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ABSTRACT: A new solution-based method to fabricate
Cu,ZnSn(S,Se), (CZTSSe) thin films is presented. Binary
and ternary chalcogenide nanoparticles were synthesized
and used as precursors to form CZTSSe thin films. The
composition of the CZTSSe films can be easily controlled
by adjusting the ratio of the nanoparticles used. The effect
of compositional adjustment on device performance is
illustrated. Laboratory-scale photovoltaic cells with 8.5%
total-area efficiency (or 9.6% active-area efficiency) were
demonstrated without anti-reflective coatings. Material
characterization data revealed the formation of a bilayer
microstructure during thermal processing and suggested a
path forward on device improvement.

C urrent high-efficiency absorber layers in thin-film photo-
voltaic (PV) cells, such as copper indium gallium sulfide/
selenide (CIGS) and cadmium telluride (CdTe), rely upon
low-abundance elements and thus are predicted to face supply
shortages in the long run." In response to this forecast, interest
in Cu,ZnSnS, (CZTS) and Cu,ZnSn(S,Se), (CZTSSe) as
sustainable alternatives to CIGS has been rapidly increasing.” In
addition to their earth-abundant compositions, CZTS and
CZTSSe offer the promise of PV performance similar to that of
CIGS,’ since they are iso-structural, have a near-ideal band gap
energy for a single-junction PV device (1.5 eV, CZTS) with
tunability from about 1.0 to 1.5 eV by adjustment of the Se/S
ratio in CZTSSe and a high optical absorption coefficient (~10*
cm™).** The opportunity to build upon the substantial body of
knowledge developed for CIGS is also expected to hasten
improvements in CZTS and CZTSSe PV devices.

Various methods have been developed to fabricate CZTS
and CZTSSe thin films suitable for solar cell applications.
Several high-vacuum deposition techniques have been
employed to prepare CZTS films. The pioneering work of
Katagiri’s group demonstrated 6.7% efficiency CZTS solar cells
fabricated by sulfurizing a co-sputtered precursor layer
consisting of metals and/or metal chalcogenides.6 Thermal
evaporation”® and E-beam evaporation” have also been used to
deposit CZTS precursor films. CZTS has been formed in a
single step through co-evaporation,'”'! reactive sputtering,'* or
pulsed laser deposition.'> However, these high-vacuum
deposition techniques generally require complex equipments
and are consequently costly to implement on large scale. In
contrast, solution-based deposition routes could potentially
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provide low-cost scalable routes to CZTS and CZTSSe devices.
Several such solution routes have been reported, including
electroplating,"* sol—gel coating,'® spray pyrolysis,'® and
chemical bath deposition.'” Especially noteworthy is the
fabrication of CZTS films from quaternary CZTS nanocryst-
als,"®7*' where the use of nanoparticle inks simplified
processing. Thermal annealing in the presence of selenium
yielded CZTSSe PV devices with 7.2% efficiency.”” However, it
has been shown that the performance of CZTS devices is
strongly influenced by the specific CZTS composition
(especially by the Cu/Zn/Sn ratios),”® and the quaternary
nanoparticle-based synthetic routes do not offer a simple
method by which the final film composition can be
controlled.”" Recently Mitzi et al.>* reported a solution-based
route to CZTSSe, which offers improved control over
composition and has yielded a record device efficiency of
10.1%.%° While the improvement in performance is impressive,
it comes at the expense of using hydrazine as the coating
solvent, which is both highly toxic and potentially explosive.
Our group26 and others”” have been working on solution
processes that rely on safer precursor chemistries. Here we
report our results with a synthesis approach based on binary
and ternary nanoparticles that allows facile control of film
composition.

We start by synthesizing binary and ternary nanoparticle
metal sulfides. The nanoparticles are then dispersed and
combined in solution to yield “inks” with a particular metal
composition. This approach reduces the problem of composi-
tion control to a simple mixing of precursors in known
proportions. The resulting ink blends can then be cast into thin
films by standard methods like spin-coating to yield smooth,
dense CZTS precursor coatings, which are subsequently
converted into CZTS or CZTSSe in a thermal processing
step described in more detail below. We have used this method
to prepare CZTSSe PV devices of 8.5% total-area efficiency
without much optimization and without an anti-reflective
coating.

A complete precursor set of binary and ternary sulfide
nanoparticles, including copper tin sulfide (CTS), ZnS, SnS,
CuS, and Cu,S,, was synthesized by reacting metal salts with
sulfur in oleylamine and trioctylphosphine oxide (TOPO).*®
Interestingly, when CuCl, was used as the starting material,
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CuS nanoparticles were obtained, while Cu,S, nanoparticles
resulted when CuCl was employed. Both CuS and Cu,S,
nanoparticles can be used to form CZTS films. Transmission
electron microscopy (TEM) images of CTS nanoparticles and
ZnS nanoparticles are shown in Figure 1. Most of the

Figure 1. TEM images of the CTS and ZnS nanoparticles made.

nanoparticles are irregular in shape, with sizes varying from
several nanometers to a few tens of nanometers. The detailed
synthesis procedure and characterization of the nanoparticles
are included in the Supporting Information. It is worth noting
that the CTS nanoparticle product was actually a mixture of
Cu,SnS; and some binary sulfides, mainly copper sulfides
according to X-ray absorption spectroscopy and inductively
coupled plasma atomic emission spectroscopy (ICP-AES).
Therefore, when CTS and ZnS were used as precursors, SnS
nanoparticles were often used to adjust the Cu/Sn ratio in the
final film.

CZTSSe thin films were prepared by combining an
appropriate mixture of binary and ternary nanoparticles to
form an ink, followed by annealing in the presence of selenium;
two examples are shown below. In eq 1, a mixture of CTS and
ZnS$ nanoparticles and a small amount of SnS nanoparticles are
used as precursors. In eq 2, a simple mixture of binary
nanoparticles is employed. Following spin-coating of the inks
and thermal processing, CZTSSe is formed from both routes, as
confirmed by XRD (Figures S8 and S10). While not the focus
of this paper, we have also found that annealing these precursor
films in either argon or sulfur-rich atmospheres yields CZTS.

ASe
CTS + ZnS + SnS — CZTSSe (1)
ASe
Cu,S, + ZnS + SnS — CZTSSe @)

Using CZTSSe films described above, solar cells were
fabricated using a device structure typical for CIGS cells (see
Supporting Information for experimental details).”® Briefly,
soda lime glass (SLG) coated with 0.75 ym of Mo served as the
substrate and back contact. The complete device stack was
SLG/Mo/CZTSSe/CdS/i-ZnO/ITO. CdS was applied via
chemical bath deposition, while i-ZnO and ITO were deposited
by sputtering. Electrical connections to ITO were made via Ag
contacts evaporated through a patterned shadow mask.

Figure 2 shows the current density—voltage (J—V) character-
istics and the external quantum efficiency response (EQE) of a
CZTSSe PV device made from binary and ternary precursors.
The device exhibits a total-area efficiency of 8.5% (active-area
efficiency of 9.6%) under simulated 1 sun AM 1.5 G
illumination, representing one of the highest efficiencies
reported to date for CZTSSe PV devices.

The EQE response (Figure 2B) yields an estimated CZTSSe
band gap of 1.1 eV. This value indicates a high level (>90%) of
replacement of sulfur in the precursor coatings by selenium
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Figure 2. (A) J—V characteristics of a CZTSSe solar cell fabricated
from the binary and ternary nanoparticles. Measurements were
performed in the dark and under simulated 1 sun AM 15 G
illumination at room temperature. (B) EQE of the same device.

during annealing.>>" This is consistent both with the relatively
low value of V. observed in the J—V response and with results
from XRD (Figure S10). It is also consistent with the copper
edge X-ray absorption near-edge structure (XANES) data,
which suggests that in a similar sample, 90% of Cu is present as
CZTSe and 8% of Cu is present as CZTS.>* Previous results>>
suggest that further improvement in device efficiency will be
observed with lower levels of Se incorporation; we are actively
pursuing alternative annealing strategies to test these
predictions.

Scanning electron microscopy (SEM, Figure 3A) revealed a
surprisingly complex internal microstructure for a similar
device. The columnar bottom layer is typical of Mo. Under
our current selenium-rich thermal processing conditions, an
approximately 0.5 ym thick layer of MoSe, forms on top of Mo.
The CZTSSe layer is seen to comprise a fine-grained sublayer
and a large-grained outer layer. The collection of densely
packed nanoparticles in the small-grain layer is reminiscent of
the precursor film before annealing (Figure S9). The large-grain
layer forms during thermal processing and consists of densely
packed micrometer-sized crystals of CZTSSe.

To better understand the speciation within the device layers,
we employed Auger depth profiling. Data (Figure 3B) were
collected on the same device whose cross-section was shown in
Figure 3A, employing sputtering with a defocused ion beam
and Zalar rotation. When combined with the cross-sectional
SEM data, the results demonstrate that the CZTSSe large-grain
and small-grain layers have significantly different compositions.
The small-grain layer, especially near the Mo interface, is rich in
carbon, while the large-grain layer is shown to be nearly carbon-
free. The large-grain layer is composed of high-purity crystalline
CZTSSe and is likely responsible for the majority of the
observed photoresponse of the PV device. Quantitative analysis
of the Auger data in the large-grain region led to elemental
ratios that can be summarized in this formula:
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Figure 3. (A) Cross-sectional SEM image and (B) Auger depth profile
of a finished CZTSSe solar cell.

Cu,;Zn;,SnSg¢Seso. High-resolution TEM (not shown)
reveals the small-grain layer as consisting of CZTSSe
nanoparticles as well as binary/ternary chalcogenide precursor
nanoparticles embedded in an amorphous matrix containing a
significant amount of carbon. We speculate the high carbon
content helps to make the small-grain layer electrically
conductive. Series resistance resulting from the combination
of the small-grain layer and the back surface MoSe, layer very
likely has an adverse impact on the PV device performance.
Management of the carbon content in our inks as well as
MoSe, formation will likely lead to further device improve-
ment.”>*

A key advantage of the synthetic approach reported here is
the direct and easy control of the ratios of the three metals in
the final CZTSSe films. In order to demonstrate this for the
route described in eq 1, dispersions of CTS, ZnS, and SnS
nanoparticles were combined in different ratios to form a series
of inks. These inks were cast onto Mo-coated SLG substrates
and converted to CZTSSe through simultaneous annealing.
The overall metal ratios in the final annealed films, as
determined by ICP-AES, were shown to depend systematically
on the volume ratios of the precursor inks (Figure S6).

The importance of stoichiometry control given the
prominent effect of composition on device performance is
illustrated in Figure 4. Samples 1 and 2 differ only in the
precursor ink ratios used; all other conditions were kept
identical during the cell buildup. According to XRD, CZTSSe is
the dominant phase for both samples, although we cannot
exclude the possibility of the existence of some secondary
phases and amorphous impurities. However, their device
performance differs significantly as a result of the different
elemental ratios. Sample 1 has higher total-area efficiency (6.0%
vs 2.0% in sample 2) as a result of improved fill factor (FF),
short-circuit current density (J,.), and slightly better open-
circuit voltage (V,.). According to ICP-AES, sample 1 is
copper-poor and zinc-rich (Cu/Sn = 1.64, Zn/Sn = 1.17), while
sample 2 is close to the Cu,ZnSn(S,Se), formula stoichiometry
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Figure 4. J—V characteristics of two CZTSSe PV cells under
illumination.

(Cu/Sn = 196, Zn/Sn = 1.08). Although there is some
agreement in the literature that copper-poor and zinc-rich films
tend to have higher efficiencies, there is no consensus on the
exact optimal stoichiometry. The reason why stoichiometry
plays such an important role is not well understood, either. The
method reported in this paper has created a convenient model
system to study the effect of elemental ratios in the CZTSSe
film on the resulting solar cells as well as to help the
mechanistic understanding of this effect.

In conclusion, a new method to fabricate CZTS and CZTSSe
thin films has been developed that allows facile control of metal
ratios in the resulting films. Binary and ternary sulfide
nanoparticles were used to generate a dense and smooth
precursor layer, which was then converted to CZTSSe via
annealing in the presence of selenium. CZTSSe PV devices
with total-area efficiencies of 8.5% have been demonstrated.
Metal ratio and S/Se ratio optimization, control over bilayer
formation, and reduction of the back contact selenization
remain focus areas for device improvement.
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Experimental details on nanoparticle synthesis, solar cell
fabrication, and characterization. This material is available free
of charge via the Internet at http://pubs.acs.org.
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