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Abstract

In this work, Cu-Zn-Sn (CZT) is co-electrodeposited onto a flexible Mo substrate exploiting an alkaline bath (pH 10). The plating
solution is studied by cyclic voltammetry, highlighting the effects of potassium pyrophosphate (K4P,0,) and EDTA-Na, on the
electrochemical behavior and stability of the metallic ionic species. The optimized synthesis results in a homogeneous precursor
layer, with composition Cu 44 + 2 at. %, Zn 28 + 1 at. %, and Sn 28 + 2 at. %. Soft and reactive annealing are employed
respectively to promote intermetallic phase formation and sulfurization of the precursor to obtain CZTS. Microstructural (XRD,
Raman), morphological (SEM), and compositional (EDX, XRF) characterization is carried out on CZT and CZTS films, showing
a minor presence of secondary phases. Finally, photo-assisted water splitting tests are performed considering a CZTS/CdS/Pt
photoelectrode, showing a photocurrent density of 1.01 mA c¢m 2 at 0 V vs. RHE under 1 sun illumination.
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Introduction

Nowadays, the need for green and renewable energy sources
isurgent and solar technologies are one of the leading fronts of
the new era of energy production. In particular, photovoltaics
had significant advancements in the last decades, showing a
continuous improvement in the energy conversion efficiency
achieved through new device architectures and employed ma-
terials (e.g., CdTe, CIGS, perovskite) [1]. The development of
a thin-film technology aimed at lower production costs to
maximize the diffusion of the photovoltaic market and enlarge
the realm of possible applications, e.g., photo-assisted water
splitting. In this view, one of the most investigated absorber
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materials is Cu,ZnSnS, (CZTS): a p-type material character-
ized by a high absorption coefficient (>10* cm™") and a direct
bandgap of ~1.5 eV [2]. Moreover, the employment of non-
toxic, low-cost, and earth-abundant elements is the primary
advantage of this material that, in combination with scalable
fabrication techniques, possesses all the qualities to meet the
requirements for affordable and sustainable photoactive films.

In this context, the traditional synthesis route comprises the
deposition of the metallic precursors (Cu, Zn, Sn) followed by
annealing in a sulfur atmosphere to promote the kesterite phase
formation. Among all the available synthesis methods, electrode-
position has been considered a viable process, alternative to
vacuum-based ones, because of its potential low cost and the
capability to grow films over-large surface area [3]. Furthermore,
the electrochemical deposition technique effectively controls the
stoichiometry and ratios between the required crystalline phases,
leading to highly photoactive chalcogenide films [4, 5]. Two main
different electrochemical synthesis routes have been proposed in
the literature: the stack elemental layer (SEL) approach [6], which
comprises the sequential deposition of the copper, tin, and zinc
layers (Cu/Sn/Zn), and the co-electrodeposition one, where all the
elements are electrodeposited (Cu-Zn-Sn) from a single bath [7].
The former presents limitations in stacking order and requires
multiple electrodeposition setups, but the stoichiometry of the me-
tallic stack can be easily controlled [3].
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On the other hand, the latter requires a single experimental
apparatus, but the challenge resides in formulating a stable
deposition bath capable of growing a homogeneous film in
thickness and composition over a large area [3]. Co-
electrodeposition is traditionally carried out in acidic solution
[8—10], where copper, tin, and zinc species are stable as diva-
lent cations. Such an approach results in good bath stability.
However, poor film morphology can be expected due to mass-
limited transport and hydrogen evolution. Because of this rea-
son, most of the studies focus on the role of complexing agents
to further reduce the difference in reduction potential of the
dissolved metallic species leading to improved photoactivity
[11-15]. In this context, an alkaline medium can be a valid
strategy to reduce the detrimental effects of hydrogen and the
overall quality of the growing deposit.

In the present study, we report the co-electrodeposition of
the CZT (Cu-Zn-Sn) metallic precursor layer from an alkaline
solution on a flexible Mo-foil, followed by annealing/
sulfurization treatment to obtain CZTS. Given the inherent
disparity of the three metallic ions’ reduction potentials [16,
17], the main focus is on the deposition bath’s formulation. To
demonstrate the synthesis method’s viability, the
photoactivity of the kesterite layer (CZTS/CdS/Pt) is evaluat-
ed through a photoelectrochemical water splitting test, show-
ing photocurrents of ~1 mA cm > at 0 V vs. RHE in a sulfate
solution buffered at pH = 6.85.

Experimental

The electrolytic solution was prepared by dissolving the ap-
propriate amounts of potassium pyrophosphate (K4P,07),
copper chloride (CuCl,2H,0), zinc sulfate (ZnSO47H,0),
EDTA-Na, and tin chloride (SnCl,-2H,0) in 100 ml of
Millipore water. The chemicals provided by Sigma-Aldrich
and CARLO ERBA Reagents were used as received. The
electrodeposition and the electrochemical tests were carried
out at room temperature without agitation, using a molybde-
num foil substrate of 0.2-mm thickness (GOODFELLOW) as
a working electrode (WE). Before each deposition, Mo foil
(1.5 x 1.5 cm?) was cleaned by dipping in HCI 32%, followed
by rinsing in water/acetone. A ruthenium-based mixed metal
oxide (MMO) anode was used as a counter electrode (CE),
and a saturated Ag/AgCl (3 M) (SSC) electrode (Essc =
+0.210 V vs. RHE at 25 °C) was used as a reference electrode
(RE). Inside the beaker, electrodes were arranged in a vertical
configuration with the working electrode (WE) facing the CE,
with the RE in between them, closer to the WE. The deposi-
tion was performed using AMEL 2553 Potentiostat/
Galvanostat under galvanostatic conditions (—2.3 mA cm 2,
10 min). The co-electrodeposition bath was developed
through the optimization of the work of Khalil et al. [18-20]
and comprised 230 mM of K4P,05, 15 mM of CuCl,, 35 mM
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of ZnSOy, 15 mM of EDTA-Na,, 10 mM of SnCl,, pH = 10
adjusted with NH,OH. Soft (300 °C, 90 min) and reactive
(560 °C, 20 min) annealing were carried out using a single-
zone tubular furnace using N, as inert/carrier gas. For the
reactive annealing, 20 mg of elemental sulfur and a flow of
5 L/h N, were used as standard setup. The X-ray fluorescence
(XRF) analysis was performed using a FISCHERSCOPE X-
RAY XAN. Each sample was measured on five spots to ob-
tain a larger area reading of the average composition. X-ray
diffraction (XRD) was carried out using a Phillips diffractom-
eter PW 1830, and the crystalline phases were assigned based
on Joint Committee on Powder Diffraction Standards
(JCPDS). Scanning electron microscopy (SEM) was per-
formed with a ZEISS EVO 50 EP. Raman spectroscopy was
conducted with a LABRAM HR 800 UV HORIBA JOBIN
YVON, using as a light source a laser with a wavelength of
785 nm. The Mo-foil/CZTS/CdS/Pt photoelectrode was fab-
ricated through the CdS chemical bath deposition at 75 °C
using a solution comprising thiourea, cadmium acetate, and
ammonium hydroxide [21]. The platinum catalyst was photo-
electrodeposited at —0.1 V vs. Ag/AgCl for 10 minina 0.1 M
Na,SO4 solution containing 1 mM of H,PtClg.
Photoelectrochemical characterization was performed in
0.5 M Na,S0, buffered (phosphate-based) at pH = 6.5 under
AM 1.5G solar irradiation at 100 mW cm 2 (1 sun) using
Sunlite solar simulator by Abet Technologies.

Results and discussion
Bath formulation

The electrolytic bath (pH = 10) exploited both chloride and
sulfate metallic precursors salts and potassium pyrophosphate
(K4P,05) as the primary complexing agent [16, 17]. The com-
plexation of the metallic ions, particularly Sn** [22], was in-
deed fundamental for the formulation of a stable solution be-
cause of the tendency to form precipitates. A similar observa-
tion was made for copper species whose pyrophosphate com-
plex was already reported in the literature [23]. The addition of
both tin and copper species causes a white precipitate forma-
tion due to the oxidation of non-complexed tin cations Sn(II)
— Sn(IV). To contrast said phenomenon, the electrolyte’s
formulation sequence was defined as the dissolution of potas-
sium pyrophosphate K4P,0-, then SnCl,, afterward CuCl,,
and finally ZnSO,. Although the solution obtained was stable,
precipitates formed after multiple depositions or voltammetric
tests, probably due to local pH variations or the oxidation
reactions occurring at the anode. This behavior may also be
attributed to potassium pyrophosphate’s inability to complex
effectively Cu®* cations, thus favoring the uncontrolled for-
mation of metallic hydroxides/oxides. With this regard, the
addition of EDTA-Na, after tin precursor salts, which is
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known to be a strong copper sequestrant [24], proved to be
effective in improving the chemical stability of the electrolyte
[25, 26]. In fact, the formation of strongly complexed species
avoided the tin species’ oxidation with consequent precipita-
tion of oxide powders.

Electrochemical characterization

The electrochemical behavior of the single metallic species was
investigated through cyclic voltammetry (CV) at increasing
EDTA-Na, concentration (1-15 mM) (Fig. 1). The pH was kept
at 10 for the three electrolytes, replicating the same experimental
condition of the co-electrodeposition bath (Fig. 2). The progressive
addition of EDTA-Na, resulted in a more defined copper reduc-
tion peak, centered at —1 V vs. Ag/AgCl (Fig. 1a). Moreover, the
smaller gap between reduction and oxidation peak indicated a
higher degree of reversibility of the reaction when compared to
the bare pyrophosphate bath. An opposite trend was found for the
tin reduction peak that was progressively shifted towards more
negative potential, going from —1.1 V vs. Ag/AgCl for the
EDTA-free bath to —1.25 V vs. Ag/AgCl at the maximum con-
centration, while the oxidation peak was not affected (Fig. 1b). No
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Fig. 2 Cyclic voltammetry in 230 mM of K4P,07, 15 mM of CuCl,,
35 mM of ZnSOy, 15 mM of EDTA-Na,, 10 mM of SnCl,, pH = 10
corrected with NH4OH. [T =25 °C, 20 mV s ']

significant changes were observed in the CV curve of the zinc
solution, where the addition of the complexing agent resulted in
smaller cathodic currents, corresponding to a lower amount of
secondary reactions occurring at the working electrode surface.
Zinc reduction peak was found at —1.5 V vs. Ag/AgCl, in the
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Fig. 1 Cyclic voltammetries of the single metal salt solution. @ 230 mM
of K4P,07, 15 mM of CuCl,, 0-15 mM EDTA-Na,. b 230 mM of
K4P,07, 35 mM of ZnSOy4, 0-15 mM EDTA-Na,. ¢ 230 mM of

K4P,07, 10 mM of SnCl,, 0-15 mM EDTA-Na,. [T = 25 °C, 20 mV
s/, addition of 5 mM EDTA-Na, per step]
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proximity of hydrogen evolution reaction (Fig. 1c). The addition
of EDTA-Na, improved the electrolyte’s electrochemical stability;
thus, the highest concentration was selected (15 mM) for the co-
electrodeposition bath. It is worth noticing that the addition of
EDTA-Na, increased the acidity; hence, a higher amount of
NH4OH was required to reach pH = 10. Higher content of ammo-
nium hydroxide helped stabilize further and increase the bath’s
shelf-life [27]. The CV curve of the co-electrodeposition bath
showed three different peaks in agreement with the curves of the
single metallic elements, indicating that the formulation was suit-
able for the deposition of Cu-Zn-Sn films (Fig. 2).

CZT electrodeposition and annealing

The CZT electrodeposition parameters were empirically de-
termined through galvanostatic depositions, aiming at a film
composition capable of limiting secondary phases after reac-
tive annealing. Congruently, the target values of metals in the
precursor were Cu 43.5 at. %, Zn 30 at. %, and Sn 26.5 at. %,
commonly known as the Cu-poor Zn-rich precursor. Overall,
the zinc deposited showed a linear correlation with the cathod-
ic current density, while the concentration in the bath mainly
determined the copper and tin composition. Because of the
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significant difference in the reduction potentials between the
zinc ions and the copper and tin ones, the latter are expected to
be deposited under mass transport limitation during the CZT
film deposition. Therefore, the CZT precursor composition
optimization was achieved by selecting an opportune Cu/Sn
molar ratio in the electrolyte. The selected conditions for the
co-electrodeposition process were —2.3 mA cm > for 10 min
at 25 °C; the electrode potential increases during deposition
reaching about —1.3 V vs Ag/AgCl. The electrodeposited lay-
er showed a composition of Cu44 +2 at. %, Zn 28 + 1 at. %,
and Sn 28 + 2 at. % with an average thickness of 500 nm,
measured by both XRF and EDX. The CZT samples showed a
homogenous macroscopic appearance. SEM micrograph con-
firmed the homogeneity of the as-deposited precursor, show-
ing a globular morphology (Fig. 3a). The CZT layer was soft
annealed in a nitrogen atmosphere to improve the film crys-
tallinity and promote intermetallic species formation, i.e.,
CuxZny and Cu,Sny, with beneficial effects on the quality of
CZTS kesterite phase achieved upon reactive annealing in the
sulfur atmosphere [28]. The thermal treatment lasted 90 min at
300 °C in an inert N, atmosphere at 1 bar, and a 20 °C min !
ramping rate was selected [29, 30]. As expected, the annealing
step resulted in the formation of CuZns (JCPDS 35-1151) and
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Fig.3 SEM micrographs of a CZT precursor and b CZTS films. [scale bar: 10 pm] ¢ XRD spectra of the CZT metallic precursor after soft annealing and
CZTS after reactive annealing. d Raman spectrum of CZTS (785 nm laser source)
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CugSns (JCPDS 45-1488) phases while no peaks belonging to
the single metallic elements were observed (Fig. 3c). The
annealed samples were then sulfurized at 560 °C with 25 mg
of sulfur in a tubular furnace for 30 min (20 °C min ', 1 bar
N»), followed by cooling outside the furnace. The SEM mi-
crographs in Fig. 3a—b show the morphology of the as-
deposited films and after sulfurization, respectively. As ex-
pected, the reactive annealing changed the film morphology,
leading to larger grains. XRD diffractogram confirmed the
predicted high-degree conversion from CZT to CZTS in the
correct kesterite crystalline structure (JCPDS 26-0575).
Figure 3c shows the XRD of the sulfurized films with the
dominant reflection peaks at (112), (200), (220), (224), and
(312) planes (Fig. 3c). The selection of a two-step thermal
treatment was justified by the benefits of this approach: the
avoidance of the formation of unwanted secondary phases,
mainly copper-tin, zinc, and tin sulfides [31], whose presence
is related to a reduced photoactivity of the film [32].
Complementary Raman spectroscopy confirmed the presence
of the CZTS phase, together with minor sulfide phases.
Figure 3d shows the typical Raman peaks of CZTS at 263
cm ', 288 em ', 337 em ', 366 cm ™, and 374 cm ' which
is commonly observed in literature when the 785-nm excita-
tion wavelength of the laser source is used [30]. Minor Raman
peaks corresponding to cubic-Cu,SnS; and ZnS were also
observed at 303 cm ' and 353 cm ' respectively. The frac-
tured surface of the CZTS film (Fig. 4) agreed with the XRD
and Raman data; no visible secondary phases were observed
through SEM imaging. The film was characterized by a com-
pact layer in the proximity of the molybdenum substrate while
the surface showed different clusters, as shown by the top
surface micrograph (Fig. 3b). The formation of the kesterite
phase resulted in a volumetric expansion of about 2.3 times,
considering a precursor thickness of ~500 nm, which resulted
in a CZTS film thickness of about 1.2 um (Fig. 4).

Fig.4 SEM micrograph of the cross-section of the CZTS film on flexible
molybdenum substrate
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Fig. 5 Photoelectrochemical characterization of the flexible CZTS-based
photoelectrode in 0.5 M Na,SO, solution buffered at pH 6.5, under in-
termittent (0.5 Hz) AM 1.5G solar irradiation at 100 mW/cm?

Photoelectrochemical test

The photoactivity of the kesterite film (p-type) was investigat-
ed through a photoelectrochemical test, evaluating the ability
of the material to trigger water electrolysis at increasing ca-
thodic bias under 1 sun condition. The characterization was
carried out in a 0.5 M Na,SOy solution, buffered at pH = 6.85,
using a solar simulator with an intermittent (0.5 Hz) light
source (Fig. 5). The test consisted of linear sweep voltamme-
try, carried out under chopped illumination. The surface po-
tential values were reported to the reversible hydrogen elec-
trode (RHE) Erpr=FE+ Essc +(0.059 pH). The photoelectrode
fabrication also comprised the deposition of CdS (n-type)
thin-film onto CZTS, followed by Pt nanoparticles photo-elec-
trodeposition: the former acted as a buffer layer to improve
photo-charges separation. At the same time, the latter in-
creased the electron transfer to the electrolyte. Upon illumina-
tion, a progressive increase of the reduction current at more
cathodic biases was observed, indicating the p-type character
of the synthesized film (Fig. 5). The photo-assisted water
splitting performance was evaluated at 0 V vs. RHE, the ther-
modynamic potential value of the hydrogen evolution reaction
(HER), resulting in a photocurrent of 1.01 mA c¢m 2. This
value is coherent with the results reported for CZTS/CdS/Pt
photoelectrodes on SLG/Mo substrate [33-38], in the order of
afew mA cm 2, demonstrating the viability of the investigated
synthesis method on flexible substrates.

Conclusions

The use and effectiveness of an alkaline plating bath for CZT
co-electrodeposition have been demonstrated. The addition of
the two complexing agents K4P,0; and EDTA-Na, showed a
beneficial effect on the stability and replicability of the
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precursor’s composition, with variations only up to 2% at.
After sulfurization, the target kesterite phase was obtained,
preventing the formation of any MoS, and minimizing the
presence of undesired phases. Photoelectrochemical charac-
terization showed a significant photoactivity (1.01 mA cm 2
of photocurrent), demonstrating the p-type character of the
absorber film.
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