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ZnTe/GaAs(001): Growth mode and strain evolution during the early stages
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The initial stages of molecular-beam-epitaxy heteroepitaxial growth of ZnTe on GaAs(001) substrates
are studied by in situ grazing incidence x-ray diffraction performed under ultrahigh vacuum. Pseu-
domorphic fully strained layers are observed for deposits up to 4 molecular layers (ML), whereas plastic
relaxation starts after a critical thickness of about 5 ML together with the onset of a three-dimensional
growth mode. Evidence for a normal strain gradient is obtained in partially relaxed layers. The results
are confirmed by ex situ high-resolution transmission electron microscopy.

I. INTRODUCTION

The growth of crystalline thin films has been recog-
nized as an important field of research for which several
techniques have been implemented. The ultimate goal is
to tailor and combine different materials in order to ob-
tain the desired electronic properties. Epitactic films
having different lattice parameters can now be grown
coherently on a single substrate. One can then match
previously selected electronic properties of the film with
the advantages presented by the substrate. However, the
conditions which allow the formation of a coherent epi-
taxial film on a different monocrystalline substrate are
still poorly understood.

The present work is concerned with the epitaxial
growth of ZnTe, a II-VI semiconductor compound, on
GaAs(001) substrates by molecular-beam epitaxy (MBE).
This III-V material is preferred to ZnTe substrates due to
its better crystalline quality and to the availability of
large single crystals, a critical feature for the industrial
production of devices.

ZnTe and GaAs both crystallize in the zinc-blende
structure with lattice parameters equal to 6.10 and 5.65
A, respectively, at room temperature, giving a lattice
mismatch of 7.9%. The interest of ZnTe growth on
GaAs(001) lies primarily in the production of a buffer lay-
er for the subsequent growth of CdTe/Cd,_,Hg, Te (Ref.
1) superlattices and heterostructures in the (100) orienta-
tion on GaAs substrates. The lattice parameter, inter-
mediate between those of GaAs and CdTe (6.48 A), is
well suited for this purpose. A further application is
found in the elaboration of ZnTe/CdTe (Ref. 2) or
ZnTe/ZnSe (Ref. 3) strained superlattices.

When an epilayer is grown on a substrate having a
slightly different lattice parameter two cases are expect-
ed: If the surface free energy of the epilayer is higher
than that of the substrate, three-dimensional (3D) growth
occurs as predicted by the theory of wetting phenomenon
(Volmer-Weber growth mode). Otherwise, if the surface
free energy of the epilayer is lower than that of the sub-
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strate and also the lattice mismatch is low enough to be
elastically accommodated a two-dimensional growth can
occur. The epilayer is then strained to match the sub-
strate parameter in the interface plane and, as a conse-
quence, suffers an opposite strain in the out-of-plane
direction. For cubic structures with a (001) interface, this
deformation is tetragonal. The energy stored in the layer
is proportional to its thickness in the elastic regime and
this process is thus limited: beyond a certain thickness,
plastic relaxation of the layer becomes energetically
favorable and dislocations are generated in the film. The
defects then produced bring the film to a relaxed state
with the misfit being accommodated by the dislocation
network. The critical thickness can be defined as that for
which the first misfit dislocation is formed. Even though
many theories have been proposed to describe the strain
distribution in the layer and to predict the critical thick-
ness value, they are still quite sample specific which ex-
plains why so many controversies can be found in the
literature. Once the critical thickness is reached, the de-
fects present in the layer frequently promote an islanding
of the film. This growth mode, characterized by a 2D-3D
transition around the critical thickness, is called
Stranski-Krastanov mode and has been observed for
strained systems like CdTe/ZnTe,* Ge/Si(001)," and
Ga,In;_,As/GaAs.® Nevertheless, it does not seem
clear whether the defects (misfit dislocations) are respon-
sible for the islanding or if the islanding happens first, the
defect generation then being favored by the increased
roughness, at least for some systems.>’

Recently more attention has been paid to the first few
angstroms near the interface and to the state of the sub-
strate surface which can determine the equality of the
whole film. For the growth of CdTe on GaAs,® for exam-
ple, it was shown that the selection of a precursor sur-
face, with a given bonding configuration, determines the
film growth direction ([100] or [111]). The exact
knowledge of the mechanism underlying the growth pro-
cess necessarily requires a description of atomic
configuration at the interface and consequently of the
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precursor states of the growth.’

Grazing incidence x-ray diffraction (GIXD) performed
in ultrahigh vacuum (UHV),!° on samples prepared in
situ by molecular beam epitaxy, has been used to measure
the in-plane strain in the very first stages of
ZnTe/GaAs(001) heteroepitaxial growth. The x-ray mea-
surements were performed at the LURE (Orsay-FR) syn-
chrotron radiation facility using the unique coupling of a
UHV compatible 4-circle diffractometer with a sample
preparation chamber providing both II-VI and III-V
MBE growth capabilities. Ex situ high-resolution
transmission electron microscopy (HRTEM) was per-
formed for some samples in order to characterize the de-
fects present in the film as well as for an accurate thick-
ness calibration.

II. EXPERIMENT

GaAs(001) wafers, cut better than 0.05° of the nominal
orientation were introduced in the UHYV just after de-
greasing. They were outgassed at 350°C and then
transferred to the main MBE chamber. Deoxidation
took place at 600°C under an As pressure of 2X107°
mbar. A diffuse 2X4 reflection high-energy electron
diffraction (RHEED) pattern was then observed and a
few hundred nanometers thick GaAs buffer layer was
grown using normal GaAs(001) MBE conditions: sub-
strate temperature of 580°C, growth rate of 0.5 mono-
layer (ML)/s. The buffer layer improved the surface
smoothness, which was confirmed by the sharp 2X4
RHEED pattern then observed. When cooled down to
400°C under the arsenic flux, the 2 X4 reconstructed
phase transformed into a ¢ (4X4) reconstruction charac-
terized by 0.75 ML of dimerized As atoms chemisorbed
on a bulk like As top layer.!! At this level the shutter of
the As effusion cell was closed and the sample tempera-
ture kept at 250°C. After a wait of a few hours for the
pressure to recover to the 10'° mbar range, the heteroep-
itaxial growth of ZnTe was performed on the c(4X4)
GaAs(001) surface. The ZnTe was provided by an extra
effusion cell with a boron nitride crucible appended to the
main chamber and surrounded by two liquid-nitrogen-
cooled shrouds. This arrangement ensured a highly col-
limated flux thus reducing the contamination in the main
chamber where the base pressure during evaporation
remained below 10 ° mbar. The substrate temperature
was kept at 320°C during the deposition and a ZnTe
growth rate of about 0.2 ML/s was used. Successive ex-
posures were performed on the same substrate with the
sample alternately transferred from the MBE chamber to
the UHV diffractometer stage under UHYV, without expo-
sure to atmosphere. When GIXD data collection was
completed, some samples were studied by HRTEM in
cross-section mode, providing at the same time an over-
view of the defects present in the film and an a posteriori
thickness calibration. GIXD data were collected at the
critical incidence angle for GaAs: o«,=0.28° with
A=AK\;=1.488 A using the x rays from a DCI non-
focused bending magnet beam line, monochromatized by
a Si(111) channel cut crystal. The grazing incidence an-
gle is thus defined to better than «, /10 whereas the slit in

V. H. ETGENS et al. 47

front of the detector integrates the grazing exit angle over
about 1°. To avoid strain induced by the indium mount-
ing, the sample was kept at 200°C, above the indium
melting point, during data collection.

The GIXD results presented here are only concerned
with the ZnTe growth on a ¢(4X4) GaAs(001) substrate
using a stoichiometric flux of ZnTe. A similar ZnTe epi-
taxial growth was also observed by RHEED using a
reconstructed * X3 Te-GaAs(001) (Ref. 12) precursor
surface but no GIXD measurements were performed.

III. RESULTS AND DISCUSSION

Preliminary RHEED experiments have shown a two-
dimensional growth for the first few monolayers after
which islands start to develop which confirmed the re-
sults obtained by Cibert et al.* with the same technique.
In order to follow precisely the beginning of growth,
GaAs c(4X4) fractional order reflections were moni-
tored after ZnTe deposition by GIXD. The c(4X4) sur-
face characteristic peaks disappeared as soon as one
monolayer equivalent thickness of ZnTe was deposited.
There was still the possibility that the Te atoms alone
could stick to the As rich surface leading to 6 X1 or 2X1
(Ref. 12) Te-GaAs reconstructions which would equally
destroy the ¢ (4 X4) GaAs reconstruction. The search for
these specific superstructures was not successful, indicat-
ing a homogeneous 2D ZnTe growth at this level.

To characterize the strain at the interface, the in-plane
relative lattice parameter difference between the epilayer
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FIG. 1. 6-260 scans of the (200) reflection from ZnTe/GaAs
(001) for heterostructures of increasing thicknesses (4, 6, 7, 9,
and 15 ML from bottom to top curve). Profiles are aligned on
the substrate Bragg peak.
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~ E The presence of a ZnTe epilayer is undetectable for
2.0 E thicknesses up to 4 ML, which indicates a purely elastic
1.0F 3 accommodation of the misfit, with a maximum parallel
3 3 compressive strain e of 7.9%. After 6-ML deposition, a
O‘OE * 3 bump satellite appears on the low angle side of the sub-
¢ ; ‘1 é é 1'0 1'2 1'4 w6 strate Bragg peak corresponding to partially relaxed

Thickness(ML)

FIG. 2. Variation of (Aa /a) with the film thickness.

and substrate, (Aa /a);, was measured through the Bragg
angle peak shift A@ for the (200) reflection, using the ex-
pression

(Aa/a);=—A6cotgl .

This reflection was chosen since it is very weak in
GaAs and would improve the signal ratio between the
epilayer and the substrate. The elastic strain in the epi-

ZnTe [(Aa/a)=4.9%]. As expected, the amount of
plastic relaxation increases with the thickness of the epi-
layer. A plot of the relaxation (Aa /a); as a function of
the film thickness is presented in Fig. 2. It illustrates the
abrupt transition from elastic to plastic accommodation
of the misfit strain between 4 and 6 ML. This transition
is also associated with the onset of island growth on the
film as shown by HRTEM pictures (Figs. 3-5). Figure 3
shows a rather homogeneous film indicating that island-
ing takes place mostly after the beginning of plastic relax-
ation.

Several comments should be made concerning these
data. First, the small integrated intensity from the par-

FIG. 3. HRTEM [100] cross section of 2-ML strained ZnTe on GaAs(001) (400 keV).
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tially relaxed 6-ML film is possibly due to lateral thick-
ness inhomogeneities in the film implying that the critical
value is exceed only for a fraction of the whole irradiated
thin layer. This hypothesis is confirmed by HRTEM im-
ages (Fig. 4) where, for a nominal 5-ML-thick sample,
both dislocation free (4 ML local thickness) and partially
relaxed areas (7 ML locally) are detectable: a dislocation
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FIG. 4. HRTEM [110] cross section of 5-
ML strained ZnTe on GaAs(001) (400 keV),
the arrow points to an interface defect in a lo-
cally thicker area.

located close to the interface is denoted by the arrows in
Fig. 4. From these data, the critical thickness for the sys-
tem is then equally inferred at 5+1 ML (15 A). This
value is identical to the critical thickness determined for
CdTe/ZnTe (lattice mismatch of 6%) by means of
RHEED oscillations.* Second, the apparent saturation
value of plastic relaxation (about 6.2%) shown in Fig. 2 is

FIG. 5. HRTEM [110] cross section of 35 ML of ZnTe on GaAs(001) (400 keV).
(P) dislocations are imaged.

Interfaces defects such as Lomer (L) and partial
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much smaller than the bulk value (7.9%). In order to
clarify this point, the strain in the epilayer was deter-
mined under conditions of different surface sensitivity.
This is made possible by tuning the penetration depth for
x-rays with the grazing incidence angle. An incident an-
gle equal to the critical value for total reflection (a.)
gives for ZnTe at A=1.488 A a penetration depth
(defined as the 1/e attenuation of the transmitted intensi-

13) equal to 103 A, as a consequence, for a 50-A-thick
epilayer, the diffraction signal carries an information
averaged over the whole layer. The reduction of the in-
cident angle to O. 3ac, for example, reduces the penetra-
tion depth to 23 A and the diffraction signal is mostly
sensitive to the few layers near the surface. It is then pos-
sible to investigate the strain gradient in the epilayer.
Figure 6 presents the angular scans performed at two
different incidence angles for a 15-ML (45- A) thick epi-
layer. The measures at 0.3a, yield a relaxation value of
7.0% which is closer to 7.9%, corresponding to the bulk
ZnTe/GaAs lattice parameter mismatch, compared to
the average value of 6.2%. The gradient thus detected
showed a stronger relaxation for the top layers probably
allowed by an elastic deformation through the island free
surfaces. In addition the correlation length of the epi-
taxial layer,'* is seen to slightly increase from an average
value of 119 A to a surface value of 130 A. A similar
effect was observed in the case of GaAs/Si(001) (Ref. 15)
and Ge/Si(001).°

We did not observe the two distinct zones of relaxation
as described by Patrat et al.'® but more likely a homo-
geneous distribution of the misfit gradient along the per-
pendicular to the interface direction is found. The sharp
peak visible in between the GaAs and ZnTe maxima (Fig.
1) is a parasitic peak from the GaAs substrate which is
there even prior to ZnTe deposition.

The stepwise deposition of ZnTe on GaAs is not neces-
sarily identical to an uninterrupted growth: a layer de-
gradation and/or Kkinetic factors could disturb the
growth: in some cases, the separation between two suc-
cessive depositions was as large as several hours. To ad-
dress this question, two samples were directly prepared in
the same conditions, as far as possible, with thicknesses

1500 .
t Iy
[S) S b
g S
e} r N S
E 1000 f a .77 \ ‘T‘\l
L o "
§ / | X-‘ I
o r R A
2 500 7 l il
w L o
5 . A
= L Dt s
t..-'/ u o \'\w\\
O t,,ﬁrmi“i:ii S I L,\f'*:‘mm —
-2.0 -1.0 0 1.0

angle (deg)

FIG. 6. Radial scans of the 15-ML ZnTe/GaAs at different
inside angles. (curve a) a=a,; (curve b) a=0.3«,.
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TABLE I. Numerical value of the in-plane lattice parameter
mismatch for successive deposited thicknesses.

Equivalent thickness (ML) Thickness (A) Aa/ay (%)
4 12.20 s
6 18.30 4.9
7 21.35 5.6
9 27.45 5.9
15 45.75 6.2

of 4 and 6 ML, respectively. For the 4-ML sample no re-
laxation was detected. In the case of the 6-ML-thick
sample, a relaxation with an average misfit equal to 6.5%
was observed. These measurements are in fair agreement
with the previous ones, obtained with successive deposi-
tions (Table I), if one takes into account the uncertainty
in the deposited thickness.

Taking advantage of a heater located on the
diffractometer stage, we investigated the effect of anneal-
ing on the strain in the layer. A 10-ML-thick
ZnTe/GaAs was prepared and successive angular scans
were recorded at different temperatures after stabilization
of the thermocouple display. The measured (Aa/a); in-
creased from 5.8% (partially relaxed layer) at room tem-
perature, to 7.9% (fully relaxed layer) at 300°C (Fig. 7).
The observed intensity decrease of the ZnTe peak at
300°C is probably associated with the degradation of the
film heated in UHV. Two main effects can be responsible
for the increase in strain relaxation with temperature: (a)
defect generation is favored by the extra energy available
in the system; (b) the mobility of the dislocations is
enhanced.

HRTEM was also used to identify the type of defects
involved in the strain relaxation process. Figure 5
presents a HRTEM picture of a 100-A ZnTe epilayer de-
posited on a GaAs substrate. Two different defects can
be identified at the interface: (i) pure edge “Lomer” ses-
sile dislocations (L) which are most efficient to relax the
in plane strain since their Burgers vector is parallel to the

0 T T T T T T
0 50 100 150 200 250 300 350

temperature (°C)

FIG. 7. Evolution of the strain relaxation in a 10-ML-thick
ZnTe/GaAs(001) heterostructure with temperature.
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interface; (ii) partial dislocations (P) bounding intrinsic
and extrinsic stacking faults ending at the interface.

The variety of the defects precludes any periodic array
which could lead to an interface superstructure as has
been observed in other heteroepitaxial systems
[GaSb/GaAs(001) (Refs. 17 and 18) or
CdTe(111)/GaAs(001) (Ref. 19)].

IV. CONCLUSION

Grazing incidence x-ray diffraction has been applied to
study the strain accommodation in the first stages of the
epitaxial growth of ZnTe on GaAs(001) prepared in situ
by molecular beam epitaxy. Accurate measurements of
the in-plane mismatch, provided by this technique, have
enabled us to confirm a fully strained epilayer growth up
to 5+1 ML. Above this critical thickness value, plastic
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relaxation is detected in the x-ray data and confirmed by
ex situ HRTEM experiments. HRTEM allows one to
correlate the trespassing of the critical thickness for plas-
tic relation with the transition between a layer-by-layer
and an island growth mode, already observed by
RHEED. The ability of x-ray diffraction to probe a thin
heterostructure from the top surface to buried interfaces
makes it an invaluable tool to investigate growth mecha-
nisms in a quantitative and nondestructive manner.
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FIG. 3. HRTEM [100] cross section of 2-ML strained ZnTe on GaAs(001) (400 keV).
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FIG. 5. HRTEM [110] cross section of 35 ML of ZnTe on GaAs(001) (400 keV). Interfaces defects such as Lomer (L) and partial

(P) dislocations are imaged.



