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ABSTRACT: High quality Cu,ZnSn(SSe), (CZTSSe) for solar
cells can be fabricated with Cu,ZnSnS, (CZTS) nanocrystals,
followed by a selenization process. However, the use of toxic and
environmentally unfriendly solvents such as toluene or
hexanethiol to disperse the nanocrystals and the use of the
harsh selenization process to promote the grain growth are not
environmentally benign. We present here an environmentally
friendly, sustainable, and scalable route to fabricate CZTSSe with
Cu,ZnSnSe, (CTZSe) nanocrystals by a sulfurization process.
The CZTSSe film has been doped with S to optimize the device
performance, exhibiting an enhancement in the open-circuit
voltage (V,.) and short circuit current density (J,.). In addition,
by developing a robust precursor film with the addition of ethyl
cellulose, the loss of Sn associated with the conversion of CZTSe
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to CZTSSe during the grain growth process has been mitigated, leading to an increase in the conversion efliciency compared to
that of the precursor film without using ethyl cellulose. Such an improvement can provide insight into the grain growth of
CZTSSe during the sulfurization process and thereby enhance the feasibility of sustainable high efficiency CZTSSe solar devices.
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B INTRODUCTION

Colloidal semiconductor nanocrystals are one of the promising
solutions to achieve the ultimate goal of low-cost high-efficiency
solar cells due to the advantages of efficient utilization of
materials, excellent capability for precisely controlled compo-
sitions, and large-scale manufacturing processes.' Recently,
successful application of semiconductor nanocrystals such as
CdTe? CIGS,® and PbS* to photovoltaic devices has been
demonstrated to ensure their potential. However, with the
targeted deployment of solar cells reaching the terawatt scale,
those materials adopting the rare or environmentally unfriendly
elements would become a crucial issue.” The environmentally
benign and earth-abundant kesterite-related Cu,ZnSnS,
(CZTS), Cu,ZnSn(S,Se;_,), (CZTSSe), and Cu,ZnSnSe,
(CZTSe) materials with high absorption coefficients become
promising absorbent candidates for the next generation solar
cells to meet the terawatt-scale solar demand.® Recently, many
efforts have been made with the syntheses of CZTS,” CZTSe,
and CZTSSe® nanocrystals. However, it is challenging to make
high-quality films to promote the transport of electrons and
holes for producing high-efficiency pn junction solar devices.
An efficiency of 0.8% was demonstrated using CZTS
nanocrystals followed by a selenization process, and such an
approach has become a prevailing route for making CZTSSe
solar cells.” With further improvements in coating the film by
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adopting a hexanethiol solvent, a higher efficiency of 6.73% has
been achieved by the same group.'® However, the utilization of
toxic and unfriendly solvents such as toluene or hexanethiol to
disperse the nanocrystals is not environmental friendly.
Unfortunately, only a few studies have focused on green and
sustainable binders for preparing the CZTSSe nanocrystal-
based ink. On the other hand, the typical selenization process
by inefficiently using a large amount of rare Se element (with
only 0.05 ppm in the earth’s crust) during heat treatment
makes it challenging to meet the terawatt-scale demand of solar
cells."" In addition, the active Se during heat treatment not only
easily creates an unwanted layer of MoSe, at the interface but
also causes undesirable effects on the device performance,
leading to difficulties in controlling the manufacturing
process."> In contrast to the traditional route for CZTSSe
involving inefficient and harsh chemical reaction processes
associated with Se, an alternative route for CZTSSe involving
the sulfurization of the fabricated precursor CZTSe nanocryst-
als with the abundant and mild S element could enhance the
commercial viability of CZTSSe solar cells. Unfortunately, only
a few studies have focused on this route.
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Figure 1. (a) XRD patterns of as-synthesized CZTSe nanocrystals, (b) Raman spectroscopic analyses of as-synthesized CZTSe nanocrystals, (c)
UV—vis absorption spectrum of as-synthesized CZTSe nanocrystals, and (d) color of the vial containing the CZTSe nanocrystals dispersed in
ethanol with and without ethyl cellulose after the standing for a period of S min, 12 h, and 24 h. The inset in (c) shows a band gap of 1.0S eV for the
as-synthesized CZTSe nanocrystals, determined by a plot of (@hv)? as a function of ho.

Accordingly, we demonstrate here a new route to make the
CZTSSe films by using the low band gap CZTSe nanocrystals,
synthesized by a hot injection approach, followed by a
sulfurization process. The effect of S doping into CZTSe
nanocrystals during heat treatment is also investigated by
varying the sulfurization temperature from 480 to 570 °C.
Furthermore, ethyl cellulose, which can replace the toxic and
unfriendly solvent of toluene or hexanethiol, is used as a binder
in the film preparation process with CZTSe nanocrystals. In
order to investigate the role of ethyl cellulose in the evolution
of nanocrystals into films, a low-cost superstrate-type substrate
is adopted to evaluate the conversion efficiency.

B EXPERIMENTAL METHOD

Synthesis of Cu,ZnSnSe, Nanocrystals. The CZTSe nanocryst-
als were produced by a hot injection approach. Cationic precursors of
Cu, Zn, and Sn were selected from copper(Il) acetylacetonate
[Cu(acac),], zinc acetate [Zn(O,CCHj;),], and tin(II) chloride
dihydrate [SnCL,.2H,0], respectively. In a typical synthesis, a mixed
solution of 1.61 mmol of copper(II) acetylacetonate, 1.3 mmol of zinc
acetate, and 1.0 mmol of tin(II) chloride dehydrate with 30 mL of
oleylamine was heated first. A 10 mL of oleylamine solution with
elemental Se was injected into the mixed solution at 200 °C. Then, the
solution mixture was heated to 250 °C with a holding time of 1 h.
After cooling to room temperature, the product was precipitated into
methanol and washed with isopropyl alcohol/hexane three times to
remove the residual oleylamine.

Fabrication of Solar Devices. The conversion efficiency of the
solar devices was examined with a low-cost and Mo(S,Se),-free
superstrate-type substrate of CdS/TiO,/ITO/soda-lime glass with a
layer (30 nm) of anatase TiO, synthesized by a sol—gel method at 450
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°C and a buffer layer (100 nm) of CdS prepared by a chemical bath
deposition (CBD) method at 65 °C on a commercial ITO substrate.'?
No antireflectance coating of MgF, was used. A gold electrode
prepared by a thermal evaporator was used to define an active area of
0.1 cm® Two inks were prepared for the spin-coating process.
Although the nanocrystals could be well dispersed in a nonpolar
solvent, the toxicity or high volatility of most of the nonpolar solvents
make it challenging to prepare a scalable and uniform film with the
spin-coating process. Therefore, the environmentally friendly and safe
solvent ethanol with relatively low volatility was chosen for the spin-
coating process. Besides, in order to investigate the effect of the binder
on the ink, ethyl cellulose with more than 46—48% ethoxyl groups that
freely dissolve in ethanol was used. The first ink was prepared by
dispersing 10 mg of CZTSe in 0.8 mL of ethanol by ultrasonication for
20 min. The other ink was prepared by dispersing 10 mg of CZTSe in
a premixed solution of 0.8 mL of ethanol with 0.3 mg of ethyl cellulose
by ultrasonication for 20 min. After spin-coating onto the superstrated-
type substrate, the as-prepared film (ink without ethyl cellulose) and
the composite film (ink with ethyl cellulose) were treated by a
sulfurization process from 480 to 570 °C for 45 min. The sulfurizaiton
process was performed by placing the samples in a graphite box with
sulfur powder under an argon flow. Once the tubular furnace was
preheated to a desirable temperature, the whole graphite box was
immediately moved to the heating region to provide a fast ramping
rate and mitigate the effect of potential diffusion at the interface. An
etching process with dilute HCl (hydrochloric acid) solution was
applied before thermally depositing the gold back contact.'*
Characterization of Materials. The CZTSe sample was
characterized with a Philips X-ray diffractometer (XRD) with Cu Ka
radiation. The band gap of CZTSe was determined by a Cary 5000
UV—vis—NIR equipment. The CZTSe nanocrystals dispersed in
hexane were used for UV—vis absorption measurements to avoid the
extra signals from those dispersed in a premixed solution of ethanol
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and ethyl cellulose. The Raman spectra were acquired with a Renishaw
inVia Raman microscope using 532 nm laser excitation at a 50X
objective. The in-plane and cross-sectional images were collected with
a FEI Quanta 650 scanning electron microscope (SEM). The
compositional analyses collected with energy-dispersive X-ray spec-
troscopy (EDS) were carried out with a JOELS610 SEM.
Thermogravimetric analysis (TGA) was performed with a Perkin—
Elmer TGA 7 with S °C per minute heating rate under a flow of argon.
The current density—voltage (J—V) characteristics under an air mass
of 1.5 global (AM 1.5 G) conditions with a solar simulator using a 100
mW cm™ light illumination were measured with Keithley 2400
equipment. The conversion efficiencies of all solar cells based on a
superatrate-type substrate were assessed with the light illuminating
into the ITO side of the substrate. Silver paste was used to reduce the
contact resistance between ITO and the wire.

B RESULTS AND DISCUSSION

Figure 1(a) shows the X-ray diffraction (XRD) pattern of the
as-synthesized CZTSe nanocrystals, which matches well with all
the diffraction peaks in the Joint Committee on Powder
Diffraction Standards (JCPDS) card 52-0868. The CZTSe unit
cell has lattice constants of a = 5.64 A and ¢ = 11.20 A with a
volume of 356.26 A3, which is larger than the 319.50 A® volume
of CZTS because of the larger radius of Se (0.198 nm)
compared to that of S (0.184 nm). According to the Debye—
Scherrer analysis, the as-synthesized CZTSe nanocrystals have
an average crystallite size of 20 nm. Raman spectroscopic
analysis in Figure 1(b) also indicates that the as-synthesized
nanocrystals can be identified with the main peaks of 196 and
231 cm™ in the CZTSe crystallite structure. A small deviation
between 193 and 196 cm ™" may be attributed to uneven surface
scattering. Furthermore, Figure 1(c) shows the absorbance of
as-synthesized CZTSe nanocrystals as a function of the
wavelength. It can be found that the CZTSe nanocrystals
possess a low energy band gap of 1.05 eV, as determined from
the UV—vis absorption spectrum, shown in the upper inset of
Figure 1(c), which is consistent with the previous literature."

These analyses show that a single phase of CZTSe
nanocrystals with low energy band of 1.05 eV has been
synthesized by the hot injection approach. In addition, in order
to compensate the potential loss of Sn during heat treatment,
the as-synthesized CZTSe nanocrystals with cation ratios of
Zn/Sn = 0.99 and Cu/(Zn+Sn) = 0.72, analyzed by EDS, is
suitable for fabricating Cu-poor and Zn-rich CZTSSe solar
cells. On the other hand, the effect of ethyl cellulose on CZTSe
nanocrystals was evaluated by dispersing the nanocrystals in
ethanol with and without ethyl cellulose as shown in Figure
1(d). After a period of 12 h, the middle segment in Figure 1(d)
shows that some of the nanoparticles dispersed in ethanol have
settled at the bottom compared to that dispersed in ethanol
with ethyl cellulose. After a period of 24 h, the color of the
supernatant liquid in the vial with the nanoparticles dispersed in
ethanol has become almost clear as seen in the right segment of
Figure 1(d) because all the nanocrystals have settled at the
bottom. In contrast, the color of the dispersion in ethanol with
ethyl cellulose remains black, indicating the beneficial role
played by ethyl cellulose for producing a stable ink.

Figure 2 shows the SEM images of the as-prepared CZTSe
films with or without ethyl cellulose after the sulfurization
treatment at 480 and 570 °C. The morphology of the CZTSSe
film with the use of ethyl cellulose after sulfurization at 480 °C
in Figure 2(a) shows a clear feature of grain growth consisting
of most crystallite grains in comparison to the film obtained
without using ethyl cellulose that contains only agglomerated
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Figure 2. Plane view SEM images of CZTSe nanocrystals (a) with
ethyl cellulose and (b) without ethyl cellulose after sulfurization at 480
°C. Plane view SEM images of CZTSe nanocrystals (c) with ethyl
cellulose and (d) without ethyl cellulose after sulfurization at 570 °C.

particles as shown in Figure 2(b). Besides, the film using ethyl
cellulose shows an enlarged grain size of 300—400 nm, as
compared to the as-synthesized nanocrystals of 20 nm. Such
induced grain growth at a low temperature of 480 °C for the
film with the aid of ethyl cellulose could be attributed to the
bridging together of the CZTSe nanocrystals by the polymer,
leading to the precursor film with a higher packing density
beneficial for the grain growth. In addition, the morphology of
the film with ethyl cellulose after sulfurization at 570 °C in
Figure 2(c) shows a denser microstructure of more crystallite
grains along with the shrinkage of the pores than that at 480
°C. However, the microstructure of the film without ethyl
cellulose after sulfurization at 570 °C in Figure 2(d) remains,
consisting of most agglomerated particles instead of crystallite
grains, further indicating that the evolution of grain is delayed
due to the lack of ethyl cellulose.

In order to further understand the role of ethyl cellulose
during the sulfurization treatment, a TGA experiment was
carried out. Figure 3(a) shows the weight loss of the ethyl
cellulose with temperature. As shown, the first decomposition
of ethyl cellulose begins at about 150 °C, the second weight
loss occurs at about 300 °C, and <1% weight of ethyl cellulose
remains when the temperature is above 410 °C. This indicates
that ethyl cellulose possesses the inherent properties of low ash
and easy removal, which is suitable for the additive binder in
the ink. However, it has been reported that the existence of a
large amount of residual amorphous carbon layer at the bottom
interface between Mo and CulnSe, (CIS) causes a negative
effect on the device performance while adding the polymer as a
viscosity controlling agent in the typical metal salts ink to
prepare CIS absorbent films."® Such problems can be
understood by considering that the evaporation path of ethyl
cellulose after the heat treatment may be hindered by the upper
dense layer with the early formation of CIS crystallite film,
which results in a double-layer structure consisting of the
incomplete removal of ethyl cellulose left at the bottom of the
resulting film and the crystallite film at the top. As compared to
the film prepared by the typical metal salts ink, our film
prepared by nanocrystal-based ink with the ethyl cellulose

dx.doi.org/10.1021/5c400465m | ACS Sustainable Chem. Eng. 2014, 2, 561—568



ACS Sustainable Chemistry & Engineering

100

o
o
n

D
o
n

Weight loss (%)

Ethyl cellulose

S
o
n

Weight loss (%)

m W
Temperature (C)

300 600

200 300 400 500

Temperature (°C)

100

600

"CZTSSe film

Nb'/carlggn re,gjil'a] layer. »

1.0 400 0.2
—s—Without ethyl cellulose —s=— Without ethyl cellulose
084  ——With ethyl cellulose 475 —a— With ethyl cellulose
<
N 23
9 £ 8 —_— /
< Q (]
%) -350 & 5 0.1
@ ez
2 g /—————0—""‘
[
325
0.0- T r T L300 0.0 T T T :
475 500 525 550 575 475 500 525 550 575

(e)

Sulfurization temperature (°C)

(f)

Sulfurization temperature (°C)

Figure 3. (a) TGA plots of ethyl cellulose and (b) cross-sectional SEM images of CZTSe nanocrystals with ethyl cellulose after sulfurization at 480
°C. Low magnification plane view SEM images of CZTSe nanocrystals (c) without ethyl cellulose and (d) with ethyl cellulose after sulfurization at
480 °C. The change in the compositional ratios of (e) S/(S+Se) and (f) Sn/Cu in the CZTSe nanocrystals as a function of sulfurization temperature.

additive shows a single-layer structure without a residual carbon
layer at the interface between CZTSSe and CdS, as shown in
Figure 3(b), which indicates all the carbon out of ethyl cellulose
could be effectively removed through the existence of
micropores between the nanocrystals. Direct evidence can be
found in Figure 3(c), obtained with our nanocrystal ink without
ethyl cellulose after sulfurization at 480 °C, showing the
microstructure consisting of micropores. In addition, the film
prepared by our nanocrystal ink with ethyl cellulose after
sulfurization at 480 °C (Figure 3(d)) shows that more
micropores in the film are created with the volume shrinkage
of the precursor film while the ethyl cellulose is evaporated out
of the film.

Furthermore, the EDS analysis, as shown in Figure 3(e),
indicates the amount of S doped into the film (or the change in
the compositional ratios of S/(S+Se)) without and with ethyl
cellulose as a function of sulfurization temperature. The
sulfurizaiton process was carried out by placing the samples
with 2 mg of sulfur powder in a graphite box with a volume of
6.25 cm® under argon flow. The approximate pressure of S
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vapor during heat treatment as a function of temperature is also
shown in Figure 3(e), all of which are higher than the required
value to stabilize the formation of CZTS.'” Although the
pressure of S vapor increases with temperature, the observation
of a nearly constant ratio of the change of S/(S+Se) around 0.6
in a large range of 480 to 570 °C would suggest that the
amount of S doped into the CZTSe can be controlled during
the sulfurization process. On the other hand, it can be found
that the amount of S doped in the CZTSSe films using ethyl
cellulose after sulfurization at 480 °C are lower than that
without using ethyl cellulose because the potential existence of
minor ethyl cellulose after sulfurization at 480 °C could retard
the diffusion of S into the film. On the other hand, the amounts
of S doped into the CZTSSe films using ethyl cellulose after
sulfurization above about 520 °C are higher than that found
using ethanol. This can be attributed to the increase in the
number of micropores caused by the evaporation of ethyl
cellulose binder. When there are more micropores in the film, a
high amount of the S element can be easily doped into the film

dx.doi.org/10.1021/5c400465m | ACS Sustainable Chem. Eng. 2014, 2, 561—568



ACS Sustainable Chemistry & Engineering

(a) Without ethyl cellulose

(b) With ethyl cellulose

[ ] v @ [ [ Q@

- 00 - Faie} 0 So -0 - o

Bic B oY § B ®s kg <9 &

| 'o N ' ' T e N 5’,: b

oo i : R T :

B EIRTE 1 Cu,S L ovE L gl Cu,S
3 S T . R e Doua 0 480°CH--
< M__,'_.\l__ < M
- Conn i H - Con o 1
2 D! . 520°ch | | & PN 1 os20°Ch |
2] T T i . 7] . ! ) 1
2 N b T e T y .

" Y " e [ i 1

E : " \ I A . 550 C: ' : g ' 'I N N . 550°C |--l

R Vieed coalEln Bk !

Lo ') 570°C Do 1 570°C |

- III II T - T - ) - III ‘I L) II L) - L}

100 200 300 400 500 100 200 300 400 500

Raman shift (cm™)

Raman shift (cm™)

Figure 4. Raman spectroscopic analyses of the CZTSSe films fabricated with the CZTSe nanocrystals (a) without ethyl cellulose and (b) with ethyl
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through the micropores. The following reaction refers to such a
doping path by replacing Se in CZTSe by S in the sulfurization

Cu,ZnSnSe,(s) + 2S,(g) = Cu,ZnSnS,(s) + 2Se,(g)

Additionally, the role played by ethyl cellulose on the film
quality during the grain growth process was further investigated
and understood via the compositional change. In Figure 3(f),
the EDS analysis indicates the compositional change in the Sn/
Cu ratio as a function of the sulfurization temperature for the
films with or without ethyl cellulose. The film without ethyl
cellulose shows significant variations of the change in Sn/Cu
ratio, while that with ethyl cellulose shows minor variations,
indicating that ethyl cellulose can suppress the loss of Sn.
Nevertheless, in order to understand the reaction pathway
associated with the loss of Sn during the grain growth process,
Raman spectroscopy was utilized for characterizing the
CZTSSe film after the sulfurization. It is known that the
major Raman peaks of pure CZTSe at 196 cm™' and pure
CZTS at 338 cm™ are attributed to the A, anion vibration
mode of the lattice, which corresponds to the vibration of Se
(and S) relative to the fixed surrounding atoms. Such a
variation in the major A; mode vibration with increasing ratio
of Se to S leads to Raman shifts toward a smaller wavenumber
while Se atoms are incorporated into CZTS at different levels.
A bimodal behavior with major peaks shifting to the location
between 196 and 338 cm™" is usually observed."® Figure 4(a)
(and (b)) shows the Raman analyses of devices obtained
without (and with) using ethyl cellulose as a function of
sulfurization temperature from 480 to 570 °C. As shown,
shifting of two major peaks occurs, from 213 cm™" (209 cm™)
and 324 cm™!(323 cm™) to 216 cm™' (216 cm™') and 325
em™'(325 cm™), which are attributed to the change in the
lattice vibrations on incorporating S into CZTSe. Besides, the
XRD analysis of the CZTSSe devices with and without ethyl
cellulose after sulfurization at 550 °C, as shown in Figure 5,
indicates that the three main diffraction peaks of CZTSe also
shift to higher angles due to the replacement of larger Se (0.198
nm) by smaller S (0.184 nm) during the sulfurizaiton process,
which is consistent with the peaks shifts in the Raman analysis.
These results are consistent with previous studies, showing the
shifts in the XRD peaks and in the two Raman peaks of
CZTSSe with the ratio of S/(S+Se) (210 and 329 cm™! for S/
(S+Se) = 0.4).%°
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CZTSe nanocrystals (b) without ethyl cellulose and (c) with ethyl
cellulose after the sulfurization at 550 °C on a superstrate-type
substrate of CdS/TiO,/ITO/soda-lime glass.

However, a weak peak at 490 cm™' corresponding to Cu,$ in
the Raman spectrum of Figure 4(a), which cannot be detected
by XRD, is found from the sulfurization temperature of 480 to
550 °C, which then disappeared after 570 °C. This indicates
that a Cu,S secondary phase forms in the film when no ethyl
cellulose is used, and it exists during the grain growth process
until the sulfurization temperature of 570 °C is reached. On the
other hand, Figure 4(b) reveals that the 490 cm™' peak
corresponding to Cu,S disappeared after the sulfurization
temperature of 550 °C when ethyl cellulose is used. This
finding is similar to Mainz et al.’s work'? associated with the
selenization process of CZTS nanocrystals that tend to form
copper selenide by an initial intermediate separation of the
cations at the surface, followed by the diftusion of Zn and Sn to
form CZTSSe. As a result, the lower loss of Sn from the film
with ethyl cellulose than that without ethyl cellulose, as
recognized from Figure 3(f), can be explained to be due to a
high packing density of the film to facilitate the diffusion of Zn
and Sn to convert into CZTSSe. On the contrary, the film
without ethyl cellulose is more prone to the evaporation of the
Sn(S,Se) gas phase before compiling together, leading to a large
amount of Sn loss from the film. Once the loss of Sn is too
large, not only can the desirable composition of CZTSSe with
the Cu-poor and Zn-rich condition not be realized but also the
removal of the unwanted Cu,(S,Se) becomes difficult. No
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Figure 6. (a) V,. of CZTSe nanocrystals with and without ethyl cellulose as a function of sulfurization temperature. (b) J,. of CZTSe nanocrystals
with and without ethyl cellulose as a function of sulfurization temperature. (c) FF of CZTSe nanocrystals with and without ethyl cellulose as a
function of sulfurization temperature. (d) Conversion efficiency of CZTSe nanocrystals with and without ethyl cellulose as a function of sulfurization
temperature. (e) J—V characteristics of the CZTSSe solar device with ethyl cellulose after sulfurization at 550 °C as marked by the red line and
without ethyl cellulose after sulfurization at 570 °C as marked by the black line. The dashed lines correspond to the dark J—V curves. (f) Cross-
sectional SEM image of CZTSe nanocrystals with ethyl cellulose after sulfurization at 550 °C.

detectable Raman peak of Zn(S,Se) may be attributed to the
removal of Zn-rich compounds during the HCI etching
process."*

In order to investigate the effectiveness of our route, the
conversion efficiencies of CZTSSe solar devices prepared with
the CZTSe nanocrystals with and without ethyl cellulose as a
function of sulfurization temperature were evaluated. With
increasing sulfurization temperature, not only the V. in Figure
6(a) but also J. in Figure 6(b) for the devices with and without
ethyl cellulose can be raised. Such enhancement of V. and J.
can be attributed to the reduced defects of CZTSSe during the
grain growth process.

On the other hand, it is worth noting that Figure 6(c) shows
that the values of FF for the films without ethyl cellulose
decrease with increasing sulfurization temperature, but those
with ethyl cellulose are much higher than those without ethyl
cellulose at higher temperature. It can be explained that the
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ethyl cellulose additive in the CZTSSe film could not only
effectively improve the film quality by promoting the grain
growth as suggested by Figure 2(a) but also suppress the Cu,S
phase by mitigating the loss of Sn as explained by Figure 4(b).
Furthermore, as compared to the previous reports showing low
FF (~35%) with ethyl cellulose,'® our device using ethyl
cellulose with a higher FF (>40%) may be attributed to the
complete removal of ethyl cellulose as shown in Figure 3(b).*°
As a result, it is believed that the ethyl cellulose additive in the
nanocrystal-based ink would play a crucial role in tuning the
CZTSSe film quality during the sulfurization treatment.
Figure 6(d) illustrates the conversion efficiency of solar
devices with and without using ethyl cellulose as a function of
sulfurization temperature. It shows that the double increase in
the conversion efficiency can be achieved by increasing the
temperature from 480 to 570 °C for both cases with and
without ethyl cellulose, demonstrating that the modification of
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Table 1. Reported Efficiencies of Cu,ZnSn(S,Se), Nanocrystal-Based Absorbers

device structure solvent V,. (mV)
glass/Au/CZTS/CdS/ZnO/ITO toluene 321
glass/Mo/CZTSSe/CdS/ZnO/ITO toluene 210
glass/Mo/CZTSSe/CdS/ZnO/ITO hexanethiol 420
glass/Mo/CZTSSe/CdS/ZnO/ITO hexanethiol 451
glass/ITO/TiO,/CdS/CZTSSe/Au ethanol 353
glass/ITO/TiO,/CdS/CZTSSe/Au EC” 363

“EC refers to ethyl cellulose.

J.. (mAcm™2) FF (%) eff. (%) ref
1.95 37.0 023 7
11.5 33.1 0.80 9
304 52.7 6.73 10
29.0 64.9 8.50 24
7.75 36.6 1.00 this study
6.83 44.7 111 this study

CZTSe nanocrystals by sulfurization treatment is applicable for
promoting the quality of CZTSSe film. Besides, the efficiency of
the device with ethyl cellulose is higher than that without ethyl
cellulose after the sulfurization at 520 °C, which can be
attributed to the removal of ethyl cellulose from the film. Figure
6(e) shows that our preliminary conversion efficiency of 1.11%
with a V. of 363 mV, J,. of 6.83 mAcm™, and FF of 44.72%
has been achieved by using CZTSe nanocrystals and the ethyl
cellulose binder after the sulfurization process at 550 °C,
compared to an efficiency of 1.00% with a V. of 353 mV, J,. of
7.75 mAcm™?, and FF of 36.66% without using ethyl cellulose
binder after the sulfurization process at 570 °C. Such an
improvement of 11% in the conversion efficiency can be
attributed to the removal of the unwanted Cu,S secondary
phase from the film at a lower sulfurization temperature of 550
°C by using ethyl cellulose.

Table 1 summarizes all reported efficiencies for CZTSSe
fabricated by nanocrystal-based approaches. Compared to the
previous work on CZTSSe fabricated by CZTS nanoparticles
(without using malodorous hexanethiol) followed by a
selenization process on the typical Mo substrate structure,
our efficiency of 1% with a superstrate type substrate shows its
promise with the comparable values of FF = 36.66% and V=
353 mV. Besides, the increase in the conversion efficiency of
the superstrate-type devices with the sulfurization temperature
from 480 to 570 °C (Figure 6(d)) could suggest that the effect
of the diffusion of CdS into the absorbent layer appear minor,
even though the small amount of the diffusion of Cd into
CZTSSe slightly increases with the sulfurizaiton temperature as
shown in Figure S1 of the Supporting Information. It can
explain the existence of the Cd, defect via the diffusion of Cd
into CZTSe to form the embedded n-type layer at the interface,
which is beneficial for the device performance.”' Furthermore,
our fabrication method using CZTSe nanocrystals as the initial
precursor also tends to mitigate the interdiffusion between CdS
and the absorbent layer due to the relatively strong bonding
between atoms in the crystallite structure, which differs from
the previous post-annealing or co-evaporation approaches by
using active metal or elemental gases as the initial precursors.”*
On the other hand, the diffusion of Ti and In into CZTSSe
cannot be detected as shown, respectively, in Figures S2 and S3
of the Supporting Information. This indicates that TiO, film in
the superstrate-type substrate is sufficient to block not only the
diffusion of In from ITO into CdS but also the diffusion of Cd
or S from CdS into ITO. These results of our device
performance indicate that the superstrate type substrate has
high potential to become a sustainable substrate for low-cost
CZTSSe solar cells.

However, the high conversion efficiency of CZTSSe achieved
by using hexanethiol, as given in Table 1, suggests that our
initial device performance with a low short circuit current (7.75
mAcm ™ for ethanol and 6.83 mAcm™ for ethyl cellulose)
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could be further raised by fabricating a robust film to improve
the transport properties of electrons and holes. Figure 6(f)
shows the cross-sectional microstructure of enlarged grains
without tight packing caused by the removal process of ethyl
cellulose during the sulfurization, so an increase in the
recombination rate at the grain boundaries is highly possible
to reduce the short circuit current. Secondarily, our CZTSSe
absorbent thickness of 2 ym, as compared to 0.5 pm in the
literature, would indicate that the possibility of more charge
carrier traps in a thick film could cause the loss of the short
circuit current. However, these problems can be addressed by
improving the device-making processes, such as optimizing the
ramping rate associated with the removal rate of ethyl cellulose
in the heat treatment and the thickness of the CZTSSe films, to
promote the carrier transport property. In addition, systematic
studies on the ratio of S/Se and cation ratios of Zn/Sn and Cu/
Zn+Sn to optimize the preferred defects in the CZTSSe film
are currently underway in our group. We believe the route
presented here would be a green, sustainable, and scalable
approach for making low-cost efficient CZTSSe solar devices,
as compared to the typical route involving toxic toluene or the
stinky hexanethiol and harsh selenization process.

B CONCLUSIONS

We have demonstrated a low-cost, environmentally friendly,
scalable route for making CZTSSe films using CZTSe
nanocrystals, synthesized by a hot injection approach, followed
by a mild sulfurization process. With the addition of an ethyl
cellulose binder into the ink, the evolution of CZTSe
nanocrystals into CZTSSe film is promoted, while the loss of
Sn during the evolution is suppressed, which is beneficial for
increasing FF and manipulating the preferred composition. In
addition, the solar devices with the CZTSSe film exhibit
apparent improvements in V. and J,, suggesting this mild
sulfurization process can offer device properties comparable to
that achieved with the typical harsh selenization process.
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