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Abstract Kesterites (CZT(S,Se)4) emerged as a
favourable photovoltaic material, leading to solar cell
efficiencies as high as 12.7%. The development of sus-
tainable roll-to-roll printing processes that make use of
Cu,ZnSnS, (CZTS) nanoparticle inks requires the proper
design of synthetic approaches and the understanding of
the relation between process parameters and product pu-
rity. In the current paper, we developed this relationship
by calculating a specific energy factor. A microwave-
assisted synthetic method that operates at atmospheric
pressure and makes use of eco-friendly solvents is
established. Four solvents, i.e. ethylene glycol (EG),
diethylene glycol (di-EG), triethylene glycol (tri-EG)
and tetraethylene glycol (tet-EG) are compared and the
temperature during the reaction is assessed by two differ-
ent methods. In particular, two by-products have been
identified, i.e. Cu, _ .S and a hexagonal phase. We show
that the variation of reaction parameters such as power
irradiation, type of solvent and precursor concentration
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influences the nanoparticles’ sizes (from 12 to 6 nm) and
also the temperature-time profile of reaction which, in
turn, can be related to phase purity of CZTS nanoparti-
cles. The results suggest that the product purity scales
with the specific energy factor providing a useful tool to a
rational design of high-quality CZTS nanoparticles.
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Introduction

From household use to spacecraft, photovoltaic has been
proving to be a reliable technology for energy produc-
tion. The implementation of solar cells that make use of
non-toxic and cost-effective materials and processes
paves the way for a sustainable solution to the current
and future energy problems. Kesterites (CZT(S,Se),)
emerged as a favourable photovoltaic material, leading
to solar cell efficiencies as high as 12.7% (Kim et al.
2014). Cu,ZnSnS,; (CZTS) consists of earth-abundant
and benign elements, and with its band gap of 1.45 eV, a
practical conversion efficiency higher than 20% is ex-
pected (Siebentritt 2013). Thin films have been pro-
duced by various vacuum deposition techniques such
as sputtering, pulsed layer deposition and chemical va-
pour deposition (Hermes et al. 2015). However, pro-
cesses for the production of CZTS layers that avoid the
use of vacuum as well as of high pressure are required
for a sustainable industrial roll-to-roll process.
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CZTS nanopatrticles offer a viable route towards con-
tinuous printing processes through the formulation of
suitable inks (Choi et al. 2015). This technology would
enable a sustainable layer production on flexible substrates
(Choi et al. 2015); however, it requires the development of
robust methods for the wet production of CZTS nanopar-
ticles. The state of the art in the literature shows that CZTS
nanoparticles have been synthesized in liquid phase by a
hot-injection method (Ghorpade et al. 2014), under
solvothermal and hydrothermal conditions (Zhou et al.
2013), and also by using microwave irradiation
(Morschhéuser et al. 2012; Knutson et al. 2014; Zhao
et al. 2015a). The hot-injection method requires prolonged
heating time at a minimum temperature as high as 225 °C
(Ghorpade et al. 2014). The scalability of the hot-injection
processes is challenging due to limited control and flexi-
bility with regard to injection at high temperature while
maintaining fast and sufficient mixing. Therefore, a non-
injection approach is preferable (van Embden et al. 2015).
Furthermore, the synthesis is performed in the presence of
long-chain surfactants that are adsorbed on the surface of
the particles after the synthesis and that have to be elimi-
nated to improve the communication at particle-particle
interfaces and, hence, the device performance. According-
ly, additional post-processing steps such as annealing un-
der controlled Sn and/or S atmospheres (Delbos 2012;
Choi et al. 2015) or ligand exchange (Carrete et al.
2013) were carried out. Synthesis under solvothermal
and hydrothermal conditions implies the use of closed
vessels, usually stainless steel autoclaves, where the so-
called “autogenous pressure” is established, according to
the vapour pressure of the used solvent at the working
temperature (Distaso et al. 2012b; Zhou et al. 2013). Also,
in this case, heating at high temperatures (>200 °C) for
several hours is necessary for batch and semi-batch pro-
cesses (Cui et al. 2009; Chen et al. 2014; Yan et al. 2015).

The use of microwaves is considered one of the most
eco-friendly and efficient heating methods in comparison to
conventional approaches as it provides a faster and more
homogeneous heating of the reaction mixtures by the inter-
action of the electric field with the dipoles and ions in
solution (Cushing et al. 2004). Therefore, we believe that
a microwave-assisted process at atmospheric pressure for
the synthesis of CZTS nanoparticles provides a highly
efficient route towards the production of this material. Or-
ganic chemistry has been extensively studied under micro-
wave conditions. As a result, the synthesis of organic com-
pounds with a throughput of 20 L/h (500 L/day) has been
recently demonstrated using a microwave flow system
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(Morschhéuser et al. 2012). In comparison, considerably
less work has been devoted to inorganic materials, such as
Au, Ag, ZnO and CdTe/CdS (Carrete etal. 2013; Chen etal.
2014; Delbos 2012; Yan et al. 2015; Distaso et al. 2012a;
Gerbec et al. 2005; He et al. 2006), or tri- and tetra-element
systems, such as CulnS, (Pein et al. 2011), CulnSe, (Wu
et al. 2010), Culn,Ga, .S, (Sun et al. 2010; Bilecka and
Niederberger 2010) and Cu,ZnSnS, (Flynn et al. 2012;
Knutson et al. 2014). Thermolysis of precursor solutions
deposited on substrates leading to CZTS films has also been
reported (Knutson et al. 2014; Zhao et al. 2015b).

In particular, the synthesis of multicomponent nano-
particles using microwaves can be of high value, as the
purity of products may critically depend on the mixing
efficiency and homogeneity of the overall reaction mix-
ture. The better the elemental and temperature homoge-
neity, the lower is the chance of formation of by-prod-
ucts. Although papers describing the microwave-
assisted synthesis of CZTS nanoparticles are readily
available in the literature (Bilecka and Niederberger
2010; Shin et al. 2012; Wang et al. 2013; Knutson
etal. 2014; Lin et al. 2015; Zhao et al. 2015a), a relation
between process parameters and phase homogeneity of
CZTS nanoparticles has not been demonstrated so far.
Furthermore, most of the published works make use of
closed vessels with consequent high pressure during the
process (Flynn et al. 2012; Wang et al. 2013) or of
multimode' microwave heating either by household
microwave ovens or laboratory instruments. In these
devices, temperature inhomogeneities occur and assess-
ment of the reaction temperature is inaccurate and unreli-
able. Apart from the work of Flynn et al. (2012), no report
provides reliable temperature measurement which is not
only of primary importance in any synthetic protocol but is
also fundamental for reactions under microwave irradia-
tion in general (Dudley et al. 2015). Recently, Martini et al.
(2016) described a method to realize CZTS thin films
using nanoparticles derived from a continuous-flow mi-
crowave-assisted synthesis. In order to obtain crystalline
particles, the low-crystalline as-synthesized material is
dried in vacuum at 300 °C and the corresponding thin
films were annealed in sulphur-containing atmosphere at
540 °C. We believe that a better understanding of the
influence of the chosen solvent, precursor concentration
and other process parameters would lead to a higher

' In multimode setup, the intensity of microwaves (and hence, the
temperature) may vary from one point of the reactor to another,
depending upon arbitrary interference of microwaves.
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crystalline material and to an improvement of the energetic
balance of the entire process chain from molecules to thin
films. Therefore, in the current paper, we present a non-
solvothermal approach for the synthesis of CZTS nano-
particles without the use of any inert/vacuum atmosphere
or high pressure and using a mono/single-mode” micro-
wave heating cavity with a reliable assessment of temper-
ature during the reaction.

We compare four eco-friendly solvents, i.e. ethylene
glycol (EQG), diethylene glycol (di-EG), triethylene gly-
col (tri-EG) and tetraethylene glycol (tet-EG) and esti-
mate the temperature during our reaction by two differ-
ent methods. This leads to a better understanding of the
effect of synthesis parameters on the control of
temperature-time profile of the reaction and formation
of CZTS phase. Based on the temperature-time profile,
we propose a specific energy factor that can be used to
estimate reaction conditions and predict the CZTS phase
purity. To the best of our knowledge, a correlation
between reaction conditions in microwave synthesis
and CZTS phase purity has never been established
before. Lastly, we show that the most widely used
solvent EG is not optimal for reactions under atmospher-
ic pressure whereby, a systematic optimization of pro-
cess parameters leads to a higher-purity product while
using tet-EG as a solvent.

Methods
Materials

Copper(Il) acetate anhydrous (Cu(O,CCHj3),, 98%; Al-
fa Aesar, Germany), zinc acetate dihydrate
(Zn(0,CCH3),2H,0, 99.5%; Merck, Germany), tin(II)
acetate (Sn(O,CCHy),; Aldrich, Germany) and thiourea
(Merck, Germany) were used as copper, zinc, tin and
sulphur sources, respectively. Further, toluene (99.5%;
Carl Roth, Germany), distilled water (Milli-Q) and ab-
solute ethanol (99.8%; Alfa Aesar, Germany) were
used.

EG (>99%; Carl Roth, Germany), di-EG (>99%; Carl
Roth, Germany), tri-EG (99%; Sigma-Aldrich, Germa-
ny) and tet-EG (99%; Aldrich, Germany) were chosen

2 In 2 mono-mode cavity, a more homogenous microwave field (and
hence, temperature) is achieved (standing wave), leading to energy
efficiency 10 times higher than that in a multi-mode cavity.

as the solvents. All chemicals were used as received
without any further purification.

Synthesis of CZTS nanoparticles

To synthesize CZTS nanoparticles, the metal salt pre-
cursors in their stoichiometric ratio were dissolved in
30 mL of the given solvent. Namely, in the standard
approach, Zn(O,CCHj3),-2H,0 (0.5 mmol),
Sn(0O,CCHs), (0.5 mmol) and Cu(O,CCHs), (1 mmol)
were dissolved in 30 mL of the given solvent with the
help of ultrasonication for 30 min. Afterwards, thiourea
(2.5 mmol) was added and the solution was stirred for
2 min at room temperature. This concentration of pre-
cursors is marked as “x”. In some experiments, the
concentration of each starting salts and that of thiourea
were halved, doubled and tripled (Tables 1 and 2),
keeping the ratio constant. Each solvent showed a dif-
ferent degree of solubilization of the metal precursors.
An overview is presented in Supporting Information
(Additional file 1: Table S1). The as-obtained mixtures
were then treated with microwaves for 30 min at a given
power using the commercially available lab reactor
“CEM Discover LabMate”. The instrument was con-
trolled by the software “Synergy”. The device incorpo-
rates an infrared temperature sensor at the bottom of the
reaction chamber. An additional non-mercury thermom-
eter (Easy Read©; Sigma-Aldrich, Germany) filled with
a non-hazardous and eco-friendly fluid having an accu-
racy of 3 °C was fixed inside the reflux column to
estimate the temperature directly inside the reaction
mixture. A video camera was used to record the temper-
ature changes over time from the immersed thermome-
ter. In order to identify the best operating conditions for
the microwave reactor, different methods available in
the software were investigated using distilled water and
toluene. The detailed analysis in this regard is provided
in Supporting Information (Additional file 1:
Figure S1).

Upon completion, the reaction mixture was cooled to
50 °C by a flux of compressed air and then 40 mL of
absolute ethanol was added to the reaction mixture and
the suspension was centrifuged for 30 min at a relative
centrifugal force of ~2410 to separate particles from the
parent solvent. This step was repeated several times
(depending upon solvent) until a clear supernatant was
obtained. The precipitates were then air-dried to powder
for further characterization. The particles were found to

@ Springer
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Table 1 A summary of EDX analysis and maximum temperature obtained for different CZTS nanoparticle powders synthesized under

specified reaction conditions

Solvent Conc. T (°C) Cu/(Zn + Sn) Zn/Sn S/Zn S/Sn S/Cu

EG X 192 1.21 +£0.05 1.70 £0.14 3.48£0.31 5.88+0.31 1.81+0.12
Di-EG X 180 1.07 £0.08 1.10 £0.09 3.69+0.24 4.07+0.34 1.81 £0.10
Tri-EG X 172 1.22 +£0.06 1.09 £0.16 4.03+0.27 4.37+0.42 1.71 £ 0.06
Tet-EG X 162 1.27 £0.08 1.58£0.16 3.79+0.22 5.97+0.52 1.82 £0.06
Tet-EG X 192 1.25+0.07 1.34+0.15 3.78+0.37 5.00+0.27 1.71 £0.07
Tet-EG X 221 1.02+0.32 1.15+0.10 4.06+0.74 4.63+0.75 2.19+0.31
Tet-EG x/2 201 1.06 +0.07 1.03 +£0.08 429+0.23 441+£0.20 2.05+0.09
Tet-EG 2x 237 0.84 £0.03 0.88 £ 0.04 4.29+0.20 3.78+0.13 2.40 £ 0.09
Tet-EG 3x 247 0.83 +0.06 0.86 +0.05 442 +£0.33 3.87+0.13 2.51+0.13

x = Zn(0O,CCHj3),-2H,0 (0.5 mmol), Sn(O,CCHj3), (0.5 mmol), Cu(O,CCHj3), (1 mmol) and thiourea (2.5 mmol) in 30 mL of the given

solvent. x/2, 2x and 3x represent the halved, doubled and tripled concentrations, respectively (see the experimental part)

be re-dispersible in water and in polar organic solvents
such as ethanol upon ultrasonication.

X-ray diffraction (XRD) analysis was performed using
aD8 Advance instrument (Bruker AXS GmbH, Germany)
with Cu K, radiation (\ = 1.5406 A). The sample holders
comprise of low-background sample cups with a vicinal
(911) Si crystal of 25 mm diameter (Bruker AXS GmbH).
The samples were prepared by spreading a layer of dried
powder on the Si crystal. All the presented patterns were
background subtracted.

Raman spectroscopy was performed using confocal
micro-Raman (LabRAm HR Evolution; HORIBA),

with LabSpec 6 software, equipped with green
(532.1 nm, Nd-YAG) and red (632.8 nm, He-Ne) lasers
with an average power on sample surface less than 0.3
and 0.2 mW, respectively. To avoid phase changes due
to high-power laser or prolonged laser exposure widely
reported in the literature (Fernandes et al. 2011; Ahmad
et al. 2013; Dimitrievska et al. 2014), the acquisition
parameters were carefully optimized in order to avoid
overheating of the sample while maintaining a good
spectral quality. The lasers were focused on powdered
samples (pressed into a pellet) using a 50 x objective
with a nominal spot size of ~1.0 um. All presented

Table 2 Summary of energy calculated from the temperature-time profile of the reactions and corresponding specific energy factors

Line Solvent Microwave Precursor Calculated total Specific energy Cu, - ,S Hexagonal
power (W) conc. energy, O (kJ) factor (F) phase phase
(Ora/ AGy Lyzn [ I3 besgs / g as
(CZTS)) (Raman) (XRD)
1 EG 100 X 7.95 —124.64 * (Fig. 1¢) 0.11 (Fig. 1b)
2 Di-EG 100 X 6.92 —106.23 0.10 (Fig. Ic) 0.14 (Fig. 3d)
3 Tri-EG 100 x 6.17 —93.74 0.30 (Fig. Ic) 0.27 (Fig. 1b)
4 Tet-EG 100 X 5.76 —86.26 0.37 (Fig. 3¢) 0.21 (Fig. 3b)
5 Tet-EG 150 X 7.22 —113.78 0.13 (Fig. 3¢) 0.14 (Fig. 3b)
6 Tet-EG 200 x 8.45 —139.16 * (Fig. 4¢) 0.10 (Fig. 3b)
7 Tet-EG 200 x/2 7.59 —242.45 * (Fig. 4¢)  (Fig. 4b)
8 Tet-EG 200 2x 8.99 —=75.53 # (Fig. 4¢) 0.22 (Fig. 4b)
9 Tet-EG 200 3x 9.16 —51.64 * (Fig. 4¢) 0.48 (Fig. 4b)

x = Zn(0O,CCHj3),-2H,0 (0.5 mmol), Sn(O,CCHj3), (0.5 mmol), Cu(O,CCHj3), (1 mmol) and thiourea (2.5 mmol) in 30 mL of the given
solvent. x/2, 2x and 3x represent the halved, doubled and tripled concentrations, respectively (see experimental part)

#No evidences under the conditions used in this work
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spectra were twice accumulated using 120 s as acquisi-
tion time and were smoothened and background
subtracted.

Energy-dispersive X-ray (EDX) was performed using
EDX-ULTRA™ 55 (Carl Zeiss AG, Germany) under an
accelerating voltage of 20 kV. The samples were prepared
by pressing the powder into a pellet using a handheld press.
Each sample was tested ata minimum of 10 different points
in the pellet.

Inductively coupled plasma optical emission spec-
trometry (ICP-OES) was performed using the ICP-OES
spectrometer Optima 8300 from PerkinElmer. The sam-
ples were prepared by choosing an appropriate dilution of
the mother liquor in Milli-Q water.

Scanning electron microscopy (SEM) was performed
using ULTRA™ 55 (Carl Zeiss AG, Germany) using a
20 kV acceleration voltage and an InLens detector. The
samples were prepared by pressing some powder sam-
ple on standard conductive sticky carbon pads.

High-resolution transmission electron microscopy
(HRTEM) was performed using a Philips CM 300
UltraTWIN with a nominal point resolution of 0.17 nm at
Scherzer defocus. The microscope was operated at 300 kV
using a thermionic LaB6 filament. For TEM analysis, the
particles were drop casted on standard copper grids, sup-
ported with a continuous amorphous carbon film. The im-
age analysis was carried out by using the freeware ImageJ
package (Abramoff et al. 2004).

Results

Choice of solvents and their interaction
with microwaves

Irrespective of synthesis approaches, so far, only five
solvents have been reported for the synthesis of CZTS
nanoparticles under microwave irradiation: oleylamine
(Wang et al. 2013; Knutson et al. 2014), EG (Flynn et al.
2012; Zhao et al. 2015b), ethylenediamine (Lin et al.
2015), N,N-dimethylformamide (Saravana Kumar et al.
2014) and water (Shin et al. 2012), with EG being the
most favoured solvent due to its high dielectric constant
and low toxicity. In general, the most successful synthe-
ses of CZTS nanoparticles are reported at temperatures
equal to or higher than 200 °C (Zhou et al. 2013; Azimi
et al. 2014; Kim et al. 2014; Ahmad et al. 2015). Thus,
as the aim of this work was to realize a process at
atmospheric pressure, solvents with boiling points as

high as 200 °C were selected, ruling out the possibility
to use water, N,N-dimethylformamide and
ethylenediamine as the possible solvent. Other parame-
ters taken into account were the toxicity, costs and, most
importantly, the values of the tan (d), the so-called “loss
factor” (tan (9) = " / &', where £"” is the dielectric loss
and ¢’ is the dielectric constant of the solvent). This
parameter measures the ability of a substance to absorb
microwaves and convert them into heat and can be
estimated, in a first approximation, by evaluating the
dielectric constant of a given substance. Therefore,
oleylamine is also not a favourable solvent because of
its low dielectric constant. On these bases, the glycol
family of solvents suited the best, and their properties
are summarized in Additional file 1: Table S2. In this
regard, ethyl glycol represents a borderline case and was
also used in our experiments. This also helps to compare
our work with the state of the art.

Microwaves are expected to have thermal and non-
thermal effects on reaction mixtures, the former depend-
ing on the actual temperature and the latter implying an
interaction of microwaves (MW) with reaction interme-
diates (Dudley et al. 2015). Up to now, most researchers
agreed on the fact that all the advantages of microwaves
(such as short reaction times, higher yields and selectiv-
ity) are the results of thermal effects, where the exact
estimation of the temperature inside the reaction mixture
is the most important and controversial factor (Bilecka
and Niederberger 2010; Kharissova et al. 2011; Dudley
et al. 2015). In our work, a careful measurement of the
temperature during the reaction by two different
methods was carried out. The relevant details are pro-
vided in Supporting Information. The assessment of
temperature from the infrared sensor was found unreli-
able (Additional file 1: Figures S1 and S2) in compari-
son to the results obtained by the thermometer, with
absolute differences larger than 70 °C in some cases
(Additional file 1: Table S2). Therefore, only tempera-
ture vs. time profiles measured by the glass thermometer
are shown in the following.

Influence of solvents with different dielectric constants
on the phase purity of CZTS nanoparticles

Figure la shows the temperature profiles recorded
during the synthesis of CZTS nanoparticles in the
corresponding solvents upon irradiation of the reac-
tion mixture with a fixed power of 100 W. The
solvent with the highest dielectric constant, i.e. EG,

@ Springer
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Fig. 1 a Temperature profiles obtained during the synthesis of
CZTS nanoparticles in EG, di-EG, tri-EG and tet-EG under a
100 W microwave power. b XRD patterns of the as-synthesized

reached a higher temperature (192 °C) and was heat-
ed faster with respect to the solvent with the lowest
dielectric constant, i.e. tet-EG (Additional file 1:
Table S2 and Fig. 1a). A comparison of the heating
rate and maximum temperature reached during the
synthesis with the corresponding curves obtained by
heating the pure solvent shows that the former are
always faster and at a higher temperature (cf. Addi-
tional file 1: Figure S2 and Fig. 1a). The precursors in
the reaction mixture are, in fact, also able to absorb
microwaves, leading to an additional ionic heating.
Moreover, the enthalpies of formation of all possible
binary, ternary and quaternary products are negative
(Ahmad et al. 2013); i.e. exothermic processes are
expected during the course of reaction which must
have further contributed to the higher temperature.

@ Springer

Norm. Intensity [a.u.]

G
{ Hexagonal phase
AYA'S Ny A !Cu, S
——Di-EG
) e
3 > N
E. AA_
> Tri-EG
)
c /
£ Dy
= ) —— Tet-EG|
'
£ !
S J&»\ S\ AL
* ;?eﬂectlonsl that are representat/ve —— Kesterite
of tetragonal | structures (ICSD # 171983)
b) * * A A
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
2 Theta [°]
1.1
) E9 CZTS - 333
1.0 4——Di-EG
0.9 Tri-EG Cu, S -472
Tet-EG
0.8 43 =532 nm
0.7 -{Spot size ~ Tum
0.6 ]
0.5 |
0.4 4
0.3
0.2
0.1

300

350 400 450

Wavenumber [cm™"]

particles and comparison with the reference CZTS pattern. ¢, d
Raman spectra using green and red lasers, respectively

The characterization of the resulting particles shows,
in fact, that their degree of purity varies considerably
with respect to the used solvent. The XRD patterns (Fig.
1b) when taken together with Raman analysis (Fig. lc,
d) confirm the presence of CZTS and Cu, _ ,S phases,
with some reflections from an additional hexagonal
phase (marked with arrows). In agreement with the
literature and with our previous results, these reflections
might be attributed to Cu;SnS,; and wurtzite
CZTS/Cu, — ,S/ZnS or to hexagonal stacking faults in
cubic CZTS and are detrimental to the product proper-
ties (Flynn et al. 2012; Ahmad et al. 2015). The Raman
analysis shows no peak in the region 318 to 320 cm™';
therefore, the possibility that the hexagonal phase is
Cu3SnS,, wurtzite CZTS and hexagonal stacking faults
in cubic CZTS (Ahmad et al. 2013, 2015) can be ruled
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out. Therefore, the hexagonal reflections observed in the
XRD pattern might be attributed to wurtzite ZnS or to a
Raman-inactive Cu, — .S hexagonal phase (Ahmad et al.
2015). These possible secondary phases are indicated
with the generic term “hexagonal phase” throughout the
paper, being an exact assignment not straightforward
(Dimitrievska et al. 2014; Just et al. 2011; Vaccarello
etal. 2015).

The EDX analysis on the powder samples shows in
all cases the formation of Zn-rich and Sn-poor product
(Table 1, Additional file 1: Figure S3). The mother
liquor obtained after synthesis in EG was analysed by
ICP-OES, and it was found that only 67.6% of Sn was
consumed during the reaction in comparison to Zn and
Cu, whose conversions were 98 and 99%, respectively.

It must be noted that kesterite in tetragonal structure
presents reflections at lower 26 degrees, i.c. at about 16°,
18°, 23° and 38° (marked with asterisks), that are not
observed in our XRD patterns, suggesting the formation
of cubic CZTS. Such patterns of cubic CZTS are exten-
sively reported and discussed elsewhere (Ahmad et al.
2013,2015; Brandl etal. 2015). The Raman spectra (Fig.
lc, d) show a dominant peak at about 333 cm™' which
further confirms the formation of CZTS phase in all the
solvents (Ahmad et al. 2013). Additionally, the charac-
teristic peak of Cu, _ S is observed at 472 cm ' whose
intensity increases, going from EG to tet-EG. For the
particles synthesized in tri-EG and tet-EG, a shoulder at

o
Ao
(o)

's00m|| d) 01.5A01.8 A
Fig. 2 High-resolution transmission electron micrographs show-
ing a, b arbitrarily shaped particles synthesized in EG; boundaries
of some particles are marked to facilitate their identification; ¢ a set
of lattice planes from various particles and d the fast Fourier

266 cm ' is further observed, ascertaining the presence of
Cu, — .S in one of its polymorphs (Ahmad et al. 2015).

The SEM analysis carried out on the powder sample
(Additional file 1: Figure S6 in Supporting Information)
shows that the particles have irregular morphology. To
estimate the average particle sizes, XRD peaks were
fitted using the Lorentzian function and FWHM of the
three most intense peaks (~28.46°, ~47.37° and ~56.14°
(26)) was used in the Debye-Scherer equation. Average
particle sizes thus obtained were 12, 8, 6 and 8 nm for
product synthesized in EG, di-EG, tri-EG and tet-EG,
respectively. To further characterize the morphology,
size and crystallinity of the as-synthesized particles,
HRTEM was performed on the sample synthesized in
EG that showed the highest purity.

An overview of the particles is reported in Fig. 2a, b,
where the boundaries of few particles are marked with a
white line to facilitate their identification. The HRTEM
analysis in Fig. 2c shows that the particles are highly
crystalline. A fast Fourier transform (FFT) analysis (Fig.
2d) of full image shown in Fig. 2¢ shows the presence of
different lattice planes. An in-depth analysis results into
identification of planar spacings of 1.5, 1.6, 1.9, 2.7, 3.1
and 3.3 A, which are based on the FCC unit cell derived
from XRD analysis (Fig. 1b), are related to (222), (311),
(220), (200) and (111) planes, respectively. Concerning
the spacing of 3.3 A, it may correspond to the (011)
plane in the hexagonal unit cell and, therefore, can be

transformation (FFT) of the image in ¢ that shows a set of lattice
planes spaced at 1.5, 1.6, 1.9, 2.7, 3.1 and 3.3 A. e A magnified
view of one set of planes from the image in c. f Its FFT (as an
example)
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attributed to the hexagonal (secondary) phase observed
in XRD analysis as well. Additionally, the FFT analysis
of the region marked with red in Fig. 2c¢ shows that
interplanar spacings of 1.5 and 3.1 A observed in Fig. 2d
are due to (222) and (111) sets of planes, respectively.

In addition to the analysis shown in Fig. 2e, the FFT of
another area in Fig. 2c is presented in the supporting
information (Additional file 1: Figure S10) as an example
for the origin of reflections from the hexagonal phase.

Influence of microwave irradiation power on the phase
purity of particles produced in tet-EG

It is evident from the results shown so far that under the
given synthesis conditions, EG yielded CZTS with
much higher purity with respect to the other solvents,
whereby tet-EG resulted in the highest amount of by-
products. In particular, Cu, — .S phase and a hexagonal
phase could be identified. As one of the aims of the
present work was to define the potential of microwave
technology towards the control of phase composition of
multicomponent materials, a process parameter study
was carried out with the aim of improving the final
particle purity. As the boiling point of EG is 197 °C,
this solvent is not suitable to further increase the process
temperature above 192 °C (i.e. already achieved in the
first set of experiments (Fig. 1)) under atmospheric
conditions. Therefore, tet-EG was used as a test solvent
as it has a higher boiling point (329 °C) and therefore
offers the highest flexibility to establish a relation be-
tween process parameters and product property (phase
homogeneity). The CZTS particles obtained when EG
was used as a solvent were used as a benchmark (having
the least of hexagonal and Cu, _ .S phases, Fig. 1). In
particular, for a direct comparison of the product purity
synthesized in tet-EG, the power of the MW irradiation
was varied in order to match the temperature obtained
when the used solvent was EG (Fig. 1a).

Figure 3a shows the temperature profiles obtained
during the synthesis of CZTS nanoparticles using tet-
EG as the solvent under different powers of MW irradi-
ation. As expected, by increasing the irradiation power
the maximum temperature achieved in the reaction mix-
ture was also increased. In particular, it was found that
with an irradiation power of 200 W, a fast increase of the
temperature up to 220 °C, followed by a slight decrease
over time, occurred. The slight reduction of the temper-
ature over time can be attributed to the formation of
solid particles with various phase compositions, their

@ Springer

different abilities to interact with MW and the degree of
their dissolution in different solvents as based on our
previous experience, these factors certainly affect the
overall temperature of the reaction mixture (Wang
et al. 2013; Distaso et al. 2014).

The phase analysis of the as-synthesized nanoparti-
cles is shown in Fig. 3b—d. Taken together, XRD and
Raman analyses show that by increasing the power and,
consequently, the temperature of the reaction mixture,
the amount of Cu, — ,S and hexagonal phase decreases.
The EDX analysis (Table 1, Additional file 1: Figure S4)
also shows that Sn is progressively incorporated in the
final product by increasing the irradiation power, lead-
ing to the formation of CZTS particles with an elemental
composition closer to the ideal stoichiometry of CZTS
phase. However, at all temperatures, the formation of
only cubic CZTS phase is observed, as the reflections at
low 26 degrees are not visible in any XRD patterns.
Further, SEM images show the formation of irregularly
shaped particles (Supporting Information - Additional
file 1: Figures S7 and S8). The average particle sizes
show a slight increase with increasing microwave irra-
diation power, i.c. 8, 8.8 and 9 nm for 100, 150 and
200 W, respectively.

At this point, it is possible to compare the quality of
the CZTS nanoparticles synthesized in tet-EG (at
150 W) and in EG (at 100 W) as the temperature reached
for these two solvents is comparable, i.e. ~192 °C. The
comparison between the XRD patterns and Raman
spectra for these two samples shows that the synthesis
in tet-EG has resulted in the formation of more by-
products (Fig. 1 vs. Fig. 3). These results indicate that
the temperature is not the only factor that influences the
selective formation of CZTS, and suggest that the chem-
ical nature of the solvent and its interaction with precur-
sors might also play an important role. Finally, to study
the effect of concentration of the precursors on the final
product, the following set of experiments was planned
with a variable concentration of precursors in tet-EG.

Influence of precursor concentration on the phase purity
of particles produced in tet-EG

The different amounts of precursor chosen for these sets
of experiments are listed in Table 1; i.e. the amounts
were halved, doubled and tripled with respect to the
standard x concentration corresponding to 0.017 M for
the Zn and Sn precursors, 0.033 M for the Cu salt and
0.083 M for thiourea (experimental part). The
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Fig. 3 a Temperature profiles obtained from a thermometer dur-
ing the synthesis of CZTS nanoparticles in tet-EG under different

microwave irradiation powers. b XRD pattern confirming the
presence of cubic CZTS, hexagonal phase (impurity) and Cu, — ,S.

corresponding temperature profiles (Fig. 4a) show that
the higher the precursor concentration, the stronger the
microwave interaction with the reaction mixture and the
higher is the temperature. As the reaction proceeds, the
overall temperature drops in each case until about
18 min. This is known to be an indication of conversion
of ions/precursors into products (Bilecka and
Niederberger 2010).

The characterization of the as-synthesized particles
reveals irregularly shaped particles as ascertained by
SEM analysis (Additional file 1: Figure S8). Raman
and XRD analyses show no detectable amounts of
Cu, — .S (Fig. 4b—d). However, from the XRD patterns,
it is evident that the amount of the hexagonal phase is
higher in the product synthesized with a higher
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¢, d Raman spectra using red and green lasers, respectively,
showing a decreasing amount of Cu, S with an increasing
temperature or microwave power

concentration (Fig. 4b, Table 1). The average particle
sizes appear to be similar for x and x/2 concentrations,
1.e. 9 nm, but decrease to 7 and 6.6 nm for 2x and 3x
concentrations, respectively. Accordingly, the EDX
analysis shows that the products synthesized at higher
concentration are further away from the composition of
ideal CZTS. The composition of the products synthe-
sized with x concentration (corresponding to 0.017 M
for the Zn and Sn precursors, 0.033 M for the Cu salt
and 0.083 M for thiourea, experimental part) or x/2
concentration (corresponding to 0.0085 M for the Zn
and Sn precursors, 0.0165 M for the Cu salt and
0.0415 M for thiourea, experimental part) is very close
to ideal CZTS with no evidence of hexagonal and
Cu, _ ,S impurities.
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Fig. 4 a Temperature profiles obtained during the synthesis of

CZTS nanoparticles in tet-EG under 200 W power and using

different precursor concentrations. Phase analysis of as-obtained
nanoparticles by b XRD confirming the presence of cubic CZTS,

Again, a direct comparison of the product syn-
thesized at 200 W in tet-EG using x/2 concentration
(Fig. 4) is possible with EG at 100 W using x
concentration (Fig. 1). It can be observed that the
two products are very similar; however, the product
obtained in tet-EG appears to have least amounts of
hexagonal phase impurity. Therefore, by changing
the type of solvent, temperature (power) or concen-
tration of precursors, the amount of by-products
formed in a microwave-assisted synthesis of CZTS
can be controlled and the reaction can be driven
towards the more selective formation of CZTS
phase.

@ Springer

Norm. Intensity [a.u.]

3x conc.
\/\/ | |Hexagonal phase
——2x conc.
i e
A
2 \ ' X conc.
] I\ A
c AV /\ /\
..g \ L - P
= ——x/2 conc.
5 J\V\ M N
]
4
« Reflections that are representative Kesterite
f tet / struct
10 letragonal structures (ICSD# 171983)
b) * % * A * A A A A
10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
2 Theta [°]
1.1 ~
1Precursor with
1.0 x/2 conc. 333 -CZTS
0 | Xxconc.
] 2x conc.
0.8 3x conc.
07 J*= 532. nm
| Spot size ~ 1uym
0.6
CZTS - 295

e

370 - CZTS

150 200 250 300 350 400 450 500 550
Wavenumber [cm™]
hexagonal phase (impurity) along with ¢, d Raman spectra using

red and green lasers, respectively, that confirm the presence of
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Discussion

Development of a relationship between process
parameters and product purity

The phase characterization of the CZTS nanoparticles syn-
thesized under microwave irradiation shows that two kinds
of by-products form, i.e. Cu, — ,S and a hexagonal phase
impurity. The presence of Cu, — .S can be easily ascertained
by Raman analysis (Figs. lc, d, 3¢, d and 4c, d) whereas the
hexagonal phase is identified by the shoulder to the most
intense XRD reflection at ~28.45° (Figs. 1b, 3b and 4b).
Concering Cu, — ,S, the results indicate that an increase of
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temperature helps to minimize the amount of Cu, _ .S
(Figs. 1, 3 and 4). Moreover, a minimum temperature of
~200 °C is required to remarkably suppress its formation.
We have demonstrated throughout the paper that the
achievement of this temperature depends on a number of
parameters such as the power irradiation, the solvent and
the concentration of precursors. On the contrary, the forma-
tion of the hexagonal phase does not show a direct depen-
dence on temperature. In fact, while Figs. 1 and 3 suggest
that with increasing power, and hence temperature, the
amount of hexagonal phase is also reduced, and the set of
experiments in Fig. 4 suggest an opposite trend, i.e. the
higher the temperature, the higher the amount of hexagonal
phase impurity. To rationalize these results and to develop a
relationship between process parameters and product purity,
a specific energy factor (Eq. 1) can be calculated using the
time-temperature profiles of reactions and the free energy of
formation for CZTS (AGy (czts)) estimated from the work
of Baryshev and Thimsen (2015).

Specific energy factor

. M(kg)xCp, (Tkg' K)) x AT (K)
~ Free energy of formation of CZTS (AGy) (J)
(1)

where M and C,, are the total mass and specific heat
capacity of precursors and solvent and AT is the change
in temperature of the reaction mixture. The detailed
calculations are provided in supporting information. It
must be noted that in contrast to conventional synthesis
protocols (where a fixed time-temperature profile is
given as an input parameter), in our experiments the
heating ramp and temperature during the particle forma-
tion are an outcome of the supplied microwave power
and how the reaction mixture interacts with it. The
system is allowed to achieve any heating rate and tem-
perature. Therefore, the specific energy factor is the ratio
of the energy changes that take place during the course
of reaction as observed by changes in temperature and
the free energy of formation of CZTS (A Gy (czts)). Due
to the fact that the formation of CZTS is an exothermic
process, the free energy of formation is negative and,
therefore, also the specific energy factor (F) is negative.
The higher the absolute value of F, the higher the
amount of energy per mole (solvent and precursors)
during the course of the reaction with respect to the
minimum amount of energy that is necessary to provide
to the system to form the CZTS phase.

A comparison of specific energy factors (¥) (Table 2)
for different reactions and the phase analysis presented
in Figs. 1, 3 and 4 shows that the product purity can be
related to F. For this purpose, the occurrence of Cu, _ S
phase was evaluated from the Raman spectra as the ratio
between the peak at 333 cm ! that is due to CZTS and
the peak at 472 cm ! that is due to Cu, _ ,S (Table 2).
Similarly, the occurrence of the hexagonal phase was
evaluated from the XRD pattern as the ratio between the
reflection at 26.85° (260) and 28.45° (20) (Table 2).

In the first set of experiments (Fig. 1), the synthesis in
EG produces the purest product (Table 2, line 1) as
compared to tet-EG (Table 2, line 4). If we compare
the values of F for these two experiments, we find
F =—124.64 for the former and F' = —86.26 for the latter.
Similarly, as the power of microwaves (Fig. 3) is in-
creased in the second set of experiments (while keeping
all other variables constant), the purity of product in-
creases from 100 W with F = —86.26 (line 4 in Table 2)
t0 200 W with F'=—139.16 (line 6 in Table 2). Finally, in
the last set of experiments, the concentration of precur-
sors is varied (Fig. 4). When the x/2 concentration was
used, no evidences of Cu, — ,S phase as well as of
hexagonal phase were detected, leading to the most
phase pure CZTS particles (line 7, Table 2). For this
experiment, a value of F'= —242.45 is calculated. If the
latter result is compared with the results of the 3x con-
centration experiment where the highest amount of
hexagonal phase is observed (line 9, Table 2), a value
of F=-51.64 is found. Therefore, a correlation between
the specific energy factor () and the phase purity can be
established; i.e. the more negative the value of F, the
higher the energy per mole and the highest the product
purity. A value of F as high as —242 allows the synthesis
of CZTS nanoparticles without any presence of detect-
able amounts of Cu, _ .S phase as well as hexagonal
phase.

However, it is important to underline here that the
correlation between F and the product purity must be
considered only as a relative parameter to give hints
about the quality of CZTS particles. In fact, the absolute
amounts of by-products in different phases are hard to
be estimated and the free energy of formation of CZTS
is also not yet known with good reliability (Baryshev
and Thimsen 2015). Nevertheless, we believe that the
use of this parameter can provide a tool to design the
rational synthesis of high-quality CZTS particles to-
wards secondary-phase free products. Based on the
results of this work, it is preferable to use a polar solvent
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with a high boiling point (>200 °C) where a screening of
the process parameters can be run more effectively.

Conclusion

In the current paper, the influence of process parameters
on the phase purity of CZTS nanoparticles synthesized
under microwave irradiation has been investigated in
depth. In a first instance, it has been shown that the correct
assessment of temperature during the microwave-assisted
synthesis is of paramount importance and cannot be real-
ized via the non-contact infrared sensor. A simple method
using a standard glass non-mercury thermometer im-
mersed in the reaction mixture has shown that the tem-
perature during the reaction is much higher than that
reported by the in-built non-contact infrared sensor. This
correct assessment of temperature-time profile sets the
basis for defining a specific energy factor (F) that can be
correlated to the phase purity of CZTS particles.

Moreover, a tool box consisting of green solvents,
power of microwaves and precursors concentration has
been presented to control the temperature-time profile.
Therefore, by varying these parameters, the phase purity
of CZTS nanoparticles can be controlled systematically.
According to the state of the art, EG is the most widely
used solvent for the synthesis of CZTS under microwave
conditions. However, due to its boiling point (197 °C), it
offers limited possibilities to tune the process parameters
at atmospheric pressure. Therefore, tet-EG, with a boiling
point of 329 °C, was used in the current work to demon-
strate how the phase purity of CZTS particles can be
improved by tuning process parameters such as irradiation
power and concentration of precursors.

In particular, two kinds of by-products have been ob-
served throughout the work, i.e. Cu, — .S and a hexagonal
phase, based on EDX analysis in combination with the
ICP-OES analysis of the mother liquor. It has been ob-
served that an increased working temperature favours the
reduction of Cu, _ .S (which is thermodynamically far less
favourable product than CZTS) (Ahmad et al. 2013). In
this regard, a temperature higher than 200 °C is required to
suppress the formation of the Cu, _ ,S phase. However, the
amounts of hexagonal phase cannot be scaled with the
temperature only. Therefore, a specific energy factor (F)
has been introduced and its value correlated with the
overall phase purity of the CZTS particles, i.e. the more
negative the value of F; the higher the energy per mole and
the product purity. A value of F as high as —242 allows the

@ Springer

synthesis of CZTS nanoparticles without any presence of
detectable amounts of Cu, S as well as hexagonal phase.
We believe that this paper not only offers a reliable
protocol for the synthesis of CZTS nanoparticles but also
sets the framework for predicting the phase purity of
CZTS materials produced under microwave irradiation.
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