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a b s t r a c t

A series of three CdTe/MgxCd1�xTe (x�0.24) double heterostructures grown by molecular beam epitaxy
on InSb (001) substrates at temperatures in the range of 235–295 °C have been studied using conven-
tional and advanced electron microscopy techniques. Defect analysis based on bright-field electron
micrographs indicates that the structure grown at 265 °C has the best structural quality of the series,

metric phase analysis of the CdTe/InSb interface for the sample grown at 265 °C reveals minimal inter-
facial elastic strain, and there is no visible evidence of interfacial defect formation in aberration-corrected
electron micrographs of this particular sample. Such high quality CdTe epitaxial layers should provide the
basis for applications such as photo-detectors and multi-junction solar cells.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The interest in epitaxial thin films of CdTe (bandgap of 1.51 eV at
room temperature) grown by molecular beam epitaxy (MBE) began
in the early 1980s [1] because of potential applications in optoelec-
tronic devices (e.g. infrared photo-detectors, solar cells) and as
intermediary buffers for the growth of HgCdTe alloys on economic
substrates [2]. The use of InSb as a candidate substrate for CdTe
growth appears ideal because the two materials are nearly lattice-
matched (|Δa|/ar5�10�4 at room temperature), and they have
highly similar thermal expansion coefficients. However, even with
the application of Cd/Te flux ratios of greater than 1 during growth,
defective interfacial III–VI structures still appear to be formed [3].
Interfacial compounds with different lattice parameters are liable to
induce strain at the interface and possibly contribute to the forma-
tion of extended defects. Through proper handling of MBE growth
parameters such as substrate surface preparation, growth tempera-
ture [4], and, most importantly, introduction of an intermediate InSb
ng B-344, Arizona State Uni-
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buffer layer in a dual-chamber MBE system [5], epitaxial CdTe films
with high structural quality have recently been obtained [6]. One
remaining complication for CdTe growth on InSb lies in the fact that
CdTe (II–VI compound) and InSb (III–V compound) are heterovalent
compound semiconductors. The possible formation of an interfacial
III–VI alloy region due to inter-diffusion has been investigated by soft
X-ray photoelectron spectroscopy (XPS) [7] and Raman spectroscopy
[8]. However, there have so far been no published electron micro-
scopy observations of any such interfacial compounds.

The characterization by X-ray diffraction (XRD) of epitaxial CdTe
films grown on InSb substrates at different substrate temperatures
has indicated that the full-width at half-maximum value of the
CdTe XRD peak may not be a strong indication of the structural
quality [9]. Thus, alternative techniques such as photoluminescence
and cross-sectional transmission electron microscopy (XTEM) need
to be combined to provide a more comprehensive characterization
of the CdTe epilayer. In this study, conventional and aberration-
corrected TEM imaging have been used to characterize the struc-
tural quality of epitaxial CdTe/MgxCd1�xTe (x�0.24) double het-
erostructures grown on (001) InSb substrates with intermediate
InSb and CdTe buffer layers. The strain distribution across the CdTe/
InSb interface has also been investigated using the technique of
geometric phase analysis [10].
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2. Experimental details

The specimens under investigation were grown in a dual-
chamber VG V80H MBE system with separate III–V and II–VI
chambers connected by an ultrahigh-vacuum (UHV) transfer
chamber. A schematic of the as-grown structures is shown in Fig. 1.
First, InSb buffer layers of 500-nm thickness were grown on InSb
(001) substrates in the III–V chamber. Monitoring in situ using
reflection high-energy electron diffraction (RHEED) confirmed that
the InSb surface oxide had been completely removed and that the
InSb buffer layers had excellent crystallinity. The quality of the InSb
buffer layers in all cases was later confirmed in the XTEM images.
The wafers were then transferred to the II–VI chamber under UHV
to receive Cd flux treatment prior to CdTe growth to suppress the
possible extensive formation of interfacial III–VI compound. The Cd/
Te flux ratio during growth was kept fixed at 1.5:1 after an initial
two-minute period with a Cd/Te ratio of 3.5:1. RHEED was used
throughout to monitor the II–VI growth [6]. As the CdTe growth was
initiated, the RHEED pattern invariably turned hazy during a tran-
sition from the InSb to the CdTe pattern. At low substrate tem-
perature (235 °C), the transition to clear 2�1 and c(2�2) patterns,
which were used to confirm the Cd-rich condition, occurred quite
rapidly compared with the growths done at higher temperature.
After growth of the 500-nm-thick CdTe buffer layer, the CdTe/
MgxCd1�xTe double heterostructure was grown, with the 1-mm-
thick CdTe film sandwiched between two 30-nm-thick MgxCd1�xTe
barrier layers with nominal Mg composition of 24%. The growth
temperature was systematically varied (235 °C, 265 °C and 295 °C)
while all other growth conditions were kept fixed.

Because of the known sensitivity of CdTe to argon-ion-milling
[11,12], precautions need to be taken to ensure that the microstructure
of CdTe epilayers observed via TEM is representative of the as-grown
structure. Hence, argon-ion-milling should be performed using a
liquid-nitrogen-cooled specimen holder [11,13]. Moreover, adequate
thickness of the thinned film should be maintained prior to final
milling to eliminate plastic deformation induced during post-growth
mechanical polishing [14]. Most samples observed here were prepared
for TEM observation along 〈110〉-type projections using traditional
mechanical polishing and dimple grinding, followed by argon-ion-
milling (maximum beam energy 2.2 keV) under liquid-nitrogen cool-
ing in an effort to reduce ion-beam damage. One sample was prepared
using low-voltage focused-ion-beam milling followed by ion-beam
cleaning at 500 eV using a Fischione NanoMill. Electron microscopy
was performed using a JEOL JEM-4000EX high resolution electron
microscope with an accelerating voltage of 400 kV and structural
resolution of 1.7 Å, and an aberration-corrected FEI-Titan 80–200
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Fig. 1. Schematic (not to scale) showing the CdTe/MgxCd1�xTe double hetero-
structure, as grown on (001) InSb substrate, with intermediate InSb buffer, CdTe
buffer and capping layers.
(scanning) transmission electron microscope (STEM) with sub-Å
resolution remotely operated at 200 keV. Geometric phase analysis
(GPA) was applied to the as-recorded aberration-corrected high-angle
annular dark-field (HAADF) STEM images using a dedicated script in
order to extract information about the strain distribution across the
CdTe/InSb interfaces [15].
3. Results and discussion

Growth temperature had a major impact on the film mor-
phology. As shown in the bright-field (BF) XTEM image in Fig. 2(a),
many dislocations and threading defects were present in the lower
part of the film grown at 235 °C, both in the CdTe buffer and also in
the CdTe/MgxCd1�xTe double heterostructure regions. Most
defects seemed to originate at or near the CdTe/InSb buffer
interface, although there was no evidence for any Te precipitates,
and the defect density dropped off considerably as the growth
continued. Fig. 2(b) is a representative image showing the upper
part of the heterostructure, and much less defects are visible in
this region. Defect densities were estimated from the cross-
sectional electron micrographs to range from 4109 cm�2 near
the CdTe/InSb interface to �mid-107 cm�2 near the top surface.
Ion-milling damage in CdTe has been identified previously as
consisting primarily of planar-faulted dislocation loops with a
density that is independent of sample thickness along the electron
beam direction [11,16]. This is clearly not the situation here since
the defect density steadily decreases moving away from the
substrate.

Similar highly-defective film morphology was also observed for
the structure grown at 295 °C as shown in Fig. 3. The bottom part of
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Fig. 2. BF XTEM images of the CdTe/MgxCd1�xTe double heterostructure grown at
235 °C: (a) lower region (close to the substrate); (b) upper region.
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Fig. 3. BF XTEM images of the CdTe/MgxCd1�xTe double heterostructure grown at
295 °C: (a) lower region (close to the substrate); (b) upper region.
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Fig. 4. (a) BF XTEM image showing the entire CdTe/MgxCd1�xTe double hetero-
structure grown at 265 °C, (b) bottom region, showing an isolated stacking fault
defect (arrowed) in the lower part of the CdTe film.
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Fig. 5. (a) Aberration-corrected HAADF STEM image showing the upper region of the
double heterostructure grown at 265 °C, with coherent, defect-free CdTe/MgxCd1�xTe
interfaces (arrowed); (b) aberration-corrected BF STEM image of the top CdTe/MgxCd1�xTe
interface (HAADF collection angle of 69–200mrad; BF collection angle of 36.8mrad).
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the double heterostructure for this sample had a very complicated
network of entangled defects. The defect density decreased from
�108 cm�2 moving away from the CdTe/InSb interface but quite a
few stacking fault (SF) defects and dislocations, perhaps �107 cm�2,
were still observed in the upper region of the structure. The defective
nature of the films grown at 235 °C and 295 °C is considered as
unlikely to be due to sample preparation artifacts, because the
sample grown at 265 °C, which showed very few defects, has been
prepared for TEM observation using the same procedure.

The sample showing the best structural quality of this series
was obtained from the growth at 265 °C. A representative BF
XTEM image of the CdTe/MgxCd1�xTe double heterostructure
grown at this temperature is shown in Fig. 4(a). Very few extended
defects were visible, although SF defects were very occasionally
seen, as shown by the example in Fig. 4(b). The lateral extent of
this SF was not clear because only part of the fault structure was
captured in this cross-sectional micrograph. The bottom
MgxCd1�xTe barrier layer is clearly visible and free of defects,
while the CdTe/InSb interface can also be identified due to slight
differences in diffraction conditions. No extended defects were
visible at this interface across several tens of microns of viewing
area. Aberration-corrected HAADF and BF STEM images (Fig. 5)
showed coherent defect-free interfaces between the CdTe and
MgxCd1�xTe layer, and the top surface had excellent crystallinity.
The minority carrier lifetime of this sample was measured using
time-resolved photoluminescence (TRPL) to be 86 ns, which was
the longest lifetime measured of this series of samples [17]. For
comparison, the minority carrier lifetimes of the samples grown at
235 °C and 295 °C were 35 ns and 73 ns, respectively [17,18].
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Fig. 6. (a) Aberration-corrected HAADF STEM image of sample grown at 265 °C showing the CdTe/InSb interface; (b) out-of-plane strain map obtained from GPA analysis;
(c) line profile of out-of-plane strain extracted from the strain map averaged perpendicular to the growth direction (diffraction spots from two {111} planes were selected for
GPA calculation).
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The non-monotonic dependence of defect density and carrier
lifetime on growth temperature can be reasonably understood.
There are many examples of epitaxial heterostructures reported in
the literature where there is a well-defined temperature range for
optimal growth, with low temperatures being limited mostly by
surface mobility, and higher temperatures being constrained by
inter-diffusion. In our experiments, the Cd/Te flux ratio of 1.5:1
(3.5:1 for the initial 2 min) was maintained continuously to ensure
a Cd-rich surface, and this conditionwas confirmed by the 2�1 and
c(2�2) RHEED patterns observed at all growth temperatures. At
the lower growth temperature, the mobility of atoms on the surface
may well be low, and this effect is apparently manifested by the
defective epilayer observed. In reference [4] Chew et al. reported
the formation of polycrystalline CdTe and Te precipitates at very low
growth temperature, o150 °C, which is considerably lower than
the temperature used here. We observed networks of extended
defects, but no evidence for Te precipitates in the sample grown at
235 °C. At the higher growth temperature, inter-diffusion across the
interface is likely to be enhanced, and could easily deteriorate the
coherence of the CdTe epilayer in the vicinity of the interface. For
regions away from the interface, the influence of such diffusion is
reduced. This helps explain why the minority carrier lifetime
measured in this sample was higher than that measured in the
sample grown at the lowest temperature; the upper region of this
epilayer, which is effectively where PL is probing, is relatively less
defective for the highest temperature sample.

In addition, this particular batch of samples did not lend itself to
providing accurate quantitative estimates of defect density as
desired. There are several reasons, which can be explained as follows:
(i) The entire II–VI heterostructure, as illustrated in Fig. 1, is more
than 1500 nm in thickness and consists of several different thick and
thin layers. Plan-view geometry, which is usually preferred for esti-
mating defect densities, will not be able to differentiate between the
different layers and interfaces, and the bottom CdTe/InSb interface is
too deep and unlikely to be accessible; (ii) the cross-section geo-
metry can obviously be used for highly defective materials and can
provide a ‘ball-park’ qualitative guesstimate of defect density, as we
have done in the text for the samples grown at low (235 °C) and high
(295 °C) temperatures. However, for material of exceptionally high
quality, such as the sample grown at 265 °C, TEM techniques are no
longer viable and one would then be obliged to use a different
approach to estimate defect density, such as XRD FWHM, electro-
luminescence, or chemical etchant EPD. However, these may not be
feasible with the current complicated heterostructure. A more sys-
tematic study of ‘simple’ CdTe/InSb heterostructures for this purpose
will be carried out in the not-too-distant future. Meanwhile, several
tens of microns of the CdTe/InSb interface for the sample grown at
265 °C have been examined, and no evidence for the formation of
even a single extended defect has been seen.

The CdTe/InSb interface has been a subject of considerable
interest for microscopists ever since the early trials of CdTe growth
on InSb [16]. X-ray photoemission spectroscopy and Raman spec-
troscopy were used previously to extract information about the
interface, and the possible formation of an interfacial compound with
a much smaller lattice constant (III–VI compound) was suggested.
Thus, aberration-corrected HAADF STEM images were taken of the
CdTe/InSb interface for the sample grown at 265 °C, to explore the
strain distribution, i.e., in-plane strain, out-of-plane strain, rotation
and shear, across the interfacial layers. The out-of-plane strain in the
[001] growth direction is defined by the expression:

ξzz ¼
calloy�creference

creference
ð1Þ

where c is the lattice constant along the growth direction, and the
InSb buffer region is used as the zero-strain reference for all strain
analysis. Images with the interface oriented vertically and horizon-
tally were recorded for analysis of the out-of-plane and in-plane
strain, respectively, to eliminate the possible influence of scan dis-
tortion on the analysis.

The in-plane strain, i.e., strain within the (001) growth plane,
and the rotation and shear strain, were negligible (below the
detectability of GPA analysis here) across the interface and over
the field of view (not shown here). Fig. 6(a) is a representative
HAADF STEM image of the CdTe/InSb buffer interface recorded
with the interface vertically oriented (rotated post-recording to
have the growth direction pointing upwards), and is used to
extract the out-of-plane strain map and line profile, as shown in
Fig. 6(b) and (c), respectively. The CdTe was on-average under
slight compressive strain, which is attributed to its slightly larger
lattice parameter compared to the InSb buffer. A sharp tensile
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spike was observed right at the CdTe/InSb interface (arrowed),
while the strain in the adjacent InSb and CdTe regions is relatively
uniform. The width of the spike is �0.7 nm, while the GPA spatial
resolution defined by this analysis is 0.7 nm. Such a sharp spike is
an indication of a rigid-body displacement across a few mono-
layers at the interface (rather than elastic strain), but the analysis
shows no evidence for the formation of any interfacial defects,
although the possibility of an atomically thin layer of a II–V
compound cannot be excluded. The slightly different thermal
expansion/contraction behavior of CdTe and InSb did not cause
noticeable lattice disruption.
4. Conclusions

Epitaxial CdTe/MgxCd1�xTe (x�0.24) double heterostructures
grown at different temperatures on InSb (100) substrates were
studied by various transmission electron microscopy techniques.
The optimum growth window was quite narrow. The CdTe epi-
layers grown at 265 °C had exceptional structural quality and the
CdTe/InSb interface showed no visible extended defects, whereas
growth temperatures of 30 °C higher or lower gave highly defec-
tive films. Geometric phase analysis of aberration-corrected
HAADF STEM images indicated that the CdTe/InSb interface was
under minimal elastic strain but with a minute rigid-body dis-
placement, which was consistent with the absence of any struc-
tural features attributable to the presence of extensive interfacial
compounds other than an atomically thin, possibly II–V, layer
which is under further investigation. We are using HAADF as well
as large collection-angle BF STEM imaging, in combination with
spectroscopic techniques, to define the atomistic nature of the
CdTe/InSb interface, and we expect to report the results of this
investigation in the near future.
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