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Abstract

High efficiency kesterite based solar cells have vigorously raised the research interests in this
material. The challenge lies in understanding the formation and co-existence of more than 10
possible by-products during and after the synthesis of CuyZnSnS; (CZTS) and its various
different structural and electronic defects. The present contribution shows an in-depth study on
the stages of formation and depletion of nanoparticulate CZTS. Employing a hot injection
synthesis method, we give direct experimental evidences of co-existence of cubic, tetragonal and
defected CZTS structures and different by-products as a function of time and temperature. SEM,
(HR)TEM, XRD, EDX, ICP-OES, Raman and UV-Vis spectroscopy have been used in order to
better evaluate and interpret data for crystal structures and compositions. The obtained
understanding on the formation of different phases suggests 250 °C as the most favourable
synthesis temperature. Based on our study, general strategies can be developed for controlling the
amount of formed phases, the by-products and the defects in kesterite and other similar
multicomponent nanoparticle as well as in bulk systems.

Keywords: kesterite, nanoparticle CZTS, stannite, wurtz-stannite, cubic-tetragonal transition,
disordered — ordered transition, nano-twinning, solar cell, photovoltaics, defects.
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Introduction

One of the direct ways to convert sunlight into energy is by the use of photovoltaic technology.
Sustainable energy solutions for terawatt energy needs of the world require scalable and highly
reproducible production of semiconductor materials using a low temperature, low cost and eco-
friendly industrial processes based on earth abundant materials.'? CuyZnSnS, (CZTS) is
considered to be a suitable absorber semiconductor with a tunable bad gap, giving an opportunity
to fully utilize sunlight’s spectrum.'”* Additionally CZTS consists of earth abundant as well as
non-toxic elements as compared to other semiconductors used in solar cells like CdSe/Te, PbS(e),
CulnS,, Cu(In,Ga)(Se,S),, CulnSe, etc.’ Presently, solar cells using CZTSSe have reached
efficiencies as high as 12.7% leading to promising future perspectives.’

From fundamental perspective, multicomponent compounds are just one prominent example of
materials with complex composition, i.e. crystallinity and crystallographic phases have to be
controlled together with size and shape of these particles. In fully crystalline form CZTS is found
to exist in cubic, tetragonal (kesterite or stannite) and even hexagonal structures.”'® In cubic
structure all metal atoms Cu, Zn and Sn take random positions in the unit cell (called face centred
cubic (FCC) - disordered CZTS, in our paper). In tetragonal structure, Sn atoms take a fixed
position while Cu and Zn atoms can still be ordered or disordered (called tetragonal CZTS in the
following).” For hexagonal CZTS ordering of atoms is not studied so far. Ordering of the Zn and
Cu atoms in the tetragonal structure defines kesterite or stannite forms of CZTS. Kesterite has
alternating layers of cations CuSn, CuZn, CuSn and CuZn at z = 0, Y4, 2, and %4 positions (c-axis
of tetragon), respectively. However, in stannite ZnSn layers alternates with CuCu layers at these
positions. A detailed description of structural variations may be followed in the work of Paier et
al.'' It must be noted that disordering in this sequence of metal atoms must not be confused with
crystallographic defects (point, line, planar etc.). Crystallographic defects in these structures may
give rise to hexagonal structures embedded within, often called wurtz-stannite.”'> The
complexity does not end here, all these structures may exist with by-products with similar
characteristics. Further, their existence in amorphous form can never be neglected, especially in
case of nanoparticulate systems. A recent study'’ further shows that there may also exist
compositional inhomogeneity within a single nanoparticle. All this complexity poses tremendous
challenges in identification and/or differentiation of the main component from by-products.14

The synthesis of CZTS nanoparticles offers several advantages with respect to the bulk approach.
In a first instance, it allows the production of inks that can be used in cost-efficient (at best) roll-
to-roll printing processes.”> Moreover, the by-products or different structures often nucleate as
single particles, distinct and well separated from the main product in solution phase. Therefore,
the by-products may be selectively separated after synthesis."'® This is, however impossible to
achieve in a bulk material where by-products, defected or disordered structures are incorporated
in the produced layer in a non-separable way'"'® which also leads to ambiguous assignment of
signals in characterisation techniques.
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The formation of nanoparticles from solution requires a series of subsequent kinetic steps:
reaction solutions must be mixed properly so that supersaturation as thermodynamic driving force
is built-up which in turn may trigger homogeneous and later heterogeneous nucleation followed
by crystal growth and often also aggregation. The latter may be controlled by surface
functionalization of the formed particles or by process parameters such as concentration or shear
rates.””?® Depending on their relative kinetics particle formation may be considered as either
mixing or reaction controlled. Particle formation of “simple” systems”' can be modelled from a
molecular perspective; modelling approaches of increasing complexity may even predict the
dynamic evolution of particle size distributions and are the basis of any rigorous scale-up and
process design.**> However, the underlying reaction mechanisms and reaction pathways are
largely unknown for most systems. Therefore, fundamental investigations of the forming phases
and by-products are considered as first important steps towards the understanding of formation
mechanisms from which knowledge-based guidelines may be derived on how to control
nanoparticle formation. For example, in specific case of CZTS, it is not clear whether the
formation of CZTS takes place since the early stages of reaction or if it is the result of inter-
diffusion of secondary and ternary phases.

The formation and depletion of the CZTS phase is proposed to follow the overall reaction I***°
1.e.:

Cu,ZnSnS, = Cu,S +ZnS+5SnS+ 85 [1]

Mostly, theoretical calculations based on thermodynamics and kinetics for such multiple
compounds have been used to understand the equilibrium between phases during the formation of
layers by thermal treatment on different substrates.”**> The models predicting different
structures®®, phases’ and defects””*® suggest that all these can co-exist in equilibrium and can
significantly affect the efficiency of the final device.

Few experimental reports on the formation mechanism of wurtzite type CZTS nanoparticles have
been presented.”’”* However, it must be noted that best efficiencies are reported for kesterite
based solar cells.®”' Recently, some reports on the mechanism and reaction pathways of
formation of kesterite type CZTS nanoparticles have been published.’*** Mostly, two different
pathways are proposed, i.e. nucleation of Cu,.S followed by Sn and Zn diffusion and integration
to form CZTS and nucleation of Cu-Sn based compounds e.g. Cu,SnS; followed by Zn diffusion
integration.**>* However, these works’>>" lack Raman analysis under red laser and therefore
ternary phases may not have been efficiently detected. Further, the XRD-pattern presented in
these publications’>>* only show cubic CZTS and therefore, the proposed mechanism may not be
directly applicable to kesterite (tetragonal) CZTS. Further, a use of non-stoichiometric
precursors® may lead to different reaction mechanisms in comparison to the synthesis with
stoichiometric amounts of precursors. To the best of our knowledge none of the studies on
synthesis of CZTS nanoparticles addresses any temperature dependent formation of structural
defects, their evaluation and signature by comprehensive characterisation techniques. We further
provide first evidences that CZTS is able to nucleate as a single phase and not just by diffusion of
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binaries and ternaries. Based on the kind of species that first nucleate, a temperature dependence
of reaction pathways is observed. In this regard we also provide insights to the stability of
different by-products with respect to temperature including the formation of Raman active and in-
active CupS etc. Further, it must be noted that our synthesis approach involves no inert
atmosphere, which makes it also the first mechanistic study in this regard.

The study employs the well-established, most widely used hot injection approach.* It is carried
out in continuation of our previous report’> where along with fully crystalline, non-defective
CZTS nanoparticles, also particles with crystallographic defects were observed. The study
presented leads to the development of general strategies for controlling the amount of different
phases and defects in multicomponent nanoparticle systems synthesised by hot injection.

Synthesis of CZTS nanoparticles
Experimental details

Shortly, Zn(Ac), 2H,0, CuCl,, SnCl, were dissolved in stoichiometric molar ratios in oleylamine
and heated to the desired temperature. All the chemicals and the synthesis protocol for this study
were essentially similar as reported earlier.®® For this study 225 °C, 250 °C, 275 °C, 300 °C, and
330 °C were chosen as the injection as well as growth temperatures. As soon as the desired
temperature was reached, the homogeneous reaction mixture was left for a given time to ensure
temperature homogeneity across the whole reaction volume. Then sulphur dissolved in
oleylamine was injected. The reaction was allowed to run for 1 hour and then cooled to room
temperature by using water on the outer wall of the reactor. The temperature inside the reaction
mixture was controlled and recorded carefully as shown in fig. S1. The details of the heating
mantles and temperature controllers used are provided in the supporting information. To study
the reaction kinetics at a fixed temperature, samples were taken out after 0 min, 5 min, 10 min, 20
min, 30 min and 60 min after the injection as shown in fig. S2. The syringe that was also used to
inject sulphur was used to take out a sample immediately after injection (designated as 0 min).

The obtained products were isolated by centrifugation (Relative Centrifugal Force (RCF) ~2558,
30 min) and washed twice through centrifugation (RCF ~2558, 10 min) and dispersion cycles
with a mixture of chloroform (20 mL) and methanol (50 mL). The product was then stored in
suspension (25 g/L in chloroform, stabilized by 20 wt.% OLA) and in powder (air dried) form for
further characterisation using following techniques.

(High Resolution) Transmission Electron Microscopy ((HR)TEM) was performed using a
Philips CM 300 UltraTWIN having a nominal point resolution of 0.17 nm at Scherzer defocus.
The microscope was operated a 300 kV using a thermionic LaB6 filament. For TEM analysis the
particles were drop casted on standard copper grids, supported with a continuous amorphous
carbon film. The particle size distributions were measured by counting at least 150 particles at
each temperature, following the procedure of Distaso et. al.*® Further, the TEM images were
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carefully analysed to identify the particles with crystallographic defects. A number percentage of
such particles in relation to single crystalline particles was estimated within a sample.

Scanning Electron Microscopy (SEM) was performed to investigate the morphology and size
of the sample synthesized at 330 °C reaction temperature only. The instrument used was an
ULTRA™S55 (Carl Zeiss AG, Germany). Imaging was done under accelerating voltage of 20 kV
using a SE2 detector. The samples were prepared by drop casting the suspension on a silicon
wafer.

Energy-Dispersive-X-Ray (EDX) was performed using EDX - ULTRA™ 55, Carl Zeiss AG,
Germany, under accelerating voltage of 20 kV. The samples for the analysis were prepared by
pressing the powder into a pellet using a hand held press. Each sample was tested at minimum of
10 different points in the sample.

Powder X-Ray diffraction (PXRD) analysis was performed using a classical ex-situ PXRD in
Bragg-Brentano geometry on a Panalytical X’pert powder diffractometer with filtered Cu-Ka
radiation and an X’Celerator solid-state stripe detector. Rietveld refinements were performed
using software - MAUD (Material Analysis Using Diffraction).

Raman spectroscopy was performed using confocal micro Raman (LabRam HR Evolution —
HORIBA), with LabSpec 6 software, equipped with green and red excitation lasers of
wavelengths 532.1 nm (Nd-YAG) and 632.8 nm (He-Ne), with an average power on sample
surface less than 0.3 mW and 0.2 mW, respectively. The lasers were focused on powdered
samples (pressed into a pellet) using 50x objective with nominal spot size of ~ 1.0 ym .

Ultraviolet-Visible spectroscopy (UV-Vis) was carried out using Lambda 35 (Perkin-Elmer —
spectrometer). Quartz cuvettes (101-QS-Hellma) with optical path length of 10 mm were used.
Samples were analysed as suspension of particles in chloroform and stabilized by oleylamine.

Inductively Coupled Plasma — Optical Emission Spectrometry (ICP-OES) was performed
using an ICP-OES Spectrometer Optima 8300 from Perkin Elmer. The organic rich supernatant
was digested using microwave (Multiwave 3000) from Anton Paar with 8 mL HNO; and 1 mL
HCI. After the treatment a clear solution was obtained and used for ICP-OES analysis upon
proper dilution.

For such a sensitive and complicated material system, all the experiments and related
characterizations have been repeated at least four times to ascertain reproducibility.

Results and discussion
Characterization of as synthesised CZTS nanoparticles

(High Resolution) Transmission and Scanning Electron MicroscopyFig. 1(a-d) shows the bright-
field TEM images of as synthesised products. The particles at different temperatures appear to
have a range of different shapes and sizes. One of the unique features observed in all the samples
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was the co-existence of single crystalline and defected particles, showing twinning (fig. 1(i-i1) —
an example from 300 °C). The lattice spacing of 3.1 A was found for single crystalline particles
which corresponds to either (112) plane of tetragonal CZTS or (111) plane of cubic CZTS,
yielding most intense reflections in the XRD pattern.

The equivalent diameter (x) of a sphere with same projected area as the particles was calculated
from TEM images. The cumulative distributions obtained by counting a minimum of ~ 200
particles are shown in fig. 2 (corresponding density distributions, see fig. S6). The number-based
median size decreases with increasing reaction temperature between 15.2 nm at 225 °C and 6.5
nm at 300 °C. The change in the mean number-based diameter (xs00) from 225 °C to 275 °C is
about 18%. However, there is a jump in size reduction from 275 °C to 300 °C and the x50
reduces by about 48%, in total from 225 °C to 300 °C a reduction of about 57% is observed,

Single crystalline particle

IT

Defected particle

Fig. 1(a-d) Bright-field TEM images of as synthesised nanoparticles at different temperatures
showing size and shape. An example of HRTEM images from the 300°C sample i) showing a
single crystalline spherical particle and ii) a particle with twinned structure.
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Fig. 2 Cumulative number distributions as obtained by counting minimum of ~ 200 particles
synthesised at different temperatures showing a decrease in mean size with increasing reaction
temperature.

Fig. 3 shows a detailed HRTEM analysis of a defected particle including Fast Fourier
Transformation (FFT) of the image (inset) and a magnified view of a selected region. FFT
analysis shows three sets of lattice planes with lattice spacing of 3.1 A, 2.7 A and 1.9 A. In the
magnified view (fig. 3b.) a face centred cubic (FCC) stacking of the atoms can be seen with a
hexagonal sequence appearing as a result of stacking faults. Therefore, these lattice spacings can
be associated with (111), (200) and (220) planes of a FCC structure, respectively. Additionally, it
is evident that the stacking faults have caused twinning in the crystal structure. In FCC structures
twinning is known to occur along {111} planes which is also evident in FFT analysis ((111) twin
plane marked with asterisks). These twinned particles are referred as defected particles in this

paper.
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Fig. 3. HRTEM analysis of a defected particle: a) view of several twin planes with FFT analysis
(inset), b) a magnified view of the selected region showing FCC stacking of the atoms within the
particle and hexagonal stacking faults.

The number percentage of such defected particles is shown in fig. 4. For this purpose a minimum
of 150 particles were analysed. It can be seen that the relative amount of defective particles is
small and almost constant at lower temperatures whereas a sharp increase occurs at 300 °C.
Simultaneously, particle size decreases more strongly above 275 °C (fig. 2). It must be noted that
such defected particles can be seen in many different kinds of nanoparticles synthesised by hot
injection.”_39 For example, these defects can be observed in Cu,ZnSnSes> and CulnS,*
nanoparticles, and often appear as contrast difference within a single particle. However, any
relation between these defected particles and the synthesis parameters and their signatures in
different characterisation techniques has not been established so far in the literature.
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Fig. 4. Number percentage of particles (out of approx. 150 particles) having crystallographic
defects showing a steep increase in the number of defected particles for temperatures above 275
°C (data as obtained from HRTEM image analysis).

Interestingly, the reaction product at 330 °C turned out to be very different in shape and size as
compared to other reaction products. Fig. 5 (a-d) shows representative TEM and SEM images of
the as synthesised product at 330 °C, respectively. The sample mainly consists of hexagonal and
well faceted structures (~1 um) clustered in a matrix of smaller less faceted (spheroidal) particles
(~50 nm).
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Fig. 5. TEM and SEM images of product synthesised at 330°C: a) Hexagonal particles (as large
as 1 um) with b) less faceted or spheroidal smaller particles of around 50 nm; ¢, d) SEM images
showing micron sized hexagonal particles embedded in agglomerates together with smaller ~50
nm spheroidal particles.

Energy-Dispersive-X-Ray (EDX) and Inductively Coupled Plasma — Optical Emission
Spectrometry (ICP-OES)

EDX analysis was carried out to determine the elemental composition of the as-synthesised
products at different temperatures. Fig. 6a shows the ratios of various elements with respect to
copper and the sum of metal content in the sample. It can be observed that the products at lower
temperatures, namely at 225 °C and 250 °C, are similar in stoichiometry and very close to the
ideal ratios in CZTS with a minor deficiency in Cu and Zn. However, above 250 °C Zn, Sn and S
contents of the product drops until 330 °C where almost no Zn and Sn is present in the product.
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Fig. 6. EDX analysis of a) products synthesised at different temperatures, showing a continuous
decrease in the Zn, Sn and S content with increasing injection temperature, b) of micron sized
hexagons synthesised at 330 °C and c) showing the variation in composition for four of the
analysed hexagons in the sample.

It can be seen in fig. 6a that the change in Zn content is most pronounced, followed by the Sn and

S contents. However, it must be noted that Zn and S contents decrease gradually from 225 °C to
330 °C in contrast to Sn, which is mainly constant until 275 °C and drops rapidly after 300 °C.

Additionally, the micron sized hexagonal structures formed at 330 °C (as shown in fig. 6b.) were
analysed using EDX. The analysis showed that these hexagons only consisted of S and Cu
whereas Zn and Sn were not detected at all. Fig. 6¢ shows that the S:Cu ratio in four of such
hexagonal structures varies between 0.54-0.6, which corresponds to different Cu,.S phases (x =
0, 0.03, 0.2, 1) that co-exist in the sample.“H3

Further, the supernatant obtained after the first centrifugation was analysed using ICP-OES (table
S1) for 250 °C and 300 °C. The supernatant for the 300 °C reaction was found to be highly rich
in Zn, Sn and S as compared to the reaction at 250 °C. The elemental and TEM analysis does not
give any information about the existence of any particular phase. However, both methods allow
us to draw the following two conclusions:

o The solid product (being always Zn poor) is more prone to have Cu-rich phases as compared
to Zn-rich, especially at high temperatures.

o The increasing number of defected particles is mainly a result of successive Zn and Sn
deficiencies.

In addition to these two conclusions the presence of different phases was studied by the following
XRD and Raman analyses. Then a correlation among all the techniques is established to explain
the reaction mechanism.

X-ray diffraction (XRD)
10
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The diffraction patterns of the samples synthesized at 225 °C, 250 °C and 275 °C were found to
be very similar as shown in fig. 7. A recent study carried out on a CZTS nanoparticulate sample
synthesized at a temperature as low as 225 °C showed that the particles crystallize in a disordered
FCC phase.** In this study, a phase transition from the disordered FCC phase to the tetragonal
phase was observed by in situ XRD during sample annealing. The identification of the tetragonal
structure was associated with the appearance of 002 (~16.3°), 101 (~18.2°), 110 (~23.1°)
reflections in addition to cubic reflections (as marked in fig. 7.). Therefore, an ordered
arrangement of the cations in the unit cell is not observed for temperatures below 330 °C. Similar
diffraction patterns have been assigned to a cubic CZTS structure with a disordered cation
arrangement in the unit cell.”*
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Fig. 7. XRD pattern of the as synthesised products at different temperatures

The diffractograms of these three samples have clearly visible shoulders on a side of the cubic
111 as the most intense reflection. Rietveld refinements (example fig. S3 for 250 °C) have shown

that the measurements can be best modelled by a cubic F4; 3m CZTS and a hexagonal P63mc
wurtzite CZTS phase (fig. S4). Because of the seemingly anisotropic peak widths of the wurtzite
phase we used a microstructure model that follows ref.*® The results of the microstructure
refinement show that the crystallites of the wurtzite phase are disc-shaped with elongation in the
AB-plane. Consequently, the 002 reflection (~28°) in the refined diffractograms almost
completely vanishes (fig. S3). Together with the HRTEM images this indicates that the wurtzite
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phase exists as stacking faults in the cubic CZTS. The as-obtained lattice parameters of the two
phases are presented in table S1. Further analysis shows that in the 250 °C sample the intensity
contribution of this hexagonal phase is the lowest among the three samples.

The 300 °C and 330 °C samples were different from the others. In these samples reflections from
secondary phases in addition to the CZTS have been observed clearly. The pattern of the 300 °C
sample can be best modelled using the cubic CZTS and a monoclinic P2;/n “Djurleite” Cu; 94S
phase.”” Due to relatively high number of intense reflections from Djurleite, the scattering
contributions from the wurtzite CZTS structure are difficult to identify in this pattern and are
therefore not introduced in the fitting model. Furthermore, the mean particle size reduces by 57 %
from 15.2nm (225 °C) to 6.5 nm (300 °C) while simultaneously the internal stresses increased
due to the existence of more defects leading to broadening of the XRD reflections and therefore
wurtizite reflections were difficult to observe. We have to note here that smaller particle sizes
might also contribute to peak broadening.

Even more reflections from secondary phases appear in the measurement of the 330 °C sample.
In this case all secondary signals can be well explained by copper sulphides with different
stoichiometries and structures. Most probably, there is a mixture of the already mentioned
Djurleite (Cuj.94S) and the chalcocite Cu,S in monoclinic P2;/c and hexagonal P6s;/mmc
structure,***” respectively. The reason for this uncertainty in phase identification is that these
copper sulphide structures can coexist in an inter-grown state and may easily be converted into
each other.”® With this interpretation of the measurements, the hexagonal crystallites seen in the
SEM images can be identified as monoclinic Djurleite that is morphologically influenced by
pseudo-hexagonal twinning.48 These data are also in agreement with the EDX results reported in
fig. 6¢.

Another important feature of the 330 °C sample is that it is the only sample in the series that
clearly shows a tetragonal structure of the CZTS, meaning a well ordered arrangement of Sn
atoms in the unit cell. However, whether this is a kesterite or a stannite type structure cannot be
distinguished with the applied method because of the missing scattering contrast between Cu and
Zn atoms. There is no signal from the wurtzite type defects in this sample which is probably
correlated with the appearance of Cu,.S phases. Additionally, the width of the reflections of the
CZTS in this sample is significantly smaller than in the other samples hinting at an increased size
of the CZTS crystallites as observed in TEM and SEM as well.

It must be noted that cubic and orthorhombic phases like ZnS, Cu,SnS; and Cu3SnS, (collectively
CTS) respectively, cannot be easily distinguished using XRD.** We modelled XRD patterns with
several combinations of such phases. However, the best fit resulted only in the combination of the
phases (cubic CZTS, wurtzite CZTS and Cu,«S) mentioned above for each reaction product.
Additionally, the elemental analysis shows that the product at each reaction temperature is Zn-
poor. On the basis of thermodynamics, the formation enthalpy (AHy) of CZTS is 150 kJ/mol
lower than of ZnS.* Therefore, in a Zn-poor material system the probability of formation of ZnS
is smaller as compared to CZTS or CTS. This is especially true for the product at 300 °C.

12
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Therefore, it can be stated that either other phases were not present in the respective products or
these were below the detection limit of the device.

There is a rapid decrease in Sn content of the product after 300 °C. This loss results into the final
conversion of defected particles into the Cu,S phase (because of excessive Zn and Sn loss) and
therefore no defected particles were seen at 330 °C. To support and strengthen the above
arguments and further to confirm the presence or absence of different phases especially in the
amorphous form, Raman analysis was performed.

Raman Spectroscopy

Raman spectroscopy has been extensively used as a key method for the identification of CZTS in
comparison to various by-products not identifiable otherwise in such a multicomponent material
system.” Fig. 8 shows a set of Raman spectra for each synthesised product at different
temperatures using green and red lasers. All the significant Raman shifts have been marked.

It can be seen that for the synthesis carried out at 225 °C and 250 °C (fig. 8a. and b.), the most
intense characteristic Raman shift for CZTS is seen at 337 cm” (mode A). The second most
intense peak is rather seen as a broad shoulder at 295 cm™. It must be noted that for nanoparticles
(size effect), capped with surfactants (oleylamine), having variation in the sulphur content and
stresses and strains in the material, Raman signals are known to shift and are generally broad.*
Therefore, the Raman shift at 295 cm™ can either be attributed to mode A — kesterite (285 em’! —
290 cm'l) or mode B — stannite (292 cm'l).35 However, the XRD analysis showed that our
product at low temperature consists mainly of FCC disordered CZTS together with a small
amount of defected (wurtzite type) CZTS, whereas any tetragonal structure was not observed.
The other very weak humps in the 225 °C reaction product at 475 cm™ and 302 cm™ may be
attributed to the existence of Cux_zs3 5 and Cu28n835 0, respectively. It is noteworthy that for both
green and red lasers the spectra look very similar with no clear evidence of any by-products.

For the reaction product at 275 °C, an additional Raman shift at 320 cm™ can be observed (fig.
8¢.). The origin of this shift at 320 cm™ is rather unclear. Various groups have attributed this shift
to the existence of SnSZ49, CusSnS, 305051 o even CZTS. 52

13



CrystEngComm Page 14 of 24

e 330°CI ITetraglonal | /\ | | 7\’I=63I3nm'

CZTS - 286 ‘ \ - )
' \\ spot ~ 1um]

Djurleite AN
—— e

L (Cu,,8)-263 —

| Defected FCC CZTS with — /)
stacking fault (wurtzite CZTS) /-
L 320 ;

/
"

e DI N

c) 275°C|

L TN

b 2s0°C . ]

. FCC CZTS 7
e s

- - e

Norm. Intensity [a.u.]

a)2l25°C‘)J.]]‘/I‘I‘I‘l‘l‘-:

> \ (Cu,,S) - 475 ]
PR ——— A'/ |

50 100 150 200 250 300 350 400 450 500 550 660

Wavenumber [cm'1]

Fig. 8. Raman spectra (using green and red lasers) of as-synthesised reaction products obtained at
different temperatures showing the evolution of different phases as function of temperature.

The increase in the number of defected particles (fig. 4) with increasing injection temperature and
corresponding increase in intensity of the peak at 320 cm™ suggests that this peak is due to
defected particles. The existence of these defected structures is often reported in I-II-IV-VI4
semiconductors.”'??%?* I all these reports such a structure is either calculated or fitted to XRD
patterns of bulk synthesised or annealed CZTS and therefore not easily identifiable. However, in
our case imaging of separated nanoparticles together with XRD analysis gave a direct evidence of
the existence of wurtzite type defects in disordered cubic CZTS. Interestingly, this Raman shift at
320 cm’, the shoulder to the left of the most intense 111 XRD reflection, and defected particles
in TEM can also be observed in CZTS nanoparticles synthesised by a different synthesis
protocol.”®™ These reports'®>” confirm that there exist elemental inhomogeneity within their
particles. Therefore, it can be postulated that the bulk deficiency of Zn and Sn that we observe in
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our particles, is probably the cause of structural inhomogeneity (defects). Further, it must be
noted that this Raman shift is different from the shift of wurtzite type CZTS (~333 cm™ to ~336
cm™). % All these arguments taken together give sufficient reasons to assign this shift to
defected regions in FCC CZTS. Due to the stacking faults (elemental inhomogeneity) the
surrounding of the sulphur atom is expected to be different and therefore, a characteristic Raman
shift should be observed.

The particles synthesised at 330 °C show all the above mentioned Raman shifts. However, the
shift at 295 cm™ has moved to 286 cm™ which is now closer to mode A — kesterite. This is in
accordance with XRD analysis and confirms ordering of cations from the cubic to the tetragonal
phase. Moreover, the shift at 320 cm™ only shows up as a weak shoulder in contrast to the
reaction product at 300 °C. This is in good agreement with data from TEM, XRD and EDX (loss
of Zn and Sn) which show the co-existence of three processes: disappearance of defected
particles; formation of Djurleite (Cu;4S); transition from cubic to tetragonal CZTS. Since
Dijurleite is weakly Raman active only a weak shoulder at 263 cm™ can be observed in this
spectra.’®

Ultraviolet-Visible-Near InfraRed (UV-Vis-NIR) Spectroscopy

Fig. 9 shows a set of extinction spectra normalized to the maximum intensity of all the products
synthesised at different temperatures. It can be seen that the extinction decreases with increasing
injection temperature. All the spectra look very similar until the synthesis at 300 °C and are
similar to reported spectra for CZTS.?® For the synthesis carried out at 330 °C a broad band is
seen ranging from 450 nm to 1000 nm which can be attributed to Cuy.,S.*

1.1
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0.8 ]
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0.0 - ]
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Wavelength [nm]

Fig. 9. UV-Vis-NIR spectra of the suspensions of different products obtained at different reaction
temperatures.
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The data clearly show that low temperatures (T < 300 °C) favour the formation of CZTS in an
FCC disordered phase, whereas at higher temperature (T > 300 °C) the final product consist of
tetragonal CZTS as well as secondary phases. Therefore, by control of the temperature of
injection the yield of CZTS phase can be maximized. However, a question arises at this point of
the discussion whether the secondary phases formed at higher temperature are the consequence of
a decomposition of the product during the reaction at high temperature, or are formed by a co-
nucleation and growth process.

Another aspect is related to the more general question about the mechanism of formation of
CZTS itself, i.e. does it form through a nucleation and growth process of the four component
phase (Cu-Zn-Sn-S), or through the inter-diffusion of binary and secondary phases. In order to
answer these questions, a kinetic study was carried out at 250 °C and 330 °C in order to draw
conclusions about the formation mechanism.

Reaction kinetics at 330°C and 250 °C

Fig. 10a shows elemental analysis of the samples taken out after different time intervals for 330
°C reaction. Since a continuous change in the stoichiometry of the product is seen in EDX, a
continuous change in the phases is also expected with time in Raman analysis (fig. 11a). It is
interesting to see that immediately after injection a co-nucleation of SnS (190 cm™ and 221 cm™),
Cu,SnS; (302 cm™ and 355 em™), defected FCC CZTS (318 em™), CZTS (331 cm™) and Cup,S
(472 cm™) can be observed.* As the time of reaction increases the SnS and Cup,S peaks
disappear successively and defected CZTS peaks become stronger until 10 min. The Sn, Zn and S
contents of the product are decreasing continuously (fig. 10a). Therefore, dissolution of the
binaries into the solution phase as well as removal of Zn from CZTS to form more of defected
CZTS is suggested. After 10 min, only the Raman shifts for CZTS can be observed and the peaks
for defected CZTS completely disappear. As EDX show very low Sn and Zn contents, this
indicates conversion of defected CZTS into Cu,«S. However, this Cu,4S does not give strong
Raman signals and is only well identified and characterised for the 60 min sample by XRD and
SEM (fig. 6 and 7) where along with this Cu,S a CZTS tetragonal structure is also observed.
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Fig. 10. Elemental analysis of samples taken out at different time intervals after injection: a)
reaction carried out at 330°C using EDX spectroscopy, showing a continuous decrease of zinc,
tin and sulphur contents of the product with increasing time, b) reaction carried out at 250°C
using EDX spectroscopy, showing formation of steady state composition after ~30 mins.
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at different time intervals showing formation of different phases with increasing reaction time.
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The phase distributions observed at different temperatures for a fixed time fit very well to the
observed phase distributions in dependence of time at fixed temperatures of 250 and 330 °C,
respectively. HRTEM and SEM images of these samples are provided in the supporting
information (fig. S4).

For the reaction at 250 °C, it can be seen (fig. 10b) that after about 10 min there is no more
change in the stoichiometry of the samples. This leads to the assumption that steady state
conditions between the solid phases formed and the liquid phase prevail. Raman analysis (fig.
11b) for these sample shows that immediately after injection (0 min) a broad Raman peak can be
observed between 200 cm™ and 400 cm™ which indicates a co-nucleation of by-products with
CZTS. Possible products can be Cu,SnS3 and ZnS because their Raman signals are located in this
region, but are not visible. Additionally, there exists a very distinct peak for Cu,S at 475 cm’.

As the time increases the Cu,.,S peak disappears and the weaker Raman shift (295 cm™) for FCC
disordered CZTS becomes visible. This indicates conversion of reactants (increasing Sn and S
contents as seen in EDX — fig.10b) and/or by-products into the favoured CZTS formation. After
about 10 min there is no remarkable change in the Raman spectra which is in agreement with
EDX analysis and confirms that the reaction is almost complete after 10mins i.e. equilibrium is
almost reached. HRTEM and SEM images of these samples are provided in the supporting
information (fig. S5).

Proposed mechanism

In the light of the above results, mechanisms for formation and depletion of CZTS phases are
proposed. The co-existence of different phases and structures at different temperatures and their
inter-conversion is summarised in Table 2. At each temperature the product can be considered as
consisting of several fractions, i.e. FCC (disordered) CZTS, defected FCC CZTS particles and
by-products.

It can be seen that disordered FCC CZTS nucleates at all temperatures directly (at least on the
time scale of our study). As the synthesis temperature is increased from 225 °C to 250 °C, the
percentage of FCC-disordered CZTS nanoparticles increases (fig. 4) whereas the small amounts
of Cu,«S and Cu,SnS; seen at 225 °C (fig. 8) are no more observed in the 250 °C product. This
suggests that these binaries and ternaries have got enough energy to diffuse into the defected
particles and form FCC disordered particles. Such a mechanism is also proposed for the
formation of wurtzite CZTS™.

However, when the reaction is carried out above 250 °C, the number percentage of defected
CZTS nanoparticles increases (fig. 4). The Zn-deficiency (fig. 6) goes in parallel with the
increase in the number of defected CZTS nanoparticles, resulting into formation of Cu,SnS; as
observed by Raman spectroscopy (fig. 8). Corresponding to the formation of these Cu-rich
phases, formation of ZnS is also expected. However, owing to its higher solubility' it remains in
the mother liquor and therefore, the corresponding Zn and S amounts are found in the supernatant
(table S2). It must be noted that 250 °C can only be considered as local equilibrium for
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favourable CZTS formation under the given conditions. The reaction pathway may be very
sensitive to first nucleated species at a given temperature. The size, solubility, melting point and
thus supersaturation and their mutual interactions must play a vital role. As an example CuyS
can be observed below and above 250 °C. However it must be noted that below 250 °C only
Raman active Cu,S is seen and above 250 °C a different mixed phase (Djurleite and chalcocite)
CuyxS is observed. It can be nicely seen in the kinetics at 330 °C, how one kind of CuyS
changes into another type as function of time and temperature. Stability and metastability of
different Cu,«S phases on the basis of stoichiometry, time and temperature is further supported in
the literature.*****® Therefore, we conclude that at 250 °C thermodynamic and kinetic conditions
were most favourable for formation of FCC CZTS with respect to other by-products or defected
CZTS.

With increasing temperature (T > 300 °C) the formation of defected structure continues at the
cost of FCC-disordered CZTS (fig. 4 and fig.8). However, it must be noted that at the same time
the cations in FCC disordered CZTS re-arrange and the tetragonal CZTS phase is observed at 330
°C. Additionally, a continuous removal of Zn and Sn from Cu,SnS; results in the formation of
Djurleite (Cy.94S).

Therefore, it can be concluded that CZTS nucleates at all temperatures whereas temperatures
above 250 °C favour the formation of secondary phases or defected particles. The inter-
conversion and co-nucleation of different phases can be controlled by injection temperature and
reaction time.

Considering the above the discussed mechanism, strategies can be suggested to obtain
stoichiometric or Cu-poor products by increasing or decreasing the amount of respective
elements in the precursors. However, the excess of one element may trigger formation of other
by-products enriched in that element and therefore, alter the reaction pathway.
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Table. 1. Proposed mechanism for formation of defects and co-existence of various CZTS phases.

Fraction I Fraction 11
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Conclusion

In the present work, we have revealed the various stages related to formation, co-existence and
depletion of various CZTS phases and by-products as function of the injection temperature and
reaction time. The combination of complementary characterisation techniques has led to the
comprehensive identification of different phases. As a result the study showed for the first time
that CZTS nucleates at all temperature and its relative amount can be controlled by controlling
injection and growth temperature. At temperatures as low as 225 °C and 250 °C the formation of
FCC disordered CZTS was observed whereas at higher temperatures (>300 °C) tetragonal CZTS
was formed.

It was found that the as-synthesized samples comprise particles with wurtzite structure within the
FCC disordered CZTS. The number percentage of such defected particles has been correlated
with the synthesis temperature and found to increase when the injection temperature increases
with a maximum at 300 °C. These defected particles present a unique signature in Raman
spectroscopy and XRD. By increasing the injection temperature, progressively Zn-, Sn- and S-
deficient particles together with by-products were obtained. At 330 °C Raman inactive Cup«S
was identified. An injection temperature of 250 °C was found to be the optimum for the
formation of FCC disordered CZTS particles with a minimum of defects and by-products.

The formation of defected particles seems to be inherent to the hot injection method of synthesis
and can be observed in almost all kind of CZTS nanoparticles made by this method (mostly
irrespective of synthesis protocol)."”> The formation of defected structures is not only limited to
CZTS but is also observed for CZTSe, CIS, CIGS nanoparticles synthesised by similar hot
injection methods.'® The results presented in this study related to defects may be generalized for
[-III-VL, and L-II-IV-VL, type nanoparticles synthesised by hot injection.* Moreover,
understanding of the formation mechanism can help to formulate synthesis and annealing
strategies to maximise the formation of kesterite type CZTS.
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