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This review is a second part of the work that presents a historical retrospective of the
studies of photoluminescence in mercury cadmium telluride (HgCdTe), one of the most
important materials of infrared photo-electronics. The second part of the review consid-
ers the results of the studies performed in 2004-2022. These studies were carried out
mostly on films grown by molecular beam epitaxy and focused on the investigation of

defects, especially those originating in p-type doping with mercury vacancies or arsenic
atoms. Compositional uniformity and alloy fluctuations in HgCdTe were also the sub-

jects of the studies.
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This review considers the results of the study of photolu-
minescence (PL) in mercury cadmium telluride (MCT,
HgCdTe) performed in 2004-2022. The authors should
like to dedicate the review to the memory of Prof. V.I.
Ivanov-Omskii (1932-2022), who was one of the pioneers
of MCT technology and research. Obituary to Prof. V.I.
Ivanov-Omskii (in Russian) can be found in Fizika i
Tekhnika Poluprovodnikov, 2022, vol. 56, no. 10, pp.
1016-1017. Prof. Ivanov-Omskii published his first paper
on optical properties of MCT back in 1964 [1] and devoted
55 years of his life to the synthesis and study of various
properties of this material, especially optical and photoe-
lectrical properties, which was duly appreciated by the
MCT community (see, e.g., Ref. [2]).

This work is a second part of the general review,
where the first part was related to some of the general
properties of MCT and to the results of PL studies per-
formed in 1966-1996 [3]. As mentioned in Ref. [3], with
MCT being strongly demanded in defense applications,
its science and technology experienced a boom during
the cold war era, and by the mid-1990s the interest in this
material was not so strong. At that point, it was also

believed that MCT-based photodetectors would be soon
replaced by detectors based on III-V materials. As a re-
sult, the number of research papers devoted to the studies
of MCT in the late 1990s was decreasing, and to the best
of the knowledge of the authors of this review, no papers
on PL in MCT were published between 1996 and 2004.
By the mid-2000s, however, it became obvious that ulti-
mate performance infrared (IR) photodetectors made of
MCT will remain superior to their III-V counterparts at
least for some years [4], and the interest in MCT resumed
with the number of research papers steadily growing. PL
studies of MCT were no exception, so the second part of
the review will consider works on PL in MCT published
since 2004, when the ‘new era’ of PL studies of MCT be-
gan. In this part of the review we shall again concentrate
on optically pumped spontaneous emission from ‘bulk’
MCT samples; this time, these will be epitaxial films and
heteroepitaxial structures with no size quantization ef-
fects. Nanostructures, including superlattices, and quan-
tum-well (QW) structures, and laser action in MCT will
not be considered. The material under consideration in this
part of the review would be mostly grown by Liquid Phase
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Epitaxy (LPE) on lattice-matched CdTe or ZnCdTe sub-
strates and by Molecular Beam Epitaxy (MBE) or
Metalorganic Chemical Vapor Deposition (MOCVD) on
ZnCdTe substrates or ‘alternative’ substrates made of Si
or GaAs.

Many of the studies performed in the last 20 years were
devoted not to the investigation of PL in MCT as such, but
to the study of various defects in MBE-grown material,
and in particular, defects formed in p-type MCT doped
with mercury vacancies or/and arsenic. Acceptor doping
of MCT has been an issue for a number of years [5,6]. His-
torically, mercury vacancy Vu, was regarded as an easily
available and suitable acceptor, and the vacancy doping
has been used in fabrication of MCT-based p—n junctions
for many years. It appeared, however, that this doping pro-
duced not only shallow, but also deep levels in the
bandgap, and the latter acted detrimentally on the proper-
ties of photodetectors [7-9]. Also, the exact energy spec-
trum of vacancy-related levels in MCT remains a subject
of discussion [10,11] as well as the effect of vacancy dop-
ing on the absorption edge and the cut-off wavelength of
photodetectors [12]. As to the extrinsic doping, with the
advent of MBE-grown heterostructures comprising very
thin layers, traditional acceptor impurities for MCT, such
as Au, Ag or Cu had to be abandoned due to their fast dif-
fusivity related to the interstitial mechanism of propaga-
tion [6]. Arsenic has low diffusivity and has been always
considered to be a shallow acceptor. A problem related to
arsenic doping of MCT is caused by the manner of its in-
corporation, as as-grown MBE films doped with arsenic
typically show n-type conductivity. Originally, it was sug-
gested that the reason for that was the amphoteric nature
of arsenic that could occupy both cation sites as a donor
Aspyg and tellurium sites as an acceptor Asre [5,6]. Later,
more complicated mechanisms of arsenic incorporation
and activation in MCT were proposed, which will be dis-
cussed in some detail below. In any case, under typical
MBE conditions (enrichment with tellurium), arsenic is
generally incorporated in MCT as a donor, and a post-
growth activation of the arsenic acceptor is necessary to
achieve p-type conductivity. This activation is usually per-
formed via a two-step annealing, which includes ‘arsenic
activation’ (AA, e.g., annealing at ~400 °C for 1 h) and
‘vacancy filling’ (VF, annealing in saturated mercury va-
pors, e.g., at ~200 °C for ~24 h) steps. AA annealing pro-
duces arsenic acceptors, while VF annealing reduces con-
centration of mercury vacancies Vyg which are generated
during the AA stage. At that, activation induces not only
Vg, but also other defects that may affect the properties
of the material, and that makes studies of defects in arse-
nic-doped MCT quite a topical task.

The number of research groups that have performed
PL studies in MCT in the last 20 years was not large; these

groups were located mostly in France, China and Russia.
Let us start with the PL studies that were performed in
France; these relate to 2009-2014 time span.

One of the first modern works of French scientists from
Département Optronique at LETI, CEA on PL in MCT was
the 2009 journal paper by Robin et al. [13]. It was devoted
to the study of Hg.Cd,Te films with x=0.3 grown by
MBE on ZnCdTe substrates and doped with arsenic. To this
end, modulated PL measurements with a continuous-scan
Fourier transform infrared (FTIR) spectrometer were per-
formed using a 1064 nm Nd:YAG laser for excitation.
Three peaks were observed in the spectra both for as-grown
and annealed samples. The high energy (HE) peak located
at 245 meV was assigned to interband transitions; this peak
did not shift after the annealing. Robin et al. [13] believed
that the low-energy (LE) and mid-energy (ME) peaks (lo-
cated at 239 and 230.2 meV in as-grown films, respec-
tively) had a different nature in the sample before and after
the annealing. Namely, in the as-grown film the LE peak
was attributed to the presence of Vyg, while after VF an-
nealing, to the AsHg complex, which was also an acceptor.
The ME peak in the as-grown film was attributed to the
As;Tes donor complex, and so was the case of the sample
after the VF annealing. After the AA+VF annealings, the
nature of this peak was explained by the presence of Asyg.

These ideas were further developed in conference pa-
pers [14,15], where in addition to arsenic-doped films, un-
doped and indium-doped samples were studied. The PL
spectrum of the undoped sample with x = 0.32 contained
one peak at 266 meV; after VF annealing, a second peak
appeared at low temperatures at 260 meV. The latter was
attributed to either a band-to-level transition or donor-ac-
ceptor-pair (DAP) transitions. The behavior of the main
peak was similar before and after ‘p-type’ (PT, generating
mercury vacancies at 330 °C for 1 h in vacuum) anneal-
ing: at low temperatures (2 < 7' < 160 K), the peak energy
was smaller than the value of the bandgap E,, and as the
temperature increased over 160 K, the energy of the peak
approached the bandgap (Fig. 1, the formula for bandgap
calculations was not specified by Robin et al.). This be-
havior was explained by carrier localization in the tails of
the Urbach states due to composition fluctuations of the
solid solution. The PL spectrum of the as-grown indium-
doped sample with x = 0.45 contained two peaks with en-
ergies of 499 meV and 513 meV, respectively. After VF
annealing, the intensity of the HE peak strongly decreased,
499 meV peak disappeared, emission at 492 meV was de-
tected, and a broad band at 400 meV also appeared. The
latter was attributed to DAP emission, probably involving
transitions between indium donor levels and deep accep-
tors. The temperature-driven behavior of the HE peak re-
peated the temperature dependence of the energy of PL
peak Epp for the undoped sample, showing at 7< 120 K
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Fig. 1. Temperature dependences of HE PL peak energy (sym-
bols) vs calculated Ey(7) (solid lines) for MBE-grown films with
x=0.30[13] and x = 0.32 [15].

localization in the tails of the Urbach states (Fig. 1). This
peak certainly corresponded to interband transitions, while
the LE peak (499 meV) before annealing was associated
with transitions to Vyg acceptors, and after annealing
(492 meV), to DAP transitions between indium donor lev-
els and deep acceptors, as mentioned above. Robin et al.
concluded in Refs. [14,15] that the studies on the indium-
doped sample showed that VF annealing both activated
impurities and reduced alloy non-uniformity.

The PL spectra of the sample doped with arsenic dis-
cussed in Refs. [14,15] had been described by Robin et al.
in Ref. [13] (see above). On the basis of these results, ion-
ization energies of various donors and acceptors were cal-
culated. In particular, the ionization energy of the Vyg ac-
ceptor appeared to be 15 meV (Fig. 2a), and that of the
AsHg acceptor complex was found to be 12.8 meV. The
ionization energy of the As;Te; donor complex was esti-
mated to be 5.5 meV, and that of the Asy, donor was
7.8 meV.

The studies related to optical signatures of Vug were
continued by Gemain et al. [10,16]. To this end, the PL
spectra of LPE-grown samples with x = 0.327 before an-
nealing and after VF and PT annealings were compared.
The PL spectrum of the as-grown sample contained three
peaks with Epp of 234.5 meV (LE), 251.1 meV (ME), and
261.8 meV (HE). The HE peaks was attributed to inter-
band transitions, as was confirmed by the variable-tem-
perature PL measurements. Two other peaks disappeared
from the PL spectrum after VF annealing and began to
dominate after PT annealing. These peaks ceased to be
visible at 7> 150 K due to the ionization of acceptor lev-
els to which the optical transitions from the conduction
band CB (c-4) occurred. It was concluded that these
peaks belonged to the transitions to the two acceptor lev-
els of mercury vacancies, associated with their ionized
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Fig. 2. Mercury vacancy state(s) energy ordering in MCT ac-
cording to Robin ez al. [13] (a) and Gemain ef al. [16] (b). Values
are given in meV.

states V™ and neutral states V°. Gemain et al. [10,16] cal-
culated two ionization energies of Vi, in undoped MCT
as 10.7 meV and 27.3 meV, and to identify the states,
they employed the Hall-effect data. Only one activation
energy (26.2 meV) was found in the temperature-de-
pendent Hall-effect measurements, which suggested, ac-
cording to Gemain et al. [10,16], that the mercury va-
cancy in MCT is a ‘negative-U’ defect with the ionized
state having 10.7 meV energy and the neutral state of
27.3 meV (Fig. 2b). Note that a relatively deep level
(~25 meV from either the bottom of the CB or the top of the
valence band VB) was also found in PL decay studies of
vacancy-doped MCT with x = 0.3 by Delacourt et al. [7].
Gemain et al. [17] established, again with the use of both
PL and the Hall-effect measurements performed on LPE-
grown samples, that with an increase in the x value from
0.32 to 0.6 these two ionization energies increased to
18 meV and 38 meV, respectively. According to Gemain
et al. [17], this meant that with the increase in the x value,
the Jahn-Teller effect responsible for the negative-U prop-
erty of Vy, for low x became overpassed by the Coulomb
repulsion. This was explained by a decrease of the dielec-
tric constant with the increase in x, which led to an en-
forcement of the Coulomb repulsion.

Arsenic-related studies were continued by Gemain et
al. in Ref. [18]. These studies (again, accompanied with
the Hall-effect measurements) were meant to confirm the
findings obtained with Extended X-Ray Absorption Fine
Structure (EXAFS) measurements carried out by Ballet
et al. [19] and Biquard et al. [20]. The findings seem-
ingly contradicted the widely accepted models by
Berding and Sher [21] and Vydyanath [22], which im-
plied that during MBE under tellurium-rich conditions
arsenic is incorporated as an Aspg donor and that the high
temperature annealing, i.e., AA annealing, just transfers
arsenic atoms from mercury sublattice into tellurium
one, so they become Asr. acceptors. Ballet ez al. [19] and
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Biquard et al. [20] suggested that before AA annealing,
arsenic atoms are approximately equally shared between
a donor structure locally resembling the chalcogenide
glass As>Tes; and an acceptor structure AsHgg consisting
of an As atom surrounded by 8 Hg nearest-neighbor at-
oms in a locally body-centered cubic structure. Accord-
ing to Ballet et al. [19] and Biquard et al. [20], after AA
annealing, the As,Tes-like donor gets dissociated. Ap-
proximately 2/3 of the arsenic atoms get incorporated as
AsHgg acceptors and 1/3 is incorporated as Aspg, so the
concentration of arsenic-related acceptors is higher than
that of arsenic-related donors, and p-type conductivity is
observed, with some electrical compensation. In
Ref. [18], Gemain ef al. found activation energies for
these acceptor and donor complexes from low-tempera-
ture PL measurements and temperature-variable Hall
measurements performed on MBE-grown sample with
x =0.31. Ionization energy of 15.2 meV was found for
an AsTes-like donor, 11.8 meV for an Asp, donor, and
26.8 meV for an AsHgs acceptor. Interestingly, activa-
tion energy for an arsenic acceptor of 31.5 meV was
found as early as in 1996 by the Chinese researchers [23].
Guo et al. [23] studied arsenic-implanted and activated
MBE-grown sample with x = 0.39, so their result would
be in line with the idea of the increase in the arsenic ac-
ceptor activation energy with increase in the x value es-
tablished by Gemain ef al. in Ref. [17]. Guo et al. [23],
though, believed that they detected optical signature of
the Asr. acceptor, not AsHgs, the latter having not been
discovered yet at the time.

Summarizing the PL studies of the French researchers,
it should be noted that they were performed not just on
their own but with the conjunction with other methods,
such as EXAFS and the Hall-effect measurements. These
comprehensive studies produced interesting new results,
such as the hypothesis on the negative-U properties of Vi,
and new mechanism of arsenic incorporation and thermal
activation in MBE-grown MCT.

The works by the researchers from the Shanghai Insti-
tute of Technical Physics such as mentioned here Ref. [23]
continued, and in 2006, a new technique for optical studies
of narrow-bandgap MCT was presented. The technique
was based on photo-modulated spectroscopy using a step-
scan FTIR spectrometer [24]. Photo-reflectance (PR)
spectra recorded in 5 to 9 um wavelength range were com-
pared to PL spectra. Arsenic-doped MBE-grown film with
x=0.313 and undoped LPE-grown film with x =0.235
were used in the study performed at 7= 77 K. In both
cases, the PL spectra contained only one peak which was
interpreted as fundamental-bandgap-related one. The ad-
vantages of the new PL registration technique in respect to
signal-to-noise ratio, etc., were further demonstrated by
Shao et al. for MBE-grown films with x=0.52 and

x=0.30 [25]. In these experiments, the measurements
were performed using a Bruker IFS 66 v/S FTIR spec-
trometer with PL excitation by a mechanically chopped
(1.8-kHz) focused 514.5 nm line of an argon laser.
Modulated PL spectroscopy with a step-scan FTIR spec-
trometer was used for the study of the so-called blue-shift in
PL and photoconductivity (PC) spectra of the n—on—p MCT
photodiodes fabricated with ion milling [26,27]. Ton mill-
ing or ion (plasma) etching are used in MCT technology
for fabrication of n—on—p photodiode structures, as low-
energy (1 to 5 keV) ion or plasma treatment causes con-
trollable p—to—n conductivity type conversion in p-type
material [28,29]. Zha et al. [26,27] reported that a se-
quence of PL spectra measured across a square p—n junc-
tion fabricated with ion milling showed luminescence
peaks of the milled area shifting strongly to shorter
wavelengths in comparison to the spectra of the initial
LPE-grown p-type material. This blue-shift could not be
attributed to the composition non-uniformity of the ma-
terial, as the value of the shift was ~39 meV and was
much larger than the non-uniformity-related energy un-
certainty of ~6 meV as revealed by PL measurements
performed at different spots of the sample. The shift was
interpreted in terms of Burstein-Moss (BM) effect, as
electron concentration in the milled area (assessed as
n=72x10' cm™), according to Zha et al. [27], ex-
ceeded threshold concentration of n-region for the occur-
rence of the effect (which was estimated to be
n=8x10%cm™ for T=77 K and E, = 0.197 V). To ex-
plain the exact value of the shift, it was noted that a red-shift
of the absorption peak was previously found for p-type
MCT with Vg acting as acceptors [30]. The value of this
shift was 9-12 meV from the bandgap edge in the tempera-
ture range of 30—70 K. The shift was explained by the mix-
ing of the thermal activation energies of the VB and the va-
cancy acceptor levels. The PL spectrum of the n—on—p
diode fabricated with ion milling contained two peaks.
One was from the p-type region and its energy was
~10 meV smaller than the calculated bandgap value due
to the high concentration of Vyg. The second peak from
the n-type region was shifted by 39 meV towards higher
energies, which was expected since the vacancies were
filled during the milling. However, vacancy filling
should have shifted the peak just by the above mentioned
10 meV, which was much less than the actual shift.
Therefore, the rest of the shift (29 meV) was attributed
to the BM effect, with calculations of the Fermi level
shift as a result of heavy electron doping confirming its
exact value. The authors of this review would like to
note, though, that the shift observed by Zha et al. [26,27]
should not be, in fact, permanent, as electron concentra-
tion in ion-milling-induced n-type material is prone to
relaxation and gradually decreases with time [29,31].
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Fig. 3. PL spectra of as-grown (a) and annealed (AA+VF annealings) (b) MCT film with x = 0.298. Solid lines show experimental
data, dashed lines show spectra deconvolution (replotted using the data from Ref. [36]).

Using both the Hall-effect and PL measurements, Po-
ciask et al. [32] showed that the electron concentration
in the milled material indeed decreases, and after the re-
laxation, whose characteristic time depends on the pa-
rameters of the material (e.g, the x value) goes below the
BM threshold, so for the ‘relaxed’ samples no blue-shift
of the PL band should be observed. In particular, in rela-
tion to the PL spectra, a consecutive red-shift of the peak
was observed by Pociask et al. [32] for those recorded
after 60, 408 and 125 600 min after the ion milling, with
the peak of the latter spectrum returning to the position
of that in the spectrum in the p-type material before the
milling. This meant that in the long term the milling-in-
duced defects did not affect optical properties of MCT.
Temperature- and excitation power-dependent modu-
lated PL spectroscopy was used in Shanghai Institute of
Technical Physics for the study of optical signatures of mer-
cury vacancies and arsenic in MCT. First, Yue et al. [33]
studied shallow levels in the MBE-grown material with
x=0.3. Samples grown on GaAs substrates (MCT/GaAs)
were studied; of those, two samples, which Yue et al. [33]
named as M1 (x = 0.300) and M3 (x = 0.308) were doped
with arsenic with concentration ~10'7 cm=. Sample M1
and undoped sample M2 (x = 0.304) were subjected to AA
annealing, while sample M3 was subjected to VF anneal-
ing. As a result of the annealings, sample M3 had n-type
conductivity due to a decrease in the concentration of Vg,
while samples M1 and M2 had p-type conductivity due to
the presence of shallow acceptors Asrte and Vyg, respec-
tively. The PL spectra of sample M1 exhibited a peak as-
sociated with interband transitions and another peak asso-
ciated with ¢—4 transitions to the Asrt. acceptor. The
ionization energy of this acceptor was 11 meV, which cor-
responded to the previously obtained values. For sample
M2, two peaks were observed that were separated by
~14 meV; this was taken as the ionization energy of Vig.
The PL spectra of the n-type sample M3 exhibited a number
of lines associated with various impurity levels. The

fundamental peak, which was present in the spectra at any
excitation energies and temperatures, was taken as the one
due to interband transitions. Two other peaks were identi-
fied as D-v (donor-to-VB with the donor being Asyg) tran-
sition and DAP (Aspg—Vh,) recombination. The next peak
was separated from the latter by 10.5 meV and appeared in
the spectra only at low temperatures and low excitation en-
ergies. Its origin was ascribed to the optical transitions from
the donor level to an acceptor-like complex ‘Asye—Vh -
The energies of shallow levels detected in the samples, in-
cluding Asy, (donor), Asrte, Vhg, and the ‘Asp—Vhg com-
plex (acceptors) were found to be 8.5, 11.0, 14.5 and
25.0 meV, respectively, and the forming energy of the com-
plex was assessed as 10.5 meV. Identification of the defects
responsible for the appearance of specific peaks was helped
by the use of the data from the literature, which were ob-
tained with electrical measurements and ab initio calcula-
tions [21,34,35].

Studies of impurity and defect levels in MCT doped
with arsenic were continued by Yue ef al. in Ref. [36]. PL
spectra of five MBE-grown samples with x =~ 0.3 were
studied, with three of the samples (M1 to M3) being cut
from the same wafer, sample M4 being vacancy-doped
and the exact origin of sample M5 remaining unclear. The
PL spectrum of the as-grown sample M1 (x = 0.298) was
the most rich for lines and purportedly showed seven dif-
ferent peaks A4 to G (Fig. 3a). These were indicative of the
presence of some shallow and two deep energy states
within the bandgap. The latter (corresponding to peaks F
and G in Fig. 3a) represented levels with ionization energy
of ~77 meV and ~95 meV, respectively. These were pre-
liminarily ascribed to the transitions involving arsenic-re-
lated clusters or interstitials, i.e., arsenic atoms which did
not occupy the proper position in the MCT lattice. This
assumption was based on the fact that these levels were
only typical for as-grown films and disappeared in the an-
nealed samples, independent of arsenic activation; these
levels have not been observed by Yue ef al. in vacancy-
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doped MBE-grown films either. The shallow levels were
ascribed to defects such as Vg, Asyg and ‘Asyg—Vhy', pre-
viously known from Ref. [33], and antisite tellurium Tep,
(with D-v type of optical transition). The ionization energy
of Teng was assessed as ~20 meV. The spectrum of the an-
nealed sample M2 contained only two peaks H and [ sep-
arated by 11.0 meV (Fig. 3b); the second peak /, according
to the annealing strategy (285 °C for 16 h plus 240 °C for
48 h) and secondary-ion mass-spectroscopy (SIMS) data
was identified as the one originating in optical transitions
involving Asr. acceptor.

The temperature dependences of the peak energies for
the as-grown sample M1 (spectrum shown in Fig. 3a) are
shown in Fig. 4. At higher temperatures (7> 10 K), all the
peaks with the exception of peak E depended on the tem-
perature almost linearly. Non-linear dependence of the
peak energy at 7'< 10 K was interpreted as originating in
the effect of band-tail states or localization of excitons.

Yet another vacancy-doped sample with x =0.303
was added to the study of arsenic doping-related issues
in MCT by Yue ef al. in Ref. [37]. The sample was an-
nealed in vacuum at 360 °C for 16 h without addition of
mercury vapors. At 77=11 K the PL spectrum of the
sample contained two lines, one being bandgap-related
and the other one being clearly caused by ¢—A transitions
with the acceptor being Vg The ionization energy for
this acceptor was 14.5 meV. As discussed in the Intro-
duction, the main goal of Ref. [37] and many other PL
studies was to find the best path to activate arsenic in
MBE-grown in situ doped MCT. The conclusion by Yue
et al. in Ref. [37] was that the use of high activation tem-
perature (such as 400 °C and higher) during AA anneal-
ing could produce a large number of excessive mercury
vacancies and deteriorate the quality of epitaxial films.
According to Yue ef al., after using such a high annealing
temperature, recombination through Vy, levels becomes
dominant in PL as compared to recombination through
arsenic-related levels. The low AA annealing tempera-
ture of 285 °C seemed to be more effective in activating
the arsenic in terms of preserving the intrinsic ad-
vantages of the low growth temperature of MBE.

The PL studies by the Chinese authors discussed above
were summarized in Refs. [38,39]. Fig. 5 represents sche-
matics of electronic structure in MBE-grown in situ arse-
nic-doped MCT with x =~ 0.3 for as-grown sample and
samples after VF and AA+VF annealings redrawn after
the original chart by Yue et al. [38]. In this chart, the po-
sitions of the deep levels D' and D¥ (Fig. 5a) were spec-
ified as 72 meV and 90 meV, respectively, below the con-
duction band, so they were identified as donors. It was
noted that optical transitions involving these levels disap-
peared both after VF and AA+VF annealing, regardless of
whether arsenic was activated or not. Also, it was stressed
that the excessive mercury vacancies produced by higher

As-grown VF AA+VF
CB - - -
120 y 82
AsHg AsHg
72 Teng
v Ddz
e
18 d1
—_—
AsTe
Vg VieAsis o Veehsie Vg ~veme psre Vie(AA)
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15 25 ; TlO.S
VB : ¥ Y
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Fig. 5. Electronic structure of MCT with x = 0.3 after Ref. [38]. Values are given in meV.
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activation temperature were seemingly ‘increasing’ the
chemical composition of the films (by moving bandgap-
related peak towards higher energies), and this increase
could not be eliminated completely by VF annealing. The
energy levels of Asug, Teng, and Vu, were specified to be
17 meV (previously 8.5 meV), 26 meV (previously 20 to
27 meV), and 12 meV (previously ~14.5 meV), respec-
tively [39]. These values were very close to the corre-
sponding values obtained in the infrared PR studies by
Shao et al. [40,41], while the difference in respect to the
values obtained with PL earlier was explained by the fact
that the analysis performed in Ref. [39] suggested that for
neither as-grown nor annealed material it was not the in-
terband transitions that took the dominant role in PL in-
tensity at 7< 100 K (and even 200 K). The general con-
clusion related to defects in arsenic-doped MCT was that
though conventional AA+VF annealing (400 °C for 0.5 h
plus 240 °C for 48 h) was certainly capable of eliminating
deep-level impurity-related PL features and changing the
role of arsenic atoms from donors to acceptors, it did not
eliminate Vg and Tepg.

Another question was related to the homogeneity of ar-
senic doping of MBE-grown films. This issue was ad-
dressed by Shao et al. in Ref. [42], where excitation from
the back side (substrate side) of the samples was used in PL
and PR experiments to study the vertical (along the growth
direction) uniformity of composition and arsenic doping.
The 8 um-thick epitaxial film had x = 0.23. AA annealing
was performed at 300 °C for 16 h (which might indicate that
the results of AA annealing presented in Refs. [38,39] were
considered), and VF annealing, at 240 °C for 48 h. Both PL
(T="77 K) and PR (7= 78-110 K) measurements were per-
formed with back-side and front-side excitation. A 1064 nm
laser was used as an excitation source, and back-side ex-
citation power was set twice as much as the front-side one
to compensate the optical losses in the substrate. Front-
side PL spectra were recorded at two different spots on the
surface of the film with no difference found, which was
indicative of good lateral uniformity of the sample. Both
back-side and front-side PL spectra contained four lines.
The HE lines were identified as c-v transitions with energy
difference of 1.3 meV between the front-side and back-
side spectra, which was indicative of a change of 0.001 in
the x value. The remaining lines of the front-side spectrum
were identified as c-41 (Vig), c-A2 (Aste) and D1-v (Tewg)
transitions. Those of the back-side spectrum were ascribed
to c-A1 (Vug) and to the mixture of transitions involving
c-A2 (Aste) and D2-v (Asng) and that of D2-41 (Asug-to-
Vig) and D1-v (Teng). The PR spectra appeared to be even
more complicated, and their interpretation required fol-
lowing their evolution with temperature. In summary, the
back-side PL and PR spectra indicated the co-existence of
Aste and Aspg, While the front-side spectra showed full

activation of arsenic atoms as Aste acceptors and high con-
centration of Vi, as compared to the back side of the film.
This suggested that AA annealing probably did not acti-
vate arsenic for the whole thickness of the film, while VF
annealing was not capable of bringing Vu, concentration
at the front side to a low level found at the back side, i.e.,
close to the substrate. In regards to the alloy composition,
the energy difference between the front-side and back-side
PR spectra (4.6 meV) was slightly larger than that of PL
(1.3 meV, as mentioned above). Shao et al. [42] seemed
to incline to rely more on the PL data, which meant that
they found a difference in x value of just 0.001.

A different kind of PL study was performed by Zhu et
al. in Ref. [43]. The study was related to investigation of
PL of MCT/CdTe heterostructures, which naturally form
in MBE-grown material at the interface between the MCT
film and the CdTe protecting/passivating cap layer and/or
the film and the CdTe substrate (or buffer layer in the case
of foreign substrate such as GaAs or Si). Zhu et al. [43]
conducted PL measurements in ‘reflection’ mode on three
4x100 nm =400 nm-thick CdTe/ZnTe-passivated MCT
films grown on GaAs substrates with CdTe buffer layers.
In two samples with thicknesses ~3 um and ~6 um, re-
spectively, besides the normal ‘edge’ bandgap PL, above-
bandgap PL features were recorded at low temperatures
(T <100 K). These features began to dominate as tempera-
ture was decreasing, in parallel to an abnormal reduction of
the ‘edge’ PL line. The sample with very thick (~10 um)
MCT film and a 6 um-thick sample with the passivation
layer removed demonstrated only bandgap-related PL lines.
By analyzing the energies, temperature dependences, in-
tegral intensities and interference patterns, the above-
bandgap PL features were ascribed to the MCT/CdTe in-
terfacial transitions involving electrons in the former and
holes in the latter. This interpretation seems very plausi-
ble, yet the authors of this review should like to note that
it raises one important point. Namely, to explain the en-
ergy separation values between the bandgap-related PL
peaks and above-bandgap ones, Zhu et al. [43] had to as-
sume that that the valence band offset (VBO) between
MCT and CdTe was ~70 and ~90 meV for x = 0.314 and
x = 0.244, respectively. Indeed, there used to be some
controversy in relation to VBO between HgTe and CdTe
which, according to various sources, spanned from 40 to
800 meV [44-47]. We may note, however, that for a long
time, according to Shih et al. [48], it was believed that
the maximum of VB in HgTe lied higher than that in
CdTe by 350 meV and this discontinuity was assumed to
vary linearly with composition. The most recent, most of-
ten cited and used value of VBO between CdTe and HgTe
at 0 K according to Becker ef al. [49] is even bigger,
570 meV. Lower VBO values from Refs. [44—47] were
obtained much earlier (before 1995) and cannot be fully



24

M.S. Ruzhevich, K.D. Mynbaev

trusted, similar to the case of the values of the bandgap of
MCT, as discussed in Ref. [3]. Considering the dependence
of the VBO on the temperature and MCT composition es-
tablished by Becker et al. [49], for the heterostructures stud-
ied by Zhu et al. at 5 K one could obtain values of the offset
as 0.43 eV (x=0.314) and 0.39 eV (x = 0.244). In the ex-
periment, Zhu et al. [43] actually observed a distance be-
tween peaks of 0.140 and 0.065 eV for compositions
x =0.244 and x = 0.314, respectively, which were at least
three times smaller values. Zhu et al. [43] indeed noted
that the mechanism of above-band-gap PL could be com-
plicated and might be also related to factors such is fixed
charges and polarization at the interface. Still, the results
by Zhu et al. [43] raised some questions in relation to VBO
between HgTe and CdTe.

The matter of the correct optical identification of the
bandgap of MCT with x = 0.3 in the presence of defect and
impurity states was further raised in Refs. [12,50]. Wang et
al. [12] compared the results of optical studies of LPE-
grown vacancy-doped films and arsenic-doped and va-
cancy-doped MBE-grown films with the thickness of
~10 um. From the optical transmission (OT) spectra rec-
orded at different temperatures, an S-shaped temperature
dependence of the transmission edge (as seen on ‘transmis-
sion vs energy’ plot) was obtained for the LPE-grown film,
and it was noted that such dependence was previously typi-
cal of the MBE-grown samples and was associated with the
effect of shallow acceptor states of Vi, The low-tempera-
ture PL spectrum of LPE-grown film exhibited two peaks:
the first corresponded to interband transitions, and the sec-
ond, shifted by ~11.5 meV, to Vyg-related transitions. The
interband-related peak at 10 K was red-shifted as compared
to calculated £, (following Chu et al. [51]) by ~27 meV, but
this shift diminished as the temperature increased. On a ‘en-
ergy vs temperature’ plot, the S-shaped temperature de-
pendence of the transmission edge turned into an N-shaped
dependence (Fig. 6): up to 7'~ 40 K for the vacancy-doped
LPE-grown film it had a different slope from that of Eg(7),
but for the arsenic-doped film, it followed Ey(7) rather
closely. After 80 K both dependences began to basically
follow E¢(7), being separated from the latter by the energy
of the order of 10 meV. The temperature shift for the PL
spectra here equaled 280 peV/K for the LPE-grown sample
and 250 peV/K for the MBE-grown film. For the transmis-
sion spectra, these values were 171 peV/K and 196 neV/K,
respectively.

A theoretical analysis of the evolution of the Stokes
shift for the transmission edge was performed, and a tem-
perature dependence of the Fermi level Er position in
doped MCT with x = 0.3 was calculated. The conclusion
by Wang et al. [12] was that the shallow levels in doped
MCT indeed induce the non-monotonous evolution of
the absorption edge with temperature, and the degree of
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Fig. 6. Temperature dependences of optical bandgap according
to optical absorption (open circles) and HE PL peaks (filled
squares) data and Eg(7) according to Chu et al. [51] (lines) for
MCT films with x = 0.3 grown by LPE and MBE (replotted us-
ing the data from Ref. [12]).

the shift is mainly determined by the activation energy of
the levels while the critical temperature for this effect (in
the case of the samples considered, it equaled 150 K for
the vacancy-doped sample and 120 K for the arsenic-
doped one) was essentially influenced by the doping
level. As a result, a conclusion was made that for the
doped MCT, for assessing the bandgap, only the low-
temperature (7 < 10 K) absorption spectra can be em-
ployed, as the absorption edge at the typically used tem-
peratures of 77 K or 300 K can be affected by the activa-
tion of shallow defects/impurities levels. In contrast to
that, the PL assessment of the bandgap should be done at
high temperature, i.e., 300 K, because at low temperatures
the PL transitions relate to the excitonic effect and the tail
of states produces the red-shift of the spectra in relation to
the actual E,. This conclusion and those made earlier in
relation to optimal arsenic activation conditions (AA an-
nealing at ~285 °C vs 400 °C) were confirmed by Shao et
al. [50] with one more sample added to the study, a piece
of a bulk MCT crystal with x = 0.225. On the basis of the
results of the attempts to determine £, with OT, PR, PC
and PL, Shao et al. [50] stressed out that the transmission
or absorption measurements can be used for the assess-
ment of the bandgap value only in intrinsic MCT, while
for the material with any kind of doping, all the methods
yield a smaller E; (and, correspondingly, chemical com-
position x) due to the red-shift of the optical spectra caused
by the effect of defect/impurity levels or band-tail states.
Finally, PL was involved in a study, where Qiu et
al. [52] carried out a structural and optical analysis of MCT
samples that differed in the temperature of MBE process.
The films were grown on (211)GaAs substrates with
ZnTe/CdTe buffers using solid CdTe sources instead of Cd
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and Te sources. It was found that the film grown at 151 °C
had better structural quality than a similar film grown at
155 °C. In addition to the poor quality of the former, many
defects and micro-twins were found at its interface with the
substrate. Interestingly, the authors observed only one peak
in the PL spectra for both samples over the entire tempera-
ture range studied (9-290 K). These peaks were used to ob-
tain the composition of the samples, which was also as-
sessed using FTIR. The FTIR and PL measurements (at
unspecified temperatures) gave very close values of x,
which equaled 0.309 and 0.298 for the low- and high-tem-
perature-grown samples, respectively. The FWHMs of the
PL peaks were 19.2 meV and 25.2 meV for these samples,
respectively, which once again indicated the difference in
their structural quality. The slopes of the temperature de-
pendences of the position of the PL peak differed from that
of the calculated £, (195 peV/K) and equaled 269 peV/K
and 275 peV/K, respectively, for the high- and low-temper-
ature-grown samples, in consistency with the previous stud-
ies of the MBE-grown material.

Optical studies of MCT at the Institute of Microstructure
Physics (IMP) in Russia were mostly aimed at obtaining
stimulated emission: first, from the epitaxial films, and
later, from the dedicated laser structures. The first cycle of
works was performed in 2004—2014 [53-60] and was re-
lated to the study of the emission from the films and struc-
tures with potential wells with no effect of size quantization.
These films were grown by MOCVD [53,54] or MBE on
GaAs or Si (MBE only) [55-60] substrates with CdTe
(MOCVD) or ZnTe/CdTe (MBE) buffer layers. ANd:YAG
laser emitting at 1064 nm [53-55] or wavelength-tunable
OPO (optical parametric oscillator) emitting at 400-
2500 nm [56—60], both operating in a pulse mode, were
used as the PL excitation source. Variable-temperature PL
measurements were performed in the temperature range
12-300 K. Spectra of spontaneous emission were mostly
recorded just for determination of the value of the thresh-
old power density for the stimulated emission, so those
were not analyzed in much detail [53-56]. Still, it should
be noted that it was Ref. [53] that marked the beginning of
the ‘new era’ of PL studies in MCT mentioned above.
Later papers by this group at IMP were devoted purely to
stimulated emission [57—60].

The next cycle of optical studies of MCT at IMP started
in 2012 with the investigations of spectra and kinetics of PC
in narrow-gap (x < 0.2) epitaxial films [61] and QW heter-
ostructures [62] grown by MBE at Rzhanov Institute of
Semiconductor Physics in Novosibirsk. The work soon
turned into an extended study of stimulated emission from
the QW heterostructures, and later, from bespoke MCT-
based laser structures designed for both long- and middle IR
ranges (for the latest results on the topic at the time of writ-
ing of this review, see, e.g., Refs. [63,64]). In the meantime,
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Fig. 7. Position of PL peaks (triangles) and 50% of PC intensity
at the PC edge (squares) for films with x = 0.189, 0.210, 0.223
and 0.230 taken from original spectra in Ref. [65]. Solid line is
Ey(T) plotted for x =0.223 according to Ref. [51] and is shown
as a guide for the eyes only.

a study of interband PL from epitaxial films at wavelengths
up to 26 um was performed [65]. In that study, PL and PC
were used to investigate MBE-grown heteroepitaxial
films with 0.19 <x <0.23. The films were grown on
(013)GaAs substrates using ZnTe/CdTe buffer layers,
and the ‘active’ part of the structure was surrounded by
100-500 nm-thick graded gap MCT layers. PL studies
were carried out in 18-200 K temperature range in a
closed-cycle cryostat optically connected to a FTIR spec-
trometer. For PL excitation, a mechanically chopped (0.4—
4.0 kHz) beam of a continuous wave Ti:Sapphire laser
(A =800 nm) was used. The samples were excited from
the top of the film by normally incident laser beam and the
PL signal was collected from the side of the substrate. To
reduce the effect of the room temperature background ra-
diation, a ‘double modulation’ technique similar to that
proposed earlier by Shao ef al. [24,25] was employed. PL
and PC spectra were recorded at 18 K and 4.2 K, and the
maxima of the PL peaks were in a good agreement with
the edge of the PC spectra measured for the same samples.
Figure 7 summarizes the data of these PL and PC meas-
urements; the plot was built by the authors of this review
on the basis of the spectra presented by Morozov ef al. in
Ref. [65]. As can be seen, as in the most cases of Epr(7)
dependences discussed above and in Ref. [3], the slope of
Epi(T) differs from that of Ey(7) (taken from Ref. [51] as
an example and not used in Ref. [65]) at the low tempera-
tures, but Ep. seem to approach the E, as the temperature
increases.

Morozov et al. [65] also noted a significant difference
between the experimental and calculated values for PL
line FWHM at 18 K (4-6 meV and 1.55 meV, respec-
tively). With temperature increasing, however, the
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experimental FWHM in kg7 units was decreasing, until at
T~=70 K it became equal to ~2 for all samples and did not
change significantly with further increase in the 7 value.
According to Morozov et al. [65], this meant that at low
temperatures the FWHMs of the PL lines were affected by
the presence of the additional shallow impurity/defect,
while at 7> 70 K, with FWHM in kg7 units approaching
the theoretical limit, the spectrum was dominated by inter-
band transitions of free carriers. The results of the study of
the PC kinetics showed that the main recombination
mechanism at high excitation levels in the studied samples
was related to radiative transitions rather than Auger pro-
cesses. This obviously opened the pathway to the studies
of lasing in very long-wavelength MCT-based waveguide
QW structures, such as presented in Ref. [63]. Still, the
most outstanding result by Morozov ef al. [65], in our
opinion, was the detection, for the first time ever, of PL
signal from a very narrow-gap MCT, with the PL peak
wavelength located as far as 26 pm.

Most recently, PL spectra in the THz domain were rec-
orded by the same group [66—68]. For a nominally un-
doped MCT film with x =0.19, two lines were found in
the PL spectra, whose position did not change with tem-
perature from 18 to 100 K, while PL intensity changed
non-monotonically with temperature increasing. These
lines were located in the range 5—-12 meV and 16-25 meV,
respectively and were attributed to the capture of free
holes on the states of mercury vacancy, a double-charged
acceptor [66]. PL lines with close energies were also found
in MCT-based QW structures [66,67]. The PL spectrum
of nominally undoped MCT film with x = 0.22 recorded at
T =20 K had two maxima corresponding to photon ener-
gies of ~7.2 meV and ~10.4 meV, respectively [68]. The
spectral position of the latter was in a good agreement with
the maximum of the PC spectrum of the p-type sample ob-
tained from the same structure upon PT annealing, and this
PL line dominated in the PL spectrum recorded at 7= 5 K.
Kozlov et al. [68] believed that these two lines corre-
sponded to intra-center transitions associated with mer-
cury vacancy.

PL studies of MCT at Ioffe Institute, which started
back in 1978 [3], came to a stop in 1991 and were re-
sumed only in 2007 [69]. The subject of the investigation
was now heteroepitaxial films grown on (013)GaAs or
(013)Si substrates using the same MBE technology as in
Refs. [55-68]. PL was studied in the temperature range
42K <T<300K under pulsed excitation with a
1.03 um semiconductor laser and detection with a cooled
InSb photodiode (or Ge photodiode for short wave-
lengths). The upper side of heteroepitaxial structure was
excited, and the PL was recorded from the substrate side.
First, Ivanov-Omskii et al. [69] studied relatively wide-
bandgap films (x ~ 0.6), which emitted in the 1.5-1.8 pm
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Fig. 8. PL spectra of two MCT films recorded on as-grown sam-
ples and samples subjected to PT and VF annealings (replotted
using the data from [70,71]).

wavelength range. It was noted that PT annealing (20 h at
270 °C in helium atmosphere) resulted in changes in the
position of the PL spectrum, its FWHM, and the intensity
of luminescence. These changes were attributed to in-
creasing homogeneity of the heteroepitaxial film compo-
sition along its thickness as a result of the mutual diffusion
of alloy components during the annealing. An increase in
the room-temperature PL intensity for annealed films was
ascribed to an improvement in the structure of the films.
The next studies were devoted to the investigation of the
effect of various post-growth treatments (including PT and
VF annealings and low-energy ion etching) on the optical
properties of the material with x ~ 0.4 [70] and x ~ 0.6 [71].
In a study performed by a Russian-Ukrainian collaboration,
Izhnin et al. [70] established that from those three types of
the treatments, VF annealing was optimal for improving the
PL characteristics (spectral composition, PL band intensity
and FWHM) of the samples. Figure 8 represents PL spectra
of MCT samples studied by Izhnin et al. [70] (T =84 K)
and Ivanov-Omskii et al. [71] (T=4.2 K) and illustrates
these findings. As can be seen, e.g., for the sample with
x =0.38 [70], the maximum of the PL band in respect to the
as-grown sample in the annealed samples was blue-shifted
by 11 meV upon PT annealing and by 2 meV upon VF an-
nealing (Fig. 8a). In both cases, the PL bands of annealed
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samples exhibited narrowing that was more pronounced in
the case of VF annealing, after which the spectra had the
clear shape of a single line; the PL intensity also increased
significantly following this treatment. After PT annealing,
the PL spectrum of the material with x =0.38 acquired a
significant long-wavelength component in addition to the
main peak. Similar changes in the shape and position of
emission band in the PL spectrum as a result of annealing
were observed for all other MCT samples with x~0.4 stud-
ied in Ref. [70], and a very close pattern for PL spectra evo-
lution upon annealing was observed for sample with
x=0.57 by Ivanov-Omskii ef al. in Ref. [71] at T=4.2K
(Fig. 8b).

A blue-shift of the PL peak immediately after ion etch-
ing with subsequent red-shift upon relaxation discussed
above [26,27,32] (see also Ref. [72] by Pociask et al.), was
observed and explained by the BM effect associated with
formation of donor complexes involving interstitial mer-
cury atoms Hg; released during the etching, and disinte-
gration of the complexes with time.

In the studies such as presented in Refs. [70,71], it
was noted that the PL peak almost in the whole temper-
ature range explored (4.2 < T< 300 K) lied lower in en-
ergy than the calculated bandgap (calculated according
to Laurenti et al. [73]) by a certain value 8E that de-
pended on temperature. It was natural to attribute this ef-
fect to the composition fluctuations, i.e., alloy disorder.
Ivanov-Omskii et al. [71] indeed attributed the PL peaks
to recombination of excitons localized at composition
non-homogeneities, and carried out an analysis that pro-
vided a way for the evaluation of the non-homogeneity
measure. This analysis was based on the model of light
absorption and emission in semiconductors with band
gap fluctuations initially developed by Mattheis et al. for
Cu(In,Ga)Se, films [74], and was also used for interpret-
ing PL spectra in MCT by Gemain et al. in Ref. [18]. The
amplitude of the non-homogeneities was shown to de-
crease by about 50% as a result of both PT and VF an-
nealings [71]. The value of the PL line FWHM after the
annealings was close to that calculated under an assump-
tion of purely stochastic fluctuations in MCT sample
with x = 0.38, but remained twice as much for the sample
with x =0.57. In a conference paper by Ivanov-Omskii
et al. [75] it was also noted that for the latter case, the
energy of the PL peak Epy. increased with the temperature
increasing, while the bandgap energy should have been
decreasing. Later, the authors of Refs. [73,75] and related
articles developed their own model of the effect of compo-
sition fluctuations on radiative recombination in MCT [76].
The model was based on wave packet principles and
dealt with the relaxation and recombination of photo-ex-
cited carriers in a medium with large-scale potential fluc-
tuations. The model adequately described the effect of

composition fluctuations on the recombination in a sense
that it yielded reasonable broadening and the red-shift of
the PL spectra with the increase in the scale of fluctua-
tions, but was not employed to describe experimental
data quantitatively.

Ivanov-Omskii et al. also reported on the results of PL
and PC measurements performed on MCT-based struc-
tures with 50 to 200 nm-wide potential wells [77]. These
structures emitted at wavelengths 2.8-3.8 pum at 300 K.
Their PL spectra at low temperatures were found to be
strongly affected by the effect of alloy disorder, too, which
led to a substantial red-shift of the emission spectrum in
relation to the calculated bandgap of the material in the
wells. As in the case of epitaxial films, this effect could
also be reduced by post-growth annealing of the struc-
tures, which also increased the luminescence intensity.
The bandgap values determined as the energy of the HE
PL peak at 300 K and the energy at 50% of the PC signal
agreed with each other and with the ellipsometric data ob-
tained in situ during the growth. Size quantization effect
in these structures was not observed.

The results of the study of PL of films grown on silicon
substrates (MCT/Si) showed that the compositional disor-
der in them did not exceed that in the films grown by the
same method on GaAs substrates [78]. In contrast to the
latter, the PL spectra of the former exhibited emission
lines due to DAP recombination and the recombination of
excitons bound to impurities. The results obtained at loffe
Institute in 2007-2010 on MBE-grown MCT/GaAs films
and potential-well structures and MCT/Si films were sum-
marized in a sort of self-review in Ref. [79]. It was con-
firmed that for heteroepitaxial films with x = 0.33-0.40,
low-temperature VF annealing reduced the alloy disorder
down to stochastic composition fluctuations. For struc-
tures with x > 0.5, the disorder remained significant upon
annealing. These results are illustrated in Fig. 9, which
shows temperature dependences of the peak position of
the high energy PL band for some of the studied samples.
The same figure presents E,(7) dependences for MCT
with the corresponding composition (for the as-grown
structures) calculated according to Laurenti et al. [73].

It can be seen that at low temperatures (7' < 100 K), the
studied samples exhibited a slope of the temperature run
of Epy that was different from that of the E¢(7). In addition,
a non-monotonic run of FEp. was observed at
4.2 < T<20K for the structures under study: namely the
Ep (T) dependence had a minimum at 7= 12—15 K. These
features were naturally attributed to the fact that the PL
spectra were dominated by the line of the radiative recom-
bination of excitons localized in the density-of-states tails.
A comparative analysis of properties of the films grown
on GaAs and Si substrates as well as of the structures with
potential wells grown in various epitaxy modes allowed
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Fig. 9. Temperature dependences of the energy position of the HE
PL peaks for three MCT films. Empty symbols correspond to as-
grown films; filled symbols, to films subjected to PT annealing;
half-filled symbols, to films subjected to VF annealing. Solid
curves show calculated E¢(7) dependence for the corresponding
MCT composition (replotted using the data from Ref. [79]).

for suggesting that the observed disorder was mostly due
to the non-equilibrium nature of MBE. The effect of a sub-
strate and, in particular, by that made of silicon, was man-
ifested in the appearance of recombination channels re-
lated to acceptor centers. Size quantization effects for
potential-well structures was observed only for those with
x =0.33 in the well.

PL studies were also employed for assessing, again by
the Russian-Ukrainian collaboration involving Izhnin et
al., the quality of MCT films with x = 0.20-0.29 grown by
LPE on (111)CdZnTe substrates [80]. The main investiga-
tion tool used in that study was electrical measurements
(those of the Hall coefficient and conductivity) in combi-
nation with ion etching. This etching releases Hg; atoms
that actively interact with existing defects and change the
properties of the material [28,29,31,32]. By measuring the
parameters of the material before and after the etching, as
well as during the relaxation, when etching-induced de-
fects gradually disintegrate, it is possible to obtain a con-
siderably larger body of information about the defect
structure of the material, compared with the ‘standard’
electrical measurements [29]. For example, Izhnin et al.
showed that it was possible to use this technique to deter-
mine the concentration of residual donors, an important
parameter of the material that could not be measured using
the conventional Hall-effect measurements due to electri-
cal compensation [81]. Moreover, by creating a Hg; con-
centration exceeding the equilibrium value by six to seven

orders of magnitude, the etching can somehow activate
even neutral defects in MCT [29]. In the case of Ref. [80]
by Izhnin et al., PL was studied at 7= 84 K in films with
x=0.27 and x = 0.29. The PL signal was excited by a sem-
iconductor laser with a wavelength of 0.81 um and excita-
tion power of 120 W/cm?; the laser beam was mechani-
cally chopped at a frequency of 192 Hz. The relatively
high power of excitation (‘strong excitation mode’) in
these experiments made it possible to assume that the HE
peaks of the PL bands were associated with interband re-
combination, and to compare the peak energies to calcu-
lated bandgap values. The experimentally observed Ep.
was in good agreement with £, values for MCT with cor-
responding compositions. The PL spectrum of the film
with x = 0.27 contained ME and LE bands spaced by ~13
and ~18 meV, respectively, from the HE band, and pre-
sumably associated with acceptor states. These bands
were observed both before and after the etching, which
was indicative of the fact that the acceptor states which
they were associated with formed no donor complexes
with Hgp (and thus were not related to mercury vacancies).
The position of all peaks after the etching and relaxation
remained the same.

A similar combination of electrical and optical meth-
ods was applied to MBE-grown MCT/Si films in the
study presented by Izhnin et al. in Ref. [82]. The electri-
cal studies showed that the concentration of residual do-
nors in these films ((3-8)x10'* cm™>) was much lower
than that in the MCT/GaAs films. As-grown MCT/Si
films, however, contained considerable density of stack-
ing faults, which affected the carrier mobility. The stack-
ing faults were eliminated in a sort of PT annealing at
230 °C; that annealing also helped to reduce the compen-
sation typical of the as-grown films. The successive ion
etching yielded the films with electrical parameters close
to those of the MCT bulk crystals of the best possible
quality. Still, the PL spectra of the as-grown samples, an-
nealed samples and samples after ion etching appeared
to be almost identical in terms of the position of the spec-
tra (with one band only) and their FWHMs. The latter at
T'=84 K equaled 15-17 meV.

In contrast to the films studied by Izhnin et al. in
Ref. [82], low-temperature PL spectra of most of the
MCT/Si films studied by the same collaboration in
Ref. [83] revealed bands related to acceptor states. Time-
resolved PL measurements made it possible to identify, in
some as-grown samples, PL bands associated with DAP
recombination. The spectra of other samples contained
bands that could be related to c—A transitions for acceptors
with activation energy of 20 to 40 meV. Izhnin et al. [83]
believed that those bands were not related to a mercury
vacancy on the basis of the fact that for the latter the char-
acteristic ionization energy was ~15 meV, and such band
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was clearly observed in the spectra of samples subjected
to PT annealing.

Acceptor states immune to annealing and/or ion etch-
ing were also found by Izhnin et al. in some MCT/GaAs
films [84]. On that occasion, the LE PL lines of as-grown
samples corresponded to acceptors with activation energy
of 14 to 18 meV. lon milling alone did not change the PL
spectrum of these films, yet PT annealing increased the
distance between the HE and LE bands from 18 to 26 meV
with the subsequent ion etching removing the LE band
completely. Izhnin et al. [84] suggested that the acceptor
defect in question was related to a structural imperfection
which would be typical specifically of MCT/GaAs. We
may note that suitable candidates for such structural de-
fects have been recently identified in MBE-grown
MCT/GaAs as misoriented micro-regions, which strongly
affected carrier lifetime via introduction of Shockley—
Read-Hall recombination centers [85]; it is quite possible
that that type of defects introduces not only deep levels,
but also shallow ones.

In the studies discussed above an interesting phenom-
enon was noted down, which was a relatively strong PL
signal from narrow-bandgap MCT at the room tempera-
ture. This phenomenon was not observed in the earlier PL
studies of this material [3]: typically, the PL signal gradu-
ally disappeared above 120-200 K, depending on the
chemical composition of the studied material. This PL
quenching was attributed to fundamental process of Auger
recombination, and, as such, could not be hoped to be
overcome by simply ‘improving the quality’ of the mate-
rial. However, modern heteroepitaxial structures grown by
MBE easily exhibited emission at 300 K [15,39,79,86,87],
which seemingly represented a sort of a puzzle. So, an is-
sue of high-temperature PL from MBE-grown MCT was
specifically addressed in application to epitaxial films
with x =0.29-0.64 [88] and to 50—1000 nm-thick poten-
tial wells with composition of the material in the well
x=0.23-0.45 [89], respectively. These studies included
samples investigated earlier with the addition of some new
structures. For most of the structures, the low—temperature
(4.2 < T<100 K) PL spectra contained a single Gaussian-
shaped line, but closer to room temperatures, a considera-
ble broadening and distortion of the shape of the spectra
was found; some spectra at 300 K seemed to contain addi-
tional lines with peak energy exceeding the material
bandgap. One of the most remarkable effects observed
during those studies was unexpectedly small decrease in
the PL intensity with temperature increasing from 77 to
300 K. This effect was ascribed to localization of carriers
at potential fluctuations induced by the technology-related
alloy disorder specific to MBE as a non-equilibrium
growth method. Once again, it was noted that annealing of
the samples typically led to significant increase in the PL

intensity and decrease in the spectral line FWHM. On a
technical note, it should be mentioned that PL registration
methods in the IR range greatly improved since the early
days of MCT technology, and part of the success in detect-
ing high-temperature PL from MCT can be attributed to
this progress.

In Ref. [90], Izhnin et al. revisited the subject of PL
properties of MCT subjected to ion etching. It was noted
that the etching itself seemingly never had any effect on
the position of the HE PL band in MCT in contrast to an-
nealing (be it PT or VF type), which always led to a no-
ticeable blue shift of the HE peak. From this observation,
it followed that the introduction of a large number of Hg;
atoms into MCT could not by itself change the energy of
interband transitions. It was concluded then, that the pro-
nounced transformation of MBE-grown MCT as a result
of annealings, as manifested in the shift of the PL peak and
narrowing of the exciton emission band as discussed
above, was due to the diffusion of components and order-
ing of the solid solution rather than to defect—impurity re-
actions in the system of point defects in the mercury sub-
lattice. The evolution of the PL spectra of the samples
subjected first to the annealing and then to ion etching, in
its turn, suggested that in the as-grown samples acceptor
impurities were present in the form of defect/impurity
complexes. Thermal annealing caused their dissociation
with a change in the depth of the acceptor levels as de-
tected in the PL studies, and then, during the course of the
etching, these defects/impurities would react with Hg; at-
oms and lose their acceptor properties. This strongly sug-
gested that combination of PL studies with annealing/ion
etching could be employed for diagnostics of the defect
structure of the MCT similar to the already shown effec-
tiveness of combination of measurements of electrical
properties with various types of post-growth treatments.

The next cycle of works at the loffe Institute was pri-
marily devoted to the study of acceptors in MBE-grown
MCT [91-95]. One of the reasons for this study was the
development of the p*™—n-type photodiodes, which are
characterized by much lower dark currents than their n*—
p counterparts. This eventually provides for a higher
working temperature of the diodes and is explained by a
longer lifetime of minority carriers in n-type MCT, since
this material has a lower concentration of deep recombi-
nation centers controlling the lifetime [96]. Refs. [91,92]
dealt with MCT/Si films with 0.35 <x < 0.39 and thick-
ness of 5-7 um. Some samples were doped with indium
(to ~10'3 cm™) while the other remained intentionally
un-doped. The general challenge associated with those
samples was that the measurements of their electrical
characteristics upon post-growth processing revealed
some anomalies. In particular, while the samples an-
nealed in PT annealing mode showed quite expectable
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results, which was conversion to p-type with hole con-
centration at 77 K p77 = (1.5-3)x10'® cm™ and mobility
up = 150-250 cm?/(V-s), arsenic implantation and AA
annealing of some films led to conversion to p-type over
the entire thickness of the sample rather than to the for-
mation of a thin p*-region, and thus, of a p*—n junction.
PL studies performed on the as-grown material, samples
subjected to PT annealing, implantation and AA anneal-
ing, as well as cycling annealing aimed at annihilation of
dislocations, showed that the material under study was
characterized by the presence of uncontrolled acceptors.
Experiments with chemical etching of some of the mate-
rial showed that the acceptors responsible for the appear-
ance of deep (~55 meV) levels were located at the surface
of the structures, whereas shallow (~11 meV) acceptors
were distributed over the entire volume of the films. In
Ref. [94], the range of compositions of MCT/Si structures
studied with PL was extended to 0.30 < x < 0.40, and the
energy ranges of shallow and deep acceptor levels ob-
served were determined as 20—30 meV and 50-60 meV,
respectively. At the same time, the analysis of the temper-
ature dependence of the minority carrier lifetime demon-
strated that it was controlled by levels with ~30 meV en-
ergy. This could very well mean that these levels were
associated with mercury vacancies, as the ~30 meV deep
donor-like levels are characteristic of vacancy-doped p-
type MCT and indeed control the value of carrier lifetime
in the material [97]. Yet in Ref. [94], ~30 meV levels were
detected in both the p- and n-type samples, and in the last
case the energy level of recombination centers upon low-
excitation-intensity measurements of lifetime should be
calculated from the top of the valence band. It was noted
that these levels disappeared from the spectra of samples
subjected to AA annealing, which includes a high-temper-
ature stage that is known to reduce the concentration of
structural defects in MBE-grown MCT [82]. This allowed
the authors of Ref. [94] to conclude that the acceptor levels
they found could be associated with impurities and/or in-
trinsic defects localized at structural defects. Interestingly,
for deeper levels in MCT/Si, optical transitions could be
very weakly expressed at low (7’=4.2K) and high
(T> 150 K) temperatures, but became clearly pronounced
at temperatures near 60 K, as is illustrated in Fig. 10.

In Ref. [93], the results of similar studies were reported
for MCT/GaAs films with 0.30 <x < 0.39. These investi-
gations showed that while such films grown under ‘opti-
mal’ conditions typically exhibited only bandgap-related
PL band, in films that experienced conditions of a mercury
deficiency upon epitaxy and/or post-growth processing,
specific acceptor states with energy depths of ~18 and
~27 meV were found. The former were associated with a
complex of defects that could be destroyed by heat treat-
ment, and the latter seemingly formed as a result of the
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Fig. 10. Temperature dependence of the relation of intensity of
PL interband recombination line /. to that of a transition to a
deep acceptor level -4 for two as-grown MCT/Si films with
x ~ 0.4 (replotted using the data from Ref. [95]).

destruction of the complex. The authors of Ref. [93] at-
tributed the crucial role in the formation of the complexes
to the mercury vacancy. It was concluded that formation
of the acceptor states was determined by some features of
the MBE modes used for the growth of the films and was
not related to the specifics arising from the use of a silicon
substrate.

The results of the PL studies of MCT/Si and
MCT/GaAs films grown by MBE were summarized in
Ref. [98]. Once again, a difference between the defect
structures of these two types of films as revealed with PL
was underlined. Indeed, MCT/GaAs films grown under
the optimal growth conditions were mostly free of defect-
related energy levels within the bandgap, which was con-
firmed by lifetime measurements. A mercury deficiency
during the growth or post-growth treatment resulted in the
formation of vacancy-related defects with energy levels
14, 18 and/or 27 meV, depending on the defect type. The
properties of MCT/Si films appeared to be always affected
by uncontrolled point defects, producing both shallow
(~12 meV and from 20 to 35 meV) and deep (from ~50 to
~70 meV) energy levels. At least part of these defects
could not be associated with mercury vacancies, so point
defects localized at structural defects were suggested as
possible candidates. The post-growth annealing was found
to be able not only to reduce the allow disorder in the as-
grown MCT, but also to decrease the concentration of ac-
ceptor levels in MCT/Si.

The next three cycles of studies of PL in MBE-grown
MCT at loffe Institute were related to the material with a
specific chemical composition. First, material with x ~ 0.5
was studied by Timoshkov et al. [99]. MCT with x = 0.5
is a sort of ‘exotic’ material, but at the moment it attracts
considerable interest due to the development of photode-
tectors for the so-called ‘extended Short-Wave IR’,
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eSWIR range (A=1.7-3.0 um) for astronomy applica-
tions [100,101]. Both MCT/Si and MCT/GaAs films with
x varying from 0.47 to 0.57 were investigated by Timosh-
kov et al. in Ref. [99]. The experimental PL spectra were
related to those obtained with calculations performed ac-
cording to Bazhenov et al. [102], and it was shown that
the studied films indeed possessed substantial fluctuations
of chemical composition. These data were compared to
those taken from the literature (and discussed in detail in
Ref. [3]) and it was concluded that the observed effect was
typical of MCT with x ~ 0.5 in general, and was not spe-
cific of a given growth technology.

The next cycle of studies was devoted to the material
with x ~ 0.3. Here, films with a thickness from 5 to 9 pm
and x ~ 0.35 were studied first, with some of them demon-
strating ‘abnormal’ behavior, which consisted in very
strong shift of OT edge upon annealing [103,104]. Low-
temperature PL studies showed that at 7= 4.2 K for such
as-grown sample the FWHM of the HE line was almost
twice as large (~34 meV) as that typical of ‘normal’
MCT/GaAs films (< 20 meV). Also, the ‘abnormal’ sam-
ple demonstrated a huge (~60 meV, ~20% of E, value)
blue-shift of the PL spectrum after PT annealing. Still,
the FWHM after this annealing decreased down to
14 meV, typical of ‘normal’ films. According to the PL
spectra recorded on the sample with the etched surface
layer, this ‘abnormality’ was not related to compositional
non-uniformities along the growth direction. In the
course of X-ray diffraction (XRD) studies it was found
that diffraction signals both before and after the anneal-
ing for the ‘abnormal’ sample, in contrast to ‘normal’
samples, were very weak [104]. This obviously was indic-
ative of low crystalline quality that could not be improved
by the annealing. Ivanov-Omskii et al. in Ref. [103] made
an attempt to attribute the observed abnormalities to the ef-
fect of infamous ‘V-defects’, which are known to be sur-
rounded by a polycrystalline phase that can transform dur-
ing annealing [105]. Later, however, Andryushchenko et
al. [104] found that the density of these defects in the ‘ab-
normal’ sample did not exceed that typical of MBE-grown
MCT. In relation to the usefulness of PL studies in MCT,
which is the subject of this review, it was concluded that
optical properties of MBE-grown MCT films were not
strictly related to the structural quality of the material.

Next, MCT samples with x ~ 0.7 grown by various
methods were subjected to comparative optical and
structural studies [106—108]. MBE-grown material of
this kind is now demanded for use in barrier, spacer and
waveguide layers in multi-QW (MQW)-based MCT la-
sers (see, e.g., [63,64]). At the same time, MCT with
x > 0.6 has never been studied in detail, as photodetectors
operating at the corresponding wavelengths (0.8—1.5 pm)
can be easily made from less expensive and more

technologically advanced III-V semiconductors. MBE-
grown samples involved in the studies in Refs. [106—108]
included heteroepitaxial films, MQW (with a well width
< 10 nm) and single potential-well (with well widths from
50 to 200 nm) structures containing material with
x =0.68-0.78. For comparison, films grown by LPE and a
sample of bulk crystal grown by vertically-directed crys-
tallization with the replenishment from the solid phase
were studied. A considerable degree of alloy disorder was
found in MBE-grown material, which was expressed in
different slopes and even signs of dEp;/dT for the samples
with very similar chemical composition. FWHMs of the
HE PL lines at 7=4.2 K for the studied material with
x~0.7-0.8 (16-25 meV) somewhat exceeded those for
MBE-grown MCT with x=0.3-0.4 (10-15 meV), but
were comparable, or even smaller than the FWHMs of the
HE PL lines for samples with x = 0.5-0.6 (15-30 meV) as
studied by Timoshkov et al. in Ref. [99]. At that, no direct
relation between the structural properties of the material
with x = 0.7, as assessed with XRD, and the scale of the
disorder was found. PL studies revealed defect states in
the bandgap with energies ~10-12 meV, ~25-30 meV and
~70 meV. As those were not typical of MBE-grown
MCT/GaAs films with smaller values of x, it was con-
cluded that their formation was related to growth condi-
tions rather than to the defects formed due to a specific
lattice mismatch, as was the case for MCT/Si. Perhaps, it
was something to be expected, as optimal temperatures of
MBE of CdTe and narrow-bandgap MCT (not to mention
HgTe) differ [105], and growing a sequence of CdTe and
HgTe layers represents a real challenge [109,110]. The re-
sulting compromise in growth conditions may easily neg-
atively affect the quality of the material both in the QWs
and in the wider-bandgap layers, and how this translates
into the properties of MCT-based MQW structures is
something yet to be studied.

A similar study was performed by Andryushchenko
et al. for MCT/GaAs and MCT/Si samples with
x~0.3[111,112]. Optical and structural properties of
films grown by MBE, LPE, MOCVD, and of a sample of
bulk crystal were studied and compared. The composi-
tion of the material varied from 0.29 to 0.32. Interest-
ingly, for the MCT/S1 films no bands associated with ac-
ceptor energy states were found. The shape and the
FHWM for MBE-, LPE- and bulk-grown samples at
85 K were similar (from 13 to 20 meV). FWHMs of
MOCVD-grown films were much larger (~30 meV), and
the Epp of the latter at 7> 100 K exceeded the calculated
bandgap of the material with the corresponding compo-
sition. This, and the large FWHMs of the PL peaks for
these films were attributed to the specifics of growth
technology, the so-called ‘Interdiffusion Multilayer Pro-
cess’, where very thin CdTe and HgTe layers are
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deposited consequently and interdiffuse as the growth

proceeds [113]. For other types of material at low tem-

peratures Ep. was smaller than the calculated E,, which
was indicative of the effect of compositional fluctua-

tions. As in the case with MBE-grown films with x ~ 0.7,

for the films with x ~ 0.3 no direct relation between the

structural properties, as studied with XRD, and the scale
of the alloy disorder as revealed by the PL studies, was
found.

Concluding this part of the review, we may start with
an observation that inconsistencies in the properties of the
material investigated in different studies, which seemed to
be very strong at the early stages of the development of
MCT, at the later stages seemed to reduce. Though French
and Chinese groups performed their studies using the ma-
terial grown ‘in house’, Russian groups and the Russian-
Ukrainian collaboration headed by Izhnin studied MBE-
grown material obtained from the same source, Rzhanov
Institute of Semiconductor Physics in Novosibirsk. This
made comparison of the results of different groups a bit
easier than it was in Ref. [3]. Some uncertainties still re-
main, but we can briefly summarize this part of the review
as follows:

1) Itis clear that applying the results of PL studies for the
assessment of the bandgap in MCT is a dangerous idea.
At low temperatures, the energy of emitted photons
will always be smaller than the actual (‘nominal’)
bandgap due to the effect of compositional fluctua-
tions. Some research groups put more emphasis on that
than the others, but the actual data presented in the lit-
erature speak for themselves. At that, the uncertainty
in determining the exact energy gap of MCT remains,
different research groups continue to use different
Eq(x,T) formulae, so the direct comparison between the
results remains challenging. At temperatures close to
the room temperatures on most occasions the position
of the PL spectra seemed to reflect the actual bandgap;
however, in some cases the spectra contained lines that
lied higher in energy than £, [43,88,89,112].

2) The good news, however, is that now there is no ne-
cessity to use PL studies for the determination of E,
in MCT (as in many other materials). For a number
of years luminescence has remained an important tool
for fulfilling this task, yet modern technology offers
a wide range of other methods for the precise deter-
mination of the bandgap as such. As MCT remains a
material of choice for IR photodetectors [114], ab-
sorption-related optical methods appear to be much
more important in this realm than PL. With the advent
of MCT-based interband lasers [63,64], PL studies
gain back some importance as a material study tool,
but these devices seem to be far from practical imple-
mentation.

3) The relation between the structural quality of MCT as
determined with ‘structural’ methods such as XRD and
PL is not quite clear. For a close-to-ideal crystal, the
parameters determined with PL studies, such as
FHWM of the fundamental PL line, should be indeed
characterizing the structural quality of the material.
With MCT being a solid solution with strong compo-
sitional fluctuations and a lot of intrinsic defects, this
relation is not so obvious. Therefore, a standard phrase
of the like “PL represents a good tool for assessing the
structural quality of material”, which was used in
many early MCT papers, cannot be recommended for
use anymore. More research is certainly needed in this
respect.

4) As mentioned in the introduction to this part of the
review, PL studies now play important role in the
studies of defects in MCT, especially those related to
p-type doping. Basically, the problem of in situ p-
type doping of MCT remains unresolved, which ex-
plains why modern photodetectors are still based on
outdated ion implantation technology, and the lack of
direct-injection MCT-based IR emitters. Two most
likely candidates for shallow acceptor in MCT are
still the mercury vacancy and the arsenic dopant, and
PL studies performed in the last ~15 years revealed
the following:

a) Mercury vacancy. There remains a discrepancy on
the optical signature(s) of Vg in MCT. While some
works state that mercury vacancy yields a single
shallow level in the bandgap (12 to 18 meV accord-
ing to different sources [13,33,37,39,50,52]), latest
results from the French and the IMP Russian groups
are indicative of the fact that Vg can produce at least
two optically detectable energy states, ~11 and
~27meV for x=0.33 and ~17 and 36 meV for
x=10.45, according to Ref. [16,17], or ~10 and
~20 meV, barely dependent on material composi-
tion, for x ~0.2-0.3, according to, e.g., Ref. [11].
This may be in a sense confirmed by the research
performed by the loffe Institute group, where the
conditions of mercury deficiency lead to the appear-
ance of two acceptor levels, ~18 meV and ~27 meV,
which were seemingly not representing pure Vg
(which was attributed a ~14 meV level) but were
somehow associated with it [93]. At that, the under-
standing of site configuration of double-level Vyg in
MCT lattice differs: while the French group consider
the vacancy to be a ‘negative-U’ center, which is
supposedly confirmed by EXAFS measurements
and some calculations, the IMP group base their
conclusion on the existence of a ‘classical’ double
acceptor Vg, on the results of the PC studies and
thoroughly developed theoretical model. One other
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5)

6)

seeming controversy in relation to Vg is the results
of PL studies of MCT subjected to ion etching. This
treatment should eliminate vacancies almost com-
pletely. Yet PL spectra of ion-etched MCT seem to
contain suspiciously large number of defect-related
lines, and some of them could be ascribed to Vig-
related transitions. This issue needs to be addressed
in a more systematic way.

b) Arsenic acceptor. There is still some controversy
related to arsenic acceptor optical signatures in
MBE-grown MCT. The only consensus that
seems to exist relates to the fact that arsenic dop-
ing does not lead to the formation of just two de-
fects such as Asyg and Asr.. Most certainly, many
other defects and complexes form as by-products
of arsenic doping and activation annealing in
MCT, and these may include such exotic struc-
tures as acceptor AsHgg and donor As,Tes; [18].
Co-existence of large number of defects (which
may also include antisite tellurium Teng, also
formed in the course of activation) gives much
freedom for interpreting optical transitions in arse-
nic-doped MCT. Still, there is no doubt that optical
(and PL, in particular) studies of arsenic-doped
MCT greatly helped in searching the optimal dop-
ing strategy (such as, e.g., lowering the activation
annealing temperature [38,39]), and gave an ad-
vanced insight into dopant incorporation in this
material.

Deep levels (~70 and ~90 meV) found in arsenic-
doped MCT samples were also attributed to by-prod-
ucts of arsenic activation in Ref. [38] and were identi-
fied as donors. However, deep levels with ~70 meV
energy were found on numerous occasions in un-
doped MBE-grown MCT [98,108], and earlier, in the
material grown by other methods [3]. As these levels
were typical of both wide-bandgap MCT/GaAs films,
which were grown under ‘non-optimal’ conditions and
MCT/Si films, one can suppose that they may be some-
how related to structural imperfections rather than to
doping. Regarding donor levels in MCT as such, there
is still some controversy in relation to whether they can
actually be deep enough to be detected with optical
measurements.

Acceptor levels. Wide variety of acceptor levels in

the ranges 10—15 meV and 20-35 meV was found in

the studies reviewed above, and while most of them
can indeed be attributed to vacancy or arsenic-related

(in the case of doped samples) defects, there may be

a possibility that some of them are associated with

other defects. This matter should be a subject of fur-

ther investigations.

Concluding, we can observe that the potential that PL
studies offer in relation to the studies of general properties
of MCT as well in solving particular tasks (such as va-
cancy or arsenic doping or optimization of MBE parame-
ters) is far from being exhausted. We can express the hope
that many interesting studies are lying ahead, and that they
will duly serve the advancement of MCT technology.
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@oToIIOMIHECHEHIUS TEeJLUIYPUI0B KAAMUA-PTYTH — HCTOPHYECKASA
perpocnekTuBa. Yacts 11: 20042022

M.C. Pyxesuu', K.JI. MbinGaep'

' IHCTUTYT NEPCIIEKTUBHBIX CUCTEM Iepeiauu Jaunbix, Y uusepcurer UTMO, Kpousepkekuii mip., 49, nmur. A, Cankr-IletepGypr
197101, Poccus
2 Ornenenue dusuku tBepaoro tena, OTU um. A.®. Hodde, [lonurexuuueckas yi., 26, nur. A, Cankr-IlerepOypr 194021, Poccust

AnHoTanus. Hacrosmas crates sBisieTcst BTOPOi 9acThio 0030pa, B KOTOPOM PacCMaTPHBACTCSI MICTOPUYECKAs! PETPOCIIEKTHBA UC-
cietoBaHmi GoToMOMUHECIEHINHY B TemTypunax kaqMmusa-prytd (HgCdTe), oqrnoM U3 BaxHEHIIMX MaTepranoB nH(ppakpacHoH ¢ho-
TOJIEKTPOHHKH. Bo BTOpOIt acTn 0030pa paccMaTpuBalOTCs pe3yNIbTaThl HCCIEA0BAaHNUH, BEIMONMHEHHBIX B 2004-2022 rT. DTN HCCTe-
JIOBaHUS IIPOBOIMIINCH B OCHOBHOM Ha IIEHKAX, BRIPAIICHHBIX METOIOM MOJIEKYJISIPHO-Ty4eBOH SIMUTaKCUH, ¥ OBIIH COCPEIOTOUCHBI
Ha M3y4eHHH 1e(EeKTOB, 0COOCHHO TeX, KOTOphIe popMupytoTcs npu gerupoBannn HgCdTemaTteprana B p-THI IPOBOJUMOCTH BaKaH-

CHSIMU PTYTH HJIA aTOMaMHU MbIIibsika. [IpejMeramMu uccieoBaHuii Takxke ObUTH OJJHOPOIHOCTH COCTaBa U (IIyKTYaIlU COCTaBa TBEp-
noro pactBopa B HgCdTe.

Knrouesvie cnosa: TEJUTypUAbL KaAMUSA-PTYTHU; JIOMUHECLCHI U] Z[e(i)eKTLI; q)HyKTyaL[I/II/I cocTaBa TBEPAOTO pacTBOpa



