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The studies of n-B(SL)-n and MI-n-B(SL)-n structures formed on the basis of epitaxial films
grown by the MBE method from HgCdTe with a superlattice in the barrier region are carried
out. The composition in the absorbing layer of the structures is designed for operation in the
LWIR range and was 0.22. Two different superlattice architectures were fabricated and studied.
The study of dark currents of n-B(SL)-n structures showed that for both types of samples an
anomalous dependence of the current density on temperature is observed with a minimum of
the current density at temperatures of 100—120 K. The dominance of the surface leakage
current components was revealed for both structures. Based on the study of the admittance of
MI-n-B(SL)-n structures, it is shown that the characteristics of the studied structures have a
form similar to the characteristics of MIS structures fabricated on the basis of homogeneous
Hgy.75Cdy.2:Te.
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Introduction

HgCdTe-based unipolar barrier #Bn
structures are  considered promising  for
development of infrared (IR) photodetectors for

the long-wave infrared (LWIR, 8-14 um)
spectrum that operate at higher cooling
temperatures  than  conventional =~ HgCdTe

photodiodes [1]. Among the architectures for
barrier photosensitive structures having the high
potential there are n-type HgCdTe-based nBn
structures grown by molecular beam epitaxy
(MBE) [2]. Currently, the most promising
configuration is considered to be a structure with
a barrier formed as a superlattice (SL) — n-B(SL)-
n structures. Modifying the SL parameters (layer
compositions and thicknesses) allows for
controlling the positions of energy band edges in
the barrier layer of the #nBn structure and

minimizing discontinuities of energy bands at the
absorption layer / barrier / contact layer
heterointerfaces [3].

The today’s world academic literature
offers very few studies devoted to the fabrication
and experimental study of HgCdTe-based nBn
structures with a SL barrier [4-7]. Most works on
HgCdTe-based nBn structures are theoretical and
describe the simulation of various heterostructure
configurations aimed at reducing dark currents
and increasing sensitivity. In particular, there
are no works devoted to the study of HgCdTe-
based n-B(SL)-n structures tailored to the LWIR
range.

Practical implementation of HgCdTe-based
n-B(SL)-n structures is hindered not only by
fundamental issues (such as non-zero valence-
band discontinuity [8]) but also by fabrication
challenges. Being designed using theoretical
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models structures of this type often exhibit
characteristics that do not match theoretical
predictions during experimental study. This
applies equally to the SL barrier layer parameters
determined by experimental data and the
experimentally measured dark current values. In
particular, the dark current-voltage characteristics
(CVC) observed during an experiment are known
to be often different from theoretical ones due to
the prevalence of surface leakage currents. This
mechanism of dark current generation occurs due
to the specific features of the fabrication
technology for experimental samples, primarily
of the technology for depositing a passivation

layer on the sample surface. Furthermore,
currently there is no satisfactory example of
modeling and  subsequent  experimental

verification of an effective superlattice barrier
layer for a photosensitive HgCdTe-based nBn
structure. One reason for this is the limited
number of studies of the development, practical
implementation, and experimental study of n-
B(SL)-n HgCdTe structures, due to which the
sufficient theoretical and experimental data have
not been provided so far.

This paper offers two configurations of
photosensitive ~ n-HgCdTe-based  n-B(SL)-n
structures with a superlattice in the barrier region
for the LWIR range. Parameters of the
superlattice barrier layers were selected based on
theoretical assessments to achieve the maximum
possible barrier height for majority charge
carriers in the conduction band and the minimum
barrier size for minority charge carriers.

This work is dedicated to analyzing the
current generation mechanisms in two different
LWIR nBn HgCdTe structures with a superlattice
in the barrier region.

Experimental Samples and Methods

Two types of HgCdTe epitaxial films were
grown on GaAs (013) substrates. The films were
grown at the Institute of Semiconductor Physics,
Siberian Branch of the Russian Academy of
Sciences, using "Ob-M" molecular beam epitaxy
system. To align the structure's epitaxial layers
with the substrate, buffer layers of ZnTe (~0.3 um
thick) and CdTe (=5.5 pm thick) were first grown
on substrate surface. This was followed by the
sequential growth of the HgCdTe graded-gap
base with its composition changing from 0.28 at

the interface with CdTe to ~0.22, which
corresponded to the composition of the absorbing
layer, which was ~5.5 um thick.

After that a superlattice that acted as a
barrier layer was grown, with a contact layer with
a composition of ~0.22 of ~0.5 um in thickness
formed on its surface. The films differed in the
parameters of their superlattice layers. The
superlattice of structure No. 1 consisted of 15
wells, each 12 nm wide, and 16 barriers, each
8 nm wide. The superlattice of structure No. 2
consisted of 15 wells, each 4 nm wide, and 16
barriers, each 8 nm wide. The grown HgCdTe
film was intentionally not doped. After being
growth, the epitaxial film was etched through a
special mask to a depth corresponding to the
interface position between the absorbing and
barrier layers. As a result, standalone #nBn
structures  (mesastructures) with  diameters
ranging from 0.50 mm to 0.02 mm were formed
on the film surface.

To study the current characteristics and
admittance, two types of experimental samples
were fabricated based on the grown epitaxial
films: a version with indium electrodes deposited
directly on the contact layer (n-B(SL)-n structure)
and a metal-insulator-semiconductor (MIS)
version where the electrodes were separated from
the contact layer by a functional dielectric layer
(MI-n-B(SL)-n structure). Both structure types
featured passivation of the entire non-metallized
surface of the epitaxial film with Al,Os dielectric
deposited by the plasma-enhanced atomic layer
deposition (PE ALD) procedure.

The studies were conducted using an
automated heterostructure admittance
spectroscopy system which included Keithley
6487 picoammeter, a cryogenic temperature
control system, and a vacuum system. This
system is capable of maintaining a stable
temperature of the sample stage within the range
of 11 K to 475K for extended periods, with a
temperature control accuracy not worse than
0.2 K.

Results and their discussion

Figure 1a shows the current density vs. bias
voltage dependencies for mesastructures of
various diameters at the temperature of 80 K
derived for Structure No. 1. As can be seen in the
figure the current density at a fixed bias voltage



Applied Physics, 2025, No. 5

13

increases as the mesastructure diameter decreases.

To determine the bulk and surface current
components, curves of the current density vs. the
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mesastructure’s area A at the bias voltage of +0.2
These curves are shown in Figure 15. As can be
seen in the figure this type of structure features
high surface leakage current densities.

5] o T=80K o
® T-120K /
0 T=250K

straight-line
approximation
10+
100 150 200
P/A, e’
b)

J, Alem’

W

Structure No. 1

Fig. 1. Current density J vs. bias voltage U for mesastructures of various diameters at the temperature of 80 K (a),
and current density vs. P/A ratio at various temperatures at U = +0.2 V (b) for Structure No. 1

Figure 12a shows current densities vs.
voltage dependencies for structures of various
diameters at the temperature of 80 K derived for
Structure No. 2. This structure can be seen to be
also prone to significant increase of current
density as the mesastructure diameter decreases at
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the fixed bias voltage, which indicates a surface
leakage current component of considerable
magnitude. The plotted curves of current density
vs. the ratio of the structure's perimeter to the
structure's area at the bias voltage of +0.2 V for
Structure No. 2 are shown in Figure 2b.
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Fig. 2. Current density J vs. bias voltage U for mesastructures of various diameters at the temperature of 80 K
(a), and current density vs. P/A ratio at various temperatures at U = +0.2 V (b) for Structure No. 2
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Fig. 3. Total current density J (for a mesastructure with a
diameter of 0.4 mm) and surface leakage current density
Js vs. temperature T at the bias voltage of +0.2'V for
Structures No. 1 and No. 2

Figure 3 shows the curves of total current
density (mesastructure diameter of 0.4 mm) and
surface leakage current density vs. sample
temperature derived from the slopes of the curves
of current density vs. the ratio of structure’s
perimeter P to structure’s area A at various
temperatures for Structures No.1 and No. 2.
An anomalous temperature dependence of current
density can be seen in the figure for this sample
type. These curves show the minimum current
density at temperatures of 100-120 K. For
mesastructures of various diameters made of the
same epitaxial film, positions of the minima
coincide. However, the minima occur at various
temperatures for structures made of film No. 1
and film No. 2. The curves of surface leakage
current density vs. sample temperature also show
a minimum, but in this case the minima for
Structures No. 1 and No. 2 practically coincide.
The values of surface leakage current components
at similar temperatures obtained for the studied
samples approach each other. The maximum
difference in current density values across the
entire temperature range studied does not exceed
15 %. This allows concluding that the structure
passivation technology exhibits good stability.
It is not feasible to determine the bulk current
component due to the prevailing surface leakage
current component, which makes further direct
current studies uninformative.

In such a situation, the
spectroscopy method [9] is

admittance
well  suited

for analyzing the fabricated structures. The
equivalent circuits method was used to process
the admittance measurements. The equivalent
circuits and formulas for determining the series
resistance can be found in reference [10].
Figure 4 shows the curves for the reciprocal of
series resistance Rg of the epitaxial film volume,
extracted from the admittance measurements
using the equivalent circuits method, vs.
temperature for Structures No. 1 and No. 2, with
mesastructure diameters being 0.35 mm. The data
were obtained at the frequency of 1 MHz in the
enhancement mode. The figure shows that the
temperature curves of 1/Rg for samples No. 1 and
No. 2 are qualitatively similar to those of the
surface leakage current components.
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Fig. 4. 1/Rg value vs. temperature for Structures No. 1 and
No. 2 with mesastructure diameters of 0.35 mm at the
frequency of 1 MHz

Figures 5a and 5b show capacitance-
voltage (C-V) curves of Structures No.1 and
No. 2 with a mesastructure diameter of 0.5 mm
as measured at the temperature of 15 K. Here, C
is the electrical capacitance. Measurements were
made at identical bias voltage sweep rates and
directions. The series resistance of the epitaxial
film volume has been excluded from the
measurement results. As can be seen in the
figures, the flat-band voltage for the first structure
has a value approaching the zero bias voltage.
This means that these structures do not have any
significant fixed charge in the dielectric coating.
However, the flat-band voltage for sample No. 2
has a positive value and is greater in magnitude
than that for sample No. 1.
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Concentration of majority charge carriers
for sample No. 1 as determined from the slope of
the squared capacitance reciprocal in the
depletion mode at the frequency of 1 MHz, was
1,24x10*' m™. In the temperature range from
15 K to 150 K, this yields the maximum width of
the space-charge region (SCR) of 3.80x10”" m to
2.18x107 m. Since the contact layer thickness of
5.0x107 m, it means that the space-charge region
does not reach the barrier layer with the
superlattice. In terms of the equivalent circuits
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model, this means the barrier layer impacts only
the series resistance of the epitaxial film volume.
Concentration of majority charge carriers for
sample No. 2 as determined under the same
conditions was 7.65x10%° m™. In the temperature
range from 15 K to 120 K, this yields a maximum
SCR width of 4.80x107 m to 2.28x107 m. This
indicates that SCR for this sample does not reach
the superlattice barrier layer either, but only
approaches its boundary at the temperature of
15 K.
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Fig. 5. C-V curve for Structure No. 1 (a) and Structure No. 2 (b) at the temperature of 15 K as measured with
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Fig. 6. Differential conductance for Structure No. 1 (a) and Structure No. 2 (b) vs. the bias voltage at the
temperature of 15 K as measured with forward voltage sweep

Figure 6 shows the curves of differential
conductance for Structures No.1 and No. 2 as
measured at the temperature of 15 K. The series

resistance of the epitaxial film volume has also
been excluded from the measurement results in
the figures shown. The curves of differential
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conductance vs. the bias voltage for Structures
No. 1 and No. 2 exhibit a peak in the bias voltage
region corresponding to the depletion mode,
which is associated with the occurrence of the
density typical of fast surface states. Their
occurrence is due to the absence of a near-surface
graded-gap base.

The study of the C-V curves as measured in
forward and reverse directions of bias voltage
sweep showed that the curves of both structures
exhibit minor hysteresis. This indicates a low
density of slow surface states; however, the
density of surface states for Structure No. 2 is still
somewhat higher than for Structure No. 1.
Another common feature for both structures is
that the hysteresis does not show significant
change in the capacitance level at the minimum
of the C-V curve, which is typical of structures
without a near-surface graded-gap base.

Figure 7 shows the curves of RpA wvs.
reciprocal temperature obtained in strong
inversion mode (at the bias voltage of -2 V) at the
frequency of 1 MHz for samples No. 1 and No. 2.
As can be seen in the figure, the SCR resistance
of the structures at low temperatures is limited by
interband tunneling, while at higher temperatures,
RpA is limited by diffusion of minority charge
carriers from the quasi-neutral region. RpA values
for Structure No. 2 are higher than for Structure
No. 1, reaching the value of approximately
12.4 Q-cm” at the maximum. The higher values of
RpA in major inversion mode for Structure No. 2
are also confirmed by C-V curve measurements,
which exhibit higher frequencies relative to the
inversion layer formation time under the same
conditions for Structure No. 2.

According to the equivalent circuits method,
the series resistance of the epitaxial film volume
bears the information about the part of the
semiconductor film in the MIS structure which is
not included in SCR. Derived from the slope of
the curve of the volume resistance reciprocal
logarithm vs. ¢/(kgxT) at various frequencies of
the alternating test signal were the values of
charge carrier activation energy for samples No. 1
and No. 2 provided that they are generated in
interband conditions. The curve of the activation
energy, which is determined from the temperature
vs. series resistance curve, vs. frequency of the
alternating test signal is shown in Figure 8. As the
frequency increases, the determined activation

energy grows linearly in the frequency range
from 500 kHz to 2 MHz. It is difficult to interpret
such results at this stage and further research is
required. However, it should be noted that the
activation energy value obtained for sample No. 1
at the 1 MHz frequency is 72 meV, which is more
than two times as low as the bandgap energy for
HgCdTe with composition x=0.22 in this
temperature range (£, =0.158meV). The
activation energy value obtained under the same
conditions for sample No. 2 is 147 meV, which is
quite close to the bandgap energy for HgCdTe
with composition x = 0.22. The results presented
allow concluding that sample No. 1, unlike
sample No. 2, features the energy level within the
bandgap. This energy level is derived at high
temperatures using the series resistance Vs.
temperature curve and accounts for the lower
differential resistance.
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Fig. 7. Curves of RpA vs. reciprocal temperature obtained
in strong inversion at the frequency of 1 MHz for samples
No. 1 and No. 2

The presence of mesastructures with
various cross-sectional areas on the experimental
samples allows for plotting the curve of the
reciprocal series resistance of the epitaxial film
volume Rg vs. the ratio of mesastructure
perimeter Rg to mesastructure area A. Figure 9
shows these curves plotted at different
frequencies for sample No. 2. As can be seen in
the figure, the curve behavior is compliant with
the idea that as the P/A ratio increases, the
conductance grows due to the mechanisms
associated with current flow over the surface.
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Straight-line approximation of these curves
allows estimating the conductance component
associated with surface leakage based on the
curve slope.
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Fig. 9. 1/Rg vs. the P/A ratio at various frequencies of the
alternating test signal

Figure 10 shows the curves of the
conductance component associated with surface
current flow processes vs. alternating test signal
frequency which are plotted using the slope of the
straight-line approximated curves of 1/Rg(P/A).
As can be seen in the figure, the surface
conductance values for sample No.l are
frequently in excess of the conductance values for
sample No. 2 across the entire frequency range
studied. This observation correlates to the data

shown in Figure 7 and links lower RpA value of
sample No. 1, in part, to its higher surface
leakage current.
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Fig. 10. Surface conductance cg vs. alternating test signal
frequency o at the temperature of 90 K

Conclusion

This paper presents the findings of the
study of n-B(SL)-n and MI-n-B(SL)-n structures
formed from epitaxial films grown by the MBE
method from the three-component semiconductor
HgCdTe with a superlattice in the barrier region.
The composition of the structures’ absorbing
layer is designed for operation in the LWIR range
and was 0.22.

The study of dark currents of the n-B(SL)-n
structures revealed that both sample types exhibit
an anomalous temperature vs. current density
curves, with the current density minimum at
temperatures of 100-120 K. The curves of
temperature vs. surface leakage current
components, as well as the total dark current
density, also exhibit minima. Additionally, the
study showed that Structure No. 1 features a
larger surface leakage current component across
the entire temperature range studied.

The admittance spectroscopy studies
performed allow concluding that characteristics
of the analyzed structures generally resemble
those of MIS structures made of homogeneous
Hgp73Cdo2.Te. A low density of slow surface
states is typical of these structures, which is well
illustrated by the plotted C-V curves of the
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structures studied. The RpA vs. temperature
curves show the interband tunneling occurring at
low temperatures, which is also typical of MIS
structures based on homogeneous HgCdTe with a

composition of 0.2 and without a graded-gap base.

Lower RpA values for sample No. 1 compared to
sample No. 2 are likely due, in part, to its higher
surface leakage current values. The fact that the
activation energy of sample No. 1 derived from
the curve of temperature vs. epitaxial film series
resistance is approximately twice as low as the
band gap width indicates the presence of
generation centers for free charge carriers within
the band gap. The activation energy value for

sample No. 2 is quite close to the band gap value
for HgCdTe with composition x=0.22. The
curves of surface leakage current densities and
reciprocal series resistance of the epitaxial film
volume vs. temperature are qualitatively similar.
The reasons for the strong dependence of the
samples' activation energy vs. frequency cannot
be interpreted at this stage of the study and
require further studying.

The study was supported by a grant from the Russian
Science Foundation No. 23-62-10021,
https://rscf.ru/project/23-62-10021/.
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