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Dynamic interplay of alkali cations and a natural
organic binder in the microstructural evolution of
Cu,ZnSnS;, thin films prepared from Cu,ZnSnS,
powder-containing inks
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The use of pre-synthesised Cu,ZnSnS, (CZTS) sub-micron powders as a raw material for preparing CZTS
thin films for photovoltaic absorber applications is examined. A challenge in preparing photovoltaic
device-relevant CZTS films from submicron powders is producing a dense CZTS film by a sintering
process. This is due to the nature of non-unimodal particle size and morphology that typically lead to
the formation of pores after sintering. This work aimed to study the sintering behaviour of CZTS films
that were prepared from a CZTS powder-containing ink. Complementary DT-TGA and in situ X-ray
powder diffraction studies at elevated temperature reveal that the tetragonal kesterite phase in the as-
sintered CZTS film is stable until 620 °C. An effective tendency of CZTS powder towards film
recrystallisation occurs when alkali cations (Na and/or K) are added to the ink. For the first time, effects
of additional natural gum as a binder in the CZTS powder-containing ink on the CZTS film sintering

behaviour were also investigated. Contrary to the positive effects of alkali addition, the binder inhibits
Received 1st August 2019 tallisation of CZTS. Therefore, th t of bind trolled i tity | ht
Accepted 2nd September 2019 recrystallisation o . Therefore, the amount of binder was controlled in a quantity large enough to
modify the ink viscosity, but low enough to allow large CZTS grain growth during sintering. A dense and

DOI: 10.1039/c9ra05969¢ compact as-sintered CZTS film can be produced from a CZTS powder-containing ink with 10 mol% Na
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Introduction

Cu,ZnSnS, (CZTS, mineral name kesterite) is a promising and
emerging absorber material for thin film photovoltaic applica-
tions due to its optoelectronic properties. CZTS also contains
abundant elements, which potentially secures the terra Watt-
scale CZTS photovoltaic deployment scenario.»” Currently, the
efficiency record for CZTSSe has reached 12.6%,* and over 10%
for CZTS.* In the past few years, the solution-based process has
been demonstrating high-throughput and cost-effective CZTS
thin film absorber fabrication.® This process can be divided into
nanoparticle-based and molecular-based routes.® Both routes
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and 2 mol% K alkali addition along with 3 wt% binder addition.

have been used to deposit a precursor film on a Mo-coated glass
substrate subjected to subsequent chalcogenization at 550-
620 °C. The challenge facing solution-based processing is its
limitation to grow a dense CZTS film with large grain sizes."
Moreover, a solution-based processed CZTS film typically
produces a bi-layer structure with two distinct grain sizes due to
the effect of residual carbon originating from the organic
solvent.”® This bi-layer film structure has a lower performance
compared to the single layer microstructure of the champion
CZTS device.?

An alternative CZTS film solution processing under avoid-
ance of the bi-layer structure can utilize a dispersion of sub-
micron pre-synthesized CZTS powders in a liquid solvent. The
dispersion or ink is coated on a substrate to produce a CZTS
layer that is subsequently heated to form a dense CZTS layer.
The use of CZTS pre-synthesised powder as an ink component is
beneficial because pre-synthesized CZTS powder can be
produced through an industrial-scale processing, such as
pyrometallurgy.®

The densification of CZTS films from a CZTS powder-
containing ink requires thermal treatment for triggering CZTS
powder fusion and subsequent crystal growth (recrystallisa-
tion), namely thin film sintering.® Typically, the sintering

This journal is © The Royal Society of Chemistry 2019
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process is performed at a temperature just below the material's
melting point. This means that sintering of a CZTS film from
pre-synthesized powder should be carried out at about 800 °C
(CZTS melts at 990 °C). However, this temperature is definitely
above the glass substrate softening point (i.e. about 640 °C).

Several methods can be used to reduce sintering tempera-
tures, including addition of a fluxing agent.**** A fluxing agent
leads to flow type behaviour at low temperature sintering,® and
thus accelerates the powder to sinter more effectively at lower
temperatures. Potential fluxing agents are salts of alkali metals
Na, Li, K, Rb and Cs." All aforementioned flux agents may also
be used to enhance the crystallinity of CZTS films prepared from
CZTS powder-containing inks.

This contribution sums up the effects of thermal processing
on the densification of CZTS films prepared from CZTS powder-
containing inks at a temperature below the glass softening
point. It is shown that the densification and recrystallisation or
sintering of CZTS films can take place in the presence of alkali
addition. Furthermore, the optimization of ink formulation by
controlling the natural binder content along with its influences
on CZTS films properties are also discussed.

Experimental details

CZTS powder with a particle size of ~50 um and chemical
composition of Cu/(Zn + Sn) = 0.78 and Zn/Sn = 1.12 was
received from Frimeco Produktions GmbH, Austria. As a much
smaller particle size is required for CZTS thin film preparation,
the size was further reduced by employing jet milling (PMT
Spiral Jetmill CSJ3-CR250 at PMT Powder Processing GmbH,
Austria). Determination of particle size distribution for evalu-
ating the CZTS particle size before and after milling was done by
using a laser particle size analyser (Lasergranulometer Cilas
1064L with wet dispersion in water).

The CZTS powder-containing ink formulation was initiated
by firstly establishing an original ink recipe. 25 grams of as-
milled CZTS powder and a natural binder 0.75 grams of gum
arabic (GA) from acacia tree (Sigma Aldrich, Austria) were firstly
dispersed in 14 mL of de-ionized water. Subsequently, sodium
acetate trihydrate (99.0% purity, Sigma-Aldrich Austria) and
potassium carbonate (99.0% purity, Sigma-Aldrich Austria) were
added as alkali sources into the original CZTS ink formulation
with alkali : CZTS molar ratios varied from 0 to 10 mol%.
Furthermore, the optimization of ink was done by varying GA
relative to the CZTS powder weight from 0 to 6 wt%. Throughout
this study, all inks were ultrasonicated (Hielscher UP200St,
Germany) for four minutes. The viscosity of the resulting CZTS
inks were measured at various shear rates using a viscometer
(Brookfield DV1 Digital Viscometer, Germany).

CZTS films from the CZTS inks were deposited on 2.5 x 2.5
cm” Mo-coated glass substrates by spin coating (Spin Coater,
Osilla, UK) at 1500 rpm for one minute followed by air-
annealing at 300 °C for another minute. The as-coated CZTS
film was placed into a graphite container together with exces-
sive sulfur flakes (99.99% purity, Sigma-Aldrich Austria).
Subsequently, the graphite container was brought inside a silica
tube furnace where the sintering process of CZTS films took
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place. The silica tube was firstly evacuated with a vacuum pump
prior to nitrogen purge for minimizing oxygen residue. During
sintering of CZTS films, the atmosphere was kept at 1 atm
through continuous flowing of 200 sccm N,. The tube was
heated from room temperature to 620 °C at 10 °C min~ " heating
rate. The sintering process was performed at this temperature
for two hours. Afterwards the furnace was cooled naturally to
room temperature.

The morphological properties of CZTS powders and films
were investigated by electron microscopy (SEM Carl Zeiss Supra
40, Germany) for film surface and cross-sectional observations
as well as by X-ray powder diffraction (XRPD; Equinox 100
ThermoFischer, Switzerland) for phase and crystallographic
analysis.

The molar ratio of metals within the CZTS absorber films was
determined by inductively coupled plasma (ICP) analysis on
a Thermo Fischer iCAP Q (Bremen, Germany) coupled with
a quadrupole mass detector. For this measurement, the thin
film samples were immersed in aqua regia to dissolve all
components. X-ray powder diffraction measurements of the
films were carried out on a PANalytical X'Pert Pro diffractometer
in grazing incident geometry using a mirror for separating Cu
Ko, , radiation and an X'Celerator linear detector. For the in situ
temperature-dependent monitoring of experiments, an Anton
Paar HTH1200N chamber was used. Thermal analysis of CZTS
powder prior to sintering was also performed by using differ-
ential thermogravimetry (DT-TGA, NETZSCH-Gerdtebau GmbH,
Germany) from room temperature to 1000 °C at a heating rate of
10 °C min~ ' under Ar atmosphere in order to simulate CZTS
thermal behavior during sintering. Finally, to investigate the
structural properties of as-deposited and as-sintered CZTS
films, Raman spectroscopy (LabRAM HR Horiba, Jobin-Yvon) at
an excitation wavelength of 532 nm was employed.

Results and discussion
Powder properties

The as-received CZTS powder initially exhibited a non-unimodal
size distribution with particle sizes ranging between 30-50 pm
for most of the particles (Fig. 1, top). This range of particle size
is definitely not suitable for preparing a thin film absorber with
a typical thickness of only 2-3 pm. Subsequent jet milling
significantly reduced the CZTS particle size accompanied with
a narrower distribution (Fig. 1, bottom). Jet milling is much
more superior than other reported milling techniques'* to
produce particles to a sub-micron size as well as to produce
sharp particle distribution. D5, - the median value of the milled
CZTS powder - is 0.65 um and thus suitable for preparing
a CZTS thin film absorber.

In situ analysis of milled CZTS powder with DT-TGA and XRPD

Thermal analysis of sub-micron CZTS powder illustrates a set of
endothermic-exothermic reactions and mass changes at
elevated temperatures (Fig. 2), simulating the sintering process.
The mass loss of about 3% during heating from 100 to 300 °C
(A1-A3) is most likely caused by evaporation of sulfur from the
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Fig. 1 CZTS particle size distribution of the as-received powder (top)
and after jet milling (bottom).

bulk of CZTS powder. This process starts together with the first
detected endothermic reaction (B1) at about 100-110 °C which
indicates the melting of sulfur. Above 300 °C, the mass of CZTS
powder tends to be stable (A2-A3) whereas the DTA signal
gradually decreases until it reaches a minimum at 570-580 °C,
represented as point B2. This gradual decrease represents
a sluggish exothermic decomposition of CZTS that is triggered
by sulfur evaporation in accordance with a study of the chemical
instability of CZTS.*® The peak at 570-580 °C suggests several
exothermic phase formations as CZTS partially decomposes to
form binary sulfides according to reaction eqn (1):**

Cu,ZnSnS, (s) — Cu,S(s) + ZnS(s) + SnS(s) +1S, (g) (1)
SnS(s) = SnS(g) (2)

Above 580 °C, the TG curve sharply falls starting from 750-
800 °C to the maximum measurement temperature. The mass

A1
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Fig. 2 DT-TGA curves of milled CZTS powder (TG signal blue; DTA
signal red).
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loss is associated with SnS evaporation (eqn (2)) or SnS,
decomposition above 750 °C.* The DTA curve slowly rises with
temperature until 860-870 °C (B3) where another endothermic
reaction is detected. An endothermic reaction typically involves
a phase transition such as melting (solid-liquid phase transi-
tion) or vaporization (liquid-vapor or solid-vapor) of a phase. In
accordance with phase diagrams of sulfides containing
a combination of the elements Cu, Zn, Sn and S,*™*® the only
phase exhibiting an endothermic reaction close to 870 °C is
SnS, (melting point 880 °C), directly followed by its evaporation
as revealed by the decrease in the TG curve in this temperature
range. An endothermic reaction can also be caused by a struc-
tural change, such as the transition of tetragonal chalcopyrite to
cubic sphalerite in CulnSe, at 810 °C." A similar tetragonal to
cubic transition in CZTS has been reported by Schorr using
temperature-dependent synchrotron X-ray diffraction.”*** The
tetragonal kesterite-type CZTS is stable from room temperature
up to 865 °C. Continuous heating from 865 to 885 °C reveals
a co-existence of the tetragonal and cubic CZTS phases. Above
885 °C, CZTS completely transforms into a cubic phase prior to
its melting at about 990 °C. Point B3 in the DTA curve is
therefore associated (at least partially) with the tetragonal —
cubic CZTS phase transition. Finally, the CZTS powder appears
to melt completely at 990 °C, in a good agreement with reported
values.”

Temperature-dependent in situ X-ray powder diffraction of
CZTS film was employed to study the CZTS phase at an elevated
temperature ranging from room temperature to 620 °C under 1
atm N, flow (Fig. 3(a)). Phase analysis reveals that all films are
polycrystalline with prominent reflections at 26 = 28.5°, 32.9°,
47.5°, 56.3°, 69.3° and 77.5° that correspond to (112), (200),
(220/224), (312/116), (040/008) and (332/316) planes of the
tetragonal CZTS phase in space group type I4 (Crystallography
Open Database (COD) #96-432-8660).>

The as-deposited CZTS film shows diffraction peaks without
any secondary phases. In addition to the CZTS reflections
observed at a temperature of 525 °C, some weaker reflections
start to be discernible around 26 = 26.6°, 33.7° and 51.72°
probably due to formation of Cu,SnS,, MoS, and ZnS phases,
respectively.>»*® Heating the CZTS film from 450 to 620 °C
causes a gradual shift of all kesterite reflections towards lower
diffraction angles. This shift is mostly caused by the lattice
expansion of the kesterite unit cell as a function of
temperature.'®"’

To study whether the as-sintered CZTS film contained any
secondary phases that cannot be detected using XRPD, e.g.
amorphous phases or phases with very similar crystal structures
(e.g. ZnS and Cu,SnS;), Raman spectroscopy experiments were
carried out. Fig. 3(b) and (c) illustrates a typical Raman spec-
trum of the CZTS film grown on Mo-coated soda-lime glass.
Narrow peaks at 334 and 330 cm ™" belong to quaternary CZTS.>!
Typical Raman spectra from the surface area of CZTS obtained
peak at 338 cm ™ *. The displacement to low wavenumber from
338 to 330-334 cm ™' can be attributed to the existence of
disorder effects in the cation sub-lattice in agreement with the
non-stoichiometry conditions. The effect of samples with Cu-
poor composition leads to the disorder in the Cu and Zn sub-

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Temperature-dependent X-ray powder diffractograms of CZTS films from room temperature (RT) to 620 °C (a); Raman spectrum of an

as-deposited CZTS film and an as-sintered CZTS film (b).

lattices. This disordered kesterite phases qualitatively agree
with those reported in ref. 26 and 27. The Raman bands at 285
and 382 cm ' observed in the as-sintered CZTS film can be
assigned to MoS, phases.” The sharpness and the strong
intensity of the CZTS mode suggest that the films is highly
crystalline in good agreement with in situ XRPD results. There
are no additional bands related to the presence of other
compounds, which means that a single-phase CZTS film was
obtained.

Sintering of CZTS films: effect of alkali additives

Fig. 4(a) shows the as-deposited film of CZTS prepared by spin
coating from the original CZTS powder-containing ink without
alkali additives; Fig. 4(b) shows the CZTS film morphology after
sintering at 620 °C in N, atmosphere for 2 hours. SEM micro-
graphs show that there is no obvious effect of sintering as both
films reveal identical appearance.

Alkali ions (Na and/or K) as sintering additives to initiate
powder necking and to trigger the sintering process are also
known to promote larger kesterite thin film grain growth
deposited from molecular and nanoparticle-based inks.****° The
concentration of Na and K ions added to the CZTS ink was
varied by controlling their molar ratios to CZTS loading. It was
expected that alkali addition assists the grain growth.?**"3

The morphology of the as-sintered CZTS films prepared from
inks containing various Na and K concentrations are shown in
Fig. 6. For the sake of clarity, the morphological study was
focused on the interface between CZTS and Mo. The gradual
change of CZTS grain size and morphology from coarse to
faceted grains can be seen as an effect of Na addition in the ink
from 2 to 10 mol%. The size of CZTS grains also increases as Na
assists CZTS re-crystallisation which yields a denser CZTS layer.
The powders start to fuse as denoted by well-defined grain
boundaries indicating an initial stage of the sintering process.**
At this stage, the atoms on the CZTS powder surface have higher

Fig. 4 CZTS film surface and cross-sectional examinations of an as-deposited film (a) and as-sintered film (b).

This journal is © The Royal Society of Chemistry 2019
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diffusion rates, resulting in a smoother morphology. Thereby,
necking takes place in the initial sintering stage. A higher Na
content apparently modifies the powder further, as can be seen
from the completely different film structure where faceted and
uniform grains dominate. Na contents between 4-8 mol% lead
to an intermediate stage of sintering as identified by the
reduction of open pores intersecting grain boundaries while the
powder reshapes its form towards more faceted grains. Addi-
tional Na content in the CZTS ink up to 10 mol% further
reduces pores significantly and homogeneously recrystallizes
the grains as a sign that the final stage of sintering has been
achieved.

The Na contents in as-deposited and as-sintered films was
measured by ICP as the sum of cations which average amounts
to 6 at% and at%, respectively. The measurement was con-
ducted for 3 samples with 1.76% and 0.29% of its standard
deviations.

In contrast to effects of Na addition, already small amounts
of K in the CZTS ink promotes immediate recrystallisation. As
can be seen in Fig. 5, an addition of 2 mol% K is sufficient to

Fig.5 The sintering behaviour of CZTS films as a function of Na and K
molar concentration in the CZTS inks.
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recrystallise CZTS. K contents up to 10 mol% in the ink produce
a dense and compact as-sintered CZTS film with almost no
pores. This is in good agreement with the results of Haass et al.
who reported that a heavier alkali element acts as a more
effective sintering additive than a lighter one." The K contents
in the as-deposited and as-sintered films determined by ICP/MS
as the sum of cations are 6 at% and at%, with the standard
deviations are 1.2% and 0.49%, respectively. The promoted
CZTS film recrystallisation after addition of alkali ions can be
explained by alkali-induced sintering process enhancement.
Under the sintering conditions sulfur vapor exists that leads to
formation of liquid phases of Na,S and K,S. These compounds
can act as sulfur reservoirs* and enable CZTS recrystallisation.
The liquid alkali metal-S phases also enhance a uniform
elemental diffusion of the CZTS constituent merging more
CZTS grain boundaries. In our study, both molar concentra-
tions of Na and K in the CZTS-powder containing ink were
optimized at 10 and 2 mol%, respectively.

Evaluation of Raman spectra of the as-sintered CZTS films
prepared from inks with alkali addition suggests the presence
of a pure kesterite phase with the typical major vibration band
at 333 cm™ "% Bands of MoS, in the alkali-containing CZTS film
are missing which may be caused either from a thinner MoS,
layer or a thicker CZTS film (Fig. 6).

Chemical compositions as determined by ICP/MS of as-
coated and as-sintered CZTS films prepared with and without
alkali addition are collated in Table 1. The metal ratio in as-
deposited CZTS film from a CZTS powder-containing ink was
determined to be Cu/(Sn + Zn) = 0.75 and Zn/Sn = 1.39, which
represents the original CZTS powder metallic ratio, i.e. a Cu-

Raman Agxc = 532 nm
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Fig. 6 Representative Raman spectra of CZTS films with addition of
alkali cations.

Tablel Comparison of average metal ratios in as-coated (AC) and as-
sintered (AS) CZTS absorber films, with and without alkali addition

Absorber film Treatment Cu/(Sn+Zn) STD Zn/Sn STD
No alkali addition AC 0.75 0.035 1.39 0.079
AS 0.80 0.011 1.32 0.021
10 mol% Na AC 0.80 0.003 1.23 0.013
AS 0.78 0.006 1.33 0.017
2 mol% K AC 0.78 0.003 1.20 0.012
AS 0.78 0.014 1.30 0.029

This journal is © The Royal Society of Chemistry 2019
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Fig.7 Viscosity measurements as a function of binder added to the slurry and alkali addition. Left side represents the ink with 10 mol% Na and the
right side the ink with 2 mol% K addition. Lines are a guide to the eye. Insets give details of viscosity values as a function of the shear rate up to

1000 cP.

poor and Zn-rich kesterite phase. After sintering, the Cu content
in all samples is virtually unchanged as it lies within measure-
ment error below 2% of the ICP/MS.

Sintering of CZTS films: effects of binder addition

The CZTS powder-containing ink containing alkalis was further
optimised through variation of the GA natural binder content in
order to control the ink viscosity that is relevant for spin
coating. Fig. 7 shows the viscosity of the ink as a function of GA
concentration and applied shear stress. The CZTS ink does not
show Newtonian behaviour since its viscosity decreases as the
shear rate gradually rises. The ink viscosity saturates at 500 cP,
regardless of its binder concentration. This ink viscosity is still
in the range of a suitable ink viscosity for spin-coating.*

Fig. 8 shows the effects of GA binder variation to the
microstructure in CZTS films originating from inks with addi-
tional Na and K contents. Initial additions of GA binder from 2-
4 wt% in the CZTS ink gives a negligible change in the
morphology of the as-sintered CZTS films. Further gradual
addition of GA binder results in morphological changes from
faceted to irregular morphology and with size changes of the
grains. Pores and cracks are found in the as-sintered CZTS films
prepared from inks with high GA content. This is mainly caused
by carbon residues from GA in the as-sintered CZTS films.*”
Although the carbon concentration in the as-sintered CZTS film
was not quantified, it is assumed that the carbon residue is
proportional with the GA concentration in the ink. During
sintering, GA incompletely evaporates and/or pyrolyses and
leaves carbon residues on the surface of the CZTS grain that can
form a carbon-coated layer. This layer inhibits grain growth that
also leads to a CZTS film with smaller grain sizes.’®*

In summary, the presence of alkali cations (Na and K) and
gum arabic binder in CZTS ink formulation leads to an interplay
between these components on the microstructural properties of
as-sintered CZTS films. High alkali contents in the ink enhance
CZTS grain growth, whereas high GA binder contents inhibit

This journal is © The Royal Society of Chemistry 2019

CZTS grain growth. This result demonstrates that the addition
of an organic binder in the CZTS powder-containing ink is
identical with the effect of adding an organic solvent to
nanoparticle-based or molecular-based kesterite CZTS inks.*®

Fig. 8 Effects of binder addition to the as-sintered CZTS film micro-
structure containing additional alkali cations. The left side shows films
with 10 mol% Na in the ink and the right side films with 2 mol% K in the
ink.
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This confirms a detrimental effect of organic components in
any solution-based processing of CZTS films. Therefore, the GA
binder concentration should be high enough to improve the
viscosity of a CZTS powder-containing ink, but low enough to
allow grain growth during sintering. Taking into account the
interplay between alkali cations (optimized at 10 mol% Na or
2 mol% K) and GA binder in the CZTS inks on as-sintered CZTS
film properties, the GA binder quantity in CZTS inks was opti-
mized to be 3 wt%.

Conclusions

This contribution demonstrates a preparation of dense and
compact CZTS films from raw CZTS powder material. Various
CZTS films prepared from CZTS powder-containing inks have
been examined and optimized. Thermal analysis of CZTS
powders in the sub-micron range using DTA-TG and in situ
XRPD revealed that CZTS is chemically stable from room
temperature to 620 °C. It is demonstrated that in order to
produce a dense and compact CZTS film, sintering additives
containing the alkali cations Na and K are required. Alkali
addition in the CZTS powder-containing ink initiates grain
necking and recrystallisation of CZTS, producing a denser as-
sintered CZTS film. Although addition of both Na and K lead
to CZTS recrystallisation, it is found that K promotes grain
necking more effectively than Na. For the first time, the use of
a natural gum of GA was also demonstrated as a binder in CZTS-
powder containing ink. It was found that the optimisation of
ink formulation to obtain lower ink viscosity through additional
binder is limited by the binder grain growth inhibition effect.
Therefore, an interplay between grain growth promoter (addi-
tion of Na and K) and ink viscosity modifier (binder) should be
controlled with high Na and low K concentrations along with
low binder addition.
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