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Introduction
For a more sustainable future, technology must evolve by 

developing solutions that use abundant and non-toxic raw materials, 
along with simple production processes. In this context, photovoltaic 
devices based on earth-abundant and low toxic elements can play 
an important role [1,2]. Among the most promising materials there 
is the kesterite class, that belongs to the chalcogenide family. The 
most famous relative is Cu(In,Ga)Se2 alloy, called CIGS, which is 
usually fabricated by vacuum processes followed by sintering in 
Selenide atmosphere, and rare elements are involved. Therefore, 
even if CIGS reach high performances, [3] its cost remains too high. 
By replacing two indium (In+3) or gallium (Ga+3) with one tin (Sn+4) 
and one zinc (Zn+2), Kesterite-based photovoltaics using Cu2ZnSnS4 
(CZTS), Cu2ZnSnSe4 (CZTSe) and Cu2ZnSn(S,Se)4 (CZTSSe) is 
emerging as the most viable alternative [4]. Kesterite-based solar 
cells express lower performance than CIGS, but it is composed of 
abundant and low toxic elements. In Nature, it is a mineral where 
zinc and iron share the same lattice sites. In the laboratory, it can 
be synthesized as a p- type semiconductor material, and lately, it is 
attracting increasing attention, with the aim of decreasing the thin-
film photovoltaics production cost and lowering the environmental 
impact [5]. Kesterite has a high absorption coefficient, about 105cm-

1, and a direct band interval in the range from 1.0 to 1.5 eV, allowing 
a useful collection of incident photons by a layer thicknesses of a 
few microns [6]. As Photo-absorber, kesterite displays an optimal 
direct bandgap and a high absorption coefficient. Moreover, the 
energy band gap can be tuned for total or partial replacement of  

 
the components. Therefore, with less toxic and more abundant 
elements, with optimal band levels and high absorption coefficients, 
kesterite compounds are promising candidates for application in 
solar cells. The conventional methodology to produce kesterite-
based solar cells is based on the co-evaporation of single metal 
elements or the sputtering of the appropriate metallic precursors, 
followed by a crystallization at high temperature in the presence 
of Se and/or S vapor [7]. At the same time, an intense research 
is developed on vacuum-free deposition methods, which can be 
summarized in three main categories:

1. deposition of solutions based on electrochemical 
techniques [7]; 

2. printing/coating from precursor solutions [7];

3. printing/coating from particle-based solutions [7]. 

The first kesterite solar cell was built with vacuum techniques 
by Katagiri et al. [8], showing a conversion efficiency of 0.66% in 
1997 [8]; the current 12.6% record efficiency belonged to CZTSSe 
and was reported in 2014 [9]. Surprisingly, most of the record 
devices since 2009 have been made using a solution process for 
depositing the absorber film, contradicting the paradigm that 
the films deposited by wet chemistry generally generate lower 
performances compared to the similar ones deposited in vacuum 
[10]. Moreover, the non-vacuum technologies have the advantages 
of lowering the production costs and giving high uniformity of the 
final stoichiometry composition [5]. 
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Abstract 
The research on photovoltaics is focusing on developing solutions that involve the employment of abundant and non-toxic raw materials, along 

with simple production processes. Among the light-absorbing materials, which use earth abundant elements and are easily processable, there is the 
class of kesterite compounds. The efficiency record has been stopped at 12.6% for five years, but the research is fervent and dedicated to solving the 
limitations that make the device immature for the commercial market. The involvement and collaboration of researchers from multiple disciplinary 
areas are feeding the knowledge of this class of materials, promoting it as a possible next leader of the photovoltaic market.
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However, further improvements are needed for achieving the 
efficiency required for the practical application: secondary phases 
have not been sufficiently reduced; the relationship between 
the growth process and the chemical composition is not entirely 
focused, the transport properties and the recombination of 
photo generated carriers’ phenomena are not yet fully described. 
Moreover, the device architecture commonly employed is the same 
one used for CIGS, although it is not optimized for the kesterite. This 
mini review describes how many efforts are being made to fill these 
gaps and how much room for improvement this class of materials 

owns.

Defects and Doping
It is well known that to obtain high-efficiency devices, it is 

necessary to obtain an off-stoichiometric composition [8]. It is 
required that the material be copper-poor and rich in zinc [5,11]. 
The kesterite structure can adapt to both copper-poor and copper-
rich compositions, without changing the structure, except in terms 
of cation distribution [12]. During the kesterite synthesis, the first 
species that is formed is ZnX (with X = S and/or Se), followed by 
the formation of the other binary or ternary compounds, so the 
structure is poor in Zinc at the beginning of its formation. Therefore, 
to compensate for this deficit, zinc-rich reaction conditions are 
needed [13]. The main point defects are VCu, CuZn (acceptors) and 
ZnCu (donor) [13]. Since high-efficiency devices are poor in Cu, VCu 
plays a fundamental role in intrinsic doping. Furthermore, even 
in CIGS, [14] p-doping is also explained by the presence of VCu. 
A final consideration to account is related to the volatility of Sn-
chalcogenide species and the resulting possible decomposition of 
kesterite at relatively high temperatures [15]. After the sintering, 
during the cool-down process, it is highly possible that kesterite 
release Sn to the atmosphere [16], leading to an Sn-loss from the 
surface, creating Sn-poor conditions and the associated defects. In 
addition, the kesterite structure is reach of intrinsic deep defects, 
which can be compensated through proper design of the extrinsic 
doping. The types of extrinsic doping can be classified as:

1. with isoelectronic elements of the same family of Cu, Zn 
and Sn, i.e. Ag, Cd, and Ge [17]; 

2. with alkaline elements, such as Li, Na, K, Rb, and Cs [17]; 

3. with unconventional elements such as In, Bi, Sb, and Fe 
[17]. 

Some remarkable results have been obtained using small 
amounts of Ge, attributing the beneficial effect to the reduced loss 
of Sn (with a relative minimization of the secondary phases), to the 
reduction of deep defects, and the downgrading of recombination 
to the grains’ boundaries [18]. Also, Na is related to the increase 
in the grain size in concentration of charge carriers [19-21]. 
This phenomenon can be explained either by hypothesizing the 
passivation of ZnCu donor defects  [22], or by the Na diffusion to the 
grain boundaries during the cooling process, thus generating more 
VCu in bulk [17]. 

Interfaces and Device Architecture
Another key issue is related to the poor quality of the interfaces. 

It can be improved by adequately choosing the other layers that 
compose the device (Figure 1).

Figure 1: Typical architecture of a kesterite-based solar cell: 
aluminum contact fingers / aluminum doped zinc oxide (AZO) / 
CdS (n-type semiconductor) / kesterite (p-type semiconductor) / 
Mo / Glass.

A chalcogenide-based solar cell consists of a series of layers of 
different materials, as shown in (Figure 1). The two electrodes are 
the Mo, deposited on a glass plate that acts as a charge extractor 
for the holes, and the aluminium doped zinc oxide (AZO), which 
is instead used to collect the electrons. The kesterite is a p-type 
semiconductor, therefore a layer of cadmium sulphide, CdS, n-type 
semiconductor, is chemically deposited to form the p-n junction. 
Since the layer of the absorber material could be irregular, and 
the CdS layer is extremely thin, an intrinsic ZnO layer, i-ZnO, is 
deposited above the CdS to prevent the two electrodes (Mo and 
AZO) coming into contact, so putting the cell in short circuit. Above 
the AZO thin strips of Al or Ag / Al alloys are deposited which collect 
the current produced. Mo, ZnO and AZO are deposited by cathodic 
sputtering, while the aluminum contacts are made using a thermal 
evaporator [4,10]. Many of the defects at the interface between 
kesterite and adjacent materials are created during the annealing 
process, due to the inter-diffusion of the components. Secondary 
phases can, therefore, be had, such as Cu2S near the CdS and ZnS 
/ SnS2 close to Mo, thus destroying the bands’ alignment [23-25]. 
Until now, the CdS is the most efficient buffer layer for kesterite 
based solar cells and CIGS, but there is a strong demand for the 
development of a Cd-free buffer layer, due to the toxicity of the Cd 
and its concerns regarding the long-term safety. Furthermore, the 
alignment of the band between the kesterite and CdS is not ideal, 
increasing recombination at the interface. [4] Some interesting 
works report an improvement in performance, due to a decrease 
in recombination and to a more effective charge collection, using 
Zn-based buffers such as Zn1-xSnxOy [26], Zn(O,S) (which varying 
the sulphur-oxygen ratio tunes the offset of the conduction band) 
[27], or simply ZnS [28]. Moreover, during the sulfurization process 
that is commonly applied during sintering, a MoS2 or MoSe2 layer is 
generated between CZTS and Mo, which depending on the thickness 
can completely inhibit the extraction of the charge [29-31]. Mo 
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is used because it is well known and applied in high-efficiency 
solar cells like CIS, CIGS [32], but alternatives are being sought for 
kesterite, such as W, ITO, FTO, Cr, V, Ti, Mn, Au, Ni, Ag, Pt, Nb, leading 
to some encouraging results [5,33]. Another way to overcome the 
drawbacks of the Mo use  is to insert an intermediate nanometres 
size layer between Mo and CZTS, such as TiN, Ag, Bi, C, ZnO, Al2O3, 
TiB2 [5,33]. 

Conclusion
Although the efficiency record has not improved over the last 

five years, the basic understanding and the development of specific 
synthesis methods for this class of compounds have made significant 
steps forward, involving more and more research groups. Being 
able to make high-efficiency devices using low-cost methodologies 
is a great challenge for the whole scientific community. The main 
reason for the low efficiency of the solar cell in kesterite is the 
high loss of charge carriers due to recombination. Therefore, the 
defects must be managed to reduce the recombination processes 
and increase the charge collection. Several processes have been 
tested, but still, the presence of deleterious secondary phases have 
not yet been sufficiently reduced. Moreover, the architecture of the 
device used up to now is not optimised for kesterite; more work is 
needed to reinvent an architecture dedicated to kesterite. However, 
considering that more and more researchers from the chemical, 
physical and engineering areas are combining their efforts to bring 
the efficiencies of these solar cells to competitive values, this class of 
materials can effectively become the next leader in the photovoltaic 
market.
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