
Northumbria Research Link

Citation: Xu, Xinya, Qu, Yongtao, Campbell, Stephan, Le Garrec, Mathieu, Ford, Bethan,
Barrioz, Vincent, Zoppi, Guillaume and Beattie, Neil (2019) Solution processing route to
Na  incorporation  in  CZTSSe  nanoparticle  ink  solar  cells  on  foil  substrate.  Journal  of
Materials Science: Materials in Electronics, 30 (8). pp. 7883-7889. ISSN 0957-4522 

Published by: Springer

URL:  https://doi.org/10.1007/s10854-019-01108-3  <https://doi.org/10.1007/s10854-019-
01108-3>

This  version  was  downloaded  from  Northumbria  Research  Link:
http://nrl.northumbria.ac.uk/id/eprint/38374/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners.  Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without  prior  permission  or  charge,  provided  the  authors,  title  and  full  bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder.  The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of  the research,  please visit  the publisher’s website (a subscription
may be required.)

                        

http://nrl.northumbria.ac.uk/policies.html


Journal of Materials Science: Materials in Electronics manuscript No.
(will be inserted by the editor)

Solution processing route to Na incorporation in CZTSSe
nanoparticle ink solar cells on foil substrate

Xinya Xu · Yongtao Qu · Stephan Campbell · Mathieu Le Garrec ·
Bethan Ford · Vincent Barrioz · Guillaume Zoppi · Neil S. Beattie

Received: date / Accepted: date

Abstract Sodium is a key dopant in thin film pho-

tovoltaic cells with reported benefits 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 configuration often rely on

diffusion of Na from a soda lime glass substrate into the

photovoltaic absorber layer during high temperature

processing. However, for samples on flexible substrates

such as foils and plastics, this is not available and

requires alternative approaches. In this work, we fab-

ricate Earth-abundant Cu2ZnSn(S,Se)4 thin film solar

cells from nanoparticle inks on flexible 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 verified to improve the device

efficiency relative to a reference flexible device built on

molybdenum foil.

Keywords Cu2ZnSn(S,Se)4 · sodium doping ·
flexible · thin film · solar cells

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 film

CuInGa(S,Se)2 (CIGS) on a polyimide (PI) substrate

demonstrating up to 20.4% solar energy conversion
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efficiency [1]. Compared with CIGS, Earth abundant

Cu2ZnSn(S,Se)4 (CZTSSe) lags in performance and

nowhere is this more evident than in the flexible domain

with a record efficiency 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 Na2Sex 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 fill 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 influence of deep

recombination centres, while higher FF stems from

increased bulk CZTSe conductivity with increased hole

density and mobility [7]. For research-grade thin film

solar cells, the source of Na-doping has commonly been

provided by a soda lime glass (SLG) substrate with

diffusion 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 offers the high-

est efficiency [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 Cu2ZnSnS4 nanopar-

ticle inks and subsequent conversion to CZTSSe ab-

sorbers via a thermal annealing step. The highest

reported efficiency 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 efficiency of

4.4% from CZTSSe solar cells built on flexible Mo-foil

substrates.

2 Experimental details

Mo foil (99.9%, Sigma Aldrich) was chosen as a flexible

substrate due to its excellent thermal stability and

high electrical conductivity. A Mo film (∼ 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 effective doping method. The

inks were deposited directly on the Mo-coated Mo foil

substrate by spin coating to create a uniform thin

film of densely packed CZTS nanoparticles. Repeated

application of the spin coating process allowed the

thickness of the resulting thin film to be controlled and

after achieving the appropriate thickness (∼ 1 µm),

the films were heated in a selenium-rich atmosphere

for 20 min at 500 � to form a CZTSSe thin film

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 effect 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 film substrate approach with structure of

Mo foil + sputtered Mo film substrate/CZTSSe/CdS

/ZnO/ITO/Ni+Al contact grid. Further details of pho-

tovoltaic cell fabrication may be found in our previous

publications [22,23]. The CdS buffer 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 mm2. 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

diffraction (XRD, Siemens D-5000) with a CuKα ra-

diation source (λ= 0.154 nm for Kα1). Secondary

ion mass spectroscopy (SIMS) using a Hiden An-

alytical gas ion gun and quadrupole detector was

used to obtain elemental depth profiles. 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 efficiency (EQE) measurements were

performed using a double grating monochromator with

illumination normalised against calibrated Si and Ge

detectors. Capacitance-voltage (C-V) profiles 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), fill factor (FF ), efficiency

(η), series (Rs) and shunt (Rsh) 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 flexible Mo foil substrate exhibits an efficiency

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 flexible solar cells

exhibit degraded Rsh 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-2) FF (%) η (%) Rsh (Ω cm2) Rs (Ω cm2)
Doped 300 (300± 7) 33.9 (33.7± 0.4) 43.5 (41.9±1.3) 4.4 (4.2±0.2) 39.1 3.4
Reference 250 (240± 8) 25.3 (24.0± 1.3) 39.3 (38.5±0.9) 2.5 (2.4±0.1) 33.4 4.5
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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 efficiency 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 significant influence of

the Na on this fundamental optoelectronic property.

Photocurrent (JSC) values were obtained by integration

of EQE according to:

JSC =

∫
F (λ) · λ · EQE(λ) · q/hc dλ, (1)

where F (λ) is the standard air mass (AM) 1.5 solar

spectrum (International standard ISO 9845-1, 1992)

[26], λ is wavelength, h is Planck’s constant, and c is

speed of light. This yielded 30.2 mA cm-2 and 26.2 mA

cm-2 (total area) for the doped and reference devices,

respectively. These values are similar to those in Table

1 which were obtained from the JV measurement. In

general, the EQE for the doped sample exhibits an over-

all improvement from short to long wavelengths. This

indicates longer carrier diffusion length and reduced

recombination in the doped sample. These effects have

previously been associated with an increased absorption

in the CTZSe absorber grain size [24,25].

3.2 Morphologies and composition

In order to investigate the differences in AM 1.5 JV

characteristics and EQE signals between the doped and

reference flexible solar cells, SEM top view and cross-

section images were obtained from selenised CZTSSe

thin film absorbers as shown in Fig. 2. Top view images

for the doped (Fig. 2(a)) and reference (Fig. 2(b))

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 significant features however,

it is notable that the characteristic fine 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 film 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 different 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 film 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 µm (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 fine grain layer in the doped sample is found to

contain less C which is associated with residual ligand

from the fabrication process.
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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 15.89 9.05 15.67 34.06 0.61 0.98
Reference 19.91 11.75 9.04 32.3 0.00 1

XRD data for the doped and reference flexible solar

cells are shown in Fig. 4 (a). The two peaks marked

as orange stars are the reflection from MoSex. The

peak at 52.55° marked as a grey star is a reflection

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 coefficient Chkl 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 σ 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 different rise

times of Mo signal between two samples results from the

different 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 diffusing 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 difference in Na concen-

tration observed in the SIMS data, capacitance-voltage
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Fig. 5 (a) Capacitance-voltage characteristics (CV) of doped
and reference devices. Inset: 1/C2 vs potential profiles to
determine built-in voltage. (b) The carrier concentration
profile 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],

C(V )−2 =
2(Vbi − V )

qεε0A2NA
. (2)

where q is the electron charge; ε0 is the vacuum

permittivity, ε0 = 8.85×10−12 F·m-1; ε is the dielectric

constant of kesterite, ε = 8.6 is taken in this work based

on the calculation from [32]; A is the cell area. Vbi is the

built-in voltage and NA is the doping concentration.

The Mott Schottky plot of 1/C2 versus applied bias

voltage is shown in the inset to Fig 5 (a) based on

Equation 2. The value of Vbi for each device is estimated

by the intersection of linear fits 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 films, 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,

C =
εε0A

x
. (3)

The depletion width (Wd) can be determined by using

εε0A/C at zero bias[33]. It is found that doping changed

Wd from 0.16 µm for reference to 0.10 µm. Further

more, NA can be extracted by deriving Equation 2 as

follow:

NA =
−2

qεε0A2[d(1/C2)/dV ]
. (4)

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 × 1016 cm-3) than

reference (7.7 × 1015 cm-3). 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].

4 Conclusions

In this work, a simple and novel approach to intro-

ducing Na-doping in flexible 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 film 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 benefit is that the doping

profile is reasonably constant throughout the device.

This is in contrast to doping techniques which rely in

the introduction of an additional thin film layer into

the device structure.

Acknowledgements This work was supported by the EP-
SRC North East Centre for Energy Materials (EP/R021503/1)
and also EPSRC grant (EP/N024389/1).

References
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11. S. López-Marino, Y. Sánchez, M. Esṕındola-Rodŕıguez,
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