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The HgCdTe(MCT) grown on CdTe/Si substrate has a high dislocation density
due to lattice mismatch. Thermal cycle annealing (TCA) is effective in
reducing the dislocation density. The TCA at high temperatures results in
inter-diffusion of the constituent elements across the MCT/CdTe interface.
In this study, we observed a reduction in dislocation density with good surface
morphology due to proper design of the TCA system, low annealing temper-
ature, and large number of annealing cycles. The ampoule containing the
samples is placed in direct contact with the graphite heating tube which helps
in increasing the heating and cooling rates of the annealing cycle. To maintain
Hg overpressure, Hg is placed in the sample holder, instead of in the ampoule
to avoid Hg condensation. The best results were obtained by cycling the
annealing temperature between 290�C and 350�C. Anneals were performed by
using 32, 64, 128 and 256 cycles. We obtained an etch pit density (EPD) as low
as 1 9 106 cm�2. Lower EPD was not achieved either by increasing annealing
temperature or number of annealing cycles. Through secondary ion mass
spectroscopy analysis, we observed very little inter-diffusion of Cd across the
MCT/CdTe interface for the 128 cycle annealing. These results show promise
in bridging the gap in the device performance between the MCT material
grown on CdTe/Si and CdZnTe substrates.
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INTRODUCTION

HgCdTe (MCT) is the material of choice for
infrared sensor applications since its discovery in
the 1950s.1 Optimal molecular beam epitaxy (MBE)
growth of MCT has been achieved on (211)B ori-
ented surfaces and the preferred substrate is lattice-
matched, bulk CdZnTe. Its high cost of more than
$200 cm�2 and limited size of 7 9 7 cm2 have cre-
ated a push to obtain alternative substrates with
similar performance.2,3 Several alternative sub-
strates have been researched over the past two
decades.4–6 The current alternative substrate of
choice is silicon due to its cost of less than $1 cm�2

and large format size of greater than 8¢¢ in diame-
ter.7,8 It also has the added benefit of being ther-
mally matched to the silicon read-out integrated
circuit. The issue to overcome with using silicon
based substrates is the �19% lattice mismatch with
the MCT layer. Typically, a thin layer of ZnTe and
several microns of CdTe are grown on top of the
silicon prior to the growth of MCT to bridge the
lattice mismatch.9 The substrate defect density of
the CdTe is in the mid- to low-105 cm�2 range. This
is an order of magnitude higher than the dislocation
density in bulk CdZnTe substrates and leads to a
higher dislocation density in the final MCT absorber
layer grown on CdTe/Si.10

Dislocation density is a problem due to shunt
current paths formed along the dislocations through
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the p–n junction of the MCT diodes, lowering the
device performance.11 High temperature thermal
cycle annealing (TCA) has been shown to reduce the
dislocation density in MCT grown on CdTe/Si sub-
strates.12 Application of this high-temperature TCA
method to device fabrication is limited due to sig-
nificant diffusion of Cd across the MCT/CdTe
interface.

Structural integrity is necessary for optimal
device performance. The main advantage of MBE is
the ability to control the layer-by-layer structure
and creation of sharp interfaces. If significant dif-
fusion occurs during the post-growth annealing
process, the advantage of using MBE for material
growth is lost. Because of this, we looked at reduc-
ing the annealing temperature to minimize con-
stituent diffusion.

The diffusion problem can be circumvented by
decreasing the annealing temperatures and com-
pensating the thermal budget by increasing the
number of annealing cycles. The fast ramp-up and
ramp-down of the annealing cycles also helps to
decrease the diffusion of the constituent elements.
In this study, we designed the annealing system to
increase the ramp-up and ramp-down rates, and the
maximum annealing temperature was kept at
350�C. The low temperature TCA in this study was
tried on the MCT layers of different starting dis-
location densities.

MATERIALS AND METHODS

Samples of MCT were grown on 2 9 2 cm2 CdTe/Si
substrates by MBE in a DCA ultrahigh vacuum MBE
growth chamber. The MCT was grown using a Hg
background flux with CdTe, Te, and In sources with a
substrate temperature of�180�C, as determined by a
pyrometer. The growth rate was typically 1–2 lm/h.
Further details of MBE growth have been described
elsewhere.4 The MCT absorber layer composition
was determined by post-growth Fourier-transfrom
infrared (FTIR) spectroscopy using a Nicolet 8700
FTIR spectrometer. The as-grown MCT absorber
layer has a typical x-ray diffraction (XRD) full-width
at half-maximum (FWHM) of 100–200 arc-seconds
and etch pit density (EPD) of around 1 9 107 cm�2.
The typical device structure was grown with a cad-
mium-rich buffer layer of approximately 0.5 lm, an
absorber layer of 8–10 lm, a cadmium rich cap layer
of approximately 0.3 lm and a �30-nm CdTe cap
layer. The Cd rich cap layer is used to minimize dark
current by reducing the current generated in the
p-type region of the diode.

Pieces (5 9 5 mm2) of the as-grown MCT were
cleaved from the 2 9 2 cm2 wafer and cleaned with
solvents. The samples were then dipped for 10 s in a
10% HCl solution to remove any surface oxide and
rinsed for 60 s under running de-ionized water.
Samples were placed on a quartz sample holder
inside a quartz ampoule, as shown in Fig. 1. Prior to
loading of the samples, the quartz ampoule, plug

and sample holder were cleaned through a flameout
procedure where they are placed under vacuum of
10�6 Torr and heated with an oxygen–hydrogen
torch to remove any contaminants. After the
flameout, the ampoule, plug and sample holder were
allowed to cool to room temperature. Once cool,
125 lL of Hg was placed in a cavity of the sample
holder intended for holding Hg away from samples.
The quartz plug was placed �10 cm from the closed
end of the ampoule. The ampoule was pumped down
to low 10�5 Torr vacuum and sealed around the
quartz plug with the oxygen–hydrogen torch. To
prevent heating of the samples during sealing, a wet
cloth was wrapped around the ampoule near the
position of the plug.

We conducted TCA by moving the ampoule
between a high-temperature tube and a low-tem-
perature tube. The TCA setup involves the use of
graphite tubes placed in a furnace, as seen in Fig. 2.
Graphite tubes have a high thermal mass allowing
little variation in temperature through the length of
the tube. The temperature inside the ampoule
changes at a rate greater than 100�C per minute
when the ampoule is moved from one temperature
zone to the other zone, as seen in Fig. 3. After
completing all cycles, the ampoule was moved into
the low-temperature graphite tube and cooled to
room temperature over several hours. This slow,
controlled cooling process is necessary to prevent
condensation of mercury on the surface and to
prevent creation of Hg vacancies in the MCT
material.

After cooling to room temperature, the samples
were removed from the ampoule and etched for 30 s
in 0.1% bromine–methanol 5 lm from the surface,
then rinsed twice in methanol and dried with dry
nitrogen. To reveal the dislocations, the samples
were etched with the Benson etch solution for 40 s,
rinsed under running de-ionized water and dried.13

The dislocations were observed under bright field
microscopy using a Leica IN20 microscope and
counted using computer software.

Before and after annealing, the MCT layer crys-
tallinity was characterized using high-resolution
XRD full-width, half-maximum (FWHM) measure-
ments. This was accomplished through the use of an
X’pert Pro Analytical system using a Cu-Ka source.
The samples were characterized by x�2h scans.
Due to the 4� tilt of the sample, the XRD measure-
ment was done at two different x angles and the
FWHM was taken as an average between the two
XRD FWHM measurements.

To look at the compositional integrity of the lay-
ers, secondary ion mass spectroscopy (SIMS) was
used to determine the Cd composition throughout
the material. SIMS was conducted using a Cs+ atom
that strikes the surface with enough energy to eject
the surface atom from the sample. We looked at the
SIMS of the as-grown and annealed samples to
determine the influence of annealing conditions on
the compositional integrity of the grown material.
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RESULTS AND DISCUSSION

We started our work with 32 cycles of TCA at
450�C, 400�C, 370�C and 350�C. As shown in Fig. 4,
we observed a significant reduction in EPD at tem-
peratures as low as 350�C, but the EPD reduces
exponentially with increasing temperature. The
EPD seems to be approaching a minimum of
1 9 106 cm�2 for 32 cycle annealing at 450�C. Pre-
viously published data have shown that the dislo-
cation reduction is influenced more by increasing
the number of cycles rather than extending the
annealing time.14 To examine the correlation
between the number of cycles and the final EPD of
the sample, we looked at the effect of 32, 64, 128,
and 256 annealing cycles with the annealing tem-
peratures held constant at 350�C and 290�C for
several different samples. The dislocation density
reduction is exponentially dependent on the number
of cycles and again saturates near 1 9 106 cm�2, as
seen in Fig. 5. To determine if this is an absolute
limit, we conducted an experiment at an elevated
annealing temperature of 400�C up to 512 anneal-

ing cycles, but were still unable to go below the EPD
limit of 1 9 106 cm�2. This indicates a fundamental
limitation to the use of silicon substrates for fabri-
cating MCT planar devices. The 1 9 106 cm�2 EPD
is considered low enough for short-wavelength and
mid-wavelength infrared device applications, but
may not be attractive for the narrow band gap, long
wavelength, infrared MCT detectors due to a
high reverse bias dark current at this defect
concentration.11

To correlate the data further, we characterized
some of the annealed samples by XRD. The effect of
TCA on crystallinity of the sample is seen in XRD
measurements, as shown in Fig. 6. The pre-an-
nealed, as-grown FWHM is 126¢¢ and reduces to 85¢¢
after being treated with the low-temperature
(350�C), 128 cycle annealing. Final FWHM of TCA
subjected samples ranges from 65¢¢ to 90¢¢. This va-
lue is similar to FWHM measurements by Farrell,
et al.14 who achieved minimum dislocation density
of 1 9 106 cm�2 after four 5-min, 494�C anneals
with FWHM of 65¢¢–80¢¢. The total anneal time of
the samples was about 2 h for both TCA schedules,
but in the present study a significantly reduced
annealing temperature was used to achieve similar
material properties. An increased number of anneal
cycles and faster heating and cooling rates in the
present study are believed to be responsible for this
result.

The theory for TCA causing dislocation reduction
has been published previously.12 Dislocation
reduction at high anneal temperatures of 400�C,
450�C and 500�C have been modeled for MCT sub-
jected to TCA.14 Results of this work were analyzed
using the model and corresponding values from

Fig. 1. Ampoule schematic showing samples, plug and mercury placement. Gray circle represents Hg. Green bars represent MCT samples.
Design is not drawn to scale.

Fig. 2. Graphite tube setup. The tubes are centered in the furnace
and heated to a preset temperatures.
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Fig. 3. The temperature inside the ampoule as it is cycled between
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Benson et al. that describe dislocation interaction in
MCT based on a previous dislocation model for
GaAs grown on silicon substrates.15 During
annealing, dislocations interact through two main
methods, coalescence and annihilation. Based on
this model, the glissile and coalesced sessile dis-
location densities, D1 and D2, respectively, are given
by

D1 ¼
D0

1þD0k2t

D2 ¼ 2nD2
0k2t

where D0 is the dislocation density at the start of
the anneal cycle, n is the fraction of dislocations
interacting through coalescence, t is the anneal
time, and k2 is the coalescence reaction rate. The
reaction rate, k2, is proportional to the dislocation
velocity and found to be k2 ¼ a exp � Ea

kT

� �
, where Ea

is the activation energy for dislocation motion
(�1 eV), k is the Boltzmann constant, and T is the
temperature in Kelvin, and a is a pre-exponential
factor. A more detailed explanation on this model is

given in Ref. 12. The modeling results are compared
with the experimental results of this work in Fig. 5.
There is a reasonable agreement between the
experimental results and the model for defect
reduction even at the low annealing temperature of
350�C.

The Cd SIMS depth profiles on the samples before
and after 128-cycle TCA are shown in Fig. 7. As
stated before, the surface layer was grown as a
Cd-rich layer with a typical composition of x = 0.32.
The results show that the in-diffusion of Cd from the
surface to the MCT bulk is very sensitive to the
annealing temperature. The diffusion is minimal for
annealing at 350�C. The use of an annealing tem-
perature of only 20�C higher, at 370�C, shows a
significantly higher degree of diffusion due to the
diffusion coefficient increasing by an order of mag-
nitude from 350�C to 370�C.16 Therefore, we can
minimize dislocation density while maintaining a
relatively sharp device structure interface integrity
even at annealing temperatures as low as 350�C. As
described above, we compensated for the decrease in
annealing temperature by increasing the number of
anneal cycles to achieve the same minimum EPD
density of 1 9 106 cm�2.

In this study, we found a significant reduction in
EPD with the number of cycles in some samples,
while others show very little variation in EPD with
TCA. Understanding these differences is necessary
for applying the results of this work to the device
processing. There are several factors that can limit
the utility of TCA. The device structure, initial
(as-grown) EPD count of the material, and the
thickness of the MCT layer seem to be some of those
limiting the final EPD of the annealed samples.

To determine the influence of MCT layer thick-
ness, we performed TCA on MCT layers that are
4 lm thick, which is lower than the 10 lm thickness
of the rest of the samples in this work. As shown in
Fig. 8, the TCA did not reduce the dislocation den-
sity in a 4-lm-thick MCT layer, whereas in MCT
layers that are thicker (�10 lm), there is a reduced
dislocation density, as expected by the model. Pre-
viously published depth-based EPD measurements
by Farrell et al.17 for 4-cycle TCA at 494�C showed a
reduction in defect density near the surface of the
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sample, but not away from the surface. The defect
density began increasing (from the TCA reduced
value) with increasing depth from the MCT surface.
This increase started at the location which is 5 lm
from the MCT/CdTe interface. At the location which
is 4 lm from the MCT/CdTe interface, the EPD was
�1 9 107 cm�2. This means that there is no reduc-
tion in defect density at distances less than 4 lm
from the MCT/CdTe interface. This indicates that
the benefits of TCA can be realized only in samples
much thicker than 4 lm. The lattice mismatch-
related strain closer to the MCT/CdTe interface is
believed to be responsible for this behavior.

To study the applicability of TCA to varied device
structures, some samples were designed with vary-
ing Cd composition cap layers. One such sample has
a high cadmium composition layer at the surface of
the MCT layer, as shown in Fig. 9a. The structure of
the sample and the annealing results are shown in
Fig. 9b. In the sister samples, the high Cd compo-
sition layer was removed by a bromine–methanol
(0.1%) etch. This experiment was designed to study
the limiting nature of having a high stress interface
on dislocation density. In our depth-based mea-
surements, we observed an increase in EPD when
nearing the Hg0.5Cd0.5Te/Hg0.7Cd0.3Te interface and
decreasing EPD as we move away from this inter-
face, as seen in Fig. 9. When the anneals were
performed after removing the surface layer, the
EPD of the sample reduced as is normally expected.
This presents a potential issue with the applicabil-
ity of TCA to complex device structures. Overcoming
this problem may require different TCA schedules.

The TCA improves material quality depending on
the MCT layer thickness, but we wanted to find out
how bad the initial (as-grown) MCT sample quality
could be to improve the crystalline quality by TCA.
Increasing sample yield is important in industrial
applications. If a sample is grown with a high defect
density, but can be salvaged by the TCA defect
reduction, we can improve the yield of the manu-
facturing process. Poor growth conditions lead to a

dislocation density of greater than 5 9 107 cm�2.
We conducted several anneals with several different
samples that had high EPD. In our study, samples
with a high initial EPD showed no improvement
with any TCA schedule, even at high anneal tem-
peratures of 500�C.

One of the major problems we initially encoun-
tered in the graphite tube TCA setup is mercury
condensation on the sample surface. The original
ampoule design placed the mercury at the end of the
ampoule with the samples sitting on a quartz sam-
ple holder. This setup is seen in the schematic in
Fig. 10. This caused the mercury to heat faster than
the samples and to condense on the surface of the
colder MCT samples. By designing a new sample
holder in the current annealing setup, we were able
to minimize mercury condensation onto the MCT
sample surface. In our new design, the mercury is
placed in a bowl-shaped container integrated within
the quartz sample holder but away from the sam-
ples. This structure significantly reduced the con-
densation of mercury on the sample surface, as can
be seen in Fig. 11, because the heating rate is
roughly the same for both the mercury and the
samples.
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Although the EPD is reduced significantly by the
TCA, the main limitation remains the inability to
decrease the defect densities below 1 9 106 cm�2.
This seems to be an inherent limitation to MCT
grown on silicon-based substrates. This dislocation
density reduction limitation can be problematic for
long-wavelength infrared, narrow band-gap devices
and requires further study on TCA or alternate
annealing methods to achieve EPD of the same
order as on the MCT grown on lattice-matched
CdZnTe substrates.

CONCLUSION

We have been able to reduce the dislocation den-
sity in samples of MCT grown on CdTe/Si to low
106 cm�2 while minimizing Cd diffusion. Our new
TCA setup has allowed faster heating and cooling
rates to optimize defect reduction at lower temper-
atures and also resulted in a better sample surface
morphology. We have observed desirable results for
an anneal temperature as low as 350�C and anneal
cycle duration of less than 1 min, which signifi-
cantly limits Cd diffusion while obtaining a lower
EPD. We have shown that the EPD does not reduce
significantly in the absorber layer of the MCT
structure when there is a sharp interface or when
the MCT layer is relatively thin (<5 lm). Therefore,
dislocation reduction is maximized with minimal

diffusion in samples of thickness greater than 4 lm
with TCA at 350�C for 128 cycles. The main limi-
tation of TCA remains to be the inability to reduce
defect density below 1 9 106 cm�2 for MCT grown
on silicon-based substrates. Further work is
required for solving this minimum defect density
problem.
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