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CdTe thin films were grown on GaAs (211) wafers by molecular beam epitaxy
as the buffer layer for HgCdTe infrared detector applications. We studied the
effect of annealing on the density of dislocation of these CdTe thin films under
varying annealing parameters such as annealing temperature, annealing
duration, and number of cycles. Annealings were carried out using a home-
made annealing reactor possessing a special heater element made of a Si wafer
for rapid heating. The density of dislocations, which were made observable
with a scanning electron microscope after etching with an Everson solution,
were calculated by counting the number of dislocations per unit surface area,
hence the term etch pit density (EPD). We were able to decrease EPD values
by one order of magnitude after annealing. For example, the best EPD value
after a 20-min annealing at 400�C was � 2 9 107 cm�2 for a 1.63-lm CdTe
thin film which was about 9.5 9 107 cm�2 before annealing. We also employed
Raman scattering measurements to see the changes in the structural quality
of the samples. From the Raman measurements, we were able to see
improvements in the quality of our samples from the annealing by studying
the ratio of 2LO/LO phonon mode Raman intensities. We also observed a clear
decrease in the intensity of Te precipitations-related modes, indicating a de-
crease in the size and number of these precipitations.

Key words: Cadmium telluride, Thermal cycle annealing, EPD, Dislocations,
MBE, Raman spectroscopy

INTRODUCTION

HgCdTe (mercury cadmium telluride, MCT) is the
most common material for infrared (IR) detectors
spanning from the very long wavelength to the short
wavelength region of the electromagnetic spectrum.
This was achieved by growing MCT materials with
varying Hg-Cd concentrations. The band gap of
Hg1�xCdxTe varies with x (0 £ x £ 1). For x = 0,
HgTe is a negative band gap semiconductor which is
a semimetal with no optical gap. As Cd concentra-
tion increases, the negative gap shrinks and
becomes zero at x = 0.14. When x> 0.14, the optical
gap opens and widens almost linearly, and with
increasing Cd concentration x, reaches 1.5 eV at

room temperature for x = 1 which is the band gap
energy of CdTe.1 The superior detector performance
of MCT is due to its high electron mobility. For
example, at 80 K, the electron mobility of
Hg0.8Cd0.2Te can be as high as a few hundred
thousand cm2/(V s),2 while that of Si is only about
2,000 cm2/(V s) at 80 K.3 Even though some mid-
wavelength IR (MWIR) detectors such as InSb and
InAs perform better, MCT is the only detector
material covering the widest range from 20 lm
(VLWIR; very long wavelength IR) to 2 lm (SWIR;
short wavelength IR) with a very high performance
close to those of InAs and InSb in the MWIR region.4

Thin film MCTs are grown mainly on one of the
three fundamental alternative substrates, namely:
CdZnTe (CZT), Si, and GaAs.5,6 MCT films grown on
lattice-matched CZT substrates exhibit the lowest
etch pit density (EPD; an indication of surface(Received December 4, 2017; accepted May 3, 2018;
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dislocation density; see the ‘‘Experimental’’ section)
value of 8 9 104 cm�2, but they have more micro-
defects (micrometer-sized large defects) compared to
those grown on both Si and GaAs substrates.7,8 In
addition, CZT has other drawbacks such as high
cost, fragility, and availability in mostly small sizes.
In contrast, Si and GaAs substrates have the
advantage of being cheaper, more durable, and
more abundant than CZT, but they are lattice
mismatched with MCT and require a buffer layer
for strain relaxation to reduce defects in the MCTs.
The lowest EPD values obtained on such substrates
are about 106 cm�2 which is almost two orders of
magnitude higher than those grown on CdZnTe. In
this study, we chose GaAs as the substrate material
mainly because it has better lattice and thermal
matches with MCT compared to those of Si, while it
also has better physical properties than those of
CZT.

High dislocation density values of MCT and large
(greater than a few percent) thermal mismatches
between MCT and the substrate greatly reduce the
detector performance.9 The lattice mismatch
between the substrate and MCT is the main cause
of dislocations in MCT films. The reduction of
dislocations is usually achieved by using a proper
lattice-matched buffer layer between the substrate
and the MCT film.6,10 In that respect, CdTe is the
most preferred buffer layer material in terms of its
very small lattice and thermal mismatch percent-
ages, which are less than 1% and 1.85%,
respectively.11

When a buffer layer, such as CdTe, is used, most
of the dislocations in MCT originate from this layer.
Hence, a reduction of dislocations in the buffer layer
causes a reduction in the defect densities in MCT,
increasing its detector performance. Annealing as a
post-growth treatment is a common choice of
method for the reduction of dislocations in the
buffer layer prior to the growth of MCT on it. The
effect of annealing has been studied by different
groups for CdTe12 and MCT.13–16

In this work, we studied the reduction of the
density of dislocation defects in CdTe/GaAs thin
films using post-growth annealing methods. The
reduction of dislocations during an annealing pro-
cedure stems from two simultaneous but alternative
dislocation reactions, which are annihilation or
coalescence reactions given by the processes17;

D1�!
K1

annihilation; ð1Þ

D1 þD1�!
K2

D2; coalescence; ð2Þ

where D1 and D2 are the density of dislocations and
coalesced dislocations, respectively, and K1 and K2

are rate constants of annihilation and coalescence,
respectively. Reaction equations are:
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where n is the fraction of dislocations (D1) which is
less than 1/2. Taking D0 as the initial value of D1 at
t = 0, and assuming initially that here are no
coalesced dislocations, that is, D2 = 0 at t = 0, the
solutions of Eqs. 3 and 4 give the dislocation
densities as a function of time:
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According to Ref. 18, coalescence is the dominant
process for defect reduction during annealing, espe-
cially for CdTe, Si and GaAs materials. Thus, one
can ignore annihilation rate K1 compared to K2.
Then, the solution for the EPD becomes;

D1 ¼ D0

1 þD0K2t
: ð7Þ

The coalescence parameter K2 depends on the
velocity v of dislocations as18

K2 ¼ Av; ð8Þ

where A is an empirical constant. The velocity of a
dislocation at a temperature T is given as:

v ¼ v0e�
Q
kT ð9Þ

where Q is the activation energy of a dislocation
motion, k the Boltzmann constant and T the tem-
perature. Here, v0 corresponds to dislocation veloc-
ities at very high temperatures.

We employed two methods to monitor the
improvements in the sample quality with varying
annealing parameters. The first method is called the
EPD method after Everson19 which is used for the
calculation of the number of dislocation defects per
unit surface area. The second method is the inves-
tigation of Raman peak intensity ratios of longitu-
dinal optical (LO) and second-order longitudinal
optical (2LO) phonon modes which indicate the
structural quality of our samples.

Raman scattering has been used as an essential
spectroscopic tool to identify the electronic, vibra-
tional, and rotational energy levels of atoms,
molecules, or condensed matter in all forms since
the Raman effect was discovered in 1928.20 A.
Mooradian and G.B. Wright were the first to see
LO and TO (transverse optical) phonon modes in
CdTe with Raman scattering in 1968.21 In addition
to the investigation of bulk material properties,
such as phonon modes, electronic transitions, etc.,
Raman spectroscopy can also be employed to study
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defects in the host material, since many defects
produce Raman active modes. By studying intensi-
ties, shifts in the peak positions, and line shapes in
the Raman spectra of such defects, one can obtain
information about their nature.22

Among many growth issues, Te precipitation
formations in CdTe films play a major role in the
degradation of their qualities.23 The first identifica-
tion of Raman peaks of Te precipitations in CdTe
crystals grown by the Bridgeman method was by
Shin et al. in 1983.23 In 1984, Amirtharaj et al.24

analyzed the 141-cm�1 band and discovered that
this band was a combination of E (Te) and TO
(CdTe) modes. According to Williams and Vere,25 Te
point defects, formed during a bulk MCT growth,
have high mobilities and will form clusters during
cooling after a high-temperature growth. Chew
et al. identified Te precipitates on the surfaces of
MBE-grown CdTe films from their diffraction pat-
terns obtained from a transmission electron micro-
scope, and concluded that they were formed at low
temperatures due to second phase breakdown.26

Overtones of LO phonon modes of CdTe, i.e., 2LO,
3LO, 4LO, 5LO, and 6LO, were observed for the first
time in 1989 from a few-microns-thick CdTe sam-
ples excited by laser lines ranging from 457.94 nm
to 514.54 nm.27 Feng et al. used a 488-nm excitation
line, and the ratio of the intensity of the Raman
bands measured at 80 K for the 2LO mode to that of
the LO mode (the 2LO/LO bands intensity ratio)
was found to be 0.92. Other overtones bands have
also been identified with varying excitation lines.28

For example, in Contreras et al., the 2TO mode
observed at 275 cm�1 with an 830-nm excitation
line shows a 2TO/LO bands intensity ratio of 1/50.

EXPERIMENTAL

In this work, CdTe buffer layers were grown on
(211) GaAs wafers in a molecular beam epitaxy
(MBE) (VEECO GEN 20)29 chamber. Two Epi-ready
GaAs wafers were bought commercially from AXT.30

The first wafer was a disk with a 4 in. (c.10 cm)
diameter and the second wafer was a quarter of a
disk with a 3 in. (c.7.5 cm) diameter (in a pie shape).
Before growth, the oxide capping layer of the GaAs
wafers was removed by heating it at 830�C for 6 min
and at 715�C for 18 min for the first and the second
wafers, respectively, under As overpressure. By
observing the development of the expected diffrac-
tion pattern from the RHEED port of the MBE
growth chamber, we were convinced that the oxide
layer was removed for both wafers. Then, an
initiation layer was grown at 380�C for 30 s. Next,
the growth temperature was set to 600�C for the
first and 450�C for the second wafer. All tempera-
tures indicated so far were measured with a ther-
mocouple. Under a specific choice of growth
parameters, such as target temperature, effusion
cell shutter aperture, etc., the growth rate was
usually about 1 lm/h. After the growth of the CdTe

films on the GaAs substrates, the first wafer had a
1.63-lm-thick CdTe layer and was named as CT9,
while the second wafer had a 5.05-lm-thick CdTe
layer which was named as CT10. Samples from the
CT9 and CT10 wafers were cut as squares of a few
mm length on each side. Thus, we obtained two
groups of samples for both the CT9 and CT10
wafers. Next, the CT9 and CT10 samples were
annealed under a certain set of parameters for each
sample. We monitored the changes in the sample
qualities and surface dislocation densities as a
function of the annealing parameters.

Our homemade annealing system (Fig. 1a) con-
sists of a sample heater block placed in the middle of
a sealed quartz tube of 60 cm length and 2 in.
(c.5 cm) diameter. The heater block is made of two
stainless steel electrodes with a standard size n-
type Si wafer (100) connecting them. The annealing
of a sample was carried out by first placing it on the
Si wafer which was then heated via a current
through it under low pressure (a few Pa). The
annealing temperature was adjusted by changing
the heating current. According to Laake et al.,31

when a current is increased suddenly from zero to a
set value, the temperature of the heating Si wafer
also increases sharply and reaches a maximum
value asymptotically in several seconds with no
overshooting.

The heater temperature (T) versus current (I)
calibration was carried out by separately melting
each of four different chunks of materials which
consisted of ‘pure’ In, Se, Zn, and Al elements. Their
melting points are 156.6�C, 217�C, 419.58�C, and
660.37�C, respectively.

The annealing of the CT9 and CT10 samples were
carried out by placing them on the heater in the
middle of the quartz tube in the annealing set-up.
The tube was first evacuated down to a few Pa
pressure for efficient annealing, then it was purged
with Ar gas for a few minutes and pumped again.
This process was repeated 10 times to obtain a clean
environment for annealing. The heater temperature
was kept constant for a certain annealing duration.
Cycle annealing was carried out by heating a
sample rapidly up to a set annealing temperature
at which the sample was annealed for a fixed
duration, then the heater current was turned off
and the sample was naturally cooled for 15 min in
each cycle. This process was repeated for a number
of cycles. The total annealing time was calculated as
the number of cycles multiplied by the annealing
duration of each cycle.

In this study, we investigated the effects of
annealing parameters such as annealing tempera-
ture, annealing time, and cycle number on the
structural qualities of the CT9 and CT10 samples
using resonant Raman spectroscopy and x-ray
diffractometry (XRD). Then, the Everson etch dec-
oration method, the details of which are given
below, was used for the calculation of dislocation
densities.
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Raman measurements were carried out using
an S&I Mono Vista Raman System32 at six
different temperatures ranging from room tem-
perature (RT) down to 80 K in a Linkam cooling
chamber (THMS600E).33 The Raman system con-
sists of an Ar-Ion laser with 488- and 514-nm
excitation lines which are directed onto a sample
placed under the objective of an upright Olympus
BX51 microscope. Scattered light collected by the
objective is sent to a Princeton Instruments
monochromator (ACTON SP2750) with a 750-mm
focal length and a set of three gratings (150, 600,
and 1800 grooves/mm). The spectrum is then
collected by a charge-coupled device (CCD) detec-
tor to be sent to the main controlling computer as
digital data for analysis. We used the 488-nm
excitation line of the Ar laser for all Raman
measurements, since CdTe exhibits a good reso-
nance effect because the incident photon energy
with this wavelength, being nearly equal to the
energy separation between the C7 split-off valence
band and the C6 conduction band (resonant
Raman scattering). To judge the quality of our
samples, we compared the Raman intensity ratio
of the 2LO mode to that of the LO mode peaks
(bands) which was given as 0.92 for the 488-nm
excitation line measured at 80 K.27 We used this
value as a reference for an ‘‘ideal sample’’ since it
is the only value given in the literature for a ‘good
CdTe film’.

To calculate the dislocation densities on the
sample surfaces, an Everson etch solution was used
for the decoration of dislocations after the XRD and
Raman analyses. The etching solution consisted of
25 ml lactic acid, 4 ml nitric acid, and 1 ml hydroflu-
oric acid. The samples were etched at RT by
immersing them and shaking them gently in the
solution for an etch duration of about 15 s. The
etched samples were rinsed with deionized water,
then dried with nitrogen gas. Afterwards, the
samples were scanned by scanning electron micro-
scope (SEM) and the dislocation densities were
calculated by counting the number of etch pits per
unit sample surface area (defined as etch pit
density; EPD) from the SEM micrographs of the
samples.34

RESULTS AND DISCUSSION

In Fig. 2, we can see the XRD spectra of the as-
grown CT9 and CT10 wafers before they were cut
into several pieces. The peaks at 2h = 41�, 46�, and
71� are due to CdTe (110), (311), and (422) planes,
respectively.35 Peaks at 22�, 23�, 63�, 67�, and 74�
are Te-related peaks36 whose existence has already
been reported by Chew et al. in MBE-grown CdTe
films.26 According to the XRD spectra, the CT10
wafer had more Te precipitation than the CT9
wafer, as inferred from their relative Te-related
peak intensities with respect to those of the CdTe-
related peaks. The XRD spectrum of CT10 also
exhibits additional CdTe (311) and (110) peaks
which are almost unobservable in the XRD spec-
trum of the CT9 wafer.

Figure 3 shows a typical Raman spectrum of a
CdTe film on a GaAs substrate (CT9-an25, annealed
at 420�C for 5 min) measured at 200 K. The CdTe
LA, LO, and 2LO phonon modes are seen at
105 cm�1, 166 cm�1, and 334 cm�1, respectively.
The E1, A1, and E2 peaks are due to the correspond-
ing vibrational modes of the Te precipitates in
CdTe.22,24,26,27,37–44 The existence of Te-related
Raman peaks confirms the interpretation of the Te
peaks in the XRD data. The peak labeled as 1 at
76 cm�1 is possibly due to an optical phonon tran-
sition from the zone center to the A2 symmetry
point, while the peak 2 at 84 cm�1 may be due to a
combination of optical phonon transitions from the
zone center to the C2 and M2 points in the Brilloin
zone of Te.43 Peaks 3 and 4 are also phonon peaks,
possibly due to transitions from the zone center to

Fig. 1. The annealing set-up with a sample heater in quartz tubing.

Fig. 2. XRD data of the CT9 and CT10 samples.
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other critical points in the first phonon Brilloin zone
of Te. In the same figure, the calculated curve was
obtained by fitting all the experimental peak posi-
tions to proper Lorentz functions. Since we do not
see any GaAs-related phonon peaks in the Raman
spectra of all the samples we measured, we can
conclude that either the laser light does not reach
the GaAs substrate and is totally absorbed by CdTe
films or a very small portion of it reaches the GaAs
but the Raman scattered light from GaAs is too
weak to be observed in the spectra.

Raman spectra of the CT9 and CT10 wafers
(before annealing) and the CT9-AN20 (annealed at
375�C for 5 min) and CT10-AN46 (annealed at
400�C for 5 min) samples are illustrated in Fig. 4
(all of our annealed samples were named with an
AN prefix with a number). Each figure shows a
series of Raman spectra of a sample where each
spectrum was measured at a different temperature
ranging from 80 K to 296 K. After carrying out a
background subtraction, each peak intensity value
was normalized to that of the LO peak (hence the
nomenclature; "normalized intensity"). We notice
that, in all cases, the intensity of the 2LO peak
increases from 80 K to 150 K, then gradually
decreases and becomes almost zero at 296 K.
Table I gives the calculated 2LO to LO peak inten-
sity ratios. We infer from Fig. 4 and Table I that the
probability of the annihilation or creation of two LO
phonons simultaneously increases as the tempera-
ture increases from 80 K to 150 K, while it
decreases when the temperature increases from
150 K to 296 K. Also, the intensities of the Te peaks
(especially A1 and E2) increase with increasing
measurement temperature due to increasing num-
ber of Te phonons with temperature. Thus, we
conclude that the structural quality of CdTe films
can be assessed with Raman spectroscopy by study-
ing the intensity ratios of the 2LO to LO peaks at
low temperatures, specifically at 80 K, while the
measurements at higher temperatures, especially at
room temperature (296 K), give information about
the Te precipitates.

Raman spectra of the CT9 and CT10 samples,
annealed at 400�C, taken at 80 K are given in
Fig. 5. We notice that the A1 and E2 peaks almost
disappear after a 20-min annealing which indicates
a decrease in the Te precipitation amounts in these

samples. Figure 6 gives the intensity ratios of the
Te A1 peaks to the CdTe LO mode peaks for the CT9
samples plotted as a function of annealing temper-
ature in (a), annealing time in (b), and the same
intensity ratios are plotted for CT10 samples at
400�C annealing temperature with changing
annealing times in (c). Each curve with a different
data point shape represents a different measure-
ment temperature. According to Fig. 6a, the IA1

=ILO

intensity ratio reaches a minimum at about 400�C,
then increases slightly. Thus, we conclude that
400�C is the ideal annealing temperature for the
CT9 samples. From Fig. 6b, it is seen that, for the
CT9 samples annealed at the same temperature
with different annealing durations, at about 5 min
annealing duration the IA1

=ILO ratio reaches a
minimum, then remains steady. Therefore, 5 min
is an adequate duration for the annealing of these
samples at 400�C. Figure 6c shows the change in
the IA1

=ILO ratio for varying annealing durations for
the CT10 samples annealed at 400�C. From the
figure, it is clear that about 10 min annealing
duration is sufficient for the IA1

=ILO ratio to reach
a minimum, indicating the maximum reduction in
the amount of Te precipitates which increases the
quality of the CdTe samples.40

Intensity ratios of the peaks observed at 144 cm�1

(the 144 peak) to the CdTe LO peaks are given in
Fig. 7 as a function of annealing temperature and
annealing time. There are two possible processes
contributing to the 144 peak: it could be a pure Te
E2 transition, a pure CdTe TO transition, or a
proper combination of both. From Fig. 7a–c, we see
that the intensity ratios for this peak to the LO peak
intensities follow those for the Te A1 peaks to the
CdTe LO peaks. Thus, we conclude that the peak at
144 cm�1 is mainly due to Te E2 transitions for both
the CT9 and CT10 samples. The rapid reduction of
intensities of the Te-related A1 and E2 (144 cm�1)
peaks in the CT9 samples compared to those in the
CT10 samples is consistent with the XRD results,
which show that there are more Te-related peaks in
the CT10 samples than those in the CT9 samples,
indicating that the CT10 samples have higher Te
precipitate concentrations than the CT9 samples.
Thus, the reduction of Te precipitate concentrations
in the CT10 samples takes longer than that in the
CT9 samples. In addition, the CT9 samples are
thinner, which further speeds up the Te annihila-
tion process.

Intensity ratios of the 2LO to LO phonon modes
(I2LO/ILO) of epitaxial CdTe films are expected to be
nearly 1 at 80 K for resonant Raman scattering for a
good quality CdTe sample.27 Figure 8 shows the
I2LO/ILO ratios for the CT9 samples with increasing
annealing temperatures for a 5-min annealing
duration for each annealing temperature. The
I2LO/ILO ratios for the CT9 samples show a slight
and linear decrease in their Raman spectra for all
Raman temperatures except for 296 K, for which
there was no noticeable 2LO peak. We also noticeFig. 3. Raman spectrum of the CT9-AN25 at 200 K.
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Table I. Raman intensity ratios of 2LO phonon peaks to LO phonon peaks for various samples measured at
temperatures from 80 K to 296 K

Sample name

Temperature

80 K 100 K 120 K 150 K 200 K 296 K

CT9 1.78 2.82 3.78 5.23 3.21 1.48
CT10 2.11 3.30 4.95 5.08 0.97 0
CT9-AN20 1.80 3.33 4.05 4.38 1.30 0.18
CT9-AN46 2.89 3.38 5.48 4.56 2.08 0

Fig. 4. Raman spectra of (a) as-grown CT9, (b) as-grown CT10, (c) CT9-AN20, and (d) CT10-AN46 samples. Each spectrum for a sample is
taken at a different temperature, ranging from 80 K to 296 K.

Fig. 5. Raman spectra of (a) CT9 and (b) CT10 samples annealed at 400�C and measured at 80 K as a function of annealing time.
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Fig. 6. Intensity ratios of Te A1 to CdTe LO peaks of (a) as a function of annealing temperature for CT9 for 5 min, (b) as a function of annealing
time for CT9 at 400�C, and (c) as a function of annealing time for CT10 at 400�C. Each set of data points represents a specific measurement
temperature.

Fig. 7. Intensity ratios for the 144 peak to CdTe LO peaks are given in (a) as a function of annealing temperature for CT9 samples for 5-min
annealing duration, in (b) as a function of annealing time for CT9 samples at 400�C annealing temperature, and in (c) as a function of annealing
time for CT10 samples annealed at 400�C.
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that the smallest I2LO/ILO ratio obtained at 80 K is
about 1.5, which was obtained from the sample
annealed at 530�C which is fairly close to the value
given in the literature (about 1). Thus, we conclude
that the best annealing temperature for 5-min
annealing duration is about 530�C for a good quality
CT9 sample.

Figure 9 shows the I2LO/ILO ratios for CT9 and
CT10 samples for varying annealing durations.
From Fig. 9a, we can see that I2LO/ILO ratios for
varying Raman measurement temperatures
decreased exponentially but slowly with annealing
duration for CT9 samples annealed at 400�C. In
Fig. 9b, we see a similar exponential (asymptotic)
decrease in the I2LO/ILO ratios for the CT9 samples
annealed at 300�C for the Raman spectra measured
from 80 K to 150 K while the spectra measured at
200 K and above exhibit minima for the I2LO/ILO

ratios for the annealing durations between 6 h and
12 h. On the other hand, the I2LO/ILO ratios for the
CT10 samples decreased linearly but slowly with
increasing annealing duration as seen in Fig. 9c.
None of the CT10 samples (both as-grown and
annealed) exhibit any 2LO peak at 296 K. For any
given annealing duration, I2LO/ILO ratios increased
with decreasing Raman measurement temperature
down to 120 K and decreased with temperature
from 120 K to 80 K. As we indicated earlier, the
density of phonons increase with temperature, the
probability of a photon interacting with two LO
phonons also increase up to 150 K and 120 K for the
CT9 and CT10 samples, respectively, while, due to
increased scattering effects from all phonons, this
probability starts to decrease with increasing tem-
perature for higher sample temperatures. The slow
and linear reduction of 2LO to LO ratio in CT10 is
another indication that these samples have higher
Te concentrations than the CT9 samples.

The SEM micrographs of Everson-etched CT9
samples (as-grown and annealed) are given in
Fig. 10. The EPD values found from the SEM

images are given in Fig. 11. Figure 11a shows the
measured EPD values as a function of annealing
temperature where the data for 0�C is for no
annealing. Each data point was obtained for a
sample whose temperature was quickly raised from
room temperature to the annealing temperature (by
setting the annealing current directly to its final
value) and kept steady for the annealing duration.
The only exception to this is the data point at 190�C
(shown as a diamond symbol) which was obtained
from the sample whose temperature was raised to
the annealing temperature in 2 min and kept
constant for 5 min. As seen from the figure, the
lowest EPD values were obtained for the samples
annealed at the 400–450�C annealing temperature
range for the 5-min annealing duration. Figure 11b
displays the EPD values for CT9 samples annealed
at 400�C, as a function of annealing time, while in
Fig. 11c, the EPD values for the CT9 samples
annealed at 420�C are given as a function of the
cycle number where the total annealing duration
was fixed at 10 min for each sample. Each data
point is the average of three data points collected
from a different area of the surface of a sample. As
seen from Fig. 11b, the EPD values decreased with
increasing annealing time. In Fig. 11c, 0 cycle
means no annealing while 1 cycle corresponds to
one annealing for the whole 10 min. Although the
EPD value decreased with increasing cycle number
up to 2, then it increased back for 4 cycle annealing.
Thus, it seems that 2.5 min annealing time for the 4
cycle case was not enough to reach a minimum in
the number of etch pits at 420�C for the CT9
samples. In (a) and (b), theoretical fits to data using
Eqs. 7, 8, and 9 are also given as solid curves. We
think that in the CT9 samples dislocation coales-
cence was the dominant process during their
annealings, hence Eq. 7 is valid. From the theoret-
ical fit of EPD versus annealing time (Fig. 11b), we
found the coefficient K2 for 700 K, and using this
data we adjusted the parameters v0 and Q to obtain
a rough fit for EPD as a function of temperature for
the 5-min annealing duration, as seen in Fig. 11a.
The initial increase in the EPD value is not
explained by the theory given above. We think that,
due to the high activation energies of dislocations,
their movements require high temperatures, thus
initially preventing the coalescence of the disloca-
tions. In the meantime, due to high-temperature
stress, the dislocation concentration increases up to
350�C, as seen in Fig. 11a. Then, as the annealing
temperature increases, the thermal activation
energy barrier is exceeded and the dislocation
movement starts, causing the reduction of disloca-
tion densities due to the coalescence process. From
the fit in Fig. 11a, we have found the activation
energy of the dislocation movement to be 1.2 eV,
where v0 was taken as a free fitting parameter
which was about 1 cm/s. We have not carried out
any theoretical fit to Fig. 11c since it does not add
much information to the discussion of dislocations.

Fig. 8. Intensity ratios of 2LO to LO peaks as a function of annealing
temperature for 5-min durations for CT9 samples.
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In Ref. 17, the activation energy for dislocations in
GaAs is given as 1.35 eV, while their velocities are
close to 1 cm/s which is in accordance with our
results even though the host is different.

Some CT10 samples were also annealed for 5, 10,
and 20 min and etched for pit decoration. The SEM
micrographs of as-grown and etched CT10 samples
are displayed in Fig. 12, and the calculated EPD

values from the SEM images are plotted in Fig. 13.
As can be seen, the EPD values for CT10 samples
increased with increasing annealing time, opposite
to the case for the CT9 samples where EPD
decreased with annealing duration. The increase
in the EPD values for the CT10 samples may be due
to the fact that these samples contain more Te
precipitations than do the CT9 samples, as seen

Fig. 9. Intensity ratios of 2LO to LO peak as a function of annealing time (a) at 400�C for CT9, (b) at 300�C for CT9, and (c) at 400�C for CT10
samples.

Fig. 10. SEM micrographs of etched samples: (a) CT9-as-grown, (b) CT9-AN6-E (5 min), (c) CT9-AN10-E (10 min), (d) CT9-AN11-E (20 min),
(e) CT9-AN32-E (1 cycle, 10 min), (f) CT9-AN33-E (2 cycles, total duration: 10 min), and (g) CT9-AN34-E (4 cycles, total duration: 10 min),
where the sample names are given in capital letters and annealing times and cycle numbers are given in parentheses.
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from their Raman spectra in Figs. 5, 6c, and 7c and
the XRD spectra of the CT9 and CT10 as-grown
wafers. Hence, as the annealing duration was
increased for the CT10 samples, the number and
size of the Te precipitates decreased, causing an
increase in the number of dislocations in their
places which were seen as increased EPD values for
the etched CT10 samples.45 Although the decreased
Te precipitate amounts increased the EPD values
for the CT10 samples, we cannot say that the
opposite was true for the CT9 samples, namely the
decreased EPD values in the CT9 samples do not
necessarily mean increased amounts of Te precipi-
tates in them, since we can safely claim that Te
precipitates will only form during the growth but
not during the annealing, since annealing temper-
atures are too low to change the stoichiometry of
CdTe whose melting temperature is 1092�C at

Fig. 11. Etch pit density (EPD) values for some CT9 samples (a) as a function of annealing temperature, (b) as a function of time, and (c) as a
function of annealing cycle. Theoretical fit to data is also given in (a) and (b).

Fig. 12. SEM micrographs of etched (a) CT10-As grown-E, (b) CT10-AN46-E, (c) CT10-AN47-E, and (d) CT10-AN48-E.

Fig. 13. Etch pit density values for CT10 samples as a function of
annealing time.
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1 atm pressure.46 On the other hand, an annealing
process can cause an increase in the Te precipitate
amounts only when the annealing is carried out
under Te overpressure, as reported by Refs. 47 and
48. Since our annealings were carried out in vac-
uum with no extra Te source to create Te overpres-
sure, it is safe to say that there were no increased Te
precipitate amounts in any of our samples.

We also carried out cycle annealings for another
group of CT9 samples where we fixed the total
annealing time at 20 min (as opposed to the earlier
10-min annealing case) while keeping the anneal-
ing temperature at 420�C. Figure 14 shows the
SEM images of these samples annealed for (a) 1
cycle, (b) 2 cycles, (c) 4 cycles, and (d) 8 cycles.
Compared to the 10-min annealed samples where
the pit sizes are more or less the same, as seen in
Fig. 10e–g, Fig. 14 shows clearly that the etch pit
sizes in the 20-min annealed samples are usually
smaller than those of the 10-min annealed samples
with only a few exceptionally large ones (here, 20
and 10 min are total annealing times). The EPD
values, however, do not show a constant decrease
with annealing cycle, as was the case for the 10-
min annealed samples, but vary between
5 9 107 pits/cm�2 and 1.0 9 108 pits/cm�2, as seen
in Fig. 15a. Here, we see that longer annealing
times at 420�C increase the number of defects up

to values for the as-grown samples. This indicates
that the re-emission of dislocations becomes impor-
tant for longer durations and increased numbers of
cycles.18

Figure 15b shows the Raman spectra of 20-min
annealed CT9 samples with different annealing
cycle numbers. We see an additional sharp and
intense peak centered at 336 cm�1 which was not
observed in the Raman spectra of other samples.
This peak is possibly due to an electronic transition
since it does not show a considerable shift with
temperature and its full width at half maximum
value is much smaller than those of other peaks. It
might be due to some defect structure which
occurred at longer annealing durations such as a
host vacancy or some foreign atom (possibly an
oxygen atom) near or on the surface of our CdTe
films. The second possibility is more probable since
this peak disappeared when the laser shone on the
sample for some time, indicating the breaking of the
bonds with the host.

CONCLUSION

In this work, we studied the structural and
surface defects of MBE-grown CdTe films by an
etch pit analysis employing SEM micrography along
with Raman and XRD spectroscopies. The cycle

Fig. 14. SEM micrographs of etched samples for (a) 1 cycle, (b) 2 cycles, (c) 3 cycles, and (d) 4 cycles.

Fig. 15. (a) Etch pit density values for cycle annealed CT9 samples annealed at 420�C and (b) Raman spectra of the same samples, measured
at 80 K, plotted as a function of cycle number.
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annealing of the CT9 samples at 420�C clearly
displayed a decrease in the EPD values of the 10-
min annealed samples while the 20-min annealed
CT9 samples showed varying etch pit sizes with
more or less the same EPD values as those for the
10-min samples. The EPD values decreased with
annealing time for the CT9 samples; however, they
increased for the CT10 samples when the annealing
temperature was kept at 400�C for both sample
groups. We interpreted this as indicating that the
increased EPD values in the CT10 samples were
due to a reduction in the amount of Te precipitates
during annealing, since these samples contained
more Te precipitates than the CT9 samples.

In fact, for all annealings of both the CT9 and
CT10 samples, we observed a clear reduction in the
amount of Te precipitates which was also confirmed
from the Raman spectra of these samples, where the
phonon peaks of the Te precipitates became smaller
or sometimes disappeared with annealing. We have
seen that Raman measurements taken at high
temperatures give a better understanding of Te
peaks which are more pronounced at room temper-
ature. To judge the quality of the samples, we
considered the intensity ratios of CdTe 2LO to CdTe
LO peaks in their Raman spectra taken at 80 K,
which should be near unity according to the liter-
ature. For the CT10 samples, this ratio remained at
about 2, while for the CT9 samples it decreased from
2.5 to 1.0 with the increasing annealing tempera-
ture and time. In that sense, the best quality
sample, when compared with the literature, was a
CT9 sample annealed for 20 min at 400�C.

Theoretical fits for the EPD values as a function of
time and temperature gave the activation energy of
movements of dislocations and their velocities as
1.2 eV and 1 cm/s, respectively, which are close to
those reported in the literature for bulk GaAs
samples. Hence, we can say that the dislocation
movements in CdTe are similar to those in GaAs.

This work provides an insight into understanding
and reducing the structural and surface defects in
MBE-grown thin films of CdTe grown on GaAs
wafers. This structure is important for technological
applications especially for their use in detector
technologies and solar cell applications.
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