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Cu,ZnSnS, (CZTS) nanocrystal (NC) layers were deposited successfully by electrophoretic deposition (EPD)
on molybdenum and fluorine doped tin oxide coated glass substrates. This approach combines a non-
vacuum coating technique known for its industrial eligibility to a solar absorber material consisting solely
of non-toxic and earth abundant elements. CZTS NC layers with thicknesses between 200 nm and 1.5 um
were formed in 0.5 to 1T min while the NC dispersion, consisting of organic solvents, depleted entirely.
Therefore the layer thickness can be controlled by varying the concentration of NCs in dispersion. Scanning
electron microscopy micrographs show compact and homogeneous films. The layers were analyzed by

) grazing incidence X-ray diffraction, Raman analysis. Optical properties were probed by UV-vis spectro-
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Introduction

In this work, a route to deposit Cu,ZnSnS, (CZTS) nanocrystals
(NCs) by electrophoretic deposition (EPD) is introduced.
Electrophoretic deposition (EPD) is a two-step process,
combining the movement of charged particles in suspension
under the influence of a static-electrical field (electrophoresis)
and their subsequent deposition on one or both of the field
generating electrodes. Due to the relatively simple setup
(basically a power supply) without the requirement of high
vacuum, EPD is considered a low cost deposition technique.
Especially in the tile and sanitary industry the high deposition
speed and the possibility of automation are being valued.™* It
has been shown, that due to its high throw power, objects of
complex shapes can be covered, up to infiltration of porous
materials or woven fiber preforms. Electrophoretic processes
are widely used in the automotive industry to cover car parts
with protective layers.” Additional qualities connected to the
EPD process are low material losses, improved adherence,
high density of films, potential reuse of not deposited material
in suspension and the possibility of large area coatings. EPD of
nanostructures of single elements and compound material has
been achieved.’> Nanomaterials of different shapes have been
deposited via EPD, among them nanorods and nanotubes.*®
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In order to show EPD-activity the dispersed particles
require a non-zero surface charge. EPD has been shown from
organic and aqueous solvents. A good overview on the
processes that lead to charge generation and dispersion
stability is provided in the review of Sarkar and Nicholson."

CZTS is a quaternary p-type semiconductor with optimal
optoelectronic properties (E; = 1.5 eV, absorption coefficient
~10* em ™) to serve as absorber material for thin film solar
cells.” 1Its constituents are non-toxic and earth abundant.
Therefore CZTS is considered as an attractive alternative to
established thin film solar cell materials. In analogy to the
Cu(In,Ga)(S,Se), system the band gap can be tuned by the
integration of Se atoms, leading to energy conversion
efficiencies of 11.1% in a hydrazine solution based process."’
Hydrazine, however, is very toxic and explosive and must be
handled with great care. Efficiencies of 8.4% and 6.8% have
been accomplished by thermal evaporation and sputtering
respectively.'"'> Since theses deposition techniques require
vacuum conditions, the layer fabrication is energy consump-
tive and difficult to apply on larger scales. Low cost methods
like electroplating of stacked precursors with subsequent
annealing resulted in efficiencies as high as 7.3%." A different
concept is the film fabrication through the deposition of
synthesized CZTS NCs."* A device with 7.2% energy conversion
efficiency using mechanically deposited CZTS-NCs and sub-
sequent annealing in Se atmosphere has been demonstrated."”
However, in this approach part of the NCs are lost during the
deposition process. To use the NCs more economically, we
developed a novel route to deposit the CZTS NCs.
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Electrophoretic deposition allows us to deposit all NCs onto
the substrate without wasting the materials and allows the up-
scaling of the deposited area. Moreover, the thickness of the
resulting films can be easily controlled by tuning the
concentration of the NCs solution.

Experimental

Materials

Zinc acetate dehydrate (98%) was purchased from Alfa-Aesar.
Acetonitrile (anhydrous, 99.8%), toluene (ACS, >99.5%),
oleylamine (technical grade, 70%), absolute alcohol, copper
acetylacetonate (99.99%) and tin chloride dehydrate (>99.99%)
were purchased from Sigma-Aldrich.

Molybdenum (Mo) coated soda lime glass substrates were
prepared at the Helmholtz-Zentrum Berlin fiir Materialien und
Energie (HZB) by sputter deposition. Fluorine doped tin oxide
(FTO) substrates were acquired from Solaronix in form of (10
x 10) cm? plates.

Synthesis of Cu,ZnSnS, nanocrystals

CZTS NCs were synthesized by a one pot technique using
oleylamine as both solvent and capping agent. The whole
synthesis process was performed in air. In a typical synthesis,
2 mmol copper acetylacetonate, 1.5 mmol zinc acetate
dihydrate, 1 mmol tin chloride, 4 mmol sulfur and 40 mL
oleylamine were mixed in a three neck flask in air and then
heated to 130 °C. After staying at this temperature for 30 min
under magnetic stirring to allow the reaction precursors to
dissolve in the solvent, the temperature was raised to 215 °C
and kept at this temperature for 60 min. After cooling to room
temperature, the NCs were isolated by precipitation with
excess of ethanol and centrifugation. The precipitation and
centrifugation process was repeated one more time. And the
final NCs were dispersed in 10 mL toluene. The particles
exhibit a sulfur poor/copper rich composition as determined
by energy dispersive X-ray measurements (Cu: 28.2%, Zn:
13.4%, Sn: 13.0%, S: 45.4%).

Dispersion preparation

A certain amount of highly concentrated CZTS NCs in toluene
(mother dispersion) were diluted in a certain amount of toluene
in a snap cap vial under the influence of a short (10 s-15 s)
treatment with an ultra-sonic (US) tip. Before deposition the
toluene—-CZTS dispersion is mixed with a quantity of acetonitrile.
Again, US-treatment is applied at equal conditions as before.
Dispersion preparation was carried out in N, atmosphere.

Electrophoretic deposition cell

We designed a cell to perform EPD on inch X inch or approx.
(2.5 x 2.5 cm’®) sized substrates. The cell was manufactured at
the HZB and consists of polytetrafluorethylene (Teflon).
Substrates serve as counter (platinum) and working electrode
(FTO, Mo) facing each other in a distance of 0.9 cm. When
assembled a closed up volume for 1.76 mL of dispersion is
formed. The deposited area has a size of 1.95 cm?. Dispersion is
added and recollected by a Pasteur pipette through one of two
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holes on the top side. Contacting is realized by two copper-rings
placed around the dispersion cavity. The voltage is supplied by a
power supply. The maximum current was set to 10 mA. The
power supply was controlled by a LabView program.

In situ monitoring setup

Quartz rods, inserted perpendicular to each other on two sides
on the cell allow leading light through the colloidal dispersion
during the deposition process. A set of light emitting diodes
(LEDs) served as a light source and a Si-photodiode (Siemens
BPW21) was used as a detector. During the deposition the
detected light intensity changes as particles leave the disper-
sion to form a layer on the positive electrode. A pc-interface
was used to process and display the detected signal strength in
real time. The deposition experiments were performed inside a
glove box under N, atmosphere.

Characterization

Cross section scanning electron microscopy (SEM) images were
taken of CZTS layers to determine their thickness and
morphology. For analysis a Zeiss Leo Gemini 1530 with a
thermal field emission cathode was used. The layers were
examined by means of grazing incidence X-ray diffraction
(GIXRD) using a Bruker AXS D8 Advance X-ray diffractometer.
The radiation source was operated at a voltage of 40 kV and a
current of 40 mA. The radiation of the Cu-Ka (E = 8046 eV) was
used for analysis. Measurements were performed in grazing
incidence configuration with a step width of 0.02° and an
integration time of 12.4 s per step. Reference X-ray diffraction
patterns were taken from the powder diffraction database (PDF).

For Raman measurements a T64K Horiba system supplied
with a solid-state Ti:Sa (titanium:sapphire) laser and a output
power of 4 W was operated at a wavelength of 800 nm with an
integration time of 10 min.

A Cary 500 UV-Vis-IR spectrometer was utilized for an optical
characterization.

Light absorption measurements of CZTS NCs in dispersion
before and after deposition were carried out with a double-
beam spectrometer (PerkinElmer Lambda950 UV/Vis/IR) oper-
ating in the ultra-violet (UV) , visible (Vis) and infra-red (IR)
regime.

Results and discussion

Electrophoretic deposition of Cu,ZnSnS, nanocrystals

SEM images of the surface and cross section of CZTS NC layers
on a Mo-substrate show densely packed layers Fig. 1. The

Fig. 1 SEM image of a) the surface and b) the cross section of an
electrophoretically deposited CZTS NC layer on a Mo-substrate.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 XRD reflexes of an electrophoretically deposited and a drop-casted CZTS
NC layer on a Mo-substrate. No change in composition is detected. Differences
in signal intensities are due to different layer thicknesses. CZTS reference spectra
was taken from PDF.

layers exhibit a homogeneous surface without cavities at the
layer/substrate interface.

GIXRD data of the deposited NC layers on MO-substrate
exhibit strong signals at diffraction angles allocated to CZTS in
literature (20 = 28.53° (112), 47.33° (204)/(220), 56.16° (116)/
(312))."° Signals at 20 = 40.52° 57.76°, 73.80° derive from the
underlying Mo-substrate.’”” The diffractogram is shown in
Fig. 2 together with data acquired from a drop-casted layer.
Based on the GIXRD analysis CZTS is identified as the
dominant phase present in the layers. The difference in signal
intensity is allocated to a larger layer thickness of the drop-
casted sample. This is assured by the considerably weaker Mo-
signal in the respective diffractogram. The XRD analysis does
not show a chemical change imposed by the EPD process on
the NCs.

Fig. 3 shows a vibrational spectra of the CZTS NC layer
obtained from Raman analysis. The data is fitted with
superposition of five Lorentz curves. The peaks at R1: 255
em %, R3:335cm !, R4: 357 cm™ Y, R5: 373 em * coincide with
the characteristic vibrational modes assigned to CZTS in
literature,'®' with R3 as the CZTS A-mode. The discrepancy
between the peak position of R2 (300 cm™') and the CZTS
vibrational mode usually detected at 287 cm ™' could be an

R3
o Data
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R2 R4

R1 RS

Raman Intensity [arb. units]

250 300 350 400
Raman shift [cm™]

Fig. 3 Raman spectra of an electrophoretically deposited CZTS NC layer on a
Mo-substrate. The spectra features the vibrational modes assigned to CZTS in
literature. No secondary phases of CZTS are detected.
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Fig. 4 Dependence of the wavelength / on the absorbance « of a CZTS NC layer
on FTO determined by UV-vis measurements.

indication of impurity phases present. Considering the copper
rich/sulfur poor particle composition the peak could be an
indication of cubic Cu,SnS; with the strongest vibrational
modes at 303 cm™ " and 355 em ™ ">’

However, since the peaks are not discrete an unambiguous
interpretation is not possible.

Absorbance of the electrophoretically deposited CZTS NC
layers was analysed by UV-vis measurements. Fig. 4 shows the
absorbance of a CZTS NC layer of approx. 500 nm on an FTO
coated glass substrate. With an absorbance around the visible
range 10° ecm™ " the value is higher than others reported in
literature (see above). This discrepancy can be explained by
internal reflection at the interfaces of the soda lime glass/FTO/
CZTS multilayer system and addition absorption of the
substrate material itself. As it can be seen in Fig. 4 the
influence of the glass substrate becomes dominant in the UV
region (350 nm).

In a series of experiments the relative concentration of NCs
in dispersion was varied. The resulting layer thickness was
determined by the analysis of SEM cross section images. The
thickness of the layers increased with increasing concentration
of CZTS NC dispersions. The relationship between the
thickness of the CZTS NC layers and the relative concentration
of the dispersions is shown in Fig. 5. As it can be seen, the
thicknesses of the layers varied from 200 nm to 1.4 um when
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Fig. 5 Layer thickness as determined by SEM cross sectional images and the
amount of CZTS mother dispersion. A linear correlation is observed.
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Fig. 6 UV-Vis-IR absorption spectra of dispersions before (red), after (blue) the
deposition process and a pure mix of solvents as reference (green). Complete
depletion of CZTS NCs is achieved during deposition.

the amount of the mother solution changed from 1.5 pL to 15
pL. Interestingly, we found that the thickness of the layers
show a linear dependence on the relative concentration of the
CZTS NCs.

Layers obtained from dispersions below 1.5 pL lacked of
complete substrate coverage. Uneven distribution of particles
could be caused by spatial inhomogeneities of the electric
field. Layers with a thickness above 1.4 pm exposed an
increasing amount of cracks. These cracks may be the result of
growing tensions due to evaporation of residual solvent.

The linear relationship is connected to the complete NC
depletion of the dispersion during the deposition. Fig. 6 shows
UV-vis-IR spectra of the dispersion (3 :1 acetonitrile and
toluene) before and after the appliance of a potential of 100 V
for 5 min. The residual solvent shows similar characteristics as
a mix without added NCs. The inset shows photographs of the
respective dispersion before and after the deposition.

In situ monitoring

The prior results qualify the light absorption as an indicator
for the progress of the deposition process. By measuring its
relative change during the EPD beginning and end as well as
the dynamics of the deposition can be determined.

The data obtained from the in situ transmission measure-
ments was fitted by the formula

I=Iexp (—C-exp (—k (t — ty)) (1)

where the absorption parameter C is defined as C = o x ¢, with
the absorption coefficient «, the initial NC concentration c,
and the distance between passed in the solution by the light x.
The values of C depend on the initial conditions C = —In(I(0)).
The variable k denotes the kinetic factor defined as k= E S
v~' where u is the electrophoretic mobility, E the applied
electric field, S the electrode area and v the cavity volume. In
order to imply the possibility of retardation, the variable ¢ was
introduced. Details about the derivation can be found in the

ESLt
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Fig. 7 Transmission curves measured with a step size of 0.3 s during EPD of with
dispersions of different acetonitrile contents. Deposition velocity rises with the
acetonitrile content. Without the addition of acetonitrile, no deposition is
observed. In the experiments a voltage of 100 V was applied.

In a first experiment the acetonitrile/toluene ratio was varied
while leaving the NC concentration and the applied voltage
constant.

To study the influence of the acetonitrile and toluene on the
deposition process we performed a series of experiments
where the acetonitrile/toluene ratio was varied while keeping
the other conditions constant.

Depositions using dispersions with varying acetonitrile
content (0%, 25%, 50%, 75% and 100%) and 5 pL of CZTS
mother dispersion were exerted with a voltage of 100 V in 20
min. The data recorded during the depositions is presented in
Fig. 7.

The curves show an increasing transmission value over time,
indicating the migration of particles to the electrode.
Dispersions with an acetonitrile/toluene ratio greater than
zero lead to the deposition of a NC film, whereas the
dispersion without acetonitrile did not lead to a deposition.
The transmission value remains at a constant level, indicating
no change in NC concentration in dispersion. The kinetic
parameter k and the retardation time ¢ used for fitting the
data are shown in Fig. 8. Higher acetonitrile content leads to a
higher value of k. As the area S and the Volume V are constant,
an increasing value of k implies an increasing electrophoretic
mobility u. A general expression for the electrophoretic
mobility is given by the Henry equation:

t3,0x10? a) L -so- b)

F40
k2,0x10?

20
L]

k1.0x10” L]

Retard. time t; [s]

Kinetic param. k [s']

£ 0. [ ] b

100 25 50 75
Acetonitrile [%]

25 50 78 100
Acetonitrile [%]

Fig. 8 a) Kinetic parameter k and b) retardation ¢ in dependence of the
acetonitrile ratio in the CZTS NC dispersion.
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Fig. 9 Transmission curves acquired with a step size of 0.8 s during the
deposition processes at potentials of 10 V, 25V, 50 V, 75 V, 100 V and 250 V.
The acetonitrile toluene ratio was 3 : 1 for all dispersions. With decreasing
voltage an increasing retardation t; is observed.

n=T0 k) @

where |/ denotes the zeta potential, ¢, dielectric constant, »
the viscosity of the solvent and ¢, its permittivity.

The permittivity and the viscosity of a dispersion have a
direct influence on the electrophoretic mobility of the
dispersed particles.

A lower viscosity and a higher permittivity lead to a higher
electrophoretic mobility. By addition of acetonitrile to toluene
the permittivity increases, while the viscosity decreases.”” This
leads to a higher value of u. If acetonitrile causes the particles
surface charge, a higher amount of acetonitrile could also lead
to increasing charge on the particles and a higher zeta
potential. The experiments suggest that the electrophoretic
mobility of dispersed particles can be tuned by the ratio of
acetonitrile in dispersion.

To examine the effect of the applied voltage on the
deposition process we conducted another series of experi-
ments by using different voltages, 10 V, 25, 50 V, 75 V, 100 V
and 250 V. The acetonitrile/toluene ratio was kept constant at
3 : 1, the amount of CZTS NC mother dispersion at 5 uL and
the deposition time was set to 20 min. FTO was used as
substrate.

The recorded curves are shown in Fig. 9 together with their
respective fits. The curves acquired during the EPD processes
show an increasing retardation time ¢; and a slight increase in

b)

L] 10 -
L]

Kinetic param. k [s]
——
Retard. time t ; [s]

50 100 150 200 250 50 100 150 200 250
Voltage [V] Voltage [V]

Fig. 10 The kinetic parameter k, and the retardation time ¢, are shown deriving
from transmission curves of voltage dependant measurements.
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the kinetic parameter k with decreasing voltage. The values are
illustrated in Fig. 10. Note that at a voltage of 10 V the curve
remains at a constant value, indicating that no deposition
takes place. The findings suggest the existence of a threshold
voltage.

The obtained results concerning the deposition process
oppose the theory of charge generation due to the polarity of
adsorbed surfactants. As all dispersions were prepared under
the same conditions the same particle charge would be
expected.

This would lead to an increased acceleration with increasing
voltage, in contrast to our experiments. Additionally, the
particles would carry a charge directly after the addition of
acetonitrile. However, in the experiments a delay between the
appliance of a potential and initiation of the particle migration
was observed. The delay increased with decreasing voltage.
The velocity of deposition increased, as indicated by an
increasing kinetic parameter k. These interpretations of the
measurements suggest that the applied voltage has an
influence on charge generation. This requires further investi-
gation.

Using the transmission setup the deposition progress over
time could be evaluated. It was found that the deposition
process is completed in a time range of 30-90 s depending on
the applied voltage and acetonitrile/toluene ratio (Fig. 7,
Fig. 9).

Conclusions

CZTS NC films were deposited on FTO and Mo-coated glass
substrates by an electrophoresis deposition method. The
deposited films are homogeneous, compact and form a closed
interface with the substrate material. XRD and Raman analysis
confirmed CZTS to be the major phase present in the films.
The dispersion based on toluene and acetonitrile depleted
entirely during the deposition process. The layer thickness was
controllable via the concentration of CZTS NC in dispersion,
showing a linear correlation.

A setup was developed to directly monitor the deposition
process by the decrease of the relative particle concentration
over the time. This allowed a first insight into particle behavior
during the deposition process and enabled the determination
of the deposition duration.

Due to the fast deposition times (30-90 s), low energy
deposition process and the economic material use, electro-
phoretic deposition constitutes a new potential low cost route
for the fabrication of CZTS solar cell absorber layers.
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