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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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1. Introduction

Hg,_xCdxTe (MCT) solid solutions, since they were synthesized
for the first time at Royal Radar Establishment (UK) and Lviv State
Pedagogical Institute (USSR) in the middle of the last century [1,2],
have remained the basic material for the fabrication of highly
effective photodetectors operating in the infrared (IR) part of the
spectrum (2.5-20 pm) [3]. This status of MCT is pre-defined by the
electronic structure of this material and is expected to remain such
for at least two decades more.

In MCT technology, methods of ‘dry etching’, including ion-beam
milling or reactive ion etching, are used quite widely. These pro-
cessing techniques are based on the irradiation of the surface of the
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material with low-energy (0.2-2 keV) ions of noble gases (mostly
Ar) or mixture of Ar with chemically active gases (H, CHy). 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 Vyg) 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

1896-3757/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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List of abbreviations and symbols used throughout the text

Abbreviations

AO

CTC

DC
EBIC

IE
ISOVPE
LBIC
LPE
MBE
MCT
MOCVD
MSA
RF
SIMS
VPE
WBPL

Symbols
a
B

Cvo
Cwo

dj
dr
D
Dy
Dy
Ec
Ep
Eg
Ey
Ey
E

e
.!(JHg)

Hg;
[Hgls

k B
Kr

k F
kw
Kim
Ky
Ly
lo
No
Ny

Ngp

anodic oxide

conductivity type conversion

direct current

electron beam induced current

ion etching

isothermal vapor-phase epitaxy
laser-beam induced current

liquid phase epitaxy

molecular beam epitaxy

mercury cadmium telluride, Hg,_,CdyTe
metal-organic chemical vapor deposition
mobility spectrum analysis

radio frequency

secondary-ion mass-spectroscopy
vapor-phase epitaxy

wide-bandgap protective layer

HgCdTe lattice parameter

magnetic field

initial concentration of mercury vacancies in the
damaged area

initial concentration of mercury bivacancies in the
damaged area

conductivity type conversion depth

conductivity type conversion depth reduced to mer-
cury vacancy concentration

ion dose

mercury interstitial diffusion coefficient

mercury vacancy diffusion coefficient

energy of the conduction band

Fermi energy

energy gap

energy of mercury interstitial migration

energy of the valence band

ion energy

elementary charge

mercury flux

ion current density

interstitial mercury

concentration of Hg; in the diffusion source under
ion etching

the Boltzmann constant

equilibrium constant for the reaction between mer-
cury vacancy and interstitial

reaction rate constant between mercury vacancy
and interstitial

reaction rate constant between mercury bivacancy
and interstitial

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

equilibrium constant for the reaction between inter-
stitial mercury and arsenic atom

defect layer thickness, radius of defect zone
protective layer thickness

a factor

node density in crystal (sub)lattice

acceptor concentration

arsenic concentration

background donor concentration

Np donor concentration
Na—Np (Np—N4) concentration of uncompensated accep-
tors (donors)

Nin indium concentration

N density of capture centers for mercury interstitials

n electron concentration

N7z electron concentration measured straight after ion
etching

Nzzf electron concentration measured after relaxation

N77(0) electron concentration measured before ion etching

n; intrinsic carrier concentration

p77 hole concentration measured at 77K

R(r,t)  rate of mercury interstitial capture on radiation-
induced defects

Ry the Hall coefficient

Rp projected ion path

TF mercury interstitial caption radius on a mercury
vacancy

Tw mercury interstitial caption radius on a mercury
bivacancy

To screening length (radius)

S effective cross-section of the defect formation zone

St a function describing Hg; source

T temperature

Ter temperature of the cracker cell in MBE of MCT

Tsre temperature of the arsenic source in MBE of As-
doped material

T sample temperature during ion etching

Tsp substrate temperature during MCT growth

t time

Vg mercury vacancy

Wl_xlg neutral mercury bivacancy

bY alloy composition (CdTe molar fraction in
Hg —xCdee)

Xa alloy composition in the active layer of heteroepi-
taxial HgCdTe structure

x; d; conversion depth

Xy, ¥ composition at the surface of graded-gap wide-
bandgap protective layer

z co-ordinate axis normal to crystal surface

do mercury deficiency

& dielectric constant

AH.x  enthalpy of the formation of the complex of inter-
stitial mercury with arsenic

ALy thickness of the defect layer that acts as a mercury
source

Mn77, Mp77 carrier mobility measured at 77K

conductivity

electric potential

ion fluence

non-equilibrium carrier lifetime

< 8% Q

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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MCT films with wide-bandgap protective surface layers grown with
molecular beam epitaxy (MBE) and metal-organic chemical vapour
deposition (MOCVD) on various substrates, including those made of
GaAs and Si, was studied in detail. The properties of ion-etched MCT
doped with I- and V-group acceptors were studied. Also, detailed
studies of the relaxation of electrical parameters of ion-etched MCT
were performed. A considerable progress was achieved in relation
to understanding the structure of a radiation-damaged layer, which
inevitably forms at the surface of the material treated with ener-
getic ions, as well as in relation to the effect of this layer on the
properties of the converted/modified ‘bulk’ layer. All this knowl-
edge allowed for building a complete and a self-aligned pattern,
which described modification of the properties of MCT during and
after IE. Quantitative models were developed that described the
processes responsible for CTC. These included: the mechanism of
the formation of the source of interstitial mercury responsible for
CTC, the nature of compositional dependence of CTC depth, mecha-
nisms of CTC in vacancy-doped and I- and V-group acceptor-doped
p-type material, mechanisms of relaxation of electrical parameters
of MCT after IE, etc. Some of these issues were partly addressed by
Shaw and Capper in Refs. [13,14].

Analysis of the properties of MCT subjected to IE allowed the
authors of this review to conclude that IE can be used as an effec-
tive method for studying defects in MCT. This fact was first pointed
out to in Ref. [15]. Later, IE was used for the study of defects in
MCT samples of various origin, e.g., for the investigation of neutral
defects in MCT grown with MBE and liquid-phase epitaxy (LPE),
for the study of background donor doping in MCT, for the study of
the mechanisms of arsenic incorporation during MBE, etc. Thus, the
task of this review is to analyze the current views on the effect of
IE on the properties of MCT and on the mechanisms of the physical
processes responsible for the modification of MCT under IE, as well
as to discuss possibilities, which IE opens for defect studies.

2. Properties of ion-etched MCT and patterns of its
modification

As mentioned above, the effect of CTC in vacancy-doped MCT
under IE was discovered by Wotherspoon [11]. Further studies
revealed that deep CTC under IE was typical only of MCT and some
other Hg-containing narrow-gap semiconductors (Hg;_xMnxTe,
HgxZn;_xTe) [12,16,17], and could not be observed in InSb (with
electronic structure similar to that in MCT) or PbSnTe (with energy
gap values close to those in MCT) [18,19]. Also, p-to-n CTC (or modi-
fication of parameters) was observed in MCT grown with all known
synthesis methods: bulk crystals grown from melts [11,20-28] and
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Fig. 1. Dependences of the conversion depth d, (reduced to typical value
Na —Np=10'6cm—3) on IE time: curve 1, [25]; 2,[24]; 3, [11]; 4, [32]; 5, 6,[35,36].

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 Hg;, 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 Vyg by Hgy [11], was later rejected, and presently, it is
of common belief that in vacancy-doped MCT the CTC is due to
mutual annihilation of Vyg and Hg; 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 d; 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 N4 — Np, composition
x). Under typical IE conditions (ion energy E<2keV, j<1mA/cm?2
and t~10-30min), d; could achieve tens and even hundreds of
micrometers (see, e.g., [11,24-26,31]). These depths exceeded the
projected ion path R, (of the order of 2-3nm) by 4 to 5 orders
of magnitude (for comparison, under ion implantation, where ion
energy is of the order of hundreds of keV, d;/R, ~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 d;(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 d;(t)~t/(Na — Np) (i.e., it gave linear relation d;(t)),
and was based on the belief that the CTC front velocity was defined
by the rate of generation of Hg; 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] d;j~t%85, and thus, d;(t) was close to linear
dependence. This relation was obtained for p-MCT bulk crystals
(x~0.2, Ny —Np=10'6cm~3) ion-etched with j=0.6 mA/cm? and
E=500eV. CTC depth in these experiments reached ~200 pwm for
t=60 min.

The second model is a diffusion one and it assumes
dj(t)~+/t/(Na —Np). The CTC front rate in this case is lim-
ited by Hg; 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 d;(t) in MCT etched with
neutralized Ar ions (j=0.06-0.30mA/cm?2, E=1200-1800¢eV, no
sample cooling) were performed on LPE-grown p-MCT films
(Ng—Np=5x101"-4x 1017 cm~3, x~0.2) (Fig. 1, curve 4) [31,32],
and the results confirmed dj(t)~+/t/(N4 — Np) relation. The depen-
dence d(t)~+/t was also observed in Ref. [24], when p-MCT bulk
crystals (Ny —Np=1016-5x 1016 cm~3, x=0.20-0.23) were sub-
jected to IE with neutralized Ar ions (j=0.6mA/cm2, E=750¢eV,
Ts~50°C). Conversion depths 40-385pum were achieved for
t=10-30min (Fig. 1, curve 2). A similar relation (dj(t)wﬁ)
was obtained by the same authors during reactive IE of bulk
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p-MCT (Ny—Np=10%cm~3, x=0.21) in radio-frequency (RF,
f=13.56 MHz) H,/CH,4 plasma (discharge power 180 W, bias 300V,
Ts ~40°C) (Fig. 1, curve 1) [25].

Detailed studies of d;(t) were reported on in Refs. [35,36], where
MBE-grown ((211)B CdZnTe substrate) p-MCT structures with sur-
face wide-bandgap protective layers (WBPL) were subjected to
IE (Fig. 1, curves 5 and 6). The composition of the ‘active’ layer
(the one with constant x) x, in the structures was 0.21, 0.23 or
0.31. 15min after the growth of the ‘active’ layer, a protective
CdTe layer was deposited in situ. As the deposition of CdTe layers
was performed in residual Hg atmosphere, in reality these layers
represented Hg;_,CdyTe with big y values. Hole-type conductiv-
ity (N4 — Np=101-1017 cm—3) of the structures was achieved by
annealing in vacuum at T=250°C (1.5h) or T=325°C (24 h). Obvi-
ously, the composition of the surface layer changed as a result of the
annealing, but this was difficult to follow. The structures were sub-
jected to IE with Ar* ions (E=700eV) with j=0.14 or 0.54 mA/cm?
and t=16-650s with sample cooling with water. CTC depth was
measured with electron beam induced current (EBIC). In Ref. [35],
the authors claimed that linear d;(t) dependence was observed for
d;j<4 pm, while for larger depths d; was proportional to JVt. In
Ref. [36], basing on the analysis performed on the same group of
samples, the authors claimed that at d; <10 wm d; depended on t
linearly. As will be shown below, this was in fact the influence of
the WBPL.

An important point that should be addressed by any model is
the reason for extremely high migration rate of Hg; under typi-
cal IE condition, when the sample is kept at the temperature close
to 300K (or even lower). Peculiarities of chemical diffusion of Hg
in MCT under annealing in mercury vapours are well-known [42].
At T<420°C metal vacancies are virtually unmovable and main-
tain local equilibrium with Hg;, thus a mass action law is valid,
[Vhg] - [Hgi] = Kr, where square brackets stand for concentration, Kr
is equilibrium constant. The dependence of CTC depth on IE time is
defined as follows: d; = \/2D, -t -[Hgls/[Vugl, where Dy is the dif-
fusion coefficient of Hgy, and [Hg; ] is the concentration of Hg; in the
diffusion source. Therefore, the rate of CTC front is strongly affected
by the value of [Hg;|s. Shaw and Capper [43] made estimations
of [Hg;]s for various conversion methods that related to diffusion
model (thermal annealing in mercury vapors, annealing of anodic
oxide, IE). In particular, for IE data presented in Refs. [24] and [32],
[Hg;]s was found to equal 2.9 x 10'3 and 2.4 x 10'* cm~3, respec-
tively. These values were 7 to 8 orders of magnitude higher than
[Hg;]s in saturated mercury vapours at temperatures typical of IE
and could indeed provide huge acceleration of CTC front under the
etching. So, the main problem was to explain the mechanism of the
formation of mercury source with such high [Hg;]s. This problem
was solved by the authors of Refs. [40,41,44].

Let us note some more features of CTC in MCT under IE. The
authors of Ref. [27] studied the effect of Ts on the d; value. In their
experiments, a cooling system embedded in the IE machine kept T
at 100, 130, 170, 230, or 330 K. The CTC depth was measured using
EBIC. It was found that CTC was a temperature-stimulated process,
and d; decreased exponentially with temperature decreasing. No
CTC was observed at T<100K. The authors of Ref. [27] concluded
that such d;(T) dependence was due to that of D; on T according to
the Arrhenius law:

Dy = Do exp(—Ep /kgT), (1)

where E); is the energy of Hg; migration. Within the frames of this
approach, they found from their experimental d;(T) data that Ey
was equal to ~0.12 eV. This value agreed well with estimations of
the energy of migration of Hg; performed ab initio in Ref. [45], which
validated CTC diffusion model.

www.czasopisma.pan.pl P N www.journals.pan.pl

DEMIA

151
1 A 2

o4 i A I
'.'."O'Q'\.'\.'J'.QQ'. & [t e e
- g

Ly

Lo IEI N 3
+

Ly

. ]

Z v

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, Hg 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 wm-wide lateral propagation of CTC was
established with vertical d; being 170 wm. The authors of Ref. [35]
concluded, on the basis of the results of a number of experiments,
thatlateral CTC depth followed ~0.5d;. 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 um. 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 um)
CTC in vacancy-doped LPE-grown p-MCT with x=0.45 after elec-
tron cyclotron resonance etching, which removed ~3 pm 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 Hg; 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 d; actually should depend on IE time linearly or

as dj(t)~t.
2.2. Mechanism of the formation of the interstitial mercury source

The Hg; 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 Hg; source is the etched-off MCT layer. For example, in Ref. [38]
it was stated that one Hg; 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 Hg; is produced for each 144,000 atoms removed
forx~0.4.

A different model of the formation of the Hg; source was devel-
oped by the authors of Refs. [40,41,44]. Fig. 2 shows schematics of
p-njunction 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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only 2-3 atomic surface layers (etching zone 1 in Fig. 2). The most
part of the ion energy transforms into thermal energy in the zone
of a so called ‘thermal spike’. Inside the spike the crystal lattice gets
destroyed, but due to quick scattering of the excessive energy, the
spike cools down very quickly and the lattice is partly restored. On
the other hand, the energy E~ 0.5 keV is enough to form two hun-
dred pairs of Hg; and Vyg (Frenkel’s pairs), as each of them requires
about 2.3 eV in MCT with x~ 0.2 [47]. The energy of the formation
of Te-related point defects is much higher, thus the probability of
the appearance of these defects is much lower. Because of that, one
can assume that the close order in anion sublattice under IE is still
maintained. Assuming that part of the energy of the ion spent on
defect formation is comparable with that spent on heating, it can be
assessed that in MCT crystal around each point where an ion with
E~0.5keV hits the lattice, a nano-sized ‘hot’ zone is formed with
the radius of Ly ~5nm (defect zone 2 in Fig. 2). On the periphery
of this zone, cation sublattice defects dominate, including dou-
bly charged Hg; and V"' hg, whose initial concentration approaches
1021 cm—3.

As the probability of finding a vacant site is quite large (~0.1),
some of V"yg form non-equilibrium neutral complexes, mer-
cury bivacancies Wy, and their concentration Cyo approaches
2.5 x 1029 cm—3. Due to the small size of defect formation zone
(Lg ~5nm), the damaged area cools down at ~10~12 s, and this time
is comparable with the minimum period of lattice vibration. Thus,
after cooling down, this area generally retains the initial defect
structure. As the spike cools down very quickly, defects do not have
time to migrate much further than the distance equal to lattice
constant. Thus, diffusion processes that occur in the thermal spike
at high temperatures can be neglected. Therefore, the process of
accumulation of excessive mercury is related to the diffusion of
non-equilibrium Hg; from the area of the cooled spike. During the
short period of the cooling of the spike (t<10~125s) the system of
Frenkel’s defects does not reach the equilibrium, and in the cooled
zone there remains a lot of defects, which relax via mutual annihi-
lation, while mobile Hg; atoms have a chance to penetrate into the
bulk of the material.

Due to mercury atoms moving from the area of defect forma-
tion into the crystal, as well as to preferential mercury evaporation
during IE [46], a substantial mercury deficiency occurs in a thin
surface defect layer with the thickness of L; (Fig. 2). This was
experimentally confirmed with X-ray photoelectron spectroscopy
[7]. Total mercury deficiency &g in the defect layer is determined
by the condition of its total non-transparence to Hg; and equals
80 ~101% cm=3 [41]. Kinetics of the relaxation of major defects of
the cation sublattice in the cooled area of the spike, [V"yg], [Hg; ]
and [Wl_xlg] can be described by the following system of equations:

d 2 24 . x -

E[V Hgl = —ke[V'ngl [Hg 1+ kw[Wy, I[Hg |;

d

Wil = —kw[Wyi I[Hg; I (2)

[V"ngl + 2[Wyi ] - [Hgj ] = do.

Here square brackets still stand for the concentration of corre-
sponding defects, kr=4nDrg and ky, = 47Dyry, are constants of the
reaction rates between Hg; and V"'yg and between Hg; and ng,
respectively, rp=4e2[(kgT) is a Hg; capture radius on a Hg vacancy,
andry =a/+v2isa Hg; capture radius on a bivacancy (a=0.648 nm
is the lattice parameter for MCT).

Analysis of the kinetics of defect relaxation showed that at equal
concentrations, vacancies relax more quickly than bivacancies, and
for the concentrations of vacancy defects at t — oo the estimations
gave [ng] ~ 0.580; [V"ugl ~ (kw/2kp)80 ~ 0.028y. Thus, among
the point defects in defect formation zone WI_Xlg are dominating and

the defect layer contains ~2 x 10'7 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
Jjunction, whose electric field partly hinders penetration of Hg; into
the bulk of the material.

The average value of [Hg; ] was assessed from the equations of
defect relaxation in a defect zone:

_ jS 2Cwo
" 4meDiry o

(3)

Hgjl; =2 / [Hg; ()t
0

wherej/eis 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;, the sputtered
layer (the top 1nm [41]) cannot act as a source of Hg;.
Hence, it is the inner part of the defect layer with a thick-
ness of ALy~1/+/87ryCyuo~0.6n1m and S~ 2Ly ALy ~20nm? at
E~0.5keV that acts as the source. According to Eq. (3), at typical
IE regimes [Hg; | is of the order of 1013-10' 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 Hg; and Vyg:

% = DjAcy — keciey + S10(—x)5(y);
at (4)
% = DvACV — k}:C[Cv,

where ci(x,y, t), cy(x,y, t) are concentrations of Hg; and Vyg, respec-
tively, Syis a function that describes the Hg; source, which is located
on the surface (y=0, x<0), (x) is the Heaviside step function, &(y)
is the Dirac function, A is the Laplace operator.

Fitting experimental profiles of CTC front at D;=2 x 10~6 cm?/s,
Dy=0, Ts=320K with the use of these equations allowed for
establishing unknown parameters S; and kg, which secured re-
production of experimentally observed fronts. This seemed to
confirm the validity of the diffusion model.

Later [48], to explain the experimental d;(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;]c on etching time.
Linear dependence at earlier stages was explained by the increase
of [Hg; ], 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 Vyg.

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; and
V""4g. As at T<300-350 °C migration of V"¢ can be neglected, one
could assume Dy =0. Consequently, one should observe a clearly
expressed diffusion front, and its propagation is described with
effective diffusion coefficient Dy, = dj2 /t.

The most important difference between diffusion of Hg; under
IE and typical diffusion performed from Hg vapor source is related
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to the temperature. At 300K (IE), intrinsic carrier concentration
n; is much smaller than that at 300°C (vapor-phase diffusion), so
drift of charged defects in the internal electric field of a p-n junction
formed near the surface under IE should be considered.

The equation describing diffusion of Hg; in the converted layer
according to [41] was written as:

0[Hg;
ot

- D [V[Hgn +2ﬁ[ﬁg;1w] : (5)

+ VJHg = 7R(l‘, t); JHg

where Jy, is the density of the diffusion flux of Hg; R(r, t) is rate for
Hg; capture on radiation-induced defects in the damaged layer; kg
is the Boltzmann constant; Ts is crystal temperature and ¢ is electric
potential. The elastic energy of Hg; in Eq. (5) was not considered as
it was small.

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

He;ll,, =[Hgls, [Hgil =0

z=dj

Conservation law was used [43]: Jyg |Z_d_ = N¢ d(d;)/dt, where N
-

is the concentration of capture centers for Hg; (which are Vyg in
homogeneous vacancy-doped MCT).

Neglecting capture of Hg; in the damaged layer (assuming R(r,
t)=0) and non-uniformity of the converted layer in relation to x,
Np and Ny, (47/3)N;rg® « 1, where Nj is the total concentration of
the charged centers and ry is screening radius, a square-root d;(t)
dependence was obtained [41]:

D eAg
& = lo\ | S exp (——,CBT), (6)
where
_ [as 2Cwo
lo = vavm( i ) (6a)

Ap=¢(d;)—@(Lg) is the potential difference between internal
(z=1) and external (z=L,;) boundaries of the converted layer, A =
@o/[Vigl, = 1m is a characteristic relation (@¢=10' cm~2 and
[Vigl, = 1016 cm~3 represent typical values of ion fluence and con-
centration of Vyg).

It is seen that the factor Iy is barely dependent on the ion
energy (~E;!/%) and is independent of the D;, because Hg; concen-
tration in the diffusion source, according to Eq. (3), is inversely
related to D;. Hence, Iy does not depend on the temperature
and its dependence on x is determined by its dependence on S
and, most likely, is weak. Thus, the dependence of d; on T and
x is generally determined by the last (exponential) factor in Eq.
(6). Assuming, according to the estimations obtained above, that
S=2x10"13cm?, Cyp=2x1020cm=3, and 8,=101cm3, Iy was
assessed as ~160 pwm.

The distribution of the potential ¢ in the structure could be
found on the basis of the one-dimensional Poisson equation in the
continuous form (Ny =Np — Na):

2
Y- S (n-p-Ny) ™

As the thickness of the defect layer L, is of the order of the
screening length, one could not solve Eq. (7) analytically. Thus,
@ was calculated by solving the equation numerically. Accord-
ing to the above listed estimations for the vacancy concentration
in the defect layer, it was assumed that N=—4 x 1017 cm—3 at
0<z<Ly. In the conversion layer (z>L;) donor concentration was
taken as Np =1 x 101> cm~3, which is a typical value in the experi-
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ment. Since the Hg; concentration in the conversion layer is small
(~1013-10" cm—3 [43]), these defects were not considered.

Calculations showed (Fig. 4) that Ap=¢(c0)— ¢(Ly) 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; atoms into the crystal and, therefore, CTC
depth decreased with x increasing and/or temperature decreasing.

An alternative explanation of the observed d;(t) dependencies at
IE (Fig. 1) for a time-independent [Hg; ] [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;] 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 x; between the converted and unconverted regions of MCT.
The conversion rate dx;/dt was then controlled by the diffusion rate
of Hg; to the conversion boundary at x; and by the capture rate
of the interstitials by cation vacancies at x;. 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 300K ~3 x 1016 cm~3 and
~4 x 1015 cm~3 forx=0.20 and 0.30, respectively), so under IE there
would be no depletion layer due to a p-n junction at x;; and (2)
extrinsic MCT, when the opposite was the case. Effect of sample
heating was neglected.

For intrinsic MCT equation for Hg; flux J across the converted
layer at steady-state conditions was written as J=D;(Co — Gj)/xj,
where Cp and C; were Hg; concentrations at x=0 and x =x;, respec-
tively. Hg; atoms arriving at the unconverted boundary x; were
captured by cation vacancies at a rate k;C;N,, where k; is the cap-
ture coefficient for Hg; by the vacancies with initial concentration
N, that was assumed to be uniform. From equation for J in Ref. [14]
the following relation was obtained:

ijAx]? +2Dyx; = 2k;D;Cot. (8)

Eq.(8)had twolimiting forms: x; ~ t when 2Dy > k;Nax;, and sz~t
when 2D; « kjNax;. This meant that in the initial period of CTC the
capture rate of Hg; at x; was the controlling factor. As x; 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 d;(t) x;(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 x 10°%¢2 +1.15x 10° =t and 2.00 x 10"x? + 1.65 x 10° = ¢,
respectively, where x; was in centimeters and t in seconds. The
analysis yielded kjCo=8.7x107%cms~!, D;Co=1.5x10%cms™!
and Cy=2x10"cm=3 for the data from Ref. [11], and
kiCo=6.2x 105 cms~', and D;Cp=2.8 x 108 cms~! for the data
from Ref. [32].

For the data from Ref. [24] with IE with neutral Ar beam the
d;(t) dependencies were close to parabolic ones with Co between
9.5 x 103 cm3 and 1.3 x 10!% 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 d;(t) dependencies were
close to parabolic ones with Cy=1.2 x 1015 cm3.

For extrinsic MCT the pattern becomes more complicated as one
needs to consider formation of a space charge layer at x;. According
to Ref. [14], between x=0 and some x;, 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 x; and xy,
that at 77K is n-type due to ‘high’ Np. The presence of the n-type
layer between x = 0 and x; ensures that the depletion layer does not
extend to x=0. The rest of the converted region should lie between
Xn and x; and define the positive space-charge side of the p-n junc-
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tion due to the ionized residual donors. The negative space-charge 80
region of the junction lies between x; and x, with ionized acceptor
concentration N4. The depletion layer of the p-n junction there-
fore lies between x, and x,. Steady-state conditions were assumed 60
so J was constant between x=0 and ;. In the region 0<x<x; the e
Hg; flux arises from diffusion down the concentration gradient, so = 40
J=Di(Co — Cn)[xn, where Cy is the Hg; concentration at x,. In the "
depletion layer x, <x<x; the flux has two components, one being 20

due to the concentration gradient and the other being due to the
electric field E(x). The flux component due to the electric field is
given by iE(x)C where w is the drift mobility of the Hg; interstitial.
Therefore:

J = DydC/dx + E(x)C. 9)

In Ref. [14] it was assumed that p-n junction was abrupt, so
E(x)=eNp(x —xn)/eeo, Where ¢ is the static dielectric constant of
MCT. The integration of Eq. (9) gives C versus x, and x;, xn versus t:

X3 + 2[(Dy/kjNa) exp(—BI? /2) + I(1)]xn = 2D;Cot /N, (10)

where B=2e%Np/egokT; () =(1/B) foﬁ exp(—z2)dz;
I2 =(2e60kT/e?)[Na/(Np(Na + Np)]In(N4/n;) and whose magni-
tudes will vary with Np and N4. Eq. (10) is applicable only when
the depletion layer on the n-side of the p-n junction is determined
by Np and the depletion layer does not penetrate into the extrin-
sic n-type surface region i.e. x; >xs and it is assumed that x; is
negligible relative to I.

As there were no reliable experimental data on d;(t) for MCT
with x ~ 0.3 (extrinsic case), it appeared to be not possible to apply
the proposed model to such material. Nevertheless, the analysis
performed in Ref. [14] showed that in this case the conversion rate
showed the behavior similar to that in the intrinsic case in that szwt
and x; ~ t for large and small x;, respectively.

In Ref. [14] the authors also considered a possibility of the
presence, along with Vi, of some additional capture centers with
concentration Ni with trapping rate k:CjNyr (k¢ is the capture coef-
ficient for Hg interstitials by the empty trap) and their effect on
d;(t) under IE. As will be shown below, such centers may be in
fact represented by residual I- and V-group acceptors, which under
IE form donor centers with Hg;. The authors of Ref. [14] consid-
ered both the intrinsic case and the extrinsic situation, and it was
shown that the quadratic relation between x; and t was still valid:
trapping caused equality between the parabolic and linear terms at
smaller x;. For example, it was shown that in the intrinsic case the
ratio of the coefficients gave D;/k;j(1+ca) compared to Dj/k; in the
absence of trapping (where o = k¢N¢r[kjN, ). Assuming that trapping
affected the data from Refs. [11,25,32], the authors decided that
trapping could explain the observed variations in D;/k;(1+a) due
to differences in .

2.4. The dependence of the conversion depth on MCT composition
and temperature

The dependence of CTC depth on MCT composition x in vacancy-
doped material was studied in Refs. [33,41]. It was established that
the depth decreases with x increasing in the composition range
x=0.16-0.39, all other conditions being the same. The results are
presented in Fig. 3.

The reduced conversion depth d; was calculated as experimen-
tal d; reduced to [Vig]o = 10'® cm~3 and ion fluence @ =108 cm—2
usingdy = d; \/ A - [Vyg]/ relation. It should be noted that IE used in
Ref.[33] was performed with neutralized ions without sample cool-
ing. In this case, sample temperature during IE can reach 50-70°C.
In experiments described in Ref. [41], sample holder used for IE in
DC Ar* plasma was cooled with water, so sample temperature was
close to 300 K.

Fig. 3. The dependence of the reduced conversion depth d, on the composition in
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 340K (6).

Itis seen in Fig. 3 that the calculated values of d; agree well with
those experimentally observed, if factor Iy in Eq. (6a) is assumed to
be lp =123 wm. This [y value obtained by fitting was quite close to
lo ~ 160 wm derived theoretically. This strongly supports the valid-
ity of the proposed diffusion mechanism of Hg; source formation
and CTC front propagation. Therefore, it is the dependence of Ag
on x that defines d;(x) dependence in compositionally uniform MCT
observed in the experiment. The d; 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 d; in p-MCT increases with temperature increasing, which
agrees with the results presented in Ref. [27]. Calculations of d;(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; atoms from surface
source with extremely high non-equilibrium concentration, and
their annihilation with intrinsic acceptors Vyg that determined
p-type conductivity of initial sample. In the converted n-layer satis-
fied is the mass action law: [Vyg] - [Hg] = K. At 300 K Kp ~ 107 cm~®
and [Hg;] ~ 10 cm~3, so [Vigg] — 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 Hg; _,Cd, Te
(¥ > xq) 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 (xq =0.22) with WBPL were stud-
ied. The thickness of the active layer varied from 6 up to 8.5 wm.
The active layer was sandwiched between graded-gap WBPLs with
composition y gradually increasing, throughout a 1.5 wm-thick
layer, up to y =0.4. The structures were subjected to IE with Ar* ions
with E=500eV, j=0.25-0.3 mA/cm? and t=300-720s (with water
cooling of the sample holder down to 21 °C). The CTC depth in the
structures with WBPL intact was less than 5 wm and depended on
[Vig] (1016-10'7 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 @1 (curves 1, 2) and of the potential of a graded-gap WBPL ¢, (3, 4) on the
composition of the WBPL y in MCT structure with x,=0.2 at T=293K (1, 3) and
345K (2, 4) (after [41]).

the value that could be expected in MCT samples with uniform com-
position corresponding to x,. After WBPLs were removed, [E lead to
CTC throughout the whole thickness of the active layer. Therefore,
it was unambiguously established that the presence of WBPL con-
siderably decreases CTC depth. Also, in Ref. [34] it was shown that
in a CdTe/p-Hg,_4CdxTe structure (xs=0.23) grown with MOCVD
with the thickness of CdTe WBPL ~1 pwm, there was no CTC after IE
at all.

The nature of the effect of WBPL on the CTC depth was studied in
Ref. [41]. In epitaxial structures with WBPL density of states in the
conduction band N¢ and energies of the conduction Ec- and valence
Ey bands depend on coordinate z via their dependence on compo-
sition y. This has a drastic effect on the distribution of the potential
of the internal electric field, which affects CTC depth. In reality,
the thickness of the protective layer Ly ~ 1 um is usually large as
compared to the screening length ry in the layer, and y does not
change noticeably within the distance of a few ry, as counted from
the inner boundary of the defect layer z=L; (Fig. 2). Having this
in mind, the potential ¢(z) can be presented as a sum of the two
items: ¢(z)=¢1(z) + @2(z), where @4(z) is a potential of a p-n junc-
tion equal to that in compositionally uniform MCT with x=x(Ly);
@2(z) is an equilibrium potential of an n-MCT structure with given
distribution of impurity N(z) and composition y(z).

In the approximation of a microscopically uniform conversion
layer the potential ¢,(z) can be calculated by solving electro-
neutrality equation:

n—-p-N=0, (11)

where for n, p and N¢ it is assumed that Ec and Ey are functions of
y.

The calculations showed (Fig. 4) that for MCT structures with
WBPL ¢ (1)< ¢2(Ly), i.e., the electric field of the graded-gap struc-
ture, in contrast to the field ¢(z) of p-n junction, favors Hg;
diffusion into the converted layer under IE. Still, the total potential
difference Ag remains positive, which means that the total electric
field of the structure yet hinders the diffusion. The explicit depen-
dence of d; on the fluence @ and potential ¢ was calculated by the
authors of Ref. [41] under conditions when the potential fluctua-
tions were small, R=0, [>Ly > ro and y in WBPL did not change at
the order of ry as counted from the plane z=L; (Fig. 2):

(e () 2eA
L 2 L _ % 2 _
di = \/lo N exp[ TT } +1Z — Ly +1y, (12)

where Ap=¢(l) - ¢(Lg); Apz=@a(l)—pa(Lg); PL=jtr/e (point t; is
defined by the condition d;(t)=Ly).

The conversion depth d; and constants L, and &; in Eq. (12)
depend on the actual composition distribution law in the structure.
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Fig. 5. Calculated dependences of the reduced conversion depth on ion fluence for
anion-etched MCT structure with WBPL with x, =0.20 (curve 1),0.25(2),0.30(3) and
0.35 (4). Curve 5 shows experimental dependence for the structure with x,=0.22
and x, =0.48 (after [49]).

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

L2 ZEA(/) 2€A(/)
I _ 1. — . _ 2
@L = 1(2) ANy exp |: kBT :| Ly = Ly exp ( 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 d; on @
at Ly <d; « Ly (i.e., for the protective layer with high composition)
becomes almost linear and is inversely related to Ng-:

(@ -3 ox <7eA<p)
2ANg L, kgT )~

It was this type of d;(®) 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 d; 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 [Vig], 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
Xq~0.22 and the thickness of the graded-gap layer L, ~ 1.7 pum, 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 d; on @ for ion-
etched MCT structure with x; =0.20 and three 1.7 wm-thick WBPLs
with different xy, calculated according to the above model. It can
be seen that d; decreases with x, increasing. Fig. 5 also shows
experimental fluence dependence of the CTC depth (reduced to
[Vig] =1 x 106 cm~3) for structure with x, = 0.48.

For sample without WBPL, CTC took place throughout the whole
thickness of the structure (10.8 wm) for all the fluences used. This
result agrees with the calculated values of d; > 10 pm (Fig. 5, curve
1). For sample with x, =0.35 conversion also took place through-
out the whole thickness of the structure (10.1 wm) 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 atj=0.1 mA/cm? and t =20 min etched off ~0.3 wm
of MCT. Considering composition grading, at such etching for the
structure with x, =0.35 at the end of IE x, approached 0.28, which
should yield conversion deeper than the thickness of this struc-
ture. This agreed with the results of the calculations performed
for x,=0.25 (curve 2). Similar analysis applies for structure with

di~Ly+

i (14)
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Fig. 6. Carrier concentration profile in ion-etched MCT with WBPL. Filled symbols
correspond to electrons, empty symbols relate to holes (after [49]).

Xy =0.48 (curve 5). Considering the etched-off layer and the preci-
sion of determination of CTC with step-by-step chemical etching,
the experimental dependence agreed with calculations performed
for MCT structure with x, =0.30 to xy =0.35 (curves 3 and 4).

Therefore, the experimental data confirmed the validity of the
model, which predicted the effect of the graded-gap WBPL on the
CTC depth under IE via the influence of the internal electric fields
of the p-n junction in the defect layer and graded-gap layer, which
defined diffusion of Hg; into the crystal.

2.6. Electrical properties of ion-etched MCT

Electrical properties of ion-etched MCT have been
studied for both uniform samples and those with WBPL
[16,20,22,24,25,29-32,37,41,49-52]. As was shown by many
authors, the converted/modified n-layer is not uniform. For
example, Fig. 6 shows carrier concentration profile in ion-etched
MBE-grown p-MCT sample with WBPL (x,=0.48) with hole
concentration at 77K p;7~6x 10> cm=3 after IE (E=500¢eV,
j=0.1mA/cm?, t=5min) after Ref. [49]. The profile was recorded
~1.5 years after IE.

A thin surface layer (~1-3 wm) has high electron concentration
(ny7~1017-1018 cm—3) and low mobility (un77 ~ 104 cm?2/(Vs)). In
this layer, concentration decreases toward its depth while mobility
increases. We shall designate this layer as ‘n*-layer’ and also shall
refer to it as to the ‘damaged’ layer. This layer is followed by a n-
layer with thickness that depends on Ny, x and IE parameters (j,
t, Ts). The layer has constant values of ny; and w77 throughout
its thickness. We shall refer to this layer as to ‘n-layer’ and call it
the ‘bulk’ converted/modified layer. Values of hole concentration
p77 and mobility up77 in unconverted part of MCT are the same
as those in the sample before IE. Thus, IE of p-type MCT generally
results in the formation of n*-n-p structure. This conclusion was
made on the basis of the results obtained with the use of differential
Hall-effect measurements with step-by-step chemical etching. In
Ref.[29], the non-uniform electron concentration distribution in IE-
converted MCT was established with the use of capacitance-voltage
measurements. Similar type of distribution was pointed out to also
by the results of the study of lifetime of non-equilibrium carriers t
[16,20,22,31]. In each case it was established that in the damaged
n*-layer T was much lower than that in the ‘bulk’ n-layer.

It is believed that the appearance of n*-layer is caused by radi-
ation defects formed by energetic ions. For example, in Ref. [29]
it was suggested that ions interacting with MCT surface result in
high density of extended defects, such as dislocation loops. Forma-
tion of n*-layer was detected in experiments on reactive IE in RF

L ,um

ex’

Fig. 7. The dependence of the FWHM of rocking curves A# at (511)-reflex on the
depth of X-ray penetration in MCT subjected to IE in RF plasma with bias: curve 1,
0.6kV; 2,1.2kV; 3, 2.4kV (after [57]).

H,/CH,4 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].1t was shown in Refs.
[53,54] that n77 and 77 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 Hgy 7Cdg 3Te/CdTe het-
erostructures subjected to IE (E=4keV, j=3.5 mA/cm?) 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 pm-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 wm-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/A) with A~ 0.5 wm. This dependence cor-
responded to that of n77 in the n*-layer with a similar coefficient
A

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; 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
nzz, which, according to various authors, lies in the range
~1014-5x 10> 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
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Fig. 8. Temperature dependencies of Ry (a) and electron mobility (b) in LPE-grown
p- (curves 1 and 2) and n-type MCT (3 and 4) [32]: 1 and 3, before IE; 2 and 4, after
IE. Mobility for initial p-type sample is not shown. 1, Ry with sign inversion; 2-4,
Ry <0.

may be represented by background donor doping typical of specific
growth technology and, perhaps, by intrinsic donor defects such
as antisite tellurium [32,33,37], typical of MBE-grown MCT, on this
see below.

Let us make an important notice on the values of nz7 and ;77
in 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
was no consideration for the effect of relaxation of electrical param-
eters of MCT (decrease in conductivity and n;7) after IE, which was
first reported on back in 2001 [28]. In reality, ny; and 77 as mea-
sured after IE strongly depend on time which has passed from the
moment of [E up to the moment of the measurement. True values of
ny7 and 77 in the converted/modified n-layer can be determined
only after the relaxation of the parameters, which typically takes
10#-10° min; this matter will be discussed in detail below.

The bulk n-layer usually has high Un77
(100,000-250,000 cm?/(Vs) for MCT with x=0.20-0.23), which
is typical of high-quality MCT with low electrical compensation
[11,20,22,24,31,32,36,49,52-54]|. Temperature dependencies of
carrier concentration and mobility in the bulk n-layer (Fig. 8) also
correspond to classic behavior of these parameters in n-MCT with
low compensation [24,31]. In the temperature range 77-4.2 K, the
Hall coefficient Ry and electron mobility do not depend on T, while
with temperature increasing they both decrease. The slope of the
Ry(T) dependence coincides with Eg/2, i.e., reflects activation of
intrinsic conductivity, while u,(T) behavior is typical of phonon
scattering.

The bulk n-layer formed in MCT with initial p-type has relatively
large values of t, 1-3 s at 77 K for MCT with x~ 0.2 [20,22,31,32].
These t 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

degree of electrical compensation due to annihilation of residual
Vg 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
nzzand pn77[29,32,50-52]. For strongly compensated samples that
showed a typical maximum at T < 77 Kon u,(T) dependencies, after
[E 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/H, 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 Vg were elim-
inated and p-type conductivity of the films (p77~2 x 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 pm). 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 ny; in the converted films was
close to p77 (and thus, arsenic concentration Nas) measured before
[E. 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=500eV) 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 x10"6cm=3) or Sb (x=0.18; p77=1.8 x 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 [Vyg]. 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 300K 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 300K are presented
in Fig. 9 [67,68]. The inset shows that after IE integral values of
o and Ry experienced strong relaxation. Negative Ry 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 Ry(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
lines show the results of calculations. Inset shows time dependencies of integral
conductivity (curve 1) and Ry (2, B=0.05; 3, B=1.0T, Ry <0, 77K) after IE for the
sample doped with As [67].

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

The CTC depthin these samples corresponded to that in vacancy-
doped MCT with similar x under similar IE conditions (Fig. 3) [67].
Relaxation of nz; for both types of samples was exponential with
three (for arsenic-doped MCT) or one (for antimony-doped MCT)
stages with different characteristic relaxation times. This relaxation
law corresponded to chemical-kinetic equation of the first order:

dn/dt = —kqn, (15)

where kq is reaction rate constant, n is concentration of donor
defects formed under IE. The relaxation process is then related to
disintegration of the donor defects. For sample doped with arsenic,
fitting of experimental data yielded the following relation:

n=3x10'"%. exp(—t/71)+ 1.2 x 10'® . exp(—t/15)
+4.2 x 101 . exp(—t/73)+ 3 x 1012, (16)

where t7=50min, 7,=2500min, 73=70,000min. For the
antimony-doped sample, because of very small relaxation time,
only the final stage of relaxation (a ‘tail’) was observed, therefore
fitting was rendered useless. In any case, these data proved that
donor defects formed under IE in antimony-doped MCT were
much less stable than those in arsenic-doped MCT.

The electron concentration straight after IE
Nz7i~(2-4)x 10'6cm=3 in the bulk n-layer of arsenic-doped
samples (Fig. 9) was close to p7; and Nps (as defined with
secondary-ion mass-spectroscopy, SIMS) in the sample before
IE. Electron concentration after relaxation nzz in the bulk layer
was much lower, ~(2-3)x 101> cm~3, and could be related to
background donor doping typical of ISOVPE. In Sb-doped sam-
ple, n77i=3x10"%cm=3 was much lower than pz; before IE
(~1.8 x 10'6 cm~3) and indeed lower than Sb concentration deter-
mined with SIMS (~7 x 1016 cm~3). This, again, was indicative
of possible relaxation of donor defects during IE, confirming low
stability of these defects. The value of nzz~ 1.5 x 10'> cm=3 in this
material could be related either to background doping or to high
n; in the samples with low x (~0.18).

Later, the authors of Refs. [15,69-73] conducted numerous
experiments on CTC in arsenic-doped MCT grown with MBE and
MOCVD and subjected to IE. The basic properties of the converted
layers in these samples were similar to those described above; the
only difference was related to the initial stage of relaxation and

Fig. 10. Post-IE relaxation of n7; in MBE-grown arsenic-doped MCT (curves 1 and
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 300K 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; + As'te - D* and Hg;+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;
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; +X'te - D, (18)
The corresponding mass action law is:
[Hgi]- [X'te]l = Kx[D], (19)

where Kx=Kp-exp(—AHx/kgT) is the equilibrium constant
(Ko~ Ny is a node density in the metal sublattice), and AH.x 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]y; dissolved in the crystal. From these
equations, an expression for donor center concentration follows:

[Hg; ]

(D] = [Fg ]+ Kx

[X]s. (20)

The condition of the formation of donor complexes [Hg; | > Kx
follows straight from the Eq. (20). At 300 K under typical IE condi-
tions ([Hg;]~1 0'* cm~3 [43]) the V-group acceptor dopants should
be bound in complexes with Hg; at AHcx>0.6eV. The values of
AHgx were assessed for arsenic- and antimony-doped material as
1+0.1eVand 0.8 +0.2eV, respectively. These estimations meant a
high probability of the complex formation under IE.

The reaction of the formation of the donor complex (X're — Hg;)
is similar to that of annihilation of Hg; and V", yet differs from the
latter in that a new chemical bond is formed, so a certain potential
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barrier (Eqx) should be overcome. Thus, the constant ky of the rate
of the reaction of complex formation should be written as:
kx = koxEXp(—Em(/kBT), (21)
where kox = 4mry(D; + Dx) = 4mryDy, Dy is diffusion coefficient of the
acceptor dopant and ry is a capture radius, which for oppositely
charged centers ry ~ rp, where rp is a screening radius. As for As and
Sb Dy is really small, it can be regarded that Dx =0. Thus, kox ~ k,
which means that conversion depths should be similar in vacancy-
and acceptor-doped MCT subjected to IE with all other conditions
being the same. Among other things, this is due to the same values
of [Hg;]s in both cases.

The conversion mechanism proposed in Refs. [64-66] agrees
with all the experimental data. Electron concentration n;z; in
arsenic-doped samples (except for MBE samples) agrees well with
Nas, which means that it is indeed defined by As'te — Hg; donor
complex concentration. The weaker stability of the complexes in
MCT doped with Sb can be explained by the value of AH, being too
close to the critical value of AH=0.6eV, and this easily explains
the discrepancy between the n;7; and acceptor concentration in the
Sb-doped samples measured before IE.

The proposed CTC mechanism implies that after IE is stopped
and Hg; concentration decreases (due to diffusion of these atoms
back to the surface) to a level that corresponds to the condition
[Hg; ] « Kx, according to Eq. (20), the donor complexes begin to
disintegrate. The kinetics of this process should correspond to the
chemical-kinetic equation of the first order that has a solution in
the form of the exponential law:

1 1 exp (EaX + AHC)() )

= kax = koxN() kBT (22)

15'¢

Estimations showed that at T=300K, E;x=0.2eV, AHs=1¢eV
and AHp,=0.8eV, the disintegration time is tx ~3105min and
Tx ~ 150 min for MCT doped with As and Sb, respectively. How-
ever, such relaxation mechanism should result in the complete
re-conversion of the n-layer back into p-type, which was not
observed in the experiment even after the samples were stored for
more than 10 years (Fig. 10) [72]. This pointed out to the fact that
in reality the relaxation process occurs in a more complicated way,
possibly via formation of neutral complexes D* (D' — Hg; 4+ D*), as
was suggested in Ref. [28]. These neutral complexes are stable at
300K.

According to Refs. [64-66], to achieve CTC in arsenic- or
antimony-doped MCT, in contrast to vacancy-doped material, one
should have [Hg; ] > Kx condition fulfilled. This requires a certain
value of ion current density and sets a limit on this value. Under
typical IE regimes (j =0.1-0.3 mA/cm?2), this condition is easily sat-
isfied. The existence of such condition was confirmed by the authors
of Ref. [74] when they compared arsenic-doped samples subjected
to IE to similar samples with anodic oxide (AO) annealed in air at
428K for 20 min. Deep CTC was not observed for the latter sam-
ple, while in sample subjected to IE the CTC depth equaled ~6 pwm.
A vacancy-doped sample (with similar [Vyg] and Ns) after anodic
oxidation and annealing demonstrated CTC depth of 10 pm.

These facts agree with the above proposed CTC mechanism and
conditions for the conversion. Under annealing of AO, CTC results
from the diffusion of free mercury atoms that appear as a result
of the oxidation and are forced to move to the border between
the AO and the crystal. Concentration of Hg; in this case cannot
exceed its equilibrium value at the temperature of the annealing,
which at T=428 K equals ~10° cm~—3 [47]. At this temperature and
at Heas ~ 1 eV, the constant of the formation of the donor complex
Kas~ 1010 cm=3. Thus, the condition [Hg;] > Kx is not satisfied,
arsenic atoms remain in the form of As'te and no CTC is observed. In
contrast to this, under IE, [Hg; ] > K is easily satisfied and deep CTC
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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
Nps (though relaxation of n7; was not considered). The CTC depth
d; dependence on the thickness of the layer etched off with IE
(which means, on the etching time) and on arsenic concentration
looked like d; ct%° and d; o« N, !, respectively, which agreed with
the kinetic mechanism of CTC. However, when studying d;(Nas ), the
authors of Ref. [39] did not consider d;(x) and directly compared the
data acquired on samples with different composition, which makes
the djocNAS*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™| 4 Asf, < AsteHg;. 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/H; plasma on vacancy-doped (x=0.23; p77=1.2 x 1016 cm—3
and x=031; py;7=74x10""cm3) and Au-doped (x=0.23;
p=12x10"6cm=3 and x=0.31; p=9.3 x 10'> cm~3) films. Etching
for 2min removed a ~0.3 pm-thick layer. With the use of step-
by-step chemical etching, CTC depth of 4 um was found in MCT
with x=0.23 doped with Au and 1 wm in other samples. With the
use of quantitative MSA, electrons with low (2000-3000 cm?2/(V s)
and high (40,000-80,000 cm?/(Vs)) 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
mn did not depend on temperature in 30-300K range, while
temperature dependence of u, for high-mobility electrons was
typical of uncompensated MCT with appropriate x. At that, (1,77 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 77K equaled 8 x 10'2cm=2 in all the samples. The average
concentration of high-mobility electrons at 77 K in Au-doped MCT
with x=0.23 (=3 x 101> cm~3) was an order of magnitude lower
than the concentration of Au. For the vacancy-doped material,
this concentration reached 8 x 10'> 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 x 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 N, 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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Fig. 11. Time dependence of integral values of conductivity (curve 1) and the Hall coefficient (2, 0.05T; 3, 1.0T) (77 K) after IE of Cu-doped p-MCT during storage at T=293 K
(a)and T=273K (b). (a) 2, Ry <0; 3, Ry >0; (b) 2, Ry <0; 3, Ry with sign inversion (after [78]).

Au-doped p-MCT co-doped with In (~3 x 1014 cm~3). They related
formation of n*-n regions in photodiodes with generation of Hg;
which expelled Au atoms from metal sublattice sites. Part of these
Au atoms, in their opinion, diffused laterally and defined the posi-
tion of n-p junction with carrier concentration in n-region defined
by that of indium. No more data were available in Ref. [75], nor did
the authors give references to any other works.

[E-related CTC in MCT doped with Ag, Na, Cu and Au was men-
tioned in Ref. [76], and it was stated that in all cases the conversion
depth was the same. However, Ref. [76] does not provide any data
illustrating these observations, references to other works are not
given either.

The detailed and consistent studies of IE-induced (500eV Ar
ions) CTC in Cu-Ag and Au-doped p-MCT (x=0.21-0.23) were per-
formed in Refs. [77-79]. MCT samples with n;; ~3 x 1014 cm~3
were cut from bulk crystals and doped via depositing metallic
films on their surface and annealing them in saturated mercury
vapors at 573K for 72 h. After doping, samples acquired p-type
with p77=(1.5-6) x 1016 cm~3 (depending on the dopant), which
was indeed defined by the dopant, as vacancies in the sam-
ples were eliminated. Hole mobility at 77 K after doping equaled
300-500cm?/(Vs). As was shown in Ref. [77], IE caused deep CTC
in Cu-, Ag- or Au-doped p-MCT with formation of a typical n*-n-
p structure. To make the study of the properties of bulk n-layer
simpler, straight after IE the samples were subjected to chemical
etching in Br, + HBr, which removed the damaged n*-layer. Post-IE
relaxation in the samples was studied at T=293 K and 273 K. Con-
centration profiles were determined with differential Hall-effect
measurements (with step-by-step chemical etching) on the sam-
ples that relaxed at 293 K.

Fig. 11 shows typical relaxation curves for samples doped with
Cu. Discrete MSA showed [ 78], that storage at 293 and 273 K of sam-
ples with removed damaged layer caused decrease in the amplitude
of the peak corresponding to high-mobility electrons. This was
indicative of the decrease in the concentration of the IE-induced
donor 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
dependencies were observed for Ag- and Au-doped samples, and
characteristic relaxation times depended on the dopant, which was
indicative of different degrees of the stability of the donor centers.
Relaxation of n77 in the bulk n-layers as determined from the origi-
nal experimental data collected at storage temperature 273 K with
the use of discrete MSA is shown in Fig. 12. The value of n;;; for
all the samples agreed well with the concentration of introduced
dopants. Relaxation of nz7 was exponential and had two stages. It
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Fig. 12. Relaxation of ns; 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
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/t
depended on the temperature according to the Arrhenius law, it
was found [77]:

Tocy = 3.2 x 1078 exp(0.632 eV/kgT;)s;

Tong = 5.4 x 1077 exp(0.577 eV/kgT)s; (23)

Topu = 1.5 x 1078 exp(0.555 eV/kgT;)s.

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

Relaxation of these samples at 293 or 273K 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
Nz~ 2 x 10 cm—3, which was close to background donor doping
level. In Au-doped sample, nz7~ 2 x 101> 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 nz7 (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;, which results in changes in the charge
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state of the dopants. Most likely, CTC in this case is caused by the
reaction:

M'ug +Hgj — M; + Hg}y,, (24)
where M'yg is an acceptor, M; is a donor, M stands for Cu, Ag or Au.
This reaction corresponds to mass action law:
[Hgj [IM'ng] = Krm[M;], (25)
where Ky is the equilibrium constant. Considering that [M'yg] +

[M;] = Ny, where Ny is the total concentration of the dopant, from
Eq. (25) we obtain:

Nu[Hg; |

W= g T

(26)

Eq. (26) gives a condition for the formation of donor centers
involving Cu, Ag or Au: [Hg; ] > Ky, which is similar to that in As-
or Sb-doped MCT. Thus, according to Refs. [77,78], CTC in Ag-, Cu-
or Au-doped MCT under IE is possible if Ky is not too large. As
discussed earlier, CTC under IE can be achieved at K,y < 1014 cm~3,
and estimations made in Refs. [77,78] showed that for Cu-doped
MCT this condition is achieved at any E,c, (which is the dopant
migration energy). For Au- and Ag-doped MCT, CTC is possible at
Emag (or Emay)>0.2 eV, which is still achievable, yet sets certain
limits on IE parameters. In any case, CTC in I-group acceptor-doped
MCT requires (similar to V-group acceptor-doped material) certain
values of ion current density, which contrasts it to vacancy-doped
MCT.

Typical characteristic time of transfer of M'yg into M; can be
assessed as Ty = 1/(krm[Hgj 1), where k;y is the reaction rate con-
stant [78]. Considering typical parameters, T, ~ 10~2s, which is
much less than IE time (t~ 103 s) and suffices for CTC. Thus, most
probable mechanism of CTC in I-group acceptor-doped MCT under
IE is diffusion of Hg; with kicking dopant atoms from cation sublat-
tice (where they acted as acceptors) into interstitial position (where
they act as donors), provided Ky « [Hg; |. This mechanism implies
equal CTC depth in Cu-, Ag- and Au-doped MCT and vacancy-doped
MCT (Fig.3),as well as similarity between n;; in the converted layer
and acceptor concentration in the initial sample, which agrees with
experimental data quite well.

This mechanism surely implies post-IE relaxation, and accord-
ing to Eq. (26), when [Hg; | « Ky dopant atoms should move back
to their initial positions in the cation sublattice with characteris-
tic time . =1/(k:Kry)- However, estimations for .., made in
Refs. [77,78] differed from experimental 74, values. Also, if one
accepts this model of relaxation, it becomes difficult to explain the
lack of re-conversion back from n-type into p-type. Therefore, there
should be other processes that slow down the re-conversion or hin-
der it completely. According to Refs. [77,78], most likely reason for
this phenomenon is the disintegration of the formed solid solution,
as the maximum solubility of M; in MCT under at 300K is much
lower than 1016 cm—3 [80]. As the migration energy is large, T,y is
large, too. Also, because of the disintegration, concentration of M;
in the converted layer gets much lower than Ny;. Because of this, the
rate of M’y formation also becomes low, and re-conversion is not
observed. On the other hand, in the bulk of the sample concentra-
tion of the solution is much lower than in a saturated solution, thus
for some time after IE the flux of M; is directed from the converted
layer into the bulk of the crystal, which does not favor re-conversion
either. At that, conductivity type would be defined by background
impurities, which agrees with the experimental data. With time,
inclusions should dissolve as a result of the transfer of M; into M'yg,
and then re-conversion becomes possible, as was shown in Ref. [72]
for Ag-doped MCT.
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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 (~10° 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 24-170h
of n*-n structure fabricated on the basis of n-MCT (x=0.215,
n=1x 1015 cm3, carrier lifetime 7 ~ 3 s) with low degree of com-
pensation and subjected to IE (E=100eV, j= 0.5 mA/cm?, 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 pum-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 pm-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 onion-etched (in Ar or H, plasma)
vacancy-doped p-MCT (x=0.23; p 77=(5-10) x 101> cm~3). Straight
after IE, a 1 wm-thick surface layer was removed with chemical
etching. It was discovered that annealing of the n-layer formed as
a result of IE in H, 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
Eq=0.99eV and was, therefore, close to Hg; diffusion activation
energy (1.01eV). It was concluded that the re-conversion process
was determined by the diffusion of Hg.

Thermal stability of n-p structures formed with IE in vacancy-
doped p-MCT (x=0.21; p77=5.8 x 10'> cm~3) was studied also in
Ref. [82]. The CTC depth was 10 pm. 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 4h)
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
Hg; and formation of Vyg 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. 13. Relaxation of integral conductivity (curve 1) and the Hall coefficient (2, 0.05T; 3, 1.0 T, Ry <0) (T=77K) during isothermal storage of IE-modified n-MCT structure

with the damaged layer removed: (a), 20°C; (b), 50°C; (c), 75°C (after [68]).

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

Finally, the authors of Ref. [28] discovered relaxation of electri-
cal parameters of IE-formed n-p structures during the storage of
the etched samples at 300K. It was established that integral con-
ductivity o of the structures (as measured at 77 K) formed with
reactive IE in H; or Ar plasma in vacancy-doped p-MCT (x=0.21;
p77=(1-4) x 1016 cm—3), decreased monotonically after IE in the
course of the storage. After a few days, o experienced saturation.
Increasing the storage temperature up to 323 K lead to 5-fold accel-
eration of relaxation, so it was concluded that relaxation was a
thermally activated process. The studies of the differential Hall
effect showed that after the relaxation the converted layer retained
n-type conductivity and o was constant throughout the thickness of
the layer. In accordance with the mechanism proposed in Ref. [28],
relaxation of electrical parameters was caused by the disintegra-
tion of donor complexes formed during IE by Hg; with background
impurities, such as, e.g., arsenic.

Qualitatively the long-term stability of n*-n structures formed
with IE in vacancy-doped LPE-grown p-MCT films (x=0.22;
p77=2x 1016 cm~3) was studied in Ref. [83]. A comparison was
made between the parameters of n*-n structures formed with IE
after long-term (10 years) and middle-term (5 months) storage
of the samples at 300 K. The most important practical conclusion
of this work was related to the fact that n*-n structure of the
converted layer with low-mobility (damaged n*-layer) and high-
mobility (bulk n-layer) remained as such after 10 years of storage
at the room temperature.

The authors of Ref. [68] showed that relaxation of electri-
cal parameters in the course of storage at 300K is typical of
n*-n structures formed with IE. They used wafers cut from the
bulk vacancy-doped p-MCT crystals doped from the melt with
Se (~1at%) or co-doped with In (Np~3x 10'5cm~3); n-type
wafers cut from crystals doped with In (Np =(2-4) x 10'* cm~—3)and
ISOVPE p-MCT films doped with As. Fig. 13 shows experimental data
for the IE-modified sample with n-type conductivity.

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

Analysis of the parameters of the diffusion of Hg; performed
on the basis of the data presented in Ref. [47], showed that at
T<75°C and t<10° min the diffusion of Hg; caused by its evap-
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Fig. 14. Relaxation of electron concentration in IE-modified ‘bulk’ layer of the
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 [Vg] greater than that at the tellurium border
of the homogeneity region, [Vig]re < 10'3 cm~3. Therefore, post-IE
relaxation at 300K 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 Hg;
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 n7; 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 x, ~0.56 (curve 4) [49,58,86].
Inset shows relaxation of integral conductivity in MBE-grown samples with x, ~0.22
and x, =0.22 (curve 3) and x,, =0.56 (curve 4).

spectrum. Four hundred minutes later the shift was ~3 meV and
it slightly decreased over the following 125,600 min. As follows
from Fig. 14, the appearance of the blue-shift in the luminescence
band of ion-etched sample coincides with the increase of n;; due
to the formation of the IE-induced defects. The threshold electron
concentration ng, causing the Fermi level to enter the conduction
band, as assessed by numerically solving an appropriate electro-
neutrality equation for MCT with x=0.30 at 84K, is shown in Fig. 14
by the horizontal dash-dotted line. It is seen that the spectrum
recorded straight after IE was indeed that of a degenerated sample
(n77 > ng,). The calculated electron concentration corresponding to
a ~17 meV blue-shift was ~4 x 1016 cm~3, being in a good agree-
ment with the value of n7; measured at that point of relaxation.
The other spectra were recorded when the n;; decreased below the
threshold value, and no pronounced shift of the band was observed.
The authors of Ref. [85] observed a similar effect; they, however,
did not specify when exactly their spectra were recorded after IE,
which does not allow for interpreting their data in the accurate
way.

The studies of the mechanisms of conductivity and post-IE relax-
ation in various layers of n*-n structure formed in vacancy-doped
p-MCT were conducted in Refs. [49,58,86]. In particular, in Refs.
[58,86] studied were identical single-crystal samples (x=0.205;
p77=7.0 x 1015 cm~3), where the first sample straight after IE was
subjected to chemical etching (Bry + HBr) for removing ~4 pm-
thick layer from the surface (including damaged layer), while the
second sample was kept intact. In Refs. [49,58], a report was given
on IE of MBE-grown p-MCT structures with graded-gap WBPLs
(~1.7 wm) with composition at the surface x, =0.22, 0.35, 0.48 and
0.56, respectively, yet with equal x4 ~ 0.22.

Fig. 15 shows the relaxation of n7; in IE-converted bulk n-layer
measured during isothermal aging at 300 K for n-p structure in sam-
ple with removed damaged layer (curve 1) and n*-n-structure in
MBE-grown film without graded-gap surface layer, where the con-
version took place throughout the whole (10.8 wm) thickness of the
structure (curve 3). Also, similar curves are given for n*-damaged
layer (curve 2) and MBE-grown film with graded-gap surface layer
with x, ~0.56 (curve 4).

For sample with removed damaged layer (curve 1) the MSA
showed the presence of electrons of only one type, those of the
bulk n-layer. For MBE-grown sample with xq=x,=0.22 (curve 3)
the electron concentration of the bulk n-layer was extracted with

MSA, and the dependence of n7; on the aging time t for both these
samples was multi-exponential:

n =ny exp(—t/71) + np exp(—t/t) + ny. (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 Hg; 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: firstis the initial electron concentration n;,
measured ‘straight after IE’ (in reality, 10-20 min later), and the
second is nyz, measured after saturation of the relaxation curve
(which, as a rule, requires (1-2) x 10° min of storage at 300K). It
was these values that were different for bulk-crystal sample (curve
1) and MBE-grown sample with x4, 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 x 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) x 101%> cm~3.
After the relaxation nz7 was equal to ~7 x 104 cm~3 and agreed
well with the aforementioned background doping. For MBE-grown
sample (curve 3), nyz of ~10'7 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 x 10'> cm=3. After the relaxation, nzz equaled
~2.5x 105 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 ~10'7 cm~3 was typical of ny7; 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 Hg; 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 n;7; 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 300K, n;; 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 (5x 104-10'7 cm~3). For nominally
un-doped sample (curve 1) and that with indium concentration
Nin~5 x 10'% cm=3 (curve 2), electron concentration stabilized at
Nzzr ~2.5 x 101> cm~3, which corresponded to background donor
doping Npp. For samples doped with In with concentrations
~2.5 x 1015 cm~3 (curve 3)and ~1.3 x 1016 cm~3 (curve 4), electron
concentration stabilized at the level nzz~ Npp + Np.

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 Hg; forms with background
acceptors of I and V group, which represent basic uncontrolled
impurities in MCT. Also, Hg; may form similar complexes with some
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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Fig. 16. Post-etching long-term relaxation of the electron concentration in the
modified ‘bulk’ n-layer of indium-doped n-MCT films: curve 1, un-doped film; 2,
Nip~5x 10 cm~3; 3, Njp ~10"> cm~3; 4, Nj, ~ 106 cm—3 [50,72].

the specific growth technology, it is this technology that eventually
defines the character of relaxation in the given ion-etched sample.
Also, it is shown that electron concentration in the bulk n-layer
straight after IE is defined by the total concentration of residual
donors, intentionally introduced donor dopants, and by the con-
centration of donor complexes and centers formed by Hg; with
acceptor impurities, and, possibly, with some neutral defects. After
the relaxation and disintegration of the complexes and centers, the
electron concentration in the bulk n-layer is determined by the
total concentration of uncontrolled stable donors and intentionally
introduced donor dopants (if any).

Electrical parameters of the damaged n*-layer of n*-n structures
formed with IE as dependent on storage time at 300K are given
in Fig. 15 for bulk crystal (curve 2) and MBE-grown sample with
Xq~0.22 and x,=0.56 (curve 4). To determine the characteristics
of the n*-layer in bulk crystal, the authors of Ref. [86] calculated
and analyzed the difference between corresponding components of
conductivity tensor for samples with and without n*-layer during
their storage at 300 K. Considering the identity of initial samples
and IE regimes used, this difference indeed reflected the contri-
bution of the n*-layer. In MBE-grown sample with x, ~0.56, IE
resulted in n*-p structure with the thickness of n*-layer of 2 wm,
without deep CTC.

As can be seen, for n*-layers relaxation curves look very different
as compared to those for the bulk n-layer. This is confirmed by
a different character of the relaxation of integral conductivity for
MBE-grown samples with x, ~0.22 and x, =0.56 (curve 4) (inset in
Fig. 15). The relaxation law at the initial relaxation stage could be
described as:

n(0)
VT¥kt

where n(0)~6x 107 cm=3, k~0.005s~! for sample 2 and
n(0)~3 x 107 cm~3, k~0.007s~! for MBE-grown samples with
Xy ~0.22 and x, =0.56.

To explain the obtained results, the authors of Ref. [86] assumed
that conductivity in n*-layer was provided by donors formed via
capture of Hg; by neutral structural defects (dislocation loops). Con-
densation of Hg; atoms and their transition back into the crystal
matrix is favored not only by very high concentration, but also
by very high mobility of this defect. Indeed, constant of Hg; cap-
ture is of the order of 47ryD;. In particular, for neutral capture
centers, capture radius ry equals characteristic defect size a, and
as D;~1075cm?/s at 300K [27], at Ny~ 1018 cm~3 characteristic
capture time (1/kN¢) is only ~1076s,

n(t) = (28)

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 Hg;, 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:

Ny

dt = 7k0n2N0, (30)

where kg is reaction rate constant. Specifically, the reaction (29)
was found to be three-molecular, provided that no other defects
participated, Ng > n; and n=2Ny. The solution of Eq. (30) is then
reduced to (28), if it is assumed that k = 2koN(2)(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 Hg; 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 (~10"¥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 n;; is equal to total concentration
> Ng+> Ng+> Nneut, Where > Ny is the total concentration
of stable residual donors, native donor defects (antisite Te)
and introduced donor dopants; ZNa is the total concentration
of donor centers and complexes formed by Hg; with acceptor
dopants during IE, and ZNneut is the total concentration of donor
centers and complexes formed by Hg; 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, n77p=Npp (background donor con-
centration).
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Further on we shall consider some examples of using IE for
studying defects in MCT samples of various origins. The experi-
mental set-up in all the works was the same. IE in DC Ar plasma
was performed using an IB-3 (EIKO, Japan) etching system with
Ar* E=500eV, j=0.1-0.2mA/cm?, and t=10-20 min. The temper-
ature of the sample holder during the etching was kept at ~293 K
by means of cooling the holder with water. Post-IE relaxation was
studied via periodic measurements of electrical parameters of the
samples at 77K while between the measurements the samples
were Kkept in air at 293 4+ 2 K. First measurement was performed
10-15min after IE. After short-term ((1-3) x 10°> min) relaxation
was completed, part of the samples was stored for 6-10 years,
and after that, the measurements were performed again. Electri-
cal properties of the films were studied by measuring Ry and o in
magnetic field Bof 0.01-1.5T at T=77 K on square-shaped van der
Pauw structures. The Ry(B) and o(B) dependences were analyzed
using discrete MSA [78].

3.1. Neutral defects in MCT

The possibility of the existence of certain neutral defects became
a subject for discussion when the authors of Ref. [15] reported on
the results of their studies of CTC in MBE-grown arsenic-doped
structures with WBPL (x4 = 0.22) (Fig. 10, curves 1 and 2). These and
all other MBE structures discussed in this section (unless stated oth-
erwise) were grown at Rzhanov Institute of Semiconductor Physics
(ISP) (Novosibirsk, Russia) on (013) CdTe/ZnTe/GaAs (Si, ZnCdTe)
substrates. Arsenic doping was performed from the effusion cell
with high temperature at low substrate temperature Ty, ~ 165 °C.
The as-grown films had n-type conductivity with the electron con-
centration nzzg)~ 8 x 101> cm=3. Thermal annealing (360°C, 2 h)
was used to activate the arsenic acceptor; this was followed by
annealing at 210°C (24 h) under Hg saturation to fill the mercury
vacancies that formed during 360 °C annealing.

The arsenic concentration determined with SIMS was about
Nps~1.2-10"6 cm~3. After activation annealing, the samples
became of p-type with p77~1 x 10'6 cm~3, which was indicative
of 100% arsenic activation. According to the conversion mechanism
discussed above, the concentration of donor complexes (reflected
by nzz) in the bulk converted layer straight after IE should be
equal to the acceptor dopant concentration (or p7) in the initial
sample. It was this trend that was observed, e.g., in ion-etched
As-doped ISOVPE (curve 3 in Fig. 10) or MOCVD films (curve 4).
But in some MBE-grown films the electron concentration in the
bulk n-layers after IE was (1-2) x 1017 cm~3 and, therefore, could
not be explained solely by interaction of Hg; with the Ast. atoms.
Thus, it was supposed that in MBE-grown MCT extra donor centers
were formed, which resulted from the interaction of Hg; with some
intrinsic inactive defect [15]. This defect should have been neutral
after growth/annealing (considering the parameters of the films
before IE), and got activated upon IE, forming donor complexes with
Hg;.

Further studies showed that n,; ~(1-2) x 1017 cm~3 in the bulk
converted/modified n-layer was the characteristic feature of all
MCT epitaxial films grown with MBE at ISP. This concerns as-grown
nominally un-doped n-type films and similar vacancy-doped (by
annealing in He atmosphere) p-type films on GaAs, Si or ZnCdTe
substrates; films doped with In and as-grown n-type films on
GaAs substrates doped with As at low cracking temperature. It
was also true for vacancy-doped MBE films grown on GaAs (211)
substrates with the use of Riber-32p system. These results are sum-
marized in Figs. 16-18. Let us note that for films with x, ~ 0.3 grown
using different MBE technologies on GaAs(310) and GaAs(211)
substrates, 177 in the bulk converted/modified layer was lower,
~6 x 1016 cm—3.
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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
Xq~0.22 [49]; 3 and 4, as-grown In-doped n-type and similar vacancy-doped film
with xq~0.22 [50,88]; 5 and 6, as-grown un-doped n-type and similar vacancy-
doped p-type films with x, ~0.30 [50,88].
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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
co-doping ISP structure p-MCT/ZnCdTe with x, ~0.23 [90]; 4 and 5, MCT/GaAs(211)
vacancy-doped with x, ~0.22 and x, ~ 0.32 grown in Riber-32p, respectively [90].

Thus, nz7 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.

Asimilar effect (n;7; ~ 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, n;7z; was only
~2 x 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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Fig. 19. Post-IE relaxation of the electron concentration in ‘bulk’ n-layer for LPE-
grown films: curve 1, vacancy-doped p-type with x, ~0.22; 2 and 3, annealed into
n-type with x, ~0.20; 4 and 5, vacancy-doped p-type with x, ~0.20 [51,90].

with IE. A similar tentative conclusion was made in Ref. [92] for
MBE-grown MCT. Thus, using IE for studying defect structure of
MCT films grown with MBE and some variations of LPE allowed for
revealing certain neutral defects, which were tentatively identified
as tellurium nanocomplexes.

3.2. Arsenic incorporation in molecular beam epitaxy-grown MCT

Arsenic is the acceptor dopant of choice for the growth of
extrinsically doped p-type MCT layers, especially for photodetec-
tors operating in the longer parts of the IR spectrum and at higher
temperatures [63]. A problem related to arsenic doping in MBE-
grown MCT is caused by the manner of As incorporation in the
material [93]. As-grown films usually show n-type conductivity, as
under typical MBE conditions arsenic is incorporated in MCT in a
complicated way, interacting with intrinsic defects [94]. One of the
major uncertainties is the exact knowledge of As position in the
crystal lattice before and after post-growth thermal activation. To
study this matter, the authors of Refs. [70,71] used IE.

Investigated were arsenic-doped MCT/GaAs (x,~0.21) films
grown with arsenic cracking [95]. Doping from the cracker cell
was implemented with a flow of arsenic passing through a crack-
ing zone. The flow rate was set by varying the source temperature
Tsre, with the fraction of As, molecules in the flow controlled
by the cracking zone temperature T... Temperature of substrate
Ty, during the growth of these samples was ~185°C. All the as-
grown films were of n-type conductivity. Samples grown at low
Ter (407 and 534°C) had low electron concentration (2 x 1014 and
2.2 x 101> cm~3, respectively) and could not be activated into p-
type. Other samples, which were grown at the mediate (661 °C)
and high (781°C) T, had electron concentration in the range
2 x 106-6.3 x 10'> cm~3, and were successfully activated into p-
type. IE and electrical measurements were performed on as-grown
n-type samples and their counterparts activated into p-type. Fig. 20
presents the results of the study of post-IE relaxation in these sam-
ples.

The data presented in Fig. 20 can be interpreted using the
hypothesis of the existence of Te-related defects in MBE-grown
MCT. For As doping from an effusion cell with cracking at low
cracking temperature (T ~400-500°C), arsenic in the flow is pre-
sented mainly in the form of tetramer molecule As,4. Taking into
account nzzgy ~(2-20) x 101 cm~3 (which was considerably lower
than Nas) and high value of ny7; ~ 1017 cm~3 (which corresponds to
the typical concentration of neutral Te complexes), it was proposed
that under these conditions As4 did not interact with neutral Te
nanocomplexes and was incorporated into the lattice in the form of

electrically inactive species. Under activation annealing the As, was
not activated, so the films kept initial n-type. Under IE, Hg; formed
donor complexes only with Te nanocomplexes, so the relaxation of
nz7 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
(Ter ~660-780°C), arsenic in the flow was present mainly in
the form of dimer molecule As,. Taking into account the value
N770y~(6-20) x 10'> cm~3 and low value of nzz; ~4 x 1016 cm=3
(lower than typical concentration of neutral Te complexes), it was
proposed that under these conditions As; interacted with neutral
Te nanocomplexes and got incorporated into the lattice in the
form of donor complex As,Tes. Still, in the samples there could
remain some neutral Te nanocomplexes. Under IE, Hg; did not
interact with donor complex As,Tes, so the weak relaxation of
nzz was associated only with the disintegration of Hg;-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 As;Te3 donor complexes,
which did not interact with Hg;. As a result, after [E the relaxation of
electron concentration was not observed, Nas ~ Nz70) ~ N77; ~ N7zf
(curve 4).

Under arsenic activation annealing (350°C), As;Te3 complexes
decomposed, arsenic got incorporated in the Te sublattice as an
acceptor, and the released tellurium nanocomplexes with typical
concentration ~10'7 cm~3 were ready for reaction with Hg; under
[E. This is clearly seen from relaxation curves for activated samples
with initial electron concentration nz»; ~ 1017 cm=3. If that is true,
then n-type conductivity in as-grown samples was defined by the
presence of As, Te; donor complexes, and not by Asyg 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 1014-10!> cm~3, thus, it is important to
know the exact value of this concentration for each MCT technol-
ogy [96]. By background donor concentration (Npp ), 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 Teng, especially
for MBE-grown MCT [98].

The problem with establishing Ngp in MCT relates to the fact that
detection limits of many physical and chemical methods, includ-
ing SIMS (for many dopants >10'3> cm~3), are much higher than
doping levels of practical interest. This makes one try to estab-
lish Ngp with electrical measurements. In practice, Ngp is taken as
electron concentration in n-type samples with low level of com-
pensation when Npp =n <« n;, Np — N,. So, the measurements must
be performed at low temperatures due to high n;, which for MCT
with x=0.2 at 300K is ~4 x 10'6 cm~3, and for MCT with x=0.3 is
~3 x 1015 cm~3. To determine Npp 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 [Vyg] 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 Vi almost
completely [13], and also turns many residual acceptors (such as
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Fig. 20. Post-IE relaxation of the electron concentration in the modified (converted) ‘bulk’ n-layer for MBE-grown films: curves 1-4, as-grown n-type samples doped with
As with cracking; 5-7, As-doped activated p-type samples. Inset shows relaxation for: curves 2 and 3, as-grown As-doped n-type samples with cracking at low cracking

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

Aste, Sbre, Aupg, AgHg and Cuyg) into donors, whose concentration
decreases upon storing the treated samples at the room tempera-
ture (see Sections 2.7 and 2.8). So, IE appears to be the only method
useful for determining Npp in extrinsically doped MCT [72,87].

In particular, in Refs. [50,72,87], when studying the effect of
IE on the properties of MBE-grown n-MCT/GaAs (xq ~0.22), un-
doped and doped with In, it was proven that after short-term
relaxation ny;r was determined by the sum of Npp and concentra-
tion of introduced indium (Fig. 16). For the un-doped and weakly
doped (Njp ~ 5 x 101% cm—3) samples, nz7 equaled 2.5 x 1015 cm=3,
Thus, in these samples nzzsappeared to much higher than ny7) and
before IE the films were strongly compensated, with the compensa-
tion reduced by the etching. Also, in Ref. [72] it was shown that nz;¢
determined after short-time relaxation retained its value after 8
years of storage, which confirmed the stability of background dop-
ing in MCT. A similar effect was observed for As-doped MCT films,
and in this case it was indicative of the fact that donor centers
formed under IE between interstitial mercury and arsenic atoms
indeed disintegrated via formation of neutral centers that were
stable at 300 K. This allowed for determining Npp in extrinsically
acceptor-doped MCT. In particular, for As-doped MBE MCT/GaAs
films with x,=0.22 it was found that nzz=Npp=2.5 x 10!°> cm3,
similar to the case of the un-doped samples (Fig. 10). As was shown
in Ref. [87] (see Figs. 17 and 18), for all MBE-grown MCT/GaAs
un-doped films with x=0.2 Npp equals (2-4) x 10'5 cm~3 and does
not depend on specific MBE technology. Electron concentration in
MBE-grown MCT/GaAs films with x=0.30 after IE and short-term
relaxation (Fig. 21) equaled (5-7) x 101> cm~3 and appeared to be
higher than that in the films with x ~ 0.2 [87]. It was suggested that
this fact was related to the higher substrate temperature used for
the MBE growth of MCT with x ~ 0.3 as related to the material with
x~0.2, as higher Ty, should lead to more intensive residual doping.
The value of nz7 of (5-7) x 101> cm=3 as typical of MCT with x~ 0.3
grown by MBE on GaAs substrates, remained stable for at least 7
years of storage at 300 K.

Long-term relaxation of electron concentration in nominally un-
doped MBE MCT films grown on Si substrates (MCT/Si) is presented
in Fig. 22. Three pairs of films, with x; =0.29, X, =0.25 and x,=0.23
were as-grown samples with n-type conductivity; three similar
samples were annealed in helium atmosphere at T=230-235°C
for 20h to achieve p-type conductivity. As can be seen, in these
samples, the electron concentration after short-term relaxation
(2 x 10° min) achieved the level of (2-4) x 10'* cm~3 and in some
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Fig. 21. Long-term post-IE relaxation of electron concentration in three similar
MBE-grown MCT/GaAs films with x, = 0.3 (after [87]).
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Fig. 22. Long-term post-IE relaxation of electron concentration in six MBE-grown
MCT/Si films with x, =0.29 (curves 1 and 2), x,=0.25 (3 and 4) and x,=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 n;; confirmed this trend.
Therefore, for MBE-grown MCT/Si films, the Npp value appeared
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Fig. 23. Long-term post-IE relaxation of the electron concentration in the modi-
fied ‘bulk’ n-layer for LPE-grown films: curves 1 and 3, x, ~0.20; 4, x, ~0.28, all
three films were annealed into n-type; 2, 5 and 6, vacancy-doped p-type films with
Xq ~0.20-0.23 [72,87].

to be one of order of magnitude lower than that for MCT/GaAs
films, and did not depend on x (Fig. 18). According to the authors of
Ref. [99], background doping in MBE-grown MCT is due to Tepg,
and concentration of these defects depend on the growth tem-
perature. However, comparison of Npp in MCT/GaAs and MCT/Si
(Figs. 16 and 22) grown at the same T, ~ 185°C denounces this
statement. It can be suggested that in MCT/GaAs the background
doping is rather due to unintentional doping with Ga from the GaAs
substrate.

For MCT grown with LPE, Ngp was found to be strongly depen-
dant on the growth technology (Fig. 23). The samples whose
relaxation is shown in Fig. 23 were grown at “Giredmet” (samples
1-4) [51] from the Te-rich melt on (111)Cdg g6Zng o4Te substrates
and at JSC “Pure metals” (samples 5 and 6) [86]. In the latter case,
the films were grown from the Te-rich melt on (111)CdTe (sam-
ple 5)and (111)CdgggZngg4Te (sample 6) substrates. The as-grown
p-type films were annealed under mercury saturation to reduce
[Vig] down to (5-10) x 1015 cm~3 or for attaining n-type conduc-
tivity. In sample 6, which was grown at the stage when production
of MCT met a number of challenges (circa 2003), nz7=Ngp leveled
offat ~2 x 101> cm~3 straight after 5000 min of aging, which clearly
indicated problems with the purity of the technology. In sample 5,
which was grown at the climax of the development of the LPE tech-
nology (circa 1991), and in samples 1-4 from “Giredmet”, n7 after
long-term relaxation reached 2 x 1014 cm~3 with a clear tendency
to decrease further.

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

From the practical point of view, summarizing the data for LPE-
and MBE-grown materials, we can speak of a certain ‘critical’ value
of Ngp in MCT irrelevant to growth technology and can set this
value as 10'> cm=3. If Ngp appears to be lower than that, nyz will
not stabilize after IE and it is necessary to perform donor doping
to achieve stable and uniform parameters of the material used in
the production of MCT-based photodetectors with the dry etching
technology.

Ngp for the bulk MCT was studied for material grown with
vertical-directed crystallization with the replenishment from the
solid phase at JSC “Pure Metals”. IE-assisted studies of electrical
properties of MCT crystals involved In-doped and crystals doped
with Cu and Ag [79], and also Se (iso-valency dopant) [86]. Dop-

Fig. 24. Post-IE relaxation of the electron concentration in bulk MCT crystal: curves
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 x 1014 ¢cm~3. This type of low-level doping was used to ‘sta-
bilize’ Npp 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, ny7 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 Ngp value. For
samples 1-4, Ngp could be estimated as (3-10) x 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 nzz~1 x 104 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 Npp [87].

Thus, IE is an effective and a versatile tool for determining Ngp
in MCT with both n- and p-type conductivity, including the mate-
rial doped with acceptors. The value of Ngp in the majority of cases
can be assessed after short-term relaxation of ion-etched samples
at 300K. IE allowed for establishing quite low Npgp 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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ring-type of n-p junction, which during hybridization with read-out
circuits show excellent mechanical strength.

The analysis of the basic properties and features of modification
of MCT with IE allows for proposing it as a new tool for studying
defects in MCT. The use of IE allowed for revealing the presence, in
MBE- and LPE-grown MCT, of specific neutral defects with the con-
centration of 107 cm~3, which probably are Te nanocomplexes.
After IE and the relaxation the concentration of electrons in the
basic volume of the converted (modified) n-layer is determined
by the concentration of residual donors, and therefore IE is the
most adequate method for determination of background donor
concentration in MCT. Using of IE for the study of arsenic incorpo-
ration in MBE-grown MCT revealed specific mechanism of arsenic
incorporation in MCT and provided better understanding of the
requirements to arsenic doping in relation to fabrication of p-n
heterostructures.
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