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The structural characterization of ZnTe epilayers grown on (100)GaAs by metalorganic vapor-phase 
epitaxy is reported. A detailed study of the ZnTe/GaAs heterostructure based on both high-resolution 
and conventional electron microscopy and ion channeling Rutherford backscattering spectrometry 
allows correlation of the type and spatial distribution of the extended defects occurring at or close 
to the ZnTe/GaAs interface with the amount of residual lattice strain into the ZnTe epilayers. Both 
pure edge Lomer and 60”-mixed misfit dislocations were identified at the interface along with partial 
dislocations bounding stacking faults, their overall density and distance distribution indicating the 
occurrence of a residual compressive strain at the heterostructure interface. By comparing this 
interface strain to the corresponding surface value of the same samples the occurrence of an 
inhomogeneous strain relaxation along the growth direction is clearly demonstrated. It is shown that 
such a strain gradient should be entirely ascribed to threading dislocations occurring into the ZnTe 
epilayers, their distribution being strictly correlated to the amount of residual strain along the 
epilayer growth direction. The conclusions are further supported by the analysis of the ZnTe surface 
strain, whose dependence on the epilayer thickness is consistent with that expected on the basis of 
a phenomenological model for the epilayer 
dislocations. 0 1995 American Institute of Physics. 

residual strain relaxation by threading 

I. INTRODUCTION 

The study of the structural properties of highly lattice 
mismatched heterostructures is one of the major issues of 
current researches in the field of the epitaxial growth for both 
fundamental and technological reasons. Solid-state devices 
for optoelectronics applications such as light-emitting diodes 
and lasers based on both III-V and II-VI compound epitaxial 
heterostructures require the growth of high-crystalline- 
quality materials on either GaAs or Si substrates. These sub- 
strates are preferred as they are available in large single- 
crystalline wafers, a key feature for the mass industrial 
production of devices. However, the large lattice and thermal 
mismatches involved by these material lead to the generation 
of a high density of extended defects at the heterostructure 
interfaces and into the epitaxial layers, which can act as non- 
radiative recombination centers, thus rapidly degrading the 
device properties. It is therefore important to investigate the 

“Present address: Group D’Etudes des Semiconducteurs, Unit6 de Recher- 
the Associek au CNRS (URA 357), Universiti de Montpellier II, 34095 
Montpellier Cedex 5. France. 

mechanisms of plastic deformation through which extended 
defects are generated and propagate into these heterostruc- 
tures. 

It is well known that the growth of a pseudomorphic 
layer onto a crystalline substrate allows the elastic accommo- 
dation of the lattice misfit by matching the materials lattice 
parameters at the heterostructure interface. In the case of a 
cubic material grown on the surface of a (lOO)-oriented sub- 
strate the epilayer is tetragonally distorted. Moreover, in the 
elastic regime the energy stored in the epilayer is propor- 
tional to its thickness such that, beyond a certain critical 
thickness, the generation of extended defects at or close to 
the heterostructure interface becomes energetically favor- 
able. As the growth proceeds beyond this critical value the 
epilayer plastic relaxation occurs by the generation of new 
defects bringing the epilayer to a progressively relaxed state. 
For heterostructures whose lattice mismatches are well be- 
low l%, the equilibrium model of Matthews and Blakeslee’ 
predicts, in most cases with good approximation, the value of 
the epilayer critical thickness and the strain relaxation rate as 
a function of epilayer thickness. The model assumes that the 
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lattice misfit is rdaxed by the generatim of a network of 
noninteracting misfit dislocations (,MDs) at the interface. 
Wowevt‘r, in the case of highly mismatched hcterostructures 
(i.e., whose misfit is above 1%) the density of MDs required 
to relax the initial lattice mismatch is so high that dislocation 
interaction carmot he neglected. It has been suggested that 
dislocation interaction” and/or work hardening’ effects could 
aive rise to much lower relusation rates of the cpilayer lattice a 
with respect to the prediction of the l\iTatthrws and Blake&c 
~rloJel. However, the generation of MDs is not the only 
mechanism that can relax strain. 111 highly tnismatched sys- 
tems a three-dirllensioa~II (3 [X nucleation could occur at the 
beginning of the cpilayer growth (Volmer-Wber growth 
modr,l or immediately after the critical thickness has been 
reached (Str~iski-E(rastanov growth mode), the consequent 
3D islanding being then important for the generation of fur- 
ther defects at the hrterostructure interface as well as into the 
epilayec These defects can in turn act as sources of plastic 
relasntion ft~r the epilaycrs; however, the JJrccise mecha- 
nisms by which these defects are generated into the epilay- 
ers, their nature, and role on the strain relaxation are all not 
\Wil ~IJldCTStWd :it I?IXSUlt. 

This article &all; with the structural characterization of 
ZrGk epilayrrs grown on I I oojah substrates. The epitax- 
ial growth of high-crystalline-yuality ZnTe layers on &As 
has attracted much efforts in the last few years due to its 
large number of applications, ranging from the fabrication of 
blue-g,reen light-emitting devices to the growth of buffer lay- 
ers in the epitaxy of C&I%, C&Zn, - ,tTe, and f&Cd, ~~ ,,Te on 
GaAs substrstrs. Optimal growth temperatures for 
molrctilar-beam cpitaxy and metalorganic vapor-phase epi- 
taxy !MOVPI?:1 growth of’ 2nTe are in the 300-350 “C 
!u~ge,~~~ giving. rise to a lattice tnismatch for the ZnTe/ 
(10Cl)GriAs heterostructure -‘--7.*%. Tn a previous letter,” 
we showed by ion-chsnneling Rutherford backscattering 
spectromrtry (RBS! measurements that relatively thick ZnTe 
epilqers can still exhibit some residual compressive strain 
resulting front the superposition of the expected tcnsilc (ther- 
mall strain and a ttlickncss-clcpendeIit compressive strain. In 
Ref. 6 we also demonstrated that the residual compressive 
strain relasation of the ZnTe layers proceeds at a slower rate 
than the one palictrd by the equilibrium model. However, 
no definite conclusions were stated concerning the nature 
and distribution of the defects responsible of the observed 
SfEtiIl rrlaWtion* 

III this article we report new results concerning the ex- 
tended defects occurring at the ZnTe/GaAs heterointerfacc as 
well as into the ZnTc cpilayers. To this purpose, MOVPE- 
grown 21iWGaAs .i;arnples were charncterjzed by both high- 
resolution and conventional electron microscopy observa- 
tions and icon-channeling measurements. This allowed us to 
precisely identifj the defects occurring into the ZnTe/GaAs 
sam~des and to correlate their distribution with the measured 
amount of residutll strain in the same samples. ‘The contribu- 
tion of each type of defects to the overall lattice strain retas- 
atiorr is thus discussed, finally ascribing the observed re- 
sidual strain relaxation to the occurrence of threading 
dislocations (‘l‘Dsj into the @ layers. Our conclusions are 

FTC;. I. Typical HRTEM micrograph of a ZnTr/GaAs intrrfke. Bright con- 
trast regions associated with the misfit dislocation ccms can he easily iden- 
tificd alonp the interface lint. 

further supported by a phenomenological model for the re- 
laxation of strain by TDs in highly mismatched heterostruc- 
W-es. 

II. EXPERIMENT 

The present ZnTe epilayers were grown on (1OO)GaAs 
substrates by atmospheric-pressure MOVPE, using elec- 
tronic grade diisopropyl-tslluride and dimethyl-zinc as mcta- 
[organic precursors, the growth temperature be.ing fixed at 
350 “C.5 The GaAs substrates were ~lOOj~O.50” oriented 
and of semi-insulating (rcsistivity :> IO7 Q cm) type. Itnmc- 
diately before the introduction into the reactor chamber, the 
GaAs substrates were etch treated with a H,S0,:H202:H20 
solution as specified in Ref. 5, thoroughly cleaned with I S.2 
M11 de-ionized water and then dried under N2 How. Also, an 
ia sitr4 thermal treatment of the substrates was performed in 
the growth chamber at 460 “C under iI How. Several 
samples whose ZnTe thickness ranged between 80 nm arid 

3.0 yni were grown for the present work at :i growth rate of 
2. I pm/h. 

Both conventional (TEM) and high-resolution (H.RTEM) 
transmission electron microscopy observations were per- 
formed on ZnTe/GaAs sample cross sections by using a Phil- 
ips EM33OST microscope at a notninal 300 kV accelemting 
voltage. To this purpose, the samples were thinned by the 
AI-’ milling technique. 

Rutherford backscattering spectrometry (RBS:) measure- 
ments in both random and channeling geometry were per- 
formed vn the ZnTe/GaAs samples by using a 2.0 MeV “He-” 
beam, delivered from the AN20110 accelerator of Laboratori 
Nazionali di Legnaro. 

Ill. RESULTS 

Figure 1 shows a HRTEM micrograph of a ZnTe/GaAs 
cross section imaged along a (11 Oj zone axis. The heteroepi- 
taxial interface can be readily identified in the micrograph by 
the bright contrast regions asso&ted to the MD cores along 
the interface. These dislocations remove half-planes on the 
ZnTe side of the interface as expected for the lattice- 
mismatch relaxation of the ZnTe/GaAs hcterostructurc. ln- 
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FIG. 2. The rerults of the FFI’ tiltsring method applied tc.! the HRTEM 
miaqgxph in Fig. 1 WC. shoddy The digitircd imaps wc’rc’ obtaitwd by 
xe1ectin.g different diffraction spit\ in thy FFT pattern. In ia) the correqxwi- 
ing <I IO) ZOUP axis diffrcwtion pattern ic r;h~wn for wmpxison. The selected 
diffmtion pmern fix each digitized image is: (b! !01)2!, COON!, (1 ii J, ti 1 i), 
sir 13, 3~3 t i ill; k-j I 1 ir) :III~ ti Ii!: !,di i 1 iij snd (1 1 I !: Itnagci ki anli ia 
are u’se~l tl~ idrrntif~ G+.~ half-planes terminating at the interface along 
opposite i I1 I L, $licit: directions. The xww in icj shows a 60^-mixed disc- 
kited Jislocatii~n. 

deed, ele~tr~m-dift‘ra~tion patterns of the interface region [see 
Fig. 2 ti1-j result from the superposition of diffraction patterns 
belonging to %nTe and @As crystals having different lattice 
parameters. Moreo\!er, the concurrence of a stacking fault ter- 
minating at the %nT&aAs interface is shown in the HR- 
TEM micrr)graph, indicatin, 0 that partial dislocations are 
present at the interface along with perfect ones. 

In o!-Jer to perform a precise structural ch.aracterization 
of MDs, HIU’HVI images of the ZnTdCiaAs interface were 
digitized and their fast Fourier transform (FFT) obtained. Hy 
selectinp different diffraction spots of the FP1‘ pattern, a fil- 
tered digitized image of the interface region can be obtained 
after inverse transformation. Figures 2(b), 2(c), and 2(d) 
show the result of the FFT image filtering method when ap- 
plied to the HRTEM micrograph presented in Fig. 1. In par- 
ticular, Figs. 21~1 and 26) were obtained by selecting dif- 
fraction spots cc,neaponding to symmetric {I I I > glide planes 
with respect to the interface. Therefore, C&As half-planes 
parallel to these glide directions terminating at the interface 
can he easily idcntificd. When two such planes end at the 
same point a pure edge Lamer dislocation occurs at that 
point, whereas a single half-plane indicates the presence of a 
bO”-mixed dislrocation.7 Filtered IIRTEM images of our 
samples show that both pure edge Lamer and HP-mixed 
dislocatirnis occur at the ZnTelCiaAs interface. Also, a few 
partial dislocations can seldomfy he identified at the interface 
and into the Znlli epilayer, as indicated in Fig. Xc). These 
pnrtials are clearly associated to the shucking faults ohse.rved 
in the NRTEM micrographs. possibly resulting from the dis- 
sociation of II 6W-mised dislocation into two Schokley 
and/or Frank partiat dislocations.7’” We estimate that only 
about 1% of all interface dislocations are of partial type, in 
fairly good agreement with Ref. 8. Therefore, only Lomer 

rTTTTT-l-TTr I I I I I I I I I I I I I I I I I1 I I ’ 
15 

I! 
10 

5 

: 

5 

0 L-l... 
0 5 

DistatPce [~~~kO,/Z]w 
25 30 

FIG. 3. Histogran of the distance distribution iin units of ~(1 lO)rZj be- 
tween GaAs {I I I} half-planes lying along the same glide direction which 
terminates at the ZnTeJCaAs interfacc. 

and 60-” mixed dislocations effectively contribute to the in- 
terface misfit relaxation. 

Each Lomer dislocation can be considered as the sum of 
two 60”-mixed dislocations having different edge 
conlponents.7 such that the entire MD distribution can be 
regarded as equivalent to a set of 60”~mixed dislocations 
whose edge component have only two possible values. The 
distances between adjacent 60”~mixed dislocations with 
equal edge components can be measured by taking succes- 
sive GaAs {I I I} half-plants terminating at the interface 
along the same glide direction. This procedure allows one to 
precisely determine the distance distributions of MY’-mixed 
dislocations along both glide directions. These distributions 
turn out to be practically identical, therefore the overall dis- 
tribution obtained by combining both sets of data can be 
considered for a better statistics. Figure 3 shows the result 
obtained from the HRTEM analysis of a 3Wnmwide inter- 
face region of a 45nm-thick ZnTc cpilayer. It appears that 
the dislocation separation follows a Gaussian distribution, 
whose average value in units of n,,(llO)/? (where a0 is the 
&As lattice parameterj is 14.2t-0.4. This gives an equiva- 
lent 60”-mixed dislocation density - 1.76X 10’ cm” ‘. 

The value of the MD average spacing can be used to 
derive the amount of residual in-plane lattice strain ~11 at the 
interface. The relationship between 4 and the MD contribu- 
tion to the relaxation of the misfit ,f is given by 

where h,, is the edge component of the MD Burgers vector 
parallel to the interface and d is the average MD distance. 
For the 486-mn-thick epilayer, Eq. ( 1 j gives a MD contribu- 
tion to the lattice misfit relaxation of -(7.05kO.22)%, the 
misfit value at the actual growth te.mperature (estimated to be 
6 132 10 Kj being J‘- _ 7.45%. Therefore, the interfacial re- 
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FIG. 4. Bright-field TEM micrograph of a I .O-pm-thick ZnTelGaAs sample 
cross section observed along the (110) mne axis. Dark contrast regions 
reveal the spatial distribution of extended defects into the ZnTe cpilayer. 

sidual in-plane lattice strain at the growth temperature is 
.CI= -(0.4Ot0.22)%. This value differs from the correspond- 
ing surface residual in-plane strain as previously determined 
for the same sample by reflectance spectroscopy and ion- 
channeling measurements,’ the latter being -(0.07+0.03)%, 
thus clearly pointing out that a strain gradient occurs into the 
ZnTe epilayer. 

Moreover, considering that our ion-channeling strain 
measurement was obtained from the epilayer surface region 
(around 200 nm thick) and taking into account the epilayer 
thickness (486 nm), most of the residual in-plane strain dif- 
ference iabout 0.33%) occurring between the epilayer sur- 
face and the interface should relax in an almost 300-nm-thick 
region close to the ZnTe/GaAs interface. This indicates that 
extended defects different from MDs at the interface must 
occur into the ZnTe epilayers, thus contributing to the overall 
ZnTe lattice relaxation. In this respect, although the presence 
of stacking faults at the interface could contribute to such 
strain relaxation through the occurrence of partial dislocz 
tions (typically of Shockley type71 into the epilayer, their 
relatively low density cannot account for the observed 0.33% 
strain relaxation above. Indeed, we estimate that if only 30” 
ShockIey partid dislocations occur into the epilayer, as in the 
case of extrinsic” stacking faults, these partials cannot relax 
more strain than h,,S,,=O.03% (where b,,Y is the Burgers 
vector edge component parallel to the interface of the 30” 
Shockley partial dislocation and ~Scff-1.8X10” cm-’ is the 
linear density of stacking faults along the interface), whereas 
if only 90” Shockley part& associated to intrinsic’ stacking 
faults are taken into account the corresponding contribution 
to the lattice relaxation is less than 0.06%. Therefore, other 
types of defects should occur into the epilayer to account for 
the 0.33% strain relaxation. 

their drnsity varies within the epilayer, such that a -3OO- 
nm-thick strongly defected region close to the interface is 
observed. Within this defected region a highly defected zone, 
extending for about 100 nm or less from the interface, can be 
further identified. Finally, a residual distribution of threading 
dislocations (TDs) is found into epilayer regions far from the 
interface, their density being lower than the overall defect 
density observed within 300 nm from the interface and 
slowly decreasing towards the epiiayer surface. In the case of 
a I-pm-thick @layer the density of TDs below the ZnTc 
surface was estimated to be - 10’ cm- ‘. 

4 quantitative appreciation of the defect distribut.ion 
close to the heterostructure interface was obtained by the 
ion-dechanneling analysis of R.BS spectra recorded from 
samples having ZnTe layer thickness below 300 nm. Figure 5 
shows the [ IOO]-aligned and the random RBS spectra of a 
1X2-nm-thick ZnTe/GaAs sample. The aligned spectrum 
shows a fairly strong increase in the dechanneling rate with 
increasing the beam penetration depth into the ZnTe layer, 
indicating that a h.ighIy defected region is present close to the 
ZnTe/GaAs interface, For epilayer thicknesses below about 
300 nm, the Te signal in the RBS spectra is well separated 
from the Zn as well w from the Ga and As ones, allowing us 
to analyze the epilayer dechannelin g rate without spurious 
effects due to RBS signal overlapping. ‘Thus, useful informa- 
tions can be obtained on the distribution and evolution of the 
defects occurring into the ZnTe epilayers by comparing the 
epilayer normalized channeling yield xn (i.e., the [I OO:]- 
aligned RBS yield normalized to the random yield) to the 
corresponding yield ,yv of a perfect crystal. To this purpose, 
the dechanneling probability’” 

pd:,-.:)= 
i 1 -xv(-lj ’ 

ln( i 1 -xi,(z) ; (2) 

Figure 4 shows a bright-field micrograph of a ZnTe/ can be used, where z is the distance from the ZnTc surface. 
GaAs sample cross section viewed along one of the il IO) Although our TEM <observations show that TDs occur below 
zone axis. The occurrence of a high density of extended de- the ZnTe surface even for relatively thick epilayers, we 
fects into the ZnTe epilayer can be inferred by the presence found6 that the values of the minimum yield )jlnin (i.e., the 
of dark contrast regions in the micrograph. Although a quan- [ lOO]-aligned yield behind the Te surface peak,) measured for 
titative estimate of the defect distribution cIose to the int.er- epilayers thicker than 300 nm compare well with the semi- 
t&e cannot be afforded by TEM observations. it appears that empirical estimate expected for an ideal ZnTe crystal. This 
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FIG. 6. Dechanneling probability as a function of the distance from the 
ZnTeKiaAs interface for three epilayers of different thicknesses, namely: 
(0) 80 nm; (A) 182 nm and (0) 285 nm. 

fact indicates that the dechanneling caused by TDs is low so 
that in our calculations we assumed xv(z) to coincide with 
the normalized yield of a 3.0-,um-thick epilayer. 

In Fig. 6 the values of Pn( h - z) are shown as a function 
of the distance from the ZnTe/GaAs interface for three 
samples whose thicknesses h are 80, 182, and 285 nm. At 
any distance from the interface no distinctive evolution of 
the dechanneling probability with increasing the sample 
thickness appears from our data. Moreover, two different re- 
gions can be distinguished in the PD(z) profile for all of the 
analyzed samples. In the first region, extending up to about 
60 nm from the interface, a sharp decrease of the dechannel- 
ing probability with increasing the distance from the inter- 
face can be observed, whereas a much slower decrease of 
P,(z) is observed between about 60 and 200 nm from the 
interface (second region). As the derivative of the dechannel- 
ing pr,lbability is proportional to the local defect concentra- 
tion in the layer, the above result points out that most of the 
defects occurring into the ZnTe epilayers are located in a 
-60-nm-thick region close to the interface and that outside 
this region their density slowly decreases toward the epilayer 
surface, also qualitatively in accordance with our TEM ob- 
servations. In this respect the integral dechanneling probabil- 
ity, i.e., the value of the area below P,(h -z),” calculated 
in the first highly defected region of the epilayers, turns out 
to be constant (within the experimental uncertainties) for all 
of the analyzed samples, although a slight increase of the 
width of the high dechanneling region is observed with in- 
creasing the epilayer thickness. Finally, the apparent lack of 
further increase of the total disorder obtained when integrat- 
ing the P,(h -z) profile over 200 nm or more from the 
interface can be only ascribed to the approximation used in 
Eq. (2). where the normalized yield of a thick ZnTe epilayer 
has been substituted for the actual xV( z) . 

IV. DISCUSSION 

In the previous section we pointed out the occurrence of 
a strain gradient into the ZnTe epilayers, suggesting that part 
of the observed interface residual lattice strain is actually 

relaxed by extended defects generated into the ZnTe lattice. 
An inhomogeneous strain relaxation along the growth direc- 
tion of thin (below - 10 nm) ZnTe epilayers on (lOO)GaAs 
was reported by Patrat et al.” and Etgens et a1.;12 however, 
this effect was attributed to the free surface elastic deforma- 
tion of ZnTe islands resulting from 3D nucleation after the 
critical thickness of ZnTe epilayers on (lOO)GaAs is 
exceeded.” On the contrary, the strain gradient measured in 
our relatively thick samples can only be ascribed to plastic 
relaxation. Indeed, the presence of an inhomogeneous distri- 
bution of defects close to the heterostructure interface was 
observed by TFM observations. Moreover, most of the mea- 
sured excess strain between the epilayer surface and the het- 
erostructure interface appears to relax within about 300 nm 
from the interface, where the highest concentration of these 
defects can be observed by both TEM and ion-channeling 
measurements, further confirming their role in the ZnTe 
strain relaxation. It is also important to point out that the 
interface residual strain value obtained from the HRTEM 
analysis of the MD distribution for the 486-nm-thick sample 
of Fig. 1 coincides, within the experimental error, with val- 
ues reported in the literature7s for thicker (around 2 pm) 
ZnTe epilayers, suggesting that after the growth of a layer a 
few tenths of a micron thick, inter-facial defects no longer 
contribute to the epilayer strain relaxation. MD interaction2 
and/or work hardening3 involved by the relatively high dis- 
location densities at the ZnTe/GaAs interface could well ex- 
plain this effect. 

The occurrence of a 3D nucleation during the early 
stages of growth is still expected in our samples. Indeed, 
surface reflection high-energy electron-diffraction patterns 
taken along the (110) zone axis of thin ZnTe epilayers are 
invariably spotty,5 this feature being currently considered as 
a signature of the 3D epitaxial growth mode. As the growth 
proceeds beyond the onset of 3D nucleation, segments of 
misfit dislocations form at the interface between the islands 
and the substrate as a consequence of the ZnTe lattice 
relaxationI A substantial part of the initial lattice misfit 
turns out to be relaxed for -25-nm-thick ZnTe epilayers,” 
giving rise to the high misfit dislocation density observed at 
the interface. At this stage, interaction between segments of 
misfit dislocations can result into the generation of a dense 
network of TDs, some of which propagate into the epilayer. 
Also, TDs could be generated into epilayer regions close to 
the heterostmcture interface as the coalescence of adjacent 
islands takes place. Indeed, the occurrence of TDs into the 
ZnTe epilayers appears from the cross-section TEM observa- 
tions of our samples. 

Although our ion-channeling measurements confirm that 
an inhomogeneous distribution of defects occurs within 300 
nm from the interface, the identification of these defects as 
being TDs only is not straightforward, in consideration of 
their expected low ion-dechanneling efficiency. For instance, 
the high dechanneling yield observed within 60 nm from the 
ZnTe/GaAs interface (the first highly defected region of Sec. 
III) could also be ascribed, at least partly, to the high density 
of dislocations at the interface. In fact, the lattice deforma- 
tion field they induce extends also into the epilayer. In any 
case, the amount of dechanneling occurring within -60 nm 
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from the interface does not change by increasing the epilayer 
thickness, indicating that no further defects are generated in 
this region when the epilayer grows thicker. On the contrary, 
beyond the 60-nm-thick region, the dechanneling rate indi- 
cates that further defects occur in the epilayers, whose den- 
sity slowly decreases by increasing the distance from the 
heterostructure interface. 

The decreasing density of TDs with increasing the dis- 
tance from the interface strongly suggests that these defects 
play a role in relaxing the ZnTe epilayer residual strain. A 
phenomenological model describing the residual strain relax- 
ation of highly mismatched heterostructures by TDs occur- 
ring into the epilayers was recently proposed by Durose and 
Tatsuoka.13 The model correlates the epilayer residual strain 
gradient along the growth direction to the inhomogeneous 
distribution of TDs along the same direction. It considers that 
as a TD inclinded with respect to the growth direction passes 
through each monolayer, its contribution to the monolayer 
strain relaxation can be taken as that of a misfit dislocation 
segment having the same effective Burgers vector hen of the 
TD and a length equal to the projected length 1 (in unit of 
length) of the TD on the (100) plane. Therefore l/Z disloca- 
tions that thread the same monolayer equal one misfit dislo- 
cation and the total number of equivalent misfit dislocations 
per unit length in the nth monolayer is N, = lD,/2, where D, 
is the area1 density of TDs in the monolayer. The amount of 
residual strain occurring in the (n + 1)th monolayer is there- 
fore 

En+1 =E,-N,,~,~. (3) 

Following Durose and Tatsuoka13 we assume N, as being 
proportional to the amount of residual strain in the nth 
monolayer, 

N,=Ac,, (4) 

where A is a suitable constant. Combining Eqs. (3) and (4) 
gives for the residual strain in the n th monolayer 

en= q( 1 -AbeJ-‘=q( 1 -Abe& (5) 

where E, is the residual lattice strain at the interface. Finally, 
writing Eq. (5) in terms of the epilayer thickness gives for 
the surface residual parallel strain of the epilayer 

e,,(h)= q( 1 -AbeE)2h’ao, (6) 

where a0 is the bulk lattice parameter of the epilayer. Equa- 
tion (6) predicts that ln(.$ is a linearly decreasing function 
of the epilayer thickness. 

Figure 7 shows the values of the surface residual parallel 
strain 41 obtained by ion-channeling measurements as a func- 
tion of the ZnTe epilayer thickness.6 Below -0.5 pm our 
strain data closely follow the expected ln(q1) vs h depen- 
dence, whereas a marked departure appears for thicker lay- 
ers. The use of Eq. (6) for the best fit of strain data belonging 
to epilayers thinner than 500 nm gives e1 =(0.227?0.012)% 
and AbeR=(7.79+0.83)X 10m4. It is noteworthy that our 
HRTEM-derived value of the residual interface strain [i.e., 
(0.40+0.22)%] coincides fairly well, within its experimental 
uncertainties, with the best-fit value of l r above. Further- 
more, our value of Ab,, approaches (within about a factor 2) 

1000 2000 
Epilayer Thickness (nm) 

FIG. 7. Values of the epilayer surface residual in-plane strain 41 obtained 
from ion-channeling measurements (see Ref. 4) are shown, along with their 
experimental uncertainties, as a function of the ZnTe thickness. The dashed 
line represents the result of the best fit of strain data belonging to epilayers 
thinner than 500 nm with Eq. (6). The solid line is only a guide for the eyes. 

the 3.8X 10m4 value reported by Durose and Tatsuoka13 for 
MOVPE-grown ZnTe/GaAs heterostructures, the latter being 
obtained by cross-section TEM observations of the TD fall- 
off along the [loo] growth direction. These numeric consis- 
tencies support our assumption that TDs are responsible for 
the ZnTe residual strain relaxation, although this relaxation 
mechanisms seems to hold only for epilayers thinner than 
-500 nm. For thicker layers the relaxation rate slows down 
markedly until for epilayer thicknesses around -3 ,um the 
ZnTe lattice appears substantially relaxed. Interestingly, such 
a lower relaxation rate belongs to regions of the epilayers far 
from the interface where an approximately constant density 
of TDs was observed by TEM. As the residual strain into the 
epilayers is the driving force of the TD annihilation in the 
model of Durose and Tatsuoka, a constant background den- 
sity of TDs is indeed expected for nearly relaxed layers, in 
further agreement with our conclusions. 

V. CONCLUSIONS 

We reported on a detailed interface structural character- 
ization of ZnTe epilayers grown on (lOO)GaAs by 
atmospheric-pressure MOVPE. The ZnTe/GaAs heterostruc- 
tures were characterized by both conventional and high- 
resolution TEM observations as well as by RBS measure- 
ments in channeling conditions. MDs were observed at the 
interface by HRTEM and identified as Lomer and 60”-mixed 
dislocations after FFT digital image filtering of the HRTEM 
micrographs. In a few cases partial dislocations were also 
identified at the interface, bounding stacking faults occurring 
into the ZnTe epilayers, the latter possibly resulting from the 
dissociation of 60”mixed dislocations. In order to derive the 
amount of ZnTe residual lattice strain at the interface, a sta- 
tistical analysis of the distance distribution between equiva- 
lent 60”mixed dislocation cores was performed. By compar- 
ing the interface residual strain with the corresponding ZnTe 
surface value, the occurrence of a strain gradient into the 
epilayers was clearly demonstrated for the first time. More- 
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over, most of the excess strain appeared to relax within about 
300 nm from the interface, where both ‘IDS and stacking 
faults occur. We proved that the stacking fault contribution to 
the strain relaxation is negligible, suggesting that the epilayer 
strain gradient should be entirely ascribed to the presence of 
TDs into the ZnTe. Indeed, most of the TDs were found close 
to the ZnTe/GaAs interface, their distribution being rather 
inhomogeneous and strictly correlated to the amount of re- 
sidual strain relaxation along the epilayer growth direction. 
This conclusion is further supported by the analysis of the 
epilayer surface strain whose dependence on the epilayer 
thickness is consistent with what expected on the basis of a 
phenomenological model for the residual strain relaxation of 
highly mismatched heterostructures by TDs. 
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