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Abstract. This work presents a historical retrospective on the studies of photoluminescence in mercury
cadmium telluride (HgCdTe), one of the most important materials of infrared photoelectronics. The first
part of the review considers the results of the studies performed during the early years of the development
of the technology of this material (1966-1996). These studies were carried out mostly using samples of
bulk crystals and epitaxial films grown by liquid-phase epitaxy. The results of the studies allowed for
identification of the nature of optical transitions in HgCdTe, including excitonic emission, interband
recombination, donor-acceptor pair recombination and recombination via shallow and deep levels, which

greatly helped in maturing the material technology.

Mercury cadmium telluride (HgCdTe, MCT) was first
synthesized at the end of 1950s[1], and quickly became
one of the basic materials of infrared (IR)
phototoel ectronics, which positionit has maintained for
over 60 years. Binary HgTe and CdTe compoundsform
a continuous series of solid solutions (alloys) with a
bandgap of upto 1.6 eV at 300 K. Thismakesit possible
not only to manufacture, on the basis of one material,
photodetectors covering the spectral rangefrom 1to 14
um, but also to form on one semiconductor crystal, by
changing the composition, multi-color IR detectors. The
low effective mass of carriersand thelow dielectric con-
stant of MCT provide a high speed of operation of
phototoel ectronic devices [2].

MCT technology continues to evolve and improve
inparallel with advancesininstrument design. Currently,
the most popular MCT photodetectors are those based
onmulti-element arraysof detector elements, integrated
with signal processing systems [3]. There is also an
interest in emitters based on MCT, especialy for the
mid-I R range (wavelength 3-5 um), in which the charac-
teristic absorption bands of many chemical compounds

are located [4]. Sensors of these substances are in de-
mand both for monitoring the state of the atmosphere
and for instrumental control inindustrial production.

MCT is a semiconductor alloy with a zinc blende
structure. Properties of MCT change continuously with
a change in the composition (CdTe molar fraction) x
between the phases of binary compounds. Both HgTe
and CdTe possess zinc blende structure and have simi-
lar lattice parameters 9™ = 6.42 A and o~ =6.48 A.
CdTe is a direct gap semiconductor with bandgap
E,=16eVaT=2300K and the spin-orbit splitting
energy A = 0.8 eV. HgTe hasan inverted band structure
with E, of -0.3eV and A =0.94 eV. Thus, in MCT the
bandgap can vary from 1.6 €V to 0 depending on the
composition x, while the energy of spin-orbit splitting
changes very little.

The temperature dependence of the bandgap of
MCT solid solutionsisamost linear, andinHg, . Cd Te
with 0.156 < x < 0.50 the bandgap increases with tem-
perature (x=0.156 correspondsto E,= 0eV).Forx>0.5,
the temperature coefficient of E, isnegative (Fig. 1).
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Fig. 1. Temperature dependences of thebandgap of MCT
for the material with x = 0.1, x = 0.5, and x = 0.9. The
dependences were calculated according to the Eg(x,T)
relation by Becker et. al, Phys. Rev. B, vol. 62, pp. 10353-
10363 (2000), which wasthe latest version of thisrela-
tionfor MCT at the time of the writing of thisreview.

An important feature of MCT is that depending on
specific conditions, non-equilibrium charge carriers can
recombine through any of the known mechanisms, e.g.,
interband ones, those involving trapping of the carriers
at local levels in the bandgap, on a surface, etc. The
dominating role of a specific processis determined by
the bandgap value, carrier concentration, temperature,
concentration and properties of local centers, etc. In
addition to fundamental interest, the study of recombi-
nation processes is also of practical importance, since
the lifetime of non-equilibrium carriers determines the
sengitivity and speed of the detectors fabricated on the
basis of a given material and, thus, is one of its most
important characteristics. Because of this, interband re-
combinationandthe carrier lifetimein narrow-gap MCT
has always been of interest. In MCT, three main types
of carrier recombination are usually taken into account:
radiative, Auger recombination, and Shockley-Reed-Hall
recombination.

Higtorically, the main attention was paid to the study
of crystals and epitaxial layers of MCT with x < 0.3,
since they were used for the manufacture of IR detec-
tors for the wavelength range of 8-14 um, almost unat-
tainable for interband photodetectors based on other
materials. For these MCT compositions, interband re-
combination mechanismsindeed play animportant role.
With the bandgap decreasing, i.e., going over to nar-
row-gap MCT alloys, the probability of radiative recom-
bination decreases and non-radiative (in particular, Au-
ger) processes dominate, especially at high tempera-
tures.

Photoluminescence (PL) spectroscopy is a power-
ful tool for investigation of optical and electronic prop-
erties of semiconductors. One advantage of this method
isitsnon-destructive character. When investigating PL,
it is often of interest to vary different parameters. The
most common variations include the excitation power,
sample temperature, and excitation wavelength. The
most interesting are measurements at low temperatures
(such as the liquid helium temperature). M easurement
of the PL intensity as a function of temperature pro-
videsinformation on the recombination channel sin semi-
conductors. At the same time, the change in the width
of the PL peaks with temperature allows one to access
the information on the distribution of charge carriers.
PL can aso provide someinsight into structural proper-
ties of the material, its chemical purity, defects, pres-
ence of strain, etc. PL studies have been widely used for
investigation of the properties of almost al semicon-
ductor materials. As narrow-gap MCT hasasmall elec-
tron effective mass and a high dielectric constant, the
exciton binding energy in narrow-gap MCT isvery small,
so that excitonswere believed to be usually dissociated
even at very low temperatures. In contrast to the PL
spectraof many wide-bandgap materials, which are domi-
nated by sets of exciton-related lines, narrow-gap MCT
PL spectracould bevery smplein structure[5]. PL stud-
iesin MCT have also been hindered by the high rate of
non-radiative (mostly Auger) recombination and effect
of thermal background radiation. Recently, however, it
became possible to obtain high-quality PL spectra of
narrow-gap MCT thanks to the development of high-
sengitivity IR photodetectors (including those made of
MCT) and advances in signal modulation techniques.

It has been over 10 years since the optical proper-
ties of MCT, including those revealed as aresult of PL
spectroscopy measurements, were reviewed, and on that
occasion they were reviewed very briefly [5]. In this
work, we attempt to present a more comprehensive re-
view of the most prominent studies of PL in MCT. The
review consists of two parts, which correspond to dif-
ferent time spans. As MCT was initially considered to
be a material for defense applications, its science and
technology experienced a strong boom during the cold
war era. With the end of the cold war, inthe early 1990s,
the interest in this material strongly dwindled, also, it
was believed at that time that MCT-based
photodetectors, which were difficult to fabricate because
of inherent properties of mercury-containing 11-VI mate-
rials, would be replaced by the detectorsbased on much
more technologically advanced I11-V materials
(superlattice-, quantum-well- or quantum-dot-based
photodetectors, or, in the case of InAsSb alloys,
interband photodetectors) [6]. Thus, thefirst part of the
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review considers the PL studies of MCT performed in
1966-1996. The second, upcoming part of the review,
will consider modern (2000-2020) workson PL inMCT.
And though these two parts will consider PL studies
performed nominally on the same material, yet technol-
ogy of MCT has changed so drastically in these years
[1] that the results of the earlier works must be used
with caution when interpreting the dataof recent stuides.

In this review, we shall mostly concentrate on opti-
cally pumped spontaneous emission from ‘bulk’ MCT
samples, i.e., samplesof bulk crystalsand epitaxial films.
Nanostructures, including superlattices, quantum-well
structures, etc., and laser actionin MCT will not be con-
sidered, and MCT ‘sister’ materials, such as HgMnTe,
HgCdSe, HgCdZnTe, HCdMnTe, etc., will not be con-
sidered either. The material under consideration in this
part of the review would be mostly grown by ‘classical’
methods, such as the Bridgman method or the Traveler
Heater Method (THM), and epitaxial filmsat that period
would be mostly grown by Liquid Phase Epitaxy (LPE)
onlattice-matched CdTe and ZnCdTe substrates. At the
end of 1980s, other growth methods, such asMolecular
Beam Epitaxy (MBE) or Metalorganic Chemical Vapor
Deposition (MOCV D) started to be used more actively
for the growth of MCT, also, ‘alternative’ substrates
made of Si or GaAs cameinto use. Theseresultswill be
also included in this part of the review.

One of thefirst workson PL in MCT was published
back in 1966, when Melngailisand Straussfrom Massa-
chusetts Institute of Technology observed spontane-
ous emission at wavelengths from 3 to 15 um and laser
emissionat 3.8and 4.1 umfromMCT crystalsgrown by
the Bridgman method [7]. Spontaneous emission was
obtained from the samples with values of x between
0.18 and 0.37. A dependence of the photon energy at the
peak of the spontaneous emission line on sample com-
position for temperature values 12 K and 77 K was ob-
tained.

In1972, Elliott et al. performed PL measurementson
bulk p-type MCT samples with x values between 0.21
and 0.50 [8]. Two emission peaks were observed in the
PL spectra, with a relative intensity of the peaks de-
pendent on excitation power; the intensity of the short
wavelength peak was increasing more rapidly with the
power. The shorter wavelength (high-energy) peak was
attributed to interband transitions, while the longer
wavelength peak was attributed to transitions from the
conduction band to an acceptor level (c-A). The au-
thors of [8] believed that their PL data established ac-
ceptor ionization energy of the order of 20 meV (15to 22
meV for different samples) for MCT with x~ 0.3, con-
sistent with their electrical observations.

Thenext seriesof experimentson PL in MCT started
in 1980s, when Hunter et d. [9] from Californialnstitute

of Technology studied the low-temperature PL of the
material withx =0.32 and x=0.48. Sampleswithx=0.32
were grown by the float-zone-refining polycrystalline
method and their PL spectra had two peaks. The high-
energy peak was attributed to theinterband (c-v) transi-
tions due to linear dependence of its intensity on the
excitation power, as well as to the shift of the peak to-
wards higher energieswith increaseintemperature. The
low-energy peak was broader and had alow-energy tail.
Theoriginof thispeak at |ow temperatureswas explained
by optical transitionsof the carriersfromthe donor level
to the acceptor level (recombination of donor-acceptor
pairs, DAP). With temperature increasing, when donors
became ionized, the origin of the peak was ascribed to
recombination of afree electron and abound hole. Sam-
ples with x = 0.48 were grown by solid-state
recrystallisation and, similar to samples with x = 0.32,
were annealed in mercury vapor to reduce the concen-
tration of mercury vacancies. These samples also had
high- and low-energy PL peakswith presumably similar
(tothosein samplewith x=0.32) origin. In addition, PL
spectraof some samples contained anintermediate peak,
which was attributed to the recombination of a bound
exciton (BE).

Later, Hunter and McGill published more detailed
work onthePL of MCT [10]. They partly re-considered
their results obtained on the same sampleswith x = 0.32
and x = 0.48 and proposed an advanced model interpret-
ing the origin of the high-energy PL peak correspond-
ing to the ‘interband transition’. Now the shape of the
peak, the dependence of its intensity on the excitation
power, and the shift of the peak with a change in tem-
perature were found to be appropriate to an electron-
hole plasma with recombination proceeding without
conservation of the wavevector k. The presence in the
PL spectrum of alow-energy peak corresponding to the
recombination of afree (bound at low temperatures) elec-
tron and a bound hole made it possible to estimate the
ionization energy of impuritiesinthematerial. Thevalue
for the acceptor binding energy of 14.0 £+ 1.5 meV for the
material withx=0.32 and 15.5 + 2 meV for the material
with x = 0.48 were obtained. The authors believed that
thisacceptor waseither an Au substitutional atom (some
sampleswereAu-doped), or an alloy vacancy. Based on
the current knowledge, we can assume that this accep-
tor was, indeed, a mercury vacancy, as its binding en-
ergy E,~14 meV was confirmed since thenin numerous
PL studies[11-13]. The presence of aBE peak in MCT
sampleswith x = 0.48 was explained by the longer life-
time of Auger recombination than that of radiative re-
combination. The BE nature of this peak was suggested
by the fact that itsintensity did not depend on the exci-
tation power; also, the peak maximum did not shift with
temperature in the whole 4.8-20 K range where it was
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observed. The full-width at half-maximum (FWHM) of
this peak equaled 6 meV at 4.8 K. From DAP PL, the
donor binding energiesE of 1.0+ 1.0 meV for the mate-
rial withx=0.32 and 4.5 + 2.0 meV for the material with X
= 0.48 were obtained, which was consistent with the
values calculated within the frames of the hydrogenic
mode! that predicts very low E; for the materials with
low electron effective mass, including narrow-gap MCT.

Feldman from the University of Missouri with co-
authorsfrom the Rockwell | nternational Science Center
[14,15] studied PL of ‘wide-bandgap’ MCT with x~ 0.7
grown by LPE. In one set of experiments[14], they ob-
served asingle PL linewith FWHM of 5-6 meV at 4.2 K,
which, upon analogy of asimilar lineinthe PL spectraof
CdTe, was attributed to the recombination of electrons
and holes bound to a neutral donor. In another set of
experiments, also performed on filmswith x = 0.69 and
x=0.71, theauthorsof [15] observed two linesinthe PL
spectra. One of them was attributed to the recombina
tion of afree excitonwith binding energy at 77 K equaling
16+6 meV. The other, much broader, line was attributed
to recombination via deep levelswith the energy of the
level being of the order of 130 meV.

Polla and Aggarwal from the Massachusetts I nsti-
tute of Technology [16] applied the technique of ‘below
band-gap’ PL to MCT with X ~ 0.33 grown by LPE. A
single peak observed has been interpreted as being due
to a spontaneous transition from a deep donor level at
approximately 0.4E, to the valence band (at 94 K PL
peak was centered at 0.12 €V with E, being 0.3eV). The
energy associated with this peak corresponded closely
to deep level activation energies obtained by optical
modulation spectroscopy and thermally excited relaxa-
tion characterization techniques.

In awork by Legros et al. [17], the results of PL
studies of MCT in a composition range 0.7<x<1 were
presented. Crystalsgrown by the THM and filmsgrown
by L PE on aCdTe substrate were studied. The obtained
PL spectra contained a high-energy peak with FWHM
of 12 meV at 12 K and its phonon replicas. This band
was attributed to a mixing of excitonic lines broadened
by the effects of alloy disorder. The authors have devel-
oped a relationship Eg(x,T) specifically to analyze the
PL spectraof MCT with 0.6<x<1:

E, (x,T) = —0.303+1.94x— 0.655x" + 0.579x’

+(5.5-13.92x+ 5.84x°) x10°T.

The authors also recorded PL spectra of indium-
doped Hg, ,Cd, ,Te crystals grown by the THM method
and possessing alow electron concentration (n=2x10%
cn® at 300 K). In this case, they observed emission
arising from both excitonic and DAPtransitions. A rela-
tionship was used for calculating the energy of a DAP
transgition E_,, at low temperatures:

2

EDAP = Eg _(ED + EA)+ 4T?€R’
where E is the donor energy, g is elementary charge,
€ isthediéectric permittivity, Risthepair separation. It
was suggested that the donor in question was possibly
arising from indium doping, while the nature of the ac-
ceptor remained unclear, one possibility being Cu,,
(though now it is generally accepted that copper accep-
tors occupy intertitial positionsin MCT; the same ap-
pliesto gold atoms mentioned in [10], they are also be-
lieved to occupy interstitials[18]).

The paper by Lusson et a. published in 1990 [19]
was also one of the first to attribute the features of the
PL of MCT to the alloy disorder (composition fluctua-
tions, which in MCT are generally understood as the
random distribution of Hg and Cd atoms in the cation
sublattice). The authorsinvestigated PL in awide com-
position range 0.2 < x < 1 using samples grown by L PE
(for x<0.5) or THM (for larger compositions). In their
opinion, local potential oscillations (onwhichfreecarri-
ers or excitons can be “captured”) caused by the alloy
disorder were responsible for the localization of the
exciton. Typical PL spectra obtained by the authors of
thiswork are shown in Figs. 2 and 3.
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Fig. 2. PL spectraof MCT samplewithx=0.97 (a) and
x=0.71 (b) (replotted using the datafrom[19]).
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Fig. 3. PL spectrum of MCT sample with x = 0.38
(replotted using the datafrom [19]).
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PL spectraof ssmpleswith large x (high Cd content,
Fig. 2) contained two dominant lines B (positioned at
1.542 eV (FWHM=7 meV) for samplewith x=0.97 and at
0.998 eV for samplewithx=0.71 (FWHM=6meV)) and L
(positioned at 1.546 eV with FWHM=4 meV for sample
with x=0.97), aswell as LO phonon replicas of peak B.
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Fig. 5. Dependence of the exciton localization energy
on the composition. Dots show experimental values
obtained by Lusson et al. [19], upper curve shows
X(1-x) aloy disorder function, lower curve, acalcul ated
dependence of amplitude of compositional fluctuations
onx obtained for MCT by Shilyaev et a. [20].

Peak L, on the basis of the data available at thetime in
the literature, was attributed to the recombination of a
bound exciton (BE). At the same time, the appearance
of peak L was explained by the recombination of an
exciton localized in potential fluctuations caused by al-
loy disorder. The peak L was found to shift towards
higher energieswith temperatureincreasing. Suchashift
was understood asthermal delocalization of the exciton,
up to the energy of afreeexciton. Peak C corresponded
to electron-acceptor (c-A) recombination and was ob-
served in samples with x < 0.5. In particular, in sample
with x=0.38 (Fig. 3) this peak was distanced from the
high energy peak (peak L, positioned at 0.371 eV with
FWHM=7meV) by 14 meV.

Therelative intensity of theline C vsthe main line
appeared to be dependent on the laser spot position on
the sample, and the intensity of line C saturated with
excitation power increasing. These effects suggested
that this c-A linewasrelated to impuritiesin small con-
centration, which were non-homogeneously distributed
in the sample. The FWHM of this line in sample with
x=0.38 equaled 16 meV, i.e., thislinewas much broader
than excitonic lines.

Fig. 4 shows temperature variation of PL peak en-
ergy along with the cal cul ated temperature dependence
of thebandgap in MCT for five samplesstudied in[19].
Ascanbeseen, in all casesthe energies of the PL peaks
at low temperatures are much smaller than the calcu-
lated bandgap energies. At T > 100 K the energy of the
PL peak startsto approach the cal culated E,. For sample
with x=0.97, temperature dependence of the free exciton
ground state energy was measured with reflectivity (not
shown), and the energy of peak L appeared to be close
to that energy.
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The general conclusion by Lusson et a. [19] was
that the observed PL was caused by two types of exciton
recombination: recombination of abound exciton (BE)
and recombination of an exciton localized on fluctua-
tions of the composition (LE). The dependence of the
localization energies deduced from the measurements
onthealoy compositionisplotted in Fig. 5, where dots
show experimental data (blue shift of PL peak in respect
to calculated E, value at 50 K). As can be seen, this
energy can exceed 10 meV and follows a parabolic de-
pendence on the composition x(1-x) (upper solid curve).
For comparison, Fig. 5 also shows a cal culated depend-
ence of amplitude of compositional fluctuations on x
obtained for MCT by Shilyaev et a. [20] within theframes
of the model by Baranovsky and Efros developed in
1978 [21] (lower curve), which hasasimilar, though not
exactly the same, shape, and gives dlightly smaller en-
ergy values.

On the basis of the results of the experiments by
Lusson et al. [19] and by combining these datawith the
PL data obtained on a ZnHgTe bulk crystal [22],
Oudjaout et al. [23] developed amodel of the density of
states for composition fluctuations (‘tail-state distribu-
tion’). The model covered the cases of one- or two-
particle localization and gave the following expression
for the energy ¢ dependence of the luminescence inten-
sityl

I~ o) Bn,(t,) " g(e)e(e) expl A(e)],

‘CR

where A(g) istheintegral Iaw(a')g(a')r(s’) de'. Here, B
isthe capture coefficient, r010 isafree exciton concentra-
tion, g(¢) is the density of localized states, w(e) is the
coefficient of transfer from higher energy states, and
1(¢) isthe effective lifetime determined by the radiative
recombination (time constant t.)) and transfer to lower
energy states:

Tr

€)= ,
1+ exp[d(e,, —¢)]

with g,, and & being adjustable parameters.

The paper by Fuchs et al. [24] described the study
of PL in MCT performed using the Fourier transform
infrared spectroscopy (FTIR) in conjunction with the
technique of double modulation. This method, due to
its significant senditivity, made it possible, for the first
time, to study PL of narrow-bandgap MCT, where, as
was mentioned above, under standard conditions two
major factorsinterfere with PL observation: adecrease
in the luminescence intensity due to non-radiative Au-
ger recombination and background thermal radiation.

The PL spectra of sampleswith x = 0.22, that is, in
the spectral region of the order of 10 um, were obtained.

The authors found the broadening of the spectral line
withincreasing excitation power in 15-400 mW range. In
addition, the dependence of the PL intensity on thetem-
perature was investigated, and it was found that the
intensity wasincreasing up to atemperature of T=27K,
whereit had amaximum, and then decreased again. Cal-
culations showed that it was a relaxation of the
wavevector conservation rule that was responsible for
this effect.

Fuchs et al. [25] later performed more systematic
study of carrier localization in narrow-bandgap (x=0.23)
p-type MCT grown by THM. The dependence of low-
temperature PL on the excitation power wasinvestigated
once again. With pumping energy increasing, the spec-
tral shape of the PL peak (which at low excitation repre-
sented a double-peak structure with an energy separa-
tion of 6 meV) more and moreresembled one broad peak.
Thiswas explained by the fact that the effective mass of
electrons in the material was small and the density of
gtates in the conduction band was also small, so the
phenomenon of band filling was observed even a a
moderate excitation power.

Anincreasein the intensity of the PL was obtained
withincreasing temperatureinthe T=10-30 K range. At
higher temperatures the intensity decreased. The au-
thors of [25] proposed a model describing recombina
tionin MCT, which assumed radiative recombination of
an electron-hole plasma without conservation of the
wavevector. They underlined theimportance of consid-
eration of aloy disorder with its influence on the va-
lence band density of states and minority carrier life-
time, especially at low temperatures. In their opinion,
due to an energetic re-distribution of the heavy holes
with varying temperature among the different parts of
the density of states, the minority carrier lifetime be-
comes a function of temperature, assuming different
non-radiative e-h (el ectron-hole plasma) recombination
efficiencies for localized or extended hole states. They
also believed that their results indicated the necessity
of a better understanding of non-radiative recombina-
tion with full inclusion of the effects of alloy disorder,
something, that to the best of the knowledge of the
authors of this review has till not been done.

References[17-25] represented abody of works on
PL in MCT published by the researchers at CNRS
(France) and Fraunhofer I nstitute (Germany), independ-
ently or in co-operation. It can be said that they signifi-
cantly contributed to the understanding of the origin of
optical transitionsin MCT, introducing and devel oping
the idea of the strong effect of the alloy disorder on the
PL spectra.

Kurtz from Sandia National Laboratories (USA) et
al. [26] made an attempt to study PL from narrow-
bandgap MCT more systematically. They studied quite
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a few (in fact, twenty two) ‘one of a kind’ MCT samples
grown by MOCVD and LPE onI1-V1 (CdTe, CdZnTe),
GaAs, Si/GaAsand sapphire substrates. Theintensities
and FWHMs of the observed PL peaks varied vary
broadly (in some samples, no PL signal could be ob-
served at all). A low PL intensity (or its absence) was
noted in un-annealed samples, relative to samples an-
nealed in saturated Hg vapor to reduce mercury vacancy
concentration. Thiswas explained by the fact that mer-
cury vacancies decrease the lifetime of charge carriers
and increase the rate of non-radiative recombination.
ThePL peak observed in the spectrawasinterpreted by
the authors as that due to interband transitions, in view
of the matching of the values of the peak energy with
the bandgap value obtained using optical transmission.
The authors of [26] also compared the PL spectra of
samples grown by MOCVD and LPE before and after
annealing in Hg vapor. Before annealing, the dominat-
ing PL peak was broadened and shifted towards |ower
energiesinrespect to Ey whichindicated the dominance
of recombination viaa shallow acceptor associated with
mercury vacancies. This made it possible to estimate
the level of the acceptor E,, which equaled 12 meV
(abovethevalence band) for x=0.216 and 19 meV for x
=0.234, consistent with other observations[10-13].

A large body of workson optical propertiesof MCT
was published by the researches from Humboldt Uni-
versity in Berlin. One of their first works was published
by Werner and Tomm in 1987 and represented an at-
tempt totest PL asatool for monitoring thelateral com-
position homogeneity of MCT samples[27]. The p-type
samples with hole concentration ~10% cnr® were stud-
ied. They had x ~ 0.33 and were grown by THM froma
Te-rich solution zone and by the Bridgman method from
a near-stoichiometric melt. It was concluded that the
registered PL spectra was due to interband transitions
with k-conservation additionally broadened due to E,
inhomogeneity, where conservation of the wavevector
was described by the well-known formula:

(hwj
I (ho) ~ (ho - E,)"* exp| ——— |,
kT

B

where | (hw) isthe luminescence intensity at the photon
energy ho, and k; is Boltzman’s constant, while for re-
laxed k-conservation rule the square root is replaced by
the power of 2.

A year later the same authors [28] discussed the
nature of the PL peaks in MCT using the example of
samples with larger composition, x = 0.58. Two lines
were observed in the PL spectrum, separated by about
25 meV. The high-energy line corresponded to interband
recombination. The low-energy peak, in view of itsde-
pendence on the energy and the nature of the excitation
(cw or pulse), was attributed to the DAP transitions.

Gilleetal.[29] carried out investigations of the PL of
MCT sampleswith the composition 0.35 <x < 0.7 grown
by THM. Theaim of the experimentswasto find arela-
tion between the chemical composition of the material
asdetermined by el ectron microprobe, and the PL spec-
trum. As a result, the authors of [29] proposed an ex-
pression that related the photon energy from PL data
and the composition, which they determined using an
electron microprobe. This relation lead to the following
Eg(x) dependenceat T=30K:

E, (X) = —0.780 - 0.5909x + 1.9483x

+0.1087x° — 2.364x" +1.212x".

It was argued that the derived dependence made it
possible to determine the composition from PL meas-
urements with high accuracy. In relation to PL spectra,
the authors of [29] mostly observed amain high-energy
peak, whose energy was closein valueto Ey aswell as
a low-energy peak, which arose at low
temperatures. They were unsure of the exact nature of
the high-energy peak, but believed that interband tran-
sitions without wavevector k conservation were prom-
ising candidates.

Werner et al. intheir conference paper [30] reported
ontheresults of PL studies of MCT samples with vari-
ous x grown by THM. The PL spectra of samples with
average composition x = 0.58 recorded at different exci-
tation power values are shown in Figs. 6 and 7.

The authors believed that the high-energy peak A
with energy ~720 meV (Figs. 6aand 6b) in these spectra
corresponded to an interband transition, sinceitsinten-
sity strongly decreased with temperature decreasing,
up to the point that it was invisible against the back-
ground of peak B1 (peak energy 707 meV, PL spectrum
not shown) at low temperatures. The nature of low-en-
ergy peaks was not fully understood. Peak B (Fig. 6b)
was attributed to the recombination of the bound exciton
(BE), while peak B2 (Fig. 6a), to the c-Atransition. Con-
cerning peak B1 (not shown) it could be a donor-va-
lence band (D-v) transition. Peak C (FWHM ~ 30 meV)
was attributed to the DAP transition, peak D
(FWHM =~ 90 meV), to the transition involving deep
levels (Figs. 6¢ and 6d). These peaks were observed
only in sampleswith high degree of electrical compen-
sation.

Insampleswith alarger composition, 0.58 <x<0.74,
peak B1 and its phonon replicas dominated at low tem-
peratures. With temperature increasing, this peak gave
way to peak A (interband transitions). Peak B1 in these
samples was attributed to the emission of a bound
exciton (BE). Sampleswith 0.22 <x < 0.58 showed only a
B1 peak at very low temperatures. It was found that the
distance between peaks B1 and A, as well as the tem-
perature, at which one peak transformed into another,
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x=0.581and x=0.696, from[29].

linearly decreased with E, decreasing. Inamaterial with studies, the authors of [31] investigated the homogene-
x < 0.3, these lines were not distinguishable. ity of the alloy using transmission and reflection

The more detailed interpretation of theseresultswas measurements. The phenomenon of emission re-absorp-
given by Werner et a. in ajournal article devoted exclu- tion was established, and it was found that this reab-
sively tothematerial withx=0.58[31]. In additionto PL sorption shifted peaks A and B1 towards|ower energies
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by 2+1 meV and 3+1 meV, respectively. At high excita:
tion energies, the authorsfound awide tail of peak A
on the high-energy side, which confirmed their as-
sumptions about the interband nature of this peak.
The interpretation for other peaks (B, B1, C, and D)
also remained unchanged: peak B1, which replaced
the interband peak A at low temperatures, was pre-
sumably related to a bound exciton or deep donors
(acceptors); peak B appeared near peak Aat T>30K
and was attributed to the conduction band-acceptor
(c-A) transition; peak C wasattributed to DAP transi-
tions, sinceit shifted towardslower energieswith the
decrease in excitation power or increase in time be-
tween the excitation and detection. Peak D appeared
only at low excitation powers and referred to deep
levelsinthebandgap. Thus, awidevariety of radiative
recombination channels were observed and clearly
identified, the only exception being the high-energy
peak whose character was not compl etely understood.

The idea of using PL as atool for analyzing the
value of the bandgap, the carrier lifetime, and the
quality of heterointerfaces, as well as to monitor de-
fects like inclusions in MCT was further devel oped
by Tomm et al., when they investigated the optical
properties of bulk MCT (grown by THM) and LPE-
grown films[32]. The spatial distribution of the quan-
tities mentioned above was investigated by applying
the mapping technique that was well-known for 111-V
semiconductors. For epitaxial films, the influence of
the interface between the substrate and the film on
the optical properties of the samples was revealed,
since these samples contained wide layers with vari-
able composition associated with the diffusion of
mercury. Also, stimulated emission from MCT with
x=0.25 with FWHM below 1.5 meV wasreported.

Schmidt et al. [33] described PL mapping of semi-
conductor MCT wafers, which was introduced by
Tomm et al. [32], in afew more details. The maps of
integral luminescence were studied at different pow-
ers of the exciting laser. It was found that at high
excitation levels PL described the recombination in
the material quite well, since therate of radiative re-
combination did not depend on the degree of doping
and on other external factors.

Herrmann et al. [34] discussed mechanisms of
broadening of the transmission and PL spectra for
MCT. In the transmission spectrum, broadening is
understood as an exponential tail located below the
absorption coefficient that corresponds to the
interband transition. This broadening is called the
Urbachtail, and is associated with the exciton-phonon
interaction. The authors noted that broadening of
the PL spectrumisusually attributed to the alloy dis-
order, regardless of what the high-energy peak of the

spectrum is associated with: an interband transition for
smaller compositions or atransition associated with afree
exciton for larger compositions. As a result of their own
experiments, the authors of [34] concluded that broaden-
ingin MCT with small x occurs mainly dueto temperature.
For larger compositions, broadening became independent
of temperature and was associated with the alloy disorder.

The same year (1990) Tomm et al. [35] published the
first and the only one, to the best of our knowledge, de-
tailed dedicated review on PL in MCT (anumber of other
materials, including HgMnTe and lead chal cogenides was
also considered; someworkson PL in MCT were aso, as
mentioned previoudly, briefly reviewed later in[5]). Tomm
et al. concluded, once again, that for narrow-gap MCT the
luminescence was dominated by direct interband transi-
tions. Bound excitons were observed in wider-gap MCT
and disappeared with composition decreasing. At low tem-
peratures, bound exciton transitions took place and their
phonon replicas were observed. Under these conditions,
one could observe both external excitons associated with
impurities and internal excitons localized on fluctuations
of the composition.

Theimportant factorswere noted downin[35], that are
still, at least in our opinion, hindering the systematic study
of PL in MCT. Thefirst onerelatesto the fact that investi-
gated samples often very much differ with respect to pa-
rameters like type of conductivity, carrier concentration,
and mobility. The excitonic lines are known to very sensi-
tively react to these parameters dueto screening. The other
major problem with PL studiesin MCT istheinsufficient
knowledge of the bandgap value for a given composition.
The term “insufficient”, when it relates to an uncertainty
of ‘just’ about 10 meV, has to be compared with typical
energieslikethebinding energy of afree exciton (electron
plusheavy hole) of about 0.3to 10 meV for 0.25<x<1(0.1
eV <E, < 1.6 eV) or theionization energies of hydrogen-
like impurities which are of the same order of magnitude
(possibly, with the exception of acceptors in wider-gap
material). These small energies can be further reduced by
screening due to larger carrier concentrations.

Inrelation to impurity luminescence in MCT, the data
available at that time were very limited. In brief, optical
transitionsto very deep levels (130 meV) [14,36] and from
a deep donor (110 meV) to valence band [16] were
observed, as well as numerous transitions from conduc-
tion band to an acceptor state with E, varying from 12
to 30 meV. As mentioned above, in a number of cases
DAP transitions were observed. The review by Tomm et
al. [35] also mentioned some early works on PL of MCT,
including superlattices, grown by MBE, but since the ma-
terial in question was grown in the course of the very first
experiments on synthesizing MCT by this technique, the
results obtained, in our opinion, currently do not bear much
meaning. We shall consider the PL of MBE-grown MCT in
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the second part of the review, which will be published
later.

Herrmann et al. [ 37] described the results of the stud-
iesof MCT with x= 0.4. This composition, in the opin-
ion of the authors of [37], was of special interest asiit
represented a point where optical properties that were
dominated by exciton effects (in ‘wide-gap’ MCT)
changed for those governed by interband transitions
typical of narrow-gap material. Having measured the
transmission spectrum, the authors of [37] obtained a
small Urbach tail, so the effect of composition inhomo-
geneity wasexcluded from consideration. The PL spec-
trawererecorded at T = 5 K. Spectrathat were obtained
from freshly etched samples contained typical exciton
(BE) peakswith phonon replicas. At high excitation en-
ergies, delocalization effects took place, which mani-
fested itself in a shift of the peak towards higher ener-
gies. Exciton localization energy was obtained as 8+2
meV, and this number agreed with that determined by
thermal delocalization and with the data obtained by
Lusson et al. [19] and mentioned above (see Fig. 5).

When the same sampl e was examined after 5 months
of storage, adecrease in the PL signal amplitude by an
order of magnitude was obtained, and the position of
the peak was independent of the excitation energy
(which is typical of interband transitions). Also, low-
energy peaks appeared in the spectrum. One of them
was assigned to the hydrogen-like acceptor level, and
the other, to the trap-to-band transition. In total, three
acceptor levels were found and identified, first being
the hydrogen-like acceptor with the energy level de-
duced from the three methods as 15+2 meV, 16+£2 meV
and 171 meV, respectively. These values were sup-
ported by the transmittance spectra, whereas the ac-
ceptor character of this defect was proven with trans-
port studies. The second acceptor energy was estimated
from splitting of the main luminescence line and was
seen from atransport data analysis. Its depth was about
just 1.5 meV. Also, a40 meV deep level wasdetected in
PL, absorption and photoconductivity studies. It was
also noted that in the temperature dependence of lumi-
nescence, there was a mixing of contributions from
phonon replicas and various acceptors.

Herrmann and others [38] analyzed the nature of
optical transitionsin MCT in more detail. They noticed
that in narrow-gap MCT (x ~ 0.3) both the excitonic
binding energy and the excitonic oscillator strength
scaled down with decreasing energy gap. As a conse-
guence, free exciton becameinstable, excitonsbound to
different defects or impurities or localized in potential
fluctuations became undistinguishable, and in the ‘ex-
treme’ narrow-gap situation (X~ 0.2), only asingle broad
line was present in the PL spectrum, which was usually
attributed to k-conserving interband (‘electron-hole

plasma’) transitions. At the same time, in p-type sam-
ples with x ~ 0.3, the nature of the optical transitions
appeared to depend on the doping (carrier concentra-
tion): at low carrier concentrations (p < 10*® cm?)
excitonic emission wasthe dominating process, whereas
at high carrier concentrations (p > 10% cm?) interband
transitionsweredominating. Inwider-gap MCT (0.4 < x
< 0.8), the near-to-edge emission was due to localized
intrinsic excitonstrapped in potential wellsdueto alloy
disorder.

Two years after they first addressed the problem of
the PL line Urbach tail broadening mechanismsin MCT
with0.2<x<0.6[34], Herrmann et a. re-considered their
results [39]. The two types of broadening remained in
place: the one that depended on temperature and was
related to the exciton-phonon interaction, and the other
one that did not depend on temperature, and was asso-
ciated with aloy disorder. The authors of [39] found
that the constant broadening associated with the alloy
disorder decreased with the decrease in the bandgap.
At the same time, temperature-dependent broadening
was characteristic of narrow-gap materials due to the
predominance of interband transitions and a decrease
in the probability of excitonic transitions. For x > 0.35,
the temperature-independent broadening corresponded
to the dominance of an exciton line in luminescence,
where excitonswerelocalized dueto the presence of the
Urbach tail, as was shown in absorption experiments.

Herrmann et al. also proposed a new model for the
absorption coefficient in narrow-bandgap MCT, which
considered both the band tailsand the band filling [40].
Investigating the PL of MCT samples grown by THM
and MBE methods, they obtained very similar spectral
intensities; however, the FWHM of the PL spectrumfor
MBE-grownwassignificantly larger than that for THM-
grown sample. Thus, the tail energy was higher for the
epitaxid film (14 meV vs2 mevin THM-grown sampleas
estimated by the authors of [40]). From thisit followed
that transitionswith the participation of tail statesdomi-
nated in PL of MBE samples. Still, the fact that PL
intensities of the two types of samples did not differ
appreciably, wasindicative of thefact that the tail states
(band-like as well as localized) did not contribute sig-
nificantly to non-radiative recombination processes.

Tomm et al. [41] performed the study in an attempt to
reveal the exact nature of exciton luminescence in nar-
row-gap (x=0.3) MCT. Interestingly, in that study sam-
pleswith comparablethermal delocalization energies of
the localized intrinsic excitons trapped in disorder-in-
duced potential wellsexhibited very different magnetic-
field-dependent localization. The reasons for this re-
mained unexplained.

Fig. 7 summarizes some data on the temperature de-
pendence of the PL peak energy obtained by various
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authors (composition valuesare given according to origi-
nal data, also note that different Eg(T) relations were
used in different works, in Fig. 7b the same Eg(T) rela-
tionwas used asin Fig. 1). As can be seen, in all cases
the temperature range for the PL studies was limited to
~140 K. In @l cases of narrow-gap MCT (Fig. 7a), as
mentioned above, at very low temperatures the energy
of the peaks E,, , irrespective of their origin, was lower
than calculated E, values. The difference between E_
of the highest-energy lines and cal cul ated E,was larger
for sampleswith smaller x and reached ~20 meV at ~5K
for sampleswithx~ 0.23.

Findly, in1995 Tommet a. published apaper, which
summarized the achievements of the Humbol dt Univer-
Sity optics research group in the field of the study of
excitonic effects and luminescence properties of MCT
[42]. They presented the E, dependence of the screen-
ing of the Coulomb interaction for anumber of narrow-
gap semiconducting materias, including MCT and lead
salts, wherethe critical carrier concentration (Mott den-
sity) for the screening was roughly estimated by taking
the ratio of the Debye length and exciton radius to be
about 1.2 for atemperature of 10 K. The curvefor MCT
isgiveninFig. 8, wherethe areabel ow the curvesisthe
excitonic range with respect to the screening criterion.
The curves for the lead salts (not shown) appeared to
be much lower than that for MCT with the same E, value
because their mirror-like band structure in fact results
from the absence of a heavy hole band (‘rock salt’ struc-
ture) and consequently, from the absence of heavy hole
excitons. For MCT, the heavy hole excitonic binding
energy scalesfrom the well-known value of 10 meV for
CdTeto about 1 meV for MCT with x=0.33. Conversely,
the exciton radius increases with the bandgap narrow-
ing and reaches 27 nmfor x=0.5 and 200 nmfor x=0.2.
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Fig. 8. Critical carrier concentration for exciton shield-
ing as a function of the energy gap of MCT (replotted
using the datafrom[42]).

Theauthorsof [42] studied excitonic effectsinMCT
in a very wide composition range. Interestingly, they
found that for awide-bandgap material (x=0.965), which
has an energy gap of only 5% less than that of CdTe,
the PL spectrum looked very different from the well-
known CdTespectra. The MCT PL spectrum was domi-
nated by localized intrinsic excitons, bound excitons (in-
cluding acceptor-bound excitons) and LO phonon rep-
lica of the free exciton ground state as well as phonon
replicas of the BE emission.

For medium-bandgap material (0.4 < x < 0.7) only
one excitonic line followed by anumber of LO phonon
replica was observed. For CdTe mole fractions below
0.4 the LO phonon replicaof the excitonic emission van-
ished. The excitonic character of the PL inthis case was
firmly established using FTIR PL-excitation
spectroscopy and magnetophotoluminescence (MPL).

For narrow-gap MCT (x < 0.30) the authors of [42]
analyzed in detail samples with the narrowest PL
FWHMs(~5meV) inhigh-quality bulk MCT with CdTe
fractionsbelow 0.3. For these narrow-gap samplesthey
performed MPL measurements and gain spectroscopy
study. It was noted that an excitonic contribution ob-
served on the low-energy side of the PL lines was well
described by exciton-phonon interaction.

The PL works by optics group at Humboldt Univer-
sity listed above were mostly performed using the mate-
rial grown ‘in-house’. Later in the 1990s, this group also
performed a number of experiments on the material
grown by metalorganic molecular beam epitaxy
(MOMBE) at Georgia Tech Research I nstitute [43]. For
asamplewith x=0.28, at 6 K the FWHM of thesingle PL
line congtituted just 7.9 meV. The spectral shape was
fitted with the Anderson model assuming atailing en-
ergy parameter, E . The Urbach parameter, E , extrapo-
lated to 0K, was~2.1 meV, which valuewas much smaller
than thevalue of 4-6 meV typically found at thetimefor
‘standard” MBE-grown films. The authors of [43] also
analyzed the dependence of PL on the excitation power.
An increase in the intensity and a shift of the PL peak
toward shorter wavelengths with an increase in the ex-
citation power indicated the band filling. As soon asthe
electrons filled the band, the exciton became screened
due to the large number of electrons and holes, and the
exciton binding energy became zero, so luminescence
became associated with interband transitions.

Tran et al. [44] continued these studies and obtained
a temperature dependence of the PL peak in 15-30 K
temperature range. The position of the peak was found
to correspond to the results of Eg(x,T) calculations per-
formed according to the Hansen model [45]. Investiga-
tion of the PL asafunction of the excitation power sug-
gested that at low temperatures and low excitation
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powers, the emission had an excitonic nature. With exci-
tation power increasing, interband transitions became
dominating.

Summerset al. [46] performed astudy of the optical
and electrical properties of MCT grown by MOMBE
and doped withiodine. For all investigated samples, the
PL intensity of the doped samples exceeded that from
un-doped reference samples with the same x value. At
room temperature, an average increase of about 30% in
intensity and a reduction of the FWHM of the PL spec-
tra by about 10% compared to reference samples were
observed. The authors of [46] believed that the reduc-
tion in the FWHM was mostly due to the absence of a
shoulder on the low energy tail of the spectra, which
shoulder in the unintentionally doped samples was as-
signed to contributions by screened hydrogen-like ac-
ceptor states.

Ravid etal. [47] studied PL of MCT filmwith x=0.38
grown by MOCVD. One of the studied samples was
covered with a CdTe cap layer. The spectrum of the as-
grownfilmat T=12 K and an illumination power of 0.2
mW showed FWHM=31 meV, which, asthe authors of
[47] thought, was most probably caused by
compositional non-uniformities and by band tail states.
ThisFWHM value appeared to be much larger than the
valueof 17 meV reported for anas-gronn MCT filmwith
similar composition grown by LPE, indicating a much
better uniformity and quality of the L PE-grown material.
Using the temperature dependence of the peak energy
of the PL line E,_and the empirical expression for the
energy gap given by Hansen et al. [45], a composition
x=0.387 wasobtained. Next, the authors of [47] used the
well-known expression that relates E,, with E, and was
mentioned above, which can be given in derivatives as
dE,, /dT = dE /dT + ak,, where o = 1/2 and 2 for carrier
recombination with and without wavevector conserva-
tion, respectively. From Hansen’s expression it followed
that dE /dT = 0.12-10* eV/deg, which yielded o. = 2.9.
This implied that the transitions took place without
wavevector conservation, indicating the presence of a
high density of defect states near the band edges.

Krauset a. [48] performed one of thefirst truly sys-
tematic studies of the PL of MCT samples grown by
MBE. GaAs was used as a substrate. The authors of
[48] presented the results of studying epitaxial filmswith
0.25<x<0.93. Intheir studies, they observed only one
peak inthe PL spectraof al sasmplesat T=4.2K. Froma
systematic comparison of PL and transmission proper-
tiesKrauset al. concluded that the PL propertiesover a
widerange of temperature could be described by amodel
that took into account exponential band tails. Since the
low-temperature PL peaks were below the absorption
edge, the radiation was not related to theinterband tran-
sition, so the authors believed that at low temperatures

PL originated in optical transitions from states in an
exponentia tail, i.e. in the fundamental bandgap. Sig-
nificant contributions from states within the conven-
tional conduction or valence bands were observed only
at higher temperatures. When comparing the results of
the PL investigation with those of the transmission stud-
ies, it was found that the PL peak shifted closer to the
absorption edge with increasing temperature. This, and
theincrease in the peak FWHM with x increasing were
associated with the effects of alloy disorder. Since the
effective electron mass decreases with decreasing band
gap, themaximum contribution to disordering shiftsfrom
the composition x = 0.5 to a higher value of x.

Starting from the early 1990s, Chinese researches
begun to publish papers on growth and characteriza-
tion of MCT, and PL studieswere a so performed. Since
in this part of the review we limited ourselvesto 1966-
1996 timespan, we shal | mention here only two very early
works. Guo et a. [49] provided information onthe PL of
MCT grown by MBE on a CdTe/GaAs substrate; this
was one of thefirst reports on good-optical-quality MCT
samples grown by this technique on foreign substrates.
The PL spectrum of MCT samplewithx=0.284 at 10K
demonstrated a strong emission peak at 227 meV witha
FWHM=14.5 meV. This peak wasattributed to interband
transitions.

Variable-temperature (in the 4.2-115 K range) and
excitation-intensity-dependent PL measurements have
been performed on Sh-doped MCT with the emphasis
on the impurity behavior of Sb by Chang et a. [50]. In
addition to the observation of the localized exciton, ac-
ceptor-bound exciton, interband and bound-to-freetran-
sition-related PL lines, the Sb-doping-related acceptor
level of about 30 meV above the bottom of the valence
band at 4.2 K was obtained. Also, Guo et al. studied PL
of a series of arsenic-implanted CdTe and MCT films
with x~0.4 annealed at different temperatures[51]. They
found that more arsenic ions could occupy the Te
sublattice after the annealing at 450 °C compared to the
annealing at 400 °C, and the acceptor level of As* inthe
Tesublattice for MCT with x = 0.39 was found to equal
3L5meV.

Finally, we should consider results of PL studiesin
MCT obtained at | offe I nstitute. Unfortunately, some of
the English trandations of the original Russian papers
published by the authors from this Institute can now be
found only in libraries, since the early (up to 1997) is-
sues of Soviet journals such as Soviet Physics — Semi-
conductors, Soviet Physics — Solid State, etc., are una-
vailable online (let us note that papers by Chinese au-
thors published in Chinese in Infrared and Millimeter
Waves journal and only abstracted in English are not
reviewed here either).
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One of the first works authored by the researches
from loffe Ingtitute on PL and cathodoluminescence in
MCT (x=0.3) was published in 1978. In that work,
Ivanov-Omskii et a. [52] observed that in the tempera-
ture range 17 to 77 K the luminescence spectra were
independent of the method of excitation and consisted
of two bands. The energy separation of the bands did
not depend on the type of conductivity of the sample.

L ater, the same group studied the MCT sample with
similar composition but with a strong degree of electri-
cal compensation [53,54]. The PL spectrum of this n-
type sample was found to consist of three bands. An
investigation was made of the behavior of the spectrum
as afunction of temperature, magnetic field, excitation
rate, and atime between the end of excitation and detec-
tion. The DAP nature of the long-wavelength band in
the spectrum was demonstrated. An analysis of the
behavior of thisband made it possible to determine the
total ionization energy of adonor and an acceptor, where
E,+E_ equaed 18-20 meV. The other two bands were
suggested to arise from the annihilation of the exciton
bound to a neutral acceptor.

When investigating the spectra and kinetics of the
PL and photoconductivity of a similar sample at tem-
peratures4.2 and 15 K [55], the photoconductivity spec-
tra were found to have singularities corresponding to
radiative BE recombination lines. It was found that at
4.2 K themain photoconductivity relaxation mechanism
involved formation of an exciton bound to aneutral ac-
ceptor with its subsequent radiative recombination.

It should be noted that at that time many researches
were quite skeptical on the possibility of observing
exciton luminescencein narrow-gap MCT. However, in-
dependent observations such as those by the group
headed by Ivanov-Omskii and discussed here (see also
[56]) for MCT withx=0.30 and those by Tran et al. for
MCT withx=0.28[44] confirmed the excitonic nature of
the PL signal coming from narrow-gap MCT.

In 1984, the group headed by Ivanov-Omskii reported
on observing low-temperature stimul ated emission from
n-type MCT crystals with x~0.3 and electron concen-
trationat 77 K of 10* cn® subjected to optical pumping.
The emitted radiation was due to BE radiative recombi-
nation [57]. The threshold of the stimulated emission
appeared to be much lower than expected [58].

The presence of the acceptor level with energy ~30
meV, mentioned in some papersby other research groups
[35,50], was confirmed for epitaxial MCT films grown
from stoi chiometric melts on CdTe substrate [59]. Also,
a deeper level with energy of ~70 meV was found for
this type of samples in PL experiments [60] (see also
[56]). Inthelatter work, room-temperature PL fromMCT
samples was also detected.

Later, lvanov-Omskii etal. [61] studied IRPL inMCT
(0.232<x<0.622) inmagnetic fieldsup to 6T. They found
that for narrow-bandgap material (x <0.35) the Zeeman
effect (including spin-splitting) was pronounced quite
well, and the PL line shift followed that expected for
free-to-freetransitions. For the wider-bandgap MCT (x
>0.35) BE PL dominated and only weak PL lineshiftsin
magnetic field were observed. This again confirmed
domination of excitonic luminescencein wider-bandgap
MCT and interband character of the PL in the narrow-
gap material. Note that MPL of the sample with x=0.23
was later studied by some of the authors of [61] in more
detail [62], and it was concluded that for p-type sam-
ples (hole concentration 7-10% cm®) in magnetic field
CHCC Auger process dominated, and not CHHL, typi-
cal of p-type material in zero magnetic field. The second
finding in [62] was that higher sub-bands did not affect
electronic spectra of the conduction band in narrow-
gapMCT.

Bazhenov et al. [63] studied PL of p-type MCT bulk
crystalswith x~ 0.4. Thelow-temperature PL spectraof
these samples contained two lines, the low-energy line
disappeared at T > 63 K. This line was interpreted as
originating in band-to-acceptor transition with E,~18
meV. The high-energy line was identified as being due
to interband transitions. The temperature-driven shift
of thislineagreed well with Eg(x,T) expression by Schmit
and Stelzer [64], which for thissampleyielded x = 0.46.
At T = 300 K, the value of the external quantum effi-
ciency wasestimated from the experiment asbeing equal
t00.12%, internal quantum efficiency, 13%.

Later, Bazhenov et al. [65] investigated quantum ef-
ficiency of the PL emitted from MCT in acomposition
range 0.4 < x< 0.74. Only interband recombination was
considered inthe calculations. Calcul ated quantum effi-
ciency showed a maximum at x = 0.65. The values of
quantum efficiency determined from the experiment were
much lower than those predicted by the calculations,
which was indicative of the presence of the Shockley-
Reed-Hall recombination centersin the material.

Georgitse et a. from the same group in their PL ex-
periments performed on Bridgman-grown bulk MCT
samples with x = 0.61 and x = 0.69 [66] observed two
lines separated by ~21 meV. Later in the PL spectra of
these samples they also found the third line, also sepa-
rated by ~21 meV from the second, low-energy, line[67].
In samplewith x=0.57 only two lineswerefound. For a
wider-bandgap sample, the high-energy PL line had a
fine structure, containing in fact five narrow PL peaks.
This line was interpreted as originating in recombina-
tion of an exciton bound to a deep acceptor, and the
energy of the acceptor was estimated to equal ~70 meV.
Theother linesinthe spectrawereattributedto LO (CdTe
sublattice) phonon replica of the exciton line.
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Finally, Belotelov et al. [68] studied PL of boron-
implanted MCT with x=0.38 and el ectroluminescence of
p-n junctions fabricated with the implantation. Bulk
material was used for the fabrication of p-n junctions.
First, the authors of [68] studied the PL of theinitia p-
type material, for which purposetheimplanted layer was
chemically etched from the surface of the part of the
structure. Thehole concentrationin thismaterial equaled
~10% cm®. At T=15 K, the PL spectrum of the material
contained three lines. The high-energy line was identi-
fied asformed by interband transitions. Low-energy line
was interpreted as originating in band-to-acceptor tran-
sition with E,~18 meV. At high excitation level, akink
was clearly seen on the low-energy side of the band-to-
band line, and this was explained by the presence of a
shallow acceptor with E,~5 meV. As to the implanted
n-type layer (which had electron concentration
~10" cm®), the authors of [68] were unableto detect PL
signal fromthismaterial.

Before concluding this part of thereview, we should
once again emphasize that drawing some conclusions
on the basis of al the works cited here presents a seri-
ous challenge not only because of different attitudes of
different authors towards interpretation of their results,
but also because of the strong inconsistencies of the
properties of the material investigated in different stud-
ies. Obvioudly, the samples studied by different authors
were grown by different methods, had different thermal
histories (and, correspondingly, differed in conductiv-
ity type and/or carrier concentration), and were given
different treatments before measurement. This could
result in very different results obtained for nominally
very similar samples, at least in application to electrical
properties [8,69]; in optical studies, in addition to that,
the presence of oxides and residues on the surface can
be quite mideading [5,37,68]. Also, asmentioned above,
there is also the uncertainty in determining the exact
energy gap of MCT (see, e.g., [45,64,70,71]); thisuncer-
tainty is of the order of afew meV, which islarger than
theexciton binding energy in M CT. Yet another factor is
the uncertainty in the broadening of the luminescence
lines, partly considered in some of the papersreviewed.
As discussed, charge carriers and excitons can experi-
ence a randomly varying microscopic potential due to
the stochagtic distribution of Cd and Hg atoms on the
cationic site, so aPL peak could be less or more broad-
ened or shifted depending on the nature of the transi-
tion involved as well asthe random nature of the MCT
aloy at that composition [5]. This effect seems to be
more pronounced in MBE-grown MCT as the material
fabricated by aninherently non-equilibrium method [12].

Thestrong effect of alloy disorder onthe PL spectra
of MBE-grown MCT and the fact that modern MCT-
based structuresfor IR detectors are typically based on

complex multi-layer epitaxial structures grown by non-

equilibrium methods such as MBE or MOCVD mean

that by 2000 the era of the PL studies of “pure’ MCT was
basically over. We can briefly summarize these results
asfollows:

1) High-quality MCT sample with a ‘wide bandgap’,
which meansCdTemolar fraction of at least 0.4, dem-
onstrated at low temperatures PL spectrawithlocal-
ized exciton transitions, bound excitons, and phonon
replicas of excitonic emission.

2) The data on samples with ‘narrow-bandgap’ (X< 0.4)
are a bit divisive, some authors insisted on observ-
ing in these samples pure ‘free-to-free’ transitions,
but in some experiments excitonic emission was
clearly observed.

3) Optical transitionsto acceptor levelswere observed
in numerous studies with the energy of the levels
varying from 12 to 30 meV (‘shallow acceptor’),
equaling ~70 meV (‘deep acceptor’), and, on some
occasions, reaching 110-130 meV (‘very deep level’).

4) Donor-acceptor pair recombination was also ob-
served on numerous occasions.

5) The spectra broadening due to alloy disorder was
postulated and several models were developed, but
in general no consensus was reached among the
authors on how to process the spectra and extract
corresponding parameters.

Still, in general the PL studies performed inthe early
yearslaid avery good foundation for the future studies
of the properties of MCT, when the material would be
grown by MBE or by MOCVD with interdiffused
multilayer process (IMP). The PL results obtained on
bulk crystalsand L PE-grown films served asa solid ref-
erence point, when the quality of the newly synthesized
material was for some reason questionable.
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