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We investigate rapid in-situ synthesis of Cu,ZnSnS, (CZTS) thin films via Intense Pulsed Light (IPL) irradiation of
solution-deposited and mixed binary CuS, ZnS, SnS nanoparticles (NPs) in ambient conditions. The film phase,
composition, morphology, electrical properties, optical properties and photocatalytic activity are characterized
as a function of the optical fluence. Crystalline pure-phase kesterite CZTS films with high p-type conductivity of
51 S/cm and optical band gap 1.42 eV are synthesized within 15 s. Surprisingly, using supra-optimal IPL fluence

(in 195s) yields films with a composite CZTS-SnO,/SnS, composition that exhibits about 20% higher photo-
catalytic efficiency and higher carrier mobility (= 120 cm?/Vs) than pure-phase kesterite films. The reaction
pathways during IPL irradiation and the resulting film composition are used to understand the enhanced pho-
tocatalysis for the supra-optimal fluence. This work will create new avenues for scalable IPL-based bottom-up
synthesis of new multinary chalcogenide composites from their binary NPs.

1. Introduction

P-type kesterite Cu,ZnSnS, (CZTS) has a direct band gap range from
1.0 to 1.5 eV and a high absorption coefficient (10* cm ') in the visible
spectrum [1,2]. Further, the constituent elements of CZTS are earth-
abundant and non-toxic. Due to these favorable properties CZTS films
are rapidly emerging as promising materials for applications such as
absorber and photo-electrodes in solar cells [3-8], water splitting [9],
CO,, reduction [10], and degradation of dyes and organic pollutants
[11,12]. A critical need to realizing these applications are rapid, large-
area capable processes that utilize easily synthesized precursors to
synthesize CZTS films of desired composition and phase.

CZTS films have been synthesized via methods such as thermal
evaporation [13], pulsed laser deposition [14], Radio Frequency mag-
netron sputtering [15,16] and atom beam sputtering [17]. However,
these vacuum-based methods require expensive and cumbersome
equipment which limits their scalability. Solution phase CZTS nano-
particles (NPs) can be coated by ambient-condition and low-tempera-
ture approaches like aerosol-jet spray [18,19] and inkjet printing over
large areas, thus promising greater scalability [20-23]. However, most
of these approaches require sintering of the individual CZTS NPs to
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avoid excessive carrier recombination and scattering from the inter-NP
boundaries [23,24]. Conventional oven sintering has limited scalability
due to the need for high temperatures and relatively longer sintering
time. For example, screen-printed CZTS NPs were found to need
400-500 °C for 30 min to 1 h [25] and aerosol-jet sprayed nanocrystals
took similar times and temperatures even after pre-compaction [18,19].
Even Rapid Thermal Processing takes about 5-10 minutes at tempera-
tures above 500 °C [26]. The small phase change window of CZTS and
the tendency for metal sulfides to oxidize [27] makes it difficult to
sinter CZTS NP films in air without creating undesirable intermediaries
like Cu,SnS3, ZnO and Cu;,S4 [28,29]. Thus, the films are usually placed
in Ny or H,S environments inside closed chambers to control film
composition, which further limits scalability by increasing the costs and
the complication of the manufacturing process. Secondly, the synthesis
of CZTS NPs with controlled phase and composition requires high de-
gree of control of thermal and mass diffusion during synthesis. For
example, it has been shown that the wurtzite phase of CZTS is the most
favored phase in nanocrystals unless careful control of spatial crystal
growth is achieved [30]. Various solution-based methods have been
developed for synthesizing quaternary CZTS NPs [20-23]. However,
the throughput of these processes is much lower than that for synthesis
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of binary metal NPs. For example, tabletop micromixer-based methods
can synthesize each of the binary NPs (CuS, ZnS, SnS) that form the
building blocks of CZTS at the rate of 320 gh ™~ 1 [23]. Further, the use of
these binary NP precursors may also provide low temperature pathways
for synthesis of CZTS films [31]. Thus, a significant advance will be
realized by developing ambient-condition scalable approaches that can
in-situ synthesize multinary CZTS films with controlled phase and
composition from solution deposited binary NPs.

In Intense Pulsed Light (IPL) sintering broad-spectrum pulsed light
from a xenon lamp is absorbed by the printed or coated NPs, resulting
in NP heating and fusion. The key advantage of this process is ambient
condition sintering within seconds and over large areas (=1 foot X
0.75inch here) with minimal damage of the underlying substrate
[32,33]. Past work has used IPL for physical fusion of pre-synthesized
conductive (Ag [34,35], Ni [36], Cu [37]) and semiconductive (CdS
[38], CuS [27], CdTe [39], TiO, [40], Cu(In,Ga)Se, (CIGSe) [41],
Perovskites [42]) NPs. IPL of physically mixed Cu (In, Ga) NPs and Se
NPs was used to synthesize CIGSe thin films [43] but required ternary
metallic alloy NPs which are more difficult to synthesize. IPL can re-
duce metal salts dissolved in liquid-phase reducing agents to in-situ
synthesize and fuse nanoparticles into metallic films [44] and perform
dehydroxylation of metal hydroxides into amorphous metal oxide NP
films [45,46]. The large-area and rapid nature of IPL suggests an in-
herent potential to achieve the aforementioned technological advance.
Further, IPL has shown the ability to sinter metallic NPs like Nickel in
ambient conditions without causing oxidation [36]. This implies the
possibility to use IPL for fabrication of CZTS films without an inert-gas
chamber.

However, this potential is unrealized primarily because there is
limited work on IPL synthesis of multinary chalcogenide films from
binary NP precursors under ambient conditions. This work investigates
IPL synthesis of CZTS films from physically mixed and solution de-
posited ZnS, CuS and SnS NPs. The films’ composition, morphology,
optical and electrical properties, and photocatalytic degradation of
Methylene Blue are characterized as a function of the IPL fluence. An
optimal IPL fluence is found that produces pure-phase kesterite CZTS,
with supra-optimal fluence yielding films that possess even greater
carrier mobility and photocatalytic efficiency. The underlying reaction
pathways and mechanisms behind these observations are discussed in
detail.

2. Material and methods
2.1. Synthesis of binary nanoparticles mixture

ACS reagent grade copper(II) acetate (Cu(OAc),), zinc acetate (Zn
(OAc),), tin(Il) chloride (SnCl,), sodium sulfide (Na,S), mono-
ethanolamine (MEA) were purchased from Sigma-Aldrich; as well as
Polyvinylpyrrolidone (PVP, MW = 8000) from TCI America and
thiourea (TU) from Alfa Aesar. All chemicals were used without further
purification. The general approach to binary NP synthesis involved
dissolving the above Cu, Zn, and Sn precursors in D.I. water, and mixing
with a sulfur source (Na,S) at the desired temperature, followed by
burst precipitation and controlled growth of the binary NPs [47,48].
Fig. 1 illustrates the simple micromixer-based continuous flow pre-
cipitation process that was used to implement this approach in a scal-
able manner, after our previous work [23]. The concentrations of Cu
(OAc),, Zn(OAc),, SnCl,, and Na,S were 0.25 M each. During synthesis
of SnS, drops of HCl were added to SnCl, to inhibit hydrolysis. The
binary NP inks were physically mixed together, with the introduction of
MEA and PVP to form a stable NP mixture and prevent binary NP ag-
gregation. After 2h of ultrasonication the binary NP ink mixture was
spin-coated on to glass substrates of size 1inch X 1inch in two con-
secutive layers at room temperature, and then vacuum dried. A TU
layer (0.05 mol/L) was added on the coated film as an additional sulfur
source to locally compensate for potential sulfur loss during IPL
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synthesis. All deposition was performed at room temperature.
2.2. Intense pulsed light synthesis

The coated mixed NP film was exposed to IPL in ambient air
(Fig. 2a). This IPL system (Sinteron 3000, Xenon Corp.) consists of a
xenon flash lamp with a rectangular optical footprint, lamp charging
capacitors, a pulse controller and a sample stage to place the films on.
The IPL used here has a broad power spectrum from 380 nm to 850 nm
(Supplementary Information Fig. S1a) with most of the power in the
visible spectrum. At a fixed distance from the lamp the pulse fluence
depends on the pulse duration and the capacitor voltage [34]. In our
experiments the samples were placed such that the optical footprint at
the substrate location covered the entire substrate. The optical fluence
was varied over three levels by controlling the pulse duration at a
constant capacitor voltage of 3kV, as listed in Table 1. The number of
pulses was fixed at 10. The pulse off-time used was the minimum time
needed for the capacitors to charge up between consecutive pulses and
increased with greater pulse fluence. The total synthesis time also in-
creased with the pulse fluence but was always less than 20 s. It is worth
noting that these IPL parameters effectively fixed the irradiance per
pulse at 6.9 x 10> W/cm?. Therefore, increasing the IPL fluence basi-
cally resulted in the film being subjected to the same irradiance but for
a longer pulse duration. The film temperature during IPL synthesis was
measured using a high-speed laser pyrometer (Metis-M323) with ra-
diant emissivity calibrated using a hot plate that was integrated with
the sample holder, as in past work [34,49].

2.3. Characterization of film properties and photocatalytic activity

The crystal structure of the films was analyzed by X-ray diffraction
(XRD) with a Bruker D8 Discover X-ray diffractometer. Raman spectra
were obtained using WITec Alpha 300RA confocal Raman spectrometer
with 514.5 nm excitation wavelength emitted from an Ar-ion laser. The
film morphology was characterized using scanning electron microscopy
(SEM, FEI Quanta 600 F) and transmission electron microscopy (TEM,
FEI Titan 80-200). To prepare samples for the TEM study the NP mix-
ture ink was drop cast on to SizN,4 grids followed by IPL synthesis. A
Jasco V-670 UV-vis/NIR spectrophotometer, with a 150 mm in-
tegrating sphere for reflectivity measurements, was used to measure the
UV-vis absorption of the films and the optical band gap. The electrical
conductivity and charge carrier mobility were measured using an
Ecopia HMS-5000 hall effect measurement system. The synthesis of the
individual binary NPs was confirmed via Raman Spectroscopy, XRD and
Energy-dispersive X-ray spectroscopy (EDX) of the corresponding films.
The surface morphology was examined with a Bruker Innova atomic
force microscope (AFM). STEM EDS mapping was performed (FEI Titan
80-200 TEM/ChemiSTEM) to clearly identify the phase of the compo-
site film. The CZTS sample was dispersed on Ted Pella Pelco hydro-
philic-coated silicon nitride membrane grid and subjected to IPL. EDS
results at three areas were integrated by Bruker Esprit 1.9 and the
spectra deconvoluted into C/N/O peaks with Lorentzian fitting.

Methylene Blue (MB), a cationic thiazine dye commonly used as a
model compound to test photocatalytic degradation, was used to
characterize photocatalytic efficiency of the synthesized film. Biological
Stain Commission (BSC) certified MB dye was purchased from the J.T.
Baker Chemical Company. The films were immersed in 10 mL of
1 x 10~ °® mol/L MB solution and the setup was kept in dark for 30 min
to achieve adsorption-desorption equilibrium of MB on the thin film
surface. Then the setup was exposed to a simulated solar light source
with Xenon arc lamp (Newport Oriel 96000) with a stirring bar as
shown in Fig. 2b. The irradiation intensity was calibrated to 100 mW/
cm? on the plane of the sample thin films. The degradation of the MB
solution was measured as the change in the absorption spectra of the
solution by using the Jasco V-670 spectrophotometer with 10 mm
standard quartz cuvette in transmission mode. Measurements were
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Fig. 1. (a) Schematic diagram of continuous precipitation process used, shown for synthesis of CuS NPs, and (b) flow chart of preparation of NP inks for film
deposition.

(a) Reflector (b)
Xenon lamp o e
@cus Dzns Qsns Visible light

Deposited @ Cu.znsns, Sample film

NPs
Substrate * MB solution —

Fig. 2. Schematic of (a) IPL synthesis of mixed CuS, ZnS, SnS NPs for in-situ synthesis of CZTS (b) Characterization of photocatalytic activity of post-IPL films.

Table 1 concentration of MB at the begin of irradiation, and C is the con-
IPL synthesis parameters used in experiments. centration of MB at an arbitrary time t. A lower value of C/C, over the
Fluence [J/em?]  Pulse duration Pulse off-time Total Synthesis time same time period and with the same illumination intensity naturally
[us] [ms] ) implies greater photocatalytic efficiency. To examine the stability of the

photocatalysis these measurements were also redone after an year. The

ig ;‘2‘28 ?:(1’5 ?'592 kinetics of photodegradation of MB for this one-year later measurement
20 2865 1900 190 was fitted to a pseudo- first-order reaction, In(Co/C) = kappt, Where kapp

is the apparent rate constant.

performed for every 30 min for a total 4 h, and repeated for 4 times in
order to check the reusability. MB has a characteristic absorption peak
at 664 nm due to the n—st* transition. The measured evolution of in-
tensity of this absorption peak was used to obtain the normalized
change in MB concentration as C/C,, where C, is the initial

3. Results and discussion
3.1. Composition, crystallinity and morphology

The EDX spectra of the as-deposited mixed NP films in Fig. S1b
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Fig. 3. Raman spectra of the binary NP films. CuS with peak at 470 cm™?, ZnS
with peak at 352 cm ™!, and SnS with peak at 189 em L

(Supplementary Information) shows the presence of Cu, Sn, Zn and S.
Further, the Raman spectra of the individual binary NP films in Fig. 3
confirm the synthesis of CuS (peak at 470 cm ™Y [501, ZnS (peak at
352cm ™ 1) [51] and SnS (peak at 189 cm™) [52] NPs. The ratios of
mixing of the individual binary NPs were adjusted so that the resulting
Cu:Zn:Sn ratio in the mixed film was the stoichiometric value of 2:1:1.

Fig. 4a shows the XRD spectra of the mixed films before IPL
synthesis, with peaks of SnS (111) and CuS (103) being visible but the
rest of the peaks being less clear. The peak intensities for the as-de-
posited film were significantly lower than those for any of the IPL
synthesized films, indicating much lower crystallinity of the as-de-
posited films. The CuS (JCPDS #39-0354), SnS (JCPDS #06-0464), and
ZnS (JCPDS #79-2204) labels are provided for reference. The XRD
patterns of the post-IPL films in Fig. 4b—d illustrate the effect of IPL
fluence. For 10 J/cm? kesterite CZTS (JCPDS #26-0575) seems to be
formed as indicated by the (112, 220, 312) peaks set at 20 = 28.53°,
47.33°, and 56.18° respectively in Fig. 4b. The corresponding peak film
temperature is 275 °C (Fig. 5). Increasing the fluence to 16 J/cm? in-
creases the peak film temperature to above 350 °C and yields kesterite
CZTS with greater crystallite size (smaller FWHM of primary (112) peak
in Fig. 5). A smaller but distinguishable SnS, (100) peak at 26 = 31.8°
(JCPDS #23-0677) also indicates the formation of some amount of
SnS,. SnO, (100) and wurtzite ZnS (100) peaks that are equally hard to
distinguish and are of similarly lower intensity are observed at
20 = 26.3° and 27° (JCPDS #41-1445 and #79-2204 respectively).
Increasing the fluence further to 20J/cm? increases the peak tem-
perature to 430 °C and reduces the FWHM of the primary kesterite CZTS
peak further (Fig. 5). At the same time, the emergence of a stronger
SnS, (100) peak and a clearly distinguishable SnO, (211) peak at
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Fig. 5. Peak film temperature and FWHM of CZTS (112) XRD peak for varying
IPL fluence.

260 = 52° indicates the formation of significant additional SnS, and
SnOZ.

Since past work [53] shows that the XRD peaks of ZnS are almost
the same as that of kesterite phase CZTS, Raman spectroscopy was used
to confirm the formation of the kesterite CZTS. At 10 J/cm? (Fig. 6a) the
major Raman peaks are SnS (220 cm ™) [54] and SnS, (315 cm ™ 1) [54]
and a minor CZTS peak at 288 cm ™! [55]. Increasing the fluence to
16 J/cm? (Fig. 6b) yields very significant characteristic peaks of kes-
terite CZTS at 288 and 328 cm ™! [55], and the disappearance of the
SnS (220 cm ™ ') peak. At 20 J/cm? (Fig. 6¢) the CZTS A; mode peak
considerably reduces. Further, significant SnS, peaks appear at
208cm ™! and 315cm ™! corresponding to the E; mode and A;; mode
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Fig. 6. Raman spectra of the IPL-sintered CZTS for fluence (a) 10 J/cm? (b) 16 J/cm? (c) 20 J/cm?. (d) STEM image of the 20 J/cm2 IPL-sintered CZTS sample; (e—i)
element-specific EDS mapping of O, Cu, Zn, Sn, and S; (j) EDS spectra from three different areas marked in (a); (k) deconvoluted EDS spectrum in bulk area with
Lorentzian peak fitting; (1) deconvoluted EDS spectrum in edge area with Lorentzian peak fitting. (m) Schematic of core-shell structure of the CZTS film.

respectively. We note that ZnS peaks (352cm ™! for TO mode and
271 cm ™! for LO mode) are not visible at any of these fluences, thus
confirming the identification of CZTS (112) peaks seen in the XRD
spectra. The absence of significant Cu,SnSs3, Cu;S4, Cus O or ZnO peaks
in both the Raman spectra and XRD patterns show that these deleter-
ious phases are not being formed in significant quantity.

One possible reaction pathway for the formation of CZTS from CusS,
SnS and ZnS binary phases starts from the reaction of CuS phase with
SnS to form Cu,SnS; (reaction 1) [27], which reacts with ZnS to finally
form CZTS (reaction 2) [56,57]. Further, the SnS can oxidize to create
SnS, and SnO, (reaction 3) [58]. Combining the XRD and Raman
spectra observations with these reaction pathways yields the following
insights into how IPL fluence affects the formation of CZTS.

2CuS + SnS — Cu,SnS; (@)
Cu,SnS; + ZnS — Cu,ZnSnS, 2
2SnS + O, — SnS, + SnO, 3

At 10 J/cm? some CZTS is formed via reactions (1) and (2) as in-
dicated by the A, Raman peak, but its crystallinity is relatively low as
shown in the XRD patterns, primarily due to the lower temperatures
during IPL synthesis. This is supported by the relatively lesser grain
growth compared to the as-deposited state, as seen in Fig. 7b—c where
the inter-NP boundaries are still visible. Concurrently, the oxidation of
some of the SnS to SnS, and SnO, occurs via reaction (3), as indicated
by the A;; Raman peak for SnS,. However, the relative lack of sig-
nificant crystalline XRD peaks of these by-products indicates their pri-
marily amorphous nature.

As the film temperature increases for 16J/cm? an even greater
amount of SnS reacts (seen by disappearance of SnS Raman peaks) to
form more crystalline CZTS via reactions (1-2) and relatively more
amorphous SnS, via reaction (3) (shown by small XRD peaks). The
observation of much sharper kesterite CZTS peaks in both the XRD and
Raman spectra suggests that the SnS is preferentially contributing to the
formation of CZTS rather than the formation of SnS,. The lower FWHM
of the primary CZTS XRD peak also agrees with the Raman spectra
observation of greater crystalline CZTS formation. The greater increase
in NP fusion and in grain size is confirmed by a simple visual ob-
servation of SEM images (e.g., Fig. 7b-e) which shows the dis-
appearance of individual NP boundaries as compared to the lower
fluence case. The TEM image in Fig. 7a confirms the formation of a
nanocrystal structure with interplanar spacing of 0.32 nm that matches
the CZTS (112) plane observed in the XRD spectra. Larger scale TEM
images imaging (Fig. 7f) shows the absence of mesoscale porosity in the
film. Further, both cross sectional SEM and AFM imaging show dense
and continuous films with some small cracks, with a film thickness of =
1 pm and surface roughness of 2.43 nm over a 10 pm X 10 pm scan area
(Fig. 7g-h).

Increasing the fluence to 20.J/cm? increases the temperature even
more and provides greater opportunity for conversion of SnS to SnS, via
reaction (3), which results in SnS contributing lesser to CZTS formation
by reactions (1-2). This is evidenced by the XRD spectra which shows
increasingly crystalline SnS, and SnO, content relative to CZTS, and
Raman peaks which show reduced CZTS A; mode peaks and appearance
of more significant SnS, E; and A;; modes. STEM EDS mapping pro-
vides a more detailed identification of the phase composition for this
fluence. The O:N ratios in bulk and edge regions are 2.966 and 3.256
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Fig. 7. (a) High resolution TEM image. SEM images of the films. (b) As deposited. () 10 J/cm? (d) 16 J/cm? (e) 20 J/cm?. (f) Larger scale TEM image (g) AFM scan of
film surface (h) cross-section of film. All shown for CZTS sample for IPL fluence 16 J/cm?.

respectively, showing a roughly 10% increase in oxygen content at the
edge regions. This indicates that the CZTS film has a core-shell structure
with the oxide shell contribute more oxygen counts at the edge area of
the composite sample (Fig. 6m). This implies that the region of the
CZTS film near the glass substrate will have lesser oxygen content as
compared to the top part of the CZTS film.

Based on these observations 16 J/cm? is identified as the optimal
fluence for obtaining pure-phase kesterite CZTS films with high crys-
tallinity, and supra-optimal fluence leads to the formation of a

composite film with relatively greater SnO, and SnS, phases in addition
to CZTS. The increase in SnO5 and SnS, content with increasing fluence
is due to increasing film temperature and greater thermodynamic fa-
vorability for oxidation of SnS, as observed in air sintering of CuS-ZnS-
SnS mixtures [23]. This past work has also shown the formation of Cu,.
xO and SnO, at oven annealing temperatures below 400°C. Our IPL
results do not show any copper oxide formation, and yield significant
formation of SnO, only when temperatures are well above 400°C. This
is because the milliseconds scale pulse duration and shorter total



H.-J. Hwang, et al.

60 140

504 L 120
~~
= L 100 o
S 404 — g
2 «— L80
>, 30 e
= o
= 0
g =] z
=} 40 3
o
c 10 o
o 20 E
O

0+ L0

8 10 12 14 16 18 20 22
Fluence of IPL (J/cm?)

Fig. 8. Electrical conductivity and carrier mobility of CZTS films after IPL
synthesis.

synthesis time does not allow enough time for significant oxidation of
the CuS phase in the film, as supported by observations in IPL of CuS-
only NP films [27]. Further, the formation of kesterite rather than
wurtzite CZTS is also due to the high speed of the reaction and the
resulting lack of formation of copper sulfide intermediaries, which re-
tards the formation of the wurtzite phase [59].

3.2. Electrical, optical and photocatalytic properties

The average Hall coefficients of the films were 0.34, 0.1 and 10.8
corresponding to increasing IPL fluence, showing that effectively p-type
films are formed. Conductivity o in a p-type material is given 0 = p- e-
where p is the hole concentration, e is the elementary charge, and py, is
the hole mobility.

The increase in pulse fluence from 10 to 16 J/cm? increases con-
ductivity by nearly twice (Fig. 8) but with a relatively smaller change in
mobility. This suggests a significant increase in hole concentration with
greater IPL induced formation and crystallization of CZTS. At the supra-
optimal fluence of 20 J/cm? the conductivity decreases drastically but
the mobility increases equally remarkably (about 26 times, Fig. 8),
indicating significant reduction in hole concentration. This is contrast
to conventional air sintering of CZTS films below 500°C which shows
increasing conductivity with greater sintering temperature, often due to
formation of copper rich sulfides [25].

No such copper rich sulfides are observed in our experiments. We
further note that the conductivity achieved after IPL synthesis is com-
parable or greater than that from conventional sintering performed on
the time scale of hours, often inside a controlled atmosphere (e.g., 1.72
S/cm by oven annealing of pre-synthesized CZTS nanoparticles [60]
and 10 S/cm by RF sputtering [15]). Further, the carrier mobility in the
case of the supra-optimal fluence is also several orders of magnitude
greater than that from such annealing approaches (e.g., 2.56 cm?/Vs
from oven annealing of pre-synthesized CZTS nanoparticles [60] and
1.419 cm?/Vs from RF sputtering [15]). This can be attributed to the
formation of greater SnO, and SnS, (which are intrinsically n-type) at
the expense of intrinsically p-type kesterite CZTS at the supra-optimal
fluence. This formation of internal p-n junctions in the film reduces the
hole concentration and creates internal electric fields which reduce
carrier recombination, thus increasing the carrier mobility [61].

The measured UV-vis absorbance spectrum of the films (Fig. 9a)
and the IPL power spectrum (Fig. Sla, Supplementary Information)
show that the as-deposited films absorb nearly 80% of the xenon lamp
power. Interestingly, the film at a low fluence of 10 J/cm? consisting of
relatively amorphous CZTS and SnS,-SnO, by-products exhibits sig-
nificantly lower IPL absorption as compared to the as-deposited film.
When enough energy is supplied (i.e., 16 J/cm?) the IPL absorption
increases due to crystallization of CZTS but does not change very
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significantly with even greater fluence (20 J/cm?). This indicates that at
a given fluence the absorption of IPL, which is responsible for the
temperature rise and formation of CZTS, initially reduces as the film
goes through the lower temperature portion of the pulse and then in-
creases and levels off as the temperature increases enough to crystallize
CZTS. This dynamic evolution of IPL absorption contrasts with that seen
in IPL sintering of metallic NPs, where the IPL absorption mono-
tonically reduces with the evolution of NP fusion.

The direct band gap energy of the as-deposited and sintered CZTS
thin films is shown in Fig. 9¢, as calculated using Tauc’s plots (Fig. 9b).
At 10 J/cm? fluence, the band gap reduces to 1.17 eV due to the low
crystallinity of the CZTS and the quantum confinement effect [62]. At
16 J/cm? fluence the band gap increases to 1.42 eV and then decreases
slightly to 1.33 eV at 20 J/cm? fluence. Besides the quantum confine-
ment effect, the optical band gap is also affected by the charge carrier
concentration, as per the Burstein-Moss effect [63]. This phenomenon
dictates that the optical band gap of a semiconductor increases with
greater carrier concentration because the absorption edge is pushed to
higher energies. In our experiments the IPL fluence affects the band gap
with the same qualitative trend as it affects the carrier concentration
(Fig. 8), suggesting that the Burstein-Moss effect can explain the ob-
served dependence of band gap on IPL fluence. The band gap energy of
the CZTS film synthesized at 16 J/cm? corresponds well to that for bulk
kesterite CZTS in literature [64] and is close to that obtained from re-
cent works on Pulsed Laser Deposition (1.47 eV [14]) and conventional
annealing of pre-synthesized CZTS nanoparticles [29].

Fig. 10a—c shows the UV-vis absorption spectra of MB at varying
sampling times during the photocatalysis tests. As a model organic
pollutant, MB is stable under visible light irradiation if no photo-
catalysts are involved. The temporal reduction in the characteristic MB
absorption peak at 664 nm in Fig. 10 shows the photocatalytic de-
gradation of MB molecules by the CZTS film. It was not possible to
measure photocatalysis for the as-deposited case since the films de-
tached from the substrate upon immersion into the MB solution. Most
literature on CZTS photocatalytic research is focused on the nano- or
micro- particles dispersed in liquid, whereas our use of solid films is
more advantageous from an application point of view. Further the ef-
ficiency measurement is typically done for a wide ranges of incident
light during MB degradation. This makes it infeasible to directly com-
pare our work to literature. At the same time, our sample uses about
1.8 mg of precursor binary NPs as compared to the typical use of
10°50 mg weight of NPs in literature. The mechanism for the photo-
catalytic degradation is described by Egs. (4-10) and is illustrated in
Fig. 10e [66]. Egs. (4-10) illustrate the mechanisms involved in the MB
degradation. The MB degradation reaction mainly relies on the hy-
droperoxyl and hydroxyl radicals (Equation 9 & 10), with possible di-
rect oxidation by photogenerated hole (Eq. 5). For cationic dye as MB,
the chance of MB cations directly attaching to the positive charged
CZTS surface is relatively low, and most MB cations will prefer negative
charged SnO, (or SnS,) surface.

Fig. 10d shows the temporal evolution of normalized MB con-
centration, i.e., C/Cy, as derived from the absorption curves in
Fig. 10a—c. The standard deviation shown corresponds to the error
between measurement after synthesis as compared to one year after
synthesis. Over the 4h of testing the films synthesized at 16 J/cm?
fluence show an additional 15% reduction in C/C, (or increase in
photocatalysis) as compared to the 10 J/cm? fluence films. This is due
to increased carrier concentration (Fig. 8) and greater crystallization
and NP fusion (Figs. 5 and 7) which prevent carrier recombination.
Interestingly, the films synthesized at 20 J/cm? yield an additional 20%
drop in C/C, even compared to the 16 J/cm? fluence films. This in-
creased catalytic efficiency is despite the relative increase in SnO»/SnS,
at the expense of the CZTS content in the film. The k,p, for fluence 10,
16 J/cm?, and 20J/cm® was 0.0011, 0.0023, and 0.0046 min~' re-
spectively with very little change in photocatalytic behavior over the
timespan of one year.
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Fig. 11 suggests the mechanism of radical generation based on the
band structure of CZTS/SnO» and SnS, [67,68]: on n-type side (SnO, or
SnS,), dissolved O, is converted to hydroperoxyl radical (Egs. 7 & 8);
while on p-type side (CZTS), hydroxyl ion is converted to hydroxyl
radical (Eq. 6). So, the reaction does need water as a source for the
photogenerated radicals, and the MB degradation is not directly oc-
curring by the electron-hole pair although the electron-hole generation
plays a key role. On the other hand, the radicals are highly reactivity,
transient, and short mean free path. The negative charged n-type SnO,
(or SnS,) can help attracting MB to the radical concentrated surface,
and promote the degradation. The major limitations to photocatalytic
activity are recombination of optically induced electron-hole pairs and
the back-reaction of intermediate species. As discussed earlier, the 20 J/
cm? fluence films contain greater crystalline SnO, and SnS, relative to
crystalline CZTS than the films synthesized with lower fluence. We
propose that in these 20 J/cm? films the intrinsically n-type SnS, and

SnO,, form internal p-n junctions with the intrinsically p-type CZTS. The
resultant creation of an internal electric field effectively mitigates
electron-hole recombination [61]. As illustrated in Fig. 11, the photo-
generated electron-hole pairs are quickly separated by the space charge
region electric field, and the electrons generated in CZTS are rapidly
transferred to the SnO,/SnS, side, creating reduction sites for photo-
catalysis and leaving holes and oxidation sites on the CZTS side. With
lesser carrier recombination occurring a greater fraction of the incident
optical energy is used in photocatalysis, thus increasing the photo-
catalytic efficiency. We note that the higher charge carrier mobility
observed at this fluence (Fig. 8) can also be explained by the formation
of such internal p-n junctions, as discussed earlier, which further sup-
ports our hypothesis.

4. Conclusion

This work successfully demonstrates rapid and ambient-condition
IPL induced photochemical synthesis of quaternary CZTS films from
binary CuS, ZnS, SnS NP mixtures. The effect of IPL on the photo-
catalytic activity of the films is characterized and explained in terms of
the underlying reaction pathways governing the film composition and
the photocatalytic degradation. The key advances made are as follows.

Tuning the IPL fluence produces films with variable compositions,
yielding crystalline kesterite CZTS films or composite films with rela-
tively greater amount of SnO, and SnS, at the expense of CZTS. In all
the cases the formation of undesirable secondary phases such as
Cu,SnS; and Cu;S, is avoided. This is due to the high-energy and pulsed
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colour in this figure legend, the reader is referred to the web version of this article).

nature of IPL which limits the formation of copper sulfide inter-
mediaries, and is significant because such intermediaries are typically
formed in conventional air annealing of pre-synthesized CZTS NP films.

The CZTS films produced at the optimal fluence (16 J/cm?) have
electrical conductivity similar to or greater than less scalable and more
cumbersome approaches like Pulsed Laser Deposition, RF sputtering
and conventional annealing. The optical band gap is also comparable to
these synthesis methods. The films produced at supra-optimal fluence
show several orders of magnitude greater carrier mobility than oven

annealing and RF sputtering. Further, the photocatalytic efficiency in-
creases even though the Sn0O,/SnS, content is increasing at the expense
of the CZTS content. This is due to the formation of internal p-n junc-
tions in the film that restrict carrier recombination.

The total IPL synthesis time does not exceed 19s (Table 1), while
the corresponding peak temperatures are 350°C and 430°C for the op-
timal and supra-optimal fluences. In comparison, the typical sintering
conditions reported for fabrication of kesterite CZTS films involves si-
milar or slightly greater temperatures but orders of magnitude greater
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time (e.g., 400-500°C for 30 min to 1 h [25,69] or 200°C for 4 h [70]).
The synthesis time in IPL is even shorter than in the high temperature
Rapid Thermal Processing method, which still takes about 5-10 minutes
[26]. This enables IPL to have a significantly lower energy budget
during fabrication. Since the large optical footprint of IPL can be used
without influencing the temperature rise, IPL synthesis is also highly
scalable.

This advance presents an attractive strategy for scalable fabrication
of CZTS films for photocatalysis. We note that using this process for
fabrication of solar cells, while potentially advantageous, will require it
to extended to obtain films with desired thickness and more tightly
controlled phase and microstructure. The demonstrated approach also
envisages new opportunities for scalable and in-situ bottom-up fabri-
cation of additional multinary chalcogenide films (e.g., CulnS,,
CulnSe,, AgInSe, and CIGSe). When combined with the existing cap-
abilities of inkjet printing to spatially arrange NPs of different materials
by design, this approach may also enable discovery of new chalco-
genide-composite materials for various applications.
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