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This paper discusses the use of semiconductor solar cells based on thin-film cadmium telluride (CdTe) in
modern energy production. The advantages and disadvantages of using CdTe thin-film solar cells are analyzed, and
arguments are presented in favor of the implementation of mass production technologies for CdTe solar modules,
which can compete with silicon analogs in terms of compromise between efficiency and cost. The physical and
chemical properties of the binary Cd-Te system are described, and the relationship between the physical, chemical,
electrical, and optical properties of CdTe is analyzed, making it attractive for use in thin-film solar cells. Special
attention is given to the investigation of photovoltaic properties, which are important parameters for determining
photoconductivity, and the advantages and disadvantages of CdTe film photovoltaic properties are discussed. CdTe
thin-film heterostructures (HSs), which are important components of modern solar cells, are considered, and their
main advantages and disadvantages are described. It is argued that simple methods of manufacturing and forming
HSs, which do not require complex and expensive equipment, are an important advantage of CdTe-based solar cell

technology.

Keywords: solar cells, thin films, CdTe, photosensitivity, heterostructures.

Received 14 June 2022; Accepted 9 March 2023.

Content

Introduction

1. Requirements for the use of CdTe as thin films for solar cells.
2. Physical and chemical properties of the Cd-Te binary system.

3. Electrical and optical characteristics of CdTe.
4. Photosensitivity of CdTe films.

5. Thin film heterostructures based on CdTe in solar energy.

Conclusions

Introduction

Solar cells (SCs) based on CdTe thin films are a type
of photovoltaic solar panels in which the active material
for converting solar energy into electricity is a cadmium
telluride thin film. CdTe has a high efficiency of
converting solar energy and low production cost. It also
has good resistance to corrosion and degradation, allowing
it to be used in various climate conditions. CdTe is a
semiconductor with a bandgap close to the optimum for
absorbing sunlight and good electrical conductivity. That
is why CdTe is considered one of the most promising
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semiconductors for thin-film solar energy.

The technology for manufacturing thin-film solar
cells based on CdTe has many advantages over traditional
silicon wafers, as CdTe is a semiconductor that efficiently
absorbs optical radiation with optimal parameters for solar
cells. The production of thin-film CdTe does not require
complex microelectronic technology, which makes it
more productive and less costly. This is explained not only
by the micron thickness of the absorbing layer, but also by
the low cost of the substrate, onto which the material is
typically deposited, which is usually glass, polymer film,
or metal foil. In addition, thin film heterostructures based
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on CdTe are a promising technology for solar cell
manufacturing.

In field tests, CdTe-based solar panels demonstrated a
17% efficiency that is comparable to silicon-based panels.
According to First Solar, the company is capable of
achieving an efficiency of 24% in two years and 19% in
real-world conditions in three years [1]. In addition, due to
the technology of deposition from the vapor phase, First
Solar's thin panels are easier to manufacture - the entire
process, from transparent glass to the final product, takes
only 3.5 hours, while it takes two days to manufacture a
silicon element [1].

I. Requirements for the use of CdTe as
thin-film solar cells

SCs based on thin films of CdTe have several
advantages compared to traditional crystalline solar panels
[2]. In particular, they have a higher energy conversion
efficiency: CdTe-based solar cells can achieve efficiencies
up to 22%, which is significantly higher than traditional
crystalline solar panels [2,3]. They are also more resistant
to high temperatures: thin CdTe films can operate at high
temperatures  without significant efficiency loss.
Moreover, better performance under low light conditions
is provided by CdTe-based thin-film solar cells, which are
capable of generating electric current at low light levels,
making them effective in cloudy weather or shaded areas
[4].

However, thin-film CdTe-based SCs also have some
drawbacks, such as high production costs and less
resistance to ultraviolet radiation compared to crystalline
solar panels [2, 5].

However, CdTe remains one of the materials used to
manufacture thin-film solar cells. To use CdTe as a solar
cell material, certain requirements must be met. One of the
conditions is material purity, meaning that to obtain high-
efficiency solar cells, high-purity CdTe with minimal
impurities must be used. Another important condition is
the thickness of the CdTe film, which must be optimized
to achieve maximum efficiency. Typically, films with a
thickness of 1 to 2 micrometers are used. To obtain
voltage, a heterojunction between CdTe and another
material, such as copper (Cu), must be used, ensuring a
high-quality junction. It is important to consider the
electrical properties, including the optimal concentration
of electrons and holes in CdTe, to achieve maximum solar
cell efficiency [6, 7]. Additionally, CdTe must be resistant
to moisture, temperature changes, ultraviolet radiation,
and mechanical damage [6]. From a production
standpoint, the use of CdTe must be economically
advantageous.

Adherence to these requirements helps achieve
maximum efficiency of CdTe-based solar cells and
reduces their production cost.

Il. Physical and chemical properties of
the Cd-Te binary system

CdTe stands out among Il -1 compounds like CdSe,
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ZnS, and HgTe due to its unique combination of
properties, including the highest average atomic number,
lowest melting temperature, least negative enthalpy of
formation, largest lattice parameter, and highest ionization
potential. In its electronic form, cadmium telluride
exhibits amphoteric semiconductor properties, allowing
for n- and p-type doping [8]. These factors complement its
nearly ideal optical bandgap and absorption coefficient for
terrestrial photovoltaic devices, making it easily deposited
and controlled in the form of a thin film. Table 1.1 presents
the main physical and chemical properties of CdTe.

The crystallization of cadmium telluride occurs in the
zinc blende structure. Its existence range is asymmetric.
Stoichiometric CdTe has a melting point slightly lower
than Tn. For temperatures below 1000 K, the majority of
the compound's homogeneity range is on the Cd excess
side, and for temperatures above 1000 K, it shifts towards
the Te excess side [12]. The maximum melting
temperature of the compound is Tn=1365K and
corresponds to a non-stoichiometric composition with an
excess of tellurium [10, 12].

The synthesis of 1I-VI compounds is facilitated by
large negative enthalpies of formation (AHyf) and,
consequently, low vapor pressures (psa) of the compounds
compared to their component elements: for CdTe,
AH¢= -22.4 kcal/mol and psat (400 °C)=10"°Torr [13, 14].

The equilibrium reaction for solid CdTe and Cd and
Te, vapors is given by

Cd + 1/2Te; & CdTe Q)

As aresult, deposition of CdTe can be achieved by co-
evaporation from elemental sources, direct sublimation
from a CdTe source, or transport of Cd and Te, vapor
using a carrier gas from elemental or CdTe sources.
Congruent sublimation of CdTe fixes the gas phase
composition for deposition from a CdTe source, and the
relatively low vapor pressure of CdTe facilitates the
deposition of single-phase solid films over a wide range of
substrate temperatures [12].

The partial pressures of the Cd and Te, components
are related to each other by the equilibrium constant of the
reaction [15]:

1

K, = P2 Pre of K, = Peq P2, @)

The temperature dependence of the equilibrium
constants K, varies slightly according to different authors
[2, 15].

According to [16], the phase diagram of the Cd-Te
system at atmospheric pressure is shown, reflecting the
individual vapor-solid equilibria for individual CdTe, Cd,
and Te components in the temperature range from 100 to
600°C, which is commonly used for the manufacture of
SCs. The congruent evaporation of CdTe simplifies the
methods of deposition from the vapor phase, and the
relatively high sublimation pressures of Cd and Te ensure
a single-phase composition during vacuum deposition at
temperatures above approximately 300°C. Additionally,
CdTe is a stable product of cathodic reduction from
solutions containing Cd and Te ions, due to the similar
reduction potentials for Cd and Te and the low solubility
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of CdTe [16, 17].

The T-x phase equilibrium of the CdTe system at
atmospheric pressure is defined by the end points
consisting of Cd (x=0), Te (x=1), and CdTe [16]. The
melting temperature of CdTe is much higher than that of
Cd (Tm = 321°C) or Te (Tm = 450°C), with a value of
Tm = 1092°C [8,9]. The T-x projections surrounding the
stoichiometric composition of CdTe show a very narrow
and symmetrical region of existence at T<500°C, which is
approximately ~10 atm.%. At higher temperatures, the
region of existence expands and becomes asymmetric on
the Cd-enriched side up to 700°C, becoming Te-enriched
at higher temperatures. The region of existence and the
defect structure are related to the conditions of preparing
the bulk material and have been the subject of many
studies [8, 18]. Recent theoretical studies on defect levels
in CdTe have extended this basis [8, 18]. Currently, the
transfer of bulk properties to thin films of CdTe remains
an important research topic.

The solid-state properties of CdTe are determined by
its ionic bonding. According to the Phillips ionicity scale,
CdTe has the highest value of 0.717 among Il —VI
compounds, which is less than the Phillips threshold value
of 0.785 for octahedral coordination [8]. Geometric
calculations show that tetrahedral coordination prevails in
ionic binary compounds that have a cation/anion radius
ratio between 0.225 and 0.732, while octahedral
coordination is favored for ratios greater than 0.732
[8, 15]. The cation/anion radius ratio in CdTe is
r(Cd*)/r(Te?) =0.444, which favors tetrahedral
coordination.

In  solid monoatomic substances, tetrahedral
coordination of atoms with four nearest neighbors and
twelve subsequent neighbor’s results in the diamond
structure. In double solid substances, this coordination
corresponds to the structures of zinc blende and wurzite.
Solid CdTe at atmospheric pressure has a face-centered
cubic structure of zinc blende, where the size of the
elementary cell is 6.481 A, and the CdTe bond length is
2.806 A [9].

Cadmium telluride has two possible structures:
sphalerite (cubic B3 structure) and wurtzite (hexagonal B4
structure), with the same number of atoms in the first and
second coordination spheres [8]. At room temperature and
a pressure of 3.3-3.6 GPa, a phase transition occurs in
cadmium telluride from a sphalerite or wurtzite structure
to a NaCl-type structure, accompanied by a sudden
decrease in electrical conductivity [9].

Band gap of CdTe increases with decreasing
temperature  (Eq= 1.5976-6.09-10472/(T+255) —[19],
Ey=1.622-3.5-107-1.1-107T2 — [15],
Eq=1.65-5.35-10"T —[8]). The value of the spin-orbital
splitting of the valence band becomes 0.9 eV [10], 0.93 eV
[19].

Binary equilibrium between Cd and Te reveals only
one composition of CdTe, which is formed in the ratio
Cd:Te = 50:50% and has a eutectic solution in liquid Te
[4]. When studying the phase state of CdTe at high
temperatures, an asymmetric expansion of the single-
phase region on the Te side was found at T > 600°C. At
750°C, the absence of Cd in the alloy is 108 sm, which
corresponds to a deficiency. The distance between nearest

Table 1.1.

Basic physical and chemical properties of CdTe [9, 10]

Parameter name, symbol, dimension

Numeric value

1 2

Lattice type sphalerite
Space group Tz — F43m
Lattice parameter, a, 10° m 6.481

T 6.478
Cd-Te bond length, A 2.806
Density, p, kg/m? 5.86-10°
Melting temperature, T, K 1365
Thermal expansion coefficient (300K) 5.9 x 10°/K
Specific heat, Cp 595 15, J/MoIK 50.2
Heat of formation, AH? 46,5, 10° J/mol 100.5
Melting heat, AHy,, 103 J/mol 44 .4
Heat of sublimation, AH, 103 J/mol 181.95

Sublimation reaction

CdTe — Cd + 1/2Te>

Sublimation pressure psat

log(P./bar) =—10650/T(K)
2.56 log (T) + 15.80

Standard entropy, Spog 15, 10° J/molK 98.61
Entropy of formation, AS,?, J/molK 361.74 (T =874 K)
Entropy changes during melting, 4., J/molK 32.53
Upper limit of dissociation energy, £, 10° J/mol 129.8
Thermal conductivity, y, W/cm K 0.075

Coefficient of self-diffusion atoms Cd, Dscedlf_dif_

2.10%(T'= 1273 K)

Coefficient of self-diffusion atoms Te, Dggi_ai.

8.2:10"1 (T'= 1073 K)

Debye temperature, Ty, K

200 (7= 80 K)
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neighbors in the CdTe structure is at the level of 0.28 nm
at 300 K. The Hall mobility of electrons at 300 K is up to
n < 1050 sm?/Vs, and the Hall mobility of holes at 300 K
is up to p < 100 cm?/Vs With. The exciton binding energy
is 12 meV, the average photon energy is 5.8 meV [8, 20].

I11. Electrical and optical characteristics
of CdTe

The volumetric optical and electrical properties of
CdTe depend on the structure of the electronic bands near
the maximum of the valence band (MVB) and the
minimum of the conduction band (MCB). For CdTe, the
MVB and MCB are located at the same point I in the first
Brillouin zone, resulting in a direct bandgap width of
1.5eV at 300 K. The temperature coefficient of the
bandgap width for CdTe is approximately —0.4 meV/K,
leading to minimal changes in the performance of SCs at
typical temperatures. The shape of the bands around the
extrema determines the effective mass of electrons in the
MCB and holes in the MVB, as well as controls the
properties of charge carrier transport and inter-band
density of states [21]. Table 1.2 presents the main optical
and electrical properties of CdTe.

Compared to other semiconductors such as silicon,
CdTe has a higher dielectric constant in the infrared and
visible light regions, allowing it to transmit more light and
provide higher efficiency for photovoltaic panels. CdTe
has good absorption in the infrared and visible light
regions [2]. Light reflection on the surface of CdTe
depends on its structure and the wavelength of the light.
Light scattering in CdTe depends on its defects and
impurities, and their presence can be significant, reducing
the efficiency of CdTe-based SCs [22]. CdTe
photoluminescence occurs when the material absorbs

photons and emits light of the corresponding wavelength.

The mobility and concentration of charge carriers
[23, 24], conductivity of the material, energy of radiative
transitions [25] and other electrical and optical properties
of CdTe strongly depend on its chemical composition and
defect structure of the crystal [26]. This structure can be
effectively  controlled during post-growth  high-
temperature processing. It has been established that at
room and lower temperatures, the predominant scattering
mechanism is scattering on ionized centers, while at
higher temperatures it is scattering on optical phonons
[27].

The band structure of CdTe can be understood by
considering its relatively high ionicity, which is explained
by the fact that parts of the Bloch functions with
periodicity identical to the lattice are associated with the
atomic orbitals of Cd and Te. The conduction band arises
from the first unoccupied cationic level, namely the 5s
level of Cd. The highest valence band consists of the
highest occupied level of the anion, namely the 5p level of
Te.

In CdTe, the presence of defects disturbs its periodic
structure, leading to the formation of localized electronic
states within the bandgap and changes in electrical and
optical properties [28, 29]. Such defects can be of various
types, including intrinsic defects, chemical impurities, and
their complexes, which can arise as either substitutional or
interstitial defects. For example, cadmium vacancy (Vca)
leads to shallow acceptor states, while cadmium
substitution on the tellurium site (Cdre) leads to shallow
acceptor states. Interstitial cadmium (Cd;) leads to
relatively shallow donor states, while interstitial tellurium
(Tei) leads to deep states. Although shallow states can be
easily created by acceptors and donors [18], the overall
doping effect depends on the probability of formation and
ionization degree, which determine the degree of

Table 1.2.

Optical and electrical characteristics of CdTe [7, 20, 22]

Parameter

Value

Optical range CdTe Eg (300K)

1.50eV £ 0.01eV

Optical range. Alloy CdTeo.9550.05

1.47¢V £0.01eV

Temperature dependence dEg/dT —0,4meV/K
Electronic affinity 4.28eV
Absorption coefficient (600 nm) >5 x 105/sm
Refractive index (600 nm) ~3
High frequency dielectric constant € (o) 7.1

9.65
Low frequency (static) dielectric constant & 10.9

11.0

1.606 (T = 4,2 K),

Band gap, Eg, eV 15 (;: 300 K))
Me 0.096 mo
Mmnp 0.35 Mo
e 500-1000 cm?/ Vs
Un 50-80 cm?/ Vs

Intrinsic concentration of free charge carriers, n, cm -3

2.0-106-1.5-10%
(T = 300-700 K)

electron p,,, 10° m? V! sec!

105

Hall mobility

halls y,,, 10 m? V! sect

7
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compensation of the desired acceptor state.

One of the most important issues in the processing of
CdTe solar cells is achieving high concentrations of
acceptors that exceed 10 cm™. During the thermal
processing of the semiconductor system, equilibrium is
approached, and first-principles-based studies have shown
that p-type doping leads to a self-compensation
mechanism [29]. When the Fermi level is shifted towards
the MVB, the chemical potential for forming donors
increases, which compensates for further acceptor
formation and significantly limits the maximum acceptor
concentration. On the other hand, deep states can act as
traps, reducing carrier lifetime and leading to increased
carrier recombination. In [29], the reduction of deep
electronic states measured in CdTe and CdznTe is
considered. In article [4] shows a group of shallow and
deep defects, including intrinsic, dopant, and complex
levels in CdTe. To achieve the desired electrical
properties, activation treatments that include certain
dopants in CdTe and CdS layers are used. After
deposition, CdCl,, O, and Cu can be applied, which in turn
activate or passivate intrinsic defects [4].

However, the electrical characteristics  of
polycrystalline CdTe used in modern solar cells may differ
from those of monocrystalline CdTe for several important
reasons. In particular, defects between grain boundaries
will have different energies in the bandgap and will have
different formation energies. This assumption is based on
the fact that different post-deposition methods used to
improve the efficiency of solar cells mainly affect the
grain boundary states rather than the bulk states of CdTe.
For example, in the experiment [31], devices with electro-
deposited CdTe films were created, which had fibrous
grains with a length of 2 um and a width of 0.15 pum. Both
samples received the same CdCl, treatment, but one
sample underwent a short oxidizing treatment before the
CdCl; treatment. The cells produced similar open-circuit
voltages (Voc), but different photocurrents. The CdTe film
in the cell with the oxidation step retained the structure of
the deposited grain and the thickness of the CdS film. This
cell demonstrated improved performance, with an internal
quantum efficiency (IQE) >90%, indicating improved
lifetime of photo-generated carriers compared to the
sample without the oxidation step, which showed grain
coalescence, loss of the CdS film, and IQE < 60% [8].

This result confirms the correlation between the
physical, chemical, and electronic properties of the
CdTe/CdS thin-film SC. Since the cells are manufactured
in a polycrystalline environment, several critical issues
arise that affect the development of thin-film photovoltaic
devices. The first is the separation of intragrain effects
from grain boundary effects. The second is the detection
of the influence of grain boundaries on device
performance. The third is the control of film properties
over a large area with more than 10%2 grains per square
meter in the CdTe module, where grains have a width of 1
micron. However, during the development of CdTe SCs,
these problems were successfully addressed using
improved methods for determining characteristics,
empirical optimization of film deposition, and post-
deposition processing. Today, several powerful methods
exist for the quantitative evaluation of film properties,
including those for CdTe/CdS SCs, which are discussed in
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references [6,32-34]. Some of these methods can also be
used as diagnostic sensors for embedded feedback control
during the manufacturing process of CdTe/CdS modules.

IV. Photosensitivity of CdTe films

CdTe films are a well-known photosensitive material
capable of converting light energy into electrical current.
This allows them to be used in solar panels and other
photovoltaic devices, such as X-ray detectors, as well as
in scientific research.

The main properties of CdTe film photosensitivity
include spectral sensitivity, absorption coefficient,
conversion efficiency, response time, and stability. CdTe
films have high spectral sensitivity in the infrared and
visible ranges. Their spectral range depends on the
thickness of the film and impurities present in the material.
They have high light absorption coefficients compared to
other semiconductor materials such as silicon, meaning
they can convert more light energy into electrical current.
CdTe films have high conversion efficiency of light
energy to electrical current, indicating that they can
provide high electrical power at low light levels [21, 22,
33]. Additionally, CdTe films have a fast response time to
light, allowing them to be used in devices that require a
quick response to light. And importantly, CdTe films have
good stability against environmental factors such as
temperature and humidity.

The photosensitivity of CdTe films is determined by
the energy bandgap and defects in the crystalline structure.
Since the bandgap of CdTe is approximately 1.5 eV,
corresponding to a spectral range of around 800 nm, CdTe
films have the highest photosensitivity in the near-infrared
and visible spectral ranges.

In addition, the photosensitivity of CdTe films
depends on their thickness. The thickness of the film
should be sufficient to absorb a sufficient number of
photons, but not too large, as this can reduce the charge
collection efficiency. Typically, the optimal thickness of
CdTe films ranges from 1 to 2 um.

An important factor affecting the photosensitivity of
CdTe films is the quality of the material itself and the
technology used to manufacture it. For example, to ensure
high efficiency, CdTe films should have high purity and
uniformity. The technology used to manufacture CdTe
films also affects their photosensitivity: for example,
using the chemical deposition from solutions method can
produce films with higher photosensitivity than using the
physical deposition from vapors method [30].

To ensure high efficiency of CdTe films, they must
also have good conductivity and charge carrier transport
properties. Additional layers, such as ultra-fast diffusion
layers that reduce charge carrier lifetime, or other
materials like ZnO layers that provide efficient charge
collection, are often used for this purpose.

CdTe films deposited at a temperature of Tye = 473 K
exhibit photosensitivity. The thickness of the films is set
at 400 nm, since the light absorption coefficient is
practically inversely proportional to the film thickness,
providing better absorption of incident light on the films.
Measurements of the I-V (current—voltage) characteristics
of CdTe films at different ambient temperatures showed
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that they have ohmic properties both in the dark and under
illumination. The dark conductivity of the grown CdTe
films measured at room temperature is 106 Ohm™*m™. It is
noted that the dark conductivity and photosensitivity of
CdTe films increase with an increase in the deposition
temperature Tme in the range of 303 to 573 K [35].

The efficiency of the photoconductivity of the film
largely depends on natural and external imperfections,
which can act as capture or recombination centers. In
polycrystalline films, many defects and broken atomic
bonds arise between grains, creating additional energy
states. These states effectively capture charge carriers,
creating a potential barrier at the grain boundary. Due to
the uniform structure of the intergranular boundary with
an average barrier height Enq, the dark conductivity of the
film is determined by the formula [36]

—(AE+Ebl)/kT — —AED)/RT

Ncepge 3)
where N¢ is the density of states in the conduction band,
o 1S the carrier mobility in the grain.

During illumination, the conductivity of the film can
increase due to an increase in the number of free charge
carriers and a decrease in the grain boundary barrier
height, which depends on the energy of light. Research
[36] has shown that the change in conductivity due to the
generation of charge carriers during illumination is
insignificant compared to the change in conductivity that
arises due to thermal generation of charge carriers. The
main factor contributing to the increase in conductivity
during illumination is the enhancement of carrier mobility
at the grain boundaries, which occurs through barrier
modulation. The overall photoconductivity of the films
during illumination can be expressed by the formula
presented in reference [36]:

Op = Nce[,loe

o, = NCeMOe—(AE+EbZ)/kT — Nce‘uoe_AEL)/kT

(4)

AEL = (AE + Ep)) (%)

Here AE. is the photoactivation energy, Ep is the
height of the barrier under illumination.

The barrier height reduction (mobility activation
energy) can be expressed as:

AE, = (AEp — AEL) (6)

The energy required to activate the mobility of charge
carriers 4E, depends on temperature and light intensity, as
well as the lifetime of these carriers. The relationship
between photoconductivity and the energy of mobility
activation can be expressed using the appropriate
equations (3) and (4):

AE,
u
2=e /RT
oD

()
The photosensitivity S is determined by the formula

®)

S = (o, —0p)/op
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It should be noted that the efficiency of
photosensitivity depends significantly on defects in the
structure, which can act as trapping or recombination
centers for charge carriers. In CdTe films with a
polycrystalline structure, photoconductivity is mainly
determined by processes occurring at grain boundaries.
Using atomic force microscopy (AFM) (Fig. 1), the
average crystal size was determined, and the efficiency of
photosensitivity for films of different thicknesses and
structure quality is presented in Fig. 2 [20].

;« ' 4 b |
»v')‘ m . Y }
M 4 " . S E
f T 4 v it \
_‘ o ‘kj. ! 5 ¥ AT A 66 nm
‘i\: " li | l'ﬁ ' p ,' 'N‘
b \ o " ‘ .‘u £ v‘-r' “
\-\ J 1:.‘ I, ¢ A *"”‘_
+ N ' A4 (0 ,J‘W " 0mm
J \, ¢ # Al ~
: V. B
‘@ \_ o 5 o
P v

i
-

Fig. 1. AFM imagelof the surface of a 300 nm thick CdTe
film on a polished glass substrate.
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Fig. 2. Dependence of photosensitivity on illumination for

thin CdTe films of different thicknesses:

e — thickness 200 nm, lining — polished glass;

4 — thickness 320 nm, lining — polished glass;

o — thickness 540 nm, lining — mica;

the average grain size is 25 nm (@), 30 nm (4),
90 nm (0).

According to the research results, it can be seen that
the photosensitivity of films obtained on polished glass
substrates is significantly higher than that of films
obtained on fresh mica cleavages (111), and it increases
with decreasing film thickness. This is explained by the
fact that the specific contribution of intergranular regions
increases with decreasing crystallite size [20, 22].
Photoactivation energies decrease in darkness as the
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intensity of white light increases. The decrease in
photoactivation energy at a higher level of illumination is
primarily explained by a decrease in the intergranular
boundary potential barrier height. It is expected that the
potential barrier strongly affects the mobility of carriers
and thus controls photosensitivity.

Using (7) and (8), the photosensitivity can be
expressed as a function of the mobility activation energy:

S = eAE”/kT -1

©)

On Fig.3 dependences of the calculated activation
energies of mobility on illumination are given [20].

AE
0,061

0,051
0,04
0,031
0,02
0,01

eV

no

04 : : ; : .
0 2000 4000 6000 8000 10000 I,Ix

Fig. 3. Dependence of the calculated mobility activation
energies on illumination for thin CdTe films of different
thicknesses:

e — thickness 200 nm, substrate — mica;

¢ — thickness 320 nm, lining — polished glass;

o — thickness 540 nm, lining — mica.

The grain boundary effect explains the decrease in the
energy of photoactivation in the dark, since the current lost
to recombination at the grain boundaries negatively affects
the sensitivity of the films to light. Decreasing the
temperature leads to a reduction in the photogeneration
process and, accordingly, to a decrease in sensitivity to
light. It has been found that the lifetime of minority
carriers varies inversely with the intensity of light,
confirming the defect-controlled photoconductivity of thin
CdTe films.

It is worth noting that the obtained activation energies
for films obtained on polished glass are close to each other
and are in the range of 0.012-0.05 eV. At the same time,
for films obtained on fresh mica cleavages, significantly
lower values of mobility activation energies were
obtained, which are 0.009-0.03 eV [20, 24].

Despite the high photosensitivity of CdTe films, they
also have some drawbacks. For example, CdTe is a toxic
material, so special safety measures are required for its
production and use. In addition, CdTe films can be
sensitive to radiation, which can lead to degradation of
their efficiency [2, 3]. However, significant advancements
in CdTe film manufacturing technology in recent years
have allowed these drawbacks to be minimized.

It is also worth noting that CdTe films have high
efficiency in collecting light from small collection areas,
making them suitable for creating thin photovoltaic cells.
This allows for the creation of more compact and efficient
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solar panels.

In summary, the photosensitivity of CdTe films
depends on the spectral range, thickness, and quality of the
material, as well as the technology used in their
manufacture.

V. Thin-film heterostructures based on
CdTe in solar energy

CdTe thin film solar cells are important components
of modern solar panels that convert solar energy into
electricity. They consist of several layers of different
semiconductors that are interconnected. Typically, they
are made up of a layer of CdS and CdTe, which allows for
an energy conversion efficiency (ECE) - the efficiency of
converting solar energy into electrical energy.

Thin film solar cells have several advantages over
other solar energy technologies. They have an ECE, are
able to withstand high temperatures and high levels of
illumination and have a low production cost.

One of the main manufacturers of CdTe thin film solar
cells is First Solar. The company uses a thin film
production process that allows for the production of cells
with low cost and HCE. According to the company's data,
its SCs have a HCE of over 18%, making them some of
the most efficient cells produced [2].

The main advantages of using CdTe thin-film HSs in
solar energy are their high efficiency, low cost, ease of
production, high stability, and flexibility. CdTe thin-film
HSs have a high efficiency of converting solar energy into
electrical current, allowing for more power output for the
same battery size compared to other materials. In addition,
CdTe is a cheap semiconductor, which reduces the
production cost of solar panels, particularly CdTe-based
thin-film HSs. CdTe thin films can be produced using thin
film deposition processes such as chemical bath
deposition and physical vapor deposition, which allow for
high-quality films to be obtained at low temperatures
[29,37]. CdTe thin-film HSs have good stability against
environmental and thermal stresses, which ensures the
longevity of solar panels [38]. CdTe can be used in
flexible solar panels, allowing for the creation of highly
efficient solar energy systems that can be applied in
various fields such as transportation, aerospace, medicine,
and others.

Despite many advantages, thin-film CdTe HSs have
certain drawbacks. For example, the low or unsatisfactory
stability of the HSs to moisture and acids, which can cause
a decrease in their efficiency. Another important aspect of
using thin-film CdTe HSs is the issue of cadmium toxicity,
which is one of the components of the heterostructure.
Additionally, the wuse of cadmium can cause
environmental problems during the disposal of solar panel
waste [3]. Despite this, the issues of cadmium toxicity and
stability HSs under external factors require further
research and the development of effective measures to
minimize negative impacts.

Furthermore, there are alternative materials for
creating solar cells, such as perovskite materials [39].
These materials have high efficiency in converting solar
energy into electricity and are less toxic than cadmium.
However, perovskites have their own drawbacks, such as
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insufficient stability to moisture, acids, and other factors.

One of the main challenges of CdTe thin-film HSs is
their relatively low stability to ultraviolet radiation and
high temperatures. This can lead to a decrease in the ECE
and a reduction in the service life of the SCs. To mitigate
this effect, various protection methods can be used, such
as applying protective coatings or using stabilizers
[37,38]. Additionally, there is a limitation on the
thickness of CdTe films, which can restrict the effective
thickness of the device and thus its ECE. To address this
issue, various film strengthening technologies can be

employed, or thin heterostructures with other
semiconductors, such as CulnGaSe; (CIGS), can be
utilized [40].

CdTe-based semiconductors have an advantage over
Si in that they absorb optical radiation more efficiently,
allowing the production of cheaper thin-film CEs. In
particular, the average efficiency of the n-CdS/p-CdTe HS
is about 16% under AML.5 illumination conditions and a
temperature of 300 K, which is almost half the theoretical
value [2].

It is believed that one of the reasons for the low
efficiency of CdTe-based SCs is the short lifetime z of
non-majority carriers, which leads to a high recombination
velocity s at the interfaces of the HSs junction and grains
in the polycrystalline CdTe film. Reducing the
recombination velocity vs should lead to improvements in
the main parameters of solar cells, such as short-circuit
current Jsc and open-circuit voltage Voc. This is confirmed
by experiments that have shown an increase in the open-
circuit voltage Voc from 0.84 to 0.93 V when replacing the
polycrystalline CdTe film with a single-crystal substrate
in n-CdS/p-CdTe heterostructure solar cells [41]. The low
values of the short-circuit current and efficiency 7 of these
samples are associated with the high resistance of the p-
CdTe base substrates, the concentration of free holes in
which does not exceed 7 10% cm at 300 K. Improving
the structural perfection of the photoactive layer of p-
CdTe in thin-film n-CdS/p-CdTe SCs allowed the
efficiency # to be increased to ~21%, while Vo increased
by only 0.03 V [42, 43].

In this case, the increase in efficiency is associated
with an increase in short-circuit current (Jsc), which is
caused by a significant reduction in the series resistance of
the HS through the thin p-CdTe layer. The dependence of
the short-circuit current on the level of illumination (L) is
linear and changes by more than four orders of magnitude.
The open-circuit voltage (V,.) depends on lgL at low
levels of illumination and saturates at high levels, as
shown in Fig. 4.

A slight increase in the open-circuit voltage (Vo)
indicates that the main factor affecting the minority carrier
lifetime () is the recombination velocity at the junction
interface of the semiconductor components. Various
surface passivation methods can be applied to reduce this
recombination velocity (vs) by 1-2 orders of magnitude.
These methods can be used for both single crystal and
large-grain semiconductor films [38, 44].

The internal quantum efficiency of the CdS/CdTe
heterostructure significantly increases with the increase in
the charge carrier lifetime and the specific resistance of the
CdTe layer. However, it remains at the level of 17-18.5%
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for lifetimes within the range of 10°-10"° s. To increase
the efficiency to the theoretical limit (28-30%), it is
necessary to increase the charge carrier lifetime in the
CdTe layer to about 10°®s and increase its thickness to

several tens of micrometers. However, this is not
economically justified [45].
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Fig. 4. Dependences of Jsc and Vo for surface-barrier
diodes on a CdTe:O substrate on the solar energy flux
density.

An analysis of optical losses in thin-film CdS/CdTe
solar cells with a transparent conducting layer of 1TO or
SnO; showed that even with 100% efficiency of
photovoltaic conversion in CdTe and minimal thickness of
CdS and ITO layers, the short-circuit current density (Jsc)
cannot exceed more than 60% of the maximum possible
value [46]. If the thickness of CdS and ITO layers is
reduced below 30-50 nm, it is impossible to reduce
optical losses, and a greater effect can be achieved by
improving the transparency of the front electrode using
other materials such as Cd,SnOs, Zn,SnO4 or ZnO. Even
in the absence of absorption in CdTe, optical losses at a
thickness of 50 nm of CdS reduce the short-circuit current
by approximately 35%. The main reason for this reduction
is the fundamental absorption in CdS (at A <500 nm),
which cannot be eliminated without replacing CdS with a
semiconductor material with a wider bandgap [3, 47].

It can be confidently asserted that research on CdTe
HSs and other thin-film PV materials for creating SCs is
an important direction for science and technology, as it can
help reduce dependence on fossil fuels and decrease
carbon emissions into the atmosphere. Moreover, the
development of solar energy can create new job
opportunities and contribute to economic growth. To
achieve high ECE and efficiency of CdTe-based SCs,
various optimization methods can be used, such as
optimization of the thickness and composition of the
heterostructure layers, optimization of the element's
geometry, using different quality control methods, and
developing new production methods. Additionally, it is
important to ensure effective recycling of CdTe-based
SCs, which will help reduce their environmental impact
and contribute to creating a sustainable and
environmentally friendly solar energy sector.
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Conclusions

CdTe material possesses the necessary properties for
creating thin-film SCs, including high energy conversion
efficiency, durability, cost-effectiveness, and ease of
manufacturing. This makes it an attractive material for PV
production. The conductivity coefficient, electron
mobility, energy conversion efficiency, transparency,
light absorption, scattering coefficient, electrical
conductivity, high absorptivity in the near-infrared and
visible regions of the spectrum, good chemical and
mechanical stability, and other properties of CdTe play an
important role in the production of thin-film SCs based on
this material.

The photosensitivity of CdTe films depends on
several factors, including the film growth method,
material purity, and its structure. These films have high
sensitivity to light and high-energy radiation, which
allows them to be used in various devices, particularly in
solar cells. However, the photosensitivity of CdTe films
also depends on the presence of defects and impurity
levels in the material, so it can be improved through
appropriate processing and optimization methods.

Despite the fact that the efficiency of CdTe thin-film
solar modules in large-scale production is only around 10—
11%, which is significantly lower than the efficiency of
silicon-based modules (13-17%), there is still potential for
significant improvement of CdTe SCs efficiency through

certain combinations of parameters. The thickness of the
absorbing layer, carrier lifetime, specific resistance, and
concentration of uncompensated acceptors in CdTe are
key factors that can greatly influence efficiency
improvement [48].

However, in order to achieve the highest efficiency
and ensure resistance to harmful factors, it is necessary to
continue developing manufacturing technologies for thin-
film PV based on CdTe. This includes the development of
new methods for protection against ultraviolet radiation
and high temperatures, improvement of the mechanical
stability of films, reducing the use of cadmium, and
ensuring resistance to the harmful effects of long-term
operation.

Research and development conducted over the past
decade have enabled the mass production of CdTe-based
solar modules that can compete with silicon modules in
terms of compromise between efficiency and cost. This
contributes to the construction of powerful solar power
plants, and rapid development of this industry is expected
in the future.
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VY po6oTi IPOBEIEHO AOCTIIKEHHS 010 BUKOPUCTaHHS HAIiBIPOBITHUKOBHX coHsuHNX eneMeHTiB (CE) Ha
OCHOBI TOHKOIUTIBKOBoro Tenypuny kammito (CdTe) B cywacHiii eneprerumi. IIpoanamizoBaHO mepeBaru Ta
Henonikn BukopuctanHs CE Ha ocHoBi ToHkmx muiiBok CdTe, a TakoX NpHBEAEHO apryMEHTH Ha KOPHCTH
BIIPOBA/UKEHHS TEXHOJOTd MacoBoro BuUpoOHHITBa CdTe COHSYHMX MOXYJIB, SKIi MOXYTh KOHKYPYBaTH 3
KPEMHI€BUMH aHAJIOraMH 332 KOMIIPOMICHHX 3Ha4YeHb e(eKTHBHOCTI Ta BaprocTi. Ommcano ¢i3uko-XimiuHi
BiactuBocTi OiHapuoi cuctemu Cd-Te Ta BkazaHO 3B'I30K MK (i3HIHUMH, XIMIYHHMH, CSJICKTPUUYHHMH Ta
ontuyHUMH BiacTuBOCTAMU CdTe, mo pobuts #oro mpuBaOIUBUM Ui BUKOPUCTAHHA y TOHKOIUTiBKOBUX CE.
OcobmmBa yBara IpHIUISETHCSA JOCTIIPKEHHIO (DOTOUYTIMBOCTI, SKa € BaIJIMBAM IapaMeTPOM Yy BH3HAUCHHI
(doTonpoBiTHOCTI, Ta OOrOBOPIOIOTHCS IepeBarn i Henomikk ¢ortouymmBocti miiBok CdTe. Posriasayro
ToHKoILTiBKOBI rerepocTpyktypu (I'C) CdTe, siki € Ba)XTMBIMHU KOMIIOHEHTaMH CyYacHHX COHSYHHX Oarapei, Ta
ONUCYIOTBCSL X OCHOBHI IepeBaru Ta HENOMIKH. APTryMEHTYEThCS, IO NPOCTI CIOCOOM BHTOTOBJICHHS Ta
¢dopmyBanns ['C, sxi He TOTPeOYIOTh CKJIAIHOTO Ta JOPOTOro OOJaTHAHHS, € BAKIMBOIO IIEPEBArol0 TEXHOJOTIT
CE na ocHosi CdTe.

KirouoBi ciioBa: consuHi eneMeHTH, TOHKI IiBKH, CdTe, hoToUyTIHBICTh, TETEPOCTPYKTYPH.
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