
ORIGINAL RESEARCH ARTICLE

Influence of As+ Ion Implantation on Properties of MBE HgCdTe
Near-Surface Layer Characterized
by Metal–Insulator–Semiconductor Techniques

A.V. VOITSEKHOVSKII,1 S.N. NESMELOV ,1,3 S.M. DZYADUKH,1

V.S. VARAVIN,2 S.A. DVORETSKY,1,2 N.N. MIKHAILOV,2 G.Y. SIDOROV,2

M.V. YAKUSHEV,2 and D.V. MARIN2

1.—National Research Tomsk State University, 36 Lenina Ave., 634050 Tomsk, Russia.
2.—Rzhanov Institute of Semiconductor Physics SB RAS, 13 Lavrentiev Ave.,
630090 Novosibirsk, Russia. 3.—e-mail: nesm69@mail.ru

The effect of As+ ion implantation on the electrical properties of the near-
surface layer of n-HgCdTe films grown by molecular beam epitaxy (MBE) on
Si (310) substrates was experimentally studied. A specific feature of MBE n-
Hg0.78Cd0.22Te films is the presence of near-surface graded-gap layers with a
high CdTe content, formed during epitaxial growth. The properties of as-
grown films and films after As+ ion implantation with ion energy of 200 keV
and fluence of 1014 cm�2 were studied. Post-implantation activation annealing
was not performed. Test metal–insulator–semiconductor (MIS) structures
were created based on as-grown and as-implanted samples by plasma-en-
hanced atomic layer deposition of Al2O3 insulator films. The admittance of the
fabricated MIS structures was measured over a wide range of frequencies and
temperatures. When determining the parameters of MIS structures, we used
techniques that take into account the presence of near-surface graded-gap
layers and series resistance of the HgCdTe film bulk, as well as the high
density of slow surface states. It was found that, in as-implanted samples, the
donor center concentration in the near-surface layer exceeds 1017 cm�3 and
increases with distance from the HgCdTe-Al2O3 interface (at least up to
90 nm). After implantation, the conductivity of MBE HgCdTe film bulk in-
creases markedly. It was shown that, for as-implanted samples, the genera-
tion rate of minority charge carriers in the MBE HgCdTe surface layer is
significantly reduced, which indicates the appearance of a low defect layer
with a thickness of at least 90 nm.
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INTRODUCTION

The semiconductor solid solution of mercury
cadmium telluride (Hg1�xCdxTe, HgCdTe) has long
been used to create highly sensitive infrared detec-
tors.1,2 The energy gap of Hg1�xCdxTe depends on

the CdTe content, which allows the creation of
infrared detectors with interband absorption (in-
trinsic detectors) for various spectral regions,
including MWIR (3–5 lm) and LWIR (8–14 lm).
New opportunities for the HgCdTe-based detector
development have arisen as a result of the progress
of epitaxial methods, such as molecular beam
epitaxy (MBE)3 and metalorganic chemical vapor
deposition.4 The most common type of detectors
based on MBE HgCdTe are hybrid photodiode

(Received June 16, 2020; accepted January 13, 2021;
published online February 2, 2021)

Journal of ELECTRONIC MATERIALS, Vol. 50, No. 4, 2021

https://doi.org/10.1007/s11664-021-08752-8
� 2021 The Minerals, Metals & Materials Society

2323

http://orcid.org/0000-0002-0031-3643
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-021-08752-8&amp;domain=pdf


arrays,5–9 in which the pn junction is created by ion
implantation and subsequent thermal annealing.
Currently, As+ ion implantation is widely used,
which was first proposed as a method for creating p-
on-n junctions in HgCdTe photodiodes more than
40 years ago.10,11 To improve the technology for
creating pn photodiodes based on MBE HgCdTe,
significant research efforts have been directed to the
study of post-implantation material properties,
including the mechanisms of the radiation defect
evolution. The properties of HgCdTe films after ion
implantation were studied using Hall and optical
measurements, Rutherford backscattering, and
electron microscopy.12–17 An important task is also
to study the processes occurring in HgCdTe films
after post-implantation annealing.18–20 A complete
understanding of all the features of the processes
during ion implantation in MBE HgCdTe in the case
of the presence of surface graded-gap layers, which
are used to reduce the effect of surface recombina-
tion on the properties of photodiodes,21 has not yet
been achieved.

Metal–insulator–semiconductor (MIS) structures
are a convenient tool for studying the properties of
the surface layers of semiconductors and the inter-
face between dielectric and semiconductor lay-
ers.22–24 In studies of the post-implantation
properties of MBE HgCdTe films with graded-gap
layers, such MIS techniques have recently been
applied.25,26 The use of MIS measurements in
studies of the properties of graded-gap MBE
HgCdTe films became possible after the develop-
ment of a number of techniques,27–29 that take into
account the presence of graded-gap layers and make
it possible to exclude the effect of the recharging of
slow surface states on the measurement results. In
studies of the admittance of MIS structures, one can
obtain information about the properties of the
surface layer of a semiconductor. The thickness of
this layer is determined by the depth of penetration
of the electric field into the semiconductor. There-
fore, the results of MIS measurements can supply
the data on the electrical properties of HgCdTe films
obtained using the Hall method.

This paper presents the results of studies of the
effect of As+ ion implantation on the electrical
properties of MBE n-HgCdTe films obtained by
measuring the admittance of test MIS structures in
wide ranges of frequencies, voltages, and tempera-
tures. Two MBE n-HgCdTe films with the composi-
tion in the operating layer of 0.22 and close
parameters of the graded-gap layers were chosen
for studies. MIS structures were created by deposit-
ing Al2O3 dielectric layers on top of as-grown MBE
HgCdTe films, as well as films after implantation
(as-implanted films). Post-implantation activation
annealing was not performed for the as-implanted
samples (the modes of such annealing are described,
for example, in Ref. 26). The experimental data
were processed using specially developed tech-
niques to determine the most important parameters

of the MIS structures based on MBE HgCdTe with
near-surface graded-gap layers.

EXPERIMENTAL PROCEDURES

The n-HgCdTe films were grown at the Rzhanov
Institute of Semiconductor Physics of the Siberian
Branch of the Russian Academy of Sciences by MBE
on Si (310) substrates.30 ZnTe (50 nm) and CdTe
(5 lm) buffer layers were deposited on top of the
silicon substrate. Two heteroepitaxial n-
Hg1�xCdxTe films (samples A and B) were grown.
The composition in the operating layer for both films
was close to 0.22. The films were doped with an
indium impurity during epitaxial growth. Graded-
gap layers with increased composition x were cre-
ated on both sides of the working layers. The growth
of Hg1�xCdxTe for samples A and B films began with
compositions of 0.28 and 0.265, respectively. In the
range of coordinates from 0 lm to 0.7 lm, the
composition remained constant, since growth con-
ditions were kept constant. Further, the composi-
tion deliberately changed due to a change in the
tellurium flux at unchanged fluxes of cadmium and
mercury and the temperature of the substrate. The
parameters of the upper graded-gap layers for films
A and B were close. For sample A, the composition
on the surface reached 0.451, while for sample B it
was 0.453. The thickness of the upper graded-gap
layer for both films was about 400 nm. The distri-
bution of the composition over the thickness of the
films was monitored during the growth process
using an automatic ellipsometer (Fig. 1).

After growth, each of the films (samples A and B)
was divided into two parts. One of the parts was not
exposed to external influences (as-grown samples),
and ion implantation was applied to the other part
(as-implanted samples). Ion implantation was car-
ried out using the IMC200 setup. The energy of As+

ions was 200 keV, and fluence was 1014 cm�2. For
both types of samples (samples A and B), the
projected As ion range for this regime was about
93 nm, and the total range was close to 350 nm.15

To study the properties of the surface layer of the
as-grown and as-implanted HgCdTe films, test MIS

Fig. 1. Composition profiles for samples A and B obtained using
ellipsometry. The inset shows the layer layout in the test MIS
structure.
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structures were created with about 90-nm-thick
Al2O3 dielectric formed using plasma-enhanced
atomic layer deposition (PE ALD).31–34 This PE
ALD Al2O3 dielectric was deposited directly onto the
surface of the HgCdTe film without using a pho-
toresist. The temperature during the deposition of
the dielectric Al2O3 layers did not exceed 120�C, to
prevent mercury from leaving the surface layer of
HgCdTe. Frontal indium electrodes were formed on
top of the PE ALD Al2O3 dielectric by thermal
evaporation at low temperatures (< 100�C). This
backward indium electrode was formed by thermal
evaporation in vacuum after etching the graded-gap
HgCdTe layer in a solution of bromine–methanol.
The location of the layers in the fabricated test MIS
structures is shown in the inset in Fig. 1.

The admittance of the test MIS structures was
measured using an automated setup. The main
elements of this setup are a non-optical Janis
cryostat, LakeShore controller and Agilent E4980A
immittance meter. Admittance measurements were
carried out over wide ranges of temperatures (from
8 K to 300 K) and frequencies (from 1 kHz to
2000 kHz). The forward direction of the voltage
sweep (FVS) was the change in the bias voltage from
negative values to positive ones. For the reverse
direction of the voltage sweep (RVS), the bias
voltage was changed from positive values to nega-
tive ones.

The procedures for processing the results of
admittance measurements, as well as the equiva-
lent circuits of MIS devices under various modes,
have been previously described in detail.35,36 The
values of the dielectric capacitance (Cins) and the
resistance of the epitaxial film bulk (Rbulk) were

determined from the results of measurements of the
admittance of MIS structures in the accumulation
mode. Knowing the values of Cins and Rbulk, the
values of the capacitance and differential resistance
of the near-surface semiconductor layer can be
found from the results of measuring the admittance
at various bias voltages.37 Then, the values of the
admittance of the MIS structure can be found with
the exclusion of the effect of the resistance of the
epitaxial film bulk using expressions from.35–37

The structures under study have a number of
specific features (the presence of near-surface
graded-gap layers in semiconductor layer36,38 and
high density of slow surface states at the interface
between the dielectric and semiconductor lay-
ers39,40). These peculiarities do not allow using the
classical MIS techniques22 unchanged. The high-
frequency behavior of CV curves for MIS structures
based on Hg1�xCdxTe (x = 0.21–0.23) is observed at
frequencies exceeding several MHz, which compli-
cates the determination of the dopant concentration
in the near-surface semiconductor layer from the
high-frequency capacitance value in the strong
inversion mode.22 Therefore, to determine the donor
concentration in the HgCdTe surface layer, we used
another method, which was specially developed for
studying MIS structures based on graded-gap
HgCdTe.27,28,38 It was shown earlier that CV curves
of MIS structures based on MBE HgCdTe with near-
surface graded-gap layers can have a low-frequency
behavior with respect to the recharge time of the
inversion layer, but, in a wide range of conditions,
they have a high-frequency behavior with respect to
the recharge time of surface states.27,28 In this case,
it is possible to determine the donor concentration

Fig. 2. CV characteristics for as-grown (a, c) and as-implanted (b, d) samples A (a, b) and B (c, d), measured at different frequencies at 50 K for
FVS and RVS.
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in the surface HgCdTe layer by the capacitance
value in the minimum of the CV curve, since the
surface states do not have time to recharge and do
not contribute to the minimum capacitance value.
The value of the donor concentration in the surface
HgCdTe layer was determined by comparing the
experimental curve and the ideal curve calculated
by numerically solving the Poisson equation taking
into account changes in the composition in the
graded-gap layer.28,38

From this value of the donor concentration in the
near-surface layer of the HgCdTe film, one can
calculate the value of the flat band capacitance and
determine the values of the flat band voltage for
FVS and RVS.22,41 The density of slow surface
states was estimated from the magnitude of the flat
band voltage shift for FVS and RVS.22,34 The value
of the differential resistance of the space charge
region (SCR) in the strong inversion mode (RSCR) is
inversely proportional to the generation rate of
minority charge carriers in the near-surface semi-
conductor layer, and can be found from admittance
measurements using simple formulae.35,36 When
plotting the dependences of the donor concentration
on the coordinate in the near-surface semiconductor
layer from the slope of the CV curve in the depletion
mode,42 we used a technique for measuring electri-
cal characteristics with a complex voltage sweep
shape,43 which makes it possible to exclude the
effect of recharge of slow surface states on the
measurement results. The effectiveness of this
technique has been previously shown in studies of
the properties of MIS structures based on HgCdTe
with graded-gap layers.24,29 It can be noted that the
implementation of the depletion approximation is
only necessary when determining the dependence of
the donor concentration on the coordinate by the
slope of the CV characteristic.42 In cases of deter-
mining other parameters of the MIS structures, this
approximation is not required.

RESULTS AND DISCUSSION

Figure 2 shows the CV characteristics of test MIS
structures based on films A and B (as-grown and as-
implanted), measured at various frequencies at the
temperature of 50 K for FVS and RVS. It can be
seen from Fig. 2a and c that the CV curves for the
as-grown samples show an almost low-frequency
behavior at the frequency of 1 kHz. The low-fre-
quency behavior of the CV curves of MIS structures
based on an n-type semiconductor is observed if the
hole concentration in the inversion layer manages to
follow changes in the ac test voltage.22,41 Then, the
capacitance of the MIS structure in the strong
inversion mode is close to the capacitance of the
dielectric layer (and the capacitance of the MIS
structure in the accumulation mode), since the
capacitance of the inversion layer is large. In cases
of high-frequency CV behavior, the concentration in
the inversion layer characteristic does not have time

to noticeably change with a change in the test
voltage. In this case, the capacitance of the MIS
structure in the strong inversion mode takes a
minimum value, which depends on the donor con-
centration and dielectric parameters.22,41

The CV characteristics of the as-grown samples
have hysteresis associated with the recharging of
slow surface states located near the interface
between the semiconductor and the dielectric lay-
ers.39,40 Such hysteresis is characteristic of MIS
structures based on MBE HgCdTe with near-sur-
face graded-gap layers when using PE ALD Al2O3 as
a dielectric.39,40 From Fig. 2b and d, it can be seen
that the CV characteristics of MIS structures based
on MBE HgCdTe films after implantation show a
higher-frequency behavior. For these structures,
the curves at 1 kHz exhibit near-high-frequency
behavior. The high-frequency behavior of the CV
characteristics is realized if the generation rate of
minority charge carriers in the space charge region
is insufficient for the carrier concentration in the
inversion layer to follow changes in the ac test
voltage.22,41 For clarity, capacitance dependences at
the frequencies of 20 kHz and 50 kHz are not shown
in Fig. 2b and d, since CV characteristics at the
frequencies of 1 kHz and 200 kHz are quite close.
For the as-implanted samples, the hysteresis of the
CV curves slightly decreases. For the as-grown
samples A and B, the dopant concentration in the
surface layer turned out to be 4.6 9 1015 cm�3 and
3.9 9 1015 cm�3, respectively, which is in good
agreement with the technologically specified values
of indium concentration. For the as-implanted sam-
ples A and B, the donor concentration in the surface
layer increased significantly and amounted to
9.7 9 1016 cm�3 and 1.04 9 1017 cm�3, respectively.
This increase is associated with the formation of
donor-type defects during implantation. In Refs. 44,
45, it was shown that, after implantation, two types
of spatially separated donor-type radiation struc-
tural defects in the radiation-damaged region
appear. It is most likely that the nature of the two
types of donor radiation defects is associated with
radiation structurally extended and quasi-point
defects that have captured interstitial mercury. It
should be recalled that post-implantation annealing
to activate the acceptor As impurity was not per-
formed for the studied as-implanted samples.

Figure 3a and b shows the temperature depen-
dences of the MIS capacitance for samples A and B,
respectively, measured in the accumulation and
strong inversion modes at the frequency of 100 kHz.
It can be seen that the capacitance in the accumu-
lation mode is relatively weakly dependent on
temperature. The capacitance in the strong inver-
sion mode increases with temperature, which is
associated with the transition of CV curves from
high-frequency to low-frequency behavior with an
increase in the generation rate of minority charge
carriers (holes). For the as-grown samples, the
transition to low-frequency behavior occurs at much
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lower temperatures than for the as-implanted sam-
ples. Figure 3c and d shows the frequency depen-
dences of the capacitance in the strong inversion
mode measured at different temperatures for as-
grown and as-implanted samples A. It can be seen
that, for the as-grown samples, the transition to the
high-frequency behavior occurs at higher frequen-
cies, which indicates a higher generation rate of
minority charge carriers (holes) in this sample.

Figure 4a shows the temperature dependences of
the RSCR in the strong inversion mode, measured for
as-grown and as-implanted samples at the fre-
quency of 5 kHz. It can be seen that the RSCR

values are much higher for the as-implanted sam-
ples, which indicates a lower generation rate of
minority charge carriers. The decrease in the gen-
eration rate is possible due to a lower defect

concentration in the surface HgCdTe layer after
ion implantation. The change in the defective
system of the surface HgCdTe layer after implan-
tation is confirmed by the change in the form of the
RSCR frequency dependences measured at the tem-
perature of 77 K (Fig. 4b).

It can be noted that the use of MIS measurements
made it possible to clearly demonstrate the appear-
ance of a thin surface layer with a low defect density
after implantation. The existence of this layer was
first established in Ref. 11 and later confirmed using
bright-field transmission electron microscopy15,16,25

and high-resolution transmission electron micro-
scopy.25 The formation of such a layer may be
associated with a recombination of radiation defects
that occurs during implantation itself. It was pre-
viously noted that the appearance of this layer is

Fig. 3. Temperature dependences of the capacitance for as-grown and as-implanted samples A (a) and B (b) at 100 kHz and various voltages,
and frequency dependences of the capacitance in the strong inversion mode for as-grown (c) and as-implanted (d) samples A measured at
different temperatures.

Fig. 4. Temperature dependences of the differential resistance of the space-charge region for samples A and B measured in the strong inversion
mode (� 5 V) at 5 kHz (a). Frequency RSCR dependences for samples A and B at 77 K (b)
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characteristic of materials with a strong ionic
nature of chemical bonds.13

Figure 5a shows the temperature dependences of
the series resistance of the Rbulk for the as-grown
and as-implanted samples A and B. It can be seen
that the Rbulk values are much lower for the as-
implanted samples, which indicates an increase in
the conductivity of the MBE HgCdTe film bulk. This
effect may occur due to changes in both the concen-
tration and mobility of charge carriers. Significant
hysteresis does not allow calculating the depen-
dence of the donor concentration directly from the
CV characteristics of MIS structures based on MBE
HgCdTe with graded-gap layers according to the
procedure described in Ref. 44. Therefore, to calcu-
late the concentration profiles, we used the mea-
surements of the first derivative of the capacitance
using the ‘‘narrow swing’’ method, which was first
proposed for the study of InSb-based MIS struc-
tures,43 and later was successfully used for the
investigation of MIS structures based on MBE
HgCdTe.24,29 Figure 5b shows the distribution of
donor concentration over thickness plotted for the
as-grown and as-implanted samples A and B. It is
seen that an almost uniform distribution of the
concentration of indium impurity is observed for the
as-grown samples. The values of concentration are
in good agreement with the technologically specified
values, as well as with the values found from the
minimum of CV characteristics. After implantation,
the donor concentration increases with the distance
from the interface with the dielectric. At a depth of
about 90 nm, it is about 1017 cm�3, which is in good
agreement with the values found from the minimum
of the CV curves. The technique for determining the
donor profile from the slope of the CV curve42 is
effective only when the depletion approximation is
fulfilled. That means that the screening of the
external electric field in the near-surface layer is
achieved due to the charge of immobile ionized
impurities, and is not due to the charge of the layers
of mobile charge carriers, which play an important
role in the accumulation and inversion modes.

Expressions for the boundaries of the coordinate
range, where the error in determining the donor
concentration does not exceed 5%, for the MIS
structure based on a semiconductor with uniform
distribution of the composition and donor concen-
tration are given in Ref. 46. It was previously shown
that, in the presence of a graded-gap layer, it is
possible to determine the dopant concentration in a
wider range of coordinates.29 The lower and upper
boundaries of the range have been calculated for the
studied MIS structures based on HgCdTe with near-
surface graded-gap layers. In Fig. 5b, solid vertical
lines show the upper boundaries of the valid ranges
for determining the donor center concentration, and
the dashed lines show the lower boundaries of the
valid ranges. The decrease in the upper limit of the
coordinate range for the as-implanted samples can
be qualitatively explained by the fact that the
maximum width of the SCR, which is realized in
the strong inversion mode, decreases with an
increase in the donor concentration.22,41 Despite
the limited range of coordinates within which the
donor concentration can be found, the upper limit of
the range for the as-implanted samples is close to
the value of the projected ion range (93 nm). It can
be noted that, at low fluence values, the maximum
donor center concentration after implantation is
observed at the depth of the projected range. From
Fig. 5b, it follows that the thickness of the surface
layer with low defect density in the as-implanted
samples is at least 90 nm, which slightly exceeds
the values of 40–50 nm15,16,25 and 70 nm47 found
using transmission electron microscopy.

Table I shows the values of the main parameters
of the MIS structures, determined from the mea-
surements of admittance at the temperature of
77 K. The density of slow surface states (Nss) was
determined by the shift of CV curves for RVS and
FVS at flat band voltages. The flat band capacitance
values were found using the formulae from Ref. 17
using the donor concentration (Nd) values found
from the minimum of CV curves. Resistance values
(RSCR and Rbulk) were found from the admittance

Fig. 5. Temperature dependences of the series resistance of the epitaxial film bulk for the as-grown and as-implanted samples A and B
measured at 1 MHz (a). Coordinate dependences of the donor concentration for as-grown and as-implanted samples A and B constructed using
the ‘‘narrow swing’’ technique (b).
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measurements at the frequencies of 5 kHz and
1000 kHz, respectively.

From Table I, it follows that the as-implanted
samples A and B have lower values of the density of
slow states (by 25–50%), large values of the donor
concentration in the surface layer (about 1017 cm-3),
higher values of the differential resistance of the
SCR (50–100 times higher), and lower values of the
series bulk resistance Rbulk (30–60% lower) in
comparison with the as-grown samples. It can be
noted that the MIS measurements are most infor-
mative when studying the properties of a thin near-
surface MBE HgCdTe layer, in which a significant
decrease in the generation rate of minority charge
carriers and an increase in the donor concentration
after implantation were observed. For a more
detailed study of changes in the properties of the
epitaxial film bulk, other methods (e.g., the Hall
method) are better suited.

CONCLUSIONS

In a wide range of conditions, the effect of As+ ion
implantation on the admittance of test MIS struc-
tures, based on MBE n-HgCdTe with the composi-
tion in the operating layer of 0.22 and near-surface
graded-gap layers with increased CdTe content, was
studied. Using original techniques, the values of a
number of important parameters of MIS structures
formed on the basis of as-grown and as-implanted
samples were found. It was revealed that, for as-
implanted samples, the slow state density decreases
slightly, which may be associated with the defect
system rearrangement in the MBE HgCdTe near-
surface layer. After implantation, the donor concen-
tration in the surface layer increased significantly
(up to about 1017 cm�3), which is associated with the
donor effect of radiation defects based on interstitial
mercury atoms introduced during implantation. It
was established that the differential resistance of
the space-charge region in the strong inversion
mode increases significantly (about 50–100 times)
after implantation, which is associated with a
decrease in the generation rate of minority charge
carriers in the near-surface MBE HgCdTe layer.
This decrease confirms the previously obtained data
on the post-implantation appearance of a thin
surface layer with low defect density due to the
recombination of a part of the radiation defects
during the implantation itself. Donor concentration

profiles constructed using the technique with a
complex form of voltage sweep (‘‘narrow swing’’
technique) showed that the post-implantation con-
centration of donor centers increases with the
distance from the interface up to a depth of 90 nm.
A slight increase in the conductivity of the MBE
HgCdTe film bulk after implantation was noted,
but, for detailed studies of changes in the bulk
properties of the material, it is preferable to use the
Hall method. Good informational content of MIS
measurements was shown in studies of the effect of
ion implantation on the properties of the near-
surface layer of MBE HgCdTe.
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