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Electrical Properties of the V-Defects of Epitaxial HgCdTe
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The manufacturing process of wide-band-gap matrix photodetector devices
and miniaturization of their individual pixels gave rise to increased demands
on the material quality and research methods. In the present paper we pro-
pose using the methods of atomic-force microscopy to study the local distri-
bution of electrical properties of the V-defects that form in epitaxial films of
HgCdTe during their growth process via molecular beam epitaxy. We
demonstrate that a complex approach to studying the electrical properties of a
predefined region of a V-defect allows one to obtain more detailed information
on its properties. Using scanning spreading resistance microscopy, we show
that, for a V-defect when the applied bias is increased, the surface area that
participates in the process of charge carrier transfer also increases almost
linearly. The presence of a potential barrier on the periphery of individual
crystal grains that form the V-defect interferes with the flow of current and

also affects the distribution of surface potential and capacitive contrast.
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INTRODUCTION

At the present time, epitaxial layers of HgCdTe
(MCT) are widely used for manufacturing high-
performance components of infrared photoelectron-
ics, especially matrix photodetector devices.! At the
same time, in the MCT layers obtained by means of
molecular beam epitaxy (MBE), the formation of
macroscopic V-defects is observed without any
relation to substrate type. The size of V-defects lies
in the interval from 5 to 30 micrometers.>® In
addition, it should be noted that these defects
represent accumulations of microcrystal grains with
the component composition different from that of
the epitaxial film. In a number of papers, individual
regions of V-defects have been reported to possess
increased concentration of mercury, cadmium or
tellurium.'® The variation of the component
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composition of the local regions of a V-defect can
lead to the formation of a complex potential profile.?
This, in turn, complicates the interpretation of the
obtained measurement results of integral parame-
ters of epitaxial MCT. For this reason knowing the
distribution of the electrical properties of local V-
defect regions would allow one to conduct a more
adequate interpretation of the effects observed by
means of other methods. Historically, the methods
of photoluminescence, electron microscopy,>®® x-
ray structure analysis,” and others were used to
study the defects in MCT. However, presently there
are just a few papers out on studying the electrical
properties of such surfaces by means of atomic-force
microscopy (AFM). In this work we demonstrate a
complex approach to studying the properties of the
surface of V-defects in epitaxial MCT using atomic-
force microscopy. Such an approach allows to
account for the fact that the presence of V-defects
in epitaxial films and the electrical properties of
these defects significantly impact the performance
parameters of the large-format photodiode matrices
based on p-n junctions.
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MATERIALS AND METHODS

In the present work, we conducted a study of the
electrical properties of the V-defects formed during
the process of epitaxial growth of Hg; ,Cd,Te films
on GaAs (310) substrates. The composition of the
upper variband layer on the surface was x = 0.50.
The value of the parameter x as well as the
thickness of the film were controlled by in situ
ellipsometry measurements. Control over the com-
position x was carried out based on the optical
transmission spectra at room temperature.

To study the electrical properties, we used the
following methods of atomforce microscopy: Kelvin
force probe microscopy (KPFM), scanning capaci-
tance microscopy (SCM), and scanning spreading
resistance microscopy (SSRM).

Kelvin force probe microscopy allows one to study
the distribution of contact potential difference
(CPD) (surface potential) between the cantilever
needle-point and the surface.? '? Because of the fact
that the work function of the scanning probe does
not change during the scanning process, one can
obtain the distribution of the changes of the work
function for the studied material by deriving it from
the distribution of the surface potential. The spatial
resolution of KPFM is at least 50 nm.'® It should
also be noted that the KPFM is a two-pass tech-
nique,’ i.e., during the first pass the surface relief is
examined and, then for the second pass, the needle
is positioned at a certain distance z (about 10-100
nm?) above from the surface, and direct and alter-
nating voltage is applied between the cantilever and
sample which results in the appearance of an
electrodynamic interaction force. During the second
pass, the probe follows the surface relief at a
distance z from the surface, which allows one to
eliminate the influence of the sample morphology.
In each scanning point the direct voltage is chosen
in a way that secures that the interaction force
between the cantilever needle-point, and the surface
is equal to zero.

The main difference of the scanning capacitance
microscopy from the KPFM is that the measure-
ments of the electrodynamic interaction force are
done using the second harmonic of the excitation
signal.'! This allows one to obtain the distribution of
the change of capacity in the spacing between the
cantilever needle-point and the surface. In other
words, the SCM is a means for obtaining the
capacitive contrast.

Scanning spreading resistance microscopy can be
used to obtain the current strength distribution
maps in the sample with an applied probe-sample
fixed bias. Since the voltage does not change during
the measurement process, the changes of the cur-
rent strength reflect the non-uniform distribution of
the sample resistance. In our studies of the V-
defects in MCT, we obtained a number of AFM
images for different voltage values at the needle,
namely, for the interval from 0 to —10 V with a step
of —1V.
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Fig. 1. AFM images of a MCT V-defect (a) surface morphology, (b)
distribution of contact potential difference, (c) capacitive contrast, (d)
spreading resistance.

The measurements were carried out at atmo-
spheric pressure, room temperature, and ambient
humidity below 35% by a commercial AFM “Solver
HV” (NT-MDT, Moscow, Zelenograd). “Etalon HA
HR/W2C+” probes produced by NT-MDT were used.
Analogous measurements were performed in ultra-
high vacuum at pressures about 0.5-1 x 10® Pa. The
data show that the measurement results for the two
cases lie within measurement error range. Taking
into account that at room temperature HgCdTe is a
severely degenerated semiconductor, the adsorption
film on its surface does not significantly affect the
distribution of its electrical properties.

EXPERIMENTAL RESULTS

In this work by means of AFM we conducted a
complex study of the electrical properties of the
surfaces of V-defects of MCT epitaxial films. As
mentioned above, these defects represent accumu-
lations of individual microcrystal grains of MCT
with the component composition different from that
of the matrix.>® Figure 1 demonstrates typical
AFM images of the surface morphology, distribution
of contact potential difference, capacitive contrast
and spreading resistance.

It can be seen from the AFM images presented in
Fig. 1a that V-defects consist of microcrystal grains
with a stretched shape and are approximately 150
nm in diameter. Close to the center of a V-defect
these grains form large conglomerations with a
mean diameter of about 500 nm. From the CPD
distribution presented in Fig. 1b and taking into
account the data from,'! one can conclude that the
grains forming a given defect possess a common
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Fig. 2. AFM images of current strength distribution and their respective current distribution profiles for different voltage values: (a, b) 0V, (c, d)

5V, (e, f) =10 V.

preferred orientation. On the facets of individual
microcrystal grains and their conglomerations, a
change in the value of CPD is observed. This can be
related either to the presence of an electric field that
arises in between the lateral faces of the grains
forming the defect, or to the influence of the changes
of the crystallographic orientation of the lateral
face.

From Fig. 1c one can see that along the periphery
of microcrystal grains and their conglomerations
there is a change of the capacity in the spacing
between the cantilever needle-point and the surface.
This indicates the presence of a charge in the near-

surface region of the microcrystal grains which
should result in the formation of an additional
bending of the energy band on the surface. In this
case the changes in the process of the current flow
on the periphery of the microcrystal grains is
expected to occur which turns out to be in a good
agreement with the data presented in Fig. 1d.
Figure 2 demonstrates AFM images of the distri-
bution of the current strength under direct voltage
at the needle. One can see that in the case of no
external bias there is a flow of current through
individual microcrystal grains. The presence of a
number of separate regions with a non-zero current
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strength with no external bias can be explained by
the photocurrent induced by the red laser radiation
diffraction on the cantilever beam. The laser men-
tioned here is used in AFM for the purposes of
registering the working signal.

In case the external bias is secured, there is a
gradual increase of the number of grains that
contribute to the wvalue of total current. An
increased value of the current flowing through
individual microcrystal grains is also observed.
However, in this case there is no flow of current
on the periphery of the grains which indicates the
presence of a potential barrier, and the energy that
is being supplied is not high enough so that the
barrier can be overcome. The analysis of the area of
the grains that contribute to the total current with
respect to the supplied voltage showed that with the
increase of the applied bias the electroconductive
area of a V-defect also increases according to an
almost linear law, up to 60% of the total studied
area at —10 V.

Based on the data obtained for the value and
distribution of the current along the V-defect area,
one can conclude that in the presence of an external
excitation the photocurrent flow will also be dis-
tributed non-uniformly along the defect. It should
be mentioned that the presented measurements
were conducted at room temperature when the
semiconductor is highly degenerated. That is why
we can assume that, under the working conditions
(77 K) which are typical for the practical use of the
devices, taking advantage of MCT-based structures
the total V-defect area contributing to the value of
the current can be different from the value obtained
at a temperature of 300 K.

In conclusion, in the present paper it was shown
that the electroconductive area of a V-defect of an
epitaxial film increases when an external bias is
secured. This increase obeys a nearly linear law,
and reaches up to 60% of the total area. On the
periphery of individual microcrystal grains and/or
their conglomerations, there is also an additional

potential barrier that interferes with the charge
carrier exchange. The presence of such a potential
barrier significantly influences the distribution of
the electrical properties of V-defects which can be
seen from the results of measurements conducted by
means of Kelvin force probe microscopy, scanning
spreading resistance microscopy and scanning
capacitance microscopy. The obtained data can be
used in order to interpret the electrophysical prop-
erties of heteroepitaxial structures of MCT grown
by means of MBE.
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