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The optimal modes for doping CdTe with Li impurity have been established. Photodetectors based on
Au-CdTe:Li surface barrier diodes have been manufactured. The optical parameters and photoelectric char-
acteristics of heterostructures have been studied, the region of their photosensitivity of 1.4+5.0 eV and the
mechanisms of its formation during interband transitions and through local Lica centers have been deter-
mined. Au-CdTe:Li structures with high photosensitivity were obtained due to the high potential barrier g
formed on the modified CdTe surface. The high quantum efficiency n = 12% of CdTe:Li determines the pro-
duction of photodetectors with typical values of open circuit voltage V.. and short circuit current I, which
are 0.7 V and 10 mA/cm? under AM2 solar illumination. Their efficiency can be 10%. Temperature coefficient
of change in efficiency CdTe-based solar cells are almost four times smaller than silicon ones. A high quan-
tum efficiency of » = 12% radiation in the edge region was obtained. The proposed approach to modifying the
CdTe surface and doping with Li allows for a significant increase in the photosensitivity of structures and
opens up new possibilities for developing highly sensitive photodetectors for different spectral ranges.

Keywords: Cadmium telluride, Li impurity, Photosensitive heterostructures, High quantum intensity, Lica

centers, Interband transitions.
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1. INTRODUCTION

Photodetectors play an important role in modern elec-
tronics. In systems with radiation sources (including
LEDs), they solve several important problems in diagnos-
tics and conversion of optical radiation energy [1, 2]. At
the same time, solar energy is of particular importance. It
solves important problems of supplying electrical energy
to various devices. They use different types of photodetec-
tors. Their capabilities depend significantly on the design
of the device and the material used. In the case of solar
energy, cadmium telluride is of particular importance,
since the direct gap nature of its energy structure and its
parameters (E; = 1.5 eV at 300 K) are consistent with
most parameters of solar radiation. This is an important
condition for converting solar energy into electrical en-
ergy with high efficiency [3, 4]. At the same time, the pho-
tostructures used on its basis, when obtained, require fur-
ther improvement of the technological processes of manu-
facturing and design of energy structures. Note that the
density and atomic number of CdTe, combined with high
radiation resistance, contribute to the efficient and stable
operation of CdTe-based devices in a wide range of ioniz-
ing radiation energies [5, 6]. Therefore, the selection of
doping impurities and processes to increase the photosen-
sitivity of CdTe-based structures requires further devel-
opment. Accordingly, it is relevant to obtain highly effi-
cient structures and study processes in them for the for-
mation of photosensitivity.
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2. EXPERIMENT
2.1 Tested Samples

Basic CdTe crystals were obtained using the well-
known Bridgman method [7]. Based on the monitoring of
their electrical properties, n-type conductivity and a resis-
tivity of p~100 Ohm cm were established. Substrates with
a standard size of 4 x 4 x 1 mm? were made from them and
chemical-mechanical processing was carried out. Chemi-
cal treatment of the surface of the substrates was carried
out for 10-20 s in a solution of the composition
KoCr207:H20:HNOs3 = 4:20:10 at 300 K, which made it pos-
sible to obtain a mirror surface. Its high level is confirmed
by the formation of intense photoluminescence, which is
not observed on samples without the specified treatment.
The absence of a surface of the resulting CdTe layers of a
different chemical nature is confirmed by optical reflection
studies. Doping with Li impurity was carried out by diffu-
sion from the vapor phase in a sealed quartz ampoule at
T =980 °C and a diffusion time of at least 1.5 hours. This
process was carried out with the CdTe substrate and
Li2COs diffuser located at opposite edges of the ampoule.

Surface barriers on Au-CdTe:Li photostructures were
created by deposition of an Au film. For this purpose, the
technique of applying them in a vacuum using a VUP-2K
installation was used. The degree of vacuum was no less
than 10-4 Torr. Immediately before deposition, short-term
temperature treatment of CdTe substrates was carried out
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in vacuum. Au films were deposited at appropriate sub-
strate temperatures, which ensured high adhesion of the
films to the base material.

2.2 Research Methods

The photoelectric and electrophysical properties of
Au-CdTe structures were studied. Measurements were
made to determine both the electrical conductivity of the
resulting material and the parameters of the resulting rec-
tifying structures.

Measurements of current-voltage characteristics
(CVC) were carried out according to the generally ac-
cepted method at direct current in a standard installa-
tion. The power was supplied by a stabilized voltage
source TES 7, and the voltage at 10 -2-5:102 V and the
current 10 -11-10-1 A were measured with a digital de-
vice V7-21A and a microvoltammeter F 116/2 with an
accuracy of 0.5 %. Based on such studies, both the elec-
trical conductivity value and the parameters of the re-
sulting structures were also determined. For this pur-
pose, the equivalent circuit structures were considered.
Graphs of the voltage U and current I was plotted in the
coordinates Inl — eU/RT ~ f(I), from which R was deter-
mined from the slope of the straight line.

Spectral studies of photosensitivity were carried out on
a universal spectral installation using standard methods
[8]. The radiation source was an ELS/L halogen lamp with
a monotonic spectral distribution over a wide range of
wavelengths. The spectral device was an MDR-23 mono-
chromator, the diffraction grating of which provided irradi-
ation of photostructures in the wavelength range 380-
1270 nm when it was focused by a system of quartz lenses
to sizes with a diameter of 2+3 mm (according to sample
dimensions). The photocurrent was recorded by a system
with an F116/2 microvolt-microammeter. To do this, the
samples were placed in a standard cell with two electrodes,
which made it possible to connect the structures through
ohmic contacts.

The above installation made it possible to carry out
spectral studies to diagnose the properties of the base ma-
terial, the effect on them of physicochemical surface treat-
ment and doping with Li impurities. Optical reflection, ab-
sorption and photoluminescence were studied. The signal
was recorded by a FEP-112 photomultiplier. Measure-
ments were also made using modulation spectroscopy,
namely, the A-modulation method [9]. The latter signifi-
cantly increased the resolution and made it possible to re-
veal the fine structure of generation-recombination pro-
cesses. The signals were recorded by a standard synchro-
nous detection system. Optical processes were studied with
an ELC/C halogen lamp (1), and luminescence was excited
by an LGN-21 laser with 4 =337 nm, which corresponds to
an excitation energy of 3.68 eV.

3. RESULTS AND DISCUSSION

Photodetectors are based on surface barrier diodes
(SBDs) Au-CdTe: Li. Comprehensive studies of their pho-
toelectric and electrophysical properties, as well as the op-
tical and luminescent properties of the original CdTe and
doped Li impurity, have been carried out. Additionally,
the effect of temperature on the properties of the material
under Li alloying conditions was determined.
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Photodetectors made based on Au-CdTe:Li are char-
acterized by a high potential barrier ¢o. It is one of the
more fundamental characteristics of the diode structure.
It has been established that the value ¢o determines the
open-circuit voltage Voc (all other things being equal, Ve
~ ¢o). An increase in ¢o causes a decrease in the dark cur-
rent and an increase in the signal-to-noise ratio [10]. In
addition, significant ¢o allow the operation of devices with
a rectifying barrier at higher temperatures [11]. Accord-
ingly, to increase the barrier height, a search was carried
out for the corresponding processes of modifying the sur-
face of cadmium telluride. It has been established that the
production of a modified surface significantly increases
the height of the potential barrier during the formation of
SBDs based on Au-CdTe:Li [12].

Surface modification was carried out by additional
treatment of samples with ohmic contacts in an aqueous
suspension of LiCOs salt in air for ¢ = 10-20 minutes. The
correctness of the modes is confirmed by the results ob-
tained when comparing them with unmodified SBDs,
which is displayed in the graphs in Fig. 1.
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Fig. 1 — Straight branches of the current-voltage characteris-
tics of diodes with conventional (1) and modified (2) surfaces
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Fig. 2 — Temperature dependences of E; (3) and ¢ (1, 2) for
diodes with conventional (1) and modified (2) surfaces. Points —
experiment, curve 3 calculated wusing the formula
ET)=16—-4.110-4T

The fundamental thing for these samples is the in-
variance of the slope of the straight section of the CVC,
which indicates the identity of the resistance sequence
Ro. As is known, it is the sum of the resistances of the
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ohmic contacts and the diode base. In addition, the con-
tribution of the resistance of the modified layer to Ro is
negligibly small.

It is also important that the temperature coefficient
of change in the height of the potential barrier increases
by almost an order of magnitude compared to the tem-
perature coefficient of change in the band gap width,
Fig. 2.

The established properties indicate a significant con-
tribution of surface levels in the formation of the Au-
CdTe:Li potential barrier. Therefore, when forming pho-
tosensitive surface-barrier structures, the structural
perfection of the CdTe substrate, the state of its surface,
and the absence of foreign impurities were controlled.
Optical reflection R;, studies using A modulation allowed
us to determine a band gap of Eg= 1.5 eV, a cubic energy
structure, and a spin-orbit coupling value of 45,=0.9 V,
which is consistent with the literature data for CdTe
[13]. A feature was established at Aw =1.442 eV, deter-
mined by optical transitions involving centers formed by
lithium, Fig. 38, curve 3. Their depth is E; — hw, =
0.058 eV, which is in good agreement with the Li centers
formed during doping with an impurity [3]. Their nature
is due to vacancies in the metal sublattice V., [14].
Therefore, it is logical to assume that they are replaced
by lithium atoms, which form substitution centers Lica.
This conclusion is also confirmed by studies on the
change in the type of electrical conductivity of the sur-
face layer from n-type to p-type due to the formation of
acceptor centers, namely Lica [12, 15].

Optical absorption studies confirmed the perfection
of the crystal structure, as well as the absence of uncon-
trolled impurities. A typical differential curve T, from
A-modulated absorption studies is characterized by a
maximum at E;=1.5 eV, Fig. 3, curve 2, insert in Fig. 5.
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Fig. 3 — Spectra of A-modulated optical reflection of CdTe (1)
and Li-doped diffusion layers (2). In inset (a) the transmission
spectrum was measured using the A-modulation method (3), as
well as the absorption spectrum (4) of diffusion layers of cad-
mium telluride doped with a Li impurity; (b) — energy structure
of the Brillouin zone centers. 7= 300 K

JJ. NANO- ELECTRON. PHYS. 16, 05031 (2024)

No other features in the area fiw < E; were found in
the studies conducted. This is also confirmed by studies
of optical transmission on CdTe plates ~ 45 um thick,
Fig. 3, curve 3. A rapid decrease in transmission inten-
sity is observed at Aw =>1.5 eV. The nature of its change
is well approximated by the well-known expression for
the optical absorption coefficient a in the case of allowed

1

direct transitions «a = A*(hw — Eg)z, where A* 1s the
known value, which is determined by the effective
masses of charge carriers m; and my, [3,16]. The spectral
dependence a in coordinates a?~hw is characterized by
linearity. It is from this that the band gap of E; = 1.5 eV
was determined when it is approximated to the intersec-
tion with the photon energy axis.

A fundamental and important characteristic of the
obtained Au-CdTe:Li photostructures is the spectral re-
gion of photosensitivity Se. At 300 K it covers the photon
energy range 1.4+5.0 eV, Fig. 4.
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Fig. 4 — Photosensitivity spectrum (1) of surface-barrier struc-
tures obtained based on CdTe:Li. The inset shows the photolu-
minescence spectrum (2) of Li-doped cadmium telluride and the
component PL bands (bands A and B). 7= 300 K

Note that the established region of photocurrent gen-
eration consists of two ranges corresponding to A > Eg
and the region Aiw < E;. Note that the base CdTe:Li is
characterized by intense photoluminescence (PL) because
of the indicated processing processes. Its quantum effi-
ciency is 7 = 12 %. The maximum of the spectrum is at
hw = 1.442 eV and covers the region of interband emitting
transitions, inset in Fig. 4.

The composite nature of the radiation in the edge re-
gion (hw < Eg and hw > Eg) correlates with photosensitiv-
ity. High quantum efficiency confirms the structural per-
fection of the surface, which is fundamental in the for-
mation of SBDs with a high potential barrier ¢gn. The max-
imum of the PL spectrum occurs at a photon energy of
hw =1.442 eV and is characterized by properties typical
for recombination through local levels — the independence
of the position of Awm from the excitation level L and the
linearity of the dependence of its intensity  on L [15]. The
energy position E; — hw, is 0.058 eV, which is consistent
with the burial depth Lica. Thus, in the formation of gen-
eration-recombination processes, Lica centers play an im-
portant role. They also determine the formation of photo-
sensitivity of Au-CdTe:Li structures at A < Eg.
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In the photon energy fiw = E; region, intense radia-
tion is formed, the spectrum of which is consistent with
the analytical curve calculated from the well-known ex-
pression for interband transitions of free charge carriers
[1, 15]

Ny~(hw)?\[hw — E4 exp (— M;:TEQ) 1)

where £ is the Boltzmann constant, T'is the temperature,
Nis the number of photons in a unit energy interval. Note
that the maximum occurs at Aw,,= 1.51 eV, and its posi-
tion does not depend on L and the intensity depends on
the excitation level according to the quadratic law [17].
The properties of highly efficient radiation indicate the in-
terband nature of recombination in CdTe:Li. Note that
similar bands are observed in the above results of optical
reflection studies.

Suitable interband generation processes in region
E; — hwp, determine the photosensitivity of the Au-
CdTe:Li SBDs. Note that the spectral distribution of pho-
tosensitivity and radiation are characterized by similar
curves, Fig. 4. The mechanisms during interband transi-
tions of carriers are confirmed by studies carried out un-
der the conditions of the CVC of an illuminated diode.
This CVC of a bleached diode can be described by the fol-
lowing expression [10, 13]

I=Iolexp(eV/nkT) — 1] — I, @)

where I, is the photocurrent, Io is the cut-off dark current
at voltage V=0, n is the ideality coefficient determined by
the current flow mechanism.

Analysis of the obtained integral light characteristics
confirmed the indicated mechanism. Following this, the
transition to the open-circuit voltage Vo (at I = 0) and the
short-circuit current s (putting V = 0) allows us to obtain
the following dependence for eV > 3nkT

Ie = I%.exp(eVoe / nkT) 3)

Here, 1%, must be understood as the cutoff luminous
flux at Ve = 0, which can coincide with Io only in the case
of identical mechanisms for the formation of light and
dark currents. Accordingly, it becomes possible to estab-
lish not only the mechanisms of their formation, but also
to determine the common and distinctive features be-
tween the electrical and energy properties of [19].
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Fig. 5 — Dependences of L. (Vo) at different temperatures:
1-300K, 2-400 K

JJ. NANO- ELECTRON. PHYS. 16, 05031 (2024)

Therefore, the obtained light CVC of Au-CdTe:Li photo-
structures are plotted in In Isc— Vi coordinates; they rep-
resent straight lines, the slope of which changes with tem-
perature, Fig. 5.

The ideality coefficient determined by the character-
istics is n = 2 and it does not depend on 7' in the range
under study. Note that the obtained dependences are
characteristic of the recombination of carriers in the
space charge region (SCR) through single local centers
[20]. According to this model, the parameter
18, ~ exp(—=Eg / 2kT), which allows one to determine the
band gap of the material in which recombination occurs.
The experimental dependence I%.(T) is approximated by
a straight line in coordinates In I%. — 103/T. The energy
slope of the straight lines is ~ 1.6 eV and is consistent
with Eg for cadmium telluride at 0 K.

The results obtained indicate that, along with gener-
ation-recombination processes involving local Lica cen-
ters, interband generation of photocarriers in the Au-
CdTe:Li photostructures under study is important. This
also indicates the spectral range of photosensitivity,
Fig. 4. The dominant processes in the formation of light
CVC of Au-CdTe:Li are transitions through local cen-
ters. This is confirmed by the following circumstances.
Under stationary conditions, the generation rate of G
should be equal to the recombination rate, although they
may be due to different mechanisms. Therefore, they are
described by different analytical expressions. At the
same time, measurements of the I(Vo) dependences
were carried out in the mode of photocurrent compensa-
tion by dark current at forward bias. Accordingly, the
recombination of photocarriers, which can be described
by an expression like dark current, was monitored. The
conducted studies of dark current indicate that in the
objects of study at small forward biases, the current is
controlled by recombination processes in the space
charge region through single centers. Since in SBDs the
generation of photocarriers occurs in the SCR with fun-
damental absorption (interband transitions), their re-
combination will also occur in the same region, but with
the participation of local centers. As shown above, the
latter is also possible, as are the established interband
transitions of nonequilibrium charge carriers.

Thus, it 1s possible to create Au-CdTe:Li SBDs based
on crystalline cadmium telluride. Their photosensitivity
is formed by generation-recombination processes involv-
ing local LiCd centers and interband transitions of pho-
tocarriers. Surface modification during additional pro-
cessing of CdTe:Li with ohmic contacts in an aqueous
suspension of LiCOs salt determines high photosensitiv-
ity due to a significant increase in the height of potential
barrier 0 during the formation of SBDs. The perfection
of CdTe:Li is confirmed by high quantum efficiency
n = 12 % photoluminescence of CdTe:Li and localization
of radiation in the edge region. It is advisable to monitor
the influence of technological processes on the selection
of optimal modes for the manufacture of photodetectors,
the influence of doping processes and surface modification
when studying the processes of optical reflection, absorp-
tion and photoluminescence using A-modulation. The pro-
cesses of interband generation of photocarriers and with
the participation of local Lica centers determine the pho-
tosensitivity S, at 300 K of Au-CdTe:Li photostructures
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in the photon energy range 1.4+5.0 eV. The high quantum
efficiency of n = 12 % when localizing radiation in the edge
region makes it possible to obtain typical values of the Vi
and Isc parameters of 0.7 V and 10 mA/cm? at 300 K on
Au-CdTe:Li structures under AM2 solar illumination.
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®oronerexropu Ha ocHoBi CdTe:Li

M.M. Casoror?, T.M. Masyp?, O.M. Casoror!, M.II. Masyp?, O.B. Kiusepcbka

L Yepuigeupkull HauloHansHuil yrnisepcumem imeni IOpia @edvrosuua, Yeprisui, Vrpaina
2 Jearno OpanKi8CbKUL HAUIOHAJIbHUL MeXHIuHUT YHIsepcumem Hagpmu i eady, lsano-Opankiscok, Yipaina

Berauositeno orrrumastbHi peskmvu JteryBaaHas CdTe momirmkoro Li. Burorosieno dgoromerexkropu Ha 0CHOBL
noBepxHeBo-O0ap’epaux miomie Au-CdTe:Li. ocmimrero omrrudasi mapameTpu 1 OTOETIEKTPUYIHI XapaKTEPUCTUKI
TeTEePOCTPYKTYP, BU3HAUEHO 00J1acTh 1X porouyrmBocti 1,4+5,0 eB 1 mexamiamu ii hopMyBaHHS TP MIMKIOHHUX
mepexoJax Ta yepes JoKasbHi 1eHTpH Lica. Orpumano crpyrrypu Au-CdTe:Li 3 Besmroro dorouyrimsicTio BHACTI-
JIOK BHCOKOTI'O TIOTEHINAJIBHOTO 0ap’epy ¢o, 110 (opmyeThest Ha MonudiroBaniit moepxui CdTe. Bucoka kBamToBa
edextuBHicTE 77 = 12 % CdTe:Li 06yMoBmoe oTprMaHHst hOTOIETEKTOPIB 3 TUIIOBUMU SHAYEHHSAMN HAIPYTH XO0JIO-
croro xoxay Voe 1 cTpyMy KOpOTKOTO 3aMuKaHHS Ly, sikl ckamatoTs 0,7 B 110 MA/cvm23a yMOB COHSTIHOTO OCBITJIEHHS
AM2. Tx roedimienT koprcHoi i Moske Gyta 10 %. TemmeparypHumit KoedilfieHT 3MiHN K.K.JI. (hOTOCIEMEHTIB Ha
ocHoBl CdTe mpakTHYHO B YOTHPHM pas3y MEHIINH 3a KpeMHieBl. OTpUMAaHO BUCOKY KBAHTOBY epeKTUBHICTD 7) = 12 %
BUIIPOMIHIOBAHHS Y KPaMOBIH 006s1acTi. 3ampormoHoBaumii mxiy g0 moaugikarri mosepxui CdTe ta serysarms Li
JI03BOJISIE CYTTERO INIBUIIATH (DOTOUYTIIMBICTE CTPYKTYP 1 BIIKPHUBAE HOBI MOJKJIMBOCTI JIJTS PO3POOKH BUCOKOUYTIIU-

BUX (DOTOMETEKTOPIB [IJIA PI3HUX TIAIa30HIB CIIEKTPA.

Kmiouosi cinosa: Tenypun kamgmito, Jomimeka Li, @oTouyTnusi rerepocTpykTypr, Brcoka KBaHTOBA iHTEH-

cuBHIicTb, [lerTpu Lice, Misk30HHI mmepexo/iu.
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