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Abstract Sodium is a key dopant in thin Im pho-
tovoltaic cells with reported bene ts including promo-
tion of grain growth, passivation of grain boundaries
and increased carrier concentration in chalcopyrite
and kesterite based solar cells. Research-grade devices
fabricated in substrate con guration often rely on
di usion of Na from a soda lime glass substrate into the
photovoltaic absorber layer during high temperature
processing. However, for samples on exible substrates
such as foils and plastics, this is not available and
requires alternative approaches. In this work, we fab-
ricate Earth-abundant Cu,ZnSn(S,Se)4 thin Im solar
cells from nanoparticle inks on exible molybdenum
substrates and demonstrate a simple, low-cost route
to incorporating Na in solution thereby making it
compatible with large area, high volume manufactur-
ing. The technique is veri ed to improve the device
e ciency relative to a reference exible device built on
molybdenum foil.

Keywords Cu,ZnSn(S,Se)4
exible thin Im solar cells

sodium doping

1 Introduction

Flexible solar cells have the potential to enable new ap-
plications in small-to-medium scale distributed energy
and must therefore be cost competitive and sustainable.
Considerable success has been achieved with thin Im
CulnGa(S,Se), (CIGS) on a polyimide (PI) substrate
demonstrating up to 20.4% solar energy conversion
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e ciency [1]. Compared with CIGS, Earth abundant
CuzZnSn(S,Se), (CZTSSe) lags in performance and
nowhere is this more evident than in the exible domain
with a record e ciency of 5.6% on a ferritic stainless
steel foil substrate [2]. There is therefore a pressing need
for fundamental research to address this challenge.
Irrespective of substrate choice, the incorporation
of alkali dopants in both CIGS and CZTSSe is critical
to achieve high performance and this is associated
with a reduction in the density of grain boundaries
which limit the collection of photo-generated carriers
due to non-radiative recombination. For example, the
formation of liquid Na,Sex phases during annealing
has been associated with improved grain growth [3]
and favourable formation of (112) crystal facets [4,5],
as well as increasing the device open circuit voltage
(Voc) and 1l factor (FF) [6{9]. The improved Voc
is explained as a higher built-in voltage resulting
from movement of the bulk Fermi level toward the
valence band thereby reducing the in uence of deep
recombination centres, while higher FF stems from
increased bulk CZTSe conductivity with increased hole
density and mobility [7]. For research-grade thin Im
solar cells, the source of Na-doping has commonly been
provided by a soda lime glass (SLG) substrate with
di usion of Na to the photovoltaic light absorbing layer
occurring during a high temperature processing step
[10]. Alternatively, for Na free substrates, sodium may
be incorporated by doping the back contact (MoNa)
[11,12,6] or by introducing additional layers before or
after the photovoltaic absorber formation [2,13, 14].
Of all the fabrication routes to the production of
CZTSSe solar cells, solution processing o ers the high-
est e ciency [15]. Unfortunately, this process involves
hydrazine which is highly toxic and relatively unstable.
A less hazardous approach with a lower environmental
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impact involves the fabrication of Cu,ZnSnS, nanopar-
ticle inks and subsequent conversion to CZTSSe ab-
sorbers via a thermal annealing step. The highest
reported e ciency for this fabrication technique is 9.3%
[16]. Another attractive solution processing fabrication
route to CZTS involves a solution of molecular pre-
cursors in which dissolving alkali dopants has been
recently studied [17{19]. Both the nanoparticle ink and
precursor approaches are compatible with a variety
of scalable deposition techniques such as doctor blade
printing [20,21] and in this work we present a simple,
low-cost Na-doping approach using the nanoparticle ink
approach to achieve a power conversion e ciency of
4.4% from CZTSSe solar cells built on exible Mo-foil
substrates.

2 Experimental details

Mo foil (99.9%, Sigma Aldrich) was chosen as a exible
substrate due to its excellent thermal stability and
high electrical conductivity. A Mo Im (1800 nm)
was sputtered directly onto the foils by direct current
magnetron sputtering with target power density of
9 mW cm 2 and an Ar pressure of 7 mTorr at room
temperature to reduce series resistance [22].

CZTS nanoparticle inks were chemically synthesised
using the well-established hot injection of metallic
precursors into surfactant and described in detail else-
where [23]. NaF powder was dissolved in the obtained
inks as a novel and e ective doping method. The
inks were deposited directly on the Mo-coated Mo foil
substrate by spin coating to create a uniform thin

Im of densely packed CZTS nanoparticles. Repeated
application of the spin coating process allowed the
thickness of the resulting thin Im to be controlled and
after achieving the appropriate thickness (1 m),
the Ims were heated in a selenium-rich atmosphere
for 20 min at 500 to form a CZTSSe thin Im
photovoltaic absorbers.

For Na-doping, 1.9 mg of NaF was added directly to
a 1.5 mL of hexanethiol solution of CZTS nanoparticle
inks with concentration 100 mg/mL. NaF is chosen
because of the high solubility and low cost. To evaluate
the e ect of introducing Na doping, reference devices
without NaF were also fabricated on Mo foil substrates.
With the exception of the introduction of Na, the
fabrication and processing of devices were nominally
identical.

Solar cell devices were completed using a conven-
tional thin Im substrate approach with structure of
Mo foil + sputtered Mo Im substrate/CZTSSe/CdS
/Zn0O/1TO/Ni+Al contact grid. Further details of pho-
tovoltaic cell fabrication may be found in our previous

publications [22,23]. The CdS bu er layer was fabri-
cated using chemical bath deposition with resulting
thickness of 90 nm. The ZnO and indium tin oxide
(ITO) layers were magnetron sputtered before a Ni/Al
front contact grid was deposited by electron beam
evaporation through a shadow mask. The area of the
grid was 1.15 mm?. To ensure reproducibility of the
photovoltaic performance data, a minimum of three
devices were built for each doping condition.

The surface morphology of the CZTSSe absorber
and its cross-sectional structures were studied by scan-
ning electron microscopy (SEM, Tescan Mira 3) and
elemental composition was determined by energy dis-
persive spectroscopy (EDS) attached to the SEM.
The crystal structure was determined using X-ray
di raction (XRD, Siemens D-5000) with a CuK ra-
diation source ( = 0.154 nm for K ;). Secondary
ion mass spectroscopy (SIMS) using a Hiden An-
alytical gas ion gun and quadrupole detector was
used to obtain elemental depth pro les. Photocurrent
density-voltage (J-V) characteristics of the CZTSSe
solar cells were measured under standard air mass
1.5 solar illumination with an intensity of 100 mW
cm 2 (Abet Technologies Sun 2000 solar simulator).
External quantum e ciency (EQE) measurements were
performed using a double grating monochromator with
illumination normalised against calibrated Si and Ge
detectors. Capacitance-voltage (C-V) pro les of solar
cells were measured by an Agilent E4980A Precision
LCR Meter assisted with Versa Studio sweeping with
both forward and reverse AC biased voltage, and the
maximum current limited to 10 mA with compliance.

3 Results and discussion
3.1 Photovoltaic performance

Fig. 1 (a) shows JV characteristics for solar cells
fabricated from doped and reference CZTSSe absorbers
described above, under illuminated and dark condi-
tions. Additionally, the extracted values of Voc, short
circuit current density (Jsc), Il factor (FF), e ciency
( ), series (Rs) and shunt (Rgp) resistance are given in
Table 1. The average and deviation values are shown in
the brackets. It can be seen that the Na doped device
on a exible Mo foil substrate exhibits an e ciency
of 4:4% which is a substantial improvement relative to
the reference device. Table 1 indicates that the origin
of this improvement is found in both Voc and Jsc.
Notably both doped and reference exible solar cells
exhibit degraded Rgsh relative to a device on a rigid
SLG substrate (data shown in ref [22]). However, it is
interesting to note that within the limitations of the
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Table 1 Device performance for doped and reference samples. Average values and standard deviations are given in brackets.

Voc (mV) Jsc (MA cm™) FF (%) (%) Rsh ( cm?) Rs (_ cm?)
Doped 300 (300 7) 339 (33.7 0.4) 435 (419 13) 44 (42 0.2) 39.1 3.4
Reference 250 (240 8) 25.3 (24.0 1.3) 39.3 (38.5 0.9) 25 (2.4 0.1) 334 45
where F( ) is the standard air mass (AM) 1.5 solar
(@) 40 spectrum (International standard 1SO 9845-1, 1992)
304 _ggf;ince [26], is wavelength, h is Planck’s constant, and c is
— speed of light. This yielded 30.2 mA cm™ and 26.2 mA
20+ cm? (total area) for the doped and reference devices,
‘E respectively. These values are similar to those in Table
o197 1 which were obtained from the JV measurement. In
E o general, the EQE for the doped sample exhibits an over-
K all improvement from short to long wavelengths. This
-104 indicates longer carrier di usion length and reduced
204 recombination in the doped sample. These e ects have
04 previously been associated with an increased absorption
in the CTZSe absorber grain size [24,25].
(b)loo T T T T
Doped
801 Reference .
3.2 Morphologies and composition
E’ In order to investigate the di erences in AM 1.5 JV
& _ characteristics and EQE signals between the doped and
reference exible solar cells, SEM top view and cross-
20+ B eterence™ 1-08 €V _ section images were obtained from selenised CZTSSe
) thin Im absorbers as shown in Fig. 2. Top view images
0 T T T S for the doped (Fig. 2(a)) and reference (Fig. 2(b))
600 800 1000 1200 1400

Wavelength (nm)

Fig. 1 (a) JV curves of cells prepared from doped and
reference inks on Mo foil. (b) EQE spectra for two samples.
The bandgap is estimated by the minimum value of the
derivative of the EQE curves within the long-wavelength
range.

fabrication process the overall device e ciency for a Na-
doped CZTSSe solar cell on a Mo-foil substrate either
matches or exceeds the performance of a nominally
identical device built on SLG.

The EQE response for the devices are shown in
Fig 1 (b). The bandgap energy can be determined
by the minimum value of the derivative in the long-
wavelength region. The extracted bandgaps are both
around 1.08 eV indicating no signi cant in uence of
the Na on this fundamental optoelectronic property.
Photocurrent (Jsc) values were obtained by integration
of EQE according to:

z

Jsc= F() EQE() g=hcd ; @

qualitatively indicate that Na-doping yields smoother,
homogeneous large grains resulting in a more uniform
photovoltaic absorber. This improvement in grain prop-
erties may be correlated with the substantial increase
in Jsc observed in Table 1 between the devices. Cross-
sectional images reveal less signi cant features however,
it is notable that the characteristic ne grain layer [27]
commonly observed between the Mo substrate and the
CZTSSe absorber is much thinner (20 nm) in the doped
sample compared with the reference sample (350 nm).
In addition the Na-doped absorber is thinner than the
reference case which is interesting because the device
EQE (Fig. 1) is actually greater across the spectrum
for Na-doped device suggesting better capacity for
charge extraction than in the reference absorber. This
may follow directly from the Na-doping technique
because the dopants are assumed to be distributed
evenly throughout the nanoparticle precursor layers
and therefore the origin of Na required to promote grain
growth is immediately available during the selenisation
process. Thickness variations in the CZTSSe absorber
layer between the samples were attributed to processing
conditions and the point at which the cross-sectional
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Fig. 2 Top view and cross-sectional morphologies for CZTSSe absorbers for both (a) reference and (b) doped samples.
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Fig. 3 EDS line scans across the Im thickness in (a) Na
doping sample and (b) reference sample, respectively. The
red regions show the positions of EDS line scans. The black
dashed lines indicate the di erent layers in the structure while
the red dashed line indicates the point at which the elemental
compositions of the absorbers were obtained.

SEM image was obtained as sample cleavage for imag-
ing can result in discontinuities and strained layers.

The compositions of the thin Im photovoltaic ab-
sorbers were determined from EDS line scans as shown
in Fig 3. Using these data, the elemental compositions
of the CZTSSe photovoltaic absorbers were determined
at x = 0:5 m (indicated by the dashed red lines
in Fig 3) and the values are given in Table 2. From
these data it can be seen that both samples are highly
selenised and Cu poor which is favourable for solar cell
performance. Furthermore, in addition to being thinner,
the ne grain layer in the doped sample is found to
contain less C which is associated with residual ligand
from the fabrication process.

Doping
3 —— Reference I J

Intensity (a.u.)
1

S -

. L] | TR T R TN uly T
20 30 40 50 60 70 80 90
CZTSe PDF 01-070-8930 _ o

Mo PDF 00-042-1120 2-Theta ( )

(b)10% ' ' ' ' j

" M

10°5

0 500 1000 1500 2000 2500 3000 3500 4000
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Fig. 4 (a) XRD pattern of CZTSSe absorber on Mo foil
substrate prepared from doped solution and reference.(b)
SIMS pro le indicating the Na, Fe, Cr, Mo content. The solid
lines indicate the reference sample, and the dash lines indicate
the doped sample.
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Table 2 Elemental compositions obtained from EDS line
scans in the CZTSSe absorbers.

Cu Zn Sn Se S Se/(S+Se)
Doped 1589 9.05 15.67 34.06 0.61 0.98
Reference 19.91 11.75 9.04 323 0.00 1

XRD data for the doped and reference exible solar
cells are shown in Fig. 4 (a). The two peaks marked
as orange stars are the re ection from MoSey. The
peak at 52.55 marked as a grey star is a re ection
from the strong peak at 58.67  which is matched
to the Mo pattern. For CZTSe patterns, the major
peaks of (112), (204) and (312) planes appear at 27.34 ,
45.35 and 53.7 , matching the polycrystalline kesterite
crystal structure (PDF No: 01-070-8930) [28]. After
doping, the texture coe cient Cpy; increased to 1.02
for the (112) peak and (312) peak, but decreased
to less than 1 for the (204). This indicates that the
preferred orientation changes from (204) to (112) and
(312) following the introduction of Na. The peak at
(110) also disappeared in the doped sample. The change
in orientation preference can be related to a more
uniform concentration of Na from the Mo interface
upward during the selenisation. The calculated degree
of preferred orientation are 0.90 and 0.92 for doped
and reference samples, respectively which indicates
little change in crystallographic orientation between the
samples [29].

SIMS measurements for Na and possible impurities
are shown in Fig. 4 (b). To enable comparison between
the doped and reference samples, the data were nor-
malised to the same Mo counts level. The di erent rise
times of Mo signal between two samples results from the
di erent absorber thicknesses. The data clearly show
that with the exception of a small region towards the
surface of the absorber, the Na level in the doped
sample is higher than the reference sample throughout.
Additionally, the amount of Na is also reasonably
constant throughout the absorber demonstrating an
intrinsic advantage of the solution doping approach
over introducing additional an sodium-containing layer
above or below the absorber. The source of background
Na in the reference sample is likely to come from
residual Na in the selinisation furnace [30]. Other
impurities such as Fe and Cr were also present in both
samples originating from the foil substrate although
interestingly the doped sample also shows lower levels
of Cr and Fe di using from foil substrate. It is possible
that this is the origin of fewer grain boundaries observed
in the Na-doped sample however, this requires further
investigation to be conclusive.

In order to quantify the di erence in Na concen-
tration observed in the SIMS data, capacitance-voltage

(a) 4.0E-8 ; ; ;
3.5E-84 4E16 Doping
3E16] " * Reference
3.0E-8 < *
. L 2E16 .o
C 84 ®
o 25E87 5 1e16 .
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Fig. 5 (a) Capacitance-voltage characteristics (CV) of doped
and reference devices. Inset: 1=C2 vs potential pro les to
determine built-in voltage. (b) The carrier concentration
pro le vs the distance from the junction interface.

measurements (CV ) were performed with both forward
and reverse AC biased voltage. These data are shown
Fig. 5 (a) for both the doped and reference devices. The
relationship between bias voltage and capacitor is given
by Mott Schottky equation [31],

2(Voi V).

2 —
CU) = e,

2
where g is the electron charge; "o is the vacuum
permittivity, "o = 8:85 10 2 F m; " is the dielectric
constant of kesterite, " = 8:6 is taken in this work based
on the calculation from [32]; A is the cell area. Vy; is the
built-in voltage and N4 is the doping concentration.
The Mott Schottky plot of 1=C? versus applied bias
voltage is shown in the inset to Fig 5 (a) based on
Equation 2. The value of Vy,; for each device is estimated
by the intersection of linear ts with voltage axis to be
271.6 mV for the Na-doped sample and 273.5 mV for
the reference.

Within the depletion regions of studied Ims, there
can be an additional dynamic response to the applied
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AC bias at the positions where the electronic levels of
the defect cross the quasi-Fermi level. Therefore, the
junction capacitance response can be expressed as a
function of the distance from the junction interface x
which is related to the capacitance through,

oA
v 3)

The depletion width (Wq) can be determined by using
""9A=C at zero bias[33]. It is found that doping changed
Wq from 0:16 m for reference to 0:10 m. Further
more, Na can be extracted by deriving Equation 2 as
follow:

C =

2

q""oA?[d(1=C?)=dV]’

Based on the Equations 3 and 4, a plot of doping
concentration and distance to the junction is drawn in
Fig. 5 (b). As can be seen, the doping concentration
is higher for the doped sample (2:7 10 cm™3) than
reference (7:7  10%® cm). These results support the
observed improvement in the EQE for the Na-doped
sample and are consistent with previous work in which
higher carrier density in kesterite devices correlated
with smaller depletion region widths [34].

NA:

4)

4 Conclusions

In this work, a simple and novel approach to intro-
ducing Na-doping in exible CZTS nanoparticle ink
solar cells built on Mo-foil substrates is described.
The introduction of Na-doping was found to improve
the device performance from 2.5 % to 4.4% and this
was attributed to the formation of a more uniform
thin Im absorber morphology resulting in improved
electron-hole pair generation. Further work will focus
on optimising the doping concentration however the
emphasis here is that the doping approach lends itself
to high volume manufacturing as a result of solution
processing. An additional key bene t is that the doping
pro le is reasonably constant throughout the device.
This is in contrast to doping techniques which rely in
the introduction of an additional thin Im layer into
the device structure.
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