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A B S T R A C T

Metal–insulator–semiconductor (MIS) structures based on HgCdTe were fabricated after various stages of pn
junction formation using As+ implantation and activation annealing. The energy of As+ ions was 200 keV with
the fluence of 1014 cm−2. Heteroepitaxial HgCdTe films with near-surface graded-gap layers were grown by
molecular beam epitaxy (MBE) on silicon substrates. It was shown that the electron concentration in the near-
surface semiconductor layer increases after implantation to values of about 1017 cm−3, and after implantation
and annealing in the near-surface semiconductor layer, a p+ layer appears with a hole concentration of more
than 1.5 × 1018 cm−3. The generation rate of minority charge carriers in the space charge region after im-
plantation is low, which indicates a low defectiveness of the thin near-surface MBE HgCdTe layer. After im-
plantation and annealing, the generation rate increases significantly, which may be due to high defectiveness
near the interface between Al2O3 and MBE HgCdTe. Dopant profiles were constructed in the near-surface
HgCdTe layers after various technological procedures. It was shown that after implantation in films, the dopant
concentration increases with distance from the interface to the depth of 0.1 μm.

1. Introduction

The semiconductor solid solution Hg1−xCdxTe (HgCdTe) remains
the main material for the creation of highly sensitive infrared detectors
[1,2] due to its favorable fundamental properties. The band gap of
HgCdTe depends on the component composition x, which allows one to
create intrinsic infrared detectors for various spectral ranges [3]. Cur-
rently, hybrid focal plane arrays of HgCdTe-based photodiodes are
popular for mid- and long-wavelength infrared ranges (3–5 and
8–12 μm, respectively) [4–6]. Due to the low values of dark currents,
much attention is paid to p+–n photodiodes [6–10], in which the
electron-hole transition is usually formed using arsenic ion implanta-
tion.

Despite numerous studies, there is still no complete understanding
of all the features of the formation of pn junctions in graded-gap
HgCdTe grown by molecular beam epitaxy (MBE). Therefore, the use of
new experimental approaches for studying processes during ion im-
plantation in MBE HgCdTe may be of some interest.

There are known studies on the properties of the implanted material
using optical measurements, Rutherford backscattering, electron mi-
croscopy [11–14], as well as Hall measurements [11,15]. Hall mea-
surements generally provide information on the integral properties of
semiconductor films, so such measurements can be supplemented by
the results of studies of the electrical characteristics of metal–insula-
tor–semiconductor (MIS) structures. MIS structures can be made based
on HgCdTe MBE films after various technological procedures. The re-
sults of measurements of the electrical characteristics of MIS structures
are informative when studying the properties of the near-surface layer
of HgCdTe, the thickness of which is determined by the thickness of the
space charge region (SCR) and usually does not exceed 1 μm.

The aim of the article is to study the properties of the near-surface
layer of MBE HgCdTe after various stages of pn junction formation by
implantation and subsequent thermal annealing using the admittance
measurements of test MIS structures.
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2. Experimental procedures

HgCdTe films were grown by MBE on silicon substrates at the
Institute of Semiconductor Physics of the Siberian Branch of the RAS,
Novosibirsk. Two different MBE HgCdTe films (Nos. 1 and 2) were
chosen for the investigations. The composition in the working layer was
the same for both films (x = 0.22). On both sides of the working layer,
graded-gap layers with a high CdTe content were formed, the para-
meters of which were close for both films (Fig. 1(a)). During the growth
of the film, they were doped with a donor impurity of indium.

Various technological procedures were carried out with the films,
which are necessary to create a pn junction. Ion implantation was
carried out on an IMC200 setup with As+ ions with the energies of
200 keV and the fluence of 1014 cm−2. After implantation, activation
annealing was carried out, which consisted of two stages. The first stage
of annealing was carried out in saturated mercury vapor for 2 h at the
temperature of 360 °C and was necessary for activation of the in-
troduced arsenic impurity and annihilation of radiation defects. The
second stage of annealing was carried out for 24 h at the temperature of
220 °C. This stage made it possible to restore the properties of the base
region and anneal the mercury vacancies arising in the first stage. The
same annealing of the as-grown films was performed to study the effect
of this annealing on the properties of MBE n-HgCdTe.

For the fabrication of MIS structures, the as-grown films (after
growing), films after annealing, after ion implantation, and after ion
implantation and annealing were chosen. Then MIS structures were
formed on the basis of these films by plasma-enhanced atomic layer
deposition (PE ALD) of an Al2O3 dielectric layer [16–18] with the
thickness of about 80 nm and the subsequent formation of indium field
electrodes. Fig. 1(b) schematically shows the location of the layers in
the fabricated MIS structures.

Admittance dependences were studied using a setup for admittance
spectroscopy of nanoheterostructures. This setup includes Agilent
E4980A immittance meter, Lake Shore temperature controller and Janis
non-optical cryostat. For the reverse direction of the voltage sweep
(RVS), the bias voltage was changed from positive values to negative
ones, and for the forward direction of the voltage sweep (FVS), from
negative to positive ones. The measurements were carried out in the
temperature range of 10–300 K at the frequencies of the test signal from
1 to 2000 kHz.

3. Results and discussion

Fig. 2(a) shows the capacitance–voltage (C–V) characteristics of MIS
structures No. 1 based on as-grown HgCdTe. It can be seen that at the
frequency of 10 kHz, the low-frequency behavior of C–V curves is ob-
served, and at the frequency of 1 MHz, the behavior of the dependences

is close to high-frequency. Capacitive dependences exhibit a noticeable
hysteresis due to the presence of slow states in the transition layer
between the dielectric and the semiconductor. A characteristic feature
of hysteresis is the difference in the slopes of the C–V curves in the
depletion mode for FVS and RVS [19]. This difference is due to the
recharging of slow states in the voltage range corresponding to the
section of capacitance change. Fig. 2(b) shows that the C–V char-
acteristics of the MIS structures based on as-grown MBE HgCdTe sig-
nificantly decreased after annealing. The behavior of capacitive de-
pendences has become more low-frequency, which is clearly visible for
the curves measured at the frequency of 200 kHz. Fig. 2(c) shows the
C–V curves of the MIS structure based on HgCdTe after implantation.
Capacitive dependences show a large hysteresis and high-frequency
behavior at all frequencies used (even at the relatively low frequency of
10 kHz). The difference in capacitance of different MIS structures in the
accumulation mode is due to the difference in the areas of indium field
electrodes. Fig. 2(d) shows that for the C–V curves of the MIS structure
based on HgCdTe after implantation and activation annealing, a small
hysteresis is characteristic. Capacitive dependences show low-fre-
quency behavior over the entire range of frequencies used (even at the
frequency of 1 MHz). The type of C–V characteristics is typical for MIS
structures based on a p-type semiconductor. Thus, after implantation
and activation annealing, the conductivity type of the near-surface MBE
HgCdTe layer changed. All the noted features of the C–V characteristics
were also observed for structures No. 2.

Fig. 3 shows the changes in some parameters of MIS structures after
various technological procedures. The concentration of the majority
charge carriers in the near-surface layer of the graded-gap MBE HgCdTe
was determined by the minimum capacitance value on the C–V curves.
This technique was specially developed for studying the properties of
MIS structures based on MBE HgCdTe with a near-surface graded-gap
layer [20]. Fig. 3(a) shows that the electron concentrations for the as-
grown film and the film after annealing are quite close and amount to
(5–7) × 1015 cm−3 for Nos. 1 and 2. After implantation, the con-
ductivity type of the near-surface layer of the semiconductor has not
changed, but the electron concentration increased to about 1017 cm−3

for both types of films. After implantation and activation annealing, the
conductivity type of the MBE HgCdTe near-surface layer changed. The
concentration of holes in the near-surface layer of films Nos. 1 and 2
almost reaches 2 × 1018 cm−3.

Fig. 3(b) shows the values of the differential resistance of the SCR in
the strong inversion mode (RSCR) and the series resistance of the film
bulk (Rbulk) after various technological procedures. It can be seen that
the RSCR value for the films after implantation assumes large values, and
the corresponding values for the films after implantation and activation
annealing are extremely small. It can be noted that the RSCR value de-
termines the behavior of the C–V characteristics and depends on the

Fig. 1. Distributions of the composition over the thickness for Nos. 1 and 2 films obtained using ellipsometry (a) and the schematic representation of the investigated
MIS structures (b).
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generation rate of minority charge carriers in the near-surface semi-
conductor region. This generation rate is determined by the presence of
defects through which generation and recombination in the SCR can
pass. Therefore, it can be assumed that the defect concentration in the
near-surface MBE HgCdTe layer is low after implantation, but increases
significantly after implantation and activation annealing. An increase in
the generation rate of minority charge carriers after implantation and
annealing can be associated with an increase in the role of defects lo-
cated near the interface. With an increase in the dopant concentration,
the SCR width decreases and the role of generation near the interface
increases. The values of the series resistance of the film bulk are not the
same after various technological procedures (Fig. 3(b)), but changes in
this parameter are less pronounced. It should be noted that the series
resistance of the bulk may vary slightly due to the peculiarities of the
relative position of the front and backward electrodes for different MIS
structures.

Significant hysteresis is typical for MIS structures based on MBE
HgCdTe with near-surface graded-gap layers using an Al2O3 dielectric
[19]. This hysteresis distorts the C–V curves in the depletion mode,

which makes it difficult to determine, for example, the distribution of
the concentration of the dopant in the surface layer of the semi-
conductor by the slope of the C−2(V) dependence in depletion [21]. To
exclude the effect of slow-state recharging on the C–V characteristics of
MIS structures based on MBE HgCdTe, we used a «narrow swing»
technique for studying electrical characteristics with a complex form of
voltage sweep [19]. This technique was previously proposed for the
study of MIS structures based on InSb [22,23]. Fig. 4 shows the dis-
tribution of dopant concentration over the thickness of the near-surface
layer of MBE HgCdTe films after various technological procedures. The
apparent increase in the concentration of the dopant at small and large
distances from the interface is due to a violation of the depletion ap-
proximation [24–26]. Dopant profiles are in good agreement with the
dopant concentration values found from the minimum capacitance
values on C–V characteristics. Comparison of Fig. 3(a) and Fig. 4 shows
that the minimum value of capacitance determines the dopant con-
centration at the interface between the SCR and the quasi-neutral
semiconductor bulk. Fig. 4 shows that after implantation in the films,
the dopant concentration increases with the distance from the interface

Fig. 2. C–V curves of MIS structures based on MBE HgCdTe films after growing (a), after activation annealing (b), after ion implantation (c), and after implantation
and activation annealing (d).

Fig. 3. The values of the MIS structure parameters after various technological procedures: the dopant concentration (a) and the SCR resistance and the series
resistance of the MBE HgCdTe film bulk (b).
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between the insulator and the semiconductor to the depth of about
0.1 μm.

4. Conclusions

Thus, the electrical characteristics of MIS structures based on
graded-gap MBE HgCdTe films were studied after various technological
procedures used to form the pn junction using ion implantation and
activation annealing. It was shown that the properties of as-grown n-
HgCdTe films and films after growing and activation annealing do not
differ very much. After ion implantation, the high electron concentra-
tion (about 1017 cm−3) is observed in the near-surface layer of films,
and high values of differential resistance are measured, which indicates
a low defectiveness of the layer up to the depth of 0.1 μm. After im-
plantation in MBE HgCdTe films and annealing, the conductivity type of
the near-surface semiconductor layer changes, in which the high con-
centration of holes is observed (almost up to 2 × 1018 cm−3). For films
after implantation and annealing, very small values of the differential
SCR resistance are observed, which may be due to the large contribu-
tion of the generation of minority charge carriers in the transition layer
between the insulator and semiconductor. It was found that after acti-
vation annealing, the hysteresis of the C–V characteristics decreases,
which indicates a decrease in the density of slow states in the transition
layer between the MBE HgCdTe and the Al2O3. A method for de-
termining dopant profiles in the near-surface layer of MBE HgCdTe is
proposed, and profiles are constructed after various technological
procedures. It was shown that after implantation in films, the dopant
concentration increases with distance from the interface to the depth of
0.1 μm. The admittance measurements of MIS structures formed on the
basis of MBE HgCdTe films after various technological procedures are
shown to be informative.
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