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Analysis  is  performed  of  the contemporary  views  on  the  effect  of ion  etching  (ion-beam  milling  and  reac-
tive  ion  etching)  on physical  properties  of  HgCdTe  and  on the  mechanisms  of  the processes  responsible  for
modification  of  these  properties  under  the  etching.  Possibilities  are  discussed  that  ion etching  opens  for
defect  studies  in  HgCdTe,  including  detecting  electrically  neutral  tellurium  nanocomplexes,  determining
background  donor  concentration  in  the material  of various  origins,  and  understanding  the  mechanism
of arsenic  incorporation  in  molecular-beam  epitaxy-grown  films.
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. Introduction

Hg1−xCdxTe (MCT) solid solutions, since they were synthesized
or the first time at Royal Radar Establishment (UK) and Lviv State
edagogical Institute (USSR) in the middle of the last century [1,2],
ave remained the basic material for the fabrication of highly
ffective photodetectors operating in the infrared (IR) part of the
pectrum (2.5–20 �m)  [3]. This status of MCT  is pre-defined by the
lectronic structure of this material and is expected to remain such
or at least two decades more.
In MCT  technology, methods of ‘dry etching’, including ion-beam
illing or reactive ion etching, are used quite widely. These pro-

essing techniques are based on the irradiation of the surface of the

� This article is an expanded version of the scientific reports presented at the
nternational Conference on Semiconductor Nanostructures for Optoelectronics and
iosensors 2016 ICSeNOB2016, May  22–25, 2016, Rzeszow, Poland.
∗ Corresponding author at: Ioffe Institute, St.-Petersburg 194021, Russia.

E-mail addresses: i.izhnin@carat.electron.ua (I.I. Izhnin), mynkad@mail.ioffe.ru
K.D. Mynbaev).

ttp://dx.doi.org/10.1016/j.opelre.2017.03.007
896-3757/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier
material with low-energy (0.2–2 keV) ions of noble gases (mostly
Ar) or mixture of Ar with chemically active gases (H2, CH4). Initially,
such etching was used for dry cleaning and sputtering of the mate-
rial with the aim of formation of specific surface topology and/or
contact areas of sensitive elements of photodetectors [4–6]. Later,
ion etching was  used to form the topology of MCT-based matrix-
type mesa-diodes, including multi-color ones [7–9]. The results of
the use of various types of dry etching in application to MCT  etching
in a sense of sputtering (material removal) were reviewed in Ref.
[10], yet the effect of such treatment on physical properties of MCT
in that paper was not considered.

In 1981, in a patent by Wotherspoon [11] it was declared, for
the first time, that ion etching of vacancy-doped p-MCT (where
conductivity type was defined by intrinsic acceptors, mercury
vacancies VHg) led to p-to-n conductivity type conversion (CTC).
This effect was proposed as a tool for fabrication of p-n junctions of

photodiodes. Wide-scale studies of the effect of ion etching on the
properties of MCT  began after 1990, and at that time, this method
also was introduced into industrial production of photodiodes.
As the properties of MCT  change in a similar way under both ion

 B.V. All rights reserved.

dx.doi.org/10.1016/j.opelre.2017.03.007
http://www.sciencedirect.com/science/journal/12303402
http://www.journals.elsevier.com/opto-electronics review
mailto:i.izhnin@carat.electron.ua
mailto:mynkad@mail.ioffe.ru
dx.doi.org/10.1016/j.opelre.2017.03.007


I.I. Izhnin et al. / Opto-Electronics Review 25 (2017) 148–170 149

List of abbreviations and symbols used throughout the text

Abbreviations
AO anodic oxide
CTC conductivity type conversion
DC direct current
EBIC electron beam induced current
IE ion etching
ISOVPE isothermal vapor-phase epitaxy
LBIC laser-beam induced current
LPE liquid phase epitaxy
MBE  molecular beam epitaxy
MCT  mercury cadmium telluride, Hg1−xCdxTe
MOCVD metal-organic chemical vapor deposition
MSA  mobility spectrum analysis
RF radio frequency
SIMS secondary-ion mass-spectroscopy
VPE vapor-phase epitaxy
WBPL wide-bandgap protective layer

Symbols
a HgCdTe lattice parameter
B magnetic field
CV0 initial concentration of mercury vacancies in the

damaged area
CW0 initial concentration of mercury bivacancies in the

damaged area
dj conductivity type conversion depth
dr conductivity type conversion depth reduced to mer-

cury vacancy concentration
D ion dose
DI mercury interstitial diffusion coefficient
DV mercury vacancy diffusion coefficient
EC energy of the conduction band
EF Fermi energy
Eg energy gap
EM energy of mercury interstitial migration
EV energy of the valence band
E ion energy
e elementary charge
J (JHg) mercury flux
j ion current density
HgI interstitial mercury
[HgI]S concentration of HgI in the diffusion source under

ion etching
kB the Boltzmann constant
KF equilibrium constant for the reaction between mer-

cury vacancy and interstitial
kF reaction rate constant between mercury vacancy

and interstitial
kw reaction rate constant between mercury bivacancy

and interstitial
KrM equilibrium constant for the reaction between inter-

stitial mercury and I-group acceptor
KX equilibrium constant for the reaction between inter-

stitial mercury and arsenic atom
Ld defect layer thickness, radius of defect zone
Ly protective layer thickness
l0 a factor
N0 node density in crystal (sub)lattice

ND donor concentration
NA − ND (ND − NA) concentration of uncompensated accep-

tors (donors)
NIn indium concentration
Ntr density of capture centers for mercury interstitials
n electron concentration
n77i electron concentration measured straight after ion

etching
n77f electron concentration measured after relaxation
n77(0) electron concentration measured before ion etching
ni intrinsic carrier concentration
p77 hole concentration measured at 77 K
R(r, t) rate of mercury interstitial capture on radiation-

induced defects
RH the Hall coefficient
Rp projected ion path
rF mercury interstitial caption radius on a mercury

vacancy
rw mercury interstitial caption radius on a mercury

bivacancy
r0 screening length (radius)
S effective cross-section of the defect formation zone
SI a function describing HgI source
T temperature
Tcr temperature of the cracker cell in MBE  of MCT
Tsrc temperature of the arsenic source in MBE of As-

doped material
Ts sample temperature during ion etching
Tsb substrate temperature during MCT growth
t time
VHg mercury vacancy
W×

Hg neutral mercury bivacancy
x alloy composition (CdTe molar fraction in

Hg1−xCdxTe)
xa alloy composition in the active layer of heteroepi-

taxial HgCdTe structure
xj dj conversion depth
xy, y composition at the surface of graded-gap wide-

bandgap protective layer
z co-ordinate axis normal to crystal surface
ı0 mercury deficiency
ε dielectric constant
�HcX enthalpy of the formation of the complex of inter-

stitial mercury with arsenic
�L0 thickness of the defect layer that acts as a mercury

source
�n77, �p77 carrier mobility measured at 77 K
� conductivity
ϕ electric potential

 ̊ ion fluence
NA acceptor concentration
N arsenic concentration
As
NBD background donor concentration
� non-equilibrium carrier lifetime

milling and reactive ion etching, we shall further refer to both
kinds of treatment as to ‘ion etching’ (IE). Also, as the main patterns
of the changes in the properties of MCT  under IE are valid for the
material with p- and n-type, we  shall often speak of ‘modification’
of these properties.

Some aspects of the effect of IE on the properties of MCT  were
reviewed by Ivanov-Omskii and Mynbaev in 2002 [12]. At that

point, it looked like that the development of the technology was far
ahead of understanding of physical processes that occurred under
IE. In the last 15 years this understanding has demonstrated a sub-
stantial progress. In particular, the effect of IE on the properties of
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CT  films with wide-bandgap protective surface layers grown with
olecular beam epitaxy (MBE) and metal-organic chemical vapour

eposition (MOCVD) on various substrates, including those made of
aAs and Si, was studied in detail. The properties of ion-etched MCT
oped with I- and V-group acceptors were studied. Also, detailed
tudies of the relaxation of electrical parameters of ion-etched MCT
ere performed. A considerable progress was achieved in relation

o understanding the structure of a radiation-damaged layer, which
nevitably forms at the surface of the material treated with ener-
etic ions, as well as in relation to the effect of this layer on the
roperties of the converted/modified ‘bulk’ layer. All this knowl-
dge allowed for building a complete and a self-aligned pattern,
hich described modification of the properties of MCT  during and

fter IE. Quantitative models were developed that described the
rocesses responsible for CTC. These included: the mechanism of
he formation of the source of interstitial mercury responsible for
TC, the nature of compositional dependence of CTC depth, mecha-
isms of CTC in vacancy-doped and I- and V-group acceptor-doped
-type material, mechanisms of relaxation of electrical parameters
f MCT  after IE, etc. Some of these issues were partly addressed by
haw and Capper in Refs. [13,14].

Analysis of the properties of MCT  subjected to IE allowed the
uthors of this review to conclude that IE can be used as an effec-
ive method for studying defects in MCT. This fact was first pointed
ut to in Ref. [15]. Later, IE was used for the study of defects in
CT  samples of various origin, e.g.,  for the investigation of neutral

efects in MCT  grown with MBE  and liquid-phase epitaxy (LPE),
or the study of background donor doping in MCT, for the study of
he mechanisms of arsenic incorporation during MBE, etc. Thus, the
ask of this review is to analyze the current views on the effect of
E on the properties of MCT  and on the mechanisms of the physical
rocesses responsible for the modification of MCT  under IE, as well
s to discuss possibilities, which IE opens for defect studies.

. Properties of ion-etched MCT  and patterns of its
odification

As mentioned above, the effect of CTC in vacancy-doped MCT
nder IE was discovered by Wotherspoon [11]. Further studies
evealed that deep CTC under IE was typical only of MCT  and some
ther Hg-containing narrow-gap semiconductors (Hg1−xMnxTe,
gxZn1−xTe) [12,16,17], and could not be observed in InSb (with

lectronic structure similar to that in MCT) or PbSnTe (with energy
ap values close to those in MCT) [18,19]. Also, p-to-n CTC (or modi-
cation of parameters) was observed in MCT  grown with all known
ynthesis methods: bulk crystals grown from melts [11,20–28] and

ig. 1. Dependences of the conversion depth dr (reduced to typical value
A − ND = 1016 cm−3) on IE time: curve 1, [25]; 2, [24]; 3, [11]; 4, [32]; 5, 6, [35,36].
Review 25 (2017) 148–170

with solid-state re-crystallization [29], epitaxial films grown with
LPE [30–33], vapour-phase epitaxy (VPE) [16], MOCVD [34] and
MBE  [35–37]. Thus, it became clear that the effect of CTC under
IE is not related to a particular growth technology, but rather was
an inherent property of MCT  and related materials.

To explain CTC in vacancy-doped MCT, from the very beginning
it was  suggested that conversion was  caused by fast migration of
atoms of interstitial mercury HgI, generated on (or close to) the
surface (these intrinsic defects are the most mobile in MCT). This
thesis has been accepted by all the community [12]. However, the
early CTC model, which implied over-compensation of intrinsic
acceptors VHg by HgI [11], was  later rejected, and presently, it is
of common belief that in vacancy-doped MCT  the CTC is due to
mutual annihilation of VHg and HgI with resulting n-type conduc-
tivity being defined by residual donors. Below we  shall consider
basic properties and regularities of CTC in MCT  under IE.

2.1. Propagation of a conductivity type conversion front under
ion etching

For understanding the processes responsible for CTC in MCT
under IE it was  important to study the propagation of the conver-
sion front, i.e.,  the dependence of conversion depth dj on IE time t (or
ion fluence  ̊ = j · t/e, where j is ion current density and e is the ele-
mentary charge), sample temperature Ts and material parameters
(concentration of uncompensated acceptors NA − ND, composition
x). Under typical IE conditions (ion energy E < 2 keV, j < 1 mA/cm2

and t ∼ 10–30 min), dj could achieve tens and even hundreds of
micrometers (see, e.g.,  [11,24–26,31]). These depths exceeded the
projected ion path Rp (of the order of 2–3 nm)  by 4 to 5 orders
of magnitude (for comparison, under ion implantation, where ion
energy is of the order of hundreds of keV, dj/Rp ∼ 10). Also, they
greatly exceeded CTC depths achievable under thermal annealing
in mercury vapours (and typical IE is performed at 300 K), which
was indicative of extremely high rate of CTC front propagation and
required an explanation.

The dj(t) data available in the literature are summarized in Fig. 1.
To describe the CTC front propagation, two  different models were
developed. The first one (historically) was  a kinetic model, which
assumed that dj(t) ∼ t/(NA − ND) (i.e., it gave linear relation dj(t)),
and was based on the belief that the CTC front velocity was  defined
by the rate of generation of HgI at/close to the MCT  surface as a
result of material sputtering (curve 3). This concept was  developed
by the authors of Refs. [11,21], and later, Refs. [38,39]. In partic-
ular, in Refs. [11,21] dj ∼ t0.85, and thus, dj(t) was  close to linear
dependence. This relation was  obtained for p-MCT bulk crystals
(x ∼ 0.2, NA − ND = 1016 cm−3) ion-etched with j = 0.6 mA/cm2 and
E = 500 eV. CTC depth in these experiments reached ∼200 �m for
t = 60 min.

The second model is a diffusion one and it assumes
dj(t)∼

√
t/(NA − ND). The CTC front rate in this case is lim-

ited by HgI concentration in a sub-surface source, which forms
under IE (curves 1, 2 and 4). This concept was introduced
in Refs. [24,25,32] and later was developed in Refs. [40,41].
For example, detailed studies of dj(t) in MCT etched with
neutralized Ar ions (j = 0.06–0.30 mA/cm2, E = 1200–1800 eV, no
sample cooling) were performed on LPE-grown p-MCT films
(NA − ND = 5 × 1015–4 × 1017 cm−3, x ≈ 0.2) (Fig. 1, curve 4) [31,32],
and the results confirmed dj(t)∼

√
t/(NA − ND) relation. The depen-

dence dj(t)∼√
t was  also observed in Ref. [24], when p-MCT bulk

crystals (NA − ND = 1016–5 × 1016 cm−3, x = 0.20–0.23) were sub-

jected to IE with neutralized Ar ions (j = 0.6 mA/cm2, E = 750 eV,
Ts ≈ 50 ◦C). Conversion depths 40–385 �m were achieved for
t = 10–30 min  (Fig. 1, curve 2). A similar relation (dj(t)∼√

t)
was obtained by the same authors during reactive IE of bulk
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-MCT (NA − ND = 1016 cm−3, x = 0.21) in radio-frequency (RF,
 = 13.56 MHz) H2/CH4 plasma (discharge power 180 W,  bias 300 V,
s ≈ 40 ◦C) (Fig. 1, curve 1) [25].

Detailed studies of dj(t) were reported on in Refs. [35,36], where
BE-grown ((211)B CdZnTe substrate) p-MCT structures with sur-

ace wide-bandgap protective layers (WBPL) were subjected to
E (Fig. 1, curves 5 and 6). The composition of the ‘active’ layer
the one with constant x) xa in the structures was 0.21, 0.23 or
.31. 15 min  after the growth of the ‘active’ layer, a protective
dTe layer was deposited in situ.  As the deposition of CdTe layers
as performed in residual Hg atmosphere, in reality these layers

epresented Hg1−yCdyTe with big y values. Hole-type conductiv-
ty (NA − ND = 1016–1017 cm−3) of the structures was  achieved by
nnealing in vacuum at T = 250 ◦C (1.5 h) or T = 325 ◦C (24 h). Obvi-
usly, the composition of the surface layer changed as a result of the
nnealing, but this was difficult to follow. The structures were sub-
ected to IE with Ar+ ions (E = 700 eV) with j = 0.14 or 0.54 mA/cm2

nd t = 16–650 s with sample cooling with water. CTC depth was
easured with electron beam induced current (EBIC). In Ref. [35],

he authors claimed that linear dj(t) dependence was observed for
j < 4 �m,  while for larger depths dj was proportional to

√
t. In

ef. [36], basing on the analysis performed on the same group of
amples, the authors claimed that at dj < 10 �m dj depended on t
inearly. As will be shown below, this was in fact the influence of
he WBPL.

An important point that should be addressed by any model is
he reason for extremely high migration rate of HgI under typi-
al IE condition, when the sample is kept at the temperature close
o 300 K (or even lower). Peculiarities of chemical diffusion of Hg
n MCT  under annealing in mercury vapours are well-known [42].
t T < 420 ◦C metal vacancies are virtually unmovable and main-

ain local equilibrium with HgI, thus a mass action law is valid,
VHg] · [HgI] = KF, where square brackets stand for concentration, KF

s equilibrium constant. The dependence of CTC depth on IE time is
efined as follows: dj =

√
2DI · t · [HgI]S/[VHg],  where DI is the dif-

usion coefficient of HgI, and [HgI]S is the concentration of HgI in the
iffusion source. Therefore, the rate of CTC front is strongly affected
y the value of [HgI]S. Shaw and Capper [43] made estimations
f [HgI]S for various conversion methods that related to diffusion
odel (thermal annealing in mercury vapors, annealing of anodic

xide, IE). In particular, for IE data presented in Refs. [24] and [32],
HgI]S was found to equal 2.9 × 1013 and 2.4 × 1014 cm−3, respec-
ively. These values were 7 to 8 orders of magnitude higher than
HgI]S in saturated mercury vapours at temperatures typical of IE
nd could indeed provide huge acceleration of CTC front under the
tching. So, the main problem was to explain the mechanism of the
ormation of mercury source with such high [HgI]S. This problem
as solved by the authors of Refs. [40,41,44].

Let us note some more features of CTC in MCT  under IE. The
uthors of Ref. [27] studied the effect of Ts on the dj value. In their
xperiments, a cooling system embedded in the IE machine kept Ts

t 100, 130, 170, 230, or 330 K. The CTC depth was  measured using
BIC. It was found that CTC was a temperature-stimulated process,
nd dj decreased exponentially with temperature decreasing. No
TC was observed at T < 100 K. The authors of Ref. [27] concluded
hat such dj(T) dependence was due to that of DI on T according to
he Arrhenius law:

I = D0 exp(−EM/kBT), (1)

here EM is the energy of HgI migration. Within the frames of this

pproach, they found from their experimental dj(T) data that EM

as equal to ∼0.12 eV. This value agreed well with estimations of
he energy of migration of HgI performed ab initio in Ref. [45], which
alidated CTC diffusion model.
Fig. 2. Schematics of p-n junction formed in MCT  under IE (proportion between the
thicknesses of the layers is not observed): 1, etching zone; 2, defect formation zone;
3,  HgI source; 4, defect layer (after [41]).

Also, a fact of lateral extension of CTC front was established in
Refs. [24,35] using EBIC. In these experiments, a photoresist mask
was used, which protected a part of each sample from energetic
ions. In Ref. [24], a ∼80 �m-wide lateral propagation of CTC was
established with vertical dj being 170 �m. The authors of Ref. [35]
concluded, on the basis of the results of a number of experiments,
that lateral CTC depth followed ∼0.5dj. These results also confirmed
the validity of the diffusion model.

The authors of Ref. [33] established that CTC depth in LPE-grown
MCT films decreased with x increasing in the x range 0.29–0.39. For
MCT  with x ≥ 0.4 the depth was  lower than 0.5 �m. In Ref. [41],
a similar conclusion was made on the basis of the results of IE
of p-MCT bulk crystals with x = 0.16–0.30. However, in Ref. [38]
the authors reported on the observation of deep (up to 40 �m)
CTC in vacancy-doped LPE-grown p-MCT with x = 0.45 after elec-
tron cyclotron resonance etching, which removed ∼3 �m of surface
layer. The nature of compositional dependence of CTC depth in
MCT  under IE was proposed by the authors of Ref. [41] and will
be considered below.

An alternative explanation for very fast migration of HgI under
IE was  given by the authors of Ref. [29], who suggested that the
reason for that was the excitation of metal sublattice with the ion
beam. This assumes that CTC depth should not depend on Ts, which
contradicts experimental data [27]. Thus, there has been no con-
sensus on whether dj actually should depend on IE time linearly or
as dj(t)∼√

t.

2.2. Mechanism of the formation of the interstitial mercury source

The HgI source is a very important point. As the primary effect of
IE is the interaction of energetic ions with the surface of the mate-
rial and sputtering of the surface layer, the kinetic model assumes
that HgI source is the etched-off MCT  layer. For example, in Ref. [38]
it was stated that one HgI atom is produced during the etch pro-
cess for each 48,000 atoms removed from the surface for MCT  with
x ∼ 0.3 and one HgI is produced for each 144,000 atoms removed
for x ∼ 0.4.
A different model of the formation of the HgI source was devel-
oped by the authors of Refs. [40,41,44]. Fig. 2 shows schematics of
p-n junction formed in MCT  under IE according to Ref. [41]. Accord-
ing to Ref. [46], MCT  etching with ions with ∼1 keV energy sputters
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nly 2–3 atomic surface layers (etching zone 1 in Fig. 2). The most
art of the ion energy transforms into thermal energy in the zone
f a so called ‘thermal spike’. Inside the spike the crystal lattice gets
estroyed, but due to quick scattering of the excessive energy, the
pike cools down very quickly and the lattice is partly restored. On
he other hand, the energy E ≈ 0.5 keV is enough to form two hun-
red pairs of HgI and VHg (Frenkel’s pairs), as each of them requires
bout 2.3 eV in MCT  with x ∼ 0.2 [47]. The energy of the formation
f Te-related point defects is much higher, thus the probability of
he appearance of these defects is much lower. Because of that, one
an assume that the close order in anion sublattice under IE is still
aintained. Assuming that part of the energy of the ion spent on

efect formation is comparable with that spent on heating, it can be
ssessed that in MCT  crystal around each point where an ion with

 ≈ 0.5 keV hits the lattice, a nano-sized ‘hot’ zone is formed with
he radius of Ld ∼ 5 nm (defect zone 2 in Fig. 2). On the periphery
f this zone, cation sublattice defects dominate, including dou-
ly charged Hg··

I and V ′ ′
Hg, whose initial concentration approaches

021 cm−3.
As the probability of finding a vacant site is quite large (∼0.1),

ome of V ′ ′
Hg form non-equilibrium neutral complexes, mer-

ury bivacancies W×
Hg, and their concentration CW0 approaches

.5 × 1020 cm−3. Due to the small size of defect formation zone
Ld ∼ 5 nm), the damaged area cools down at ∼10−12 s, and this time
s comparable with the minimum period of lattice vibration. Thus,
fter cooling down, this area generally retains the initial defect
tructure. As the spike cools down very quickly, defects do not have
ime to migrate much further than the distance equal to lattice
onstant. Thus, diffusion processes that occur in the thermal spike
t high temperatures can be neglected. Therefore, the process of
ccumulation of excessive mercury is related to the diffusion of
on-equilibrium Hg··

I from the area of the cooled spike. During the
hort period of the cooling of the spike (t < 10−12 s) the system of
renkel’s defects does not reach the equilibrium, and in the cooled
one there remains a lot of defects, which relax via mutual annihi-
ation, while mobile Hg··

I atoms have a chance to penetrate into the
ulk of the material.

Due to mercury atoms moving from the area of defect forma-
ion into the crystal, as well as to preferential mercury evaporation
uring IE [46], a substantial mercury deficiency occurs in a thin
urface defect layer with the thickness of Ld (Fig. 2). This was
xperimentally confirmed with X-ray photoelectron spectroscopy
7]. Total mercury deficiency ı0 in the defect layer is determined
y the condition of its total non-transparence to Hg··

I and equals
0 ∼ 1019 cm−3 [41]. Kinetics of the relaxation of major defects of
he cation sublattice in the cooled area of the spike, [V ′ ′

Hg], [Hg··
I ]

nd [W×
Hg] can be described by the following system of equations:

d

dt
[V ′ ′

Hg] = −kF [V ′ ′
Hg] [Hg··

I ] + kw[W×
Hg][Hg··

I ];

d

dt
[W×

Hg] = −kw[W×
Hg][Hg··

I ];

[V ′ ′
Hg] + 2[W×

Hg] − [Hg··
I ] = ı0.

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

(2)

ere square brackets still stand for the concentration of corre-
ponding defects, kF = 4�DIrF and kw = 4�DIrw are constants of the
eaction rates between Hg··

I and V ′ ′
Hg and between Hg··

I and W×
Hg,

espectively, rF = 4e2/(kBT) is a Hg··
I capture radius on a Hg vacancy,

nd rw = a/
√

2 is a Hg··
I capture radius on a bivacancy (a = 0.648 nm

s the lattice parameter for MCT).
Analysis of the kinetics of defect relaxation showed that at equal
oncentrations, vacancies relax more quickly than bivacancies, and
or the concentrations of vacancy defects at t → ∞ the estimations
ave [W×

Hg] ≈ 0.5 ı0; [V ′ ′
Hg] ≈ (kw/2kF )ı0 ≈ 0.02ı0. Thus, among

he point defects in defect formation zone W×
Hg are dominating and
Review 25 (2017) 148–170

the defect layer contains ∼2 × 1017 cm−3 uncompensated vacan-
cies, which define p-type conductivity. Therefore, at the border
between the defect layer and converted layer there forms a p-n
junction, whose electric field partly hinders penetration of Hg··

I into
the bulk of the material.

The average value of [Hg··
I ]

S
was assessed from the equations of

defect relaxation in a defect zone:

[Hg··
I ]S = jS

e

∞∫
0

[Hg··
I ](t)dt = jS

4�eDIrw
1n

2CW0

ı0
, (3)

where j/e is the frequency of ions hitting the same zone of defect for-
mation, and S is the effective cross-section of the defect formation
zone.

As the defect layer is impermeable for Hg··
I , the sputtered

layer (the top 1 nm [41]) cannot act as a source of Hg··
I .

Hence, it is the inner part of the defect layer with a thick-
ness of �L0∼1/

√
8�rwCw0∼0.6 nm and S ∼ 2�Ld �L0 ≈ 20 nm2 at

E ≈ 0.5 keV that acts as the source. According to Eq. (3), at typical
IE regimes [Hg··

I ]S is of the order of 1013–1014 cm−3, which agrees
with estimations from Ref. [43].

2.3. Diffusion model of conversion front propagation and its
peculiarities in vacancy-doped MCT

To describe the shape of CTC front that was observed in ion-
etched MCT  with the use of EBIC (with an account for its lateral
expansion), the authors of Ref. [24] considered a system of two-
dimensional diffusion equations for HgI and VHg:

∂cI

∂t
= DI�cI − kF cIcV + SI
(−x)ı(y);

∂cV

∂t
= DV �cV − kF cIcV ,

(4)

where cI(x, y, t), cV(x, y, t) are concentrations of HgI and VHg, respec-
tively, SI is a function that describes the Hg··

I source, which is located
on the surface (y = 0, x < 0), 
(x) is the Heaviside step function, ı(y)
is the Dirac function, � is the Laplace operator.

Fitting experimental profiles of CTC front at DI = 2 × 10−6 cm2/s,
DV = 0, Ts = 320 K with the use of these equations allowed for
establishing unknown parameters SI and kF, which secured re-
production of experimentally observed fronts. This seemed to
confirm the validity of the diffusion model.

Later [48], to explain the experimental dj(t) dependencies
reported on in Refs. [35,36] (linear at the first stages transforming
into square-root-type at larger t), this diffusion model was devel-
oped via considering the dependence of [Hg··

I ]S on etching time.
Linear dependence at earlier stages was  explained by the increase
of [Hg··

I ]S , while at later stages this concentration experienced sat-
uration, which resulted in the square-root-type dependence. As an
alternative to this explanation, the authors of Ref. [48] also consid-
ered a possibility of non-uniform distribution of VHg.

The most consistent diffusion model of CTC propagation in ion-
etched vacancy-doped MCT  was  developed in Refs. [40,41]. This
model did not require any fitting parameters and described all
the experimental observations. Mercury migration in the diffusion
layer of MCT  subjected to IE does not differ much from diffusion
from vapor phase. Thus, for developing the model, the authors con-
sidered only two types of defects in the diffusion layer, Hg··

I and
V ′ ′

Hg. As at T < 300–350 ◦C migration of V ′ ′
Hg can be neglected, one

could assume DV = 0. Consequently, one should observe a clearly

expressed diffusion front, and its propagation is described with
effective diffusion coefficient D∗

Hg = d2
j
/t.

The most important difference between diffusion of Hg··
I under

IE and typical diffusion performed from Hg vapor source is related
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o the temperature. At 300 K (IE), intrinsic carrier concentration
i is much smaller than that at 300 ◦C (vapor-phase diffusion), so
rift of charged defects in the internal electric field of a p-n junction
ormed near the surface under IE should be considered.

The equation describing diffusion of Hg··
I in the converted layer

ccording to [41] was written as:

∂[Hg··
I ]

∂t
+ ∇JHg = −R(r, t); JHg

= −DI

[
∇[Hg··

I ] + 2
e

kBTs
[Hg··

I ]∇ϕ
]

, (5)

here JHg is the density of the diffusion flux of Hg; R(r, t) is rate for
g··

I capture on radiation-induced defects in the damaged layer; kB

s the Boltzmann constant; Ts is crystal temperature and ϕ is electric
otential. The elastic energy of Hg··

I in Eq. (5) was  not considered as
t was small.

Boundary conditions for Eq. (5) at z axis were chosen as:

[Hg··
I ]

∣∣
z=Ld

= [Hg··
I ]S, [Hg··

I ]
∣∣∣
z=dj

= 0.

onservation law was used [43]: JHg

∣∣
z=dj

= Ntr d(dj)/dt, where Ntr

s the concentration of capture centers for Hg··
I (which are VHg in

omogeneous vacancy-doped MCT).
Neglecting capture of Hg··

I in the damaged layer (assuming R(r,
) = 0) and non-uniformity of the converted layer in relation to x,
D and NA, (4�/3)NIr0

3 � 1, where NI is the total concentration of
he charged centers and r0 is screening radius, a square-root dj(t)
ependence was obtained [41]:

j = l0

√
˚

�Ntr
exp

(
− e�ϕ

kBT

)
, (6)

here

0 =
√

�S

2�rw
1n

(
2CW0

ı0

)
; (6a)

ϕ = ϕ(dj) − ϕ(Ld) is the potential difference between internal
z = l) and external (z = Ld) boundaries of the converted layer, � =

0/[VHg]0 = 1 m is a characteristic relation (˚0 = 1018 cm−2 and
VHg]0 = 1016 cm−3 represent typical values of ion fluence and con-
entration of VHg).

It is seen that the factor l0 is barely dependent on the ion
nergy (∼Ei

1/6) and is independent of the DI, because Hg··
I concen-

ration in the diffusion source, according to Eq. (3), is inversely
elated to DI. Hence, l0 does not depend on the temperature
nd its dependence on x is determined by its dependence on S
nd, most likely, is weak. Thus, the dependence of dj on T and

 is generally determined by the last (exponential) factor in Eq.
6). Assuming, according to the estimations obtained above, that

 = 2 × 10−13 cm2, CW0 = 2 × 1020 cm−3, and ı0 = 1019 cm−3, l0 was
ssessed as ∼160 �m.

The distribution of the potential ϕ in the structure could be
ound on the basis of the one-dimensional Poisson equation in the
ontinuous form (N� = ND − NA):

d2ϕ

dz2
= e

ε1ε0
(n − p − N˙), (7)

As the thickness of the defect layer Ld is of the order of the
creening length, one could not solve Eq. (7) analytically. Thus,

 was calculated by solving the equation numerically. Accord-

ng to the above listed estimations for the vacancy concentration
n the defect layer, it was assumed that N = −4 × 1017 cm−3 at

 < z < Ld. In the conversion layer (z > Ld) donor concentration was
aken as ND = 1 × 1015 cm−3, which is a typical value in the experi-
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ment. Since the Hg··
I concentration in the conversion layer is small

(∼1013–1014 cm−3 [43]), these defects were not considered.
Calculations showed (Fig. 4) that �ϕ = ϕ(∞) − ϕ(Ld) increases

with x increasing. Thus, the electric field at the interface between
the defect layer and the converted layer hindered the diffusion of
positively charged Hg··

I atoms into the crystal and, therefore, CTC
depth decreased with x increasing and/or temperature decreasing.

An alternative explanation of the observed dj(t) dependencies at
IE (Fig. 1) for a time-independent [Hg··

I ]S [48] and without introduc-
ing surface p-n junction was  proposed in Ref. [14]. It was assumed
that the conversion process was  a quasi-stationary one, so steady-
state equations were used. Because [Hg··

I ] is much smaller than
the initial vacancy (acceptor) concentration, the active conversion
region was considered to be narrow, so a sharp boundary was intro-
duced at xj between the converted and unconverted regions of MCT.
The conversion rate dxj/dt was then controlled by the diffusion rate
of Hg··

I to the conversion boundary at xj and by the capture rate
of the interstitials by cation vacancies at xj. These rates acted in
tandem so that the overall conversion rate was  determined by the
slower of the two. Two cases were considered: (1) intrinsic MCT,
where at room temperature the initial acceptor concentration is
smaller than intrinsic concentration (at 300 K ∼3 × 1016 cm−3 and
∼4 × 1015 cm−3 for x = 0.20 and 0.30, respectively), so under IE there
would be no depletion layer due to a p-n junction at xj; and (2)
extrinsic MCT, when the opposite was the case. Effect of sample
heating was neglected.

For intrinsic MCT  equation for Hg··
I flux J across the converted

layer at steady-state conditions was  written as J = DI(C0 − Cj)/xj,
where C0 and Cj were Hg··

I concentrations at x = 0 and x = xj, respec-
tively. Hg··

I atoms arriving at the unconverted boundary xj were
captured by cation vacancies at a rate kjCjNA, where kj is the cap-
ture coefficient for Hg··

I by the vacancies with initial concentration
NA that was assumed to be uniform. From equation for J in Ref. [14]
the following relation was  obtained:

kjNAx2
j + 2DIxj = 2kjDIC0t. (8)

Eq. (8) had two limiting forms: xj ∼ t when 2DI 
 kjNAxj, and x2
j
∼t

when 2DI � kjNAxj. This meant that in the initial period of CTC the
capture rate of Hg··

I at xj was  the controlling factor. As xj increases,
the diffusion rate decreased and became the controlling factor.

Within the frames of the ‘intrinsic MCT’ model the authors of
Ref. [14] analyzed experimental data on dj(t) xj(t) presented
in Refs. [11,24,25,32] and shown in Fig. 1. For example,
the data from Refs. [11] and [32] fitted to Eq. (8) yielded
3.26 × 106x2

j
+ 1.15 × 105 = t and 2.00 × 107x2

j
+ 1.65 × 105 = t,

respectively, where xj was  in centimeters and t in seconds. The
analysis yielded kjC0 = 8.7 × 10−6 cm s−1, DIC0 = 1.5 × 109 cm s−1

and C0 = 2 × 1014 cm−3 for the data from Ref. [11], and
kjC0 = 6.2 × 10−6 cm s−1, and DIC0 = 2.8 × 108 cm s−1 for the data
from Ref. [32].

For the data from Ref. [24] with IE with neutral Ar beam the
dj(t) dependencies were close to parabolic ones with C0 between
9.5 × 1013 cm−3 and 1.3 × 1014 cm−3, which agreed well with the
data from Ref. [11]. But for the data from Ref. [25] of the same
authors with Ar RF plasma etching, the dj(t) dependencies were
close to parabolic ones with C0 = 1.2 × 1015 cm−3.

For extrinsic MCT  the pattern becomes more complicated as one
needs to consider formation of a space charge layer at xj. According
to Ref. [14], between x = 0 and some xs, there is a narrow extrinsic
n-type layer, possibly due to Te antisite defects (of unclear origin),
followed by the intrinsic type-converted region between xs and xn
that at 77 K is n-type due to ‘high’ ND. The presence of the n-type
layer between x = 0 and xs ensures that the depletion layer does not
extend to x = 0. The rest of the converted region should lie between
xn and xj and define the positive space-charge side of the p-n junc-
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Fig. 3. The dependence of the reduced conversion depth dr on the composition in
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ion due to the ionized residual donors. The negative space-charge
egion of the junction lies between xj and xp with ionized acceptor
oncentration NA. The depletion layer of the p-n junction there-
ore lies between xn and xp. Steady-state conditions were assumed
o J was constant between x = 0 and xj. In the region 0 < x < xn the
g··

I flux arises from diffusion down the concentration gradient, so
 = DI(C0 − Cn)/xn, where Cn is the Hg··

I concentration at xn. In the
epletion layer xn < x < xj the flux has two components, one being
ue to the concentration gradient and the other being due to the
lectric field E(x). The flux component due to the electric field is
iven by �E(x)C where � is the drift mobility of the Hg··

I interstitial.
herefore:

 = DIdC/dx + �E(x)C. (9)

In Ref. [14] it was assumed that p-n junction was abrupt, so
(x) = eND(x − xn)/εε0, where ε is the static dielectric constant of
CT. The integration of Eq. (9) gives C versus x, and xj, xn versus t:

2
n + 2[(DI/kjNA) exp(−Bl2/2) + I(l)]xn = 2DIC0t/NA, (10)

here B = 2e2ND/εε0kT;  I(l) = (1/ˇ)
∫ ˇ

0
exp(−z2)dz;

2 = (2εε0kT/e2)[NA/(ND(NA + ND)] ln(NA/ni) and whose magni-
udes will vary with ND and NA. Eq. (10) is applicable only when
he depletion layer on the n-side of the p-n junction is determined
y ND and the depletion layer does not penetrate into the extrin-
ic n-type surface region i.e. xn ≥ xs and it is assumed that xs is
egligible relative to l.

As there were no reliable experimental data on dj(t) for MCT
ith x ∼ 0.3 (extrinsic case), it appeared to be not possible to apply

he proposed model to such material. Nevertheless, the analysis
erformed in Ref. [14] showed that in this case the conversion rate
howed the behavior similar to that in the intrinsic case in that x2

j
∼t

nd xj ∼ t for large and small xj, respectively.
In Ref. [14] the authors also considered a possibility of the

resence, along with VHg, of some additional capture centers with
oncentration Ntr with trapping rate ktCjNtr (kt is the capture coef-
cient for Hg interstitials by the empty trap) and their effect on
j(t) under IE. As will be shown below, such centers may  be in
act represented by residual I- and V-group acceptors, which under
E form donor centers with Hg··

I . The authors of Ref. [14] consid-
red both the intrinsic case and the extrinsic situation, and it was
hown that the quadratic relation between xj and t was still valid:
rapping caused equality between the parabolic and linear terms at
maller xj. For example, it was shown that in the intrinsic case the
atio of the coefficients gave Dj/kj(1 + ˛) compared to Dj/kj in the
bsence of trapping (where  ̨ = ktNtr/kjNA). Assuming that trapping
ffected the data from Refs. [11,25,32], the authors decided that
rapping could explain the observed variations in Dj/kj(1 + ˛) due
o differences in ˛.

.4. The dependence of the conversion depth on MCT composition
nd temperature

The dependence of CTC depth on MCT  composition x in vacancy-
oped material was studied in Refs. [33,41]. It was established that
he depth decreases with x increasing in the composition range

 = 0.16–0.39, all other conditions being the same. The results are
resented in Fig. 3.

The reduced conversion depth dr was calculated as experimen-
al dj reduced to [VHg]0 = 1016 cm−3 and ion fluence ˚0 = 1018 cm−2

sing dr = dj

√
� · [VHg]/ relation. It should be noted that IE used in

ef. [33] was performed with neutralized ions without sample cool-

ng. In this case, sample temperature during IE can reach 50–70 ◦C.
n experiments described in Ref. [41], sample holder used for IE in
C Ar+ plasma was cooled with water, so sample temperature was
lose to 300 K.
p-MCT. Points show experimental data for: vacancy-doped MCT, 1 [41] and 2 [33];
As-  or Sb-doped MCT, 3 [65,66]; Cu-, Ag- or Au-doped MCT, 4 [77]. Lines show results
of  calculations performed in Ref. [41] for temperatures 293 K (5) and 340 K (6).

It is seen in Fig. 3 that the calculated values of dr agree well with
those experimentally observed, if factor l0 in Eq. (6a) is assumed to
be l0 = 123 �m.  This l0 value obtained by fitting was quite close to
l0 ≈ 160 �m derived theoretically. This strongly supports the valid-
ity of the proposed diffusion mechanism of HgI source formation
and CTC front propagation. Therefore, it is the dependence of �ϕ
on x that defines dj(x) dependence in compositionally uniform MCT
observed in the experiment. The dj value monotonically decreases
with x increasing in both sets of experiments. The dependencies
do not coincide, which is mostly likely caused by the different
temperatures of the samples during IE. Thus, it can be concluded
that dj in p-MCT increases with temperature increasing, which
agrees with the results presented in Ref. [27]. Calculations of dj(T)
dependence performed within the frames of diffusion model in Ref.
[41] for the data of Ref. [27] gave a good agreement between the
experiment and the model. Thus, CTC in vacancy-doped p-MCT
under IE is conditioned by diffusion of Hg··

I atoms from surface
source with extremely high non-equilibrium concentration, and
their annihilation with intrinsic acceptors VHg that determined
p-type conductivity of initial sample. In the converted n-layer satis-
fied is the mass action law: [VHg] · [HgI] = KF. At 300 K KF ∼ 107 cm−6

and [HgI] ∼ 1014 cm−3, so [VHg] → 0. This implies that in the main
part of the converted n-layer the vacancies are practically absent,
in contrast to CTC in vacancy-doped p-MCT thermally annealed in
mercury vapors.

2.5. Effect of wide-bandgap protective layers on propagation of
conversion front

The development of MCT  epitaxial technology (MBE and
MOCVD) allowed for fabricating device structures with Hg1−yCdyTe
(y 
 xa) WBPLs deposited in situ. Naturally, the effect of WBPL on
CTC under IE had to be studied. In reality, first experiments on
IE of MCT  with WBPL were performed in Refs. [35,36], however,
the effect of WBPL on the conversion front propagation was not
considered.

Experimental proofs of the effect of WBPL on CTC depth under
IE were obtained in Ref. [37], where heteroepitaxial MBE-grown
(GaAs substrate) MCT  structures (xa = 0.22) with WBPL were stud-
ied. The thickness of the active layer varied from 6 up to 8.5 �m.
The active layer was  sandwiched between graded-gap WBPLs with
composition y gradually increasing, throughout a 1.5 �m-thick
layer, up to y = 0.4. The structures were subjected to IE with Ar+ ions

2
with E = 500 eV, j = 0.25–0.3 mA/cm and t = 300–720 s (with water
cooling of the sample holder down to 21 ◦C). The CTC depth in the
structures with WBPL intact was less than 5 �m and depended on
[VHg] (1016–1017 cm−3). This depth was substantially lower than
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Fig. 4. The calculated dependence of the potential difference of the defect layer
field  ϕ1 (curves 1, 2) and of the potential of a graded-gap WBPL ϕ2 (3, 4) on the
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Fig. 5. Calculated dependences of the reduced conversion depth on ion fluence for

structure with xy = 0.35 at the end of IE xy approached 0.28, which
omposition of the WBPL y in MCT  structure with xa = 0.2 at T = 293 K (1, 3) and
45 K (2, 4) (after [41]).

he value that could be expected in MCT  samples with uniform com-
osition corresponding to xa. After WBPLs were removed, IE lead to
TC throughout the whole thickness of the active layer. Therefore,

t was unambiguously established that the presence of WBPL con-
iderably decreases CTC depth. Also, in Ref. [34] it was  shown that
n a CdTe/p-Hg1−xCdxTe structure (xa = 0.23) grown with MOCVD

ith the thickness of CdTe WBPL ∼1 �m,  there was  no CTC after IE
t all.

The nature of the effect of WBPL on the CTC depth was studied in
ef. [41]. In epitaxial structures with WBPL density of states in the
onduction band NC and energies of the conduction EC and valence
V bands depend on coordinate z via their dependence on compo-
ition y. This has a drastic effect on the distribution of the potential
f the internal electric field, which affects CTC depth. In reality,
he thickness of the protective layer Ly ∼ 1 �m is usually large as
ompared to the screening length r0 in the layer, and y does not
hange noticeably within the distance of a few r0, as counted from
he inner boundary of the defect layer z = Ld (Fig. 2). Having this
n mind, the potential ϕ(z) can be presented as a sum of the two
tems: ϕ(z) = ϕ1(z) + ϕ2(z), where ϕ1(z) is a potential of a p-n junc-
ion equal to that in compositionally uniform MCT  with x = x(Ld);
2(z) is an equilibrium potential of an n-MCT structure with given
istribution of impurity N(z) and composition y(z).

In the approximation of a microscopically uniform conversion
ayer the potential ϕ2(z) can be calculated by solving electro-
eutrality equation:

 − p − N = 0, (11)

here for n, p and NC it is assumed that EC and EV are functions of
.

The calculations showed (Fig. 4) that for MCT  structures with
BPL ϕ2(l) < ϕ2(Ld), i.e.,  the electric field of the graded-gap struc-

ure, in contrast to the field ϕ1(z) of p-n junction, favors Hg··
I

iffusion into the converted layer under IE. Still, the total potential
ifference �ϕ  remains positive, which means that the total electric
eld of the structure yet hinders the diffusion. The explicit depen-
ence of dj on the fluence  ̊ and potential ϕ was  calculated by the
uthors of Ref. [41] under conditions when the potential fluctua-
ions were small, R = 0, l > Ly 
 r0 and y in WBPL did not change at
he order of r0 as counted from the plane z = Ld (Fig. 2):

j =
√

l20
 ̊ − ˚L

�Ntr
exp

[
−2e�ϕ

kBT

]
+ L2

u − Lu + Ly, (12)

here �ϕ  = ϕ(l) − ϕ(L ); �ϕ = ϕ (l) − ϕ (L ); ˚ = jt /e (point t is
d 2 2 2 d L L L

efined by the condition dj(t) = Ly).
The conversion depth dj and constants Lu and ˚L in Eq. (12)

epend on the actual composition distribution law in the structure.
an  ion-etched MCT  structure with WBPL with xy = 0.20 (curve 1), 0.25 (2), 0.30 (3) and
0.35 (4). Curve 5 shows experimental dependence for the structure with xa = 0.22
and xy = 0.48 (after [49]).

In particular, for a step-like distribution (y = y1 at <Ly and y = y2 at
z > Ly):

˚L = L2
y

l20
�Ntr exp

[
−2e�ϕ1

kBT

]
; Lu = Ly · exp

(
−2e�ϕ2

kBT

)
. (13)

Due to the effect of the drift of charged intrinsic defects in the
electric field of the graded-gap WBPL, the dependence of dj on ˚
at Ly < dj � Lu (i.e., for the protective layer with high composition)
becomes almost linear and is inversely related to Ntr:

dj ≈ Ly + (˚ − ˚L)l20
2�NtrLu

· exp
(

− e�ϕ

kBT

)
. (14)

It was  this type of dj(˚) behavior that was reported on in Refs.
[35,36], where CTC depth under IE was studied as a function of ion
dose (D = e˚) for MBE-grown structures with WBPL. It was shown
[41] that the calculated dependence of dj on D fits well the experi-
mental data. Thus, it is the electric field of the graded-gap structure
that accounts for the linear dependence of the conversion depth
on IE time under small ion doses. This explanation does not require
any speculative assumptions, like time-dependent saturation of the
mercury source or gradient of [VHg], as was  suggested in Ref. [48].

The effect of graded-gap WBPL on CTC under IE in MBE-grown p-
MCT  structures was studied in Ref. [49]. The structures had similar
xa ≈ 0.22 and the thickness of the graded-gap layer Ly ∼ 1.7 �m,  but
different composition on the surface xy: 0.22 (without WBPL), 0.35,
0.48 or 0.56.

Fig. 5 shows the calculated dependences of dj on  ̊ for ion-
etched MCT  structure with xa = 0.20 and three 1.7 �m-thick WBPLs
with different xy, calculated according to the above model. It can
be seen that dj decreases with xy increasing. Fig. 5 also shows
experimental fluence dependence of the CTC depth (reduced to
[VHg] = 1 × 1016 cm−3) for structure with xy = 0.48.

For sample without WBPL, CTC took place throughout the whole
thickness of the structure (10.8 �m)  for all the fluences used. This
result agrees with the calculated values of dr > 10 �m (Fig. 5, curve
1). For sample with xy = 0.35 conversion also took place through-
out the whole thickness of the structure (10.1 �m)  for all the ion
fluences; thus, experimentally conversion depth was larger than
that predicted by calculations (Fig. 5, curve 4). We  should consider,
however, that IE actually sputters the surface layer of the material:
in this sample IE at j = 0.1 mA/cm2 and t = 20 min  etched off ∼0.3 �m
of MCT. Considering composition grading, at such etching for the
should yield conversion deeper than the thickness of this struc-
ture. This agreed with the results of the calculations performed
for xy = 0.25 (curve 2). Similar analysis applies for structure with
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y = 0.48 (curve 5). Considering the etched-off layer and the preci-
ion of determination of CTC with step-by-step chemical etching,
he experimental dependence agreed with calculations performed
or MCT  structure with xy = 0.30 to xy = 0.35 (curves 3 and 4).

Therefore, the experimental data confirmed the validity of the
odel, which predicted the effect of the graded-gap WBPL on the

TC depth under IE via the influence of the internal electric fields
f the p-n junction in the defect layer and graded-gap layer, which
efined diffusion of HgI into the crystal.

.6. Electrical properties of ion-etched MCT

Electrical properties of ion-etched MCT  have been
tudied for both uniform samples and those with WBPL
16,20,22,24,25,29–32,37,41,49–52]. As was shown by many
uthors, the converted/modified n-layer is not uniform. For
xample, Fig. 6 shows carrier concentration profile in ion-etched
BE-grown p-MCT sample with WBPL (xy = 0.48) with hole

oncentration at 77 K p77 ≈ 6 × 1015 cm−3 after IE (E = 500 eV,
 = 0.1 mA/cm2, t = 5 min) after Ref. [49]. The profile was recorded
1.5 years after IE.

A thin surface layer (∼1–3 �m)  has high electron concentration
n77 ≈ 1017–1018 cm−3) and low mobility (�n77 ∼ 104 cm2/(V s)). In
his layer, concentration decreases toward its depth while mobility
ncreases. We  shall designate this layer as ‘n+-layer’ and also shall
efer to it as to the ‘damaged’ layer. This layer is followed by a n-
ayer with thickness that depends on NA, x and IE parameters (j,
, Ts). The layer has constant values of n77 and �n77 throughout
ts thickness. We  shall refer to this layer as to ‘n-layer’ and call it
he ‘bulk’ converted/modified layer. Values of hole concentration
77 and mobility �p77 in unconverted part of MCT  are the same
s those in the sample before IE. Thus, IE of p-type MCT  generally
esults in the formation of n+-n-p structure. This conclusion was
ade on the basis of the results obtained with the use of differential
all-effect measurements with step-by-step chemical etching. In
ef. [29], the non-uniform electron concentration distribution in IE-
onverted MCT  was established with the use of capacitance-voltage
easurements. Similar type of distribution was pointed out to also

y the results of the study of lifetime of non-equilibrium carriers �
16,20,22,31]. In each case it was established that in the damaged
+-layer � was much lower than that in the ‘bulk’ n-layer.

It is believed that the appearance of n+-layer is caused by radi-

tion defects formed by energetic ions. For example, in Ref. [29]
t was suggested that ions interacting with MCT  surface result in
igh density of extended defects, such as dislocation loops. Forma-
ion of n+-layer was detected in experiments on reactive IE in RF
Fig. 7. The dependence of the FWHM of rocking curves �
  at (511)-reflex on the
depth of X-ray penetration in MCT  subjected to IE in RF plasma with bias: curve 1,
0.6 kV; 2, 1.2 kV; 3, 2.4 kV (after [57]).

H2/CH4 plasma of LPE-grown p-MCT (x = 0.3) with the use of the
measurements of laser-beam induced current (LBIC) with step-by-
step chemical etching [53]. The existence of the damaged n+-layer
also followed from the analysis of the field dependencies of the Hall
coefficient and conductivity performed with various modifications
of the mobility spectra analysis (MSA) [49–54]. It was  shown in Refs.
[53,54] that n77 and �n77 in the damaged layer did not depend on
the temperature in the range 20–300 K.

Data on structural perfection of the n+-layer are very limited. In
Ref. [55], defect structure of the cleft edge of Hg0.7Cd0.3Te/CdTe het-
erostructures subjected to IE (E = 4 keV, j = 3.5 mA/cm2) was  studied
with transmission electron microscopy. It appeared that concen-
tration of defects (dislocations and dislocation loops) in MCT  was
2–3 orders of magnitude lower than that in CdTe. The authors of
Ref. [55] related this phenomenon to high rate of defect annihila-
tion in MCT. Radiation damage in a form of chaotic dislocations and
dislocation loops with ∼40 nm in diameter was  also detected with
transmission electron microscopy in ion-etched MCT in Ref. [56].
Dislocations were located at the depth of 50 nm from the surface
and relaxed in 4 weeks at 300 K.

The distribution of structural defects in the damaged n+-layer
was studied in Ref. [57] with the use of X-ray diffraction analysis
performed on graded-gap (111) n-MCT (x = 0.2) 50 �m-thick films
(Fig. 7). The films were subjected to IE in RF Hg plasma at biases
0.6, 1.2 and 2.4 kV with etching time 15, 5 and 1 min, respectively.
Under these conditions, in each case IE sputtered off a 0.5 �m-thick
surface layer. It is seen in Fig. 7 that full-width at half-maximum
(FWHM) of reflex decreased from the surface into the bulk of
the samples, which was indicative of the decrease of the density
of structural defects formed with IE. Increasing the bias (Hg ion
energy) caused the increase in the depth of propagation of struc-
tural damage, and the degree of structural disorder was decreasing
with depth z as exp(z/
) with 
 ≈ 0.5 �m.  This dependence cor-
responded to that of n77 in the n+-layer with a similar coefficient

.

A process responsible for n-type conductivity of the damaged
n+-layer was proposed in Ref. [41,58]. It was  suggested that donor
defects in the damaged n+-layer were formed when Hg..

I was  cap-
tured by the cores of dislocations. Details of the mechanism are
given in Section 2.8.

The bulk of converted/modified n-layer typically has low

n77, which, according to various authors, lies in the range
∼1014–5 × 1015 cm−3 [11,15,17,20,22,24,29,31,32,36,49–54,59].
Most authors agree that this concentration is defined by residual
donors and thus can vary from sample to sample. Residual donors



I.I. Izhnin et al. / Opto-Electronics 

Fig. 8. Temperature dependencies of RH (a) and electron mobility (b) in LPE-grown
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- (curves 1 and 2) and n-type MCT  (3 and 4) [32]: 1 and 3, before IE; 2 and 4, after
E.  Mobility for initial p-type sample is not shown. 1, RH with sign inversion; 2–4,
H < 0.

ay  be represented by background donor doping typical of specific
rowth technology and, perhaps, by intrinsic donor defects such
s antisite tellurium [32,33,37], typical of MBE-grown MCT, on this
ee below.

Let us make an important notice on the values of n77 and �n77

n the bulk n-layer formed after IE. In all the papers cited above
except for those by the authors of this review [49–52,59]) there
as no consideration for the effect of relaxation of electrical param-

ters of MCT  (decrease in conductivity and n77) after IE, which was
rst reported on back in 2001 [28]. In reality, n77 and �n77 as mea-
ured after IE strongly depend on time which has passed from the
oment of IE up to the moment of the measurement. True values of

77 and �n77 in the converted/modified n-layer can be determined
nly after the relaxation of the parameters, which typically takes
04–105 min; this matter will be discussed in detail below.

The bulk n-layer usually has high �n77

100,000–250,000 cm2/(V s) for MCT  with x = 0.20–0.23), which
s typical of high-quality MCT  with low electrical compensation
11,20,22,24,31,32,36,49,52–54]. Temperature dependencies of
arrier concentration and mobility in the bulk n-layer (Fig. 8) also
orrespond to classic behavior of these parameters in n-MCT with
ow compensation [24,31]. In the temperature range 77–4.2 K, the
all coefficient RH and electron mobility do not depend on T, while
ith temperature increasing they both decrease. The slope of the

H(T) dependence coincides with Eg/2, i.e.,  reflects activation of
ntrinsic conductivity, while �n(T) behavior is typical of phonon
cattering.

The bulk n-layer formed in MCT  with initial p-type has relatively

arge values of �, 1–3 �s at 77 K for MCT  with x ∼ 0.2 [20,22,31,32].
hese � values speak of low degree of electrical compensation, too.

Effect of IE on the properties of n-MCT was studied in Refs.
23,29,31,32,37,50–52]. This effect is expressed in lowering the
Review 25 (2017) 148–170 157

degree of electrical compensation due to annihilation of residual
VHg and transformation of background I- and V-group acceptors
into donors. This is confirmed by the changes in concentration,
mobility and lifetime of electrons in the modified layer. For sam-
ples with initial low compensation, IE resulted in increasing both
n77 and �n77 [29,32,50–52]. For strongly compensated samples that
showed a typical maximum at T ≤ 77 K on �n(T) dependencies, after
IE the behavior of �(T) became typical of high-quality MCT  with low
degree of compensation (Fig. 8b, curves 3 and 4).

2.7. Conductivity type conversion in MCT doped with I- and
V-group acceptors

The authors of Refs. [53,60–62] were the first to establish that
CTC under IE can be observed not only in vacancy-doped MCT, but
also in p-type material obtained with doping with As or Au. On the
one hand, these elements are regarded as basic acceptor dopants
for fabricating extrinsic p-MCT for photodiode structures [63]. On
the other hand, acceptors of I group (Cu, Ag, Au) and V group (As,
Sb) are most frequent background impurities in MCT, and they often
cause high degree of compensation in n-type material. For example,
it was the arsenic impurity that supposedly caused relaxation of
parameters of the converted n-type layer after IE in vacancy-doped
MCT  in Ref. [28].

2.7.1. Conductivity type conversion in MCT  doped with As and Sb
CTC in p-MCT doped with arsenic was observed by the authors

of Refs. [60–62] when they studied the effect of reactive IE in RF
CH4/H2 plasma on LPE-grown p-MCT films with x ≈ 0.3. Doping
was performed during the growth. After the growth, samples were
annealed at low temperature in mercury vapors, so VHg were elim-
inated and p-type conductivity of the films (p77 ≈ 2 × 1016 cm−3)
was defined by arsenic atoms in anion sublattice. The fact of CTC
under IE was  established with the use of LBIC, and it was  found
that CTC proceeded throughout the whole thickness of the films
(∼7 �m).  Electrical parameters of the films were not studied; how-
ever, analysis of the shape of the LBIC signal allowed the authors
of Refs. [60–62] to conclude that n77 in the converted films was
close to p77 (and thus, arsenic concentration NAs) measured before
IE. It was  also shown in Ref. [62] that annealing of the converted
films in mercury vapors at 200 ◦C for 17 h resulted in CTC back to
p-type with parameters corresponding to those of initial films. The
mechanism of CTC under IE was not considered.

The authors of Refs. [64–66] studied CTC under IE in DC Ar
plasma (E = 500 eV) in p-MCT doped with either As or Sb, and
this allowed them to establish more general pattern of con-
version. Graded-gap epitaxial p-MCT films autodoped with As
(x = 0.22; p77 = 3 × 1016 cm−3) or Sb (x = 0.18; p77 = 1.8 × 1016 cm−3)
from CdTe substrates were grown with isothermal vapor-phase
epitaxy (ISOVPE). After the growth films were in situ annealed
at low temperature in mercury vapors to minimize [VHg]. As was
shown in Ref. [67], for understanding CTC processes in MCT doped
with As or Sb, it was necessary to study the relaxation of electri-
cal parameters in the converted material. The existence of such
relaxation even at 300 K in MCT  doped with As was experimen-
tally proven in Ref. [68], yet was not considered in previous works
[60–62,64–66], which caused some problems with interpretation
of experimental results, e.g., in Refs. [65,66].

The results of the studies of relaxation at 300 K are presented
in Fig. 9 [67,68]. The inset shows that after IE integral values of
� and RH experienced strong relaxation. Negative RH values for all
magnetic field values B used spoke of the formation of n-type layers,

i.e., of the appearance of some donor defects. The shape of RH(B)
dependencies was  indicative of the existence of electrons with high
and low mobility, i.e.,  of the formation of a typical n+-n-p structure
with damaged n+-layer and bulk n-layer, which was confirmed by
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Fig. 9. Dependence of n77 on the storage time at 293 K for ion-etched MCT  samples
doped with As (curve 1) and Sb (2). Points represent experimental data while solid
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Fig. 10. Post-IE relaxation of n in MBE-grown arsenic-doped MCT (curves 1 and
ines show the results of calculations. Inset shows time dependencies of integral
onductivity (curve 1) and RH (2, B = 0.05; 3, B = 1.0 T, RH < 0, 77 K) after IE for the
ample doped with As [67].

he MSA  data. Obviously, the relaxation should be considered when
stablishing carrier concentration profiles with chemical etching
67].

The CTC depth in these samples corresponded to that in vacancy-
oped MCT  with similar x under similar IE conditions (Fig. 3) [67].
elaxation of n77 for both types of samples was exponential with
hree (for arsenic-doped MCT) or one (for antimony-doped MCT)
tages with different characteristic relaxation times. This relaxation
aw corresponded to chemical-kinetic equation of the first order:

n/dt = −k1n, (15)

here k1 is reaction rate constant, n is concentration of donor
efects formed under IE. The relaxation process is then related to
isintegration of the donor defects. For sample doped with arsenic,
tting of experimental data yielded the following relation:

n = 3 × 1016 · exp(−t/�1) + 1.2 × 1016 · exp(−t/�2)

+4.2 × 1015 · exp(−t/�3) + 3 × 1015, (16)

here �1 = 50 min, �2 = 2500 min, �3 = 70,000 min. For the
ntimony-doped sample, because of very small relaxation time,
nly the final stage of relaxation (a ‘tail’) was observed, therefore
tting was rendered useless. In any case, these data proved that
onor defects formed under IE in antimony-doped MCT  were
uch less stable than those in arsenic-doped MCT.
The electron concentration straight after IE

77i ≈ (2–4) × 1016 cm−3 in the bulk n-layer of arsenic-doped
amples (Fig. 9) was close to p77 and NAs (as defined with
econdary-ion mass-spectroscopy, SIMS) in the sample before
E. Electron concentration after relaxation n77f in the bulk layer

as much lower, ∼(2–3) × 1015 cm−3, and could be related to
ackground donor doping typical of ISOVPE. In Sb-doped sam-
le, n77i = 3 × 1015 cm−3 was much lower than p77 before IE
∼1.8 × 1016 cm−3) and indeed lower than Sb concentration deter-

ined with SIMS (∼7 × 1016 cm−3). This, again, was indicative
f possible relaxation of donor defects during IE, confirming low
tability of these defects. The value of n77f ≈ 1.5 × 1015 cm−3 in this
aterial could be related either to background doping or to high

i in the samples with low x (∼0.18).
Later, the authors of Refs. [15,69–73] conducted numerous
xperiments on CTC in arsenic-doped MCT  grown with MBE  and
OCVD and subjected to IE. The basic properties of the converted

ayers in these samples were similar to those described above; the
nly difference was related to the initial stage of relaxation and
77

2). Curves 3 and 4 show relaxation in arsenic-doped MCT  with similar x grown with
ISOVPE and MOCVD, respectively [72,73].

was caused not by the presence of arsenic, but rather by some
neutral defects described below. Typical of arsenic-doped MCT
appeared to be the absence of re-conversion back to p-type under
storage at 300 K for as long as 10 years (Fig. 10) [72]. A trend of
re-conversion back to p-type in ISOVPE-grown arsenic-doped MCT
film was  observed at T > 100 ◦C during isochronous annealing in the
temperature range 20–140 ◦C with step 20 ◦C and duration of each
stage 30 min  [67].

The mechanism of CTC in arsenic- and antimony-doped p-MCT
was proposed by the authors of Refs. [28,64]. The authors of Ref.
[28] suggested that under IE, singly charged interstitial mercury
formed donor complexes with background arsenic according to the
reactions:

Hg·
I + As′

Te → D× and Hg·
I + D× → D·, (17)

where D× stands for neutral complex.
The detailed consideration of the mechanism of CTC in As(Sb)-

doped p-MCT was  given in Refs. [64–66]. It was based on the
assumption that in the process of diffusion, doubly charged Hg··

I
atoms react with singly charged As (or Sb) acceptors, which are
located in the anion sublattice (X ′

Te). As a result of this reaction,
singly charged donor complex D· is formed:

Hg··
I + X ′

Te → D·, (18)

The corresponding mass action law is:

[Hg··
I ] · [X ′

Te] = KX [D·], (19)

where KX = K0 · exp(−�HcX/kBT) is the equilibrium constant
(K0 ≈ N0 is a node density in the metal sublattice), and �HcX is
enthalpy of the complex formation. Equation (19) should be sup-
plemented by a condition of the existence of a permanent amount
of the V-group element [X]� dissolved in the crystal. From these
equations, an expression for donor center concentration follows:

[D·] = [Hg··
I ]

[Hg··
I ] + KX

[X]˙. (20)

The condition of the formation of donor complexes [Hg··
I ] 
 KX

follows straight from the Eq. (20). At 300 K under typical IE condi-
tions ([Hg··

I ]∼1014 cm−3 [43]) the V-group acceptor dopants should
be bound in complexes with Hg..

I at �HcX > 0.6 eV. The values of
�HcX were assessed for arsenic- and antimony-doped material as
1 ± 0.1 eV and 0.8 ± 0.2 eV, respectively. These estimations meant a

high probability of the complex formation under IE.

The reaction of the formation of the donor complex (X ′
Te − Hg··

I )
is similar to that of annihilation of Hg··

I and V ′′
Hg, yet differs from the

latter in that a new chemical bond is formed, so a certain potential
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arrier (Eax) should be overcome. Thus, the constant kX of the rate
f the reaction of complex formation should be written as:

X = k0Xexp(−EaX/kBT), (21)

here k0X = 4�rX(DI + DX) = 4�rXDI, DX is diffusion coefficient of the
cceptor dopant and rX is a capture radius, which for oppositely
harged centers rX ≈ rD, where rD is a screening radius. As for As and
b DX is really small, it can be regarded that DX = 0. Thus, k0X ≈ kF,
hich means that conversion depths should be similar in vacancy-

nd acceptor-doped MCT  subjected to IE with all other conditions
eing the same. Among other things, this is due to the same values
f [HgI]S in both cases.

The conversion mechanism proposed in Refs. [64–66] agrees
ith all the experimental data. Electron concentration n77i in

rsenic-doped samples (except for MBE  samples) agrees well with
As, which means that it is indeed defined by As′

Te − Hg..
I donor

omplex concentration. The weaker stability of the complexes in
CT  doped with Sb can be explained by the value of �HcSb being too

lose to the critical value of �HcX = 0.6 eV, and this easily explains
he discrepancy between the n77i and acceptor concentration in the
b-doped samples measured before IE.

The proposed CTC mechanism implies that after IE is stopped
nd Hg..

I concentration decreases (due to diffusion of these atoms
ack to the surface) to a level that corresponds to the condition
Hg..

I ] � KX , according to Eq. (20), the donor complexes begin to
isintegrate. The kinetics of this process should correspond to the
hemical-kinetic equation of the first order that has a solution in
he form of the exponential law:

X = 1
kXKX

= 1
k0XN0

exp
(

EaX + �HcX

kBT

)
. (22)

Estimations showed that at T = 300 K, EaX = 0.2 eV, �HcAs = 1 eV
nd �HcSb = 0.8 eV, the disintegration time is �X ∼ 3105 min  and
X ∼ 150 min  for MCT  doped with As and Sb, respectively. How-
ver, such relaxation mechanism should result in the complete
e-conversion of the n-layer back into p-type, which was not
bserved in the experiment even after the samples were stored for
ore than 10 years (Fig. 10) [72]. This pointed out to the fact that

n reality the relaxation process occurs in a more complicated way,
ossibly via formation of neutral complexes D× (D· → Hg·

I + D×), as
as suggested in Ref. [28]. These neutral complexes are stable at

00 K.
According to Refs. [64–66], to achieve CTC in arsenic- or

ntimony-doped MCT, in contrast to vacancy-doped material, one
hould have [Hg··

I ] 
 KX condition fulfilled. This requires a certain
alue of ion current density and sets a limit on this value. Under
ypical IE regimes (j = 0.1–0.3 mA/cm2), this condition is easily sat-
sfied. The existence of such condition was confirmed by the authors
f Ref. [74] when they compared arsenic-doped samples subjected
o IE to similar samples with anodic oxide (AO) annealed in air at
28 K for 20 min. Deep CTC was not observed for the latter sam-
le, while in sample subjected to IE the CTC depth equaled ∼6 �m.

 vacancy-doped sample (with similar [VHg] and NAs) after anodic
xidation and annealing demonstrated CTC depth of 10 �m.

These facts agree with the above proposed CTC mechanism and
onditions for the conversion. Under annealing of AO, CTC results
rom the diffusion of free mercury atoms that appear as a result
f the oxidation and are forced to move to the border between
he AO and the crystal. Concentration of HgI in this case cannot
xceed its equilibrium value at the temperature of the annealing,
hich at T = 428 K equals ∼109 cm−3 [47]. At this temperature and
t HcAs ≈ 1 eV, the constant of the formation of the donor complex
As ≈ 1010 cm−3. Thus, the condition [Hg··

I ] 
 KX is not satisfied,
rsenic atoms remain in the form of As′

Te and no CTC is observed. In
ontrast to this, under IE, [Hg··

I ] 
 KX is easily satisfied and deep CTC
Review 25 (2017) 148–170 159

is observed. For vacancy-doped MCT, no conditions are required
and annealing of AO leads to deep CTC.

Let us note that CTC under IE was  also observed in arsenic-
doped MCT  in Ref. [39]. Studied were LPE-grown p-MCT films with
x = 0.23 and 0.28. The electron concentration after IE was  equal to
NAs (though relaxation of n77 was not considered). The CTC depth
dj dependence on the thickness of the layer etched off with IE
(which means, on the etching time) and on arsenic concentration
looked like dj ∝ t0.9 and dj ∝ N−1

As , respectively, which agreed with
the kinetic mechanism of CTC. However, when studying dj(NAs), the
authors of Ref. [39] did not consider dj(x) and directly compared the
data acquired on samples with different composition, which makes
the dj∝NAs

−1 relation somewhat doubtful. It was shown also, that
annealing of the IE-converted films at T = 120 ◦C for 96 h brought
the parameters of the films back to those of initial samples, sim-
ilar to the data of Ref. [62]. The authors of Ref. [39] claimed that
CTC mechanism was related to the formation of donor complexes
according to the reaction Hg−

I + As′
Te ↔ AsTeHg.

I . They, however,
did not give any arguments supporting this idea, nor they referred
to Refs. [28,64–66], where this mechanism had been already pro-
posed and proven by that time.

2.7.2. Conductivity type conversion in Cu-, Ag- and Au-doped
MCT

CTC in Au-doped LPE-grown p-MCT films under reactive IE was
first reported on in Ref. [53] and was  studied in more detail in
Ref. [54]. A comparison was  made of the effect of reactive IE in
CH4/H2 plasma on vacancy-doped (x = 0.23; p 77 = 1.2 × 1016 cm−3

and x = 0.31; p 77 = 7.4 × 1015 cm−3) and Au-doped (x = 0.23;
p = 1.2 × 1016 cm−3 and x = 0.31; p = 9.3 × 1015 cm−3) films. Etching
for 2 min  removed a ∼0.3 �m-thick layer. With the use of step-
by-step chemical etching, CTC depth of 4 �m was found in MCT
with x = 0.23 doped with Au and 1 �m in other samples. With the
use of quantitative MSA, electrons with low (2000–3000 cm2/(V s)
and high (40,000–80,000 cm2/(V s)) mobilities were identified in
the converted n-layer, which was typical of the damaged n+-layer
and the bulk n-layer, respectively. For low-mobility electrons
�n did not depend on temperature in 30–300 K range, while
temperature dependence of �n for high-mobility electrons was
typical of uncompensated MCT  with appropriate x. At that, �n77 in
Au-doped MCT  was  1.5 to 2 times higher than that in the vacancy-
doped material. Surface concentration of low-mobility electrons
at 77 K equaled 8 × 1012 cm−2 in all the samples. The average
concentration of high-mobility electrons at 77 K in Au-doped MCT
with x = 0.23 (≈3 × 1015 cm−3) was  an order of magnitude lower
than the concentration of Au. For the vacancy-doped material,
this concentration reached 8 × 1015 cm−3, which was much higher
than the value reported on by other authors [12]. However, the
authors of Ref. [54] did not consider possible relaxation of the
parameters after IE.

In relation to the mechanism of CTC, the authors of Ref. [54]
made the following conclusions. Diffusion-like profile of the elec-
tron concentration in the converted layer, in their opinion, was
indicative of the fact that CTC was related to diffusion of some donor
impurities from the surface (the origin of those was not specified).
This was also confirmed, as thought the authors of Ref. [54], by the
fact that concentration of high-mobility electrons after IE signifi-
cantly exceeded that of residual donors (∼3 × 1014 cm−3, which, in
fact, contradicted their own  data obtained on the vacancy-doped
samples). However, as the electron concentration in the converted
layer was lower than NAs, the authors of Ref. [54] still believed that
CTC mechanism was related to neutralization of Au dopant and

diffusion of some donor impurities.

The authors of Ref. [75] considered formation of n-region
in vertically-integrated photodiodes with circular p-n junctions
(loop-hole photodiodes) with the use of IE and ion implantation in
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F oefficient (2, 0.05 T; 3, 1.0 T) (77 K) after IE of Cu-doped p-MCT during storage at T = 293 K
( ter [78]).
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Fig. 12. Relaxation of n77 of the bulk converted layer at 273 K for Cu- (curve 1), Ag-
(2)  and Au-doped (3) p-MCT. Points show experimental data, lines are exponential
ig. 11. Time dependence of integral values of conductivity (curve 1) and the Hall c
a)  and T = 273 K (b). (a) 2, RH < 0; 3, RH > 0; (b) 2, RH < 0; 3, RH with sign inversion (af

u-doped p-MCT co-doped with In (∼3 × 1014 cm−3). They related
ormation of n+-n regions in photodiodes with generation of HgI

hich expelled Au atoms from metal sublattice sites. Part of these
u atoms, in their opinion, diffused laterally and defined the posi-

ion of n-p junction with carrier concentration in n-region defined
y that of indium. No more data were available in Ref. [75], nor did
he authors give references to any other works.

IE-related CTC in MCT  doped with Ag, Na, Cu and Au was men-
ioned in Ref. [76], and it was stated that in all cases the conversion
epth was the same. However, Ref. [76] does not provide any data

llustrating these observations, references to other works are not
iven either.

The detailed and consistent studies of IE-induced (500 eV Ar
ons) CTC in Cu-Ag and Au-doped p-MCT (x = 0.21–0.23) were per-
ormed in Refs. [77–79]. MCT  samples with n77 ∼ 3 × 1014 cm−3

ere cut from bulk crystals and doped via depositing metallic
lms on their surface and annealing them in saturated mercury
apors at 573 K for 72 h. After doping, samples acquired p-type
ith p77 = (1.5–6) × 1016 cm−3 (depending on the dopant), which
as indeed defined by the dopant, as vacancies in the sam-
les were eliminated. Hole mobility at 77 K after doping equaled
00–500 cm2/(V s). As was shown in Ref. [77], IE caused deep CTC

n Cu-, Ag- or Au-doped p-MCT with formation of a typical n+-n-
 structure. To make the study of the properties of bulk n-layer
impler, straight after IE the samples were subjected to chemical
tching in Br2 + HBr, which removed the damaged n+-layer. Post-IE
elaxation in the samples was studied at T = 293 K and 273 K. Con-
entration profiles were determined with differential Hall-effect
easurements (with step-by-step chemical etching) on the sam-

les that relaxed at 293 K.
Fig. 11 shows typical relaxation curves for samples doped with

u. Discrete MSA  showed [78], that storage at 293 and 273 K of sam-
les with removed damaged layer caused decrease in the amplitude
f the peak corresponding to high-mobility electrons. This was
ndicative of the decrease in the concentration of the IE-induced
onor centers which, therefore, were unstable.

Comparison of the relaxation curves recorded at 293 and 273 K
Fig. 11) shows that relaxation is thermally activated. Similar
ependencies were observed for Ag- and Au-doped samples, and
haracteristic relaxation times depended on the dopant, which was
ndicative of different degrees of the stability of the donor centers.
elaxation of n77 in the bulk n-layers as determined from the origi-
al experimental data collected at storage temperature 273 K with

he use of discrete MSA  is shown in Fig. 12. The value of n77i for
ll the samples agreed well with the concentration of introduced
opants. Relaxation of n77 was exponential and had two stages. It
fitting curves (after [77]).

reflected chemical-kinetic equation of the first order (Eq. (15)), and
was related to disintegration of donor centers induced with IE.

Assuming that reciprocal characteristic relaxation time 1/�
depended on the temperature according to the Arrhenius law, it
was found [77]:

�2Cu = 3.2 × 10−8 exp(0.632 eV/kBTr) s;

�2Ag = 5.4 × 10−7 exp(0.577 eV/kBTr) s;

�2Au = 1.5 × 10−6 exp(0.555 eV/kBTr) s.

(23)

As can be seen, activation energies Ea2 for all three dopants were
similar, while in general relaxation was  much slower in Au-doped
sample.

Relaxation of these samples at 293 or 273 K did not lead
to re-conversion back from n- to p-type [77]. For Cu- and Ag-
doped samples, the bulk converted layer retained n-type with
n77f ≈ 2 × 1014 cm−3, which was  close to background donor doping
level. In Au-doped sample, n77f ≈ 2 × 1015 cm−3 exceeded the latter,
which was probably due to incomplete relaxation in the course of
the measurements. Isochronous annealing (after storage at 273 K)
lead to decrease in n77 (after 80 ◦C annealing stage) and eventually
to re-conversion back into p-type at T ≥ 120 ◦C.

A consistent mechanism of CTC in ion-etched Cu-, Ag- and Au-

doped MCT  was proposed in Refs. [77,78]. All the experimental data
on the topic suggested that Cu, Ag and Au are also (similar to As and
Sb) able to interact with Hg··

I , which results in changes in the charge



onics 

s
r

M

w
T

[

w
[
E

[

i
o
o
d
a
M
m
E
l
M
v
M

a
s
m
p
I
t
t
e
M
a
e

i
t
t
R
a
l
s
d
t
a
l
l
i
r
o
t
f
l
e
i
i
a
f

I.I. Izhnin et al. / Opto-Electr

tate of the dopants. Most likely, CTC in this case is caused by the
eaction:

′
Hg + Hg··

I → M·
I + Hg×

Hg, (24)

here M′
Hg is an acceptor, M·

I is a donor, M stands for Cu, Ag or Au.
his reaction corresponds to mass action law:

Hg··
I ][M′

Hg] = KrM[M·
I], (25)

here KrM is the equilibrium constant. Considering that [M′
Hg] +

M·
I] = NM , where NM is the total concentration of the dopant, from

q. (25) we obtain:

M·
I] = NM[Hg··

I ]
[Hg··

I ] + KrM
. (26)

Eq. (26) gives a condition for the formation of donor centers
nvolving Cu, Ag or Au: [Hg··

I ] 
 KrM , which is similar to that in As-
r Sb-doped MCT. Thus, according to Refs. [77,78], CTC in Ag-, Cu-
r Au-doped MCT  under IE is possible if KrM is not too large. As
iscussed earlier, CTC under IE can be achieved at KrM � 1014 cm−3,
nd estimations made in Refs. [77,78] showed that for Cu-doped
CT  this condition is achieved at any EmCu (which is the dopant
igration energy). For Au- and Ag-doped MCT, CTC is possible at

mAg (or EmAu) > 0.2 eV, which is still achievable, yet sets certain
imits on IE parameters. In any case, CTC in I-group acceptor-doped

CT  requires (similar to V-group acceptor-doped material) certain
alues of ion current density, which contrasts it to vacancy-doped
CT.
Typical characteristic time of transfer of M′

Hg into M·
I can be

ssessed as �rIM = 1/(krM[Hg··
I ]), where krM is the reaction rate con-

tant [78]. Considering typical parameters, �rIM ∼ 10−2 s, which is
uch less than IE time (t ∼ 103 s) and suffices for CTC. Thus, most

robable mechanism of CTC in I-group acceptor-doped MCT  under
E is diffusion of HgI with kicking dopant atoms from cation sublat-
ice (where they acted as acceptors) into interstitial position (where
hey act as donors), provided KrM � [Hg··

I ]. This mechanism implies
qual CTC depth in Cu-, Ag- and Au-doped MCT  and vacancy-doped
CT  (Fig. 3), as well as similarity between n77i in the converted layer

nd acceptor concentration in the initial sample, which agrees with
xperimental data quite well.

This mechanism surely implies post-IE relaxation, and accord-
ng to Eq. (26), when [Hg··

I ] � KrM dopant atoms should move back
o their initial positions in the cation sublattice with characteris-
ic time �rrlx = 1/(krMKrM). However, estimations for �rrlx made in
efs. [77,78] differed from experimental �2M values. Also, if one
ccepts this model of relaxation, it becomes difficult to explain the
ack of re-conversion back from n-type into p-type. Therefore, there
hould be other processes that slow down the re-conversion or hin-
er it completely. According to Refs. [77,78], most likely reason for
his phenomenon is the disintegration of the formed solid solution,
s the maximum solubility of M·

I in MCT  under at 300 K is much
ower than 1016 cm−3 [80]. As the migration energy is large, �rrlx is
arge, too. Also, because of the disintegration, concentration of M·

I
n the converted layer gets much lower than NM. Because of this, the
ate of M′

Hg formation also becomes low, and re-conversion is not
bserved. On the other hand, in the bulk of the sample concentra-
ion of the solution is much lower than in a saturated solution, thus
or some time after IE the flux of M·

I is directed from the converted
ayer into the bulk of the crystal, which does not favor re-conversion
ither. At that, conductivity type would be defined by background

mpurities, which agrees with the experimental data. With time,
nclusions should dissolve as a result of the transfer of M·

I into M′
Hg,

nd then re-conversion becomes possible, as was shown in Ref. [72]
or Ag-doped MCT.
Review 25 (2017) 148–170 161

2.8. Stability and relaxation of parameters of MCT  modified with
ion etching

Stability of the properties of p(n)-MCT layers converted (modi-
fied) with IE is very important considering the fact that this method
is widely used for fabrication of photodetectors. The authors of Ref.
[28] were the first to observe relaxation of electrical parameters
of n-layers formed with IE in vacancy-doped MCT. Relaxation has
been followed for several weeks while the samples were stored at
the room temperature. We  shall call this relaxation (or stability)
a ‘short-term’ one (∼105 min) in contrast to long-term relaxation
(stability) that can be followed for several years.

Stability of n-p structures formed with IE was first studied in
Ref. [24]. The position and shape of p-n junction were measured by
EBIC straight after IE and three months later (the sample was kept
in air at the room temperature) with no difference observed.

In some papers, the effect of thermal annealing on the properties
of modified/converted MCT  layers was  studied. In Ref. [29], it was
shown that low-temperature annealing at 75–80 ◦C for 24–170 h
of n+-n structure fabricated on the basis of n-MCT (x = 0.215,
n = 1 × 1015 cm−3, carrier lifetime � ∼ 3 �s) with low degree of com-
pensation and subjected to IE (E = 100 eV, j = 0.5 mA/cm2, t = 60 min)
led to slight increase in electron concentration and hardly affected
concentration profile and mobility values. The carrier lifetime,
however, did change after annealing: its value got restored back
to 0.2 �s as compared to 1–2 ns straight after IE. Annealing at 70 ◦C
for 48 h of ion-etched n+-n structure, which was based on strongly
compensated n-MCT, after removing 5 �m-thick layer with chem-
ical etching, reduced electron concentration by the factor of 2 and
led to increase in mobility and carrier lifetime (all measured at
77 K). The authors of Ref. [29] concluded that such annealing led to
almost complete annihilation of defects in n+-layer thus bringing
its parameters to those of the bulk n-layer.

In Ref. [23], straight after IE it was  not possible to detect car-
rier lifetime signal. After a ∼5 �m-thick layer was  removed with
chemical etching, the measured lifetime exceeded that typical of
the initial sample. After annealing at 185 ◦C for 12–18 h, the lifetime
decreased.

The authors of Ref. [81] studied the effect of thermal annealing
under reduced mercury pressure on ion-etched (in Ar or H2 plasma)
vacancy-doped p-MCT (x = 0.23; p 77 = (5–10) × 1015 cm−3). Straight
after IE, a 1 �m-thick surface layer was removed with chemical
etching. It was  discovered that annealing of the n-layer formed as
a result of IE in H2 plasma, performed at 150, 190 or 210 ◦C for
300, 20 and 0.3 h, respectively, led to full re-conversion back into p-
type. For the layer that was converted into n-type in Ar plasma, full
re-conversion back into p-type required longer annealings, which
was explained by a thicker converted layer. The activation energy
of the re-conversion process in both cases was  determined to be
Ea = 0.99 eV and was, therefore, close to HgI diffusion activation
energy (1.01 eV). It was  concluded that the re-conversion process
was determined by the diffusion of HgI.

Thermal stability of n-p structures formed with IE in vacancy-
doped p-MCT (x = 0.21; p77 = 5.8 × 1015 cm−3) was studied also in
Ref. [82]. The CTC depth was 10 �m.  After IE, the structures were
annealed in air at 85, 120 and 160 ◦C for 1, 2 and 4 h. It was  shown
that annealing at 160 ◦C for 2 h caused full re-conversion back into
p-type. Annealing at 85 ◦C caused some minor changes in elec-
trical parameters at its initial stage, yet further (for the next 4 h)
these parameters remained stable. Annealing at T = 120 ◦C resulted
in gradual re-conversion of n-layer back into p-type. The authors of
Ref. [82] related the process of re-conversion to the out-diffusion of

HgI and formation of VHg in the converted layer, as the effect of the
diffusion of the vacancies could be disregarded. The annealing tem-
peratures and times that were required for achieving re-conversion
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Fig. 14. Relaxation of electron concentration in IE-modified ‘bulk’ layer of the
ig. 13. Relaxation of integral conductivity (curve 1) and the Hall coefficient (2, 0.
ith  the damaged layer removed: (a), 20 ◦C; (b), 50 ◦C; (c), 75 ◦C (after [68]).

n Ref. [82] were much lower than those in Ref. [81] and better
uited general perception of the thermal stability of MCT.

Finally, the authors of Ref. [28] discovered relaxation of electri-
al parameters of IE-formed n-p structures during the storage of
he etched samples at 300 K. It was established that integral con-
uctivity � of the structures (as measured at 77 K) formed with
eactive IE in H2 or Ar plasma in vacancy-doped p-MCT (x = 0.21;
77 = (1–4) × 1016 cm−3), decreased monotonically after IE in the
ourse of the storage. After a few days, � experienced saturation.
ncreasing the storage temperature up to 323 K lead to 5-fold accel-
ration of relaxation, so it was concluded that relaxation was a
hermally activated process. The studies of the differential Hall
ffect showed that after the relaxation the converted layer retained
-type conductivity and � was constant throughout the thickness of
he layer. In accordance with the mechanism proposed in Ref. [28],
elaxation of electrical parameters was caused by the disintegra-
ion of donor complexes formed during IE by HgI with background
mpurities, such as, e.g., arsenic.

Qualitatively the long-term stability of n+-n structures formed
ith IE in vacancy-doped LPE-grown p-MCT films (x = 0.22;

77 = 2 × 1016 cm−3) was studied in Ref. [83]. A comparison was
ade between the parameters of n+-n structures formed with IE

fter long-term (10 years) and middle-term (5 months) storage
f the samples at 300 K. The most important practical conclusion
f this work was  related to the fact that n+-n structure of the
onverted layer with low-mobility (damaged n+-layer) and high-
obility (bulk n-layer) remained as such after 10 years of storage

t the room temperature.
The authors of Ref. [68] showed that relaxation of electri-

al parameters in the course of storage at 300 K is typical of
+-n structures formed with IE. They used wafers cut from the
ulk vacancy-doped p-MCT crystals doped from the melt with
e (∼1 at.%) or co-doped with In (ND ≈ 3 × 1015 cm−3); n-type
afers cut from crystals doped with In (ND = (2–4) × 1014 cm−3) and

SOVPE p-MCT films doped with As. Fig. 13 shows experimental data
or the IE-modified sample with n-type conductivity.

The basic relaxation regularities appeared to be similar for ion-
tched samples with initial p- and n-type conductivity. It was
hown, via observation of integral conductivity behavior, that after
elaxation is completed, the converted/modified layer remains in
lace. However, the authors of Ref. [68] established different char-
cter of relaxation in the samples with and without damaged layer,
hich was indicative of different nature of donor centers in the

+
amaged n -layer and bulk n-layer.
Analysis of the parameters of the diffusion of HgI performed

n the basis of the data presented in Ref. [47], showed that at
 ≤ 75 ◦C and t < 105 min  the diffusion of HgI caused by its evap-
MBE-grown n-MCT with x ≈ 0.3 (graph) and the position of the band-edge pho-
toluminescence band (insets) (after [84]).

oration from a homogeneous crystal into vacuum cannot possibly
cause the increase in [VHg] greater than that at the tellurium border
of the homogeneity region, [VHg]Te < 1013 cm−3. Therefore, post-IE
relaxation at 300 K is most likely caused by the decomposition of
the donor centers, which were formed under IE in the damaged
n+-layer and bulk n-layer, as was suggested in Ref. [28] and was
directly shown in Ref. [68]. Later, it was  shown that under IE HgI

can form donor complexes with some neutral defects (possibly, tel-
lurium nanocomplexes) [15]. At that, let us underline the fact that
the effect of post-IE relaxation in n+-n structures at 300 K was con-
firmed in numerous experiments via the Hall effect measurements
by only two  groups of researchers [28,68] and was  studied in detail
only by the authors of this review. To the best of our knowledge,
no other research group has ever reported on this subject.

The authors of Ref. [84] confirmed the existence of relaxation,
which had been already known at the time from the results
of electrical measurements, by studying the blue-shift of band-
edge photoluminescence at 84 K in ion-etched MBE-grown n-MCT
(x ∼ 0.3) (Fig. 14).

The blue-shift was  caused by the Burstein–Moss effect, when
electron concentration exceeded a certain ‘critical’ level; reflecting
the crossing of the conductivity band bottom by the Fermi level.
The insets in Fig. 14 present the spectra of the MCT  film measured
before IE and during the relaxation (60, 406, and 125,600 minutes
after the treatment, respectively). Vertical line in each spectrum

presents the position of the maximum of the band before IE. It
is seen that 1 hour later after IE the maximum of the lumines-
cence band was  blue-shifted by ∼17 meV  from that of the original
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Fig. 15. Relaxation of n77 during isothermal aging at T = 293 K for n-p structures in
sample with removed damaged layer (curve 1) and n+-n-structure in MBE-grown
film without graded-gap surface layer (curve 3), for n+-damaged layer (curve 2) and
MBE-grown film with graded-gap surface layer with xy ∼ 0.56 (curve 4) [49,58,86].
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impurities in MCT. Also, HgI may  form similar complexes with some
nset shows relaxation of integral conductivity in MBE-grown samples with xa ≈ 0.22
nd xy = 0.22 (curve 3) and xy = 0.56 (curve 4).

pectrum. Four hundred minutes later the shift was ∼3 meV  and
t slightly decreased over the following 125,600 min. As follows
rom Fig. 14, the appearance of the blue-shift in the luminescence
and of ion-etched sample coincides with the increase of n77 due
o the formation of the IE-induced defects. The threshold electron
oncentration nth causing the Fermi level to enter the conduction
and, as assessed by numerically solving an appropriate electro-
eutrality equation for MCT  with x = 0.30 at 84 K, is shown in Fig. 14
y the horizontal dash-dotted line. It is seen that the spectrum
ecorded straight after IE was indeed that of a degenerated sample
n77 
 nth). The calculated electron concentration corresponding to

 ∼17 meV  blue-shift was ∼4 × 1016 cm−3, being in a good agree-
ent with the value of n77 measured at that point of relaxation.

he other spectra were recorded when the n77 decreased below the
hreshold value, and no pronounced shift of the band was  observed.
he authors of Ref. [85] observed a similar effect; they, however,
id not specify when exactly their spectra were recorded after IE,
hich does not allow for interpreting their data in the accurate
ay.

The studies of the mechanisms of conductivity and post-IE relax-
tion in various layers of n+–n structure formed in vacancy-doped
-MCT were conducted in Refs. [49,58,86]. In particular, in Refs.
58,86] studied were identical single-crystal samples (x = 0.205;
77 = 7.0 × 1015 cm−3), where the first sample straight after IE was
ubjected to chemical etching (Br2 + HBr) for removing ∼4 �m-
hick layer from the surface (including damaged layer), while the
econd sample was kept intact. In Refs. [49,58], a report was given
n IE of MBE-grown p-MCT structures with graded-gap WBPLs
∼1.7 �m)  with composition at the surface xy = 0.22, 0.35, 0.48 and
.56, respectively, yet with equal xa ≈ 0.22.

Fig. 15 shows the relaxation of n77 in IE-converted bulk n-layer
easured during isothermal aging at 300 K for n-p structure in sam-

le with removed damaged layer (curve 1) and n+-n-structure in
BE-grown film without graded-gap surface layer, where the con-

ersion took place throughout the whole (10.8 �m)  thickness of the
tructure (curve 3). Also, similar curves are given for n+–damaged
ayer (curve 2) and MBE-grown film with graded-gap surface layer

ith xy ∼ 0.56 (curve 4).
For sample with removed damaged layer (curve 1) the MSA
howed the presence of electrons of only one type, those of the
ulk n-layer. For MBE-grown sample with xa = xy = 0.22 (curve 3)
he electron concentration of the bulk n-layer was extracted with
Review 25 (2017) 148–170 163

MSA, and the dependence of n77 on the aging time t for both these
samples was  multi-exponential:

n = n1 exp(−t/�1) + n2 exp(−t/�2) + nf . (27)

As discussed above, such dependence is typical of the disinte-
gration of donor centers (complexes) formed under IE as a result of
interaction of HgI with I- (Cu, Ag, Au) and V-group (As, Sb) acceptors.
This relaxation law corresponds to a simple kinetic Eq. (15).

Relaxation curves for the bulk of the converted layer have two
important milestones: first is the initial electron concentration n77i,
measured ‘straight after IE’ (in reality, 10–20 min  later), and the
second is n77f, measured after saturation of the relaxation curve
(which, as a rule, requires (1–2) × 105 min  of storage at 300 K). It
was these values that were different for bulk-crystal sample (curve
1) and MBE-grown sample with xa, xy = 0.22 (curve 3), which were
obtained with different growth methods.

As can be seen, for bulk-crystal sample (curve 1),
n77i ∼ 1.2 × 1016 cm−3, which exceeded total concentration of back-
ground impurities in typical samples grown with this technology
at “Pure Metals’ factory (Svetlovodsk, Ukraine), (1–5) × 1015 cm−3.
After the relaxation n77f was equal to ∼7 × 1014 cm−3 and agreed
well with the aforementioned background doping. For MBE-grown
sample (curve 3), n77i of ∼1017 cm−3 by two  orders of magnitude
exceeded the electron concentration in the as-grown n-type film
(measured before the annealing performed to achieve CTC into
p-type via vacancy doping). Considering the values of mobility in
as-grown sample, the total concentration of background impurities
did not exceed 5 × 1015 cm−3. After the relaxation, n77f equaled
∼2.5 × 1015 cm−3, and, as was shown in many papers (see, e.g.,
[87]), was  typical of MBE  MCT  grown on GaAs substrate. Also,
as it was  proven in Refs. [15,49,50,52,58,59,69,71], the value
of ∼1017 cm−3 was  typical of n77i in all MBE-grown MCT films
irrespective of the type of doping, substrate or specific epitaxy
technology. As in the films before IE there were no electrically
active impurities with such high concentration, it was  suggested
that in MBE-grown MCT  an initially neutral defect was present.
Interacting with HgI under IE, this defect forms donor centers with
concentration 1017 cm−3, similar to the case of acceptor-doped
MCT. It was  suggested that such defects can be represented by
nanocomplexes of tellurium [15], especially considering non-
equilibrium character of MBE  of MCT, which typically proceeds
under Te over-saturation. Possibly, similar nanocomplexes may
exist in bulk crystals of MCT  as well, even though there they should
have much lower concentration. The latter suggestion allows for
explaining the fact that n77i in bulk crystals slightly exceeded the
concentration of background impurities, see curve 1 in Fig. 15.

According to Refs. [50,72], after the stage of short-term
relaxation at 300 K, n77 remained stable during the long-term
storage (6–10 years), as is shown in Fig. 16 for MBE-grown n-
MCT  (x ∼ 0.2) samples, un-doped and doped with indium in a
wide concentration range (5 × 1014–1017 cm−3). For nominally
un-doped sample (curve 1) and that with indium concentration
NIn ≈ 5 × 1014 cm−3 (curve 2), electron concentration stabilized at
n77f ∼2.5 × 1015 cm−3, which corresponded to background donor
doping NBD. For samples doped with In with concentrations
∼2.5 × 1015 cm−3 (curve 3) and ∼1.3 × 1016 cm−3 (curve 4), electron
concentration stabilized at the level n77f ∼ NBD + NIn.

The results presented in this section unambiguously show that
the mechanism of the relaxation of electrical parameters of the bulk
n-layer in ion-etched p- and n-MCT is related to the disintegration
of donor complexes and centers that HgI forms with background
acceptors of I and V group, which represent basic uncontrolled
other residual impurities (O, C and H) and some neutral defects,
such as tellurium nanocomplexes. As the chemical type of residual
doping and the concentration of background impurities depend on
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ig. 16. Post-etching long-term relaxation of the electron concentration in the
odified ‘bulk’ n-layer of indium-doped n-MCT films: curve 1, un-doped film; 2,

In ∼ 5 × 1014 cm−3; 3, NIn ∼ 1015 cm−3; 4, NIn ∼ 1016 cm−3 [50,72].

he specific growth technology, it is this technology that eventually
efines the character of relaxation in the given ion-etched sample.
lso, it is shown that electron concentration in the bulk n-layer
traight after IE is defined by the total concentration of residual
onors, intentionally introduced donor dopants, and by the con-
entration of donor complexes and centers formed by HgI with
cceptor impurities, and, possibly, with some neutral defects. After
he relaxation and disintegration of the complexes and centers, the
lectron concentration in the bulk n-layer is determined by the
otal concentration of uncontrolled stable donors and intentionally
ntroduced donor dopants (if any).

Electrical parameters of the damaged n+-layer of n+-n structures
ormed with IE as dependent on storage time at 300 K are given
n Fig. 15 for bulk crystal (curve 2) and MBE-grown sample with
a ≈ 0.22 and xy = 0.56 (curve 4). To determine the characteristics
f the n+-layer in bulk crystal, the authors of Ref. [86] calculated
nd analyzed the difference between corresponding components of
onductivity tensor for samples with and without n+-layer during
heir storage at 300 K. Considering the identity of initial samples
nd IE regimes used, this difference indeed reflected the contri-
ution of the n+-layer. In MBE-grown sample with xy ≈ 0.56, IE
esulted in n+-p structure with the thickness of n+-layer of 2 �m,
ithout deep CTC.

As can be seen, for n+-layers relaxation curves look very different
s compared to those for the bulk n-layer. This is confirmed by

 different character of the relaxation of integral conductivity for
BE-grown samples with xy ≈ 0.22 and xy = 0.56 (curve 4) (inset in

ig. 15). The relaxation law at the initial relaxation stage could be
escribed as:

(t) = n(0)√
1 + kt

, (28)

here n(0) ≈ 6 × 1017 cm−3, k ≈ 0.005 s−1 for sample 2 and
(0) ≈ 3 × 1017 cm−3, k ≈ 0.007 s−1 for MBE-grown samples with
y ≈ 0.22 and xy = 0.56.

To explain the obtained results, the authors of Ref. [86] assumed
hat conductivity in n+-layer was provided by donors formed via
apture of HgI by neutral structural defects (dislocation loops). Con-
ensation of HgI atoms and their transition back into the crystal
atrix is favored not only by very high concentration, but also

y very high mobility of this defect. Indeed, constant of Hg..
I cap-
ure is of the order of 4�rtrDI. In particular, for neutral capture
enters, capture radius rtr equals characteristic defect size a, and
s DI ∼ 10−5 cm2/s at 300 K [27], at Ntr ∼ 1018 cm−3 characteristic
apture time (1/kNtr) is only ∼10−6 s.
Review 25 (2017) 148–170

It was assumed that relaxation of donors in the damaged layer
might proceed via re-structuring of a complex defect with the lat-
ter loosing its donor properties. For local re-structuring without
emission of HgI, the most probable reaction of the lowest order in
relation to the concentration of the centers:

2e′ + Tr·· → Tr×. (29)

where Tr stands for a trapping center. The kinetics equation for (29)
is:

dN0

dt
= −k0n2N0, (30)

where k0 is reaction rate constant. Specifically, the reaction (29)
was found to be three-molecular, provided that no other defects
participated, N0 
 ni and n = 2N0. The solution of Eq. (30) is then
reduced to (28), if it is assumed that k = 2k0N2

0 (0). Fig. 15 (solid
lines) shows the results of the fitting of experimental data per-
formed with the use of Eq. (28). Good fitting is indicative of the fact
that reaction according to Eq. (29) indeed takes place at the initial
stage of the relaxation after IE.

On the basis of these results it was suggested that reaction Eq.
(29) was  associated with processes running in dislocation cores: a
donor defect is formed when HgI is trapped by a dislocation core. In
the process of relaxation, the defects are neutralized according to
Eq. (29) and embed into the crystal lattice, causing the dislocation
to shift. Correlation between typical relaxation times calculated
using Eq. (28) and relaxation times of interstitial dislocation loops
reported on in Ref. [56] provides strong confirmation to this inter-
pretation.

3. Using ion etching for investigation of MCT  defect
structure

As basic patterns of the effect of IE on MCT and the properties
of the etched material have been studied in much detail, it became
possible to apply IE for studying MCT  defect structure. The main
postulates, which provide the basis for such studies, are:

1. Extremely high concentration of non-equilibrium mercury inter-
stitials (∼1014 cm−3) in the source formed under IE (the
equilibrium concentration at the room temperature is 106 cm−3)
provides very high probability of the formation of donor cen-
ters and complexes comprising mercury interstitials and various
dopants and defects (Cu, Ag, Au, As, Sb), certain neutral defects
(possibly neutral Te nanocomplexes), dislocation loops;

2. Donor centers and complexes formed under IE are unstable and
after IE is stopped they start to disintegrate. The relaxation law
for concentration of the electrons in the bulk converted (mod-
ified) n-layer is exponential with different characteristic times
that depend on center type. For dislocation traps in the damaged
n+-layer, the law of relaxation is inverted square-root;

3. The initial electron concentration after IE in the bulk con-
verted/modified n-layer n77i is equal to total concentration∑

Nd +
∑

Na +
∑

Nneut, where
∑

Nd is the total concentration
of stable residual donors, native donor defects (antisite Te)
and introduced donor dopants;

∑
Na is the total concentration

of donor centers and complexes formed by HgI with acceptor
dopants during IE, and

∑
Nneut is the total concentration of donor

centers and complexes formed by HgI with some electrically
inactive defects.
4. The electron concentration after relaxation in the bulk con-
verted/modified n-layer is equal to the total concentration of
donor dopants and centers, n77f = NBD (background donor con-
centration).
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Fig. 17. Post-IE relaxation of the electron concentration in the ‘bulk’ n-layer for
ISP MBE-grown MCT/GaAs films: curves 1 and 2, vacancy-doped p-type films with
xa ∼ 0.22 [49]; 3 and 4, as-grown In-doped n-type and similar vacancy-doped film
with xa ∼ 0.22 [50,88]; 5 and 6, as-grown un-doped n-type and similar vacancy-
doped p-type films with xa ∼ 0.30 [50,88].

Fig. 18. Post-IE relaxation of the electron concentration in the ‘bulk’ n-layer for
MBE-grown films: curves 1 and 2, as-grown un-doped n-type and similar vacancy-
doped p-type ISP structures MCT/Si with x ∼ 0.33 [89]; 3, vacancy-doped with In
I.I. Izhnin et al. / Opto-Electr

Further on we shall consider some examples of using IE for
tudying defects in MCT  samples of various origins. The experi-
ental set-up in all the works was the same. IE in DC Ar plasma
as performed using an IB-3 (EIKO, Japan) etching system with
r+ E = 500 eV, j = 0.1–0.2 mA/cm2, and t = 10–20 min. The temper-
ture of the sample holder during the etching was kept at ∼293 K
y means of cooling the holder with water. Post-IE relaxation was
tudied via periodic measurements of electrical parameters of the
amples at 77 K while between the measurements the samples
ere kept in air at 293 ± 2 K. First measurement was  performed

0–15 min  after IE. After short-term ((1–3) × 105 min) relaxation
as completed, part of the samples was stored for 6–10 years,

nd after that, the measurements were performed again. Electri-
al properties of the films were studied by measuring RH and � in
agnetic field B of 0.01–1.5 T at T = 77 K on square-shaped van der

auw structures. The RH(B) and �(B) dependences were analyzed
sing discrete MSA  [78].

.1. Neutral defects in MCT

The possibility of the existence of certain neutral defects became
 subject for discussion when the authors of Ref. [15] reported on
he results of their studies of CTC in MBE-grown arsenic-doped
tructures with WBPL (xa = 0.22) (Fig. 10, curves 1 and 2). These and
ll other MBE  structures discussed in this section (unless stated oth-
rwise) were grown at Rzhanov Institute of Semiconductor Physics
ISP) (Novosibirsk, Russia) on (013) CdTe/ZnTe/GaAs (Si, ZnCdTe)
ubstrates. Arsenic doping was performed from the effusion cell
ith high temperature at low substrate temperature Tsb ∼ 165 ◦C.

he as-grown films had n-type conductivity with the electron con-
entration n77(0) ∼ 8 × 1015 cm−3. Thermal annealing (360 ◦C, 2 h)
as used to activate the arsenic acceptor; this was  followed by

nnealing at 210 ◦C (24 h) under Hg saturation to fill the mercury
acancies that formed during 360 ◦C annealing.

The arsenic concentration determined with SIMS was about
As ∼ 1.2 · 1016 cm−3. After activation annealing, the samples
ecame of p-type with p77 ≈ 1 × 1016 cm−3, which was indicative
f 100% arsenic activation. According to the conversion mechanism
iscussed above, the concentration of donor complexes (reflected
y n77i) in the bulk converted layer straight after IE should be
qual to the acceptor dopant concentration (or p77) in the initial
ample. It was this trend that was observed, e.g., in ion-etched
s-doped ISOVPE (curve 3 in Fig. 10) or MOCVD films (curve 4).
ut in some MBE-grown films the electron concentration in the
ulk n-layers after IE was (1–2) × 1017 cm−3 and, therefore, could
ot be explained solely by interaction of HgI with the AsTe atoms.
hus, it was supposed that in MBE-grown MCT  extra donor centers
ere formed, which resulted from the interaction of HgI with some

ntrinsic inactive defect [15]. This defect should have been neutral
fter growth/annealing (considering the parameters of the films
efore IE), and got activated upon IE, forming donor complexes with
gI.

Further studies showed that n77i ∼ (1–2) × 1017 cm−3 in the bulk
onverted/modified n-layer was the characteristic feature of all
CT  epitaxial films grown with MBE  at ISP. This concerns as-grown

ominally un-doped n-type films and similar vacancy-doped (by
nnealing in He atmosphere) p-type films on GaAs, Si or ZnCdTe
ubstrates; films doped with In and as-grown n-type films on
aAs substrates doped with As at low cracking temperature. It
as also true for vacancy-doped MBE  films grown on GaAs (211)

ubstrates with the use of Riber-32p system. These results are sum-

arized in Figs. 16–18. Let us note that for films with xa ∼ 0.3 grown

sing different MBE  technologies on GaAs(310) and GaAs(211)
ubstrates, n77i in the bulk converted/modified layer was  lower,
6 × 1016 cm−3.
a

co-doping ISP structure p-MCT/ZnCdTe with xa ∼ 0.23 [90]; 4 and 5, MCT/GaAs(211)
vacancy-doped with xa ∼ 0.22 and xa ∼ 0.32 grown in Riber-32p, respectively [90].

Thus, n77i in the bulk converted/modified layer in MBE-grown
samples does not depend on the substrate type, doping, post-grown
annealing and specific technology, and is due to the specifics of
MBE. Taking into account that MBE  proceeds under substantial tel-
lurium over-saturation, it was speculated that such defect may  be
Te-related, e.g., may  represent Te nano-complexes.

A similar effect (n77i ∼ 1017 cm−3) was  also observed in LPE (per-
formed from Te-rich melts) films grown on ZnCdTe substrates
at JSC “Giredmet” (Moscow, Russia), Fig. 19 (curves 2–5), but
was not observed in LPE films grown at JSC “Pure metals” (Svet-
lovodsk, Ukraine), Fig. 19, curve 1. For the latter, n77i was only
∼2 × 1016 cm−3, similar to the case of MCT  bulk crystals.

As is known, the problem of Te-related defects (tellurium
macro-inclusions) existed at the early stages of MCT  bulk crystal
and LPE film technology. The problem was later solved with post-
growth thermal annealings, which made the macro-inclusions
dissolve in MCT  matrix. This, however, does not imply that after
such annealings nanocomplexes of tellurium may  not remain. The
results of Raman scattering study in films grown with LPE technol-

ogy identical to that used for the growth of samples 2–5 in Fig. 19
showed the absence of Te macro-inclusions, but presence of Te
nanocomplexes [91]. This indirectly confirms the results obtained
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ig. 19. Post-IE relaxation of the electron concentration in ‘bulk’ n-layer for LPE-
rown films: curve 1, vacancy-doped p-type with xa ∼ 0.22; 2 and 3, annealed into
-type with xa ∼ 0.20; 4 and 5, vacancy-doped p-type with xa ∼ 0.20 [51,90].

ith IE. A similar tentative conclusion was made in Ref. [92] for
BE-grown MCT. Thus, using IE for studying defect structure of
CT  films grown with MBE  and some variations of LPE allowed for

evealing certain neutral defects, which were tentatively identified
s tellurium nanocomplexes.

.2. Arsenic incorporation in molecular beam epitaxy-grown MCT

Arsenic is the acceptor dopant of choice for the growth of
xtrinsically doped p-type MCT  layers, especially for photodetec-
ors operating in the longer parts of the IR spectrum and at higher
emperatures [63]. A problem related to arsenic doping in MBE-
rown MCT  is caused by the manner of As incorporation in the
aterial [93]. As-grown films usually show n-type conductivity, as

nder typical MBE  conditions arsenic is incorporated in MCT  in a
omplicated way, interacting with intrinsic defects [94]. One of the
ajor uncertainties is the exact knowledge of As position in the

rystal lattice before and after post-growth thermal activation. To
tudy this matter, the authors of Refs. [70,71] used IE.

Investigated were arsenic-doped MCT/GaAs (xa ≈ 0.21) films
rown with arsenic cracking [95]. Doping from the cracker cell
as implemented with a flow of arsenic passing through a crack-

ng zone. The flow rate was set by varying the source temperature
src, with the fraction of As2 molecules in the flow controlled
y the cracking zone temperature Tcr. Temperature of substrate
sb during the growth of these samples was ∼185 ◦C. All the as-
rown films were of n-type conductivity. Samples grown at low
cr (407 and 534 ◦C) had low electron concentration (2 × 1014 and
.2 × 1015 cm−3, respectively) and could not be activated into p-
ype. Other samples, which were grown at the mediate (661 ◦C)
nd high (781 ◦C) Tcr, had electron concentration in the range

 × 1016–6.3 × 1015 cm−3, and were successfully activated into p-
ype. IE and electrical measurements were performed on as-grown
-type samples and their counterparts activated into p-type. Fig. 20
resents the results of the study of post-IE relaxation in these sam-
les.

The data presented in Fig. 20 can be interpreted using the
ypothesis of the existence of Te-related defects in MBE-grown
CT. For As doping from an effusion cell with cracking at low

racking temperature (Tcr ∼ 400–500 ◦C), arsenic in the flow is pre-
ented mainly in the form of tetramer molecule As4. Taking into
ccount n77(0) ∼ (2–20) × 1014 cm−3 (which was considerably lower

han NAs) and high value of n77i ∼ 1017 cm−3 (which corresponds to
he typical concentration of neutral Te complexes), it was proposed
hat under these conditions As4 did not interact with neutral Te
anocomplexes and was incorporated into the lattice in the form of
Review 25 (2017) 148–170

electrically inactive species. Under activation annealing the As4 was
not activated, so the films kept initial n-type. Under IE, HgI formed
donor complexes only with Te nanocomplexes, so the relaxation of
n77 was  associated with the disintegration of these complexes, as
was the case for the un-doped sample (curve 1, inset).

For As doping with high cracking temperature
(Tcr ∼ 660–780 ◦C), arsenic in the flow was  present mainly in
the form of dimer molecule As2. Taking into account the value
n77(0) ∼ (6–20) × 1015 cm−3 and low value of n77i ∼ 4 × 1016 cm−3

(lower than typical concentration of neutral Te complexes), it was
proposed that under these conditions As2 interacted with neutral
Te nanocomplexes and got incorporated into the lattice in the
form of donor complex As2Te3. Still, in the samples there could
remain some neutral Te nanocomplexes. Under IE, HgI did not
interact with donor complex As2Te3, so the weak relaxation of
n77 was associated only with the disintegration of HgI-Te com-
plexes (curves 1–3). For sample grown at highest arsenic effusion
cell temperature (highest As flow) it was  assumed that most of
the excessive tellurium was  bound into As2Te3 donor complexes,
which did not interact with HgI. As a result, after IE the relaxation of
electron concentration was  not observed, NAs ≈ n77(0) ≈ n77i ≈ n77f
(curve 4).

Under arsenic activation annealing (350 ◦C), As2Te3 complexes
decomposed, arsenic got incorporated in the Te sublattice as an
acceptor, and the released tellurium nanocomplexes with typical
concentration ∼1017 cm−3 were ready for reaction with HgI under
IE. This is clearly seen from relaxation curves for activated samples
with initial electron concentration n77i ∼ 1017 cm−3. If that is true,
then n-type conductivity in as-grown samples was defined by the
presence of As2Te3 donor complexes, and not by AsHg donors, which
agrees with the results of Ref. [94].

3.3. Background donor concentration in HgCdTe

Fabricating high-quality n-type material is essential in MCT
technology, as almost all types of MCT-based photodetectors use
some kind of n-type material. N-type MCT  can be fabricated using
donor doping (mostly with indium or iodine), or just by relying on
background donors. In high-grade MCT, they provide electron con-
centration of the order of 1014–1015 cm−3, thus, it is important to
know the exact value of this concentration for each MCT  technol-
ogy [96]. By background donor concentration (NBD), we understand
here a total concentration of residual donor dopants and intrin-
sic donor defects. Extensive reviews on background impurities in
MCT  were given by Capper et al. [13,97]. As discussed above, the
most important intrinsic donor defects in MCT is TeHg, especially
for MBE-grown MCT  [98].

The problem with establishing NBD in MCT  relates to the fact that
detection limits of many physical and chemical methods, includ-
ing SIMS (for many dopants >1015 cm−3), are much higher than
doping levels of practical interest. This makes one try to estab-
lish NBD with electrical measurements. In practice, NBD is taken as
electron concentration in n-type samples with low level of com-
pensation when NBD = n � ni, ND − NA. So, the measurements must
be performed at low temperatures due to high ni, which for MCT
with x = 0.2 at 300 K is ∼4 × 1016 cm−3, and for MCT  with x = 0.3 is
∼3 × 1015 cm−3. To determine NBD in p-type material, one needs to
convert it into n-type and to minimize the electrical compensation.
Low-temperature annealing in Hg vapor, which is used for p-to-n
type CTC in vacancy-doped MCT, can only reduce [VHg] to a level
corresponding to equilibrium with the vapor at a given tempera-
ture and cannot cope with residual acceptor impurities involved

in the compensation effect. Annealing is also useless in application
to p-to-n type CTC in MCT  doped with I- and V-group acceptors.
On the other hand, as discussed above, IE eliminates VHg almost
completely [13], and also turns many residual acceptors (such as
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Fig. 21. Long-term post-IE relaxation of electron concentration in three similar
MBE-grown MCT/GaAs films with xa = 0.3 (after [87]).

Fig. 22. Long-term post-IE relaxation of electron concentration in six MBE-grown
ig. 20. Post-IE relaxation of the electron concentration in the modified (converted
s  with cracking; 5–7, As-doped activated p-type samples. Inset shows relaxation

emperature, and, for comparison, in un-doped sample (curve 1).

sTe, SbTe, AuHg, AgHg and CuHg) into donors, whose concentration
ecreases upon storing the treated samples at the room tempera-
ure (see Sections 2.7 and 2.8). So, IE appears to be the only method
seful for determining NBD in extrinsically doped MCT  [72,87].

In particular, in Refs. [50,72,87], when studying the effect of
E on the properties of MBE-grown n-MCT/GaAs (xa ∼ 0.22), un-
oped and doped with In, it was proven that after short-term
elaxation n77f was determined by the sum of NBD and concentra-
ion of introduced indium (Fig. 16). For the un-doped and weakly
oped (NIn ∼ 5 × 1014 cm−3) samples, n77f equaled 2.5 × 1015 cm−3.
hus, in these samples n77f appeared to much higher than n77(0) and
efore IE the films were strongly compensated, with the compensa-
ion reduced by the etching. Also, in Ref. [72] it was shown that n77f
etermined after short-time relaxation retained its value after 8
ears of storage, which confirmed the stability of background dop-
ng in MCT. A similar effect was observed for As-doped MCT  films,
nd in this case it was  indicative of the fact that donor centers
ormed under IE between interstitial mercury and arsenic atoms
ndeed disintegrated via formation of neutral centers that were
table at 300 K. This allowed for determining NBD in extrinsically
cceptor-doped MCT. In particular, for As-doped MBE  MCT/GaAs
lms with xa = 0.22 it was found that n77f = NBD = 2.5 × 1015 cm−3,
imilar to the case of the un-doped samples (Fig. 10). As was shown
n Ref. [87] (see Figs. 17 and 18), for all MBE-grown MCT/GaAs
n-doped films with x = 0.2 NBD equals (2–4) × 1015 cm−3 and does
ot depend on specific MBE  technology. Electron concentration in
BE-grown MCT/GaAs films with x = 0.30 after IE and short-term

elaxation (Fig. 21) equaled (5–7) × 1015 cm−3 and appeared to be
igher than that in the films with x ∼ 0.2 [87]. It was  suggested that
his fact was related to the higher substrate temperature used for
he MBE  growth of MCT  with x ∼ 0.3 as related to the material with

 ∼ 0.2, as higher Tsb should lead to more intensive residual doping.
he value of n77f of (5–7) × 1015 cm−3 as typical of MCT  with x ∼ 0.3
rown by MBE  on GaAs substrates, remained stable for at least 7
ears of storage at 300 K.

Long-term relaxation of electron concentration in nominally un-
oped MBE  MCT  films grown on Si substrates (MCT/Si) is presented

n Fig. 22. Three pairs of films, with xa = 0.29, xa = 0.25 and xa = 0.23
ere as-grown samples with n-type conductivity; three similar
amples were annealed in helium atmosphere at T = 230–235 ◦C
or 20 h to achieve p-type conductivity. As can be seen, in these
amples, the electron concentration after short-term relaxation
2 × 105 min) achieved the level of (2–4) × 1014 cm−3 and in some
MCT/Si films with xa = 0.29 (curves 1 and 2), xa = 0.25 (3 and 4) and xa = 0.23 (5 and
6),  p- (1, 3 and 5) and n-type (2, 4 and 6) [52,87].
samples did not show tendency to level off and continued to
decrease. Study of long-term stability of n77 confirmed this trend.
Therefore, for MBE-grown MCT/Si films, the NBD value appeared
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Fig. 23. Long-term post-IE relaxation of the electron concentration in the modi-
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Fig. 24. Post-IE relaxation of the electron concentration in bulk MCT  crystal: curves

ed ‘bulk’ n-layer for LPE-grown films: curves 1 and 3, xa ∼ 0.20; 4, xa ∼ 0.28, all
hree films were annealed into n-type; 2, 5 and 6, vacancy-doped p-type films with
a ∼ 0.20–0.23 [72,87].

o be one of order of magnitude lower than that for MCT/GaAs
lms, and did not depend on x (Fig. 18). According to the authors of
ef. [99], background doping in MBE-grown MCT  is due to TeHg,
nd concentration of these defects depend on the growth tem-
erature. However, comparison of NBD in MCT/GaAs and MCT/Si
Figs. 16 and 22) grown at the same Tsb ∼ 185 ◦C denounces this
tatement. It can be suggested that in MCT/GaAs the background
oping is rather due to unintentional doping with Ga from the GaAs
ubstrate.

For MCT  grown with LPE, NBD was found to be strongly depen-
ant on the growth technology (Fig. 23). The samples whose
elaxation is shown in Fig. 23 were grown at “Giredmet” (samples
–4) [51] from the Te-rich melt on (111)Cd0.96Zn0.04Te substrates
nd at JSC “Pure metals” (samples 5 and 6) [86]. In the latter case,
he films were grown from the Te-rich melt on (111)CdTe (sam-
le 5) and (111)Cd0.96Zn0.04Te (sample 6) substrates. The as-grown
-type films were annealed under mercury saturation to reduce
VHg] down to (5–10) × 1015 cm−3 or for attaining n-type conduc-
ivity. In sample 6, which was grown at the stage when production
f MCT  met  a number of challenges (circa 2003), n77f = NBD leveled
ff at ∼2 × 1015 cm−3 straight after 5000 min  of aging, which clearly
ndicated problems with the purity of the technology. In sample 5,

hich was grown at the climax of the development of the LPE tech-
ology (circa 1991), and in samples 1–4 from “Giredmet”, n77f after

ong-term relaxation reached 2 × 1014 cm−3 with a clear tendency
o decrease further.

Note that these data were specific to the material subjected to IE,
nd probably, some of the donor centers created by IE, continue to
ecompose for very long time. What happens to the defect structure
urther needed an additional study, which was difficult to perform
ecause of the limitations of electrical measurements in relation to
ery low carrier concentrations.

From the practical point of view, summarizing the data for LPE-
nd MBE-grown materials, we can speak of a certain ‘critical’ value
f NBD in MCT  irrelevant to growth technology and can set this
alue as 1015 cm−3. If NBD appears to be lower than that, n77f will
ot stabilize after IE and it is necessary to perform donor doping
o achieve stable and uniform parameters of the material used in
he production of MCT-based photodetectors with the dry etching
echnology.

NBD for the bulk MCT  was studied for material grown with

ertical-directed crystallization with the replenishment from the
olid phase at JSC “Pure Metals”. IE-assisted studies of electrical
roperties of MCT  crystals involved In-doped and crystals doped
ith Cu and Ag [79], and also Se (iso-valency dopant) [86]. Dop-
1  and 2, In-doped (x = 0.3 and x = 0.2, respectively); 3 and 4, doped with Ag or Cu; 5,
doped with Se (after [87]).

ing with Se and In was  performed from the melt with ∼1% Se and
NIn ∼ 5 × 1014 cm−3. This type of low-level doping was  used to ‘sta-
bilize’ NBD in the material. Doping with Cu and Ag was  performed
from the metallic films thermally evaporated on the crystal surface.

As can be seen in Fig. 24, n77f values were very close in sam-
ples doped with Cu, Ag and In. This was explained by the fact that
doping with acceptor impurities did not affect the NBD value. For
samples 1–4, NBD could be estimated as (3–10) × 1014 cm−3, which
definitely spoke of the high purity of the samples. Quite interesting
result was  obtained for samples doped with Se. After the relax-
ation, sample 5 with x = 0.2 showed very low n77f ∼ 1 × 1014 cm−3

with a tendency to subsequent relaxation that could not be traced
due to the limitations of the discrete MSA  procedure. To explain
that, the authors had to consider that introducing Se (up to 2 at.%)
in MCT  stabilizes the weak Hg-Te bond, which makes the crystal
more stable, but at the same time, reduces NBD [87].

Thus, IE is an effective and a versatile tool for determining NBD

in MCT  with both n- and p-type conductivity, including the mate-
rial doped with acceptors. The value of NBD in the majority of cases
can be assessed after short-term relaxation of ion-etched samples
at 300 K. IE allowed for establishing quite low NBD in some MCT
samples, of the order of 1014 cm−3, and light donor doping is rec-
ommended to make sure that such samples have the correct value
of resistivity and carrier concentration.

4. Conclusion

The analysis performed in this review shows that the basic prop-
erties of MCT  modified/converted with IE have been studied in
much detail. Reliable quantitative models have been proposed for
processes taking place during IE and after it, in the course of relax-
ation. All this allows for concluding that fabrication of p-n junctions
for MCT-based photodiodes with the use of IE now has a solid
physical basis and can be developed further. Despite a visible tech-
nological simplicity of IE as a method of photodiode fabrication
as compared to ion implantation, it appears that the physical pro-
cesses, which form the basis of conductivity type conversion, are
quite complicated. As a method of photodiode fabrication, IE is less
versatile than the implantation, as the former permits to form n-p-
junctions only in initially p-type material, while ion implantation
can be used for fabrication of both n-p and p-n junctions. Also, it
looks like IE can be used for fabricating n+-n-p structures for pho-

todiodes only in MCT  with x ≤ 0.4. Note, however, that thanks to
considerable lateral extension of conductivity type conversion, IE
allows for fabricating multi-element loop-hole photodiodes with
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ing-type of n-p junction, which during hybridization with read-out
ircuits show excellent mechanical strength.

The analysis of the basic properties and features of modification
f MCT  with IE allows for proposing it as a new tool for studying
efects in MCT. The use of IE allowed for revealing the presence, in
BE- and LPE-grown MCT, of specific neutral defects with the con-

entration of 1017 cm−3, which probably are Te nanocomplexes.
fter IE and the relaxation the concentration of electrons in the
asic volume of the converted (modified) n-layer is determined
y the concentration of residual donors, and therefore IE is the
ost adequate method for determination of background donor

oncentration in MCT. Using of IE for the study of arsenic incorpo-
ation in MBE-grown MCT  revealed specific mechanism of arsenic
ncorporation in MCT  and provided better understanding of the
equirements to arsenic doping in relation to fabrication of p-n
eterostructures.
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