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ABSTRACT: Copper zinc tin selenide (CZTSe) nanocrystal inks are a promising candidate for the development of cheap, efficient,
scalable and non-toxic photovoltaic (PV) devices. They also present an important opportunity to controllably mix copper zinc tin
sulfide (CZTS) with CZTSe to produce directly spectrally tunable Cu.ZnSn(S/Se), (CZTSSe) solid-solutions using low temperature
processes. Herein we describe a one-pot, low temperature, aqueous-based synthesis that employs simultaneous redox and crystal
formation reactions to yield CZTSe nanocrystal inks stabilized by Sn,Se;*~ and thiourea. This versatile CZTSe synthesis is under-
stood through the use of inductively coupled plasma mass spectrometry (ICP-MS), Raman spectroscopy, Fourier transform infrared
spectroscopy and powder x-ray diffraction (PXRD). It is further shown that stoichiometrically mixed CZTSe and CZTS nanocrystal
powders yield a single CZTSSe phase at annealing temperatures between 200-250 °C. This facile and low-temperature process
offers a low-energy alternative for the deposition of pure CZTSe/SSe thin-films and enables the band gap to be readily tuned from

1.5 down to 1.0 eV by simple solution chemistry.

1.0. INTRODUCTION

Chalcogenide photovoltaic (PV) materials have garnered
growing interest over the years as robust and inexpensive in-
organic alternatives to Si-based PV.! These materials have
gradually evolved from binary 11-VI CdTe, through to ternary
I-111-VI, CulnS; (CIS), quaternary l-11I-111-V14; CuzlnGaSe,s
(CIGSe), and even quinary lo-11-1V-V1x-Vlu. CuZnSn(S/Se),
(CZTSSe) compositions. The increasing complexity through
the cross-substitution of elements allows for both the tailoring
of their optoelectronic properties and the selection of less toxic
and more abundant elements.? Cu,ZnSnSe;, (CZTSe),
CuxZnSnS, (CZTS), and CZTSSe kesterites are promising
absorber materials due to their elemental abundance, environ-
mental benignity, high absorption coefficients exceeding 10*
cm, p-type conductivity, and ideal direct band gaps of 1.0
eV, 1.5 eV and 1.0-1.5 eV, respectively.! Of these, CZTSe
and CZTSSe PV devices show the most promising photo-
conversion efficiencies (PCE) of 11.6%% and 12.6%,* respec-
tively, while CZTS devices lag behind with a PCE of 8.4%.

Various methods for the fabrication of CZTSSe thin films
have been developed, including quinary sputtering® and
CZTSSe nanoparticle deposition;® 7 however, the bulk of the
literature has focused on a two-step process of depositing pure
CZTS or CZTSe films followed by selenization and/or sulfuri-
zation at high temperature under toxic atmospheres to form the
mixed CZTSSe phase.* 81! The deposition of CZTS and
CZTSe films can be achieved by the decomposition of molten
salts,'?4 reactive sputtering,’>?° electroplating,*?® vapour
deposition,?*2 precursor solution deposition,* and nanopar-
ticle ink sintering.®%" Of these, nanoparticle routes are among
the most promising due to their potential to be inexpensive
and scalable, while maintaining superior phase and composi-

tional control when compared to non-solution based approach-
es. Although CZTS nanoparticle routes, including green and
scalable syntheses, have been widely reported,® 505 reports
related to CZTSe nanoparticles are much more scarce %49 5
CZTSe nanoparticle syntheses typically involve the use of
toxic solvents such as hydrazine,*” % or hot injection reactions
in non-polar solvents that require extensive post processing.®*
39-45,57.%8 This is mainly due to the difficulty in forming soluble
Se anions or precursors in solution. While “greener” CZTSe
nanoparticle syntheses do exist,*® these typically do not have
precise elemental ratio control and use bulky aliphatic ligands
to stabilize nanoparticles via steric repulsion, which leaves
organic impurities in the resultant film, even after thermal
annealing, hindering device performance.l- % 8

The fundamental drawback of the superior tunability of
CZTSSe is the complexity of the elemental distribution within
the lattice structure. This leads to a greater number of potential
anti-sites, interstitial sites, and vacancy defects in the crystal
structure, and the number of these sites are further increased
by heat treatment above 250 °C.% ® Selenization processes to
date use temperatures of ~500 °C, which also cause a multi-
tude of problems: (i) decomposition of CZTSSe into second-
ary phases and the potential loss of SnSe/SnS species if care-
ful control of the atmosphere is not maintained;® % (ii) ineffi-
cient use of a large excess of Se, the rarest element in the
composition, of which there is only 0.05 ppm in the earth’s
crust;** (iii) difficulty in controlling the exact S:Se ratio in the
film and S:Se gradient with depth;? ¢ (iv) formation of a
thick MoSe; layer of several hundred nanometers at the elec-
trode interface that increases resistance and recombination;?
1188 (v) increased cationic disorder, due to similar atomic ra-
dii, resulting in increased band tailing and trap states;> 2 57 6
and (vi) formation of toxic gases which makes scalability dif-



ficult and costly. A number of hypotheses have been proposed
to explain the device performance gap between CZTSSe and
CIGSe devices.? 7 The most widely accepted are that the
presence of a thicker MoSe; layer leads to resistive and re-
combination loses,> # % % and cationic disorder leading to
band tailing and a large Vo deficit? 87%° are the primary per-
formance loss factors. Both of these are due in part to the
selenization process, and as such the potential to increase the
efficiency of CZTSSe to be at parity with CIGSe (PCE
22.6%)™? by replacing this selenization process with a lower
temperature and scalable alternative is of great interest.

At present there is no CZTSe nanoparticle synthesis that
simultaneously provides stoichiometric compositional control
and phase purity using a low toxicity solvent, while also yield-
ing negligible residual carbon impurities following thermal
annealing. Additionally, a low temperature and scalable alter-
native to current selenization processes that offer homogene-
ous and stoichiometric control of the S:Se ratio in the film has
yet to be reported. Herein, by using a highly charged, molecu-
lar, tin selenide ligand, we demonstrate a versatile, stoichio-
metric, one-pot synthetic method that produces aqueous
CZTSe nanoparticles on a multigram scale without the use of
long-chained organic ligands. We also establish a simple pro-
cess to produce single phase CZTSSe kesterite materials by
mixing stoichiometric amounts of CZTS® and CZTSe nano-
particle inks followed by mild heat treatment. This process is
facilitated by the short inorganic ligands present on the nano-
particle surfaces, and the small CZTSe particle sizes, which
enables short diffusion distances and low sintering tempera-
tures to produce a homogeneous distribution of S and Se in the
film. The work presented here on both pure and mixed nano-
particle annealing properties, phase purity and grain growth
characteristics under an inert atmosphere, lays the groundwork
for the fabrication of future high efficiency PV devices.

2.0. EXPERIMENTAL SECTION

2.1. Materials

Tin powder (<45 pum particle size, 99.8%), selenium powder
(100 mesh, 99.5% or 99.99%), zinc nitrate hexahydrate
(>99%), copper nitrate hemi-pentahydrate (>98%), ammonia
(25% in water), thiourea (>99%), selenourea (98%), sodium
borohydride (98%), sodium hydroxide (>97%), and methanol
(99.8%) were purchased from Sigma-Aldrich. Tin diselenide
(99.999%) was purchased from Chengdu Alfa Metal Material
Co. All of the above reagents were used as received; however,
any solvents used under inert gas were first degassed on a
Schlenk line under vacuum (1 mPa) using an ultrasonic bath
on a degas cycle with a power of 120 W. A cold trap was also
employed to prevent any vaporized solvent reaching the vacu-
um pump. The tin powder and selenium powder were stored in
a glove box under a nitrogen atmosphere with >1 ppm H,0 to
prevent oxidation. Deionized water was obtained from a Milli-
Q system (18.2 MQ.cm resistivity). Reaction containers were
polypropylene specimen containers with polypropylene screw
caps purchased from Techno Plas. Note that CZTSe nanopar-
ticles were found to adsorb strongly onto glass vessels.

2.2. Preparation of Tin Selenide Chalcogenide

Two possible routes to form aqueous tin selenide chalco-
genide (SnSe-MCC) solutions were trialed for this work: (i) a
hydrothermal route, modified from Loose & Sheldrick™ and

(i) a redox route, modified from Krebs & Uhlen.” These are
shown schematically in Figure 1 a) & b).

While both experimental methods are described here, only
results using the hydrothermal route are presented here. We
found that the redox route required a large excess of Na,Se,
resulting in binary phase formation when synthesizing CZTSe.
Some results using the redox route are included in the Sup-
porting Information for completeness.

Hydrothermal route: Tin powder (50 mmol, 5.936 g) and
selenium powder (175 mmol, 13.825 g) were added to a high
pressure Teflon lined autoclave and sealed under a nitrogen
atmosphere to prevent their premature oxidation. Sodium hy-
droxide (200 mmol, 7.999 g), Milli-Q water (30 mL), and
methanol (60 mL) were quickly added to the high pressure
Teflon lined autoclave in air before filling with argon and
resealing. The original turbid mixture was allowed to react for
3 days with the temperature maintained at 140 °C using a
chamber furnace. This yielded a transparent 0.2778 M
Sn,Se*” solution (25 mmol in 2:1 methanol-water, 90 mL)
with a deep-red color. This solution was then stored at 4 °C for
3 days to form crystals, which were then filtered and washed
with cold methanol in a Ny environment to give red
NagSn,Se7-16H,0 needles (23.6 mmol, 31.115 g, 94% yield).
The identification of these products is provided in the SI. It is
noted that at the high temperatures and pressures experienced
in hydrothermal reactions there is slow methanol oxidation™
CH;0H + 2H,0 - CH,0 + 2H;0" + 2e~ which accounts
for the otherwise missing electrons in the balanced equations
seen in Figure 1 a).

A colorless ammonium selenide solution was then produced
by reacting selenium (2.5 mmol, 0.198 g), and sodium boro-
hydride (5 mmol, 0.189 g) in ammonia (6.94 mL, 12.8 % in
Milli-Q water) under a N, atmosphere with stirring until bub-
bling stopped. NasSn,Se;-16H,0 (2.5 mmol, 3.296 g) was
then dissolved in this ammonium-selenide solution to give the
final 0.36 M SnSe-MCC precursor solution (2.5 mmol in 6.94
mL of 12.8% aqueous ammonium selenide).

Redox route: Sodium hydroxide (15 mmol, 0.600 g) was
dissolved in degassed Milli-Q water (150 mL) and placed un-
der N, at 1 °C. Sodium borohydride (30 mmol, 1.135 g) and
selenium powder (15 mmol, 1.184 g) were added with stirring
and allowed to react (~3 hours) to give a clear 0.1 M Na,Se
solution. To this solution SnSe, (5 mmol, 1.383 g) was added
and left to react with stirring (~12 hours) to give 16.7 mM
Sn,Ses* and 66.7 mM Na,Se, which was a transparent green
solution under N and a transparent red solution under vacuum
or air. The solution was then vacuum dried to give an orange-
red mix of NasSn,Seg-13H,0 (2.5 mmol, 2.593 g) and Na,Se
(10 mmol, 1.249 g) crystals with a final combined yield of
3.546 g (92.3%). Characterization is provided in the SI. These
crystals were difficult to separate so they were all dissolved in
ammonia (6.94 mL, 12.8% in Milli-Q water) under N, atmos-
phere to give the final 0.36 M SnSe-MCC precursor solution
(2.5 mmol in 6.94 mL of 12.8% ammonium-selenide water).
Note this green-red color change is reversible and could be
cycled >20 times.

A 3-fold excess of selenium powder relative to tin
diselenide is used to ensure complete reaction to form
Sn,Ses*; if stoichiometric quantities are used large amounts of
unreacted SnSe, powder remains and needs to be filtered out,
leaving an equivalent quantity of NaSe in the resultant
NasSn,Ses-13H,0 crystals. Waiting additional time made no
discernible difference.



Stability: Neither aqueous SnSe-MCC solution can be
stored for long periods due to a slow degradation reaction that
causes an orange precipitate to form. However, the
NagSn,Sez-16H,0 and  NasSn,Ses-13H,0 crystals can be
stored in a sealed container under N, for long periods (>30
days) and dissolved when needed.
a)
2Sn + 7Se +6NaOH + 10H,0 + 3CH50H 12NaBH, + 6Se
Hydrothermal Route
140 °C 4°C

NagSn,Sez* 16H,0 + 3CH,0 2Na,Se +6B,Hg+ 6H,

+ 2SnSe;
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Figure 1. a) Hydrothermal reaction of metallic tin and selenium to
form NasSn2Se7-16H.07% ™ b) Redox reaction of metallic seleni-
um to form NazSe and then the subsequent reaction with SnSez to
form NasSn2Ses-13H20.7* ¢) A simplified process diagram for
aqueous CZTSe ink preparation.

2.3. Synthesis of CZTSe Nanoparticles

A typical synthesis of CZTSe nanoparticles with an ele-
mental ratio of 2:1:1 Cu:Zn:Sn and total metal concentration
of 40 g/L is as follows: a 1 M thiourea solution (15 mmol in
15 mL of Milli-Q water) and a 0.36 M SnSe-MCC solution
(2.5 mmol in 6.94 mL of 12.8% aqueous ammonium selenide)
were added to Milli-Q water (42 mL, to adjust the final ink
concentration to 40 g/L) at 40 °C with stirring. A 0.76 M
Zn(NO3); solution (5 mmol in 6.54 mL of 18% ammonia solu-
tion) was then added, causing the formation of a pale orange
precipitate, which redissolved within 3 minutes to return the
solution to its original transparent red appearance. Once the
solution was completely transparent, a 1.25 M Cu(NO3), solu-
tion (10 mmol in 8 mL of Milli-Q water) was added quickly
with stirring, causing the immediate formation of a black
CZTSe nanoparticle ink. The yield by mass was > 98% (3.1 g
of dried CZTSe nanoparticles). This synthetic method was
successfully scaled-up to produce 10 g of dried CZTSe nano-
particle powder. It should be noted that this reaction was per-
formed inside a N glove box with degassed solvents to elimi-
nate oxygen and carbon dioxide.

CZTSe nanoparticles of different elemental ratios and con-
centrations can be synthesized stoichiometrically by the addi-
tion of different amounts of copper, zinc, and tin precursor
solutions, while keeping a pH >11 and ~1.5-fold excess of
thiourea to copper ions in solution to ensure reduction of
Cu(ll) to Cu(l) by thiourea. This synthesis can be varied to
make any of the nanoparticle inks discussed later in this work
at concentrations of up to ~90 g/L.

These CZTSe nanoparticles, once synthesized, are colloidal-
ly stable in aqueous-based solvents with a pH >7 at low ionic
strengths (<10 mM), however at higher pH of ~10 larger ionic
strengths of ~0.45 M are possible.

It should be noted that selenourea is able to substitute for
thiourea in the above synthesis; however, no difference in the
resultant CZTSe nanoparticles was identified aside from the
presence of the relevant urea derivative on the nanoparticle
surface. Specifically, no sulfur was detected in the CZTSe
crystals when using thiourea even with annealing. As such,
based on cost and toxicity considerations, thiourea was chosen
over selenourea.

2.4. Characterization

As-synthesized CZTSe powders were obtained by drying at
40 °C under N,. Purified CZTSe nanoparticles were obtained
by adding ethanol or isopropanol as an antisolvent, centrifug-
ing at > 4000 rcf (~5 mins), disposing of the supernatant and
redispersing the precipitant in Milli-Q water. Powder samples
were prepared at a concentration of 40 g/L, dried at 40 °C
under N for 3 days, then under vacuum (1 mPa for 1 hour) to
yield a dry nanoparticle powder. Such powders were made
into compacted discs with a diameter of 1.3 cm using a KBr
disc manual hydraulic press with 9 tons applied for 2 minutes.

Transmission electron microscopy (TEM) images were rec-
orded on a FEI TF 20 TEM operated with an acceleration
voltage of 200 kV. 2:1:1 CZTSe nanoparticles were prepared
as described above and diluted (0.5 g/L) for TEM analysis.
The dilute nanoparticle dispersions (10 pL) were drop cast
onto parafilm. A carbon-coated copper grid (400 mesh) pre-
treated with a dilute poly(dimethyldiallyl ammonium chloride)
(PDMAC) solution to create a monolayer of cationic polymer
was placed on top for two minutes then removed and allowed
to dry.

STEM selected area electron diffraction (SAED) and energy
dispersive X-ray spectroscopy (EDS) were also performed on
a FEI TF 20 TEM using a HAADF detector. The sample was
prepared from a compressed disc sintered at 250 °C with a
S:Se ratio of 1:1 using a FEI Nova Dual Beam FIB SEM as
described in the supporting information. Simulated SAED
patterns were obtained using EMAPS™®.

Raman spectra were collected with a Renishaw InVia-
Raman spectrometer using a A = 514 nm laser source and Ren-
ishaw RM 1000 Raman spectrometer using a A = 325 nm laser
source over the range from 100 to 720 cm™ and the peaks
were fitted using Origin software.

Fourier transform infrared spectra were collected with a
Perkin Elmer Spectrum One FTIR spectrometer over the range
from 650 to 3600 cm ™.

Zeta Potential measurements were performed using a
NanoBrook ZetaPALS zeta potential analyzer. CZTSe nano-
particles were diluted to 0.5 g/L with ammonia-water to main-
tain a pH ~10 and 0.5 mM of NaCl added as an electrolyte. 10
measurements were performed and the average taken as the
zeta potential value.

Tandem thermogravimetric analysis combined with Fourier
transform infrared spectroscopy (TGA-FTIR) was conducted
on a Netzsch TG 209 F1 Libra instrument in tandem with a
STA 449 F1 Jupiter-FT-IR Coupling system. The CZTSe ink
powders used for this analysis were synthesized at a concen-
tration of 40 g/L with a Cu:Zn:Sn ratio of 2:1:1. The heating
rate was 2.5 °C/minute with mass measured every 0.6 seconds
and FTIR spectra acquired every 22 seconds. The original
CZTSe mass was 42.8 mg. Two vacuum-fill cycles were per-
formed before measurements began, and a nitrogen flow rate
of 20 mL/min was applied throughout measurements. FTIR



peaks were analyzed based on reference spectra from the Na-
tional Institute of Standards and Technology (NIST) database
where no publications are cited.

Powder x-ray diffraction (PXRD) analysis was carried out
on a Bruker D8 Advance Diffractometer between 5° and 90°
using Ni-filtered Cu ko radiation (A = 1.5406 A) and a step
size of 0.02°. Each data set was analyzed using Rietveld re-
finement-based quantitative phase analysis’ 7® and crystal
phase wt% values were calculated via the Hill and Howard
algorithm.”™ An anisotropic crystallite size broadening func-
tion, adapted by Coelho®® from March-Dollase,®! was used to
improve the quality of the fit by taking into account the crys-
tallite size and micro-strain.

Inductively coupled plasma elemental mass spectrometry
(ICP-MS) was performed using a GBC Optimass 9500
ICP-TOF-MS. For ICP—MS a portion of CZTSe nanoparticle
powder was digested in HCI and diluted with 2% HCI in Milli-
Q water to achieve ~250 ppb levels for analysis. A single cali-
bration standard solution was purchased from Choice Analyti-
cal of 100 ppm of Au, Cu, Zn, Sn, S, and Se was diluted to
multiple concentrations between 10 and 200 ppb in order to
produce a calibration curve for each of the elements.

In-situ, time-resolved UV-Vis-NIR measurements were car-
ried out using an Ocean Optics system with a DH-2000-BAL
light source (balanced deuterium & halogen lamps, range:
190-2500 nm), HR2000 detector (range: 190-1100 nm),
Flame NIR detector (range: 950-1650 nm) using QP600-2-SR
optic fibers (600 pm, range: 300-2100 nm) with 71 ms resolu-
tion. Two detectors were used in order to capture both the UV-
Vis region and NIR region, and the spectra were merged at
950 nm. The typical 50:25:25 (Cu:Zn:Sn %) composition was
studied at a nanoparticle ink concentration of 0.5 g/L, selected
to prevent saturation of the UV-Vis detector. The synthesis
was carried out in a 1 cm pathlength quartz cuvette with a
magnetic stirrer to ensure proper mixing.

Reflectance UV-Vis-NIR measurements were carried out on
compacted CZTSe discs using a Perkin Elmer Lambda 1050
UV/Vis/NIR with an integrating sphere. A Kubelka-Munk
transformation was used to convert reflectance spectra into
equivalent absorption spectra using the reflectance of a com-
pacted BaSO, disc as a reference. Note these discs were too
thick to exhibit any transmission.

Photoelectron Spectroscopy in Air (PESA) measurements
were carried out using a Riken Kekei AC-2 spectrometer. For
all samples a power intensity of 50 nW was used. The error in
the ionization energies determined from the PESA measure-
ments on a given sample was 0.05 eV.

Scanning electron microscopy (SEM) images were recorded
on a FEI Nova Dual Beam FIB SEM operated with an acceler-
ation voltage of 20 kV, current of 2.4 nA, and magnification
of 35000x.

3.0. RESULTS AND DISCUSSION

3.1. Synthesis, Morphology and Surface Chemistry of
CZTSe Nanoparticles

To synthesize CZTSe nanoparticles we have built on our
previous work,* while keeping to four design principles: (1)
the materials and processes must be economical; (2) green and
non-toxic materials and techniques must be used; (3) all tech-
niques must be scalable; and (4) impurities, such as carbon,
nitrogen and oxygen, must be minimized. Briefly, an aqueous

ammonia solvent, metal nitrates, urea derivatives, and a tin
metal chalcogenide were processed at low temperature using
simple and scalable methods. Most notably the need for post-
processing to remove impurities and organic ligands is elimi-
nated and only a mild heat treatment of <200 °C is required,
which makes this synthesis amenable to deposition and an-
nealing on flexible substrates, as well as commercialization.

The synthesis and use of SnSe-MCC in aqueous solution as
an organic-free stabilizer utilizing electrostatic repulsion is not
trivial. The synthesis of SnSe-MCC via green and non-toxic
means has only been attempted a limited number of times,’ 7+
8 and to our knowledge has not been used as a stabilizer in
aqueous solutions to date. We trialed two routes for the syn-
thesis of SnSe-MCC crystals. Firstly, a hydrothermal route,
based on that developed by Loose and Sheldrick”™ was modi-
fied to use stoichiometric quantities of precursors to ensure
complete reaction and give a near 100% yield of Sn,Se;* in
the form of NasSn,Se;-16H,0. Secondly, a redox route, based
on that developed by Krebs & Uhlen™ was modified to reduce
the toxicity and associated risks by substituting the reported
hydrogen selenide gas bubbling through solution for selenium
powder and sodium borohydride. This latter method yielded
the analogous SnSe-MCC Sn,Se¢* in the form of
NasSn,Ses-13H,0; however, to achieve a complete reaction of
SnSe,, a 3-fold excess of selenium was required. This resulted
in a large proportion of Na,Se crystal impurities mixed with
the SnSe-MCC crystals. As such the hydrothermal route is the
preferred synthetic route for SnSe-MCC. It should be noted
that we also trialed selenourea as a replacement for thiourea;
however we observed no difference in the resultant CZTSe
particles, apart from the expected change in the surface chem-
istry. This suggests the urea derivatives are only a mild reduc-
ing agent to convert Cu(ll) to Cu(l), and do not contribute
sulfur or selenium to the resultant nanoparticles.
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Figure 2. In-situ time resolved merged UV-Vis-NIR spectra of a
50:25:25 (Cu:Zn:Sn %) CZTSe nanoparticle ink with a concentra-
tion of 0.5 g/L. The HR2000 detector signal and Flame NIR de-
tector signals are merged at 950 nm, highlighted by the black
vertical line. The purple curve shows the baseline of Milli-Q wa-
ter and thiourea solution. The red curves highlight the addition of
the SnSe-MCC precursor solution. Adding the zinc precursor
solution exhibited no absorbance change from the equilibrated red
curve at 1s and as such spectra following the addition of
Zn(NOs)2 were omitted. The synthesis and growth of the CZTSe
nanoparticles are shown by the blue curves over the first 639 ms
after the addition of the 1.25 M Cu(NOz)2 solution with 71 ms
resolution. The green curves highlight the stability of the resultant



nanoparticle dispersion over the next 3 days on a variety of time-
scales.

In order to observe the nucleation and growth of the CZTSe
nanoparticles, and their subsequent colloidal stability, in-situ
temporal resolved UV-Vis-NIR measurements were carried
out. The purple baseline curve in Figure 2 was Milli-Q water
and thiourea solution, while the red curves were collected after
the addition and mixing of the SnSe-MCC solution. Adding
the zinc precursor solution exhibited no absorbance change
from the equilibrated red curve at 1 s and as such the series of
curves were omitted. As the thiourea, SnSe-MCC and Zn*
ions are stable in solution, no precipitation, nucleation, or
growth occurs, and at this point we have obtained a Zn, Sn &
Se containing solution of dissolved salts. In the blue curves at
0 ms the Cu(NOs3); solution was quickly added resulting in an
increasing red shift in the absorption up until ~639 ms indicat-
ing rapid CZTSe nanoparticle formation. It should be noted
that Cu,Se has the lowest solubility product (Ks = 1.58 x 10
61) of all the species involved by over 10 orders of magni-
tudes,®® and readily reacts to form CZTSey if zinc, tin and
selenium are present. Upon addition of Cu?* into solution, the
Cu ions are reduced by thiourea to Cu* and then react with Zn,
Sn and Se ions to yield CZTSe nanoparticles via Cu,Se() +
2Cufyqy + 22083y + SnySey ) = 2Cu,ZnSnSey ). After
~639 ms the spectra remains stable with only a slight shift in
absorbance over the next 3 days. which are attributed to either
slight growth of particles, or fluctuation in light source intensi-
ty over time. The absorbance continuing to ~1225-1325 nm
(~1.01-0.94 eV) is equivalent to or lower in energy compared
to bulk CZTSe (1.0 eV), which suggests that no quantum con-
finement effects are present and that sub-gap or indirect ab-
sorptlon may be contributing to the spectrum.
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Figure 3. a) TEM image of CZTSe nanoparticles with an ele-
mental ratio of 2:1:1 Cu:Zn:Sn produced at an original concentra-
tion of 10 g/L. Left Inset: histogram indicating a mean size of ~25
nm b) High resolution TEM image showing the presence of nano-
crystalline domains within the nanoparticle with lattice spacings

of 0.34 nm (green). ¢) FTIR spectra showing the functional
groups present in the dried CZTSe nanoparticle ink (black), twice
washed and dried CZTSe nanoparticles (blue), and twice washed
and annealed at 250 °C CZTSe nanoparticles (red).

We employed TEM to identify the size distribution and
morphology of the CZTSe nanoparticles produced. Figure 3 a)
shows globular spherical nanoparticles with a mean diameter
of ~25 nm with a standard deviation of 3.6 nm. The high reso-
lution TEM (HR-TEM) in Figure 3 b) reveals the presence of
nano-crystalline regions in the CZTSe nanoparticle with lattice
spacing of ~0.347 nm, consistent with the inter-planar digo
spacing of CZTSe;* however, a large fraction of the nanopar-
ticles appear amorphous.

The nature of the surface bound molecules was investigated
by FTIR. In the unwashed ink, all of the expected functional
groups stemming from the original reaction chemistry are
present as seen in Figure 3 c). After purification, the surface
chemistry is revealed to be composed of just Sn,Se;,*” anions
and thiourea molecules. The former confers some negative
charge on the nanoparticles, confirmed by a zeta-potential of -
29 mV, while the thiourea probably provides colloidal stability
via hydrogen bonding to the solvent. Upon heating at 250 °C
all surface bound molecules are removed.

3.2. Thermal Decomposition Characteristics of CZTSe
Nanoparticles

Nanoparticles that require minimal post-synthesis pro-
cessing, such as centrifugation, filtering or precipitation steps,
and have no impurities upon mild annealing, are ideal for thin
film applications. In order to identify at what temperatures the
different components of the unwashed CZTSe nanoparticle ink
vapourise, TGA-FTIR was employed, the results are shown in
Figure 4.
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Figure 4. a) TGA of a CZTSe nanoparticle powder with an ele-
mental ratio of Cu:Zn:Sn 2:1:1, indicating most mass loss occurs
at ~187 °C. b) The corresponding FTIR spectra vs. temperature
with color indicating the absorption (%) collected in tandem with
the TGA in order to analyze the source of mass loss. Each set of
peaks has been labelled with the corresponding functional groups
and its source in the nanoparticle ink.

The initial slow mass loss evident in the TGA curve below
150 °C is due to evaporation of residual ammonia (~4.5%),
followed by some loss of thiourea as cyanamide®* & and
isothiocyanic acid,® 8 which starts at ~150 °C via the follow-
ing reaction:



2H,N-CS-NH,, » HN=C=NHg) + HN=C=S; +
H,Sg) + NHs g

In the presence of water released from other decomposition
reactions at ~180 °C, isothiocyanic acid further decomposes
via HN=C=Sg) + H,04 — 0=C=Sy) + NH;3(,* to carbon-
yl sulfide. It should be noted that the amount of H,S released
is too small for the corresponding peaks to be observed in
Figure 4 b); however, they are present with a maximum inten-
sity of ~0.3%. The sharp mass decrease between 170-187 °C
(~43.6%) largely corresponds to the continued loss of thiourea
(21.5%), then the subsequent loss of nitrate (22.1%). Between
190-280 °C the loss of borohydride (0.4%) is observed.
Above 220 °C loss of SnSe is observed when the vapor pres-
sure of SnSe around CZTSe is low, as is the case here where
there is a constant nitrogen flow past the detector of 20
mL/min. This is the result of slow thermal decomposition:

Cu,ZnSnSe, — Cu,S +ZnS + SnSe +Se, It should  be

noted that unlike the case with CZTS nanoparticles,® there is
no loss of carbonates. This is because the reaction was carried
out inside a N; filled glovebox using degassed solvents, result-
ing in the elimination of naturally dissolved carbonate in sol-
vents from atmospheric CO,. This highlights the importance
of air in the synthesis of carbon-free films using solvents
where carbonates form.

Based on the IR results, we find that the lowest practical
temperature to remove all the undesirable components in the
nanocrystal ink through either decomposition and/or vaporiza-
tion is ~200 °C. This confirms, that with mild heat treatment,
the CZTSe nanoparticle ink affords a nitrogen-, oxygen-, and
carbon-free CZTSe bulk material.

3.3. Phase Map of Annealed Compositionally-Variant
CZTSe Nanoparticles

In order to create a compositionally dependent crystal phase
map and confirm the robustness of the synthesis in terms of
elemental ratios, 13 different compositions of CZTSe nanopar-
ticles were analyzed. Samples were prepared with theoretical
elemental ratios as shown in Figure 5 a) at a concentration of
40 g/L. ICP-MS was performed on small portions of washed
and dried powders to compare the theoretical and experi-

mental elemental ratios. As seen in Figure 5 a), the values
were found to be within measurement and pipetting errors
(<0.5%), thus confirming that the synthetic method yields
stoichiometric precipitation of the metallic ions into nanopar-
ticles.

Each of the 13 sample powders were prepared for PXRD
and Raman by annealing at 500 °C for 10 minutes under N in
a tube furnace. The PXRD patterns shown in Figure 5 b) indi-
cate that the majority phase present in all 13 different compo-
sitions is stannite CZTSe (ICDD 52-0868), however a small
proportion of kesterite CZTSe (ICDD 70-8930) may also be
present. Stannite CZTSe is differentiated from kesterite
CZTSe by the presence of two additional peaks at ~31° and
35° corresponding to the dxo and dzi planes respectively.
Copper selenide peaks convoluted with the main CZTSe peaks
are observed in two samples with high Cu % and low Sn % as
denoted by the * in Figure 5 b). These compositions were also
seen to contain copper-based secondary phases in our previous
CZTS work.® Small tin selenide peaks were also expected due
to the elevated annealing temperatures employed; however,
these were either not present or not large enough to be observ-
able. It is well known that PXRD alone cannot differentiate
between ZnSe, Cu,SnSe; and Cu,ZnSnSe, phases due to the
similarity in their diffraction patterns. *° In order to confirm
that CZTSe is indeed the majority phase, Raman analysis was
performed.

The Raman spectra of the 13 samples in Figure 5 c) clearly
show the characteristic CZTSe peak centered at 191 cm™ with
a shoulder peak at 173 cm™ and broad peak at 235 cm™. On
the other hand, no compositions exhibited a Cu,SnSes or ZnSe
peak, even when using a 325 nm laser to excite. This suggests
the majority phase present in each of the crystals is pure-phase
CZTSe without any ZnSe contributions. The crystal phases
observed by Raman spectroscopy are consistent with the phas-
es observed by PXRD, including the presence of copped sele-
nide secondary phase peaks in the same two samples (denoted
by *). Additional tin selenide peaks are observed in 3 of the
samples with high Sn% (denoted by ©). This further confirms
that the synthesis is stoichiometric and allows for CZTSe na-
noparticles to be synthesized with tuneable composition.
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Figure 5. a) Experimental elemental ratios obtained by ICP—MS analysis (red dots) for CZTSe samples prepared for PXRD and Raman
spectroscopy measurements were overlaid onto the corresponding theoretical elemental ratios (black dots). Variations between theory and
experiment are within pipette and measurement error. b) PXRD patterns for the 13 different elemental ratios shown in a) after annealing at
500 °C. The majority phase in each diffraction pattern can be seen to be CZTSe. For reference, the simulated diffraction pattern of stannite
CZTSe is shown below. The presence of additional copper selenide peaks are denoted by *. ¢) Raman spectra for the 13 different elemental
ratios shown in a) after annealing at 500 °C. The majority phase in each spectra is the characteristic CZTSe peak centered at 195 cm™ with
a shoulder peak at 172 cm* and broad peak at 238 cm™%, however the presence of copper selenide and tin selenide are highlighted by * and

® respectively in some samples.

Crystal phase vs. temperature in unwashed CZTSe nanopar-
ticle inks was also investigated for 50:25:25 (Cu:Zn:Sn %)
CZTSe. These CZTSe powders were annealed at varied tem-
peratures between 50 and 600 °C for 10 minutes under N in a
tube furnace and the resulting crystal phases were then probed
by PXRD and Raman spectroscopy. Below 200 °C, PXRD
measurements revealed that many different phases coexisted
(Figure 6 a). This includes broad peaks at 27° and 45° 20 orig-
inating from a stannite CZTSe phase with a <100 nm mean
crystallite size as determined by an anisotropic crystallite size
broadening function, adapted by Coelho® from March-
Dollase®. The pattern at 200 °C shows a clear sharpening of
the CZTSe peaks and a reduction in the additional impurity
contributions. Between 200 °C and 250 °C all additional ink
components are removed and the CZTSe nanoparticles sinter
to yield crystallites with a mean size of >240 nm at 250 °C,
determined via the anisotropic crystallite size broadening
function (Figure 6 b). At 250 °C a range of grain sizes are
observed via SEM (Figure 6 c) consisting of small grains of
~90 nm adhered to surfaces of large >1 um grains interspersed
with intermediate ~300 nm grains. A mean size of >240 nm
seems reasonable based on our observations and thus is sup-
ported by SEM. Between 350 °C and 400 °C two addition
peaks around the <112> stannite CZTSe peak at 27.2° are
observed, which correspond to the characteristic triple peak
structure of wurtzite-stannite CZTSe*°. These peaks account
for ~2 and 5 wt% of the crystal phase at 350 and 400 °C, re-

spectively, and are not present in significant amounts (<0.5
wt%) outside this range. The CZTSe grains further grow to
mean sizes >500 nm by 500 °C as reported in Figure 6 b). We
confirmed this mean crystallite size calculated from the PXRD
via SEM in Figure 6 d) where large grains between ~400 nm
and ~2.5 um are observed.

Figure 6 e) contains the corresponding Raman spectra of
samples heated to >200 °C. We note that the spectra below
this temperature were too noisy to yield identifiable peaks. A
clear sharpening of the characteristic A;, A2 and B, (TO)
CZTSe Raman mode peaks at 195, 172, and 238 cm™, respec-
tively, was observed with increasing temperature.®® We note
that ZnSe was not present in the Raman at any temperature.
This supports the PXRD assignments of the CZTSe phase and
the gradual grain growth. By 250-300 °C in both PXRD pat-
terns and Raman spectra, distinct and sharp CZTSe peaks with
crystallite sizes ranging from ~240 to ~290 nm are observed
with the lack of any secondary phase peaks. From PXRD
measurements a linear trend in crystallite growth with temper-
ature is observed between 200-400 °C, while a reduction in
the rate of growth with temperature is seen between 400-600
°C as it approaches a steady state. This saturation in growth
however may just be due to the inaccuracy of using the aniso-
tropic crystallite size broadening function for larger grain siz-
es, or it may be associated with a progressive increase in tin
selenide loss from the particles.
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Figure 6. a) PXRD patterns of 2:1:1 CZTSe nanoparticles annealed under N2 at 50, 100, 150, 200, 250, 300, 350, 400, 500, and 600 °C in
order to capture the phase and size behavior of the crystals present with temperature. For reference, the simulated diffraction pattern of
stannite CZTSe is shown below. b) Calculated mean Cu2ZnSnSes crystallite size from fits to broadened PXRD peaks. SEM images at
35,000x of CZTSe nanoparticles annealed under N2 at ¢) 250 °C and d) 500 °C. e) Raman spectra of the same CZTSe nanoparticles an-
nealed under N2 varying temperatures in order to confirm the phase behavior identified by PXRD.

3.4. Annealing of CZTS & CZTSe Nanoparticles —
Temperature and S:Se Ratio Dependence

In order to map out the processes occurring during anneal-
ing of mixtures of CZTS and CZTSe nanoparticles, a series of
temperature and composition ratio dependent PXRD and Ra-
man spectroscopy studies were conducted. It is important to
determine whether a solid-solution CZTSSe phase can be
achieved by simply mixing and sintering the two nanoparticle
types, or whether S and/or Se vapors are required, as per more
conventional processes currently used. For this set of experi-
ments, CZTSe nanoparticles were synthesized as in the exper-
imental section, while CZTS nanoparticles were synthesized
following our previous work® in the same N glovebox. These
nanoparticle inks were then mixed in controlled ratios, dried
under Nz and vacuum, and finally heated to the designated
temperature for 10 mins under N in a tube furnace.

In Figure 7 a) the PXRD patterns collected from three mixed
S:Se ratios and pure kesterite CZTS (ICDD 26-0575) and
stannite CZTSe (ICDD 52-0868) are presented. A linear shift
in the scattering peaks with composition is observed between
the pure CZTS and CZTSe phases (Figure 7 c), and there is
only a single phase present. This observation is consistent with
Vegard’s law, which has previously been found to hold for

CZTS and CZTSe.® A comparison of the Raman spectra across
the alloyed samples reveals a progressive change in the ratios
and positions of the strong A kesterite CZTS (332 cm™) and
A, stannite CZTSe (195 cm™) Raman mode peaks as a func-
tion of composition. These correspond to symmetric vibrations
of the anion lattice of S and Se, respectively (Figure 7 b, d).%
The relative intensities of the CZTS peaks are lower than that
for CZTSe, which creates a noted disparity when comparing
samples with different compositions. Moreover, shifts in the
main Raman peaks are also noted for the mixed compositions,
with the CZTSe and CZTS peaks shifting toward higher and
lower wavenumbers, respectively. This is consistent with the
formation of an alloyed CZTSSe phase due to the strong A
kesterite CZTS and A; stannite CZTSe Raman modes being
stretched or contracted by changes in the anionic lattice spac-
ing.%® It should be noted that for both CZTSe or CZTS, the
stannite and kesterite phases cannot be distinguished based on
Raman vibrational modes because the crystal lattices are too
similar. The assignment of kesterite CZTS and stannite CZTSe
used when referring to the Raman modes is to give precise
vibrational mode assignment, due to the difference in symme-
tries, and are based on their PXRD patterns alone.
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Figure 7. a) PXRD patterns of different ratios of mixed CZTS and CZTSe nanoparticles (varied bulk S:Se ratios) annealed under N2 at 500
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shift due to S:Se ratio. ¢) Plots of the three major PXRD peak shifts with varied S:Se ratio. d) Plots of the CZTS and CZTSe peak shifts

with varied S:Se ratio.

Compacted discs of the heat treated powders were used to
investigate the optoelectronic properties of three mixed al-
loyed CZTSSe with different S:Se ratios and pure CZTS and
CZTSe. Reflectance UV-Vis-NIR spectra were converted to
equivalent absorption using the Kubelka-Munk function with
BaSO4 as a reference. Clear red-shifts in equivalent absorb-
ance UV-Vis-NIR spectra are observed for higher Se (see Fig-
ure 8 a). These spectra were then converted into the corre-
sponding Tauc plots in Figure 8 b) and the band gaps for each
S:Se ratio calculated. Mixing stoichiometric amounts of CZTS
and CZTSe and sintering at 250 °C results in linear shifts in
the band gaps of CZTSSe between 1.51 eV and 1.05 eV for
pure CZTS and pure CZTSe, respectively, as seen in Figure 8
d). This is consistent with previous reports of CZTSSe with
different S:Se ratios. %

By utilizing PESA the valence band edge of semiconduc-
tors can be obtained (Figure S1), which when coupled with the
bandgap of the material, can be used to determine the conduc-
tion band edge.®? The valence band edge energies for the pure
CZTS and CZTSe are within the expected error for PESA of
0.05 eV to their theoretical and experimental values of ~5.1
eV and ~4.95 eV respectively *> %%, Based on these valence
band energies, and the corresponding band gaps, band dia-
grams have been constructed for different S:Se ratios and are
presented in Figure 8 c). These show the relative positions of
the valence band edge and conduction band edge and exhibit
the expected broadening profile with decreasing valence band
edge and increasing conduction band edge with increased sul-
fur doping.
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equivalent absorbance spectra using the Kubelka-Munk function
with BaSO4 as reference, and b) corresponding Tauc plots of
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band gap from Tauc plots. d) Calculated band gap as a function of
the S:Se ratio, showing the expected linear dependence with S:Se
ratio.

To further probe the alloying process, in Figure 9 a) we
show the PXRD following annealing at different temperatures
of 1:1 S:Se ratio (Cu2ZnSnS,Se;) powder samples. This sam-
ple is taken as a representative across the composition range,
as all mixed CZTS/CZTSe powders show the same phase and
crystallite size dependence with temperature. Below 200 °C,
the PXRD patterns (Figure 9 a) show overlapping broad peaks
originating from CZTSe and CZTS, along with the many im-
purity peaks remnant of the original synthesis. The presence of
the Cu,ZnSnS,Se, phase starts to become evident at 200 °C,
with the emergence of distinct CZTSSe scattering contribu-
tions appearing between the CZTS and CZTSe peaks. This
corresponds to the temperature where all additional ink com-
ponents are removed allowing particles to more easily contact
each other. By 250 °C, the kesterite/stannite Cu,ZnSnS,Se;
phase with a mean crystallite size of >90 nm is observed, de-
termined via the anisotropic crystallite size broadening func-
tion (Figure 9 b). It should be noted it is not currently possible
to determine whether the CZTSSe phase is pure kesterite,
stannite or a mix by either Raman spectroscopy or XRD as
their spectra are so similar. The relative peak positions used to
distinguish these phases are so fine they are difficult to resolve
for pure CZTS and CZTSe. This is further exacerbated by the
relatively large shifts due to the effect of the S:Se ratio found
in CZTSSe, especially when peak broadening is considered.
At 250 °C a range of grain sizes are observed via SEM (Figure
9 c¢) from small grains of ~30 nm to larger agglomerates of
~300 nm grains spanning >1 um. A mean size of >90 nm
seems reasonable based on our observations and thus is sup-
ported by SEM. At progressively higher temperatures, the
PXRD patterns exhibit a continued sharpening of the CZTSSe
peaks, with the crystallites reaching a size of >400 nm by 500
°C determined via PXRD (Figure 9 b). We confirmed this
calculated mean grain size via SEM in Figure 9 d) where large
grains between ~250 nm and ~2 pum are observed. It is inter-
esting to note that the extent of growth in these alloys is re-
duced compared to pure CZTSe. As shown in Figure 9 e),
Raman measurements of the CZTSSe powders corroborate the
PXRD. Notably, reliable analysis were only possible at tem-
peratures of 200 °C and above, consistent with the increasing
crystallite sizes and reduction of impurities in the powders.
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Figure 9. a) PXRD patterns of mixed CZTS and CZTSe nanoparticles with a ratio of S:Se of 1:1. All samples were annealed under N: at

their corresponding temperatures. The presence of Cu2ZnSnS2Sez phase

due to sintering of CZTS and CZTSe nanoparticles becomes evi-

dent above 200 °C, with the peaks sharpening as the crystals grow with temperature. For reference, the simulated diffraction patterns of

stannite CZTSe and kesterite CZTS are shown below. Black dashed lin

es are used as guides to better illustrate the shift of peaks due to

S:Seratio. b) Calculated mean Cu2ZnSnSzSez crystallite size from fits to broadened PXRD peaks. SEM images at 35,000x of mixed CZTS

and CZTSe nanoparticles with a ratio of S:Se of 1:1 annealed under N2
confirming the growth of Cu2ZnSnS2Sez phase as seen in a) with black

at ¢) 250 °C and d) 500 °C. e) The corresponding Raman spectra
dashed lines as guides for the position of the center of the corre-

sponding CZTS and CZTSe Raman peaks to better illustrate the shift due to S:Se ratio. Note the spectra were too noisy to identify peaks at

temperatures < 200 °C and as such were omitted.

To confirm homogeneous distribution of sulfur and selenium
in the crystals after mild sintering, dark field STEM energy
dispersive X-ray spectroscopy (EDS) mapping was utilized on
the 1:1 S:Se ratio (Cu.ZnSnS,Se;) compressed disc sample
sintered at 250 °C. The results are presented in Figure 10 a-c.
The sample corresponds to the image in Figure 9d. Sample
preparation procedures for the compressed disc are presented
in the supporting information. The area mapped is taken as
representative of the entire sample, and clearly shows that S
and Se are homogeneously distributed across the sample. The
Cu, Zn and Sn EDS maps (not shown) likewise show identical
distributions of S and Se.. The dark patches in Figure 10 b) &
¢) with low X-ray counts correspond to thinner areas or voids
in the sample and match the darker patches evident in the dark
field STEM image (Figure 10 a). The EDS plot of the same
area in Figure 10 d) indicates that the expected elemental ratio
of ~2:1:1:2:2 Cu:Zn:Sn:S:Se for Cu,ZnSnS;Se; is present in
the sample indicating that no loss of metals occurs below 250
°C.

Selected area electron diffraction (SAED) was subsequently
performed on the largest crystal in the bottom middle of Fig-
ure 10 a) in order to get the highest resolution pattern possible,
and compared to simulated SAED patterns™ ¢ (Figure 10 e-
g). [010] Simulated kesterite Cu,ZnSnS,Se, (Figure 10 e) is
most consistent with the positions and intensities of the exper-
imental SAED pattern in Figure 10 f) and suggests single
phase. The experimental SAED pattern also exhibits the char-
acteristic kesterite/stannite [010] angle of 63.4°. It should be
noted that [010] stannite Cu.ZnSnS,Se; (Figure 10 g) can be
differentiated from [010] kesterite Cu,ZnSnS;Se; (Figure 10 €)
by its missing 4 superlattice reflections at 303, 30-3, -303, and
-30-3, and the relative intensities of 200, -200, 101, 10-1, -10-
1, -101, 004, and 00-4. This analysis confirms that the crystals
obtained are of single phase, and suggests that they are kester-
ite CuoZnSnS,Se;.
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Figure 10. Mixed CZTS and CZTSe nanoparticles with a ratio of S:Se of 1:1 sintered at 250 °C under N2 atmosphere were analyzed using
dark field STEM. a) Original STEM image with b) sulfur and c) selenium EDS map showing homogeneous distribution throughout the
crystals. d) The EDS quantitative plot of the same area indicating the expected Cu2ZnSnS2Se2 elemental ratio. SAED was performed on the
largest crystal in the STEM image (a) and compared with simulated diffraction patterns. e) Simulated [010] kesterite Cu2ZnSnS;Se2 SAED
pattern, f) experimental SAED pattern, and g) simulated [010] stannite Cu2ZnSnS2Se2 SAED pattern. Labels in orange represent differ-
ences in diffraction intensities, while labels in red represent additional reflections present between kesterite and stannite simulated patterns.

These PXRD, Raman spectroscopy, and STEM EDS &
SAED results illustrate that by mixing stoichiometric quanti-
ties of CZTS and CZTSe nanoparticles, then heating to only
250 °C, an alloyed CZTSSe phase with controlled S:Se ratio
can be achieved. This provides an important, low temperature
alternative to the more traditionally employed selenization or
sulfurization processes used to synthesize comparable alloys.
These processes are typically carried out at >450 °C under
flowing hydrogen sulfide/selenide or vapourised elemental
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sulfur/selenium, with great practical challenges in controlling
the exact proportion of S:Se in the resulting material. In con-
tract, the process developed here is chemically benign, pro-
vides precise stoichiometric tunability, and is amenable to
low-temperature processing (<300 °C). Importantly, below
300 °C the cationic ordering in the lattice can be reversibly
altered by careful control of ramping rates.? 5 ¢ This suggests
that our process has the potential to also decrease the cationic
disordering in the lattice structure, which has to date been the



primary cause in limiting the success of these materials for use
in photovoltaics?.

4.0. CONCLUSION

Aqueous SnSe-MCC solutions were produced using green
and non-toxic synthetic methods. These were used as precur-
sors for CZTSe nanoparticle synthesis and as organic-free
colloidal stabilizers for their dispersion in water. The stannite
CZTSe nanoparticles were obtained using simultaneous reduc-
tion and crystal formation reactions. Thiourea or selenourea
was used to reduce Cu(ll) to Cu(l), and Zn?*, Sn,Se;*", and
Se?” are present as the sources of zinc, tin and selenium, re-
spectively. The as-synthesized nanoparticles were found to be
polycrystalline and have a mean diameter of ~25 nm. ICP-MS
measurements were conducted on 13 samples of different el-
emental compositions, and the CZTSe nanoparticle synthesis
was determined to retain its solution-phase elemental stoichi-
ometry. PXRD and Raman spectroscopy were utilized to build
crystal phase maps of nanoparticles with different Cu:Zn:Sn
ratios. Consistent across the different stoichiometries, thermal
treatment of the nanoparticle ink caused evapora-
tion/decomposition of ammonia, thiourea and associated ni-
trate ligands at ~200 °C, to yield largely impurity free CZTSe
products by ~250 °C. The alloying of CZTS and CZTSe nano-
particles to give CZTSSe was also confirmed through a com-
bination of PXRD, Raman, UV-Vis-NIR and PESA with re-
spect to temperature and S:Se ratio. The fully alloyed CZTSSe
phase was found to be achieved at temperatures between
200—-250 °C across all S:Se ratios studied here. Achieving
such alloyed phases at these low temperatures presents a via-
ble alternative to the more traditionally adopted selenization or
sulfurization processes used to make comparable materials.
The CZTSe nanocrystals produced in this work are considered
to be ideal for producing impurity-free CZTSe/SSe films with
precise bandgap control using a scalable, non-toxic, and low
cost synthesis that is amenable to printing processes. Future
work will focus on the formulation of tailored inks suitable for
printing and the assessment of the resulting materials for use
within functional solar cells devices.

SUPPORTING INFORMATION

PESA plots showing valence band edge fits, characterization of
NasSnzSe7-16H20 and NasSnzSes-13H20, redox route CZTSe
nanoparticle characterization, and TEM sample preparation for
SAED and EDS. (PDF)

This material is available free of charge via the Internet at
http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Authors
* E-mail: jacek.jasieniak@monash.edu
* E-mail: mulvaney@unimelb.edu.au

ACKNOWLEDGEMENTS

The authors thank the ARC Centre of Excellence in Exciton Sci-
ence (CE170100026) for support. Electron microscopy was car-
ried out at the Bio21 Advanced Microscopy Facility. PXRD was
performed at the Materials Characterisation and Fabrication Plat-
form (MCFP) at the University of Melbourne and the Victorian
Node of the Australian National Fabrication Facility (ANFF).

REFERENCES

13

10.

11.

12.

13.

14.

15.

Ito, K., Copper Zinc Tin Sulfide-Based Thin Film
Solar Cells. Wiley 2015.

Shin, D.; Saparov, B.; Mitzi, D. B., Defect Engineer-
ing in Multinary Earth-Abundant Chalcogenide Pho-
tovoltaic Materials. Adv. Energy Mater. 2017, 7,
1602366.

Lee, Y.; Gershon, T.; Gunawan, O.; Todorov, T.
K.; Gokmen, T.; Virgus, Y.; Guha, S., Cu2ZnSnSe4
Thin-Film Solar Cells by Thermal Co-evaporation
with 11.6% Efficiency and Improved Minority Carri-
er Diffusion Length. Adv. Energy Mater. 2015, 5 (7),
1401372.

Wang, W.; Winkler, M. T.; Gunawan, O.; Gokmen,
T.; Todorov, T. K.; Zhu, Y.; Mitzi, D. B., Device
Characteristics of CZTSSe Thin-Film Solar Cells
with 12.6% Efficiency. Adv. Energy Mater. 2014, 4
(7), 1301465.

Zhao, J.; Liang, G. X.; Hu, J. G.; Zheng, Z. H,;
Luo, J. T., Substrate Temperature-Assisted Prepara-
tion of CZTSSe Thin Films by a Single Quinary Tar-
get. J. Electron. Mater. 2018, 47 (1), 873-878.

Riha, S. C.; Parkinson, B. A.; Prieto, A. L., Compo-
sitionally Tunable Cu2ZnSn(S1-xSex)4 Nanocrys-
tals: Probing the Effect of Se-Inclusion in Mixed
Chalcogenide Thin Films. J. Am. Chem. Soc. 2011,
133, 15272-15275.

Ou, K.-L.; Fan, J.-C.; Chen, J.-K.; Huang, C.-C;
Chen, L.-Y.; Ho, J.-H.; Chang, J.-Y., Hot-Injection
Synthesis of Monodispersed Cu2ZnSn(SxSel—x)4
Nanocrystals: Tunable Composition and Optical
Properties. J. Mater. Chem. 2012, 22 (29), 14667-
14673.

Yang, Y.; Kang, X.; Huang, L.; Wei, S., Facile and
Low-Cost Sodium-Doping Method for High-
Efficiency Cu2ZnSnSe4 Thin Film Solar Cells. J.
Phys. Chem. C 2015, 119, 22797-22802.

Tampo, H.; Kim, K. M.; Kim, S.; Shibata, H., Im-
provement of Minority Carrier Lifetime and Conver-
sion Efficiency by Na Incorporation in Cu2ZnSnSe4
Solar Cells. J. Appl. Phys. 2017, 112, 023106.
Andres, C.; Haass, S. G.; Romanyuk, Y. E.; Tiwari,
A. N., 9.4% Efficient Cu2ZnSnSe4 Solar Cells from
Co-Sputtered Elemental Metal Precursor and Rapid
Thermal Annealing. Thin Solid Films 2017, 633,
141-145.

Wang, C.-L.; Manthiram, A., Low-Cost CZTSSe
Solar Cells Fabricated with Low Band Gap CZTSe
Nanocrystals, Environmentally Friendly Binder, and
Nonvacuum Processes. ACS Sustainable Chem. Eng.
2014, 2 (4), 561-568.

Klavina, I.; Kaljuvee, T.; Timmo, K.; Raudoja, J.;
Traksmaa, R.; Altosaar, M.; Meissner, D., Study of
Cu2ZnSnSe4 Monograin Formation in Molten KiI
Starting from Binary Chalcogenides. Thin Solid
Films 2011, 519 (21), 7399-7402.

Yang, F.; Ma, R.; Wang, C., Fabrication of
Cu2ZnSn(S,Se)4 Absorber Films by Selenization of
Different Cu2ZnSnS4 Nanocrystal Coatings. Mater.
Sci. Semicond. Process. 2018, 74, 13-20.

Mellikov, E.; Hiie, J.; Altosaar, M., Powder Materi-
als and Technologies for Solar Cells. Int. J. Mater.
Prod. Technol. 2007, 28 (3/4), 291.

Chalapathy, R. B. V.; Gang, M. G.; Hong, C. W,;
Kim, J. H., Performance of CZTSSe Thin Film Solar



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Cells Fabricated using a Sulfo-Selenization Process:
Influence of the Cu Composition. Solar Energy 2018,
159, 260-269.

Wang, L. C.; Lin, Y. C.; Hsu, H. R., Improving the
Efficiency of a Cu2ZnSn(S,Se)4 Solar Cell using a
Non-Toxic Simultaneous Selenization/Sulfurization
Process. Mater. Sci. Semicond. Process. 2018, 75,
84-94.

Jung, H. R.; Shin, S. W.; Suryawanshi, M. P.; Yeo,
S. J.; Yun, J. H., Phase Evolution Pathways of Kes-
terite Cu2ZnSnS4 and Cu2ZnSnSe4 Thin Films Dur-
ing the Annealing of Sputtered Cu-Sn-Zn Metallic
Precursors. Solar Energy 2017, 145, 2-12.

Liu, F.; Li, Y.; Zhang, K.; Wang, B.; Yan, C.; Lai,
Y.; Zhang, Z.; Li, J.; Liu, Y., In Situ Growth of
Cu2ZnSnS4 Thin Films by Reactive Magnetron Co-
Sputtering. Sol. Energy Mater. Sol. Cells 2010, 94
(12), 2431-2434.

Ericson, T.; Scragg, J. J.; Kubart, T.; Térndahl, T;
Platzer-Bjorkman, C., Annealing Behavior of Reac-
tively Sputtered Precursor Films for Cu2ZnSnS4 So-
lar Cells. Thin Solid Films 2013, 535, 22-26.
Neuschitzer, M.; Sanchez, Y.; Olar, T.; Thersleff,

T.; Lopez-Marino, S.; Oliva, F.; Espindola-
Rodriguez, M.; Xie, H.; Placidi, M.; Izquierdo-
Roca, V.; Lauermann, I.; Leifer, K.; Pérez-

Rodriguez, A.; Saucedo, E., Complex Surface Chem-
istry of Kesterites: Cu/Zn Reordering after Low
Temperature Postdeposition Annealing and Its Role
in High Performance Devices. Chem. Mater. 2015,
27 (15), 5279-5287.

Katirel, R.; Walls, J. M., Optimisation of the CZTSe
Thin Film Composition Obtained by a Sequential
Electrodeposition Process. Surface Engineering
2018, DOI: 10.1080/02670844.2018.1495415.

Lee, S.; Kim, J.; Woo, H.; Jo, Y.; Inamdar, A. |;
Pawar, S. M.; Kim, H.; Jung, W.; Im, H., Structural,
Morphological, Compositional, and Optical Proper-
ties of Single Step Electrodeposited Cu2ZnSnS4
(CZTS) Thin Films for Solar Cell Application. Cur-
rent Applied Physics 2014, 14 (3), 254-258.

Zhang, X.; Shi, X.; Ye, W.; Ma, C.,; Wang, C,,
Electrochemical Deposition  of  Quaternary
Cu2ZnSnS4 Thin Films as Potential Solar Cell Mate-
rial. Appl. Phys. A 2009, 94 (2), 381-386.

Repins, I.; Beall, C.; Vora, N.; DeHart, C.; Ku-
ciauskas, D.; Dippo, P.; To, B.; Mann, J.; Hsu, W.-
C. Goodrich, A.; Noufi, R., Co-Evaporated
Cu2ZnSnSe4 Films and Devices. Sol. Energy Mater.
Sol. Cells 2012, 101, 154-159.

Redinger, A.; Mousel, M.; Djemour, R.; Gutay, L.;
Valle, N.; Siebentritt, S., Cu2ZnSnSe4 Thin Film So-
lar Cells Produced via Co-Evaporation and Anneal-
ing Including a SnSe2 Capping Layer. Prog. Photo-
volt: Res. Appl. 2014, 22 (1), 51-57.

Tampo, H.; Makita, K.; Komaki, H.; Yamada, A,;
Furue, S.; Ishizuka, S.; Shibata, H.; Matsubara, K.;
Niki, S., Composition Control of Cu2ZnSnSe4-
Based Solar Cells Grown by Coevaporation. Thin
Solid Films 2014, 551, 27-31.

Babichuk, I. S.; Golovynskyi, S.; Caballero, R.;
Gurieva, G., Thickness-Dependent Structural Param-
eters of Kesterite Cu2ZnSnSe4 Thin Films for Solar
Cell Absorbers. Mater. Lett. 2018, 225, 82-84.

14

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Shin, B.; Gunawan, O.; Zhu, Y.; Bojarczuk, N. A,;
Chey, J. S.; Guha, S., Thin Film Solar Cell with
8.4% Power Conversion Efficiency using an Earth-
Abundant Cu2ZnSnS4 Absorber. Prog. Photovolt:
Res. Appl. 2013, 21 (1), 72-76.

Kim, S. Y.; Kim, J. H., Effect of Selenization on
Sprayed Cu2ZnSnSe4 Thin Film Solar Cell. Thin
Solid Films 2013, 547, 178-180.

Yang, Y.; Kang, X.; Huang, L.; Wei, S.; Pan, D., A
General Water-Based Precursor Solution Approach
to Deposit Earth Abundant Cu2ZnSn(S,Se)4 Thin
Film Solar Cells. J. Power Sources 2016, 313, 15-20.
Romanyuk, Y. E.; Fella, C. M.; Uhl, A. R.; Wer-
ner, M.; Tiwari, A. N.; Schnabel, T.; Ahlswede, E.,
Recent Trends in Direct Solution Coating of Kester-
ite Absorber Layers in Solar Cells. Sol. Energy Ma-
ter. Sol. Cells 2013, 119, 181-189.

Kamoun, N.; Bouzouita, H.; Rezig, B., Fabrication
and Characterization of Cu2ZnSnS4 Thin Films De-
posited by Spray Pyrolysis Technique. Thin Solid
Films 2007, 515 (15), 5949-5952.

Nakayama, N.; Ito, K., Sprayed Films of Stannite
Cu2ZnSns4. Appl. Surf. Sci. 1996, 92, 171-175.
Zhang, R.; Szczepaniak, S. M.; Carter, N. J;
Handwerker, C. A.; Agrawal, R., A Versatile Solu-
tion Route to Efficient Cu 2 ZnSn(S,Se) 4 Thin-Film
Solar Cells. Chem. Mater. 2015, 27 (6), 2114-2120.
Ritchie, C.; Chesman, A.; Styles, M. J.; Jasieniak,
J.; Mulvaney, P., Aqueous Synthesis of High-Quality
Cu2ZnSnS4 Nanocrystals and their Thermal Anneal-
ing Characteristics. Langmuir 2018, 34 (4), 1655-
1665.

Zhang, Y.; Yoshihara, T.; Yamada, A., Synthesis of
Cu2ZnSn(S,Se)4 Nanoparticles for Application in
Low-Cost Solar Cells. Appl. Phys. Express 2011, 5,
012301.

Liu, K.; Ji, N.; Shi, L.; Liu, H., The Phase and Mor-
phology of Cu2ZnSnSe4 Nanopowders by Hydro-
thermal Method. J. Nanomater. 2014.

Kush, P.; Deka, S., Photoelectrical Properties of Sur-
factant-Free Kesterite Cu2ZnSnSe4 Hydrophilic
Nanocrystal Ink and the Stability in Polar Solvents. J
Nanopart Res 2014, 16, 2600, DOI: 10.1007/s11051-
014-2600-2.

Shavel, A.; Arbiol, J.; Cabot, A., Synthesis of Qua-
ternary  Chalcogenide  Nanocrystals:  Stannite
Cu2ZnxSnySel+x+2y. J. Am. Chem. Soc. 2010,
132, 4514-4515.

Lin, X.; Kavalakkatt, J.; Kornhuber, K.; Abou-Ras,
D.; Schorr, S.; Lux-Steiner, M.; Ennaoui, A., Syn-
thesis of Cu2ZnxSnySel+x+2y Nanocrystals with
Wourtzite-Derived Structure. RSC Adv. 2012, 2 (26),
9894-9898.

Dun, C.; Huang, W.; Huang, H.; Xu, J.; Zhou, N.,
Hydrazine-Free Surface Modification of CZTSe
Nanocrystals with All-Inorganic Ligand. J. Phys.
Chem. C 2014, 118, 30302-30308.

Jin, C.; Ramasamy, P.; Kim, J., Facile Hot-Injection
Synthesis of Stoichiometric Cu2ZnSnSe4 Nanocrys-
tals using Bis(triethylsilyl)selenide. Dalton Trans.
2014, 43, 9481-9485.

Wei, K.; Nolas, G. S., Synthesis, Characterization
and Alloying of Cu2ZnSnQ4 (Q=S, Se and Te)



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

Nanocrystals. J. Solid State Chem. 2015, 226, 215-
218.

Engberg, S.; Li, Z.; Lek, J.Y.; Lam, Y. M.; Schou,
J., Synthesis of Large CZTSe Nanoparticles through
a Two-Step Hot-Injection Method. RSC Adv. 2015,
5, 96593.

Suzuki, T.; Suzuki, T.; Hori, S.; Kawahara, K., Ef-
fects of Reaction Temperature on Properties of
Cu2ZnSnSe4 Nanoparticles. Jpn. J. Appl. Phys.
2017, 56, 06GHO6.

Cao, Y.; Wang, C. R.; Hu, J. Q., Solvothermal Syn-
thesis and  Characterization of  Quaternary
Cu2ZnSnSe4 Nanocrystals. Adv. Mater. Res. 2012,
347-353, 848-851.

Chalapathy, R. B. V.; Das, S.; Ma, J.-S.; Sung, J.-
C.; Lu, C.-H., Characterization of Cu2ZnSnSe4
(CZTSe) Nanoparticles Synthesized via Solvother-
mal Method for Solar Cell Applications. J Mater Sci:
Mater Electron 2015, 26 (10), 7673-7682.

Vallejo, O. R.; Sanchez, M.; Pal, M.; Espinal, R.,
Synthesis and Characterization of Nanoparticles of
CZTSe by Microwave-Assited Chemical Synthesis.
Mater. Res. Express 2016, 3, 125017.

Wang, T.; Chen, Q.; Chen, J.; Zhou, F.; Jia, Z.,
Synthesis and Characterization of Cu2ZnSnSe4
Nanocrystals Prepared by One Pot Route. Cryst. Res.
Technol. 2014, 49 (10), 808-812.

Larramona, G.; Bourdais, S.; Jacob, A.; Choné, C.;
Muto, T.; Cuccaro, Y.; Delatouche, B.; Moisan, C.;
Péré, D.; Dennler, G., 8.6% Efficient CZTSSe Solar
Cells Sprayed from Water-Ethanol CZTS Colloidal
Solutions. J. Phys. Chem. Lett. 2014, 5 (21), 3763-
3767.

Vanalakar, S. A.; Agwane, G. L.; Gang, M. G;
Patil, P. S.; Kim, J. H.; Kim, J. Y., A Mild Hydro-
thermal Route to Synthesis of CZTS Nanoparticle
Inks for Solar Cell Applications. Phys. Status Solidi
C 2015, 12 (6), 500-503.

Camara, S. M.; Wang, L.; Zhang, X., Easy Hydro-
thermal Preparation of Cu2ZnSnS4 (CZTS) Nano-
particles for Solar Cell Application. Nanotechnology
2013, 24 (49), 495401.

Wang, J.; Zhang, P.; Song, X.; Gao, L., Surfactant-
Free Hydrothermal Synthesis of Cu2ZnSnS4 (CZTS)
Nanocrystals with Photocatalytic Properties. RSC
Adv. 2014, 4 (53), 27805-27810.

Woo, K.; Kim, K.; Zhong, Z.; Kim, I.; Oh, Y,
Jeong, S.; Moon, J., Non-Toxic Ethanol Based Par-
ticulate Inks for Low Temperature Processed
Cu2ZnSn(S,Se)4 Solar Cells Without S/Se Treat-
ment. Sol. Energy Mater. Sol. Cells 2014, 128, 362-
368.

Wei, S.-Y.; Liao, Y.-C.; Hsu, C.-H.; Cai, C.-H,;
Huang, W.-C.; Huang, M.-C.; Lai, C.-H., Achieving
High Efficiency Cu2ZnSn(S,Se)4 Solar Cells by
Non-Toxic Aqueous Ink: Defect Analysis and Elec-
trical Modeling. Nano Energy 2016, 26, 74-82.

Tian, Q.; Xu, X.; Han, L.; Tang, M.; Zou, R,
Chen, Z.; Yu, M.; Yang, J.; Hu, J., Hydrophilic
Cu2ZnSnS4 Nanocrystals for Printing Flexible, Low-
Cost and Environmentally Friendly Solar Cells.
CrystEngComm 2012, 14 (11), 3847-3850.

Wei, K.; Nolas, G. S., Synthesis and Characterization
of Nanostructured Stannite Cu2ZnSnSe4 and

15

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Ag2ZnSnSe4 for Thermoelectric Applications. ACS
Appl. Mater. Interfaces 2015, 7 (18), 9752-9757.
Ros, C.; Andreu, T.; Giraldo, S.; lzquierdo-Roca,
V.; Saucedo, E.; Morante, J., Turning Earth Abun-
dant Kesterite-Based Solar Cells Into Efficient Pro-
tected Water-Splitting Photocathodes. ACS Appl.
Mater. Interfaces 2018, 10 (16), 13425-13433.

Qu, Y.; Zoppi, G.; Beattie, N. S., The Role of Nano-
particle Inks in Determining the Performance of So-
lution Processed Cu2ZnSn(S,Se)4 Thin Film Solar
Cells. Prog. Photovoltaics 2016, 24 (6), 836-845.
Mainz, R.; Walker, B. C.; Schmidt, S. S.; Zander,
O., Real-Time Observation of Cu2ZnSn(S,Se)4 Solar
Cell Absorber Layer Formation from Nanoparticle
Precursors. Phys. Chem. Chem. Phys. 2013, 15,
18281-18289.

Rey, G.; Redinger, A.; Sendler, J.; Weiss, T. P., The
Band Gap of Cu2ZnSnSe4: Effect of Order-Disorder.
Appl. Phys. Lett. 2014, 105, 112106.

Scragg, J. J.; Dale, P. J.; Colombara, D.; Peter, L.
M., Thermodynamic Aspects of the Synthesis of
Thin Film Materials for Solar Cells. ChemPhysChem
2012, 13 (12), 3035-3046.

Bourdais, S.; Choné, C.; Delatouche, B.; Jacob, A;
Larramona, G.; Moisan, C.; Lafond, A.; Donatini,
F.; Rey, G.; Siebentritt, S.; Walsh, A.; Dennler, G.,
Is the Cu/Zn Disorder the Main Culprit for the Volt-
age Deficit in Kesterite Solar Cells? Adv. Energy
Mater. 2016, 6 (12), 1502276.

Hsu, W.-C.; Zhou, H.; Luo, S.; Song, T.-B.; Hsieh,
Y.-T.; Duan, H.-S.; Ye, S.; Yang, W.; Hsu, C.-J;
Jiang, C.; Bob, B.; Yang, Y., Spatial Element Distri-
bution Control in a Fully Solution-Processed Nano-
crystals-Based 8.6% Cu2ZnSn(S,Se)4Device. ACS
Nano 2014, 8 (9), 9164-9172.

Marquez, J.; Stange, H.; Hages, C. J.; Schaefer, N,;
Levcenko, S.; Giraldo, S.; Saucedo, E.; Schwarz-
burg, K.; Abou-Ras, D.; Redinger, A.; Klaus, M.;
Genzel, C.; Unold, T.; Mainz, R., Chemistry and
Dynamics of Ge in Kesterite: Toward Band-Gap-
Graded Absorbers. Chem. Mater. 2017, 29 (21),
9399-9406.

Huang, T.; Yin, X.; Qi, G.; Gong, H., CZTS-Based
Materials and Interfaces and their Effects on the Per-
formance of Thin Film Solar Cells. phys. Status Sol-
idi RRL 2014, 08 (09), 735-762.

Gokmen, T.; Gunawan, O.; Todorov, T. K.; Mitzi,
D. B., Band Tailing and Efficiency Limitation in
Kesterite Solar Cells. Appl. Phys. Lett. 2013, 103
(10), 103506.

Gunawan, O.; Gokmen, T.; Mitzi, D. B., Suns-Voc
Characteristics of High Performance Kesterite Solar
Cells. J. Appl. Phys. 2014, 116 (8), 84504.

Liu, X.; Feng, Y.; Cui, H.; Liu, F.; Hao, X.; Coni-
beer, G.; Mitzi, D. B.; Green, M., The Current Status
and Future Prospects of Kesterite Solar Cells: A
Brief Review. Prog. Photovolt: Res. Appl. 2016, 24
(6), 879-898.

Bér, M.; Schubert, B. A.; Marsen, B.; Wilks, R. G.;
Pookpanratana, S.; Blum, M.; Krause, S.; Unold,
T.; Yang, W.; Weinhardt, L.; Heske, C.; Schock,
H. W., Cliff-like Conduction Band Offset and KCN-
Induced Recombination Barrier Enhancement at the



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

CdS/Cu 2 ZnSnS 4 Thin-Film Solar Cell Heterojunc-
tion. Appl. Phys. Lett. 2011, 99 (22), 222105.
Siebentritt, S., Why are Kesterite Solar Cells Not
20% Efficient? Thin Solid Films 2013, 535, 1-4.
Jackson, P.; Wouerz, R.; Hariskos, D.; Lotter, E.;
Witte, W.; Powalla, M., Effects of Heavy Alkali EI-
ements in Cu(In,Ga)Se2 Solar Cells with Efficiencies
up to 22.6%. phys. Status Solidi RRL 2016, 10 (8),
583-586.

Loose, A.; Sheldrick, W. S., Synthesis and Structure
of the Bicyclic [Sn4Sel1]6- Anion in Na6Sn4Sell-
22 H20. Z. anorg. allg. Chem. 2001, 627 (9), 2051-
2052.

Krebs, B.; Uhlen, H., Selenostannate aus wéaRriger
Losung Darstellung und Struktur von Na4Sn2Se6-13
H20. Z. anorg. allg. Chem. 1987, 549, 35-45.

Koda, S.; Martino, C. J.; Kuroiwa, S.; Ebukuro, T.;
Takami, A.; Oshima, Y.; Yamashita, K. In Raman
Spectroscopic Study of Methanol Water Interaction
and Methanol Oxidation in High Pressure and High
Temperature Water, 13th International Conference
on the Properties of Water and Steam, 1999; pp 402-
408.

Zuo, J. M.; Mabon, J. C., Web-based electron mi-
croscopy application software: Web-EMAPS. Mi-
croscopy and Microanalysis 2004, 10 (S02), 1000-
1001.

Young, D. S.; Sachais, B. S.; Jefferies, L. C., The
Rietveld Method. Clin. Biochem. 1993, 46 (7), 467-
474,

Rietveld, H. M., A Profile Refinement Method for
Nuclear and Magnetic Structures. J. Appl. Crystal-
logr. 1969, 2 (2), 65-71.

Hill, R. J.; Howard, C. J., Quantitative Phase Analy-
sis from Neutron Powder Diffraction Data using the
Rietveld Method. J. Appl. Crystallogr. 1987.

Cheary, R. W.; Coelho, A. A., Axial Divergence in a
Conventional X-Ray Powder Diffractometer. I. The-
oretical Foundations. J. Appl. Crystallogr. 1998, 31,
851-861.

Dollase, W. A., Correction of Intensities for Pre-
ferred Orientation in Powder Diffractometry: Appli-
cation of the March Model. J. Appl. Crystallogr.
1986, 19, 267-272.

Krebs, B.; Hurter, H.-U., Selenostannate aus waRrig-
er Losung Darstellung und  Struktur von
Na4SnSe4-16 H20. Z. anorg. allg. Chem. 1980, 462
(1), 143-151, DOI: 10.1002/zaac.19804620115.
Sillen, L. G.; Martell, A. E.; Bjerrum, J., Stability
constants of metal-ion complexes. London: Chemical
Society: 1964.

Chen, X.; Meece, C.; Gonzalez, M.; Chiang, H,;
Qiu, X.; He, Y.; Rickard, M. A.; Friedhoff, D., Iso-
clast Active Manufacture: In Situ Spectroscopic In-
vestigation of the Unstable Products of Cyanamide
and Sodium Hypochlorite Reactions. Org. Process
Res. Dev. 2015, 19 (1), 139-144.

16

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Duvernay, F.; Chiavassa, T.; Borget, F., Experi-
mental Study of Water— Ice Catalyzed Thermal
Isomerization of Cyanamide into Carbodiimide: Im-
plication for Prebiotic Chemistry. J. Am. Chem. Soc.
2004, 126, 7772-7773.

Nuzzo, S.; Twamley, B.; Platts, J. A.; Baker, R. J.,
Characterisation of Isothiocyanic Acid, HNCS, in the
Solid State: Trapped by Hydrogen Bonding. Chem.
Commun. 2016, 52, 13296.

Draper, G. R.; Werner, R. L., The Rotational-
Vibrational Spectra of HNCS and DNCS: An Analy-
sis of the High Resolution Spectra. J. Mol. Spectrosc.
1974, 50, 369-402.

Morgan, T. D. B.; Phillips, E. D.; Stedman, G., Hy-
drolysis of Isothiocyanic Acid in Strongly Acid Solu-
tions. J. Chem. Soc. 1969, 2318-2322.

Khare, A.; Himmetoglu, B.; Johnson, M.; Norris,
D. J.; Cococcioni, M.; Aydil, E. S., Calculation of
the Lattice Dynamics and Raman Spectra of Copper
Zinc Tin Chalcogenides and Comparison to Experi-
ments. J. Appl. Phys. 2012, 111 (8), 83707.
Dimitrievska, M.; Gurieva, G.; Xie, H.; Carrete, A.,
Raman Scattering Quantitative Analysis of the Anion
Chemical Composition in Kesterite Cu2ZnSn(SxSel-
x)4 Solid Solutions. J. Alloys Compd. 2015, 628,
464-470.

Altamura, G.; Vidal, J., Impact of Minor Phases on
the Performances of CZTSSe Thin-Film Solar Cells.
Chem. Mater. 2016, 28 (11), 3540-3563.

Jasieniak, J.; Califano, M.; Watkins, S. E., Size-
Dependent Valence and Conduction Band-Edge En-
ergies of Semiconductor Nanocrystals. ACS Nano
2011, 5 (7), 5888-5902.

Pandiyan, R.; Elhmaidi, Z.; Sekkat, Z.; Abd-lefdil,
M.; Khakani, M., Reconstructing the Energy Band
Electronic Structure of Pulsed Laser Deposited
CZTS Thin Films Intended for Solar Cell Absorber
Applications. Appl. Surf. Sci. 2017, 396, 1562-1570.
Liu, D.; Han, D.; Huang, M.; Zhang, X.; Zhang, T.,
Theoretical Study on the Kesterite Solar Cells Based
on Cu2ZnSn(S,Se)4 and Related Photovoltaic Semi-
conductors. Chin. Phys. B 2018, 27 (1), 018806.
Kaur, K.; Kumar, N.; Kumar, M., Strategic Review
of Interface Carrier Recombination in Earth Abun-
dant Cu-Zn-Sn-S-Se Solar Cells: Current Challeng-
es and Future Prospects. J. Mater. Chem. A 2017, 5
(7), 3069-3090.

Huang, S.; Luo, W.; Zou, Z., Band Positions and
Photoelectrochemical Properties of Cu2ZnSnS4 Thin
Films by the Ultrasonic Spray Pyrolysis Method. J.
Phys. D: Appl. Phys. 2013, 46, 235108.

Kattan, N.; Hou, B.; Fermin, D. J.; Cherns, D.,
Crystal Structure and Defects Visualization of
Cu2ZnSnS4 Nanoparticles Employing Transmission
Electron Microscopy and Electron Diffraction. Ap-
plied Materials Today 2015, 1, 52-59.



Cu sy 4 Salts Growth CZTSe

Zn." o
i o\u B ~|
Mix ¥ ‘... 40°C x 40 rps ‘

Thioure.a

'}
e
-

SnSe-MCC

Alloyed Sinterin Thermalized :l»
Film d Ligands czTS

17



