E3S Web of Conferences 401, 05082 (2023) https://doi.org/10.1051/e3sconf/202340105082
CONMECHYDRO - 2023

Development and research of layered
composite materials based on Cu2ZnSnS(Se)s
for solar cells

A. V. Umarov" %, B. A. Mirsalixov', D. K. Djumabayev', F. X. Xusnuddinov’

ITashkent State Transport University, Tashkent, Uzbekistan
Tashkent University of Applied Sciences, Tashkent, Uzbekistan

Abstract. This paper discusses the development of manufacturing
technology with low costs for the production of solar cells based on
Cu2ZnSnS(Se)4 crystals, elucidation of the physical principles of operation
and the search for solutions to improve the efficiency of converting solar
energy into electrical energy. The morphology of grown ingots and some
electrophysical properties of Cu2ZnSnS(Se)4 crystals were studied.

1 Introduction

To meet the energy needs of the population of remote areas of the republic, it is advisable
to use, along with traditional types of energy, environmentally friendly, non-traditional and
renewable energy sources (RES). In remote regions where the centralized power system is
unreliable or non-existent, the use of RES is the only solution to the problem. Therefore,
recently much attention has been paid to the use of renewable energy sources, the
production of energy from which is not associated with the consumption of various types of
energy carriers.

Composite layered materials based on compounds Cu>ZnSnSs (CZTS), CuzZnSnSes
(CZTSe), and their solid solutions - CZTSSe are promising materials for the manufacture of
solar photoconverters [1 — 4]. In terms of optical properties, they favorably differ from
other compounds of this class. However, the study of the regularities of the formation of
crystals and films, the study of their electrical and optical properties, depending on the
technological mode of production, have not been studied.

The purpose of this study is to study the process of obtaining composite materials based
on CZTSSe layered films obtained by various methods and to study the electrical properties
of the compositions.

2 Methods

In order to test the applicability of the devices and test the joints with various materials, the
surfaces of the resulting layers were analyzed in detail. Surface analysis revealed a uniform
thickness distribution. The atomic force microscopy (AFM) micrographs indicated the
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presence of smooth surfaces, the crystalline nature of the deposited films, and the size of
crystallites less than 300 um, which contributes to the broadening of the peaks in the X-ray
diffraction patterns. The AFM method was used for a more detailed analysis of the surface
topography. From the three-dimensional representations obtained for the Cu,ZnSnS(Se)4
layers, it was possible to find a uniform distribution of crystalline domains. The sectional
analysis of layers at different points also demonstrated regular topography. At the same
time, it is shown that the grain size of crystallites is in the range of 240 — 330 um.

In this article, we study the creation of anisotype Cu,ZnSnS4/Si HPCMs on a
polycrystalline Si matrix.

Samples for research were made by two methods. Vacuum deposition method and
centrifugal coating method.

According to the first method the formation of a thin CZTS composite layer on a Si
matrix was carried out in two stages. At the first stage, base layers of composite
components were formed on a matrix of polycrystalline Si by vacuum deposition. The
process was carried out on the installation VUP-5M, under vacuum (2-5)10° mm Hg. The
ratio of the components of the compositions in the base layer was taken in accordance with
the stoichiometric composition of the compound. The latter was calculated based on the
atomic weight of the components and the layer thickness of each component of the
composition.

At the second stage, the base layer was sulphurized from an unlimited source, in a
closed volume. To do this, samples of polycrystalline Si with components of the
compositions deposited on the surface were placed in an evacuated to (1-3)10 mm Hg.
vacuum quartz ampoule. To ensure uniform sulphurization and prevent the evaporation of
sulfur from the formed film, sulfur was placed in the ampoule in an amount that provided
the required pressure inside the ampoule. The process of formation of the CZTS composite
layer was carried out by thermal annealing of samples with base layers in a SUOL-4
furnace. To study the formation of CZTS layers on Si, the components of the compositions
were deposited sequentially or in parallel; during sequential deposition, the sequence of
deposition of the composition components was varied. The film thickness after each stage
of deposition was controlled by the metallographic method. Thermal firing of the
components of the compositions was carried out at temperatures of 400 - 620° C, the firing
time was in the range of 15 - 90 minutes. The heating rate was 15 - 30 degrees/min. After
firing, the samples were cooled to 200° C at a rate of 10 - 15 deg./min., and then brought to
room temperature by pulling the ampoules out of the oven or together with the oven.

An alternative method for the deposition of thin semiconductor layers, which avoids
some of the above disadvantages, is the method of deposition from solutions. At present,
various applications of this method for processing both inorganic [5 - 9] and organic [10 -
16] semiconductors are known and registered. This method offers the possibility of
processing semiconductor layers in ambient conditions at no cost due to the need to create a
vacuum. At the same time, this method provides more opportunities to control the growth
dynamics, composition and morphology of thin layers due to effective work with:
concentrations of the solutions used, substrate speeds in the case of semiconductor layer
deposition by centrifugation, change in dopant concentration in situ, change in ambient
temperature and etc. The possibility of changing the concentration of the dopant in situ
facilitates further studies of its contribution to the concentration of voids, which, in turn,
has an obvious contribution to the photocurrent generated by the fabricated photovoltaic
devices. Another very important advantage of this method is the possibility of obtaining
bulk heterojunctions by treating materials with donor and acceptor electronic properties in
the same solvent or in specific mixtures of compatible solvents. Finally, according to recent
studies [17], this method allows to obtain printed solutions from semiconductor materials,
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which opens up the possibility of mass production of photovoltaic devices with low cost
and full efficiency that meets modern requirements.

The main processes for depositing thin layers in solutions are spinning, drip casting,
dripping, printing, dip coating and Langmuir-Blodgett, as well as spray pyrolysis.
Considering the fact that the last two of the above processes result in too thin Cu,ZnSnS,
layers for the development of photovoltaic devices, as well as the lack of equipment for
printing solutions in our research laboratory, special attention was paid to deposition
methods. centrifugation and dripping, which allows better control of the thickness of thin
layers.

Evaporation is a complex process in which part of the excess solvent is absorbed by the
atmosphere and plays an important role in thinning the film formed during centrifugation
(Figure 1). To obtain quality films without defects, a careful analysis of the correlation
between the solvent evaporation rate and the rate is necessary. The film thickness is
approximately inversely proportional to the square root of the rotation speed.
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Fig. 1. Stages of deposition of the thin layer by centrifugation [18]

The drying rate of the film during the wringing process depends on the nature of the liquid
itself (the volatility of the solvent systems used) as well as on the temperature and humidity
of the air surrounding the substrate during the wringing process. It is also very important
that the airflow and associated turbulence over the substrate be kept to a minimum, or at
least brought to a constant speed, during the wringing process.

The differential equation that describes the variation in time of the height of the layer
deposited by centrifugation has the form:

% _oki - ¢))
ot

where E is the evaporation rate of the solvent, and K is the coefficient corresponding to the
centrifugation step, which depends on the speed and viscosity of the liquid.

Before explicitly solving this equation, Meyerhofer assumed that at the initial stages of the
flattening process, the solution flow displaced from the substrate completely dominates, and
at the final stages, the evaporation rate almost completely dominates. [19] He set the
transition point under the condition that the rate of evaporation and the rate of flow become
equal. It could be fifty considered to be the hydrodynamic point in the spin coating process,
after which the evaporation now depends on the speed of the substrate, w. In this way
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where the proportionality constant C must be determined from specific experimental
conditions. It should be noted that such a radical dependence is observed for laminar air
flow over a rotating substrate. [20]

Karpichka et al. also solved equation (1.1) analytically for a constant solvent
evaporation rate. According to them, the amount of material deposited per unit area at the
end of the dry film forming process is [21]:
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Here N is the amount of material and A is the surface area of the substrate. Equation (1.2)
shows that the amount of deposited material can be controlled by knowing the initial
concentration (c,) of the solution, the rate of evaporation of the solvent (E) and the rate (o).

Advantages of centrifugal coating method:

1) The thickness of the thin layer can be easily changed by changing the rotation speed
and the concentration of the solution.

2) Thin layers with high thickness uniformity can be obtained.

3) The distribution of the material in the deposited thin layer is uniform.

4) The resulting thin layers have very good adhesion to the substrate.

Disadvantages of the method:

1) Large substrates cannot always be centrifuged at a high enough speed.

2) A large amount of solution is ejected from the substrate.

3) Obtaining a thin semiconductor layer requires relatively long time intervals (3-4
hours depending on the type of applied material and the required thickness).

Manufacturing technology of photovoltaic devices based on processed layers.

For the production of prototypes of photovoltaic devices based on processed thin layers
from chemical solutions, Si substrates were used, which for cleaning pre-sonicated in
acetone or isopropyl alcohol, then washed with distilled water and dried in a stream of
hydrogen or directly in the centrifuge boat. Subsequently, over the substrates buffer layer
was applied by centrifugation at 1500 revolutions / min with thickness 120 nm. Then,
solutions were applied over this layer both by the drop method and by centrifugation.

After drying thin layers at room temperature, some of them were

thermally processed. Aluminum electrodes were deposited by the method high vacuum
thermal evaporation from molybdenum and/or tungsten boats. For evaluation purposes
measurements of photovoltaic parameters were carried out both immediately after the
manufacture of devices and

extracting them from a high vacuum, as well as after keeping them in the air in a room
for certain periods of time (2h -72h — 6 months).

Experimental studies were carried out on solar cells of the Schottky diode type,
compositions based on CuZnSnS4/Si obtained by the above two methods with a thickness
(2.1 pm-8 um) of active layers Zinc phthalocyanine is processed from solutions with a
concentration of 98% LC as a solvent.
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3 Results and Discussion

Studied the current-voltage characteristics of layered structures Cu2ZnSnS4/Si Schottky
diode obtained by 1- vacuum deposition method and 2- centrifugation method.

Figure 2 illustrates the J-U characteristic of layered structures Cu,ZnSnS4/Si Schottky
diode obtained by 1- vacuum deposition method and 2- centrifugation method. These
studies clearly demonstrate the behavior of straightening in the dark, which is enhanced
during the preparation of the composition by vacuum deposition. The active surface of the
composition is about 1.5 cm2, and the layer thickness is almost 5 um. By applying a
negative voltage to the aluminum electrode, the current strength was measured at various
voltage values in the range from 0 to 10 V at room temperature. From the current-voltage
characteristics for direct polarization of layered compositions, both obtained by vacuum
deposition and centrifugation, we observe an asymmetric behavior and an improvement in
electrical conductivity obtained by vacuum deposition
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Fig. 2. Current-voltage characteristics of layered structures Cu2ZnSnS4/Si Schottky diode obtained by
1- vacuum deposition method and 2- centrifugation method.

It is observed that at low values of the direct voltage, the current varies with the voltage
according to a linear legitimacy, and at high values of the voltage the dependence of the
voltage current density is exponential. The dynamic resistance R4 is determined
experimentally from the linear slope of the current-voltage characteristic, according to the
relation:

R, =AU/A &)

As a result of obtaining the composition by vacuum deposition, the surface resistance of the
composition decreased from R, =3.8-10°Q-m* to 9-10°Q-m’. In order to determine the

mechanism of current transport through the structures under study, the direct branches of
the J-U characteristic were reconstructed.

on a logarithmic scale (Fig. 3). Two linear slopes are observed, which confirm the different
mechanisms of transport of electric charge carriers when applying different values of DC
voltage. The exponential dependence in the region of higher voltages can be explained by
the formation of a space charge region between the layers of the composition. Note that
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when voltages are applied above 0.6 and 1.0 V at room temperature, the Schottky barrier
effect disappears.

—a— Cu2ZnSnS(Se)4
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Fig. 3. Current-voltage characteristics of the direct branch on a logarithmic scale a layered
compositions obtained by 1- vacuum deposition method and 2- centrifugation method.

At direct polarization, the slope of the characteristics in the voltage range up to almost 1 V
indicates the value of m of the order of the unit, which describes an ohmic conduction
mechanism. The current density in the ohmic conduction region is described by the
equation:

U
J=peu— ®)
polud

where the concentration of thermally generated voids (p,) is determined according to
equation [22]:

= en|E27E]

where (Er - E,) is the separation of the Fermi level from the edge of the valence band, and
N, the density of the states in the valence band. Substituting (4.3) into (4.2) results in the
density of the electric current:

J= N‘,e,u(gj {_(EZ;EV)} Q)
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Table 1. Electrical parameters Er, p and po of the layered compositions obtained by 1- vacuum
deposition method and 2- centrifugation method

Parameters obtaineq by 1- vacuum ol?taineq by
deposition method 2 - centrifugation method
EF (eV) 0.51 0.57
1 (cm?/Vs) 1.1:10 1.2:10
Po (cm”) 5.0-10" 6.3-10"

From Table 1 it can be seen that in the samples obtained by the 1-method, po increases by
one order of magnitude, and u by approximately two orders of magnitude, which can be
explained by the fact that at an electron acceptor, and on the other hand, promotes the
interaction of the molecules of the composition in the treated layers, facilitating the transfer
of charges through them. With direct polarization (Fig. 2), when voltages above 1 V are
applied, a quadratic dependence of the voltage current density is observed, which is
described by a power law as

J~U" ®)

Calculating the value of the index m (index m has values > 2) we can see that the
conduction mechanism is the current limited by the space load. The numerical value of this
index indicates the presence of traps in the range of the prohibited band, depending on the
temperature of the sample and the biased direction. The current density in this region is
described by the relation [23, 24]:

2
J= %8/10 % ©)

Where € and p are the electrical permittivity and mobility of zinc phthalocyanine electric
charge carriers, and 0 is the ratio of free and trapped loads and is described by the
expression:

=" e [-E] (10)
N kT

t(s)

where N is the concentration of traps whose energy level is located in the forbidden band at
an energy distance E; from the lower edge of the valence band. Then the current density
will look like:

9 N, U? E
J=|-1¢ Y —_exp| —— (1D
(8) N, p( krj

the investigated features of the I-U characteristic denote an exponential distribution of the
capture states in the passband. We assume that there is an exponential distribution of the
capture states in the bandgap, described by a function such as:

P(E) = exp (—EJ (12)
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where: p(E) is the density of the traps per unit of energy and per unit of volume as a

function of the distance E from the edge of the conduit or valence band; 7. is the so-called
“characteristic temperature”, which is a specific parameter of the trap distribution, which
describes the rate of decrease of p(E) with the decrease of energy in p(E) with the
increase of energy (for example, at 7. — o0 we obtain a Uniform distribution of blocking
states) NV, /k 1;. is the density of blocking states near the edge of the permitted area or at
the edge of the blocking state. estimating the ratio ® , which is the fraction of the total
number of injected carriers that remain free, and introducing the actual drift mobility
M= 1,® in relation to Mott and Gurney [25], which requires the following assumptions:

-only a very small fraction of the injected load remains free to participate in driving, the rest
being captured by the capture states,

-the level of Fermi Er represents the level of demarcation between the deep traps
considered populated with load carriers and the superficial ones considered free, — 7. > 7.
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Fig. 4. Energy range diagram for compositions with an exponential distribution of capture states

4 Conclusions

1. It was shown that layered compositions based on Cu,ZnSnS4/Si form Schottky
barriers with ohmic contacts of Al and molybdenum. The rectification factor increases
when obtained by vacuum deposition.

2. Layered compositions based on Cu,ZnSnS4/Si obtained by vacuum deposition
resistance 7, =3.8-10* Q- m’, and by centrifugation it reaches 9-10° Q- m?.

3. For the resulting composite samples based on Cu>ZnSnS4/Si obtained by both
methods, at voltages up to almost 1 V, the ohmic conduction mechanism prevails (m ~ 1),

and at voltages above 1 V, the driving mechanism is the current limited by the space charge
J~um.

4. The study of the current—voltage dependence showed that, on the logarithmic scale
JU, the characteristics of compositions at relatively high voltages are nonlinear and also
obey a power law with a power factor m > 2 at 295 K.

5. The coefficient m increases with decreasing temperature.

6. The model of a spatial current limited by one volume load was used to interpret the
experimental data of the Cu,ZnSnS4/Si compositions.

7. According to the characteristic I\f (U) at various measurement temperatures (90 ...
295) K, it was found that in the region of low voltages below the value of the transient
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voltage U < 2.4V, the ohmic conduction mechanism prevails, and at higher applied
voltages at the transient voltage U > 2.4 V', the mechanism of conducting load currents of a
limited volume with an exponential distribution of capture states prevails.
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