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resistance in Cu2ZnSn(S,Se)4
nanoparticle ink solar cells on flexible molybdenum
foil substrates†

Xinya Xu, Yongtao Qu, Vincent Barrioz, Guillaume Zoppi and Neil S. Beattie *

Earth abundant Cu2ZnSnS4 nanoparticle inks were deposited on molybdenum foil substrates and

subsequently converted to high quality thin film Cu2ZnSn(S,Se)4 photovoltaic absorbers. Integration of

these absorbers within a thin film solar cell device structure yields a solar energy conversion efficiency

which is comparable to identical devices processed on rigid glass substrates. Importantly, this is only

achieved when a thin layer of molybdenum is first applied directly to the foil. The layer limits the

formation of a thick Mo(S,Se)x layer resulting in a substantially reduced series resistance.
Introduction

Cu2ZnSn(S,Se)4 (CZTSSe) is considered a promising photovol-
taic absorber material due to its high theoretical power
conversion efficiency, ideal direct energy band-gap for solar
light conversion and large absorption coefficient in the visible
range.1,2 Recently, Solar Frontier achieved a new world record
Cu(In,Ga)Se2 (CIGS) thin-lm solar cell efficiency of 22.9%,3

however, it contains In and Ga, limiting its wide application.
The related absorber material CZTS contains only earth-
abundant elements and it is relatively low-cost, making it suit-
able for large area manufacture.4 In addition, fabrication on
exible substrates has the potential to create lightweight solar
cells that offer a wide range of application, such as roll-to-roll
manufacturing and integration on a variety of surfaces
including automotive and buildings. The high power-to-mass
ratio of exible solar cells further favour the applications on
both space and ground utilities.5 Inorganic photovoltaic tech-
nologies are generally recognized for their operational stability.
In addition, nearly all of them require high temperature treat-
ment during the fabrication and this is a particular advantage of
using molybdenum foil as a substrate as it is compatible with
the high temperatures (>500 �C) required to form large grains in
a thin lm photovoltaic absorber. CZTSSe solar cells on rigid
glass substrates using hydrazine processing have achieved
efficiency as high as 12.6%,6 while CZTSSe solar cells based on
less hazardous nanoparticle inks have also reached 9.3%.7

However, research on Cu2ZnSnS4 (CZTS) nanoparticle inks on
exible substrates is still comparatively limited with the highest
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reported efficiency of 6.1% additionally with MoNa and Ge
doping.8

There are several promising substrate candidates for exible
CZTS and CZTSSe solar cells including stainless steel8,9 and
glass.10 In choosing a suitable exible substrate, the coefficient
of thermal expansion (CTE), surface smoothness, and chemical
inertness should be taken consideration.11 Molybdenum (Mo)
foil has the advantage over polymers in that it is robust to high
temperature processing however, in an important work, Zhang
et al. report degradation of the device performance stemming
from high series resistance (Rs).12

Among the landscape of research on exible substrates,
there are currently no reports of CZTSSe solar cells on Mo foils.
In this work we show that CZTSSe solar cells from CZTS nano-
particle inks can be fabricated directly on commercially avail-
able Mo foil substrates. Furthermore, we demonstrate that the
origin of high Rs is a consequence of a thick Mo(S,Se)x that
forms between the foil substrate and the photovoltaic absorber.
This can be overcome via the application of a thin sputtered Mo
layer on the foil resulting in values of Rs which are the same as
those for identical solar cells built on rigid glass substrates.
Experimental details

Mo foil (99.9%, Sigma Aldrich) was chosen as the exible
substrate, due to its thermal stability and high conductivity. The
CTE for molybdenum is approximately 5.5 � 10�6 K�1 in the
range 25–500 �C (ref. 13) which is slightly lower than the CTE for
soda lime glass (SLG). The dimensions of the Mo foil substrate
were cut to be 25 mm � 25 mm � 0.1 mm. The exible
substrates were prepared in two different ways: one was the bare
Mo foil with corresponding resistivity of 5.0 mU cm; while the
other was the Mo foil coated with an 800 nm thick Mo lm with
similar resistivity to bare Mo foil. Additionally, an SLG rigid
substrate was used for comparison purposes with dimensions
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) XRD patterns and (b) Raman scattering spectra of absorber
samples on different substrates.
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25 mm � 25 mm � 1 mm and coated with a 800 mm thick Mo
lm with resistivity of 50.7 mU cm.

The Mo lms on SLG and Mo lm were sputtered by direct
current magnetron sputtering with target power density of 9
mW cm�2 and argon pressure of 7 mTorr at room temperature.
Surface roughness (Ra) of the substrates as measured by atomic
force microscope (AFM) were 3.30 nm, 3.15 nm and 2.18 nm for
foil, foil with sputtered Mo lm and Mo coated glass substrates,
respectively (see Fig. S1 in the ESI†).

Solar cell devices fabricated on these substrates had the
following structure: substrate/(Mo lm/)CZTSSe/CdS/ZnO/ITO/
Ni/Al, where ITO denotes indium tin oxide. Initially, CZTS
nanoparticles were fabricated by injection of metallic precur-
sors into a hot surfactant as described in ESI (S1†) and reported
elsewhere.14 All substrates were initially cleaned in deionized
water and isopropanol for 15 min in ultrasonic bath. Addi-
tionally, the bare Mo foil substrate was oxygen plasma cleaned
for 5 min to remove any organic contaminants and surface
oxide. To fabricate the photovoltaic absorber, CZTS nano-
particle inks were spin-coated on the substrates 10 times to
obtain a precursor lm thickness of 1.5 mm (Fig. S2†).15 The
CZTS precursor lms were found to be uniform from SEM and
AFM analyses (Fig. S3†). No obvious difference was observed
between the samples prepared on foil, foil with sputtered Mo
and glass. The precursor lms were then selenised in a tube
furnace under a selenium atmosphere for 20 min at 500 �C to
form the CZTSSe absorber layers. The solar cell structures were
completed by subsequently depositing a thin CdS layer by
chemical bath deposition and a bilayer intrinsic ZnO/ITO layer
by magnetron sputtering. Finally, a Ni/Al front contact grid was
deposited by electron beam evaporation through a shadow
mask. Each substrate was mechanically scribed to dene nine
0.16 cm2 individual devices.

AFM (Veeco Dimension-3100) and scanning electron
microscopy (SEM, Tescan Mira 3) were used to investigate the
surface morphology and cross-sectional structure. Energy
dispersive spectroscopy (EDS) attached to the SEM was used to
determine the elemental composition and X-ray diffraction
(XRD, Siemens D-5000) using a CuKa radiation source (l ¼
0.154 nm for Ka1) was used to assess the crystal structure.
Raman spectroscopy with a Horiba LabramHR system was used
to capture the Raman shi with 632.8 nm excitation. Secondary
ion mass spectroscopy (SIMS) using a Hiden Analytical gas ion
gun and quadrupole detector was used to obtain the depth
prole. Photocurrent density–voltage characteristic of the
CZTSSe solar cells were measured under a standard air mass 1.5
solar illumination with an intensity of 100 mW cm�2 (Abet
Technologies Sun 2000 Solar Simulator). External quantum
efficiency (EQE) measurements were performed using a double
grating monochromator with illumination normalized against
calibrated silicon and germanium detectors.

Results and discussion
Structural characterisation

Fig. 1a shows the XRD spectra of CZTSSe thin lms fabricated
on the three substrates (SLG, Mo foil, Mo foil + Mo). Major
This journal is © The Royal Society of Chemistry 2018
peaks at 27.34�, 45.35� and 53.7� can be indexed as (112), (204)
and (312) planes corresponding to the Cu2ZnSnSe4 structure
(PDF no. 01-070-8930), suggesting that the lms are poly-
crystalline with kesterite crystal structure. From the position of
the (112) peaks on all three substrates, the observed inter-planar
spacing d values approach the standard d value of 3.28 Å. The
precise peak positions in the XRD spectra are affected by the
relative ratio of Se and S: increasing Se content causes a shi to
lower 2q angles as a result of its larger atomic radius (�0.198
nm) compared to sulphur (�0.184 nm).16 Since the three
samples show very close peak positions and match well with
standard Cu2ZnSnSe4 patterns, the samples can be considered
highly selenized with only a very small amount of residual S.

The texture coefficients (Chkl) and preferred orientation were
calculated as described in ESI (S2†).17 As shown in Table S1 and
Fig. S4,† the Chkl values increase for minor reections (101),
(211) and (400) for lm deposited directly on Mo foil. While this
would indicate a small randomisation of the sample texturing
compared to lm/foil and lm/glass substrate, the absence of
reections at (110) and (332) points toward a slight preferred
orientation (increase in s value) along the minor planes.

In addition to the CZTSSe reections, the Mo lm on glass
substrate shows mainly the (110) orientation while the bare Mo
RSC Adv., 2018, 8, 3470–3476 | 3471



Fig. 2 Surface morphology of CZTSSe sample on (a) SLG, (b) molybdenum foil and (c) molybdenum foil with Mo film. Cross-sectional image of
samples on (d) SLG, (e) molybdenum foil and (f) molybdenum foil with Mo film.

Fig. 3 The full range cross-sectional SEM images for samples on (a) SLG, (b) molybdenum foil and (c) molybdenum foil with Mo film layer, and
EDS line scans across the film thickness in (d), (e) and (f), respectively. The red regions show the positions of EDS line scans.
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Fig. 4 (a) JV curves and (b) EQE response of solar cells on rigid and
flexible substrates.
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foil shows both the (200) and (211) orientations. Sputtered Mo
on Mo foil shows all three diffraction planes (Fig. S5†). Despite
these different orientations, Mo(S,Se)x is found on all three
substrates at 31.9� and 56.3� corresponding to (100) and (110)
planes following selenisation.18 In this case the Mo(S,Se)x grains
are oriented perpendicular to the Mo substrate increasing the
adhesion and the electrical conductivity19 but also facilitating
the diffusion of Se, leading to a thicker Mo(S,Se)x layer.20

Interestingly, the strength of the Mo(S,Se)x peaks of samples on
foil with sputtered Mo are weaker than those on bare foil. This
suggests that the sputtered Mo has limited the formation of
Mo(S,Se)x on this substrate.

The XRD results alone cannot conclusively conrm the
crystal structure because of the peak positions for kesterite and
stannite CZTSSe are the same as well as secondary phases such
Table 1 Optoelectronic parameters of CZTSSe solar cells on different s

Substrate VOC (mV) JSC (mA cm�2) FF (%

Mo foil 280 (247 � 7.0) 19.9 (19.6 � 1.9) 27.3 (
Mo foil + lm 280 (276 � 9.6) 31.8 (28.4 � 3.8) 42.6 (
Glass 300 (302 � 7.8) 25.7 (25.6 � 0.8) 53.8 (

This journal is © The Royal Society of Chemistry 2018
as ZnSe and Cu2SnSe3.21,22 Therefore, Raman spectroscopy was
performed and, as shown in Fig. 1b, there is a dominant A1

symmetry mode of CZTSSe at 173 cm�1 and 195 cm�1.23 The
presence of Raman peaks in the region of 236–248 cm�1 for the
lms on exible foils can correspond to a mix mode of B/E24

modes.
Morphology and composition

Fig. 2 shows representative morphology of the samples on each
substrate. For the reference sample on SLG, shown in Fig. 2a,
the CZTSSe lm has compact and rounded grains with a size of
1–2 mm forming a dense thin lm. For the CZTSSe lms on Mo
foil shown in Fig. 2b and c, the grains are smaller with a size of
0.8–1.2 mm. This reduction in grain size is likely to stem from
the absence of Na doping which is introduced by the SLG
substrate. All three cross-sectional images (Fig. 2d–f) exhibit
a characteristic bi-layer morphology associated the CZTS
nanoparticle ink fabrication approach, i.e. a large grain layer on
top of a ne-grain (FG) layer located between the CZTSSe layer
and Mo back contact. The thickness of the large-grain (LG)
CZTSSe layer was similar for all of the samples at around
750 nm. This is reasonable given that the same selenisation
conditions were applied (selenium mass, temperature and
time). We have previously reported that the selenisation process
is controlled by metal cation re-ordering and grain boundary
migration.25

As shown in Fig. 3a, the full range cross-sectional image of
CZTSSe on SLG, a thin 250 nm Mo(S,Se)x layer is formed
between the CZTSSe absorber and Mo back contact during
selenisation. This is similar for widely reported CZTSSe solar
cells.26,27 On the other hand, for samples on Mo foil substrates
(Fig. 3b and c), the Mo(S,Se)x layer was much thicker than that
on SLG. This is especially true for theMo(S,Se)x layer on bare Mo
foil which was up to 7.2 mm. The application of a sputtered Mo
lm onMo foil substrate reduced this to 2.4 mm. This difference
between the samples is consistent with the trend observed in
the XRD spectra for Mo(S,Se)x. The thicknesses of the Mo(S,Se)x
layers were further conrmed with EDS line scans (Fig. 3d–f)
corresponding to the red regions marked in Fig. 3a–c. It can be
seen clearly from Fig. 3e and f that the layer between the exible
foil back contact and CZTSSe absorber consists mainly of Mo
and Se in the atomic ratio of around 1 : 2. For the sample on
SLG (Fig. 3a), the Mo(S,Se)x formed only a thin layer on top of
Mo lm back contact.
Photovoltaic current–voltage characteristics

Thin lm solar cells were fabricated on all three substrates and
the current density (J) versus voltage (V) characteristics for
ubstrate

) PCE (%) Rs (U cm2) Rsh (U cm2)

27.8 � 0.4) 1.5 (1.35 � 0.17) 12.2 16.7
45.0 � 2.4) 3.8 (3.48 � 0.24) 2.9 36.3
49.5 � 2.4) 4.0 (3.8 � 0.19) 2.5 72.8

RSC Adv., 2018, 8, 3470–3476 | 3473
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champion devices are shown in Fig. 4a. The extracted photo-
voltaic performance characteristics together with average
performance values are listed in Table 1. It can be seen that the
device on SLG exhibited a power conversion efficiency (PCE) of
4.0% while in contrast the device on bare exible Mo had a PCE
of 1.5%. Despite achieving a similar VOC, the degradation can be
attributed to a substantially increased series resistance Rs

caused by the existence of the thick Mo(S,Se)x layer. The effect of
the sputtered Mo layer is immediately clear in Fig. 4a as the PCE
becomes comparable to the SLG device at 3.8%. Notably, the
power density achieved with the exible cell is more than
double that of the device on SLG. From Table 1, it can be seen
that while the exible device achieves a similar value of Rs using
a sputtered Mo layer, Rsh is signicantly lower than the device
on SLG. This is attributed to the increased grain boundary
density in the CZTSSe absorber on foil substrates. For the Mo
foil with sputteredMo lm device presented in Fig. 4a and Table
1, the thickness of the sputtered Mo layer was approximately
800 nm. Increasing this to 1200 nm further reduced this to 2.6U
cm2, conrming the hypothesis that limiting the formation of
the Mo(S,Se)x layer reduces series resistance.

Fig. 4b shows the EQE characteristics for the three devices.
The signal for the device on bare foil is substantially reduced
relative to the SLG and foil with sputtered Mo substrates. This is
due to the vastly reduced collection probability created by
a performance limiting Mo(S,Se)x layer. Interestingly, the EQE
for the device on foil with sputteredMo has a slightly larger EQE
towards long wavelengths despite having smaller average grain
size. This is consistent with the values of JSC obtained from
Fig. 4a (and listed in Table 1) and suggests considerable
potential for the technology.
Investigation of substrate impurities

In order to assess the quality of the Mo foil substrate onto which
the CZTS nanoparticle inks were deposited, SIMS measure-
ments were performed on the bare Mo foil and the Mo foil with
Fig. 6 SIMS elemental depth profiles of CZTSSe on substrate (a) SLG,
(b) molybdenum foil, and (c) molybdenum foil with Mo film layer. LG:
larger-grain, FG: fine-grain.

Fig. 5 SIMS elemental depth profiles of Mo foil substrate (solid lines)
and Mo foil coated with Mo film substrate (dash lines).

3474 | RSC Adv., 2018, 8, 3470–3476 This journal is © The Royal Society of Chemistry 2018
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a sputtered thin Mo lm. These data are shown in Fig. 5, the
bare foil substrate exhibits one and two orders of magnitude
higher levels of Fe and Cr respectively, than the Mo foil with Mo
lm. Note that in the case of the Mo foil coated with Mo lm,
the ion beam has not penetrated through the sputteredMo layer
to the foil. As expected therefore, the sputtered Mo provides
a purer substrate than the bare foil and may result in a better
interface within the device. It can be concluded that on its own
Mo foil is unsuitable as a substrate for exible CZTSSe solar
cells.

Fig. 5 also indicates a difference in Na signal between the
substrates which, although not as large as for Fe and Cr, is still
signicant. The inuence of sodium incorporation on CZTSSe
morphology and cell performances have been widely re-
ported8,9,28–31 and it plays a positive role in the reduction of grain
boundary density via the formation of large grains. The use of
SLG as a rigid substrate in our work provides an intentional
source of intrinsic Na doping. However, using Mo foil as
a substrate unintentionally introduces Na into our process.

In addition to the Mo foil, background sources of Na may
also exist in the process arising for example from the selenisa-
tion furnace.20 In order to assess the possible inuence of these,
elemental depth proling was performed on devices built on all
three substrates using SIMS as shown in Fig. 6. The SIMS data
allow for identication of the various layers in the devices
including the Mo(S,Se)x and FG/LG CZTSSe layers. All three
samples exhibit an oscillating Na signal throughout the device
which conrms the presence of uncontrolled Na sodium sour-
ces in the fabrication process. Interestingly, the device on SLG
shows a local maximum in the Na signal in the FG CZTSSe layer
(Fig. 6a) while in contrast the devices on foil show a local
minima in the same region. This reduction may be responsible
for the smaller average grain size observed in the LG CZTSSe
layer in the foil devices and overall, these features merit further
investigation to achieve comparable Rsh in Mo foil devices.
Conclusions

The performance of thin lm CZTSSe solar cells fabricated on
Mo foil substrates has been presented. It is found that on its
own, Mo foil is an unsuitable substrate due to the formation of
a thick Mo(S,Se)x layer formed during the fabrication. These
effects can be mitigated by the introduction of a thin Mo
sputtered layer which preserves the advantages of a low cost foil
substrate that is compatible with high volume manufacturing.
Devices on SLG contain an intrinsic source of Na doping which
promotes the formation of large grains in the CZTSSe photo-
voltaic absorber. For development of the technology on foil
substrates, it is necessary to develop approaches towards
controlled introduction of Na, also achieve comparable grain
sizes and Rsh to SLG.
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