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1 Abstract

1.1 English
This project describes the complete process of creating superstrate planar solar cells from
antimony sulfoselenide (Sb2(S,Se)3) which is a promising future photovoltaic material. The
combination of being earth-abundant elements and low production costs and non-toxic na-
ture makes antimony chalcogenides suitable as sustainable thin-film alternatives compared
to traditional materials. The FTO/CdS/Sb2(S,Se)3/PTAA/Au structure represtents the
baseline structure despite being modified in certain experiments. The hydrothermal de-
position method creates vertical quasi-one-dimensional ribbon structures in the absorber
layer which enables efficient charge transport.

The experimental part of the project combined the mastering of the baseline process to-
gether with new techniques that were expected to minimize both electronic recombination
and resistive power loss. The experiments showed that maintaining a clean annealing en-
vironment produces high-quality crystals while poor PTAA Hole Transport Layer (HTL)
development restricts charge collection, resulting in decreased JSC and FF values. The
Scanning electron microscopy (SEM) images showed how the absorber material struc-
ture transformed during annealing through its morphological changes. A Self-Assembled
Monolayer (SAM) interface was added to the process together with other experimental
approaches, however, none of the new methods showed an increase in efficiency.

The baseline devices reached a maximum power conversion efficiency (PCE) of
9.13%. The VOC is still limited by Shockley–Read–Hall (SRH) non-radiative recombina-
tion, which mainly occurs at the Sb2(S,Se)3/CdS interface.

Key words: solar cell, antimony sulfoselenide, crystallinity, and characterization.

1.2 Español
Este proyecto describe el proceso completo de creación de células solares en una configu-
ración de superestrato a partir de sulfoselenuro de antimonio (Sb2(S,Se)3) que es material
fotovoltaico con un futuro prometedor. La combinación de ser elementos abundantes en la
corteza de la tierra, los bajos costes de producción y la naturaleza no tóxica hace que los
calcogenuros de antimonio sean considerados como alternativas sostenibles de peĺıcula fina
respecto a otros materiales tradicionales. La estructura FTO/CdS/Sb2(S,Se)3/PTAA/Au
representa la estructura de la célula solar de referencia que ha sido modificada en algunos
de los experimentos. El método de deposición hidrotermal crea estructuras de cinta ver-
ticales casi-unidimensionales en la capa absorbente que permiten un transporte de carga
eficiente.

La parte experimental del proyecto combinó el dominio del proceso de referencia junto
con nuevas técnicas que esperaban minimizar tanto la recombinación electrónica como
la pérdida de potencia resistiva. Los experimentos mostraron que el mantenimiento de
un entorno libre de contaminantes donde reproducir el annealing, produce capas de alta
calidad, mientras que si el proceso de creación de la capa de transporte de PTAA (HTL) no
se reproduce correctamente, restringe la recogida de cargas, resultando en una disminución
de los valores JSC y FF . Las imágenes del Scanning electron microscopy (SEM) mostraron
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como la estructura del material absorbente se transforma durante el annealing a través de
sus cambios morfológicos. Se añadió al proceso una interfaz de Auto-Assembled Monolayer
(SAM), incluyendo otros enfoques experimentales, pero, ninguno de los nuevos métodos
mostró un aumento de la eficiencia.

Los dispositivos de referencia llegaron a una eficiencia máxima de conversión de en-
erǵıa (PCE) de 9,13%. El V oc todav́ıa está limitado por la recombinación no radiativa
Shockley-Read-Hall (SRH), que se produce principalmente a la interfaz Sb2(S,Se)3/CdS.

Palabras clave: célula solar, sulfoseleluros de antimonio, cristalinidad y caracterización.

1.3 Català
Aquest projecte descriu el procés complet de creació de cèl·lules solars en una configuració
de superestrat a partir de sulfoselenur d’antimoni (Sb2(S,Se)3) que és material fotovoltaic
amb un futur prometedor. La combinació de ser elements abundants en l’escorça de
la terra, els baixos costos de producció i la naturalesa no tòxica fa que els calcogenurs
d’antimoni siguin considerats com a alternatives sostenibles de pel·ĺıcula fina respecte
a altres materials tradicionals. L’estructura FTO/CdS/Sb2(S,Se)3/PTAA/Au representa
l’estructura de la cèl·lula solar de referència que ha sigut modificada en alguns dels
experiments. El mètode de deposició hidrotermal crea estructures de cinta verticals quasi-
unidimensionals en la capa absorbent que permeten un transport de càrrega eficient.

La part experimental del projecte va combinar el domini del procés de referència junta-
ment amb noves tècniques que esperaven minimitzar tant la recombinació electrònica com
la pèrdua de potència resistiva. Els experiments van demostrar que el manteniment d’un
entorn lliure de contaminants on reproduir l’annealing, produeix capes d’alta qualitat,
mentre que si el procés de creació de la capa de transport de PTAA (HTL) no és repro-
dueix correctament, restringeix la recollida de càrregues, resultant en una disminució dels
valors JSC i FF . Les imatges del Scanning electron microscopy (SEM) van mostrar com
l’estructura del material absorbent es transforma durant l’annealing a través dels seus
canvis morfològics. Es va afegir al procés, una interf́ıcie d’Auto-Assembled Monolayer
(SAM) conjuntament amb altres enfocaments experimentals, però, cap dels nous mètodes
va mostrar un augment de l’eficiència.

Els dispositius de referència van arribar a una eficiència màxima de conversió d’energia
(PCE) de 9,13%. El V OC encara està limitat per la recombinació no radiativa Shockley-
Read-Hall (SRH), que es produeix principalment a la interf́ıcie Sb2(S,Se)3/CdS.

Paraules clau: cèl·lula solar, sulfoseleniur d’antimoni, cristal·linitat i caracterització.
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3 Introduction

Solar energy is one of the most abundant, clean, and sustainable resources available.
Photovoltaic (PV) conversion transforms sunlight directly into electricity, which makes
it to be the most promising path toward a carbon-neutral future[1]. As a society, we
aim to reduce dependence on fossil fuels and solve environmental challenges; therefore,
developing e�cient and a�ordable solar cells, has become an important goal to achieve in
the near future [2].

While silicon-based devices currently dominate the PV industry, their complex manu-
facturing and high costs have encouraged researchers to look for alternatives. Thin-�lm
technologies such as cadmium telluride (CdTe) and copper indium gallium selenide (CIGS)
have achieved high e�ciencies; however, their reliance on toxic and scarce elements limits
their long-term potential[2]. For this reason, it is important to search for new photovoltaic
materials that combine abundance, low toxicity, and high performance[3].

Antimony chalcogenides, in particularly antimony sulfoselenide (Sb2(S,Se)3), are strong
candidates for the next generation of thin-�lm absorbers. The elements of this compound,
antimony (Sb), sulfur (S), and selenium (Se), are not only earth-abundant and inexpensive
but also less toxic than those used in CdTe and CIGS[4]. For example, the concentrations
found in the surface of the Earth of Sb (2:0�10�5 %) and Se (5:0�10�6 %) are higher than
those of indium (4:9 � 10 �6 %) and tellurium (5:0 � 10 �7 %)[3]. Sb2(S,Se)3 is considered
to be stable and it is not classi�ed as highly toxic or carcinogenic[5]. Together with its
favorable bandgap and high absorption coe�cient [4], these features make it a highly
promising material for sustainable photovoltaics.

The purpose of the theoretical chapter is to establish a clear theoretical background for
understanding Sb2(S,Se)3-based solar cells. It describes the band structure, device archi-
tecture, and function and deposition of each layer; providing the conceptual foundation
for the experimental work.

The experimental component of this research aims to master the fabrication of superstrate
planar solar cells with the structure FTO/CdS/Sb2(S,Se)3/PTAA/Au. The study hopes
to study the morphology and parametres after a result of experimenting with:

ˆ Examining how annealing conditions a�ect contamination and crystallization.

ˆ Improving the hole transport layer (HTL) through PTAA composition and post-
deposition annealing.

ˆ Engineering the absorber/HTL interface to improve band alignment and reduce
recombination.

The samples produced will be tested thourough the scanning electron microscopy (SEM)
and external quantum e�ciency (EQE), so that direct correlations between morphological
features and electronic performance (J{V and EQE) can be made.

Through this integrated approach, the project aims to establish a reliable, high-performance
fabrication process for Sb2(S,Se)3-based solar cells and to identify key factors for further
improvement. And as a general goal, it aims to support the current development of
e�cient and sustainable thin-�lm photovoltaic technologies.
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4 Principles of Solar Cell Operation

A solar cell is a semiconductor device that converts light energy directly into electrical
energy through the photovoltaic principle, which is based on the internal photoelectric
e�ect. This process relies on a photovoltaic absorber material that absorbs photons from
sunlight to create mobile charge carriers, which are then separated and collected to pro-
duce usable power[6].

4.1 Formation of the n-i-p Junction

The solar cell's ability to convert light into electricity depends on its internal n-i-p junc-
tion[7]. This structure provides the built-in asymmetry needed to drive charge separa-
tion[6].

ˆ n-type Layer (ETL): A wide-bandgap semiconductor such as CdS, ZnO, or SnO 2

that transports electrons[7].

ˆ Intrinsic Layer (Absorber): The light absorber of Sb 2(S,Se)3, typically intrinsic
or weakly p-type with low carrier density (� 10 13 cm�3 )[8].

ˆ p-type Layer (HTL): A hole conductor, such as PTAA or Spiro-OMeTAD[8].

Figure 1: Energy levels. Personal image.

In the dark and before contact, each material has its own distinct Fermi level (EF ).
When the layers are joined, the system reaches thermodynamic equilibrium with a single,
constant Fermi level throughout, ensuring no net current 
ow. The following information
is taken from my KAIST professor's lesson materials.

ˆ Fermi Level Alignment at Equilibrium: Initially, each one with its own dis-
tinct Fermi level (electrochemical potential). The system must evolve to a state
of thermodynamic equilibrium, which requires that a single, constant Fermi level
exists throughout the entire device. This single Fermi level signi�es that there is no
net 
ow of current in the dark.

ˆ Carrier Di�usion and Formation of the Depletion Region: To achieve this
single Fermi level, charge carriers di�use across the junction driven by the concen-
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tration gradient (or chemical potential gradient). Electrons, being abundant in the
n-type CdS layer, di�use into the p-type layer where they are scarce. Simultane-
ously, holes, which are abundant in the p-type, di�use into the n-type CdS layer.

ˆ Creation of the Space-Charge Region: This di�usion of mobile charge carriers
(electrons and holes) leaves behind stationary, ionized dopant atoms on both sides
of the interface. On the n-type side, this results in a region of �xed positive charges
(ionized donors), while on the p-type side, a region of �xed negative charges (ionized
acceptors) is formed. This area, which is now \depleted" of mobile charge carriers,
is known as the depletion region or space-charge region (SCR). The width of this
depletion region corresponds to how thick the absorber layer is.

ˆ Establishment of the Built-in Electric Field and Potential (V bi ): The spa-
tially separated positive and negative �xed charges within the depletion region create
a powerful built-in electric �eld that points from the n-side to the p-side. This
electric �eld results in a built-in potential (Vbi ) across the junction. This potential
causes the energy bands (the conduction and valence bands) to bend upwards from
the n-side to the p-side, forming an electrostatic potential barrier. This barrier op-
poses further di�usion of charge carriers. At equilibrium, the drift current caused
by the built-in �eld perfectly balances the di�usion current, resulting in zero net
current 
ow.

4.2 Light Absorption and Device Operation Under Illumination

When a photon's energy (E) exceeds the bandgap (Eg) of the semiconductor, it promotes
an electron from the valence band to the conduction band, leaving behind a hole. The
pair of mobile charges, electron and hole, marks the beginning of electricity generation[6].

In a superstrate design, light �rst passes through the transparent FTO-coated glass and
the n-type bu�er layer (CdS or ZnO) before reaching the intrinsic or slightly p-type
Sb2(S,Se)3 absorber, where most photons are absorbed. Photons with insu�cient energy
(E < Eg) pass through without interaction, representing an unavoidable optical loss.
Re
ection at the air/glass or glass/FTO interfaces can also prevent light from entering.
To minimize such losses, the FTO and bu�er layers must remain highly transparent and
avoid parasitic absorption[5], in which non-active layers absorb useful light.

Figure 2: Thermalization process and non-absorption. Personal image.
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Once absorbed, the photon's excess energy (E �Eg) becomes heat through rapid thermal-
ization[9]. In high-dielectric materials like Sb2(S,Se)3 (22 > "r > 15:1), the weak exciton
binding ensures that electrons and holes separate almost instantly after excitation, as the
Coulomb attraction between the electron and hole is minimized[3].

The built-in electric �eld in the depletion region mentioned before, further separates these
pairs. This separation is crucial to prevent the newly formed carriers from immediately
recombining[6].

ˆ Electron Movement (Drift and Di�usion):

{ Electrons (negative charge) are swept by the electric �eld \downhill" along the
conduction band from the i-type absorber into the n-type CdS layer. The CdS
layer then acts as an Electron Transport Layer (ETL), guiding these electrons
toward the front contact. This �eld-driven motion is known as drift. A wider
depletion region facilitates more e�ective carrier collection through drift[6].

{ Electrons generated deeper in the absorber, outside the depletion region, move
randomly via di�usion. If they reach the edge of the depletion region before
recombining, they are swept across and collected. The total carrier collection
width is the sum of the depletion width and the minority carrier di�usion
length[6]. LD is proportional to the square root of the electron mobility (�)
and lifetime (� ) (L D =

p
D� =

q
��k B T=q)[5].

ˆ Hole Movement:

{ Holes (positive charge) are simultaneously driven by the electric �eld in the
opposite direction, toward the back of the device[6]. They are extracted at the
back interface by the p-type Hole Transport Layer (HTL) [10], such as PTAA
or Spiro-OMeTAD. Again, these carriers are guided toward and collected by
the back contact.

This accumulation of separated electrons and holes on opposite sides of the device drives
the system out of equilibrium. The single Fermi level splits into two quasi-Fermi levels:
one for electrons (EF n ) and one for holes (EF p). The voltage across the cell is determined
by this splitting: qV = E F n � E F p[9]. When no current is drawn (open-circuit), the
carriers accumulate to their maximum concentration, causing the largest possible splitting
between the QFLs. This maximum voltage is the VOC . The VOC is fundamentally limited
by recombination[6].

Electrons travel through the CdS and FTO to the front contact. Holes travel through
the absorber and PTAA to the Au back contact. When an external circuit is connected,
this 
ow of carriers constitutes the electrical current. The 
ow of electrons through the
external circuit from the front contact to the back contact, where they recombine with
holes, creates a continuous current. The maximum current, measured under short-circuit
conditions, is the short-circuit current density (JSC). When connected to a load, the
device operates between VOC and JSC, delivering electrical power (P = V � I)[11].
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Figure 3: Energy band diagram of solar cells. Image obtained from
researchgate.net/publication/322163566_THz_Rectennas_Rectification_
Prospects_Challenges/figures?lo=1&utm_source=google&utm_medium=organic

5 Energy Loss Mechanisms

Eventhough theoretical Shockley{Queisser (S{Q) limit is approximately 32% for antimony
sulfoselenide devices, in reality, solar cells experience several loss mechanisms that prevent
their e�ciencies. These losses are categorized into optical/thermal (discussed in follow-
ing section), resistive, and electronic (recombination) losses, that a�ect the photovoltaic
parameters: short-circuit current density (JSC), open-circuit voltage (VOC ), and �ll factor
(FF)[11].

5.1 Resistive Losses

Parasitic resistances do not generate or destroy carriers but dissipate energy from collected
carriers, primarily reducing the �ll factor (FF) and, in severe cases, JSC.

ˆ Series Resistance (R s): This represents the total internal resistance as the current

ows through the device. It is a result of the bulk resistivity of each layer and the
contact resistances at each interface. A high Rs causes an internal voltage drop (IR
drop) that lowers the terminal voltage, thereby reducing the FF[12].

ˆ Shunt Resistance (R sh ): This corresponds to alternative current pathways or
\leakages" across the junction that allow currents to bypass the external load. It is
caused by a result of physical defects like pinholes, �lm cracks, or severe electronic
defects at the junction interface. A low Rsh reduces both FF and VOC [5].

5.2 Electronic Losses (Recombination)

Recombination, which is the annihilation of an electron{hole pair before collection, is the
main electronic loss mechanism and the main factor that lowers VOC . A lower recombi-
nation rate causes a wider splitting of the quasi-Fermi levels (EF n � E F p), resulting in a
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higher VOC . In antimony chalcogenides, the principal recombination type is non-radiative
[8].

ˆ Radiative Recombination: This process involves the direct recombination of a
free electron in the conduction band with a free hole in the valence band, releasing
the excess energy as a photon. The photon energy is approximately equal to the
bandgap (Eg). Radiative recombination is the inverse of light absorption and is
the only recombination mechanism considered in an ideal solar cell under the S{Q
limit[6]. It represents a fundamental and energy loss that is unavoidable.

ˆ Non-Radiative Recombination: All recombination processes release energy as
heat (phonons) rather than light and cause a VOC loss. Such processes signi�cantly
shorten the carrier lifetime (� ) that explain why the VOC of antimony chalcogenide
solar cells is far from the S{Q limit e�ciency[6]. Several non-radiative mechanisms:

{ Shockley{Read{Hall (SRH) Recombination: This mechanism occurs as
a result of defect states within the bandgap that manifest in several regions:

* At Interfaces: This is the dominant recombination mechanism in anti-
mony chalcogenide solar cells, typically occurring at the heterojunction be-
tween the absorber and charge transport layers (e.g., Sb2(S,Se)3/CdS)[2].
A high density of interfacial defects, come from factors such as lattice
mismatch, dangling bonds, and chemical impurities that form strong re-
combination channels and lower the VOC . These losses can be reduced
through interface passivation or by engineering a \spike-like" conduction
band o�set (CBO)[8].

* In the Bulk Absorber: Recombination here is mainly caused by com-
plex intrinsic point defects, particularly antisites and vacancies, explained
in section 7, which introduce deep levels acting as SRH centers. These de-
fects shorten the minority carrier lifetime and strongly limit the achievable
VOC [11].

* At Grain Boundaries (GBs): Although GBs often act as recombina-
tion sites in polycrystalline materials due to dangling bonds, the grain
boundaries in Sb2(S,Se)3 are considered electrically benign because they
lack such bonds[3].

{ Auger Recombination: This non-radiative process involves three carriers,
where the energy released from electron{hole recombination is transferred to
a third carrier (either an electron or a hole). The rate of this process strongly
depends on carrier concentration and is generally not a primary loss mechanism
in antimony chalcogenide solar cells[6].

5.3 Diagnosing Performance with Photovoltaic Parameters

The output parameters obtained from a current density{voltage (J{V) measurement are
a diagnostic tool, thourough which the internal physics of a solar cell can be understood
and improved for future developement[6].
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Figure 4: Electronic losses. Personal image.

ˆ Open-Circuit Voltage (V OC ): The VOC is the primary indicator of recombination
processes in a solar cell [4]. It refers to the balance between carrier generation and
recombination and is directly related to the splitting of the quasi-Fermi levels. A
low VOC often indicates high non-radiative recombination rates. Such recombination
may occur in the bulk of the absorber, due to a high density of deep-level point
defects (such as SbSe antisites)[4], or, more dominantly in antimony chalcogenides,
at the interfaces (e.g., ETL/absorber)[2].

VOC = VOC,rad � �V nr = VOC,rad +
kT
q

ln(EQEEL )

where EQEEL is the external electroluminescence quantum e�ciency[9].

ˆ Short-Circuit Current Density (J SC ): The J SC re
ects the light-harvesting and
carrier-collection e�ciency. It represents the maximum current generated when the
voltage across the cell is zero. A low JSC can be caused from several issues, including
poor light absorption, optical losses, or ine�cient carrier collection, often due to a
short minority-carrier di�usion length or poor crystal orientation of the Sb2(S,Se)3
absorber layer[6].

ˆ Fill Factor (FF): The FF quanti�es the e�ects of parasitic resistances and device
quality. It measures the \squareness" of the J{V curve and represents the ratio of the
maximum power output to the theoretical power (VOC � J SC)[6]. A low FF typically
results from one or more of the following: high series resistance (Rs), caused by
bulk resistivity or poor electrical contacts, low shunt resistance (Rsh), often due to
pinholes or defects; or high recombination losses within the device[5].

ˆ Power Conversion E�ciency (PCE): The PCE is the ultimate indicator of
overall performance, de�ned as

PCE =
VOC � J SC � FF

Pin
;

where Pin is the incident light power[6]. As the product of the other three pa-
rameters, it shows all optical, resistive, and electronic loss mechanisms within the
device[2].

12



6 Structure of the (Sb 2(S,Se) 3) Solar cell

Figure 5: Superstrate structure solar cell images. Personal image

The two primary planar heterojunction architectures used in antimony sulfoselenide (Sb2(S; Se)3)
solar cells are the superstrate con�guration and the substrate con�guration. The main
di�erences between these structures area a result of the direction of light incidence, the
sequence of layer deposition, and the engineering requirements at the back-contact inter-
face[5].

In the superstrate con�guration, deposition follows a top-down process: it begins with
the front contact and ends with the back contact. Light enters through the substrate
and passes through the electron transport layer (ETL) before reaching the absorber. In
contrast, the substrate con�guration follows a bottom-up sequence, starting with the back
contact and concluding with the top transparent electrode (TE) layer[5]. In this design,
light enters through the transparent layers (window and TE), illuminating the absorber
from above.

Although the superstrate structure has easier fabrication and currently achieves the high-
est e�ciencies among Sb2(S; Se)3 devices[8], the substrate con�guration o�ers greater
robustness in terms of thermal stability and material compatibility [5].

Figure 6: Substrate structure solar cell. Personal image
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7 Material Properties of Each Layer

7.1 Electrode (FTO)

Fluorine-doped tin oxide (FTO) is a type of transparent conductive oxide (TCO) com-
monly used as a substrate for solar cell fabrication. In particular, it functions as the
transparent front electrode in the superstrate con�guration of antimony chalcogenide
(Sb2X3) solar cells [5]. In this architecture, light enters the device through the trans-
parent substrate coated with FTO[7]. The FTO layer acts as the front electrode on
which subsequent layers, such as the bu�er (e.g., CdS, SnO2, TiO 2) and absorber (e.g.,
Sb2(S,Se)3), are deposited[5].

The FTO layer can in
uence the growth and orientation of the absorber deposited on [7].
In Sb2(S,Se)3 solar cells, for example, the use of FTO promotes a favorable alignment of
the absorber's crystalline ribbons compared to other substrates[2].

As a TCO, FTO must be both highly conductive, to minimize series resistance, and highly
transparent, to maximize the transmission of light to the absorber. However, it can also
cause parasitic absorption, an optical loss mechanism in which photons are absorbed by
non-active layers, reducing the short-circuit current (Jsc) [5].

7.2 Electron Transport Layer (CdS)

The n-type CdS layer forms a n-i-p junction with the other layers, creating the built-in
electric �eld required to separate photogenerated electron{hole pairs. It also functions as
the electron transport layer (ETL), that collects electrons from the absorber and transfers
them to the transparent front electrode. The quality of the absorber layer deposited above
is a�ected, so the CdS thin �lm must be uniformly and carefully deposited [5].

CdS has a wide bandgap of 2.4 eV, making it transparent to most of the visible and near-
infrared solar spectrum; therefore, it allows photons to reach the absorber layer. However,
this bandgap also causes parasitic absorption of high-energy photons (blue and UV light
with wavelengths below approximately 520 nm), which generate carriers in a region not
optimized for collection, that limits the maximum achievable short-circuit current density
(JSC). To mitigate this loss, the CdS layer is typically very thin, around 50 nm [5].
The conduction band minimum (CBM) and valence band maximum (VBM) of CdS are
reported at �3:90 eV and �6:20 eV, respectively [13].

This layer is commonly deposited via chemical bath deposition (CBD), a low-cost and scal-
able solution-based method [7]. Although this technique can produce a smooth surface,
a post-deposition heat treatment in the presence of cadmium chloride (CdCl2) is applied
to passivate defects and improve the CdS/absorber interface that reduce recombination
and enhance both the open-circuit voltage (V OC) and �ll factor (FF) [8].

7.3 Absorption layer (Antimony Sulfoselenide)

Antimony chalcogenides, speci�cally Sb2S3, Sb2Se3, and their alloy Sb2(S,Se)3, are emerg-
ing as highly promising solar absorber materials for next-generation thin-�lm photo-
voltaics. As mentioned in the Introduction, they are attractive alternatives due to their
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(a) Cadmium sul�de crystalline structure
(P63mc).

(b) Antimony selenide crystalline structure
(Pnma).

Figure 7: Crystalline structures. Images obtained from https://next-gen.
materialsproject.org/materials

abundance, low cost, low toxicity compared to other materials, high stability, and tunable
bandgap[5].

A de�ning feature of antimony chalcogenides is their unique crystal structure, which
profoundly in
uences their electronic properties.

ˆ Quasi-One-Dimensional (Q1D) Structure: They crystallize in an orthorhom-
bic structure (space group Pnma or Pbnm), composed of covalently bonded [Sb4X6]n
ribbons (X = S, Se, or a mixture) strongly bonded along the c-axis. These ribbons
are stacked together and held by weak van der Waals forces. The Q1D structure
also results in low crystal symmetry[3], with multiple non-equivalent atomic sites
for Sb and chalcogen atoms, which in
uences defect formation [8].

ˆ Anisotropic Carrier Transport: The Q1D structure leads to highly anisotropic
charge transport. Charge carriers move e�ciently along the covalently bonded rib-
bons but poorly across them [5]. Therefore, for high-e�ciency solar cells, it is crucial
that the [Sb4X6]n ribbons are oriented vertically or tilted relative to the substrate
to provide e�cient pathways for carrier collection. Horizontal orientations severely
hinder transport and degrade performance [2].

ˆ Benign Grain Boundaries: When ribbons are properly oriented, grain boundaries
are considered electrically benign. Ribbon surfaces are intrinsically inert, with no
dangling bonds, minimizing carrier recombination [5].

The e�ciency of these materials is limited by intrinsic point defects, resulting from their
quasi-one-dimensional crystal structure. Vacancies (VS, VSe), interstitials (Sbi ), and an-
tisites (Sb S, SbSe, SSb), SeSb) all occur, and more complex defects, such as 2SeSb, can
form due to van der Waals gaps. Antisite defects like SbSe and SeSb create deep energy
levels [8] within the bandgap that act as non-radiative Shockley-Read-Hall recombination
centers, reducing minority carrier lifetimes (0.1{67 ns). Films grown under Sb-poor,
chalcogen-rich conditions minimize these deep-level defects and enhance overall ma-
terial performance acomprensive.

Although this thin �lm can be fabricated with other techniques, in the bibliography, it
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Figure 8: Antimony selenide structure characteristics.

Figure 9: Intrinsic point defects. Personal images.

can be observed that hydrothermal process shows the best e�ciencies.

7.4 Hole Transport Layer (PTAA)

The Hole Transport Layer (HTL), sometimes referred to as the Hole Transport Material
(HTM), is a p-type semiconductor [14] positioned between the absorber layer (Sb2(S,Se)3)
and the back metal contact [5]. Its primary function is to selectively extract holes from the
absorber and e�ciently transport them to the back electrode, while simultaneously acting
as an electron blocking layer to prevent electrons from reaching the back contact [14]. By
providing an e�cient pathway for holes, an appropriate HTL is needed for minimizing
charge carrier recombination at the absorber/metal interface [5], an important source of
e�ciency loss, particularly in HTL-free devices.

Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) is intrinsically hydrophobic due
to the abundance of methyl groups in its structure and is a p-type organic polymer
employed as the HTL in this project. For e�ective, barrier-free hole extraction, the Highest
Occupied Molecular Orbital (HOMO) of the HTL must be well-aligned with the Valence
Band Maximum (VBM) of the absorber [14]. To enhance the conductivity and hole
mobility of organic HTLs like PTAA and Spiro-OMeTAD, dopants are commonly added.
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Property Sb 2S3 Sb2Se3

Crystal Structure Orthorhombic (Q1D) Orthorhombic (Q1D)

Space Group Pnma (62) Pnma (62) / Pbnm (62)

Lattice Parameter (a) ( �A) 11.2285 11.6330

Lattice Parameter (b) (�A) 11.3107 11.7800

Lattice Parameter (c) ( �A) 3.8363 3.9850

Band Gap (Direct) (eV) 1.72 1.17 (300 K)

Band Gap (Indirect) (eV) 1.63 1.03 (300 K)

Absorption Coe�cient (�) (cm �1 ) 104{105 >105

Relative Dielectric Constant (" r ) 22 15.1

Electron Mobility (� e) (cm2V �1 s�1 ) 9.8 15

Hole Mobility (� h ) (cm2V �1 s�1 ) 10 42

Majority Carrier Type Typically n-type; i-type Typically p-type

Conductivity (�) ((
 cm) �1 ) 5�10 �6 7�10 �5

Minority Carrier Lifetime (� ) (ns) 23 67�7

Electron Di�usion Length (L e) (�m) 1 1.7�0.2

Table 1: Summary of Sb2S3 and Sb2Se3 Properties

Lithium bis(tri
uoromethylsulphonyl)imide (Li-TFSI), used in this work, increases the
hole concentration, conductivity, and hole mobility, facilitating more e�cient transport
to the back contact [8].

However, organic HTLs with dopants may contribute to long-term instability. Additives
such as Li-TFSI are hygroscopic and readily absorb moisture from air, which can lead to
device degradation over time [1].

7.5 Metal Contact (Au)

Gold (Au) works as the conductive back electrode (anode) of the solar cell [15]. Its
primary role is to e�ciently collect holes transported through the Hole Transport Layer
and complete the electrical circuit, enabling current 
ow to an external load [5].

Gold is commonly deposited by vacuum-based techniques, such as thermal evaporation
or electron beam evaporation, under high vacuum (e.g., 5 � 10�3 Pa) to achieve a high-
purity, uniform �lm with a typical thickness of 80{100 nm [16]. Despite its cost, gold is
selected for its high electrical conductivity and high work function (around 5.1 eV). The
high work function is important for forming an e�ective electrical contact with p-type
HTLs, providing a low-resistance pathway for holes to reach the electrode [17].
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8 Chemical reactions

In order to prepare all the previous compounds, it is necessary to understand all the
chemical reactions that take place on layer deposition. In the following sections, deposition
techniques and the needed steps to build a solar cell will be explained; therefore, we need
insight into the precursors used, which will give us the necessary compounds to create
the desired layers. For this section, the reactions will be explained in order of appearance
regarding the experimental section.

8.1 Cadmium Sulfate (CdS)

The deposition bath is prepared by mixing cadmium sul�te (CdSO4), aqueous ammonia,
and thiourea (TU) in deionized water (DI). The sequence of reactions is:

CdSO4(s) H2O��! Cd 2+ (aq) + SO2�
4 (aq) (1)

Cd2+ + n NH 3 *) [Cd(NH3)n]2+ (2)

(NH2)2CS
heat;OH �

�����! S 2� + byproducts (3)

Cd2+ (aq) + S2� (aq) �! CdS(s) (4)

Ammonia stabilizes Cd2+ as a complex, while thiourea releases S2� slowly under alkaline
heating, allowing controlled precipitation of CdS thin �lms.

8.2 Cadmium Chloride (CdCl 2)

The CdCl2 precursor is dissolved in methanol and deionized water. Upon spin-coating and
solvent evaporation, a �lm of Cd2+ and Cl� species remains on the CdS surface. During
subsequent annealing or interaction with sul�de from the underlying CdS, additional CdS
can form:

CdCl2(s) H2O��! Cd 2+ (aq) + 2 Cl � (aq) (5)

Cd2+ + S2� �! CdS(s) (6)

Thus, CdCl2 acts as a Cd2+ source that passivates or repairs the CdS surface.

8.3 Antimony Sulfoselenide

The hydrothermal synthesis of Sb2(S,Se)3 involves the controlled release of Sb3+ cations
together with sul�de (S2� ) and selenide (Se2� ) anions from their respective precursors.
The precursors used are potassium antimonyl tartrate pentahydrate (APT) as the Sb
source, sodium thiosulfate pentahydrate (STS) as the S source, and selenourea as the
Se source. The reaction is carried out in an aqueous ethanol mixture under elevated
temperature and pressure in a sealed autoclave.
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Dissolution of Antimony Precursor.

APT H2O��! Sb 3+ (aq) + K + + tartrate 2� (7)

Decomposition of Thiosulfate. Under hydrothermal conditions.

S2O2�
3 + H 2O �! S 2� + SO2�

4 (8)

Decomposition of Selenourea. Selenourea hydrolyzes upon heating.

(NH2)2C = Se + H2O �! Se 2� + byproducts (9)

Precipitation of Antimony Chalcogenides.

2 Sb3+ + 3 S2� �! Sb 2S3(s) (10)

2 Sb3+ + 3 Se2� �! Sb 2Se3(s) (11)

When both S2� and Se2� are present, a solid solution is obtained:

2 Sb3+ + 3 (S2� ; Se2� ) �! Sb 2(SxSe1�x )3(s) (12)

The addition of ethanol modi�es solubility and nucleation, leading to improved �lm mor-
phology. Hydrothermal temperature and pressure accelerate the decomposition of precur-
sors and promote the crystallization of the orthorhombic Sb2(S,Se)3 phase.

8.4 PTAA solution

PTAA is dissolved in toluene and NMP, with ionic and molecular additives (LiTFSI in
acetonitrile, 4-TBP). No covalent chemical reactions occur; instead, additives modulate
the electrical properties of the polymer �lm:

LiTFSI ACN��! Li + + TFSI � (13)

PTAA (polymer) solvents����! molecular solution (14)

After spin-coating and solvent evaporation, the resulting thin �lm is PTAA doped with
Li+ /TFSI � and modi�ed by 4-TBP, enhancing hole transport and �lm stability.
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9 Methodology Foundations

9.1 Deposition Techniques

9.1.1 Hydrothermal Process

The hydrothermal process is a chemical synthesis technique that uses aqueous solutions of
precursors at high temperatures and pressures to crystallize materials[18]. This method
is widely recognized for producing a variety of materials, including nanoparticles and thin
�lms, with high uniformity, purity, and controlled morphology [19]. In this study, the
primary goal is to obtain a thin �lm that will be annealed afterwards[20].

The core equipment for hydrothermal synthesis is the autoclave, a closed, sealed vessel
designed to withstand the high pressures and temperatures involved [19]. This environ-
ment allows the solvents to reach temperatures signi�cantly above their normal boiling
points. The heating process generates autogenous pressures, or pressures produced inter-
nally within the vessel. These conditions promote the dissolution of reactants, leading to
nucleation and the formation of various materials[18].

Te
on tanks are used inside the autoclave due to their chemical inertness at elevated
temperatures, preventing undesirable reactions between the precursor solutions and the
metal walls of the autoclave[19]. For instance, in the hydrothermal deposition of antimony
sulfoselenide �lms, a 50 ml Te
on tank is placed within the larger autoclave system [20].

The manner in which samples (substrates) are placed inside the autoclave is needed for
controlling the morphology, crystal growth, and orientation of the deposited material,
particularly for thin �lms, as it a�ects carrier transport and, consequently, device e�ciency
[20]. For antimony chalcogenide �lm deposition, the substrate is typically placed facing
down and tilted at a speci�c angle, around � 75� , within the autoclave. Experiments
have shown that placement angles other than the optimized 75� (for example, 0� or 90� )
during hydrothermal deposition of Sb2(S,Se)3 �lms can result in decreased e�ciency and
lower reproducibility[20].

The general mechanism of hydrothermal synthesis involves two main steps:

1. Dissolution: Precursors dissolve in an aqueous solution, breaking the starting
material into ionic form [21]. After the autoclave is placed in the oven, high tem-
peratures accelerate the dissolution of the reactants [18].

2. Crystallization: This occurs in a supersaturated state, where the precursor reaches
its maximum solubility which enables both nucleation and particle growth [21].

9.1.2 Chemical Bath Deposition (CBD)

Chemical Bath Deposition (CBD) is a widely used technique for producing thin �lms by
immersing substrates in dilute solutions containing speci�c ions[22]. The process setup
can vary; in this baseline experiment, it consists of a thermostatic water circulator that
regulates the bath, with hot water 
owing through tubes into the reactor jacket. The
jacketed glass reactor serves as a thermal source. Inside, a beaker holds the precursor
solution. Heat is transferred through the water jacket, warming the solution indirectly
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(a) Autoclaves (b) Te
on sample holder (c) Annealing holder

Figure 10: Hydrothermal setup. Personal images

and uniformly. A Te
on holder supports the glass substrates (FTO, ITO, etc.) vertically.
This orientation enhances uniform deposition by reducing particle settling [23]. The
beaker and holder are placed on a magnetic stirrer hot plate. Although heating is not
used, the stirring function drives a magnetic bar at a controlled speed.

CBD relies on controlled precipitation[23]. When the product of the ionic concentrations
of metal and chalcogenide ions in an aqueous solution exceeds their solubility product
(SP), the excess ions precipitate[24]. Precipitation is carefully controlled using complexing
agents, such as ammonia in this experiment [24], which regulate the concentration of free
metal ions and maintain appropriate chemical equilibria for the chalcogenide ions[23].

Figure 11: Chemical Bath Depositon components. Image obtained from ://fytronix.
com/index.phproute=product/product&product_id=445

Two main mechanisms for �lm formation are recognized:

1. Ion-by-ion (heterogeneous reaction): Free metal ions, released from complex
dissociation, and chalcogenide ions, released in a controlled manner, directly com-
bine on the substrate surface at nucleation centers to form the �lm.[24]

2. Cluster-by-cluster (homogeneous reaction): If the complexing agent concen-
tration is low, small amounts of metal hydroxides can form as colloidal clusters in
solution. These clusters di�use to the substrate, adhere, and react with chalcogenide
ions to form the metal chalcogenide �lm.[24]
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Both mechanisms can occur simultaneously, or the dominant mechanism may shift during
the deposition process. The thickness of the thin �lm typically ranges from 0:05 µm to
0:5 µm [23]. Depending on the deposition parameters, crystallinity, morphology, rough-
ness, and stoichiometry of the layer can also be modi�ed.[24]

9.1.3 Spin Coating

Spin coating is a widely used laboratory technique for rapidly producing thin, uniform
�lms or membranes on a substrate [25]. It is particularly valued for its simplicity and
e�ectiveness in creating ultrathin �lms. A typical spin-coating machine consists of a
substrate, a coating solution (precursor solution or dispersion containing the material
to be deposited, described in another section), a motor drive to rotate the substrate, a
vacuum chuck that holds the substrate in place, and a digital control unit to set parameters
such as spin speed and duration[25].

The spin-coating process generally involves four basic stages:

1. Deposition: The coating liquid is applied to the substrate. The amount of liquid
depends on its viscosity and the substrate size [26].

2. Acceleration: The substrate begins to spin, and centrifugal force rapidly spreads
the liquid across the surface. Ensuring that the substrate is securely attached to
the vacuum chuck is essential [26].

3. Flow Domination: The substrate continues to spin at a speci�c higher speed. The
liquid 
ows radially outward, and excess material moves to the perimeter, leaving
the substrate as droplets [26].

4. Evaporation: The solvent in the coating solution rapidly evaporates, becoming
the primary mechanism for thinning and forming a uniform dry coating layer on the
substrate[25].

This process converts the liquid coating into a solid thin �lm on the substrate surface.
Rapid solvent evaporation, especially for low boiling point solvents, promotes a more
uniform layer[25]. The �nal thickness and other �lm properties are in
uenced by the
solvent evaporation rate, as it directly a�ects membrane thickness. However, rapid
evaporation can also produce defective or unstable �lms. The spin rate of the substrate
is chosen based on the desired thickness[27], while the viscosity of the coating solution
signi�cantly in
uences the �lm's uniformity. Less viscous solutions generally yield thinner
and more homogeneous membranes[25]. Additionally, properties of the coating, such as
drying rate, solids content, and surface tension, contribute to the �nal characteristics of
the �lm [27].

9.1.4 Thermal Evaporation

Gold vapor deposition is performed through a type of physical vapor deposition known
as thermal evaporation. This well-established technique involves evaporating the source
material, gold in this case, at high temperature under a high-vacuum atmosphere, allowing
a thin �lm to form on a substrate as the vapor condenses [28].
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Figure 12: Spin coater compounds. Image obtained from ://fytronix.com/index.php?
route=product/product&product_id=445

High-purity gold wire, with lengths under 100 mm, is used, along with a tungsten (W)
boat that serves as a basket to hold the gold pieces for heating and evaporation. The
substrates are placed in a holder with openings that allow gold particles to deposit on
the sample. In this experiment, masks were placed over the substrates to create di�erent
contact areas[28].

All components are placed inside a vacuum chamber. Once high vacuum conditions
(1 � 10 �5 Pa) are achieved, the material in vapor conditions can go to the samples with
minimal collisions; reducing contamination of the thin �lms [28].

The publication Deposition Mechanism of Gold by Thermal Evaporation: Approach by
Charged Cluster Model (CCM) gives us an understading into the process[28]. According
to this model, deposition does not occur atom-by-atom but through a multi-step process
involving charged clusters:

Gold atoms evaporate and form clusters in the gas phase. These atoms are heated by the
resistive tungsten boat or coil, which carries a large direct current (DC) to generate the
required evaporation temperature. The clusters acquire a positive charge because their
ionization potential ( 5 eV) is much lower than that of individual gold atoms ( 9 eV) and
can be overcome at the experimental temperature [28].

The positive charge generates Coulombic repulsion between clusters, preventing clumping
(Brownian coagulation) and ensuring small, uniform particle sizes. This results in a
selective deposition on the substrate, similar to de
occulation in colloids, which is needed
for forming a dense, high-quality �lm. Otherwise, neutral clusters would produce porous,
fractal-like structures[28].

Deposition begins with 2.4 nm amorphous clusters that are deposited on the substrate.
Because the gold layer is conductive, electrons rapidly neutralize the charged clusters. As
deposition continues, the �lm becomes larger with amorphous structures. These nanoscale
clusters behave like liquids due to their reduced melting point: upon impact, they deform
from hemispheres into discs and readily merge. This mechanism produces a compact,
uniform �lm that is e�ectively indistinguishable from one grown atom-by-atom [28]. The
thermal evaporator used also included a rotator, allowing the sample holder to rotate 360�
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and ensure homogeneous deposition.

Figure 13: Spin coater compounds obtained from https://www.sciencedirect.com/
topics/chemistry/thermal-evaporation

9.2 Other procedures

This section contains information regarding the procedures involved in the fabrication
and characterization of the solar cells.

9.2.1 Ultrasonication

This project made use of an ultrasonication machine containing deionized water (DI)
that produced ultrasound waves (20 Hz to 40 Hz) that generate mechanical vibrations
creating air bubbles in the DI water, a phenomenon known as cavitation. When a 
ask
or similar container is placed in the bath, this mechanical movement is transmitted to the
contents. As a result, solutions dissolve faster due to the created temperature gradient,
and particles that are nearly detached from recently deposited layers can be removed,
leaving a smoother surface. This principle allows surfaces and layers to be e�ectively
cleaned [29].

9.2.2 UVO Treatment

UVO treatment is a photo-sensitized oxidation process that uses ultraviolet (UV) light to
remove organic and inorganic contaminants from a surface. Cleaning occurs when excited
organic molecules react with ozone, breaking chemical bonds and dissociating from the
surface [30].

The UV{Ozone cleaner uses a high-intensity UV light source, typically a low-pressure
mercury vapor lamp. This lamp emits light at two speci�c wavelengths[30]:

1. 185 nm: Absorbed by molecular oxygen (O2) in the air. This radiation breaks the
O=O bond and generates reactive oxygen radicals (O�). These radicals combine
with O2 to form ozone (O3) [30].
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Figure 14: Impact of ultrasound processing on the nutritional components of fruit and
vegetable juices

2. 254 nm: Absorbed by organic contaminants on the surface, this radiation excites
them into a highly energetic state and decomposes ozone back into molecular oxygen
and oxygen radicals [31].

Together, these wavelengths generate an atmosphere rich in ozone and radicals that re-
act with contaminants that convert them into volatile products such as CO2 and H2O,
consequently desorbing from the surface [30].

UVO treatment also increases surface energy, making the substrate more hydrophilic.
Removing low-energy organic residues exposes higher-energy substrate sites [30] and gen-
erates hydroxyl (OH) groups on the surface. This promotes improved growth of the
following layers as they producing �lms with larger, more uniform grains and fewer grain
boundaries [31]. For example, Cadmium Sul�de (CdS) �lms grown on UVO-treated sub-
strates exhibit larger grains compared with untreated ones, as reported in Application of
UV/O 3 treatment enhancing the performance of Sb2Se3 thin-�lm solar cells[31].

In summary, UVO treatment is a rapid and e�ective method for surface cleaning and
modi�cation. By enhancing surface energy and �lm morphology, thin-�lm quality and
solar cell e�ciency is improved by reducing recombination losses.

9.2.3 Hot-plate annealing

A hot plate is a device used for annealing, or heat-treating, thin �lms on a substrate by
placing them on top of the hot plate's surface. This technique is a simple, inexpensive
method for annealing.

The key feature of the hot plate method is that it provides heat from only one direction,
from the bottom of the substrate upward, resulting in a more stable temperature compared
to a conventional oven. While an oven transfers heat through air from multiple directions
which leads to temperature 
uctuations of around �15;� C, a hot plate can reduce this
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uctuation to approximately �3; � C. This allows for a more homogeneous distribution of
thermal energy within the thin �lm.

Using a hot plate for annealing signi�cantly in
uences the crystalline structure of materi-
als. The goal of annealing is to improve the crystalline structure, which in turn enhances
the material's electrical properties.

Furnace Annealing

A tube furnace is a high-temperature electric furnace used as a heat treatment and exper-
iments requiring a controlled atmosphere. This process \relaxes" the material to improve
its performance. Annealing eliminates crystal defects and improves overall quality. It
involves heating the material to a speci�c temperature and then cooling it slowly, thereby
modifying the material's microstructure, including its crystallinity [32].

The main components of a tube furnace are:

ˆ Furnace Tube: The core chamber where samples are placed. It is a hollow tube
made from materials resistant to high temperatures and chemically stable, such as
quartz [32]. In this experiment, a carbon sample holder was included and positioned
on the supporting rail.

ˆ Heating Element: Positioned outside the furnace tube, the heating element pro-
vides the high temperatures required for experiments, typically reaching up to
1700 °C. These elements are usually made from resistance wire or silicon carbide
rods. This provides a uniform heating and thermal radiation of the sample [32].

ˆ Temperature Control System: This system enables precise temperature man-
agement and can be programmed in stages [32].

A tube furnace can also function as an atmosphere furnace, allowing the introduction of
speci�c gases. For experiments involving air-sensitive materials, or to prevent oxidation,
the air inside the tube can be replaced with an inert gas (such as nitrogen or argon) or a
reducing gas (such as hydrogen). This prevents the sample from reacting with oxygen at
high temperatures. Gas lines are connected from a cylinder to the furnace, and the 
ow
is regulated using gas 
ow meters. Tube furnaces can also be used for di�usion processes,
where dopants are introduced into the samples [32]. However, for this experiment, it was
not applied.

9.3 Characterization Techniques

9.3.1 Solar simulator

A solar simulator is a device designed to produce illumination that mimics natural sunlight
within a controllable laboratory environment [33]. It has four main components:

1. Light Source and Power Source: The most common type is the xenon arc lamp,
which provides high-intensity light with a spectrum similar to the sunlight.

2. Optics and Optical Filters: Light from the lamp passes through a series of
optical elements that modify its properties, while a beam homogenizer ensures even
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Figure 15: Tube furnace strucutre. Image from https://asmedigitalcollection.
asme.org/micronanomanufacturing/article/8/3/031003/1086308/
Shape-Memory-Alloy-Bimorph-Microactuators-by-Lift

illumination across the test area. A collimator is also used, so that the light is
collimated to an angle of approximately 0:53�1 [34].

ˆ Spectral Filtering: Optical �lters adjust the spectrum to closely match stan-
dard solar spectra, such as Air Mass 1.5 (AM 1.5) [34].

3. Control Elements: Components that manage the lamp power and other associated
systems to operate the simulator [34].

4. Test Stage: This is where the photovoltaic (PV) device, such as a solar cell or
small panel, is used for testing. A solar cell has two electrical terminals: a negative
terminal (cathode) and a positive terminal (anode). When light from the solar sim-
ulator illuminates the cell, it generates a voltage di�erence between these terminals
that produce an electrical current if they are connected in a circuit [34].

Then the Source Measure Unit (SMU) performs the electrical measurement and generates
an I-V curve [33].

9.3.2 SEM technique

A Scanning Electron Microscope (SEM) is an instrument for microstructural analysis that
provides high-resolution images of a sample's surface. Unlike optical microscopes, which
use light, SEMs uses a focused beam of electrons to generate images [35].

The fundamental working principle is that electrons with a high voltage (0{30 kV) and
focusing them onto the sample. As the electron beam scans the sample surface, the
electrons interact with the sample's atoms, generating various signals such as electrons
and X-rays, which are collected by detectors [35].

A SEM consists of three main components:

1Referring to the sun rays arriving at Earth with a slight divergence, as they are not perfectly parallel.
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Figure 16: Solar simulator internal structure. Image obtained from https://www.
newport.com/n/solar-simulation

ˆ Optical Column: Contains the electron gun (the source of electrons), an anode
to accelerate the electrons, and a series of magnetic lenses that focus and thin the
beam onto the sample surface. The column is under high vacuum (10�4 {10�7 Pa)
[35].

ˆ Sample Chamber: The place where the sample is placed for analysis, also kept
under vacuum.

ˆ Imaging System: Comprises detectors that collect signals from the electron-
sample interaction, which are ampli�ed and converted into a digital image [35].

ˆ Exchanging Chamber: Where samples are placed and pressurized before being
transferred into the sample chamber.

The electron gun produces a continuous and uniform stream of electrons. Modern SEMs
often use Field Emission Guns (FEG). When the high-energy electron beam strikes the
sample, various signals are produced. The most relevant for SEM imaging are [35]:

ˆ Secondary Electrons (SE) { Particularly used in this experiment:

{ Generated from inelastic collisions between incoming electrons and the sample's
own electrons.

{ Low-energy (< 50 eV), originating from the near-surface region (< 10 nm).

{ Provide high-resolution topographical contrast, revealing surface texture.

ˆ Backscattered Electrons (BSE):

{ High-energy electrons from the original beam, re
ected after elastic collisions
with atomic nuclei.
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{ Originate from deeper regions (up to 1{2 �m).

{ Image contrast depends on atomic number (Z): heavier elements appear brighter,
producing compositional contrast.

Using SEM, in antimony sulfoselenide solar cells and other light-absorbing materials, one
can study and compare topography and grain size, as SE imaging allows visualization of
grain size, cracks, or pinholes in thin �lms, and cross-sectional analysis, which enables
measurement of layer thickness and uniformity. SEM also facilitates the investigation of
structural defects, delamination, and corrosion responsible for device degradation [35].

Figure 17: EQE internal structure.

9.3.3 External Quantum E�ciency (EQE)

External Quantum E�ciency (EQE) is a measurement technique for evaluating the per-
formance of solar cells [36] that quanti�es the fraction of incident photons at a given
wavelength that are successfully converted into charge carriers contributing to the elec-
trical current [36]. Analyzing an EQE spectrum provides detailed infromation about the
solar cell's material quality, identi�es sources of e�ciency loss that can lead to ompti-
mization. This can be done as di�erent wavelengths of light penetrate to di�erent depths
within the solar cell layer[37].

The EQE can be mathematically expressed as:

EQE =
collected charge carriers

incident photons
=

ne(�)
nph(�)

=
Jph(�)

q � � ph(�)
(15)

Where:

ˆ J ph(�) is the photocurrent generated by monochromatic light of wavelength �.

29



ˆ � ph(�) is the spectral photon 
ux.

ˆ q is the elementary charge [36].

According to the literature, a typical EQE system includes several key components:

1. Broadband Light Source: The measurement begins with a light source, such as
a supercontinuum laser, which creates a broad spectrum.

2. Monochromator: A di�raction grating disperses the light, and by rotating the
grating, speci�c wavelengths are selected to illuminate the solar cell [36].

3. Optical Chopper: The monochromatic light is periodically blocked and unblocked
at a speci�c reference frequency using a mechanical chopper[36].

4. Lock-In Ampli�er (LIA): The solar cell generates a small AC photocurrent os-
cillating at the chopper frequency. The LIA uses this frequency as a reference to
amplify the signal from the solar cell and �lter out noise at other frequencies[36].

The system is usually automated that produces the EQE spectrum [36], visible in the
results section.

10 Experimental Procedures

This section contains the main points that have been followed in the fabrication of anti-
mony sulfoselenide and the instruments used for the analysis and characterization of the
samples. This information was learned by observing my senior conduct experiments.

10.1 Solar cell fabrication

Preparation of substrates and solution preparation

To prepare the 8 FTO substrates, begin by measuring their resistance and labeling each
one on the back. Dry the sample holder with nitrogen, then place the substrates with the
conductive side facing outward. Clean the substrates by sonicating them for in of acetone.

While the substrates are cleaning, prepare a vial: use one that has been oven-dried, blow
dry it with nitrogen, and calibrate the balance to weigh cadmium chloride (CdCl2). When
sonication �nishes, repeat the same cleaning procedure using ethanol.

Prepare the CdCl2 solution by adding deionized (DI) water per milligram of CdCl2, fol-
lowed by four times that volume of methanol. Mix the solution thoroughly using a vortex
mixer until fully dissolved. After ethanol cleaning, rinse the substrates again with DI
water, dry them with nitrogen, and expose them to ultraviolet-ozone (UVO) light to
complete surface treatment.

CdS deposition

To prepare the precursor solutions, cadmium sulfate and thiourea were dissolved sepa-
rately in deionized water using volumetric 
asks. Both solutions were sealed and sonicated
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(a) Amperimeter to check FTO-coated side
of the substrate. Personal image.

(b) Non-coated side of the substrate, la-
beled with diamond-tipped pen. Personal
image.

Figure 18: Preparation of substrates and solution preparation images

until the solids were completely dissolved. After UVO treatment, the lower part of the
FTO side were covered with kapton.

Next, the chemical bath was prepared by mixing ammonia solution with deionized water.
The taped substrates were placed in a sample holder and placed in a beaker equipped
with a magnetic stir bar. The precursor and complexing solutions were then added in
a particular order. The system was covered to minimize contamination and maintained
under continuous stirring while the temperature was controlled throughout the deposition.

Once the desired temperature was reached, the deposition was carried out for a �xed
duration. After completion, the substrates were immediately transferred to a deionized
water bath for rinsing and brie
y sonicated. The heater was then turned o�.

Remove the substrates using Te
on tweezers, dry them with nitrogen, and carefully re-
move the Kapton tape. For additional cleaning, reuse the DI water from the rinse bath,
add a small amount of hydrochloric acid (HCl), and return the sample holder to the CBD
system, this time without heating.

CdCl 2 depostion and annealing

To prepare for spin coating, �rst turn on the hot plate and �lter the CdCl 2 solution
through a �ne hydrophobic �lter and con�gure the speed and time of the spin coater.
Check the sample is properly attached and the surface is clean with the blower, after
which a measured amount of the �ltered solution was dispensed onto the substrate with
a pippette. Begin the spin-coating process immediately after it is blown.

Following deposition, anneal the coated substrates at an elevated temperature for a certain
amount of time under an aluminum cover to promote crystallization. After annealing,
clean all used materials, rinse the underside of the samples with ethanol, and reapply
Kapton tape where needed for subsequent processing steps.
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(a) Taped substrates placed
in the sample holder. Per-
sonal image.

(b) Cleaning process of the
samples after CdS deposi-
tion. Personal image.

(c) Substrates after CdS de-
position and untaping them.
Personal image.

Figure 19: CdS deposition. Images of the process

(a) Samples after being annealed in cooling
surface. Personal image.

(b) Samples after being annealed, cleaned
and tapped. Personal image.

Figure 20: CdS deposition. Images of the process

Hydrothermal Sample Preparation and Processing

For the hydrothermal synthesis, 4 precursor batches were prepared by combining potas-
sium antimonyl tartrate pentahydrate (APT) and sodium thiosulfate pentahydrate in
deionized water and ethanol. Each mixture was placed in a jar equipped with a magnetic
stir bar and stirred to ensure complete dissolution. Afterwards, a measured amount of
selenourea (SU) was added to each solution. The mixtures were then brie
y sonicated
and vortexed to achieve uniformity.

The resulting precursor solutions were transferred into Te
on-lined vessels, which were
sealed in the autoclaves and placed in a controlled-temperature furnace to carry out the
hydrothermal reaction under moderate thermal conditions for several hours. This process
promoted the growth of uniform �lms on the substrates.

After cooling, the autoclave was opened, and the vessels were immersed in deionized
water. The samples were carefully rinsed and dried with nitrogen. All chemical waste was
properly neutralized and disposed of following standard laboratory safety protocols. To
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remove any backside residues, the samples underwent a aqua regia cleaning step followed
by thorough rinsing with deionized water. All containers and equipment were cleaned
sequentially to prevent cross-contamination in subsequent syntheses.

(a) Samples being tapped into te
on hold-
ers and tanks.

(b) Samples after hydrothermal deposition
(before cleaning backside).

Figure 21: Hydrothermal process. Images of the process. Personal image.

Annealing Procedure

The annealing procedure begins by carefully placing the samples into a holder designed
to keep them stable without applying mechanical stress. The holder is then introduced
into a tube furnace, which is purged with nitrogen to establish an inert atmosphere. Once
the desired vacuum conditions are achieved, the annealing process can start.

The furnace works under a controlled multi-step heating program, ensuring uniform ther-
mal treatment across all samples. As the setup can only anneal 4 samples per run, 2
annealing need to be performed and then a furnace baking step is carried out to avoid
contamination.

PTAA Solution Preparation and Coating

Inside the glovebox, poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was dis-
solved in an appropriate solvent mixture containing toluene, N-methyl-2-pyrrolidone (NMP),
lithium bis(tri
uoromethanesulfonyl)imide (LiTFSI), and 4-tert-butylpyridine (4-TBP).
The solution was vortexed until a clear and homogeneous mixture was obtained.

The prepared solution was �ltered twice through a �ne hydrophobic �lter to ensure purity
and uniformity before being deposited onto the samples by spin coating under controlled
speed and time conditions. Following deposition, the underside of each sample, coated
only with PTAA, was gently cleaned using ethanol to remove any residual material.

Gold Deposition

Gold deposition begins by masking the samples and placing them into a gold evaporation
chamber. Once the system reaches a high vacuum (between 5 � 10�5 and 1 � 10 �6 mbar),
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