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New recombination centers in MBE MCT layers on (013) GaAs substrates
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A large inhomogeneity of the minority lifetime from 1 to 10us at 77K over the area is observed in some
experiments when high-quality HgCdTe layers of the electronic type of conductivity are grown on GaAs substrates
with a diameter of 76.2 mm with the (013) orientation by the method of molecular beam epitaxy. As a rule, the
such lifetimes are determined by carrier recombination at Shockley—Hall—Read (SHR) centers. Modern studies
and ideas about the nature of the SHR centers do not allow us to explain the observed results. The measurements
of HgCdTe layers by the second harmonic generation showed the existence of a quasi-periodic change in the signal
at the minima of the azimuthal dependence, which is associated with the appearance of misoriented microregions
of the crystal structure. The amplitude of the quasi-periodic change in the signal decreases with increasing
lifetime and completely disappears for regions with higher lifetime values. Similar dependences are observed
during etching of HgCdTe layers, which indicates the existence of misoriented microregions in the bulk. Thus,
misoriented microregions of the crystal structure have a significant effect on the lifetime and are new centers of

Shockley—Hall—Read recombination.
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1. Introduction

The heteroepitaxial structures (HES) of the solid solution
of mercury and cadmium telluride (MCT, HgCdTe), being
grown by the molecular beam epitaxy (MBE) method,
take a leading position as a basic photo-sensitive material
for the IR detectors with high sensitivity within the wide
spectrum range of the wavelengths [1]. Currently, three
main methods of epitaxial growth are used for growing
HgCdTe: liquid-phase epitaxy (LPE), vapor-phase epitaxy
from organometallic compounds (MOVPE, MOCVD) and
molecular beam epitaxy (MBE). The MOVPE and MBE
methods of growing the HES MCT on large-area substrates
provide more homogeneous material characteristics, which
is necessary to improve the performance and quality of
signal reception, as well as obtaining complex structures
with sharp and complex composition and doping throuhjout
the thickness for the development of new detector designs.
The MBE technology has been widely developed and is
considered as the main direction for the growth of the
HES MCT, including for industrial production at GaAs
and Si substrates. This is due to a number of advantages
of this technology over other epitaxial methods [2]. The
quality of the MBE technology is determined by the quality
of the HES MCT material and its characteristics at cryogenic
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temperatures. After growing the HES MCT MBE without
intentional doping have an electronic type (n-type) with high
electrophysical characteristics: low concentration and high
mobility of the major charge carriers, as well as a long
lifetime (LT) of minor carriers. For IR-detectors with high
parameters limited by background radiation, based on the
material Hg;_xCdxTe with the composition of cadmium
telluride Xcgre = 0.2—0.3 requires cooling to cryogenic
temperatures (liquid nitrogen temperatures and below). The
undoped layers of the HES MCT MBE of high quality
allow the manufacture of highly sensitive photoconductive
IR-detectors [3-6].  Indium-doped (In) layers of the
HES MCT MBE n-type with a charge carrier concentration
of more than 10 cm™3 are used as a absorber for
photovoltaic IR-detectors with the P*—n-transition archi-
tecture, providing the limiting parameters of IR-detectors at
cryogenic and elevated temperatures [7-11].

The lifetime (LT) of minor charge carriers is one of
the physical parameters that determines the quality and
photoelectric characteristics of IR-detectors. There is an
extensive literature on the study of LT in the MCT material
with Xcgre 0.2—0.4 obtained by various methods. When
studying the LT in the temperature range from liquid helium
to room temperature for different levels of charge carrier
concentration, it was found that the main recombination
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processes determining the value of the LT in the volume of
a direct-gap photonic semiconductor MCT are fundamental
Auger and radiation processes and recombination at the
Shockley—Hall—Reed (SHR) centers, which are point and
structural defects. The surface recombination [12] is also
very important in the manufacture of IR-detectors. The
LT (7) at cryogenic temperatures is determined by recom-
bination at the SHR centers, which is inversely proportional
to the concentration of such centers (Ng), 7 ~ 1/Ngp.
Despite the abundance of relevant literature, the identity
of the SHR centers remains unclear, with the exception of
its own defects, residual impurities and complexes [13,14].
It was noted that dislocations can lead to a decrease in the
lifetime of [13,15-17].

The surdace or interface recombination between the
substrate and the epitaxial layer leads to a decrease in the
lifetime, which degrades the parameters of the IR-detector.
To reduce or eliminate surface recombination, passivation of
the surface is carried out with insulators [18,19], or wide-
band layers in situ [20] are grown on the surface. We have
shown that graded wide-band layers at the surface and at the
interface between the epitaxial layer and the substrate make
it possible to completely exclude the influence of surface
recombination on the value of the LT [21,22].

Thus, studies of recombination processes in the
HES MCT MBE allowed to obtain, after the growth,
of the undoped or indium-doped material n-type con-
ductivity with a long lifetime, as on (211)B CdZnTe
and (013) GaAs substrates with graded wide-band layers
at the boundaries of the absorber layer [23-26]. The
undoped layers after growth had n-type of conductivity
with electron concentration (2—4) - 10'* ecm~2 (for the best
samples on CdZnTe substrates (2—3) - 10'* cm~3), mobility
up to 200000 cm?V~!s~! and lifetime up to 20 us at 77 K.
In the In™ doped layers, electron mobility and lifetime was
in the ranges 100000—30000 cm?V~!s~! and 8.0—0.04 us
for the In doping level in the range 10°—10'7 cm~3.
According to the observed temperature dependence of the
LT in the temperature range 77—300 K, it was found that at
electron concentrations below 10'3cm™3 the values of the
measured lifetime are associated with recombination at the
centers of the SHR [27]. At higher concentrations, the value
of LT is determined by Auger recombination.

For the increasing demand of IR-detectors for various
purposes, it is necessary to increase the production of
MCT material. Currently, the main high-quality material
are the HES MCT on CdZnTe substrates. However, the
disadvantages of such substrates associated with their high
cost, which increases with increasing size, have led to
the development of MOVPE and MBE technologies on
alternative substrates of large area GaAs (2 100 mm) and
Si (2150mm). As a rule, these technologies (growth
methods) should ensure high uniformity of the parameters
of the HES MCT MBE over a large area of structures.
However, when developing the technology, heterogeneities
of various parameters over the HES area are observed, for
some the causes of thier occurrence have been identified

and solutions have been found. In some cases, a large
spread of lifetime values over the area (more than an order
of magnitude) was observed for undoped the HES MCT
MBE. This variation can be explained by the variation
in the concentration of SHR centers, which are usually
associated with mercury vacancies. The growing conditions
are mainly determined by the substrate temperature and
mercury pressure in the MBE method, which determine the
concentration of mercury vacancies. To obtain a high-quality
material, these parameters can change in a narrow range
of optimal growing conditions. For large changes in the
concentration of mercury vacancies, a wide range of growth
conditions is required, which leads to the formation of
various well-detectable structural defects with a high density
of [14,28,29], which significantly degrades the quality of the
HES MCT MBE. However, in some cases, large changes
in the lifetime of the HES area are observed with growth
in optimal conditions (the ratio of cadmium and tellurium
fluxes, mercury vapor pressure in front of the substrate,
etc.). In this case, a high concentration of SHR centers
providing high recombination velocities is likely to form at
certain sections of the HES MCT MBE, which leads to an
observed decrease in life time. Currently, the nature of such
centers is not defined.

We have conducted studies of the crystal structure of
the HES MCT MBE on GaAs substrates by analyzing of
the azimuthal dependence of the second harmonic signal of
reflected probing laser radiation [30]. For the first time, a
quasi-periodic change in the signal in the minimum of the
azimuth dependence of the second harmonic was observed
over the entire thickness of the MCT layer, exceeding
the noise of the receiving path [31]. An assumption was
made about the formation of misoriented microregions in
the volume during the growth process, which degrades
structural perfection. At the boundaries of such misoriented
microregions, increased recombination of charge carriers
may occur, leading to a decrease in the lifetime of minor
carriers.

In this paper, a second harmonic study of the crystal
perfection of the HgCdTe layer with an heterogeneous
lifetime distribution over the area grown on the substrate
(013) GaAs 76.2mm indiameter by the MBE method is
carried out. It is assumed that the possible cause of the
observed low values of the lifetime is the recombination
processes at new SHR centers, the nature of which is
determined by the existence of misoriented microregions
of the crystal structure.

2. Samples and experimental procedure

The study of the distribution of electrophysical charac-
teristics and structural perfection of the crystal lattice over
area were carried out on a HES MCT MBE sample,
grown on a GaAs (013) substrate with diameter of 76.2 mm,
with control of the composition and thickness of layers
by single-wave ellipsometry in situ [24]. When growing
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the HES MCT MBE on a prepared atomically clean
and smooth [2] surface the buffer layers ZnTe and CdTe
and the HgCdTe layer are sequentially grown on the
GaAs surface. Figure 1 shows a composition distribution
throughout the thickness of the MCT layer of the HES under
study IMCT191113.

The MCT layer with a total thickness of 7.1 um includes
a homogeneous absorbing layer of the composition of
X = 0.22, a bottom graded wide-band layer on the interface
with a CdTe buffer layer with a change in composition from
X =0.40 to x = 0.22 throughout the thickness ~ 0.8 um
and the upper graded wide-band layer on the surface
with a change in composition from X = 0.22 to X = 0.44
throughout the thickness ~ 0.4 um.

The measurement of the concentration of charge carriers
and their mobility of the whole structure and its individual
fragments of arbitrary shape which obtained by mechanical
separation was carried out by the Van der Pau method at the
laboratory Hall effect measurement facility [32,33]. Pressure
contacts were used. Measurements of the whole HES MCT
MBE were carried out in a vacuum cryostat. Measurements
of the HES MCT MBE fragments were carried out when
immersed in liquid nitrogen in a special holder with a screen
that excludes background illumination. The current through
the sample, the magnetic field and the temperature of the
measurements were 1uA, 005T and 77K, respectively.
The composition, thickness of the MCT layers and their
distributions over the area of the structure were determined
from the transmission spectra in the wavelength range
2—20um using the Fourier spectrometer ,Infralum 801.
The accuracy of determining the composition and thickness
of the MCT layers was 0.0005 mole fractions CdTe and
0.1 um, respectively.

Lifetime measurements were carried out using a cryostat
and a special holder by registering the decay of the
microwave photoconductivity signal using the ,,Tauris-T
installation at 77K [34]. The measurements were carried
out at a low level of background illumination, the excitation
of photoconductivity was carried out by a pulsed semicon-
ductor laser with a wavelength of 0.92 um, the decay time
of the light pulse (at the level of 0.1) — no more than 10ns.
The diameter of the measured area was 5 mm.

The structural crystal perfection of the substrate and
the HES MCT MBE layers was measured at the room
temperature by the SHG method ex situ on the high-
sensitive laboratory test bench for the non-linear optical
diagnostics, whose operation is described in detail in [31,35].
The average power of the exciting SH (second-harmonic)
YAG :Nd laser varied in the range from 0.01 to 0.07 W. The
standard time for obtaining an experimental diagram of the
angular dependence of the SH signal ranged from 10 to
30s. The diameter of the probed area was 200 um at the
generation depth of SH ~ 5nm. It should be noted that
in the SHG method, a comparative quantitative analysis of
experimental and numerical model data for an ideal crystal
in a given local region allows us to obtain quantitative
information about the crystal state of the near-surface layer
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Figure 1. Distribution of the composition Xc4re in the MCT layers
of sample 1IMCT191113.

of the sample under study [36-38]. Thickness measurements
of the crystal state of the MCT layers were carried out with
successive layer-by-layer chemical etching in Br: HBr =0.05
solution: 1 and measuring the azimuthal dependence of the
SH signal intensity.

3. Results and analysis of experimental
data

3.1. Model dependence of SH signals in the
HES MCT MBE crystals on GaAs substrates
in the orientation region (013)

The compounds in the composition of HES MCT MBE
and GaAs substrates have a crystal structure of the type
of sphalerite of class 43m  Such crystals do not have an
inversion center and belong to nonlinear crystals in which,
when exposed to incident radiation with a frequency of w
there is a generation of higher harmonics, including SH with
a frequency of 2w. The calculation of the intensity of the SH
signal is carried out using the nonlinear susceptibility tensor
Xxya(®) and is described in detail in the works [39,40].

Fig. 2 shows graphs of the model azimuthal dependences
of the polarization signal of the SH for an ideal crystal ha-
ving a symmetry class of sphalerite parallel to the azimuthal
polarization angle of the exciting and incident laser radiation
normal to the surface, in a laboratory coordinate system
with angle variations of ¢ (counting from orientation (100))
in the orientation region (013). The thick line shows a graph
of the azimuthal dependence of the SH signal for a perfectly
accurate orientation (013) (¢ = 90°), which represents a
periodic change with the same amplitude at the maxima.
The azimuthal dependences of the SH polarization signal
are shown in thin lines with changes in the angle of ¢ by
one degree in the range from —10° to +10°. As can be
seen, the neighboring peaks of the SH signal change in the
opposite phase — in some the intensity increases, and in
others it decreases. From the comparison of experimental
and model results, it is possible to determine with high
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Composition and electrophysical parameters of fragments of the HES MCT MBE
Point number Lifetime, Composition, Concentrat}on MOblhtY
Sample (Fig. 3) s Xear charge carriers charge carriers

& # dre x10™ em =3, (77K) x10° cm2V~'s~!, (77K)
1 1.20 0.222 23 63
2 10.0 0.218 3.15 62

IMCT191113 3 9.00 0.221 26 66
4 12.0 0.220 2.8 64
5 7.80 0.221 26 62
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Figure 2. Model surface of the azimutal SH intensity for the
normal incident of the beam with the cut variation near (013)
by the angle @. The SH signal polarization is parallel to the
polarization of the excitement radiation.

accuracy the rotation of the orientation plane from (013).
According to the type of azimuthal dependence of the signal
and the emerging features, it is possible to identify stresses
or changes in the crystal structure, as well as to analyze
possible causes.

3.2. Electrophysical parameters
of the HES MCT MBE

Fig. 3 shows the distribution of the lifetime over the area
of the HES MCT MBE. It can be seen that a long lifetime
from 7.8 to 12us is observed in the edge regions of the
structure (points 2—5), which indicates a high quality of
the structure. In the center of the structure (point 1), the
lifetime is 1.2 us, which is an order of magnitude less than
the largest value. In order to identify the reasons leading to
the appearance of such a large heterogeneity of the lifetime
observed in the studied the HES MCT, it was divided into
fragments of about 10 x 10 mm, including areas in which
the lifetime was measured (points 1-5).

The table shows the data of measurements of the lifetime,
composition, concentration of charge carriers and their
mobility for the cut fragments.

As it follows from the above data, the composition,
concentration of charge carriers and mobility in all fragments
of the structure (points /—35) have similar values and lie in
the intervals x=0.218—0.221, n=(2.3-3.15) - 10" cm—3
and u = 62000—66000 cm? V! s~!. The lifetime of minor
carriers in the center of the structure is about an order of
magnitude less than at the edges.

3.3. The range of measurement of the azimutal
dependence of the second harmonic signal

Figure 4 shows a fragment of the structure and azimuthal
dependencies of the second harmonic signal at four points
(I-IV) of the surface, including the points / and 4
in Figure 3.

In the given data, in the minima of azimuth dependence,
beats are observed (highlighted by a dotted oval), which at
point I exceed the noise of the measuring path; at point II
and III are close to the noise of the measuring path; at
point IV correspond to the noise of the measuring path.
The beats in the minima of the azimuthal dependence of
the second harmonic signal, exceeding the noise of the

Figure 3. Distribution of the lifetime at 77K over the area of
the HES MCT MBE 1MCT191113. The squares indicate the
numbers of the measurement points and the values of the lifetime
in microseconds for each point.
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Figure 4. Azimuthal dependence of the second harmonic signal
of the fragment HES MCT MBE 1MCT191113 at points I-IV
(insert): a) — point I (sample center /); b) — point II (offset
from point I by 4mm); ¢) — point III (offset from point II by
4mm); d) — point IV (edge of sample 4). I and 4 correspond to
the points in Fig. 3.

measuring path, we associate with the misoriented microre-
gions that we observed earlier [30]. In this case, during
the transition of measurements from point I to point IV,
the amplitude of the beats decreases, which corresponds
to a decrease in misoriented microregions and its absence
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at point 4. After removing the upper graded wide-gap
layer when etching the sample to a depth of 1.6um, a
similar pattern of changes in the amplitude of the beats
in the minima of the azimuthal dependence of the second
harmonic signal is observed. Thus, misoriented microregions
are present throughout the thickness of the structure and
are not associated with a change in composition during the
growth of the upper graded wide-gap layer.

It should be noted that the deviation of the orientation
of the surface of the structure in the plane of growth
(angle @) is (—6) degrees and does not change for all
points I-IV. The magnitude of the amplitude in the maxima
of the azimuthal dependence monotonically increases during
the transition of measurements from point I to point IV,
which can be associated with a change in orientation in a
plane perpendicular to the direction of growth (angle 6), by
6 degrees.

3.4. Analysis of the results

When growing HES MCT MBE on substrates of large
diameter, more stringent requirements are imposed on the
uniformity of parameters over the area. The lifetime is a
sensitive parameter that determines the limiting characteris-
tics of IR-detectors. The studies given in the literature of
the mechanisms determining the value of the lifetime in the
MCT material showed that at 77K the main mechanism
is recombination on SHR centers of various nature. Thus,
the presence of mercury vacancies in the MCT (Vi)
determines the strong recombination of SHR and leads
to a decrease in the lifetime with an increase in their
concentration (7 ~ 1/Nygg). The observed heterogeneity
of the lifetime was an order of magnitude (Fig. 3). To
explain this heterogeneity by using Vg as recombination
centers, it is necessary that their concentration varies by
an order of magnitude over the area of the structure.
Calculations of mercury vacancy concentrations from the
substrate temperature and mercury pressure at growth
temperatures have shown that in order to change them by
an order of magnitude, the temperature must change by
~ 45°C and the mercury vapor pressure by an order of
magnitude at a temperature 200°C [41]. Such changes in
mercury vapor temperature and mercury vapor pressure are
not possible in the MBE method, since the range of these
parameters is quite narrow [42,43].

The dislocation density in HES MCT MBE on
GaAs (013) substrates is ~ 10®cm~2 [44]. Calculations
show that with such a dislocation density in the MCT
X = 0.22, the lifetime should be ~ 0.1us. The lifetimes
we observe exceed this value by 1—2 orders of magnitude.
Thus, dislocations in the HES MCT MBE do not have a
significant influence on the lifetime.

It should also be noted that recombination on the surface
or interface does not affect the lifetime in the HES MCT
MBE in the presence of graded wide-band layers at the
boundaries of the absorbing layer (Fig. 1) [21,22].
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The distribution of the composition over the surface is
almost uniform and does not exceed Ax = 0.004 and cannot
be the cause of the heterogeneity of the lifetime.

Thus, it is not possible to explain the observed hetero-
geneity of the lifetime by the reasons given above.

Apparently, the heterogeneity of the lifetime can be
associated with changes in the crystal structure of the
HgCdTe layer with the growth of HES MCT MBE on GaAs
substrate, which may be caused by some heterogeneity
of temperature over area or by a different mechanism of
nucleation at the initial stage at the edges and in the center
of the substrate with the growth of the HgCdTe layer.
Indeed, the observed changes in structural perfection, which
showed the presence of misoriented microregions (Fig. 4),
may be the cause of increased recombination of charge
carriers and lead to a decrease in lifetime. Thus, we assume
that the emerging misoriented microregions may be the new
SHR centers of recombination.

4. Conclusion

The azimuthal dependence of the second harmonic signal
of reflected laser radiation in the MCT MBE heterostruc-
tures with graded wide-gap layers on GaAs (013) substrates
having a heterogeneous distribution of the lifetime of minor
charge carriers over the area (from 1.2 us to 12 us) has been
studied. The electrophysical parameters of the fragments of
the structure with different lifetimes had similar values: the
concentration of charge carriers and mobility in the ranges
(2.3-3.15) - 10" em—2 and 62000—66000 cm?V~!s~!, the
composition of the MCT absorbing layer in the range with
X = 0.218—0.221. For the first time, a quasi-periodic signal
change was observed in the minimum azimuth dependence
of the second harmonic in the region of the structure with a
short lifetime over the entire thickness of the MCT layer. It
is assumed that the features of the azimuthal dependence
of the second harmonic signal are due to misoriented
microregions on the surface and in the volume of the MCT
layer, which are also new centers of recombination of charge
carriers and reduce the lifetime of minor charge carriers.
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