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Abstract 

In the field of thin-film photovoltaics, exploring and optimizing various materials and 

techniques is crucial for advancing device performance. Modifying different components in 

thin-film solar cells enhances efficiency and deepens our understanding of the underlying 

physical phenomena. 

This thesis investigates Sb2Se3 thin-film solar cells grown by the thermal evaporation technique 

in a superstrate configuration device. It explores both cadmium-based (Cd-based) and 

cadmium-free (Cd-free) window layers, as well as the influence of the absorber layer thickness 

on the device performance. Additionally, it evaluates the effect of air post-annealing treatment 

(PAT) as a passivation method. 

The structural properties of Sb2Se3 and the performance of CdS/Sb2Se3 devices were analyzed. 

Sulfur diffusion at this interface could alter the optoelectrical properties of Sb2Se3, resulting in 

a Voc deficit. To address this, CdSe was introduced as an alternative buffer layer, eliminating 

the sulfur interdiffusion. Moreover, the presence of selenium in CdSe helped mitigate selenium 

loss at the junction by reducing the concentration gradient. The CdSe/ Sb2Se3 solar cells showed 

remarkable stability, and regardless of a relatively narrow bandgap of CdSe, this replacement 

also increased photocurrent density (Jsc). However, the use of Cd-based materials window 

layers not only limits light absorption at shorter wavelength regions but also leads to Cd 

diffusion in the Sb2Se3 film.  

To overcome these limitations, a transparent, Cd-free alternative material, tin oxide (SnO2), 

was employed and deposited using atomic layer deposition (ALD) at EMPA laboratories. A 15 

nm SnO2 film served as a suitable substrate for growing Sb2Se3 film, increasing the grain size 

(to approximately 1m). By applying this wide band gap material, Jsc, and carrier collection at 

the short wavelength regions improved. However, a higher doping density and, consequently, 

a higher Voc compared to CdSe-based solar cells were also observed. 

Also, the effects of absorber thickness were analyzed since Sb2Se3 shows a superior absorption 

coefficient. The structural and electrical properties of solar cells with 400 and 1200 nm 

thickness of Sb2Se3 were compared. We observed that an ultra-thin film of 400 nm captures 

photons effectively. The solar cell illustrated higher performance, particularly for the Jsc value.  

Applying PAT in air ambient at a low temperature on the finished devices shows passivating 

behavior. Oxygen diffusion throughout Sb2Se3 films differs with the film thickness. However, 

the oxygen exposure during the annealing always reduces the defect density. This treatment 

improved the overall photovoltaic parameters, especially the Voc and fill factor values. 
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Chapter One 

Introduction 

 

Experiencing simple pleasures–like feeling the Spring breeze or walking on a rainy afternoon–

has taken on new meaning over the last decade: climate change has transformed our world. 

Across the planet, climate predictability has become a challenge as shifting weather patterns 

have altered what we once took for granted. These changes signal a more significant challenge 

beyond our daily experiences–the global energy crisis. 

 

1.1 Energy Crisis  

Since the pre-industrial era, Earth's temperature has increased by approximately 1°C [1], 

declaring the startling amount of heat human activities have trapped. This is unsurprising as 

global energy consumption has skyrocketed over the past two centuries. Fossil fuels supply 

more than 80% of our energy needs (Figure 1.1) [2], emitting a vast combustion byproduct, 

CO2 emissions, into the atmosphere. This disturbs the energy current balance in Earth’s 

atmosphere, resulting in global warming. One step to mitigate this issue was the adoption of 

the Paris Agreement by almost all countries worldwide, aiming to keep the global temperature 

Figure 1.1 Global energy consumption [2].  
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increase below a threshold of 1.5°C [3]. Additionally, fossil fuel resources will be depleted one 

day, and before then, we should find alternative green energy sources. 

 

Two alternative energy sources have emerged as low-carbon emission options to meet global 

energy demands. First, nuclear energy is known for its high efficiency but is often accompanied 

by concerns related to safety, waste management, and high operational costs. Second, 

renewable energy sources such as wind, hydropower, and solar are abundant and inexhaustible. 

Solar energy is one of the most powerful energy sources, and sunlight is the most abundant 

energy source that Earth receives. It is free, green, and mostly available across the world. 

Besides sunlight affecting and deriving countless natural processes, it can be converted to heat 

or electrical energy. The technology to convert sunlight directly to electricity is photovoltaic 

(PV). 

 

1.2 Photovoltaic History 

The evolution of photovoltaic technology began in 1839 when Edmond Becquerel discovered 

the photovoltaic effect. He observed that a silver-coated platinum electrode immersed in the 

electrolyte under light exposure generates an electric current. In 1873, the photoconductivity 

of selenium was observed, and after three years, William Adams and Richard Day found that 

the illumination of selenium contacted to platinum showed a photovoltaic effect. This led to 

the fabrication of the first solar cell, composed of gold, selenium, and a metal contact, in 1894 

by Charles Fritts. Also, the explanation of the photoelectric effect by Albert Einstein in 1904, 

confirmed by the experiment of Robert Millikan in 1916, enhanced the understanding of the 

photovoltaic effect. The first silicon-based solar cell was made in 1954 in Bell Laboratories 

with an efficiency of 6%. So, for the first time, photovoltaic technology was implemented in 

the real world, but the application was limited by high production cost ($200 per Watt) [4]. 

However, that technology offered advantages, such as more efficient and remote power supply 

solutions for space applications, attracting more attention by the late 1950s, which resulted in 

more research on improving efficiency and reducing production costs. The oil crisis in oil-

dependent Western countries during the 1970s led to a pivotal global interest in alternative 

energy sources, accelerating research in photovoltaic technology [5]. This led to the innovative 

development of solar cells and more government investment to develop the technology. 
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1.2.1 First-generation solar cells 

The first-generation solar cells are silicon-based solar cells that operate using a homojunction 

formed by p-type and n-type monocrystalline silicon wafers. These devices' efficiency was 

initially improved from 6% to 15% within a few years. Subsequent advancements in PV 

technology further enhanced the efficiency of solar cells and modules, reaching 25% and 19%, 

respectively [6]. The growth of monocrystalline silicon was an obstacle to mitigating the 

production costs.  Researchers developed multicrystalline silicon solar cells to address this 

issue, although the efficiency remained lower (19%) than monocrystalline solar cells [7]. 

Before the 1980s, solar modules were applied in remote locations or for temporary energy 

supply needs, but after, they found their way to the suburban and urban residential market [5], 

[8]. Silicon solar cells currently hold more than 90% of the market share [9]. Also, Chinese 

solar companies such as LONGi Solar and JA Solar have recently expanded their production 

capacity for high-efficiency monocrystalline silicon solar cells, reducing production costs [10].  

 

1.2.2 Second-generation solar cells 

Another step in facing the main challenge of first-generation monocrystalline solar cells was 

the introduction of thin film technology based on polycrystalline materials. Thin films –with 

their high absorption coefficient– can effectively capture sunlight using minimal. Thus, they 

offer advantageous features to reduce fabrication costs and develop innovative PV devices [11]. 

A thin film is a layer of material with a thickness ranging from few nanometers to a few 

micrometers. Therefore, it reduces material usage and allows for creative applications such as 

flexible solar cells. This technology offers various growth techniques, including physical 

evaporation deposition (PVD), chemical evaporation deposition (CVD), and chemical 

deposition methods, reducing manufacturing expenses [12].  

The second-generation solar cells–thin film solar cells–is based on materials like amorphous 

silicon (a-Si), cadmium telluride (CdTe), and copper indium gallium diselenide (CIGS). The 

highest reported efficiencies of these solar cells are 10.2% [13], 23.1% [14], and 23.64% [15], 

respectively, which is lower than the record efficiency of silicon solar cells, 27.3% [16]. Also, 

chalcogenide materials such as copper zinc tin sulfide (CZTS) and antimony selenide (Sb2Se3) 
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have been introduced to thin film solar cells as absorbers, offering new possibilities. For 

instance, CZTS is a promising material with abundant elements that has been introduced as an 

alternative to CIGS. CZTS solar cells can be processed by solution-based methods, offering an 

inexpensive fabrication process achieving up to 15% efficiency [17]. 

One of the main limitations of applying polycrystalline materials in thin film solar cells is the 

higher defect density, which impacts charge carrier mobility and reduces the device’s 

performance. These defects can result from grain boundaries, non-uniform material deposition, 

or impurities during fabrication. However, with passivation techniques and optimization of 

deposition methods, these problems have been considerably overcome [18]. Companies such 

as First Solar pioneered the thereby growing in importance for the renewable energy industry. 

 

1.2.3 Third-generation solar cells 

Third-generation solar cells represent the latest advancements in photovoltaic technology. This 

generation aims to overcome the efficiency limits and cost barriers of traditional silicon-based 

solar cells. It utilizes a wide range of new materials and novel designs to improve energy 

conversion. 

The heart of this generation is utilizing advanced materials like perovskites, quantum dots, and 

organic semiconductors. Perovskite solar cells, in particular, have gained attention because of 

their outstanding optoelectronic properties, which help them achieve both high efficiency and 

low-cost manufacturing. The absorption of these materials can be tailored to capture light in 

different wavelengths effectively [19]. 

Quantum dots are nanometer-sized semiconductor particles that, because of their size, exhibit 

quantum effects that change their electronic and optical properties compared to bulk materials. 

This feature allows engineering the band gap to capture different wavelengths of light, leading 

to more efficient light absorption [7], [20]. Similarly, organic photovoltaics (OPVs), which use 

organic molecules or polymers, offer lightweight, flexible, and potentially lower-cost 

alternatives to traditional solar technologies. These cells are particularly attractive for 

applications such as wearable electronics, portable devices, and flexible solar panels [21]. 
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Furthermore, third-generation solar cells explore novel cell architectures, including tandem 

cells, multi-junction devices, and bifacial solar modules. These structures stack multiple layers 

of materials with different band gaps to capture a broader spectrum of sunlight, significantly 

enhancing efficiency [22], [23].  

The third generation not only leverages novel materials and device design but also integrates 

photovoltaics with other technologies. For instance, building-integrated photovoltaics (BIPV) 

apply solar cells directly into buildings, offering new energy-harvesting solutions [24]. 

Together, these innovations represent the future of solar technology, aiming to drive the 

widespread adoption of photovoltaics by improving performance, lowering costs, and enabling 

new applications in various sectors. 

 

Over the past decade, antimony selenide (Sb2Se3) has been studied as an emerging absorber in 

thin-film solar cells due to its promising optoelectronic properties. This thesis investigates 

antimony selenide (Sb2Se3) thin-film solar cells grown by thermal evaporation to gain insights 

into optimizing their performance. The following chapters present an overview of the working 

principle of solar cells, the fabrication and characterization methods employed in this thesis, as 

well as Sb2Se3 properties and research trajectory. 
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Chapter Two 

Background 

 

2.1 Photovoltaic effect  

The first observation of the photovoltaic effect–the direct conversion of light into electricity–

was from a photoelectrochemical cell. So, the required steps for the photovoltaic effect can be 

explained by a hypothetical chemical cell, where light can decompose water to H2 and O2. In 

this non-equilibrium condition, if we do not remove the gases, they will recombine at the same 

rate as their decomposition, and finally, the gas pressure will stabilize. To remain functional, 

the gases must be removed; hence, we need a selective filter for one gas type to allow only one 

type of gas to pass through. However, transmitting the molecules toward the desired filter 

requires a driving force within the cell [8].  

The corresponding process happens for charge carriers in a solid-state solar cell. Photovoltaic 

devices convert sunlight into electricity in three main steps: light absorption, charge 

separation, and charge collection. Through this process, sunlight excites electrons of a light-

absorbing material, and then an electric field directs electrons and holes to be collected at an 

external load circuit [4], [8].  

An effective process relies on choosing a suitable material to engineer the device. The unique 

properties of semiconductors enable the development of photovoltaic technology. The 

following sections discuss some of the semiconductors' essential properties underpinning this 

development. 

 

2.2 Semiconductors 

While electrons occupy discrete energy levels in an isolated atom, in a solid material– where 

many atoms come together– the wave function of electrons overlaps. Due to the Pauli exclusion 

principle that states two electrons cannot occupy the same state, the energy levels split. In a 

solid, energy levels split into the number of electrons– which is very large–so energy levels 
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will be close together and appear as a continuum; these allowed energy reigns of electrons are 

known as bands. These bands are named as valence band (VB), corresponding to the highest 

occupied energy levels, and conduction band (CB), corresponding to the lowest unoccupied 

energy levels, and are separated by a gap known as band gap (Eg), the forbidden energy region. 

Most materials fit into three categories: conductor, insulator, and semiconductor [25]. 

The valence and conduction bands overlap in a conductor, so there is no forbidden gap. 

Electrons can easily be excited to the conduction band and be free to conduct electricity or heat. 

When the band gap is large (Eg>3 eV), exciting the electrons from the conduction band to the 

valence band requires a substantial amount of energy and results in an insulator material. 

Semiconductors stand between conductors and insulators, as the band gap is between 0.5 to 3 

eV, and electrons can be excited by thermal energy, electrical field, or light. Figure 2.1 depicts 

the schematic of the band alignment of these categories [4].  

Understanding the occupation of electron states leads to determining the number of free carriers 

that turn to define conductivity.  Since electrons are half-integral particles, they follow the 

Fermi-Dirac law, and their distribution depends only on energy. At absolute zero temperature, 

electrons–with no kinetic energy– always occupy the lowest energy levels.  So, the highest 

energy level at this temperature is called the Fermi energy, EF. In a conductor, where the 

conduction and valence bands overlap, the Fermi energy lies within the conduction band where 

electrons freely move. In contrast, in an insulator, Fermi energy lies somewhere between the 

band gap, and the large band gap makes the electron excitation difficult. In a semiconductor, 

Fermi energy is within the band gap, but the smaller band gap allows the thermal excitation of 

electrons. This level can be changed according to the distribution of electrons and holes in the 

Figure 2.1 Band alignment of conductor, semiconductor, and insulator. 
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conduction and valence bands. An intrinsic semiconductor is a perfect crystal without 

impurities in which the number of electrons in the conduction band and holes in the valence 

band are equal. The fermi level is roughly in the middle of the band gap in such material [25].  

The introduction of impurity atoms into the lattice –known as doping– of a semiconductor can 

modify its electrical properties. Donors are atoms with more valence electron(s) required for 

chemical bonding with the semiconductor atoms. The electron(s) is weakly bound to the donor 

atoms, and therefore, this extra electron(s) can easily move to the conduction band. These extra 

electrons raise the Fermi level closer to the conduction band, creating an n-type semiconductor. 

Conversely, an atom with valence electron(s) less than required for chemical bonding in the 

semiconductor is an acceptor that creates a vacancy or hole– a conceptual particle representing 

the absence of an electron– in the valence band. The acceptor atom readily accepts electron(s) 

from the valence band to fill the hole. In other words, hole(s) loosely bound to the acceptor 

could easily be donated to the valence band. In a semiconductor doped with an acceptor atom, 

named a p-type semiconductor, additional hole(s) lower the Fermi level closer to the valence 

band [4], [8], [25]. 

 

2.3 Junctions  

In photovoltaic energy conversion, a driving force –such as an electric field– is needed to 

separate charge carriers after light absorption by the material. This is the origin of the 

photovoltaic effect, and the mechanism can be engineered optimally based on the application. 

Connecting two materials with different electronic properties, which means different band 

alignments, provides the desired driving force of solar cells. Two possible connections can be 

between a metal and a semiconductor, the Schottky junction, and between different 

semiconductors, named a p-n junction. Solar cells function mostly by a p-n junction 

categorizing into homojunction and heterojunction. Homojunction forms when the p-type and 

n-type semiconductors of the same material join, and heterojunction is made of two different 

materials. In both cases, when p-type and n-type semiconductors meet, the p-n junction forms 

in thermal equilibrium, as will be explained [4]. 

The n-region has a high electron concentration, and the p-region has a high hole concentration, 

called majority carriers. After connecting, the majority carriers diffuse across the interface 

toward the other region, electrons from the n-region, and holes from the p-region, leaving 
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behind ionized impurity atoms. The movement of carriers depletes the area at the interface 

known as the space charge region (SCR) or depletion region. This leads to forming an electric 

field –a built-in voltage (Vbi) at the junction– that opposes more carrier diffusion. At the point 

that the diffusion of majority carriers (electrons in the n-type and holes in the p-type) is 

balanced by drifting the minority carriers (holes in the n-type and electrons in the p-type) across 

the junction, thermal equilibrium is reached. In this thermal equilibrium condition, Fermi levels 

of n-type and p-type materials are equal, and the net current is zero. Figure 2.2 shows an 

example of a band alignment for p-type and n-type semiconductors before and after connecting.  

Generally, a p-n junction behaves like a diode, and applying a voltage disturbs the equilibrium, 

altering the potential barrier of the junction. Figure 2.3 shows a p-n junction under a forward 

bias. The applied potential opposes the potential barrier of the junction, so the diffusion of the 

majority carrier increases (net current≠0). The minority carriers at the edge with a diffusion 

length comparable to the depletion region width can cross over the junction. Finally, these 

minority carriers recombine with majority carriers, while the majority carriers are supplied 

from the external circuit, resulting in the net current of majority carriers. The applied field 

disturbs the distribution of carriers (and Fermi energy levels), and the junction, which is almost 

free of carriers, will be affected the most. However, we can still consider the Fermi energy 

levels in p and n regions unaffected as quasi-Fermi levels. Thus, under the forward bias (V>0), 

the difference of quasi-Femi levels is equal to the applied field EF,p – EF,n = – eV. A reverse 

bias strengthens the internal field of the p-n junction and suppresses the diffusion current. 

Figure 2.2 Schematic of p-type and n-type semiconductors before connecting (a), 

and after connecting, the formation of a p-n junction (b). 
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However, the drift current experiences a small increase due to the wider depletion region and 

is limited by the number of minority carriers [4], [8], [25].  

A metal-semiconductor junction can form between a metal with either a large or small work 

function (the minimum energy needed to move an electron from the material, Fermi level, to a 

vacuum) and n-type or p-type semiconductors. The band offset of a p-type semiconductor with 

metal in both small and large work function cases is shown in Figure 2.4. Under a connection 

between a p-type semiconductor and a metal with a large work function, holes can flow from 

the semiconductor conduction level to the metal without any barrier. The resultant band 

bending–known as Ohmic contact–facilitates transmitting the carrier and is ideal for charge 

collection (Figure 2.4 b). Upon contacting a small work function of metal and a p-type 

semiconductor, holes move from the semiconductor to metal, leaving behind negative ions. 

This creates a depletion region in the semiconductor, resulting in downward band bending and 

making a barrier for hole movement (Figure 2.4 a) [4]. 

Figure 2.3 Schematic of a p-n junction under a forward bias. 

Figure 2.4 Schematic of metal and p-type semiconductor (a) before connecting and 

(b) after connection. 
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2.4 Operating principle of p-n junction-based solar cells 

So far, the properties of semiconductors make them a suitable choice for making solar cells, 

and we can design a solar cell based on the photovoltaic effect process. In a typical solar cell 

structure, n-type and p-type semiconductors can act as electron and hole filters, respectively. 

The p-n junction of these two provides us with the driving force to transfer the carriers. Finally, 

the device can be connected to a load by two metal contacts. Therefore, a p-n junction-based 

solar cell comprises a light absorber layer (p-type), a window layer (n-type), and two metal 

contacts.  

The first step in a PV device operation is light absorption, making the material's bandgap a 

crucial factor. The bandgap determines the range of photon energies that can be absorbed, as 

during photoabsorption, only photons with energies equal to or larger than the bandgap can 

excite electrons. Absorbing a photon with energy equal to Eg excites the electrons from the 

highest energy level in the valence band (valence band maximum) to the lowest energy level 

in the conduction band (conduction band minimum). For the photons with E>Eg, electrons are 

promoted to higher energy levels in the conduction band, and then they will be relaxed at the 

conduction band minimum through a thermal loss. The other consideration of a light harvester 

material is the band structure that affects efficient light absorption. In the band structure 

formation of the material, when the valence band maximum (VBM) and the conduction band 

minimum (CBM) align in momentum space, allowing electrons to transition directly by 

absorbing or emitting a photon without requiring a change in momentum, such material is direct 

band gap (Figure 2.5 a). On the other hand, an indirect band gap material has its CBM and 

VBM at different momentum values, meaning that electron transitions require assistance from 

a phonon –a quantum of lattice vibration– to conserve momentum (Figure 2.5 b). Materials 

with suitable direct band gaps provide the effective photo absorption necessary for making an 

efficient solar cell [4]. 

The backbone of a solar cell is the p-n junction that provides us with the required driving force 

to separate the photo-generated charge carriers. Upon joining n-type and p-type 

semiconductors, the band alignment of the p-n junction under thermal equilibrium is shown in 

Figure 2.2 b. Once the light hits the absorber layer, electrons are promoted to the CB, leaving 

behind holes in the VB, increasing minority carriers. The light-generated electrons (holes) 

diffuse to the depletion region and are swept by the internal field to the n region (p region). As 
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this photocurrent flows through the external circuit, it forms an electric field (E) opposing the 

internal field of the junction (E), Etot=E-E. This facilitates the diffusion of the majority carriers 

toward the junction, increasing the current. However, the overall 

photocurrent contribution comes mainly from the minority carriers efficiently swept by the 

junction. Accordingly, the solar cell is no longer in thermal equilibrium under illumination. 

Instead, it behaves similarly to a p-n junction under forward bias, as discussed in the previous 

section [4], [8].  

The last step is the charge collection once the junction navigates the carriers to p-type and n-

type layers. As previously mentioned, Ohmic contact facilitates the charge movement by 

making an efficient band bending within the semiconductors. 

These interactions between the generation, separation, and transport of the light-induced 

carriers under the internal electric field enable a solar cell to generate electrical power from 

sunlight. The band offset of a p-n junction-based solar cell is illustrated in Figure 2.6. 

Figure 2.5 A schematic of direct (a) and indirect (b) transition in semiconductors. 

Figure 2.6 Schematic of band alignment of a solar cell. 
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2.5 Solar cell performance 

2.5.1 J-V curve 

The performance of a solar cell can be characterized by the current-voltage (I-V) curve. A solar 

cell performs like a diode in dark conditions so that the Shockley diode equation can define the 

current for an ideal diode in dark conditions by Equation 2.1: 

I = I0(e
qV

nKT
 

− 1) 
 

We have seen that the behavior of the illuminated p-n junction is similar to that of a p-n junction 

under forward bias. Consequently, the superposition of photocurrent (IL) and dark current is 

the I-V curve of a working solar cell, given by Equation 2.2: 

 

I = I0(e
qV

nKT
 

− 1) −  IL 

 

However, the light-generated current of a solar cell depends on the illuminated area (solar cell’s 

size), so current density-voltage (J-V) is more useful in characterizing the device. The 

parameters that can be extracted from the J-V curve are the open-circuit voltage (Voc), short-

circuit current density (Jsc), maximum power point (Pmax), and fill factor (FF). Voc is the 

maximum voltage the solar cell can produce under open-circuit conditions, representing the 

upper limit of the voltage built up by the p-n junction under illumination. Under short-circuit 

conditions, when the voltage across the device is zero, the maximum current density that the 

solar cell can generate is Jsc. The solar cell operates between these two points with a power 

given by P = IV. So, the maximum power point (Pmax) is the point on the curve where the 

product of J and V is the highest. The current density (Jm) and voltage (Vm) should be close to 

Jsc and Voc values to optimize the Pmax (Figure 2.7 (a) illustrates a typical J-V curve of a solar 

cell). This way, the J-V curve will be a square-like shape. The parameter that measures the 

squareness of the J-V curve is the fill factor (FF), given by Equation 2.3: 

 

FF = 
J
m
 × Vm

J
sc

 ×Voc
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The most critical parameter for evaluating the performance of a solar cell is power conversion 

efficiency (PEC). It measures how effectively a solar cell converts sunlight into usable 

electrical power, defined as the ratio of the maximum electrical power output to the solar input 

power [4], [8], [25], [26].  

 

PCE (η) = 
Pout

Pin
 = 

J
sc

 × Voc × FF

Pin
 

 

 

2.5.2 Losses in solar cell operation 

In reality, a solar cell can go under different losses before and after light absorption, reducing 

efficiency.  

Solar cells experience optical losses, such as reflection losses, in which part of the incident 

light is reflected off the surface, and transmission losses, where a part of the light is absorbed 

by components other than the light-harvesting material. Solar cells also face internal 

losses when photo-generated charge carriers are not effectively separated or collected [27]. 

Resistive losses, such as shunt resistance (Rsh) and series resistance (Rs) (shown in Figure 2.7 

b), influence the device’s performance. The shunt resistance represents the current leakage 

pathways, while series resistance demonstrates resistance within the solar cell and its contacts. 

Low shunt resistance reduces Voc, and high series resistance limits Jsc. The impact of these 

Figure 2.7 (a) typical J-V curve, and (b) the equivalent circuit of a solar cell. 
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resistances can be seen on the J-V curve where Rsh and Rs reduce the curve slope near Voc and 

Jsc, respectively, and mainly reduce the fill factor [26]. 

During optical absorption, an exciton –an electron-hole pair– is generated by promoting an 

electron from VBM to CBM. However, the electron in the CB is in the metastable state and 

will eventually be stabilized in the valence band. This reverse phenomenon, known as 

recombination, is one of the limiting factors in solar cell operation. It annihilates the electron-

hole pair and releases energy as either a photon (radiative recombination) or phonon (non-

radiative recombination). Radiative recombination is a spontaneous emission where an electron 

from CBM recombines with a hole from VBM, releasing a photon. This recombination is 

dominant in direct band gap semiconductors such as GaAs. Non-radiative recombination 

happens when the energy is dissipated as heat in the reaction with phonon. This can occur via 

defect states –Shockley-Read-Hall (SRH) Recombination– or through interactions involving 

other charge carriers, as in Auger recombination. Trap states, caused by impurities or structural 

imperfections within the band gap, play a crucial role in SRH recombination. In this process, 

an electron is captured by a trap state before relaxing to the VBM, releasing energy as heat. In 

Auger recombination, the recombination energy is transferred to another electron (or hole), 

exciting it to a higher energy state within the conduction (or valence) band. The excited carrier 

then quickly loses energy as heat during relaxation [28]. 

 

2.5.3 Quantum Efficiency 

Quantum efficiency (QE) is another essential parameter that quantifies the capability of a solar 

cell to convert incident photons into charge carriers. It gives insight into how light absorption, 

charge generation, and collection processes within the solar cell are effective. Quantum 

efficiency is usually presented as a function of the wavelength of the incident light by providing 

a detailed spectral response of the device. There are two different types of quantum efficiency: 

internal quantum efficiency (IQE) and external quantum efficiency (EQE). IQE is defined as 

the ratio of the number of collected electrons to the number of absorbed photons. Meanwhile, 

EQE is the ratio of the number of collected electrons to the number of incident photons at a 

specific wavelength. By accounting for all photons, including those that are not absorbed, EQE 

provides information about the losses within the device at a given wavelength [8].  
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Figure 2.8 illustrates a typical EQE curve of a solar cell. The EQE of an ideal solar cell is unity 

(100%) and square-shaped– any deviation from the ideal value indicates losses within the 

device. At shorter wavelengths, shown in purple square, the loss refers to light absorption by 

the front contact, so the carrier will not reach the junction. Another loss at these wavelengths 

is the parasitic absorption by the window layer, highlighted in the blue region. At longer 

wavelengths, the EQE increases as the probability of the light absorption by the harvester 

material enhances. Deviations from unity in this wavelength region are due to the low diffusion 

length of photogenerated carriers. This leads to recombination loss within the bulk material 

before the carriers can reach the junction. The last yellow sector refers to photons with lower 

energy than the absorber material's band gap and the carriers' low diffusion length [26], [29]. 

 

2.6 Thin Film Solar Cell Structure 

Thin-film solar cells are heterojunction-based devices comprising a substrate, two conductive 

contacts, p-type and n-type semiconductors. These components can be arranged in a substrate 

or superstrate configuration depending on the fabrication order, as shown in Figure 2.9. The 

light travels through the metal contact and window layer in either structure to the absorber 

layer. Hence, both layers should be as transparent as possible to maximize light transmission 

and absorption. A transparent conducting oxide (TCO) is a suitable choice for forming the 

Figure 2.8 Typical EQE response of a solar cell. 
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ohmic contact with the window layer, as it combines high optical transparency with excellent 

electrical conductivity. The n-type material (window layer) is in contact with TCO and, from 

the other side, in contact with the p-type (absorber layer) material to form a p-n junction. Also, 

another ohmic contact between p-type and metal contact facilitates the charge collection at the 

external circuit.  

This stacking in substrate and superstrate configurations has benefits and drawbacks 

originating from material and substrate properties and intended solar cell applications. For 

instance, substrate configuration is well-suited for lightweight and flexible solar cells as the 

absorber grows directly on the metal contact. However, a flexible substrate limits the growth 

temperature, which is not a concern in superstrate structure. Additionally, optical optimization 

can be achieved more easily in superstrate configuration by using a TCO-coated glass substrate.  

Choosing between substrate and superstrate structure is making a balance between long-term 

stability, material compatibility, and specific solar cell application.  

  

Figure 2.9 (a) substrate and (b) superstrate configurations of thin-film solar cells. 
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Chapter Three 

Antimony Selenide 

 

The potential of Sb2Se3 as a light-absorbing material for thin film solar cells was first 

demonstrated in 2014, with an initial power conversion efficiency (PCE) of 2.26% [30]. Since 

then, the efficiency has grown remarkably, reaching a value of over 10% in a decade [31], [32]. 

Despite the advancements, many fundamental aspects of Sb2Se3’s behavior in photovoltaic 

devices remain unsolved. Notably, the similarities between Sb2Se3 and CdTe make it possible 

to leverage well-established CdTe technologies to advance the development of Sb2Se3 solar 

cells. The following sections discuss the material properties of Sb2Se3 and trace the 

development history of Sb2Se3-based solar cells, mentioning the relevant milestones and 

challenges. 

 

3.1 Sb2Se3 Properties 

A light harvester semiconductor material in a solar cell must have proper optoelectronic 

properties. The material should possess a suitable band gap with a high absorption coefficient, 

allowing for effective optical absorption and charge generation. Additionally, it should have 

decent electrical conductivity, high carrier mobility, and a long charge carrier diffusion length 

to ensure charges are transported effectively before they recombine. 

Sb2Se3 properties make it a promising material for photovoltaic applications. A low melting 

point (855K) of Sb2Se3 allows high-quality thin film growth by low-temperature vacuum-based 

deposition techniques [33], which is important to scale up the technology. It exhibits a band 

gap between 1–1.2 eV, a high absorption coefficient (>105 cm–1) [34], and good charge-carrier 

transport properties [35]. Additionally, it is a stable material made of earth-abundant and low-

toxicity elements [36]. 
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The following sections describe the structural and optical properties of Sb2Se3 in more detail. 

3.1.1 Structural Properties 

Sb2Se3 is a semiconductor from V2-VI3 inorganic compounds belonging to an isostructural 

family such as Sb2Se3. It crystallizes in an orthorhombic structure and adopts the Pbnm group 

with lattice parameters of a = 11.7938, b = 3.9858, and c = 11.6478  Å. The structure comprises 

one-dimensional chains of (Sb4Se6)n units aligned along the c-axis (as shown in Figure 3.1). 

Within these chains, Sb and Se atoms are covalently bonded, while the chains themselves are 

held together by weak van der Waals interactions between Se atoms. The stereochemically 

active Sb s-orbital lone pair induces asymmetric bonding, influencing the structure and 

resulting in this quasi-one-dimensional (Q-1D) structure. This unique geometry results in 

anisotropic carrier transport along [001] direction. Moreover, the Q-1D structure aligns the 

grain boundaries parallel to the ribbons, leading to benign charge recombination at the grain 

boundaries [37], [38]. 

 

3.1.2  Optoelectronic Properties 

The photovoltaic effect is the generation of charge carriers by light absorption. Thus, the band 

gap –the energy of photons– and absorption coefficient –absorption capability– of the material 

are essential for designing a solar cell. Polycrystalline Sb2Se3 exhibits an indirect band gap of 

1.03±0.01 eV and a direct band gap of 1.17±0.02 eV at room temperature. An indirect transition 

requires a phonon to conserve momentum, which makes the transition less probable than a 

direct case. The lone pair s-orbital of the Sb2Se3 structure causes its indirect band gap, yet it 

 
Figure 3.1 Crystal structure of Sb2Se3 [118]. 
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demonstrates a remarkably high absorption coefficient (>10–5 cm-1). The reason originates from 

a relatively low (0.14 eV) difference between the direct and indirect band gaps. This low 

difference enables efficient direct transitions at photon energy slightly higher than the indirect 

band gap, making Sb2Se3 a semi-direct band gap light absorber [34].  

This high absorption coefficient allows for decreasing the thickness of the Sb2Se3 film. Chen 

et al. [34] demonstrated that 400 nm thick Sb2Se3 film absorbs all photons with wavelengths 

below 800 nm, while a micron thick film is sufficient to capture longer wavelengths.  

 

3.1.3 Defects 

Defects are an inherent feature of crystalline materials that affects the semiconductors’ 

electronic properties. These imperfections can take the form of missing or misplaced atoms, 

unintended impurities, or grain boundaries, and they are categorized as point defects (0D), line 

defects (1D), planar defects (2D), or bulk defects (3D). While some defects are benign or even 

helpful in tailoring the semiconductor properties, many are detrimental, especially in 

photovoltaic applications. These defects may serve as traps or recombination centers for 

charge carriers in solar cells, undermining the crucial processes of photon absorption, charge 

separation, and collection [28].  

Defects in semiconductors are broadly classified as shallow and deep, depending on their 

energy level positions within the band gap. Shallow defects introduce states close to the CBM 

or VBM, often serving as acceptors or donors, allowing carriers to escape by thermal activation. 

Deep defects, in contrast, have energy levels far from the band edges and act as nonradiative 

recombination centers, reducing carrier lifetime and mobility [39]. 

The polycrystalline nature of the absorber layer in thin film solar cells highlights the effects of 

the defects. Interfacial regions of heterojunction and grain boundaries form various defects 

depending on the material's composition, crystallographic structure, and fabrication process.  

The intrinsic defects of Sb2Se3 include two vacancies (Vse , Vsb) where an atom is missing from 

its lattice site; two interstitials (Sbi , Sei) where an atom is located away from its expected lattice 

position; and two antisite defects (SbSe, SeSb) where one atom replaces another at its lattice site. 

However, the low symmetry Q-1D structure of Sb2Se3 introduces complex defects in non-
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equivalent atomic sites within the ribbons. For instance, Sb and Se atoms occupy two (Sb1, 

Sb2) and three (Se1, Se2, Se3) distinct positions, respectively [39], [40], [41].  

The defect formation is dependent on the stoichiometric environment during growth. 

Experimental [31], [32], [33], [42] and computational [43] studies have shown that Se-rich 

conditions favor acceptor-like defects, such as SeSb, contributing to p-type conductivity. In 

contrast, Se-poor conditions promote the formation of donor-like defects, such as VSe, leading 

to n-type behavior. Accordingly, Se-rich Sb2Se3 film improves carrier lifetime and reduces 

recombination, while Se-poor film traps carriers and degrades device performance, leading to 

Voc deficit. 

 

3.2 Sb2Se3 thin film solar cell development 

As mentioned in Section 2.6, thin film solar cells are made in two different configurations, 

considering the material properties and device applications. Sb2Se3 thin film solar cells have 

also been fabricated in both configurations, and the highest efficiency is reported for a substrate 

device structure. Various approaches have been applied to these solar cells, improving their 

efficiency. The following sections explain some of the advancements in each part of the device. 

A summary of developed devices is also tabulated in Table 1. 

 

3.2.1 Growth Methods 

The anisotropic carrier transport properties of Sb2Se3 have garnered notable interest due to their 

potential to mitigate grain boundary recombination. Developing an efficient solar cell requires 

the preparation of a high-quality thin film to minimize recombination losses caused by defects. 

Controlling the ribbon's orientation is crucial in a Q-1D material such as Sb2Se3. Therefore, 

optimizing growth parameters can effectively improve charge transport in Sb2Se3. Various 

physical vapor deposition and chemical methods have been investigated to grow Sb2Se3 thin 

films. Notable methods include thermal evaporation [44], [45], rapid thermal evaporation 

(RTE) [46],[47] closed–space sublimation (CSS) [48], vapor transport deposition (VTD) [49], 

pulsed laser deposition (PED) [50], magnetron sputtering [51], and chemical bath deposition 

(CBD) [52]. 
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For the first time in 2014, Zhuo et al. prepared Sb2Se3 thin film by spin coating with a 

hydrazine-based solution and applied it to a superstrate device structure using TiO2 

heterojunction. Despite ribbon orientation mostly along (hk0) planes, the device showed a 

2.26% efficiency (Voc = 520 mV), highlighting Sb2Se3 as a promising material for photovoltaic 

applications [30]. 

The same group deposited Sb2Se3 using thermal evaporation in the superstrate device structure 

on the CdS buffer layer. The device showed 1.9% efficiency and a lower Voc of 300 mV 

compared to the previous study. Their results suggested that TiO2 forms a favorable band 

alignment with Sb2Se3 while lower CB in CdS leads to a deeper Fermi level, limiting the Voc 

[53]. In the same year, Liu et al. successfully applied thermally evaporated Sb2Se3 to a substrate 

device structure.  They analyzed the thermal stability of Sb2Se3, revealing that Sb2Se3 begins 

to lose weight at 423°C, with a significant increase at its melting point. This indicated that the 

substrate temperature during deposition should not exceed 423°C to prevent re-evaporation of 

the material [44]. 

RTE was considered an efficient growth method for producing high-quality films due to 

antimony selenide’s low melting point. During RTE, the substrate and material source are 

positioned close (<10 mm), so the deposition can occur rapidly within tens of seconds. Zhou 

et al. reported a well-originated Sb2Se3 film along (hk1) planes using the RTE method. The 

results were promising, Jsc = 25.14 mA/cm2, Voc = 400 mV, FF = 55.7%, and efficiency = 5.6%. 

Meanwhile, their computational study showed that the recombination loss is minimal if Sb2Se3 

grows along (001) planes [54].  

CSS is a widely used technique to grow semiconductors, especially CdTe. Similar to RTE, CSS 

features a close source–to–substrate distance but operates in a well-controlled pressure 

environment where the material can directly sublimate from solid to gas (as it comes with the 

name). Thus, these conditions enable deposition at high substrate temperatures, resulting in 

higher-quality thin films, making CSS well-suited for scaling up to industrial applications. 

Leveraging similarities between Sb2Se3 and CdTe, Hutter et al. fabricated Sb2Se3 thin film solar 

cells using CSS. The device achieved comparable parameters to Sb2Se3 solar cell by RTE, Jsc 

= 33.4 mA/cm2, Voc = 420 mV, FF = 43.2%, and efficiency = 6.06% [48]. 
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In RTE and CSS, the deposition occurs rapidly within a short source–to–substrate distance that 

could lead to defect formation. VTD involves transporting the vaporized material toward the 

substrate using a carrier gas. The key growth parameters controlling the thin film quality 

include source–to–substrate distance, source and substrate temperature, and partial pressure of 

the gas. Wen et al. grew a high-quality Sb2Se3 thin film using VTD by carefully optimizing the 

growth parameters.  Therefore, they improved the crystallinity and suppressed bulk and 

interfacial defects, resulting in a high-performance device of 7.6% (Voc = 488 mV) [55]. 

Regardless of the introduction of different deposition techniques, Sb2Se3 solar cells still suffer 

from Voc deficit, which originates from mid-gap defects. Growing in Se-rich conditions is 

known as a strategy to minimize the formation of these detrimental defects. Considering this 

fact, Duan et al. developed an innovative injected vapor deposition (IVD) that achieved the 

highest efficiency reported by a physical growth method. The schematic is shown in Figure 

3.2; the system consists of two parts: the substrate that can move up and down and a roller 

covered with the heater that contains a break to spray the vapor. Here, a mixture of Se pellets 

and Sb2Se3 powder was placed in the roller, and the vapor was injected using a carrier gas, Ar.  

Through this method, they grew well-originated Sb2Se3 film, suppressing deep defects that 

resulted in a high efficiency of 10.12% (Voc = 488 mV) [31].  

The record efficiency of the Sb2Se3 thin film solar cell was reported as 10.57% in 2022 by Zhao 

et al. They introduced an additive-assisted chemical bath deposition method to grow Sb2Se3, 

aiming to improve the film quality.  In principle, this technology is designed to control and 

adjust the film properties thoroughly by introducing additives. They employed thiourea 

(CH4N2S) and selenourea (CH4N2Se) to regulate the growth, improving both the crystallinity 

and morphology of the film, especially using selenourea. They concluded that this method 

Figure 3.2 The schematic of the injected vapor deposition method [30]. 
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enhanced charge separation and collection efficiency while suppressing non-radiative 

recombination. As a result, the device achieved a high Jsc of 33.52 mA/cm2, which contributed 

to the high efficiency [32]. 

 

3.2.2 Window Layer 

The window layer, also known as the electron transport layer (ETL), is the n-type material that 

forms the p-n heterojunction with Sb2Se3. This layer should have a wide band gap to transmit 

the light to the absorber and form proper band alignment to navigate carriers efficiently. In 

heterojunction, where two materials with different lattice constants come together, the lattice 

mismatch leads to defects formation [56]. To mitigate these interfacial defects, the lattice 

mismatch of the materials must be minimized.  

Moreover, two types of band alignments can form at a heterojunction: spike-like and cliff-like, 

as shown in Figure 3.3.  When the CBM of the window layer is higher than that of the absorber 

layer, a spike-like alignment forms, creating a barrier for photogenerated carriers. In contrast, 

a cliff-like interface forms when the CBM of the window layer is lower than that of the absorber 

layer. The barrier in spike-like alignment can suppress recombination caused by mid-gap states, 

while cliff-like assists trapping carriers, lowering the Voc. As a result, the spike-like offset is 

more favorable, but a barrier that is too high leads to a Jsc deficit [57].  

CdS is the most used window layer in Sb2Se3 thin film solar cells, and many studies have 

reported CdS-based devices. CdS is also employed in other thin film solar cells such as CdTe, 

CIGS, and CZTS and can be prepared easily by chemical bath deposition (CBD) or PVD 

methods. However, drawbacks of CdS as the n-type partner for Sb2Se3 include high lattice 

Figure 3.3 The illustration of (a) spike-like (positive conduction band offset) and (b) cliff-like 

(negative conduction band offset) band alignment in heterojunction [57]. 
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mismatch (>10%) [58], [59], parasitic absorption due to a narrow band gap (2.4 eV), and Cd 

diffusion into the absorber layer [60].  Also, the conduction band offset between CdS and 

Sb2Se3 has been reported to be both cliff-like and spike-like, depending on the device structure 

and fabrication conditions [61], [62].       

To overcome these challenges, strategies such as oxygenating the film to tune the band gap 

[63], [64], [65] and applying CdS nanorods to stimulate [hk1] growth [66] resulted in improved 

device performance. Additionally, applying CdCl2 treatment was reported to be efficient in 

suppressing interfacial defects [67], and Zn-doping transferred a cliff-like band alignment to a 

spike-like band offset [68]. 

Concerns over Cd toxicity and parasitic absorption of CdS have driven the development of Cd-

free wide band gap materials such as TiO2, SnO2, and ZnO with lattice parameters compatible 

with Sb2Se3 film. 

TiO2 can be an excellent choice for the window layer due to its chemical stability and wide 

band gap (3.2 eV). This buffer layer has been deposited using chemical processing and physical 

evaporation techniques.  

The first planner Sb2Se3 solar cell was fabricated with a TiO2 junction and reported a relatively 

high Voc of 520 mV [30]. The conduction band offset of the TiO2/Sb2Se3 junction was reported 

as flat without any transition layer [69] and cliff-like [70]. However, TiCl4 treatment benefited 

band alignment between TiO2 and Sb2Se3 and stimulated [001] ribbon growth [71].  Recent 

progress on TiO2 ETLs has underlined that the phase and deposition method play an important 

role in the device’s performance. Don et al. demonstrated that mixed-phase TiO2 films 

deposited via sputtering yielded severe interfacial charge barriers and, thus, J-V distortions and 

performance variability. Their work highlighted that anatase-phase TiO2 exhibits superior band 

alignment and charge transport properties. Further building on this, they later optimized the 

reactive DC sputtering technique for highly crystalline anatase TiO2 films. This method 

avoided the phase inconsistency of earlier deposition techniques. It demonstrated a high 

efficiency of 8.12%, highlighting the potential of sputtering as an industrially viable technique 

that could be scaled up for cadmium-free solar cells [72], [73]. 

ZnO is also a non-toxic, wide band gap alternative window layer that has been applied using 

methods such as spray pyrolysis [46] and magnetron sputtering [74]. The CBO between ZnO 

and Sb2Se3 has been found to be cliff-like [69]. Annealing ZnO films in different ambientes 
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such as air and vacuum tuned its optoelectronic properties. In particular, air-annealing reduced 

oxygen vacancies, thus improving heterojunction quality and increasing efficiency, illustrating 

the ZnO defect impact on device performance [74]. Wang et al. studied the influence of ZnO 

crystal orientation on Sb2Se3 growth in a superstrate configuration. They found that randomly 

oriented ZnO induced the formation of (221) ribbons in Sb2Se3 films, resulting in a device 

efficiency of 6% [46]. 

SnO2 is a highly transparent and stable material with a high n-type doping density and deep 

conduction and valence band offsets. The SnO2/Sb2Se3 heterojunction exhibited a spike-like 

band alignment, and Zhong et al. demonstrated that the carrier dynamics at this heterojunction 

suppress the recombination rate of deep defects [75]. Despite this suitable junction, the reported 

efficiency of SnO2-based solar cells has remained relatively low. Recently, Luo et al. 

investigated the impact of post-annealing SnO2 films –grown by the ALD method– in a 

substrate device structure. They concluded that annealing improved the SnO2 film quality and 

carrier lifetime, resulting in a spike-like heterojunction and effective passivation of bulk 

defects. This advancement achieved a performance of 7.39%, comparable to other Cd-free-

based devices [76]. 

 

3.2.3 Back contact and hole transport material  

Introducing a hole transport material (HTM) between the back contact and Sb2Se3 can improve 

charge extraction by reducing the resistance of the back contact. Various organic and inorganic 

materials have been investigated, such as 4,4′,4′′,4′′′-(9-octylcarbazole-1,3,6,8-

tetrayl)tetrakis(N,N-bis(4-methoxyphenyl)aniline)(CZ-TA), poly(3-hexylthiophene) (P3HT), 

9′ -spirobifluorene (spiro-OMeTAD) [77], PbS quantum dot [78], and NiOx [79].  

Chen et al. introduced PbS colloidal quantum dots to structure p-i-n Sb2Se3 solar cells, resulting 

in an efficiency of 6.5%. They concluded that the layer reduced the recombination at the back 

contact and enhanced the carrier collection [78]. Another study investigated the impact of CZ-

TA and spiro-OMeTAD hole transport layers, leading to improved carrier collection near the 

back contact. The JV and EQE results of this study are shown in Figure 3.4, and the device 

with CZ-TA HTL achieved an efficiency of 6.84% [77]. Recently, Shalvey et al. [80] compared 

three HTMs–P3HT, PCDTBT, and spiro-OMeTAD– to evaluate their effectiveness in 

mitigating pinhole blocking and optimizing energy band alignment at the back contact of 
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Sb2Se3 solar cells. These HTMs separated physically Sb2Se3 and back contact, leading to a less 

defective junction. Also, the HTM lowered the Schottky barrier at the back contact, eliminating 

the rollover effect of J-V curve devices without HTMs. Sb2Se3 solar cells with a P3HT layer 

showed 7.44% efficiency. 

 

 

 

3.3 Summary  

Sb2Se3 thin-film solar cells with efficiencies above 10% showed high Jsc values, 

proving efficient carrier collection. However, the Voc deficit has remained a bottleneck even 

for these devices, illustrating relatively low Voc values of 488 and 467 mV [32], [31]. 

In the research of this emerging chalcogenide material, Cd-based and Cd-free window layers 

have been used, while the CdS-based junction showed better performance. nevertheless, 

transparent ETLs have shown promising application in Sb2Se3 solar cells, leaving room for 

further optimization and deeper studies to raise the performance of Cd-free-based devices. 

according to the literature, the creation of selenium-rich conditions improves the quality of thin 

films, both in vacuum-based or chemical processing methods. However, a better understanding 

of the conditions that promote columnar growth of Sb2Se3 may accelerate the development of 

high-efficiency devices. 

The critical issue of Voc deficit urges a comprehensive study of material defects. Understanding 

the nature of defects guides us in identifying solutions that lead to high-performance solar cells.  

Finally, further device optimization to address challenges at the back contact or mitigate shunt 

paths will help improve these solar cells' overall performance. 

  

Figure 3.4 J-V and EQE results of Sb2Se3 solar cells with and without HTMs [77]. 
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Table 3.1 Summary of notable publications on Sb2Se3 thin film solar cells over the last decade. 

Window 

layer 
Configuration Results 

Growth 

method 
Efficiency Year/Ref 

TiO2 Superstrate 
First Sb2Se3 thin film-based solar 

cell 
Spin coating 2.26% 2014/[30] 

CdS Substrate 

Fabrication substrate device 

based on vacuum deposition 

method 

TE 2.1% 2014/[44] 

ZnO Superstrate 
Influence of plane’s orientation 

on device performance 
RTE 5.6% 2015/[47] 

TiO2 Superstrate Appling CSS for the first time CSS 6.06% 2018/[48] 

CdS Superstrate Studying defects in Sb2Se3 VTD 7.6% 2018/[55] 

TiO2/CdS Substrate 
Growing nanrod of Sb2Se3 along 

(001) 
CSS 9.2% 2019/[81] 

CdS Substrate Improved Voc via selenization sputtering 6.84% 2020/[82] 

CdS Substrate Growth condition design IVD 10.2% 2022/[31] 

CdS Superstrate 
Novel additive-assisted CBD 

synthetize of Sb2Se3 
CBD 10.57% 2022/[32] 

TiO2 Superstrate Optimization of TiO2 layer CSS 8.12% 2024/[72] 
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Chapter Four 

Methods 

 

 

This chapter outlines the principles of the experimental methods used throughout this thesis. It 

covers the fabrication techniques for growing thin films, as well as material and device 

characterization methods. 

 

 

4.1 Thin Film Fabrication  

These sections briefly introduce the growth methods utilized for preparing thin films in this 

thesis. 

 

4.1.1 Thermal Evaporation  

Physical vapor deposition (PVD) is an atomistic deposition process that grows thin films. In 

PVD processes, the vapor of atoms or molecules from a solid or liquid source of a material is 

transported through a vacuum or gaseous environment to the substrate, where it condenses. 

PVD processes can deposit films with various thicknesses, from a few nanometers to several 

micrometers, on substrates of different shapes and sizes for various applications. Thermal 

evaporation (TE) or vacuum evaporation is a PVD process in which material vapor from a solid 

source travel to the substrate with little or no collision through a vacuum environment. Among 

many different vacuum evaporation techniques, thermal evaporation is the simplest and most 

widely utilized to grow thin films. Source temperature, substrate temperature, distance between 

source and substrate, and evaporation rate control the film growth.  Figure 4.1 illustrates a 

typical thermal evaporation system that requires three components: a vacuum chamber, a 

heating source, and a film thickness control. A high vacuum environment ranging from 10-5 to 

10-9 torr increases the free path of atoms, minimizing the collision of atoms and gas molecules. 



 30 

The source material is placed in a crucible or on a boat of a resistive element and is heated to 

the desired evaporation temperature. Resistive heating provides the necessary heat by passing 

current through a high-temperature resistant material, like tungsten. A quartz crystal 

microbalance (QCM) measures changes in frequency correlating to the mass of the deposited 

material and monitors film thickness precisely. The substrate can be heated by a heating source 

like a resistive heater to help crystallize the film during the deposition [83]. 

In this study, Sb2Se3 is prepared by heating a graphite crucible, while a QCM controls the 

deposition rate and film thickness. The chamber pressure is maintained at 3×10-6 mbar, and 

the deposition rate is kept at 15 nm/sec to avoid the decomposition of Sb2Se3 during film 

growth. Finally, our system's source–to–substrate distance is about 15 cm. 

 

4.1.2 Atomic Layer Deposition 

Another approach to growing thin films is chemical vapor deposition (CVD). This method 

forms a film through chemical reactions occurring in the vapor phase of the material either near 

or directly on a heated substrate. During CVD, reactant gases enter the reactor by forced flow 

and interact with the substrate’s surface, where deposition occurs. Finally, by-product gases 

are purged away from the system.  

Atomic layer deposition (ALD) is a special highly-controlled CVD method to achieve film 

growth with excellent conformality, uniformity, and thickness control. Unlike conventional 

CVD, in ALD deposition, each precursor enters separately and saturates the surface, and the 

next precursor enters after chamber evacuation. This process results in the film growth taking 

Figure 4.1 Schematic from a typical thermal evaporation system. 
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place in a cyclic manner, and the cycle will be repeated as many times as needed to obtain the 

desired thickness. In ALD, each cycle deposits 0.1 to 3 Å film thickness –depending on the 

process– so the growth rate is lower than conventional CVD methods. The unique feature of 

ALD is a self-limiting reaction, allowing the precise fabrication of ultrathin and uniform films. 

This feature arises because each precursor reacts only with available surface sites, ensuring that 

the reaction stops once a monolayer is formed. This "saturation" of the surface prevents 

uncontrolled growth and thickness variations, enabling the precise fabrication of ultrathin and 

uniform films [84]. 

In this work, SnO2 was grown by ALD and applied as a Cd-free window layer for Sb2Se3 solar 

cells. The deposition was performed at a substrate temperature of 100°C and a base pressure 

of 0.4 mbar with argon as the carrier gas. Tetrakis(dimethylamino)tin(IV) (TDMASn) and H2O 

were used as precursors.  During the deposition TDMASn as tin precursor was kept at a 

temperature of 75°C while H2O was unheated. The chemical reactions in this process have 

been calculated by Density Functional Theory and given as follows [85]: 

(OH)2
* + Sn(DMA)4  →  O2Sn(DMA)2

* + 2HDMA 

O2Sn(DMA)2
* + 2H2O  →  (OH)2

* + SnO2 + 2HDMA 

In these equations * refers to surface species and  is the evolution of the gaseous products. 

 

 

 

Figure 4.2 Schematic of reaction in ALD deposition [119]. 
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4.1.3 Chemical Bath Deposition 

Chemical bath deposition is a method that produces a film by immersing a substrate in a 

precursor solution. The solution temperature, pH, and reagents concentration control the 

reaction kinetics. The experimental setup includes a container, sample holder, magnetic bar, 

and thermometer, as shown in Figure 4.3. To deposit metal chalcogenide using CBD, the 

solution comprises metal salt (the cation precursor) and a chalcogenide source (the anion 

precursor). Also, a complexing agent can be added to slow down the reaction or to supply 

ligands for the metal ion. When the temperature of the solution increases, the cations and anions 

are gradually generated. These ions then combine on the substrate through a nucleation process, 

resulting in film growth via an ion-by-ion condensation process. It possesses a simple, 

economical experimental setup that is efficient for large-scale depositions. Also, various metal 

chalcogenides can be grown by CBD at low temperatures on various substrates [86]. 

Cadmium sulfide was grown by CBD as a buffer layer in this study. The chemical bath was 

prepared by adding 15 ml of cadmium acetate and 32 ml of ammonia (20 %) to 200 ml of 

deionized water at a temperature of 60°C. After 10 minutes of keeping the sample inside this 

solution, 10 ml of thiourea was added. The deposition time was optimized to 16 minutes to 

achieve the desired film quality. After deposition, the sample was rinsed with deionized water 

and then sonicated in isopropyl alcohol for one minute to clean it and remove any residual 

contaminants. 

 

 

 

Figure 4.3 Schematic of a typical CBD setup.  
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4.2 Thin Film Characterization 

This thesis used X-ray diffraction (XRD), Raman spectroscopy, atomic force microscopy 

(AFM), scanning electron microscopy (SEM), and secondary ion mass spectroscopy (SIMS) 

to analyze thin film properties. 

 

4.2.1 X-ray Diffraction 

XRD is a widely used fundamental technique to determine the structural properties of 

materials, especially those with crystalline phases. It provides versatile, non-destructive 

analysis, accurately identifying crystal structures, phase composition, crystallite sizes, and 

strain distributions [26]. 

XRD is based on the interaction between X-rays and atoms inside the crystalline material. 

When X-rays with wavelengths comparable to interatomic distance strike the sample at specific 

angles, it will undergo elastic scattering from atoms. This scattering results in constructive 

interference at certain angles, leading to diffraction patterns described by Bragg’s law: 

nλ = 2d sin θ 

Here, 𝑛 is an integer, 𝜆 is the wavelength of the incident X-rays, 𝑑 is the interplanar spacing, 

and  is the diffraction angle. The visualization of X-ray diffraction is shown in Figure 4.4. 

This diffraction is a fingerprint of a crystalline material that provides information about the 

material’s orientation, texture, and degree of crystallinity. Since the semiconductor’s structure 

strongly affects the performance of solar cells, XRD plays a key role in characterizing thin 

Figure 4.4 A visualization from Bragg’s law 
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films. Analyzing ultra-thin films can be challenging by XRD as its deep penetration depth can 

effectively provide information about bulk material. Grazing-incident X-ray diffraction 

(GIXRD) is a specialized measurement that analyzes near-surface crystal structures.  

In standard XRD, the X-ray source and detector move symmetrically, providing diffraction 

from the whole volume of the sample. In GIXRD, however, the X-ray angle is set at a shallow 

value, between 0.5° to 1°, and the detector collects the diffraction at various angles (2). 

Therefore, the X-ray’s penetration depth is reduced, making GIXRD sensitive to the surface 

and suitable for thin film analysis [87]. Figure 4.5 illustrates the difference between XRD and 

GIXRD setups. 

As the crystal orientation of Sb2Se3 strongly influences the charge transportation, hence, 

identifying the preferred orientations is critical in fabricating high-performance Sb2Se3 solar 

cells. Also, in this thesis, Sb2Se3 has been applied with a thickness of less than 1m, 

highlighting the role of GIXRD in the accurate detection of crystal patterns.  

 

4.2.2 Secondary Ion Mass Spectroscopy (SIMS) 

Secondary ion mass spectroscopy (SIMS) is an effective technique for investigating the 

composition profile of the materials. In this process, the sample's surface is bombarded by 

primary ions in a high vacuum environment, generating sputtered ions from the material in 

analysis. These secondary ions are then directed by an electric field to the detector to be 

analyzed using a mass spectrometer to determine their mass-to-charge ratio. The mass 

spectrometer, including time-of-flight (TOF), magnetic sector, or quadrupole mass 

spectrometers, measures the ion's kinetic energy to determine its mass-to-charge ratio.  

Figure 4.5 (a) XRD and (b) GIXRD techniques geometries. 
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In the TOF approach, the ratio is calculated by the velocity of ions, while the other methods 

analyze the sputtered ions at different depths.  Accordingly, TOF-SIMS has a higher resolution 

than SIMS and is suitable for surface analysis and the detection of molecular species [88]. 

 

Generally, in thin film solar cell fabrication, SIMS is widely employed to detect impurities, 

analyze the composition, and study interdiffusion at heterojunctions. In Sb2Se3 any deviation 

from the stoichiometric Sb:Se ratio results in defect formation, emphasizing study of elemental 

distribution. SIMS profiling enables precise analysis of elements distribution and interfacial 

diffusion, providing essential insights for optimizing the efficiency and stability of Sb2Se3 solar 

cells. 

 

4.3 Device Characterization 

To evaluate solar cell performance, carrier collection, and charge carrier dynamics, current-

voltage (I-V), external quantum efficiency (EQE), and capacitance spectroscopy have been 

performed. 

 

4.3.1 Current – Voltage Measurement 

I-V measurement is a fundamental technique that determines the efficiency and other 

photovoltaic parameters of a solar cell, as the I-V curve was explained in Section 2.5.1. This 

technique measures the current response of the device over a range of applied voltage, typically 

from -1 V to 1 V. The measurement can be performed under dark conditions to examine the 

rectifying behavior of the p-n junction or under standard illuminated conditions AM 1.5. AM 

stands for air mass, light undergoes a reduction in its power by passing through the atmosphere, 

and air mass quantifies this reduction. AM 1.5 is a simulated standard solar irradiance at ground 

level that allows accurate comparison of globally measured devices. During the measurement, 

the front and back contacts of the solar cell are electrically connected to a source meter. At the 

end understanding the provided photovoltaic parameters from J-V curve including the short-

circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF), series and shunt 

resistances, and power conversion efficiency (η) provide valuable insights into the operational 

mechanisms of the solar cell. 
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4.3.2 EQE 

Solar cells undergo optical and recombination losses, reducing the Jsc value. EQE is a technique 

that measures the ability of a solar cell to absorb the incident light and convert it to 

photocurrent. As discussed in Section 2.5.3, EQE represents the ratio of collected charge 

carriers to incident photons at each wavelength and is typically measured across the solar 

spectrum. During EQE measurement, a monochromatic light source illuminates the cell, and 

the photocurrent generated at each wavelength is recorded. The resulting curve provides insight 

into the losses within the device. Also, Integration of the EQE spectrum with the AM1.5 solar 

spectrum allows the calculation of the Jsc under standard test conditions. 

 

4.3.3 Capacitance Spectroscopy 

Electronic defects strongly influence the performance of thin film solar cells.  These defects 

consist of intrinsic defects of the polycrystalline absorber layer and interface defects under the 

formation of heterojunction. As the fabrication process impacts defect formation, it also offers 

the potential to control and mitigate their influence. Analyzing the defects helps in 

understanding their impact on the device’s operation and can give important information for 

the optimization of solar cells. Capacitance spectroscopy techniques, including Capacitance-

Voltage (C-V), Drive-Level Capacitance Profiling (DLCP), and Admittance Spectroscopy 

(AS), are advanced characterization methods to explore defects within diode-like devices. 

 

Capacitance-Voltage Technique 

Considering a solar cell as a parallel-plate capacitor where the depletion region is free of carrier 

allows us to explore carrier dynamics through differential capacitance. Capacitance 

spectroscopy analysis assumes an abrupt, one-sided junction with a depletion region that is 

fully depleted of free carriers. 

The small charge response of a solar cell to the small change of applied voltage –an AC (fixed 

in frequency and amplitude) perturbation superimposed on a DC bias – is measured in C-V 

profiling. Therefore, capacitance variation is defined by  
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C = 
∂Q

∂V
 = 

εε0A

W
 

Where  is the dielectric constant, 0 is the permittivity of free space, and A is the device area. 

For this junction, depletion region width (W) is  

W = √
2εε0(Vbi −  Vdc)

eNB
 

Where Vbi is built-in voltage, Vdc is applied voltage, and NB is doping concentration.  

A linear response can be obtained by plotting C–2 against Vdc, and the intercept will be Vbi. 

Also, a depth profile of doping density NB(x) can be derived from C(V), where x = 0A/C 

from the junction, and the doping concentration at the edge of the depletion region is: 

N(W) = −  
2

qε𝜀0 A
2
 (

d( 1 C
2⁄ )

dV
)

−1

 

where A is the area, q is the elementary charge and  is the dielectric constant. The doping 

profile of the solar cell is obtained by plotting NB versus depletion region width.   

However, the accuracy of this technique depends on the validity of the depletion 

approximation, which assumes abrupt junction and depletion region free of mobile carriers. In 

thin films with higher defect density in the depletion region, the capacitance response to the 

applied voltage can be influenced by additional carrier dynamics, leading to an overestimated 

doping concentration.  

 

Drive-Level Capacitance Profiling 

Drive-level Capacitance Profiling (DLCP) is a specialized extension of CV profiling that is 

useful for detecting both shallow and deep defects. DLCP measures capacitance changes of the 

junction over a range of AC voltage amplitudes (drive levels). The charge response is assumed 

to be linear in CV profiling due to the small AC voltage applied. In contrast, in DLCP, larger 

AC voltages are applied, and the capacitance can be approximated as: 

C ≈ C0 + C1(δV) 
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where C0 represents the capacitance at zero drive level, and C1 is the first-order correction for 

a finite drive level. In DLCP, these parameters, C0 and C1, enable the calculation of gap state 

density: 

NDL= −  
C0

3

2eεε0A
2
C1

 

Additionally, DLCP offers a way to study deep defect densities by examining how they vary 

with frequency. For materials with deep traps, high-frequency DLCP provides a more accurate 

measurement of free-carrier density compared to traditional CV profiling. At lower 

frequencies, DLCP results closely match those of CV profiling because all the traps that react 

to the DC bias in C-V also respond to the AC bias. The difference between defect densities 

measured at low and high frequencies reveals the density of deep-level defects. 

 

Admittance Spectroscopy 

After identifying the densities of deep and shallow defects using CV and DLCP measurements, 

admittance spectroscopy (AS) plays a key role in further understanding the electrical properties 

of the device. This technique helps understand the recombination losses by identifying the 

energy depth of defect states within the band gap that affects the device’s performance. 

AS measures the capacitance response of the device under a small amplitude AC voltage as a 

function of frequency and temperature. Defects can behave differently depending on how 

quickly they respond to electrical signals –some react slowly (deep defects), while others 

respond faster (shallow defects).  

This response is characterized by the emission time constant (τ), which is the average time that 

a charge carrier takes to escape from a defect level back into the conduction or valence band. 

For an electron trapped in an energy level of Et, the  emission time rate to the conduction band 

is given by: 

 

τn= 
1

σn Vth Nc
exp (

EC −  Et

KT
) 
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Where σn is the capture cross-section of the trap,  Vth is the thermal velocity of electrons, NC is 

the effective density of states in the conduction band, (EC−Et) is the energy difference between 

the conduction band edge and trap level, K is the Boltzmann constant, and T is temperature.  

AS extracts the emission time constant and the energy level of the defects by sweeping the 

frequency and temperature. The temperature-dependent emission time follows the Arrhenius 

equation:  

 

τt = τ0 exp (
−Ea

KT
) 

 

Where τ0 is the attempt-to-escape time, Ea is the activation energy of the defect, K is 

Boltzmann’s constant, and T is the absolute temperature.  

Since f = 2/ τ  a defect can only respond if the AC frequency is slower than its emission rate. 

Therefore, shallow defects with a shorter emission rate contribute at higher frequencies while 

deep defects (longer τ) have more time to respond at low frequencies.  

Performing AS over a range of temperatures and extracting the peak response frequency from 

the –fac(dC/dfac). vs. f plot at each temperature allows for the construction of an Arrhenius plot 

of ln(ft) versus 1/T. The slope of the plot yields the activation energy, while the intercept 

provides attempt-to-escape frequency, from which the capture cross-section can be estimated.  

The material presented in this section (4.3.3) is primarily based on [26]. 
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Chapter Five 

Tailoring Window Layers for Sb2Se3 Solar Cells: 

CdS or CdSe? 

 

 

 

5.1 Introduction 

In superstrate configuration, the buffer layer is important not only for the charge separation and 

the band alignment but also for influencing the crystal structure of the absorber, so choosing a 

suitable buffer is even more important.  

CdS is the widely used window layer in many solar cells, including Sb2Se3, and the highest 

efficiencies have been reported for CdS-based devices [31], [32]. However, alternative buffer 

layers have been introduced to these solar cells due to large mismatch, parasitic absorption, 

and elemental interdiffusion of CdS. SnO2 [76] and TiO2 [72] are transparent, stable materials 

that illustrated comparable efficiencies, about 8%.  

Applying CdSe as a window layer despite its narrow band gap was promising in CdTe solar 

cells. It has been shown that diffusion of CdSe to CdTe leads to the formation of photoactive 

CdTe(1-x)Sex that increases the Jsc [89], [90]. Guo et al. have introduced a CdSe buffer layer by 

RF-sputtering for Sb2Se3 grown by CSS, reporting an efficiency of 4.5% [91]. They showed 

that reducing S/Se interdiffusion to the junction improves the stability of the devices.  

In this thesis, Sb2Se3 has been grown by thermal evaporation at a substrate temperature of 

300°C. Although growing at low temperatures could minimize the element interdiffusion, 

prolonged deposition time may lead to Se loss that can be amplified by S diffusion to the 

junction. Applying CdSe can address the issue and contribute to the Se compensation in the 
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absorber. This study aims to compare the structural and electrical properties of Sb2Se3 solar 

cells based on CdS and CdSe window layers to identify the best-performed n-type layer.  

 

Based on our analysis, Sb2Se3 growth on both buffer layers shows the same crystal and 

morphology patterns. However, SIMS analysis reveals sulfur diffusion onto the CdS/Sb2Se3 

junction while the selenium grad is constant at CdSe/Sb2Se3 junction. Also, our accelerated 

stability tests (AST) have demonstrated a remarkable stability of CdSe-based devices. 

Interestingly, introducing CdSe increased the average current density of 2 mA/cm2 despite a 

narrower band gap compared to CdS. 

  

5.2 Device Fabrication 

Sb2Se3 solar cells are fabricated in superstrate configuration (Figure 5.1) on a commercial 

fluorine doped tin oxide (FTO)/tin oxide (TO) bi-layer coated soda lime glass. Subsequently, 

CdS is deposited by CBD, as explained in Section 4.1.3 and CdSe film is deposited by vacuum 

evaporation at a substrate temperature of 340 °C, and a pressure of 310-6 mbar. The CdSe-

based device performance was optimized by applying three thicknesses of CdSe – 50, 100, and 

150 nm. The device with 100 nm thick CdSe delivered the best results as for thinner film, the 

Voc dropped, and the thicker layer showed higher parasitic absorption resulting from lower Jsc.  

As previously mentioned in Section 4.1.1, Sb2Se3 is prepared by thermal evaporation at a 

substrate temperature of 300°C. Immediately after deposition, the stack is annealed at 350 °C 

for 30 min in the same chamber to improve the crystallinity. In this study, the absorber 

thickness is kept at 600 nm. A 30 nm-thick gold layer is thermally evaporated on top as the 

back contact. A QCM monitors the thickness in all the deposition processes.  Also, the finished 

devices are annealed in a muffle furnace in ambient air at 150°C for 20 min  

 

Figure 5.1 Schematic of superstrate Sb2Se3 solar cells 
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5.3 Results 

5.3.1 Structural and Compositional Analysis  

 

The topography of the vacuum-deposited CdSe layer (Figure 5.2) is quite similar to that of the 

chemical bath-deposited CdS, exhibiting the same roughness with a root mean square (RMS) 

of 22 nm. The grains of the CdSe layer are slightly larger, but both films are compact without 

voids. 

Similarly, for the Sb2Se3 layers deposited on the two different buffers, the grain shape and the 

roughness do not show very large differences, having a very near RMS roughness: 18 nm for 

CdSe and 25 nm for CdS. AFM images show similar growth of Sb2Se3 on both CdS to CdSe 

buffer layers. 

Sb2Se3 is an anisotropic material with a ribbon-like structure where orientation strongly affects 

electronic transport. Columnar-oriented ribbons facilitate the carrier transport between back 

contact and junction, requiring a predominance of the [hk1] orientations in the crystal pattern. 

On the other hand, [hk0] reflections highlight an orientation parallel to the substrate, which 

hinders the carriers’ transport [47]. Sb2Se3 presents the typical peaks that are well-matched 

with the JCPDS card n. PDF 15 0861 when deposited on CdS and CdSe (Figure 5.3 (a)), with 

a large predominance of orientation along the [hk1] directions for both cases.  

 

Figure 5.2 AFM images of CdS and CdSe window layers and grown Sb2Se3 on these films. 
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Furthermore, Rietveld refinement [92], performed using the MAUD software [93] shows 

almost the same a and b lattice parameters but, on the other hand, highlights an increase in the 

value of the c lattice parameter for the CdSe case (Table 5.1). Consequently, the cell volume 

of the Sb2Se3 on the CdSe becomes larger than that for the CdS buffer; considering the smaller 

atomic radius of S compared to Se, this could suggest S diffusion and consequent replacement 

of Se atoms by S in the absorber with a CdS/Sb2Se3 junction.  

Figure 5.3(b) shows the Rietveld refinement of Sb2Se3 deposited on a CdSe window layer. The 

blue circles represent the measured diffraction data, while the red line corresponds to the 

calculated pattern. The main diffraction peak of the CdSe substrate is marked with an asterisk 

(*). One specific diffraction peak, labeled “PO,” is affected by the preferred orientation, as 

indicated by the refinement software. In this case, the effect could not be fully corrected during 

the refinement process. 

Table 5.1 Lattice parameters of Sb2Se3 deposited on CdSe and CdS buffer layers, as determined by 

Rietveld refinement. 

sample a (Å) b (Å) c (Å) V (Å3) 

Sb2Se3 on CdS 11.756  0.001 3.970  0.001 11.616  0.001 542.13  0.01 

Sb2Se3 on CdSe 11.754  0.001 3.972  0.001 11.605  0.001 541.80  0.01 

 

In the Raman spectra (Figure 5.4), the peaks around 153 and 191 cm-1 are commonly attributed 

to the Sb2Se3 phase; in particular, the first refers to the A2u mode of the Sb-Sb bond, while the 

latter to the Ag mode of the Sb-Se-Sb mode. The peaks at 42 and 54 cm-1 have been previously 

 

Figure 5.3 (a) XRD pattern of Sb2Se3 film on CdS and CdSe window layers and (b) Rietveld refinement of 

X-ray diffraction data for Sb2Se3 deposited on CdSe 
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detected for the first time in our Sb2Se3 by evaporation, and they have been attributed to strong 

Sb-Se modes [94]. The Raman modes at 102 and 128 cm-1 are typically assigned to the Se6 ring 

of the rhombohedral Se structure, while the peaks at 81 and 118 cm-1 are assigned to the Se-Se 

bond [95]. 

If we relate the intensity of the peaks to the main mode of Sb2Se3 at 191 cm-1, the peaks at 81, 

118, and 128 cm-1 are more intense for the CdSe as buffer layer; by the previous considerations, 

we can conclude that there is a larger presence of Se in the bulk for the CdSe/Sb2Se3 case. This 

corroborates the hypothesis that the Se-loss in the absorber is amplified by its diffusion in the 

CdS, driven by the concentration gradient. Thus, the application of a Se-containing buffer can 

strongly reduce this diffusion mechanism. 

In Figure 5.5 illustrates SIMS analysis of Se and S atoms (in counts for second), as a function 

of the sputtering depth from the absorber surface down to the TCO. The behavior of the Se 

signal towards the junction is completely different in the two samples: in the CdSe case, the 

signal tends to be constant towards the junction; in contrast, for the CdS case, the signal 

decreases in the proximity of the junction.  

This shows that the Sb2Se3 stoichiometry changes along the layer and becomes selenium-poor 

towards the junction. Also, the Se signal is still large in the region corresponding to the S peak, 

 

Figure 5.4 Raman spectra of Sb2Se3 film on CdS and CdSe window layers. 
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where we have the CdS layer. This is additional proof of the Se-diffusion into the CdS. On the 

other hand, the SIMS spectrum also shows an S signal for at least 200-300 nm from the junction  

in the Sb2Se3, we can conclude that in the proximity of the junction, we do have a mix of S-Se. 

 

5.3.2 Characterization of the Device 

 

Figure 5.6 shows the J-V characteristics of the best-performing devices (the photovoltaic 

parameters reported in Table 5.2), and surprisingly, CdSe-based devices illustrate a larger 

current. Also, the J-V parameters extracted from ten solar cells in each device are shown in Figure 

5.7, where the higher average photocurrent generation is indicated. So, we have a clear 

improvement of the current despite the lower band gap of the CdSe layer. Overall, the fill factor 

and efficiency of CdSe-based devices are slightly higher and more uniform than CdS-based cells. 

However, the Voc of CdSe/Sb2Se3 solar cells is lower than CdS/Sb2Se3 solar cells, which could 

refer to a higher conduction band offset between CdSe and Sb2Se3 compared to CdS. The 

 

Figure 5.5 SIMS depth profiles of S and Se elements distribution through the absorber. 

 

Table 5.2 Photovoltaic parameters of best-performing Sb2Se3 solar cells with CdS and CdSe buffer layers.  

Device Jsc (mA/cm2) Voc (mV) FF (%)  (%) 

CdS/S2Se3 21.8 335 47 3.4 

CdSe/S2Se3 25 324 43 3.5 

 



 46 

parameters distribution is narrower in CdSe-based devices, offering a more homogeneous 

morphology of Sb2Se3 on the CdSe layer. 

So far, CdSe has demonstrated interesting properties for Sb2Se3 devices. However, its narrower 

band gap (1.7 eV) than the CdS one (2.4 eV) would foresee reduced transparency and response 

in the short wavelength region of the light spectrum (Figure 5.8 b). The CdSe layer shows a 

lower transparency in the range from near-UV up to near-IR, but contrary to our expectation, 

it delivers a higher Jsc. 

 

Figure 5.6 J-V curves of the best-performed Sb2Se3 solar cells with CdS and CdSe window layers. 

 

 

Figure 5.7 Box and whisker plots of J–V parameters extracted from CdS/Sb2Se3 and CdSe/Sb2Se3 

solar cells (n=10) 
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To address this increase in current density and verify that it is effectively connected with a 

different device structure, we have applied external quantum efficiency (EQE), as shown in 

Figure 5.8 (a). EQE shows a larger enhancement in photon absorption of CdSe/Sb2Se3 cells 

across almost the entire spectrum. The lower EQE response of the CdS/Sb2Se3 can be related 

to enhanced carrier recombination in the absorber, hence causing a larger number of defects 

(as recombination centers). Moreover, the EQE response tends to decrease with shorter 

wavelengths, corresponding to those photons collected in the proximity of the junction, 

suggesting an increasing number of defects near the buffer layer.  

This is more pronounced for the CdS/Sb2Se3 devices, where the Se-S interdiffusion is 

demonstrated by the previously discussed SIMS analysis; the absence of this phenomenon in 

CdSe/Sb2Se3 devices explains the EQE gain and the consequent current density increase. 

We addressed the defects suggested by the EQE analysis by electrical characterization of the 

finished devices. In Figure 5.9 (a), capacitance-voltage and drive-level capacitance profiling of 

cells with CdS and CdSe buffer layers are shown. CV and DLCP measurements allow us to 

estimate the net charge density of the absorber (acceptor minus donor states) depending on the 

distance from the junction. The main difference between DLCP and CV is that the first is not 

influenced by deep defects, so by comparing the two curves, we can identify the presence of 

deep states [96]. 

For the CdS case, the blue dots have a low carrier density, which explains the large depletion 

region (the strong rise of the profile is due to the influence of the back contact). Also, no 

difference between CV (open dots) and DLCP (full dots) is observed. Instead, for the case of 

CdSe, the red dots, the absorber shows a net higher charge density (roughly one order of 

 

Figure 5.8 (a) EQE response of Sb2Se3 solar cells with CdS and CdSe window layers and (b) 

transmittance spectra of CdS and CdSe layers.  

 



 48 

magnitude higher), with a consequent narrower depletion region. In this case, a clear difference 

between CV and DLCP is observed, highlighting the presence of deep defects.  

To address these possible defects, we have analyzed the finished devices in terms of admittance 

spectroscopy, and two clear defects have been identified (Table 5.3): one level at around 400 

meV (A) and the other at 830 meV (B) (Arrhenius plot is shown in Figure 5.9 (b)). 

The first one is a deep acceptor, and it is generally attributed to either Sb vacancy [97], [98] or 

SbSe antisite [99], while the second one can be attributed only to SbSe antisite [97]. Typically, 

the VSb at 400 meV is always present in similar analyses, and it has been observed by many 

different laboratories [100], while the SbSe at 800 meV was detected by Chen et al. [97] in the 

case of samples with Se vapor in excess over Sb. Thus, we can conclude that the presence of 

the SbSe deep acceptor is additional proof that selenium loss is avoided for CdSe-based devices. 

  

Table 5.3 Defects with their respective energy and cross sections identified by admittance spectroscopy. 

CdSe  CdS 

      

Temp Ea  

[meV] 

σa  

[cm-2] 

Temp Ea  

[meV] 

σa  

[cm-2] 

      

240 K-270 K 390 ± 6 2.7 E-14 A 270 K - 320 K 402 ± 14 7.5 E-16 

320 K- 340 K 832 ± 10 1.4 E-10 B    

 

Figure 5.9 (a) CV (open dots) and DLCP (full dots) of devices with CdS (blue lines) and with CdSe (red 

lines) buffer layers, and (b) Arrhenius plots for three defects measured from CdS- and CdSe- based devices. 



 49 

 

Finally, we have applied accelerated stability tests by keeping the samples in a special metal 

chamber where a rack of halogen lamps and a temperature‐controlled system maintain an 

illumination of around 1000 W/m2 and a temperature of 80 °C. The cells were placed for a time 

of up to 1000 hours, and their conversion efficiency was measured periodically, as shown in 

Figure 5.10, to see if the presence of sulphur in the structure would result in a long-term 

diffusion that could degrade the cells. For the CdSe/Sb2Se3 case, the values of the Voc and the 

current are constant during the AST; on the other hand, the Jsc increases. For the CdS/Sb2Se3 

case, the Voc and the Jsc show a slight reduction; on average they respectively reach 97% and 

96% of the initial values after 960 hours of AST.  

The FF behaves differently: it is much more constant with CdS than with CdSe, it decreases 

respectively to 96% and 87% of the initial value. FF is essentially the only parameter that leads 

to the degradation of the efficiency of CdSe/Sb2Se3 cells, while it shows an initial improvement 

in the first hours: probably the generated carriers fill some of the traps at the junction leading 

to the initial improvement, then a second phenomenon takes place.  

After 960 h of testing, both devices show good stability, with attested efficiency values of 89% 

and 85% of the initial ones, respectively, for CdS and CdSe.  

 

Figure 5.10 Voc, Jsc, FF and the consequent efficiency degradation versus time under accelerated 

stability test of CdSe/Sb2Se3 and CdS/Sb2Se3 samples. 
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Our results on degradation are in contrast with what has been reported by Guo et al. [91]. In 

particular, their devices with CdS showed a strong instability under AST just after 120 hours, 

with a reduction to 70 % of the initial conversion efficiency, while no degradation is reported 

with CdSe. The different behavior can be explained by the different absorber deposition 

techniques. For Guo et al., a high substrate temperature CSS deposition is used, enhancing the 

sulfur diffusion from the buffer to the absorber. Instead, our substrate temperature, during 

deposition, does not exceed 300 °C, resulting in a reduced intermixing of CdS and Sb2Se3.  

However, going longer in time, if we look at the last point reported on the graphs, 

corresponding to 7200 hours, an evident degradation of the devices with CdS buffer layer is 

registered. This finally confirms that CdS enhances instability, even if for low substrate 

temperature deposited devices (like ours) is limited. 

 

5.4 Conclusion 

CdSe has been applied for the first time as an alternative buffer to Sb2Se3 cells on a superstrate 

configuration fabricated by vacuum evaporation at low substrate temperature. CdSe/Sb2Se3 

devices have been analyzed and compared to the typical CdS/Sb2Se3 structure. The growth on 

CdSe leads to a flatter and more compact surface of the absorber, with a larger presence of 

bigger grains. XRD points out the predominance of [hk1] crystal orientations in Sb2Se3 

deposited on both CdS and CdSe, therefore, with the ribbons oriented perpendicularly on the 

substrate to favor the carrier transport mechanism [101]. On the other hand, Rietveld 

refinement reveals a smaller cell volume for Sb2Se3 deposited on CdS, which suggests S 

diffusion and consequent replacement of Se atoms by S in the absorber. Raman analysis 

indicates a larger presence of Se in Sb2Se3 using CdSe, supporting the hypothesis that avoiding 

a concentration gradient for selenium at the junction reduces the loss of Se in the absorber. 

Moreover, SIMS analysis clearly shows the interdiffusion of S and Se with CdS, with a 

deficiency of Se in Sb2Se3 towards the junction, while with CdSe, in the absorber, the Se profile 

increases toward the junction.  

Despite the lower transparency of CdSe, due to its narrower band gap, CdSe/Sb2Se3 cells 

perform at higher current densities. The FF also improves, while the Voc slightly decreases, 

again due to the narrower band gap compared to CdS.  
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The current gain is due to an increase of the quantum efficiency at all wavelengths, which can 

be explained by a reduction of the carrier recombination in the absorber, therefore to a reduced 

number of defects, most probably related to S - Se interdiffusion.  

Finally, CdSe/Sb2Se3 cells also show good stability when submitted to accelerated stability 

tests: after 960 h of accelerated lifetime testing, they perform 85% of the initial efficiency. A 

longer AST highlights a higher degradation for the CdS-based devices. 

In conclusion, the use of a selenium-containing buffer layer has been proved to avoid the S – 

Se interdiffusion, a phenomenon observed in the more widely used CdS/Sb2Se3 structure, 

therefore and improving the current density. 
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Chapter Six 

Cd-free vs. Cd-based window layers: Introducing 

SnO2 window layer to Sb2Se3 solar cells 

 

 

6.1  Introduction  

The previous chapter introduced CdSe as an alternative window layer and compared it to the 

most common CdS window layer for Sb2Se3 thin film solar cells. However, Cd-based buffer 

layers introduce material incompatibility and environmental challenges due to the presence of 

Cd. Cd-based window layers –CdS (2.4 eV) and CdSe (1.7 eV)– are narrow-bandgap materials, 

resulting in parasitic absorption and lowering photocurrent generation. Cd interdiffusion (in 

our study, Figure 6.1) into the absorber (particularly in high-temperature growth techniques) 

results in an increased number of defects, lowering the efficiency of the devices [60]. These 

obstacles urge exploring alternative wide-bandgap, Cd-free window layers for Sb2Se3 solar 

cells. 

The above issues have been addressed by introducing novel buffer layers such as TiO2, SnO2, 

and ZnO, which all have smaller lattice mismatches with Sb2Se3 [102]. However, the band 

alignment of each material with Sb2Se3 has been reported as both cliff-like and spike-like based 

on the fabrication process [69], [70], [75]. Lately, introducing these window layers has led to 

high-efficiency Sb2Se3 solar cells [72] and increased device stability [46], offering the potential 

of Cd-free transparent window layers for Sb2Se3 solar cells. 
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SnO2 is a promising alternative window layer for Sb2Se3 thin-film solar cells due to its non-

toxicity, suitable bandgap, good transparency, and stability. Theoretical studies suggest SnO2 

enables better charge separation and reduced carrier trapping compared to CdS [103]. 

Experimentally, efforts using SnO2-based ETLs, such as spray pyrolysis [75], La-doping [104], 

TiO2 modification [105], and CdCl2 treatment [106], have achieved progressive improvements 

in efficiency, with PCEs exceeding 4%. Lately, annealing SnO2 film deposited by atomic layer 

deposition (ALD) in a substrate device structure increased the efficiency to 7.29%, comparable 

to other Cd-free based solar cells [76]. 

As discussed in the previous chapter, the CdSe window layer improves the photocurrent and 

device stability compared to CdS-based devices. According to our results, Cd diffusion to the 

junction (Figure 6.1) and parasitic absorption (EQE curves, Figure 5.8 a) are still limiting 

factors for Cd-based buffer layers.  

Here, we have introduced the SnO2 buffer layer grown by ALD, allowing the deposition of a 

uniform pinhole-free film with precise thickness. The thickness of SnO2 layer has been 

optimized to favor the best device performance. In this superstrate configuration, due to the 

impact of the window layer on active layer growth and the formation of the junction, the 

structural properties of Sb2Se3 and the electrical properties of the device have been analyzed. 

Figure 6.1 SIMS profiles of Cd, Sb, and S elements distribution through Sb2Se3 solar cells with CdS and 

CdSe window layers. 
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The results are compared with those of a CdSe-based device to understand how these buffer 

layers affect the device’s performance. 

 

6.2 Device Fabrication 

The solar cells have been fabricated using the same process as in Section 5.2.1, with two 

notable differences: fluorine-doped tin oxide (FTO) coated soda lime glass was used as the 

TCO, and no post-annealing treatment was applied on finished devices.  

The SnO2 window layer was prepared using the ALD method, as explained in Section 4.1.2. 

Figure 6.2 shows the J-V curves of the best-performed cells with various thicknesses of SnO2, 

and their photovoltaic parameters are tabulated in Table 6.1. 

All SnO2 films provide good transparency, although the photocurrent has dropped by 

increasing the thickness of the window layer, which could originate from the higher resistivity 

of films. All devices present comparable Voc values, indicating a decent p-n junction formation, 

but by increasing the thickness, Voc decreases. Rsh and Rs lower the photocurrent and 

photovoltage values in all cases, but the effect appears extreme for J-V curves of thicker 

window-layer cells, especially 25 and 40 nm. Overall, the thinnest SnO2 film with 15 nm 

thickness presents the best photovoltaic parameters.  

Figure 6.2 J-V curves of SnO2/Sb2Se3 solar cells with different SnO2 thickness. 
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The following sections will discuss the structural and electrical properties of Sb2Se3 solar cells 

and compare the optimized SnO2- and CdSe-based devices. 

 

Table 6.1 The photovoltaic parameters of best-performing SnO2/Sb2Se3 solar cells with different thicknesses. 

Device Jsc (mA/cm2) Voc (mV) FF (%)  (%) 

SnO2 (15 nm) 26 303 42 3.3 

SnO2 (20 nm) 22.6 282 40 2.6 

SnO2 (25 nm) 17 300 40 2 

SnO2 (40 nm) 15 278 34 1.5 

 

6.3 Results 

6.3.1 Structural and Compositional Analysis  

 

Figure 6.2 (a) displays the XRD peaks of Sb2Se3 deposited on CdSe and SnO2 buffer layers. 

The observed peaks are aligned with the orthorhombic Sb2Se3 structure (JCPDS No. 15-0861).  

Since Sb2Se3 is an anisotropic material, the crystal chains along [001] orientation enhance the 

charge transport mechanism. Among these orientations, the [221], [211], and [002] have been 

identified as preferred due to their larger angles relative to the surface [107]. The texture 

coefficient (TC) of the diffraction peaks (Figure 6.2 (b)) has been calculated using the 

Equation: 

 

Figure 6.2 (a) XRD peaks and (b) TC values of Sb2Se3 film grown on CdSe and SnO2 buffer layers. 
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TChkl = 
𝐼ℎ𝑘𝑙

𝐼0 ℎ𝑘𝑙
 /( 

1

𝑁
 ∑

𝐼ℎ𝑘𝑙

𝐼0 ℎ𝑘𝑙
𝑁 ) 

 

Where Ihkl and I0 hkl represent the observed peak intensity of the [hkl] direction and the intensity 

in the standard XRD pattern, respectively. N is the number of reflections considered for the 

calculation. TC value of a diffraction larger than one indicates a preferential orientation of the 

grains along that direction.  

As illustrated in Figure 6.2 (b), Sb2Se3 on both buffer layers shows TC values greater than 1 

for various [hk1] directions, including [221], [321], [141], and [061]. For the CdSe buffer layer, 

the preferred orientations are [321], [141], and [061], which have smaller angles to the surface. 

In comparison, Sb2Se3 on the SnO2 substrate exhibits TC values of one for the [211] and [002] 

planes, which are more normal to the surface. This suggests that Sb2Se3 exhibits more columnar 

growth on the SnO2 buffer layer, which could result in a higher photocurrent generation. 

 

Raman analysis has been performed to confirm the composition and structural quality of Sb2Se3 

(Figure 6.3). The peaks appear around 155 and 191 cm⁻¹, which are attributed to Sb2Se3 phase, 

referring to A2u mode of the Sb-Sb bond, and Ag mode of the Sb-Se-Sb mode, respectively. 

The peaks observed between 100 to 140 cm⁻¹ are associated with Se₆ and Se-Se bonds. At 101 

cm⁻¹, both cases exhibit similar behavior, although the peak intensity in the 110 to 140 cm⁻¹ 

area is reduced for the SnO2 substrate. Additionally, a slight red shift and lower intensity are 

observed for the SnO2 substrate around 155 cm-1. According to Fleck et al., Sb2Se3 films 

Figure 6.3 Raman spectra of Sb2Se3 on CdSe and SnO2 buffer layers. 
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oriented along the [001] exhibit minimal or no Raman activity around 155 cm⁻¹ which can be 

counted as an approach to confirm the crystallinity of Sb2Se3 [108]. The observed behavior at 

155cm-1 could be consistent with the higher TC value of Sb2Se3 on the SnO2 buffer layer. 

 

Table 6.2 EDX results of Sb2Se3 films on CdSe and SnO2 buffer layers. 

Sample Sb % Se % Sb/Se 

CdSe/Sb2Se3 41.24 58.06 0.71 

SnO2/Sb2Se3 41.05 58.95 0.69 

 

Figure 6.4 displays scanning electron microscope (SEM) images of Sb2Se3 grown on CdSe (a) 

and SnO2 (b). Compared to Sb2Se3 on CdSe, Sb2Se3 on SnO2 reveals a much larger grain size, 

reaching up to 1 m, demonstrating a strong influence of the buffer on the growth of Sb2Se3. 

The EDX results (Table 6.2) reveal a deviation from the Sb:Se ratio, which is less pronounced 

in the case of the SnO2 layer. This effect can be seen in Raman spectra as the area between 110 

to 130 cm-1, which is associated with Se bonds, shows different behavior between CdSe and 

SnO2 layers.  

 

 
Figure 6.4 SEM images of Sb2Se3 films on (a) CdSe and (b) SnO2 buffer layers. 
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6.3.2 Device Characterization  

J–V curves (Figure 6.5 (a)) and the corresponding photovoltaic parameters (Table 6.3) of the 

best cells of SnO2- and CdSe-based devices appear almost similar, but SnO2/Sb2Se3 cell 

exhibits a higher photocurrent generation, which could be expected due to the transparency of 

SnO2 layer. The statistics of photovoltaic parameters of both devices (Figure 6.6) provide 

further insight into the electric behavior of the p-n junctions. Overall, Jsc values are higher in 

the case of SnO2 but more uniform in CdSe-based devices. EQE response of both devices 

(Figure 6.5 (b)) in the short wavelength region demonstrates how the SnO2 layer compensates 

for carrier loss that occurs in the CdSe buffer layer. SnO2/Sb2Se3 cell shows a higher EQE 

response (above 80%) between 400-700 nm wavelengths. But in longer wavelength region a 

carrier collection problem is observed in both cases. Despite more columnar and larger grain 

sizes of Sb2Se3 on SnO2 buffer layer, the result confirms Jsc increase due to the wider bandgap 

of SnO2 not necessarily improving film quality. Although the Voc of the highest-performed 

cells in both cases are equal, the distribution of Voc values is more uniform and in average, 

higher for the SnO2/Sb2Se3 device. Also, the SnO2/ Sb2Se3 solar cells illustrate slightly higher 

efficiencies. However, fill factor values are lower for the SnO2 case –originating from the 

higher resistivity of this metal oxide film– resulting in larger series resistance (Rs). 

 

Table 6.3 Photovoltaic parameters of the best-performing CdSe/Sb2Se3 and SnO2/Sb2Se3 solar cells. 

Sample Jsc (mA/cm2) Voc (mV) FF (%)  (%) 

CdSe/Sb2Se3 22.8 303 45 3 

SnO2/Sb2Se3 26 303 42 3.3 

Figure 6.5 (a) J–V and (b) EQE curves of CdSe/Sb2Se3 and SnO2/Sb2Se3 thin film solar cells. 
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Also, AST was performed for up to 100 hours to track the stability of the devices in stressed 

conditions. J-V measurement of solar cells was frequently carried out, and the results are 

presented in Figure 6.7. Both devices illustrate acceptable stability over time, but the Jsc values 

of the SnO2-based cells degraded slightly while they improved for CdSe-based cells. However, 

photovoltage is stable in both cases, with a slight increase in CdSe/Sb2Se3 solar cells. Finally, 

the efficiency of CdSe-based solar cells is improved while it is decreased in SnO2 case. This 

could suggest that leaving the device at temperatures just above room temperature (a mild 

 

Figure 6.6 Box plot of photovoltaic parameters of SnO2/Sb2Se3 and CdSe/Sb2Se3 solar cells (n=12). 

 

 

Figure 6.7 Voc, Jsc, FF and the consequent efficiency degradation versus time under accelerated 

stability test of SnO2/Sb2Se3 and CdSe/Sb2Se3 solar cells. 
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annealing treatment) could be beneficial in improving the efficiency of CdSe/ Sb2Se3 devices. 

An air post-annealing treatment (explained in section 5.2.1) was carried out after Sb2Se3 

deposition that, in the CdSe case, resulted in improved photovoltaic parameters while being 

destructive in SnO2-based devices. This could originate from different morphology of the 

active layer on these two substrates, eliminating the effect of the treatment. The effect of air 

post-annealing treatment is discussed in Chapter Seven.  

Notably, the stability results for CdSe-based solar cells shown in Chapter 5 (Figure 5.10) and 

Chapter 6 (Figure 6.7) seem to show a discrepancy. This difference likely refers to different 

fabrication processes –the type of TCO used and whether a post-annealing treatment was 

applied. As mentioned earlier, post-annealing helped improve the performance of CdSe-based 

cells but had a negative impact on SnO2-based ones. The AST experiments discussed in this 

chapter were carried out on devices that didn’t undergo post-annealing in order to ensure a 

consistent basis for comparison. 

Finally, to estimate the doping profile and the presence of deep-level defects, we performed 

capacitance-voltage (CV) and deep-level capacitance profiling (DLCP), presented in Figure 

6.8. Doping concentrations in the space charge region (SCR) of SnO2- and CdSe- based cells 

are estimated to be 2-31017 cm-3 and 6-7×1017 cm-3, respectively. The higher doping density 

of solar cells with SnO2 layer offers a lower defect concentration. In both devices, the deviation 

of DLCP from the CV curve demonstrates the presence of deep defects at the junction (V = 0). 

However, this deviation becomes larger and farther from the junction, which could suggest 

bulk defects in the absorber. This is consistent with the observed carrier loss at longer 

wavelengths in the EQE responses of both cells (Figure 6.5 (b)).  

Figure 6.8 (a) CV (open dots) and DLCP (full dots) of devices with SnO2 (blue lines) and with CdSe (red 

lines) buffer layers and (b) Arrhenius plot for two defects measured from CdSe- and SnO2- based devices. 
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Additionally, admittance spectroscopy was implemented to identify the defect levels. We found 

one defect level for each device, which is presented in Table 6.4. The activation energies of 

these defects are in the range of 0.3-0.4 eV, which, according to the literature, are likely to be 

antistite defects like Sb-on-Se, Se-on-Sb, or selenium vacancies [100]. The defect levels were 

extracted by analyzing the temperature dependence of the emission time constants. These time 

constants were extracted from the frequency at which the capacitance response peaked in the 

admittance spectra. To estimate the activation energies of the defects we used the Arrhenius 

plot, which is shown in Figure 6.8(b). However, the identified defect in SnO2-based solar cell 

appears shallower, which is inconsistent with the higher doping density. 

Table 6.4 Defects with their respective energy identified by admittance spectroscopy. 

Device Temperature (K) Ea (meV) 

SnO2/Sb2Se3 260-310 327  6 

CdSe/Sb2Se3 240-270 416  9 

 

6.4 Conclusion 

Achieving high-efficiency Sb2Se3 solar cells requires mitigating defect formation, and a 

window layer plays a crucial role, especially in minimizing interface defects. While we 

addressed sulfur diffusion in Chapter Five, Cd diffusion into the active layer could result in 

interface defects. This interdiffusion was observed even under low-temperature growth 

conditions, such as thermal evaporation, degrading the device's performance. 

SnO2 can be an excellent alternative window layer for Cd-based buffer layers, although the 

high resistivity of the film can be a limiting factor. In this study, we applied SnO2 using the 

ALD method, providing a flawless film and reducing the thickness to 15 nm. This ultra-thin 

film of SnO2, with its wide band gap of 3.6 eV, significantly enhances the transparency of the 

window layer. As a result, it eliminated the parasitic absorption of CdSe, or similarly CdS, film 

in the short wavelength region (400-600 nm), resulting in an increased Jsc of SnO2-based solar 

cells with a net gain of 2 mA/cm2.  

Additionally, our superstrate device structure provided an effective substrate, facilitating the 

columnar growth of Sb2Se3 with larger grain sizes compared to the CdSe case. The structural 

improvement is potentially beneficial for charge movement, as we observed a slightly higher 
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EQE response at the wavelengths between 600-800 nm for SnO2-based solar cells. The carrier 

collection losses at higher wavelengths should be addressed by further optimizing the growth 

condition of Sb2Se3 or by introducing post-treatment.  

Solar cells with SnO2 buffer layer performed a higher Voc that could originate from structural 

improvement and lower defect density due to eliminated Cd diffusion. The CV and DLCP 

profiling revealed the presence of deep defects at the junction in both cases, but admittance 

spectroscopy identified a shallower defect of solar cells with SnO2 layer. Moreover, these 

devices showed a higher charge carrier density, suggesting a lower defect density, which led 

to improved efficiency. 

Overall, by applying the SnO2 window layer, parasitic absorption and Cd diffusion are 

eliminated, leading to improved Jsc and Voc values. The carrier dynamics of CdSe- and SnO2-

based solar cells are different and present slightly better behavior in the SnO2 case. The results 

present SnO2 as a potential buffer layer for Sb2Se3. However, more optimization of Sb2Se3 

growth on this buffer layer could result in enhanced efficiency. 

  



 63 

 

Chapter Seven  

Impact of Absorber Thickness and Air Annealing 

Treatment on Solar Cell Performance 

 

 

7.1  Introduction 

 

So far, CdSe has been applied as an alternative to CdS in Sb2Se3 solar cells. While CdSe 

increased the Jsc and enhanced the stability of the solar cells by eliminating sulfur diffusion, 

cadmium diffusion and parasitic absorption in these narrow bandgap window layers stayed 

challenging. Introducing the SnO2 window layer addressed these issues; however, carrier 

collection losses within the bulk of the absorber remained a bottleneck to achieving higher 

efficiencies, guiding us toward further material optimization. 

In this thesis, Sb2Se3 was grown via thermal evaporation– a growth method based on low 

substrate temperature compared to other deposition techniques that allow precise control of 

absorber thickness. Sb2Se3 can undergo phase transition during deposition due to the partial 

vapor pressure of selenium, resulting in a Se-poor film. Therefore, we kept the material source 

at low temperatures and deposition rates to avoid selenium loss during growth, leading to long 

deposition durations. Growing Sb2Se3 at a low substrate temperature and a long deposition time 

could result in reorientation in Sb2Se3 crystal planes in thicker films. Thus, in the first section 

of this study, we investigate the influence of thickness on structural and electrical properties 

on absorber and device performance.  

Various annealing treatments of Sb2Se3 thin films have been reported to be beneficial, for 

instance, annealing in vacuum [109], Se [42], and H2S [110] ambient. Post-annealing in a 

vacuum condition improved the crystallinity of the film, while post-selenization increased the 

Voc of Sb2Se3 solar cells to 494 mV by passivating deep defects. Post-deposition of H2S on 

thermally evaporated Sb2Se3 film compensated Se vacancies.  
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Additionally, positive impacts of oxygen presence at the junction [64], [111], and at the back 

contact [112] have been observed. Oxygenating the CdS window layer avoided the Cd 

diffusion and the consequent defect formation at the junction [64]. Controlled addition of 

oxygen during thermally evaporated Sb2Se3 leads to similar junction improvements resulting 

in higher Jsc and Voc [8]. Also, leaving Sb2Se3 in air at room temperature has been demonstrated 

to form a few nanometers thick of the Sb2O3 layer. Oxygen exposure created a Se-rich film at 

the back contact, lowering the junction barrier and consequently improving the back contact 

[112].   

As our results of the thickness impact on absorber properties have been offered, we applied a 

post-annealing treatment (PAT) in ambient air at low temperatures in the second section of the 

study. 

 

7.2  Device Fabrication 

The solar cells have been fabricated using the same process as in Section 5.2.1. Two different 

thicknesses of Sb2Se3 films were deposited to study the impact of the absorber thickness on the 

device's properties. The devices are labeled T400 and T1200 according to their absorber 

thickness, respectively 400 nm, and 1200 nm. Finally, one device from each batch undergoes 

a post-annealing treatment (PAT) in a muffle furnace, and the resulting samples are labeled 

T400-PAT and T1200-PAT. The annealing temperature and duration have been optimized at a 

temperature of 150°C for 20 min.  

 

 

7.3 Thickness impact 

7.3.1 Structural and Compositional Analysis  
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SEM images of Sb2Se3 films (Figure 7.1) display a morphology variation by increasing 

thickness. The grain shapes become more irregular, causing protrusions and voids in the thicker 

film. Such structural imperfections in thick film might eventually be responsible for generating 

defects associated with recombination losses. While the average grain size increases from about 

200 nm to 300 nm, the 400-nm Sb2Se3 film provides densely packed grains with uniform 

distribution. 

 

To determine how the thickness affects the crystalline properties of the Sb2Se3 film in a solar 

cell, structural characterizations have been analyzed using XRD and GIXRD measurements of 

CdSe/Sb2Se3 solar cells, confirming the orthorhombic Sb2Se3 phase. The peaks indicate that 

the films are oriented along the [hk1] directions but with different texture coefficients, as 

reflected by the different peak intensities. From the texture coefficient (TC) analysis, both films 

exhibit texture coefficients larger than one along the [021], [221], [321], [041], and [141]. 

 

Figure 7.1 Top-view SEM images of (a) T400 and (b) T1200 Sb2Se3 thin films. 

 

 
Figure 7.2 (a) XRD peaks, GIXRD peaks in the inset, and (b) texture coefficient of CdSe/Sb2Se3 solar 

cell with varying Sb2Se3 film thickness. 
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However, by increasing the thickness, the T1200 film crystal orientation becomes more 

columnar showing higher intensity of reflection such as [221]. Such development may imply 

an increase in carrier mobility, which agrees with the larger grain size observed from the SEM 

images. GIXRD analysis is more surface-sensitive due to the shallow penetration of the 

incident X-rays, providing insight into the near-surface structure of Sb2Se3 films or ultra-thin 

films. In the inset of Figure 7.2 (a), GIXRD patterns are less intense and broader compared to 

the main XRD, indicating small grain sizes. Also, there is no evidence of reorientation of grains 

through growth and increasing the film thickness. 

 

7.3.2 Device Characterization 

J-V results for the best-performing solar cells of the discussed films are presented (Figure 7.3 

(a) and Table 7.1), and the T400 device achieves a higher efficiency. Despite its relatively 

lower film thickness, which may limit the light absorption, this device demonstrated a higher 

Jsc. Furthermore, T400 solar cell shows the highest EQE response throughout the spectrum, 

confirming superior carrier collection with respect to T1200 cell. Also, in the J-V curve of 

T1200 solar cell, a drop in current density is noticeable at higher forward bias voltages. This 

 

Figure 7.3 (a) J-V and (b) EQE results of CdSe/Sb2Se3 solar cells with varying absorber thickness. 

 

 

Table 7.1 Photovoltaic parameters of best-performing CdSe/Sb2Se3 thin film solar cells with different 

thicknesses. 

Sample Jsc (mA/cm2) Voc (mV) FF (%) ɳ (%) Rshunt (Ω) Rseries (Ω) 

T400 24.3 279 41.2 2.8 384.3 34.5 

T1200 23 279 34.6 2.2 232.6 56.9 
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behavior is known as the rollover effect due to back contact issues commonly observed in thin 

film solar cells [113], [114]. It arises when the absorber layer forms a poor ohmic contact with 

the back metallic contact due to surface states, unfavorable band alignment, or other contact-

related limitations [115]. As briefly discussed in Section 2.3, such conditions can create a 

barrier at the back contact, limiting hole transportation. The rollover effect mainly reduces the 

fill factor [115], as seen in the T400 cell, which shows no rollover and a higher fill factor.  

A detailed insight into the performance of the devices is given by the box plot of twelve solar 

cells per device. Generally, the distribution of the photovoltaic values is narrower in the case 

of thicker-film devices due to their improved crystallinity, except for Jsc. Whereas the T400 

device illustrates higher average values in most of the parameters, Voc is rather higher for the 

 

Figure 7.5 Capacitance-voltage (CV) and deep-level capacitance profiling (DLCP) of different thick 

Sb2Se3 solar cells. 

 

 
Figure 7.4 Plot box of photovoltaic parameters of different thick Sb2Se3 solar cells. 
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T1200 solar cells. A higher Voc within T1200 devices could refer to a larger depletion region, 

resulting in better charge carrier separation.  Significantly different FF and Rs values are 

observed where Rs increases with increasing thickness, which may suggest a higher bulk defect 

density in the thicker film. Besides, the Rshunt value is found to be higher for the T400 devices, 

representing better isolation with fewer shunt paths.  

Until now, the results suggest that increasing the thickness of Sb2Se3 films is accompanied by 

an increase in defect density. To evaluate the distribution of carrier density and defect 

characteristics across solar cells, we have performed C-V and DLCP measurements. For the 

T400 and T1200 devices, the doping concentrations in the space charge region were estimated 

at approximately 4.6 × 10¹⁶ cm⁻³ and 2.2 × 10¹⁶ cm⁻³, respectively. The difference between the 

C-V and DLCP profiles in the T1200 device underscores the detrimental impact of deep-level 

defects on performance, as DLCP measurements are more sensitive to localized deep-level 

states often associated with intrinsic defects like vacancies, antisite defects, or interstitials. This 

indicates that intrinsic defects in thicker Sb2Se3 film are more pronounced, either due to growth 

conditions or simply the increased thickness, which leads to higher bulk defect density. These 

defects trap charge carriers, reducing the effective carrier density in the depletion region, as 

reflected by lower values in the DLCP profile compared to the C-V profile. This disparity 

 
Figure 7.6 Photovoltaic parameters degradation over time under accelerated stability test of various thick 

Sb2Se3 solar cells. 
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suggests that a portion of charge carriers measured in the C-V profile are immobilized in deep 

traps, increasing recombination losses and lowering device efficiency. In summary, although 

thicker film improve crystallinity and extend the depletion region, the higher defect density 

ultimately limits the photovoltaic efficiency of these films. 

AST has been carried out in order to assess the longevity and degradation mechanisms of the 

solar cells (Figure 7.6). Both devices show sharp improvements in photovoltaic parameters in 

the first 24 hours. Beyond this initial phase, parameters are stabilized during the 200-hour test. 

The T1200 solar cells exhibited the least improvement among the devices, especially in Jsc. 

Additionally, after 100 hours, there was a slight decrease in Jsc for all devices, while the other 

parameters remained stable. Increased Jsc and Voc point toward better charge carrier collection 

and reduced recombination losses within solar cells, possibly due to improved material quality 

or defect passivation. These results thus highlight further scope for improvement, with low-

temperature post-annealing treatment in an air ambient being one particular attempt at 

optimization. 

 

 

7.4 Impact of Post-annealing Treatment  

 

This section discusses the impact of applied post-annealing treatment (PAT) on Sb2Se3 solar 

cells with various thicknesses. 

 

7.4.1 Structural and Compositional Analysis  

 

 

Figure 7.7 Top-view SEM images of (a) T400 and (b) T1200 Sb2Se3 thin films after PAT. 
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After PAT, the SEM images reveal negligible morphological changes across Sb2Se3 films. 

Despite the low temperature of PAT, a slight grain size increase (approximately 10–30 nm) 

and more pronounced surface protrusions can be observed. While not included here, AFM 

analysis revealed an increase of approximately 10 nm in the root mean square (RMS) 

roughness, supporting the surface changes. Since annealing was conducted in a normal 

atmosphere, oxide combinations such as Sb2O3 or SeO2 are likely to form. Firstly, EDX results 

(Table 7.2) show that the annealing caused a deviation in the elemental ratio. Oxygen presence 

on the surface has been found to be negligible, but it shows a higher atomic percentage in the 

T400 film. Raman spectroscopy did not show any secondary phases, probably due to the 

challenge of detecting these combinations when they exist only within a few nanometers. 

Additionally, we performed SIMS analysis to get a compositional profile through the film. 

Oxygen is present throughout both T400 and T1200 solar cells, with a higher concentration in 

the T400 cells, likely due to increased diffusion as influenced by reduced thickness. The 

elemental ratio of Se to Sb remained practically identical in the SIMS analysis in both films 

before and after PAT. 

Table 7.2 EDX results of T400 and T1200 Sb2Se3 films after PAT 

Sample Atomic percentage (%)  

 Sb Se O Sb:Se 

T400 20.7 31.3 4.2 0.66 

T400-PAT 19.5 31.2 4.4 0.62 

T1200 26.2 38 0.6 0.68 

T1200-PAT 28.8 39.2 0.8 0.73 

 

 

Figure 7.8 SIMS analysis of Sb2Se3 solar cells with different thicknesses before and after PAT. 
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 XRD peaks of Sb2Se3 films, as shown in Figure 7.9(a), after PAT are similar to those without 

PAT. Despite the low annealing temperature, TC analysis shows slight reorientation in both 

films. Interestingly, in the thicker film, TC values of grain orientations with a larger angle to 

the surface, such as the [021] and [221], increase, while a reflection with a smaller angle to the 

surface, such as the [041], decreases. The predominant orientation becomes the [041], in the 

T400 film, while [021] reflection presents the highest values of TC before PAT. PAT promotes 

an increase in the average grain size and modifies Sb2Se3 structural orientations, resulting in a 

more columnar structure in the thicker film and a more inclined orientation in the thinner film. 

 

7.4.2 Device Characterization 

J-V results of best-performed solar cells illustrate that PAT improved the efficiency of devices 

by over 1% (Figure 7.10 (a). Table 7.3). After PAT, all photovoltaic parameters have improved 

in both cases except the Jsc of the T400 cell. Although Voc and FF exhibit the highest value in 

the T400 cell, these parameters have enhanced after PAT in the T1200 device. We can see a 

similar trend for shunt and series resistances, showing improved values of the ultra-thin Sb2Se3 

Table 7.3 Photovoltaic parameters of best-performing  T400 and T1200 Sb2Se3 solar cells after PAT. 

Sample Jsc (mA/cm2) Voc (mV) FF (%) ɳ (%) Rshunt (Ω) Rseries (Ω) 

T400-PAT 24.3 314 48.4 3.7 924 29.5 

T1200-PAT 25 314 42.1 3.3 485.6 35.9 

 

 
Figure 7.9 (a) XRD peaks, GIXRD peaks in the inset, and (b) texture coefficient of CdSe/Sb2Se3 solar 

cell with varying Sb2Se3 film thickness after PAT. 
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solar cells. The observed rollover effect in T1200 solar cells vanishes after PAT. As mentioned 

earlier, the rollover effect, originating from a Schottky barrier at the back contact, reduces 

charge carrier collection. Fleck et al. [112] demonstrated that air exposure to Sb2Se3 film results 

in the formation of thin Sb2O3 film. The thin ultra-thin film of Sb2O3 acts like a passivation 

layer and leaves a Se-rich Sb2Se3 film. Thus, it reduces the back contact barrier, leading to the 

improvement of Voc and FF values. Similarly, this PAT reduces the rollover effect, plus it 

decreases the series resistance. 

The boxplot of twelve solar cells in each device is presented in Figure 7.11 (a-d). The 

uniformity of parameters, especially Jsc, is maintained the same way after PAT but the 

distribution of other values is still narrower in T1200 solar cells. The homogenesis distribution 

 
Figure 7.10 (a) J-V and (b) EQE results of T400 and T1200 Sb2Se3 solar cells after PAT. 

 

 

 

Figure 7.11 Plot box of photovoltaic parameters of T400 and T1200 Sb2Se3 solar cells after PAT. 
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of photovoltaic values could refer to a more developed crystal structure of T1200 film, as we 

observed in SEM and XRD analysis. Despite improving all photovoltaic parameters in T400 

solar cells after PAT, Jsc shows the same average value with T1200 solar cells without increase. 

This observation could refer to the improvement of ribbon orientations in the T1200 film after 

PAT. Interestingly, Rshunt is lower in T1200 solar cells, suggesting more shunt patches in thicker 

film, but still, Voc depicts a slightly higher average. Regardless of the improved structural 

properties of T1200 Sb2Se3 after PAT, solar cells based on 400 nm of Sb2Se3 had a higher 

performance.  

The PAT improves the EQE response (Figure 7.10 (b)) of T1200 cell mainly for wavelengths 

longer than 850 nm, illustrating the reduction of losses at the back. The broad increase of EQE 

in the whole spectrum of the T1200-PAT cell supports the higher Jsc via an enhanced carrier 

collection. Although Jsc exhibits similar values after PAT for T400 cells, the EQE drops after 

700 nm, which could be associated with the absorption coefficient. 

Figure 7.12 depicts CV and DLCP measurements of T400-PAT and T1200-PAT devices. The 

doping density of T400-PAT and T1200-PAT solar cells increases to 1.3x1017 cm-3 and 

3.1x1016 cm-3, respectively, leading to a reduced SCR width, shown at V=0 points on the graph. 

The overlap between CV and DLCP curves confirms a passivation effect introduced by PAT, 

which reduces defect-related carrier recombination. While the carrier distribution is more 

uniform in the T1200 solar cell, a noticeable deviation between CV and DLCP values persists 

far from the junction, indicating the presence of bulk defects in the absorber layer.  

 

Figure 7.12 Capacitance-voltage (CV) and deep-level capacitance profiling (DLCP) of T400 and T1200 

Sb2Se3 solar cells after PAT. 

 

 



 74 

Figure 7.13 shows how the solar cells performed during a stability test under stress conditions 

after PAT. For both devices, the Jsc fluctuated a bit before slightly decreasing by the end of the 

test. The Voc stayed steady for the thicker T1200-PAT solar cells, but for the thinner T400-

PAT solar cells, it actually improved over time. Both efficiency and fill factor showed a 

noticeable rise during the first 24 hours and then remained stable for the rest of the test. 

Overall, both devices performed well under these conditions, but the thinner absorber layer in 

the T400-PAT cells performed better. It seems that thinner layers not only handle thermal and 

illumination stress better but also help extract charges more efficiently, with fewer losses from 

recombination, inconsistent with CV and DLCP results. 

Interestingly, the early improvement in efficiency and fill factor for the T400-PAT cells might 

be because of the "healing effect" of some defects or improved quality of the material 

interfaces. On the other hand, the thicker T1200-PAT cells might have faced more thermal 

stress, which could slow down defect healing or even lead to more recombination over time. 

 

 

7.5 Discussion and Conclusion 

 

In the first consideration, the absorption coefficient defines the absorber thickness in thin film 

solar cells. In Sb2Se3 solar cells, the thickness can be reduced significantly due to its high 

absorption coefficient. A thin absorber can reduce the recombination because of the short travel 

 

Figure 7.13 Photovoltaic parameters degradation over time under accelerated stability test of various 

thick Sb2Se3 solar cells after PAT. 
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path of charge carriers, resulting in higher Voc. In contrast, Jsc can show higher values in thicker 

films due to improvement in light absorption. However, the optimum thickness comes from 

balancing Jsc and Voc values, ensuring the best performance. 

It has been reported that 400 nm absorbs light under 800 wavelengths completely, and 1 m is 

needed for light absorption in longer wavelengths [34]. Since absorber thickness influences the 

optoelectrical properties of the material, we have applied and compared a thin, 400 nm, and a 

thick, 1200 nm, Sb2Se3 films in our superstrate device structure.  

We have observed that both thin- and thick-based solar cells illustrate comparable Voc values, 

which is slightly higher for thicker-based solar cells. Surprisingly, our ultra-thin solar cell 

shows a higher Jsc and is well-performed overall. According to structural analysis, Sb2Se3 is 

more developed with 1200 nm thickness, which is expected to offer better charge transport. 

However, EQE results reveal carrier collection problems for T1200 solar cells, and deviation 

of CV and DLCP profiling shows higher defect density in these solar cells.  

Our results suggest that increasing the thickness, regardless of more developed structural 

properties, forms more defects, lowering the overall performance of solar cells. 

 

These devices have improved under AST, suggesting the potential for a post-annealing 

treatment. Therefore, as presented in Chapter Five, we applied our optimized annealing 

treatment in ambient air on both devices. Despite the low temperature of this PAT, we observed 

slight development in grain size and re-orientation of crystal pattern, which was more decent 

in 1200 nm film. After PAT, the photovoltaic parameters of both solar cells improved, and we 

observed that efficiency increased by more than 1%. The Jsc value remains the same in thinner-

based solar cells, while it has increased in the case of thicker film. Additionally, this treatment 

reduces the back contact barrier, as observed from J-V curves before PAT, particularly in 

T1200 solar cells. The most improved values are Voc and fill factor in both cases, although 

T400 still performs better. This suggests a passivation-like effect of PAT on films. CV and 

DLCP profiling confirm a reduction in defect density concentration after PAT. The SIMS 

profiles show the oxygen diffusion through the absorber to the junction. Thus, our results 

suggest that oxygen passivates some defects, resulting in an improvement in the overall 

performance of the solar cells. Also, positive oxygen influence at junctions [63], [64] and back 

contact [112] has been reported before. 
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Chapter Eight 

Conclusion and Future Work 

 

8.1 Final Summary 

This thesis focused on studying and optimizing Sb2Se3 thin film solar cells grown via thermal 

evaporation. However, optimizing thin film solar cell performance includes various aspects 

such as window layer, active layer, and back contact. In this work, Cd-based and Cd-free 

window layers for Sb2Se3-based solar cells have been introduced and compared. Also, the 

influence of the absorber thickness and a post-annealing treatment of finished devices have 

been analyzed.  

Initially, CdS by CBD was adjusted and applied to the superstate structure devices. 

Subsequently, CdSe by thermal evaporation was introduced as an alternative buffer layer. The 

influence of these window layers on the structure and electronic properties of Sb2Se3 solar cells 

was thoroughly compared and presented in Chapter Five. Moreover, due to the challenges of 

Cd-based materials (for example, parasitic absorption and cadmium diffusion), thin SnO2 

layers were applied via atomic layer deposition with precise thickness control.  

Since CdSe improved Jsc and stability of the devices, a comparison between the application of 

SnO2 and CdSe window layers was discussed in Chapter Six. 

Finally, in Chapter Seven, solar cells with thin and thick absorber layers were fabricated and 

investigated to understand the impact of thickness on the performance of the finished devices. 

Also, we applied and analyzed an air post-annealing treatment on these devices, observing a 

clear efficiency improvement during our optimization process. 

 

8.1.1 Window layer: Cd-free or Cd-based 

In the structure of p-n junction-based solar cells, the window layer plays a crucial role in carrier 

dynamics and efficient light transmission. Forming an effective band alignment at the interface 

of the window and active layer leads to higher-performance devices. However, measuring the 

exact band alignment is challenging, as results often vary depending on the fabrication process. 
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CdS has been the most widely used window layer for thin film solar cells, such as CIGS, CZTS, 

CdTe (in the past) and also Sb2Se3. The most popular growth method of CdS is CBD due to its 

conformal coverage with extremely low thickness, which allows for a significant reduction of 

the parasitic absorption. In this work CdS was deposited by CBD, resulting in an average solar 

conversion efficiency of 3.5%.  

The detrimental influence of sulfur diffusion on device performance prompted us to replace 

this layer. Moreover, growing Sb2Se3 by thermal evaporation often results in Se deficiency 

within the film. Thus, CdSe was introduced as a window layer, as its selenium content could 

avoid sulfur diffusion in the absorber, selenium diffusion in the buffer layer and reduce the 

selenium loss. Despite its narrow band gap, the application of CdSe increased Jsc compared to 

the CdS buffer layer. Replacing CdS with CdSe kept the morphology and the growth of Sb2Se3 

polycrystals similar but improved the device stability remarkably. Testing the performance of 

solar cells for 960 h under the accelerated lifetime stability tests showed a significant reduction 

of the instability of the cells keeping it in the range of about 10%.  

We observed a smaller cell volume for the Sb2Se3 grown on CdS, suggesting a sulfur diffusion 

at the junction. By introducing CdSe, the suppression of sulfur diffusion was confirmed, as 

well as the absence of Se deficiency at the junction. Regardless of the lower Voc of CdSe-based 

solar cells, the devices have demonstrated a better performance than CdS-based solar cells. 

Besides that, CdSe increased the carrier collection even at shorter wavelengths compared to 

CdS; but the parasitic absorption remained a bottleneck. Both CdS and CdSe solar cells 

presented Cd detrimental interdiffusion at the junction. To address these issues, SnO2 was 

applied as a transparent, Cd-free window layer. A void-free, ultra-thin film of SnO2 was grown 

by atomic layer deposition at the EMPA laboratories. Applying 15 nm of SnO2 film in the same 

structure as the CdSe-based devices led to similar efficiency. Unlike CdS and CdSe, SnO2 

improved the morphology of Sb2Se3 films by increasing the grain size (to approximately 1m) 

and the compactness. The comparison between SnO2 and CdSe showed a more columnar 

growth of the Sb2Se3 grains on SnO2 layers. As expected, SnO2 improved carrier collection at 

shorter wavelength regions, increasing Jsc up to 28 mA/cm2. On average, SnO2 also illustrated 

higher Voc and efficiency than Cd-based buffer layers. 
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8.1.2 Active layer: Thin or Thick  

The absorption coefficient defines the thickness of the active layer, and due to the high 

absorption coefficient of Sb2Se3, the thickness can be reduced to 400 nm. According to the 

literature, this thickness is enough for light absorption under near-infrared regions [34]. Zhou 

et al. reported Sb2Se3 grown by rapid thermal evaporation with a thickness of 390 nm and an 

efficiency of 5.6% [47]. However, the thickness most reported for Sb2Se3 absorbers is between 

600 nm to 1 m [55], [116], [117].  

The influence of Sb2Se3 thickness was studied by applying 400 nm and 1200 nm thick absorber 

layers. By increasing the thickness, the morphology of Sb2Se3 film developed by slightly 

increasing the grain sizes, as expected. Also, a subtle reorientation of planes toward the 

preferred crystal orientation of (001) was observed. Surprisingly, the solar cell with 400 nm of 

absorber performed better and had higher Jsc. Also, it showed a lower defect concentration and 

a higher charge carrier density. Our results illustrated that increasing the thickness of thermally 

evaporated Sb2Se3 film results in higher defect density, which decreases the device’s 

performance. 

 

8.1.3 Post-annealing Treatment of Solar Cells 

Under our optimization process, post-annealing treatment at a low temperature of 150°C was 

discovered to be efficient in improving the performance of solar cells. To understand the impact 

of this treatment, it was applied to devices with different thicknesses. Sb2Se3 films showed 

slight developments in morphology and structure after PAT. The overall performance increased 

after this treatment, especially the Voc and fill factor, resulting in higher efficiency. After PAT, 

the defect concentration was also reduced, confirming the treatment's role as a passivation 

layer. Moreover, the presence of oxygen was detected differently across the thin and thick 

films, suggesting diffusion behaved differently depending on the thickness. Based on our 

results, an ultra-thin layer of Sb2Se3 is even more efficient than a higher thickness, resulting in 

the same Jsc. Also, applying a simple PAT in air ambient acts like a passivation layer, improving 

the efficiency. 
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8.2 Impact of This Work and Future Suggestions 

This work contributed to investigating Sb2Se3 thin film solar cells by exploring different 

window layers and the impact of absorber thickness. It showed the potential role of the CdSe-

based and Cd-free window layers on the structural and optoelectronic properties of Sb2Se3 

devices. Also, applying a thin layer of Sb2Se3 illustrated the capability of this photovoltaic 

material to deliver higher efficiency when combined with a passivation method. Building upon 

these findings, future work could explore: 

• Studying the band alignment between CdSe and Sb2Se3  

A detailed investigation of the interface could provide deeper insights to guide strategies for 

further improving device performance.  

• Exploring scalable growth techniques for SnO2 

While ALD-deposited SnO2 film performed well as a window layer in Sb2Se3 solar cells, the 

deposition method is unsuitable for large-scale manufacturing. Studying alternative scalable 

methods could facilitate scaling up the technology. 

• Systematic Study of Defects in Sb2Se3 Solar Cells 

The complex defects and Voc deficiency of Sb2Se3 solar cells suggest a systematic material 

study to deepen the knowledge of the structural and electronic properties. According to the 

literature, defect formation under poor conditions of selenium is more likely. These defects can 

be located by analyzing Sb2Se3 films with various elemental ratios. Also, applying two different 

growth methods in the same structure of Sb2Se3 solar cells would help to understand how 

fabrication conditions influence defect formation and device performance. 

Also, integrating experimental results with computational methods, such as Density Functional 

Theory (DFT), can help to strengthen the knowledge about defect dynamics and electronic 

properties. 

 

• Challenges in Reproducibility of Sb2Se3 
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While technical issues can happen during any experimental research, the reproducibility of 

Sb2Se3 devices remains challenging. The problem can originate from many factors during the 

fabrication process and growth conditions. Nevertheless, a systematic observation approach, 

possibly coupled with machine learning techniques, could be the key to developing methods 

that enhance reproducibility. 
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