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E~ECT SWWHRY

In this report we present the results of our work during the final

quarter of C(R Contract No. N00014-85-C-0552 (July 1, 1987 to September 30,

1987) and during a three-month extension of the original twenty-four month

program (October 1, 1987 to December 31, 1987). This report concludes with

a Summary Report describing the major accomplishments under this contract

during the period October 1, 1985 to December 31, 1987.

During the final quarter of this contract we demonstrated that the use

of 6N super-grade Zn rod as a source material offered no improvement in

sample quality over that produced using 6N Zn and 6N super-grade Se. We have

found that the high levels of Cu impurities found by SIMS analyses and

reported earlier for some of our undoped and Li-doped films, and suspected

of compensating our intentionally-incorporated acceptor atoms, were in fact3 due to a high background contamination in the SIMS chamber. We have extended

our X-ray studies of tilting phenomena in ZnSe/Ge and ZnSe/GaAs epilayers in

an effort to understand why the magnitude of the tilt is much larger in the

former system than in the latter. We found that the tilt depends strongly on

the crystallographic orientation of the substrate as well as on the

thickness of the epilayer. In a simple microscopic model of the substrate/

epilayer interface, we have shown how the relocation of atoms in the

interface region near steps on the substrate surface triggers the formation

of the tilt. By growing 0.3-0.4 pm thick Ge buffer layers prior to

initiating growth of the ZnSe epilayer, we have been able to reduce the tilt

angle as well as the FWHM of the double-crystal rocking curve reflection

peaks and the 4.2K PL excitonic peaks. TEM examination showed these layers

to be free of the cellular structure found previously in unbuffered layers.

The main thrust of our efforts during the past six months has been in
a detailed study of p-type doping of ZnSe epilayers using the alkali metal

dopants Li and Na. Following on the first achievement of p-type ZnSe in MBE :

growth reported in Quarterly Technical Progress Report No. 5, we have

examined the properties of films grown using three alternate sources of Li
Oand covering a broad range of MBE growth parameter space. Li source #2 was

of a different composition than source #1; source #3, while of the same .

composition as source #1, was chosen on the basis of a SIMS analysis of
similar materials from several different vendors. Samples grown using these



three sources exhibit similar 9K PL spectra and all are unquestionably
p-type, although it is still not possible to do Hall measurements on these

films and the hole concentrations deduced from I-V measurements appear to be
anomalously low. The similarities in the PL spectra and electrical '
measurements for samples grown using radically different sources of Li

indicate that either extrinsic impurities have a negligible effect on the

activity of Li acceptors or that the relevant unintentionally-incorporated

donor impurities are commnon to all three of the sources used.

An alternate explanation for the electrical inactivity of the Lii

acceptors involves the gettering of the Li atoms by macroscopic structural

defects propagating from the substrate. Incorporation of an undoped ZnSe

buffer layer prior to initiating the growth of Li-doped ZnSe was attempted -
in order to bury the interface and offer a defect-free surface on which to

begin growing the doped layer. Little improvement in the film quality wasi
realized by this modification. In particular, no improvement occurred in the

electrical activation of the Li acceptors. There remains the possibility

that the presence of Li atoms at the growth surface results in the formation i
of structural defects. '

Our examination of Li-doped films grown in various regions of ZnSe
growth parameter (substrate temperature and Zn/Se beam pressure ratio) space
found that the film properties were altered very little by large changes in '

the growth conditions. This is in striking contrast to the results obtained

in the case of undoped ZnSe. The optimum growth conditions for the Li-doped
films were found to lie in the Se-stabilized growth region (Ts - 250-3000 C,
BPR - 1/4:1); growth of undoped ZnSe under these conditions would have
yielded films of extremely poor quality. ,

LI

for loading the source material, designed to provide better control over the .,i.
Na flux. Samples grown using this Na source #3 have PL spectra which are u-sob
dominated by a strong broad band of near 2.62 eV, as was the case with

samples grown using source #2. The origin of this band is unknown, but it
lies in a spectral region where structural-defect-related peaks usually

occur. Electrically, these films have not been shown to be p-type, and

aot



there are indications that donors are being incorporated into the ZnSe films

from this Na beam. We continue to search for a source which can give us a

cleaner Na beam.

3 Studies of Li diffusion using Li-modulation-doped films have

demonstrated that Li i) diffuses readily into an underlying ZnSe film and

ii) sticks to the growing surface and continues to dope the film even after

the Li source has been shuttered off. These effects must be dealt with if

clean, abrupt interfaces are to be grown in ZnSe films which employ

Li-doping. A similar study performed by Na-modulation-doping a ZnSe film

demonstrated that Na diffuses very little, making Na more amenable to device

construction if it can be made to behave suitably as a p-type dopant.

The final work reported during the final quarter was in the area of

contact studies. Examination of the Li-doped films using a potential3 profiling technique has led to a confirmation of the p-type activity of

these films. In addition, these measurements have shown that the actual

resistivity of these films is quite low and the hole concentrations deduced

from these measurements are quite reasonable in view of the incorporated Li

concentrations. Thus it would appear that i) the electrical activation of
J the Li acceptors is much larger than our two-point I-V measurements had

indicated, and ii) Au may not be forming a good Ohmic contact to p-ZnSe as

had been predicted. These results have led us to shift the emphasis of our
project from altering the electrical activation of the Li acceptors to

finding suitable Ohmic contacts to p-ZnSe.

The Summary Report highlights the accomplishments under this contract

in the following areas:

i. Growth of unintentionally-doped ZnSe epitaxial films by MBE on N

(100) GaAs substrates in order to fully characterize the

material and to understand the effects of varying growth

conditions on the resultant film properties.

ii. Growth of unintentionally-doped ZnSe on alternate substrates

(Ge, Si, Ge with Ge buffer layer, Si with Ge/ZnSe strained-

layer superlattice buffer layer) in an attempt to reduce the

Siii

•0
e I'

V V V U U



deleterious effects caused by lattice mismatch between the

substrate and the epilayer and/or possible autodoping by

contaminants from the substrate which had been suspected to

occur when using GaAs substrates.

iii. p-doping of ZnSe films on (100) GaAs substrates. s
iv. Examination of the lasing properties of ZnSe films using

electron-beam pumping. -.

v. Studies of metal contacts on ZnSe for Ohmic contacts and .

Schottky barriers.

In brief, all of the goals set out in the work statements for this

contract have been met within the timelines set forth in that contract. The

highlight of the work done under this contract has been the achievement of

p-type ZnSe films by molecular beam epitaxy. In spite of some potential

limitations set by the use of Li as the acceptor impurity, this is an

accomplishment of major significance since it demonstrates that p-type

conversion can be achieved in this wide-bandgap material (and, undoubtedly,

in similar materials). As we suggested in our initial proposal, the

thermodynamic limitations on type conversion set by self-compensation

processes can be overcome by using a kinetically-controlled growth process

such as MBE. Further developments in this area are certain to follow

rapidly, as other suitable p-type dopant sources, having lower diffusivity

than Li, are identified. We have suggested that Na may be such a source. The

fundamental materials problems now appear solvable and the time for

development of visible light-emitting devices based on wide-bandgap II-VI

semiconductors is at hand.

iv
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1.0 INTRIGN-

This is a final technical report under ONR contract No.

N00014-85-C-0552 that (1) covers progress during the last six months (July

through December, 1987), and (2) summarizes the results and major areas of

study during the entire 27 months of this contract.

All work was completed through parallel and coordinated efforts done in

the laboratories at 31, St. Paul, Minnesota and 3M Toronto, Canada.
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2.0 PROGRESS REPORT: JULY 1, 1987 TO DECEMBER 31, 1987

2.1 Project 1, Task 1: Materials Research - Undoped ZnSe

2.1.1 Unintentionally-Doped ZnSe Heteroepitaxy on (100) GaAs

2.1.1.1 Use of Ultra-High-Purity Zn and Se Sources .

As we discussed in Quarterly Technical Progress Report No. 3, the Se

starting material plays a most important role in achieving uncompensated

high-resistivity ZnSe films. These undoped films usually exhibit an

extremely high resistivity and show dominant free exciton emission and very ": o

weak 120 and I donor-bound exciton emission in the low-temperature

photoluminescence. This indicates that there is very little contamination by

extrinsic donor impurities. Whether the quality of the film can be improved

further by using higher purity Zn is unclear; however it is desirable to use

Zn starting material in such a form that the charging capacity can be

maximized and at the same time any potential overgrowth problem can be

significantly reduced.

Super-grade Zn rods of 99.9999+% (6N) purity with a shape similar to

that of the pyrolitic boron nitride (PBN) crucible were purchased from Osaka

Asahi Metals. After being loaded in the MBE system, the material was

outgassed under UHV for several hours. An undoped ZnSe sample was grown s

before any other growth run to examine the effect of purer Zn starting

material on the quality of the film. Optical and electrical

characterizations of this sample showed no discernible change in its

properties. Undoped films grown at later stages had similar results.

Therefore we conclude that the high purity Zn starting material available

commercially is adequate for MBE growth of ZnSe. In addition, because we

are now using a solid Zn rod rather than Zn shot, we find we can now grow

more films from each load of Zn starting material. The actual increase of

total film thickness per load amounts to more than 80%. ' -

%,

2.1.1.2 SIMS Analysis for Copper Impurities .

We have recently questioned whether or not the origin of the deep level

PL emission in our Li-doped ZnSe samples might lie in Cu-related

recombination centers. The copper concentrations reported in Quarterly %

2



Technical Progress Report No. 4 were between 5 x 1016 and 1.5 x 1017 cm-3 for

both undoped and Na-doped samples. During this quarter, we have undertaken

more thorough measurements of the copper concentration in various undoped

and Li-doped samples in order to determine if this might be causing problems3 in our films, particularly in the Li-doped samples. Cu-implanted standards

with known ion doses were used for calibration purposes. This allows for

determination of the absolute copper concentration. The results are shown

in Table 2-1, along with the relevant information on the starting materials:

TABLE 2-1. Comparison of Cu Concentrations Determined by SIMS Measurements
for Several Samples Grown Using Different Zn and Se Starting
Materials. Alfa and Spex are material vendors. 6NS represents
the 6N supergrade materials obtained from Osaka Asahi. The
notation "z.r." refers to zone-refined zinc.

(Cu) (Cu) (Cu) (Cu)
Zn Se earlier new after Si 3 days

Sampl Source Source report measurements sputtering later
615d

67C Alfa Spex -- 5.8 x 10" 6.6 x 10 s

75C Alfa Alfa -- 4.9 x 10" 8.4 x 10' s

77C Alfa 6NS 4.4 x 2" 4.2 x 10"' 9.6 x 10"
BBC z.r. 6NS 9 x 10 4.2 x 101" 5.7 x 101
131C 6NS 6NS --- 3.6 x 106  4.6 x 10s .9x10 6

94C z.r. 6NS 1.3 x 10" 7.8 x 10" s

Li-doped

147C* 6NS 6NS 8.4 x 101 .

* (Li) - 7 x 101 cm-

As shown in Table 2-1 the Cu concentration is about the same in all

samples in the same series of study. In order to reduce the background

concentration of Cu in the SIMS system, the walls of the SIMS specimen

chamber were coated with sputtered Si. Since this procedure reduced the Cu

levels significantly, we have concluded that the high Cu signal observed for

these samples does come from the background rather than from the samples

themselves. This high background level of copper in the SIMS system is

probably due to an Al-Cu grid used for primary ion beam alignment and

focusing. The upper limit of Cu concentration in our samples is in the

upper -10 1cm -
3 and it is very likely that most of the Cu signal is still

40 coming from the background. The heavily Li-doped sample 147 does not show a

higher Cu level when compared with undoped samples. Hence it is safe to say

the Li source is free of Cu contamination problems, at least at the

Ltemperature at which it is used for doping.

3
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2.1.2 X-ray Study of Tilting Phenomenon in ZnSe/Ge and znse/GaAs Epilayers

As was reported previously [1, 2], tilting between (400) planes of ZnSe

epilayers and Ge and GaAs substrates was observed. Because the magnitude of

the tilt in the ZnSe/Ge system was much larger than in the ZnSe/GaAs system,

the behavior of the tilt was studied more extensively in the former. It was

found that the tilting phenomenon depends strongly on the crystallographic

orientation of the substrate surface, as well as on the thickness of the

epilayer.

2.1.2.1 ZnSe Layers on (100) Ge Substrates

Figure 2-1 shows the tilt dependence on layer thickness for films grown

on Ge substrates with surfaces cut to a nominal 20 off (100) towards the

(110) direction. As can be seen, all data points fall along two lines. One

is where the tilt decreases with the thickness of the epilayer (Region I of

Figure 2-1). The other is where the tilt increases with film thickness

(Region II of Figure 2-1). Tilts for films grown on substrates cut 0.5* and

40 off (100) towards (110) exhibited a similar dependence on the thickness --

of the layer. Tilt angles were, in general, smaller for the 0.50 cut-off

substrates and larger for the 40 cut-off substrates as compared to the 20

cut-off substrates. Figure 2-2 illustrates that tilt dependence on the

cut-off angle of the substrate for two sets of samples grown to 1.2 - 1.5 Pm

and 4.0 - 4.5 pm ranges. As can be seen from the figure, for thin

epilayers the tilt angle decreases monotonically with the cut-off angle.

For thick films it goes through a minimum at around 1.50.

Figure 2-3 represents the dependence of the linewidth (FWHM) of the

epilayer peak on the layer thickness. It is seen to decrease monotonically

with layer thickness. However note that for the 8.5 pm thick sample, there

is an apparent slight increase. The bars on the values of FWHM in

Figure 2-3 are not error bars. Instead, they represent the range of FWHM

values as measured upon rotation of the sample through 3600 about an axis L

normal to the sample surface. This effect is due to absorption in the layer

and results in changes in the integrated intensity of the signal from the

epilayer upon rotation.

4



|,-

* ,0

O 1400
Region I Region 1.

"0 1200,
/Iww

3U)01000-
/

O\

" 800

\\/

\0 /

400- , '" 1/

6) 0

200\

0 2 4 6 8 10

Zn Se Film Thickness (/im)

Figure 2-1. Tilt angle between (400) planes of the epilayer and the
substrate versus epilayer thickness. The cut-off angle of the
Ge substrate is 20 + 0.50.

5

.... .... .' .. ' .% .. . '. % ' %



U 2000 - .--

o 1800
(D

1600
co

*l / .-.. ~C)

N 1400 //

(t 1.2-1.5 Pm) /
z 1200 /

/.j

900 /
0 ,(t = 4 - 45,um)0 Z m/

z UkW 600 - -..

W 300,

F- 0 I I ''

0 2 3 4

CUT-OFF ANGLE (degrees) ..%

Figure 2-2. Tilt angle between (400) planes of the epilayer and the
substrate versus the cut-off angle of the Ge substrate. The
lines connecting the data points in this and the following
figures are drawn for eye convenience only. V

6

qa,



S1200 4

C)

400-

* 800

4-0

1

Om.
Zn Se 600e Thcns Im

Figre -3. Liewith f te 400 DCC Xra pek i Zne ilm vesu

eple thcnes

A-



As can be seen from Figures 2-1 and 2-3, while the DCRC linewidth of

the epilayers decreases monotonically with layer thickness, the tilt angle

is observed to decrease with increasing thickness up to 2.5 - 3.0 pm and V

then to increase for layers thicker than these values. From an e- nination

of Figures 2-1 and 2-2, it is also evident that tilting depends strongly on

the value of the cut-off angle (Figure 2-2) and on thickness (Figure 2-1). pI

It is suggested here that the latter dependence is related to the stresses

that develop in the layers during growth and subsequent cooling.

It should be noted that our results of tilt versus the cut-off angle

for thick layers (Figure 2-2) is in accord with observations made on

5 - 10 pm thick layers of GaIn1 _xAs deposited by chemical vapor deposition .- \

onto GaAs. It was shown [2] that the tilt angle between the (100) planes of -

the epilayer and the substrate goes through zero as the inclination of the s%

substrate surface from (100) was increased (the 10 cut-off angle being the

optimum for parallel epitaxy). Because of the fact that there is an optimum

cut-off angle for, at least, thick layers as our data and others [3]

indicate, it would be interesting to check other properties of the layer

versus the cut-off angle. Figure 2-4 shows the linewidth of the DCRC (400) ,j *

peak of ZnSe as a function of the cut-off angle, as measured for thin and %

thick layers.

1200

M 900
N

0 600
" 600

300

0)0 0 0 1 1 ,-

0 1 2 3 4 5 -

Cut-off Angle (degrees) :.

Figure 2-4. Linewidth of the (400) DCRC peak of ZnSe films versus the
cut-off angle of the Ge substrate.
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Similarly, Figure 2-5 shows the relation between the donor-bound

exciton (DBE) emission linewidth, as measured by PL at 4.2K as a function of

the cut-off angle of the substrate surface for thin and thick layers. As

can be seen from Figures 2-4 and 2-5, the ZnSe layers indeed exhibit

superior behavior around a certain (1.50 - 20) cut-off angle for the

substrate surface. 
%

In an attempt to explain the formation of tilt, we propose a simple

atomic model of the interface between the epilayer and the substrate. In

Sour model, the relocation of the atoms in the interface region around the

steps present on the surface is the main factor that triggers the formation

of the tilt.

UD
Let us consider the atomic model of a Ge surface. It is cut at an

arbitrary angle, y, off the (100) plane towards the (110) direction onto

which a few monolayers of ZnSe were deposited as shown in Figure 2-6. In

3constructing the model, we followed the assumptions and rules listed below:
(i) steps introduced as a result of the cut-off procedure were

assumed to have an average height of a /2, where a is the Ge
lattice constant, and an average terrace length, L,

(ii) atoms that comprise the first monolayer of ZnSe on the Ge
surface are attached to every available Ge dangling bond and
are Se atoms, and

(iii) the second monolayer of atoms to arrive will be Zn and these
will attach themselves to all newly available Se free-bonds,
etc.

W Figure 2-6 illustrates the region around a step on the Ge surface after five

monolayers of ZnSe were deposited following the rules given above. As can

be seen from Figure 2-6, the ZnSe layer grows free of anti-phase domains, a
result that is expected for a step of height a./2 [4]. In addition, a

distorted area propagating in the (111) direction (marked by two broken

Ilines in Figure 2-6) is seen to develop around the step. The width of this

distorted region, as it follows from the model, will depend on the height of

the step becoming wider for larger steps.

b
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The bond lengths between the atoms in the few hexagons around the step -

(Figure 2-6) will be different from the rest of the bonds in the epilayer.

It is clear from Figure 2-6 that the bonds comprising hexagons A, B, and C

are formed between different types of atoms; that is Ge-Se Ge-Ge, and Se-Se,

as opposed to the rest of the ZnSe lattice which consists of Zn-Se bonds

only (excluding the distorted areas round the steps). Table 2-2 shows data

on tetrahedral covalent radii of some elements of interest. As can be seen

from the table, following the rules of bond length determination [5], the

Ge-Se and Se-Se bonds are indeed shorter than the Ge-Ge and Zn-Se bonds,

thus distorting hexagons A, B, and C as illustrated in Figure 2-6(b). As a

result of this distortion, the atoms that comprise the first few monolayers

of the film will be displaced from their ideal bulk positions. It is clear

that the atoms closest to the step will be affected the most with the

displacement distances becoming shorter away from the step. In this way a

"tilt" angle between the plane formed from first or second monolayer atoms

and the equivalent plane in the substrate is introduced. The steps on the

substrate surface, therefore, act as initiators of the tilting in the

epilayer planes. Because the rest of the growing epilayer comprises only

the Zn-Se bonds, the tilt formed in the interface region around the steps .

will be replicated in the rest of the lattice.

TABLE 2-2. Tetrahedral Covalent Radii of Some Elements
of Interest According to Pauling [6].

Element Zn Ga Ge As Se ,* ..

Radius (A) 1.31 1.26 1.22 1.18 1.14

It should be noted here that the distorted area shown by two broken

lines in Figure 2-6 will grow into the layer. Because it is formed from

Se-Se and Zn-Zn bonds that are shorter in the former case and longer in the

latter than the Zn-Se bond, it will help to maintain the tilt angle

throughout the thickness of the layer. The mechanism proposed above may be _

visualized as a rotation of the epilayer lattice around the steps present on

the surface of the substrate.

The tilting may be described by the simple model shown in Figure 2-7 ,., 'K

where y is the cut-off angle of the substrate surface, Aa is the effective '. - .

lattice distortion at the step edge, L is the terrace length and t is the

tilt. The lattice distortion is therefore given by:

6at  L tan

12
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Figure 2-7. Schematic model of the (100) Ge substrate cut towards the
(100) direction. y is the cut-off angle, a- is the Ge lattice
constant, L is the average terrace length,a is the
effective lattice distortion at the step edge, and is the
epilayer tilt.

It is interesting to note here that using this model and the empirical

data of Ao(y) obtained from Figure 2-2, a dependence between latticedistortion, Aat, and the substrate surface cut-off angle, y, was found as

shown in Figure 2-8. As can be seen from Figures 2-4, 2-5, and 2-8, the

narrowest DCRC and DBE linewidths occur in the range of cut-off angle where

the total distortion goes through a minimum. The interpretation of this

finding is not quite clear at present. However, the fact that the best
optical and structural properties (as determined by PL and DCXD measurements

in this study) occur in the layers with minimum lattice distortion may be of

significant importance. .0

2.1.2.2 ZnSe/(100) Ge with a Ge Buffer Layer

Because the surface of the substrate is so important in achieving good .9.

epitaxy, a study was conducted where Ge buffer layers of different

thicknesses were deposited prior to ZnSe deposition. The behavior of the

tilt and FWHM of the ZnSe signal as a function of the buffer layer thickness

AK was analyzed. Because the thickness of the ZnSe layers was not kept P

constant, a correction factor was used to eliminate the effect of thickness

variation. Figure 2-9 shows the difference between the tilt of the (400)

planes of ZnSe and Ge for samples grown with and without the Ge buffer as

indicated by the crosses. In addition, the differences between the FWHM

values of ZnSe layers grown with and without the buffer layer are shown by

the full dots.
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f2 As can be seen, in general the tilt angles and the FWHM linewidth of

ZnSe layers are smaller for layers grown with Ge buffer layers to a

thickness of around 0.3 - 0.4 um. However, for ZnSe layers grown on a

0.5 pm Ge buffer, the value of the tilt angle is much larger than for a

layer grown without a buffer. Yet the FWHM is only marginally increased. S
This result indicates that the tilt does not introduce any significant

additional structural imperfections into the layer. 6l

A conventional transmission electron microscopy (CTEM) study of the

ZnSe epilayers grown with and without a buffer layer on Ge was also

conducted both in cross-sectional and planar modes. As was established

earlier, the ZnSe epilayers grown in (100) Ge without a buffer layer

possessed a cell structure with dislocations lying in the boundaries of the

cells. The exact nature of the cell structure is not clear at the moment.

They could be anti-phase domains or represent grains with low-angle

boundaries. A similar study of ZnSe epilayers grown on (100) Ge substrates

with buffer layers revealed that the cell structure is not present. The

only defects that were visible were dislocations scattered throughout the .,

film. Figure 2-10 shows two planar views of ZnSe epilayer grown of (100) Ge

substrate without [Figure 2-10(a)] and with (Figure 2-10(b)] a Ge buffer

layer. As can be seen from Figure 2-10, the cell structure that is obvious

in the ZnSe/(100) Ge system is absent in the ZnSe/Ge/(100) Ge system. The

,ross-sectional CTEM analysis revealed that the buffer layers of high

quality, as can be seen in Figure 2-11.

Finally, it should be noted that 4.2K PL measurements of ZnSe on (100)h

Ge with and without a Ge buffer show that, in general, the DBE linewidths

are significantly smaller for the latter case. For example, 2 pUm thick ZnSe
layers grown on 0.6 pm Ge buffers exhibit DBE linewidths of around 0.8 meV,

whereas the narrowest linewidth with direct growth onto (100) Ge is around

1.2 meV. The 0.8 meV linewidth is comparable with the best ZnSe/(100) GaAs

layers grown in this laboratory for which the linewidths were ~ 0.65 meV.
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Figure 2-10. Planar view of ZnSe epilayers grown on (100) Ge substrate.
(a) sho-ws that heavily dislocated cellular structure for
direct growth on the (0) Ge substrate, and (b) show that
better quality ZnSe isgown when an intermediary Ge buffer
laver is first deposited.
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2.2 Project 1, Task 2: Materials Research - p-ZnSe

2.2.1 Li-Doped ZnSe on GaAs

2.2.1.1 Li-doping Source #2 "1

In the previous Li doping study, the purity of the dopant source was

our major concern. In order to understand what problems might arise when

using this less pure source, a new Li source (described elsewhere and
referred to hereafter as Li source #2) was used. Eight ZnSe samples doped

with Li from Li source #2 were grown on (100) GaAs under various conditions.

The control of Li doping level in the films was achieved by monitoring the

Li signal level of the quadrupole mass analyzer (QMA) prior to the growth.

The growth conditions of these runs are summarized in Table 2-3.

TABLE 2-3. Summary of Growth Conditions and Incorporated Li Concentrations
(measured by SIMS) for Samples Grown Using Li Source #2.

Sample TG BPR Li Flux [Li] (SIMS)
(rel. units)

ZSE120 350 1/2:1 - 5.9 x 1015 check run
ZSE121 350 1/2:1 3 4.6 x 10 18

ZSE122 350 1/2:1 30 3.2 x 1018
ZSE123 350 1:1 3 1.1 x 10'
ZSE124 350 1:1 300 1.8 x 10'"
ZSE125 350 1.5:1 2 6.4 x 1016

ZSE126 350 1.5:0.7 2 4.4 x 10 16

ZSE129 350 1:1 3 6.8 x 10 17
ZSE130 350 1:1 6 7.9 x 10' modulation doping

SIMS analysis of the most heavily Li-doped sample indicated that the

major contaminants in the source were Mn, Mg, Cr, Na, and K. Their

influence on the properties of the ZnSe films is unclear, although several

of these elements might be expected to give rise to deep levels. Sample

ZSE130A was grown with a Li-doped layer sandwiched between two undoped ZnSe

layers in order to study the Li diffusion rate in ZnSe. These results will

be discussed in Section 2.2.3. "

The photoluminescence spectra of samples produced using Li source #2

appear very similar to those made with source #1. Figures 2-12 and 2-13

compare the PL spectra for samples grown using source #1 (top figure) and

source #2 (bottom figure); samples were selected for this comparison based

on the similarity of their Li concentrations.

18
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Figure 2-12. PL spectra of two samp4.es wiith similar Li concentrationsIV
(approximately 5 x 10, cm 2 grow using Li Source #1 (upper)
and Li Source #2 (lower). .
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Figure 2-12 shows that the similarity between samples ZSE107A and ZSEI21A,
17 - 3both with Li concentrations of about 5 x 101 cm , is most striking. The

relative intensities of the free exciton, acceptor-bound exciton,

donor-acceptor pair, and deep level emission peaks are nearly identical in

the two samples. When the Li concentration rises to near 3 x 101 cm-r
C

3

(Figure 2-13), the mjor features are still qualitatively similar for the

two samples. In particular, we see the emergence of a strong, broad

emission at about 2.62 eV and a 1.9 eV deep level band in both samples. TheIN.

evolution of these two peaks with increasing Li concentration is better seen

in Figure 2-14 which shows the PL spectra for samples (grown using Li source

#2) with Li concentrations of 0 (i.e., undoped), 5 x 10''cm-  and 3 x

10 cm- 3

AR4UV . 30MW/CM 2

FERP

BPR=1/2:1 , TG=35 0'C

ZSE122R

z PaE
IJ

z '
' .,, .. ,%..,

_
ZSE21R OL ,,",-.

2.80 2.60 2.40 2.208.0

ENERGY (EV)

Figure 2-14. PL spectra of three samples grown using Li Source #2 with
increasing amounts of Li. (Li) - 0 (i.e., undoped; lower
curve), 4.6 x 10 cm (middle curve, and 3.2 x 10 -cm-
(upper curve).

The similarity in PL spectra for samples grown from radically different

Li sources would appear to rule out extrinsic impurities as the source of
the two emission features highlighted above. Instead, these would appear to

.% V %

be features associated with some type of Li complex which forms at

sufficiently high Li concentrations.
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Two-point current versus voltage measurements similar to those

described in Quarterly Technical Progress Report No. 5 were made on the

samples doped with Li using source #2. Using this measurement technique,

these Li-doped samples were found to be p-type with the exception of

ZSEI24A; the carrier type for ZSE124A could not be determined. The results

for ZSE124A are not completely understood, but the absence of p-type

conversion is likely to be related to the extreme doping of this sample

([Li]) - 1.8 x 1019Acm-3. The hole densities estimated from the two-point

I-V measurement for the remaining samples measurements were less than
15 -3

10 cm These values are comparable to those estimated in the samples

doped using source #1. To date, the electrical measurements provided no

clear distinction between the samples doped with Li using source #1 and

those doped using source #2.

2.2.1.2 SIMS Comparison of Lithium Sources

The severity of unintentional doping by impurities emanating from the

dopant source was not known during our earliest Li-doping attempts. The

free hole densities in samples doped with Li at levels greater than
17 -3-

10 cm- were estimated to be less than 101 5cm from 2-point I-V

measurements. One possible explanation of the low measured carrier density

is that extreme compensation occurs as a result of unintentional co-doping

by impurities released from the dopant source. This possibility certainly

must be addressed since strong compensation by impurities was observed in

some of our earlier studies where Na2Se was used as a source in Na-doping

studies.

Alternative lithium sources of the highest available purity were ,

obtained from two vendors. These sources are of the same composition as Li

source #1 and they will be referred to as Li sources #3 and #4. The degree

of contamination of the Li source materials was studied in two steps. In the

first step, the three sources (#'s 1,3, and 4) were analyzed using secondary

ion mass spectrometry (SIMS). The second step involved the comparison of

the optical and electrical properties of Li-doped ZnSe films grown under

similar conditions with the exception of placing lithium source #3 in the

dopant effusion cell rather than lithium source #1. The results of this

latter comparison will be discussed in Section 2.2.1.3.

22
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The SIMS analyses involved both positive and negative SIMS A

measurements. In positive SIMS (+ SIMS), positively charged ions were

detected while sputtering with an 0+ primary ion beam. The second2

measurement was carried out on each sample with the detection of negatively

charged ions (- SIMS). The results of these two measurements are shown in
Tables 2-4 and 2-5.

V.

TABLE 2-4. Results of +SIMS Analysis of Three Different Li
Sources.

Impurity Source #1 Source #3 Source #4

Mg 2900 3800 1300
** Al 17000 2900 4000

Si 8700 3000 2000
Ca 19000 4700 930
Ti 100 ....-
Mn130 110
Fe 6200 73 100
Ni .... 150

** Ga .... 13000
** In -- 230 17

Ta - -- 25

The values listed here are given by (6.7 x 103) x [ion count/Li ]

where "ion count" is the number of counts of the indicated ion and 6Li+ is

the number of counts obtained for 6Li+ ions. The elements indicated with **

are believed to act as shallow donor impurities ZnSe.

TABLE 2-5. Results of -SIMS Analysis of Three Different LiSources. ,

Impurity Source #1 Source #3 Source #4

** F 9000 1100 5500
INVSi Soi 68 1600

Cl 700 830 2200
Fe 13 -- 12
Ni 5 --

Ge 5 -- 35
Rb 20 -- 7
Sn 8 ....

** I 1 .... °--

The values are given by (2.5 x i0 ) x (ion count/Li-]. The elements

indicated with ** are believed to act as shallow donors in ZnSe. The

primary ion beam used on source #1 was Cs+ ions whereas an 0- beam was used

as the primary beam on sources #3 and #4.

L.C&1
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The results of the SIMS study described here are not fully

quantitative in that yield factors have not been taken into account and %

calibration runs have not been completed. Comparison between rows of the y..

tables, therefore, are meaningless and quantitative values for the impurity A

concentrations cannot be extracted. Comparison between columns, however, is

meaningful as it does directly indicate the relative concentration of

impurities present in the three sources. This is the case only because all

correction factors for the three samples are identical. Upon examination of

the two tables it is seen that none of the three sources is obviously
"cleaner" than the other two. Source #1 has the largest concentration of Al ..

and F, source #3 has the largest concentration of In, and source #4 has the S-

largest concentration of Ga and Cl. Overall, source #3 appears to contain ..

the lowest relative concentration of impurities and source #1 appears to

contain the largest.

2.2.1.3 Li-Doping Source #3

In our second attempt at p-type conversion, using Li source #2, no

significant improvement in either optical or electrical properties could be

found as compared with the results obtained when lower purity Li source #1

was used. Significant amounts of Mn were detected with SIMS in the films

grown using source #2 and its concentration varied as the temperature of Li

source was changed. In addition, modulation of contaminant Mn concentration y V

was observed in a sample (ZSEl30) in which modulation doping of Li was

attempted. This was done in order to study a potential problem of high

diffusivity of Li in ZnSe. These findings indicate that Mn originates from '.'

Li source #2 and its presence in the films makes the analysis of those

samples more complicated. Therefore, a Li source with still higher purity is

desired for the p-type conversion study.

A new Li source (#3) was purchased and was used as the p-type dopant.
Purity analysis by SIMS (see Section 2.2.1.2) indicated that this material

has fewer impurities than Li source #1 used previously. The results of this

SIMS comparison of different Li sources are described in Section 2.2.1.2. A

prebaked new PBN crucible was used for the new Li source and the loaded oven

was then outgassed thoroughly in the II-VI chamber. Twenty-five ZnSe .

specimens were grown after the material recharge. Their growth conditions

are summarized in Table 2-6 as follows:
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TABLE 2-6. Summary of Growth Conditions and Incorporated Li Concentrations
for All Samples Grown Using Li Source #3. The Li flux is given in ;.'PWVL
the same arbitrary units used in Quarterly Technical Progress "ePeF
Report No. 5.

,. "P_

Sample TG BPR Li Flux [Li] (SIMS)
(relT.7units) 14

ZSE131 350 1/2:1 --- 5.0 x i0' 4  check run
ZSE132 350 1:1 3 1.6 x 101
ZSE133 350 1:1 3 1.5 x 10 undoped buff. layerZSE134 350 1/2:1 3 1.1 x 101 undoped buff. layer

ZSE135 350 1/2:1 3 9.8 x 10l
ZSE136 350 1/4:1 3 7.7 x 101undoped buff. layer
ZSE137 350 1/4:1 3 5.2 x 10" de u l
ZSE138 350 1:1 30 1.4 x 101 modulation doping
ZSE139 350 1:1 -. 4 x i0 4

ZSE140 350 1:1 3 1.6 x 10'7

ZSE141 375 1:1 30 1.0 x 101,
ZSE142 350 1:1 3 1.2 x 10,17

ZSE143 350 1:1 --- thin film
ZSE144 300 1:1 3 1.4 x 10'7 is
ZSE145 260 1:1 --- < 2.0 x 1
ZSE146 260 1:1 3 3.8 x 10
ZSE147 350 1:1 60 6.7 x 1018
ZSE148 250 1:1 60 4.9 x 10'
ZSE149 350 1:1 3 6.0 x 1016 in-situ met.
Source reloading
ZSE150 350 1/2:1 --- check run
ZSE151 350 1/2:1 1.5 3.1 x 1016 in-situ met.
ZSE152 300 1/4:1 3 6.9 x 1016

ZSE153 250 1/4:1 3 1.5 x 10'
ZSE154 375 1:1 3 1.1 x 10

ZSE155 350 1/2:1 3 mod. (2.7 x 1016)

The Li concentrations in those samples grown at the same temperature
decrease slightly as the Zn-to-Se BPR diminishes. The same trend was also

found for samples from #ZSE132 to ZSE137 in their growth sequence despite

the fact that the same effusion cell temperature was used. Sample ZSE140

was grown under the same conditions as ZSE132 in order to determine whether

the observed variations in Li concentration were due to beam pressure ratio

effects or to irreproducibility of the Li flux. The Li concentrations

measured by SIMS are the same for both samples ZSE132 and ZSE142, indicating

that the Li flux from this source is quite reproducible. We are left to

conclude that the Zn/Se beam pressure ratio which did decrease over this
series, does have some effect on the Li incorporation in ZnSe.

It was also found in this study that the growth temperature does affect

the incorporation of Li in ZnSe. Under the same Li flux, the incorporation

coefficient increases as the growth temperature decreases, which is exactly

what we observed in the past with Na and P.

I, ,
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The Li concentration in sample ZSEl5l, grown after source reloading, is

lower than those grown in the previous series by a factor of 3. The

reduction in Li concentration has been observed previously after source A :.
reloading. It is speculated that a thin surface layer on the Li source was

formed during the reloading despite the fact that the MBE chamber was

backfilled with inert gas. This thin surface layer reduces the evaporation

rate of the material. In the future, measurements made using the residual ,%.

gas analyzer can be used to fine tune the flux before each growth run.

Samples ZSE152 and ZSE153 were grown under Se-stabilized conditions.

Our previous experiences with Li-doping in this region of growth space had

given indications that the optical and electrical properties of the films

were beginning to deteriorate as we moved away from the Zn-stabilized region

(see, e.g., our discussion of sample ZSE102 in Quarterly Technical Progress

Report No. 5.) In contrast to these earlier results, we found that ZSE152

and ZSE153 had very good optical and electrical properties. Acceptor-bound

exciton emission is the dominant feature in their low temperature PL

spectra. They are much less resistive than other Li-doped films. The film

(ZSEI54) grown at higher temperature, on the other hand, has dominant DAP

emission. This is what we observe for most Li-doped samples under ''

Zn-stabilized growth conditions.

To test the effects of the Li source on film properties, several
Li-doped samples which were grown under identical conditions using source #3

instead of source #1 are compared. The sample numbers, growth conditions,

and Li concentrations of samples used during the comparison with the two Li

sources are given in Table 2-7. -

TABLE 2-7. Results of SIMS, Electrical and PL Measurements for Samples P O
Grown Using Li Sources #1 and #3. Samples ZSE106A, 101A and
103A were doped using Source #1. Samples ZSE132A, 144A and 152A
were doped using Source #3. Along with the sample number and
growth conditions are shown the magnitude of the current :..
measured at 2.0 volts, the ratio of the intensity of the
acceptor-bound exciton (I ) to the donor-acceptor pair intensity
(I ), and the R-value. 1

Sample TG BPR Li(x 1017cm-3 ) i(nA) I /DAP R -"
ZSEIO6A -n0 17 1.2 .0 0•7 1160
ZSE132A 350 1:1 1.6 0.4 3.1 690

ZSE101A 300 1:1 1.2 6.6 1.2 84 -

ZSE144A 300 1:1 1.4 4.7 1.0 13 . 4

ZSE103A 300 1/4:1 0.7 8.3 2.6 2
ZSE152A 300 1/4:1 3.2 14.0 3.0 2400 -
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There were no obvious differences in the photoluminescence spectra

between samples produced using the new Li (source #3) and those grown using

Li source #1. Figure 2-15 compares the PL emission spectra for sample .- ,-

ZSEl06A, grown using Li source #1, with that of ZSEI32A, grown using Li

source #3. Apart from some slight differences in the relative intensities of

the ABE and DAP peaks, there are no qualitative differences between these

two spectra. In particular, ZSEl32P. exhibits no more or less emission from

donor-bound excitons or deep levels which might indicate a change in the ,

density of unintentionally-incorporated donors from impurities in the source

material.

Contact studies showed all samples in Table 2-7 to be p-type. Column 5 -..

of this table gives the current measured at 2.0 volts for the Au-to-Au

2-point contact configuration. No significant changes were observed in the

electrical properties of the films when Li source #3 was substituted for Li

source #1.

It would appear that either extrinsic donor-type contaminants in the Li

starting materials are negligible, or that whatever donor-type impurities

are affecting the electrical activity of the Li are common to both Li

sources #1 and #3.

2.2.1.4 Undoped ZnSe Buffer Layers

Although most of our epitaxial ZnSe films doped with Li show p-type

conversion, high conductivity has not been achieved. Hole densities in all X1

the Li-doped films have been estimated from two-point I-V measurements to be

less than 1015 cm - even though doping densities exceeded l0'7cm- . One %.

possible explanation for the apparent electrical inactivity of the Li is

compensation by extrinsic impurities; this possibility is addressed

elsewhere in this report. An alternative explanation of the inactivity of

the Li involves dopant gettering by macroscopic structural defects. In such

a case most of the dopant resides in the immediate vicinity of an extended

defect rather than substitutionally in the bulk of the crystal. In this

study an undoped ZnSe buffer layer was grown in an attempt to bury the

interface prior to opening the Li shutter. .
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Figure 2-15. PL spectra of two samples with similar Li concentrations
(approximately 1.4 x 10- cm ), grown using Li Source #1

(upper; #ZSEI06) and Li Source #3 (lower; #ZSEI32).
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Figures 2-16(a) and (b) show the SIMS depth profile of Li in two

samples grown under otherwise identical conditions without and with a thick

undoped ZnSe buffer layer. The Li concentration is very constant throughout WOWO

the film for sample without a buffer layer, indicating the stability of the

Li flux. The Li level in the sample with a buffer layer shows a constant

doping region and a gradual decrease near the ZnSe/GaAs interface. The

details of the gradual decrease in Li concentration will be discussed later.

Two-point I-V measurements using various contact configurations were

made on the samples grown on top of ZnSe buffer layers. Conversion to

p-type conductivity was confirmed in all samples grown in this manner,

however high conductivity was still not achieved. The hole densities

measured in films grown in this study were comparable to those found in

samples grown under similar conditions without buffer layers. From the

electrical studies no improvement was observed with the use of undoped ZnSe

buffer layers. "4*

.

In Figure 2-17 we compare the PL spectra for samples grown under

identical conditions [same growth temperature (350 0 C), Zn/Se beam pressure

ratio (1/2:1), and Li flux] and containing nearly the same Li -
17 -% .",

concentrations (I x 10 cm, ) but in one case (ZSE134) with and in the other

case (ZSE135) without a l-,um undoped ZnSe buffer layer. While the major

features of these two spectra are qualitatively identical, there may be some .

modest improvement in the case of the sample grown with the buffer layer.

Specifically, there is less emission at De (2.783 eV) than is seen in the

ZSE135 spectrum (this peak is frequently seen in samples of poor surface

quality grown under conditions considerably removed from the optimal). We

also see a considerable Y peak at 2.60 eV; this peak has been associated

with the presence of impurities associated with structural defects in ZnSe

[7]. Finally, the Ii and DAP peaks are somewhat narrower and better defined

in ZSEI34.

Similar results are seen in Figure 2-18 where an unbuffered (ZSE137)

and a buffered (ZSE136) sample are compared. In both cases the growth

conditions were TG = 350'C, BPR=l/4:I and the Li concentrations were. - I

16approximately 6 x 10 cm-'. Again, we see a large defect-related Y, peak in

the case of the unbuffered sample. Note, however, that the ABE peak is

more intense and the ABE/DAP peak intensity ratio larger for the unbuffered

sample in this case.

Z %
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Figure 2-16. SIMS depth profiles of Li concentrations in samplsgon.~
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This runs counter to what one would expect if the film were smoother and

less contaminated when grown in the presence of the buffer layer.

Finally, we note that in both Figures 2-17 and 2-18 the higher-energy If

DAP series (R-series) is much more prominent in the PL spectrum of the

buffered sample. This series has been associated [8] with a Liint-LiZn

donor-acceptor pair, although some of our recent results have cast some

doubt on this interpretation. If so, it is not clear to us how the

concentration of such pairs might be influenced by the use of an undoped

ZnSe buffer layer prior to beginning the Li doping.

In summary, it would appear that the use of an undoped buffer layer has

little effect on the properties of the ZnSe:Li film. In particular,

macroscopic structural defects propagating from the substrate do not appear

to be limiting the electrical activity of the Li dopant. Of course, the

presence of Li at the growth surface may itself lead to the formation of

structural defects.

2.2.1.5 Examination of Growth Space with Li-Doping

In previous reports we have discussed our extensive studies of the MBE 0

growth parameter space for undoped ZnSe. Specifically, we have examined the

effects of sample growth temperatures (T.) from 250 to 400 0C and of Zn/Se

beam pressure ratios (BPR) from 1/4:1 to 2:1. In these studies, we used

RHEED diffraction patterns to observe for the first time the transition from

the zn-stabilized to Se-stabilized regions of growth space and we used

surface morphological studies to identify a region of transition from smooth

growth surface to one of rough (three-dimensional) growth. We identified the

intersection of these two transition lines as being an important fixed point

which could be used in "calibrating" one MBE growth system to another.

Taking all of our film quality criteria into account, we found that the

optimum conditions for growth of unintentionally-doped ZnSe lay in the '-

vicinity of TG = 300-350*C and BPR = 2:1-1:1.

During the final quarter of this contract period we undertook a

similar, though less extensive examination of growth space for Li-doped

ZnSe. Of course, the additionQl degree of freedom in this case was the Li

flux. We have limited our studies to taking scans through different growth

temperatures and Zn/Se beam pressure ratios (BPR) at two different Li %
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fluxes. The results of our SIMS and photoluminescence measurements for these

scans are shown in Tables 2-8 and 2-9. All of these samples were found to

be p-type, as determined from I-V measurements. All were of sufficiently

high resistivity that Hall effect measurements could not be done, so no

meaningful values for free hole concentrations can be quoted for these

samples.

In observing the RHEED patterns during the growth of these samples, we

found that:

(i) the RHEED pattern of the Li-doped layer depends only upon the
regime of the growth condition, namely Zn- or Se-stabilized, in
which the sample was grown. The RHEED pattern was spotty under
Zn-stabilized conditions and streaky under Se-stabilized %
conditions. The Li concentration also affects the RHEED pattern.

(ii) the RHEED pattern of the Li-doped layer is independent of the
thickness of the underlying undoped buffer layer and it is also
independent of the RHEED pattern of that buffer layer.
Specifically, the RHEED pattern for a Li-doped layer grown under
Zn-stabilized conditions was spotty whether the RHEED pattern for
its buffer layer was streaky or spotty.

The overwhelming impression one gets from examining the data in Tables

2-8 and 2-9 is that the quality of these samples, insofar as it can be

judged from PL measurements, is relatively insensitive to these broad

variations in the sample growth conditions. This is in marked contrast to

the case of unintentionally-doped ZnSe where we saw extreme variations in

the film quality as we moved about in this growth space. In Table 2-8 we see

only a slight increase in the Li concentration, R-value (ratio of

near-band-edge emission intensity to deep level intensity), and I,/DAP

(ratio of acceptor-bound exciton intensity to donor-acceptor pair intensity)

as the BPR is increased from 1/4:1 to 1:1 at 350 0C. The luminescence

efficiency (as measured, approximately, by the intensity Ii of the ABE since

this is the dominant feature in all of these spectra) increases slightly

over this range. This may indicate a slight improvement in the surface

quality (less surface recombination), but far less than our studies of the

undoped material would have suggested..-

As we scan TG at constant BPR, we find the Li concentration increases,

without any serious degradation of the PL properties, with decreasing TG.

This result can be seen at both of the Li flux values used. The magnitude

of this effect is not large, but it does appear to be the case that the Li -.,

incorporation is influenced more by the growth temperature than by the Zn/Se

beam pressure ratio.
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TABLE 2-8. Growth Matrix Used to Study the Variation of Film Properties with
Different Growth Conditions at a Constant Li-flux of 3 (same flux units
as used in the Quarterly Technical Progress Report No. 5). Data shpwn
are the Li-concentrations [Li], acceptor-bound exciton intensity (I ),
and the ratios of I, to the free-exciton (FE), donor-acceptor pair
(IP), and deep level (R = I,/DL) emission bands.

I T 250 300 350 375 1
* {BPR

ZSE153 1 ZSE152 1 ZSE137AS
[Li=l.2 x 10 [Li]=6.9 x 101 [Li]=5.2 x 101
I1 =330 I 1=1000 I1 =1450

1/4:1 1/FE=35 I /FE=4.3 I /FE=I0.35
I /DAP=5 I /DAP=2.6 I /DAP=1.17
R=700 R=4600 R=174

ZSE135 1

I(Li]=9.8 x 10"
I1 =1240

1/2:1 I,/FE=4.43
LI I /DA"=2 .58

R=170I IZ14 Z~4
ZSE146 ZSE144 ZSE132 ZSE154 I
[Li]=3.8 x 10' (Li]=l.4 x I0' 7  (Li]=l.6 x 1017 [Li]=l.l x 101 I
I =750 I =3400 I =5500 I1 =5300

1:1 I 1 /FE=15 I /FE=17.4 I /FE=27.5 I,/FE=66 "
I /DAP=l.3 I /DAP=l.16 I / DAP=3. 1  I /DAP=0.43
R=110 R=10 R=690 R=1100
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TABLE 2-9. Growth Matrix Used to Study the Variation of Film properties with
Different Growth Conditions at a Constant Li-flux of 60 (same fluw units
as used in the Quarterly Technical Progress Report No. 5). Data shown "
are the Li-concentrations [Lii, acceptor-bound exciton intensity (I),
and the ratios of I. to the free-exciton (FE), donor-acceptor pair (DAP),
and deep level (R I,/DL) emission bands.

TG 250 300 1 350 375 1
BPR I I F l

1/4:1 I " '"I

I J

1/2:1 I !

ZSE148 ZSE147 18[Li]=4.9 x loll [Li]=6.7 x 10

I1=130 I1=500
i1:1 I /FE=5 I /FE=I0

I/DAP=0.27 I /DAP=0.11 i
R=130 R=4700

It is most significant that some of our best films, as judged by their .- .'

PL spectra (large Il intensity, I,/DAP and R-values) were grown under

Se-stabilized conditions. For example, ZSE152 and ZSE153 (Table 2-8) were .

grown under conditions (TG = 250 - 300*C, BPR = 1/4:1) which would have -'.

yielded undoped films of extremely poor quality. It would appear, then, that

the presence of Li at the growth surface alters the growth dynamics

sufficiently to permit growth of high quality doped films under these
"extreme" conditions.

Finally, we note that, as the Li concentration grows beyond 101 cm- 3

(see Table 2-9), the luminescence efficiency begins to decrease (poorer

surface morphology) and the donor-acceptor pair emission becomes stronger

than the ABE peak intensity. This latter fact may reflect (i) an increasing *

incorporation of Li atoms into interstitial positions where they act as

donors or (ii) the formation of some other type of Li-related complex at " "

these high Li concentrations.
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2.2.2 Na-Doped ZnSe on (100) GaAs

2.2.2.1 Na-Doping Source #3

In the previous Na doping study we encountered difficulty in

controlling the Na flux and maintaining a constant dopant concentration in

the films (Quarterly Technical Progress Report No. 5). Careful analysis of

the loading and growth procedures convinced us that an improper loading ,

method was the major cause of this failure. A new batch of the same Na

source material as was used for source #2 was loaded into the system using J*

an improved loading procedure. This source will hereafter be referred to as %
Na souice #3. Four Na-doped samples were grown under identical conditions A

except for the Na flux. One sample, ZSE157, was modulation-doped to study

possible Na diffusion; the results of this study will be described in

Section 2.2.3. The growth conditions for these runs are listed in the Table

3 2-10.

TRBLE 2-10. Sumary of Growth Conditions and Incorporated Na Concentrations
(measured by SIMS) for Samples Grown Using Na Source #3.

Samp TG BPR Na Flux (Na] (SIMS)
(rel. units)

ZSE156 300 1/4:1 0.15 not uniform (8.4 x 101)
ZSE157 300 1/4:1 3.6 modulation-doped

19ZSE158 300 1/4:1 4.5 1.1 x 101 thick buffer
ZSE159 300 1/4:1 0.5 2.4 x 101 thick buffer

The Na concentration in sample ZSE156 is not uniform. This is probably
due to the new Na source having not yet attained a chemically steady state

at the time this sample was grown. This is supported by the constant Na

concentration in later samples ZSE158 and ZSE159 measured by SIMS depth

profiling. Two points are worth mentioning when comparing this series of

growth runs with the previous doping study using the same source but with a

different loading method. It is found that a higher Na-oven temperature was N.

required to dope the film to the same level of sodium concentration. This %

result is not unexpected in view of our new loading procedure. The Na flux

was also more stable during the growth as monitored with the quadrupole mass

analyzer (QMA). This stability in flux is also reflected in the SIMS depth

profiling of Na level (Figure 2-19). The abrupt change in Na level reflects

the onset of impurity doping and also indicates that diffusion of Na in ZnSe

is not a problem.

37



106 -

Zn

Q 10 4

- 102

10 1

0 5 10 15 4

Sputtering Time (minutes)

Figure 2-19. SIMS Depth profiles of Na concentration in sample ZSE158 grown
with Na Source #3 and with a thick undoped ZnSe buffer layer.

The iZn sinal is also shown for reference.

PL spectra obtained for samples grown using Na source #3 with the old

and new loading procedures are shown in Figure 2-20. Samples ZSE113 and -

ZSE118 [(Figures 2-20(a) and 2-20(b)] were grown during an earlier series,

discussed in Quarterly Technical Progress Report No. 5 (Section 2.2.1). ..

ZSE113 was grown at TG = 3000 C, BPR = 1:1 and Na flux = 2 and SIMS analysis
18 3showed the Na concentration to be 1 x 10 cm-3 , while ZSE118 was grown at % ,,

TG - 350'C, BPR = 1:1, Na flux = 4, and contained [Na] = 5 x 1018 cm-3 . In %

both of these spectra we see some free exciton (2.8 eV) and donor-bound

exciton (2.795 eV) emission as well as the large, broad band near 2.62 eV

which is observed in all of our heavily-Na-doped films. ZSE158, grown more

recently using our new loading procedure to permit better temperature *%.

control of the Na source, and with TG = 3001C, BPR = 1/4:1, Na flux = 4.5,

and [Na] = 1.1 x 101 cm- 3  is shown in Figure 2-20 (c). This spectrum seems

to demonstrate the same trends that were seen in Figures 2-20(a) and 2-20(b)

with increasing [Na]; i.e., the 2.62 eV band increasingly dominates the PL ,.

spectrum and the Yo peak becomes more prominent.
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Figure 2-20. PL spectra for Na-doped ZnSe films grown using Na-sources #2N e

and #3 to compare the efcts of the new source loading
Crocedure. (a).#ZSE 13 T 30C, BPR =1:1, Na flux = 2,
Nal = 1x 1';. b) IZSE 18: TG 350'C, BPR = TY17W -aT-fhX=
4, [Na) = 5x10'-; (c) #ZSE1 T = 300oC, BPR IIC74T,Na-
flux =4.5, [Na] =. xy-y10-".---
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We also see a decrease in the relative intensity from deep levels. This 01

latter effect may represent some slight improvement over the earlier

samples, but it may also be due to differences in the growth temperature, '

the ZnSe beam pressure ratio, or to the presence of an undoped buffer layer

grown prior to depositing film ZSEI58. In addition, we have seen a decrease

in the deep level emission with increasing [Li] in the case of the Li-doped

samples. This perhaps indicates that the Li atoms in that case, and the Na

in the present case, are forming non-radiative complexes with the defects

which give rise to the deep level emissions in the more lightly-doped

samples. .

It is not surprising that we see no systematic differences in the PL

from samples grown in this latest series using Na source #3 when compared

with samples grown using this source earlier. We have only changed the

procedures for loading the source material in order to better control the Na

flux. As a result, the uniformity of the Na doping should be improved, but

the photoluminescence experiment will not be sensitive to this uniformity.

Studies of the electrical properties of the four samples doped with Na

using Na source #2 gave no evidence of p-type activity. Two of the samples

were found to be n-type while the results for the remaining two samples were 1_4

inconclusive. Hall measurements made on ZSE156A showed the free electron

density to be 1.1 x 1015Ccm -3 at room temperature. Since the undoped samples

in this series were found to have immeasurably small free carrier densities, . -' '

this somewhat surprising result indicates that donors are being incorporated

when the growing films are exposed to the Na beam. Possible origins of the

donors include: impurities which are released from the Na source, intrinsic

defects which are formed in the presence of Na, or improper substitution of

Na into the ZnSe lattice. Regardless of the origin of the donors, Na-doping

does not appear promising at this time unless a cleaner N- beam can be

found. "?.

'V

2.2.3 Lithium and Sodium Diffusion Studies

As was shown in earlier sections, doping ZnSe with Li does appear

promising in that conversion to p-type conductivity has been achieved. It is

also believed that proper control of the growth conditions will ultimately "

produce high conductivity materials suitable for device applications. A

major concern with the use of Li as a dopant, however, is the problem of
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A
diffusion. Abrupt doping profiles are often required in the fabrication of A

optoelectronic devices, but such abrupt profiles may not be possible when

doping with Li.

Modulation-doping studies were carried out to test the diffusivity of

both Li and Na in ZnSe. In these studies the shutter for the dopant cell .*

was opened only for a short time during the middle portion of the growth

run. If diffusion of the dopant did not occur, then this type of growth

schedule would have produced films in which a narrow, doped region was

sandwiched between two undoped layers. SIMS profiles were taken to

determine the actual distribution of dopant in samples grown in this manner.

The results for two samples, ZSE155A and ZSE157A, are shown in Figures 2-21

and 2-22. In these figures the intended doping profiles are shown by the

dashed lines and the actual doping profiles are given by the solid lines.

In the film which was thought to have been modulation-doped with Li

(Figure 2-21), it was found that the actual Li concentration was nearly

uniform throughout the film with only a moderate decrease occurring away -k

integrated area under the actual concentration profile agrees well with the

area under the projected profile. Thus the total number of Li atoms appears

to be conserved. This indicates that the measured profile is not an

experimental artifact, but that Li diffuses quite readily in films grown

under these conditions. The profile of the film which was modulation-doped

with Na (Figure 2-22) is quite different from the profile of the Li-doped 4'

film. From the measured profile it appears that Na diffusion into the

undoped region of the film which was grown prior to the opening of the Na

shutter is quite low. When the Na shutter is opened the Na concentration '....- ..
quickly begins to rise. After closing the Na shutter, however, the Na

concentration does not quickly drop to zero, but instead slowly decreases as -

the film is grown. The Na-doping profile may be understood using a model

where:

(i) sodium desorption from the surface is negligible at the growth

temperature of 300*C, .

(ii) diffusion of Na is small enough to be neglected, and

(iii) incorporation of Na at the growing interface is proportional to
the surface population of Na, C = aN(Na) where C is the
concentration of Na near the growing interface, a is a
proportionality constant, and N(Na) is the number of Na atoms per
unit area on the surface.
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A model describing the Li profile would be identical to that describing the

Na profile except for the larger diffusivity of Li.

The modulation doping studies described here show that Li appears to be

a rapid diffuser in ZnSe. Sodium diffusion, on the other hand, appears to S
be very weak. To date, p-type conversion in ZnSe has not been achieved

using Na as a dopant; this may ultimately restrict us to using Li as a

p-dopant. If Li-doping is necessary in order to achieve p-type conversion

in ZnSe, then either some technique for inhibiting Li diffusion must be

developed or devices must be designed which do not rely on abrupt Li

concentration profiles.

2.3 Project 2, Task 2: Contact Studies

The bulk of the electrical measurements on our Li-doped films relied on

the interpretation of two-point I-V measurements. This type of study could

be used to determine the majority carrier type of the films, but the

reliability of the carrier densities estimated from these measurements may

be poor. If, for example, the voltage drops at the contacts are large, then

significant underestimation of the hole densities will occur.

A technique used to circumvent the problems associated with poor

contacts is the potential profiling technique [9]. With this measurement

technique several contacts are deposited in a line. Current is then injected

into the sample using the outermost two electrodes while the voltage drop is

measured along the line of electrodes using a high input impedance

electrometer. The asymmetry of the voltage profile can be used to determine

the majority carrier type. Furthermore, since no current is drawn through

the inner electrodes, the voltage drop between inner electrodes is due only

to the sample resistance and not to contacts. The resistivity of the

sample, therefore, can be determined using the voltage profile of the inner

electrodes.

Voltage profiles were made on ZSE144A using evaporated Au to form the

metal contacts. The results of this measurement are shown in Figure 2-23.

From the voltage asymmetry the majority carrier type is found to be

hole-like. This agrees with the result of the two-point contact studies.

The slope of the potential between the inner electrodes indicates that the

resistivity of the sample is reasonably low.
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Figure 2-23. Results of potential profiling measurements on a Li-doed
film. Data show the potential drop as a function of the
distance between two outer electrodes. The asymmetry shows
that the film is p-type.

This is in disagreement with the results obtained using the two-point

measurements. This measurement also suggests that the Au may not form a

good Ohmic contact to p-ZnSe. This is the first indication we have seen

that the free hole concentrations in our Li-doped films may actually be much

larger than our initial I-V measurements led us to believe.
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3.0 SUMKARY REPORT

This section summarizes the work done under ONR Contract

N00014-85-C-0552 from October 1, 1985 to December 31, 1987. The work was

done through parallel and coordinated efforts in two laboratories, one at

the 3M Electronic and Information Technology Sector Laboratory in St. Paul,

Minnesota, and the other at 3M Canada Corporate Research and Development

Laboratory, located at the University of Toronto in Toronto, Canada. The

major areas of study during the 27 months of this contract were:

i. Growth of unintentionally-doped ZnSe epitaxial films on GaAs ,

substrates in order to fully characterize the
material and the growth system prior to attempting doping.

ii. Growth of intrinsic ZnSe on alternate substrates in an attempt to
reduce the deleterious effects caused by lattice mismatch between
the substrate and epilayer and/or the autodoping by contaminants
from the substrate which have been suspected to occur when using
GaAs substrates.

iii. p-doping of ZnSe films on GaAs substrates.

iv. Examination of the lasing properties of ZnSe films using
electron-beam excitation.

v. Studies of metal contacts on ZnSe.

The results of these studies are detailed below.

3.1 Unintentionally-doped ZnSe

A great deal of work has been done in laboratories throughout the world

in an attempt to obtain high conductivity n- and p-type ZnSe, with most of

this work aimed toward forming p-n junctions for carrier injection in

blue-light-emitting devices. The results have been largely disappointing

and, to some extent, contradictory. As we began our attempts at growing ZnSe

by molecular beam epitaxy (MBE), we recognized a need to fully characterize,

insofar as possible, the intrinsic (i.e., the not-intentionally-doped) ZnSe

material system, and to examine the perturbations of this system brought

about by variations in our sample growth procedures. We felt that such a

thorough knowledge of the undoped system would serve us well in our later

attempts at doping. A point of particular cnncern to us in this study was

the question of identifying the residual donors in unintentionally doped

n-type ZnSe. Specifically, were these donors due to impurities incorporated
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into the film (from the ambient, from the starting materials, or

outdiffusing from the substrate) during growth, or were they intrinsic

defects (vacancies, interstitials, or anti-site defects)? The answer to this

question would have profound implications in the subsequent doping studies.

The quality of the materials we have been able to grow in this study is

attested to by the fact that we have reported:

i. The highest peak electron mobility ever observed for MBE-grown
ZnSe in a lightly n-type sample.

ii. Donor bound exciton (DBE) emission lines in the photoluminescence
(PL) spectrum of lightly n-type samples that are as narrow as any
ever reported in MBE- or MOCVD-grown samples (LPE-grown samples
have DBE peaks which are typically somewhat narrower).

iii. Extremely high-resistivity samples whose PL spectra are dominated
by free-exciton emission and which show no indication of emission
from excitons bound to residual donors. The carrier concentration
in such samples was too low to measure directly, but we estimate
an upper bound of n = 1 x  014cm - 3

In the course of this study, we exhaustively examined a broad area of

growth-parameter space, varying growth temperatures (TG) from 250 to 4000C

and varying the Zn-to-Se beam pressure ratio (BPR) from 1/4:1 to 2:1 [10].

The reflection high energy electron diffraction (RHEED) patterns monitored

during the films' growth disclosed heretofore unreported surface

reconstructions characteristic of a transition from a Zn- to a Se-stabilized

surface as the growth conditions were varied. See Figure 3-1. In addition,

a transition from a streaky to a spotty RHEED pattern was observed,

indicating a change from high-quality, two-dimensional growth to a rougher

surface characterized by three-dimensional growth. The intersection of the

lines defining these two transitions in growth space defines a unique point

in that growth space. We have emphasized the importance of this intersection

in fixing the absolute position in growth space for different growth

chambers in order to permit the intercomparison of results from different

labs.

From the electrical and optical measurements on the (approximately 30)

films grown for this "growth matrix" study we found that, while both the

free-carrier and donor concentrations, n and ND, decreased as either T, or

the BPR increased, PL DBE lines broadened and radiative deep-level emission

increased for TG > 3500C and for BPR > 1:1.

4-
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Figure 3-1. Growth matrix used to studv the properties of undoped ZnSe
grown bymolecular bam epitaxy using 1iferent rw
temperatures and Zn/Se beam pressure ratios. The region of
transition from a Se- to a Zn-stabilized region is indicated,
as is the transition from a streaky to a spotty RHEED pattern j
and the optimum conditions for growth of undoped ZnSe films.
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Balancing the optimizations indicated by these criteria, we find the

"best" growth conditions to occur on a line in growth-parameter space

parallel to the Zn- to Se-stabilized surface transition line, but on the Zn-

stabilized side of this line, and near the spotty-to-streaky transition

line. For our system, this translates to T. = 300 - 3500C and BPR = 2:1-1:1.

By growing samples to the same thickness but at growth rates which

differed by a factor of two (by varying the absolute beam pressures in a

constant ratio) we have found no effect on the sample quality as judged by

PL and electrical measurements. This is in contrast to the findings of some

other workers. Thus we are able to grow films at the modestly high growth

rate of 1 pmhr without fear of compromising the film quality.

We observed effects on the PL spectra caused by variations in the

sample thickness (11]. In particular, we found the PL excitonic peak

positions to increase in energy with decreasing thickness as a result of the

increasing biaxial compressive strain in the epilayers, reflecting an

increase in the bandgap. See Figure 3-2. Combining our PL measurements with

available X-ray measurements of the lattice parameters, we showed the .

magnitude of this strain to be in agreement with that predicted by properly "

scaling the bulk elastic constants of ZnSe, in contrast to the behavior that

had been predicted by some other researchers. Our X-ray diffraction

measurements showed that layers of ZnSe on (100) GaAs are elastically

strained up to 0.15 - 0.2 pm, and that misfit dislocations relieve the

strain for layers with thicknesses between 0.2 and 0.5 pm [12]. See Figure

3-3.

Our secondary ion mass spectrometry (SIMS) measurements [13] have

demonstrated that the measured concentrations of the Group III elements (Ga,

In, and Al) which are prime candidates as potential residual extrinsic

donors in ZnSe are too small, individually or in total, to account for the

measured carrier concentrations. Through selective excitation PL (SPL)

measurements (141 we have identified Cl and Ga as being the major extrinsic

residual donors which cause the DBE emission which usually dominates the PL

spectrum of our unintentionally-doped ZnSe. See Figure 3-4. Taken together,

these results imply either that Cl is the major source of donor electrons in

the unintentionally-doped material or that the residual donors arise from

intrinsic defects. This latter possibility can now be dismissed as a result

of our examination of the effects of starting material purity.
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Figure 3-2. (a) Positions of exciton-related PL features versus film
thickness, showing the relaxation of the energy gap with a
reduction in strain. E- and Vare the uper and lower branch

polariton peaks, I an D , X are donor-bound exciton peaks.
(b) Relaxation o h(perpendicular) ZnSe lattice parameter
versus film thickness, reflecting the relief of strain with
increasing film thickness. These X-ray data are from H.
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Figure 3-4. Two-electron and resonant Raman scattering signals obtained by
resonantly exciting an undoped sample (ZSE37A) in the viciit-y
of-the free exciton and donor-bound exciton peaks. The strong
broad feaiture A is a tw-o-electron transition due _to Ga, while
the weaker and narrower feature B is due to RRS from Cl.
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We have shown, in agreement with the results of other researchers [15],

that by using a new 6N+-purity Se which has only recently become available,

we can reduce those features in the near-band-edge (NBE) PL spectrum

associated with donors by a factor of 40 and, simultaneously, reduce the

carrier concentration by more than a factor of 100. This result clearly

indicates that the source of the residual donors is an extrinsic impurity.

As discussed above, we feel that the culprit is Cl. This is the first of

several times in this summary statement in which we will be stating our

findings on the importance of controlling the starting material purity in

this project. It is imperative that extremely pure Zn and Se and doping

sources be used.

Theoretical studies of electron and hole transport in ZnSe were

performed during the course of this research contract. One of these studies

resulted in the first reported treatment of electron scattering in ZnSe,

which also includes all major electron scattering mechanisms and solves the

Boltzman transport equation under generalized Fermi-Dirac statistics 116].

This approach is dictated by the fact that the longitudinal polar optical

phonons contribute significantly to the overall electron scattering. Hence

a universal relaxation time cannot be defined. Therefore, it is necessary

to use an iterative or variational procedure to combine all relevant

scattering mechanisms. In this work, a variational procedure was chosen.

The basic approach used for electron transport was followed for hole -,

transport, but the additional non-polar optical phonon scattering including

interband and intraband scattering was calculated. The Boltzman transport

equation was solved for light and heavy holes by the variational method

[17] and without resort to a relaxation time approximation. The results

predict an inherent mobility limit for holes in ZnSe at room temperature to

be about 100 cm-2 /volt-second.

Our theoretical study of the two-dimensional electron gas at a

ZnSe-Zn (S, Te) heterointerface found that the electron mobility could be as '.. .

high as 3 x 105 cm2/v, sec. at 4.2K in this case, and that measurements of

the mobility could be used as a probe of strain at this interface [18].

5'
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In addition, the theoretical program included a study of the

application of free-carrier absorption (FCA) to n-ZnSe materials

characterization. This work [191 is the first report of a treatment of FCA

in n-ZnSe to include all the scattering mechanisms and to solve for the FCA

coefficients exactly under generalized Fermi-Dirac statistics. The

necessity to resort to an exact quantum theoretical model is dictated by the

inapplicability of classical FCA theory. This originates from the fact that

typical photon energies are comparable to electron energies at 300K;

therefore, the fundamental assumption of classical theory that electrons can

quasi-continuously gain energy from the electromagnetic field is violated.

3.2 Growth of MBE-ZnSe Epilayers on Alternate Substrates

Early attempts to grow epitaxial ZnSe reported on in the literature

were principally by MO-CVD and MBE, although the LPE technique was used by

several investigators. The substrate of choice has been GaAs, although some

results were also reported on homo-epitaxial ZnSe and ZnSe on Ge. Due to

the unavailability of high-quality ZnSe bulk-grown crystals, it is necessary

to grow ZnSe hetero-epitaxially. Moreover, since defect-sensitive devices

such as LED's, particularly lasers, are being contemplated, the choice of "

substrate material on which to deposit the ZnSe layers is of critical

importance.

Our study of alternate substrate materials was motivated by the finite, .'. '

albeit small, lattice mismatch between ZnSe and GaAs, and by reports in the

literature which pointed to Ga outdiffusion from the substrate into the

growing film as a major potential source of donors in unintentionally-doped

ZnSe. The substrates chosen for this study were Ge (lattice mismatch 0.17% )
and Si (4% ). The use of Ge should obviate the autodoping problem while, at

the same time, provide a better lattice match to ZnSe than does GaAs. On the

other hand, we anticipated that there might be some unique problems arising

from attempting to grow a heteropolar material on a homopolar substrate. Si,

while it presents a greater lattice mismatch, is of sufficient technological

importance to warrant some effort. In addition, it was expected to provide

us with additional information about the hetero-homopolar growth problem

mentioned above. We also looked at ZnSe growth on Ge buffer layers and on

Ge/ZnSe superlattice buffers. The results of a short study on homo-epitaxial

growth have appeared elsewhere [20] and will not be repeated in this report.

5 3 ,
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3.2.1 Ge Substrates

Ge is an interesting candidate substrate material for ZnSe epitaxy

since the lattice mismatch is only - 0.17%, and the thermal expansion

coefficients of the two materials are also closely matched at room

temperature (7 x 10-60C- for ZnSe and 5.8 x 10-60C-1 for Ge). In addition,

high-quality single crystal Ge wafers are available at relatively low cost. 6

The first epitaxial ZnSe layers were grown on thermally-cleaned Ge

substrates, but these were found to be of poor quality. Subsequently, a

technique for substrate preparation was developed which consisted of room

temperature Ar+ sputtering followed by annealing at temperatures around

4000C. With this procedure [21] both oxygen and carbon are removed as

indicated by the spectrum of Figure 3-5. Furthermore, the (100) Ge

substrate cleaned in this fashion exhibited (2 x 2) surface reconstruction

as illustrated by the RHEED pattern of Figure 3-6(a), and is indicative of a

surface that is both clean and smooth on an atomic scale.

ZnSe layers were grown on sputtered and annealed (100) Ge using a

variety of substrate temperatures and Zn/Se beam pressure ratios. The .

highest quality ZnSe layers, as judged by the PL response of the material, 7
were grown with a beam pressure ratio of about unity and at a substrate

temperature of 3000C. Figure 3-6(b) shows the RHEED pattern of a 2 ,m thick . ..
layer grown under these conditions.

X-ray double-crystal rocking curve (DCRC) measurements and transmission . €'

electron microscopy were also used to characterize the epitaxial layers. It ,
is interesting to note [22] that the DCRC linewidths were significantly and"'

consistently larger for ZnSe grown on the (100) Ge than for ZnSe on (100)

GaAs for layers of equal thicknesses as shown in Figure 3-7. Indeed, even ...

for the thickest layers of - 6.5 um, the difference remained significant. "

This suggests that large residual, non-uniform strain associated perhaps ,. .

with non-uniform bonding, micro-twins, stacking faults or dislocations, or a

combination thereof, is present in the ZnSe/(100) Ge layers.
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Figure 3-5. AES spectrum of a) untreated and b) sputter/annealed (100) Ge
substrate showing the absence of both C and 0.
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Figure 3-7. DCRC linewidths of ZnSe on (100) Ge and (100) GaAs versus I

layer thickness.

By way of contrast, the DCRC results suggest that the defect concentrationin the znSe/(100) GaAs is much smaller; for a layer thickness of about

U --

~~5pm, the DCRC linewidth is only 100 arc sec. The rapid reduction in the

DCRC linewidth of ZnSe/(100) GaAs is not surprising in view of the

single-crystal x-ray diffraction results [23] which suggest that epitaxial
layer relaxation is essentially complete for layer thicknesses in excess of !

~1.5 um.

Another important observation, which may be related to the broad DCRC
linewidths, is the large tilt of the (400) planes in ZnSe with respect to%

equivalent planes in the (100) Ge substrate. Tilts of as large as .

1000 arc sec were observed [22] for ZnSe/(100) Ge layers. Again, by ,,
contrast, the measured tilt in the znSe/(100) GaAs system is typically less -

than 40 arc sec! The technique of tilt measurements arid the attendant ,%

results are described in detail in Reference [22]. .

~~The results of the 4.2K PL measurements were found to be consistent

L.with those of the DCRC measurements. Using the donor-bound exciton (DBE)
linewidth as a measure of the material quality shows that the epitaxialv,,,,
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layer quality depends only weakly on the layer thickness (see Figure 3-8).

Typical linewidths are about 1 meV. In fact, for a significant number of

the best layers grown at or near optimum conditions, DBE linewidths of as

low as 0.6 meV were obtained. For ZnSe grown on (100) Ge, linewidths of

1 meV were only observed for layers thicker than - 6 pm. Given that the DBE

linewidths are also broadened by lattice inhomogeneities, the PL and DCRC

analyses suggest that high concentrations of defects propagate into the

ZnSe/(100) Ge layers even for thicknesses as large at 6 pm in spite of the

0.17% mismatch. While for ZnSe/(100) GaAs layers, the dislocation

propagation is not as extensive even for layers - 1 pm thick. Indeed, the

results suggest that dislocations in ZnSe/(100) GaAs layers would appear to

be confined to the substrate/layer interface.

E

0

4 - ZnSe/(O) Ge
a ZnSe/(uO)lGa As

4-4

0 I I !

2 4 6 8

ZnSe L ayer Thickness ( atm) pt

Figure 3-8. DBE linewidth of ZnSe layers on (100) Ge and (100) GaAs -
substrates.

The results of cross-sectional TEM analysis of 2 pmn thick ZnSe/(100) Ge ..

and ZnSe/(100) GaAs layers support the above postulate. It was found that

in the case of the ZnSe/(100) Ge layer, dislocations are present throughout

the layer, whereas in the ZnSe/(100) GaAs layer, the dislocation network is :

confined to the first 0.5 pm of material at the substrate/layer interface.
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The reasons for the creation of the large dislocation densities in ZnSe _
grown on (100) Ge are unclear at present. However, it should be noted that

ZnSe grown on (100) Ge with Ge buffers that vary in thickness from 1000 A to
2 pm show significant improvement in material quality. Indeed, the DBE

linewidth for ZnSe layers 2 um thick grown on 0.6 pm thick Ge buffers at

near optimum growth conditions was found to be about 0.7 meV. This is

comparable with the best ZnSe grown on (100) GaAs to date.

Finally, the tilt between the (400) planes of ZnSe and the (100) Ge

substrate was also found to exhibit a strong dependence on both film

thickness and misorientation of the substrate surface from the (100) plane.

The models proposed so far to explain the observations are at best crude,

and certainly more work is required to elucidate the phenomenon.-

SIMS analysis of films grown on Ge and on GaAs substrates revealed no

less Ga in the ZnSe/Ge films than was found in the ZnSe/GaAs, so it no

longer appears to be necessary to consider Ge substrates in order to avoid

Ga autodoping.

3.2.2 Si Substrates

The concept of integrating compound semiconductors with Si is 9
technologically attractive because of the promise of integrating high-speed -..

electronic devices and optoelectronic devices with Si technology. In **%

particular, considerable attention has recently been focused on the

hetero-epitaxial growth of the technologically important semiconductor GaAs

on Si. In addition, we have reported [24, 25] on the growth of ZnSe on Si. )P;

Although the application areas are different in these two cases, the

experimental difficulties should be similar, as the lattice mismatch is

approximately 4% in both cases. Our attempts to reduce the stress caused by

this large mismatch by growing Ge and/or Ge/ZnSe superlattice buffer layers

will be discussed in subsequent sections.

We reported [26] that the growth of single crystal ZnSe epilayers on - - ."

(100) Si could be accomplished only if the growth was initiated very slowly.

The surface was first exposed to just a Zn beam, and then the Se beam t

pressure was ramped up to its final value over a period of about 15 minutes. %.4

The low-temperature PL spectra for the resulting films were dominated by a e

strong, narrow peak (Ii) at 2.788 eV which we proposed to be due to an

acceptor-bound exciton.
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3.2.3 Ge Buffer Layers

In order to avoid replication of substrate defects in the ZnSe

epitaxial layer, and to provide an atomically smooth surface on which to

initiate growth, Ge buffer layers were deposited on the sputter/annealed Ge

surfaces prior to growth of the ZnSe layer. Ge layers were also grown on

(100) Si substrates that were cleaned using the hot-sputter technique

discussed earlier (24]. The growth temperature was 330*C and the growth rate

was typically 0.33 umvhr. On initiation of the growth, the Si (2 x 1)

surface reconstruction was replaced by the (2 x 2) reconstruction of the Ge

surface. The Ge RHEED pattern is indicative of an atomically smooth (100) Ge

surface. ZnSe layers grown on the Ge buffer to a thickness of 2 to 3 Um

appear to be rather rough as indicated by the RHEED patterns. PL

measurements suggest that, indeed, the ZnSe layer quality is similar to that

of the single-crystal ZnSe layers grown directly on the Si substrate.

It is worth noting, however, that the incorporation of the Ge buffer

permitted the initiation of the ZnSe growth at regular growth rates. This

is in contrast to our earlier reported results obtained growing ZnSe W

directly on Si [24].

3.2.4 ZnSe/Ge Superlattice Buffer Layers

The growth of superlattice (SL) buffer layers as a means to relieve

strain and to confine impurities and mechanical defects to the substrate

layers is becoming widely used in a variety of epitaxial growth systems. We

have grown ZnSe/Ge SL buffer layers on (100) Si substrates prior to

initiating growth of ZnSe epilayers.

Growth conditions were similar to those described above for the Ge

buffer and ZnSe layer. The ZnSe and Ge layer thicknesses in the superlattice

were both approximately 300A. Whereas the ZnSe RHEED pattern appeared to .

deteriorate with each subsequent ZnSe layer, that of the Ge remained the

same and showed a (2 x 2) reconstruction pattern. When deposition of

extremely thin (i.e., about 60A) alternate layers was attempted, a RHEED

pattern characteristic of polycrystalline material developed. We conclude

that a a minimum alternate layer thickness greater than 60A is required in

order to maintain epitaxy in the ZnSe/Ge system under these growth

conditions.
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Two-period and ten-period superlattices were used as buffers between A

the ZnSe layer and the underlying (100) Si substrates. The results indicate

that for the two-period superlattice buffer, the 2 pm thick ZnSe epitaxial

layer showed very good surface morphology as shown in Figure 3-9. In

3I addition, cross-sectional TEM studies indicate a considerable reduction in

the dislocation density in the ZnSe layer. Finally, 4.2K PL spectra show

dominant excitonic emission for ZnSe on the two-period superlattice buffer.
For ZnSe layers grown directly on the Si substrate, the emission spectrum is

dominated by defect-related emission peaks such as Y0  and deep-level

I emission (see Figure 3-10). Quite narrow bound-exciton peaks (- 2 meV

linewidths) were measured from layers grown on the two-period superlattice

indicating relatively high quality material. Indeed, by comparison, the

bound-exciton linewidths for 2 pm thick ZnSe grown in (100) Ge was typically

1.8 meV. The PL spectra recorded from layers grown on a ten-period

superlattice showed little or no improvement over those obtained by growing

ZnSe directly on Si. The mechanism responsible for the deterioration in the3 quality of the ZnSe layers in the thicker superlattices requires further

investigation.
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Figure 3-9. SEN micrographs of surface morphologies of ZnSe layers grown3I directly on Si and with superlattice buffers incorporated.
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3.3 p-Doping of ZnSe Films

The principal objective of this program of research was to investigate

the possibility of obtaining p-type conductivity ZnSe. Previous attempts at

growing this material by any growth technique were unsuccessful. The

material appeared invariably to be either highly resistive and fully

compensated or n-type. It was argued that on the basis of thermodynamics,

the wide bandgap II-VI material would be highly compensated by native

defects; in particular, ZnSe and especially ZnS could not be made p-type.

The experimental results provided strong support for this thesis. However, .

there was also experimental evidence in the literature which suggested that

compensation in ZnSe was principally due to unintentionally incorporated

impurities. In fact, there were tantalizing reports that N ion-implanted

ZnSe could be used to make p-n junctions, and that p-type conductivity could

be obtained using Li. However, the results were not, or could not be,

reproduced in other laboratories. Nonetheless, these results suggested that

the question of making ZnSe p-type was still not satisfactorily answered,

and that there was still a realistic possibility for blue/blue-green

light-emitting devices. This notwithstanding, ZnSe has other attractive

physical characteristics, such as its non-linear optical properties that

3make further investigation of the growth of this material worthwhile.
make-

The p-doping candidates which have been studied in our laboratories to

date are the following: N, P, Sb, Li, and Na. The results of these studies S

will be described for each of these elements in turn.

3.3.1 N '

Nitrogen doping of ZnSe films on (100) GaAs substrates was performed
simply by bleeding N 2 gas into the growth chamber through a high-precision

leak valve and by allowing the establishment of the prescribed N2 pressures

in the MBE chamber during growth. The growth conditions selected were a "

substrate temperature of 330 0C and a beam pressure ratio of 10. Under these

conditions, the layers were found to have low-temperature PL spectra
ddominated by free-excitonic related emission [27]. The layers were grown on

sputter-cleaned/annealed GaAs substrates to a thickness of about 0.7 um.
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Figure 3-11(a) shows the 4.2K PL excitonic spectrum recorded from the

unintentionally-doped layer. Free excitonic-related emission is seen to

dominate the spectrum. For the case of the N-doped layer, the spectrum is

seen to be dominated by the acceptor-bound exciton peak (Ii) at an energy of

2.793 eV. See Figure 3-11(b). In addition, the figure shows that the ratio

of the acceptor-bound to the donor-bound exciton peaks is large. This is

consistent with the further observation that the D-A pair emission is weaker

than the dominant acceptor-bound excitonic emission.

Electrical measurements performed on the nitrogen-doped ZnSe samples

have proven to be very difficult due to the high-resistivity of these

samples. However, although the samples were found to be too resistive for :

Hall measurements, the carrier type could be determined from contact

studies. The results indicate that the material is high-resistivity n-type,

in spite of the low-temperature PL results.

SIMS measurements of the N-doped samples were seriously hindered by the

large background concentration of nitrogen in the SIMS chamber. An attempt

was made to determine the nitrogen concentration in the ZnSe, but the .'

results are inconclusive. However, the relatively narrow linewidth of the

acceptor-bound exciton peak (~ 1.1 meV) suggests a low nitrogen

concentration.

3.3.2 P

We have incorporated P into the growing ZnSe layers at concentrations >

in excess of 1 x 101 cm- 3 using a P-compound (Zn P2 ) source [28]. A series

of films grown using different ZnP -cell temperatures showed that the

incorporation of donors, apparently from the Zn3 P2 source, begins at a lower

temperature than that at which P begins to be incorporated into the film. As

the Zn3 P2-cell temperature increases, the acceptor concentration increases

more slowly than the donor concentration. The increased donor concentration

must be due to extrinsic donors from contaminated Zn3 P2 source material,

rather than to intrinsic defects accompanying the incorporation of acceptor

atoms. With decreasing growth temperature, the concentration of acceptors

increases while the mobility and the net (electron) carrier concentration

decrease. In the PL spectra we find a dramatic increase in the deep level v.

emission as we incorporate more P-atoms. See Figure 3-12. Thus, it appears

that phosphorous is not a good candidate for p-type doping in ZnSe.
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While it is possible to incorporate P atoms into the ZnSe lattice, at

even modest levels P begins to form deep levels rather than shallow acceptor

states. Behavior of this sort had been proposed to explain some earlier %"

attempts at P-doping in ZnSe (29] and our results support those suggestions.

In this case, our knowledge of the ZnSe MBE growth matrix space and our

attempts to use this information to alter the incorporation of P were of no

Uf avail. P simply appears to be an unsuitable p-doping candidate.

3.3.3 Sb

Of the Group V elements which are candidate p-type dopants substituting

for Se in the ZnSe lattice, only Sb to our knowledge has not been

investigated as a potential dopant. N, As, and P were used in dopant

studies. Nitrogen was also used as reported above, but so far these efforts

did not produce low-resistivity p-type material. However, recent work has

shown (30] that Sb forms a shallow acceptor in CdTe.

Sb-doped ZnSe layers were grown and characterized using low-temperature ! N

PL, DCRC, and SIMS measurement techniques [31]. Sb concentrations were

determined using an impinging ion beam of approximately 1 microampere O

with positively-charged secondary ions at masses 121 and 123 amu being

detected. Quantitation was achieved using standards prepared by ion

implantation of known doses of 1
2 1 Sb into epitaxial ZnSe layers with the )k

peak implanted Sb concentration reaching about 7 x 101cnm- . The detection
limit by SIMS for Sb in ZnSe is estimated to be about 5 x 1015 c - . The

layers in this study were all grown on conducting GaAs substrates [oriented

20 off (100) towards (110)] in order to reduce charging effects in the SIMS

measurements.

Analysis of SIMS measurements [31] suggest that at the optimum growth

conditions, namely 330*C and a Zn/Se beam pressure ratio of unity, the Sb

incorporation coefficient is ~ 10- 2 Furthermore, the analysis indicates it

is possible to incorporate Sb to concentrations as high as 1019 c- 3.

However, at these concentrations the layer is found to be optically dead. p.

Indeed, RHEED measurements of these layers indicate a mixed polycrystalline/"
single crystalline material. On the other hand (2 x 1) reconstructed ZnSe V

surfaces were observed with Sb concentrations less than 1017 "cm -f
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When the substrate was exposed to moderate Sb flux levels, it is

interesting to note that: .mN

(i) the 1/2-order diffraction lines in the (110) azimuth, normally
associated with Se-stabilization, became intense, and

(ii) the Kikuchi bands were better defined upon initial opening of the
Sb shutter.

Such RHEED observations would normally be indicative of an improvement in

the crystallographic quality of the surface.

Low temperature PL measurements of Sb-doped layers with Sb

concentrations less than 1017 cm - 3 indicate that neither acceptor-bound

excitonic emission nor donor-acceptor pair transitions were detected in the -

spectra. However, the analysis also indicated that defect-related emission

lines were enhanced with the increasing concentration of Sb impurities. For

example, the so-called D at 445.5 nm and the Y and S1 0 0
bands, attributed in the literature to extended defects, were observed to

increase significantly in intensity with increasing Sb concentration.

Thus, although it appears that Sb can be incorporated quite readily in

MBE-grown ZnSe to concentrations in excess of 1019 cm- 3 (single-crystal V;A

limit, > 019 cm- 3), the impurity does not appear to produce a shallow .

acceptor. The results suggest that p-type ZnSe appears unlikely by MBE

using Sb as the dopant species.

Recently, we have been able to improve the quality of the Sb-doped

films by illuminating the surface with an Ar+-ion laser during growth. We .

find that the films' surface morphology improves when the growth is laser

assisted. In spite of this improvement, Sb still appears to be an unsuitable N

p-dopant in ZnSe. However, the experience we have gained in laser-assisted

growth will be transferable to our studies of other systems.

3.3.4 Li

Li has been used for doping of ZnSe in two previous reports of p-type

conversion, one by a bulk-growth method [32] and the otheLr by MOCVD [33].

There have been no previous reports in the literature of attempts to use Li

in MBE growth.
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We have undertaken an extensive study of Li-doping of MBE-grown ZnSe.

The results of this study have been quite promising, culminating in the

Ufirst demonstration of p-type ZnSe by MBE growth.
We have incorporated Li concentrations as high as 5 x 101 9cmr 3 as

determined by SIMS. The low-temperature PL spectrum for heavily Li-doped

material (Figure 3-13) is dominated by a strong, narrow acceptor-bound

exciton peak, and there is little donor-acceptor pair (DAP) emission, in

spite of the fact that the Li source material that was used was only of

moderate purity. SIMS analysis has indicated the presence of a large number

of impurities in the Li-doped films that were not present in the undoped

films. These impurities bear a one-to-one correspondence to those present in

the Li source material. While unintentionally-incorporated donor impurities

may be compensating some of the Li acceptors, our I-V measurements using

various combinations of Au and In contacts (Figure 3-14) did show evidence

of p-type conduction, although the film resistivities were quite high (34].

More recent measurements have given indications that the actual hole

concentrations may be considerably larger than what our I-V measurements

have led us to believe. Our previous work on intrinsi. ZnSe has proved quite

valuable in the Li-doping study as it has suggested to us ways to alter the

mode of incorporation of Li by altering the Zn/Se beam-pressure ratio (BPR).

Our success in this study gives us reason to be optimistic about the

prospects for achieving high-conductivity p-ZnSe by Li-doping. We intend to

pursue this approach using higher-purity starting material obtained by

locating a vendor who can supply such material or by doing our own

distillation of available Li metal. With purer starting materials, we will

be compensating fewer of our incorporated Li acceptors. Then as we continue

to adjust the growth conditions we should be able to optimize the carrier

(hole) concentrations. Our studies of Li diffusion have alerted us to

potential problems arising from diffusion of Li ions through the lattice.

These difficulties will have to be taken into account in the design of

devices based on this material.
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3.3.5 Na

Based on considerations of ionic radius, Na is expected to be an

excellent candidate for p-doping in ZnSe. There have been preliminary V

reports in the literature on Na-doping by MBE [35, 36]; they found some

evidence for Na incorporation through the appearance of DAP emission in the

PL spectrum.

As was the case with Li, the major problem seems to be to find a

suitable source of Na. We have approached this problem in two ways, using

first a compound source, Na2 Se, and secondly a unique proprietary source.

Using a source of Na2 Se, we have found very strong evidence that the

source material was heavily contaminated and acted as a source of donors

which caused our films to become more strongly n-type as we attempted to

incorporate more acceptors [28]. PL measurements were dominated by a

donor-bound exciton peak which grew in strength as the Na-cell temperature

increased, confirming the incorporation of additional donors. This increase

in the DBE peak began at relatively low Na-cell temperatures, even before

any donor-acceptor pair spectra appeared or before the Na concentration

exceeded the lower level of detectability in SIMS. Selectively-excited PL

measurements indicated the presence of enhanced levels of Cl in the films,

and this was confirmed quantitatively by SIMS. The Cl concentration exceeds

the Na concentration and, in fact, is very nearly equal to the measured free

electron concentration. The K concentration is also much higher in the film

than in the Na starting material. Apparently these species are either

preferentially emitted by the source or preferentially incorporated into the

film. In either case, this result is critical since it suggests that, in all

previous trials at Na-doping, contaminants were incorporated in

concentrations exceeding those of the Na. Therefore, the actual behavior of

Na in ZnSe had never been tested, but rather the effects produced by the

unintentionally incorporated impurities.

In order to obtain a much cleaner Na beam, we have begun using a 3M

proprietary source of Na, referred to in these reports as Na source #2. Our

measurements using this source indicate that we are indeed getting a clean

Na beam from this source. The quadrupole mass analyzer in the MBE chamber
-an detect nothing but Na coming from the source, and SIMS analysis reveals "N

n,. incorporated impurities, other than Na, at levels in excess of those in

ir jndoped film. Electrically, these films have high-resistivity but are
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still n-type. PL spectra for lightly-Na-doped films show some DAP emission,

indicating the incorporation of Na into the lattice. However as the Na

concentration increases, the PL spectra are increasingly dominated by a

large, broad band near 2.6 eV. See Figure 3-15. A Y0 peak at this energy has

been ascribed to the presence of impurities near extended dislocation loops.

We are looking into the possibility that either the Na is encouraging the

propagation of dislocation loops from the interface into the growing film,

or that the Na is itself causing the formation of extended defects in the
lattice. Several questions remain to be answered about the suitability of Na

as a p-type dopant in ZnSe, but we are gaining confidence that we are, for

the first time, exploring the intrinsic behavior of Na itself as an impurity

in ZnSe.

• ~z5El 13A

I-4 - .
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Figure 3-15. 9K PL spectra for three Na-doped samples. The Na
concentration was increased in this series by increasing the
Na source oven temperature. T = 3000C end BPR = 1:1 for all
three samles. [Na= 3 x 10" , 2.5 x 10" , and 1 x 101 cm-

for samples ZSE112A, ZSE1I4A, and ZSEIl3A, respectively.-
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3.4 Electron-Beam Pumping of ZnSe Laser Cavities

In order to study the lasing properties of ZnSe prior to constructing a

suitable p-n junction for carrier injection, we have used a pulsed high

voltage electron beam source to inject carriers into ZnSe cavities prepared

by cleaving MBE-grown ZnSe films on their GaAs substrates. We have observed

and reported lasing in 2 pm-thick films [37] with thresholds as low as

4 A/cm2 (at 40 kV, temperature 16 - 100K), comparable to the best results

obtained in thicker films of material grown by alternate techniques. The

threshold increased with increasing incident electron accelerating voltage,

Vac, reflecting the penetration of the beam beyond the ZnSe film at this

small thickness. Later, working with thicker films (t = 4 - 4.5 Pm), we

found the threshold reduced to less than 2 A/cm2  (40 kV, 16K) (38]. See

Figure 3-16. With this reduced threshold, we were able to observe lasing at

temperatures as high as room temperature. Our study of the lasing

wavelength and our measurements of the gain profiles have lead us to a

tentative identification of an exciton-electron scattering process as the

lasing mechanism in the low temperature (< 100K) regime (38]. We have

recently reported the results of our comparison of lasing thresholds in MBE-

and OMVPE (or MOCVD)-grown materials [391. we find that the MBE-grown films

exhibit lower thresholds than their OMVPE counterparts by a factor of at

least 2.5. However, we feel that this difference is due in large part to a

poorer surface morphology on the OMVPE films, rather than to an intrinsic

superiority of the MBE material for this purpose.

3.5 Metal Contacts to ZnSe

We have undertaken contact studies in order to (i) understand and

characterize the formation of Ohmic and Schottky contacts to n- and p-type

ZnSe, and (ii) to improve the adhesion of contacts to ZnSe for subsequent

wire bonding during device fabrication.

We have developed procedures for making Ohmic contacts to n-ZnSe which

have a reliability rate of better than 95%. These procedures involve

placing and pressing small chips of In metal onto the sample surface, and

then annealing in an Ar-H gas mixture at 300*C for 5 minutes.

V
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Figure 3-16. 16K lasing spectrum of a 4.3 pm ZnSe cavity at 35 kV and an
electron beam current just above threshold = 2 A/cm F.

Although our procedures for making contacts to n-ZnSe for routine

laboratory measurements have been extremely successful, this approach is not

appropriate for actual optoelectronic device fabrication since these

contacts are not optically transparent and not adaptable to thin film

techniques. Several studies have been done in attempting to develop thin

film Ohmic contacts to ZnSe. These include the evaporation of thin In

contacts, evaporation of Al contacts, evaporation of In alloys, and

construction of layered contacts.

Indium is the most commonly-used metal for making Ohmic contacts to

n-ZnSe. We have found evidence for island formation of In, due to the high

surface tension of In, and correlated this behavior with diminished contact

performance. We have found that a thin Al overlayer prevents strong

segregation of the In, which then forms a continuous layer.

Further attempts to reduce the problem of island formation seen with

evaporated In were made by introducing a thin wetting layer prior to the

deposition of the In contact. In this study a thin film of NiN
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(approximately 5-10 A) was used as the wetting layer. The insertion of the

thin Ni wetting layer was successful in suppressing the formation of

islands. The electrical properties of the contacts, however, were still

not adequate for use in device applications.

The understanding of Ohmic contact formation to p-ZnSe is far from

adequate at this time. The only reports of Ohmic contacts to p-ZnSe in the

literature are for Au. From our measurements on Li-doped films we have

found that the contact characteristics for Au on p-ZnSe are very poor.

First of all, it was found that the majority of the applied voltage is

dropped across the contact rather than across the bulk of the semiconductor.

Secondly, the adhesion of Au to ZnSe is very poor. Our initial attempts at

forming Ohmic contact to p-ZnSe relied on the evaporation of Au. The "as

deposited" contacts did not show good Ohmic behavior and all subsequent heat

treatments caused further degradation of the contacts. The substitution of

evaporated Cu for Au resulted in better adhesion of the contact, but no

improvement (or degradation) was found in the electrical properties.

It is generally found that forming Ohmic contact to p-type

semiconductors is more difficult than making Ohmic contact to n-type

materials. Increasing the bandgap of the semiconductor also generally Z
increases the difficulty of Ohmic contact formation. In our lab we have

found that reliable contacts to n-ZnSe can be made under certain situations,

but that good contacts to p-ZnSe have not been possible.

A second fundamental application of metal/semiconductor contacts is in

the formation of Schottky barriers. For Schottky barrier contacts, we find

that the reproducibility and reliability of the contacts increases in the

order Au, Au/Pd, Au/Cr, Au/Al; i.e., in order of increasing reactivity of

the metal used. Planar Au Schottky barrier measurements, when compared to

transverse measurements through a ZnSe/n -GaAs interface, indicate that

interface band discontinuity is largely responsible for the low forward bias

current observed in Schottky barrier structures. Analyzing the I-V results

using a thermionic emission model, we have found an interface barrier height

of 0.4 + 0.2 ev.
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