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CONCEPTUAL GUIDLINES OF THE RESEARCH

Actuality and importance of the topic

Currently, approximately 95% of the global photovoltaic device market is based on silicon
technology. However, silicon is not considered the ideal material for solar panels as it does not
efficiently absorb light. Researchers are exploring alternatives such as thin-film and perovskite
solar cell technologies [1]. Perovskites have already achieved efficiencies like silicon, with solar
energy conversion rates more than 25%, but they remain unstable, a problem that has yet to be
resolved. A promising approach involves tandem photovoltaic cells, which combine silicon with
perovskites, potentially achieving efficiencies over 30% [2]. Additionally, thin films based on
A’B® compounds have garnered attention due to their ability to form high-performance
semiconductor devices. CdTe-based photovoltaic cells have already been commercially
implemented and exhibit better energy efficiency and degradation rates than silicon-based
technologies [3]. Over 30 GW based CdTe modules are installed at global level, with commercial
module efficiencies reaching up to 18.6% and laboratory devices more than 22% [4], making this
one of the fastest-growing and most promising thin-film technologies. Further efficiency
improvements for these devices heavily depend on enhancing the open-circuit voltage (Voc) and
fill factor (FF) through innovations in materials, fabrication methods, and device layer design.
Another area of interest in photovoltaics is oxygen-doped ZnTe layers, which form highly
mismatched alloys (HMAs) with significantly fundamental properties by replacing a small fraction
of host atoms with elements of different electronegativity [5], because of the interaction between
localized oxygen states and electrons in the conduction band of ZnTe forms an intermediate band.
The approach of using intermediate band (IB) materials offers an attractive prospect for achieving
high efficiency in a single heterojunction device. To successfully develop IB photovoltaic cells
based on ZnTe:O thin films, it is crucial to develop a method for the epitaxial growth of high-
quality ZnTe:O thin films. Various research groups have already produced such layers using
methods like molecular beam epitaxy or pulsed laser deposition. The physical properties of binary
semiconductor compounds with an intermediate band are currently insufficiently studied,
hindering progress in their practical application in real devices. Therefore, challenges remain
regarding the structural design and photophysical properties of electronic devices using CdS as a
"window" layer and ZnTe with an intermediate band. Therefore, optimizing the design, studying
their electrical and optical characteristics, and investigating key aspects related to photovoltaic

devices based on these compounds are current objectives. Enhancing device efficiency can only



be achieved by optimizing the physical properties of each individual layer and the overall design
of the photovoltaic cell.

The aim of this research is to analyze the potential of using CdS/ZnTe HJs in photovoltaic
applications through numerical simulation with SCAPS-1D, develop the technology for achieving
an intermediate band in the ZnTe absorber layer by incorporating oxygen into the lattice, and
investigate their electrical and photoelectrical properties.

The main research objectives proposed in this work are:

1. Numerical simulation using the SCAPS-1D software to predict the performance of the
CdS/znTe photovoltaic device and identify general principles for optimizing its photovoltaic
parameters.

2. Optimize the technologies for obtaining of ZnO and CdS thin films with controlled
composition and morphology using spray pyrolysis and close space sublimation methods.

3. Characterize the optical and structural properties of ZnO and CdS thin films, used as
transparent electrodes and optical windows, respectively, in the photovoltaic device made later.

4. Develop the technology for obtaining ZnTe:O thin films, identifying the optimal
annealing regime in an oxygen environment to form the intermediate band.

5. Establish the correlation between the technological regime (Ts, Tsub, t) and the oxygen
concentration in ZnTe:O thin films by studying their composition, optical characteristics, and
photoluminescence.

6. Estimate the main functional parameters and analyze the characteristics of the
CdS/znTe:O HJ based on certain physicochemical parameters of the absorber layer obtaining
technology and the design of the back contact.

7. Determine the charge carrier transport mechanism through the CdS/ZnTe:O
heterojunction.

Research Hypothesis

o The conversion efficiency numerically simulated with the SCAPS-1D software of HJ
CdS/zZnTe is dependent on the parameters of the component layers, for example, for dznte=1,0 um,
dcds=5 nm, dzno=20 nM, Egcus=2,4 eV, Eyz0=3,3 eV, dngy=4,7 eV, the following photovoltaic
parameters were obtained: Voc=0.89 V, Jsc=25.9 mA/cm?, FF=72.6%, n=16.78%.

o The optimal technological conditions for obtaining ZnTe thin films using the CSS
method are: substrate temperature 320 °C - 360 °C; source temperature 360 °C - 600 °C; deposition
time 6 minutes. Annealing in an oxygen environment at a treatment temperature of 400 °C for 1 hour

highlights the formation of the intermediate band.



o The formation of the intermediate band in ZnTe thin films is confirmed by: EDX
analysis indicating the presence of oxygen, with its amount decreasing with source temperature from
5.88% (for Ts = 560 °C) to 0.68% (for Ts = 600 °C); reduction in the crystalline lattice parameter of
the oxygen-rich absorber layer; and the presence of a broad band located at 1.6 eV — 2.0 eV in the
photoluminescence spectra.

o The conductivity mechanism in the CdS/ZnTe:O HJ at low frequencies (10?2 Hz - 10*
Hz) is predominantly ionic conductivity, while at high frequencies (10° Hz - 10° Hz) it exhibits
interface polarization conductivity.

o The realized CdS/ZnTe HJs have a Voc=0.84 V, Jsc=0.25 mA/cm?, the conversion
efficiency of solar energy into electrical energy of 0.13% under integral light illumination of 100
mW/cmz2, The internal quantum efficiency indicates a slightly higher value of more than 0.5 in the

wavelength range of 490-590 nm.

Research methodology synthesis and justification of chosen methods

The scientific problem elucidated in this thesis involves the development of an intermediate
band photovoltaic device by optimizing the technology for obtaining thin films of binary
compounds with controlled composition, morphology, optical and electrical properties, and
studying the electrical and photoelectric properties of these devices. To achieve ZnTe:O thin films
with an intermediate band, the CSS method was used along with thermal treatment in an oxygen
environment at 400 °C for 1 hour, for ZnO was used the spray pyrolysis method. The thin film
structures were investigated through X-ray diffraction, while morphology and chemical
composition were analyzed using scanning electron microscopy and energy-dispersive X-ray
spectroscopy. Surface roughness was assessed using atomic force microscopy. Transmittance,
reflectance, and absorbance were measured via UV-Vis spectroscopy. Photoluminescence spectra
highlighted the intermediate band in the ZnTe layer, indicating tellurium substitution with oxygen
and the formation of the Ore center. Photovoltaic parameters such as Voc, Jsc, Rs, Rsh, FF, and 5
were determined by measuring the J-V characteristics under AML1.5 conditions. Electrical
properties were studied through J-V characteristics in the dark, C-V characteristics at different
frequencies and temperatures (220 - 350 K), and impedance spectroscopy as a function of

temperature and frequency (108 - 10° Hz).



THESIS CONTENT

In the Introduction, the relevance of the research topic is justified, the aim and objectives
of the thesis, the scientific research methodology, the novelty of the results obtained, the scientific
problem addressed, the theoretical and practical significance of the work, the main scientific
results proposed for support, the approval of the results and the structure of the work are presented.

Chapter 1 is dedicated to the bibliographic analysis of research on materials from the class
of binary compounds (ZnO, CdS, ZnTe) and the design of photovoltaic devices based on these
materials. This chapter presents general aspects and a synthesis of the most recent scientific
publications regarding the structure and the structural, morphological, topological, electrical, and
optical properties of these materials. Additionally, the specialized literature on the design of
photovoltaic devices based on these materials is analyzed, describing the charge transport
mechanisms through the heterojunctions formed by the mentioned thin films. In the context of
photovoltaic device design, numerical simulation methods allow the inclusion of important
physical effects that could not be considered experimentally. To enhance the efficiency of the
devices up to the Shockley-Queisser limit, various simulation programs such as PC-1D, AMPS-
1D, ADEPT-F, and SCAPS-1D have been developed, aiding in the optimization of the design and
comparison with other competing proposals. In this thesis, the SCAPS-1D program was used.

Chapter 2 presents the technology for obtaining thin films of ZnTe, CdS, ZnO, and the
heterojunctions based on these materials. The influence of deposition technological parameters,
such as the substrate and source temperature, on the morphology, chemical composition, surface
topology, and crystalline structure of ZnTe and CdS thin films obtained by the close space
sublimation method is discussed. ZnTe and CdS films were deposited on borosilicate glass
substrates without using an additional gaseous transport agent. To determine the optimal growth
conditions for ZnTe thin films, two sets of samples were obtained: in the first set, the substrate
temperature (Tsup) Was varied while maintaining a constant source temperature (Ts), and in the
second set, Ts was varied while keeping Tsu» constant. The deposition duration was the same for
both sets. The method of obtaining ZnO thin films by spray pyrolysis is also described, considering
the molar concentration of the precursor solution, the flow rate of the carrier gas, and the substrate
temperature. The carrier gases, purified argon, and oxygen, influence the deposition process and
the properties of the resulting thin films by providing a controlled environment and chemically
interacting with the precursor solution to modify the composition and properties of the films.
Aluminum doping is used to introduce controlled impurities into the ZnO lattice, altering the
material's optoelectronic properties. To investigate the effect of Al doping on ZnO films, two sets
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of samples were obtained in different gaseous environments: one in Oz and the other in Ar. Both
sets of samples were doped with different concentrations of Al, ranging from 0-5%, in the initial
precursor solution. The technology for obtaining CdS/ZnTe heterojunctions involves several
critical steps essential for their efficiency: depositing the front contact (such as ZnO, SnO, ITO,
ITO/ZnO) by spray pyrolysis; depositing the "window" layer (CdS) by evaporation in CSS;
depositing the absorber layer (ZnTe) by evaporation in CSS and thermal treatment in an oxygen
environment; depositing the Sb/Te buffer layer at the back contact by thermal evaporation in a
vacuum or PEDOT:PSS by spin-coating; and depositing the ohmic back contact by vacuum
thermal evaporation.

Chapter 3 is dedicated to the study of the influence of deposition technological parameters
on the morphology, chemical composition, crystalline structure, and optical properties of each
component of the CdS/ZnTe heterojunction, namely, ZnO, CdS, and ZnTe.

AFM analysis shows that the surface roughness parameters of ZnO layers obtained in an
O environment indicate higher values (Rms=60.96 nm) compared to the parameters of undoped
ZnO layers obtained in an Ar environment (Rus=29.48 nm), as shown in Fig. 1. XRD analysis
indicates that all ZnO thin films have a polycrystalline structure, highlighting the diffraction planes
(0002),(1000),and (100 1), which correspond to the hexagonal wurtzite structure of ZnO,
with the c-axis perpendicular to the substrate surface. The nanostructured ZnO thin films exhibit
high transmittance (80-85%) in both deposition environments. For ZnO thin films obtained in an
O2 environment, the bandgap value (Eg) is approximately 3.24+0.02 eV. For films obtained in an

Ar environment, Eq varies from 3.22 eV to 3.27 eV.
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Fig. 1. AFM images of undoped ZnO thin films obtained in an O, environment (a); undoped ZnO
thin films obtained in an Ar environment (b); Al-doped ZnO thin films obtained in an Ar
environment (c); ZnO thin films doped with 2% Al obtained in an Ar environment (d) and treated
in vacuum at 420 °C.



The XRD study results in Fig. 2.a of the CdS thin films show that, regardless of the thermal
treatment environment, they are polycrystalline and belong to the hexagonal crystallographic
system. The average crystallite size reaches its maximum value when thermal treatment is
performed in a vacuum. The calculated bandgap value (Eg) from the reflectance (R) and

transmittance (T) spectra indicates a value of 2.40+0.02 eV (Fig. 2.b).
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Fig. 2. XRD diffraction patterns (a) and the dependence of (ahv)>=f(hv) of the CdS thin films (b)

A more detailed study was conducted on the ZnTe:O absorber layer. These layers were
obtained using the CSS method. The deposition conditions of the ZnTe thin films were modified
according to the data presented in Table 1.

Table 1. Technological parameters used in the obtaining of ZnTe thin films, along with their
specific resistivity.

TS, °C Tsub, °C tdep, min R, 10°Q P> Q-cm
320 27,06 13,5
330 2,83 14
580 340 2,41 1,2
350 2,90 15
360 6 0,88 0,4
560 1,62 0,8
570 4,50 2,3
580 340 2,41 1,2
590 30,44 15,2
600 4,87 2,4

Subsequently, these two sets of ZnTe films obtained under different technological
conditions of Tsyp and Ts were transferred to a furnace (Fig. 3) for treatment in an Oz environment.
The entire treatment process lasted 1 hour at a temperature of 400 °C, with an oxygen flow rate set
at 5 ml/min.

EDX analysis confirms the presence of an excess of tellurium (Te) in both sets of samples
as per Table 2. It is observed that the amount of Te increases with the increase in the source
temperature (Ts), while the percentage of oxygen decreases. This observation can be explained by



the possible incorporation of oxygen as a substitutional impurity at the tellurium site (Ote) during
the growth process of ZnTe:O thin films.
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Fig. 3. Annealing in an O; environment

This incorporation of oxygen into the ZnTe lattice can result in iso-electronic states, where
oxygen atoms substitute for tellurium atoms in the lattice, thereby maintaining the compound's
charge balance. This phenomenon can influence the chemical composition of ZnTe:O thin films,

causing an excess of tellurium and a decrease in the percentage of oxygen detected in EDX spectra.

Table 2. EDX analysis of ZnTe:O thin films

o Element, %
T.oC O Zn Te

320 2,09 47,81 50,10

Tsub 340 1,55 48,67 49,78
360 4,49 48,16 49,35

560 5,88 47,80 46,32

Ts 580 3,05 47,49 49,46
600 0,69 49,17 50,14

In Fig. 4, XRD diffraction patterns of ZnTe thin films after annealing in an Oz environment
are presented, as a function of Tsu (a) and Ts. All samples exhibit a polycrystalline structure with

preferential orientation along the [1 1 1] direction.
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Fig. 4. XRD diffraction patterns of ZnTe:O thin films as a function of Tsy (a) and Ts(b).

All diffraction peaks match well with the reference data ICDD #15-0746 and #96-900-
8859 [6]. Estimated microstructural parameters from the XRD diffraction patterns are presented

in Table 3. It is observed that the intensities of the ZnTe diffraction peaks improve with increasing
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source temperature from 560 °C to 600 °C. This can be explained by the higher deposition
temperature producing greater surface Kinetic energies.

Table 3. Microstructural parameters of ZnTe:O thin films

Ts,°C | Tsu,°C | 26,° | 1, Counts a, A d, A D, nm &st
320 25,27 1384 6,101 3,523 32,3 1,12-10°3
330 25,27 1464 6,100 3,524 33,2 1,14-10°3
580 340 25,27 1338 6,102 3,524 28,5 0,64-10°3
350 25,26 1073 6,101 3,524 27,2 0,47-103
360 25,26 1193 6,102 3,524 28,9 0,61-10°
560 25,28 708 6,099 3,523 21,7 0,75-10°3
570 25,27 823 6,101 3,524 28,1 0,57-1073
580 340 25,26 1297 6,102 3,524 27,2 0,34-10°
590 25,26 1291 6,102 3,525 27,6 0,47-103
600 25,26 1443 6,014 3,525 27,0 0,30-10°3
where: 20 - diffraction angle for the most intense peak; | - intensity of the most intense peak; d - interplanar spacing; D - crystallite size, est -

lattice strain.

From Table 3, we observe that a 10 °C change in substrate temperature (Tsup) results in a
slight variation in the crystallite size, ranging between 32 nm and 27 nm. Simultaneously, the
variation in Tsup by the same 10 °C step also affects the lattice strain (est). Similarly, changing the
source temperature (Ts) leads to a slight increase in the d parameter, as shown in the Ts variation.
This change is more noticeable, ranging from 3.5226 A (for Ts=560 °C) to 3.5250 A (for Ts=600
°C). Additionally, a slight change in the values of crystallite size (D) and lattice strain (est) is
observed with Ts variation, as per Table 3. The minimum value of &5 and the largest crystallite size
(D) were obtained for samples with Tsuy=360 °C and Ts=590 °C. This relationship between Tsub
and Ts can be attributed to the movement of interstitial Zn atoms within the crystallites at their
boundaries, which leads to their dissipation and reduces the concentration of lattice imperfections.

Using the measured reflectance (R) and transmittance (T) spectra along with the
thicknesses of ZnTe:O thin films from SEM cross-sections, the absorption coefficient (a) was
estimated. The dependence (a/v)2=f(hv) for the ZnTe:O thin films deposited at various Tsyp and Ts
is shown in Fig. 5. The estimation of the bandgap energy (Eg) using the Tauc method [7] indicates
that Eq decreases from 2.24 eV to 2.19 eV as Tsup increases from 320 °C to 360 °C. Regarding the
variation in Ts from 560 °C to 600 °C, a different absorption coefficient pattern can be observed
at room temperature. From Fig. 5.b, a decrease in the absorption coefficient can be observed with
increasing Ts, both in the fundamental absorption regions and in the impurity regions. This
phenomenon is caused by the increased thickness of the ZnTe:O thin film with increasing Ts. The
estimation of Eq shows a variation of Eq by 0.05 eV, indicating the incorporation of oxygen into
the crystalline lattice of ZnTe at Tsup=340 °C and Ts=580 °C.
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Fig. 5. Dependence of (ahv)2=f(hv) for ZnTe:O thin films deposited at various Ts, () and Ts (b).
The photoluminescence (FL) spectra of ZnTe:O thin films deposited at various Tsus and Ts
are shown in Fig. 6. In all FL spectra, a broad emission band dominates with a maximum at 1.82
eV.
(b)
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Fig. 6. Photoluminescence spectra of ZnTe:O thin films deposited at various Tsy, () and Ts (b),
recorded at T=300 K, =532 nm, and the energy diagram of ZnTe:O thin films with an
intermediate band maximum at 1.82 eV from the valence band (c).

Deconvolution of the FL spectrum of the sample obtained at Tsuw=320 °C using Gauss
functions reveals that the emission band consists of two sub-bands (located at 1.82 eV and 1.73
eV), which can be attributed to oxygen centers [8]. Additionally, in all measured spectra, a peak
at 2.16 eV is observed. According to study [9], this emission around 2.16 eV is attributed to defects
created at grain boundaries or in regions with high dislocation density. This emission is due to
native defects (Vz, and Tei) in the material. Therefore, based on the absorption and FL spectra
measured for the first set of samples, it can be assumed that this broad band is associated with the
concentration of oxygen ions (O?), as the band intensity changes with increasing substrate
temperature [9]. Figure 6.c illustrates the energy diagram of ZnTe:O thin films.

Therefore, the isoelectronic oxygen impurity creates localized levels like acceptor states
near the bottom of the conduction band. These levels resonantly interact with the conduction band,

lifting degeneracy and forming new hybrid states, which manifest as two sub-bands with minima
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at k=0. As a result, the conduction band splits into an upper narrow subband E+ composed of
localized states and a lower broader subband E. composed of delocalized (extended) states.

Substitutional impurities of Ore in ZnTe provide a pathway for sub-band optical absorption,
which is efficient for developing a new generation of intermediate band solar cells (IBSC). These
devices are designed to absorb photons with energies lower than the bandgap through an electronic
sub-band localized within the bandgap of the host semiconductor. This design enhances the
photocurrent production while maintaining the open circuit voltage determined by the bandgap of
the host photovoltaic material.

Chapter 4 presents detailed studies on the electrical characteristics of CdS/ZnTe:O
structures, employing various methods and measurements to determine essential parameters that
influence the efficiency of the heterostructure.

In Figure 7.a, J-V curves are presented under forward bias in a semi-logarithmic scale over
the temperature range of 220-350 K. The J-V characteristics exhibit a complex nature, suggesting
the involvement of various current transport mechanisms. The current density extrapolated from
the direct region of the In J=f(V) dependence at V=0 yields the value of Jo, as shown in Table 4,
along with electrical parameters. The dependence In(Jo/T?)=f(1/T) for the temperature interval
(280-220) K (Figure 7.b) forms a straight line. From the slope of In(Jo/T?) versus 1/T and the y-
intercept of the respective linear fit, the activation energy (Ea) and the effective Richardson
constant (A**) were determined to be 0.98 eV and 69 A/cm?K?, respectively. The barrier height in
the temperature range (220-280) K varies from 0.69 eV (at T=220 K) to 1.01 eV (at T=290 K),
while the ideality factor (n2) varies from 20.78 to 10.95. According to Table 4, the values of the
ideality factor n1 range from 1.96 (at T=290 K) to 2.01 (at T=350 K). These characteristics allow
us to assume that, under forward bias at higher temperatures, the current transport mechanism is
dominated by interface recombination. Typically, bulk impurities, surface imperfections, and

dislocations serve as recombination paths.
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Fig. 7. Dependence InJ=f(V) (a) and dependence In(Jo/T?)=f(1/T) (b) for the HJ CdS/ZnTe.
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Table 4. Electrical parameters of the CdS/ZnTe HJ at various measurement temperatures.

Jo, 102 N1 N
T, K In Jo mA/cm? (U<0,2 V) (U>0.2 V) qDro, eV Va, V
220 -13,0 0,62 1,76 20,78 0,69 0,43
230 -12,8 0,75 1,34 15,63 1,1 0,69
240 -12,6 0,91 0,83 13,33 1,26 0,79
250 -12,4 1,12 1,71 13,82 1,34 0,84
260 -12,2 1,37 2,41 13,18 1,17 0,73
270 -12,0 1,67 2,56 11,98 1,31 0,82
280 -11,8 2,04 2,08 11,88 1,39 0,68
290 -11,6 2,49 1,96 10,95 1,01 0,63
300 -11,4 3,05 2,18 10,67 1,39 0,87
310 -12,2 1,37 1,97 12,05 1,61 1,01
320 -10,8 5,56 1,96 11,09 1,15 0,72
330 -10,4 8,30 1,81 12,49 1,15 0,72
340 -10,6 6,79 1,60 11,33 1,33 0,83
350 -10,5 7,50 2,01 12,10 1,61 1,01

The study of the C-V dependence of the CdS/ZnTe HJ at different frequencies (10 kHz,
100 kHz, 1 MHz) indicates cyclic variation or hysteresis in the C-V curve shape. As the
measurement frequency increases from 10 kHz to 1 MHz, the capacitance value of the CdS/ZnTe
structure decreases by nearly an order of magnitude, suggesting the contribution of states at the
heterostructure interface. Figure 8 shows the capacitance dependence with two slopes: one for
negative voltages and another for positive voltages, indicating two different mechanisms
contributing to capacitance in these voltage regions. These mechanisms arise from distinct
responses of fixed and mobile charges between the interface region and the volume of the HJ. The
interface state density at CdS/ZnTe reaches 4.9-10'° eV-lcm. C-V measurements also allow us to
estimate the thickness of the space charge region, which varies with measurement frequency from
2.16 um (at 10 kHz) to 4.33 um (at 1 MHz). In the whole temperature ranges, there is a slight
variation around the threshold voltage value of 1.2 V (Vq). The density of acceptor states (denoted
as Na), estimated from the linear slope of the C=f(V) dependencies, reaches values of 0.81-10%/
cm (at 350 K), 1.22-10% cm™3 (at 300 K), and 3.23-10%* cm™ (at 220 K).
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Fig. 8. The dependence of (1/C)%f (V) for the CdS/ZnTe HJ at various measurement temperatures
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To construct the energy band diagram of a heterojunction, it is essential to use data from
the current-voltage characteristics (J-V) and capacitance-voltage characteristics (C-V), along with

knowledge of the electron affinities and Fermi level positions for each component material. The

numerical data have been presented in Table 5.

Table 5. Electrical parameters of the CdS/ZnTe HJ obtained from experimental data

Parameters CdS ZnTe
Eg, 6V 2,40 2,20
7, eV 45 35
Effective mass, m* 0,17 mo 0,12 mo
Mo, Kg 9,1-103
. ) a=4,141 a=6,103
Lattice parameter a sic, A ¢=6 720
Np, cm™ 9,0-10%° -
Na, cm™ - 3,55 -10%°
Ny, cm - 2,24-10'8
Nc, cm™ 2,41-10'8 -
er 9,35 10,3
HJ
Ec-Er, eV -0,07
Er-Ev, eV 0,17
AEc, eV 0,9
AEv, eV -0,72

Based on the data from Table 5, the energy band diagrams of the CdS/ZnTe HJ were
constructed for voltages below 0.2 V (Fig. 9.a) and above 0.2 V (Fig. 9.b).
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Fig. 9. Energy band diagrams of HJ CdS/ZnTe at forward bias below 0.2 V (a) and above
0.2V (b).

Additionally, measurements of capacitance (C) and G/w (real part of normalized
conductance as a function of frequency) were conducted at various frequencies and temperatures.
Fig. 10 depicts how capacitance varies with frequency for various measurement
temperatures. The graph highlights a plateau between 1 MHz and 100 kHz, indicating that
capacitance remains relatively constant within this frequency range. Subsequently, there is a period
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of dielectric relaxation at frequencies above 10° Hz. Fig. 10.b illustrates how the dielectric constant
depends on temperature for different measurement frequencies in the case of HJ CdS/ZnTe. It can
be observed that the dielectric constant behaves similarly to capacitance, increasing gradually and

monotonically with temperature.
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Fig. 10. Variation of capacitance (a) and dielectric constant (b) with frequency of HJ CdS/ZnTe for
different measurement temperatures

The loss angle tangent (zand) or dissipation factor can be directly extracted from

measurement data. It is known that the electric induction vector represents the tangent of the loss

angle, i.e., tan5=D. Fig. 11.a illustrates the dependence of tano=f(T) for various measurement
frequencies. It can be observed that with increasing frequency at all studied temperatures, tano
decreases, likely due to a reduction in the alignment degree of electric dipoles in molecules.
However, starting from around 10 MHz, tano begins to increase again. Fig. 11.b illustrates how
the total conductivity ¢ varies with frequency. At low frequencies, there is behavior independent
of frequency, corresponding to direct current conductivity, whereas at high frequencies, the
alternating component of conductivity predominates. The alternating conductivity is influenced
not only by temperature but also by frequency:
Oqe = A0S, @)

where A represents a constant, e is the angular frequency, and S is an exponent typically with a
value less than or equal to one.

The value and behavior of the exponent S in equation (1) with respect to temperature and/or
frequency determine the predominant conduction mechanism in the material. Depending on the
value and behavior of S, several theoretical models have been developed to explain the conduction
mechanism of materials (QMT, SPT, LPT, and CBH).
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Fig. 11. Dependence of tano=f(frequency) (a) and total conductivity (b) of HJ CdS/ZnTe for various
measurement temperatures.
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Fig. 12. Exponent S (a) and DC conductivity opc (b) as a function of measurement temperature for
HJ CdS/ZnTe.

Within the Quantum Mechanical Tunneling (QMT) model, it is suggested that S is
influenced by frequency but not by temperature. In the tunneling model (SPT), it is predicted that
S increases as temperature rises. For the tunneling (LPT) model, S depends on both temperature
and frequency. In the Correlated Barrier Hopping (CBH) model, where conduction arises from
synchronized hopping of charge carriers between nearest neighboring states, it is assumed that S
depends on both temperature and frequency, and S should decrease as temperature increases (Fig.
12)).

In the dependence of conductivity on frequency, two distinct regions can be observed near
the frequency of 100 kHz, where a dielectric relaxation in conductivity is noted. At higher
frequencies, conductivity decreases significantly as frequency increases, suggesting a tendency
towards direct current electrical conductivity around 100 kHz. At this point, a new dielectric
relaxation is observed leading to a pronounced drop in conductivity, which remains steady until

frequencies of 10° Hz. Through analysis of these two regions depicted in the graph measured at
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350 K, according to Jonscher's law, it has been determined that the variation of conductivity with
frequency follows the parameter S value of 1.63 at low frequencies (1 MHz - 5 MHz) and 2.7 at
frequencies greater than 5 MHz. As observed in Fig. 12.b, the relationship between conductivity
and temperature exhibits a linear variation over the temperature range of 280-350 K. This suggests
that the behavior of the CdS/ZnTe structure resembles that of a ferroelectric crystal with ionic

conductivity described by the equation:

E,
O4c = 0pexp (— kB_T) 2

In the temperature range of 280-350 K, where the activation energies are Ea1=0.98 eV, Ea2=0.90
eV, and Ea3=0.86 eV, the conductivity of the CdS/ZnTe structure follows an exponential
relationship with temperature.

To confirm the conductivity component's behavior in the temperature range of 220-280 K,
the electrical impedance of HJ CdS/ZnTe was analyzed. Fig. 13.a presents the frequency
dependence of the real component Z' and imaginary component Z" of the complex impedance
Z=Z'-iZ" (where i= -1) for HJ CdS/ZnTe with a silver contact area of 0.3 cm?, in the frequency
range of 100 Hz to 10 MHz at various temperatures. Complex impedance measurements of the
sample provide useful information about the real part Z* (resistive part) and the imaginary part Z"
(reactive part) of the complex impedance. It is known that for a sample with introduced capacitance
in an alternating electromagnetic field of frequency w, the equivalent electrical circuit of HJ
CdS/zZnTe:O [10] is depicted in Fig. 13.b.
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Fig. 13. Graphical dependence of impedance spectra of HJ CdS/ZnTe (a) and the equivalent circuit
of a sample used in complex impedance measurement (b).

Complex electrical conductivity o of the sample consists of the components ¢" and ¢”,
representing the real and imaginary parts of the complex electrical conductivity, respectively.
These can be expressed by the relationships:
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where M represents the complex modulus of impedance, defined by the relation:
A 2
— *2, 5
M= |Z*| ( d) , ()

where Z* = VZ'2 + Z*2 represents the complex modulus of impedance of HJ CdS/ZnTe. The
complex modulus of impedance (M") of HJ CdS/ZnTe is shown in Fig. 14.a. M" exhibits a
maximum that shifts to higher frequencies with increasing temperature, indicating a correlation
with the movements of mobile ionic charges. The frequency region where peaks appear indicates
the transition of charge carriers from long-range to short-range mobility. Such results may be
caused by a lack of restoring force governing the mobility of charge carriers under induced electric
field. This behavior suggests that as frequency increases, each ion travels on a progressively
shorter path until the electric field changes so rapidly that ions only move within the energy
potential well boundaries, performing localized motion within it. We observe that the maximum
of interfacial polarization shifts to higher frequencies as the measurement temperature increases,
indicating the existence of two dielectric relaxation processes described by the Vogel-Fulcher-
Tammann (VFT) law.

According to Debye's theory [11], the relationship between the peak frequency wmax Where
the imaginary component Z" reaches its maximum, and the relaxation time constant (z), which
represents the time after which the oscillation amplitude decreases to 1/e of its maximum value, is
described by the equation:

2M Wiy T = 1. (6)

Using the experimental values of the peak frequency wmax the relaxation time constant ¢
was estimated, and the dependence Inz=f(1/T) was plotted, as shown in Fig. 14.b.

A nonlinear dependence can be observed between the natural logarithm of the relaxation
time and the versus of temperature. The data on dielectric relaxation time is shown in Fig. 14.
adhere to the Vogel-Fulcher-Tammann (VFT) relationship, which is widely used to describe the

dynamics of relaxation in various structures:

_ —DT,
T(T) = T [R(T——TO)’ (7)

where Ty is the Vogel temperature, also known as the transition temperature, 7. is the time at which

the temperature T tends towards infinity (7—+o), R is the universal gas constant, and D is the
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specific constant of the VFT relationship. The very low values of Vogel temperature indicate that

the relaxation time for all samples conforms to classical law.
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Fig. 14. Dependency of the complex impedance modulus (M) (a) and the dependence Inz=f(1/T) (b)
of HJ CdS/ZnTe

Therefore, the interaction between ionic conductivity and interfacial polarization is a key
point for understanding the current transport mechanism in HJ nCdS/pZnTe.

In Chapter 5, the parameters in photovoltaic mode are presented: open-circuit voltage
(Voc), short-circuit current density (Jsc), fill factor (FF), external quantum efficiency (EQE), and
conversion efficiency () as a function of technological conditions. The integral photoelectric
characteristics show the dependence of short-circuit current density and open-circuit voltage on
illumination.

Fig. 15.a shows the J-U characteristics of HJ CdS/ZnTe obtained at different substrate
temperatures (Tsup). The best open-circuit voltage (Voc), which was 0.48 V, was recorded at a
substrate temperature of 340 °C, while the best short-circuits current density value (Jsc), of 1.15
Alcm?, was observed in the structure deposited at 360 °C. In the second set, we varied the source
temperature (Ts) between 560 °C and 600 °C, while keeping the substrate temperature constant at
340 °C. The best short-circuit current density was recorded for Ts=580 °C, while the best open-
circuit voltage was obtained for Ts=600 °C.

The design and technologies used for the back contact can vary depending on the type of
photovoltaic device and the materials used. The main goal of this contact is to maximize the
generation of electrical energy from the visible spectrum absorbed by the cell. In this context, a
set of CdS/ZnTe photovoltaic cells was fabricated using various metals for the back contact of
ZnTe. The J-V characteristics of these cells, measured under illumination of 100 mW/cm?, with
different metals at the back contact, are presented in Fig. 16.a. The back contact significantly

influences the efficiency of photovoltaic cells because ZnTe has a high work function value of 5.3-
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5.8 eV. The contact resistance between ZnTe and the metals Cu, Pd/Ag, Ni, Ag was calculated
based on the J-V characteristics of Cu/ZnTe, Ni/ZnTe, Ag/ZnTe, and Pd/Ag/ZnTe structures. It

was observed that the most suitable metal for the CdS/ZnTe structure is Ag, deposited via a paste.
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Fig. 15. J-V characteristics of HJ CdS/ZnTe obtained at different substrate temperatures (a) and
source temperatures (b) under illumination of 100 mW/cmz, 300 K

(a) (b)
0,34
= ——2n0
o 5 02 ITO
——PdiAg é) y. m
Ni 2
Ag (evaporated), £ 0,1 / - ITO/Zn0
—— Ag (paste) | = {Z -
o "
r T 0-0- - N -1,0
.1WT’97€5 1,0
01 U,V
0,2
-
/-/V
i -0,34

Fig. 16. J-V characteristics of HJ CdS/zZnTe with different metals for the back contact (a)
and with different front contacts (b), under illumination of 100 m\W/cmz?, 300 K

The front contact of a photovoltaic cell, which directly contacts sunlight, plays a crucial
role in collecting and directing the generated electric current. It is located opposite the back contact
on the surface of the structure. The front contact can be made up of multiple thin and functional
layers, such as layers of conductive materials and anti-reflective coatings. To optimize
performance, a set of samples with different transparent conductive oxides (TCO) was obtained.
From Fig. 16.b, the most efficient TCO is ZnO, presenting maximum efficiency.

Thus, in the research of photoelectric properties, two types of photovoltaic cells with better
photovoltaic parameters were established: CdS/ZnTe:O/PEDOT:PSS/Ag and CdS/ZnTe:Mn/Ag,
whose technology can be reproduced. The following technological steps were followed in the
fabrication process: ZnO was used as the front contact; a thin films of CdS (~200 nm) was
deposited over the ZnO thin films; the ZnTe:O absorber layer was deposited at Tsuy=340 °C and
Ts=600 °C, with a deposition time of 18 minutes; after the deposition of the ZnTe absorber layer,

a thin films of PEDOT:PSS was applied by spin-coating, functioning as a buffer layer at the back
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contact; a silver conductive paste was used to create the back contact. As a result of these steps,
the following characteristics were obtained for the CdS/ZnTe/PEDOT:PSS/Ag photovoltaic cell:
open-circuit voltage Voc=0.84 V, short-circuit current Jsc=0.25 mA/cm?, fill factor FF=38.6%,

and a solar-to-electric energy conversion efficiency of 0.1% (Fig. 17.).
Table 6. Photovoltaic parameters of the best HJ CdS/ZnTe

Samples Voc, V Jsc, mA/cm? FF, % n, %
CdS/ZnTe:O 0,84 0,25 38,6 0,1
CdS/ZnTe:Mn 0,47 0,24 34,2 0,05

J, mA/cm

-0,34

—e— CdS/ZnTe:Mn/PEDOT:PSS/Ag
—e— CdS/ZnTe:O/PEDOT:PSS/Ag

Fig. 17. J-V characteristics of the best HJ CdS/ZnTe

In the obtained photovoltaic cells, only a portion of the incident radiation energy is
converted. Most of the energy is lost due to various phenomena during conversion. These
phenomena include reflection of light from the semiconductor surface; transmission of light
through the semiconductor without absorption; dissipation of energy of electrons and holes
generated by photons with 4v>Eg; reduction in the concentration of non-equilibrium charge
carriers due to their recombination at the semiconductor surface and within its volume; losses due
to resistances Rs and Rsh. The external quantum efficiency (Fig. 18.) of the HJ CdS/ZnTe with
evaporated Ag as ohmic contact is nearly 0.2 at the peak located at the wavelength of 550 nm,
while the internal quantum efficiency is higher than the external quantum efficiency.
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Fig. 18. Spectral distribution of internal and external quantum efficiency of HJ
CdS/ZnTe/PEDOT:PSS/Ag (from paste) (a), CdS/ZnTe/PEDOT:PSS/Ag evaporated (b), and
CdS/ZnTe:Mn/PEDOT:PSS/Ag from paste (c)
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The buffer layer deposited on the ZnTe absorber before the Ag contact deposition by
evaporation increases the internal quantum efficiency to nearly 0.5, while the external quantum
efficiency remains unchanged at 0.2. The internal quantum efficiency of HJ CdS/ZnTe with
PEDOT:PSS buffer layer and ohmic contact deposited from Ag paste indicates a slightly higher
value of internal quantum efficiency, just above 0.5, while the external quantum efficiency remains
at 0.2.

In the case of doping the ZnTe thin films with Mn, both the internal and external quantum
efficiency values decrease to 0.1. In all photovoltaic cell designs, the internal and external quantum

efficiency at longer wavelengths is limited by Eg of ZnTe.
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GENERAL CONCLUSIONS

. The J-V characteristics of the CdS/ZnTe photovoltaic device were simulated using the
following input parameters: dz.re=1,0 um, dcas=5 nm, dzno=20 NM Egyznre)=2,2 €V, Egcas)=2,4
eV, Eqzn0)=3,3 eV, ®ng=4,7 eV with the SCAPS-1D sifware, and the following photovoltaic
parameters: Voc=0,89 V, Jsc=25,9 mA/cm?, FF=72,6, 7=16,78%.

. Optimal technological conditions were developed for obtaining thin films of ZnTe, CdS
using the close space sublimation method, and ZnO thin films using the spray pyrolysis
method. The CdS thin films exhibited a hexagonal polycrystalline structure regardless of
the treatment environment. Vacuum treatment at T=400 °C for one hour allows obtaining
polycrystalline layers with crystallite size of 0.48 nm, average transmittance of
approximately 85%, and bandgap values (Eg) around 2.40 eV % 0.02 eV, regardless of the
annealing environment. Studies on ZnTe:O thin films obtained at substrate temperature
(Tsub) ranging from 320 °C to 360 °C and source temperature (Ts) ranging from 560 °C to
600 °C indicated the optimal conditions as Tsub =340 °C and Ts =600 °C. The obtained
ZnTe thin layers exhibited a zincblende structure, classified under space group F43m (216)
with preferred orientation [1 1 1].

. After deposition, the ZnTe thin films obtained at different Tsu, and Ts were annealed in O2
flux at 400 °C for 60 minutes. EDX analysis indicated that oxygen was incorporated into
the crystalline lattice of ZnTe, with its concentration decreasing from 5.88% (for Ts=560
°C) to 0.6% (for Ts=600 °C), while increasing with Tsus, reaching 4.49% at Tsu=360 °C.
These results suggest the formation of a diluted semiconductor alloy with an intermediate
band in the oxygen-doped ZnTe thin films.

. Transmission and reflectance spectra analysis revealed that increasing substrate
temperature (Tsup) from 320 °C to 360 °C altered the Eg value of the ZnTe:O thin films
from 2.24 eV to 2.19 eV, while source temperature (Ts) did not affect the Eq value.
Photoluminescence (PL) spectra of the layers obtained in the Tsup =320 - 360 °C range were
dominated by broad bands located at 1.73 eV and 1.82 eV, whose positions were
determined by the substrate temperature, whereas only the 1.82 eV band predominated
with Ts variation, attributed to the intermediate band formed by the oxygen isoelectronic
impurity.

Undoped and Al-doped ZnO thin films, regardless of the atmosphere during formation,
exhibited a hexagonal polycrystalline structure with preferred orientation [0 0 0 2]. The

highest crystallinity was observed in the structure doped with 1% Al in an O2 atmosphere,
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where D=31 nm, ex=1.4-10". Topographic study indicated that surfaces of ZnO thin films
obtained in an O, atmosphere were rougher, with Rms=60.96 nm and R.=1.45 nm, yet
showing average transmittance of ~90%, Eq=3.22 eV, conductivity of 1316 (Q-cm)?, and
charge carrier concentration of 1,25-10%* cm.

. The technology for fabricating CdS/ZnTe:O structures involved using ZnO (~400 nm) as
the front contact, followed by a thin CdS thin films (~200 nm) annealed in vacuum.
Subsequently, the ZnTe:O absorber layer (~3.0 um) was grown via CSS method, followed
by application of a PEDOT:PSS thin films via spin-coating, serving as a buffer layer at the
back contact. Silver paste was used to create back contact.

. According to the C-V characteristics of the CdS/ZnTe:O structures, the thickness of the
space charge region varied with the capacitance measurement frequency, ranging from
2.16 pm at 10 kHz to 4.33 um at 1 MHz, located within ZnTe, while the density of states
at the interface between CdS and ZnTe reached a value of 4.9-10° eV-lcm™. The effective

concentration of acceptor impurities at room temperature reached 7.4-10* cm,

. The J-V and C-V characteristics of the CdS/ZnTe:O structures indicated that the forward

current was dominated by thermionic emission and recombination through interface states
and traps at all temperatures, with higher temperatures exceeding room temperature
exhibiting more intense recombination through interface states and traps than the
thermionic emission component. The total conductivity at low frequencies corresponded
to ionic conductivity, while at higher frequencies, it exhibited interface polarization
conductivity.

. The study of the J-V characteristics under full sunlight illumination of 100 mW/cm?
showed that increasing the thickness of the ZnTe:O absorber layer in the CdS/ZnTe:O
photovoltaic cell resulted in an increase in open-circuit voltage and short-circuit current
density to their maximum values of Voc=0.84 V and Jsc=0.25 mA/cm? The energy
conversion efficiency reached 0.13%. Internal quantum efficiency indicated a value higher

than 0.5 in the wavelength range of 490-590 nm.

25



RECOMMENDATION

Simulation of the J-V characteristics of the CdS/ZnTe heterojunction indicates a solar-to-
electric conversion efficiency of 16.78%. To experimentally achieve this value, it is necessary to
optimize the technology for obtaining ZnTe thin films. Analysis of the structural and optical
properties of the ZnTe thin films confirms the formation of a diluted semiconductor alloy due to
annealing in oxygen at 420 °C for 40 minutes, resulting in the formation of an Ore intermediate
band. Unfortunately, during annealing, this band disappears due to diffusion of the component
elements of the "window layer" and absorber, forming a layer at the interface with a bandgap
smaller than that of ZnTe, capturing almost all free charge carriers on network imperfections at
the HJ interface. To successfully achieve a diluted ZnTe semiconductor alloy in the junction
structure, it is necessary to:

a) increase the distance between the source and substrate in the ZnTe evaporation
system and oxygen doping during deposition in the vacuum chamber to achieve a
higher oxygen concentration;

b) develop a technological process for obtaining components that eliminates diffusion
of the structure's component elements;

c) propose a different buffer layer than CdS;

d) Use metals or alloys as ohmic contacts whose electron extraction work function is

greater than 5.5 eV.
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2) LUNGU, lon. Influenta doparii cu aluminiu asupra proprietatilor optice ale straturilor
subtiri de ZnO. In: Studia Universitatis Moldaviae. Seria Stiinte Exacte gi EConomice.

2020, nr. 7(137), pp. 23-30. ISSN 1857-2073. DOI:
https://doi.org/10.5281/zenodo.4457488
Cat. C:

1) LUNGU, lon, GHIMPU, Lidia, UNTILA, Dumitru, POTLOG, Tamara. Copper-related
defects in ZnTe thin films grown by the close space sublimation method. In: Moldavian
Journal of the Physical Sciences. 2022, nr. 1(21), pp. 34-41. ISSN 1810-648X. DOI:
https://doi.org/10.53081/mjps.2022.21-1.03

2) LUNGU, lon, GAGARA, Ludmila, GHIMPU, Lidia, POTLOG, Tamara. Synthesis and
electrophysical properties of CdS/ZnTe heterojunctions. In: Moldavian Journal of the
Physical Sciences. 2022, nr. 1(21), pp. 42-51. ISSN 1810-648X. DOI:
https://doi.org/10.53081/mjps.2022.21-1.04

3) RUSNAC, Dumitru, LUNGU, lon, GHIMPU, Lidia, COLIBABA, Gleb, POTLOG,
Tamara. Structural and optical properties of ZnO:Ga thin films deposited on ITO/glass
substrates for optoelectronic applications. In: Moldavian Journal of the Physical
Sciences. 2021, nr. 1(20), pp. 84-93. ISSN  1810-648X. DOI:
https://doi.org/10.53081/mjps.2021.20-1.07
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3. Articles in conference proceedings and other scientific events
3.1. in proceedings of scientific events included in Web of Science and SCOPUS databases

1)

2)

3)

4)

5)

6)

7)

8)

POTLOG, Tamara, GORCEAC, Leonid, TAKU, Miyake, LUNGU, lon, RAEVSCHlI,
Simion, WORASAWAT, Suchada, BOTNARIUC, Vasile, MIMURA, Hidenori.
Synthesis and Properties of Al-doped ZnO Thin Films for Photovoltaics. In:
Proceedings. 4" International Conference on Nano Electronics Research and Education
(ICNERE), 2018, Hamamatsu, Japan, pp. 1-6, DOI: 10.1109/ICNERE.2018.8642595.
https://ieeexplore.ieee.org/abstract/document/8642595

LUNGU, lon. Structural and composition of Cu-doped ZnTe thin films with different
concentrations by immersion in Cu(NO3)2 solution. In: Proceedings of the International
Semiconductor Conference CAS. Editia a 44-a, 6-8 octombrie 2021, Sinaia. New Jersey,
USA: Institute of Electrical and Electronics Engineers Inc., 2021, pp. 155-158. ISBN
978-166543571-0. DOI: https://doi.org/10.1109/CAS52836.2021.9604170

LUNGU, lon, BUSUIOC, Simon, MONAICO, Elena, POTLOG, Tamara. Effect of
Particle Size and Roughness on Contact Angle of ZnTe Thin Films. In: IFMBE
Proceedings. 6th International Conference on Nanotechnologies and Biomedical
Engineering. Editia 6, Vol.91, 20-23 septembrie 2023, Chiginau. Chisindu: Springer
Science and Business Media Deutschland GmbH, 2023, pp. 268-277. DOI:
https://doi.org/10.1007/978-3-031-42775-6_30

LUNGU, lon, GHIMPU, Lidia, POTLOG, Tamara. Illumination-Dependent
Photovoltaic Parameters of CdS/ZnTe Solar Cells. In: IFMBE Proceedings. 6th
International Conference on Nanotechnologies and Biomedical Engineering. Editia 6,
Vol.91, 20-23 septembrie 2023, Chisinau. Chisindu: Springer Science and Business
Media Deutschland GmbH, 2023, pp. 214-222. DOI: https://doi.org/10.1007/978-3-031-
42775-6_24

GAGARA, Ludmila, LUNGU, lon, GHIMPU, Lidia, POTLOG, Tamara. Synthesis
Technology for CdSe/CdTe Heterojunctions and Characterization of Their Photoelectric
Properties. In: IFMBE Proceedings. 6th International Conference on Nanotechnologies
and Biomedical Engineering. Editia 6, Vol.91, 20-23 septembrie 2023, Chisinau.
Chisinau: Springer Science and Business Media Deutschland GmbH, 2023, pp. 206-213.
DOI: https://doi.org/10.1007/978-3-031-42775-6_23

BOTNARIUC, Vasile, GORCEAC, Leonid, COVAL, Andrei, CINIC, Boris, GAUGAS,
Petru, CHETRUS, Petru, LUNGU, lon, RAEVSCHI, Simion. ZnO nanometric layers
used in photovoltaic cells. In: IFMBE Proceedings. 4th International Conference on
Nanotechnologies and Biomedical Engineering. Editia 4, Vol.77, 18-21 septembrie
2019, Chisinau. Switzerland: Springer Nature Switzerland AG, 2020, pp. 53-56. ISBN
978-303031865-9. DOI: https://doi.org/10.1007/978-3-030-31866-6_11

POTLOG, Tamara, LUNGU, lon, RAEVSCHlI, Simion, BOTNARIUC, Vasile, ROBU,
Stefan, MIMURA, Hidenori. Electrical properties of thermal annealed in vacuum spray
deposited al-doped zno thin films. In: IFMBE Proceedings. 4th International Conference
on Nanotechnologies and Biomedical Engineering. Editia 4, Vol.77, 18-21 septembrie
2019, Chisinau. Switzerland: Springer Nature Switzerland AG, 2020, pp. 83-87. ISBN
978-303031865-9. DOI: https://doi.org/10.1007/978-3-030-31866-6_18

QASSEM, Amjad-Al, GAGARA, Ludmila, FEDOROV, Vladimir, LUNGU, Ilon,
POTLOG, Tamara. Comparative study of the P-CDS/N-cdte photovoltaic devices with
depleted intrinsic layer. In: IFMBE Proceedings. 4th International Conference on
Nanotechnologies and Biomedical Engineering. Editia 4, Vol.77, 18-21 septembrie
2019, Chisinau. Switzerland: Springer Nature Switzerland AG, 2020, pp. 707-711. ISBN
978-303031865-9. DOI: https://doi.org/10.1007/978-3-030-31866-6_125
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3.2. in proceedings of scientific events included in other databases accepted by ANACEC
3.3. in proceedings of scientific events included in the Register of materials published based on
scientific events organized in the Republic of Moldova

1)

2)

3)

4)

5)

6)

LUNGU, lon, GADIAC, Ivan. Proprietatile fizice ale straturilor de ZnTe dopate prin
imersie in solutie de cupru. In: Conferinta tehnico-stiintifica a studentilor, masteranzilor
si doctoranzilor. Vol.1, 23-25 martie 2021, Chisindu. Chisindu, Republica Moldova:
Tehnica-UTM, 2021, pp. 46-49. ISBN 978-9975-45-699-9.
https://ibn.idsi.md/vizualizare articol/133724

RUSNAC, Dumitru, LUNGU, lon, POTLOG, Tamara. Formarea starii excitate triplet
in straturile subtiri dopate cu GA sintetizate din solutie. In: Integrare prin cercetare si
inovare.Stiinte ale naturii si exacte. SNE, 10-11 noiembrie 2020, Chisindu. Chisinau,
Republica Moldova: CEP USM, 2020, pp. 276-279. ISBN 978-9975-152-50-1.
https://ibn.idsi.md/vizualizare_articol/114159

LUNGU, lon, COLIBABA, Gleb, POTLOG, Tamara. Fabricarea structurilor
SnO2/CdTe/ZnO si cercetarea proprietatilor acestora. In: Integrare prin cercetare si
inovare.Stiinte ale naturii si exacte. SNE, 10-11 noiembrie 2020, Chisinau. Chisinau,
Republica Moldova: CEP USM, 2020, pp. 304-308. ISBN 978-9975-152-50-1.
https://ibn.idsi.md/vizualizare articol/114215

LUNGU, lon, BOTNARIUC, Vasile, POTLOG, Tamara. Efectul tratarii termice in vid
asupra structurii i proprietatilor optice ale straturilor nanostructurate ZnO dopate cu Ga.
In: Integrare prin cercetare si inovare.Stiinte ale naturii si exacte. SNE, 7-8 noiembrie
2019, Chisinau. Chisinau, Republica Moldova: CEP USM, 2019, pp. 234-237. ISBN
978-9975-149-46-4. https://ibn.idsi.md/vizualizare_ articol/88887

GADIAC, Ivan, LUNGU, lon. Rolul hexamethylenetetraminei (HMTA) in sinteza
straturilor nanostrcturate pe probe de ZnO obtinute prin pulverizare cu piroliza. In:
Sesiune nationald cu participare internationala de comunicari stiintifice studentesti.
Editia 24, Vol.1, R, 15 februarie 2020, Chisinau. Chisinau, Republica Moldova: Centrul
Editorial-Poligrafic al USM, 2020, pp. 43-46. ISBN 978-9975-142-89-2.
https://ibn.idsi.md/vizualizare articol/102836

LUNGU. 1., GODIAC, I. Influenta tratarii termice Tn formarea nanorodurilor de ZnO.
In: Sesiune nationala cu participare internationala de comunicari stiintifice studentesti,
Ed. 24, 15 februarie 2020, Chisinau, Republica Moldova: Centrul Editorial-Poligrafic al
USM, 2020, Editia 24, Vol.l, R, pp. 25-28. ISBN 978-9975-45-632-6.
https://ibn.idsi.md/vizualizare articol/106118

4. Patents and other intellectual property objects

4.1. Patents and other intellectual property objects issued by international intellectual property
offices (specifying the office)

4.2. Issued by the State Agency for Intellectual Property

5. Other works and achievements specific to various scientific fields (recommended for
publication/approved by an authorized institution in the field), such as:

1)

2)

LUNGU, I, PATRU, R.E., GALCA, A.C, PINTILIE, L., POTLOG, T. DC current-
voltage and impedance spectroscopy characterization of CdS/ZnTe heterostructures. In:
Workshop “Application-Oriented material development” September 12-14, 2023,
Bucharest, Roménia.

GAGARA, Ludmila, LUNGU, lon, GHIMPU, Lidia, POTLOG, Tamara. Synthesis
Technology for CdSe/CdTe Heterojunctions and Characterization of their Photoelectric
Properties. In: IFMBE ProceedingsNanotechnologies and Biomedical Engineering.
Editia 6, R, 20-23 septembrie 2023, Chisinau. Chisindu: Springer Science and Business
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3)

4)

5)

Media Deutschland GmbH, 2023, p. 60. ISBN 978-9975-72-773-0.
https://ibn.idsi.md/vizualizare_ articol/188669

LUNGU, lon, GHIMPU, Lidia, SUMAN, Victor, UNTILA, Dumitru, POTLOG,
Tamara. lllumination-Dependent Photovoltaic Parameters of CdS/ZnTe Solar Cells. In:
IFMBE ProceedingsNanotechnologies and Biomedical Engineering. Editia 6, R, 20-23
septembrie 2023, Chisindu. Chisindu: Springer Science and Business Media
Deutschland GmbH, 2023, p. 61. ISBN 978-9975-72-773-0.
https://ibn.idsi.md/vizualizare_ articol/188671

LUNGU, lon, BUSUIOC, Simon, MONAICO, Elena, POTLOG, Tamara. Effect of
Particle Size and Roughness on Contact Angle of ZnTe Thin Films. In: IFMBE
ProceedingsNanotechnologies and Biomedical Engineering. Editia 6, R, 20-23
septembrie 2023, Chisindu. Chisindu: Springer Science and Business Media
Deutschland GmbH, 2023, p. 67. ISBN 978-9975-72-773-0..
https://ibn.idsi.md/vizualizare_articol/188685

COLIBABA, Gleb, INCULET, Ion, LUNGU, lon. Obtaining of ZnO single crystals
with controllable growth direction for application in optoelectronics and photonics. In:
Cercetari si inovatii in viziunea tinerilor cercetatori “Cadet INOVA’20”. Nr.5, 26-28
martie 2020, Sibiu. Sibiu, Romania: Editura Academiei Fortelor Terestre ,,Nicolae
Balcescu”, 2020, pp. 236-237. https://ibn.idsi.md/vizualizare articol/116813
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ADNOTARE

la teza cu titlul ,,FIZICA HETEROSTRUCTURILOR CdS/ZnTe iN APLICATII
FOTOVOLTAICE”, inaintatd de candidatul lon LUNGU, pentru conferirea titlului stiintific de doctor
in stiinte fizice, la specialitatea 134.01-Fizica si Tehnologia Materialelor.

Structura tezei: Teza Tnaintatd spre sustinere a fost realizatd in Laboratorul ,,Materiale
Organice/Anorganice in Optoelectronica” al Universitatii de Stat din Moldova, Chisinau, 2024. Este scrisa
in limba romana si consta din introducere, 5 capitole, concluzii generale, recomandari si bibliografie (104
titluri), fiind expusa pe 145 pagini text de baza, 87 figuri si 34 tabele. Rezultatele obtinute au fost publicate
in 26 lucrari stiintifice, dintre care un articol in revista cu impact factor 4,6; 5 articole in reviste din Registrul
National al revistelor de profil; 14 articole in culegeri stiintifice nationale si internationale; 5 teze in culegeri
stiintifice nationale si internationale.

Cuvinte cheie: straturi subtiri, metoda CSS, compusi A?B®, simulare numericdi SCAPS-1D, caracteristici
J-U, caracteristici C-U, XRD, SEM, AFM, UV-Vis, FL, banda intermediara, spectroscopia de impedanta.
Domeniul de studiu: Fizica si tehnologia dispozitivelor fotovoltaice pe baza compusilor binari, modelarea
numerica a caracteristicilor curent-tensiune si eficientei cuantice externe.

Scopul lucrérii constad 1n analiza potentialului utilizarii HI CdS/ZnTe in aplicatii fotovoltaice, cu accent
pe elaborarea tehnologiei de obtinere a benzii intermediare 1n stratul absorbant prin incorporarea oxigenului
n reteaua de ZnTe.

Obiectivele cercetarii: Conceperea designului optimal al dispozitivului fotovoltaic in baza heterojonctiunii
CdS/ZnTe din punct de vedere al eficientei de conversie a energiei solare in energie electrica prin simularea
numerica cu softul SCAPS-1D. Elaborarea tehnologiei de obtinere a straturilor subtiri ZnO, CdS, ZnTe
prin: dirijarea conditiilor tehnologice, dopare, modificarea controlatdi a morfologiei, proprietatilor
cristaline, electrice si optice. Realizarea dispozitivelor fotovoltaice Tn baza compusilor studiati, cercetarea
proprietatilor fotoelectrice si stabilirea mecanismului de transport al purtatorilor de sarcina electrica.
Noutatea si originalitatea stiintifica: Optimizarea parametrilor tehnologici de obtinere a straturilor subtiri
de ZnTe, utilizand metoda CSS si tratamentul termic in mediu de oxigen la 400 °C, prin studiul structurii,
compozitiei chimice, absorbtiei, fotoluminescentei indica formarea benzii intermediare la 1,82 eV, in
rezultatul substitutiei oxigenului cu telur. Realizarea dispozitivelor fotovoltaice cu valoarea tensiunii de
circuit deschis de 0,84 V, cu randament de conversie a energiei solare in energie electrica 0,13%, destul de
modest, in comparatie cu cel obtinut prin simulare numerica cu softul SCAPS-1D care indica in functie de
parametrii de intrare: Egzntey=2,2 €V, Egcas=2,4 eV, Eyzn0)=3,3 eV, xng=4,7 eV urmdtorii parametri
fotovoltaici: Ucp=0,89 V, Jsc=25,9 mA/cm?, FF=72,6, n=16,78%. Eficientd cuanticd internd atinge valoare
de aproximativ 0,5 n intervalul lungimilor de unda 490-590 nm. Originalitatea consta in crearea de noi
materiale pentru dezvoltarea dispozitivelor fotovoltaice alternative.

Rezultatul/rezultatele obtinute care contribuie la solutionarea unei probleme stiintifice importante:
n aceasta teza de doctor a fost propus conceptul de dispozitiv fotovoltaic cu banda intermediara si elaborate
mostre experimentale a dispozitivelor fotovoltaice pe baza HJ CdS/ZnTe.

Semnificatia teoreticd a lucrarii consta in elucidarea proceselor fizico-chimice de formare a benzii
intermediare 1n straturile subtiri de ZnTe obtinute, precum si a proceselor de la interfata HJ CdS/ZnTe:O
prin analiza caracteristicilor J-U, C-U si a spectroscopiei de impedanta in functie de temperatura si de
frecventda de masurare.

Valoarea aplicativa: constd in implementarea softului de simulare numerica SCAPS-1D in optimizarea
parametrilor fotovoltaici a dispozitivelor fotovoltaice pe baza HJ CdS/ZnTe:O si realizarea experimentala
a acestora pentru aplicatii in energia verde.

Implementarea rezultatelor stiintifice: rezultatele stiintifice obtinute pot fi implementate in procesul
instructiv-educativ, atat la Facultatea de Fizica si Inginerie a Universitatii de Stat din Moldova, cat si in alte
institutii de invatamant si cercetare din tara si de peste hotare.



ANNOTATION

of the thesis entitled "PHYSICS OF CdS/ZnTe HETEROSTRUCTURES IN PHOTOVOLTAIC
APPLICATIONS", presented by the candidate lon LUNGU, for obtaining the scientific degree of
Doctor in Physical Sciences with specialty 134.01-Physics and Materials Technology.

Thesis structure: The thesis was performed at the “Organic/Inorganic Materials in Optoelectronics”
Laboratory of the State University of Moldova, Chisinau, 2024. It is written in Romanian and consists of
an introduction, 5 chapters, general conclusions, recommendations, and bibliography (104 titles). The thesis
is presented in 145 pages of basic text, containing 87 figures and 34 tables. The research results have been
published in 26 scientific papers, including one journal article with an impact factor of 4.6; 5 articles in
magazines from the National Register of professional magazines; 14 articles in national and international
scientific collections; 5 theses in national and international scientific collections.

Keywords: thin films, CSS method, A2B® compounds, SCAPS-1D numerical simulation, J-U
characteristics, C-U characteristics, XRD, SEM, AFM, UV-Vis, FL, intermediate band, impedance
spectroscopy.

Field of study: Physics and technology of photovoltaic devices based on binary compounds, numerical
modeling of current-voltage characteristics and external quantum efficiency.

The aim of the work consists of analyzing the potential of using HJ CdS/ZnTe in photovoltaic applications,
with an emphasis on the development of the technology to obtain the intermediate band in the absorber
layer by incorporating oxygen into the ZnTe network.

Research objectives: Designing the optimal scheme of the photovoltaic device based on the CdS/ZnTe
heterojunction in terms of solar energy conversion efficiency through numerical simulation with SCAPS-
1D software. The development of the technology for obtaining ZnO, CdS, ZnTe thin films by optimizing
the technological conditions, doping for controlled modification of the morphology, crystalline, electrical,
and optical properties. Fabrication of photovoltaic devices based on the optimized compounds, studying
their photoelectric properties, and establishing the transport mechanism of electric charge carriers.
Scientific novelty and originality of the results: The optimization of the technological parameters for
obtaining ZnTe thin films using the CSS method and thermal treatment in an oxygen environment at 400
°C, by studying the structure, chemical composition, absorption, photoluminescence indicates the formation
of the intermediate band at 1.82 eV, because of the substitution of oxygen with tellurium. The realization
of photovoltaic devices with the open circuit voltage value of 0.84 V, with solar energy conversion
efficiency of 0.13%, quite modest, compared to that obtained by numerical simulation with SCAPS-1D
software indicating in depending on input parameters: Egznte=2.2 eV, Egcas=2.4 eV, Egyzn0)=3.3 eV,
Yag=4.7 eV following photovoltaic parameters: Voc =0.89 V, Jsc=25.9 mA/cm?, FF=72.6, n=16.78%.
Internal quantum efficiency reaches a value of about 0.5 in the wavelength range 490-590 nm. The
originality consists in creating new materials for the development of alternative photovoltaic devices.

The main scientific problem solved: in this PhD thesis, the concept of photovoltaic device with
intermediate band was proposed and experimental samples of photovoltaic devices based on HJ CdS/ZnTe
were elaborated.

The theoretical significance of the work consists in the elucidation of the physic-chemical processes of
the formation of the intermediate band in the ZnTe thin layers obtained, as well as of the processes at the
HJ CdS/ZnTe:O interface by analyzing the J-U, C-U characteristics, and impedance spectroscopy as a
function of temperature and of measurement frequency.

Applicative value: it consists in the implementation of the numerical simulation software SCAPS-1D in
the optimization of the photovoltaic parameters of the photovoltaic devices based on HJ CdS/ZnTe:O and
their experimental realization for applications in green energy.

Implementation of scientific results: the obtained scientific results can be implemented in the
instructional-educational process, both at the Faculty of Physics and Engineering of the Moldova State
University, and in other educational and research institutions from the country and abroad.



AHHOTANUA

Huccepranmst «@PU3UKA TETEPOCTPYKTYP CdS/ZnTe B ®OTOIJIEKTPUUYECKHUE
INPUMEHEHWSA», npencrasnennoit Jlynry MoH, Ha cOUCKaHME CTEIIEHU JIOKTOpa (PU3NIECKUX HAYK 110
cnenranbHOCTH 134.01-PU3uKa M TEXHOJIOTUS MATEPHAIOB.

Crpykrypa pauccepraumm: IIpencraBneHHas Ha 3allUTy JUcCCepTalMs BBINOJHEHAa B JlabopaTtopuu
«Oprannyeckue/Heoprannueckue Marepuansl B ONTO3NMEKTpOHUKE» [ OCYJapCTBEHHOTO YHUBEPCHUTETA
Monnosel, Kumnnes, 2024. OHa HamucaHa Ha PYMBIHCKOM SI3BIKE€ M COCTOMT W3 BBEICHUS, 5 TaB, oOIIMX
BEIBOJIOB, peKoMeHnarmii u oubimorpaduu (104 HauMeHOBaHMIA), comepkut 145 cTpaHUIIaX OCHOBHOTO TEKCTA,
87 pucynka u 34 Tabnuil. IlonydeHHbIe pe3ysIbTaThl ONyOIUKOBaHbI B 26 HayYHbIX paboTax, B TOM YHCIIE OJHA
KypHaJIbHas CTaThsl C HMIAKT-GakTopoM 4,6; 5 crareii B KypHanax HammoHanpHOTO peectpa
po(hecCHOHANIBHBIX JXKypHANIOB; 14 cTaTeii B HAIMOHAIBHBIX M MEXIYHapOAHBIX HAYYHBIX COOpHHUKaX; 5
JUccepTalrii B HALIMOHAJIBHBIX U MEXKAYHAPOIHBIX HAYYHBIX COOpPHUKAX.

KuitoueBble cJ10Ba: TOHKKE IUIEHKH, METOJI KBa3M3aMKHYTOT0 00beMa, coenunenus A2B®, 1-U xapakrepuctuku,
C-U xapaxrepuctuku, POA, COM, ACM, Y®-Bua, ®JI, npomexyTodHas 30Ha, UMIICTAaHCHAS CIIEKTPOCKOTIHS,
YHCIEHHOE MOJIEIUPOBAHUE.

O0aacTh HAyYHBIX HHTepecoB: Du3NKa U TEXHONOTHS (POTOIIEKTPHUCCKUX YCTPOHCTB HA OCHOBE OMHAPHBIX
COSIMHECHUH, YICIEHHOE MOICIINPOBAHNE BOJIBTAMIICPHBIX XapaKTEPUCTHK U BHEITHETO KBAHTOBOTO BBIXO/IA.
Ieanr padoTel cocrouT B aHanu3e mnoreHnuana ucnoiaszoBanus HJ CdS/ZnTe B ¢oroanekTpuueckux
YCTPOKCTBaX C yIOpOM Ha pa3paboTKy TEXHOJIOTHH IIONyYCHHS IPOMEKYTOUHOH TIOJIOCH B aOCOpOHpyIoIeM
CJI0€ MyTeM BHEAPEHUS KUCIOpoaa B pemeTky ZnTe.

3agaun paborbl: Pa3paboTka oNTHUMaidbHO Iu3aiiHa (DOTOINEKTPUUECKOTO YCTPOMCTBA HA OCHOBE
rereporiepexoga CdS/ZnTe ¢ Touku 3peHust 3¢GeKTUBHOCTH MpeoOpa3oBaHUsI COTHEUHOW SHEPTHH ITyTeM
YHUCIIEHHOTO MojaenupoBanus B mporpamme SCAPS-1D. Pa3paboTka TEXHOJIOTHH TONYYECHHS TOHKHX CIIOEB
Zn0, CdS, ZnTe myTeM: ynpaBieHHE TEXHOIOTHUECKUX YCIOBHM, JIETHUPOBAHUS, KOHTPOIUPYEMOTO U3MEHEHUS
MOpPGOIOTUH, KPUCTAUIMYECKUXK, AICKTPUUECKHX M ONTHYECKUX CBOUCTB. Co3maHue (HOTOIIEKTPUUECKUX
YCTPOHCTB Ha OCHOBE M3YUYCHHBIX COCIMHEHHI, NCCIeOBAHIE (POTOIIEKTPIHUCCKUX CBOUCTB M YCTaHOBJIICHHUE
MeXaHHU3Ma IIepeHoca HOCUTENEH AIeKTPUYECcKOoro 3apsaa.

HayuyHasi HOBH3HA M OPMIMHAJIBLHOCTB: ONTUMU3AIMA TEXHOJOTHUECKHX IapaMETPOB Hpu Pa3IUIHBIX
YCIIOBUSX noayyeHusi TOHKUX cinoeB ZnTe mMeromom CSS m TepMuyeckoil 00pabOTKOM B KHUCIOPOJHOM cpejie
mpu Ttemmeparype 400 °C, myreM wu3ydeHHS CTPYKTYpbl, XHUMHYECKOTO COCTaBa, IIOTJIOMICHUS,
(OTOMIOMMHECIIEHIIMN YKa3bIBaeT Ha 0Opa3oBaHUE NPOMEXKYTOUHOH mosocel mpu 1,82 3B B pesynbraTe
3aMeleHns TeUTypa KuciaopomoM. Peammzanms GoTOdIEKTpHUECKUX YCTPOUCTB CO 3HAUEHHUEM HAPSHKECHUS
xonocroro xoxa 0,84 B, ¢ KII/ mpeobpazoBanms comueunoit sueprun 0,13%, DOCTATOYHO CKPOMHBIM IO
CPAaBHEHHUIO C TIONYyYEHHbIM IpPHU YHUCICHHOM MopenupoBanuu B mporpamme SCAPS-1D ¢ ykasanuem B
3aBUCHMOCTH OT BXOAHBIX mHapameTpoB: Egznte)=2,2 3B, Egcds=2,4 3B, Egzn0)=3,3 3B, yng=4.7 3B
caemyromue (GoTodNIeKTpudeckue mapameTpel: Byy =0,89 B, Jsc =25,9 mA/cm?, FF=72.6, n=16,78 %.
BHyTpeHHMII KBaHTOBBIM BBIXOJ JIOCTUTaeT 3HaueHHs okono 0,5 B aumamazoHe JuH BONH 490-590 Hwm.
OpI/IFI/IHaJ'H)HOCTI) COCTOMT B CO3IaHUC HOBBIX MATCPUAJIOB JId Pa3BUTHS AJIbTCPHATUBHBIX q)OTOBOJ'II:TaI/I‘IeCKI/IX
prOOpOB.

PemienHasi ocHOBHasi HAy4Hasl 3a/laya: B JaHHOM JOKTOPCKOW IuCCepTaIy ObLIa MPeJIosKeHa KOHISTIIUS
(hOTORIIEKTPUUECKOTO YCTPOHCTBA C MPOMEKYTOUYHOW 30HOW M pa3pabOTaHbl IKCHEPUMEHTAIbHBIE 0Opa3Ilbl
(oroanekTpraeckux ycrpoiicTs Ha ocaoBe HJ CdS/ZnTe.

TeopeTnueckasi 3 HAYUMOCTH PA0OTHI COCTONT B BRISICHEHIH (PH3UKO-XHMUIECKUX MTPOIECCOB (POpMHIPOBaHUS
MPOMEKYTOUYHOM 30HBI B TOJYUYEHHBIX TOHKUX ciosix ZnTe, a Takke mporeccoB Ha rpanuile paszaena HIJ
CdS/ZnTe:O nyrem anammza J-U, C-U xapakTepHCTHK W HMIIENAHCA CIIEKTPOCKOIMH B 3aBUCHMOCTH OT
TEMIIePaTyphl K YaCTOTH H3MEPEHHSL.

IIpukiaagHoe 3HaAYeHHe: 3aKII0YAaETCS BO BHEAPEHUH IPOrpaMMBbI yrciaeHHoro MoaeiupoBanus SCAPS-1D
IpY ONTHMHU3AIMK (POTOIIEKTPUIECKUX TapaMeTpoB (HOTOINEKTPUIECKUX YCTpOWCTB Ha ocHoBe HIJ
CdS/ZnTe:O n ux SKCHEPUMEHTATBHON Pean3aliy sl IPIOKEHIH B 3€JICHOM YHEPreTHKE.

BHenpenune Hay4HbIX pPe3yJbTATOB: MOJYYCHHBIC HAyYHBIC PE3yJbTAaThl MOTYT OBITh BHEIPEHBI B y4eOHO-
00pa3oBaTeNbHBIN TIpoliecc, Kak Ha (DU3HKO-TEXHUYIECKOM (hakympTeTe 1'0CyIapCTBEHHOTO YHHBEpPCHTETA
MonoBEL, Tak W B JAPYTHX 00pa30BaTENbHBIX W HAYYHO-HCCICIOBATEIBCKUX YUPEKICHHIX B CTpaHe W 3a
pyOexom.
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