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Short summary

The thesis work focused on the post-deposition treatment (PDT) of the TiO2 buffer layer for
ShaSes solar cells. I studied the effect of temperature and environment in the PDT of TiO2
films on the Sb2Ses film properties and TiO2/Sb2Ses solar cell performance. In the present
study, glass/FTO/TiO2/Sb2Ses/Au solar cells were fabricated. TiO2 was deposited via ultrasonic
spray pyrolysis (USP), post-deposition treatment included vacuum annealing (at
temperatures from 120 °C to 450 °C) and air annealing (at a fixed temperature of 450 °C).
Sb2Ses was deposited via close-spaced sublimation (CSS). A solar cell with the highest PCE
of 3.96% was obtained when TiO2 was vacuum annealed at 160 °C and air annealed at 450
°C.

Keywords: TiO2, post-deposition treatment, ultrasonic spray pyrolysis, Sb2Ses solar cells, thin

film solar cells
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USP  Ultrasonic spray pyrolysis
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VE Vacuum evaporation
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INTRODUCTION

The sun is responsible for nearly all the energy on Earth. The exceptions are attributable
to moon-related tidal energy, nuclear energy, and geothermal energy. Everything else is a
converted form of the sun's energy: Hydropower is made possible by evaporation-
transpiration due to solar radiant heat; the winds are caused by the sun's uneven heating of
the Earth's atmosphere; fossil fuels are remnants of organic life previously nourished by the
sun. Finally, photovoltaic electricity is produced directly from sunlight by converting the
energy of the sunlight into free-charged particles within certain kinds of materials [1].

Implementation of solar energy sources, as well as other renewables, is a crucial way to
satisfy the increasing energy demand - without unnecessary carbon emissions.

According to International Renewable Energy Agency (IRENA) annual report "Renewable
Capacity Statistics 2021", in 2020, global cumulative solar capacity was above 713 GW - and
126 GW were installed during the last year [2]. However, it still makes only 2% of global
energy production [3]. To achieve the UN target goal 7 (Affordable and clean energy) until
the year 2030 [4] and aims of the Paris agreement until 2050 [5], the current growth rates
of this industry are insufficient. One way to decrease the price of solar panels and,
consequently, increase the growth rates of a solar industry is the diversification of the solar
cell market. About 95% of the market is occupied by mono- and polycrystalline silicon (mono-
Si and poly-Si), with a 5% share for all thin film technologies combined [6].

On an industrial scale, other notable thin film solar cell technologies include CIGS (copper
indium gallium selenide), CdTe (cadmium telluride), and a-Si (amorphous silicon). The current
efficiencies of CIGS and CdTe are 23.4% and 22.1%, respectively, which are comparable to
polycrystalline (22.3%) but lower than the mono-Si (26.1%)[7]. At the same time, thin film
cell manufacturing requires less material, lower energy, and has higher resource savings
potential [8]. However, the high price for indium (In) and toxicity of cadmium (Cd) and
tellurium (Cd)have intensified research into alternative thin film absorber materials [9]. One
of the perspective materials is Sb2Ses, which combines suitable optoelectronic characteristics,
higher abundance, low toxicity, and compatibility with CdTe manufacturing processes [9].

Herein the systematical investigation of the effects of TiO2 vacuum annealing procedure
on TiO2 buffer and Sb2Ses absorber layer properties and the Glass/FTO/TiO2/Sb2Ses/Au solar
cell performance was conducted. Insights into the processes leading to the changes in the

properties of annealed TiO2 films and TiO2/Sb2Ses thin film solar cells are proposed.

The work comprises a theoretical background of solar cells, materials involved in the
study, and a description of deposition and characterization techniques. The second part

presents an overview of the experimental part: the deposition and the PDT of TiO2 buffer and
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the deposition of Sb>Ses absorber. The experimental section also covers the material and
device characterization, e.g., scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), and current-voltage (J-V) characteristics. The third part includes results

and discussion.
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1. THEORETICAL BACKGROUND

1.1. The basics of solar cells

The photovoltaic effect was first time demonstrated in 1839 by Edmond Becquerel and named
in 1849 by Alfred Smee [10]. The first semiconductor (selenium) solar cell was constructed
in 1883 by Charles Fritts. It is notable that all these achievements happened long before
electron existence was proved (1897, by Joseph Thompson). Overall, the theoretic apparatus
for the PV effect studies were developed during the first half of the 20th century (Max Planck,
Walter Schottky, etc.). The first modern-type PV cell made of silicon was developed and
patented in 1941-1946 by Russel Ohl. However, the first silicon cells with 4% efficiency were
manufactured only in 1953 by Calvin Fuller.

A solar cell is a device made of two semiconductor materials, which can absorb light and
convert the energy of the absorbed photons to electric current [11]. Junction between n-type
(with the excess of electrons) and p-type (with the excess of holes) semiconductor has an
electric potential, which sweeps charge carriers away out from the junction and into the
external circuit. . The process of current generation consists of photon absorption, electron-
hole pair separation, and charge collection. Figure 1 schematically depicts these three steps

of the current generation.

E a
2 [ ]
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conduction 3 =~
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° g
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Fig. 1. Illustration of the photovoltaic effect. 1. A photon is absorbed in the p-type phase of
the semiconductor, generating a conducting pair (electron and hole). 2. The pair quickly
thermalizes with the phonons in the lattice, dissipating the energy excess above the band
gap. 3. The electron is driven to the left by the potential difference across the interface,

while the hole moves to the right, generating voltage between two terminals [12].
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Silicon is the most widely used photovoltaic absorber material. Silicon is naturally intrinsic
but can be made n- or p-type through doping. To get n-type silicon, it is doped with donor
atoms, which have more electrons - like P or As (group V, 5 e°). Vice versa, to achieve p-type
conductivity, silicon is doped with acceptor atoms, which have fewer electrons - like B (group
ITI, 3 e7). If a p-n junction is created using a single material, which is typical for silicon solar
cells, it is called a homojunction. Thin film solar cells mostly have heterojunctions, as the
junction is formed between two different materials, e.g., CdS/CdTe, ZnO/CIGS, or WS2/CIGS
[11]. In the case of the CdS/CdTe junction, the CdS buffer is naturally n-type due to sulfur
vacancies, and the CdTe absorber is p-type owing to its cadmium vacancies [13][14]. In the
TiO2/SbzSes cells studied in this thesis, TiO2 buffer is n-type due to oxygen vacancies, while
ShaSes is p-type most likely because of antimony vacancies and selenium antisite defects
[15].

1.1.1. Thin film solar cell configuration

Thin film solar cell usually consists of a p-n junction formed between n-type buffer and p-type
absorber material, or a p-i-n junction formed between n-type electron transport layer (ETL),
intrinsic absorber, and p-type hole transport material (HTM). The p-n junction is sandwiched
between a front contact and a back contact, which are good electric conductors to guide the
charge carriers into the external circuit readily. In thin film solar cells, the front contact is
transparent because it must allow the light to pass through towards the absorber layer.
Transparent conductive oxides (TCO), such as fluorine-doped tin oxide (FTO) and indium-
doped tin oxide (ITO), are typically used as front contacts. They both have high transparency
(80%) and boast low sheet resistance (< 30 Q/sq) [13].

A buffer layer is, in general, an n-type semiconductor with a wide band gap and high
transparency. The main role of the buffer layer is to reduce the lattice mismatch between the
absorber and front contact. It is also essential that the buffer is more conductive than the
absorber. In that case, the depletion region extends more into the absorber, where most of
the charge carriers are generated. Standard options in the thin film industry are CdS, TiO2,
ZnO with various doping [9][16].

The absorber layer is generally a p-type semiconductor. It has a lower band gap (mainly
between 1-2 eV [17]) and high absorption coefficient (> 10% in the visible and NIR range
[18]). The absorber is the layer where photocarriers are generated, then swept away by the
depletion region. The most well-known absorber layer materials for thin film solar cells are
CdTe, CIGS, a-Si, kesterites, and perovskites.

Back contact is usually a metal contact. Gold (Au), molybdenum (Mo), and copper (Cu) are

most commonly used. Back contact extracts the charge to the external load. It should also
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have a suitable electronic work function to avoid potential roll-over effect at the back surface
of the solar cell [13].

There are two configurations for thin film solar cells — superstrate and substrate (Fig. 2). In
the superstrate configuration, TCO-coated glass forms the substrate onto which buffer layer
is deposited. It is followed by the absorber layer and back contact. In the substrate
configuration, the back contact is the substrate that is deposited on the glass. Next, the

absorber layer is deposited, followed by the deposition of the buffer layer and TCO.

Light
Light

>

Front contact (TCO)
Buffer layer (CdS, TiO5, ZnO, etc.)

Substrate (glass)

] 5]
=i °
2 Front contact (TCO) Absorber layer (CdTe, CIGS, SbySes, g
o i o
3 Buffer layer (CdS, TiO,, ZnO, etc.) Bl 25 =
o (=8
2 Absorber layer (CdTe, CIGS, Sb,Ses, Back contact (Au. Ag. Cu, Mo, etc) 2

Bi283, etc.)

Substrate (glass)

Back contact (Au, Ag, Cu, Mo, etc)

<

Superstrate configuration Substrate configuration

Fig. 2. Schematic of thin film solar cell configurations.

1.1.2. Three generations of the photovoltaic

Solar cell technologies can be divided into three generations. The first-generation PV is based
on silicon, the second most abundant element in the Earth's crust. Today, most of the solar
panels on the market are made of either poly-Si, which are cheaper to produce, or mono-Si,
which offers better power output compared to the poly-Si solar cells. Current maximum

efficiencies are — 22.8% and 26.7% for poly-Si and mono-Si solar cells, respectively[19].

The second-generation PV is an umbrella term covering three thin film solar cell
manufacturing technologies - CdTe, CIGS, and amorphous silicon. Current efficiencies in

laboratory conditions are as follows: PCE of 21% for CdTe, PCE of 23. % for CIGS, PCE of
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10.2% for a-Si. As can be seen, these technologies have not been able to outperform the
silicon solar cell technologies and grab a larger market share, as seen in Fig. 3. Moreover,
they are experiencing other drawbacks. For instance, the scarcity of indium (In) is limiting
CIGS solar cell production, and there is a significant environmental concern over the toxicity
of Cd and Te [20]. Therefore, other binary chalcogenide compounds, such as FeS2, CuzS, SnS,
or SbxSes, which belong to the 3™ generation materials, are now being explored that could be

adapted to the well-established manufacturing processes of CdTe and CIGS.
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Fig. 3. Global market share of PV technologies - the percentage of global annual production
[21].

The third generation of PV is an umbrella term for all emerging technologies, including
perovskite solar cells (PSC), organic solar cells (OSC) cells, quantum dot solar cells (QDSC),
dye-sensitized cells (DSSC), and chalcogenide solar cells, such as kesterites and Sb2(S,Se)s
solar cells [22].

1.1.3. Antimony selenide

This work focuses on antimony selenide (Sb2Ses), one of the most promising emerging
absorber materials. As well as CdTe, it is a single-phase V-VI binary material, with a direct
band gap of 1.1-1.3 eV [16]. The theoretical absorption coefficient was found to be >10% cm~
! for energies above 1.5 eV, increasing to 1x10> cm™! at 1.8 eV, indicating a sharp and strong
absorption edge [16]. Carrier mobility is near 10 cm?V~1s~! [23][24][25]. Unlike the case of
CdTe, compounds of Sb>Ses are relatively abundant and non-toxic [26]. Sb2Ses exhibits an

orthorhombic crystal structure and a tendency to form ribbon-like one-dimensional (1D)

15



structures, which consists of covalently stacked (Sb4See)n blocks[27][28]. These ribbons are
connected through van der Waals forces[29], which is believed to reduce the density of
dangling bonds at the grain boundaries (GB) [30].

In the case of untreated, as-deposited cells, Sb>Ses absorber tends to outperform CdTe
absorber, which could be attributed to their difference in photosensitivity and resistivity [31].
Also, in terms of spectroscopic limited maximum efficiency (SLME) [32] of Sb>Ses outperforms
both CZTS and CdTe, having 28.2% already at a thickness of 200 nm, comparing with 21.5%
and 20.3%, respectively, which could look promising from the point of resource-efficient
manufacturing of solar cells [16].

Low melting point [33] and high vapor pressure of Sb and Se [34]allow the use of a
wide range of deposition techniques, such as magnetron sputtering, vacuum evaporation
(VE), close-spaced sublimation (CSS), and chemical methods [9][35].

1.1.4. Review of Sb>Ses-based PV
The first found solar cell based on Sbh2Ses absorber, reported in 2009 achieved PCE of

0.66%[36]. In 2013 [37], Sb2Ses was employed in a DSSC, achieving 3.21% efficiency[37].
The efficiency of 5.6% was achieved in 2015 for glass/FTO/CdS/Sb>Ses/Au stack, using RTE
(rapid thermal evaporation)[34]. In 2018 the cell with 6.6% efficiency was made, where
PCDTBT (poly [N-9’-heptadecanyl-2,7-car-bazole-alt-5,5- (4',7’-di-2-thienyl-2’,1’,3'-
benzothiadiazole)]) organic layer was included between Sb>Ses absorber and Au back contact
[38]. In 2018, a solar cell employing Sb2Ses, which was deposited by vapor transport
deposition (VTD), showed PCE of 7.6% [25].

The next significant leap in terms of efficiency was done in 2019. Substrate Sb>Ses solar cell
structure (ZnO:Al/ZnO/CdS/TiO2/Sb2Sesznanorod arrays/MoSez>/Mo) was produced, with ALD-
deposited TiO2 and CSS-deposited SbaSes, which altogether led to the PCE of 9.2% [24]. It
was the last record in the area of pure Sba2Ses as an absorber. In 2020 the most efficient cell
with TiO2/Sb2Ses was manufactured, showing 7.3% efficiency [39]. In 2020, two groups
showed results with 10% and 10.5% efficiency. Both of them used chemically-deposited
antimony selenosulfide Sbz(S,Se)s intending to optimize the S/Se ratio within the absorber
layer [40][41].
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Fig. 4. Development of emerging photovoltaic absorbers. Redrawn form [42], updated
using sources [25][24][38][40]1[41][43][44][45].

1.1.5 Titanium dioxide
As shown above, titanium dioxide (TiOz) is a suitable buffer layer in the Sb2Ses solar cell. TiO2

is a wide band gap semiconductor with a band gap at 2.8-3.3 eV, which is larger than in CdS
(Eqg = 2.5 eV) [46]. In nature, crystalline TiO2 can be found having phases of either anatase,
rutile (tetragonal crystal structure), or brookite (orthorhombic), as seen in Fig. 5 [47]. It has
found significant use in different established and emerging technologies, such as in c-Si [48],
CdTe [49], CZTS [50], and more recently in perovskites and chalcogenide solar cells [51].
The AG of the reaction between TiO2 and Sb2Ses is largely positive, indicating a
thermodynamically unfavorable reaction in the system, which in theory should provide better
lattice matching [9]. TiOz thin films can be produced by various techniques, such as vacuum-
based techniques, e.g., sputtering, atomic layer deposition (ALD), pulsed laser deposition
(PLD), and chemical vapor deposition (CVD) and solution-based techniques, e.g., sol-gel,
spin-coating, and spray pyrolysis [52]. The most efficient TiO2/Sb2Ses solar cell demonstrated
an efficiency of 7.3% [39].

In most cases, TiO2 in thin film PV studies is deposited via chemical methods. Currently, TiO2
is most actively used in the perovskite industry. After deposition, the most common PDT way
for TiO2 is to anneal it in air atmosphere at 450-500 °C for 30-60 minutes. Table 1 summarizes

research efforts in the literature on deposition and annealing procedures for TiOz films and its
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integration in various types of solar cells. The primary purpose of air annealing was to provide
crystallization to the TiO:z film. The influence of the organic residuals in the film was less
considered, despite their destructive potential for the film [9]. It was usually supposed that
nearly all the organic, which was used at the step of deposition (such as precursor solutions),
burns out at the step of deposition or, later, at the step of the subsequent air annealing.
However, recent findings of our laboratory stated [9] that even after conventional air
annealing treatment, organic residuals may be present in the USP-TiO: film and stay harmful

for solar cell operational characteristics.

Table 1. TiO2 deposition and annealing procedures through the researched literature.

TiO2
deposition | TiO; annealing PCE,
Year | Cell composition technique | procedure Absorber % Ref.
250 °C FGA 17.6-
2016 | Al;03/c-Si/SiO2/TiOz/Al ALD annealing, 3 min c-Si 21.6 | [48]
450 °C air
2016 | glass/ITO/TiO,/Sb,S3/P3HT/Au | CSP annealing, 30 min | Sb;S3 1.3 [53]
300 °C air
2017 | ZnO/TiO2/Sb,S3/P3HT/Au ALD annealing, 3 hours | Sb,Ses 2.3 [54]
Sol-gel 500 °C air
2018 | FTO/TiO,/CdS/CdTe/Au deposition | annealing, 1 hour | CdTe 5.16 | [49]
FTO/TiO2/PCs1BM/ Spin 500 °C air
2018 | CH3NH3PbIsz_xClx/HTM/Ag coating annealing, 15 min | Perovskite | 18.3 [51]
Zn0:Al/Zn0O/CdS/Ti0,/Sb;Ses
2019 | nanorod arrays/MoSe,/Mo ALD No annealing Sb,Ses 9.2 [24]
500 °C air
2019 | FTO/BL-TiO2/ns-Ti02/SnS/Au CSP annealing, 1 hour | SnS 4.8 [55]
Hydrother | 450 °C air
2020 | FTO/ TiO,/CdS/CZTS/Au mal annealing, 1 hour | CZTS 1.04 [50]
RF
sputtering
+ spin- | 500 °C air
2020 | glass/FTO/TiO,/Sb,Ses/Au coating annealing, 30 min | SbySes 7.3 [39]
450 °C air
2021 | FTO/USP-TiO,/Sb>Ses/Au UspP annealing, 30 min | Sb,Ses 5.3 [9]
m-TiOz/ Water 120 °C air 21.1
2021 | C-Chl/Cs;AgBiBre/HTM/Au bath annealing, 2 hours | Perovskite | 6 [56]
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One solution for expulsing these organic residuals from TiO2 films and improving their
optoelectronic properties is to apply the controlled thermal annealing in relevant ambient
conditions[13]. A similar mechanism was previously observed with oxygen impurities in
CdS/CdTe solar cells [57], and it may be also possible for TiO2. Therefore, a thorough study
of the influence of TiO2 buffer layer PDT procedure on the concentration of carbon in TiO2 film

and the efficiency of the solar cell should be provided.

(ay : ®) ic)

Fig. 5. Crystal structures of TiOz : (a) anatase, (b) rutile, and (c) brookite [58].
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1.2. Material deposition methods for absorber and

buffer layers

During this work, two main deposition methods were used - close-spaced sublimation (CSS),
a physical vapor deposition (PVD) method, and ultrasonic spray pyrolysis (USP), which is a
chemical method. In the beginning, USP was used for TiO2 deposition on glass/FTO substrate.
After post-deposition procedures, the Sb2Ses absorber was deposited atop of this TiO2 by CSS

method.

1.2.1. Close-spaced sublimation (CSS)

As well as in other methods of PVD family, during the deposition by CSS method material
experiencing two-phase changes (Fig. 6.1) — sublimation (from solid-state to gaseous phase)
and desublimation (from gaseous to solid). Solid or liquid material is heated up to the
vaporization point. Then, vapor crosses the gap between the source and substrate according
to the temperature gradient and condenses on its surface. The deposition should be done in
a high vacuum to prevent contamination and interruption of vapor flow by gas particles. The
principal scheme of the PVD process is shown in Fig.6a

The central otherness of CSS (comparing with other PVD methods) lies in the minimal (in
general 2-20 mm) distance between source and sample. These are encapsulated in a small
common volume, which imitates the conditions of a sealed ampoule. The scheme of the CSS

process is shown in Fig. 6.b.

Substrate ‘

Radiative heat element

Vacuum Chamber

I Glass substrate I

CEEE 888ttt dtetstsststtsssissistt e [2mm
Source Material

Fixturing

Fig. 6.a - principal scheme of PVD family of methods. 6.b - principal scheme of CSS

reactor.
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A custom CSS system used in this study was designed to maintain a high-purity deposition
condition. The schematic diagram of the system is shown in Fig.6.1. The system consists of
two graphite cylinders stacked vertically on top and the bottom of a stainless-steel cylindrical
tube. A quartz tube is positioned within a cylindrical hole in the bottom block, referred to as
the source graphite block. A substrate block is placed on top of the steel tube; a quartz
crucible was used to hold the source material and provide separation between the source and
the substrate graphite blocks. Tungsten coil heaters provide heating for both the source and
substrate blocks. Thermocouples are inserted inside both graphite blocks to control the
temperature. The temperatures recorded for the substrate and source graphite blocks are
assumed to be the actual temperatures of the substrate and the source material, respectively.
The heaters are individually controlled to set the desired temperature gradient in the system
[13].

/ Thermocouple

-

Substrate =™ |

graphite block O O',A,— Tungsten coll heater

-]_—Substrate

| LB T L

. Quartz frame
/ ==

|__- Source matetial

/i/.

Source |__ Tungsten coil heater
graphite block
/ Thermocouple

Fig. 7. Schematic representation of used CSS system.

Before deposition, the reaction chamber is evacuated to attain a high vacuum. First, a rotary
oil pump applied to decrease the pressure under the dome from the ambient atmosphere to
the 10 Torr. Then, the diffusion pump is applied decrease the pressure further to of 10°
Torr. During the deposition, the source material is heated up to the sublimation temperature.

The substrate is also heated, but to the a bit lower temperature, to create the temperature
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gradient from the source to the substrate. The crystallinity of the thin films depends on the
distance between the source and substrate, evaporation and substrate temperature, and

background gas pressure [59][60].

1.2.2, Ultrasonic spray pyrolysis (USP)

The ultrasonic spray pyrolysis (USP) is a simple, continuous, scalable, and cost-efficient
deposition method [35]. Suits for metal oxide deposition. On the first step of the procedure,
the precursor solution is nebulized in the ultrasonic wave generator to create droplets with a
suitable size (usually less than 20 um). Next, droplets are guided by the pumped gas flow
towards the substrate, which lies onto the hot plate. Solvent (deionized water, alcohol, or
another liquid) evaporates, organic compounds are decomposing, and only desirable metal
oxide thin film stays on the substrate [61][60].

Figure 8 shows the principal scheme of the ultrasonic spray pyrolysis setup. The precursor
solution is placed into a closed chamber (also called nebulizer) with an ultrasonic generator,
where ultrasonication is performed to create fine droplets of the solution[62]. Piezo crystals
of the generator are oscillating at high frequency, creating stationary waves inside the
precursor solution and initiating rapid vaporization[63]. The higher is oscillation frequency -
the finer are the droplets. Then, deposition of the finer droplets results in considerably more
homogenous film [63][64][60]. After the formation of vapor, it is subsequently guided
through the nozzle towards the heat plate with the aid of transport gas (usually compressed
air). The hot plate heats the substrate to the temperature desired for the specific thin film

deposition. The track of the nozzle above the plate is pre-programmed to make the film more

homogenous.
agrosol —»

F

aiI‘ o.':'ooa uoaeooo

compressor . «%asee 8®e0w 1 o2 sgybsirate
L
ol ::'“. . heater & "
° .
[ %a®s "“?'iZ solution emperature controller

. [T ultrasonic gcnerator
air flow meter

Fig. 8. Principal scheme of the setup for ultrasonic spray pyrolysis [65].

22



During the USP deposition, evaporation of the solvent, organic decomposition, and grain
growth relates to the temperature of the substrate [63], which is therefore considered the
most critical parameter of the process[66]. Also, ambient pressure and spray rate are
considered as influencing the process. Other parameters, such as the ambient pressure,
nozzle-to-substrate distance, spray rate, carrier gas flow rate, concentration of precursor
solution, and evaporation rate, should be carefully fitted to achieve a the film with desired

characteristics [60].

1.3. Material characterization methods
1.3.1. X-ray diffraction (XRD)

X-ray diffraction is a powerful nondestructive technique for characterizing crystalline
materials. It provides information on structures, phases, preferred crystal orientations
(texture), and other structural parameters, such as average grain size, crystallinity, strain,
and crystal defects [67]. X-ray diffraction means the effect of elastic scattering of x-ray
photons by atoms in a periodic lattice. The scattered monochromatic x-rays that are in phase
give constructive interference. Figure 1 illustrates how diffraction of x-rays by crystal planes

allows one to derive lattice spacings using Bragg's law [68].
nA = 2d sin 6 (1)

where n is an integer called the order of reflection, A is the wavelength of x-rays, d is the
characteristic spacing between the crystal planes of a specimen, and 6 is an angle between

the incident beam and the normal to the reflecting lattice plane.

Fig. 9. Principle of X-ray diffraction [69].

By measuring the angles, 6, under which the constructively interfering x-rays leave the
crystal, the interplanar spacings, d, of every single crystallographic phase can be determined.

To identify an unknown substance, the powder diffraction pattern is recorded with the help of
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a camera or a diffractometer. A list of d-values and the relative intensities of the diffraction
lines are prepared.

To get the information about the preferential orientation of the crystallites in the film, these
data are compared with the standard line patterns for various compounds in the Powder
Diffraction File (PDF) database. This file is released and annually updated by the International
Centre for Diffraction Data (ICDD), also known as Joint Committee on Powder Diffraction
Standards (JCPDS)

1.3.2. UV-VIS spectrophotometry

UV-Vis Spectroscopy (or Spectrophotometry) was used to determine the optical band gap
of the samples. It is a quantitative technique for determining how much light is absorbed by
a chemical substance. It is accomplished by measuring the intensity of light passing through
a sample to passing through a reference sample or blank. This technique can be applied to
various samples, including liquids, solids, thin films, and glass [70]. Two radiation intervals
are used, specifically ultraviolet (UV 300 to 400 nm) and visible (vis, 400 to 765 mm). UV-
Vis spectrophotometry makes it possible to describe thin film optical parameters such as
transmittance, reflectance, and absorbance. Basing on these parameters, thickness,
absorption coefficient, and band gap of the film may be calculated. Transmittance and

reflectance spectra are measured using an integrated sphere (Fig. 10).

1. Measuring transmittance 2. Measuring reflectance

# Light source % Light source
estsample_g#

Reflectance standard ‘estsample

Fig. 10. Transmittance and reflectance modes in UV-vis spectrometry [71].

Transmittance and reflectance spectra can be evaluated by dividing transmitted or
reflected light to the incident light[59]. Based on these spectra, the absorption coefficient, a,
can be obtained, using the equation (2):

T -
=e ad
100—-R

(2)

Where d is equal to the thickness of the film.
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The optical band gap is calculated using Tauc relation, which connects derived absorption

coefficient with band gap (3):
(ahv)™ = A(hv — Ej) (3)

where A is a constant, h is Planck's constant, v is light frequency, and Eg is an optical band
gap [71].

1.3.3. Scanning electron microscopy (SEM)

To get detailed pictures of the film, the SEM technique was involved. SEM images the sample
surface by scanning it with a high-energy beam of electrons in a raster scan pattern. The
primary electron beam produced under a high vacuum scans across the surface of a specimen.
When the electrons strike the specimen, a variation of the signal produces an image of the
surface or its elemental composition together with energy dispersive X-rays (EDX) [72].

The concept of scanning electron microscope is depicted in Figure 11.

Electron gun ————r—4)

4~ Electron beam

First condenser lens —,

Spray aperture —

Second condenser lens

~——+- X-ray detector

Deflection coils ~ ’
Final lens aperture - }/| A
" |71 ¢D

Backscatter <= —ui’

electron detector

Sample —--7\
‘ | Secondary

Vacuum pump electron detector

- Objective lens

Fig.11. The scheme of scanning electron microscope [73].

The main SEM components include a source of electrons, column down which electrons travel

with electromagnetic lenses, electron detector, sample chamber and a controlling unit [73].



Electrons are produced at the top of the column, accelerated down, and passed through a
combination of lenses and apertures to produce a focused beam of electrons that hits the
surface of the sample. The sample is mounted on a stage in the chamber area. Unless the
microscope is specifically designed to operate at a low vacuum, both column and chamber
are evacuated by a combination of pumps. The level of the vacuum will depend on the design
of the microscope [73].

The electron beam position on the sample is controlled by scan coils situated above the
objective lens. These coils allow the beam to be scanned over the surface of the sample. This
beam rastering or scanning, as the name of the microscope suggests, enables information
about a defined area on the sample to be collected[74]. As a result of the electron-sample
interaction, signals are produced. These signals are then detected by appropriate detectors
[73].

Several functions have been developed with the principles of SEM to have a better
understanding of material surfaces. Backscattered electrons (BSE) are electrons that are
reflected from the sample by elastic scattering. BSE images can provide information about
the distribution of different elements in the sample according to their atomic number. Field
emission guns SEM (FEG SEM) enables a higher resolution and magnification, which is widely

used in nanotechnology and biomedical fields [73].

1.3.4. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a quantitative technique for measuring the
elemental composition of the surface of a material. It can also determine the binding states
of the elements. It involves detecting photoelectrons emitted from a sample as a result of
irradiation of the sample by single-energy X-ray photons [75]. Here, XPS was involved in
examining the surface layer of the TiO2 film for carbon impurities, which were not seen using
other methods.

Slight variations in binding energies of the photoelectron lines, Auger lines, satellite peaks,
and multiple splitting can be used to identify chemical states. XPS is initiated by irradiating a
sample with monoenergetic soft X-rays, most commonly Mg Ka (1253.6 eV with a line
width=0.7 eV) or Al Ka (1486.6 eV with a line width = 0.85 eV). In many modern instruments,

the Al Ka X-ray line is further narrowed (to=0.35 eV) using a monochromator[76].
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Fig 12. A simplified picture of X-ray photoelectron spectroscope [77].

XPS is helpful for quantitative analysis of surface composition and can detect all elements
except for hydrogen and helium through the detection of the binding energies of the
photoelectrons.

XPS normally probes to a depth of 5-10 nm. XPS is an ultra-high vacuum technique, so the

sample to be analyzed has first to be evacuated [78].

1.4. Solar cell characterization techniques

1.4.1. Current density-voltage (3-V)

The current density-voltage (J-V) characteristic is the main method to find the quality of the
solar cell. Solar cell exhibits the properties of a diode, which produces current under
illumination (due to photovoltaic effect) [79]. When the current (in the case of PV -
photocurrent) flows through the p-n junction, the solar cell biases itself, therefore reducing
the electrostatic barrier and increasing diode current. Diode current flows in the opposite
direction (so it also calls reverse current). Under negative bias (Vvi < 0), diode current is

neglectable but rises exponentially under positive bias (Vei > 0) [60].

In the case of the ideal diode model, external photocurrent (Jsc, photocurrent, generated in

short circuit conditions or short-circuit current) can be calculated according to equation 4.

JV) =Jo (ekBl;f_ 1>_]sc (4)

Where Jo is reverse saturation current, ks is Boltzmann constant, g is elemental charge in C,
T is the temperature in kelvins, Vi is applied bias in V and Jsc is a short circuit current density
in mA/cm? [11][79].
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When cell is illuminated, but not connected to the external circuit, Vvi increases up to the
moment when the diode current cancels out the generated photocurrent. This signals about
the maximum possible bias, which is called open-circuit voltage (Voc, V) [60]. For the ideal

diode model, Voc can be calculated from equation 5:

Voc = k—Tln (]S—C + 1) (5)
q Jo

where Jsc is the short circuit current density in mA/cm?, Jois the reverse saturation current, q
is elemental charge in C, k is Boltzmann constant, and T is the temperature in kelvins [79].
Fill factor (FF) could be interpreted as a "measure of squareness" of the J-V characteristic. It
reflects the effects of series and shunt resistance. Series resistance is the result of the
resistivity of materials and contact regions, which hinder charge flow. High series resistance
should be low to maintain the charge collection uninterrupted. Shunt resistance reflects the
parasitic current routes within the cell, for example a direct connection between front and
back contacts. It should be as large as possible to increase the external photocurrent
[79][60]. FF is a ratio, shown in equation 6:

FF = Jmp>XVmp
JseXVoc

(6)

where Jmp is the maximum point for current density in mA/cm?, Vmp is the maximum point for
voltage in V, Jsc is short circuit current density, and Voc is open-circuit voltage [79][60].

Figure 13 depicts an J-V characteristic of the solar cell, which was measured in the dark and
illuminated conditions. In the dark, when the forward bias is applied, there is only a diode
current. Under illumination, there is also an external photocurrent that flows in the opposite
direction, comparing with diode current and therefore having a negative value. Jmp and Vmp
from the equation AAQ describe the maximum power point of the J-V curve. Thus, the power

density P of solar cell can be calculated as equation 7:

P=FFX]SCXVOC=]meVMP (7)

Photoconversion efficiency (PCE, also can be written as n) is the main parameter of the solar
cell that defines the relationship between the maximum power density of the cell to the solar

irradiance, which can be calculated from 8 equation:

PCE = lmeZur (8)

N

Where Ps is the solar irradiance in W/m?2 [79][60].
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Fig.13. J-V characteristics of a solar cell measured in the dark and illuminated conditions
[60][80].
1.4.2. External quantum efficiency (EQE)

The "quantum efficiency" is the ratio of the number of carriers collected by the solar cell to
the number of photons of a given energy incident on the solar cell. The quantum efficiency
may be given either as a function of wavelength or as energy [81]. If all photons of a certain
wavelength are absorbed, and the resulting minority carriers are collected, then the quantum
efficiency at that particular wavelength is equal to 1. The quantum efficiency for photons with
energy below the band gap is zero. A quantum efficiency curve for an ideal solar cell is shown
below [81].
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Fig.14. The quantum efficiency of a silicon solar cell. Quantum efficiency is usually not
measured much below 350 nm as the power from the AM1.5 contained in such low

wavelengths is low [81].

1.5. Summary of theoretical background and aims of the

thesis

Based on the literature, the following features should be considered:

1. Antimony selenide (Sb2Se3) is a promising absorber, exhibiting a suitable band gap
and high absorption coefficient. Sb>Ses cells achieved an efficiency of 9.2%, and
Sb2(S,Se)s cells are at 10.5% now.

2. The state-of-the-art Sb.Ses cells have been fabricated using physical deposition
methods, such as close-spaced sublimation (CSS) and vapor transport deposition
(VTD).

3. Titanium dioxide (TiO2) is a wide band gap n-type semiconductor material, which has
shown promise as a buffer layer for the Sb>Ses solar cell.

4. As a part of TiO2 treatment, air annealing after the deposition is a common applied
procedure. However, the effect of vacuum annealing on structural and optoelectronic
properties of the TiOz film and, consequently, TiO2/Sb2Ses solar cell is much less

observed.
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5. To improve the TiO2/Sb2Ses solar cell manufacturing procedure, optimal temperature

and annealing environment for the TiO2 buffer layer should be found.
According to this, the next aims could be stated for the following thesis:

1. To learn about the main principles of thin film solar cells, ultrasonic spray pyrolysis
and close-spaced sublimation thin film deposition techniques, thin film characterization
techniques from material (SEM, XRD, UV-VIS, XPS), and device (J-V, EQE) points of
view.

2. To deposit sets of glass/FTO/TiO: thin films and glass/FTO/TiO2/Sb2Ses/Au solar cells,
implementing different post-deposition treatment procedures for the TiO:2 layer.

3. To analyze structural and optoelectronic properties of the TiO2 thin films which
experienced different post-deposition treatment procedures.

4. To investigate the effect of the TiO2 post-deposition treatment procedures on the

device performance of TiO2/Sb2Ses solar cells.
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2. EXPERIMENTAL PART

During the study, two sets of samples were manufactured. The principal scheme of both sets
is shown in figure 15. The processing sequence is described in figure 16.

Set 1 included TiO2/FTO/glass stacks used for material characterization (such as XRD and UV-
VIS). Set 2 included glass/FTO/TiO2/Sb2Ses/Au solar cells with additional indium contacts,
which operated as solar cells. Set 2 was used for solar cell characterization ((J-V, EQE).
Also, in parallel with set 1, TiO2 was deposited onto glass without FTO. Under these conditions,

titania remained amorphous.

Au
SbhoSe3
TiO2 TiO2
FTO FTO
Glass Glass
Set 1 Set 2

Fig. 15. Principal scheme of the sample sets.
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UsP .
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AsDep control Set 1 Set 1
sample (Vac) (Vac+Air)

Fig. 16. Deposition sequence.
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2.1. Fabrication of glass/FTO/TiO./SbxSesz/Au solar cells
Glass/FTO substrate preparation

As a substrate, FTO-coated glass produced by Sigma-Aldrich Corporation was used. Glass
thickness was 2.3 mm, declared surface resistivity ~7 Q/sq.
The glass substrate was cut into squares (12x12 mm for set 1, 20x20 mm for set 2). Samples
were marked by scribing their numbers on the glass side and then cleaned. The cleaning
procedure consisted of dipping the samples in the solution (10 g K2Cr207 + 10 mL H20 + 100
mL H2S04) for 1-3 hours, rinsing by deionized water, dipping in the boiling deionized water

for 5-10 minutes, and then - drying in the flow of compressed or hot air.
TiO= deposition by ultrasonic spray pyrolysis (USP)

TiO2 layer was deposited onto the FTO surface by USP. The substrate was heated up to 340
°C. Compressed air was used as a carrier gas. Precursor solution included titanium (IV)
isopropoxide (TTIP) with the chemical formula of Ci2H2804Ti and acetylacetone (AcAc) with
the formula of CsHsO2. The procedure was standardized to get the film thickness of 80-90 nm.
The deposition was conducted in two steps. On the first step, TTIP and AcAc were dissolved
in ethanol. 100 ml of solution consisted of 2.85 ml of TTIP, 4 ml of AcAc, and 93.15 ml of
ethanol. 99 ml were used on the first deposition step, with a 7 ml/min flow rate of the carrier
gas and 70 cycles of deposition. On average, the first step lasted for 24 min 57 sec and
demanded 76 ml of solution. On the second step, one ml of the initial solution was dissolved
into 250 ml of alcohol to get a diluted solution. 50 ml of this solution was used during one
deposition. It was deposited with 3I/min flowrate and during 25 cycles. The average second
step of deposition lasted for 8 min 51 sec and took 16 ml of diluted solution.

In the end, samples were cooled down for 5-10 minutes.
TiO2/FTO/glass annealing

To research the combined influence of the vacuum annealing and the annealing in oxygen-
rich conditions on TiOz2 film, two different annealing procedures were implemented, one-step
and two-step.

The one-step procedure included only annealing in a vacuum at temperatures from 160 °C to
450 °C. For all samples, the temperature was increasing from the room temperature to the
targeted one for 30 minutes and keeping for 30 minutes more, with subsequent cooling (20-
30 minutes on average). Samples with TiO2 annealed according to his procedure in the text

are named VacX, where X is the temperature of vacuum annealing.
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In the case of the two-step procedure, after vacuum annealing, samples were placed in the
air furnace, where they were annealed at 450 °C for 30 minutes, with subsequent rapid
cooling (10-15 minutes on average). Samples with TiO2, which experienced a two-step
annealing procedure, in-text are named as VacX+Air, where X is the temperature of vacuum
annealing.

Vacuum annealing was conducted in a three-zone furnace Carbolite Gero EZS 1200. Air
annealing was conducted in furnace T-40/600.

Annealing was the last step for set 1 preparation, whilst set 2 had two more steps.
Sb:Ses deposition by close-spaced sublimation (CSS)

Antimony selenide absorber layer was deposited onto TiO2/FTO/glass substrates by CSS. For
all samples, Sba2Ses absorber layers of 1.3-1.5 uym thickness were deposited by CSS (from 5N
granular Sb2Ses source material, provided by Sigma-Aldrich) at a source temperature of 490

°C keeping a deposition rate of ~1 pm min-.
Au back contact deposition by thermal evaporation

Golden back contacts were deposited onto glass/FTO/TiO2/Sb2Se3 substrates, covered by mica
masks. Areas of back contacts were 20-40 mm?2. After cooling, on the top of Au contacts and
on the edges of FTO were soldered additional indium films to prevent scratching of the gold

and ease the further measurements.

2.2. Material characterization

A Zeiss HR-SEM MERLIN scanning electron microscope (SEM) with the GEMINI II column
was used to visualize crystal structure.
XRD characterization was carried on the Rigaku Ultima IV diffractometer by Cu Ka radiation
(A = 1.54 &, 40 kV, 40 mA). Rigaku PDXL software was used to analyze XRD data. Following
data cards were used:

- JCPDS 01-089-0821 for Sbh2Ses

- JCPDS 00-021-1272 for TiO2

- JCPDS 01-077-0452 for FTO (Sn02).

To maintain the Uv-VIS characterization in 300-1500 nm wavelength region, Jasco V-670 UV-
Vis spectrophotometer with an integrating sphere was used. Using equations (2) and (3) from
section 1.4.2, optical band gaps were calculated. Material characterization was conducted on
the base of the Laboratory of Thin Film Chemical Technologies at Tallinn University of

Technology.
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XPS characterization was conducted on the hard X-ray photoelectron spectroscopy (HAXPES)
analytical system, on the base of Competence Centre Photovoltaics Berlin (PVcomB),

subdivision of Helmholtz Zentrum Berlin fir Materialien und Energie (HZB).

2.3. Solar cell characterization

To measure the J-V characteristic of samples from set 2, AUTOLAB PGSTAT 30 and an Oriel
class A solar simulator 91159A (100 mW cm-2, AM1.5) were used.

To conduct the EQE measurement for all samples from set 2, 300 W xenon lamp and an SPM-
2 Carl Zeiss-Jena monochromator were used at 30 Hz. Solar cell characterization was
conducted on the base of the Laboratory of Thin Film Chemical Technologies at Tallinn

University of Technology.
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3. RESULTS AND DISCUSSION

Chapter 3 presents the results of the research on structural, optical, and electrical properties

of TiO2 thin films and the performance of TiO2/Sb>Ses solar cells modified by PDTs.

In section 3.1, structural and optical properties of TiO2 films treated according to different
procedures and at different temperatures were investigated. Section 3.2 is devoted to the
analysis of structural properties of Sb2Ses films deposited atop TiO2 from section 3.1 by CSS.
Section 3.3. is focused on the electrical properties of resulting TiO2/Sb2Ses solar cells. Section

3.4 tells about the surface composition of TiO:2 film, studied via XPS.

3.1. Effect of annealing temperature and environment on

TiO2 thin film properties

In this thesis, the joint influence of two different annealing procedures was studied —vacuum
annealing and consequent air annealing. Furthermore, TiO2 buffer layers were prepared using
either a two-step approach, which involved both vacuum and air annealing, or a single-step
approach, where only vacuum annealing was applied. Considering that the two-step approach
is subsequently labeled as "Vac+Air", whereas the single-step approach is labeled as "Vac".
For the Vac procedure, glass/FTO/TiO2 samples were annealed in a vacuum at temperatures
between 160 °C and 450 °C for 30 minutes, without any further steps. In the case of the
Vac+Air procedure, the vacuum annealing step (same with the Vac procedure) was always
followed by air annealing at 450 °C for 30 minutes. A more detailed description of deposition
and treatment procedures is included in Experimental section 2.1.
SEM, XRD, and UV-Vis techniques were used to analyze structural and optical properties of
TiO2, deposited on glass/FTO substrate and annealed according to Vac+Air and Vac
procedures.

SEM study of glass/FTO/TiO2 samples showed the dependence of TiO2 film crystallinity upon
vacuum annealing temperature. It can be seen from the top view SEM images in Fig. 17a and
17b. The cross-section for the sample, annealed according to Vac160+Air procedure, is shown
in Fig. 17c. At low temperatures, grains form agglomerates, surrounded by a vast amount of

amorphous phase. At 450 °C, larger grains have formed across the whole film.
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Fig. 17. Morphology of USP-deposited TiO2 thin film, vacuum annealed at 160 °C(a) and
450 °C(b); cross-section of a typical glass/FTO/TiO2 stack (c).

Figure 18 shows XRD patterns of glass/FTO/TiO2, which were annealed according to Vac+Air
(18.a) and Vac (18.b) procedures.

Given that the layer of TiO2 was comparatively thin, 80-90 nm, the signal from FTO was
stronger than from TiO2. FTO peaks were cut to make TiO2 peaks be more visible on the
graph.

All the TiO:2 films deposited onto FTO/glass substrate were found to be polycrystalline. TiOz
crystallized into the anatase phase (PDF card no. 00-021-1272). Two TiOz-related peaks were
found - (101) at 26=25.28° and (200) at 26 =48.05°. These peaks have been previously
reported for USP-deposited TiO: films.
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Fig.18. XRD patterns of TiO: films annealed in a vacuum at temperatures of 160 to 450 °C,

a) with consequent air annealing (Vac+Air); b) without consequent air annealing (Vac).

At low temperatures below 300 °C, (101) the plane was mainly similar to the peak found in
the AsDep sample. Also, a (200) peak was missing. Starting from 300 °C, intensities of both
peaks are growing substantially, reaching the maximum at 400 °C (for Vac+Air procedure)
and 450 ° C(for Vac procedure).

Intensity rise of the XRD peaks could be explained as a common effect seen after a) increase
in the degree of crystallinity (which was observed by SEM) and b) increase in crystallite size.
It can be concluded that at annealing temperatures below 300 °C, the influence of vacuum
annealing on TiOz2 crystallization is neglectable. It was rather predictable - these temperatures
are lower than 340 °C the temperature of USP deposition. However, for both procedures
(Vac+Air and Vac), the leap in (101) peak intensity happens at 300 °C, which is still below
the deposition temperature.

Crystallite size was increasing with temperature for both treatment procedures (Fig. 19). For
the Vac+Air procedure (Fig. 19a), crystallites were 30 nm at low-T (120-250 °C) annealing
and = 50 nm at high-T (300-450 °C) annealing. In the case of the Vac procedure, this
dependence vas more significant — after low-T vacuum treatments, crystallites were = 20 nm
large and after high-T treatment - 40-60 nm large, with the largest ones (61 nm) after the
annealing at 450 °C (Fig. 19b).
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Fig.19. Crystallite sizes, extracted from TiO2 XRD patterns, a) Vac+Air procedure; b) Vac

procedure.

In the next step, UV-Vis was used to check any significant trends in band gap among the

samples. Figure 20a shows the Tauc plot extracted from UV-Vis data for the Vacl60+Air

sample. A band gap of 3.3 eV was calculated. In the same way, band gaps were calculated

for all samples from set 1, as shown in figure 20.b.
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Fig.20. a) Tauc plot for Vac160+Air sample; b) Band gap of Vac+Air and Vac treated

samples, calculated from UV-VIS data.
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For all samples, the band gap lay between 3.2 and 3.4 eV. For all temperatures, except 180
°C, the band gap for Vac+Air treated samples was higher than for Vac treated samples. It
could be that the influence of vacuum annealing temperature on the band gap is negligible.
To summarize - for both annealing procedures, the higher vacuum annealing temperature
yields bigger crystal grains. XRD patterns that showed the presence of (101) and (200)
together with the top-view SEM images revealed that TiO: films vacuum annealed at low
temperatures include a more significant portion of amorphous TiO2, as compared with the
films annealed at higher temperatures. The temperature at which TiO: crystallized was at 300
°C. Otherwise, no significant differences between XRD patterns for Vac+Air and Vac
procedures were found. According to UV-VIS, the band gap of TiOz varies slightly between
3.2-3.4 eV at temperatures of 160-450 °C.

3.2. Effect of TiO2 annealing temperature and environment

on grain growth of Sb>Ses absorber

Section 3.2 reports on the effect of different TiO2 post-deposition treatment procedures on
Sb2Ses film properties in glass/FTO/TiO2/Sb2Ses3 samples

Similar to the previous section, all samples were annealed according to two different
procedures — Vac+Air and Vac. Vac+Air procedure was implemented for temperatures 160 -
450 °C, while Vac procedure was applied at temperatures 350-450 °C. Temperatures higher
than 450 °C were not studied for the reason that TiO2 undergoes a phase transition from
anatase to rutile at 500-600 °C. Temperatures below the 350 °C were not studied for the
single-step Vac annealing because annealing temperatures, which are already below the
temperature of USP deposition, cannot possibly enable recrystallization of the TiO2 film.
Temperatures below 160 °C were not studied for two-step Vac+Air annealing because this
has been already previously made [59].

XRD patterns were measured to investigate the potential influence of TiO2 buffer layer Vac
annealing temperature on Sb2Ses absorber film structure. Figure 21 displays the XRD patterns
of SbaSesfilm deposited by CSS onto TiO2/FTO/glass substrates, which were previously
annealed at temperatures 160-450 °C. To analyze the patterns, PDF JCPDS 01-089-0821 was
used. Peaks, specific for orthorhombic Sb.Ses were found at 26 of 28.2°, 31.2°, 32.3°, 45.0°,
45.1°, 45.6°, which correspond to (211), (221), (301), (431), (501) and (002) planes,

respectively.

40



A Vac400+Air

Vac450+Air

a) b)
39 N S N
— N o — N o
oo <) . m (NS =3
m C | Vacl60+Air 2
= c
c ; >
5 LJ Vac200+Air > Vac350
S
- fond Ak YBCZB0FAI | © ULMU\MW&.
© A =
= Vac300+Air )
2 55 M Vac400
8 | | . Vacssosair| T WLA{ nd Mo o ]
> A A __ =
= n
0 c
c g
2 c
= =

Vac450

20 30 40 50 60 70 20 30 40 50 60 70

26(deg) 20(deq)

Fig. 21. XRD patterns of glass/FTO/TiO2/Sbh2Ses films with TiO2 substrate, treated a)

according to Vac+Air procedure; b) according to Vac procedure.

All samples, both in Fig. 21a and 21b, show strongest peaks for the (211) and (221) peaks,
which correspond to grains, which are inclined with respect to the surface normal.
To further examine the variation in crystal orientation, the texture coefficient (TC) was

calculated using by Harris formula (eq. 9) [82]:

_ I(hkD) [ I(hikil) 1™

TC (hkl) = Io(hkl) LN Zl 17, (hikily) )
where I(hkl) is the intensity of given reflection found experimentally, and Io(hkl) is the
intensity obtained from the reference powder, N is the number of diffraction peaks considered
in the calculations. Before the fitting, the background noise of the diffractogram was

deconvoluted. The Lorentzian function was used for the peak integration.

TC analysis showed that TC values of the (211) and (211) planes increased with higher Vac
annealing temperatures, as seen in Fig. 22b. A somewhat similar trend can be seen for
Vac+Air annealed samples. It could mean that larger grains of TiO2, as shown in Fig.19,

improved Sb2Ses crystal growth in 211 and 221 directions.
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Fig. 22. Texture coefficients calculated from integrated intensity ratios for the dominant
miller planes (211, 221, 002) of Sb2Ses absorber.

The glass/FTO/TiO2/Sb2Ses film structures were studied by SEM. In Fig. 23a, it can be seen
that Sb2Ses forms large columnar grains on the top of the TiO2 buffer layer. Fig. 23b shows

the 90-95 nm layer of TiO2 between FTO below and Sb2Ses above it. Fig. 23c shows the top
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view of SbzSes film, which is rather homogenous and includes very few voids in it.

Fig. 23. SEM image of the Vac160+Air annealed glass/FTO/TiO2 substrate with CSS-
deposited Sb2Ses: cross-section focused on the Sb2Ses grains (a), cross-section focused on
92-95-nm thick TiO2 layer (b), top view (c)

It could be assumed that larger grains of buffer layer provide more suitable conditions for

growing SbzSes film.
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3.3. Effect of TiO2 annealing temperature and environment
on electrical characteristics of
glass/FTO/TiO2/Sb2Ses/Au solar cells

Section 3.3. is devoted to the investigation into the effect of different TiO2 buffer layer vacuum
annealing temperatures on the glass/FTO/TiO2/Sb2Ses/Au solar cell performance.

Figure 24a shows current-voltage (J-V) curves for solar cells with Vac+Air annealed
substrates, whereas Fig. 24b - J-V characteristics of three solar cells with Vac annealed
substrates. In both figures, a solar cell with air annealed substrate was added for reference.
Table 2 shows the main photovoltaic parameters of the samples. J-V curves in Fig. 24a shows
that the solar cell with a the efficiency of 3.96%, made by Vac160+Air procedure, is the most
efficient device among the studied ones. It is followed by the device with a buffer layer,
annealed at 120 °C, with 3.59% efficiency.

As seen in Table 2, solar cells deposited according to Vac+Air show higher Vo, Jsc, FF, and
efficiency. All characteristics of the Vac160+Air are lower than the characteristics of the record
cell [41], except for the Jsc (24.5 mA/cm?).

J-V curves show different trends for Vac+Air and Vac procedures. In the case of Vac+Air, as
seen in Fig. 24a, Vac450+Air and Vac350+Air solar cells perform clearly worse than
Vac160+Air and Vac250+Air samples and are similar to the reference solar cell.

Results show that the lower is the vacuum annealing temperature, the better is the device
performance. In the case of Vac annealing, as shown in Fig. 24b, all solar cells performed
worse than the reference solar cell. Vac400 and Vac450 had similar Jscand Voc, while Vac350
shows a drop in Jsc to 11.6 mA/cm? and an increase of Voc to 242.67 mV. Vac350 produced
an efficiency of 0.83%, which is the lowest among all samples. Most importantly, these results
indicate the necessity of air annealing for optimal TiO2 performance in a TiO2/Sb2Ses solar
cell.

External Quantum Efficiency (EQE) of solar cells with different annealing procedures are given
in Fig. 25 — and EQE data support the findings above. Vac160+Air device shows the highest

spectral response from 350 to 900 nm, which then declines sharply.
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Fig. 24. J-V characteristics of glass/FTO/TiO2/Sb2Se3/Au solar cells with buffer layer treated

a) according to Vac+Air procedure; b) according to Vac procedure.

Table 2. Photovoltaic parameters of glass/FTO/TiO2/Sb2Ses/Au solar cells with a buffer layer

treated according to Vac, Air, and Vac+Air procedures.

Tvac (°C) Procedure Voe, mV s, mA/cm? FF, % | Eff, %
No vac | Air 300.4 18.1 34 1.89
Vac+Air 293.02 17.7 34.6 1.79

430 Vac 199.07 15.2 35.3 1.52
Vac+Air 296.58 17.7 31.4 1.64

400 Vac 214.36 15.1 33.4 1.54
Vac+Air 288.53 20.9 34.8 2.1

350 Vac 242.67 11.6 29.8 0.83
300 Vac+Air 339.03 22.2 39.7 2.95
250 Vac+Air 356.17 21.7 37 2.85
200 Vac+Air 360.03 23 39.5 3.3
160 Vac+Air 368.05 24.5 43.9 3.96
120 Vac+Air 354.21 24.4 41.5 3.59

Vac450+Air solar cells have a higher EQE response in the 650-900 nm region than in the 400-
650 region. At 400 °C, the shape of the curve looks well-balanced, but the EQE is weaker
comparing with lower temperatures. At 350 °C and lower temperatures until 160 °C, EQE is

constantly rising for all intervals, and for all samples in this range of temperatures left side of
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the graph is higher than the right one. After the peak EQE values at 160 °C, EQE drops down
to 120 °C, indicating peak values between 120 °C and 200 °C.

For the Vac procedure, only three samples were examined. For all temperatures, EQE was
lower compared with their counterparts treated according to the Vac+Air procedure. The
shape of 450 °C is close to its shape for Vac+Air. At Vac 400 °C, the highest EQE for almost
all spectrum regions is gained, close to the Vac+Air 400 °C sample. However, at a lower

temperature (350 °C), EQE is not rising, like in the previous set, but drops down.
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Fig. 25. Normalized EQE of glass/FTO/TiO2/Sb2Ses/Au solar cells with a buffer layer, treated

a) according to Vac+Air procedure; b) according to Vac procedure.

At this step, it was clearly visible that both the temperature of vacuum annealing and
subsequent air annealing actively influence the efficiency of the solar cell. Previous studies
have attributed the increase of solar cell efficiency to the reduction of carbon content in the
TiOz films [9]. Since the results presented in this thesis clearly support a two-step procedure,
this may well be additional proof about the role of carbon in the TiO2/Sb2Ses device
performance. However, vacuum annealing at higher temperatures looks somewhat
counterintuitive - the higher was the vacuum annealing temperature, the lower was the cell
efficiency. Therefore, the following assumptions about the differences in annealing in an
oxygen-rich atmosphere and a vacuum were made.

The role of oxygen is somewhat unclear in terms of TiO2/Sb2Ses p-n heterojunction. TiO2 is
an n-type semiconductor, which should have more carriers to perform its function. It implies
that it should have more oxygen vacancies - and prior research was focused on increasing
their concentration via TiO2 annealing in oxygen-poor conditions (vacuum, N, Ar) [83].
However, when samples were exposed to air (even at room temperature), the concentration

of oxygen vacancies was rapidly decreasing.
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It can be implied that during air annealing, oxygen is actively incorporated into TiOz film. The
degree and rate of liquid-phase sintering are inversely proportional to the dimensions of the
initial TiO2 particles. Thus, TiO:2 films annealed at low substrate temperatures have a highly
dispersed structure with smaller grains and smaller crystallite sizes (seen in section 3.1), and
high surface energies [13]. Therefore, these grains are more active in terms of
recrystallization by mass transport through the air atmosphere, compared with larger grains.
At the same step, oxygen is actively diffusing into the TiO2 structure, leading to a significant
decrease in the number of oxygen vacancies in the film. It should decrease the efficiency of
the cell - but it instead increases roughly two times.

One of the likely answers could be that oxygen acts as a passivator of Sb2Ses grain boundaries
during the Sb2Ses deposition - in the same manner as chlorine and oxygen act for CdTe
[84][85]. It neutralizes their dangling bonds and reduces the number of potent trap states in
the SbaSes area of the p-n junction. The influence of passivation could overcome the negative
effect of oxygen on the number of carriers. The even higher efficiency can probably be shown
by the solar cells with passivated Sb2Ses grain boundaries, but without decreasing the number

of oxygen vacancies.

To summarize, despite the gradual improvement of the strusture in both TiO2 and Sb.Ses
layers with temperature, the electrical characteristics of the devices have shown opposite
trends. At high temperatures, cells have shown low efficiency (1-2%), and the most efficient
sample was made by Vac160+Air procedure. Vac samples have shown far lower efficiency,
comparing with their Vac+Air counterparts. Also, Vac samples were found less efficient than
Air-annealed control sample. It was a rather counterintuitive result — based on parts 3.1. and
3.2. it was possible to suppose that after a low-temperature vacuum, TiO2 will show rather
bad electrical properties. Also, no substantial difference between Vac and Vac+Air treated
samples was observed on previous steps. The role of air annealing was associated with oxygen
incorporation into TiO2 structure and temperature dependence of efficiency - with the
incorporation into the films with different structural and structural properties. The possibility
of a passivating effect of additional oxygen from TiO:z film on Sb2Ses grain boundaries was
implied. Also, the prior hypothesis that the role of vacuum annealing could be explained by
the remains of organic on the surface of TiO2, strongly influenced by the annealing procedure,
received additional proofs. To check both the concepts of carbon residuals and incorporated

oxygen in variously treated TiO2, XPS measurement was involved.

XPS analysis has shown the presence of carbon in the surface layer of TiO2 film. The
concentration of organic residuals was low in terms of the whole film, and thus it was below

the detection limit of other techniques. In literature is believed that at the stage of air
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treatment, all the organic residuals of Ti complex together with hydrogen, oxygen, and carbon
are fully oxidized and removed as vapors of H20 and CO, CO:z gas. Nevertheless, few recent
studies from the photocatalysis field have shown the presence of carbon species in TiO> films
(deposited via spray pyrolysis and spin coating) after air annealing at temperatures higher
than 500 °C and even after additional ultraviolet treatment [86][87]. In this study, they were
found in all samples, but their concentration was different.

Four samples (untreated one (as-dep), Vacl60, Air, and Vacl60+Air) were analyzed using
the XPS technique. The generalized XPS pattern for all examined samples can be seen in Fig.
26a. Zoomed picture of carbon (C1s) peak is shown in Fig. 26b. The intensity of carbon peak
was found different for all samples. The emission line at 285.0 eV is attributed to carbon
species. It can be seen that as-deposited TiO2 films contain the highest concentration of
carbon species. Thermal annealing in a vacuum at 160 °C decreases the concentration of
carbon.

Nevertheless, a significant amount of organic remains in the films can be located at the grain
boundaries and in the lattice of TiO2 layers. The concentration of carbon in the air-annealed
film is even lower, and the lowest one is observed in the Vac+Air sample. According to the
measured XPS patterns, data about the atomic percentage of different compounds were
calculated in table 3 (Fig. 26c¢). The concentration of carbon is steadily decreasing after every
step post-deposition treatment, with the highest for the as-dep sample (37.2 at%) and lowest
for the Vac+Air sample (16.3 at%). Also, the concentration of oxygen in the case of the
Vac+Air sample was found much higher, comparing with the Vac sample (63.5% vs. 52.5%).

It fits the priorly given hypothesis from section 3.3.

Table 3. The concentration of C, N, O, Sn, and Ti in four observed samples.

as-dep Vac Air Vac+Air
Sample
at% at% at% at%
Cils 37.2 36 28.2 16.3
N1is 0.7 0.6 0.6 1.5
Ols 47.2 47.6 52.5 63.5
Sn3ds/2 4.2 0 0 0
Ti2ps,2 10.7 15.9 18.7 18.8
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Fig. 26. XPS pattern for FTO/TiO2 film (a); with zoomed Cls peak with separated patterns
for as-deposited sample (as-dep), annealed in vacuum at 160 °C (vac), annealed in air at
450 °C (air), and annealed both in vacuum at 160 °C and in the air at 450 °C (vac+air) (b);

calculated atomic ratios C/Ti and C/O for all four samples (c).

The hypothesis from [9] about the carbon content was fully approved by XPS measurement.
The significant difference in carbon content can be the reason for the previously observed
difference in the efficiency between Vac, Air, and Vac+Air samples. It can be supposed that
organic residuals were originating from USP precursor solution act as defects at the
TiO2/Sb2Ses interface, which reduces the performance of solar cells. At every further
treatment step, the amount of this organic is decreasing. Low-temperature (160 °C) vacuum
annealing has lower efficiency in carbon out-diffusion comparing with high-temperature (450
°C) air annealing. The combination of these two procedures (Vac+Air) has shown the best

result both in terms of carbon content and solar cell efficiency.
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It can be assumed that the efficiency of organic out-diffusion in a vacuum increases with the
temperature. However, starting from 160 °C, it is suppressed by the growing crystallinity of
the film and consequent decreasing of the amount of the incorporated oxygen. According to
the above-described hypothesis, it decreases the measure of the further passivation of the
Sb>Ses grain boundaries and consequently decreases the efficiency of the cell. So, the
Vac160+Air procedure seems to be not optimal in terms of buffer layer crystallinity but

optimal in terms of carbon and oxygen, which is more influential in terms of device efficiency.
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CONCLUSIONS

This thesis focused on the post-deposition treatment of the USP-deposited TiO2 buffer layer
for TiO2/Sb2Ses solar cells. TiO2 buffer layers were annealed using either a two-step approach,
which involved both vacuum and air annealing, or a single-step approach, where only vacuum
annealing was applied. Vacuum annealing was applied at temperatures ranging from 160 °C
to 450 °C, whereas air annealing was always carried out at 450 °C. PDT conditions were
varied to study their effect on (1) the structural and optoelectronic properties of the TiO2 films
by SEM, XRD, UV-vis spectroscopy, and XPS (2) the structural properties of Sb2Ses grown on
top of TiO2 buffer films by SEM and XRD and (3) the performance of TiO2/Sb>Ses solar cell by

J-V curve and EQE measurements.

TiO2 thin films revealed that crystallite size depended upon the temperature of vacuum
annealing. The higher was the temperature, the larger the crystallites were (an increase from
20-30 to 50-60 nm), and the more homogeneous films were observed. No significant
structural difference was noted between Vac and Vac+Air treated samples. Nevertheless,
Vac+Air samples showed a bit larger (by 0.05 eV) optical band gap. Structural properties of
Sb.Ses film, deposited atop of differently annealed glass/FTO/TiO2, have shown a weak trend
of having more oriented towards (221) and (211) directions crystallites at higher
temperatures. Again, no significant difference between Vac and Vac+Air was recognized. Both
the size of grains in the buffer layer and more prominent columnar orientation of absorber
layer crystallites are rather positive signs for a photovoltaic device, so barely based on
sections 3.1 and 3.2, it was possible to say that high-temperature vacuum annealing improves
the properties of TiO2 buffer layer for Sb.Ses-based solar cell. However, at the step of
photovoltaic efficiency, the picture was totally opposite. All electric parameters of Vac solar
cells (0.83%-1.54%) were overwhelmed by Vac+Air counterparts (1.79%-3.96%), and the
highest efficiency (3.96%) was shown by the Vacl160+Air sample, which was annealed in

vacuum at almost the lowest temperature.

Therefore, two significant trends were revealed: high temperature of vacuum annealing of
TiO2 corresponds to the lower efficiency of the solar cell; air annealing, applied after vacuum
annealing, increases the efficiency of the solar cell. These trends were associated with the
influence of oxygen incorporation during the air annealing (could be recognized as an oxygen-
rich environment) and the efficiency of this incorporation. A less crystalline film can absorb
more oxygen at the step of air annealing. Low-temperature annealed TiO2 remained less
crystalline and, therefore, went through more significant recrystallization during air annealing.

So, low-temperature vacuum annealing provided the most suitable conditions for consequent
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oxygen incorporation. XPS measurement has shown that the surface of all glass/FTO/TiO2
samples included harmful remains of carbon compounds used in USP deposition. With every
following step of post-deposition treatment, their content decreased, which could be a reason

for the higher efficiency of Vac+Air samples.

Altogether, the research highlighted the importance of the post-deposition TiO2 treatment. It
clarified the role of different PDT steps in terms of carbon expulsion and oxygen implantation,

which were both shown a significant impact on the TiO2/Sb2Ses solar cell performance.
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