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Kesterite Cu,ZnSnS, thin film solar cells by a facile DMF-based
solution coating process

Fangyang Liu,* *° Shanshan Shen, ® Fangzhou Zhou, ° Ning Song, ° Xiaoming Wen, ® John A. Stride, ©

Kaiwen Sun, b ChangYan, ® and Xiaojing Hao * b

Kesterite Cu,ZnSnS, (CZTS) thin films were fabricated using a low-cost and environmentally friendly route from a
dimethylformamide (DMF) solution of a metal-thiourea complex. Thermal gravimetric analysis (TGA) has been performed
to reveal the thermal decomposition behavior of the CZTS precursors for drying and sulfurization process design. A facile
solution method of in-situ introducing sodium dopant by adding NaOH into the precursor solution is presented. The
sodium dopant improves the open circuit voltage (Voc) and fill factor (FF) and thereby enhances the power conversion
efficiency from 4.47% to 5.68%. The enhanced performance is related to the increased grain size and elongated minority

carrier lifetime. A large number of large voids observed in the bulk absorber and at the absorber/back contact interface

are considered to be the

Introduction

Kesterite Cu,ZnSnS, (CZTS) has recently attracted a great amount of
interest as a potential absorber for next generation thin film solar
cells, owing to its decent optical and electronic properties
comparable to traditional Cu(In, Ga)Se, (CIGS) and CdTe materials,
and constituents of earth abundant and nontoxic elements’.
Similar to CIGS and CdTe, CZTS can be fabricated by both vacuum
and solution based processesz. Typical vacuum based processes
such as evaporation3 and sputtering4 may suffer from the high
volatility of several elements or intermediate phases and the
narrow compositional stability window of the CZTS phase, in
addition to scaling issues and high intrinsic costs. In this regard,
solution based processes are desirable and are actively being
developed. Nanoparticle ink coating is a very viable solution based
process, especially for Se-incorporated sulfoselenide (Cu,ZnSn(S,
Se),, CZTSSe) absorbers which show large grain microstructure
through a post selenization under Se or H,Se atmosphere and yield
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main

reason for the low short circuit current density (Jsc).

promising high power conversion efficiency of 7-10%"". Notably, a

series of record-setting devices using CZTSSe absorbers with
[S1/([S]+[Se]) of ~ 0.4 and band gap of ~1.13 eV have been
developed by the IBM group using a hydrazine based hybrid
solution-particle slurry and post selenization processla’ " However,
for pure sulfide CZTS, which is preferable from both an
environmental compatibility perspective and the desire for optimal
band gap of ~1.45 eV, nanoparticle ink coating seems to meet
enormous challenges in fabricating absorbers with large grain and
compact microstructure through post sulfurization due to the
difficulties in long range diffusion and volume expansion without
reactive incorporation of Se (larger atomic size than S)ls. Besides,
the nanoparticle coated approach potentially causes microscale
precursorsls. In  contrast with the
aforementioned technologies, a pure solution approach can offer

non-uniformities  in

precursor homogeneity at a molecular scale and accordingly enable
the precise stoichiometric control and excellent film consistency,
which are necessary for low-cost and large-scale production.
Moreover, it eliminates the need for long range diffusion,
facilitating the formation of large grains. A number of solvents have
been employed to fabricate kesterite materials. For sulfoselenide
CZTSSe, some attractive power conversion efficiencies of 8.08% by
hydrazine + hydrazinocarboxylic acid dissolution of Zn metal,17 6.52%
by ethanol + 1-butylamine + 3-mercaptopropionic acid,18 5.14% *°
and 6.62% by water, 6.16% by water + ethanol,21 6.83% for 2-
methoxyethanol+ thioglycolic acid + monoethanolamine,22 8.32%>
by dmethyl sulfoxide (DMSO), and 12.6% by hydrazine (record
efﬁciency)24 have been achieved by several groups. For sulfide CZTS,
however, efficiency of CZTS devices from purely solution-based
processes are much lower and only very few groups have reported
CZTS devices reaching efficiencies higher than 3%: 3.02% by
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ethanol,25 5.29% by water + ethanol,26 and 5.1%% and 5.7% 2 by 2-
methoxyethanol. In order to obtain a high quality kesterite
absorber and achieve greater efficiency, the selection of the solvent
is extremely important. On the one hand, a good solvent should
have a high solubility for metal sources (metal salts or oxides) and
sulfur source (optionally, such as sulfur, thiourea or thioacetamide
etc.), and low surface tension allowing the solution to spread easily
with full coverage and free of streaks or voids, and on the other
hand have suitable boiling point and vapor pressure, allowing the
solvent to readily evaporate with minimal residue yet not leading to
instability during the coating and drying processes and the
deterioration of the film microstructure due to a too rapid
volatilization process. DMF is a common solvent in many fields that
meets the above necessary requirements. It has been used as
solvent in spray pyrolysis for CZTS thin film fabrication (metal salts
and sulfur powder as start materials needing stabilizer) 29, yielding
efficiency of 0.51%° and solvothermal synthesised CZTS
microparticles 3

In this work, we report the fabrication of kesterite CZTS absorber
via a solution coating route from DMF solution of a metal-thiourea
complex. We first investigated the thermal decomposition behavior
of CZTS precursor by thermal gravimetric analysis. Then a facile in-
situ solution method introducing sodium dopant by adding NaOH to
the precursor solution is presented. We also performed the
material and device electrical studies based on several
characterization techniques and concluded by briefly summarizing
the results.

Experimental

The precursor solution was prepared by dissolving 11.98 g
Cu(CH;C00),-H,0 (0.06 mol, AR), 8.12 g Zn(CH;COO0),-2H,0 (0.037
mol, AR), 7.45 g SnCl,-2H,0 (0.033 mol, AR) and 19.7 g SC(NH,),
(0.26 mol, AR) into 100 mL dimethylformamide (DMF, AR) and
stirring at 50 oC for 1 hour to get a light yellow solution. The
solution can be stable for 1 year. All chemical reagents were
purchased from Sinopharm Chemical Reagent Co., Itd. The
precursor solution was then spin-coated on molybdenum coated
soda-lime glass (SLG) substrates at 4000 rpm for 20 s, followed by
drying at 300 2C for 8 min on a hot plate in air. This coating step was
repeated 15 times to get a CZTS precursor film with a desired
thickness. After that, the prepared precursor films were sulfurized
at 5802C in a sulfur/N, atmosphere for 40 mins with controlled
sulfur partial pressure, to form the CZTS absorbers. The solar cell
devices were completed by a chemical bath deposited 70 nm CdS
buffer, followed by RF magnetron sputtered 50 nm intrinsic ZnO,

and DC magnetron sputtered 400 nm ITO window layer sequentially.

Finally Al was thermally evaporated on the ITO layer to form top
contact fingers via a shadow mask. Each device had a total area of
approximately 0.45 cm?’ defined by mechanical scribing.

The surface and cross-sectional morphology of the thin films were
characterized by SEM (NOVA NanoSEM 230). The X-ray diffraction
(XRD) patterns and Raman spectra were collected by using Rigaku-
TTR Il X and Jobin-Yvon LabRAM HR-800 (514 nm and 325 nm
excitation wavelength), respectively. An energy dispersive
spectrometer (EDS, EDAX-GENSIS60S in NOVA NanoSEM 230) was
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used to check the elemental composition and its distribution.
Elements identification and related valence state analysis was also
conducted by X-Ray Photoelectron Spectroscopy  (XPS,
ESCALAB220i). A FEI Tecnai G2 equipped with energy dispersive
spectroscopy detector was used for the transmission electron
microscopy (TEM) analyses. Current density-voltage (J-V)
characterization for the solar cells were performed using Xe-based
light source solar simulator (Newport, 91160 and KEITHLEY 2400) to
provide simulated 1 sun AM 1.5G illumination which was calibrated
with a standard Si reference cell, traceable to the National
Renewable Energy Laboratory. The external quantum efficiency
(EQE) was measured using chopped monochromator beam and
lock-in amplifier, with calibration into the NIR by Si and Ge diodes
measurements (QEX10 spectral response system from PV
measurements, Inc). Time-resolved photoluminescence (TRPL)
measurements were performed on the device using the time-
correlated single  photon counting (TCSPC) technique
(Microtime200, Picoquant) at a wavelength near the band gap. The
excitation is a 467 nm laser with tunable repetition.

Results and Discussion

The thermal decomposition behavior of CZTS precursor was studied
by thermal gravimetric analysis (TGA) in N, atmosphere as shown in
Figure 1. The weight loss starts from about 1552C corresponding to
the boiling point of DMF and the first weight loss regime before
around 2209C represents the loss of DMF solvent. The weight loss
regime from 220 to 310 °C corresponds to the thermal
decomposition of metal-thiourea complexes. The thermal
decomposition mechanism of the metal-thiourea complexes has
been investigated in detail in previous reportsn 2 Metal sulfides,
and few metal oxides which can be converted into sulfides by

Weight Loss (%)

T T T T 1
200 300 400 500 600

T
100

Temperature (°C)

Figure 1. TGA curve of CZTS precursor from drying the
solution at 100 °C for several hours to evaporate most
solvent. The inset shows the CZTS precursor solution by
solving metal salts and thiourea into DMF.

subsequent high temperature sulfurization, are often formed during
the thermal decomposition process. The very slow weight loss in
the regime from 310 2C to 550 °C is due to the oxidation of the
sulfides. Therefore, the drying temperature should be set suitably in
order to decompose the metal-thiourea complexes completely

This journal is © The Royal Society of Chemistry 20xx
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without excessive oxidation during the annealing in air. Although
the thermal decomposition of the metal-thiourea complexes under
an inert atmosphere contributes to the reduction of oxides,
decomposition under an oxygen atmosphere is more favorable to
decrease the content of carbon or nitrogen in the thin films by
breaking and oxidizing the C-H or C-N bonds in the organic
solvents®’. Therefore, in this route, the drying process was
performed at 300 2C under air atmosphere.

Figure 2 shows the top-view and cross-sectional SEM images of the
as-prepared CZTS precursor film by repeating the spin-coating and
air drying procedure 15 times. The precursor exhibits a crack-free
and three-dimensional porous morphology, which is beneficial to
relieve the stress from volume contraction during air drying and
expansion during sulfurization. The thickness is estimated to be
about 1 um. From EDS composition measurements, the metallic
ratios of Cu/(Zn+Sn) and Zn/Sn in the precursor film are 0.86 and
1.13, respectively, remaining almost unchanged compared with
those in the precursor solution. From the XRD pattern of the as-
prepared precursor sample via drying in air at 3002C (Figure 1S),
three main diffraction peaks which match (112) (220) (312)
reflections of kesterite CZTS phase are observed and the broad peak
width indicates a relatively small grain size (~11 nm calculated using
the Scherrer equation), confirming that kesterite CZTS nanocrystal
precursors can be directly prepared by this simple molecular

Journal-of:MaterialscChemistry C

precursor-based solution route without the need of complex
nanocrystal synthesis. Raman spectroscopy was employed to
further investigate phase constitution of the as-prepared precursor,
considering the low XRD signals from minor secondary phases (such
as tin sulfide and copper sulfide) and the characteristic (110) peak
of CZTS at poor crystallinity, and the overlap of the main peaks of
CZTS, ZnS and Cu,SnS3;. Raman spectrum, measured using 514 nm
excitation wavelength in Figure 2S (a), shows an ambiguous peak at
about 330 cm'l, with a shoulder at about 338 cm™ corresponding to
the kesterite CZTS phase33 and a peak at about 470 cm™ which can
be assigned to be Cu,,S phases34’ *_ The Raman peak at about 330
em? may be attributed to be Cu,SnS; (CTS) phase 3436 or a mixture
of phases (CZTS and CTS)37 considering the shift of the CZTS Raman
peak to low wavenumbers with the decrease of Zn content®®. The
formation of kesterite CZTS phase from precursor solution at low
temperature suggests a kinetically viable transformation that does
not rely on the long-range motion of precursor constituents.” In
addition, in order to determine the possible presence of ZnS phase,
Raman spectrum was also recorded using a 325 nm excitation
wavelength, which can enhance the detection sensibility of ZnS 39
and is show in Figure 2S (b). The distinguishable, but very weak,
peaks at 345 em® and 697 cm® arising from the first-order and
second-order ZnS bands * suggest very little ZnS phase present in
the precursor. Besides, the existence of Cu,.S phase from the peak
at 475 cm™ is observed again.

Figure 2. Top-view (a) and cross-sectional (b) SEM images
of the as-prepared CZTS nanocrystal precursor film by
repeating the spin-coating and air drying (300 °C in air)
orocedure 15 times.

This journal is © The Royal Society of Chemistry 20xx

Figure 3. Top-view and cross-sectional SEM images of the
CZTS absorber by sulfurizing the precursor at 580 °C in
sulfur atmosphere
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The final weight loss regime above 550 oC in the TGA curve
corresponds to the slow decomposition of the kesterite CZTS phase,
forming the volatile species such as sulfur vapor and Sn(ll) sulfide.*
The addition of excess sulfur and optionally, tin sulfides, is
suggested during sulfurization processes to inhibit the
decomposition of the kesterite phase at high temperature and the
presence of the detrimental impurity phases, and promote the
grain growth. In our absorber preparation process, saturated sulfur
vapor was provided during sulfurization, and so the sulfurization
temperature can be as high as 560 2C to 580 2C. Too low
sulfurization temperature will lead to poor crystallinity and small
grain size (Figure 3S (a)), while too high sulfurization temperature
will worsen the microstructure forming pinhole (Figure 3S (b)),and
lead to excess thickness of high resistivity MoS, interface layer
between CZTS and Mo back contact(Figure 3S (c)). In this work, the
sulfurization temperature is chosen to be 580 2C. Figure 3a shows a
top-view SEM image of the typical CZTS absorber. The film shows
dramatic morphology changes after sulfurization, exhibiting densely
packed grains with a very uneven size, in the range of 0.2 - 1 um.
Most of the grains have a size smaller than 0.5 um. From the cross
sectional SEM image of the corresponding CZTS solar cell device, it
is shown that the absorber is composed of a few large grains
spanning the entre layer with thickness of near 1 um but most of
the grains do not extend from the back to the front of the film. The
carbon-rich and (or) fine grain bottom layer frequently observed in
absorbers synthesized by solution processes using other organic
solvents*®?**! cannot be found here, whilst a lot of voids are visible
at the bottom region of the absorber and the MoS, layer, with a
thickness of about 200 nm is observable. For composition, the
absorber has a Cu/(Zn+Sn) ratio of 0.90 and a Zn/Sn ratio of 1.15,
which shows very little decrease in Sn content. This Cu-poor and Zn-
rich composition is reported desirable for high-efficiency CZTS solar
cells. Figure 4a shows the XRD pattern of the CZTS absorber film
obtained by sulfurizing the as-prepared precursor. The XRD peaks
sharpen considerably, indicating a large grain size, which is required
for high performance CZTS solar cells, and show an excellent match
to the kesterite phase with all of the minor reflections*'. Raman
spectroscopy was used again to investigate the phase purity of the
CZTS absorber. From the Raman spectrum recorded using 514 nm
excitation wavelength in Figure 4b, all distinctive peaks are in
agreement with well-known vibrational characteristics of kesterite
CTZTS phase33’ *2 \without the observable secondary phases such as
Cu,,S, SnS and Cu,SnS;. The Raman spectrum recorded using an
excitation wavelength of 325 nm, as shown in the inset of Figure 4b,
exhibits three peaks arising from the first-order, second-order and
third-order ZnS bands, indicating the presence of ZnS phase,
consistent with the Zn-rich composition. According to previous
reports, a small amount of ZnS can help passivating the CZTS grain
boundaries* ** and obtaining high Voc,27 although if too much
would lead to current block and low short circuit current density
(Jsc)AS’ 46, having no significant negative effect on the efficiency of
kesterite solar cells*” %, The complementary studies based on XRD
and Raman spectroscopy confirmed that the absorbers consists of a
main phase of CZTS and a minor ZnS secondary phase after the
sulfurization at 580 °C in sulfur atmosphere.

X-ray photoelectron spectroscopy (XPS) performed to
investigate the chemical states of the constituent elements and the

was
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Figure 4. (a) XRD pattern of the CZTS absorber (b) Raman

spectrum of the CZTS absorber measured with laser

excitation wavelength of 514 nm. The inset shows the

Raman spectrum measured with laser excitation

wavelength of 325 nm.

concentration of impurities within the CZTS absorber after

sulfurization. The XPS spectra of all four elements are shown in
Figure 4S. The peak of Cu 2p is split into two separate features at
931.7 (2p3/2) and 951.5 eV (2p1/2), with a splitting of 19.8 eV,
which is in good accordance with the value of Cu(l). The peaks of Zn
2p appear at binding energies of 1021.4 and 1044.5 eV, which can
be assigned to Zn(ll) with a peak splitting of 23.1 eV. The peaks of
Sn 3d peaks located at 486.9 and 495.4 eV with a splitting value of
8.5 eV, correspond to Sn(IV). The sulfur 2p peaks in the spectra are
located at 162.7 and 161.6 eV with a doublet separation of 1.1 eV,
which is consistent with the 160-164 eV range of S in the sulphide
phases. These XPS data, in agreement with the reported values in
the literatures > ***° demonstrate that Cu,ZnSnS, is formed. Unlike
vacuum-based methods, the organic solution-based processing of
metal chalcogenides will inevitably lead to residual impurities, such
as C, O, N and Cl, in CZTS thin films. Figure 5 shows the changes in
impurity elements for precursor and CZTS absorber. The atomic
percentages of Cl, C, N and O are 4.34%, 5.35%, 2.25% and 15.47%,
respectively for the precursor. For the absorber, the XPS signals
from Cl and N disappear, indicating that the content of Cl and N is
below the detection limit of XPS (< 0.1%). The atomic percentage of
O also shows a significant decrease to 0.78%, revealing that the
oxygen in precursor is almost removed during sulfurization. There is

This journal is © The Royal Society of Chemistry 20xx
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still some residual carbon impurities with atomic percentage of 2.12% CZTS absorber without extra Na doping.

after sulfurization and the C 1s peak was observed to shift from a
binding energy in the range of 285 - 287 eV to about 284 eV,
indicating the change of the C-atoms bonding structure from C-O
and C-N to C-C'** after sulfurization. According to previous
experience in kesterite”™ *** and chalcopyrite55 photovoltaics, this
concentration level of carbon residue is very low and acceptable for
high-efficiency  device fabrication although the tolerable
concentrations has not yet been deeply investigated. Meanwhile,
compared to several hundreds of nanometers thick carbon residual
layers in films formed via solution processes using other solvent
47 56, the facile removal of carbon in this process is believed to be an
advantage of using DMF as the solvent. Considering that carbon
impurities in absorbers have been considered to be detrimental to
efficiency of the solar ceII557'59, further efforts on completing
removal of carbon impurity are needed.

precursor
AbSOrber s son i

Intensity (a. u.)

C-C C-OorC-N
<

Cl

T
195 200 205

T T T T T T T T T T T
280 285 290 295 395 400 405 525 530 535 540

Binding Energy (eV)

Figure 5. High-resolution XPS scan of impurities in CZTS precursor and
absorber using the same set of parameters.

It has been reported that sodium is essential for absorber
microstructure and electronic properties improvement, and thereby
enhance the device performance6°'63. Although sodium is usually
provided by the SLG substrates via diffusion during high
temperature sulfurization, the addition of extra sodium can further
improve the performance of the device for both solution®®?”% and

65 . . . .
vacuum”” based processes. Herein, an in-situ doping route was used:

0.003 g NaOH as sodium dopant source was added into the 100 ml
precursor solution (3 mmol/L, so the Na doping amount is 1 mol.%)
aiming to further promote the grain growth and improve the
electronic properties of CZTS thin films. Figure 6 shows the top-view
SEM image of the Na-doped CZTS thin film and cross-sectional SEM
images of corresponding CZTS solar cell device on a SLG substrate. It
is observed from the top-view SEM image that the film consists of
mainly large grains, with most of grain size larger than 1 um, and
some smaller grains between them. The average grain size is higher
than that of the CZTS absorber without extra Na doping. Moreover,
the addition of Na makes the film seem less angular and smoother,
which is similar to the observation by Wangen Zhao et al. when
adding 1% sodium diethyldithiocarbamate into ethanol solution®®,
From the cross-sectional SEM image, it is observed that more large
grains extend through the entire depth of the film compared to

This journal is © The Royal Society of Chemistry 20xx

18,23,

Therefore, the extra
addition of Na has a beneficial effect on grain growth. Note that
voids at the bottom region are still visible and the addition of extra
Na does not significantly affect the MoS, thickness.

Figure 7a shows the photoluminescence (PL) spectra of the finished
devices using DMF processed CZTS absorbers with and without Na

Figure 6. Top-view (a) and cross-sectional (b) SEM images of the
CZTS absorber with extra Na doping by adding 3 mmol/L NaOH in
precursor solution.

doping. Both PL spectra have the similar shape and consist of two
bands at 1.30 and 1.39 eV, which originate from disordered and
ordered pure kesterite czTs® respectively and are lower than the
reported band gap of CZTS (~1.45 eV). The photoluminescence
bands in the range of 1.2eV - 1.4 eV below the band gap of CZTS
have been reported widely for single crystalsw‘ % thin films®*”, and
monograin powders”, pointing to the defect related recombination
in CZTS thin films. The relatively weak transitions from band to band
in the PL spectra indicate that defect-assisted recombination is the
dominant process due to the large number of defects in the CZTS
material. The PL intensity of CZTS device with extra Na doping is
stronger than that of CZTS device without Na doping, suggesting
that extra Na doping reduces/passivates defects in CZTS absorber
and thus enhances the photoluminescence, which act as minor-
carrier traps leading to recombination, and most likely origin from
grain boundaries based on above SEM microstructure analysis.

J. Name., 2013, 00, 1-3 | 5
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The time-resolved photoluminescence (TRPL) was performed to
check the minority carrier lifetime of the two devices, as shown in
Figure 7b. We use bi-exponential fitting to analyse the curves as
described by B. Ohnesorge et al. ”® The initial fast decay is ascribed
to a radiative recombination process in the high-injection regime
immediately after the laser pulse with the optically excited excess
carrier concentration. The slow decay component is generally
attributed to the minority carrier lifetime due to recombination.”®”’
The minority carrier lifetime of 4.16+0.05 and 3.15+0.05 ns were
extracted for CZTS devices with and without extra Na doping,
respectively. The longer minority carrier lifetime for CZTS device
with extra Na doping reveals slow recombination, consistent with
previous reportsez’ % Note that the lifetime values in this work are
comparable to those of pure sulfide CZTS devices reported by other

groupssz’ 7478 hut lower than those of Se-incorporated CZTSSe
devices™ ”°.
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Figure 7. Room temperature photoluminescence (PL)

spectra (a) and time-resolved photoluminescence (TR-PL)

trace at the emission wavelength of 900 nm (b) of the

finished devices with CZTS (black) and Na doped CZTS

(red) absorbers.
CZTS and Na-doped CZTS devices exhibit the power conversion
efficiency values in the range of 5-6% and 4-5%, respectively, as
exhibited in Figure 5S. Figure 8a shows the current density-voltage
(J-V) characteristics of the typical CZTS and Na-doped CZTS solar
cells measured under dark and simulated AM1.5 illumination. A
significant boost in PCE is observed from 4.77% to 5.68% for Na-
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Figure 8. (a) Current density-voltage (J-V) characteristics
and (b) external quantum efficiency (EQE) curves of the
devices with CZTS (black) and Na doped CZTS (red)
absorbers.

doped CZTS solar cell. This enhancement is mainly due to the
improvement in open circuit voltage (Voc) from 606 mV to 654 mV
and fill factor (FF) from 55.2% to 58.9%, which closely relate to the
lower carrier recombination and is in accord with the phenomena in
previous report527’ 62,6465 Figure 8b shows the external quantum
efficiencies (EQE) of the two devices. The integrated short-circuit
current densities extracted from the EQE data are 14.4 and 15.2
mA/cm2 for CZTS and Na-doped CZTS devices, respectively, in good

agreement with those obtained by J-V test under simulated sunlight.

The slightly higher Jsc for Na-doped CZTS device is found from a
higher response in the long wavelength region, meaning better
carrier collection efficiency for Na-doped CZTS devices. Because
sodium has been reported to cause narrower depletion width
leading to lower Jsc¢® and carrier collection efficiency is most likely
limited by carrier life time in CZTS based solar cells™, the slight
improvement in carrier collecting efficiency and Jsc may be
attributed to the longer minority carrier lifetime for Na-doped CZTS
device. The boost in performance for Na-doped CZTS device
demonstrates the positive effect of Na spices in CZTS solar cells and
effective sodium incorporation for current process.

This journal is © The Royal Society of Chemistry 20xx
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To gain insight into the properties of the CZTS solar cell in detail,
the cross-sectional morphologies and compositional depth profile
of the device were investigated using transmission electron
microscopy (TEM) and EDS, respectively, as shown in Figure 9. The
TEM image and the EDS line scans show that there are some big
grains as large as the film thickness, with homogeneous elemental
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Figure 9. (a) Cross-sectional TEM image (Bright field) of
the CZTS device milled by a focused ion beam technique.
(b) and (c) the corresponding EDS line scans taken along
the directions of the arrows L1 and L2 in the TEM image in
(a), respectively. The diffusion of indium from ITO into
CdS buffer layer is also observed. Due to overlap of S-Ka
and Mo-La peaks in EDS, the S distribution actually is the
combination of Mo and S.
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distribution and the absence of a fine grain bottom layer, or
secondary phase grain such as ZnS which is frequently observed at
the absorber/back contact interface® 7% &, However, many large
voids in the bulk absorber and at the bottom region of the absorber
are clearly observable. Voids reduce absorption efficiency at long
wavelength when in the bulk absorber and block the carrier
transportation when at the bottom region of the absorber, which
both are detrimental to device performance, especially Jsc. This
may be the main reason for low Jcs in our devices, which is the
most serious shortage compared to those CZTS devices yielding
efficiencies higher than 7% with Jsc at the level of ~ 20 mA/(:m2 L
8183 Hence, one of the main factors for achieving higher efficiency
in the present device is likely to diminish/eliminate the voids in the
bulk absorber and at the absorber/back contact interface. In
addition, the MoS, layer with a thickness of about 200 nm is
observed between CZTS absorber and Mo. MoS, layer with low
electrical conductivity facilitates the electrical quasi-ohmic contact
and improves the adhesion of CZTS to the Mo back contact, but
leads to high series resistance and accordingly deteriorates the
device efficiency by decrease Jsc and FF if not thin enough,84’ 8
similar to the case of Cu(ln, Ga)Se, solar cells.®® Therefore, the
further optimization to minimize MoS, thickness for Jsc
improvement is also needed and is under investigation.

Conclusions

In summary, we report the fabrication of CZTS thin films by a low-
cost, scalable, and environmentally friendly solution-based route. In
this route, melt salts and thiourea were dissolved in DMF solution,
forming a homogeneous CZTS precursor solution from which CZTS
nanocrystalline thin films were deposited. The drying and
sulfurization were carried out at 300°C in air atmosphere and 580°C
in saturated sulfur atmosphere, respectively. Through this solution
based route, kesterite CZTS thin films with densely packed grains
and no evidence of carbon-rich and (or) fine grain bottom layer,
were obtained. Addition of extra Na dopant in the absorber from a
facile solution incorporation simply by adding NaOH into the
precursor solution has been achieved. This additional Na doping
was found to improve the open circuit voltage (Voc) and fill factor
(FF) and thereby boost the power conversion efficiency from 4.47%
to 5.66%. The enhanced performance is related to the increased
grain size and elongated minority carrier lifetime, leading to less
recombination. A lot of large voids observed in the bulk absorber
and at the absorber/back contact interface are considered to be the
main reason for low short cicuit current density (Jsc). Future study
will be focused on addressing the voids and MoS, issues to improve
Jsc. More importantly, this solution route and doping way could be
extended to fabricate other chalcogenide semiconductor thin film
photovoltaics or flexible photovoltaics.
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