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Short summary 

This work is focused on optimization of Sb2Se3 thin film absorber growth protocol and 

its application in solar cells. Herein, I fabricated Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass 

thin film solar cells via optimization and screening of Sb2Se3 seed layer and Sb2Se3 

absorber thickness. I studied the influence of various processing conditions on the 

morphology and structure of Sb2Se3 seed layers and how the growth history of the seed 

affects the grain structure of subsequent CSS Sb2Se3 absorber layer and the solar cells 

efficiency. I concluded that Sb2Se3 seed layer deposition by closed-space sublimation 

technique at 280 oC, resulted in the fabrication of the best performing 

Au/Sb2Se3/Sb2Se3(SL-280)/TiO2/FTO/glass solar cell with the achieved power 

conversion efficiency of 4.2%. I also concluded that 2 µm (in the range of 4 to 1 µm) is 

the optimal thickness for the absorber layer. Therefore, the best performing 

Au/Sb2Se3/Sb2Se3(SL-280)/TiO2/FTO/glass solar cells solar cell with Sb2Se3 absorber 

thickness of 2 µm with PCE of 4.9% was fabricated.  

 

Key words: Close-spaced sublimation, Sb2Se3 seed layer, Sb2Se3 absorber layer, Thin 

film solar cells, Master Thesis 
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INTRODUCTION: 
 
Renewable sources offer clean energy, reduce CO2 emissions and can make us 

independent of fossil fuels. Among all renewable sources, solar power is the most 

promising source. Solar power is free, infinite, abundant and can be used to provide 

heat and electricity. However, harvesting this energy is a challenge that is mainly limited 

by technological and environmental factors. In the past few decades, different PV 

technologies have been developed and more technologies are expected to become 

available in the future. Silicon based solar cells are the most developed technologies, 

and can be used for large applications, but the payback period is relatively long, and 

possibility of decreasing fabrication costs is too low. Thus, low-cost technologies such 

as thin films are introduced.  

 

The high absorption coefficient of materials used in thin film solar cells, in addition to 

their proper direct bandgap, allows thin films to be built with small thicknesses and less 

material for generation of a specific power output. CdTe and CIGS are the leading thin 

film technologies with the recorded efficiencies of higher than 22% [1] but, the scarcity 

of Tellurium and Indium as well as the presence of the toxic element of Cadmium in 

their fabrication processes, have raised economic and environmental concerns that limit 

their large-scale application. Consequently, finding earth-abundant and non-toxic raw 

materials, preferably compatible with the current existing fabrication methods, is the 

current goal in PV. Many compounds such as Cu2ZnSn(Se,S)4 [2], Sn(Se,S) [3], and 

Sb2(Se,S)3 are explored as alternatives to CdTe and CIGS. Among all, Sb2Se3 with 

nontoxic and earth abundant constituents has emerged as one of the most promising 

absorber materials due to its attractive properties such as high absorption coefficient 

(>105 cm-1) [4] at visible spectrum, suitable bandgap of 1.1-1.3 eV, decent carrier 

mobility (about 10 cm2 V−1 s −1) [5], and simple binary composition with fixed 

orthorhombic phase. Sb2Se3 thin film solar cells have rapidly developed in the past few 

years and it is expected that easily reach to higher efficiencies.  

 

Currently, the most efficient Sb2Se3 thin film solar cells are fabricated by closed-space 

sublimation (CSS). CSS is an advantageous method for Sb2Se3 as its high deposition 

rate can yield large grains with preferred orientation and low density at grain boundaries 

(GBs) [6]. Previous works demonstrated that Sb2Se3 devices performance strongly 

depends on the orientation of the nanoribbons on the film, and optimization of 

deposition conditions can achieve the optimal orientation [7]. One of the latest 

approaches for controlling the Sb2Se3 thin film absorber growth has been recently 

suggested by fabrication of a Sb2Se3 seed layer prior to absorber layer deposition. 



10 

In this work, I focused on optimization of Sb2Se3 thin film absorber growth via 

controlling Sb2Se3 seed layer (SL) processing conditions. Herein, I deployed High 

Vacuum Evaporation (HVE) and CSS to deposit 60-70 nm Sb2Se3(SL) at various 

temperatures. Different seed layer deposition methods and conditions were used in 

order to study how the seed layer processing condition effects the Sb2Se3 absorber 

morphology. After this, I deployed CSS to deposit Sb2Se3 absorber layer onto the 

Sb2Se3(SL), and studied the effect of absorber structure on 

Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass thin film solar cell efficiency. Finally, the effect 

of Sb2Se3 absorber layer thickness on its structural properties was analyzed and 

physico-chemistry of the processes responsible for the changes in the properties of the 

seed layers and absorber, as well as, the interrelation with the solar cell device 

operation were discussed. 

 

The work starts with giving a theoretical background of working principles of solar cells, 

availability of PV materials, the deployed deposition techniques, and the used solar cell 

characterization methods. Followed by this, the experimental section is presented, 

where I give an overview of the Sb2Se3 absorber layers and TiO2 window layers 

deposition processes through CSS and Spray pyrolysis technique, respectively. After 

fabrication of thin films, material characterization by X-ray diffraction (XRD) and 

scanning electron microscopy (SEM) principles were introduced. Subsequently, solar 

cell characterization was carried out by conducting current-voltage (J-V) and external 

quantum efficiency (EQE) measurements. Finally, results and processes responsible for 

the achieved conclusion is discussed.  
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1 BACKGROUND AND LITERATURE REVIEW 

1.1 Basics of solar cells 

Solar cells are photovoltaic devices that convert sunlight to electrical energy through 

the photovoltaic effect. When a solar photon is absorbed, an electron is excited if the 

photon energy exceeds the band gap of the semiconductor material. The junction 

between n-type and p-type semiconductors has electric potential, which sweeps 

electrons out into the external circuit. Fig. 1. shows the charge separation of light-

generated carriers. 

 

Fig. 1. Charge separation of light-generated carriers by the barrier [8] 

 
In n-type semiconductors, the majority carriers are electrons, and in p-type 

semiconductors, the majority carriers are holes. When n-type and p-type materials are 

in contact with each other, the difference in concentrations of holes and electrons leads 

to diffusion. Electrons from n-type material diffuse to p-type, while holes from p-type 

diffuse to n-type material. As a result, a depletion region is established, where no 

carriers can be found, which acts as a potential barrier to further diffusion of majority 

carriers.  

 

Fig. 2. Majority carriers diffusion and depletion area formation [9]. 
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When an electron is excited, meaning it is freed from its native atom, it is subject to an 

electric field by the p-n junction, and the junction ensures electrons flow in only one 

direction.  

  

1.1.1 Three Generation of Solar cells 

Fig. 3. shows three classifications of PV cells.  

 

Fig. 3. Classification of Solar cells [10] 

1st generation solar cells are based on silicon. Devices made by this technology can be 

classified into three main types depending on how the Si wafers are made [10]. 

Monocrystalline, polycrystalline, and amorphous silicon cells are the three types of this 

generation. 1st generation is the dominant and the most commercially used solar cell 

technology in the PV market due to their high efficiencies. Fabrication processes for this 

technology are relatively expensive for given output power, and solar cells made by this 

technology have reached the efficiencies close to their maximum theoretical value [11]. 

Thus, second-generation solar cells were introduced to overcome the drawbacks of the 

first-generation technology. 

 

The second-generation solar cells are also known as thin film solar cells. Solar cells 

made by this technology have somewhat lower efficiencies compared to the 1st 

generation solar cells, but their fabrication processes are simpler and cheaper. 2nd 

generation solar cells can be fabricated on flexible substrates and large areas of up to 

6 m2 while 1st generation devices can be grown only on small dimensions [11]. Thin film 

solar cells are made of several thin layers that are deposited on each other. Thin film 

solar cells have higher absorption coefficient and can be fabricated in a vacuum and 

non-vacuum pressure. Meanwhile, there are concerns such as environmental 

contamination from fabrication processes and availability of the required materials that 
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do not let the technology to become the dominant one. Various materials have been 

used for thin films, and among all, CdTe, CIGS, CIS, and α-Si are the most widely used 

and developed materials [12].  

 

The third generation of solar cells is about nano photovoltaic solar cell technologies such 

as nanocrystal based solar cells, polymer-based solar cells, dye-sensitized solar cells, 

and concentrated solar cells [11]. These are novel technologies but not yet commercially 

available. Each one of the third-generation solar cells looks for different approaches to 

reach a better efficiency/fabrication costs trade-off. 

1.1.2 Thin film solar cell configuration 

Thin film solar cells typically consist of two layers (absorber and window layer), which 

are in contact with each other and are located between the back and front contact. 

Window layer and front contact have similar features in terms of transparency as they 

are both transparent to visible light. Transparency allows sunlight to pass to the 

absorber layer and generate charge carriers upon absorption. 

Front contact is mainly a transparent conductive oxide (TCO) film which is deposited on 

the surface of a substrate. Among all TCOs, indium-doped tin oxide (ITO) and fluorine-

doped tin oxide (FTO) are the most commonly used materials for thin film solar cells 

due to being highly transparent (>80%) and having low sheet resistivity (<30 Ω/sq) 

[6].  

Window layer is generally a n-type semiconductor, which is mostly transparent to visible 

light, and is mainly responsible for creating p-n junction with the absorber material. 

CdS, TiO2, and ZnO are the most known materials for the window layer. 

Absorber layer is responsible for generating photocarriers and separating created 

charges with the help of the depletion region, which exists at the interface of the window 

and absorber layer. The most known and widely used absorber materials for thin film 

solar cells are CdTe, CIGS, CIS, and α-Si [12]. Back contact is made of metal conductors 

that form an ohmic contact with the back of the absorber. Gold (Au), copper (Cu), or 

molybdenum (Mo) are the widely used materials for back contact [13]. Metal contacts 

extract charges into the external load.  

Thin film solar cells can be fabricated in two typical configurations, as shown in Fig. 4.  
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Fig. 4. Superstrate configuration (Left) and Substrate configuration (right) [14] 

 
The main difference between these two configurations is the stacking sequence of 

layers. The first configuration is called superstrate, where CdS/CdTe thin film is 

deposited onto the TCO/glass substrate, and the second configuration is called substrate 

configuration, where the deposition process is in reverse order, and back contact serves 

as the base.  

 

1.1.3 Photocurrent generation and collection 

Photocurrent generation is dependent on three mechanisms called light absorption, 

charge generation, and charge recombination [15].  

 

Light absorption 

For a solar cell, light absorption happens when the energy of light photons is equal or 

more than the bandgap energy of the absorber material. Photons with energy less than 

bandgap energy do not participate in photocurrent generation as they pass through the 

absorber layer or get reflected.  

A parameter is used to describe the probability of absorbing the energy of a photon by 

an absorber material. This parameter is called the absorption coefficient (ℏω) and is an 

intrinsic property of a semiconductor material [16]. 

 

Photocarrier generation and charge separation 

Absorption of a photon's energy by semiconductor results in the generation of an 

electron-hole pair. Electron is excited to the conduction band, and the hole moves to 

the valence band. 
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Fig. 5. Promotion of electron into the conduction band (𝜀𝑐) and hole into valence band (𝜀𝑉) by 
the absorption of photon with energy ℏ𝜔 > 𝐸g [16] 

 
When photocarrier generation occurs in the depletion region, the electrical field moves 

electrons toward the n-type and holes to the p-type side. In the case of the electron-

hole generation outside the depletion region, electrons and holes must reach to the 

depletion region to be successfully collected; otherwise, they will be recombined with 

majority carriers. Separation and recombination can be determined by a parameter 

which is called diffusion Length. Generated electrons which are more than diffusion 

length away of Ld from the depletion region will end up recombining while generated 

electrons within the diffusion length distance of Ld will be successfully separated and 

collected, as shown in Fig. 6. [17].  

 

Fig. 6. Minority carrier diffusion to the depletion region. E-h pairs generated within Ld from the 
depletion region are collected while generated E-h pairs more than Ld from the depletion region 

recombine [17] 

 
Diffusion length is an average distance that a carrier can move before recombination 

and is an important parameter to find the proper thickness of absorber materials. For 

instance, diffusion length for c-Si is 𝐿𝑒 of ∼180 μm, and this illustrates that thicknesses 

more than this value are redundant. In the case of Sb2Se3, diffusion length varies 

between 0.3 to 1.7 μm depending on the growth of its crystal. In general, 
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semiconductors that are doped significantly have shorter diffusion lengths, higher 

recombination rates, and shorter lifetime [18].  

 

Photocarrier Recombination 

Photocurrent recombination is an unwanted process, which annihilates the generated 

electron-hole pair. Therefore, it weakens the ability of a semiconductor for photocurrent 

generation. If an electron is not swept into the external load, it will shortly lose its 

energy and falls back to the valence band, where it will recombine with a hole. This 

process is called recombination and is classified into four main types; radiative 

recombination, Auger recombination, Shockley Read Hall (SRH) recombination, and 

surface recombination [19]. Recombination is an important issue to be addressed in 

order to develop high-efficiency solar cells [19]. 

 

Figure 7. shows the mechanism of radiative Recombination. In radiative recombination, 

an electron from the conduction band directly recombines with a hole in the valence 

band. It releases a photon with similar energy to the bandgap energy [20]. 

 

Fig. 7. Radiative recombination is known as Band-to-band recombination [20] 

 
As shown in Figure 8, Auger recombination involves two free electrons and one hole or 

two free holes and one electron, respectively [21]. This type of recombination occurs 

when the released energy of electron-hole recombination is transferred to another 

carrier in the conduction band instead of being released in the form of photon or heat 

[22]. Auger recombination limits the lifetime and occurs mainly in heavily doped 

materials [23].  

 

 

 

 

 

 

 

 

 

Fig. 8.  Collision of two minority carriers with a same type and causing to 
transfer energy to another carrier [21] 
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Shockley Read Hall (SRH) is a recombination process that occurs due to the presence 

of impurities and defects in a material. SRH recombination can be reduced by choosing 

high-quality materials with as little number of defects as possible. Impurities such as 

point defects or vacancies introduce forbidden energy levels (trap levels) within the 

bandgap and obstruct the process of direct band-to-band generation [24]. Trap levels 

hold onto a single carrier, and can lead to recombination with the opposite type carrier 

unless the carriers thermally remitted into the conduction band [25] [23]. Figure 9. 

shows the mechanism of Shockley Read Hall recombination. 

 

 

Fig. 9. The four basic processes of electron-hole recombination. a) hole emission (b) hole 
capture, (c) electron emission, d) electron capture [24]. 

 

SRH is more likely to happen close to the center of the bandgap energy level. If the 

created energy level is closer to the edge of either band, release from trap is a more 

likely event than recombination.  

The last type of recombination is surface recombination. Surface recombination is a 

type of SRH recombination where the recombination occurs at the surface of solar cells 

due to disruptions in the crystal lattice structure. Disruptions at the surface of a lattice 

are inevitable, but the disruptions can be minimized through surface passivation. 

Passivation reduces dangling bonds that would otherwise act as potent trap states. 

 

 

Fig. 10. Dangling bonds at the surface 
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1.2 Antimony selenide emerging PV technology 

1.2.1 Sb2Se3 as an absorber material 

Antimony selenide (Sb2Se3) is a photovoltaic absorber material that has emerged as a 

promising alternative to the well-known CdTe. Sb2Se3 is a semiconductor with a single-

phase structure. It possesses attractive properties such as high absorption coefficient 

(>105 cm-1) [4]at visible spectrum, suitable bandgap, decent carrier mobility (about 10 

cm2 V−1 s −1) [5], long carrier lifetime and simple binary composition with fixed 

orthorhombic phase. These attributes, in addition to non-toxicity and earth abundancy 

of its constituents, are advantages that illustrate the potential to become an alternative 

to current thin film absorbers materials [26]. From the fabrication perspective, low 

temperature and vacuum-based deposition methods that have already applied for 

fabrication of CdTe are also applicable to Sb2Se3 as it possesses a low melting point of 

608 °C and large vapor pressure [27] [28].  

 

Sb2Se3 crystals are made of basic units of ribbon-like (Sb4Se6)n crystal arrays, in which 

the atoms are bonded through strong covalent bonds in the [001] crystal direction. 

However, in the [100] and [010] crystal directions Sb2Se3 arrays bond through weak 

van der Waals forces [4] [28]. The existing Van der Waals forces do not allow dangling 

bands to form at GBs. Thus recombination losses, which is a limiting attribute for 

polycrystalline PV materials, is reduced [29].  

 

Fig. 11.  Sb2Se3 grains growth in [001]-direction which lead to the formation of vertically 
stacked ribbons and reduction of dangling bonds at GBs [28]  
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1.2.2 Sb2Se3 Development  

The first device that successfully deployed antimony selenide as an absorber layer for 

photovoltaic applications was built in 2009 by Messina and Nair et al., who utilized a 

solution deposition technique, and recorded the power conversion efficiency of 0.66% 

[30]. In early 2014, 2% efficient solar cells were fabricated, and solar cells with 3.21% 

power conversion efficiency were introduced later in the same year, where Sb2Se3 was 

deposited by spin coating method on TiO2 [31]. This significant improvement in 

efficiency, attracted wide attention and surged interest in studying Sb2Se3 as a potential 

photovoltaic material. Further developments were made, and devices with 

ITO/CdS/Sb2Se3 structure, which were fabricated by vapor transport deposition 

methods, reached power conversion efficiencies of 6.5%, 7.6%, and 9.2%. In 2016, 

the 6.5% PCE was achieved with PbS quantum dot film as hole-transport layer [32] and 

the 7.6% efficiency was introduced by Wen et al. where the solar cell was fabricated by 

improving the crystallinity of antimony selenide by successful fabrication of the 

ITO/CdS/Sb2Se3 structure [5]. Finally, the highest efficiency was achieved in 2019, 

when PCE of 9.2% was recorded owing to improve in the junction interface engineering 

[4]. This rapid increase of the efficiency showed that Antimony Selenide surpassed the 

performance of binary inorganics such as FeS2 and SnS [33], and the technology is 

expected to improve even further in the coming years. Although the dominant thin film 

technologies still overshadow Sb2Se3 technology, significant improvements to the 

absorber and the junction engineering could soon make Sb2Se3 based devices 

competitive in the PV market. 

 

Previous works demonstrated that the device performance strongly depends on the 

orientation of the nanoribbons of the absorber layer and, thus far, a large part of 

researches made on this material has focused on optimizing growth conditions to 

achieve the optimal orientation [7]. It has been noted that the [211] and [221] 

orientations showed in better hole mobilities compared to [020] and [120], which 

implies the holes move across ribbons more readily than between the ribbons [28] [18] 

[34].  

1.3 Titanium dioxide 

Titanium dioxide with the chemical formula of TiO2 is a wide band gap semiconductor. 

TiO2 is used in various applications such as in solar energy conversion, water 

purification, photocatalysis and gas sensors [35]. TiO2 has been widely used as electron 

transport layer in dye sensitized solar cells and has also been employed as window layer 

in thin film solar cells as a potential alternative to CdS. It is due to the fact that its 



20 

larger band gap allows more light to reach absorber. TiO2 is chemically stable and has 

low toxicity. 

TiO2 can be divided into three polymorph phases with distorted TiO6 octahedra within 

their crystal structure [35]. The first two phases are rutile and anatase, which have 

tetragonal crystal structures [36]. Brookite (Fig. 12) is the third phase with the structure 

corresponding to the orthorhombic system [37]. The brookite is the rarest TiO2 in nature 

and the hardest phase to reach in the laboratories [38]. Thermodynamically, the rutile 

phase is stable at elevated temperatures, while the anatase phase is metastable [37]. 

However, irreversible conversion can occur from the anatase phase to the rutile phase 

at high temperatures. The reported band gaps for the rutile and anatase structures are 

3.0 eV and 3.2 eV, respectively [37] [39]. 

 

 

Fig. 12. Crystal Structure of TiO2 [37] 

Generally, the anatase structure is the preferred TiO2 polymorph for solar cell 

applications due to potentially higher conduction band edge energy, and larger band 

gap [40].  

1.4 Thin film deposition methods 

As shown in Figure 13, thin film deposition techniques are divided into two major 

techniques known as physical vapour deposition and chemical vapour deposition (CVD) 

[41].  
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Fig. 13. Thin film deposition techniques [42] 

 
In PVD methods, thin films are formed by condensation. Nucleation of atoms or 

molecules takes place on the surface of a substrate through vacuum pressure, low 

pressure gaseous, or plasma environment by evaporation or sputtering [41]. On the 

other side, CVD methods are thermodynamically processes by which the vapor 

undergoes a chemical reaction to fabricate a film on a substrate under specific conditions 

such as temperature, pressure, and reaction rate [41]. 

Chemical Deposition methods are classified into two different groups. In both groups, 

molecules of chemical compounds serving as precursors are transferred to the substrate 

to obtain a film. The first group deploys the gas phase, and the second group deploys a 

liquid for transporting molecules to the surface of the substrate. Therefore, they are 

known as gas phase and liquid phase techniques, respectively.  

Gas-Phase deposition techniques contain two main methods: chemical vapour 

deposition (CVD) and atomic layer epitaxy (ALE).  

Chemical Solution Deposition or Sol-Gel Processing, in addition to different methods 

such as Dip coating, spin coating, and Spray Pyrolysis, are techniques that belong to 

the Liquid phase class.  

Here we deployed a PVD technique for deposition of our absorber layer while a CVD 

technique was used for fabrication of the TiO2 window layer. Different deposition 

techniques such as Chemical Vapour Deposition [43], dip coating, Pulsed Laser 

Deposition (PLD) [44], Sol-gel and Ultrasonic Spray pyrolysis [45] have been used for 
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fabrication of TiO2 thin films, and Spray pyrolysis is known to be one of the simplest 

techniques. Reports have shown that deploying Spray pyrolysis for deposition of TiO2 

films at temperatures higher than 400 °C mainly leads to the fabrication of films with 

the anatase phase. Deploying the Sol-gel spin-coating deposition at temperatures below 

300°C leads to an amorphous structure. However, further annealing at higher 

temperatures will cause a structural transformation to the anatase phase. Furthermore, 

increasing the annealing temperature to more than 700 °C changes the structure to the 

rutile phase [46] [47] [48] [44]. Among all techniques, Ultrasonic Spray Pyrolysis has 

attracted attention because of being a simple, convenient, cost-effective, and applicable 

method for large area deposition. 

1.4.1 Close-spaced sublimation (CSS) 

Close-spaced sublimation (CSS) is the simplest physical evaporation method used for 

fabrication of thin films. Through this method, solid materials are deposited onto a 

substrate in high vacuum [49]. CSS has high deposition rate and can be simply scaled 

up for large scale manufacturing purposes [50]. As an example, a 1-10 μm layer of 

Cadmium Telluride can be coated within 10 minutes at the temperature of 600 oC [49]. 

Thus, it is known to be one of the fastest techniques among all Physical Vapour 

depositions. CSS technique can be used for the coating of semiconductor materials with 

an evaporation temperature of less than 800 oC [49].  

One of the most important requirements for designing a close-spaced sublimation 

system is to minimize the influence of impurities in the deposition process so that the 

number of impurities would be reduced and not be heated/deposited on the films [49]. 

Various parameters affect the deposition process and the properties of fabricated films. 

Therefore, CSS equipment can be built along with various options like spacing between 

source and substrate, temperature, and vacuum. The schematic view of the CSS system 

is shown in Figure 14. 
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Figure 14. Close-spaced sublimation schematic view [51] 

 
Before deposition, a rotary oil pump and diffusion pump are used to achieve a high 

vacuum in the reaction chamber. Rotary oil pump changes the pressure to 10-4 Torr and 

then, the diffusional pump applies higher vacuum pressure within the range of 10-6 Torr. 

The reaction chamber is the place where the substrate and the source material are kept 

in a specific distance from each other and also kept in the place that all the evaporation 

process takes place. Reaction chamber walls are covered with quartz to ensure that 

contaminations from graphite are not involved in the deposition processes [52].  

The deposition process starts with heating up a solid material to its vaporization 

temperature and ends when the vaporized particles are condensed on the substrate. 

The substrate is also heated up during the deposition, but its temperature is kept lower 

than the source material to allow the condensation of vapor particles to take place. The 

whole process is maintained in a high vacuum to assure that only the source material 

is deposited and contamination is not involved in the process. Thermocouples are also 

implemented in the source and the substrate to monitor the temperature of the source 

and the substrate. The crystalline structure of fabricated thin films is dependent on 

various parameters such as the distance between the source and targeted material, the 

substrate temperature, the source temperature, evaporation temperature, the 

composition of the source material, and the gas pressure [5]. Commonly, in the CSS 

technique, deposition takes place at pressures between 1 to 30 Tor, the substrate 

temperature of 500 to 600 oC, and source temperature of 700 and 800 oC [49]. 
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1.4.2 Chemical spray pyrolysis 

Chemical Spray Pyrolysis is a fast, simple, non-vacuum required, and low-cost chemical 

deposition technique that can be used for the fabrication of metal sulphide and oxydes 

thin films [53] [54]. This method is a solution-based technique by which chemical 

compounds in a proper solvent (called precursor solution) are sprayed on a pre-heated 

substrate, where thermal decomposition appears, and the constituents react to form a 

chemical compound [55]. The main equipment to conduct the spray pyrolysis method 

is a precursor solution, an atomizer, a substrate heater, and temperature controllers 

[56].   

Spray Pyrolysis starts with converting precursor solution into droplets through a nozzle 

and assisting them to be transported on a heated substrate. After reaching to the 

surface of the substrate, high temperature leads to evaporation of the solvent and 

thermal decomposition of the precursor. Fig. 15. shows the setup of this method. 

 

 

 

 

 

 

 

 

 

 

Various parameters influence on properties of fabricated films such as substrate 

temperature, spray rate, and ambient pressure. Among them, the temperature of the 

substrate is the most important factor [57]; because droplets drying, decomposition 

and grain growth is strongly dependent on this parameter [54]. Other parameters such 

as the concentration of precursor solution, carrier gas flow rate, nozzle-to-substrate 

distance, and evaporation rate must also be controlled to reach a desired crystalline 

structure and thickness [57]. 

The advantages of Spray pyrolysis compared to other methods are: 

 Cost-effective. 

 Simple, no special conditions 

 Relatively uniform and high-quality coating. 

 Reproducible of films due to its potential for mass production. 

 The ability of coating complex samples  

 No need for high temperature 

Fig 15. Spray pyrolysis schematic [16] 
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1.5 Material characterisation methods 

1.5.1 X-ray Diffraction (XRD) 

X-ray diffraction is a non-destructive and standard method used for analyzing crystal 

structure, atomic spacing, and phase composition of materials [58]. This method was 

traditionally used for thick materials and materials in the form of powder since X-rays 

arrays have a high ability to penetrate materials. XRD makes an important role in the 

characterization of materials due to many materials being in various forms other than 

single-crystal. Figure 16 shows the schematic of XRD. 

X-ray diffractometers are made of three parts: An X-ray tube, a holder to hold the 

sample, and a detector. In this technique, a monochromatic beam of X-ray strikes on a 

sample, and the interaction of the projected X-ray beams with the sample leads to the 

production of diffracted beams [59]. The diffracted beams with various reflection 

intensities will be collected by a detector to determine the sample's crystal structure. 

However, several orientations must be collected for reaching to a true determination 

over the crystal structure. 

 

 

 

 

 

 

 

 

 

 

 

 

X-ray diffraction is based on Bragg's law (Equation 1), where d is the distance between 

parallel crystal planes of the sample, lambada (𝜆) is the incident x-ray wavelength, n is 

an integer called the order of reflection and theta is the angle between the beam and 

the plane [59]. The law states that constructive interference between 2 reflected X-rays 

from crystal planes occurs when the phase difference is an integer multiple of 

wavelengths [60]. 

 

Fig. 16. Schematic illustration of XRD [59] 
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Fig. 17. Bragg's Law reflection where path difference is 2dsin Ө and d denotes the inter-planar 
distance [61]. 

The projected X-ray waves interact with atoms in crystals of the sample and interfere 

with the others as they leave the crystal. The interference occurs due to different 

reflections from each atomic plane in the crystal structure, and the diffraction occurs 

when Bragg's law is satisfied by constructive interference. The diffracted X-rays are 

collected continuously while the sample and detector are continuously rotating. The 

recorded intensities are commonly plotted against the angle of projected X-ray, and a 

series of peaks are produced. These peaks represent the angle at which the crystal 

planes with interplanar distance (d) diffracted X-rays that interfered constructively. 

         𝑛𝜆 = 2𝑑 sin𝜃                   (1) 
 

These diffraction patterns are matched with previously determined diffraction patterns 

for respective material. 

1.5.2 Scanning Electron Microscopy (SEM) 

Scanning Electron Microscopy is an analysis technique that has been extensively used 

for studying structural and topological properties of samples [62]. The method is a non-

destructive technique that uses electrons to provide high resolution, large depth field, 

and three-dimensional images. SEM scans various signals at the surface of a sample 

when a focused electron beam is projected to it. Signals are originated from interactions 

between the electrons in the beam and the sample. These signals reveal information on 

the structure of the sample and will be collected to create an image of the sample. A 

schematic representation of an SEM is shown in figure 18. 
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Fig. 18. schematic representation of the basic SEM components [63] [62] 

 
Electrons of the focused beam have high kinetic energy and can produce elastic or 

inelastic reactions with atoms of the sample. These reactions lead to the generation of 

valuable emissions such as secondary electrons, backscattered electrons, heat, and 

visible light [64].  

 

Fig. 19. Formation of Secondary Electrons (left) and Backscattered Electrons(right) [65] 

 
Secondary electrons provide the most valuable information about the topography and 

surface properties of the specimen. SE is generated due to inelastic reactions between 

the sample and beam electrons. The projection of the primary beam leads to the 

dislodging of an electron from the inner shell atom of the sample. Therefore, the energy 

level of secondary electrons is small (2-5 eV) as a major part of their energy being 

released after the collision [66]. This means that secondary electrons can be collected 

close to the surface.  
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Backscattered (BSE) electrons are electrons of the primary beam that are reflected back 

after elastic interaction with the nucleus of the atom of the sample. These negatively 

charged electrons circle the nucleus and come back out of the sample instead of being 

captured by the positive nucleus. Backscattered electrons provide valuable information 

on the sample's composition and distribution of different chemical phases. 

1.6 Solar cell characterization methods 

1.6.1 Current-Voltage (J-V) Curve 

Solar cells behave similarly to diodes as they both generate photocurrent under 

illumination. A solar cell produces photovoltage when the device is illuminated, and an 

external load is connected to it [67] . Solar cells generate DC current, and multiplying 

voltage to the current gives the output power. The equivalent circuit of a solar cell is 

shown in Figure 20. [67], where light-induced photocurrent source (IL) is in parallel with 

the diode, producing opposing diffusion current (ID) and shunt resistance producing 

opposing shunt current (Ish). Shunt Resistance (RSH) has a significant share in power 

losses as it provides an alternative path for photo-generated current. Series Resistance 

(RS) is the other parameter that contributes in power losses. In an ideal solar cell, RSH 

and RS tend to infinite and zero, respectively.  

 

Fig. 20. Equivalent circuit of a solar cell [67] 

 
The main electrical characteristics of solar cells are Short Circuit Current (ISC), Open 

Circuit Voltage (VOC), Fill Factor (FF), Power Conversion Efficiency (PCE). The mentioned 

parameters, along with the required information for the configuration of a solar system, 

can be extracted from an I-V curve. Fig. 21. shows a typical I-V curve for a solar module 

under normal conditions. 
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The key Parameters of I-V curves are Open Circuit Voltage (VOC) and Short Circuit 

Current (ISC) [68]. At open circuit conditions, no load is connected to the solar cell, while 

at the short circuit condition, the positive and negative sides of the solar cell are 

connected together. 

Open-circuit voltage shows the threshold voltage at which the diffusion current 

neutralizes the generated photocurrent. Short-circuit current shows the maximum 

current that a solar cell can produce. In an ideal situation, an I-V curve should have a 

rectangular shape with the theoretical peak power being the product of Voc and Isc. 

However, in reality, I-V curves are curve-like, and generated powers are less than their 

theoretical peak power values. At a specific point near the bend point of the I-V curve, 

where I=Imp and V=Vmp, the maximum power is extracted from the solar cell. This point 

is known as the maximum power point (Mpp) [68].  

Fill factor is a parameter that can be used to measure the quality of a solar cell. This 

parameter refers to the squareness of an I-V curve [25]. Fill factor is given by equation 

2, where Jmp, Vmp, JSC and VOC are the maximum point for current density, maximum 

point for voltage, short circuit current density and the open-circuit voltage, respectively: 

 

 

 

PCE is defined as the ratio of maximum generated power to the theoretical peak power 

(equation 3) [69]. PCE is dependent on various parameters, such as irradiation levels 

and temperature [68]. This parameter is one of the most common parameters for 

comparing the performance of two different solar cells.  

 

Fig. 21. A typical I-V curve of solar cells [68] 
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1.6.2 External quantum efficiency 

External quantum efficiency (EQE) measurement is an important technique to observe 

solar cell behavior in a specific range of wavelength [70]. EQE is defined to describe the 

ratio of collected carriers by a solar cell to the number of incident light photons on the 

solar cell [71]. Figure 22 presents a sample of the EQE curve. 

 

Fig. 22. A typical EQE graph [72] [73] 

Ideally, EQE is in a square shape, but most solar cells do not have this shape due to 

recombination effects. Material properties such as absorption coefficient and charge 

separation/collection efficiencies, significantly influence on EQE.  
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1.7 Summary of theoretical background and aims of the 

thesis 

Based on the literature review, the following key points can be presented: 

1. Sb2Se3 is a promising photovoltaic absorber material due to its suitable bandgap 

of 1.1-1.3 eV and high absorption coefficient (>105 cm-1). Sb2Se3 has a 1D crystal 

structure composed of nano ribbons allowing high carrier mobility (about 10 cm2 

V−1 s −1).  

2. Sb2Se3 can be deposited through vacuum-based deposition techniques which 

have already applied for deposition of CdTe. 

3. TiO2 is the most attractive alternative to CdS due to its chemical stability, high 

optical transmittance, and non-toxicity of its constituents 

4. The growth of [221] and [211] oriented Sb2Se3 absorber films are preferred as it 

improves the carrier transport in solar cell devices. 

5. The current strategy in development of Sb2Se3/TiO2 focuses toward controlling 

the growth of the absorber grains to obtain the [221] and [211] preferred 

orientations. 

6. Controlling of the Sb2Se3 thin film absorber growth via application of seed layer 

represents the recent focus in the development of Sb2Se3 PV technology. The 

investigation in this area is at the very beginning stage and systematic studies 

are required on this topic. 

Aims of the thesis are as follow: 

1- To gain knowledge of CSS and Spray Pyrolysis deposition techniques for 

fabrication of thin films and solar cells. 

2- To get acquainted with material and device characterisation methods. 

3- To study the effect of processing conditions on the structural and morphological 

properties of Sb2Se3 seed layers deposited onto TiO2/FTO/glass substrate.  

4- To investigate the impact of the growth history of the seed layers on the grain 

structure of subsequent CSS Sb2Se3 thin film absorber.  

5- To study the influence of Sb2Se3 absorber grown on different seed layers on the 

performance of Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass solar cells. 

6- To study the interrelation between Sb2Se3 absorber morphology, thickness and 

Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass solar cells performance. 
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2 EXPERIMENTAL 

2.1 Fabrication of Au/Sb2Se3/Sb2Se3(SL)/TiO2/glass 

solar cell 

Figure 23 shows the schematic representation of our fabricated thin film solar cells with 

superstrate configuration. 

 

Fig. 23. Schematic of Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass superstrate configuration solar cells 

 
Glass/FTO substrate preparation 

The chosen substrates were Soda-lime glasses with coated fluorine-doped tin oxide 

(FTO). The FTO thickness was in the range of ~200nm and with a typical sheet resistance 

of ~25 Ω/sq. The substrates were prepared through two major steps; The first step was 

to cut the Glass/FTO to 20 x 20 mm area, and the second step was cleaning the 

substrates. For cleaning purposes, the 20 x 20 mm Glass/FTO substrates were sunk into 

a solution of 10 g K2Cr2O7 + 10 mL H20 + 100 mL H2SO4. After 2-3 hours of remaining 

in the solution, the substrates were washed by deionized water and moved to an 

ultrasonic bath of deionized water for 10 minutes, and were dried with compressed air.  

 

Deposition of TiO2 by Spray Pyrolysis 

Fabrication of the window layer was carried out by deposition of TiO2 onto Glass/FTO 

substrates, where the Spray pyrolysis technique was used. Here, I used a precursor 

solution of Titanium (IV) isopropoxide (TTIP) with the chemical formula of C12H28O4Ti 

and Acetylacetone (AcAc). TTIP and AcAc were dissolved in ethanol with the molar ratio 

of 1:4 to prepare a 50 ml spray solution. The substrate temperature was set to 340 oC, 

and compressed air with 5 L/min was used as the carrier gas. Deposition took place for 

15 minutes, and the deposited TiO2 films were subjected to post deposition treatment 

for 30 minutes at 450 oC  
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Sb2Se3 seed layer deposition 

In this work, two methods were used for Sb2Se3 seed layer deposition. In the first 

method, close-spaced sublimation was used to deposit Sb2Se3 seed layers at various 

temperatures from 280 to 350 oC. In the second method, the Sb2Se3 seed layer was 

deposited by High Vacuum Evaporation (HVE), and subjected to post-deposition 

treatment for 30 min at 400 oC, in N2 atmosphere. 

 

Sb2Se3 absorber layer deposition 

Fabrication of the absorber layer was done by Close spaced sublimation of Sb2Se3 onto 

the Sb2Se3(SL)/TiO2/FTO/glass. Herein, the substrate temperature was kept at 460 °C 

and the source temperature was set to 490 oC in order to allow the deposition to takes 

place with the rate of 1 μm/min.  

2.2 Material characterization  

Scanning electron microscopy 

A Zeiss EVO-MA15 scanning electron microscope (SEM) equipped with Zeiss HR FESEM 

Ultra 55 system was used for visualization of crystal growth and crystal structure.  

 

X-ray diffraction 

X-ray diffraction (XRD) was carried out to analyze the phase decomposition and 

crystallographic properties of Au/Sb2Se3(SL)/TiO2/FTO/glass thin film solar cells. The 

measurements were done by using a Rigaku Ultima IV system with monochromatic Cu 

Kα radiation (λ = 1.5406 Å, 40 kV at 40 mA) which was equipped with a D/teX Ultra 

silicon line detector in the 2θ [52]. The extracted XRD patterns were studied further by 

Rigaku PDXL software to calculate crystal sizes and lattice constants. 

2.3 Characterization of solar cells 

Here, I used current-voltage characteristics (J-V) and external quantum efficiency 

methods (EQE) to analyze the fabricated AU/Sb2Se3(SL)/TiO2/FTO/glass thin film solar 

cells. I extracted J-V curves by deploying an AUTOLAB PGSTAT 30 and an Oriel class A 

solar simulator 91159A. All the measurements were carried out under the standard 

illumination intensity of 100 mW/cm2, AM1.5G. 

The EQE measurements were carried out in the spectral region of 300-1100 nm by using 

a 300 W Xenon lamp and a computer-controlled SPM-2 monochromator (Carl Zeiss-

Jena) at 30 HZ. All the device measurements were carried out at the Laboratory of Thin 

Film Chemical Technologies of Tallinn University of Technology.    
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3 RESULTS AND DISCUSSION 

Section 3.1-3.2 report on the results of systematic studies on the effect of deposition 

conditions on the structural and morphological properties of Sb2Se3 seed layer deposited 

onto TiO2/FTO/glass substrate and how the growth history of the seed layers influences 

the grain structure of subsequent CSS Sb2Se3 thin film absorber layers. Herein, 

screening experiments were conducted to identify the optimal deposition conditions of 

Sb2Se3 seed layers in order to develop Sb2Se3 absorber layers with optimal orientation 

and suitable grain structure for application in Sb2Se3 based thin film solar cells. The 

influence of deposited Sb2Se3 thin film absorbers via various seed layers as well as the 

effect of the Sb2Se3 absorber thickness on the efficiency of Sb2Se3 thin film solar cells 

were investigated. Physico-chemistry of the processes responsible for the changes in 

the properties of the seed layers and absorber, and the interrelation with the solar cell 

device operation are discussed. 

3.1 Influence of Sb2Se3 seed layer processing 

conditions on structural and morphological properties 

of Sb2Se3 thin film absorber 

To study the effect of Sb2Se3 seed layers (SL) deposition condition on the structural and 

morphological properties of the Sb2Se3 absorber layer, a large series of samples were 

deposited. Part 3.1.1 reports on the effect of samples where the corresponding 

Sb2Se3(SL) was deposited by close space sublimation, and the deposition temperature 

was varied from 250 to 350 oC. Afterward, Part 3.1.2. and 3.1.1 are presented, where 

the effects of Sb2Se3(SL) deposited by High Vacuum Evaporation (HVE) and the effects 

of Sb2Se3 absorber thickness deposited onto CSS Sb2Se3(SL)/TiO2/FTO/glass substrates 

were studied, respectively. 

3.1.1 Effect of Sb2Se3 seed layers by CSS 

Figure 24. shows SEM images of Sb2Se3(SL) and absorber films deposited by CSS onto 

TiO2/FTO/glass and Sb2Se3(SL)/TiO2/FTO/glass substrates, respectively. In the top-view 

SEM image of the sample without the Sb2Se3 seed layer (Fig. 24. a) being deposited, 

rounded-like grain shapes can be detected. This shape is commonly observed when TiO2 

films are deposited by USP on top of FTO/glass substrates [74]. As can be seen in the 

cross-sectional SEM image of the same film (Fig. 24. b), fabricated Sb2Se3 absorber 

layer contains grains with small sizes and randomly oriented. Grains are tilted and are 

not aligned in a specific direction. Thereafter, the Sb2Se3 seed layer was deposited by 
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CSS onto TiO2/FTO/glass in order to study how it would affect the Sb2Se3 absorber layer 

growth. Figure 24. c presents the top view of the structure where the Sb2Se3(SL) was 

deposited at 250 oC on the TiO2/FTO/glass. Herein, the seed layer covered the surface 

of the TiO2 layer and slightly improved the Sb2Se3 absorber grains structure. Herein, 

Sb2Se3 absorber grains are more uniform and have larger sizes. 

 
Fig. 24. SEM images of Sb2Se3 seed layers (SL) and absorber films deposited by CSS onto 
TiO2/FTO/glass and Sb2Se3(SL)/TiO2/FTO/glass substrates, respectively. Left: top view (inset, 
cross view) of (a) TiO2/FTO; (c, e, g, i) Sb2Se3 SL deposited at temperatures between 250 and 
350 oC. Right: (b, d, f, h, j) cross-sectional view of Sb2Se3 absorber films grown at 470 oC on 
corresponding Sb2Se3 SL (c, e, g, i). 
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Increasing the SL deposition temperature from 250 to 280 oC resulted in the generation 

of Sb2Se3 nanorods on the surface of the substrate (Fig. 24. e). This is reflected in the 

subsequent Sb2Se3 absorber as a layer consisting of large columnar and sintered grains 

aligned perpendicular to the substrate. Afterward, the SL deposition temperature was 

increased to 300 oC for further analysis. Almost a similar grain structure was observed 

for the main absorber film with a difference that the grains were not as uniform as the 

absorber with SL obtained at 280 oC. Herein, some grains were elongated more and had 

larger sizes (Fig. 24. g). Finally, 350 oC was used as the deposition temperature for the 

seed layer. Surprisingly, as can be seen in the top view image (Fig. 24. i), the Sb2Se3(SL) 

nanorods grains changed to platelike-shaped grains with sharp ends. This resulted in 

the fabrication of Sb2Se3 absorber with small grains with randomly oriented structure.  

To gain more insight in the structure of the deposited Sb2Se3 absorber layers, films were 

analyzed by XRD. Figure 25. displays the XRD patterns of 

Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass heterostructures with Sb2Se3(SL) deposited at 

different temperatures.  

     

Fig. 25. XRD patterns of Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass heterostructures with Sb2Se3(SL) 
deposited at different temperatures. 

 
As can be seen, all the absorber layers are polycrystalline with dominant diffraction 

peaks corresponding to the orthorhombic Sb2Se3 crystal structure (PDF card no: JCPDS 

01-089-0821) and matching well with those reported in the literature for Sb2Se3 films 
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deposited by CSS and VTD techniques. Among all the existing peaks, (221), (211) and 

(002) are the most representative as discussed in the literature. In addition, the 

undesired (120) peak which was often observed in several studies, was not observed in 

any of our fabricated films. This is a good indication since the presence of (120) peak 

would implies that the grains in the films lies parallel to the substrate. Thus, presence 

of intense (221) and (211) peaks, clearly indicate that the grains in the films are aligned 

perpendicular to the substrate. Such an alignment was previously shown that it is 

beneficial for efficient carrier transport [6] in the solar cell devices. Taking this to the 

consideration, the main attention was paid on the evolution of intensity for these three 

main peaks depending on the processing condition. For the absorber obtained with SL 

deposited at 250 oC, the XRD shows high intensity (301) peak, indicating that the 

absorber grains are relatively tilted. With increasing the deposition temperature of the 

SL to 280 oC, the intensity of the (301) peak drastically decreased, while the intensity 

of the (221) and (211) peaks became dominant. Further increasing the SL deposition 

temperature to 300 and 350 oC, the (221) direction and the (211) orientations remained 

the most dominant peaks. In addition to the main observed peaks, the presence of (002) 

peaks in all the films supports the columnar grain growth of the absorber layer. 

3.1.2 Effect of Sb2Se3 seed layers by HVE 

Section 3.1.2 describes the effect of Sb2Se3 seed layer deposited by HVE and its post-

deposition treatment on the morphological and structural properties of CSS Sb2Se3 

absorber layers in Sb2Se3(SL)/TiO2/FTO/glass stack architecture. Figure 26 is presented 

to show top-view SEM images of the HVE Sb2Se3 (SL) and cross-sectional SEM images 

of Sb2Se3 thin film absorbers deposited onto HVE Sb2Se3(SL)/TiO2/FTO/glass substrates. 
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Fig. 26. SEM images of Sb2Se3 seed layers and Sb2Se3 thin film absorbers deposited onto 

TiO2/FTO/glass and Sb2Se3(SL)/TiO2/FTO/glass substrates by HVE and CSS, respectively. Left: 
top view (inset, cross-view) of (a) HVE as-deposited room temperature Sb2Se3 SL; (c) HVE 

Sb2Se3 SL annealed at 400 oC, 30 min in N2 atmosphere. Right: (b and d) cross-sectional view 
of Sb2Se3 absorber films grown at 470 oC on corresponding Sb2Se3 SL (a and c). 

 
Figure 26. a and 26. c present top view of the as-deposited Sb2Se3(SL) and Sb2Se3(SL) 

annealed at 400 oC for 30 min in N2 atmosphere, respectively. As can be seen, the as 

deposited Sb2Se3 SL (Fig 26. a) covers uniformly the surface of TiO2, following practically 

the relief of the TiO2 rounded grains, which apparently look now larger due to the 

thickness of the seed. Such amorphous layer promoted in the next deposition step, an 

absorber film composed of large and relatively dense grains, but lying parallel on the 

TiO2/FTO substrate (Fig 26. b). After post deposition annealing (Fig 26. c), the surface 

of SL turns to a network of weak contacted grains, which illustrates that a crystallization 

process took place in the result of this annealing step. According to the phase diagram 

of the Sb2Se3 [75], a significant mass loss occurs at 400 oC. This indicates that during 

the annealing at this temperature the films were crystalized via mass transport through 

the gas phase. However, since the SL is very thin (60-70 nm), the intensive 

recrystallization leads to formation of a network with weak contacted grains. Similar to 

as deposited SL, the crystalized one also promoted the formation of an absorber layer 

composed of grains lying parallel to the substrate (Fig 26. d).  
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Fig. 27. XRD patterns of HVE Sb2Se3 SL/TiO2/FTO, before and after PDT at 400 oC, 30 min in N2, 
and Sb2Se3 absorber processed with these seed layers. 

 
The analysis of the XRD patterns (Fig. 27.) supports the observation we had over the 

SEM images. The diffractogram of the HVE Sb2Se3 (SL) on top of TiO2, does not contain 

any peaks related with Sb2Se3 material, indicating that the seed is amorphous (in 

agreement with SEM, Fig 26. a. After PDT at 400 oC, the peaks belonging to 

orthorhombic Sb2Se3 crystal structure appeared designating that a crystallization 

process occurred. As shown by SEM, after this annealing step a network of week 

contacted Sb2Se3 grains was clearly distinguished. After deposition of the absorber layer 

on top of as-deposited and annealed seeds, in addition to previously seen (221), (211) 

peaks, the diffractogram also shown a set of new peaks such as (020), (120), (130) and 

(230) with relatively high intensity. The presence of such intense peaks confirms the 

(Sb4Se6)n chains of seeds lying on the TiO2/FTO substrate. It has been reported already 

that such orientation is not beneficial for the carrier transport in the Sb2Se3 thin film 

solar [28] [18]. Consequently, it is expected that the performance of the solar cells 

processed with those absorbers will be limited. 
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3.1.3 Effect of the Sb2Se3 absorber thickness 

As shown above, the optimal seed layers which enabled fabrication of Sb2Se3 absorber 

layers with columnar sintered grains were obtained by CSS at 280 oC. Such growth 

protocol was optimized for the absorber films having thickness between 3-4 μm. A big 

challenge for the next step was to prove that by decreasing the thickness of the absorber 

it is possible to control and keep the columnar sintered grain feature of the films. To 

follow this approach, the thickness of the absorber was decreased from 4 to 1 μm and 

the changes in the absorber morphology was analyzed by SEM. Figure 28 shows SEM 

images of various thicknesses (4-1 μm) of CSS Sb2Se3 absorber layers deposited at 470 
0C onto Sb2Se3(SL)/TiO2/FTO/glass substrates, with CSS Sb2Se3 seeds grown at 280 0C 

(Fig. 24. c).  

 
 

 
Fig. 28. SEM images of CSS Sb2Se3 absorber films deposited at 470 oC onto Sb2Se3(SL-280 

oC)/TiO2/FTO/glass substrates with different deposition time. a) top-view; b-e) cross-sectional 
view.  

 
The captured top-view and cross-sectional SEM images of the deposited Sb2Se3 thin film 

absorber layers show the constant morphology of absorber as a function of its thickness. 

Sb2Se3 thin film absorber grains maintained their large size and uniform columnar shape 

when the thickness was reduced to 1 μm. This result is very promising as for 1D Sb2Se3 

absorber material a thickness ≤1 μm is required for maximum light absorption and 

efficient carrier transport in the solar cell device.    
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3.1.4 The role and mechanism of seed layer in the growth of the 

Sb2Se3 absorber film 

The differences in the grain structure, grain size, and orientation of the Sb2Se3 absorber 

layers deposited by CSS on top of TiO2/FTO/glass substrates, with and without seed 

layers grown by CSS and HVE can be explained by differences in the nucleation density 

and coalescence rates at various processing conditions. According to the thin film growth 

theory, the initial seed layer plays a significant role in the final film orientation. Several 

reports in the literature revealed that [hk0] (hkl represents the Miller indices) 

orientations appeared in the Sb2Se3 absorber film when the TiO2 was used as a buffer 

layer [75] [4]. The same effect was observed in this study where the Sb2Se3 absorber 

films processed without a seed layer exhibited dispersed structure with chaotically 

oriented grains (Fig. 24. a). At the same time, a number of reports showed a more 

controllable grain growth and [221] orientation (i.e., absence of [120] and [020]) of 

Sb2Se3 when deposited on CdS buffer layer. An explanation for the difference in the 

growth of the Sb2Se3 absorber on TiO2 and CdS can be explained by the inert nature of 

TiO2. The bond energy of Ti–O (662 kJ mol−1) is much stronger than those of Cd–S (196 

kJ mol−1), thus, the Sb and Se are difficult to bond with TiO2 substrate during the film 

deposition, resulting in most of the (Sb4Se6)n chains lying on the substrate [75]. 

Following this logic, two very recent reports by Hutter et al. [6] and by Li et al. [75] 

showed the application of a seed layer as an efficient technological approach to control 

the growth of Sb2Se3 thin film absorber. In [6] , it was shown that a CSS Sb2Se3 seed 

layer grown with a source temperature of 350 oC is optimal for the growth of compact 

and dense CSS Sb2Se3 absorber film, leading to a 6.6% solar cell efficiency. However, 

a very important technological parameter, the CSS substrate temperature, was not 

disclosed in that paper. In [75], a systematic approach of seed layer screening by rapid 

thermal evaporation (RTE) at 420 oC for different time (between 0 and 1000 s) was used 

to develop compact [221] oriented Sb2Se3 absorber films achieving the same 6.6% 

device efficiency.  

In contrast with the reported results, in the current study, the optimal seed layer, which 

promoted in the subsequent deposition step an [221] oriented Sb2Se3 absorber film with 

columnar sintered grains, was obtained by CSS at 280 oC. The explanation for the 

beneficial effect of this seed layer is related to its nanorod grain structure at this 

temperature. During CSS of Sb2Se3 seed at 280 oC the adatom surface diffusion on the 

surface of TiO2 is quite significant, resulting in local epitaxial growth on individual grains. 

The grain coarsening occurs during the coalescence of small islands with large surface-

to-volume ratios, whereas GBs become immobile in continuous layers [52]. A 

pronounced columnar structure develops, in which the columns are actually elongated 
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nanorods. The nanorod structure acts as a seed layer for the subsequent grain growth 

at the higher temperature of 460 oC. At this high temperature, the adatoms are very 

mobile on the surface, and a complete coalescence will occur for relatively large islands 

because the rate of material transfer between islands is high. GB migration takes place 

not only during coalescence but throughout the film-thickening process. Thus, large 

Sb2Se3 columnar grains with low surface energies grow in both perpendicular and lateral 

directions, leading to the formation of a dense, continuous, and [221] oriented Sb2Se3 

absorber layers. 

3.2 Solar cell performance  

Section 3.2.1 and 3.2.2. report on the impact of Sb2Se3 absorber processed with 

different seed layers and the effect of absorber thickness on the performance of 

Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass solar cells. Herein, the main photovoltaic 

parameters of the fabricated thin film solar cells were measured under AM1.5 conditions. 

3.2.1 Effect of Sb2Se3 seed layer deposition condition on solar 

cells performance  

Table 1 illustrates that using CSS for deposition of Sb2Se3 seed layers results in the 

fabrication of considerably much more efficient Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass 

solar cells compared to the devices where their seed layers are deposited by HVE.  

 

Table 1. Photovoltaic parameters of glass/FTO/TiO2/ Sb2Se3(SL)/Sb2Se3/Au solar cells processed 
with Sb2Se3 seed layers (SL) by CSS and HVE. 
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The low PCE of the solar cells was largely determined by low JSC, and this can be 

attributed to the Sb2Se3 absorber grains being aligned in parallel to the surface. HVE SL 

was not successful in providing the required condition for the growth of Sb2Se3 absorber, 

and therefore, samples made by this approach were not studied further. 

As can be seen in the table, the changes made into the main PV parameters of 

Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass solar cells fabricated with Sb2Se3 seed layers 

through CSS can be divided into two stages, based on Sb2Se3 seed layer deposition 

temperature. In the first stage, the deposition of Sb2Se3 seed layer and increasing its 

deposition temperature up to 280 oC, significantly enhanced the performance of the 

device and resulted in higher values of VOC, JSC, FF, and PCE. Herein, the VOC, JSC, FF, 

and PCE of the No SL device increased from 240 mV, 19.5 mA/cm2, 35.3%, and 1.6% 

to 340 mV, 22.6 mA/cm2 to 42.3%, and 3.2% through deposition of seed layer at 250 
oC, respectively. Further increase of the deposition temperature to 280 oC, resulted in 

recording the best-performing device. The SL-280 device generated the highest VOC, JSC, 

FF with the values of 390 mV, 24.5 mA/cm2, and 48.2%, respectively. Thus, the highest 

PCE of 4.6% was achieved. This trend in the evolution of PV parameters was also 

supported by the changes made in RS and RSH. As can be seen, deposition of Sb2Se3(SL) 

and further increasing its deposition temperature up to 280 oC, reduced RS, increased 

FF and RSH of the device. This is a desirable trend as for an ideal solar cell as RS should 

always tend to zero and RSH should tend to infinite. The current-voltage (J-V) 

characteristics of the Au/Sb2Se3/Sb2Se3(SL-280)/TiO2/FTO/glass solar cell is presented 

in Figure 29. 
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Fig. 29.  Current-voltage characteristics (J-V) measured in dark and at AM1.5G of Sb2Se3 solar 
cells without seed layer (blue curves), and with optimal seed layer obtained by CSS at 280 oC 

(red curves). 
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In the second stage, when the Sb2Se3(SL) deposition temperature increased to 300 oC, 

PCE decreased slowly to 4.2% (at 300 oC) and with further increase of the temperature 

to 350 oC the PCE drastically dropped to 2.31%. The low PCE of solar cells obtained at 

350 oC was largely determined by a sudden drop in the VOC, reaching its lowest value of 

270 mV among all devices with CSS Sb2Se3 seed layer. 

 

When explaining the impact of Sb2Se3(SL) CSS deposition condition on the 

Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass solar cell device performance, changes in the 

structural properties of Sb2Se3 should be considered. It is known that the grain size and 

orientation have a major impact on device performance, and devices with smaller Sb2Se3 

absorber grains generate lower PCE. This happens since small grains in the films imply 

the presence of high-density GBs. Thus, results in higher recombination losses and a 

lower lifetime of the photogenerated minority carriers. The effect of higher 

recombination losses in the main PV parameters can be observed in the higher dark 

current (Io) and lower VOC. Considering this, the low measured values of VOC and PCE for 

No-SL and SL-350 solar cells can be explained by random absorber structure and small 

grain sizes.  

  

External Quantum Efficiency (EQE) of the Au/Sb2Se3/Sb2Se3(SL-280)/TiO2/FTO/glass 

and Au/Sb2Se3/Sb2Se3(No-SL)/TiO2/FTO/glass solar cells are given in Fig. 30.  
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Fig. 30. External quantum efficiency (EQE) of Sb2Se3 solar cells without seed layer (blue curve), 
and with optimal seed layer obtained by CSS at 280 oC (blue curve). 

 
The EQE supports the above conclusions. The device with the highest PCE, obtained with 

SL-280 oC shows the highest spectral response through the entire 350-1000 nm 
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wavelength range, indicating to the efficient carrier transport and better collection 

efficiency. For the device without seed layer the EQE response decreased in the entire 

wavelength interval. This effect is explained by the short carrier diffusion length, most 

probably due to recombination at the GBs which were present in a high concentration 

in the Sb2Se3 absorber layer deposited without seed layer. 

3.2.2 Effect of Sb2Se3 absorber thickness on the best performing 

solar cell  

This section describes the effects of Sb2Se3 absorber thickness on performance of the 

Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass solar cell fabricated with Sb2Se3 SL-280. Herein, 

the best performing device (the SL-280 structure) was chosen for analysis. 

 

Table 2. Photovoltaic parameters of glass/FTO/TiO2/Sb2Se3(SL)/Sb2Se3/Au processed with CSS 
Sb2Se3 SL-280oC and varying the thickness of the Sb2Se3 absorber layer from 4µm to 1µm. 
 

 
 

Measured J–V parameters, including PCE, are shown in Table 2. As can be seen, reducing 

the absorber thickness from 4 to 1 µm resulted to higher JSC. Thus, the highest JSC was 

recorded for 1 µm thickness with a value of 25.8 mA/cm2. The increasing trend of JSC 

was expected as recombination losses decrease when the absorber layer thickness 

reduces.  In the Sb2Se3 absorbers with lower thickness, charge carriers need to move 

shorter distances to be extracted and, therefore, are more likely to not end up with 

recombination. On the other hand, the same trend was observed for the VOC which 

gradually increased from 380 to 410 mV when the absorber thickness decreased from 

4 to 2 µm. An unexpected result is that for 1 µm absorber thickness the VOC dropped 

drastically to 360 mV. This effect is not clear yet but it might indicate that there is a 

trade-off between the minimum desired absorber thickness and maximum achievable 

PV parameters and PCE. At the same time, theoretically it was shown that higher than 

10% PCE devices can be obtained with Sb2Se3 absorber film thickness ≤1 µm [33]. This 

indicates that further systematic studies are required to develop and optimize efficient 

Sb2Se3 devices with absorber thickness ≤1 µm. 
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CONCLUSION 

This work is focused on optimization of Sb2Se3 thin film absorber growth protocol via 

controlling Sb2Se3 seed layer processing conditions. Herein, the Sb2Se3(SL) was 

deposited at various conditions by CSS and HVE. The effect of Sb2Se3(SL) deposition 

conditions on growth of the close-spaced sublimated Sb2Se3 absorber layer was studied 

through SEM and XRD analysis. The correlation between Sb2Se3 thin film absorber 

growth, thickness and the Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass solar cells 

performance was studied.  

The study resulted in gaining a broader knowledge of thin film solar cell working 

principle, deposition methods such as close-spaced sublimation and Ultrasonic spray 

pyrolysis, as well as material and device characterization techniques such as SEM, XRD, 

EQE and J-V curve measurements. The following results and conclusions are concluded: 

1. Sb2Se3 seed layer considerably affects the structural and morphological properties 

of the subsequently deposited absorber layer. Sb2Se3 seed layers, depending on 

deposition temperature and the deployed deposition method, provides nucleation sites 

for Sb2Se3 absorber grains to grow. Deposition of Sb2Se3(SL) by CSS was significantly 

more effective than HVE to reach to higher PCE. The subsequently grown Sb2Se3 

absorber layer on HVE SL had small grains and was randomly oriented. Deposition of 

Sb2Se3(SL) by CSS at 250 oC, relatively enlarged, and aligned Sb2Se3 absorber grains 

perpendicular to the surface. Further increasing the seed layer deposition temperature 

to 280 and 300 oC, resulted in the fabrication of larger grains and more uniformly 

aligned absorber structure. Sb2Se3 seed layer deposition at temperatures more than 

these values were destructive for absorber growth. 

2. Photovoltaic performance of Au/Sb2Se3/Sb2Se3(SL)/TiO2/FTO/glass solar cells was 

correlated to the structural and morphological properties of the Sb2Se3 absorber layer. 

Since the Sb2Se3 absorber layer itself was affected by the seed layer, consequently, 

the solar cell performance was correlated to the deposition condition of the Sb2Se3 

seed layer. The best solar cell performance was attributed to the best Sb2Se3 absorber 

layer quality. The best absorber quality was achieved for Sb2Se3/CSS 

Sb2Se3(SL)/TiO2/FTO/glass where the seed layer was deposited at 280 oC (SL-280). 

The deposition of the seed layer at 280 oC improved the grain growth of the Sb2Se3 

absorber layer and resulted in uniformly oriented and large columnar grains. Grains 

were aligned upwards and perpendicular to the surface. The solar cell showed 

consistent EQE of more than 60% over a broad region of 380 to 900 nm and recorded 

the PCE of 4.6%.   
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3. It was demonstrated that decreasing the absorber thickness from 4 to 1 micron, the 

columnar grain growth protocol is maintained and controlled. The effect of absorber 

thickness on CSS Sb2Se3(SL-280)/TiO2/FTO/glass solar cell performance was analyzed. 

It was shown that decreasing the absorber thickness resulted in higher JSC and PCE. 

This was contributed to Higher RSH lower RS and recombination losses when the 

thickness is decreased. 2 µm absorber thickness was found to be the optimal thickness 

for the maximum PCE. 
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SUMMARY 

Photovoltaics (PV) is an important key renewable technology that can help to meet the 

world's growing energy demand without endangering our environment. Meanwhile, 

more efficient and cost-effective technologies must be developed in order to make PV 

technologies competitive in the energy market.  

Antimony selenide is a promising photovoltaic absorber material due to its suitable 

bandgap, high absorption coefficient, long carrier lifetime, and decent carrier mobility. 

Sb2Se3 is made of earth-abundant, non-toxic compounds, possess high vapor pressure, 

and low melting temperature. It can be fabricated by deposition techniques that have 

already been used to fabricate CdTe solar cells. 

In this work, I focused on optimization of Sb2Se3 thin film absorber growth protocol and 

its application in solar cells. The effect of Sb2Se3 seed layer deposition condition on the 

structural and morphological properties of the Sb2Se3 seed layer deposited onto 

TiO2/FTO/glass substrate was studied, and then, it was investigated how the growth 

history of the seed layers influences the grain growth of subsequent CSS Sb2Se3 thin 

film absorber layers. 

The best Sb2Se3 seed layer deposition condition was determined by the deposition of 

various seed layers being deposited by CSS or HVE at 250 to 350 oC. It was revealed 

that seed layer deposition at 280 oC and through CSS technique produced large absorber 

crystal grains and the most uniform structure. This resulted in Au/Sb2Se3/Sb2Se3(SL-

280)/TiO2/FTO/glass solar cells attaining the highest PCE of 4.2%. 

The effect of Sb2Se3 absorber thickness on the best performing Au/Sb2Se3/Sb2Se3(SL-

280)/TiO2/FTO/glass solar cells was further studied. Sb2Se3 absorber showed constant 

morphology as a function of its thickness, and absorber grains maintained their large 

size and uniform columnar shape when the thickness was changed. It transpired that 

the optimal absorber thickness of 2 µm (in 4 to 1 µm range) resulted in the best device 

performance. We attributed this to lower recombination losses and lower resistance. 

Herein, our Au/Sb2Se3/Sb2Se3(SL-280)/TiO2/FTO/glass solar cells solar cell with Sb2Se3 

absorber thickness of 2 µm produced the highest PCE of 4.9% 
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