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Abstract In the years to come, electricity production is bound to increase, and Cu2ZnSn(S, Se)4
(CZTS) compounds, due to their suitability to thin-film solar cells, could be a means to fulfill the de-
mand. After explaining the reasons of the sudden interest of the CIGS scientific community for CZTS
solar cells, this paper reviews recent papers published on the subject of kësterites-based solar cells. After a
description of crystallographic and optoelectronic properties, including CZTS crystalline structure, defect
formation and metal composition, this review paper focuses on CZTS synthesis processes and device prop-
erties. Synthesis strategies, including one- or two-step processes, deposition temperature, binary formation
control via atmosphere control and their effect on device properties are discussed.

1 Sustainability of photovoltaic industry

In the years to come, electricity production is bound
to increase (from 17 PWh in 2009 to 28–34 PWh in
2035 [1]) and as a consequence the increased demand on
fossil fuels as well as possible regulations on CO2 emissions
are bound to increase the wholesale electricity costs. On
the other hand, the price-experience factor of 22% that
was observed for the last 4 decades should stay at the
same level or slightly below [2, 3], leading to a decrease
of photovoltaic (PV) electricity costs [2,4]. A first change
of paradigm is now happening, because in some places
like South Italy and other sunny/high electricity price re-
gions [5], the price of retail electricity is higher than the
cost of PV electricity (grid parity). A second parity, the
“fuel parity”, will happen when the cost of PV electricity
is lower than the marginal costs of operating fossil fuel
based power plants [6]. According to deployment scenar-
ios, this fuel parity could happen between 2020 and 2040.

The massive deployment of PV foreseen in years
2020−2040 could lead to 1.5 to 2.5 TWp of world-
wide installed PV capacity in 2030, with a demand of
20−150 GWp/y and around 30% of the market taken by
thin films [2, 4].

The question of the sustainability of the production of
20−150 GWp/y of PV was raised by a few publications,
and in particular the worldwide mining and refining capac-
ity of a few critical elements could be the main problem
of the photovoltaic industry in the years to come. Each

a e-mail: delbos.sebastien@gmail.com

PV technology has one or more limiting elements, such as
silver for crystalline silicon, indium and gallium for CIGS,
Tellurium for CdTe, Ruthenium for dye-sensitized solar
cells, silver and indium for thin-film silicon, germanium,
gold, indium for III-V PV [7, 8]. The chalcogenide tech-
nologies are particularly vulnerable to In, Ga, Te supply,
which has been noted critical or near critical by the US De-
partment of Energy [9] or the European Commission [10].

According to various authors, the production of PV
modules could be limited below the demand reported ear-
lier in this paper, as summarized in Table 1. Crystalline
silicon PV seems suitable for supplying the demand, but
one should keep in mind that the basic assumption used
for the third and fourth column of this table is that all
worldwide production of silver is used for crystalline PV.
The fifth column shows the forecast 2030 demand for Ag,
Te, In with respect to the 2008 production. It appears
that the demand will grow enormously. If we focus on In,
in 2030 the total demand (including PV and other uses)
could be 3 to 7 times the 2008 production [10,11], whereas,
as In is a byproduct of Zn extraction, the elasticity of the
production with respect to demand is low. One author
suggests that CIGS and CdTe technologies will not be im-
peded by resources problems, but he does not take the
increase of other sources of demand for In and Te into
account [12].

The sustainability of PV production is therefore a
real question, and the development of a new PV technol-
ogy based on abundant and preferably non-toxic elements
would alleviate the pressure on all PV technologies in term
of resources.
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Fig. 1. Evolution of the record efficiency for CZTS solar cells. See Table 2 for the references.

Table 1. Production limitations of the PV technologies [7,8,10–12,129].

PV technology Limiting Max installed capacity Max yearly production Ratio (demand
element based on the limiting based on annual production 2030/2008 production)

element reserves of limiting material of limiting element
(1.5–2.5 TWp demand) (20–150 GWp demand)

c-Si Ag 5–15 TWp 305 GWp 20
CdTe Te 0.1–0.8 TWp 2.3–40 GWp 50
CIGS In 0.1–0.6 TWp 13–26 GWp 3

Dye-sensitized Ru, In (TCO) 0.06–0.9 TWp 2.2 GWp n.a.
solar cells

2 Advantages of CZTS

Recently the CIGS scientific community started to
work on Cu2ZnSn(S, Se)4, (CZTS), and the enthusiasm
was kindled by the fast increase of record efficiency of
CZTS-based solar cells, from the 2009 record of 6.7% [13]
to 2011 record of 10.1% [14], as shown in Figure 1. CZTS
has numerous advantages that could lead to its massive
use as an abundant, non toxic, low cost absorber for thin-
film photovoltaic solar cells:

– it is a compound whose intrinsic point defects lead to
p-type semiconductor behavior;

– it has a direct bandgap and an absorption coeffi-
cient >104 cm−1, which is suitable for thin film photo-
voltaics applications [15–17];

– its band gap has been predicted [18] to be 1.0 eV for
Cu2ZnSnSe4 and 1.5 eV for Cu2ZnSnS4 and evidences
of the bandgap tunability have been found via the vari-
ations of VOC [19], as well as direct measurements
of the variation of the bandgap between 1.0 eV for
Cu2ZnSnSe4 and 1.5 eV for Cu2ZnSnS4 [20–24]. The
band gap of CZTS can also be tuned by incorporation
of Ge, Ge-containing materials having smaller bandgap

than their Ge-free counterparts [25]. This tunability
is of particular interest for the manufacturing of ab-
sorbers with a band gap between 1.1 and 1.5 eV, which
allow theoretical efficiencies higher than 30% [26];

– its crystallographic structure can accept some shifts
from the stoichiometric composition [27];

– it includes Zn and Sn which are respectively produced
in quantity 20 000 and 500 times bigger than In [28];

– it is possible to make CZTS solar cells just by replacing
CIGS by CZTS in CIGS solar cells, and such solar cells
yielded efficiencies up to 10.1% [14,29]. The knowledge
gathered on back contact, buffer layers and window
layer by CIGS scientists can therefore be used and
adapted for CZTS solar cells. Nevertheless, for high
efficiency solar cells the processes used for CIGS so-
lar cells will need to be tuned. The buffer layer, in
particular, will have to be tailored in order to ad-
just the lattice-matching, the valence and band offsets
with CZTS;

– the grain boundaries (GB) seem to have the same ben-
eficial properties for CZTS as for CIGS, such as en-
hanced minority carrier collection taking place at the
GB [30].
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3 Crystallographic and optoelectronic
properties

This paper is focused on synthesis processes of CZTS,
and thus will only briefly address the crystallographic and
optoelectronic properties. For more information on crystal
and band structure and defects in kësterites, the reader
can find a recent review dedicated to these topics here [31].

3.1 Crystalline structure

In the literature Cu2ZnSnS4 and Cu2ZnSnSe4 (as well
as Cu2ZnGe(S, Se)4 [32]) are described by the structural
models of two natural minerals: stannite (space group
I-42m) [33–35] and kësterite (space group I-4) [33]. These
crystal structures are very close, in both structures the
cations are located on tetrahedral sites but their distri-
butions on planes perpendicular to the c-axis are not the
same. In addition, the position of the chalcogen atom is
slightly different in these structures [33–35].

– kësterite: (Cu + Sn) / (Cu + Zn) / (Cu + Sn), chalco-
gen in position (x, y, z), Figure 2;

– stannite: Cu / (Zn + Sn) / Cu, chalcogen in position
(x, x, z).

In the rest of the paper, “kësterite” will be used for the
crystallographic structure, and “kësterites” will be used
for Cu2ZnSn(S, Se)4 compounds that are crystallized in
kësterite type structure. X will be used for the chalcogens
S and Se when an effect or properties can apply to both
of them (for example Cu2(S, Se) will be noted Cu2X).

Due to their structural similarities, kësterite and stan-
nite are very difficult to distinguish by X-Ray Diffraction
and Raman spectroscopy, and it is necessary to use neu-
tron diffraction [36, 37] to tell them apart. According to
ab initio calculi, the most stable crystalline structure is
kësterite [38–42] and one study by ab initio calculation
even suggests that all observations of stannite structure
for CZTS compounds were due to partial disorder in the
I-II (001) layer of the kësterite phase [32]. Recent neutron
diffraction [37] and anomalous diffusion [43] characteriza-
tions show that CZTS crystallizes in the kësterite struc-
ture, and synchrotron X-Ray experiments show that this
structure is dominant for temperature <876 ◦C (transition
to a sphalerite cubic structure) [37].

The structural difference between Cu2ZnSnS4 and
Cu2ZnSnSe4 is not clear. It seems that the Se compound
has larger lattice parameters as well as higher electric con-
ductivity than the S compound [20]. Concerning mechan-
ical and thermo-physical properties of CZTS, no experi-
mental data are available, but ab initio simulations were
performed [44,45].

Sulfur kësterites have XRD peaks very close to those
of ZnS and Cu2SnS3 [36], and Raman spectroscopy is nec-
essary to tell them apart [46]. Nevertheless, it is not possi-
ble to have a quantitative determination of the secondary
phases by Raman. For such purpose, XENAS has been
used [47].

Fig. 2. Cu2ZnSn(S,Se)4 compound in kësterite structure, ac-
cording to [33].

3.2 Intrinsic point defect formation

The kësterite structure allows for several types of point
defects which make discrete energy levels appear, allow-
ing p-type doping. As in the CIGS materials, the dop-
ing is obtained by stoichiometry variations and not by
extrinsic doping. Nevertheless, according to ab initio cal-
culi, the kësterite structure is less tolerant to these varia-
tions than the chalcopyrite structure [39, 48–51]. Accord-
ing to point-defect measurements, the kësterites are sus-
ceptible to higher carrier recombination than chalcopy-
rite [52]. Measurements of the deep defects of CZTS are
reported here [53].

Generally, the Sn-Se bond is much stronger than the
Zn-Se and Cu-Se bond, leading to a high formation en-
ergy of VSn [51]. Contrary to CIGS, the accepting defect
the most easily formed is not VCu but CuZn [39,49,54,55].
Nevertheless some authors suggest the contrary [52,56,57].
ZnCu substitutions occur at the 2c site and CuZn at the
2d site [36,58] (see Fig. 2). The accepting defects are eas-
ily formed, leading to difficult n-type doping [54]. The
easy formation of CuZn accepting defects also leads to
low charge separation, a drawback that could be overcome
thanks to the type-II band alignment of the CZTS/CdS
interface [49]. The most active recombination centers are
expected to be CuSn (InCu for CIGS), and the lack of de-
fect complex (2VCu+ InCu for CIGS) is thought to lead
to the higher defect concentration observed [59].

3.3 Metal composition

The single phase composition region is much narrower
for CZTS than for CIGS. According to the Tallinn team,
single phase CZTS monograin powders can be synthesized
only from a precursor mixture comprising metal ratios of
Cu/(Zn + Sn) = 0.92−0.95 and Zn/Sn = 1.0−1.03 [60].
Nevertheless, a Rietveld refinement of anomalous disper-
sion measurements revealed a Cu/(Zn + Sn) = 0.97, and
Zn/Sn = 1.42 composition for kësterites crystals [43], sug-
gesting that the single phase composition region is not as
narrow as the Tallinn team suggests.

Until now, only Zn-rich and Cu-poor materials gave
high efficiency (see Fig. 3), as was already noted by the
Nagaoka team [61]. In Zn-rich growth conditions, the
kësterite structure is tolerant to stoichiometry deviations
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Fig. 3. Composition map of the best CZTS solar cells. The diameter of the circles is proportional to the conversion efficiency.
See Table 2 for the references.

by zinc excess and copper lacking [61–64], in the form of
ZnCu and VCu vacancies [51,65], but high Zn content also
leads to structural disorder [66].

3.4 Bandgap measurement

Absorbance measurements are not suitable for extract-
ing the bandgap values, because the absorption coeffi-
cient derived from spectrophotometric data on thin films
is determined by defect absorption and by measurement
accuracy limitations [66]. In particular, ZnSe [67] and
Zn-caused disorders [66] lead to incorrect bandgap deter-
mination when it is determined from absorbance measure-
ments. PL measurements now confirm that the bandgap
of Cu2ZnSnSe4 is indeed around 1.0 eV at room temper-
ature [68], whereas before that publication the measured
band gap was around 1.5 eV. Suitable methods for mea-
surement of CZTS bandgap are PL, TR-PL and EQE mea-
surements.

4 Synthesis strategies

4.1 One-step or two step processes for thin films

For CIGS, the deposition techniques used to be clas-
sified as vacuum and non-vacuum techniques. For CZTS,
the same approach was also used in a review [69]. Never-
theless, for CZTS, this classification is not accurate, be-
cause recent works showed that low-cost deposition does
not mean low-cost solar modules [70], and because of the
problematic of binaries control during CZTS synthesis (see
next paragraph). We therefore decided to classify the pro-
cesses into one-step or two-step processes:

– Two-step processes, where the needed elements are
first incorporated during an ambient temperature pro-
cess, followed by an annealing step. The chalcogen
can be incorporated into the precursor or during the
annealing step. These processes allow the use of fast
and low-cost techniques for precursor deposition. Un-
til now, and contrary to the CIGS, two-steps processes
yielded the best efficiencies (more than 10%) [14]. IBM
works on three such processes, the hybrid solution-
particle technique [14], electrodeposition [71] and co-
evaporation [72]. Other teams investigated numer-
ous other deposition techniques, such as codeposition
by evaporation, sputtering, OA-CVD (Open Atmo-
sphere Chemical Vapor Deposition), nanoparticles, sol-
gel (see Tab. 2).

– One-step processes, where all the elements are incorpo-
rated simultaneously. This type of processes yields the
better results for CIGS, but until now it was not the
case for CZTS. The best efficiency until now is 9.15%
by coevaporation [73]. Only a few groups published
results for such processes, and very few had signifi-
cant results in terms of solar cell efficiency: NREL [73],
Tallinn University [74], HZB [75]. Other groups tried
reactive sputtering and pulsed laser deposition (PLD)
(see Tab. 2). The method of Tallinn University also
introduces a huge difference in cell architecture, where
50 µm CZTS monograins are synthesized in molten
KI, wrapped in the buffer layer and attached to the
substrate by epoxy glue [76].

These processes are different, but the two types of pro-
cesses (one-step and two-steps) reached high efficiencies
(>9%). Until now, it does not seem that one or the other
is intrinsically better, because, as we will see in the next
paragraphs, the key point is temperature and atmosphere
control during the one-step deposition or annealing step.
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(a) (b)

Fig. 4. SEM cross-section of CZTSe films grown at the same temperature and constant deposition fluxes, except Cu rates were
adjusted to produce only (a) Cu-rich growth or (b) Cu-poor growth [59].

Other methods of synthesis that did not produce solar
cells include: cosputtering of Cu, Sn, Zn followed by an-
nealing in a hot tube in presence of H2S [77] , dip-coating
in a methanol solution followed by annealing at 200 ◦C in
air [78], CZTS nanoparticles in oleylamine [79] , chemical
bath deposition [80] , sputtering of a sintered mix of CuSe,
CuSe2 , ZnS, and SnS2 [81].

4.2 CZTS formation

Similarly to CIGS, CZTS needs temperature between
500 and 600 ◦C to be synthesized. Nevertheless, the chem-
ical reactions are not yet completely understood, even if
a reaction path was proposed [82]. There are successive
reactions taking place in the bulk of the layer between
the elements leading to binaries, ternaries and finally the
quaternary.

At room temperature, only metal binaries can form, for
example Cu6Sn5 [83], Cu5Zn8 [84] , Cu3Sn and CuZn [85].
At higher temperature, between 200 and 450 ◦C, metal-
chalcogenide binaries such as CuX, Cu2X, and SnX
form [86–88], and for temperature >450 ◦C, CuxX bina-
ries then react with Sn to form CuxSnyS [80]. At higher
temperature (between 550 and 580 ◦C [71,85,86,89]), and
for longer annealing time (∼8 h) or one-step deposition
at 500 ◦C [73, 83] , ZnX reacts with Cu2SnX3 to form
Cu2SnZnX4 according to the equation proposed by [82] :

Cu2SnX3 + ZnX→ Cu2ZnSnX4. (1)

In order to control which reactions take place during the
annealing step of a two-step process, it is necessary to
closely monitor the temperature of the layer, because,
for example, too fast an annealing can lead to liquid
Sn bubbles formation, preventing the formation of large
grains [90]. For processes using elemental sulfur or sele-
nium, fast annealing (a few minutes) is possible, whereas
for processes using H2S, which is less reactive than elemen-
tal sulfur, a long annealing time (2−3 h) is necessary for

the binaries to react completely and to form large grains
of CZTS [91,92].

For one-step processes, Cu-rich growth conditions are
needed at the beginning of the reaction in order to fos-
ter growth of large grains [73, 93], as shown in Figure 4.
Nevertheless, for both processes, the finished layer must
be Zn-rich (see part 4.3), and in particular Cu2X-free [60]
in order to get high photovoltaic efficiencies. If the layer
is not Cu2X-free at the end of the synthesis process, the
subsequent cyanide etching leads to possible voids and de-
fects [89]. If Zn-rich growth conditions are used, ZnX for-
mation is promoted [48, 49].

Therefore, for one-step processes it is necessary to
adapt the rate of deposition of each element with respect
to the reaction path, as well as control deposition tem-
perature, because higher temperatures can also increase
grain size [59]. For two-step processes it is necessary to
closely monitor growth conditions, and in particular pre-
vent Cu2X formation and increase ZnX reaction with
Cu2SnS3.

4.3 Atmosphere control

Unfortunately, contrary to CIGS, the elements in-
volved in CZTS synthesis are prone to evaporation
and sublimation. Zn sublimates at 430 ◦C [94], SnSe
at 350 ◦C [88], SnS at 370 ◦C and Sn evaporates at
460 ◦C [95, 96]. Moreover, high temperatures promote
CZTS decomposition, according to the chemical equilib-
rium between CZTS and solid and gaseous binaries [97,98].

Cu2ZnSnX4 (s)←→ Cu2X(s) + ZnX(s) + SnX(g) + X(g).
(2)

If this equilibrium is displaced towards the right mem-
ber, ZnX, SnX and X formation and losses will occur,
leading to a Cu2X-rich layer, increasing layer resistance
and preventing good photovoltaic efficiencies (see 5.6). It
is therefore of the utmost importance to prevent CZTS
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decomposition as well as binaries losses. The key to that
result is atmosphere control.

The equilibrium of equation (2) can be displaced to-
wards CZTS by saturating the atmosphere in one of the
right-side members of the equation [93,97]. It is possible to
counteract SnX evaporation by introducing gaseous SnX
during the thermal treatment [98], or by increasing the
partial pressure of the chalcogen [99], by performing the
chalcogenation in a small closed volume [100], or by using
a cap on the precursor layer during annealing [101]. If the
annealing takes place in a H2 atmosphere, Zn loss can be
prevented by using ZnS as a precursor [102]. Continuous
evaporation of Zn towards the substrate prevents the de-
composition of CZTS in a coevaporation process [73]. It
also seems that the presence of MoX2 at the back contact
pushes the reaction towards the right member [103].

If atmosphere control is not good, annealing time is the
next best lever on CZTS decomposition, because if CZTS
is synthesized and cooled rapidly, only a small quantity
of binaries will be lost. One paper compared slow and
fast annealing [104]. It concluded that fast annealing is
better than slow annealing because many different sec-
ondary phases were found with slow annealing, without
more explanation. Nevertheless, in this case slow anneal-
ing could be linked to a badly controlled reaction atmo-
sphere, leading to CZTS decomposition into binary and
ternary phases.

Concerning the key point of atmosphere control,
strategies of synthesis should be slightly different for one-
step or two-step processes. For two-step processes, there
seems to be two stages during the annealing step: one
short (a few minutes) step of CZTS formation, and one
longer (up to a few hours) step of grain growth. The con-
trol of the atmosphere should be very accurate in the sec-
ond step, and the reaction atmosphere could also be com-
pletely different from the first step [93]. Fortunately, it
is quite easy and inexpensive to design annealing equip-
ments that provide good static atmosphere control (that
is to say, equipments where nothing can either go in or
go out). Nevertheless, vapor injection is more tricky, as it
requires carrier gas, pressure measurements, leading to an
equipment resembling an evaporator.

For one-step synthesis, atmosphere control is not so
easy, because reaction chambers are designed for con-
trolling the deposition rate and not the partial pressure
of each element. In order to prevent CZTS decomposi-
tion and binaries losses, Sn and chalcogen deposition rate
should remain high during the cooling phase, in order to
counteract Sn loss [73].

4.4 Composition gradient

The composition gradient either created by a variation
of the rate of deposition of each element in a codeposition
or by stacked elements, has an influence on CZTS film
properties, because of Cu diffusion, Sn loss and chemical
mechanisms of formation.

Concerning Cu, its diffusion can create voids at the
back contact. Two-step processes, especially when the

precursor layer is a codeposited metal layer or stacked
metal layers with Cu as first layer, are subject to these
voids [89,103]. Secondary phases are observed, preventing
the total formation of CZTS [105].

As explained in the previous paragraph (see Eq. (2)),
Sn evaporates if the atmosphere is not well controlled.
Nevertheless, the loss of Sn could also be prevented by
having the Cu layer on top [63, 93].

Concerning the reaction mechanism, for stacked met-
als, it is beneficial to have Cu and Sn in close contact for
the formation of large CZTS grains [106]. If they are sep-
arated by Zn or Zn(S, Se), the reaction between copper
chalcogenides and tin chalcogenides, which is necessary to
form Cu2SnX3 [82], could be inhibited [107]. For stacked
metals, Cu on top seems to foster formation of CuxS,
which may result in larger grains and denser films [108].
For one-step processes, high Cu content at the begin-
ning of the deposition promotes the formation of large
grains [73].

Concerning the composition gradient,

– for two-steps processes, the Cu must not be deposited
first, and Cu and Sn should be in close contact.
The possible combinations for stacks are therefore
Mo/Zn(X)/Cu/Sn or Mo/Zn(X)/Sn/Cu. The codepo-
sition seems also possible, but with a Cu-poor compo-
sition near the back-contact;

– for one-step processes, the layer must be Cu rich at
the beginning of the deposition in order to promote
the growth of large grains.

4.5 Sodium

Sodium seems to have the same effects on CZTS as on
CIGS: it promotes the growth of larger grains, enhances
conductivity and has a significant effect on film morphol-
ogy, as was demonstrated by SLG / borosilicate substrate
comparison and dipping in Na2S [109, 110]. Nevertheless,
contrary to CIGS, Na was not detected by XPS at the
surface, meaning that the Na diffusion in CZTS is smaller
than in CIGS [111].

4.6 Device properties

CZTS devices are similar to CIGS devices. The archi-
tecture is usually SLG/Mo/CZTS/CdS/i-ZnO/ZnO:Al,
as presented in Figure 5. Calculation showed that CdS
has a suitable band offset with CZTS [112] and until now,
the most efficient solar cells were obtained with a CdS
buffer layer. Oxidation of the CZTS absorber by dipping in
deionized water [13] or O2 annealing [73] before deposition
of CdS seems to improve efficiencies. As for CIGS, reduc-
ing the time between absorber synthesis and CdS deposi-
tion to the minimum is of the utmost importance [106].

A few variations of the architecture are known, espe-
cially on the buffer layer. Pure ZnS does not seem to be a
suitable buffer layer because of too high a band offset [112],
but good results were obtained with Zn(S, O,OH) by Solar
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Fig. 5. Classical architecture for CZTS solar cells.

Frontier [113]. Nevertheless for such a buffer layer the opti-
mal composition of the absorber layer seems to be less Zn-
rich (Zn/Sn ∼ 1) [113]. Other architectures were proposed:
SLG/Mo/CZTS/a-Si/ITO [114], a superstrate architec-
ture (glass/FTO/CZTS) [115, 116], another superstrate
(glass/FTO/TiO2/In2S3/CZTS/Mo) [117], a flexible sub-
strate (Al foil/Mo/CZTS/ZnS/i-ZnO/ITO/Al-Ni) [118].

The literature is still quite poor concerning device
properties, because very few high-efficiency devices were
synthesized yet. The IBM team started to investigate this
field [14, 72, 119, 120] concluding that their devices were
limited by the recombination at absorber/buffer interface,
minority carrier lifetime and Schottky-type barrier in the
back contact, which appears to be caused by secondary
phases and/or MoSx interfacial layer between CZTS and
Mo [121].

Concerning the absorber / buffer interface, it seems
that the surface of the CZTS is Cu-poor, similarly to
CIGS [111], or even Cu-free [122]. The KCN etching, which
is also used in CIGS processes to remove binaries from
the surface, seems to etch Cu preferentially and Sn in
a lesser extent [93]. It seems also beneficial for remov-
ing Cu2X that increase the resistivity of the layer [123].
This causes a widening of the bandgap without type inver-
sion, which could be an easy way to tailor bandgap align-
ments [124,125]. It seems also that the electronic structure
of a Sn-depleted surface is not favorable for the forma-
tion of well working p-n junction [74,93]. The Conduction
Band Offset, about 0.4−0.5 eV, is somewhat above the
optimal range of 0−0.4 eV and may contribute to lower
Jsc and fill factor in the CZTSSe devices [126]. Better
lattice matching between absorber and buffer could limit
recombination at the interface, and using different buffer
with smaller lattice such as In2S3 or Zn(S, O, OH) could
improve the efficiency of the devices [127,128].

Concerning the back contact, ZnX was observed at
the back contact [59, 106], as shown in Figure 6, and it
seems that increasing the ZnX content strongly impairs ef-
ficiency [47]. It was nevertheless speculated that ZnS could
be less detrimental than previously thought [72], acting as
a simple “dark” material. Binaries losses that occur dur-
ing annealing makes Cu2X to diffuse towards the rear of
the cell, could lead to a Cu2X/MoX2 mix, leading to high
resistance at the back contact.

Concerning minority carrier lifetime, it might not be
such a problem, because as in CIGS and CdTe, grain
boundaries collect minority carrier and provide a current
pathway for them to reach the n-type CdS and ZnO lay-
ers [30] and for coevaporated absorbers, high minority
carrier diffusion length was measured (several hundreds

Fig. 6. CZTSe with ZnSe segregation at the back contact [59].

of nm [72]). Nevertheless, it seems that grain boundaries
are Cu-rich, which could increase recombination rates and
thus diminishing VOC [29]. Cu-rich absorbers were found
to have lower VOC than Cu-poor ones [60], probably in re-
lationship with Cu2X formation. Longer minority carrier
lifetimes were measured in low band gap materials, such
as CZTSe, than in high band gap devices [29]. The differ-
ence between Eg in eV and VOC in V , called VOC deficit,
can therefore be decreased by diminishing the bang gap
as well as tightly controlling the formation of Cu2X or its
removal by KCN etching.

For high efficiency, it is important to focus both on ab-
sorber quality and on interfaces between the absorber and
the back contact and buffer. The CuxX binaries control
seems to be a key point for both absorber and interface
quality. Fortunately, the CIGS community has a strong
experience on such problems, and hopefully it will be pos-
sible to optimize these interfaces much faster than for the
CIGS.

5 Conclusion

The problematics encountered by research teams work-
ing on CZTS-based solar cells were presented and dis-
cussed. The field of CZTS solar cells is young, and until
now it is difficult to point to certainties. Nevertheless, it
seems that these assumptions start to be viewed as “com-
mon knowledge” in the community:

– CZTS has kësterite structure;
– the bandgap is tunable between 1.0 eV (Cu2ZnSnSe4)

and 1.5 eV (Cu2ZnSnS4);
– the synthesis atmosphere must be controlled carefully;
– binary formation control is a key point for high effi-

ciency devices;
– Zn-rich materials yield better results (when using a

CdS buffer layer).

Nevertheless, there are numerous questions still, such as:

– what are the crystalline defects, how are they formed;
what role do they play in the structure;

– what is the reaction path to CZTS, how to control
binaries formation;

– what is the role of sodium during growth.

35004-p9



EPJ Photovoltaics

More and more scientists from the CIGS community
work on CZTS solar cells. The problems encountered in
CZTS solar cells are quite similar to the ones of CIGS so-
lar cells, and similar methods can be used to solve them.
There is no clear superiority of two-step processes over
one-step processes, even if until now the best results were
obtained with one-step processes. For both types of pro-
cesses, a focus on binary control formation by atmosphere
control and adaptation of interfaces to kësterites materials
are the key points for increasing photovoltaic efficiencies
for both types of processes.

The author is thankful for financial support of the French
Agence Nationale de la Recherche (ANR) under grant No-
vACEZ (ANR-10-HABISOL-008).
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J. Krustok, A. Öpik, O. Volobujeva, J. Iljina, K. Timmo,
I. Klavina, J. Raudoja, M. Grossberg, T. Varema, K.
Muska, M. Ganchev, S. Bereznev, M. Danilson, AMR
222, 8 (2011)

24. S. Levcenco, D. Dumcenco, Y.P. Wang, Y.S. Huang, C.H.
Ho, E. Arushanov, V. Tezlevan, K.K. Tiong, Opt. Mater.
34, 1362 (2012)

25. G.M. Ford, Q. Guo, R. Agrawal, H.W. Hillhouse, Chem.
Mater. 23, 2626 (2011)

26. W. Shockley, H.J. Queisser, J. Appl. Phys. 32, 510 (1961)
27. L. Choubrac, A. Lafond, C. Guillot-Deudon, Y. Moëlo, S.
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