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The importance of the direct band structure of CdTe as a necessary condition for the creation of high-
performance photoelectronic devices based on it is argued. The possibility of obtaining heterolayers (HLs) of
cadmium tellurides by the method of isovalent substitution is shown. Prerequisites for manufacturing are
determined and technological modes of isothermal annealing of a-CdSe and a-CdS base crystals are devel-
oped. For the first time, HLs with a little-used atypical hexagonal modification a-CdTe crystal lattice with
highly stable properties are obtained by isovalent substitution. A technique is developed, and the basic pa-
rameters of the band structure and luminescence characteristics are studied by the method of 1-modulation
of optical irradiation. The band gap Eg; = 1.56 eV is established, and the parameters of the band structure
are determined for the first time, namely, the subbands of the valence band split off due to the action of the
crystal field A.- = 0.06 eV and the spin-orbit interaction As = 0.38 €V. A high quantum efficiency 17~ 7-9 % of
the dominant radiation in the edge region is established. It is determined by doping with isovalent impuri-
ties, which are the atoms of the base substrate. An important prerequisite for obtaining high intensity (com-
pared to CdTe crystals with 7 ~ 0.1-0.2 %) is the formation of a transition layer of the corresponding solid
solution between the components of heterostructures, which significantly reduces the concentration of de-
fects and the discrepancy between the crystalline and thermal parameters of the contacting materials. The
obtained features of the crystal structure provide the conditions for the formation of effective luminescence,
the basic mechanisms of which are interband radiative transitions and the dominant annihilation of excitons
bound on isovalent impurities.
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1. INTRODUCTION

One of the basic materials for devices of modern func-
tional electronics is cadmium telluride [1, 2]. Based on
it, a number of different devices have been obtained, the
properties and characteristics of which are determined
precisely by the physical and technical parameters of the
material used. The direct band structure of cadmium tel-
luride in combination with a sufficiently large band gap
(E¢ = 1.50 €V) is an important condition for obtaining a
material with a high radiation efficiency in the near in-
frared region [2, 3]. It should be noted that, on its basis,
highly efficient converters of solar energy into electrical
energy have been obtained and such detectors are widely
used in various optoelectronic systems [4, 5]. At the
same time, the problem of obtaining highly efficient ra-
diation sources, especially on tellurides of the atypical
hexagonal modification a-CdTe, is important and rele-
vant. In this case, an important task of photoelectronics
is the combination of emitters and photodetectors in var-
ious optoelectronic systems based on a-CdTe. For them,
the possibility of varying the type of electrical conductiv-
ity in manufactured devices is important. However, the
quantum efficiency of emitters based on it is signifi-
cantly low due to nonradiative recombination processes
due to deep energy levels [6]. They are formed by intrin-
sic point defects (IPD) of the structure and the process
of their formation is poorly controlled [7, 8]. Therefore,
to obtain a high efficiency of radiation generation, it is
important to find a method for obtaining layers and het-
erostructures of the base material and simultaneously
dope it with an appropriate type of impurities [9].
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2. EXPERIMENT
2.1 Samples Under Study

Heterolayers (HLs) were obtained by isothermal an-
nealing in vapors of isovalent elements [10]. Under the
appropriate regimes, atoms of the same valency were re-
placed in the base substance, which led to the name of
the method as isovalent substitution (IVS) [11]. It be-
comes especially effective in diffusion processes using
the closed pipe method. Preliminarily, the base sub-
strates of crystals of II-VI compounds underwent known
processes of chemical-mechanical treatment, loaded into
quartz ampoules, which were evacuated to no worse
than 10-4 Torr and sealed off. In them, the substrate of
the base material and the canopy of the corresponding
diffuser were located at opposite edges. Isothermal an-
nealing was carried out with a suitable location of the
ampoule in the furnace, Fig. 1.

Isothermal annealing of the base crystals a-CdSe
was carried out at 74 = 800 °C in a saturated vapor of an
isovalent (up to Se) element Te. Equilibrium conditions
were obtained, according to which the diffusion of the
isovalent impurity (IVI) occurs and the atoms of the base
substance of the same valency are replaced. A new
chemical compound a-CdTe is formed on the surface of
a-CdSe according to the reaction [10, 11]

a-CdSers + Teg » a-CdTers + Sea, 2.1)

where indices "Ts" and "G" correspond to the solid and
gaseous states of the reagents, respectively.
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Fig. 1 — Temperature distribution and position of ampoules
during the production of diffusion layers: 1 — substrate of the
initial material, 2 — sample

In the case of the a-CdSe base compound, an a-CdTe/
a-CdSe heterostructure (HS) with time-stable proper-
ties is formed. Annealing of hexagonal a-CdS substrates
in a pair of isovalent element Te was also carried out to
obtain an a-CdTe/a-CdS HS by the reaction

a-CdSts + Teg —» a-CdTers + Sc. (2.2)

The characteristic light-yellow color of the base sub-
stance made it possible to detect the boundary between
it and the resulting dark HL of cadmium telluride by ob-
serving the end face of the structure under a microscope.
Based on its position, it is possible to estimate the thick-
ness of HL,, which is d = 75 ym upon annealing ¢, = 1.5 h
and temperature T = 820°C.

The optimality of certain regimes of the annealing
process is confirmed by the results of the preparation of
a f-CdTe HL of a typical cubic modification. They were
obtained by the above technology under certain condi-
tions according to the reaction

a-ZnTers + Cdg — a-CdTers + Zng. (2.3)

Obtaining HSs with layers of typical cubic S-CdTe
and atypical hexagonal a-CdTe crystal lattices is con-
firmed by the results of studies of their band structure.
Behind it, the energy parameters of the hexagonal struc-
ture were determined: the band gap Eg and the splitting
of the valence band into subbands due to the action of
the crystal field Acr and the spin-orbit splitting Aso. The
last parameter was determined for the cubic lattice of
p-CdTe. Its presence and the absence of Acr confirm the
formation of the corresponding type of crystal structure.
As the research results showed, hexagonal HLs are
characterized by time and temperature stability of prop-
erties. This indicates the absence of a phase transition
of the wurtzite S sphalerite type structure, which is ob-
served when growing by known classical methods of ep-
itaxy and ion implantation [8, 11].

The stability of a-CdTe can be explained by the for-
mation of a transition layer of the corresponding solid
solution between the constituents of HSs. The transition
layer eliminates the mismatch between the crystalline
and thermal parameters of the contacting materials
[10, 11]. Consequently, the separation limit is character-
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ized by a low concentration of defects. The latter is con-
firmed, as studies have shown, by a high quantum effi-
ciency of = 7-9 % of the radiation of the obtained HLs,
whose CdTe crystals are characterized by r~ 0,1-0,2 %.

The crystal lattice of the base crystal in the IVS
method determines and stabilizes the structure of the
obtained HLs [7]. In particular, the wurtzite structure of
the substrate determines the analogous structure of the
crystal lattice of the HL formed on the surface. Similar
processes and their results are observed in the case of
substances with a sphalerite-type lattice. In this case,
the chemical composition of substrates and HLs, as well
as their constant crystal lattices, differ. The difference
in the crystalline and thermal parameters between them
is completely compensated by the transition layers of the
corresponding solid solutions [11, 12].

2.2 Research Methods

The properties of the resulting layers were deter-
mined by studying their basic optical properties: optical
transmission 7% and reflection Ro. They make it possi-
ble to determine the main parameters of the crystal
structure, which are the main characteristics of materi-
als. In addition, they are non-destructive research
methods, in contrast to electrophysical methods. They
were carried out according to well-known classical
methods [13]. The optical properties were also studied
using the A-modulation method [14]. Its use made it
possible to establish the band structure, determine its
parameters and reveal properties that cannot be estab-
lished by classical methods.

A special ELC/C halogen lamp was used for optical
measurements. It is characterized by a monotonic emis-
sion spectrum in a wide range A4 =0.32-1.4 um and the
absence of its features in the intensity distribution. The
properties of materials, as well as the establishment of
the possibilities of their practical use in functional elec-
tronics devices, were carried out by studying their lumi-
nescent properties, especially photoluminescence N,. For
its excitation, an LGN-21 nitrogen laser with a radiation
wavelength 1 =0.337 um was used. To establish a relia-
ble spectral distribution of radiation, the quantum spec-
tral sensitivity of the spectral setup S» was determined.
It was determined by the well-known method [14].

These measurements were carried out on a universal
optical setup based on the MDR-23 spectral device when
radiation was detected by a FEP-79 photomultiplier.
The use of A-modulation made it possible to obtain dif-
ferential spectra T'», R'o, N'o. They were registered us-
ing a synchronous detection system. Based on the ob-
tained differential spectra 7", R'» and N'», the basic pa-
rameters of materials, their characteristics and proper-
ties were established. Behind them, it was possible to
establish the prospects for their practical use in multi-
functional electronics devices.

3. RESULTS AND DISCUSSION

Thin HLs of CdTe are the main component of func-
tional devices, including optoelectronics. Their growth
by the IVS method made it possible to obtain materials
of cubic and hexagonal modifications. The result ob-
tained is important for the manufacture of photosensi-
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tive detectors and sources of optical radiation with de-
sired and stable properties on their basis, which is an
urgent scientific and practical problem [2, 5].

Note that the various epitaxial methods used make
it possible to synthesize «-CdTe films only at low sub-
strate temperatures (75 = 300 °C) [15]. However, their
thickness d does not exceed 0.3 um. An increase in d
(during the manufacture of devices), as well as an in-
crease in the substrate temperature Ts, causes a partial
formation of a cubic structure. In addition, thin
(d < 0.3 ym) «-CdTe films eventually transform into
p-CdTe even at room temperature. Devices made on
their basis do not provide the possibility of using under
extreme conditions (high temperatures and radiation)
and the temporal and temperature stability of the pa-
rameters [5, 11].

The IVS method used makes it possible to obtain thin
CdTe HLs with a crystal structure identical to that of
the substrate [14]. Their parameters, properties, and
characteristics are determined both by the perfection of
the structure and by doping with isovalent atoms of the
base substrate (they are indicated in the above equa-
tions for the growth reactions of HLs). In particular, the
isovalently substituted cubic modification S-CdTe layers
obtained by the IVS method on f-ZnSe substrates under
appropriate technological conditions are automatically
doped with residual Zn atoms of IVI [9]. Investigation of
the differential transmission 7"» and reflection R’ of
p-CdTe:Zn HL revealed characteristic features on the
curves. According to which the type of crystal lattice is
determined, and the parameters of the band structure
are determined, curve 1 in Fig. 2. The main maximum
corresponds to the band gap Eg of cadmium telluride.
For a cubic structure, it is Eg = 1.50 eV, which is con-
sistent with the literature data [16]. The second maxi-
mum falls on the quantum energy of 2.40 eV and the
value of the spin-orbit splitting of the valence band is
determined from it: Aso = 0.90 eV. The indicated param-
eters of the band structure were observed in the study of
undoped CdTe crystals and doped with IVI Ca and Mg,
namely, CdTe:Ca and CdTe:Mg. Such matching of cer-
tain parameters for CdTe doped with the indicated im-
purities and Zn (8-CdTe:Zn) indicates that IVI does not
influence the band structure of the base material.

The results obtained make it possible to explain the
results of studies of the optical reflection R'correctly and
unambiguously of the HL of the atypical o-CdTe struc-
ture, curve 2 in Fig. 2. Three features are observed be-
hind them at photon energies of 1.56, 0.063 and 0.38 eV.
Their presence and quantity indicate the crystal struc-
ture of the obtained HLs, namely, the hexagonal struc-
ture of the a-CdTe HL crystal lattice. It is determined
by the substrate, which predetermines the identical na-
ture of the structure of the obtained HLs, namely, hex-
agonal. Accordingly, the main extremum at 1.56 eV cor-
responds to the band gap E; = 1.56 eV. The remaining
maxima are due to the band structure of the hexagonal
lattice. It is determined by the splitting of the valence
band into subbands due to the action of the crystal field
Acr and is Aer = 0.063 eV. The value of the spin-orbit in-
teraction As, ~ 0.38 eV was established. The specified pa-
rameters of the a-CdTe band structure are shown in
curve 2 in Fig. 2. The values of these parameters of the
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band structure of the obtained a-CdTe/a-CdSe HS with
a hexagonal lattice were determined experimentally for
the first time.

o 1.4 1.6 1.8 2.0 22 ho,eV

T T T 7 T T T .._____]. T ',."I
é‘. ."‘“ T A cr 1 A so Y
1 :.' Aso
05} |
1 {|2
-lot ¥
E, I E,
R, a.n,

Fig. 2 — Differential reflectance spectra of CdTe HLs obtained
on B-ZnTe (1) and a-CdS (2) substrates, 7'= 300 K. The inset
shows the band structure of crystals of cubic (@) and hexagonal
(b) modifications

The high perfection of the crystal structure is con-
firmed by photoluminescence studies. As is known [8], it
allows one to establish the role of structural defects and
dopants (uncontrolled foreign and specially introduced)
in the formation of the properties of obtained materials
of various origins. In our case, the use of this method of
non-destructive testing of the main properties will allow
us to determine the effect of growth modes and substitu-
tion by isovalent elements on the perfection of the crys-
tal lattice, the presence of various types of IPD in it, the
role of various generation-recombination processes and
will give an answer about the possibilities of practical
use in the corresponding electronic devices.

The high quantum efficiency of radiation in the edge
region is important for the obtained HLs. It is observed
in the near IR range and is = 7-9 %. Note that it was
determined from a reference GaAs sample with
1n= 100 % using the well-known technique [10].

The emission spectrum covers the photon energy
range 1.5 + 1.65 eV (A1=0.751 — 0.826 pm) with a max-
imum at Awm = 1.55 eV (Am = 0.800 pm), Fig. 3. There is
also a second maximum at o= 1.62 eV (An = 0.765 pum)
with a slight intensity. The corresponding differential
radiation spectrum N;,, measured by A-modulation, dif-
fers significantly in shape from the distribution of pho-
tons by the classical method, Fig. 3. Features are ob-
served that testify to the composite nature of the radia-
tion. It is characterized by several bands due to funda-
mentally different mechanisms of radiative recombina-
tion. We will consider their nature.

Note that in the region of photon energies Aw> E; (at
E;=1.56 eV), intense radiation is observed. It is charac-
terized by properties inherent in interband radiative re-
combination. Such a radiation mechanism is confirmed
by good agreement between the experimental curve and
the well-known analytical expression [12]
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ho-E
N, ~ (ha))2 Jho-E, exp[—wkng , (3.1)

where k is the Boltzmann constant, 7T is the tempera-
ture. This component exhibits a maximum at
ham =1.575 eV (Am = 0.787 um) on the differential spec-
trum obtained by A-modulation.

The spectrum does not change position when L var-
ies by 3 orders of magnitude, which is typical for inter-
band recombination of free charge carriers [17, 18].
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Fig. 2 — Spectra of conventional (1) and modulated (2, 3) photo-
luminescence of a-CdTe/a-CdSe HSs of the hexagonal modifica-
tion, as well as components of the emission bands due to inter-
band radiative transitions of free charge carriers (4, 5) and an-
nihilation of bound excitons (6). The inset shows the depend-
ence of the intensity (7) and the position of the maximum (8) on
the excitation level of the L component of the exciton emission
band, 7= 300 K

The insignificant contribution of self-absorption pro-
cesses and the possibility of observing it in the radiation
spectrum at energy /iw > Egcan be explained both by the
perfection of the crystalline structure of the layers and
by their small thickness d, which is due to the use of the
regimes for obtaining layers by the isovalent substitu-
tion method. It is these factors that also make it possible
to observe the radiation component in the region @ > Eg
with a maximum at Zom = 1.623 eV. Analyzing the band
structure parameters E; + As, we obtain
haom = 1.56 + 0.063 eV = 1.623 eV, which corresponds to
the experimental result. This suggests that this emis-
sion band in the /iw > Eg region is due to interband tran-
sitions of free charge carriers to the valence subband
split off under the action of the crystal field.
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At the same time, the self-absorption effect does not
allow one to observe the radiation formed by transitions
involving the valence subband split off by the spin-orbit
interaction As.. The value of the radiation photon ener-
gies could be 1.56 + 0.38 =1.84 eV, but the limiting value
of the interband radiation range is 1.65 eV.

An important result of the preparation of a-CdTe
HLs by IVS is the formation of a radiation component
with a maximum at Aom = 1.54 eV (An = 0.805 um) in the
range /iw < Eg. It is dominant and unambiguously re-
veals its nature in studies using the method of modula-
tion spectroscopy [19]. The appropriate differential
curve is complex, and its character depends on the exci-
tation level L. The following properties are observed.
Firstly, the point E of the intersection of the curve with
the abscissa axis (characterizes the maximum 7%wm of the
ordinary No curve) shifts with an increase in the excita-
tion level L to the region of lower photon energies, curve
8 in the inset in Fig. 3. Secondly, the intensity I of this
low-energy emission band changes with the excitation
level according to the law I ~ L5, curve 7 in Fig. 3.

The established features are characteristic of the an-
nihilation of excitons during their inelastic scattering by
free charge carriers [20]. They are holes, since a-CdTe
HLs under study are characterized by hole conductivity
due to doping upon substitution of residual Se atoms for
the a-CdSe substrate. The shift of the maximum (the
cross section of the differential curve with the %w axis)
towards lower energies is adequately explained by the
increase in the concentration of free holes with increas-
ing L, which leads to an increase in the probability of
exciton scattering. Most likely, the excitons are bound
on the isovalent Se impurity.

The presented results of studying the properties of
HLs of the atypical a-CdTe modification indicate the
possibility of obtaining highly efficient a-CdTe/a-CdSe
HS light emitters in the near IR region. Additional tem-
perature studies carried out in the range of 20-200 °C
made it possible to establish that some parameters of
«-CdTe HL and o-CdTe/a-CdSe HS do not change, as
well as during long-term (1-3 years) storage of samples.
This indicates the possibility of their use in devices with
extended functionality.

4. CONCLUSIONS

The use of solid-phase substitution reactions at an
IVI concentration of more than 0.1 at. % ensures the for-
mation of a-CdTe HLs of atypical hexagonal modifica-
tion of the crystal lattice. For the first time, the param-
eters of their band structure Eg = 1.56 eV, Acr = 0.06 eV,
Aso = 0.311 eV have been determined. High intense ra-
diation is obtained, the stability of which is ensured by
the formation of transition layers with a low concentra-
tion of solid solution defects between the contacting ma-
terials. It is formed by the interband recombination of
free charge carriers, and the dominant annihilation of
excitons bound on isovalent impurities. The possibility
of obtaining a-CdTe/a-CdSe HSs of hexagonal modifica-
tion of sources of intense edge radiation with an effi-
ciency of 7~ 7-9 % in the near IR region is shown.
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T'erepomapu rexcaronansaoro a-CdTe

Terstna Magayp!, Muxaiiio Caboros2, Mupociiag Masyp?, Omexciit CiiboToB?

1 Jeano-OparKi6CoKUTl HAUIOHAbHUL MeXHIuHULL YHIsepcumem Hagmu i 2azy, Ieano-Ppankiecvk, Yrpaina
2 Yepriseupkuil HauloHanvHul yHisepcumem imeni FOpis Pedvrosuua, Yeprisui, Yipaina

AprymeHTOBaHO BaKJIUBICTE IpsiMol 30HHOI cTpykTypu CdTe sik He0OX1/THO1 yMOBH IIpY CTBOPEHH] Ha HOr0
OCHOBI BUCOKOE(DEKTUBHUX IIPMIIAIIB (POTOEJIeKTPOoHIKHN. [[0Ka3ano MOKIMBICTS OTPUMAHHS FeTePOIapiB Te-
JIyPHUIB KaMII0 METOIOM 130BAJIEHTHOI'O 3aMillleHHs. BIU3HAYeHO [1epelyMOBY BUTOTOBJIEHHSI, TA PO3POOJIEHO
TEXHOJIOTIYHI PesKUMH 130TepMivuHOro Bignanay 6asosux kpucraimis a-CdSe i a-CdS. Bunepure orpumano meTo-
JIOM 130BAJIGHTHOI'O 3aMIIIEHHS TeTePOIIaph 3 MAJI0O BHKOPUCTOBYBAHOIO HETHUIIOBOIO TeKCATOHAIBHOKI MOJIU-
dirariero a-CdTe kpucTaaidHOI TPATKU 13 BUCOKO CTA0LIBHUMY BJIACTUBOCTAMU. PO3po0JIeHO METOIMKY 1 [10-
CJIIPKEHO METOZOM A-MOJIYJISIIl] OIITHMYHOTO OIIPOMIHEHHS 0a30B1 TapaMeTpy 30HHOI CTPYKTYPH 1 XapaKkTepu-
CTUKH JIIOMIHecIeHITi1. Beranorieno mupuay 3aboporenoi 3ouu E; = 1,56 eB 1 Bmepie BusnadyeHo mapaMerpu
30HHOI CTPYKTYpH, a caMe, IJI30H BaJIEHTHOI 30HM, BIIIMEIIEHWX BHACIJIOK Jii KPHUCTAJIYHOTO IIOJIS
A~ 0,063 eB 1 crrin-opbiTanbHOI B3aemoaiel As, ~ 0,38 eB. BeraHoBiieHO BUCOKY KBaHTOBY €(DeKTUBHICTE 77~ 7-
9% MOMIHYIOYOro y KpaiioBiii 00JIacTi BUIPOMIHIOBAHHSA. BOHO BH3HAYAETHCA JIETYBAHHAM 130BaJIEHTHUMU J10-
MINIKaMU, SKAMU € QTOMH 0a30BO1 IIKJIAIKN. BamInBoo mepegyMoBo0 OTPUMAHHS BHCOKOI 1IHTE@HCUBHOCTI
(mopiBusHo 3 kpucramamu CdTe 3 7 ~ 0,1-0,2%) e hopmyBaHHS HmEepexiTHOrO MIapy BIAIIOBIIHOTO TBEPIOTO
PO3UMHY MIK CKJIQJOBUMHU I'€T€POCTPYKTYP, SIKUIL ICTOTHO 3MEHIIIye KOHIIEHTPAIIIE0 Te(DeKTIB Ta Hey3rofKe-
HICTb KPUCTAIIYHNX 1 TEPMIYHUX MapaMeTPiB KOHTAKTYIUnX MaTepiamis. OTpuMaHi 0COOIMBOCTI KpUCTAIIY-
HOI CTPYKTYPH 3a0€3IMedyoTh YMOBH (DOPMYBAHHS €(DeKTUBHOI JIIOMIHECIIeHIII], 0a30BUMM MeXaHI3MaMM KOl
€ MI3K30HHI BUIIPOMIHIOBAJIbHI IEPEXO/H 1 JOMIHYI0YA aHITIISAINS 3B’ I3aHUX HA 130BAJIEHTHUX JIOMINIKAX €K-

CHATOHIB.

Knrouoeri cinosa: Tenypun rammino, ['excaronanpHa cTrpykrypa, Brcoka kBaHTOBA 1HTEHCHBHICTH BHIIPOMI-

HIOBaHHHA, [30BaJIEHTHI aTOMM.
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