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Solar cells based on Cu(In, Ga)(S, Se)  (CIGS) and CdTe thin-film solar cells have already reached the commercial stage,

having an efficiency of 23.4% for CIGS and 21.0% for CdTe. However, their marketability has stagnated. A promising

solution for a non-toxic and commercially attractive absorber for photovoltaic applications is offered by the family of

kesterite semiconductor materials such as copper–zinc–tin–sulfide (with the chemical formula Cu ZnSnS ) (CZTS) and

copper–zinc–tin–selenide (with the chemical formula Cu ZnSnSe )(CZTSe) and their alloy family copper–zinc–tin–sulfo–

selenide (Cu ZnSn(S ,Se )  (CZTSSe), where 0 ≤ x ≤ 1).
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1. Introduction

Different methods are reported in the literature for the synthesis of thin copper–zinc–tin–sulfide (CZTS) absorber films.

The most commonly used methods for the synthesis of kesterite CZTS absorbers consist of the growth of thin films via

physical or chemical methods.

The physical based methods offer several advantages for processing thin CZTS films, such as control over the deposition

rate, high crystallinity, and control over the structural and morphological properties of the film. However, the requirements

for high-vacuum technology, the high equipment cost, and the complicated systems involved are the main disadvantages

of the vacuum techniques in the industrial mass production of CZTS solar cells.

The chemical methods of synthesizing CZTS absorbers have several features making them very attractive for large-scale

industrialization. Between the two types of method, the chemical method offers simplicity of use, low capital investment,

compact equipment, and low wastage of raw materials, which are the most notable advantages. However, the chemical

methods has some critical issues that restrict the mass production of CZTS solar cells. Among these, a multiple uniform

coating is needed to achieve the desired thickness of the CZTS absorber. Consequently, several issues related to the

layers’ uniformity and cracks have to be overcome when the sol-gel and electrodeposition methods are involved.

Regarding the hydrothermal and solvothermal methods, the main disadvantages are related to the time costs, as well as

the high-pressure and high-temperature processing conditions, the lack of control over particle size, and the

monodispersity of the products. It is worth pointing out that a record efficiency of 12.6% was reported for the CZTS

absorber synthetized by the chemical solution approach using hydrazine as a solvent . However, due to the fact that

hydrazine is a hazardous, unstable, and reactive solvent, the large-scale fabrication of CZTS solar cells is critically

restricted.

2. Physically Based Methods of Synthesizing CZTS Absorbers

Vacuum deposition methods are physical deposition methods that allow technicians to grow thin films atom-by-atom or

molecule-by-molecule on a solid substrate. The key elements of a growing process through a physical method include a

high-vacuum deposition chamber which holds the bulk parent raw material, also called the target, from which the

constituent atoms or molecules are released as a vapor stream, and the deposition substrate on which the vapor stream

collides, leading to the growth of a layer with the same stoichiometric composition as the parent material. Several

vacuum-based approaches of synthesizing kesterite CZTS absorbers have been reported in the literature, such as

thermal evaporation, sputtering, and pulsed layer deposition .
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2.1. Thermal Evaporation

In the case of a thermal evaporation method, the deposition process consists of heating up the parent raw material to a

temperature above its boiling point while keeping the substrate at a substantially lower temperature. Figure 1 shows the

basic system used for the thermal deposition of thin films.

Figure 1. Schematic representation of a classic thermal evaporation system.

The heated target releases atoms or molecules, which accumulate near the parent surface, forming a vapor cloud.

Because of the large temperature difference between the target and the substrate, a temperature gradient occurs, leading

to a stream of the vapor from the target to the substrate’s surface. Once the atoms or molecules hit the substrate’s

surface, they will condense on it back to a solid state. After applying this deposition method, in 2010, Wang et. al. from

IBM reported 6.8% efficiency in Cu ZnSnS  solar cells on glass substrates made by thermal evaporation of Cu, Zn, Sn,

and S . Later on, in 2011, Shin et al. from IBM reported a solar cell efficiency of 8.4% for a solar sell based on 600-nm-

thick CZTS layers of Cu, Zn, Sn and S deposited by thermal co-evaporation at 150 °C, followed by 5 min high-

temperature annealing (570 °C) of the deposited layer under atmospheric pressure . It is worth noting that Shin et al.’s

reported efficiency values were independently confirmed and certified by an external, accredited laboratory, i.e., The

Newport Technology and Applications Center’s Photovoltaic Laboratory, as having the worldwide record efficiency for pure

sulfide CZTS absorbers using any technique at that time.

Through use of a thermal co-evaporation method, a certified power conversion efficiency of 11.6% for a pure Cu ZnSnSe

solar cell and a significant improvement in the open-circuit deficit of 0.578 V was reported by Lee et al. .

2.2. Sputtering Methods

Sputtering is a physical deposition method used to growth thin films on a substrate in a vacuum chamber filled with a

chemically inert gas, usually argon. Figure 2 shows the conceptual layout of the DC sputtering system usually involved in

the deposition of CZTS films.
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Figure 2. Layout of a DC sputtering system for the deposition of thin films.

The sputtering system consists of a high-vacuum chamber, inside which is a pair of electrodes. The top electrode is

covered with the material to be transferred, also called the target, while the bottom electrode represents the substrate

holder.

In between the target and substrate, a voltage source is applied, with the negative polarity on the target. Thus, the target

becomes a cathode liberating electrons. These electrons collide with the outer electrons surrounding the gas atom, and

thus, a hot gas-like plasma phase consisting of ions and electrons is promoted. Once the electrons have been lost, the

neutral atom turns into a high-energy ion. The negatively charged source material attracts these positive ions, which fly at

it with such high velocity that atomic-sized particles are “sputtered off,” or detached. The positively charged ions thus

formed are accelerated to the target and strike with sufficient kinetic energy to dislodge the atoms or molecules of the

target material. The liberated atoms or molecules will fly to the substrate’s surface. When a large number of atoms collide

on the substrate, they start to form a bond with each other at the molecular level, leading to the growth of a thin film with

the same composition as the target material.

The first use of the sputtering method to fabricate CZTS absorbers was reported by Ito et al. in 1988. The authors

sputtered a CZTS film from the target material by applying the method of atomic beam sputtering and obtained a CZTS

film with a 1.45 eV optical bandgap and an V  of 165 mV under AM1.5 illumination, without a post-deposition

sulfurization treatment and even at a very low substrate temperature of 90 °C . Later on, Ito et al. reported an

improvement in the open-circuit voltage to 265 mV by annealing the device in air . In 2007, a 5.74% conversion

efficiency was reported by Jimbo et al. for a solar cell based on 480 nm high-quality CZTS films fabricated at a Cu/(Zn +

Sn) ratio of 0.87 in a co-sputtering system with three RF sources followed by vapor phase sulfurization . The record

laboratory-reported efficiency was reported by Yan et al. . The authors deposited sulfide kesterite CZTS precursors by

co-sputtering Cu/ZnS/SnS material using a magnetron sputtering system. The final CZTS films were synthesized by

sulfurization of the precursors within a combined sulfur and a SnS atmosphere by rapid thermal annealing at 560 °C for

three minutes. The authors demonstrated efficient sulfide kesterite CZTS solar cells with 11% for cells with a small area

(0.23 cm ) and 10% for a standard-sized cell (1.11 cm ).

2.3. Pulsed Laser Deposition

Pulsed laser deposition (PLD) is a simple and versatile vacuum-based technique for depositing thin films of a wide range

of materials on a wide variety of substrates at temperatures starting from room temperature. The PLD technique offers

some unique features such a high deposition rate, relatively easier transfer of species from the target to the substrate,

growth from an energetic beam, and reactive deposition. The PLD technique is used to grow engineered layered materials

with a controlled thickness and metastable phases .

As shown in Figure 3, the PLD system consists of a high-vacuum chamber in which a high-powered laser beam of a

certain energy density is focused on a rotating target. The extreme energy (1 ÷ 5 J/cm ) of the focused beam is absorbed

by the target’s surface area, leading to the breakdown of chemical bonds within the target material. Consequently, ions,

electrons, atoms, radicals, or clusters are ejected from the target’s surface, leading to the formation of a so-called ablation

plume. These released species traveling at high speed (around 106 cm/s) through the vacuum chamber until they collide

at high impact energies (typically 100 eV) on the substrate’s surface. The as-landed particles start to form chemical bonds
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with each other at the molecular level, forming a continuous thin film with the same composition as the target material 

. Further laser pulses ablate more material, and the growing layer’s thickness will increase from monolayers up to

microns. The layers grow through diffusion and particle aggregation, which improves the layer-by-layer growth .

According to the literature, the laser type most commonly used to fabricate CZTS absorber layers are excimer lasers and

Nd:YAG lasers.

Figure 3. Schematic representation of a PLD deposition chamber.

Despite the unique beneficial features offered by the PLD in terms of the high-quality growth layer, the literature does not

abound in reported results about the notable performance of CZTS solar cell devices processed by PLD. The PLD

equipment is expensive and this strongly restricts the marketability of PLD-manufactured photovoltaic devices.

The first CZTS thin-film solar cell prepared by PLD was reported in 2007 by Moriya et al. The authors reported a V  of

546 mV and a conversion efficiency of 1.74% for their solar cell based on an absorber CZTS synthetized by PLD at 500

°C in N . Moholkar et al.  synthetized thin films of CZTS by PLD that were used as an absorber layer in a solar cell

configuration. The fabricated solar cell exhibited an open-circuit voltage of 585 mV and a conversion efficiency of 2.02%.

Using the PLD technique, in 2012, the same group of authors reported the impact of the chemical composition ratio of the

target Cu/(Zn + Sn) on the performance of the final solar cell device. They found that by increasing the Cu/(Zn + Sn) ratio

from 0.8 to 1.2 while keeping the Zn/Sn constant, the direct bandgap energy of the CZTS absorber decreased from 1.72

eV to 1.53 eV. The best performances reported by the authors were a conversion efficiency of 4.13% and V  = 700 mV

on a glass/Mo/CZTS/CdS/ZnO:Al/Al solar cell fabricated by using Cu/(Zn + Sn) = 1.1 .

3. Chemical Methods

The chemical methods of depositing thin films are the most economically attractive and versatile techniques for growing

sulfide and oxide layers. The most notable features of this method are its ease of handling, the simplicity of the process,

the compact low-cost equipment, and low wastage of the precursor materials. However, some critical issues have to be

addressed when the chemical deposition methods of absorber CZTS layers are used, such as the need for multiple

uniform coatings, uniformity, and cracks.

The current record for the efficiency of CZTS solar cells (12.6%) was found for a CZTS absorber layer processed by the

chemical solution approach using hydrazine as a solvent . As this solvent is hazardous, reactive, and unstable, the

hydrazine-based chemical method is not attractive to the industry for large-scale CZTS solar cell fabrication.

3.1. Sol-Gel Method

Sol-gel, based on the spin coating technique, is a simple and cost-efficient approach to the preparation of various thin

oxide films. This method is very attractive for mass-production because of its easy handling and its suitability for large-

area deposition, and because no vacuum system is required, allowing thermal annealing in air at temperatures as low as

room temperature. Another remarkable feature of the sol-gel synthesis method is that this technology is suitable for the

synthesis of high-yield, high-quality solar cells made from thin CZTS thin films through inexpensive green processes,

making it very attractive for large-scale industrialization . However, some issues are related to this method; for

example, it is a time-consuming process and controlling the porosity of the growing layer is quite difficult.
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The sol-gel method consists of three main steps, i.e., (i) preparation of the precursor solution and spin-coating the

precursor solution onto the substrate, (ii) the low-temperature thermal treatment, and (iii) the final high temperature

annealing. Figure 4 shows a typical set-up of synthesizing the CZTS precursor solution.

Figure 4. Installation used for the synthesis of the CZTS precursor solution at the authors’ facilities.

The CZTS precursor solution is synthetized by dissolving the elements raw precursors in 2-methoxyethanol (C H O ), i.e.,

a salt of copper (for Cu), a salt of zinc (for Zn), a salt of tin (for Sn), and thiourea (NH ) CS (for S). The 2-methoxyethanol

solvent removes the necessity to perform prolonged low-temperature processing of the deposited solution on the

substrate after spin-coating (110 °C ÷ 120 °C temperature annealing for 80 ÷ 120 min), which not only significantly

increases the fabrication time of the CZTS film at the optimal thickness (around 1 µm) but also favors the formation of

undesirable oxide compounds in CZTS films, and thus results in the low reproducibility of the electrical and optical

parameters . Dimethyl sulfoxide (DMSO) has been successfully used for the synthesis of the precursor

solution and spin-coating of CZTS films. The most prominent features of the DMSO solvent relate to its green technology

approach, its non-toxic character, the high yield, and the low cost .

Tanaka et al. synthesized CZTS films by spin-coating a sol-gel precursor solution based on copper (II) acetate

monohydrate, zinc (II) acetate dehydrate, and tin (II) chloride dehydrate dissolved in a mixed solution of a 2-

methoxyethanol (2-metho) solvent and a monoethanolamine (MEA) stabilizer . Thin CZTS films were grown by

annealing the precursor films in an atmosphere containing H S at 500 °C. The fabricated CZTS solar cells had an open-

circuit voltage of 390 mV and an efficiency of 1.01%. The same group of authors investigated the impact of the precursor

solution’s chemical composition on the morphology and the photovoltaic performance of the thin CZTS films fabricated by

the sol-gel spin-coating technique. The authors varied the Cu/(Zn + Sn) ratio in precursor solution of the sol-gel while

keeping the Zn/Sn ratio constant at 1.15 . According to the results reported by Tanaka, large grains characterized the

films made from the copper-poor precursor solution (Cu/(Zn + Sn) < 0.8, molar ratio). The best solar cell had a V  of 575

mV and an efficiency of 2.03%. Agawane et al. reported achieving a 0.77% conversion efficiency with a solar cell

fabricated from a CZTS absorber layer synthetized by the sol-gel technique annealed under S powder . Later on, the

same group of authors reported an improvement in the processing conditions and achieved a conversion efficiency of

3.01% with a solar cell based on a CZTS absorber layer prepared by a non-toxic, simple, and economical sol-gel and

spin-coating technique annealed at 550 °C under a H S gas atmosphere . Using non-aqueous thiourea–metal–oxygen

sol-gel processing, Su et al. synthetized high-quality phase-controlled CZTS layers with a homogeneous elemental

distribution and a low impurity content by introducing Na as an extrinsic dopant . Through use of this modified sol-gel

method, the fabricated Ni:Al/ZAO/i-ZnO/CdS/1%Na:CZTS/Mo/glass solar cells achieved a power conversion efficiency of

5.10%, while the device without Na had an efficiency of only 4.10%. The authors reported that a further improvement in

the conversion efficiency of up to 5.10% was obtained by HCl chemical etching of the CZTS absorber layer. Liu et al. used

the sol-gel and selenization processes and fabricated high-quality single-phase kesterite CZTSSe with a total area

efficiency of 8.5% without an antireflection coating . The sol-gel method was also used in the study performed by Sun

et al. to fabricate solar cells based on CZTS absorbers . The authors tuned the Cu/Sn with the purpose of improving

the films’ uniformity, reducing the formation of voids, and enhancing the power conversion efficiency. The best cell

achieved an efficiency of 8.8% with an open-circuit voltage of 746 mV. Todorov et al. processed CZTS films by spin-

coating deposition of a precursor solution of a slurry of hydrazine and particles of the Cu, Zn, Sn, and S elements. The

spin-coated CZTS precursor thin films were annealed at 540 °C in an atmosphere containing sulfoselenide, and the best

3 8 2

2 2

[19][20][21][22]

[22]

[23]

2

[24]

OC

[25]

2
[17]

[18]

[26]

[27]



measured efficiency was 9.66% . In 2013, Wang et al. all reported the results of their own approach involving the liquid

deposition of thin CZTS films based on a pure solution of hydrazine . The reported results were independently certified

and the conversion efficiency of 12% they achieved represents the world-record power conversion efficiency for CZTSSe

thin films. The new device’s open-circuit voltage was 513.4 mV.

3.2. The Solvothermal Method

The solvothermal method is a chemical process in which the chemical reaction between the involved precursors take

place in a solvent sealed in a vessel heated above the solvent’s boiling temperatures (usually less than 250 °C). The

sealed reaction vessel, also called an autoclave, acts as a closed system in which the elevated temperature and pressure

promote the reactivity of the reactants, leading to the formation of a supercritical fluid in which the gas and liquid phases

coexist, favoring the crystallization of the dissolved raw precursors. The solvothermal reaction products are homogenous

high-purity nanosized particles. The products’ shape and size are controlled through the reaction temperature, solvent,

and pH. The solvothermal method does not require post-synthesis annealing processes of the resulting products. The

resulting nanoparticles are further used to grow thin films. In this method, the working substrate is immersed in a mixed

solution of the solvent and the solvothermal products dissolved in it. After dipping, the covered substrate is dried in order

to remove the solvent. The thin films grown by the solvothermal method have good uniformity, high crystallinity, and a

stable structure. The main factors affecting the thin films’ growth are: (i) the nature of solvent, (ii) the temperature, (iii) the

time, (iv) the concentration of the precursor material, (v) the concentration of OH− ions in the solution, and (vi) the pH.

One of the most notable features of the thin films fabricated by the solvothermal method is the low-temperature growing

process that reduces the possibility of chemical reactions between the substrate and the reactants. Other benefits offered

by the solvothermal method of synthesizing CZTS absorbers include its ease of use, and its accurately and reliability in

synthesizing high-purity and highly crystalline materials. This method is considered to be a green technology that is

suitable for mass production of good-quality crystals while maintaining the control over their composition and morphology

.

Several research groups have reported results for CZTS-based solar cells fabricated by the solvothermal method 

. To obtain CZTS absorber layers, firstly the solvothermally synthesized CZTS nanoparticles are dispersed in solvents

to create a paste or ink. The as-obtained slurry is deposited on the working substrate by printing, spraying, or dip-coating,

followed by a high-temperature thermal annealing treatment to ensure the formation of the crystalline phase .

Wei et al. used the solvothermal method to grow Cu ZnSnS  (CZTS) layers directly on transparent conductive fluorine-

doped tin oxide (FTO) substrates using hexadecyl trimethyl ammonium bromide (CTAB) as the surfactant . The

fabricated glass/FTO/CZTS/CdS/i-ZnO/AleZnO/Ag solar cells were characterized by an optical bandgap of 1.52 eV and a

poor power conversion efficiency of only 0.16%. Using the solvothermal method, Al-Hadeethi et al. studied the impact of

the concentration of triethanolamine (TEA) on the structure, phase formation, morphology, and composition of the

resulting CZTS nanoparticles . The authors fabricated a SLG/Mo/CZTS/CdS/i-ZnO/Al:ZnO/Al structure using CZTS

particles synthesized with a TEA concentration of 5 mg/mL, and the best demonstrated solar conversion efficiency was

reported to be 4.33%. In a recent study published by Kannan et al., the authors used ethylene glycol (EG) as a solvent

and investigated the impact of the Cu/(Zn + Sn) ratio on the properties of the CZTS nanoparticles synthesized by the

solvothermal method . The synthetized nanocrystals were used to fabricate a CZTS/ZnO photovoltaic structure from a

scalpel-cut absorber and a drop-cast ZnO buffer layer. The authors reported that the devices based on absorber layers

that were slightly poor in Cu (0.9) provided the best open-circuit voltage (510 mV), short circuit current (11.49 mA/cm ),

filing factor (52.97%), and power conversion efficiency (3.2%).
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