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Abstract

For the first time, the electrical characteristics of the metal-insulator—semiconductor (MIS) structures based on n(p)-
Hg,_,Cd, Te grown by molecular beam epitaxy including HgTe single quantum well (SQW) with thickness of 6.5 nm were
investigated. SQW significantly influences the voltage, frequency, and temperature dependencies of the admittance of the
MIS structure. When the SQW thickness is less than the critical thickness, there are numerous sharp maxima in the capaci-
tance—voltage (C-V) curve, and when the thickness of the well is close to the critical thickness, a wide maximum is observed
in the C-V characteristics associated with overshoot of minority charge carriers from SQW. A distinction is revealed between
the effect of radiation on capacitive maxima caused by the escape of charge carriers from SQW and the recharging of deep

levels in the epitaxial film bulk.
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Background

The narrow-gap semiconductor solid solution Hg,_,Cd,Te
is widely used to create highly sensitive infrared focal plane
arrays for different spectral ranges. The method of molecu-
lar beam epitaxy (MBE) of HgCdTe provides an ability to
control the distribution of composition and impurity dopant
along the thickness of the epitaxial film. Due to its high
spatial resolution, this method is well suited for growing
low-dimensional structures based on HgCdTe with quan-
tum wells and superlattices. Low-dimensional structures are
promising for the creation of new types of infrared detectors
(Selamet et al. 2004; Benyahia et al. 2016; Dvoretsky et al.
2010), but, so far, the level of development of such systems
based on HgCdTe lags far behind the corresponding level
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of development of systems based on A’B> and Ge/Si sys-
tems (Yakimov et al. 2017; Baril et al. 2015). The electron
and hole spectra in the HgCdTe/HgTe/HgCdTe quantum
wells have not been studied to date, and intensive stud-
ies are carried out in this direction (Kernreiter et al. 2016;
Kozlov et al. 2016). One of the methods for investigating
low-dimensional objects is the measurement of the admit-
tance of structures involving quantum wells, superlattices,
or quantum dot arrays (Brounkov et al. 1995; Zubkov et al.
2014; Izhnin et al. 2017). A convenient tool for character-
izing the properties of the semiconductor near-surface layer
is the metal-insulator—-semiconductor (MIS) structure based
on this material. In the future, studies of MIS structures
based on HgCdTe with single quantum wells (SQW) may
lead to the development of new types of multicolor detectors
(Dvoretsky et al. 2010). However, there are still few studies
on the properties of MIS structures based on HgCdTe with
an inhomogeneous thickness distribution of the component
composition of CdTe. In (Izhnin et al. 2016), the electrical
characteristics of MIS structures based on MBE p-HgCdTe
with the 5.6 nm-thick HgTe SQW were investigated.

The aim of this paper is to investigate the effect of the
presence of 6.5 nm-thick HgTe SQW on the electrical
properties of MIS structures based on n(p)-Hg,_,Cd, Te
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(x=0.65-0.71) with CdTe/Al,O; insulator over a wide range
of measurement conditions.

Methods

Test MIS structures were created on the basis of Hg;_ Cd, Te
grown by the MBE method on GaAs (013) substrates in the
Rzhanov Institute of Semiconductor Physics of the Sibe-
rian Branch of the RAS, Novosibirsk. Structures based on
p-HgCdTe (Nos. 1 and 3) and n-HgCdTe (No. 2) with HgTe
SQWs were studied. The quantum well thickness is less than
the critical thickness of the transition between normal and
inverted band structures at low temperatures (Germanenko
et al. 2013; Sengupta et al. 2013) for sample No. 1 and is
close to the critical thickness for structures Nos. 2 and 3.
For comparison, the electrophysical characteristics of MIS
structures on the basis of a homogeneous composition of
the n-HgCdTe film (No. 4, the composition is close to the
composition of the barrier layers Nos. 1-3) and n-HgCdTe
films with a near-surface graded-gap layer with a high CdTe
content (No. 5) were also measured. The thickness of the
graded-gap layer was 0.5 pm, and the composition on the

Table 1 Technological parameters of MIS structures

film surface is close to 0.43. Some technological parameters
of the investigated MIS structures are shown in Table 1.

The low-temperature Al,O; insulator layers formed by
atomic-layer deposition (ALD) with the thickness of about
70 nm were used. For structures Nos. 1-4, between the ALD
Al,O; layer and the upper barrier layer, the 40 nm-thick
CdTe buffer layer was grown in the MBE process. At the
top of the ALD Al,O; layer, indium electrodes with the area
of about 0.155 mm? were formed. Figure 1a shows schemati-
cally the location of layers in the SQW structures Nos. 1-3.
Figure 1b shows the distribution of the CdTe content over
the Hg,_,Cd,Te film (structure No. 2) in the SQW region
measured with an automatic ellipsometer. The barrier lay-
ers had regions doped with indium (Fig. 1b, points show the
boundaries of these regions).

The measurements were carried out with an automated
setup for admittance spectroscopy of nanoheterostruc-
tures based on the Janis non-optic cryostat and the Agilent
E4980A immittance meter. For the forward direction of the
voltage sweep, measurements were made with the change of
the bias voltage from negative values to positive ones, and
in the reverse direction of the voltage sweep—from positive
to negative ones.

Results and discussion

No. SQW parameters Conduc- Insulatortype  Figure 2 shows the capacitance—voltage (C-V) charac-
Buffer layer parameters _ Well :ivity teristics of the MIS structure No. 1 measured at different
: thickness, " T° frequencies at the temperature of 9 K for the forward volt-
g:fe con- Ill;mkness’ nm age sweep. For C-V curves of the MIS structure based on
p-HgCdTe with the SQW thickness of 5.6 nm, there is a
1 065 35 5.6 p CdTe/Al O, complicated picture of the capacitive maxima in the strong
2 071 30 6.5 n CdTe/Al,O;4 inversion mode associated with the recharge of the quan-
3 065 30 6.5 p CdTe/AlL O, tum well levels when the voltage bias changes. The elec-
4 Without SQW and graded-gap layer, n CdTe/Al, 0, trical characteristics of a similar MIS structure are consid-
x=0.72 ered in more detail in Izhnin et al. (2016). It can be noted
5 V‘;ith((’)u; BSQW’ with graded-gap layer, n ALO; that the maxima at the temperature of 9 K are observed at
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Fig.2 C-V characteristics of structure No. 1 based on p-HgCdTe
with an SQW measured at the temperature of 9 K for various frequen-
cies, kHz: 1—1, 2—2, 3—5, 4—10, 5—20, 6—50, and 7—100
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Fig.3 C-V characteristics of structure No. 2 based on n-HgCdTe
with an SQW measured at the temperature of 8 K for various frequen-
cies, kHz: 1—10, 2—50, 3—100, 4—200, 5—500, and 6—1000

frequencies not exceeding 100 kHz, and almost disappear
when the structure is heated to 77 K.

Figure 3 shows the C-V characteristics of the structure
No. 2 based on n-HgCdTe with the SQW thickness of 6.5 nm
measured at 8 K for the reverse voltage sweep. A decrease in
capacitance at the frequency of 1 MHz in the accumulation
mode is due to the effect of the series resistance of the film
bulk on the measured capacitance. An unusual feature of
C-V curves is the capacitance maximum at the beginning of
the strong inversion. The wide maximum at the beginning of
the strong inversion decreases with increase in temperature.
At voltages from — 15 to —7 V, weak non-monotonicity is
observed on the C-V curve.

Figure 4 shows the C-V characteristics of the structure
No. 3 based on p-HgCdTe with the SQW of 6.5 nm thickness
measured at 8 K for the forward voltage sweep. A maximum
at the beginning of a strong inversion is also observed for
this structure, as well as non-monotonicity at voltages from
1 to 5 V. Figure 5 shows the C-V curves of the investigated
MIS structures at 77 K. Capacitive maxima for structures
with SQW (Nos. 1-3) at 77 K are less pronounced, and
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Fig.4 C-V characteristics of structure No. 3 based on p-HgCdTe
with an SQW measured at the temperature of 8 K for various frequen-
cies, kHz: 1—2, 2—5, 3—10, 4—20, and 5—50
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Fig.5 C-V characteristics of structures based on HgCdTe measured
at the frequency of 50 kHz and temperatures of 8 (5) and 77 K (/—4,
6) for various samples, No.: I—1, 2—2, 3—3, 4—4, and 5, 6—5

the C-V characteristic of the reference sample No. 4 does
not show maxima and has a high-frequency appearance at
frequencies from 1 kHz. The C-V structure based on the
graded-gap n-HgCdTe No. 5 at the temperature of 8 K has
maxima associated with the recharging of deep levels, which
become less pronounced at the temperature of 77 K.

For the studied structures, the concentrations of the
majority charge carriers were determined from capacitive
measurements (Table 2). In addition, the values of the series
resistance of the epitaxial film bulk (R ;) as well as the
product of the area of the structure (A) and the differential
resistance of the space-charge region (R,.,) in a strong inver-
sion mode (R, ,A) were found at the temperatures of 8 and
77 K. Equivalent circuits of the MIS structure in different
modes and the methods used are described in Voitsekhovskii
et al. (2014, 2017a). For structures with SQWs, small val-
ues of the R A product are determined (compared with the
values of this parameter for structure No. 4 without SQW).
The increase in the values of the R, ,A product upon heating
from 8 to 77 K, which is observed for structures Nos. 1-3, 5,
is not typical (Voitsekhovskii et al. 2015, 2017b). For these
structures, the R A values in the maxima on the C—V curves
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Table 2 Parameters of MIS No.

; Majority charge carrier
structures determined from the

concentration, cm™>

Ry at 200 kHz, kQ R, A in far strong inver-

sion mode at 100 kHz,

R,A in capaci-
tive maxima at

admittance measurements Q cm? 100 kHz, © cm?
77K 8K 77K 8K 77K 8K
1 1.2x 10" 35.8 10.0 2929 4510 1674 321
2 1.1x10" 66.2 16.8 96 22 23 2
3 2.3%x 10" 86.5 442 300 332 181 5
4 3.0x10Y 6.2 4.1 18,700 25,300 - -
5 6.7x 10" 03 0.2 11 39 5 3
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Fig.6 Temperature dependencies of differential resistance of SCR
measured at the frequency of 200 kHz for far strong inversion mode
(1, 4, 6) and voltage corresponding to capacitive maximum (2, 3, 5,
7) for various structures, No: 1, 2—1, 3—2, 4, 5—3, and 6, 7—5

are smaller than in the mode of a far strong inversion, which
is associated with a higher rate of generation of minority
charge carriers at the voltages corresponding to the maxima.

Figure 6 shows the dependencies of the differential resist-
ance R, for the studied samples on the reciprocal tempera-
ture at bias voltages corresponding to the capacitive maxi-
mum at the beginning of a strong inversion, as well as in the
far strong inversion mode. Figure 6 shows that, at voltages
corresponding to maxima in the C-V characteristic, the dif-
ferential resistance of structures with SQWs increases when
the sample is heated from 8 K. This results in a higher fre-
quency appearance of C-V characteristics at a higher tem-
perature, which is not typical for structures without SQW.
The high-temperature drop for structures with SQWs cannot
be explained by the diffusion processes of minority charge
carriers from the quasi-neutral bulk, since the diffusion drop
for the composition x =0.65-0.71 should occur at signifi-
cantly higher temperatures. For structure No. 5, which has
deep levels in the graded-gap layer, the differential resist-
ance at the capacitive maximum (curve 7) also increases
when heated from 8 K, and in the far strong inversion, there
is a form of the dependence R, (1/T) (curve 6) characteris-
tic of most MIS structures based on Hg,_,Cd, Te with the
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Fig.7 C-V characteristics of structures based on HgCdTe measured
at the frequencies of 2 (5, 6), 10 (3, 4), 500 (/, 2) kHz and tempera-
ture of 8 K at forward (1, 3, 5) and reverse (2, 4, 6) voltage sweeps for
various samples, No.: 1, 2—2, 3, 4—3, and 5, 6—5

composition x=0.22-0.23 (Voitsekhovskii et al. 2015). The
maxima on the C-V characteristics of structures with SQWs
or with deep levels are associated with the appearance of
additional generation current of minority charge carriers
at the corresponding voltages. This current for structures
Nos. 1-3 is due to the emission of minority carriers from
SQW, and that for structure No. 5 is associated with genera-
tion via deep levels.

Figure 7 shows the C-V characteristics of MIS structures
based on HgCdTe with SQW (as well as with deep levels)
for different directions of bias voltage sweeps. The shift of
the C-V curves along the voltage axis when changing the
direction of the sweep is caused by hysteresis phenomena
(Voitsekhovskii et al. 2018). For structures with SQW, the
change in the direction of the sweep leads to a significant
change in the amplitude and width of the maximum on the
C-V characteristics. When the voltage corresponding to a far
strong inversion is applied to the structure, minority charge
carriers immediately escape from the well, so the maximum
at C—V curves under these conditions does not manifest itself
(curves 1 and 4). In the case of the presence of deep levels
in the space-charge region (SCR) (structure No. 5), a change
in the direction of the sweep does not significantly affect the
amplitude and width of the capacitive maximum (curves 5
and 6).
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Fig.8 C-V characteristics measured at the temperatures of 8 (/, 2, 5,
6) and 77 (3, 4) K and frequencies of 2 (1, 2, 5, 6) and 20 (3, 4) kHz
in dark mode (/, 3, 5) and at LED illumination (2, 4, 6) for various
samples, No: /, 2—1, 3, 4—2, and 5, 6—5

Figure 8 shows the C-V characteristics of the MIS
structures Nos. 1, 2, 5, measured in the dark mode, as well
as when illuminated with radiation with a wavelength of
0.94 pm. From Fig. 8 it is clear that, for illuminated struc-
tures with SQWs, capacitive maxima almost disappear, and
for a structure with deep levels, the maximum becomes more
pronounced (its amplitude and width increase). The differ-
ence in the nature of the influence of radiation on the C-V
curves is determined by the difference in the mechanisms
of formation of capacitive maxima in the presence of SQW
and deep levels in the active region. Under illumination,
minority charge carriers are ejected from SQW due to pho-
toexcitation; therefore, the escape of charge carriers at the
beginning of a strong inversion does not occur (the well is
already empty). In the case of the presence of deep levels in
the SCR, illumination leads to an increase in the concentra-
tions of mobile charge carriers, which leads to more intense
generation—recombination via deep levels.

It is most likely that, in the dark mode, there are two
mechanisms for the ejection of charge carriers from the
quantum well due to thermal excitation, as well as through
tunneling processes. Then, a wide maximum on the C-V
curve is associated with tunnel transitions, which is con-
firmed by the type of temperature dependence of the dif-
ferential resistance, and non-monotonicity in a far strong
inversion mode with thermal emission of carriers from
the SQW. More pronounced non-monotonicities for the
p-HgCdTe-based structure with SQW (as compared to the
No. 2 structure based on n-HgCdTe) are associated with the
effects of degeneracy and non-parabolicity of the conduction
band (Izhnin et al. 2016). The high-temperature drop of the
differential resistance (at temperatures of about 100 K) is
probably due to the thermal emission of carriers from the
SQW. The mechanism of the occurrence of a wide maximum
in the C-V curves for structures Nos. 2 and 3 is confirmed by
measurements of the capacitance dependencies under illu-
mination, as well as at different directions of voltage sweep.

The differences in the C-V characteristics in strong inver-
sion for structures based on p-HgCdTe (Nos. 1 and 3) can
be determined by the thickness of the quantum well, since,
with a thickness of 5.6 nm, the correct band structure is char-
acteristic, and with a thickness of 6.5 nm, the semiconductor
is close to gapless.

Conclusions

For the first time, the admittance of MIS structures based
on n(p)-Hg,_,Cd, Te (x=0.65-0.71) with HgTe SQWs in
the active region has been experimentally investigated in
a wide range of temperatures, frequencies, and voltages. It
is established that the electrical characteristics of the struc-
tures studied are largely determined by the presence of the
quantum well. The C-V characteristics of MIS structures
based on p-HgCdTe with SQW with a thickness of 5.6 nm
show pronounced maxima in the strong inversion mode at
low temperatures, which are associated with the recharging
of quantization levels in SQW. The capacitive dependencies
of MIS structures based on n(p)-HgCdTe with SQW with a
thickness of 6.5 nm are characterized by a wide maximum
at the beginning of a strong inversion, which is associated
with the emission of minority charge carriers from SQW
by tunneling. Identified features allow us to associate the
occurrence of these maxima with charge carrier ejection
from the SQW.
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