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INTRODUCTION

Molecular beam epitaxy (MBE) is a flexible and
reliable growth technique for fabrication of high qual-
ity Hg1–xCdxTe (MCT)-based focal plane infrared de-
tector arrays (FPAs).1–6 A limitation to the pixel oper-
ability of these FPAs is the number of growth-induced
visible defects in the MCT epitaxial layers. These
defects are observed in several varieties,7,8 including
void defects, which typically result in one or more
shorted detector elements in the vicinity of each
defect; and micro-defects, also referred to as hillocks8.
The effect of micro-defects on detector performance
and FPA operability can be less catastrophic, al-
though they have been shown to increase detector
dark current, and can induce clusters of threading
dislocations.7
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To minimize the number of growth-induced defects,
the growth conditions must be controlled within a
very narrow window.9 Specifically, the density of void
defects increases if conditions are Hg-deficient, while
micro-defect density increases for Hg-rich conditions.
Unlike most semiconductor materials grown by MBE,
the growth of MCT has been shown to take place
under conditions close to thermal equilibrium. Pro-
posed thermodynamical models9 describe quite well
the optimum conditions for growth near the Te-rich
phase boundary. But while the thermodynamical
models suggest that kinetic parameters such as growth
rate should have only a minor influence on film
quality and the number of growth-induced visible
defects, experience and experiments have indicated
that the films of highest quality can be attained only
if kinetic effects are taken into account.

In this paper, we consider a semi-empirical con-
straint to the thermodynamical model which is de-
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growth conditions, non-equilibrium effects should be
expected to play an important role in achieving the
highest quality films. Here, we consider a simple
model of the surface kinetics effects by postulating a
surface layer with the following properties: the sur-
face behaves as in the standard model above, but
there exists a population of surface (excess) Hg atoms
with a density proportional to the incident Hg flux.
The rate at which Hg lattice sites are consumed by the
growing film (proportional to the HgTe fractional
growth rate) is then set to be proportional to this
Hg surface population. This can be applied as a
constraint to the thermodynamical model, and, using
the same functional forms, results in a change to the
constant A*
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where v is the growth rate and vR is a reference growth
rate. The optimum growth temperature can then be
found using Eq. 2 with A** in place of A*. Note that
this formula only depends on the Hg flux and the
HgTe fractional growth rate v(1–x). Also, for the MCT
system, note that changing the growth rate for a fixed
Hg flux changes the incident II/VI flux ratio.

These considerations suggest that the growth rate
can influence the formation of growth induced defects
arising from non-optimum surface stoichiometry. To
test this hypothesis, a large number of MCT layers
were grown with varying composition and growth
rate. Equations 2 and 4 were used to determine the
optimal growth temperature from run to run as well
as for any individual layers of differing composition
and growth rate (buffers, etc.) within each run.

EXPERIMENTAL PROCEDURES

Growth

MCT epilayers were grown on Cd1–xZnxTe (211)B
substrates using a Riber 2300 molecular beam epit-
axy system as described previously.2 The substrates
were etched in Br:methanol solution and mounted on
molybdenum holder blocks. Source beams were gen-
erated for CdTe and Te using conventional effusion
cells, while a constant (fixed) Hg flux was supplied
using a custom built cell.

MCT layer structures were grown for fabrication
of planar p-on-n photodiodes,2,6 utilizing a wide range
of alloy compositions. Structures grown for very long-
wave infrared (VLWIR) detectors typically consisted
of a buffer layer, a 12–15 mm thick absorbing layer of
nominal composition x = 0.22, and a wider bandgap
cap layer. Structures for short wavelength detectors
had an absorbing layer with composition ranging
from x = 0.4 to x = 0.6, depending on device spectral
cutoff, and a wider bandgap cap layer. Alloy layer
compositions were determined using Fourier trans-
form infrared transmission.

rived by forcing the population of Hg atoms in a
surface layer to be proportional to the HgTe fractional
growth rate. The resulting growth conditions have led
to MCT layers with consistently lower defect density.
In fact, the majority of recent layers grown using the
constrained conditions achieve defect densities lim-
ited by the CdZnTe substrate.

MODEL

The thermodynamical model of Colin and Skauli9

expresses the optimum surface growth temperature,
TS, as a function of beam fluxes and material con-
stants, as
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where DH (DS) is the enthalpy (entropy) of sublima-
tion, FHg is the mercury flux, and aV and aC are the
evaporation and condensation coefficients of mer-
cury, respectively. Since precise values for param-
eters such as the Hg flux are not easily measured or
estimated, it is useful to rewrite Eq. 1 in a simpler,
relative form. Approximating the second term in the
denominator by evaluation to a constant, and lump-
ing material constants, we obtain
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where T0 is a constant incorporating the material
thermal parameters, including enthalpy and entropy
constants, and is roughly equal to 12400 K. TR is a
reference temperature defined to be the optimal growth
temperature for particular reference conditions
(fluxes, composition, and growth rate). And A* is a
parameter which tracks the deviation from reference
conditions. For the standard model (constant growth
rate),
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where FR and xR are the reference Hg flux and compo-
sition, respectively. Equation 2 thus provides a quick
means to calculate the optimum growth temperature
when Hg flux and composition change.

The model above predicts an optimal growth tem-
perature that is relatively insensitive to the MCT
growth rate, which is expected for growth near ther-
mal equilibrium. However, for conditions which in-
creasingly deviate from equilibrium (e.g., for lower
Hg fluxes and cooler growth temperatures), coupled
with the known very narrow window of optimum
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Fig. 1. Defect densities for MCT layers grown near optimal growth
temperature, with optimum (closed symbols) and non-optimum (open
symbols) growth rate. The improved conditions reduce the total defect
density and give much more consistent results. Growth on the best
substrates consistently yields total defect densities (voids + micro-
defects) of 100–200 cm–2 for a wide range of compositions.

Fig. 2. Nomarski microscope images of three layers (x = 0.2) grown at the same conditions except for different growth rates. (A) and (D) show a
layer grown at 3.6 mm/h which contains a high void density of 1–3 ¥ 104 cm–2 and needle shaped twins. The layer in (B) and (E) was grown at 1.9
mm/h and has ~4000 voids/cm2 with otherwise good morphology. The layer in (C) and (F) was grown at 1.2 mm/h and contains ~1000 voids/cm2

but with a high level of micro-defects.

under different conditions such that grade “C” had the
largest precipitates, while grade “A” had the smallest.
Representative substrates of each type were charac-
terized prior to growth using infrared transmission
microscopy.

RESULTS AND DISCUSSION

Numerous growth runs were conducted utilizing
the formulas presented above, and a distinct improve-
ment in reproducible layer quality and reduction of
defects was obtained. The density of void defects and
micro-defects for a typical series of runs is plotted in
Fig. 1 as compared with a previous series of growth
runs using less optimal growth recipes (not consider-
ing growth rate effects). These data cover MCT layers
of a wide range of Cd compositions. Not only is the
total number of defects reduced on average, but the
plotted distribution is also much tighter, which im-
plies increased control of the growth and better repro-
ducibility. We note that the density of void defects has
remained similar to previous growths, but the num-
ber of micro-defects has been reduced by nearly a
factor of ten.

The effects of growth rate on layer morphology were
particularly demonstrated for a consecutive series of
three growths, all performed under the same condi-
tions (x = 0.2) except for growth rate. Nomarski
microscope images of the three layers are shown in
Fig. 2. The layers were grown using rates of 3.6 mm,
1.9 mm, and 1.2 mm per hour at a fixed substrate
temperature of 190∞C, which is slightly hotter than
optimal for the composition and Hg flux used (accord-
ing to Eqs. 2 and 3). The density of void defects for the

Substrates

Layers were grown on three different types of
CdZnTe substrates. All substrate types had the same
orientation and nominal Zn concentration, but dif-
fered in Te precipitate content. Tellurium precipi-
tates are present in most CdZnTe crystals grown by
the Bridgman technique, unless special annealing
conditions are utilized to remove them.10,11 The three
types, here labeled “A,” “B,” and “C,” were produced
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Fig. 4. Infrared transmission microscopy images of CdZnTe substrates.
(A) Grade A substrate with almost no Te precipitates, and (B) Grade
C with a relatively higher density of precipitates, which are 5–10 mm in
diameter.

Fig. 3. Defect densities are plotted for MCT layers grown on three
different types of CdZnTe substrates. Substrate grade A has the least
number of precipitates and surface defects, while grade C has the
most. For growth conditions near optimal, the void density is limited to
about 100, 250–500, and 900–1200 for substrate types A, B, and C,
respectively. The micro-defect density is likewise ~100, 800–1000,
and 1000–1400 cm–2. These data show that defect density is limited by
the substrate, not the growth conditions or surface preparation.

three layers varied tremendously and increased with
the growth rate. The layer grown at 1.2 mm per hour
(predicted by the model to be too low a rate) showed
the lowest void density of 1000 cm–2, while the layer
grown at 1.9 mm/h had a void density of 4000 cm–2 with
very good morphology between void defects. The layer
grown at 3.6 mm/h (too high) had a high void density
of 1–3 ¥ 104 cm–2 and also contained needle-shaped
defects associated with twin formation. The high
density of micro-defects (usually associated with
Hg-rich conditions) seen on the low growth rate layer
supports the concept of an increased surface Hg popu-
lation at low growth rate. Also, the needle-twins seen
on the high growth rate layer may be linked to
inadequate surface migration time.

The results for the experimental layers shown in
Fig. 2 seem to indicate that: 1) The density of voids can
vary significantly for different growth rates, increas-
ing in number as the growth rate increases and the
II/VI ratio (and surface layer Hg concentration) de-
creases. 2) The density and character of the micro-
defects (e.g., needles, hillocks) is also significantly
affected. 3) The optimal growth conditions for x = 0.2
material (at this Hg flux), i.e., for reduction of both
voids and micro-defects, would seem to be at a growth
rate higher than 1.9 mm/h and at a lower temperature
than 190∞C. For example, Eq. 4 predicts an optimal
TS of 183∞C for the layer grown at 3.6 mm/h.

Increased control over the growth conditions in
addition to a better understanding of the growth
process has resulted in consistently good HgCdTe on
CdZnTe material, as shown in Fig. 1. The consistency
of growth conditions has revealed the large depen-
dence of the substrate quality on the number of
defects grown into the MCT films. Figure 3 shows the
defect density obtained for a series of layers grown on

substrates of differing quality in terms of Te precipi-
tate content. On the highest quality substrates (grade
A), total defect densities (voids + micro-defects) are
consistently reduced to the 100–200 cm–2 range using
the improved conditions, for compositions x = 0.2
to x = 0.6. Dislocation densities for these layers, as
measured by etch pit count, are 2–6 ¥ 104 cm–2 for
long-wave infrared (LWIR) layers and 105 cm–2 range
for near infrared (NIR) layers. On B-grade substrates,
the total defect density is 1000–1500 cm–2. This com-
pares with densities of 3000–5000+ cm–2 for old layers
grown under non-optimized conditions.

The three grades of CdZnTe substrates were char-
acterized to determine the size and density of Te
precipitates present in each. Infrared transmission
microscopy images of two substrates, one of A-grade
and one of C-grade, are shown in Fig. 4 for compari-
son. The higher density of precipitates is easily seen
in the C-grade substrate, while the A-grade substrate
has almost no detectable precipitates (the infrared
microscope resolution is about 1 mm). The volumetric
density of the precipitates was measured using the
known wafer thickness and depth of focus. The C- and
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B-grade substrates contained approximately 1.0 and
1.5 ¥ 106 cm–3 precipitates, respectively. The mean
size of the precipitates was estimated as ~5–10 mm
and ~1.5–2.0 mm diameter for the C- and B-type
substrates. These sizes and densities were used to
estimate the expected surface density of precipitates
(volume density times the diameter), giving densities
of ~300 cm–2 and ~1000 cm–2 for substrates grade B
and C, respectively. These values are in excellent
agreement with the density of void defects observed in
the MCT layers (Fig. 3). Presumably, other unseen
substrate defects act as nucleation sites for micro-
defects, which are also dramatically reduced for grade-
A substrates.

The A-grade substrates are obviously the best type
for production of low-defect density MCT layers. In
fact, one layer grown on an A-grade substrate was
fabricated into 256 ¥ 256 FPAs (1.65 mm cutoff, 40 mm
pixel pitch). These FPAs demonstrated excellent pixel
operability, above 99.8%. A layer grown on a C-grade
substrate processed at the same time showed similar
characteristics, but 98.8% operability; still a good
result, but approximately 5 times worse.

The A-grade substrates, unfortunately, have sta-
tistically been the most inconsistent grade with re-
spect to film electrical properties, such as Hall mobil-
ity. Evidently, Te precipitates can act as mobile impu-
rity gettering centers, and in their absence, impuri-
ties in the substrate are freer to diffuse into the MCT
layer, electrically compensating the material.12 This
inconsistency in electrical properties has most often
been observed in LWIR (x ~ 0.2) detector material.

The defect density data shown in Fig. 3 suggest the
following: 1) MCT layers grown under identical condi-
tions, but on different substrate grades, quite consis-
tently show higher defect densities for grades B and
C than for grade A. These additional defects must be
due to surface imperfections related to the quality of
the substrate material only. 2) Our substrate prepa-
ration and loading procedures do not cause a signifi-
cant number of voids or micro-defects (no more than
~100 cm–2), nor do any particulates originating within
the growth chamber. 3) Both voids and micro-defects
seem to have a minimum density limited by the
substrate. Defects in addition to this minimum can, of
course, be induced by non-optimum growth condi-
tions: excess Hg leads to increased micro-defects,
while Hg deficiency leads to more voids.

CONCLUSION

The quality of HgCdTe films, grown on CdZnTe
substrates by MBE, continues to improve, and typical
visible defect densities continue to be reduced. By
considering a model for growth rate effects, in addi-
tion to the thermodynamical model of MCT growth,
conditions within the optimal growth ‘window’ have
been achieved more consistently. For the vast major-
ity of layers, the defect density is limited by the
quality and the Te precipitate content of the sub-
strate. Layers with total visible defect densities (voids
plus micro-defects) of 100–200 cm–2 are achievable on
the best substrates.

For a given composition, growth temperature, and
Hg flux, we have observed that growth rates higher
than optimal lead to both a higher void density due to
insufficient surface Hg, and ultimately to twin forma-
tion due to restricted surface migration time. Growth
rates lower than optimal gave rise to a more Hg-rich
surface and an increase in micro-defects as well as
larger voids.
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