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Abstract Cu2ZnSn(S,Se)4 (CZTSSe) is considered as
the promising absorbing layer materials for solar cells due
to its earth-abundant constituents and excellent semicon-
ductor properties. Through solution-processing, such as
various printing methods, the fabrication of high perfor-
mance CZTSSe solar cell could be applied to mass
production with extremely low manufacturing cost and
high yield speed. To better fulfill this goal, environmental-
friendly inks/solutions are optimum for further reducing
the capital investment on instrument, personnel and
environmental safety. In this review, we summarized the
recent development of CZTSSe thin films solar cells
fabricated with benign solvents, such as water and ethanol.
The disperse system can be classified to the true solution
(consisting of molecules) and the colloidal suspension
(consisting of nanoparticles).Three strategies for stabiliza-
tion (i.e., physical method, chemical capping and self-
stabilization) are proposed to prepare homogeneous and
stable colloidal nanoinks. The one-pot self-stabilization
method stands as an optimum route for preparing benign
inks for its low impurity involvement and simple
procedure. As-prepared CZTSSe inks would be deposited
onto substrates to form thin films through spin-coating,
spraying, electrodeposition or successive ionic layer
adsorption and reaction (SILAR) method, followed by
annealing in a chalcogen (S- or Se-containing) atmosphere
to fabricate absorber. The efficiency of CZTSSe solar cell
fabricated with benign solvents can also be enhanced by
constituent adjustments, doping, surface treatments and
blocking layers modifications, etc., and the deeper research
will promise it a comparable performance to the non-
benign CZTSSe systems.

Keywords Cu2ZnSn(S, Se)4 (CZTSSe), solar cell, benign
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1 Introduction

The energy problem has drawn increasing attention
because the fossil fuels are not only non-sustainable but
also cause heavy pollution. It is imminent to find
renewable and clean alternative energy sources to address
this problem. Solar energy, a clean, easy to obtain and
inexhaustible energy source, is recognized as an ideal
candidate. Among various methods to exploit solar energy,
the solar cell is the most feasible and effective application
as it can directly convert solar energy to electricity.
Cu2ZnSn(S,Se)4 (CZTSSe) is a promising candidate as

the absorber layer in thin film solar cells due to its proper
band gap (1 – 1.5 eV) and high absorption coefficient (over
~104 cm–1). Moreover, its constituents are low-cost, earth-
abundant and non-toxic, which could afford massive
commercial applications at low cost comparing to the
more sophisticated materials such as Cu2InGaSe4 (CIGS).
Various methods are used to fabricate CZTSSe which can
be grouped into two categories: vacuum-based and
solution-based methods. Vacuum-based methods, includ-
ing sputtering [1] and co-evaporation [2], operated at strict
processing conditions i.e., high temperature and vacuum,
requiring expensive instruments. In contrast, solution-
based methods do not necessarily need high capital
investment but can yield higher efficiency, which due to
the better phase and composition control associated with
the solution process. Among solution-based methods,
hydrazine-processing is the best in terms of conversion
efficiency (12.6%) [3]. However, hydrazine is highly toxic
and explosive which could restrict the widespread
application of this method. Organic chemicals are another
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kind of commonly used solvents, especially long-chain
organic amines or acids also serving as capping agents [4].
The disadvantages of this method are that many of these
organics are toxic and expensive, and often result in high
carbon residues when the nano-ink films are processed into
CZTSSe films, undermining the performance of CZTSSe
solar cells.
To resolve these problems, CZTSSe inks with benign

solvents have attracted considerable research interests.
Benign solution uses water and organic solvents with low
molecular weight and low toxicity (ethanol, thioglycolic
acid, ammonium thioglycolate, etc.) as well as their
mixture, as the dispersion media. As we know, water is
the greenest and cheapest solvent. Therefore, water-based
CZTSSe inks could be the optimum tends to be an
environment-friendly and low-cost way to synthesize high-
quality CZTSSe films.
Two more steps still need to be finished after CZTS

benign inks are prepared in order to form solar cells. First,
the constituent elements of CZTSSe (i.e., Cu, Zn, Sn and S/
Se) are delivered to the substrate. Then, a heat treatment
enables the precursor film transformed into the desired
phase. The main processing steps are illustrated by
following flow chart (Fig. 1).

In this review, we summarize the preparation routes of
benign CZTS inks and their stability mechanisms, the
fabrication and chemical reactions of CZTS films, and
possible strategies used to improve the performance of
benign solar cells in the further research.

2 Preparation and stability of CZTS inks

2.1 Preparation methods

Generally, formation of CZTSSe inks can be grouped into
two groups: true solutions and colloidal suspensions. To be
more specifical, elements required for CZTS film forma-
tion are dissolved as the form of ions, molecules and/or
complexes in true solutions while dispersed as nanopar-
ticles in colloidal suspensions. These two precursors can be
generally named as CZTS ink for solution processing.

2.1.1 True solutions

A large proportion of methods disperse raw materials
directly into benign solvents forming solutions. Constitu-
ents of solutions are summarized in Table 1. The raw
materials providing cations (Cu+/Cu2+, Zn2+ and Sn2+/
Sn4+) include metal chlorides (commonly-used), metal
nitrates, metal acetates and metal oxides while anions (S2–)
are mainly provided by thiourea (besides ammonium
thioglycolate and S powder). Direct inclusion of Se2– into a
benign solvent seems to be very difficult. Although metal
salts (chlorides, nitrates and acetates) have the best
solubility, they may introduce unnecessary elements (Cl,
N, C and O). When all sources are mixed, sulfur source is
usually excessive in order to compensate the S loss during
annealing. Water, ethanol or the mixture of them is used as
solvent. In some cases, a certain additive is introduced into
solutions, such as (NH4)2S [13] and HCl (for pH
adjustment [6]).

2.1.2 Colloidal suspensions

The second group of CZTSSe ink is suspensions, or called
slurries. It consists of insoluble nanoparticles which are
dispersed rather than dissolved in solvents. According to
the composition of nanoparticles, suspensions can be
classified into two groups. The one consists of inter-
mediates (such as metal elements and sulfides) nanopar-
ticles while the other consists of CZTS phase
nanoparticles. Woo et al. [14] dispersed powder mixture
of Cu, Zn, Sn and S in ethanol and proposed that there
would be a reactive liquid-phase sintering between
constituents when the annealing temperature exceeds the
melting points of Zn (420°C) and Sn (231°C), promoting
the crystallization of CZTS film. Other papers [15–18] take
a preliminary reaction of the raw materials prior to mixing

Fig. 1 Main processing steps of CZTS thin film synthesis using
benign solvents
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them into the slurries, which contains the intermediate
products (oxides and sulfides). This method could remove
by-products generated in the synthesis reaction, which may
be detrimental to the properties of the final films [15].
Methods have also been reported to prepare CZTSSe

nanoparticles to form inks. van Embden et al. has
synthesized CZTS nanocrystals (NCs) that can be
dispersed in benign polar solvents (such as ethanol or n-
propanol), however a hot injection associated with
complicated ligand exchange method was applied in the
process of synthesis [19]. The hot injection routes
demonstrate superiority on phase and size control and
were widely applied in the non-benign solvent systems.
Another commonly used method is the hydrothermal
approach. The general steps of hydrothermal approach are:
raw materials (such as metal chlorides and Na2S) are added
into the solvent (such as water) with a stir to dissolve them
completely; the precursor mixture is transferred to a
Teflonlined stainless autoclave and sealed; then autoclave
containing precursor solution is kept at certain temperature
for a period; after being cooled, the powders are
centrifuged and washed several times to remove the
impurities, by-products and unreacted raw materials. The
most obvious advantage of hydrothermal method is that
CZTS phase can be synthesized at a lower temperature,
from 95°C to 240°C [20–28]. Several factors, including
additives, sulfur source, reaction duration and reaction
temperature (Table 2), can influence the products of
hydrothermal method.
The CZTS produced by the hydrothermal method is

shown in Fig. 2 [22]. The morphology of the particles
confirmed by high-resolution transmission electron micro-
scope (TEM) (B) and selected area electron diffraction
(SAED) pattern (C), are monodispersed (A) and can be re-
dispersed in ethanol forming inks (D). After the synthesis

of CZTS nanoparticles, suspensions used for thin film
deposition can be prepared as follows: nanoparticle
powder is milled for 10 min and is then dissolved in
ethylene glycol (mass ratio is 1:20) forming mixture at
room temperature. After milled again for 20 min, the
mixture was put under sonication for 30 min [25].

2.2 Strategies for stabilization

For the solution, it is not necessary to considerate the
stability of solution when cations (Cu2+/Cu+, Sn4+/Sn2+,
and Zn2+) and anions S2– do not coexist. This isolation of
cation and anions can be achieved through either
preventing the release of S2– or placing cations and anions
in different containers (will be further illustrated in the
successive ionic layer adsorption and reaction (SILAR)
approach). However, when cations and anions are mixed
together, insoluble sulfide precipitates would be produced.
For the suspension, nanoparticles in suspensions tend to
grow up or aggregate and then precipitate, causing the
instability of nanoinks. Therefore, strategies should be
applied to stabilize the NCs in the inks. There are three
methods were presented below.

2.2.1 Physical method

Physical method utilizes physical force, such as milling,
stirring, and ultrasound, to make insoluble particles (metal
elements, oxides, sulfides and synthesized CZTS NCs)
dispersed in solvents. Woo et al. [14] preliminarily milled
precursor powders (Cu2S, Zn, Sn and S) to nanosize
particles with large surface areas and have obtained well-
dispersed slurry. Camara et al. [25] crushed synthesized
CZTS nanoparticle powder for 10 min, and then milled it
for 20 min with the solvent, ethylene glycol. Ultrasound as

Table 1 Constituents of solutions in papers

metal source sulfur source solvent additive reference

metal chlorides thiourea water – [5]

metal chlorides thiourea water HCl [6,7]

metal chlorides thiourea water-ethanol (30 vol% ethanol) – [8–10]

metal oxides ammonium thioglycolate water – [11]

metal chlorides, zinc acetate thiourea water – [12]

Table 2 Factors influencing products of hydrothermally prepared CZTS NCs

factor

influence additive [26] sulfur source [28] reaction duration [24] reaction temperature [24]

what phase phase purity purity

how ethylenediamine (EN)
increases orthorhombic CZTS

different sulfur sources
produce different phases

longer time promotes the
formation of pure CZTS

higher purity at higher reaction
temperature

why EN reduces the surface
energy of CZTS crystals

reaction rate of Zn2+ and sulfur sources
determines CZTS crystal structure

complete the reaction higher temperature provides
more energy
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well as stirring (magnetic stirring is commonly used) are
used to break the adhesion between particles in suspen-
sions. Li et al. [17] have found the non-uniform
distribution of the Cu, Zn, Sn and S precursors and
relatively large precursor particles with mechanical
dispersed CZTS ink. Thus, adding polymer surfactant
may improve the stability of this route. However, physical
method may still be neither effective nor durable in
experiments for its limited stability of the inks.

2.2.2 Carbon-chain ligands capping

This method is derived from conventional hot-injection
prepared nanoinks. Long chain organic molecules are used
as capping agents to prevent the combination between
cations and anions in the solution or prevent the
aggregation of nanoparticles in the suspension. Zhao et
al. [29] prepared hydrophilic CZTS NCs in aqueous
solutions using thioglycolic acid as the stabilizer and the
hydrophilicity enabled the NCs good dispersion in water.
Ethylenediamine as the chelating agent was added to the
solution consisting of metal salts and sulfur source for

hydrothermal synthesis [22]. The strong coordination
ability of organic thiols with metal ions enabled metal
oxides to be dissolved in the aqueous solution with
ammonium thioglycolate [11]. Tian et al. employed PVP as
the ligand to obtain CZTS nanoinks without obvious
aggregation. Metal sulfides were dispersed homogenously
in either water or ethanol with the capping of (n-
hexadecyl) cetyltrimethyl ammonium bromide(CTAB)
(Fig. 3) [17].
Despite high stability brought by carbon ligands, the low

conductivities of CZTS films were caused by the phase
separation and low crystallization. The impurities from
organics residues remain at the interface may act as the
carriers recombination centers. And high annealing
temperature is necessary in order to promote the CZTS
crystallization.

2.2.3 Self-stabilization

Metal chalcogenide complexes (MCCs), described as a
kind of novel inorganic ligand, can effectively replace the
carbon-chain ligands [30–33]. Kovalenko et al. [30,31]

Fig. 2 TEM images of CZTS NCs prepared by hydrothermal process: (a) low resolution TEM image; (b) high resolution TEM image;
(c) SAED pattern; and (d) picture of well-dispersed CZTS/ethanol ‘ink’ [22]
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used hydrazine processed Sn2S
4 –
6 as MCC to cap CdSe

NCs and they discovered that CdSe NCs can be capped
with various MCCs. Jiang et al. [32] and Zhou et al. [33]
have utilized this method to fabricate CZTS nanoinks,
however they used non-benign hydrazine or organic
solvents (such as N-methylformamide [32]) as the solvents
and tedious ligands exchanging as the capping method.
In our past work, we have proposed a novel and effective

strategy, namely self-stabilization, to prepare benign CZTS
nano ink [13]. We specifically designed a route to prepare
aqueous Sn-MCCs (Sn2S

4 –
6 and Sn2S

6 –
7 ) using metallic Sn

power and S with (NH4)2S aqueous solution. When Cu2+/
Zn2+ solutions were blended to the previous solution, Cu/
Zn sulfide NCs were formed and instantaneously capped
by the Sn-MCCs rather than precipitating. And these MCC
ligands can deter metal sulfides from growing and keep the
long-term stability (over 6 months in ambient conditions).
Figure 4 illustrates the process of synthesis of self-
stabilized ink. This route realizes an instant self-compo-
nent capping in an one-pot technique, and no further
exchanging, wash, separation steps are required.
The characterizations of CZTS nanoinks were shown in

Fig. 5 [13]. Raman spectrum (Fig. 5(b)) detected that Sn-
MCCs solution contained Sn2S

4 –
6 (280, 344, 367 cm–1) and

Sn2S
6 –
7 (300, 351 cm–1). The S-Sn (1000 – 1200, 1400

cm–1) vibration both existed in the vacuum-dried CZTS

inks and the precipitation from centrifugation (Fig. 5(c)),
suggesting Sn-MCCs were coated on the precipitated NCs.
The Zeta-potential in nanoinks was – 39.8 mV, which
provided a strong binding between negative Sn2S

4 –
6

/Sn2S
6 –
7 and NCs. The good stability and homogeneity

enable this nanoink to be applied in different types of
deposition techniques, such as spin coating, inject printing,
spray printing.

3 Fabrication of CZTS films

3.1 Deposition techniques

We summarized four film deposition techniques which
were commonly used in CZTSSe film preparation: spin-
coating, spraying, electrodepositon, and successive ionic
layer adsorption and reaction (SILAR). They demonstrate
different advantages and shortages which could serve for
various aims.

3.1.1 Spin-coating

Spin-coating is a common technique for liquid deposition
in laboratories due to its high reproducibility and
suitability for various solutions. Thus, many researchers
made CZTS thin films through spin-coating [8–11,13,34].
It is notable that a large proportion of precursor solutions
used in this technique were sol-gel [8–10,34]. Sol-gel
owned three main merits [34]. First, elemental constituents
can be uniformly blended on a molecular level, which can
accelerate the reaction and facilitate the formation of
homogeneous phase. Second, thin films can crystallize
under a lower annealing temperature because nanoparticles
constitute the gel. Third, controlled extrinsic doping can be
easily achieved due to its good mixture.
However, the drawbacks of spin-coating method were

also obvious. Spin-coating process should be repeated
several times in order to get proper thick thin films
(summarized from above papers). This process could cost
much more time when the solid concentration of CZTS ink
was low. Considerable volumes of the solution dropped on
the substrate surface were spun off, resulting in the low

Fig. 3 Schematic diagram of the preparation of CZTS solution
using metal sulfides with cetyltrimethyl ammonium bromide
(CTAB) as the capping ligand. A typical illustration of carbon-
chained ligands capping on the NCs [17]

Fig. 4 Schematic diagram of the self-stabilized ink [13]
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material utilization. Moreover, this route is also restricted
from large area preparation.

3.1.2 Spray deposition

Spray-related technique is a widely used deposition
method not only in laboratories but also in our daily life.

An aerosol from the precursor solution is delivered to the
substrate surface through a carrier gas, such as compressed
air [12], argon [7] and nitrogen [15]. This technique can be
further divided into two groups: the pyrolysis technique
[5–7,12,35] and the non-pyrolytic technique [15–17].
Traditional pyrolysis technique adds all element sources
into the solvent and then sprays the solution to the substrate

Fig. 5 CZTS nanoinks preparation and characterization. (a) Photos of CZTS nanoinks processed by one-pot mixing of aqueous Sn-
MCC and Cu/Zn sources; (b) Raman spectrum of aqueous Sn-MCC solution; (c) FTIR spectra of CZTS inks vacuum-dried (dried ink) and
the precipitation from centrifugation (centri-powder); (d) TEM morphology of the dispersed NCs with the SAD pattern; (e) high-
resolution TEM image of a few NCs with measured lattice distance of 0.31nm corresponding to the (111) lattice distance of Cu/ZnS; (f)
EDS analysis of as-made CZTS NCs. A Mo grid with carbon support film was used to manifest that the Cu signal is from NCs; (g) DLS
characterization of the CZTS nanoink; (h) Zeta-potential curve of aqueous nanoink associated with MCC capping [13]
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directly, ending up reaction under heating. These reactions
would release some by-products which tend to damage the
performances of the device [15,35].
Larramona et al. [15,16] first synthesized the Cu-Zn-Sn-

S colloid and then washed it, re-dispersing the residual
nanoparticles to make an ink which would be sprayed to
the substrate. However, the CZTS films made by this
method tended to be more porous than the pyrolysis
technique, which would increase the surface area resulting
in fast surface oxidation [15]. Moreover, the considerable
secondary phases, ZnS grains, remained in the final device
(Fig. 6 [15,16]). Li et al. [17] initially synthesized binary
sulfide (i.e., CuS, ZnS and SnS2) and then mixed these
sulfide nanoparticles in the ratio 2:1:1 in water or ethanol.
The sulfide particles would react on the surface after being
sprayed to the substrate, forming quaternary compound
CZTS.
For spray deposition, the substrate temperature is a key

that it can influence both the morphology and the
stoichiometry of the CZTS film [5,7]. A possible
disadvantage of sprayed CZTS is its roughness could
cause carriers combination at CZTS/CdS interface [7].

3.1.3 Electrodeposition

Electrodeposition is suitable for large-area coating with
high materials utilization (up to 90%) [36]. Two electro-
chemical methods have been used to deposition CZTS
films: the stacked elemental layer (SEL) approach [36–39]
and the co-electrodeposition approach [40–44]. The SEL
approach electrodeposits metals one-by-one to make a
stacked precursor film and this precursor is sulfurized in
either elemental S vapor or H2S (the latter is confirmed to
be more effective at converting the precursor in to CZTS
[39]). The other approach co-electrodeposits metal as an
alloy or even provides all constituents including S from the
same electrolyte [43]. Also, sequent anneal is necessary to
make a compact film.
Overall, the electrodeposition approach has high

utilization especially for industrial production. Never-
theless, it is complicated compared with spin-coating and
spray. In some cases, additives (sorbitol [36], methane
sulfonic acid [36], sodium-pyrophosphate [41], etc.) are
added as supporting electrolyte which can result in
impurities and toxins involving. For aqueous solutions, a

Fig. 6 Dark-field STEM image and corresponding EDX-STEMmapping for Cu, Zn, and Sn elements in a slice of a Mo/CZTS (Se)/CdS/
ZnO/ITO device (Cu: red, Zn: blue, Sn: green) with a CZTS (Se) film made by non-pyrolytic spray [15,16]
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massive hydrogen evolution happens at the working
electrode resulting in hydrogen embitterment [45].

3.1.4 SILAR

The dispersions of the solutions used in the SILAR method
[46–50] are ions and cations as well as anions are deposited
separately. Figure 7 [48] illustrates the procedure of
SILAR technique and its growth mechanism is [50]: (1)
cations are absorbed onto the substrate forming Helmholtz
Electric Double Layer; (2) loosely bounded cations are
rinsed; (3) anions are absorbed from anionic solution and
react with the cations; (4) excess and unreacted species are
rinsed. By repeating this cycle, the proper thickness can be
obtained.
The thin film can be deposited only through immersing.

This simplicity provides the feasibility for large-scale
production. It is the deposition cycles and time that are
used to adjust the thickness of SILAR method. Finally, this
technique has less strict requirements for the substrate
materials, which expands the range of application of
SILAR method [49]. For instance, deposit CZTS onto
glass, stainless steel and fluorine doped tin oxide (FTO)
substrate respectively.

Imitating SILAR approach, several derivative methods
are invented. Su et al. [51] and Gao et al. [52] deposited
Cu2SnSx and ZnS sequentially involving SILAR and then
the stacked layer precursor film was annealed to synthesize
CZTS. Wangperawong et al. [53] deposited SnS and ZnS
in sequence through chemical bath deposition (CBD).
After that, ion exchange was used to incorporate copper to
form final CZTS.
Table 3 summarizes the main features of the four

deposition techniques. Although these techniques are the
commonly-used methods to transform benign solutions
into CZTS thin films, there are still other approaches,
consisting of doctor blading [18,29], photo-chemical
deposition [54] and chemical bath deposition [55].

3.2 Annealing

To form a compact and homogenous CZTS thin film and
fabricate CZTSSe solar cells, an annealing step is
indispensable. Theoretically and empirically, a high-
quality CZTS thin film should be nearly stoichiometric
(the copper-poor and zinc-rich CZTS is generally regarded
as a good film [56]) without harmful secondary phases and
impurities. The elimination of impurities should be carried

Fig. 7 Schematic diagram of SILAR technique for the deposition of CZTS: beaker 1 contains cationic precursors, beaker 3 contains
anionic precursor and beakers 2 and 4 contain double distilled water (DDW) [48]

Table 3 Comparison of different deposition techniques with highest efficiencies

techniques time-consuming simplicity large-scale production solution/ suspension quality of film highest efficiency

spincoating [11] no yes no both general 6.62%

spray [16] no yes yes both general 8.60%

electrodeposition [41] no no yes solution good 3.40%

SILAR [46] yes yes yes solution general 1.85%
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out carefully in every step considering that the perfor-
mance of solar cells is extremely sensitive to impurities. In
terms of raw materials, elements and sulfides are better
than salts (anions could be the unwanted elements) while
oxides (the oxygen is too stable to be removed) are the
worst. In the annealing process, inert gases or chalcogenide
vapors are introduced to prevent impurities from the air.
The first process of annealing is that solvents (such as

water and ethanol) and volatile organic additives (if any,
such as ethanediamine and thioacetamide) will volatilize,
or decompose into smaller molecules and then volatilize.
When temperature is increased to a higher and stable level,
CZTS crystals start to be formed. But the formation
process is different for films deposited by different
methods or from different solutions illustrated in Table 4.
Using inks consisting of CZTS nanoparticles made by
hydrothermal method, the kesterite nanoparticles would
grow up due to the mutual annexing. In terms of
orthorhombic and wurtzite nanoparticles, as they are
metastable while kesterite phase is stable, annealing
process would transform it into kesterite phase
[20,26,28]. Jiang et al. [26] figured out that the
transformation temperature from the orthorhombic struc-
ture to the kesterite structure was 500°C. Tiong et al. [28]
discovered that a part of wurtzite CZTS decomposed into
Cu3SnS4 during thermal treatment.
When metal sources and sulfur source both exist in

solution or they are both deposited on the surface of
substrates, the reactions take place among metal sulfides
[57,58]. The extent of crystallinity of CZTS increases with
annealing temperature as shown in Fig. 8 [8]. The
precursor films made up of oxides or electrodeposited
stacked metallic layers without S would be sulfurized with
S or H2S [18,39,44].
In our previous work [13], the CZTS thin film spin

coated on molybdenum-coated soda-lime glass was baked
in a glove box filled with nitrogen. The coating and heat
treating (180°C and 400°C) process were repeated ten
times for a targeted absorber thickness. In a glove box full
of nitrogen, with 5 – 50 mg addition of selenium to tune the
band gap of absorber, the final annealing (540°C – 600°C,
10 – 25 min) was carried out in a covered hot-plate,
obtaining CZTSSe film. The characterization of CZTSSe

film is shown in Fig. 9. The Raman curves (Fig. 9(a))
and XRD pattern (Fig. 9(b)) illustrated the composition of
the thin film can be gradually changed from CZTS to
CZTSe with the increase of Se ratio. The cross-sectional
(Fig. 9(c)) and top-view (Fig. 9(d)) SEM images confirmed
the absence of impurity and obvious crack in CZTSSe
layer. The solar cell achieved the photoelectric conversion
efficiency of 5.14% (Fig. 10(a)) whose absorber was the
annealed CZTSSe thin film with 1.22 eV band gap (Fig. 10
(b)).

4 Optimization

We also review some papers that propose optimization
strategies to achieve either a high-quality CZTS thin film
or a high-efficiency solar cell. These approaches can be
similarly applied to optimize the CZTSSe thin film solar
cell fabricated by benign solution [59–61].

4.1 Optimal compositional ratios

It is well known that the compositional ratios Cu/(Zn+ Sn)
&0.85 and Zn/Sn&1.25 are optimal for high efficiencies
[59]. Two dominant advantages can be brought from the
Cu-poor and Zn-rich composition. First, according to the
calculation of Chen et al. [62], this condition will promote
the formation of Cu vacancy (VCu) while suppress the
formation of the donor defect CuZn antisite. The CuZn is
more effective to be the recombination center, which is
detrimental to the performance of CZTS solar cell, because
its level is deeper than VCu. Thereby, the Cu-poor and Zn-
rich condition is beneficial.
Second, on the basis of the relation between different

secondary phases formation and the ratios of Cu/(Zn+ Sn)
and Zn/Sn reported by Vigil-Galán et al. [63], their
formation will be inhibited when the compositional ratios
reach the optimum. The ZnS binary phase existed in all
cases while the Cu2SnS3 (CTS) ternary phase disappeared
in Zn-rich ones. Nevertheless, their appearances were both
restrained in the Cu-poor and Zn-rich circumstance. As for
the CuS phase, its volume arised with the augment of Cu/
(Zn+ Sn) ratios (between the range of 0.80 and 1.01).

Table 4 Comparison of annealing conditions for CZTS film deposited using different techniques

components solution/ suspension deposition technique temperature/°C time/min atmosphere reaction

Cu2S+ metal elements
[14]

suspension spin-coating 400 – 530 30 N2 + H2S (5%) liquid phase sintering

metal sulfides [52] solution SILAR 200 – 500 120 N2 + S solid state reaction

metal oxides [18] suspension doctor-blading 250 – 600 30 S sulfuration

metastable CZTS [28] suspension doctor-blading 550 – 600 30 S phase transformation
(to kesterite)

kesterite CZTS [25] suspension spin-coating 450 60 N2 growth

metal sulfides [13] suspension spin-coating 540 – 600 10-15 N2 + Se solid state reaction
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However, the efficiencies of solar cells using CZTS thin
films as absorbers increased when the values of Cu/(Zn+
Sn) ratios decreased. Therefore, the performance will be
enhanced in Cu-poor and Zn-rich conditions resulting from
the inhibition of secondary phases formation. Interestingly,
all secondary phases were found in the near stoichiometric
sample, i.e., Cu/(Zn+ Sn) = 1.01 and Zn/Sn = 0.98.
Various measures can be taken to adjust the elemental

composition of CZTS to obtain the optimum. Vigil-Galán
et al. also [7] have investigated this problem in detail when
they fabricated CZTS thin film through spray pyrolysis.
Table 5 shows the influence of several different conditions
on the composition of CZTS thin film with the dectection
of X-ray fluorescence (XRF). From this table, we can learn
that the elemental ratios in solution (stoichiometry or
nonstoichiometry), the composition of annealing atmo-
sphere and chemical etching all affect the compositional
ratios. These factors are universal for all solution-based
methods not only effective for the spray pyrolysis
technique.

Fig. 8 XRD patterns of CZTS thin films as a function of
annealing temperatures [8]

Fig. 9 Characterization of CZTSSe film. (a) Raman curves of the CZTSSe film produced by annealing the CZTS film in an atmosphere
containing different amounts of Se and S, indicating a fully tunable composition and consequently a band gap; (b) XRD pattern of the
CZTSSe absorber film. Peaks indexed to Mo and MoSe2 (from substrate) as well as the standard diffraction patterns for CZTS (JSPDS 26-
0575) and CZTSe (JSPDS 52-0868) are included for reference; (c) cross-sectional and (d) top-view SEM images of the CZTSSe absorber
film [13]
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Besides, there are other specific factors influencing the
elemental constituent of CZTS thin film deposited by
different approaches, such as the substrate temperature
(spray deposition) [7], plating time (electrodeposition) [37]
and immersing time (SILAR) [53]. However, the influence
of these factors is seemingly hard to be controlled
accurately and thus needs exploration in the specific
experiment.

4.2 Doping

The poor crystallization, such as small grain and non-
compact morphology, boosts the increase of Rs and the
recombination of the photocurrent [34]. The crystallinity of
CZTS with Na-doping demonstrates sharper XRD peaks,
indicating better crystallinity or larger grain sizes of Na
doped CZTS films [34]. This result is confirmed by Wen et
al. [64] and Prabhakar & Jampana [65]. Tong et al. [66] and
Johnson et al. [67] find another alkali metal, potassium (K),
is also beneficial for the growth of grains. Therefore, in
order to improve the crystallinity, Na/K-doping is a
feasible and convenient method for CZTS thin films
from solution as these elements can be easily doped into
solutions.
The function of Na-doping is more than improvement of

crystallization. The electrical properties of CZTS thin films
are enhanced significantly. Zhou et al. [68] fabricated the
solar cell based on CZTS:Na nanocrystals and its SEM
image is shown in Fig. 11(a). They measured the electrical
characterization of the CZTS:Na- and CZTS- based
devices. Figures 11(b) and 11(c) show that open circuit
voltage (Voc), short circuit current (Jsc), fill factor (FF) and
external quantum efficiencies (EQE) all have been
enhanced when CZTS was substituted by CZTS:Na as
the absorber layer. Devices with Na-doping CZTS
absorber also have longer minority carrier lifetime and
higher carrier concentration: the minority carrier lifetime of
CZTS:Na- and CZTS- based solar cells are 3.6 and 1.5 ns,
respectively, characterized by time-resolved photolumi-
nescence (TRPL) as shown in Fig. 11(d); the carrier
densities are (9 – 10) and (8 – 9) � 1015 cm–3 for the CZTS:
Na- and CZTS-based devices, respectively, measured by
capacitance-voltage (C-V) test as shown in Fig. 11(e). The
improvement of electrical properties attributes to the
effective defect passivation of Na-doping and leads to
50% enhancement of power conversion efficiency (PCE)
(increased from 4% to 6%). Wen et al. [64] and Nagaoka et
al. [69] also observed the conductivity and hole concentra-
tion can be enhanced through Na-doping. The improve-
ment of the electrical properties is explained by that Na

Fig. 10 (a) J-V curve and (b) EQE spectrum of the CZTSSe device fabricated from aqueous CZTS nanoink [13]

Table 5 Compositional ratios of the precursor elements for as-deposited, annealed, and annealed and chemically treated samples. The as-deposited

samples were deposited from stoichiometry and nonstoichiometry solutions [7]

samples Cu/(Zn+ Sn) Zn/Sn

As-deposited (from stoichiometry solution) 0.96 0.79

annealing with S (550°C) (from stoichiometry solution) 1.01 0.98

annealing with S (550°C) + KCN (from stoichiometry solution) 0.58 0.90

annealing with S+ Sn (550°C) (from stoichiometry solution) 0.99 0.92

annealing with S+ Sn (550°C) + KCN (from stoichiometry solution) 0.52 0.94

As-deposited (from nonstoichiometry solution) ( –20% Cu and+20% Zn) 1.00 1.13

annealing with S+ Sn (550°C) (from nonstoichiometry solution) ( –20% Cu and+20% Zn) 0.80 1.37
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tends to aggregate at the grain boundaries where defects
also aggregate. These defects resulting in the recombina-
tion of photo-excited electron and hole are passivated by
Na and thus the performance is enhanced [70].

4.3 Surface treatments

The surface composition of CZTS film is crucial for the
device performance because it affects the defects in the
depletion zone where photo generated carriers generate
and separate. Secondary phases (metal sulfides) can be the
unwanted composition and these phases can be removed
by surface etching. For example, aqueous KCN can be
used to remove copper sulfide phases [36]. In our previous
work [71], we have researched the relation of the surface
compositions to bulk defect depths and doping densities in
detail.
As-deposited CZTSSe thin films were annealed in sulfur

vapor but the sulfur content was varied to obtain different
samples. Sample S1 (below 1mg S) had no efficiency
while sample S2 (4 mg S) and sample S3 (6 mg S) had the
efficiencies of 1.16% and 6.4%, respectively. Through
Auger electron spectroscopy (AES) depth analysis, we

observed that remarkable elemental variations appeared at
the surfaces (within 250 nm) while the elemental ratios
over 250 nm were homogenous and close among three
samples. The surface composition of S1 was copper-rich,
resulting in short circuiting. In contrast, S2 and S3 were
copper-poor at surfaces.
However, the reason that made the efficiency of S3

exceed that of S2 significantly was unknown, yet. Thereby,
Admittance spectroscopy (AS) characterization was used
to estimate the energy level of defects. Capacitance-
frequency (C-F) scans for S2 and S3 are shown in Figs. 12
(a) and 12(b), respectively. The Cm curve of S2 (Fig. 12(a))
slumps at around 105 Hz whereas the sharp drop of S3 (Fig.
12(b)) happens at 106 Hz. According to Walter’s theory
[72], it can be asserted that the defect levels of sample S2 is
deeper than S3. This assertion is confirmed by the
phenomenon that S3 reaches the peak at higher frequency
region than S2, in the trap conductance spectra (Gm –Gd)/
w (Fig. 12(c)). The actual energetic depths of the defect
(Ea) for S3 and S2 are 101 and 156 meV, respectively,
estimated by linearly fit Arrhenius plots (Fig. 12(d)). The
deep trap and large Ea are the character of the effective
recombination center, which hurts the performance of S2.

Fig. 11 (a) SEM image of typical solar cell based on CZTS:Na nanocrystals. Electrical characterization of the CZTS:Na- and CZTS-
based devices; (b) current-voltage (J -V) characteristics under air mass 1.5 illumination, 100 mW/cm2; (c) EQE spectrum of the device
without any applied bias; (d) TRPL of the device under low injection; (e) capacitance –voltage measurement, with the measurement
frequency of 11 kHz, the DC bias ranging from 0 to – 0.5 V, and the temperature at 300 K [68]
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Moreover, S3 (9.7 � 1015 cm–3) possesses the lower
calculated p-type doping density than S2 (1.1 � 1017 cm–3)
from capacitance-voltage (C-V) characterization. There-
fore, it is the type and density of defect at surfaces caused
by different sulfurization process that determine the
photovoltaic performances to a large extent.
In view of the above analysis, we have proposed a

simple and effective sulfurization process (at about 10 kPa
sulfur pressure) to manage the surface reaction as well as
the diffusion of Cu, Zn and Sn, optimizing the surface
constitution.

4.4 Back contact blocking layers

Even if a high-quality CZTS thin film might be synthesized
though above optimizations, some challenges still hinder
the manufacture of high-efficiency solar cells. Tradition-
ally, CZTS thin films are deposited on the surface of Mo
glass and the formation of MoS2 or MoSe2 is inevitable.
On the one hand, adequate thin MoS2 or MoSe2 is
beneficial for the solar cell due to the quasi-ohmic contact

and good adhesion with the CZTS film [59,73]. On the
other hand, the thick MoS2 or MoSe2 layer contribute to
high series resistance [73]. Thin barrier layers, such as Ag
[74], ZnO [75], and TiN [76], are introduced to inhibit the
side reaction. Although the barrier layer currently degrades
the crystallinity of the absorber lowering Voc, it improves
the efficiency by enhancing Jsc and FF [77].

5 Conclusions

Constituent materials of CZTS can be dissolved or
dispersed in benign solvents (such as water and ethanol)
according to their solubility. The stability of the benign
solution is critical and three strategies are come up with.
Physical milling is simple, but it still requires organic
chemicals to maintain certain stability. Chemical capping
method is effective but can lower the conductivity of the
thin film and includes impurities as organics are intro-
duced. The self-stabilization route with aqueous system
seems to be an excellent strategy in terms of its high

Fig. 12 Electronic characterization for CZTSSe devices S2 and S3. Admittance spectroscopy (AS) of S2 (a) and S3 (b) with temperature
range of 180 to 300 K; (c) the trap conductance spectra (Gm –Gd)/w; and equivalent circuit model; (d) Arrhenius plots of S3 and S2 derived
from AS patterns. The estimated energetic depths of the defect (Ea) for S3 and S2 are 101 and 156 meV, respectively [71]
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availability and long durability without introduction of
unwanted carbon chains. Various coating techniques are
applied to deposit CZTS films. Spin-coating is easy to
implement but not suitable for large-scale production;
spray method can be applied to almost any kind solution/
suspension; electrodeposition outputs the high quality film
but the process is complicated; SILAR can be operated
simply but consumes a large amount of time.
The efficiency of the CZTS solar cell prepared by benign

solution process is not as high as non-benign cousin. Given
the merits of that benign solution processing is an
environment-friendly, low-cost, and high-utilization
approach for large-scale synthesis of CZTS thin films,
more research efforts are worthy to be devoted to this area.
It is necessary to note that the self-stabilization route with
aqueous media has demonstrated very competitive strength
in both production-cost and film qualities among benign
CZTS inks. Integrated with roll-to-roll printing process,
the CZTS solar cells can be “real” low cost and
environmentally friendly in both aspects of materials and
fabrication.
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