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ABSTRACT: Thin ﬁlm semiconductors grown using chemical bath methods
produce large amounts of waste solvent and chemicals that then require costly
waste processing. We replace the toxic chemical bath deposited CdS buﬀer layer
from our Cu(In,Ga)(S,Se)2 (CIGS)-based solar cells with a benign inkjet-printed
and annealed Zn(O,S) layer using 230 000 times less solvent and 64 000 times less
chemicals. The wetting and ﬁnal thickness of the Zn(O,S) layer on the CIGS is
controlled by a UV ozone treatment and the drop spacing, whereas the annealing
temperature and atmosphere determine the ﬁnal chemical composition and band
gap. The best solar cell using a Zn(O,S) air-annealed layer had an eﬃciency of 11%,
which is similar to the best conventional CdS buﬀer layer device fabricated in the
same batch. Improving the Zn(O,S) wetting and annealing conditions resulted in
the best device eﬃciency of 13.5%, showing the potential of this method.
KEYWORDS: inkjet printing, Zn(O,S) buﬀer, thin ﬁlm, CIGS solar cells, UV ozone, drop spacing
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INTRODUCTION
Thin-ﬁlm inorganic solar cells require a buﬀer layer to achieve
a high light to electric power conversion eﬃciency (PCE).
Typically, a 50 nm n-type CdS thin ﬁlm deposited by chemical
bath deposition (CBD) technique is used as a buﬀer layer for
both CdTe1,2 and Cu(In,Ga)(S,Se)2 (CIGS)3 thin ﬁlm solar
cells. For CIGS devices CBD buﬀer layers fulﬁll a number of
functions: (i) they provide pinhole free coverage of the rough
absorber surfaces with only tens of nanometer thin ﬁlms,4−6
(ii) they modify the surface chemistry of the absorber
surface,7,8 (iii) they protect the absorber layer from sputter
damage during the deposition of the window layers (e.g., ZnO,
(Mg,Zn)O, ITO),9,10 (iv) they provide a better lattice
matching between absorber and window layer11 and (v) they
result in a high interface band gap that reduces interface
recombination.12,13 However, CdS detrimentally absorbs solar
irradiation above 2.4 eV reducing the device short circuit
current and power conversion eﬃciency (PCE),14 it is toxic,
and the normal CBD process produces a large concentrated
volume of waste that must be safely disposed. Therefore, we
investigate the inkjet printing of Zn(O,S) buﬀer layers for
CIGS solar cells because these absorb less light and are less
toxic and the deposition process uses minuscule amounts of
solvent, and a virtually waste-free process.
Alternative buﬀer materials to CdS, which are environmentally benign and have larger band gaps, are desirable for
thin ﬁlm solar cells. Recently, Nakamura et al. reported a CIGS
© 2021 The Authors. Published by
American Chemical Society

solar cell with a Zn-based buﬀer layer achieving a record PCE
of 23.35%.15 Zn(O,S) could be an ideal CdS alternative
because of its tunable wide band gap of between 2.7 and 5.15
eV16−18 and because it consists of only nontoxic elements.
Zn(O,S) was investigated intensively for application in
photovoltaics and optoelectronics using various deposition
techniques. For example, Zn(O,S) was deposited by CBD
technique,19,20 atomic layer deposition (ALD),21 sputtering,22
spray pyrolysis,23 chemical vapor deposition,24 and sol−gel
methods.25 The CBD method is widely used to deposit
Zn(O,S) buﬀer layer for CIGS thin ﬁlm solar cells; however,
the Zn(O,S) buﬀer formed by CBD usually consists of zinc
oxide (ZnO) and zinc sulﬁde (ZnS) with zinc hydroxide
(Zn(OH)2) with Zn(OH)2 on the top surface.26 The
Zn(OH)2 acts as a barrier for transporting of charge carriers
generated in the CIGS layer due to the large conduction band
oﬀset.27 Consequently, CIGS solar cells with a CBD-Zn(O,S)
buﬀer layer are generally less eﬃcient than CIGS solar cells
with a CdS buﬀer layer.19
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Figure 1. Eﬀect of UV ozone on the printing of Zn(O,S) lines on a Mo substrate. The optical microscope image (Figure 1a) shows the printed
Zn(O,S) lines with drop spacing of 30, 35, and 50 μm on non-UV-ozone-treated Mo (the left part) and 120 s UV-treated Mo (the right part). The
thickness and width of the printed lines with diﬀerent drop spacing and with and without UV ozone treatment on Mo substrates are shown in the
Figure 1b.

printed photoactive material for organic solar cells and
achieved an eﬃciency of 3.5%,32 Li et al. printed perovskite
solar cells and achieved an eﬃciency of 19.6%,33 and Lin et al.
printed CIGS absorber layers and achieved a device eﬃciency
of 11.3%.34 Despite the advantages of inkjet printing, we could
ﬁnd no report on the inkjet printing of Zn(O,S) buﬀer layers
for CIGS thin ﬁlm solar cells.
One key aspect of printing uniform ﬁlms is that the ink must
conformally wet the surface of the substrate that it is being
deposited onto. UV-ozone treatment can be used to improve
the wettability of surfaces.35 The eﬀect of UV-ozone treatment
on inorganic thin ﬁlm semiconductors is scarcely known.
Recently, van Maris et al.36 found that after 90 s of treatment
on an industrial CIGS surface, carbonaceous species had
dropped to one-third of the initial amount, but they also
detected the presence of indium, sulfur, and selenium oxides.
These species could be expected to be detrimental to the
device performance because aging absorbers in air is known to
lower their quasi-Fermi level splitting.37 Nonetheless, UVozone treatment has been reported as a fast, simple, and
eﬀective method for surface passivation of kesterite ﬁlms and
boosted the performance of solar cells.38
Here, we report on inkjet-printed and annealed Zn(O,S)
thin ﬁlms and applied them to CIGS thin-ﬁlm solar cells.
Initially, the Zn(O,S) layers were printed and annealed on
molybdenum, quartz, or silicon wafer substrates to easily
investigate the morphology, crystal structure, composition, and
optical properties without interference from a CIGS substrate.
The printed precursor ﬁlms require post annealing to
evaporate the solvents and convert the wet precursor layers
to solid semiconductor thin ﬁlms by decomposition and/or
combustion reactions at elevated temperature. The temperature of this annealing step might aﬀect the Zn(O,S) properties
and the underlying CIGS absorber layer when applied to solar
cells. Therefore, we investigated the eﬀect of annealing
temperature on the properties of the Zn(O,S) ﬁlms and the
performance of solar cell devices. To understand the beneﬁts
of printed Zn(O,S) ﬁlms as buﬀer layers for CIGS solar cells,
we compared the performance of these solar cells with those of
CBD-CdS buﬀer layers while keeping all other device layers
the same.

Both CBD CdS and Zn(O,S) are atomically wasteful. This is
because the CBD method relies on large volumes of liquid to
ensure uniform chemical concentration and temperature
within the deposition vessel. Typically, the volume of the
CBD vessel is many times the volume of the solar cell
substrates to avoid chemical or temperature gradients. The
vessel volume must be heated for many minutes to aid the
deposition process. After the buﬀer layer is deposited, the
leftover solution is normally disposed of because it contains
undesired waste products and is diﬃcult to reuse. Additionally,
the reaction vessel requires cleaning, typically using concentrated acids, which also requires subsequent neutralization and
disposal. All these factors make ﬁnding an alternative buﬀer
deposition technique desirable.
An atomically eﬃcient solution based deposition method is
inkjet printing and annealing, which splits the deposition and
thin ﬁlm formation into two separate parts. In the ﬁrst part, a
precursor ink stored in a closed 1.5 mL cartridge generates
picoliter drops, which fall and wet the surface of the absorber
layer around room temperature. In the second part, the wet
layer is heated to evaporate the solvent, combust or pyrolyze
unwanted surface tension and viscosity modiﬁers, and drive the
reaction of the precursors to form the desired thin ﬁlm.
Advantageously, the closed cartridge limits the ink exposure to
the environment, enables tens to hundreds of depositions, and
can be used months later. The small droplet size means that no
chemicals and solvent are wasted, and that there is no cleanup
required of large reaction vessels. Care is required to formulate
the precursor ink with the correct surface tension and viscosity
so that it is jettable in a controllable manner and that it wets
the surface of the substrate well.28 Inkjet printers can be easily
integrated into an in-line or a vacuum-line fabrication process
which help to scale up industrial production. It is a contactless
and accurate deposition technique, allowing the patterning of
thin ﬁlms without masks. It provides the ability to ﬂexibly
design the materials and structures on a single substrate.
Additionally, the thickness of the deposited thin ﬁlm is easily
tuned by either changing the drop spacing, the nozzle size, the
jetting voltage, or the number of printed layers or the
concentration of the precursor materials in the inks.
Several groups used inkjet printing to deposit continuous29
and patterned thin ﬁlms.30,31 Other groups used inkjet printing
to deposit functional materials. For example, Hoth et al.
13010
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Figure 2. (a−c) Top-view and (d−f) cross-sectional view SEM images of Zn(O,S) ﬁlms printed and air-annealed at 250 °C for 10 min on Mo
substrates with drop spacing of 25, 30, and 35 μm, respectively. (g−i) Cross-sectional SEM images showing the coverage of printed Zn(O,S) on
CIGS ﬁlms. The red, green, and blue vertical arrows denote the Zn(O,S) ﬁlm printed at diﬀerent drop spacing.
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view and cross-sectional SEM images of 250 °C air-annealed
Zn(O,S) ﬁlms printed on molybdenum substrates with drop
spacings of 25 (a, d), 30 (b, e) and 35 μm (c, f), respectively,
and show them in Figure 2. All the ﬁlms show surface porosity
with openings of around 50 nm in diameter dispersed evenly
over the surface, with the smallest drop spacing showing the
most, and the largest drop spacing the least. From the surface
images it is unclear if these openings extend through to the
substrate. The cross-sectional SEM images appear to show that
all the ﬁlms are compact and uniformly cover the top of the
Mo. The Zn(O,S) ﬁlms were also printed on CIGS to
investigate the coverage on the absorbers. Figure 2g−i shows
the cross-sectional SEM image of Zn(O,S) ﬁlms, revealing a
compact buﬀer thin ﬁlm covering the CIGS absorbers. Atomic
force microscopy imaging (see Figure S1) of the Zn(O,S) ﬁlms
printed on CIGS absorbers shows the absence of voids in the
buﬀer layers. We choose the ﬁlms printed on the smooth Mo
surface to measure a nominal thickness of ﬁlm for each drop
spacing rather than those printed on the rougher CIGS surface.
The cross-sectional thicknesses of the Zn(O,S) ﬁlms were 68,
50, and 42 nm for drop spacings of 25, 30, and 35 μm,
respectively. We can compare these experimental thicknesses
to a theoretical thickness if we assume the ejected drop volume
is 1 pL and the number of drops per unit area corresponding to
the drop spacing. Table 1 shows the number of drops required
to cover a 1 in. square surface and the measured and estimated
thicknesses of the Zn(O,S) ﬁlms printed with diﬀerent drop
spacing. The relative agreement between the measured and
theoretical thicknesses is close, so we suppose that the ﬁlms are

RESULTS AND DISCUSSION
To investigate the ink wetting, morphology, and thickness of
the Zn(O,S) ﬁlms, we printed Zn(O,S) ﬁlms on a low
roughness Mo substrate with diﬀerent drop spacings, which is
the distance between two ejected drops. Depositing drops
closer together should form a thicker Zn(O,S) ﬁlm. To
improve the wettability, we treated the Mo surface with UV
ozone to remove any organic residues and also increase the
surface energy.39 Figure 1a is an optical microscope image with
three printed Zn(O,S) lines a single drop wide, with increasing
drop spacing from top to bottom on untreated Mo, left, and
UV-ozone-treated, right. The thickness and the width of the
lines were measured using a proﬁlometer and are plotted in the
Figure 1b. On the untreated side, the lines with a drop spacing
(DS) of 30 and 35 μm are straight with around 25 ± 5 μm
width, whereas the 50 μm drop spacing line comprises a series
of bulges with a maximum width of 30 μm and a minimum
width of 10 μm. The thicknesses of the lines on untreated Mo
on the left part were all in the range of 120 ± 15 nm. On the
UV-ozone-treated part, the drops wet the substrate signiﬁcantly better and have a line width of around 200 ± 20 μm
with a slight corrugation, and thicknesses of 15 ± 5 nm. From
these initial experiments, we conclude that UV ozone
treatment is necessary to form continuous ﬁlms of suitable
thickness for the buﬀer layer application.
After printing the ﬁlms, they have to be annealed to remove
the solvent and unwanted components, as well as to form and
crystallize the Zn(O,S). To investigate the morphology of the
annealed Zn(O,S) thin ﬁlms and to elucidate the relationship
between drop spacing and ﬁnal ﬁlm thickness, we took top13011
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Table 1. Number of Drops and Volume of Ink to Print 1 in.
× 1 in. Substrate and the Thickness of Zn(O,S) Films
Printed with Drop Spacing of 25, 30, and 35 μm

synthesize ZnS using the same precursor materials.45 This
diﬀers from the chemical bath deposition, which found both
zinc blende and wurtzite structures,46 whereas for ALD, the
presence of the zinc blende structure could not be ruled out.21
Here, the lattice constants of the cubic Zn(O,S) ﬁlms are
calculated to be 0.542, 0.546, and 0.536 nm for the 200, 250,
and 300 °C annealed ﬁlms, respectively (see Table S1), in
good agreement with the pure ZnS cubic zinc blende structure,
which has a reported lattice constant of 0.542 nm.47,48 This
suggests our ﬁlms contain little oxygen.
The prominent peaks of the Zn(O,S) ﬁlms are broad with
the full width at half-maximum (fwhm) varying from 0.054 to
0.068 rad. From Debye−Sherrer’s equation, with a shape factor
of 0.9, the crystallite coherence length was estimated to be
between 2.1 and 2.6 nm (Table S1), which is similar to that of
ZnS nanoparticles synthesized with a sol−gel method as
reported by Raleaooa et al.42 This crystal coherence length is
rather small but explains why virtually compact layers are
observed, as the small crystals can pack well together. It reveals
that grain growth under the present annealing conditions is
limited.
The printed precursor ﬁlms are required to be annealed at
elevated temperatures to remove the solvents in the inks and
form the Zn(O,S) phase itself. The exact annealing temperature may aﬀect the composition and thus the optoelectronic
properties of the Zn(O,S) ﬁlms. Krunks et al. investigated the
thermal decomposition of a ZnCl2-thiourea (Zn(tu)2Cl2)
complex by thermal gravimetric analysis both in air and in
nitrogen and they found no mass loss below 200 °C44
indicating the formation of Zn(O,S) from sintering the
complex would be above this temperature.
Therefore, we investigated the optical properties of Zn(O,S)
ﬁlms air annealed between 200 and 300 °C. Figure 4a shows
the optical transmission of the Zn(O,S) ﬁlms on quartz
substrates, along with the quartz substrate itself for
comparison. The transmission of all the ﬁlms is higher than
85% in the visible region. By increasing the annealing
temperature, the transmission rises and the absorption edge
shifts to longer wavelengths, meaning the bandgap of the
Zn(O,S) ﬁlm is reduced. Figure 4b shows a Tauc plot for a
direct band gap. The bandgap of a Zn(O,S) ﬁlm annealed at
200 °C is estimated to be 4.19 eV and the band gaps of
Zn(O,S) ﬁlms annealed at 250 and 300 °C are 4.08 and 3.78
eV, respectively. Similarly high band gaps of Zn(O,S) have
been observed in the spray pyrolysis deposition method using
the same precursor materials.45 It is known that the bandgap of
Zn(O,S) is correlated with the S/(O+S) atomic ratio, the local
bonding arrangement due to crystallinity, and any bonding
distortion due to lattice mismatch.49 The high band gap of the
Zn(O,S) annealed at low temperature might be due to
quantum conﬁnement, because diﬀraction measurements
showed the ﬁlms consist only of nanometer-sized particles.
Supporting this argument, Deepak et al. found that the optical
band gap of the Zn(O,S) correlated with the crystallite size and
chemical composition in the ﬁlm.18
To see if the observed band gap is changing due to the S/(O
+S) ratio, we used X-ray photoelectron spectroscopy (XPS) to
investigate the elemental composition of the ﬁlms annealed at
the three diﬀerent temperatures. The XPS survey spectra of
Zn(O,S) ﬁlms annealed at 200−300 °C (Figure S3) appear to
be similar except for the peak intensities. The Zn(O,S) ﬁlms
contain zinc, sulfur, and oxygen as expected but also chlorine,
carbon, and nitrogen, which indicates incomplete removal of

drop spacing (DS)

DS 25

DS 30

DS 35

no. of drops
estimated ink volume (μL)
estimated thickness (nm)
thickness from SEM (nm)

1 034 289
1.03
72
68 ± 6

719 104
0.72
50
50 ± 6

528 529
0.53
37
42 ± 6

relatively compact and that most of the impurities have been
removed.
Taking this analysis one step further we can compare the
volume of ink used in inkjet printing to that used in the
chemical bath deposition (CBD) method to cover the same
surface area with a buﬀer layer. For example, to cover the
whole area of a 1 in. square sample, the number of drops when
printing with a drop spacing of 35 μm was 528 529 drops,
which is ∼0.53 μL of ink. To compare with the chemical bath
deposition method in the laboratory scale, each bath needs 500
mL of solvent to deposit buﬀer layers for four samples with a
size of 1 in. square.40 The ink volume needed to deposit on the
same area using inkjet printing is 2.2 μL. This is 230 000 times
less solvent needed to deposit buﬀer layers on the same area
than the CBD method. In addition, the mass of precursors
used to deposit on the same area is 64 000 times lower than
that of the CBD method.41 This huge reduction in solvent and
precursor usage would have a signiﬁcant impact on the
environment.
Grazing-incidence X-ray diﬀraction (GIXRD) was conducted to investigate the crystal structure of inkjet-printed
and air-annealed Zn(O,S) ﬁlms on Mo substrates at 200, 250,
and 300 °C. To obtain a reasonable signal-to-noise ratio, we
chose a thicker than normal layer of 200 nm thickness. The
GIXRD (Figure 3) shows very broad peaks for all the samples

Figure 3. Grazing-incidence XRD patterns of Zn(O,S)/Mo ﬁlms
annealed at 200, 250, and 300 °C on a hot plate in air for 10 min. A
small amount of MoO2 is observed because of the oxidation process.

that match with the JCPDS No. 65−1691 referenced data of
the cubic zinc blende structure of ZnS,42,43 where the
prominent peak varies from 28.3 to 28.8° 2θ (Figure S2),
which is ascribed to the (111) planes. This is in agreement
with Krunks et al., who for bulk powder samples formed from
the same precursor compounds also found the zinc blende
structure for annealing conditions of between 200 and 300
°C,44 and Oﬀor et al., who used chemical spray pyrolysis to
13012
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Figure 4. Zn(O,S)/quartz substrates air annealed at diﬀerent temperatures: (a) transmission and (b) direct band gap tauc plots.

Figure 5. Detailed (a) Zn 2p3/2 and (b) ZnLMM peaks as well as (c) the average atomic composition and (d) the atomic ratios Zn/(O+S) and S/(O
+S) of the Zn(O,S) ﬁlms annealed at diﬀerent temperatures determined by X-ray photoelectron spectroscopy.

energy (eV)). The Zn 2p3/2 spectra acquired at the surface of
the samples annealed at various temperatures are nearly
perfectly aligned and have an identical shape (Figure 5a). The
Zn 2p3/2 peak is not sensitive to the chemical environment
changes induced by the ratio evolution between Zn−O, Zn−S,
or Zn−Cl bonds in the ﬁlms. A single peak centered at 1022.0
eV is attributed to Zn2+ and includes all these contributions. A
second component can be added at 1022.9 eV and is usually

some of the precursor components. S is the main anion
detected in the ﬁlms, with lesser amounts of oxygen and
chlorine, independent of the annealing temperature, conﬁrming the XRD result that Zn is mainly bonded to sulfur. The
bonding characteristics of the Zn(O,S) ﬁlms are investigated
by analyzing the binding energy peaks and the Auger
parameter, which is the sum of the Zn 2p peak position
(binding energy (eV) and Zn LMM Auger peak (kinetic
13013
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Figure 6. (a) Photoluminescence spectra of CIGS absorbers covered with CdS and Zn(O,S) ﬁlms annealed at 200, 250, and 300 °C and (b) the
corresponding quasi-Fermi level splitting values estimated from the photoluminescence spectra.

Figure 7. Performance comparison of (a) eﬃciency, (b) open circuit voltage, (c) current density, and (d) ﬁll factor of CIGS solar cells using inkjetprinted Zn(O,S) ﬁlms printed with drop spacing of 35 μm and air annealed at 200, 250, and 300 °C and conventional CBD-CdS buﬀer layers.

attributed to hydroxide components (Zn(OH)2.50 Interestingly, the ZnLMM peaks show a slight shift toward higher
kinetics energy with increasing annealing temperature (Figure
5b). The Auger parameter values thus slightly rise from 2010.6
to 2010.8 eV, placing them between those of pure ZnO
(2009.8−2010.25 eV) and pure ZnS (2011.4−2011.7 eV).50
ZnCl2 has the lowest Auger parameter value (2009.3−2009.7
eV), meaning that the increasing Auger parameter is likely
linked with the decrease in the number of Zn−Cl bonds in the
ﬁlm for higher annealing temperatures.50
Figure 5c shows the elemental composition of the Zn(O,S)
ﬁlms, measured in the middle of each ﬁlm, annealed at 200,
250, and 300 °C where the absolute error of the XPS
instrument is ±1 at. %. The Zn(O,S) ﬁlm annealed at 200 °C
exhibits less oxygen than chlorine. Higher annealing temperatures relatively increase the Zn and S amounts slightly,
whereas the O content increases signiﬁcantly. In addition,
increasing the annealing temperature results in a signiﬁcant

reduction in Cl and N as the decomposition of these
precursors and their complexes occurs above 200 °C, as has
already been reported.51,52
Figure 5d shows the Zn/(O+S) and S/(O+S) ratios. At 200
°C, the S/(S+O) ratio is around 0.8, dropping to around 0.6 at
300 °C. This indicates that the higher-temperature sample
contains more oxygen and thus should have a smaller band gap
than the low-temperature sample, which is in agreement with
the optical measurements. Surprisingly, the increase in oxygen
seems not to be at the expense of sulfur, but rather chlorine
and/or nitrogen. Within error, the Zn/(O+S) ratio is around
one, although just at the edge of the measurement error at 200
°C. Taken altogether, it appears that at 200 °C Zn(O,S) is
incompletely formed, and that some of the Zn atoms are
bound to Cl.
For photovoltaic applications, the band gap energy and
energy alignment of the buﬀer strongly aﬀects all the
performance parameters of solar cells.53,54 A buﬀer layer with
13014
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Figure 8. (a) J−V characteristics of the best CIGS solar cells using inkjet-printed Zn(O,S) annealed at 250 °C in air for 10 min and CBD-CdS
buﬀer layers and (b) their external quantum eﬃciencies.

higher than a device made without any buﬀer layer (see Table
S2). This again indicates that 30 s UV ozone treatment is
suﬃcient to ensure that the Zn(O,S) buﬀer layer covers the
CIGS, because otherwise we would expect Voc closer to the
device without buﬀer layer. The 200 °C annealed buﬀer has a
Voc 60 mV less than its measured QFLS, whereas the 250 and
300 °C buﬀers have Voc’s around 40 mV less. The reason that
the 200 °C buﬀer layers have this greater deﬁcit is related to it
having a higher diode factor of 2.1 indicating recombination in
the space charge region,58 whereas the hotter annealed buﬀers
have diode factors around 1.5. All the devices suﬀer from low
ﬁll factors. Analysis of current−voltage−temperature measurements shows that they suﬀer from a diode current barrier that
acts as an internal series resistance (see Figure S4). The solar
cells with Zn(O,S) ﬁlms annealed at 250 °C achieved the
highest performance among Zn(O,S) devices, and the best
solar cell achieved an eﬃciency similar to that of the CdS
device.
Besides changing the S/(O+S) ratio, diﬀerent annealing
temperatures might change the degree of in-diﬀusion of
elements between the absorber and buﬀer layers. Most studies
report the in-diﬀusion of Zn into the absorber layer, and also
consider it necessary for good device performance.21,59−61
Platzer-Björkmann et al.21 ﬁnd Cu in-diﬀusion into an ALDdeposited Zn(O,S) buﬀer layer at 120 °C, whereas Zutter et
al.60 ﬁnd a Cu depletion in the absorber layer at the interface
with sputtered Zn(O,S) but found no Cu in-diﬀusion into the
buﬀer layer itself, for an annealing temperature of 200 °C. Wi
et al.61 found that annealing sputtered Zn(O,S) at 400 °C also
caused Cu depletion and a large Zn diﬀusion into the absorber
layer, which caused a large loss in Voc. Here, we measured the
secondary ion mass spectrometry (SIMS) proﬁles of Zn(O,S)
buﬀer layers on CIGS absorbers annealed between 200 and
300 °C (see Figure S5). We ﬁnd that Cu does appear to diﬀuse
into the buﬀer layer, and that Zn in turn diﬀuses into the
absorber layer. However, the degree of diﬀusion appears
similar for all annealing temperatures, which might be expected
because the range of temperatures used here is relatively
narrow, and the annealing time is short. Given the similar
proﬁles of the main elements, we cannot attribute them to any
diﬀerences to the measured electrical properties.
Figure 8a shows the J−V characteristics of the best solar cell
devices fabricated in the same batch using inkjet-printed
Zn(O,S) and CdS buﬀers. The J−V characteristic parameters
are listed in Table 2. The best CIGS solar cell using the

a wider band gap than the traditional CdS, allows more
photons from the Sun to pass through and enter the absorber
ﬁlm, thus generating more charge carriers and increasing the
current density of the solar cells. In addition, the band gap of
Zn(O,S) ﬁlms also determines the band energy alignment with
the absorber ﬁlm, and the conduction band oﬀset that helps
deﬁne the open circuit voltage potential of the solar cell
device.55 To determine the open circuit voltage potential
achievable from CIGS solar cells using Zn(O,S) buﬀers, we
printed Zn(O,S) ﬁlms on CIGS absorber layers and annealed
them at diﬀerent temperatures and investigated their quasi
Fermi level splitting (qFLs). The qFLs is calculated from the
photoluminescence (PL) spectra of the CIGS coated buﬀers
and is the upper limit for the possible device open circuit
voltage.56,57 Samples were prepared identically except for the
three diﬀerent air annealing temperatures of 200, 250, and 300
°C. For comparison, a standard CdS buﬀer layer was also
deposited by chemical bath on a CIGS absorber at 60 °C and
post annealing at 200 °C. Figure 6 shows the photoluminescence spectra (a) and the calculated qFLs (b) of the
samples. The qFLs of the Zn(O,S) samples annealed at 200,
250, and 300 °C were 569, 560, and 534 meV, respectively,
whereas the qFLs of the CdS sample was 559 meV, which is
similar to the two lowest temperature Zn(O,S) ﬁlms. This
shows that the absorber layer is well covered by the Zn(O,S),
because bare absorbers that have been air annealed at high
temperature normally have signiﬁcantly lower qFLs, and that
the Zn(O,S) CIGS interface does not cause signiﬁcant
recombination. These results show the potential to get similar
or even slightly higher open circuit voltages for the solar cells
based on inkjet-printed Zn(O,S) thin ﬁlms than those based
on CdS.
We fabricated CIGS thin ﬁlm solar cells using Zn(O,S)
printed with drop spacing of 35 μm and compared the
performance with CIGS solar cells using a CBD-CdS buﬀer
layer. Figure 7 shows the performance of eight CIGS solar cells
per buﬀer condition. The average eﬃciencies of the CIGS solar
cells using Zn(O,S) annealed at 200, 250, and 300 °C were 8.9,
9.7 and 8.6%, respectively. The average eﬃciency of CIGS
solar cells using CdS buﬀer layer was 10.4%. Both types of
devices achieved almost the same current density except for the
solar cells with Zn(O,S) ﬁlms annealed at 300 °C which had a
lower current. The open circuit voltage of the Zn(O,S) buﬀer
air-annealed devices were all on average 20−40 mV lower than
that of the CdS buﬀer devices but were all at least 100 mV
13015
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Table 2. J−V Characteristic Parameters of the Best CIGS Solar Cells Using the Temperature Series Printed Zn(O,S) and CdS
Buﬀer Layers
device

eﬀ. (%)

FF (%)

Voc (mV)

Jsc (mA/cm2)

Rs (Ω cm2)

Rsh (Ω cm2)

A

Jo (A/cm2)

Zn(O,S)
CdS

11.0
11.4

53
56

537
537

38.6
38.1

1.9
2.4

402
255

1.7
1.5

1.3 × 10−7
2.3 × 10−8

Figure 9. (a−d) Performance of CIGS solar cells using Zn(O,S) ﬁlm printed with diﬀerent drop spacing and (e) the J−V characteristic and (f) the
external quantum eﬃciency of the best solar cell for each thickness.

Zn(O,S) buﬀer layer achieved an eﬃciency of 11%, which is
similar to the performance of the CdS buﬀer layer device. Both
Zn(O,S) and CdS buﬀer layer devices obtained an open circuit
voltage of 537 mV. The diode quality factor A and the
saturation current density Jo of the CdS solar cell are lower
than that of the solar cell using Zn(O,S) indicating a better p−
n junction formation between n-type CdS and p-type CIGS,
resulting in higher ﬁll factor for the CdS buﬀer layer device.
Interestingly, the current density of the solar cell with the
Zn(O,S) buﬀer layer is higher than that of the device using
CdS buﬀer. To understand the improvement in current density
for the Zn(O,S) solar cell, we measured the external quantum
eﬃciencies (EQE) of both devices and show them in Figure
8b. The EQE of the Zn(O,S) solar cell demonstrates an
enhancement in the blue region compared to that of the CdS

buﬀer layer. By integrating the EQE spectra with respect to the
solar spectrum in the wavelength range from 300 to 520 nm for
both devices, we calculate that the current density of the
Zn(O,S) solar cell is higher by 0.93 mA/cm2 compared to the
CdS cell. This enhancement comes from the larger band gap of
Zn(O,S) compared to CdS.
It has been reported that the thickness of the Zn(O,S) buﬀer
layer is a crucial factor for the performance of CIGS thin ﬁlm
solar cells because it aﬀects the charge carrier dynamics.62
Here, we investigated the eﬀects of the thickness of the inkjetprinted Zn(O,S) thin ﬁlms on the performance of devices. To
vary the thickness of Zn(O,S) ﬁlms, we tuned the print
parameter drop spacing at 25, 30, and 35 μm resulting in the
nominal thicknesses of 68, 50, and 42 nm, respectively. We
assume the Zn(O,S) thickness is independent of the substrate
13016
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Table 3. J−V Characteristic Parameters of CIGS Solar Cells Using Zn(O,S) Buﬀer Layers Printed with Diﬀerent Thickness
Zn(O,S) thickness

eﬀ. (%)

FF. (%)

Voc (mV)

Jsc (mA/cm2)

Rs (Ω cm2)

Rsh (Ω cm2)

A

Jo (A/cm2)

42 nm
50 nm
68 nm

11.4
10.6
8.0

56
54
40

534
518
557

38.2
37.8
35.6

3.5
5.7
5.9

1853
4300
5800

1.8
1.8
1.6

2.7 × 10−7
5.0 × 10−7
1.0 × 10−9

Figure 10. Comparison of power conversion eﬃciency of solar cells using printed Zn(O,S) buﬀer on CIGS with (a) diﬀerent UV ozone treatment
times annealed in N2 at 250 °C and (b) the eﬀect of annealing in air and in a N2 environment for 120 s of UV ozone treatment.

it is deposited on. Figure 9a−d shows the performance of the
solar cells measured under standard 1 Sun conditions. The
solar cells with a 42 nm thickness buﬀer achieved the highest
eﬃciency with the best average current density, whereas the
solar cells with a 68 nm thickness buﬀer achieved a much lower
eﬃciency due to a reduction in the current density and ﬁll
factor despite obtaining the highest open circuit voltage. Figure
9e shows the J−V curves of the best solar cell for each
thickness with the properties reported in Table 3, and the
corresponding external quantum eﬃciency (EQE) spectra are
shown in Figure 9f. The solar cell using the 42 nm buﬀer
achieved the best eﬃciency of 11.4%, whereas the one using a
68 nm thickness achieved the best eﬃciency of only 8%. The
solar cell with 68 nm Zn(O,S) ﬁlm has the highest shunt
resistance and the lowest saturation current density which
leads to obtaining the highest open circuit voltage. However, it
exhibits the highest series resistance which strongly suppresses
the current density and the ﬁll factor of the solar cells.
Reducing the thickness of the Zn(O,S) ﬁlm results in
decreasing the series resistance and consequently obtaining
the higher ﬁll factor and current density. The EQEs of the
devices with buﬀer layers of 42 and 50 nm thickness are nearly
identical, whereas the device with a thickness of 68 nm shows a
lower response over the whole wavelength.
The lower photocurrent response of the device with 68 nm
Zn(O,S) compared to the lower thicknesses probably
originates from the “spike” conduction band oﬀset at the
CIGS/Zn(O,S) interface.61 A thicker buﬀer in case of 68 nm
Zn(O,S) results in photocurrent blocking eﬀect even at shortcircuit conditions.63,12 To try to conﬁrm this we measured the
reverse bias EQE of the 68 nm Zn(O,S) device (see Figure
S6). On applying a reverse bias, the whole of the EQE spectra
shifts to higher values, which is a sign of photocurrent barrier
that can be circumvented by providing suﬃcient kinetic energy
(from applied bias) to the photogenerated carriers. This

conﬁrms the presence of a stronger conduction band barrier
for the thickest Zn(O,S) buﬀer layer device.64
In an attempt to achieve highly eﬃcient CIGS solar cells, we
varied the UV ozone treatment time of the CIGS surface from
0 to 120 s in increments and then directly printed a Zn(O,S)
ﬁlm of 42 nm thickness, as this lowest thickness showed the
most promise. The printed Zn(O,S)/CIGS ﬁlms were then
annealed under nitrogen at 250 °C. Figure 10a shows the
performance of these devices, which were all fabricated from
the same batch of CIGS. The CIGS solar cells using 120 s UV
ozone treatment obtained the best performance with an
average eﬃciency of 13.3%, whereas those with lower or no
UV ozone treatment had eﬃciency values of between 10 and
12.5%. It is unclear whether the improvement in eﬃciency is
due to some kind of improved wettability of the Zn(O,S) ﬁlm
so it covers the CIGS surface even more uniformly or if it is
due to some changes in the absorber layer such as surface
oxidation.36 Interestingly, the solar cells without UV ozone
treatment also showed good performance with an average
eﬃciency of 12.6%. This seems to indicate that the fresh CIGS
surface after the KCN etching is wettable enough for the ink to
fully cover the surface. In a new separate experiment to try to
understand if the annealing atmosphere is important, we
compared the performance of the solar cells using the printed
Zn(O,S) annealed in nitrogen with those annealed in air at 250
°C. The power conversion eﬃciency of these devices is shown
in Figure 10b and detail on the J−V characteristic is shown in
Figure S7. The solar cells annealed in nitrogen achieved higher
eﬃciency with an average of 11.6%, whereas the solar cell
annealed in air achieved an average eﬃciency of 10%. Figure
11 shows the J−V characteristic of the best Zn(O,S) solar cell
device and compared with the best reference CdS device. The
Zn(O,S) solar cell achieved the best eﬃciency of 13.5% (Table
4) due to the drastically improved ﬁll factor of 64% while
keeping high voltage and high current, compared to all the
previous and the CdS reference devices. XPS measurements
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This study shows that Zn(O,S) buﬀer layers have successfully
formed using a virtually waste free simple inkjet printing and
annealing process, and that it could be a good alternative to the
toxic CBD-CdS buﬀer for thin ﬁlm solar cells.

■

EXPERIMENTAL SECTION

Ink Preparation. The Zn−S precursor ink is prepared by
dissolving ZnCl2 and thiourea (NH2)2CS) with the Zn:S ratio of
1:1 in distilled water and a mixture of alcohol solution. The total
concentration of the precursors in the ink was 0.8 M. First, the ZnCl2
(218 mg, Sigma-Aldrich) was put in a vial containing 1 mL of distilled
water, 2 mL of ethanol, and 1 mL of propylene glycol. The solution
was stirred for 10 min using a magnetic bar. Then, thiourea (122 mg,
Sigma-Aldrich,) was added to the mixture and stirred for 10 min. A
clear transparent precursor ink was formed that was ready for inkjet
printing.
A prerequisite for a buﬀer layer in a thin ﬁlm solar cell is that the
layer should cover the absorber surface without pinholes and have a
uniform thickness.67 The ink must suitably jet from the cartridge and
wet the surface of the absorber layer to achieve this by inkjet printing.
Good jetting occurs with an appropriate solution viscosity, here
measured Zn−S ink with an Ostwald viscometer to be 3.5 mPa s at 22
°C for a total ink concentration of 0.8 M. After preparing the ink, it
was transferred to a reservoir of the cartridge using a 0.2 μm pore size
syringe ﬁlter (Whatman, PTFE) to remove any dust particles. On
applying a voltage of 20 V to the piezoelectric plates of the inkjet
cartridge, ink drops jetted out of the nozzles without clogging.
Inkjet Printing of Zn(O,S) Thin Films. A Dimatix inkjet printer
(DMP 2850, Fujiﬁlm) was employed to print the Zn(O,S) thin ﬁlms.
The ink was injected through a 0.2 μm pore syringe ﬁlter into the
cartridge in order to prevent large residues or dust clogging the
nozzles. A 1 pL cartridge was used to print the Zn(O,S) ﬁlms,
meaning the volume of each drop was about 1 pL. A pulse voltage of
20 V was applied to the piezoelectric plates on the cartridge making
pressure in the ink reservoir to jet out drops. The drop spacing was
varied from 25 to 35 μm to tune the thickness of the Zn(O,S) ﬁlms.
The ink was printed on soda lime glass coated molybdenum, quartz,
and silicon wafer substrates. These substrates were ultrasonicated in a
5% decon solution for 10 min and rinsed thoroughly with DI water.
The substrates were then ultrasonicated in ethanol for 10 min and
dried with a N2 ﬂow. Finally, the substrates were treated with UV
ozone for up to 120 s.
Solar Cell Fabrication. The CIGS absorbers were industrially
sourced. In brief, the CIGS ﬁlms were sputtered on 500 nm Mocoated glass substrate and post annealed with selenium and sulfur
sources. The CIGS ﬁlms have a Ga/(Ga+In) ratio of less than 0.10
and have a S/(S+Se) ratio of around 0.10. The CIGS ﬁlms have a
band gap of around 1 eV. The thickness of the CIGS ﬁlms was 2 μm.
The CIGS ﬁlms were etched with a 5% potassium cyanide (KCN)
solution for 30 s and dried using N2 ﬂow, and then the CIGS ﬁlms
were pretreated with UV ozone for 30 s unless speciﬁed when
investigating the eﬀect UV ozone treatment before printing the
Zn(O,S) buﬀer. After printing Zn(O,S) on the CIGS, the ﬁlms were
annealed on a hot plate at 200, 250, or 300 °C for 10 min. The
synthesis of comparison CdS buﬀer layers is as reported elsewhere,68
except for a subsequent 200 °C annealing on a hot plate in air for 10
min. All devices were completed with sputtered 50 nm intrinsic ZnO
and 400 nm Al-doped ZnO window layers deposited at 50 °C
followed by e-beam evaporation of the Ni/Al top contact.

Figure 11. J−V characteristic of the best CIGS solar cells using 120 s
UV-ozone-treated CIGS and printed Zn(O,S) annealed in a N2
environment at 250 °C for 10 min and the best reference CdS devices.

revealed that the nitrogen-annealed buﬀer contained slightly
more chlorine than the air-annealed buﬀer layers. Chlorine is a
known n -type dopant of ZnO,65,66 and thus we speculate that
this enables the higher Voc that we observe.

■

CONCLUSION
Nontoxic Zn(O,S) thin ﬁlms were successfully synthesized by
inkjet printing and annealing, consuming 230 000 times less
solvent volume and 64 000 times less precursor mass than a
conventional chemical bath deposition process. UV ozone
treatment of the substrate surface improved the wettability of
the ink. The Zn(O,S) ﬁlms were printed with a drop spacing of
25, 30, and 35 μm forming a continuous layer on the
molybdenum substrates with a thickness of 68, 50, and 42 nm,
respectively. Grazing-incidence XRD of all the Zn(O,S) ﬁlms
annealed from 200 to 300 °C indicated a cubic structure with a
lattice constant close to that of pure ZnS and a nanometersized crystal coherence length.
We investigated the optoelectronic properties of Zn(O,S)
thin ﬁlms annealed between 200 and 300 °C and also tested
the CIGS solar cells performance using these buﬀer layers. The
optical band gap of the Zn(O,S) ﬁlms varied from 4.19 to 3.78
eV where the lowest band gap corresponded to the lowest S/(S
+O) compositional ratio and the highest annealing temperature. The best air-annealed printed Zn(O,S) CIGS solar cells
on average achieved slightly worse eﬃciencies than those using
a CBD-CdS buﬀer. The CIGS solar cells using printed
Zn(O,S) ﬁlms annealed at 250 °C in air showed better
performance with superior open circuit voltage and ﬁll factor
than those annealed at higher and lower temperatures. Thinner
Zn(O,S) layer devices performed better than thicker layer
devices due to a higher short circuit current and ﬁll factor, and
a lower series resistance. The thicker Zn(O,S) layer appeared
to have an interface barrier at the absorber buﬀer interface
which was reduced in the thinner layers. The solar cells
annealed in nitrogen showed better performance than those
annealed in air. The highest PCE of 13.5% was achieved with a
120 s UV -zone-treated CIGS ﬁlm and a 42 nm thickness
Zn(O,S) buﬀer annealed at 250 °C in a nitrogen environment.

Table 4. J−V Characteristic Parameters of the Best CIGS Solar Cells Using Zn(O,S) Buﬀer with Pretreatment of CIGS
Absorber Using UV Ozone for 120 s and the Printed Zn(O,S) Film Annealed at 250 °C in N2 for 10 min and the Best
Reference CdS Devices
device

eﬀ. (%)

FF (%)

Voc (mV)

Jsc (mA/cm2)

Rs (Ω cm2)

Rsh (Ω cm2)

A

Jo (A/cm2)

CdS
Zn(O,S)

11.4
13.5

56
64

537
548

38.1
38.6

2.4
2.0

255
248

1.5
1.3

2.3 × 10−8
7.5 × 10−9
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Characterization. The formation of the printed Zn(O,S) ﬁlms
with diﬀerent UV ozone exposure time was examined using an optical
microscope (Nikon Eclipse ME600). The morphology and thickness
of the ﬁlms were investigated using a scanning electron microscopy
(SEM, Hitachi SU 70) and a proﬁlometer (KLA Tencor P-17). The
surface topographic images of the Zn(O,S) ﬁlms were measured using
an atomic force microscope (nanoscope V) under a tapping mode.
The reﬂection and transmission spectra of the Zn(O,S) ﬁlms on
quartz substrates were measured using a UV−vis spectrophotometer
(LAMBDA 950) with an integrating sphere. The band gap of the
Zn(O,S) ﬁlms was estimated using a Tauc plot with a direct allowed
transition of Zn(O,S) semiconductors (αhv)2 = A(hv − Eg), where Eg
is the band gap, h is the Planck constant, v is the frequency of photon,
A is a proportional constant, and α is the absorption coeﬃcient, which
Ä
É
1 Å1 − R Ñ
is determined by α = d lnÅÅÅ T ÑÑÑ, where d is thickness, R is the
ÅÇ
ÑÖ
reﬂectance,. and T is the transmission of the Zn(O,S) ﬁlm.69 The
crystal structure of Zn(O,S) ﬁlms were characterized using grazingincidence X-ray diﬀraction (Bruker D8 Discover V2) with the
incident angle of 0.5° and the acquisition time was 18 h for each
sample. The in-depth composition proﬁle of the Zn(O,S) on CIGS
ﬁlms annealed at diﬀerent temperature were characterized using a
dynamic secondary ion mass spectroscopy (D-SIMS, CAMECA SC
Ultra). The photoluminescence (PL) spectra of the Zn(O,S) printed
on CIGS ﬁlms were measured using a home-built system with a 660
nm wavelength laser as the excitation source. The quasi Fermi level
splittings (qFLs) were estimated using Planck’s generalized law, which
describes the PL yield depending on the energy as a function of
absorptivity, temperature, and the qFLs.70 The compositions of the
Zn(O,S) ﬁlm-coated Si substrates were measured using X-ray
photoelectron spectroscopy (Axis Ultra DLD) using a monochromated Al ka X-ray source working at 150 W. To exclude the surface
contamination, we sputtered the samples for 120 s with Ar+ ions of
500 eV, corresponding approximately to 5 nm depth from the surface.
The current density−voltage (J−V) characteristics of the solar cells
were carried out using an AAA solar simulator with a Xenon short-arc
lamp, calibrated with a Si and InGaAs reference cells at 25 °C under a
1 SUN (100 mW cm−2) illumination condition. The current density
was measured on the active area of solar cells. The series and shunt
resistance, the diode quality factor, and the saturation current density
were extracted from the dark J−V characteristics. The external
quantum eﬃciency (EQE) spectra were measured with a home-built
system employing chopped illumination from a halogen-xenon lamp
and a lock-in ampliﬁer to measure the photocurrent. The JVT
measurements were performed by mounting the samples in a closedcycle cryostat under a base pressure below 4 × 10−3 mbar. For
measuring the JVT, a cold mirror halogen lamp was used for
illumination with an intensity equivalent to 100 mW/cm2 by adjusting
the height of the lamp from the sample.
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