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The structure of CdTe/ZnTe superlattices has been analyzed through (J /28 x-ray diffraction, 
photoluminescence, and in situ reflection high-energy electron diffraction (RHEED) 
measurements. Samples are found to break away from CdxZn 1 _x Te buffer layers as a 
consequence of the 6% lattice mismatch in this system. However, defect densities in these 
superlattices are seen to drop dramatically away from the buffer layer interface, accounting for 
the intense photoluminescence and high-average strain fields seen in each of our samples. 
Observed variations in residual strains suggest that growth conditions play a role in forming misfit 
defects. This could explain discrepancies with calculated values of critical thickness based on 
models which neglect growth conditions. Photoluminescence spectra reveal that layer-to-layer 
growth proceeded with single monolayer uniformity, suggesting highly reproducible growth. Our 
results give hope for relatively defect-free Cdx Zn1 _ x Te/Cdy Zn1 _ Y Te superlattices with the 
potential for applications to optoelectronics offered by intense visible light emitters. 

I. INTRODUCTION 

Successful growth of type II-VI superlattices composed of 
highly lattice-mismatched layers has recently been demon
strated. I-4 While these superlattices display potential for ap
plications to optoelectronics by virtue of their large direct 
band gaps, they have drawn into question the degree to 
which strain can be accommodated within a multilayer 
structure. Devices based on these structures will display 
properties and performance determined to a large extent by 
the degree to which grown-in stresses can be accommodated 
by elastic strain.5 For this reason it has become important to 
examine the critical thicknesses to which these superlattices 
can be grown before misfit defects are formed. 

We present structural studies of a number ofCdTe/ZnTe 
superlattices. CdTe and ZnTe possess bulk lattice constants 
differing by 6% from each other, creating enormous internal 
stresses characteristic oflarge-band-gap II-VI superlattices. 
In this paper we examine the accommodation of these stress
es through elastic strain and misfit defects, the consequences 
of growth on different Cdx Zn1 _ x Te buffer layers, and the 
reproducibility oflayer-to-layer growth. Section II describes 
three independent experiments. We first present results de
rived from photoluminescence spectra. This is followed by x
ray diffraction data accumulated for each of our samples. A 
brief discussion of the interpretation of x-ray measurements 
for strained-layer superlattices is also included. The section 
closes with results of in situ reflection high-energy electron 
diffraction (RHEED) measurements made during growth 
of a single superlattice sample. Our results are compared 
with calculated critical thicknesses in Sec. III. 

II. EXPERIMENT 

The samples used in this study were grown by molecular
beam epitaxy (MBE) in a Riber 2300. Superlattice sample 
characteristics are listed in Table I. Individual CdTe and 
ZnTe layers were grown to thicknesses of 20-55 A. Each 

sample consisted of several hundred periods, which resulted 
in superlattices 1-2pm thick. Samples were grown on a var
iety of buffer layers to examine modulations of strain result
ing from growth on different templates. 

Photoluminescence experiments performed on these sam
ples have been described elsewhere.~ In brief, samples were 
excited optically at energies greater than the sample band 
gaps. Spectra were accumulated at temperatures down to 
2 K in a helium immersion dewar. Typical luminescence 
spectrafromaCdTe/ZnTesuperlatticeandaCdxZn 1 _x Te 
alloy are shown in Fig. 1. Each superlattice displays intense, 
visible luminescence orders of magnitude brighter than that 
from corresponding CdxZn1 _ x Te alloys. This enhance
ment in luminescent efficiency is often observed in high
quality superlattices6-8 and has been attributed variously to 
carrier confinement in quantum wells," defect and impurity 
gettering at interfaces, 7 and reductions in surface recombin
ation velocities. 8 Our spectra are dominated by a single in
tense peak which has been attributed to an exciton. 9 Peaks 
display typicallinewidths of about 30 me V. This energy cor
responds to the change in superlattice-band gap due to a 
single monolayer fluctuation in CdTe-well width, which 
suggests that layer-to-layer growth proceeded in a highly 

TABLE I. CdTe-ZnTe superlattice sample characteristics. 

Layer thicknesses 
Sample (CdTe/ZnTe) <Al Periods Top buffer layer 

26/32 200 CdTe 
2 31/23 200 CdTe 
} 56/SO 150 Cdie 
4 27/30 200 ZnTe 
5 24/30 200 Cdo.46 Z"o.s. Te 
6 27/30 200 Cdc 41 Zllo.s9 Te 
7 35/32 200 Cdo..,Zilo,. Te 
8 21/20 400 CdosoZilo.so Te 
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FIG. I. Photoluminescence spectra from superlattice sample 2 and a 
Cd0 17 Zn,, •J Te alloy at 5 K. Spectra are plotted on different vertical scales. 

reproducible manner. In addition, the absence of fiuctu· 
ations as the incident beam was scanned across the surface of 
the sample suggests a high degree of uniformity in the plane 
of growth. 

Photoluminescence data have yielded approximate values 
for the band gap of each sample studied. Comparing these 
experimental values with theory has yielded rough limits on 
the strain distributions present in our samples. 3 Strain is 
known to play a role in determining the band structure of 
crystals. 10 In the CdTe/ZnTe system strain splits the light
and heavy-hole valence bands and causes a shift in band gap 
of the material. This effect can be quite pronounced; differ
ent distributions of strain should produce band-gap shifts of 
up to 350 meV in the samples studied. The absence of these 
shifts has demonstrated that those of our samples grown on 
pure CdTe do not have strain distributions derived from the 
CdTe-butfer layer. 

Luminescence intensities are high for all samples, regard
less of the buffer layers used. Although it is difficult to make 
quantitative connections between defect densities and lumi
nescent intensities, high-defect densities typically open 
strong nonradiative decay channels. 5 This suggests that the 
large number of misfit defects introduced at the buffer layer 
interfaces do not travel far into the superlattices. Our optical 
penetration depths were short ( < 1 11-m), suggesting that 
growth was of high quality about 111-m away from the super
lattice/buffer-layer interface. This conjecture is supported 
by transmission-electron microscope (TEM) measure
ments 11 on sample 8, which show 60° dislocation densities 
dropping from 10 10-10 1 1 em- 2 near the interface to about 
108 em- 2 near the top surface of the superlattice. 

Strain distributions have been further analyzed through x
ray diffraction spectra accumulated for each of the samples. 
Diffraction of Cu Ka x-rays was measured in a f:J /2f:J ar
rangement. Since the geometry used was symmetric about 
each sample's growth axis, we were probing lattice constants 
only in the growth direction. As depicted in Fig. 2, growth of 
two lattice-mismatched materials at a single in-plane lattice 
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FIG. 2. Exaggerated view of unit cell deformation at a coherently strained 
CdTe/ZnTe interface. Growth at a single in-plane lattice constant results in 
a reduction of the growth-direction lattice parameter in ZnTe and a uniaxial 
dilation in CdTe. 

constant results in tetragonal distortion. Measurement of 
the growth-direction lattice parameters reveals the degree of 
distortion in the structure and hence the amount of strain 
present. 

Spectra revealed (200)-like and ( 400)-like superlattice 
peaks (referred to the cubic CdTe or ZnTe unit cells), as 
well as single peaks attributable to Cd, Zn 1 _ x Te buffer lay
ers and to GaAs substrates. Experimental results have been 
compared with calculated spectra derived in the kinematical 
approximation. This is a good approximation when x-ray 
penetration depths are long compared to the size of the crys
tal being analyzed, as is the case in our experiment. 

In the kinematical approximation, the structure of an x
ray diffraction spectrum is calculated by considering the 
contributions from a single unit cell and then summing these 
contributions across the extent of the crystal. For the case of 
diffraction from a superlattice, in which each unit cell is 
composed of several layers of one material followed by sever
allayers of another, the intensity of diffracted x rays,/, can 
be written as 

+ similar terms for material 2) 1

2 

ex: sin
2
(NkAz) I sin(M1ka 1 ) I _ /kr',o 

sin2 (kAz) sin(ka 1 ) J, J;, 

+ similar terms for material 21
2 

In these equations, jj are the atomic factors, r; are the 
growth-direction coordinates of the atoms in a single unit 
cell, a; are the constituent material lattice constants, and A z 

is the length of the superlattice unit cell in the growth direc
tion. The first sum extends over the number N of superlattice 
unit cells, the second describes a single superlattice cell as a 
sum over M constituent material unit cells, and the third 
describes atomic contributions to a standard bulk-like unit 
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cell. From this construction it is apparent that the structure 
will be dominated by sharp, closely spaced peaks described 
by sin2 NkAzlsin 2 kAz which result from the requirement 
that scattered waves maintain coherence between superlat
tice unit cells. For small-period superlattices the diffraction 
condition arising from a single superlattice unit cell is not a 
stringent one. In particular, this condition appears as a slow 
modulation in amplitude of these narrow peaks. It should be 
noted that in a superlattice this slow modulation provides 
the only information relating to the lattice constants within 
each layer. The size of the superlattice unit cell is typically 
unrelated to the lattice constants of the constituent materi
als, hence the positions of the narrow peaks defined by this 
periodicity carry no information pertaining to these param
eters. 

Growth-direction lattice constants in the two materials 
forming the superlattice can only be deduced if the single 
unit cell diffraction envelopes associated with each material 
are separated sufficiently to be distinguished from each oth
er. The widths of these envelopes can be approximated by 
Scherrer's formula, 12 

A 
BFWHM ""'0.9 ' 

L cos 0 

where the thickness of each layer of material within a super
lattice period is given by L; = M;a;. Since positions of the 
two envelopes can be determined by Bragg's law we find that 
constituent lattice constants can only be separated if 

n !_!._-_!_I> 0.9(-1 + _1 ) . 
a 1 a2 L 1 L 2 

This condition is satisfied in our samples only when the 
growth-direction lattice constants deviate substantially from 
bulk values. Such deviations are to be expected in heavily 
strained lattices. 

Diffraction spectra from two of the samples are shown in 
Figs. 3 and 4. Also shown are calculated spectra for the cases 
of unstrained individual layers and for coherently strained 

SAioiPL£ 8 X-RAY DIFFRACTION 

<1-GaAs 

EXPERIMENT 

THEORY - unstralned 

THEORY - strained 

20 30 40 50 60 70 80 

TWO THETA (degrees) 

FIG. 3. 8/28 x-ray diffraction scan from superlattice sample 8 showing 
( 200) -like and ( 400) -like diffraction peaks. The sample was irradiated with 
Cu Ka x-rays. Also shown are spectra calculated in the kinematical approx
imation for the cases of unstrained growth and free-standing strained 
growth. 
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FIG. 4. 8/28 x-ray diffraction scan from superlattice sample 7. Note that 
( 400)-Iike diffraction peaks around 28 = ss• are divided into two enve
lopes. The sample was irradiated with Cu Ka x-rays. Also shown are spectra 
calculated in the kinematical approximation for the cases of unstrained 
growth and free-standing strained growth. 

structures. Form factors used in these calculations were tak
en from Ref. 13. The spectra for coherently strained struc
tures were calculated assuming in-plane lattice parameters 
intermediate to those ofCdTe and ZnTe and appropriate to a 
free-standing (minimum energy) superlattice. The data 
shown in Fig. 3 appear to be in excellent agreement with 
theory when the structure is assumed to be unstrained. The 
most intense ( 400) -like superlattice peak is enhanced by the 
superposition of diffraction from the buffer layer at this an
gle, but agreement with the unstrained limit is good never
theless. Figure 4 shows diffraction representative of the re
maining samples. These samples show high levels of residual 
strain, as evidenced by the appearance of two ( 400) -like en
velopes, but are not in perfect agreement with calculated 
spectra appropriate to a free-standing structure. The enve
lopes are not separated as much as would be expected for a 
coherently strained structure; stress is clearly being accom
modated by a combination of misfit defects and elastic 
strain. No attempt has been made to perform a quantitative 
fit to these experimental spectra by taking the growth direc
tion lattice parameters as free variables. Such fits are of limit
ed value once the existence of high-defect densities has been 
inferred since these spectra are fairly insensitive to inhomo
geneous strain fields. X-ray penetration depths are on the 
order of microns, resulting in spectra that average over the 
extent of the superlattice. In summary, sample 8 appears to 
show very low levels of residual strain whereas the remain
ing super lattices show evidence of large strain fields. 

The evolution of strain distributions during growth has 
been studied through in situ RHEED measurements per
formed on a single sample. Data were accumulated for a 
superlattice sample consisting of 200 repeats of 25 A CdTe 
and 25 A ZnTe grown on a CdTe buffer layer. Results sug
gest that in-plane lattice parameters were changing dramati
cally during the first one-half micron of growth (about 100 
superlattice periods). After this point, however, the remain
ing superlattice periods appear to have grown according to a 
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single in-plane lattice constant intermediate to those ofCdTe 
and ZnTe. 14 This result is consistent with the apparent dra
matic reduction of defect densities away from the buffer lay
er interface, observed through photoluminescence and 
TEM. It is also consistent with the high average levels of 
strain observed through x-ray diffraction. 

Ill. DISCUSSION 

Our data provide a fairly sensitive test of critical thickness 
theory for large lattice mismatch. Figure 5 shows plots of 
several theoretical models of the critical thickness at which a 
thin epitaxial layer will break away from a lattice-mis
matched substrate. Each model uses an input value of Pois
son's ratio and parameters describing the inclinations, densi
ties, and Burger's vectors of the dislocations under 
consideration. CdTe parameters were used in our calcula
tions. Substituting ZnTe parameters yields critical thick
nesses within 7% of these values. The earliest model shown, 
due to Vander Merwe, 15 relies on an energy balancing argu
ment. According to this argument, strain is accommodated 
elastically until it becomes energetically favorable to form a 
network of dislocations sufficient to relieve mismatch stress
es. This model is readily adapted to the types and densities of 
dislocations typically seen in specific systems, but dramati
cally underestimates critical thicknesses for most systems of 
small mismatch. 16

•
17 A later model, due to Matthews and 

Blakeslee, 18 matches forces which can be accommodated by 
threading dislocations to stresses due to lattice mismatch. 
Equating these forces identifies a point at which strain 
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FIG. 5. Models due to Vander Merwe, Matthews, and Blakeslee, and People 
and Bean describing theoretical limits to misfit-free growth of a thin epitax
ial layer as a function oflattice mismatch to substrate. Points corresponding 
to our sample thicknesses and misfits are also plotted. Each sample contrib
uted several points, connected by lines, appropriate to the thicknesses and 
misfits of the individual layers in the superlattice and of the alloy of identical 
composition and thickness to the superlattice. Sample 2, for example, gives 
a point at ( 2.47%, !.DB ,urn) since this is a 1.08,um·thick superlattice with a 
composition equivalent to a Cdo 57 Z11o.43 Te alloy, grown on a CdTe buffer 
layer (2.47% mismatch). This point is connected to one at (5.8%, 23 Al 
appropriate to the 23 A ZnTe layers grown on the CdTe buffer. The point 
derived from the individual CdTe layers, (0%, 31 A), has not been plotted 
since the :z.ero mismatch places no constraints on CdTe layer thickness. 
Theory clearly predicts that this particular superlattice should exceed the 
critical thicknes~- This agrees with experiment. 
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should be relieved by misfit defects. This model has met with 
mixed success.''~ Bean and People''~·~0 have used energy bal
ancing arguments to derive a critical thickness model which 
is highly implausible on a microscopic scale. The resulting 
curve is, however, in excellent agreement with data obtained 
for the Ge/Si system. 

It has been suggested2
(]....

22 that superlattices should obey 
two critical thickness criteria. The degree to which a super
lattice remains free of defects should depend in part on the 
thicknesses and misfit of each superlattice layer. In addition, 
it has been suggested that to be free of defects the entire 
superlattice should meet the critical thickness criteria appro
priate to an alloy of the same thickness and volume-averaged 
composition. Accordingly, in Fig. 5 we have plotted sample 
thicknesses versus mismatch for each of the superlattices 
studied. Each sample contributed either two or three points, 
connected by lines for purposes of identification, appropri
ate to the thicknesses and misfits of the individual layers and 
the corresponding alloy. Sample 8, for example, gives a point 
at (0.07%, 1.64 ,urn), since this superlattice is 1.64 ,urn thick 
with a 51% CdTe, 49% ZnTe volume-averaged composi
tion, grown on a Cda.so Zn0 50 T e buffer layer ( ac" . z ·r I 

· '-'(>SJ no49 c 

accJ,,zr~o"'Te = 0.07% misfit). This point is connected to 
others at (3.0%, 21 A) and (3.0%, 20A) appropriate to the 
thickness and misfits of the individual CdTe and ZnTe lay
ers, respectively. Four of the samples, grown on pure CdTe 
or ZnTe buffer layers, appear to exceed all critical thickness 
predictions. Those samples grown on alloy buffer layers lie 
in a more uncertain regime, however, with samples 5 and 8 
meeting all but the constraints placed by the Van der Merwe 
model. 

All of our samples have been observed to exceed the criti
cal thickness. Sample 8, which should have been closest to 
satisfying the critical thickness criteria, appears to show the 
smallest degree of residual strain. Each sample was handled 
similarly after growth, but sample 8 was grown several 
months prior to the others. This suggests the possibility that 
growth conditions played a role in distributing strain in these 
samples. Annealing experiments performed on Ge/Si super
lattice have demonstrated the metastable nature of these 
structuresY In particular, annealing at temperatures higher 
than typically used during MBE growth results in the forma
tion of substantial numbers of defects in these structures. It 
should not be surprising that such a system might be sensi
tive to even small changes in growth conditions. For this 
reason, we feel that a complete description of critical thick
ness cannot ignore growth parameters. While Van der 
Merwe's model presents a plausible lowest energy state for 
the system, the degree to which a sample displays a critical 
thickness in agreement with this prediction depends on its 
ability to acquire the activation energy necessary to reach 
this state. 

IV. CONCLUSIONS 

The structure of a number of CdTe-ZnTe superlattices 
has been examined. Each of the samples studied has been 
grown beyond the critical thickness for generation of misfit 
defects, in disagreement with a number of theoretical mod
els. Our data suggest that growth conditions play a role in 
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determining the onset of defect formation. These conditions 
are neglected in present critical thickness models. We have 
evidence that defect densities drop dramatically within ami
cron of the superlattice/buffer-layer interface, regardless of 
the buffer layer used. The intense luminescence that results 
from this high-quality growth continues to make these struc
tures exciting prospects for applications in optoelectronics. 
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