.6 N 1-between carrier generation, their diffusion and drift

1•0 may create a continuing process of variation of ri
"1 200 400 600 200 .. 0 which will lead to a step-like shape of the grating build-

6 2o0 46o 6o up. A similar shape of grating formation was observed
in type-lI quantum well heterostructures [12] where

0 200carrier confinement to the different layers leads to
200 400 600 3 r Pi induced electric field.

0-20 .. 00 This fine structure of grating decay and build-up
0600 exists on both FC and PR grating decay curves, which

Time. ps Time. ps shows that grating modulation and Es(- temporal values

do not equilibrate independently. A time and space
N>>P N=P varying feedback strength may create trapezoidal

Fig. 6. Computer simulations of carrier and space charge field carrier distribution with steep edge at position I = A/4.
dynamics for two cases: low excitation case (N> P. on the left As discussed in ref. 1, at low excitations the drift
side) and high excitation case (N = P. right side). Abbreviations current evolves as the square of the input current while
correspond to refractive index modulation (An), electric space the diffusion current remains linear. The modelling of
charge field (Es,). electron and hole grating modulation depths carrier dynamics in nonhomogeneous electric fields is a
(N1 and P,); here An= N, in, + P1 /mh. We used the following erynmic s inn eeou elecr fiel ia
parameters for calculations: deep trap density 4 x 101)" very complicated task indeed. The linear model we
ionization cross sections for electrons and holes have given above has shown no evidence of temporal
S, = SP = 5 x 10)-17 cm-. carrier recombination coefficients oscillations. However, experiments of light diffraction
y, = 10 yp = 1.2 x 10 -' cm' s'-, u, = 52 12 cm 2 V- I S-, Ph = 8() on FC gratings in external strong microwave fields [13]
cm 2 V -W s•'. Note: the delay in Es( build-up at low excitations is (with electric vector oriented along the grating vector
an important feature pointing out the diffusive origin of Es,. as in our experiments) have also shown similar peculi-
This was observed experimentally only at low excitations
(Fig. 5). arities of diffracted signal: an increase of diffraction

efficiency that was dependent on grating period and
five-fold stronger in GaAs than in Si, i.e. related to

the fastest component of rs( after the Dember field has electron mobilities.
decayed. Further analysis of the obtained data allows us to

We performed computer simulations of carrier and calculate the electron mobility in CdTe:V. Using the
Es, dynamics for two cases: high excitation case when average value of hole mobility Ph = 85 cm2 V ` s-
N = P and low excitation case when N > P (Fig. 6). The (from FC decay) and the ambipolar one. p,, = 146 cm 2

fast decay of the ,rating by electron diffusion creates V` s-' (obtained from Dember field decay of PR
an SC field which in turn slows the FC grating decay grating, i.e. for the case AN=AP), we calculate
and prevents it from a total decay. At high excitations u, = 5(20 cm2 V - s - '. This value is twice as small as in
ambipolar diffusion governs the grating decay and the undoped CdTe [10]. The reason is probably a more
Dember field dominates over Es(, in deep traps. This efficient carrier scattering by neutral and ionized
kind of PR and FC grating behaviour was found experi- impurities. The mobility-lifetime product p,,,r =

mentally too. 8.8 x 10-I cm2 V - follows from our measurements
The simultaneous existence of two refractive index and is in good agreement with the one obtained for

modulation mechanisms and their interaction lead to electrons by continuous wave (CW) photorefractive
peculiarities observed in time-resolved grating build- gain measurements in this crystal (p,= 8 x 10 - cm-2

up and decay. We have observed a step-like increase of V - [81). In addition, this transient grating technique
the diffracted beam intensity during the action of laser permits detailed studies of electron and hole genera-
pulse as well as saw-like oscillations (i.e. a fine structure tion rates. Directly measured grating decay times will
of very fast decay and recovery of the grating on an give values of p, and thus the corresponding N/P
essentially slower slope of diffusive grating decay) (see ratios at different excitation currents will be obtained.
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4. Conclusion 2 M. S. Petrovic, A. Suchocki and R. C. Posell. I. Appl InhYs.,
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Abstract

Characterization by different optical techniques, such as photo-induced current transient spectroscopy (PICTS), absorp-
tion, photoconductivity spectra and photorefractive wave mixing, of semi-insulating V-doped CdTe crystals prepared by
the modified Bridgman method are presented. The aim of this joint research programme is to provide information which
can lead to the understanding of the complex processes which determine photorefractive effects and to optimize the key
parameters.

I. Introduction range extending from at least 1.0 um to beyond 1.5 pm
[2, 3]. V was found to be a suitable dopant, producing

The photorefractive (PR) effect results from non- the appropriate deep levels for PR.
uniform photogeneration of free charge carriers, We recently started a joint research programme
followed by their migration by diffusion or drift in an which focuses simultaneously on PR, physicochemical
electrical field and their final capture by deep traps. A and physical characterization of Bridgman-grown
space-charge field is then created, leading to the CdTe:V crystals with the goal of providing information
formation of a refractive index pattern owing to the that can lead to the understanding of the complex
electro-optical effect. processes which determine the PR effect and to the

A simple two-level band transport model allows us optimization of the key parameters. In this context,
to account for the PR effect [I]. Photocarriers (e.g. knowledge of the thermal and optical parameters of the
electrons) are released from an absorption centre (level deepest trapping levels (those located more than 0.6 eV
A) in the illuminated regions of the crystal. Trapping away from the bands) which directly affect the PR
occurs in the non-illuminated zones (level B). Very properties is of prime importance.
often levels A and B correspond to the same crystal Unfortunately, very little is known about V in CdTe.
imperfection X (native defect or chemical impurity), Therefore, a systematic study of the problem of V
sitting either in the two different valence states X" and doping, in particular the evolution of the trap
X (e.g. Fe2 ' and Fe"+) or in different surroundings, spectrum, absorption and PC spectra, in addition to
and acting, respectively, as photoexcitable centres and ESR and PR characterization seems to be indispen-
traps. To ensure long-term stability of the index sable. For a long time it was believed that only the
pattern, the degree of thermally stimulated emission of predominant deepest levels are involved in PR. How-
electrons from XV centres or recombination with free ever, since the advent of experiments conducted with
holes must be low. pulsed, high energy, nanosecond and picosecond

Recent studies of PR in semi-insulating CdTe have lasers, many new interesting phenomena have been
shown that it has a high sensitivity over a large spectral discovered. Clearly, in the pulse regime, shallower

0921-51 017/93/S6.00 C 1993 [•lscvicr Sequoia. All rights rccrcd
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levels also play an important role [4, 5]. Any defect, carriers, which are assumed to be electrons 12],
provided that its concentration is of the order of 10' 5 pr=8.10 7 cm 2 V- 1.

cm -3, may be involved. Therefore, a complete
knowledge of the identity, thermal and photoionization
energies, capture cross-sections and concentrations of 3. Deep level spectroscopy
the various species present is desirable for optimum
control of the material parameters to meet device A number of different trap species have been
requirements. detected in semi-insulating CdTe (prepared, for

example, by the travelling heater method [7]) using
thermally stimulated current and photo-induced

2. Crystal growth and related characterization current transient spectroscopy (PICTS) techniques [7,
8]. However, a complete and precise characterization

Details concerning crystal growth are published of deep levels over a wide range of energies so far has
elsewhere [6]. V-doped crystals were grown from 6-9 not been possible. We have developed an improved
grade CdTe, using the modified Bridgman technique. PICTS technique which allows significant progress in
Directly related studies (X-ray, mechanical properties, this direction [9]. The method is applied here for the
microprobe mapping, electron spin resonance) were first time to CdTe.
performed. The goal is to establish growth and doping
conditions to satisfy the specific size and crystalline 3.1. Experimental method
requirements for PR crystals. PICTS is a transient PC, computer-based measuring

The electrical conductivity vs T variation has been technique. The transient current, including both the
measured on two samples I H and 6B (cut from the rise and decay, induced by a square light pulse in a
same ingots as those used for PR analysis) in the tem- biased sample is recorded every I K during a tempera-
perature range 250-400 K. The resistivities at room ture scan from 80 up to 400 K. Three types of numeri-
temperature are for IH 3 x 109 Q cm and for 6B cal processing of the stored data allow us to extract the
8 x 10' Q cm. The dark conductivity thermal activa- parameters of the traps, i.e. the apparent thermal ioni-
tion energies for the two specimens are 0.76 (1 H) and zation energy Et, the capture cross-section S, and the
0.72 eV (6B). concentration N, of the dominant species. We briefly

Figure 1 shows the normalized photoconductivity recall the principles of the calculation [9].
(PC) spectra. A main extrinsic band which drops For the sake of simplicity, we consider the single-
sharply for photon energies hv < 1.1 eV is observed, trap model. As usual, retrapping of thermally released
The peak at roughly 1.5 eV corresponds to band-to- carriers is neglected [9]. The trapped charge n,(t) then
band transitions, decays exponentially according to

The shapes of the absorption spectra are very n,(t) = ,exp( - t/r,) (i)
similar to that measured in ref. 2; however, smaller
values for the absorption coefficient are found. The relaxation time r, depends strongly on tempera-
Measuring the PC under laser irradiation at 1.6 urn ture T and is related to E, and S, by
allowed us to estimate u- for the majority photo- r,-I = AS, T2 exp(- E,/kT) (2)

where k is the Boltzmann constant and A a constant
factor.

102 If the decaying charge is measured at two fixed delay
times t, and t., the difference An,(1) = n,(t1)- n,(t,)

1'= (2obviously goes through a maximum at a temperature
10 Tm where r, takes a defined value Tm which can be

related mathematically to t, and t_, expressing the con-
S10, cl dition for the maximum of the function 1111:

(1) , CdTe,V I.H j( r)= exp( - t,/r,)- exp( - t/r,) (3)
10 (2) i CdTeVB 96.94 The important point is that rm can be computed

knowing t, and t_, whereas Im is obtained from the
10-. 0.___ 0.95_ 1.2_ 1.45_ 1.___ .95 curves An,(t) (hereafter called the PICTS spectrum).

0.45 0.7 095 1.2 1.45 1.7 1.9 The spectrum is plotted for several couples (t,, t,), so

Photon Energy ( eV ) maxima at different temperatures are obtained. The
Fig. I. Normalized PC spectra. Arrhenius plot log( T 2n r))=f(I/ Ti) yields E, and S,



J V Zieling'er ti al. / Opt-ial. photoeh'ctrical. deep level and photorel/ative •h araterization ol (Cd ,: 1' 275

according to eqn. (2). The peak height provides a The plot of the photocurrent v:s. T represents th
measure of N,. thermal ,ariation of Pr [61. Curve ( I ) of Fig. 2 shows a

In practice, however, n,(t) is not directly accessible typical NDG spectrum obtained under the described
except through the transient current decay which can illumination conditions (incident photon flux corrected
be expressed as for reflection). The FG specrum (curve (2)) clearly
i(t) =(BTNt/r,) exp( - t/-,) (4) provides bett.: ":pectral resolution. There are 10 peaks

observed in the temperature range 80-375 K. Each
where B is a constant, /1 the mobility and r the re- peak has been analysed separately according to the
combination lifetime. above-defined procedure which yields an Arrhenius

If /jT is assumed to be constant [9], the condition for plot from which E, and S, are obtained (Fig. 3).
the maximum is deduced from the function Knowing the photoger.eration gain G, the -oncentra-

- tion of the different traps is detcrmined from the NDG
spectra [9]. The parameters of te different traps are

Actually, /IT is generally temperature dependent. As a listed in Table 1.
consequence, this simple double-gate (DG) procedure
does not yield very reliable values for the trap para-
meters. 4. Photorefractive analysis by !wo-wave mixing

A better alternative is to normalize the DG signal by
the photocurrent i(0), which is proportional to UT We have investigated the PR energy transfer
(NDG signal). This method is of special interest for the between two waves interfering in the crystal at both
determination of the trap concentrations 19]. 2 = 1.06 and I.32 pm [10]. The PR gain as a function

A second alternative is to plot the function of the input intensity has the form
k ( T ) = j i ( t l ) - i t2 )W Ot,) -i_ t3 )1 k6 ) F ( /,,) + I / 1 + l d/ l, ) 8

where t,,, t, t, and t3 are properly chosen delay times.
Again, the condition for the maximum can be found 0.15 0.25

mathematically [91. This four-gate (FG) data processing (2)

is a very sensitive method with high spectral resolution, 0.12 0.2
because the pre-exponential factor is eliminated in eqn.
(6 ). 0.0o9 o0.15

3.2. Results 0.06 CdTe:V 66.H2 0. 1

PICTS measurements were performed on both 0.05
samples under different excitation conditions (with 0.03
photons of energy close to the maximum of the photo- _ _J

conductivity spectrum (Fig. 1). in the extrinsic band 00 150 220 290 360

(hv = 0.9 eV )) and, in both cases, with different illumi- .... 1,ja' -
nation levels. In each case, fairly similar results were Fig. 2. Typical normalized double gate ýcurve I and four-g,.,e
obtained. A few representative results will be given (curve 2) spectra.
here.

It is well known that the spectral response of PC 4.5 e7
shows a maximum near the absorption edge. This P 6 P5 P4 P
maximum is determined by the relative magnitudes of 4 ' 7P P2

the surface and volume recombination lifetimes of 3.5 P,
photocarriers. It usually occurs for that wavelength k I

. =A . corresponding to an absorption coefficient 1 o
/,1I d, i.e. to (I - Ilie) = 0.63 of the incident radia- .tion. Exciting the sample during the temperature scan 2

in the PICTS experiment, by turning the monochroma-
tor to achieve maximum photoresponse, allows us to 1.5 CdTeV C 86.H2

perform the measurements at a fairly constant volume I2.5 4.5 6.5 @.5 10.5 12.5

photogeneration rate (Gof photocarriers:
( = a .... I, l /7) : oco .. !

Fig. 3. Arrhenius plots for the 1O pcaks de•ected in the tempera-
whereI, is the photon flux. ture range 8(0-36(0 K.
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TABLE 1. Thermal ionization energy E, capture cross-section S, and concentration N, of traps in CdTe:V (sample 6B)

Parameter Peak number

P, P, P, P3  P4  P5, P" P7  P, P"

E, (eV) 0.25 0.15 0.285 0.26 0.31 0.34 0.53 0.62 0.78 1.1
S,(cm2 ) =10-" 10-16 5x 10- 13 4x10- 6  4x10-' 5  10-16 4x 10-14 2x 10-14 2x10-13  

10-''

N, (cm- 3) 101 10'5 < 1014 8 x 1014 < 1013 4 x 1011 2 x 101-

4- 4- +

0 +

05-

0 4

0 3

02-

00

20 40 60 80 100 120

I (rnW/cm-)

Fig. 4. PR gain of simple IH vs. incident illumination (A = 0.9 pm), showing a saturation of the gain for incident powers as low as 20
mW cm - 2.

where r is the saturated gain coefficient and Id is the a K
illumination at which PC equals dark conductivity. b= P
Figure 4 demonstrates that the gain saturates at low an + ap
illumination values, showing that this material is indeed
a good candidate for optical information processing C =--, (10a)
with low power lasers. At a grating spacing A = 0.9 pm, an + ap
one obtains a PR gain r = 0.7 cm - I that exceeds typical
gains in GaAs and lnP by more than 50% [101.

Considering a single deep level and two possible an and ap are the absorption contributions that come
charge states, the gain can be expressed as I I1 from electron and hole generation respectively, Kn and

KP are the inverse of the electron and hole diffusion
2;rnr) 1 k1j3T kI4,,k 2 +b-cI lengths, k represents the grating wave number and N,,.

1171= A cos 6 e (k2 + + b + (9) is the effective trap density (NAff =NN"/[N"+N'1)
where N' and N) are the level concentrations in the

with ionized and neutral states respectively). Note that here
we assume that electrons are the majority carriers for

S2 e" the PR effect.
k,,2 --- N•tf Plotting the experimental data as k/r ms. k (Fig. 5)

permits the determination of the characteristic PR

parameters 1121. For large values of k2, coefficients b
a -aP and c are negligible and we get a straight line. Its slope

an+ a. and interccpt at the origin give (r41,^,k,,2)- I and
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70
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k2 (p, r"2)

Fig. 5. Experimental k/F vs. k 2 plot leading to the determination of the PR parameters of crystal IH. This plot was drawn with r in
cm - I and k in m- 1. The dotted straight line is the fit obtained for large grating wave numbers while the full line curve represents the
best fit with the whole gain expression.

(r44,)- '. A departure from this straight line is visible the wavelength from 1.06 to 1.32 um. This indicates a
at small values of k2. This indicates the effect of the change in the nature of the photorefractive majority
carrier diffusion lengths. A full fit of the experimental carrier. This result supports the approach we used to
data with the complete gain expression, i.e. without describe the observed PR effect, i.e. a single deep level
neglecting b and c, is now carried out using the from which both electrons and holes are photoionized.
previously determined quantities as starting para- Such a reverse in the sign of the PR gain as the incident
meters. We obtain 4, = 0.62 + 0.06, r4, = (5.5 ± 0.5) pm wavelength was varied was not noticed for crystals
V-1, k0

2 =(300±30) /m-', b=(3.6+ 1.5)U -m2 and analysed in ref. 3.
c 0. Also known is the measured absorption
a =(2.16 ± 0.06) cm -.

These results require the following remarks. First, 5. General discussion
the 4, value indicates an electron-hole competition
that is larger than previously seen in different samples We are here mostly interested in those traps which
[15]. Nevertheless, the PR gain has an appreciable could be involved in PR effects and in the effect of V
value. Secondly, coefficient b permits the estimation of doping. Concerning this last point, if one refers to
the mobility-lifetime product of the minority carrier previously published results, our samples can be
for the PR effect. Assuming, as in ref. 3, that electrons considered as being moderately doped. According to
are the majority photocarriers for the PR effect, one Babii et al. [131, introduction of V at increasing
obtains K,, KP

2 and derives for minority carriers concentrations first results in the filling of Cd vacancies
(holes in this case) pr= 9.10 -cm 2 V-'. and finally (more than 1020 cm-3 ) in the occupation

From k,2 we derive the effective trap density of interstitial sites, giving rise to a new donor level.
N, = 4.3 x 101 5 cm--1. The magnitude of the PR gain However, our absorption and PC spectra agree with
was very small (F=0.006 cm-1 at A=1.5 um), those of similarly doped [2] and of undoped [141 CdTe.
impeding any reliable measurement vs. fringe spacing. Finally, at 1.32 pm the PR gain was very small. There-
One estimates an electron-hole competition factor of fore, we conclude that, at low and moderate doping
only 4, = 0.1, that corresponds to nearly balanced rates (lower than about 5 x 10" cm '), V is not opti-
absorption coefficients, i.e. ar, - ap. cally active.

However, an important point we noticed is that the Consequently, both the PR observed at 1.06 pm and
photorefractive gain reverses its sign when changing the main absorption and PC bands are due to another
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Abstract

We report on a novel device, the microgun-pumped semiconductor laser (MSL), which has been successfully applied to
laser emission from 90 to 300 K using CdTe-Cd -_ MnTe heterostructures. In the MSL, a low threshold quantum well
graded-index separate-confinement heterostructure is pumped by a compact microtips electron gun. It is operated at a
low voltage and a low current, so that the whole device can be made very compact (a few cubic centimetres). Since there is
no need for doping or contacting, it allows one to use the strong potentialities of Il-IV compounds in the whole visible
range.

Wide applications of laser emission in the ters; Cdt-_Mn.Te QWs were shown to exhibit mag-
blue-green range are expected in several domains netically tunable laser emission at around 660 nm
including optical recording, reprographics and bio- under optical pumping (with a high threshold, greater
technology. Commercially available compact lasers, than 50 kW cm- 2 at 2 K) [3]. The luminescence wave-
based on III-V heterojunctions, are at present limited length decreased to the blue-green range when thin
to the deep-red-near-IR region. Very recently [1], CdTe-MnTe QWs are used [4]. However, for the
II-VI blue-green laser diodes have been realized. They higher band gap tellurides, doping is still under devel-
use Cd-,_ZnSe-ZnSe quantum wells (QWs), with opment. Electron beam pumping has been known for
ZnS.Se, -. cladding layers to ensure optical confine- many years as an efficient excitation source for semi-
ment. They were made possible because of significant conductors and as especially promising to obtain laser
progresses in the p-type doping of ZnSe grown by emission from II-VI compounds (5]. On bulk materi-
molecular beam epitaxy, using a reactive N2 cell. How- als, thresholds are exceedingly high (around 100 kW
ever, the lifetime of these devices remains short, owing cm- 2 or higher), so that rapid degradation occurs;
to difficulties in making ohmic contacts to these high moreover these classical electron-beam-pumped lasers
band gap materials even at high doping levels and to are not compact. Lower thresholds are expected if
severe limitations put on the separate confinement properly designed heterostructures are used; this is the
heterostructures because of the high lattice mismatch case for the CdTe-Cd_ ,-Mn,Te graded-index sepa-
in ZnSe-based epitaxy. rate-confinement heterostructures (GRINSCHs) that we

We report on the demonstration of laser emission describe here. These structures may thus be pumped at
from CdTe-Cd_ , Mn,Te structures externally a low current and a low voltage by a microtip electron
pumped by a microtip electron gun [2]. It allows use of source, making the whole device very compact, as
materials for which n- or p-type doping is not satisfac- small as a few cubic centimetres.
torily controlled. Among them, CdTe-Cd1 ,Mn,Te The compact electron source is made up of an array
heterostructures exhibit smaller lattice mismatches of low voltage field-emissive microtip cathodes. A typi-
than do the selenides and are known as efficient emit- cal 1 mm2 rectangular array contains 10'- 105 micro-

0921-5 107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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guns. The cathodes and the gates are evaporated on a Another crucial point to obtain a low threshold is
single glass substrate. For a typical gate cathode voltage optical confinement. This can be realized in separate-
of 80 V the current is around 1 mA mm -2. Such confinement heterostructures (SCHs), either through
arrangements have been developed for "microtip flat- an abrupt change in the optical index, or through a con-
panel fluorescent displays" [6]. In the microgun- tinuous variation (GRINSCHs). In our case the exis-
pumped semiconductor laser (MSL) a simplified optics tence of graded-composition layers for carrier
system loosely focuses the electron beam onto the collection favours the choice of a GRINSCH config-
semiconductor platelet. For a compact long-lived uration; Cd_ - ,Mn,Te behaves as Ga, - ,Al,As regard-
device the accelerating voltage must be kept rather low, ing the change in optical index [7] and band gap with x,
5-10 kV, so that electron-hole pairs are created only at so that the composition gradient which enhances
approximately Rp ± ARP =2500 ± 2000 A below the carrier collection also provides optical guiding. Then
surface. Carriers have to be efficiently collected into the coupling between carriers and photons can be opti-
the QW which acts as the active medium. This function mized by centring the maximum of the guided mode on
is ensured by a Cd, - ,Mn,Te layer of graded composi- the QW, so that the overall gain is increased. This opti-
tion inserted between the QW and the semiconductor mization is done by computing numerically the profile
surface. of the guide mode when varying three free parameters:

The efficiency of the graded layer in carrier collec- the width of the graded layers on both sides of the
tion was checked for the CdTe-ZnTe QW. In this case quantum well, and the total change in the manganese
the graded layers 100 nm thick were made of content.
Cd,-,ZnTe, with x decreasing from 0.98 to 0.92 This optimization must be done while keeping the
towards the QW on both sides. Cathodoluminescence whole GRINSCH below the critical thickness t. for
yields were compared with those of a single relaxation of misfit strain. The experimental t, is accu-
CdTe-ZnTe QW grown at the same depth (100 nm), rately known for CdTe layers on CdI -_ZnTe [8]. For
under the same growth conditions (GaAs substrate; Cd,_xMn.,Te/Cd,_,.Mn.Te, at least for layers with a
growth temperature, 320'C, excess cadmium or zinc low manganese content, we may assume a similar
flux; thick ZnTe buffer layer). Cathodoluminescence dependence of tc on the mismatch. This allows us to
was excited at 10 kV. At 2 K the QW was found to be evaluate the maximum thickness of an abrupt SCH. For
four times brighter when inserted into the graded Cdo.g,;Mn0,1Te/Cdo. 8 (Mno.20Te the lattice mismatch is
layers. At 300 K (Fig. 1) the enhancement was even 1.1 X 10-3 and the corresponding critical thickness
stronger; moreover the ratio of the QW to alloy lumi- r -- 600 nm, but the index change is only 0.03 (for
nescence was also significantly increased. Photolumi- 2 > 720 nm). The index change is more than doubled if
nescence (PL) excited within the barriers using an we use CdO.s 5Mn 0.15Te/Cd,. 75Mn 0.25Te but then
argon ion laser shows the same enhancement. Since in t,-- 200 nm, i.e. too small for good optical confine-
the case of CdTe-Cd,_ -ZnTe no optical confinement ment. Clearly the critical thickness limits the optical
takes place [7], this better yield is attributed to a better confinement which can be realized in an abrupt SCH.
collection of the carriers. A larger t, is expected in a GRINSCH. Detailed models

are lacking but we can make a first estimate by follow-
ing an equilibrium model such as in ref. 9 (equilibrium

Energy (eV) models are inappropriate for III-V compounds or
22 Si-Ge but are thought to hold better for 1I-VI com-

CdTe/Zn'le • pounds). The elastic energy per unit surface of the
cathodoluminescence
010 kV - 300 K strained layer is

kV 
E =)C fc (z) dz

£,' 0

C where C is a combination of elastic coefficients, w the
thickness of the layer and -(z) the strain at depth z. If a
misfit dislocation is formed, the strain is decreased by a

harrier QW quantity A,, and the elastic energy by CA, f -(z) dz.At t, this energy gain exactly balances the energy that

551) 600 it costs to create one dislocation. If we compare two
Wavelength (nm) layers with the same thickness w and the same total

Fig. I. Room temperature cathodoluminesccnce spcetra, taken composition change, one abrupt and one linear
under identical conditions on a CdTc-ZnTe OW (bottom). and (graded), f -(z) dz in the graded layer is half that in the
on a ('dTc-('d,,,,4Zn,,,,Tc OW inserted in a graded profile (top). abrupt layer, so that t, in the graded layer should be
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twice that in the abrupt layer. One can even hope for a 0.2

larger increase in tc; in the equilibrium model [9]
indeed t, is found to vary as the inverse of the lattice
mismatch, tcoc(Aa/a)-', at least for low mismatches C
where logarithmic corrections are negligible. Experi- • surlace

mentally for CdTe/Cd_,-ZnTe [8] the dependence is C CdMnje

greater, toc(Aa/a)-1, with ?7- 1.5. No model at the • •b -- f--

moment accounts for this dependence, but we can try C M C(d l'e-CdMn'le

to use directly the experimental data in the following 7 AL( RINSCI I

heuristic criterion; the critical thickness is reached ('dle(21 MI.)
when 0.1

0 200 400 600 900 1000
f dz/t•(x(z))= I Depth (nm)
0

where t,(x(z)) holds for a layer of uniform composition Fig. 2. SIMS profile of a GRINSCH with two QWs 7 nm thick

equal to x(z). This criterion, which is evident for a (a.u.. arbitrary units).

uniform layer, holds within the equilibrium model for
any composition profile since in this model tc(x(z))
is proportional to 1/-(z). With tc proportional to (Aa/
a) -, the critical thickness for a linearly graded layer is PHOTOLUMINESCENCE
enhanced by a factor q + 1. For a complete GRINSCH, 1.8K 0.3 w/cm2

the criterion must be applied to the whole structure, CdTe/CdMnTe

QW and graded layers.
Structures designed in the above way have been • GRINSCH

w
grown by molecular beam epitaxy, on a (001)-oriented
CdTe or Cdo9 6 Znoo14Te substrate, at 310°C, under
excess cadmium flux, using three effusion cells: CdTe,
cadmium and manganese. Fluxes were measured
before growing the actual sample, by recording reflec- -•-

tion high energy electron diffraction (RHEED) inten- 1600 1650 1700 1750 1800 1850 1900

sity oscillations for growth of CdTe and MnTe on a ENERGY (meV)

( 111 )-oriented test sample under excess tellurium; this Fig. 3. PL spectrum of the same sample as in Fig. 2 (a.u.. arbi-
allows us to adjust quite accurately the growth rates trary units).
and alloy compositions (to within 2 at.%). The temper-
ature ramp to be applied to the manganese cell was
checked on the beam equivalent pressure and adjusted PL excitation spectra (not shown), one can also identify
to the desired composition profile. RHEED intensity the e1 l, exciton 30 meV above e~hl. PL from the alloy
oscillations were also recorded during the growth of appears as a flat trapezoidal line; this is a further indi-
the actual sample. cation of the linearity of the graded layer; on poorly

A secondary ion mass spectrometry (SIMS) profile linear layers, distinct PL peaks show up owing to com-
is shown in Fig. 2. It allows us to check the linearity of position plateaux. In this sample, no evidence of strain
the graded profile. The QWs (two CdTe QWs, 21 relaxation at the GRINSCH-buffer interface was
monolayers thick, separated by a 10 nm Cd_ - Mn 5Te found by cathodoluminescence and by transmission
layer) are not resolved. The QW characteristics and the electron microscopy. This is coherent with the above
maximum manganese content (in the buffer layer) are criterion, since for that profile f dz/t, = 0.6-0.7.
better controlled by low temperature PL (Fig. 3) and After mechanical thinning to 120 pm, 200-500 pm
reflectance spectroscopy (not shown). The main PL cavities were cleaved and indium soldered on a copper
signal is ascribed to the e1h1 QW exciton. As in a block. The temperature of the block was regulated
simple QW of similar width and barrier composition, it between 90 and 300 K, but no special care was taken
is split into an intrinsic exciton and an extrinsic exciton for heat sinking. The bare cleavage planes served as
3-4 meV lower in energy. Both lines are quite narrow cavity mirrors. Laser emission was observed up to
(2 meV full width at half-maximum). The intrinsic or room temperature both under optical pumping (double
extrinsic nature of the two transitions is checked in the yttrium aluminium garnet laser) in pulsed mode (10 ns
reflectance and PL excitation spectra and through their pulses, at 10 Hz), and electron pumping (Fig. 4) (micro-
behaviour under increasing excitation density. In the guns at 5-10 kV) in a quasi-continuous mode (5 us
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should lead to true continuous-wave (CW) emission at
"room temperature. Most important, lasing at shorter
wavelengths should be obtained, e.g. from structures

C "with a higher manganese content.
To conclude, room-temperature quasi-CW laser

emission has been demonstrated with a MSL. This
763 764 device can be made compact (a few cubic centimetres),
wavelength (m)and potentially uses any 1I-VI material (or others)

E without doping and without electrical contacts;
50 although the present demonstration is in the red, laser

Microgun pumped laser emission at shorter wavelengths is expected very soon.9 CdTe - CdMnTe

- 10 kV - 90 K
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Abstract

CdTe crystal growth by the travelling heater method and the characteristics of its radiation detectors are described. A
CdTe polycrystalline ingot is synthesized from purified 99.99999% Cd and Te metals and crystals of 32 mm in diameter
are grown at temperatures of 700 °C-900 'C with a growth speed of 2-5 mm per day. A high resistivity of more than
1 0 'Q cm is obtained at a CI concentration of 1.5 ppm with electron and hole lifetimes of 1.0 and 0.5 ps respectively. The
pulse count mode detectors are fabricated using wafers cut from the ingots. For practical application to medical
diagnostics, 90-element array detectors with an element size of 1.8 mm x 2 mm x 1.2 mm are developed. The averaged
FWHM is 4.0 keV and the count rate variation is less than 4% for a 60 keV )-ray source. For dosimetry use, detectors as
large as 10 mm x It0 mm x 2 mm and 25 mm diameter x 2 mm thickness volumes are fabricated. Environmental and high
temperature acceleration tests have been systematically condu, ted. Mean time to failure is estimated to be 10T h at 25 'C.

I. Introduction Cd and Te, which are obtained in our company as by-
products of Zn and Cu smelting respectively, are used

Recently, CdTe radiation detectors have begun to be as starting materials. They are separately purified up to
used in practical applications in the field of medical 99.99999% by distillation coupled with vaporization in
diagnostics and dosimetry [1-4]. The features of CdTe a pure H2 stream followed by multipass zone refining.
detectors include a large absoiption coefficient, com- Subsequently, the purified Cd and Te are charged with
pact size and simple assembly compared with those of 1:2 weight ratio and vacuum sealed in a quartz
an Xe gas detector and Nal detector with photomulti- ampoule coated with C. The ampoule is heated up to
plier. 1000 °C and the Te-rich CdTe polycrystal is

We demonstrated one-element detectors and 90- synthesized. Thereafter, it is again sealed in a quartz
element one-dimensional array detectors [4, 5], and ampoule in pure Ar gas and melted at 1000 °C in a
conducted environmental and high temperature accel- Bridgman furnace. A 1: 1 CdTe polycrystal is recrystal-
eration tests to investigate their reliability for practical lized from the bottom of the ampoule, which is used as
use. We also investigated the qualities of CdTe crystals a starting polycrystal for the THM growth. Because of
grown by the vertical gradient freezing (VGF) method the low treatment temperature and the gettering effect
using In as a dopant [4] and by the travelling heater of Te in this process, detector-grade high quality CdTe
method (THM) using Cl as a dopant [51; we obtained polycrystals can be obtained.
superior detector characteristics from the THM-grown
crystals. 2.2. Crystal growth by the travelling heater method

In the present paper, the most recent work on CeTe THM growth is performed as follows. Cd-Te-Ci
crystal growth by THM, the crystal and detector alloy tablets as the starting solution and the refined
characteristics as well as the device reliability will be CdTe polycrystal ingots as the feed are loaded at the
described. bottom and top, respectively, in a C-coated quartz

ampoule, and the ampoule is sealed in pure Ar gas.
The Cd-Te-Ci alloy tablets are made by melting the

2. Crystal growth 99.99999% Te, the refined CeTe polycrystal and desic-
cated 99.9999% CdCI2. The TIIM ampoule is heated

2. 1. Materials up to the growth temperature of 700 *C-900 *C. The
Figure 1 shows the flow diagram of CdTe crystal growth speed ranges from 2 to 5 mm per day. The

growth by the THM for radiation detectors. 99.99% temperature gradient at the growth interface is

0921-5107/93/S6.00 C 1993 - Elsevier Sequoia. All rights reserved
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Remained solvent Detector grade wafers

Fig. 1. Flow diagram of CdTe:Cl crystal growth for radiation
detectors. below the detection limit; namely, under 0.05 ppm for

Al, 0.02 ppm for Cu, Fe, Ni and Si, and 0.01 ppm for
Ag.

20 'C-60 'C cm- l. The typical condition is that the The resistivity of the ingot is measured by the two-
maximum temperature of the solvent is 750 °C, the terminal method with contacts formed by In solderings
growth temperature is 725 °C, as shown in the temper- and the carrier lifetime is measured from the current
ature distribution along the crystal in Fig. 2, and the pulse shape on the time-of-flight measurement. The
growth speed is 2 mm per day. After crystal growth, resistivity and the carrier lifetimes of the THM-grown
the furnace is cooled down to room temperature at a ingot as a function of the Cl dopant concentration,
rate of 10 *C-20 'C h- '. Then the grown crystal ingot ranging from 0.5 to 30 ppm, are shown in Fig. 4. The
is removed from the ampoule and sliced perpendicu- resistivity increases with the Cl concentration and a
larly to the growth axis. high resistivity of more than 101 Q cm, which is needed

for radiation detector applications, is obtained above a
2.3. Charocterization Cl concentration of 1.5 ppm. The resistivity saturates

The photograph of the THM CdTe ingot grown at above a Cl concentiation of 5 pplf, indicating the
725 'C, the typical grain structures of as-sliced wafers creation of compensating acceptors doped with the Cl.
and some detector elements are shown in Fig. 3. The The lifetimes of electrons and holes increase with the
CdTe ingot is 32 mm in diameter and 80 mm long. It is CI concentration in the region below 1.5 ppm; how-
noticed that, while part of the ingot grown earlier ever, above that, both decrease. The highest lifetimes of
contains some grains, the portion grown subsequently 1.0 and 0.5 ps for electrons and holes, respectively, are
is of almost a single grain. achieved in a CI concentration region from I to 2 ppm.

Typical analysis results for the impurities of the
THM-grown ingot are shown in Table 1. Cl is exam-
ined by ion exchange chromatography of AgCI and 3. Detector fabrication
other impurities by atomic absorption spectro-
photometry. It is found that Cl is distributed through The CdTe wafers cut from the ingot are lapped using
the ingot with 1.3-1.6 ppm and other impurities are the lapping machine with Al abrasive powder and
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Fig. 4. Resistivity and carrier lifetime as a function of 0l concen-
thiAion.

The detector is tested using Am2"(60 keV). Co5 7-

(122 keV) and Cs"' (662 keV) y radiation sources and

Fig. 3. Photograph of (from left to right) THM-grown CdTe:CI X-ray sources. The signal detected is amplified by an

ingot, sliced wafers and detector elements. EG&G ORTEC model 142A preamplifier.

TABLE 1. Analysis of impurities through TI-M-grown ingot 4. Uniformity of the travelling heater method wafer

Sampling Weight in ppm In Fig. 5 the distribution of the full width at half-
position maximums (FWHM) for an Am-' 60 keV y source in

Cl Cu Ag Fe Ni Al Si the 32 mm diameter wafer is shown. Each detector size

9.. 410 0).02 had dimensions 2 mm x 2 mm x 2 mm.
8" 1.3 - In Fig. 6 a histogram of the FWHMs for several
7' 1.4 - wafers along the growth direction is shown.
6' 1.4 - These results demonstrate that excellent uniformity
5" 1.5 - in the wafers as well as along the ingot is achieved.
4" 1.5 -. . . . . .-
4h 1.5 - -FWHMs as low as 4 keV (6.7%) are obtained in more3h 1.5 . .. .

2h 1.5 - than 80% of the wafer area. The slight variation of the
11 1.6 - FWHM characteristics along the growth direction is

Detection limit 0.1 0.02 0.01 0.02 0.02 0,05 (.02 considered to be mainly caused by the difference of
thermal history in the ingot.

"AmuJ::nt remained solvent.
"Grown crystal (ingot).

5. Radiation detectors

controlled mechanical pressure on the wafer surfaces. 5.1. One-element detectors
The wafer surfaces are then polished by mechano- Radiation detectors for dosir,ý!r.', 'tse are usually
chemical lapping to the device thickness of 1.2 or composed of one CdTe chip of differing dimensions,
2.0 mm and are etched by the Br-methanol solution to such as 1.8 mm wide, 2.0 mm deep and 1.2 mm thick,
a depth of 7 um. To form the electrodes, electroless Pt 3.5 mm x 3.5 mm x 2.0 mm, 10 mm x 10 mm x 2 mm,
deposition using H2PtCIHO solution is carried out 2.0 mmx 1.2 mmx 10 mm, 25 mm in diameter x
on both surfaces 16]. In our previous work [51, the 2 mm in thickness, etc., according to the applications.
Pt-CdTe-Pt system was found to indicate the least They are packaged in a TO-I 8 or a TO-5 with or
time-dependent drift on the radiation detection count without a cap window, or a specially made Al housing
rate and the spectrum pulse height. Then, according to for larger chips.
the application of the detectors, the Pt-deposited wafer The measured energy spectrum at an applied volt-
is cut into small pieces of square chips by a circular age of 24 V and the FWHM of the photopeak as a
steel blade. function of the applied voltage for the 60 keV y-ray for
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other surface, Au wire is attached also using Ag epoxy.

SSource:241Am (60 keV) The arrayed detectors are packaged in a specially
Bias:24 V designed Al box (Fig. 12), or in a Kobar cap box for

hermetic sealing.
I J I Figure 13 shows typical data of the FWHM and the

FWHM count rate for 90 elements operating at an applied
"1 El 4.6keV voltage of 24 V for the 60 keV y-ray. The averaged

E 2 6.8keV FWHM is 4.0 keV with a maximum and minimum of
8- 10keV 4.4 and 3.7 keV respectively. A count rate variation of

4(', is obtained. The difference of the depletion laver

depth among the elements may cause this variation.
Fg. 5. FW'HM homogeneitx wnafe \a32 mm in diameter. The charge collection efficiency is calculated to be

600% at a 24 V bias, which increases to 90% at 200 V
with the increase of the p rE product.

the chip dimensions 1.8 mm x 2.0 mm x 1.2 mm are
shown in Figs. 7 and 8 respectively. In Fig. 8 the calcu- 5.3. Monofithic detector
lated results of the FWHM, using the Hecht relation [7] To detect Compton scattered X-rays in real time
with pr products of electrons and holes obtained from with a much reduced S/N ratio, a monolithic-type
the time-of-flight measurement, are also shown. Their detector is investigated. It has a position-sensitive
agreement with the experimental results is not so good structure as shown schematically in Fig. 14. and 20-
in the low applied voltage region, which is considered element detectors are monolithically integrated. Each
to be caused by the non-uniformity in electric field in element has a width of 0.35 mm, a length of 10 mm, a
the experimental diode: however, the agreement thickness of 1.2 mm and a pitch of 0.5 mm.
becomes quite good in the high voltage region. The Measured FWHMs and count rates with the thresh-
FWHM is improved to 4 keV on increasing the old of 15 keV against the 60 keV ),-ray for each
applied voltage because of the increase in the drift arrayed number are shown in Fig. 15. The averaged
length of both carriers. FWHM and count rate are 8.9 keV and 1.6 kcps

Figure 9 shows the FWHM as a function (i the area respectively. As cross-talk is reduced by half in both
of the CdTe detector with various dimensions the end detectors, the count rate values of these are
mentioned above for the 60 keV '-ray. The FWHM lower than those of the other detectors located in the
increases linearly with the detector area up to middle. These performances seem to be satisfactory at
3.67 cm'. because of the increase in capacitance of the the initial stage of the development.
detector. The count rate and the FWHM for the chip
with the largest area of 25 mm in diameter are I I kcps
and 13.9 keV. respectively, for the 60 keV y-ray 6. Reliability
(Am"'. 0.34 MBq; distance, 1.5 cm). For the 122 keV
y,-ray source, a peak-to-valley ratio of 5 is obtained The reliability tests using one-element CdTe detec-
(Fig. 10). Its dark current at a bias voltage of 30 V is tors are systematically conducted following the
200) nA.The time-dependent stability is one of the key issues Japanese industrial standard (JIS) C702 I. The detec-The time-diationdentstabilityors. Thounte of the keyis tors are hermetically sealed in TO-5 packages whoseof the Cefe radiation detectors. The count rate of the leak rate is examined to be less than 5 x 10 ' atm cm-;
1.8 mm x 2 mm x 1.2 mm detector with a threshold s by a fine leakage test using He gas. The failure
energy of 15 keV vs. time after biasing is shown in Fig. criterion is set at the FWHM level of 12 keV for the
i I. The count rate drift is less than 1% for I h after the 60 keV y-ray.
bias supply, which is not a serious problem for practical
applications.

6. /. Environmental tests
5.2. A rrav detector Table 2 shows the test items. their conditions and the

The array detector is developed for an application in results of the environmental tests. 90 samples were
medical diagnostics. It is composed of 90 elements subjected to thermal shock, temperature cycling.
which are arranged in one line. The dimensions of each humidity cycling, vibration fatigue and then low tem-
element are 1.8 mm x 2.0 mm x 1.2 mm. The element perature storage tests and no failures were found in any
pitch is 2.0 mm and the total detective length is of the tests. Next, 30 of the above 90 samples were
180 mm. Each chip is mounted on a circuit board examined by the mechanical shock test with no failures
made of an ALO, substrate with Ag epoxy. On the found.
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6.2. Reliability life tests

0..To estimate the operating life of the developed
110 IM 1000 detectors, accelerated life tests of high temperature

DEr,6OR AREA (nM 2) storage with and without d.c. biasing were conducted.To avoid the Cd evaporation from thc crystal, four

Fig. 9. FWHM as a function of detector area for a 60 kcV y-ray stress lcvels- 115 °C, 100 TC, 85 TC and 70 *C-were
source. selected with 18 test samples for each level.
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Fig. 15. FWHM and count rate for 20-element cells in the mono-
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10 2000 TABLE 2. Result of environmental tests

1500 Test item Condition No. of Judge-
samples meat

.__._ ,,_____ 000Thermal shock 0 *C- 100 *C; 100 cycles 90 Pas.-ed
0Temp. cycling -40 'C-70 °C; 5 cycles 90 Passed

500 Humidity cycling 95%; -10"C-65 *C; 90 Passed
10 cycles

0of ____________ 0 Mechanical shock 500 G; I ms; x. y, z; 3 times 30 Passed
0 30 60 90 Vibration fatigue 20 G; 2000 Hz; 48 min 90 Passed

Low temp. storage -40*C; 1000h 90 PassedARRAY NUMBER ________________

Fig. 13. FWHM and count rate for 90-element cell detectors.
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Fig. 14. Schematic view of a monolithic radiation detector. 104
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Figure 16 shows the results of the mean time to 2 Without Bias
failure (MTTF) vs. temperature. The MTTF is defined 102 -,-4-1 1
to be the time when the failure rate equals I - I/e [8 1. 20P
The relationship of log(MTTF) vs. the reciprocal of the 2728 29 30 31 3233 34 35
absolute temperature can be represented by a straight
line with an activation energy of 1.77 eV. By extrap-
olating the line to lower temperatures, the MTTF is Fig. 16. MTTF i a function of temperature.



290) 1. Ohmori ei al. / ttigh quality (die radiation detectors

estimated to be I X l0' h at 25 °C, which is much cated with a count rate of 1 I kcps and an FWHM of
longer than the measure 2 x 101, h obtained in the 13.8 keV for a 60 keV y-ray.
previous work (4]. Though the failure mechanism is The environmental tests following the evaluation
under investigation, the migration of Ag from the conditions for ordinally electronic devices have been
epoxy resin into the CdTe crystal through the Pt conducted and no failures have been found. High tem-
electrode may be the main cause. perature acceleration tests have also been conducted

and the MTTF is estimated to be I x 1 0 h at 25 'C.
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Gamma- and X-ray detectors manufactured from Cd _Zn Te grown
by a high pressure Bridgman method
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Abstract

Results of recent efforts in the growth of Cd, _,ZnTe crystals by a high pressure Bridgman (HPB) method and their use in
gamma- and X-ray detector applications are presented. Evidence for crystals of relatively low defect content include etch
pit densities of S 101 cm - 2 double crystal rocking curve linewidths of 10-15" and sharp, bright emission lines with
excitonic features in low temperature photoluminescence measurements. Resistivities in excess of 10'' ohm cm are
achieved without impurity doping. The resulting low leakage currents lead to good energy resolution. < 6% at 59.5 keV
for example. The dependence of leakage current on temperature from 233 K to 373 K implies a Fermi level at mid-gap
for x = 0.2. The results of flash X-ray experiments indicate that the high current sensitivity, low leakage current and good
temporal response of Cd, ,Zn,Te detectors make them attractive candidates for applications involving short pulses at
high dose rates.

I. Introduction the incorporation of oxygen and other impurities from
quartz near its softening point can cause significant

Cdle has long been an attractive material for contamination, even when carbon coatings are applied.
gamma- and X-ray detection, reflecting its.high atomic It is thus advantageous to grow Cd1 IZnTe crystals in
weight and a relatively wide bandgap which makes a high pressure chamber in which an inert gas reduces
room temperature operation possible. Alloying ZnTe diffusion and consequent evaporation of charge; the
with CdTc to form the ternary alloy Cd, ,ZnTe high pressure eliminates the need for sealed ampoules
results in a wider bandgap, with consequent lower and permits a choice of crucible materials.
detector leakage currents, and a lower defect density The HPB furnace design employed by Aurora Tech-
due to alloy strengthening of the lattice. A high pres- nologies Corporation (ATC) has been described in
sure Bridgman (HPB) growth method which accommo- previous publications 11, 2]. All parts exposed to high
dates the higher melting temperatures of the alloy and temperatures are made of high purity graphite. A
allows growths to be carried out at stoichiometric com- specially designed graphite heater provides a tempera-
positions has been perfected; high resistivity is ture profile optimized for the Bridgman growth. High
achieved without the introduction of problematic purity graphite crucibles are fitted with tight fitting caps
dopants such as Cl. The following sections discuss the to reduce evaporative loss. Crucible travel is effected
application of HPB growth to Cd, -,ZnTe and recent by a high pressure mechanical feedthrough. The fur-
detector characterization results for x,< 0.20. naces can accommodate crucibles with internal diam-

eters up to 10 cm and growth charges up to 10 kg. All
graphite parts are enclosed in a large steel shell

2. Preparation and properties of Cd, •ZnTe crystals designed to withstand pressures in excess of 100 atm.
The furnaces can be operated to temperatures above

The growth of Cd, ,ZnTe crystals from the melt is 1600 'C. Figure I shows a photograph of an HPB
generally complicated by relatively high melting tem- furnace used by ATC for the production of Cd,.,ZnTe
peratures and vapor pressures, and the fact that the and other Il-VI compounds.
melting temperatures are comparable to or exceed the The starting elements for crystal growth are multiply
softening temperature of quartz. While crystals with purified elements weighed out to a stoichiometric com-
x •<0.04 are often grown in sealed quartz ampoules, position. No impurity dopants such as Cl are added to

10921-5107/93/S6.00 P 1993 - t-lscvier Sequoia. All rights reserved
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Fig. 1. Photograph of an Aurora Technologies Corporation high pressure Bridgman furnace used for the growth of Cd, -,ZnTe
crystals up to 10 cm in diameter and 10 kg. For dimensional reference, the photograph spans 3.5 m from top to bottom.

the charges. The complete crystal growth cycle TABLE I. Properties of IPB grown Cd, -ZnTe crystals
requires about one month.

Cd, _ ZnTe crystals have been grown for the entire Property Zn fraction.
range of 0 < x 4 1 by the HPB method [2]. Table 1 sum- 0 0.04 0.20
marizes characterization data for crystals with x < 0.2,
the limit for which useful radiation detectors have as Resistivity (ohm cm) 3.0x I0• 2.5x 10"' 1.5x 10''

yet been produced. The data in Table I are representa- Etch pit density (cm 2) 1.8 X l0 l.o x !04 0.5 x 104

tive averages, generally of a large number of samples. DCRC lincwidth (FWHM, NM 14 12
Resistivities are found to be remarkably uniform arc seconds)

throughout a boule, varying approximately ± 20% over PL linewidth 0.3 1.0 2.2
a wafer cut transverse to the growth direction and (FWHM, meV)
± 50% over a longitudinal slice. The fact that near-
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intrinsic resistivities are achieved without the introduc- maintained under a constant bias of 50 V from March
tion of impurities may be related to growth at the 1989 until April 1992, on-line in a factory environment;
metal-tellurium stoichiometric composition. there was no measurable change in its counting effi-

The etch pit density (EPD) values were quite ciency over the three-year period. Polarization, which
uniform, varying less than 50% in about 100 samples has in the past caused difficulties in practical applica-
from 10 boules. The values in Table 1 are significantly tions of CdTe detectors, has been related to the pres-
lower than those typically reported for crystals grown ence of Cl as a dopant [41.
in sealed quartz ampoules and used in the infrared Current-voltage curves for Cd ,Zn,,_Te detectors
detector industry as substrate material, with two commonly employed contacting metals are

Double crystal rocking curves (DCRCs) were gener- shown in Fig. 2: detector dimensions are 8 mm x
ated with a 2 mm x 8 mm X-ray exposure surface on 8 mm x 1.6 mm, the third dimension being the gap
(1 111 oriented samples from nine boules with x = 0.04 thickness. The slopes of the linear regions of both
and one boule with x = 0.20. The narrowest width curves indicate a resistivity of approximately 1 x 10jt
observed was 10", on a sample of 4.0 at.% material, an ohm cm.
indication of low defect content. Leakage currents at 100 V were measured as func-

The low temperature photoluminescence (PL) tions of temperature from -40 °C to 100 °C. Results
spectra exhibited bright, sharp emission lines in which are summarized on a semilogarithmic scale in Fig. 3.
free and bound excitons were clearly visible; evidence The excess currents evident in the deviations from
was found for a two-hole transition (THT) in a ZnTe linearity at low temperatures, especially for the Pt-
sample. All of the major lines were accompanied by metallized sample, are believed to be due to surface
sharp LO phonons. The sharpness of the phonon lines conductivity at the edges, and illustrate the importance
and existence of the THT line are indicators of high of proper attention to this factor in the fabrication of
structural quality and low impurity concentrations. It is detectors. The activation energy derived from Fig. 3 is
noteworthy that in PL experiments with ZnTe, the 0.8 eN, indicating that the Fermi level is at the midpoint
commonly observed emission from an isoelectronic of the bandgap.
oxygen trap at 1.6 eV was absent. The increase in line- Figure 4 shows an energy spectrum of the gamma-
width with x apparent in Table 1 is attributable to alloy ray emission from an Am-241 source obtained from a
broadening. Cd,,.Zn,.2Te detector. The detector was biased at

300 V and its dimensions were 5 mm x 5 mm X 1.2
mm. The linewidth (FWHM) of the 59.5 keV photo-

3. Cd, ,ZnTe gamma-ray detectors peak is less than 6% and includes approximately equal
electronic noise contributions from the preamplifier

The very high resistivities and evidence for low input and a 3 nA leakage current. A low energy tail
impurity concentrations and high crystalline quality related to incomplete charge collection is evident.
shown in the data of Table 1 make Cd, _ Zn,Te an
attractive candidate for gamma-ray detector applica-
tions. Furthermore, the ability to produce large, homo- 3. 00e- -

geneous boules of this material raises interesting new
prospects, such as: (1) large quantity, low cost detector 2 OOe-6

manufacturing methods and (2) fabrication of large
area detector arrays for a variety of gamma-and X-ray I ooe-8 -

imaging applications in medicine and industry. In
earlier experiments, it was found that the established 000.0..
fabrication technology for CdTe detectors was gener- W _

ally applicable to Cd, _,Zn,Te for x up to at least 0.20, • -'.-a
and acceptable gamma-ray detector performance up to - Au contact
this composition was demonstrated 13]. The remainder -20-00- ' ePonact.

of this section describes the results of recent experi- -300°-8
ments designed to characterize and increase our under-
standing of these devices. -4.00o-B

Data presented in Butler et al. [3] shows that a -600 -400 -200 0 200 400 600

Cd,,Zn,2Te detector under constant bias for seven
days exhibited no change in counting rate (i.e. no Voltage (V)
polarization). A test has since been concluded in which Fig. 2. Current-voltage characteristics for Cd,,,Zn,,,Te detec-
a detector fabricated from HPB-grown CdTe was tors. Detector dimensions are 8 mm x 8 mm x 1.6 mm.
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Fig. 5. Energy spectral peak position as a function of bias voltage

-30 for a Cd, ,Zn, ,Te detector irradiated with Am-241 alpha-parti-
2.5 3.0 3.5 40 4.5 cles. The solid points are experimental data and the smooth

1000/T(K) curves were fitted from theory by adjusting parameters.

Fig. 3. Leakage current as a function of temperature from
- 401 'C to It(0 °C for Cd, ,Zn, ,Te detectors metallized with Au the electron mobility and lifetime, respectively. A simi-
and Pt. Detector dimensions are 8 mm x 8 mm x 1.6 mm. lar equation can be written for a positive bias with p,

and r, replaced by the hole parametersuh and Th.

COUNTS/INCREMENT (Thousands) In Fig. 5, experimental results for a Cd,, Zn,,Te
7• detector are shown as points; the theoretical curves

were fitted to the points by adjusting the parameters
/Ur,, Phrh and Q. The mobility-lifetime products8 derived by this method were P, = 8 X 10 - cm2 V-
and /h- r =3 x 10 -- cm2 V- . Similar results have been
obtained for HPB grown CdTe and Cd!, ,,Zn,,, 4Te. The

3 derived value for electrons is comparable to values

2 typically reported in the literature for electrons in
CdTe grown by travelling heater method (THM); the

_ value for holes is lower. As will be shown below, this
lower value of Puhrh can be related to a correspondingly

0 10 20 30 40 50 60 70 low value of Th.

ENERGY (KeV)

Fig. 4. Energy spectrum of Am-241 gamma-ray emission
measured with a Cd, ,Zn,.Tc detector biased at 300 V. Detector 4. Flash X-ray experiments
dimensions are 5 mm x 5 mm x 1.2 mm.

In view of recent interest in the use of CdTe and other
detectors for flash X-ray radiography and other appli-

In order to estimate mobility-lifetime products, cations involving short pulses at high exposure rates,
Cd-, Zn,Te dctectors arc exposed to the alpha-parti- flash X-ray experiments were carried out with Cd 5.,,-
cle emission from a I pCi Am-241 source at a distance Zn,.,Te detectors. The temporal behavior of the
of 1 cm. Well-defined peaks are observed and the rela- current output of detectors exposed to 250 kVW 20 ns
tive peak position can be measured as a function of X-rays was examined, with bias voltage varied from
applied voltage. When the polarity of the detector 50 V to 400 V. Typical results are shown in Fig. 6.
surface facing the source is negative, the peak position The response curves in Fig. 6 do not exhibit the long
can be expressed as: tails observed with CdTe detectors under similar

conditions 151. The fall times in the present case are
q= LUw Q( (1) consistent with temporal behavior dominated by

sweepout of electrons, assuming an electron mobility
where q is the charge pulse magnitude at the peak, Q approximately equal to that of CdTe (about 1000 cm'
the initial charge generated by the alpha-particle, L the V ' s '). The long tails reported by Maim and Martini
detector thickness, V the bias voltage, and u, and Tr, [4] presumably reflect the sweepout time of holes, with
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Cd,,.,Zn,.,Te appears to offer a number of advan-
tages for short pulse, high rate detection: the current
response is high, comparable to that of CdTe; the very
high resistivity and consequent low leakage currents
extend the dynamic range at low exposure levels; and
the absence of a fall-time tail results in a good temporal
resolution, at least for pulse widths greater than a few
tens of nanoseconds.

I_ - - - - - " - - - I . . . I . . ° - - "
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Compensation of trapping losses in CdTe detectors

M. Richter, P. Siffert and M. Hage-Ali
Centre de Recherches Nucleaires (IN2P3)-Laboratoire PHASE (UPR du CNRS No. 292), BP 20,
F-6 7037 Strasbourg Cedex (France)

Abstract

Energy resolution and photopeak efficiency of planar CdTe nuclear radiation spectrometers are degraded by charge
trapping effects in the bulk of the detector. Charge loss compensation methods result in an enhancement of energy resolu-
tion and photopeak efficiency, but these techniques operate only with certain detectors. In this article we present data
from dual-parameter gamma-ray spectrometry and time-of-flight experiments to characterize these devices. A computer
model of the charge collection inside the detector will be discussed.

I. Introduction on these data we could establish a correction function.
This results in a tremendous improvement in energy

Cadmium telluride (CdTe) is a material of interest resolution and photopeak efficiency. However, this
as a highly sensitive, room temperature-operating correction method still demands devices made from
gamma-ray spectrometer. Modern detectors offer good materials with sufficiently high hole mobility. In this
stabilitv and energy resolution. The best energy resolu- paper, we present some recent results performed on
tion up to now of about 0.5% at 662 keV has been some of these "good" detectors.
achieved by using a slightly cooled detector with a
p-i-n structure [1]. However, owing to the small
electron and hole mobilities in the p-type material 2. Dual-parameter spectrometry
generally used, the sensitive region of these detectors is
only 0.1-0.3 mm thick. Thus, detection efficiency is The goal of the experiment was to investigate the
rather limited, variation of the spectrum shape as a function of the

In CdTe detectors having a metal-semiconductor- charge collection time. Using the Charge Loss Correc-
metal (m-s-m) structure the depletion layer can be tor of the firm EURORAD [5], which provides for an
quite thick (about 1-2 mm). Therefore these devices optional second output of the risetime information in
are much more sensitive; however, the energy resolu- coincidence with the pulse height at the energy output,
tion and photopeak efficiency of such a thick planar we measured dual-parameter spectra of different radia-
CdTe detector are degraded owing to poor hole trans- tion sources with gamma-ray energies from 60 keV
port properties. Consequently, the field of application (24 Am) up to 662 keV (13 7Cs).

is still limited. Different approaches to detector geom- The spectra show clearly that the initial result can be
etry and pulse processing techniques have been tested regarded as a summation of subspectra with shifted
to overcome these shortcomings [2, 3]. However, photopeaks. The subspectrum near the shortest rise-
mostly they did not result in much better resolution or times offers the best energy resolution and peak-to-
they caused severe problems with detector stability and Compton ratio (Fig. 1). This matches the experience
efficiency loss. gained with resolution enhancement using risetime

Charge loss correction methods are the most prom- selection systems [3, 4]. Spectra measured with longer
ising [4]. They are based on the assumption that poor risetimes have worse resolution and spectrum shape.
energy resolution is mainly related to trapped holes, Unfortunately, this limits the performance of charge
while the electrons are collected almost without any loss correction methods and demands a pulse preselec-
losses. Because of the much higher mobility of the tion to suppress pulses with collection times that are
electrons, the overall charge collection time is deter- too long. The application determines a compromise
mined by the collection time of the holes. The relation between efficiency and energy resolution [5].
between the energy loss fraction and the charge collec- The photopeak intensity of these subspectra de-
tion time has been measured experimentally and based creases nearly exponentially with increasing charge

0921-5107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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r37-Cs sp•ctra measured with different nseEme windows 122keV

50 100 150 200 Z50 300 350 400 450 500
Fig. 3. Dual parameter spectrum of a 57Co source. Comparedwith the corresponding 37

Cs spectrum of Fig. 2. the intensity of
Fig. 1. This dual parameter spectrum of a 137Cs source demon- the photopeak decays faster. The constant of this exponential
strates that the untreated energy spectrum measured with a function corresponds well with the absorption coefficient.
CdTe detector can be regarded as a superposition of shifted
subspectra resulting in the low energy tailing of the photopeaks.
Each subspectrum is generated in a different layer of the de-
tector.

662kcV

Fig. 4. Dual parameter spectrum of a `37Cs source. This point of

Fig. 2. Dual parameter spectrum of a '37Cs source. The intensity view shows clearly the linearity between photopeak shift and
of the 662 keV photopeak decays following the absorption charge collection time.
curve.

collection time (Figs. 2 and 3). The constant of this 3. Current pulse measurements
exponential function is approximately equal to the
absorption coefficient of CdTe for this energy. The To get some more information about the shape of
error can be explained by the influence of the inhomo- the electrical field inside the detector we must follow
genous electrical field inside the detector (see below), the path of the carriers from the point of generation to
This indicates that the phonon energy is absorbed at the contacts. One way to do this is to measure the
one point. The relative charge loss depends only on the current pulse. The current is proportional to the
depth of the carrier generation and not on its initial number of carriers and their speed. The speed is the
number. product of mobility and electrical field. This means

The low energy tail of the photopeaks appears as a that for a constant number and mobility of carriers the
superposition of shifted subspectra with decaying current pulse 1(t) gives directly the function E(t). If we
intensity. As already mentioned formerly, the photo- arrange a way for the charge to be transported through
peak shift, i.e. the relative charge loss, is linearly pro- the whole detector by exclusively one carrier type, then
portional to the risetime and does not depend on radia- the current pulse 1(t) is proportional to E(x).
tion energy (Figs. 4 and 5). Of course the question of We can fulfil these conditions if we irradiate the
why it is linear still remains, negative-biased surface of a detector with alpha-parti-
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Fig. 5. Dual parameter spectrum of a "'Co source. It is shown W,[s] x10-,
that the linear peak shift does not depend on gamma-ray energy.

Fig. 6. Current response from alpha-particle irradiation of the

negative detector contact. The electron current pulse decays
much faster as we would expect from the carrier lifetime. Even

cles or soft X-rays. The charge will be transported by for a shorter collection time (see lower curve) the pulse shape

electrons to the positive contact. For a sufficiently high does not change substantially. This phenomenon can be

bias voltage the carrier transit time is small in corn- explained by a non-homogenous electrical field inside thebiasvolagethecarrer ranit ime s sallin om- detector.

parison with its lifetime. Thus the shape of the electron

current pulse is mainly influenced by the shape of the
electrical field. 2.X10-

3  SS-2A Vdet =125V

In our experiments we used 2 mm thick CdTe detec-
tors with platinum contacts. The bias voltage varied j -

from 100 V to 300 V. The electron lifetime was
measured to be at least I ,us. A fast current-sensitive .2.
preamplifier in a closed loop configuration has been __._

used for the measurements. A high open loop gain 0 1 2 3 4 5 6 7 8 9 10
t us] ziO"

4

ensures short risetimes and accuracy. ss.2A v~t = 20[ v
3 "10" ,.AV t20

The results were rather unusual (Fig. 6). The elec-
trical field has its maximum near the negative contact E~ 2-- ...-...

of the detector and decays m ore or less exponentially - ....... ............... ........... ............... ......... ..... .... .. .........
in the direction of the positive side. This is completely r
contradictory to former investigations of detector ."
polarization [6, 7]. We repeated these experiments with
many "-good" detectors, that is, with devices which t,[us] X10-
work well with the EURORAD Charge Loss Correc- Fig. 7. Hole current pulse after charge generation at the positive
tor. The results were always similar. detector contact. Although the holes move much slower than the

Further, we observed also the hole current pulses electrons we do not observe a current decay. The electrical field
(Fig. 7). Although the collection time of the generated obviously accelerates the holes in the direction of the negative

charge is much longer, the current decays only slightly, contact and compensates in such a way for the number of car-

For higher detector bias voltages the hole current is riers lost by trapping. This does not mean that the hole collection
efficiency becomes better, as it depends only on the final collec-

rising with time. Thus, the higher speed of the holes tion time, but it proves that the electrical field increases against
near the negative contact can obviously compensate for the negative contact.
the number of carriers lost by trapping. This also
means that the speed of the holes in all layers of the
detector is still proportional to the electrical field. to 12. For the penetrating 662 keV radiation of a 13 7Cs

Another unexpected observation was the ratio of the source we got similar results using the current amplifier
currents of electrons to that of holes. A voltage pulse at (Fig. 8).
the output of a commonly used charge-sensitive In experiments with alpha particles we measured an
preamplifier represents the integral over the detector electron current 50 times higher than that of holes.
current pulse. If we compare the slopes of the fast and This indicates the existence of a dead layer near the
slow fractions of such a pulse we get a ratio of about 6 positive contact. Thus, only a small fraction of the
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Fig. 8. The detector was irradiated with a t "Cs source. The
current pulse demonstrates the ratio of electron and hole current collecnon tme hi

at a point in the middle of the detector. Fig. 9. Electron current pulses in(t) of the model detector calcu-
lated for different values of the electrical field at the negative
contact. These correspond to detector voltages of 100 V. 200 V

generated carriers reaches the internal collection field and 30)0 V. for i = 1. 2 and 3 respectively. The resulting curve is

and the hole current is much smaller. The main result the superposition of trapping loss and the decay of carrier speed.

of the current measurements was the discovery of the
fast polarization of the used detectors. The electrical effect). In the case of a high electrical field inside a
field has its maximum at the negative contact and is biased detector this relation can be linearized.
decaying exponentially. This results in faster hole To display the current pulse we have to calculate the
collection and in some unusual current pulse shapes. speed and number of carriers in the time period t,,,,

between the generation of charge at the point x,, and its
recombination at the contacts. The fraction of the

4. Modelling carriers reaching the contacts is determined only by the
collection time.

As a result of these calculations we expected a better
understanding of the influence of the different detector
parameters on the charge collection efficiency. The Assuming the proportionality of speed and electrical
basis of our detector model comes from the observa- field we can write for the electrons:
tion of the current pulses. By varying the model carrier
properties, such as mobility and lifetime, and also the 6t,( x")= - 1 2)
field distribution, we fitted the calculated curves to the t*k + 1/t'(x,,)
actual measured pulses. The final model matches well For the holes the integrals are more complicated owing
our experiences of real detectors, in which we have: the non-constant Weto th o-osatmobility, W solved the equations

Electrons: u, = 1100 cm 2 V- I s- I = constant numerically.
Figures 9-11 present current pulses for different

Tn- 1 •svalues of the electrical field generated at different
Holes: up0 = 80 cm 2 V` s- I positions inside the detector. The current pulses for

up(x) =f(E) = up0 + h*E(x) x = 0 and x = d corresponds to the experiments with
alpha particles. The electron current is a good match to

rp= I Ps the real data. The main difference is the presence of
Field: E =E,,*exp( -k*x) noise and the limited bandwidth of the current ampli-

e kfier used for the measurements.
Detector: thickness d= 1.9 mm The important discrepancy for the holes can be

negative contact: x = 0 explained by the existence of a thin dead layer under
the positive contact which has been neglected in the

With constant hole mobility and a realistic lifetime it calculation. We were more interested in the principal
was not possible to reconstruct the observed pulse pulse shape. For charge generation in the middle of the
shapes. Oltaviani et al. 161 found a relation between the detector (Figs. 8 and 1 1) the model is in agreement
electrical field and the hole mobility (Poole-Frenkel with the experimental data.
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Fig. 10. Calculated hole current pulses ip(t). Near the negative Fig. 12. The function of the collected charge vs. collection time
contact the holes are moving faster. The number of carriers lost of the modelled detector tends to be linear.
by trapping can be compensated. For higher electrical fields this
effect is more impressive.

travelling heater method (THM) process under Te

x101 un-I 103 up=80d,0 19 xo:01 k=5 h=0.002 pressure. As contact material platinum or gold is used.
10 The sensitive surface area is between 25 mm and

56 mm2 . The devices are mostly 2 mm thick. The best

8. I Eo-500 V/cm energy resolution can be achieved if the negative side
3 tn(t) 2 Eo- I 3v/cm of the detectors is irradiated.

3s Et- 1,,.t00m With current pulse measurements it was found that
6V the electrical field inside the detectors has its maximum
S6,at the negative contact. Because we still obtained a

4- 4 2m" )signal from alpha-particle irradiation of the positive

.I3p side we think that the -'dead layer" there is very thin.
This is totally contradictory to former investigations

2-' 1 P[7]. Only for an old detector made from n-type material
--------- 2 .p(.) with Al contacts did we observe the same direction of

00 0.. 0.4 polarization. The THM material is normally suspected
0 02 0.4 06 08 1.2 14 16 1.8 to be p-type but experimental confirmation is rather

collection wmo(sI xl -, difficult owing to its high resistivity.

Fig. 11. For this calculation a charge generation in the middle of The influence of contact material is not so clear yet.
the detector has been assumed. Both carrier types take part in For detectors from one CdTe ingot the orientation of
the charge collection (electron current: solid line; hole current: polarization changes if we contact them with gold
dashed line). instead of platinum, for another ingot the detectors

polarize independently of the contact material in the
"1wrong" direction. Analysis methods such as thermal

The resulting curves of collected charge vs. collec- scanning calorimetry or secondary ion mass spec-
tion time of the adapted detector model are presented trometry did not offer suspicious differences. Further-
in Fig. 12. They tend to be linear. The value of the more, we could not measure a change in the detection
applied electrical field changes only the gradients of the efficiency vs. time. So we assume that the polarization
curves, but not their fundamental shape. is a very fast process. Up to now we are unable to

explain these phenomena.
Although nearly all newer detectors show this

5. Discussion inverted polarization, only a small number of them
provide good results with the linear charge loss correc-

The investigated detectors have followed the evolu- tion rpthod As also proved by the model, only detec-
tion of technology since 1983. They are made from tors with a sufficiently high mobility-lifetime product
highly resistive material which has been grown in a for holes work well.
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To select detectors for the correction, we irradiated on the charge collection efficiency has been investi-
them with the deeply penetrating 662 keV gamma rays gated. The function of relative charge Ioss vs. charge
of a 13 1Cs source. We observed the output pulses of a collection time of this model detector is nearly linear
normal charge-sensitive preamplifier. If they are com- and correlates well with experimental data. The obser-
posed of slow and fast rising fractions it is probable vation of fast polarization in CdTe detectors made
that thls detector works well with our charge loss from highly resistive p-type material is still incompre-
correction circuit. hensible.
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The electronic bistability in doped semiconductors with polar optical
scattering: the reversible switching effect in CdTe:Cl at room
temperature

N. V. Agrinskaya and V. I. Kozub
A. E loJf'e Physical Technical Institute, St. Petersburg (Russian Federation)

The behaviour of CdTe in strong electric fields E single-valued relation btv.-een n and E which cannot
has been studied in a number of papers. It has been explain the S-shaped current-voltage curve.
shown that, while in pure materials the Gunn effect is The necessary multiple-valued behaviour of the
observed at fields E> ->)0 V cm ', the doped samples electron distribution can be provide' by the
exhibit a breakdown behaviour [I]. A reversible electron-electron processes. From r,, -- 0 (r .,, being the
switching effect with S-shaped current-voltage curve characteristic time of electron-electron scattering) they
has been observed and studied in detail in CdTe:CI at form the electron temperature 7•. From the balance
300 K [21 (Fig. 1). The concentration N(, of shallow equation, one can find three roots corresponding (at
donors was of the order of i 0'" cm but the number fixed n) to three branches in the "urrent-voltage curve
of electrons appeared to be i,, = 10 ') owing to the [41: '1i - 1i.2 =-,/?2 (the branch unstable for fixed E)
presence of compensating defects (with a level and r1., The state with 7', can exist in relatively
r E t, - 0.6 eV). The origin of such a behaviour weak fields owing to the increase in mobility and there-
(especially in the factor supporting the low resistivity fore in the energy gained in the electric field
,gtate at weak fields) is. however, unclear. Here we accompanying the transfer of electrons to the high
suggest the mechanism combining the effects of run- energy region r = c. However, the initial concentra-
away. impact ionization and electron-electron scatter- tion n-= i,, is small, i.e. T,, is large. and the electron
ing which we believe explains the phenomenon temperature cannot be established. Thus a special
discussed. analysis of electron-electron processes appears to be

The sharp increase in the conductivity observed in necessary.
ref. 2 is obviously connected with ionization of the We have shown 141 that a special role is played by the
deep compensating level (the shallow donor is already processes in which an electron from the run-away
ionized at 300 K). The necessary concentration of region r -. •, promote an electron from the low energy
electrons with energies t >0.6 eV can be provided by
the run-away effect characteristic of polar optical scat-
tering (loc . / being the electron mean free path).
Because of this effect the electron distribution func- I (A/cm-2)

tion ceases to decrease at energies r> r,.
tfimn,,T-/(elI,,)-. 1, ,=1(T1). Such a run-away is 2.

limited in the energy region by the processes involving
lateral valleys at r = ,, = 1.6 eV. Thus the distribution 20 .
function appears to be almost constant in the energy
region t, < r •• . Such a distribution has been 15

modelled for CdTe in Monte Carlo simulations 131.
However. the impact ionization equation i0-

oil=A I(N -i) - Bf it •-Ajn.N -n) (it> 1],,) 5-----

dt o _ _ __ _ _o_ _ -q - -o - __------- ____

0 20 40 80 80 too
(i, is the number of electrons with r > r.,. and A,. A, i (V)
and I•, are the coefficients of thermal ionization of F 1. ivpica eurreni-'age curve of (dfe:(i crv.iak.
impact ionization and of thermal recombination recorded ;ii 300 K using vol•age pulses of 2 P, duration: the
respectively) leads in the case n., ni. n,/n =.f(t I' to a thickne"s of. fhe samrple •was 1t) ian.

0921-5 17/t93/S6tt.00 1993 . lscicr Sequoia. All right% reserved
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it in Cqn. (I), one obtains two roots: ni =AI NI/I and
it n.. Thus, in the lower branch. it increases with an
increase in /, (owing to ionization i only tip to the value

/t =it n., then a transition to the unstable Iallino branch
takes place where it =n, c at v', < r, ). In the vicin-
itv of the point /-= F', corresponding to r, 1. - . one
hals i• -o which corresponds to at transition to the
uipper branch where It=. ANV/IB. Ini this branch the
electron temperature is established: .=i.. Note that

E__ _a furLther increase in 1E along this branch leads to aI
EC s t':- E region where the Gunn effect occurs, the complete

Fig. 2I Sciciuatic rcpim-cwia ion ofi tie curi rrct -votiaec curc lform of the current-voltage curve having an S-N
Usin1 ithC1 doPtcLd model for the ca.c of a hoinogencous distribu- character (Fig. 2). However, at the current values
tioli of the Current in a sample: I., , is ite field corresponding accessible .'or actual experiment a current filament for-
to the tormation of i filament. mation should take place at E- /6* . The estimates for

the mechanism considered are the same order of mag-
nitude as the experimental results 12 1.

region I' T to the region e > I', corresponding to a So we believe that the proposed mechanism of
small but finite energy transfer c, < v1 .[ The probability electronic bistability controlled by purely electronic
of these processes is given not by the approximate time scales (10 t s) explains the S-shaped
momentum relaxation time r,, but rather by the life- current-voltage curve in CdTle.
time (which is not a characteristic time between the
scattering cvcnts T, = 1r,.u, l./r" (1. being the Coulomb
logarithm). l'hc spectral flow connected with these References
processes, about '1i.1 /T 1 (] Ir -Il, 1ii and 11, being
the concentrations iii Lhe regions t T' and u = I- ) at I M. R. O)iver. A. McWhortcr and A. (C. Foui,. tppl ihY.. l.elt..
some critical value ni = it, cc (F /i - I 1 exceeds the // 11967) tII.
removal of electrons from the run-aw•ay region by 2 N. V. Agrinskava, M. V. Alekscenko and (). A. Matwco\..%ov.('hv'.. -- ,'wmjic ottI., i){ t) 75 )34 I
electron-ciectron (about ,_t1 r ,/ ) r .and electron- 3 (.() i nim R i. P/*.s..-ipl.. 12 tt)77 249.

phonon processes. In this case. /i, sharply 4 N. V. Agrinskaya and V. L Konuh.•A•-. /'/I.-.1/I1 72
increases tip to values it. = it - it,. Inserting it .l /1 III/ t I19 515.
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Power switching with CdTe:C1

J. Lajzerowicz, L. Verger, F. Mathy and M. Cuzin
LET] (CEA, Technologies A vancies), CENG, BP 85X, 38041 Grenoble (France)

Abstract

CdTe material with its high molecular weight (240) is today widely used for radiation detection. The band-gap energy of
CdTe is 1.45 eV. When doped with chlorine, which compensates the acceptor level introduced by cadmium vacancies,
CdTe is intrinsic and gives a very high resistivity (more than 1089 cm). The contacts were made by electroless metal
deposition and further annealing; they were characterized with d.c. and pulsed voltages. For the first time, this paper
presents power switching experiments with CdTe material. We investigated different types of crystals and contact
geometries with gap sizes varying from less than 1 mm to a few millimetres. The switches were activated by a YAG laser
with 10 ns FWHM pulses (1.06 um) or with 160 kV X-rays with 30 ns FWHM pulses. The time constant of recovery was
found to be more than 10 ns. In some cases, for high voltages, corresponding to fields higher than a few kilovolts per
centimetre, large recovery times of more than 100 ns were measured. This apparently longer carrier lifetime, combined
with the high resistivity, make CdTe an alternative material to silicon and GaAs for some switching applications.

1. Introduction-main properties of CdTe travelling heater method (THM), are used to grow the
crystals. Of course, the availability and purity of the

Semiconductor photoconductive switches have crystals grown today cannot be compared with those of
become increasingly useful for pulsed-power applica- silicon and GaAs. Table 1 gives the main charac-
tions where high voltages must be switched on a short teristics of CdTe compared with silicon, GaAs and
time-scale. Photoconductive switches can switch tens diamond.
of kilovolts with picosecond rise times [1]. Most of the Different properties of CdTe must be pointed out as
research has been concentrated initially on silicon and follows.
more recently on GaAs as the switch materials. Differ- CdTe has a direct band gap (Gunn effect is reported
ent materials, such as diamond and ZnSe, have also [2]). The mobility curve of CdTe presents a maximum
been evaluated for this application. To enlarge the in velocity for a feld of the order of 15 kV cm-' [3].
group of potential semiconductor for the application, Compared with GaAs and InP, and following some of
we decided to evaluate CdTe. the given interpretations of the lock-on phenomenon

CdTe has been recognized for several years as being [4], it should present the lock-on property above
the most promising detector material for a room tem- 15 kV cm -. (The lock-on property is a non-linear
perature operating portable X-ray and gamma-ray effect: when the field applied is sufficiently high,
detection system. It is also used as a substrate for instead of following the excitation pulse shape, the
epitaxial growth of Hg, _xCd.Te to produce IR detec- switch turns on and stays on until the energy is com-
tors. Semi-insulating CdTe is usually obtained by pletely discharged from the generator.)
impurity compensation with chlorine or indium. Differ- CdTe recovery time is in the range right between the
ent techniques, such as the Bridgman technique or recovery times of silicon and GaAs.

TABLE I. Comparison of main parameters for CdTe and the three main semiconductor materials

Si AsGa Diamond CdTe

Band gap (eV) 1. 12 (indirect) 1.43 (direct) 5.47 (indirect) 1.47 (direct)
Resistivity (L2 cm) 104 101x 1016 10
Mobility (cm2 V- s' 1000 5000 1000 1000
Breakdown field (kV cm-) 105 10-1 10 105
Recovery time (,us) 10-100 0.001-0.01 < 0.001 0.01-1

0921-5107/93/S6.00 0 1993 - Elsevier Sequoia. All rights reserved
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It seems very interesting to evaluate this material for 2 GQ, which corresponds to a resistivity of a levw
power switching applications. We will briefly report gegaohm centimetres.
how we developed ohmic contacts for our CdTe Unfortunately. under d.c. voltages corresponding to
material. We will present the hold-off characteristics 15 kV cm ` most of our samples fractured. This corre-
for impulsed voltages and, finally, we will show some sponds to a rapid increase in the dark current at
results obtained when switching with laser or X-ray constant voltage. This is probably due to an increasing
pulses. space charge limited conduction because of trapping

on deep levels.
Two different experiments were pertformed to test

the samples under pulsed voltages.
2. Device preparation and characterization ( 1) Polarization by a 51) ns. 0- 1) kV pulse from a

line discharge (sample placed in a SF6 pressure cham-
The monocrystalline and large volume CdTe crys- ber). For the I0 mm x 10 mm x I mm sample (contacts

tals have been grown by the vertical Bridgman method on opposite faces). appreciable conduction appears at
by normal freezing of a tellurium-rich solution at a 3.5 kV while at 10 kV the sample presents a 100 Q
temperature lower than the melting point of stoichio- resistance. This corresponds to 20 mJ dissipated in the
metric CdTe [51. Semi-insulating CdTc is obtained by sample during 50 ns. For the 10 mm X 15 mm. 1 rnm
impurity compensation: in the accepted scheme, a shal- sample (contacts on the same side), conduction appears
low donor, i.e. chlorine, is introduced into the material at 5.5 kV and the apparent resistance ot the sample at
to compensate acceptor native defects which are gencr- i0 kV is 150 Q. After this test the 1" ') characteristic
ally thought to be cadmium vacancies. By the selt- of the 10 mm x 10 mm x I mm sample was degraded.
compensation phenomena, the balance between the (2) Polarization by the 0.5 uF capacity discharge in
chlorine donor and acceptor concentration leads to 25 Q with 0-3 kV. The samples tested are those with
Fermi level pinning within the gap that makes the contacts on opposite faces. With two contacts of the
material semi-insulating and thus greatly reducesphotconuctr drk urrnt 6].same dimensions. breakdown appears at about__22 kV
photoconductor dark current [61.

Hall effect measurements exhibit a p-type conduc-
tion for the high resistivity chlorine-doped crystals. At
room temperature, crystals have a resistivity p = 10" O ,QI

cm, a hole concentration of 1 0 cm - and a Hall mobil- .z

ity ,u1 = 50 cm' V I s '. (The Hall mobility is not I.-
the electron mobility and is much closer to the hole ° 0
mobility.) -0.6 Before annealing

We used two types of samples: one was 10 mm X u .1 After annealing
15 mm x 1 mm with the two contacts on the same large .,

side separated by a gap of 3 mm and the other 10 mm X .,0 .5 0 S 000
10 mm x t mm (t is from 600 jim to 2 mm) with circu- VOLTAGE (V)
lar contacts on the opposite large sides. Fig. I./1 l 1 characteristics of a I11 mm x I (I mm x I mm ,ample.

As with most highly intrinsic semiconductors, it is
difficult to produce ohmic contacts on CdTe:CI. Our
philosophy of experimentation was to carry out reli-
able, stable and reproducible ohmic contacts in order
to obtain the lowest current for the highest electrical
field applied when doing 1( V) characteristics: I kV.
This was obtained with electroless deposited platinum
on mechanically lapped surfaces. (The surfaces are
mechanically lapped to reduce the leakage current.)
The Solution was prepared by dissolving HPICI1, in
deionized water. The approximate thickness is 100 nm.
Figure I shows the I( V) characteristics obtained for a
10 mm x 10 mm x I mm sample (contacts on opposite
sides) before subsequent annealing. For applied volt-
ages in the range from -I kV to I kV, the charac-
teristic is linear and symmetric, i.e. ohmic bchaviour.
The sample impedance is found to be between I and Fit,. 2. Sample top vic% ,%vith it,,, brcakdm% n panth-,.



306 .1. lajzerowicz et al / Power swiitc1ing with (d*'.:( I

cm ' (1.5 kV for the 680() m gap and 1.9 kV for the dose at 1 m is 0.7 mrad. Figure 6 shows a diagram of
850 14m gap). The paths are situated right along the the experimental set-up for X-ray switching under
contacts as it is shown on Fig. 2. They are holes in 0-3 kV pulsed voltages. The voltage pulse triggers the
which the material melted. The sample shown presents 300 kV high voltage X-ray tube supply; the delay is
two paths because, after several breakdowns in one less than 1 Ps with a jitter of less than 200 ns. The time
path, the metal proceeds to sublimate and there is no constant of the V,, pulsed voltage is 12.5 ps; therefore,
more metallic continuity to the first path. The apparent during the X-ray pulse, the voltage across the switch is
breakdown resistance observed at the first breakdown about 95% of V,. We only performed tests with sam-
at 1.5 kV (gap 680 pm) is about 80 Q, which corre- pies with contacts on opposite faces.
sponds to 14 J dissipated in 10 ps. i.e. enough to melt Switched signals give recombination times of the
CdTe. order of 20 ns for irradiation perpendicular to the

The paths go exactly from one contact frontier to the contact and. in some conditions of irradiation from the
other contact frontier on the opposite side (see Fig. 3).
The simplest solution to overcome such behaviour was
to use a small contact on one face and a big contact on
the opposite face (typically diameters of 2 and 7 mm
on the 1 mm x 1 mm faces). Indeed, in this case, the

4 V
breakdown field doubled to reach 40 kV cm '(2.5 kV ,
for the 620 pm gap and 3 kV for the 750 pm gap). 30V

The paths in this case go from the small contact fron- -

tier straight to the middle of the other contact (see > 200V

Fig. 3). 0

3. Results with laser or X-ray activation ... ........ .I... . ......
200 ns/div.

We used a YAG YG 480 laser from Quantel. The
energy delivered at 1.06/um during the 12 ns pulse is
320 J. We used only d.c. polarization for laser switch-
ing tests. Different behaviours were observed in the 1 )

recombination time which seems to depend on the 14 "0V
geometry of the switch and on the field. Figure 4 gives • >, \
an example of recorded switch signals at different > - - --. .
fields. For 2.5 kVcm-' and above, the apparent ,
recombination times reach nearly I lis. I '- .K

Figure 5 gives the variation of the switch resistance -

i•;. the beam attenuation at different voltages. The limit
resistance seems to be lower at low fields. When the
attenuation is high enough, the variation of the resis- 400 ns/div.
tance is quasi-linear with the attenuation, with the same Fig. 4. Signals from laser sNitching at the same attenuation but at

linearity whatever the field is. Assuming a mobility of different voltages ;contacts on the same face ,2 mm gap, and

1000 cm 2 V I s , we can calculate the equivalent laser heam on the opposite facei recordcd on Tektronix

energy deposited in the switch for each attenuation. We TI)S 50.

can then determine roughly the absorption of the beam
to find between 0.5% and 1%.

The X-ray generator is an HP 43733A flash gener- 10000

ator. The maximum X-ray energy is 300 keV, the mean 1000
energy is 1440 keV, the pulse width is 30 ns and the

0

Same we lctrfeuis Difreni we dclctnxd 0,05 kMkmSame~~~~~~~ ~~~~ 110 lcr~sDIcet tceetme •I .......... ............... .... 0 Vc

*; 10 -* 0,5 kV/im
1 • 2.5 kMcm

1 10 100 1000
trcAdr,.nr 422kV/•m /n if4DtVam Beam atienuailon

Fig. 3. Breakdown paths and vtalues fr different contact ge m- Fig. 5. S"itch resistance V%. laser beam attenttlalion contacts O11
etrics. the same face and laser beam on the opposite face,.
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HP 300 kV X-ray
flash generator

Mechanical 11 switch \

I CdT* im0

0-3 kV switch ittenustor

/100 Tektronix ct

10 M aD S A 602 19

Fig. 6. Experimental setting for switching tests with X-rays.

sides of the s .iple, the recombination times reach 105 i.. 'Apliea Aed ';'kV/c..
400 ns. On Fig. 7 is plotted the evolution of the switch - --- Pip- Applied Field = 1.2 kV/cT,

resistance with the inverse of the irradiation dose at _ i_
different fields. The irradiation dose is proportional to C 103

/Id2 with d the distance to the source. Computation j 02
gives a carrier generation rate of 7 x l0ol cm-3 s - at 102

! m and, therefore, a dose of I corresponds to 3 X 10' 101

cm s '. From this value and from the slope of the 1 10 100 1000

linear variation of the resistance, we can estimate the (a) 1/(Normalized dose Irradiation)

mobility, and we find 1150 cm 2 V-I s which is in 1i,
agreement with our theory.

We were able to switch at a field of 38 kV cm __'_

without observing any lock-on phenomenon. -

n-Applied field = 16 kV/cm

4. Conclusions I Applied field = 35 kV/cm

1 10 100

The aim of this work was to evaluate CdTe for (h) 1/(Normalilzed dose irradiation)

power switching applications. We did not obtain Fig. 7. Switch resistance vs. l/(X-ray dose irradiation). (a) D.c.

answers to all the questions but what we are able to say voltages on I mm X 1 mm x 0.8 mm sample. (b) Impulse voltages

is that CdTe can withstand 40 kV cm -and does not on I mm x I mm x 0.6 mm sample (contacts on opposite taces
for both samples. contact sizes are different for the secondpresent any lock-on at 38 kV cm i. This breakdown sample).

voltage must be associated with the contact technology
we used and should be improved when optimizing the
technology and adapting the geometries. We were M. C. Gentet, 0. Maurice and J. Rustique for technical
surprised not to see the lock-on and this result must be assistance.
taken into account by scientists who want to interpret
the lock-on phenomenon.
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Picosecond diffraction kinetics of transient gratings in CdTe and
CdZnTe

N. Gouaichault-Brugel, L. Nardo, M. Pugnet* and J. Collet
Laboratoire de Physique des Solides, UPS et INSA, Avenue de Rangueil, 31077 Toulouse Cedex (France)

Abstract

Laser-induced transient gratings generated by picosecond pulses at 1.06 pm in CdTe and CdZnTe samples were used at
room temperature to diffract a picosecond probe pulse in the degenerate-four-wave-mixing geometry. Pump and probe
experiments performed using the same experimental set-up allowed us to measure the carrier lifetime. The ambipolar
diffusion coefficient D was then determined using only one laser material geometrical configuration. In semi-insulating
CdTe:W, gratings persisted over more than I ns and could be instantaneously half-erased using a homogeneous
picosecond pulse, the energy of which was a quarter of the writing energy. We present a model which explains these
results.

1. Experimental set-up

1.1. Degenerate-four-wave-mixing
The experimental set-up is shown in Fig. 1. Pulses

were generated directly at the wavelength 1.064 pmnPiP
by an actively mode-locked Nd:YAG laser and their
duration was approximately 30 ps. Two equal czergy MM
pump pulses (P1 and P2) interacted inside the sample
to produce transient gratings. The external angle Transmitted
between these two pump beams was 20 = 18.60, corre- Probe
sponding to a grating period A of 3.3 um. The grating
was then read by a probe pulse (T) which travelled in
the opposite direction to P2 and was delayed with
respect to the pump pulses P1 and P2. A third pump
pulse (P3) with a time delay of 720 ps with respect to
the others, was used to erase the grating. The energies Fig. I. Experimental set-up for both picosecond degenerate-

four-wave-mixing and transmission modulation experiments at
of all the pump beams was E = 8 mJ cm in the stan- room temperature: M, mirror; GT, Glan-Thompson polarizer;
dard experiment. The pump and probe pulse polariza- BS, beam splitter; P1, P2 and P3, pump beams; 1, probe beam
tions were vertical and horizontal respectivcly. Indeed, (test); S, sample.
this was required to eliminate any direct interaction
between the two beams. It also made it easier to sepa-
rate the diffracted probe pulse from the reflected P2 delay, with a maximum time delay of i.5 ns. The pump
pump pulse. The pump signal reflected along the direc- and probe beam sections were limited by a circular
tion of the probe beam was eliminated using a diaphragm stuck on the sample. The diameter of the
Glan-Thompson polarizer. We then measured the hole was 1 mm.
probe diffraction efficiency (defined as the intensity
ratio of the diffracted probe beam to the transmitted 1.2. Transmission modulation measurements
beam without excitation) as a function of probe time The pump-and-probe transmission experiment was

performed for excitation pulses P2 and P3, respec-
tively, in the same configuration as the degenerate-

*Author to whom correspondence should be addressed, four-wave-mixing (DFWM) experiment (the pump
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beam P 1 was then blocked; see Fig. 1). The pump pulse P2 can be slightly adjusted to get a marked probe
beam and the cross-polarized probe beam were co- modulation.
linearly incident on the sample and were counter-
propagating. The relative timing between them was 2.2. Results for CdTe: Cl
controlled by the probe variable optical delay line (with The sample thickness was 1 mm and the linear
a maximum time delay of 1.5 ns). The excitation energy absorption coefficient, determined using transmission
on the sample was of the order of 16 mJ cm-2. This measurement at low optical excitation, was found to be
was twice the energy of each pump pulse in the DFWM a = 1 cm- I at the wavelength 2 = 1.06 um. The pump
experiment. However, the probe energy was weaker, pulses energies for P 1. P2 and P3 were 8 mJ cm-2, and
being approximately 0.3 mJ cm - 2. We measured the the probe pulse energy was 0.3 mJ cm -. The diffrac-
probe transmission with the pump switched on (T) tion efficiency kinetics are shown in Fig. 2(a). The fast
normalized by the probe transmission with the pump
switched off(T,) as a function of the probe time delay.

100

2. Method for fast measurement of the ambipolar • CdTe:CI
diffusion coefficient and experimental results ,

2.1. Method
We propose here a method for fast characterization .. 0

of semiconductors by ambipolar diffusion coefficient -
measurements. It is well known that pulse-probe . 10"1. •
DFWM recording of grating dynamics on subnano- 4,

second time-scales can be used to measure the ambi- 1-
polar diffusion coefficient D of free carriers in
semiconductors [1]. However, the experiments are
complex because of the necessity of phase matching
adjustments for different angles between the pump
beams. We propose here a new method based on inde- 12
pendent measurements of the free carrier lifetime and 10
decay time of the diffraction efficiency. This method -200 200 600 1000 1400

allows us to measure the ambipolar diffusion coeffi- (a) Time delay (ps)
cient D with only one laser material geometrical con-
figuration (see Fig. 1). The grating decay time rd is
given by

21.0 ---.

1 4:r D I
rd r

where r, is the free carrier lifetime and A the grating
spacing. The grating diffraction efficiency ?7 can be t
expressed by [2] 0.-

Jq = .sin2 ýT bnfc 0],..)A Cos

where d is the interaction length, 0 is the half-angle
between the two pump beams, 2 is the wavelength, and6 nr,: is the free carrier contribution to the optical index 0.0 -S 1

-500 500 1500

modulation which is proportional to the free carrier (b) Time deley (ps)

density. At a low diffraction efficiency, Td is twice thediffracted signal decay time. Fast measurement of the Fig. 2. (a) Diffraction efficiency kinetics following picosecond
diffreted carieral letimecan bime. perfomedsuseng the sphotogeneration of the grating at t=0 in CdTe:CI. The decay
free carrier lifetime Tr can be performed using the same time is 330 ps at T= 300 K. (b) Normalized probe transmission
experimental set-up. The pump beam P1 is now following the photoexcitation at t= 0. The free carrier lifetime
occulted (see Section 2.2). The energy of the pump deduced from the fit equals 2.5 ns at T= 300 K.
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decay time is of the order of 330 ps, corresponding to a 101 Q cm. The low excitation optical absorption was
grating decay time of 660 ps. The pump and probe negligible for photons lower than the band gap. The
results are shown in Fig. 2(b). The strong excitation sample thickness was 8 mm.
pulses generate electron-hole pairs by a two-photon
absorption process. In Cd le, the tNo-photon absorp- 3.2 Experimentalresults
tion coefficient Pl equals 15 cm GW-' [3]. The density The diffraction efficiency of the probe beam was
generated by this process is p = 4 x 10"7 cm--. Assum- also measured in the DFWM geometry shown in Fig. 1
ing that the free carrier absorption is the dominant as a function of time delay. The grating decay kinetics
process for the probe pulse, we deduce that the carrier of such an experiment are represented in Fig. 4 for
lifetime r, = 2.5 ns. With rd = 660 ps and A = 3.3 ,um, equal writing optical energies and a pump-to-probe
we obtain D = 3 cm 2 s-'. This result is in good agree- ratio equal to 40:1. The squares correspond to data
ment with previous measurements [(I acquired with the usual DFWM configuration, while

the diamonds correspond to an experiment where
2.3. Results for CdZnTe sampling starts at a probe time delay of approximately

The samples were platelets of Cd,., Zn(i.(14Te 500 ps and in the presence of the retarded pump beam
0.6 mm thick polished on both sides. The linear (P3) which illuminated the sample homogeneously.
absorption at A = 1.06 um was negligible. All the When the pump pulse P3 was switched on, a rapid
parameters of the previous experiment were kept decay was observed at a probe delay of 720 ps, corre-
constant. The diffraction efficiency kinetics are sponding to the delay of this third pump beam with
reported in Fig. 3. The measured decay time is 175 ps. respect to the others. We interpret this rapid decay as
Using the previous pump-and-probe method we obtain the erasure of the optical index grating.
the carrier lifetime rr= 550 ps. We deduce the ambi-
polar diffusion coefficient D = 3 cm 2 s -'. We conclude 3.3. Model
that our samples of CdTe and CdZnTe exhibit roughly During the optical excitation, the sample is inhomo-
-the same carrier mobility, and that the carrier lifetime is geneously illuminated because of the interference of
lower in CdZnTe than in CdTe material, the two pump pulses. Let us now consider the illumi-

nated areas (lAs). We assume the presence of a deep

3. Picosecond writing and erasure in CdTe: W

3.1. Sample characterization 1.5 Cd TCe: W
Tungsten was incorporated into the melt during the

growth process. The sample resistivity was greater than

100

• • .CdZnTe S1.0 •

10*3

10.1 T d l ,

-200~~~20 200 80000Fi.4 ifrcinefi iny o tO00 probe pulse vs2medea

Fig. .4.Dfrcineiceyoftepoeplev.tmdea

Time delay (P3) with respect to the writing pulses Pi and P2. Squares and dia'-
Fig. 3. Diffraction efficiency kinetics following the picosecond monds represent the data with the erasure pump P3 switched off
photogeneration of the grating at t=0 in CdZnTe. The decay aind switched on respectively. Each pump energy equals
time is 175 ps at T= 300 K. 8 mJ cm and the probe energy equals 0.3 mJ cm
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level in the upper half of the band gap. associated with noted that the free electron contribution is dominant
a high electron capture coefficient. The photonic (1/mn > I /tit). Using AN= 10'" cm- , A = 3.3 t4m,
capturL cross-section a,, for trapped electrons is high, kiT= 26 meV. c= I ic. n, = 2.75, mi* = 0.096,
while this parameter is negligible for trapped holes. inl* = 0.5. hw = 1.17 eV, and hwo = 1.50 eV. we obtain
Before illumination, or in the dark areas (DAs), the level 4ý,.... = 5-10 V cm - and 6nr- = 2 x 10 5. The photo-
is entirely populated by trapped holes, because of its refractive optical index modulation bnpr resulting from
energetic position above the Fermi level (semi-insu- the actual electric field is 6p = (2-3)x 10 -. The
lating material). The strong excitation pulses generate photorefractive contribution to 6n is then negligible.
electron-hole pairs by a two-photon absorption pro-
cess. A portion of the free electrons are "'instantane- 3.4. Erasure
ously" captured in the IAs, while in the DAs the level is After the homogeneous illumination by the pulse
still populated by trapped holes (we neglect here the P3, a stationary deep level population is reached in the
diffusion process which is avoided by the fast trapping). whole crystal. This mechanism is responsible for the
The periodic distribution of charges stored in the deep erasure process. In fact, the space charge field is anni-
levels induces a periodic distribution of free electrons hilated and free carriers can diffuse again throughout
and holes via the static screening mechanism. We the crystal, leading to the suppression of any free
assume that the trapped charge density is given by carrier density modulation. A 50% erasure is obtained
A N(x) = A N,,t I + cos(2 Tx/A (see Fig. 4) with an erasing pulse energy of only the

quarter of the writing energy.
The resulting electric field in the presence of the free
carrier in excess is
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