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Abstract A reliable and cheap equipment is hereby proposed
for the deposition of thin films on several substrates. This
system is capable of deposition using three different tech-
niques sequentially on the same substrate. The techniques
available are ionic layer adsorption and reaction (SILAR),
electrodeposition, and dip coating on both rigid and flexible
conductive substrates (FTO, ITO-PEN). Using low-cost elec-
tronic components, we built a working prototype, driven by a
simple software that is open source and user-friendly. In order
to test our system, we used it to fabricate dye-sensitized solar
cells (DSSCs) and counter electrodes of platinum and cobalt
sulfide using both rigid glass-FTO and flexible ITO-PEN sub-
strates. The electrodes as well as the complete devices have
been characterized through cyclic voltammetry (CV). The so-
lar cell devices have been characterized through current versus
voltage curves (I-V) under simulated solar illumination.

Keywords SILAR . Successive ionic layer adsorption and
reaction . Dip coating . Electrodeposition . Open source .
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1 Introduction

Material science is one of the most extensive and varied re-
search fields. In fact, the search for newer, smarter, and
cheaper materials embraces different fields of technology such
as energy production and storage, electronics, and medicine.
Thin film and semiconductor technologies become very im-
portant in many sectors of the modern industry. In fact, the
functioning of many electronic devices is based on semicon-
ductor thin films. Some clear examples of commonly used
devices based on thin films are transistors [1], OLEDs [2],
biosensors [3, 4], opto-electronic devices, and solar cells
[5–8]. In the field of solar cells, the quality of the active semi-
conductor films is crucial for good functioning and energy-
harvesting performance [9, 10]. In the industry of thin films,
there are several commonly used techniques, such as electro-
deposition (ED) [11, 12], which consists of growing a solid
material on the surface of a conductive substrate bymeans of a
redox reaction, induced by the application of current or volt-
age [13]. Another widespread deposition technique is dip
coating (DC), which consists of coating a solid substrate sur-
face by successive submersion into a solution or a suspension
of the desired material [14]. Another important and wide-
spread technique is the successive ionic layer adsorption and
reaction, also known as SILAR. The substrate is alternatively
dipped in two or more different solutions [15, 16]. In this way,
a solid insoluble film is grown by means of chemical reaction
between anions and cations adsorbed on the surface. In most
cases, the fabrication of a thin film-based device requires the
use of different deposition techniques. In fact, many devices
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are composed of several layers of different materials. A good
example of a multilayer device is the dye-sensitized solar cell
(DSSC) [17, 18]. A DSSC is typically composed of (1) a
porous TiO2 nanocrystalline layer, (2) a strong colored mole-
cule (dye) anchored to the surface of the TiO2, and (3) a redox
electrolyte dissolved in a solvent or gel and a counter electrode
(CE). The counter electrode generally consists of a thin layer
of platinum nanoparticles deposited on conductive fluorine-
doped tin oxide (FTO). The layer of TiO2 also known as
photoanode can be prepared by screen printing, sol gel, or
dip coating [19–21]. On the other hand, the CEs can be fabri-
cated by screen printing, drop casting, sputtering, chemical
vapor deposition, or electrodeposition [6, 22–24]. For these
reasons, the complete fabrication of a DSSC, as well as other
multilayer devices, requires the use of different equipment and
thus a high investment. Most scientific equipment is sold with
proprietary software, developed specifically to the instru-
ment’s functions. Furthermore, the software is closed and thus
it is very difficult to add a custom function. Open source is the
widespread philosophy of free software and operational sys-
tems (OS). This kind of software is distributed for free, and the
user can modify the source code in order to improve or add
other functions to the program. However, open source is not
so common in scientific instruments. This results in great lim-
itations if one needs to use a custom experimental configura-
tion. Hereby, we propose a new solution in order to solve the
problem of multi-equipment in the field of thin film deposi-
tion. Our equipment allows performing SILAR, electrodepo-
sition, and dip coating sequentially. We used a cheap electron-
ic component and an Arduino board, based on the microcon-
troller ATmega238, equipped with a serial port for the com-
munication with an external current/voltage source. The soft-
ware that controls the equipment is written in C and is provid-
ed in the Electronic supplementary material. The equipment
described in this paper has been used to fabricate platinum and
cobalt sulfide counter electrodes as well as complete DSSC,
with energy conversion efficiencies comparable to those
found in the literature.

2 Materials and methods

Titanium dioxide powder (Degussa P25), cobalt(II) chloride
hexahydrate (CoCl2⋅6H2O), titanium(IV) isopropoxide
(TIPP), sodium sulfide (Na2S), hexachloroplatinic acid
(H2PtCl6), N719 dye (C58H86N8O8RuS2), and all of the sol-
vents were purchased from Sigma-Aldrich; the high-stability
electrolyte (HSE-bv12) for DSSC was obtained from Dyers,
Italy, and the indium tin oxide-covered polyethylene
naphthalate (ITO-PEN) plastic sheet (15 Ω cm−2) from
Peccell Technologies, Inc. The FTO/glass substrates
(7 Ω cm−2) have been purchased from Sigma-Aldrich. The
HSE electrolyte was used for electrochemical impedance

spectroscopy (EIS) characterizations. The measurements were
performed using an Autolab PGStat 300, equipped with a
FRA32. EIS spectra were collected between 100 kHz and
10 mHz, using a 10-mV single sine wave and an offset of
0 V. Flexible platinum cathodes were prepared following the
procedure proposed by Fu et al. [24]. Briefly, the ITO-PEN
substrate was cut in rectangles (1 × 2 cm) and thoroughly
rinsed with water, ethanol, and acetone. Then, a water solution
5 mM H2PtCl6 containing 0.1 M of LiClO4 supporting elec-
trolyte was prepared. A platinum wire counter electrode was
immersed in the solution. The equipment was set in galvano-
static electrodeposition mode, and two pulses of current were
applied: the first pulse has an amplitude of −1.5 mA and a
duration of 5 s; the second pulse has an amplitude of −1.0 mA
with a duration of 30 s. After the deposition, the electrodes
were rinsed with ethanol and dried. Flexible photoanode was
prepared following the procedure related by Kim et al. [20]. A
dip-coating TiO2 paste was prepared dispersing 10 g of P25
nanopowder with 86.8 g of ethanol and 1.4 g of distilled water.
A homogeneous suspension was obtained after 30 min of
ultrasonication (1 kW); 1.8 g of TIPP was added and the
suspension was kept under mild stirring for about 5 h. The
equipment was set in dip-coating mode, and the ITO-PEN
substrates were dipped four times into the slurry and dried in
air for 15 min. The as-deposited films were annealed in a
convection oven at 120 °C for 1 h. The photoanodes were
immersed in a solution 0.3 mM of N719 dye for 25 h and then
washed with ethanol and dried in an oven at 60 °C. Then, the
counter electrode was sealed with the photoanode using a
hotmelt spacer (Surlyn). The HSE electrolyte was injected into
the cell by vacuum backfilling. The as-prepared DSSC was
characterized through I-V curves under simulated sunlight
(1 sun AM1.5).

Cobalt sulfide counter electrodes were prepared though the
SILAR deposition method on both flexible ITO-PEN and
FTO-covered glass slides. In the first vessel, a 50-mM solu-
tion of CoSO4 was prepared dissolving the salt in distilled
water. In the same way, in another vessel, a 50-mM solution
of Na2S was prepared. SILAR deposition was performed dip-
ping the substrate alternatively in the two precursor solution
vessels, with an intermediate washing step with distilled wa-
ter. The as-deposited CoS films were sintered in a convection
oven at 120 °C during 2 h. Symmetric dummy cells were
assembled with two identical electrodes facing one another.
The HSE electrolyte was used for the CV and EIS character-
izations. Cyclic voltammetry was performed using an Autolab
PGStat 300.

3 Results and discussion

The instrumentation, shown in Fig. 1, consists of (A) a me-
chanical arm that collects and operates the substrates. On the
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top surface (B), there are supports for the vessels containing
the solutions of the materials (or precursors) to be deposited
(C). The mechanical arm operates on three axes—X, Y, and
Z—combining servo and step motors. The mechanical arm
can be fabricated using two different configurations according
to user needs. For example, in Fig. 1, a system is shown which
operates through a mechanical arm located in the center of a
rotary support (B) and the vessels are arranged radially. Two
autosamplers (D, E) are responsible for providing new sub-
strates to the system and for removing the final product after
the end of the deposition. The automatic sampling device
consists of two round turntables. In Fig. 1, one can see an
example of the autosampler, wherein there are two hubs: one
for the substrate and another for the final product.

Another configuration for the mechanical arm is represent-
ed in Fig. 2, where the clamp system is located on top. The
automatic clamp moves along a three-axis (XYZ) frame,
moved by step motors. Using this configuration, one can use
the whole space of the top surface for accommodating the

solution vessels. Such configuration is suggested in the case
of processes needing a high number of different deposition
steps.

A fundamental part of this equipment is the automatic
clamp, represented in Fig. 3. This part is responsible for sam-
ple handling from the beginning to the end of the deposition
process. Furthermore, the clamp must provide the electrical
contact with the surface of the sample in order to perform the
electrodeposition. A metal clip (D) as shown in Fig. 3 pro-
vides the electrical contact.

All of the mechanical and electronic parts of the equipment
are driven by a low-cost microcontroller (Arduino 2500
Mega). The internal software was developed using a virtual
breadboard environment (VBB), which allows the use of both
Java and C commands. In order to perform ED, the microcon-
troller was connected to the Keithley 2400C through serial
communication (MAX232). The commands from the
Standard Commands for Programmable Instruments (SCPI)
have been sent to the source/multimeter, writing on the serial

Fig. 1 3D representation of the
equipment: mechanical arm (A),
rotary support (B), solutions
vessels (C), autosampler for the
substrate (D) and the final product
(E), LCD display (F), and an
automatic clamp system for
sample handling (G)

Fig. 2 3D representation of the
equipment with the mechanical
arm located in a XYZ moving
frame. This configuration allows
the processing of a higher number
of samples and chemical solutions
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port a string object. Other models of the current/voltage source
can be used, selecting the appropriate SCPI command’s lists in
the software. In Fig. 4, one can see the schematic view of the
equipment. All of the operation and functions are controlled
by the ATmega microcontroller. The input commands can be
provided through two different channels (A and B). The de-
fault channel (A) consists of hardware buttons directly con-
nected to the controller which allow to set up the experiment.
All of the operations can be displayed on the LCD. It is pos-
sible to drive the equipment using an external computer. In
this case, one can switch to channel (B). The internal software
combines all of the parameters into a deposition routine. The
deposition consists of a series of mechanical movements that
move the sample from a pot to another or in the same pot (dip
coating). During the deposition, if chosen in the setup, the
microcontroller can send specific SCPI commands through
the TTL channels (RX and TX). The output passes through a
TTL to the RS232 transducer which allows the communica-
tion between the equipment and the voltage/current source.

All of the operations are controlled by the internal software,
provided in the Electronic supplementarymaterial, which can be
divided into threemain blocks as shown in Fig. 5. The first block
contains the graphic user interface (GUI 1) for the setup of the
experiment and the experimental variables, which are stored in a
2D array (matrix). Each row of the matrix represents a pot while
the variables are organized into columns. The second block con-
tains a routine that checks andcounts thenumber of pots inwhich
the electrodepositionmust beperformed.This routine is basedon
a loop function that reads the last column of the matrix starting
from the first pot. In this column, a variable says to the program if
theselectedpotcontainsanEDfunction. Ifnoelectrodeposition is
selected, the program automatically jumps to the third block, and
then the user is asked to select the values of current or voltage for
the selected pot using the GUI 2.

Fig. 3 Representation of the automatic clamp: the electromagnet (A)
attracts the superior plate (C) in order to open the clamp. Straight pivots
(B) with metal springs ensure the clamp closure. A metal clip is
responsible for the electrical contact (D), connected to the current/
voltage source though the wire (F); the bottom plate (E) is made of
insulating material. The opening and closing mechanism of the clamp
consists of an electromagnet (A), which attracts the top metallic plate
(B). When the electromagnet is switched off, the plate (A) slides along
two straight pivots (B) by means of the pressure exerted by the metal
springs in the pivots

Fig. 4 Schematic view of the
equipment. This configuration
allows the execution of SILAR,
dip coating, and
electrodeposition. In fact, a
current/voltage source is
connected to the microcontroller
through the RS232 port
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The third block contains all instructions to perform the
mechanical movements such as dipping and the transfer of
the sample from a pot to another. The operations in the fourth
block can be repeated (loop); in this way, several deposition
cycles can be applied on a sample. The software is open
source so other users can use, share, and modify following
the same philosophy of a GNU project. So parts of the source
code can be edited and improved; furthermore, the user can
use the code to build different and customized equipment. The
software allows also the implementation of different input
interfaces such as Bluetooth or Wi-Fi connection to control
the equipment with a smartphone. In Table 1, one can see the
comparison between our equipment and other equipment pro-
posed so far.

As shown in Table 1, other similar deposition instruments
have been proposed so far in the literature. An automatic dip-
coating system was proposed by LeCompte and Tonazzi. In this
equipment, the deposition tanks were equipped with a novel
system for maintaining constant the substrate covering even as
the level of the solution drops [25]. Another interesting and
cheap dip-coating equipment was proposed by Oliveira and
Zarbin in 2005. This configuration allows the deposition of a
single sample at a time [26]. Among the electrodeposition
equipment, Jaramillo et al. in 2005 proposed an automatic de-
position system to grow a thin layer of Zn1− xCoxO. Using a

mechanical xyz system connected to a potentiostat, the equip-
ment allows the growth of thin oxide films through the electro-
deposition technique [27]. All of the equipment discussed above
allows the realization of a single deposition technique (electro-
deposition or dip coating). In this direction, the equipment we
proposed within this paper offers the possibility to realize elec-
trodeposition, dip coating, and SILAR simultaneously on the
same sample. Also, we implemented an autosampling system
(Figs. 1 and 2) in order to make the processes automatic and
continuous. Notice that, the equipment proposed in [27] and in
[26] do not provide any autosampling system; therefore, in the
presence of a human operator, it is necessary to give continuity
to the deposition process when several samples have to be fab-
ricated. Another advantage of the proposed equipment is the
open-source philosophy behind the internal software, which al-
lows the users tomodify and improve their own systems accord-
ing to their objectives. The microcontroller used in the fabrica-
tion of the prototype (ATmega238) provides the necessary com-
puting power to perform the mechanical movements and to
handle all of the system’s variables used by the internal software.
It is important to notice that the reliability of the system, in the
application of correct current/voltage output values, depends on
the coupled source. In the proposed equipment, we coupled a
Keithley 2400C, which provides reliability in nonstop produc-
tion environments, as guaranteed by the manufacturer.

Fig. 5 Block representation of
the internal software. The first
block contains the graphic user
interface for the setup of the
experiments. The second block
allows the configuration of the
electrodeposition parameters, and
the third block contains the code
for the mechanical movements
and the serial communication for
the current/voltage application

Table 1 Comparison between
the equipment proposed in this
work and similar equipment
proposed so far in the literature

Equipment Dip
coating

SILAR Electrodeposition Open
source

Reference

Dip-coating system Yes No No No [25]

Dip-coating system Yes No No No [26]

Automated electrodeposition system No No Yes No [27]

Automated SILAR, ED, and dip coating Yes Yes Yes Yes This work
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3.1 Results of the experiments

The equipment shows interesting performance in the produc-
tion of thin films for solar energy application. In fact, Pt and
CoS counter electrodes for DSSCs have been prepared on
both flexible ITO-PEN and FTO using the proposed equip-
ment. The as-deposited electrodes showed high efficiency
with the iodine-based electrolyte for DSSC. The cyclic volt-
ammetry response of two typical dummy cells of CoS and Pt
electrodes on FTO is shown in Fig. 6.

As shown in Fig. 6, both Pt and CoS counter electrodes
showed a perfect reversibility of the I−/I3

− redox couple. In the
dummy cell with CoS counter electrodes, the values of the

anodic and cathodic limit currents (Il) were 5.46 and
5.48 mA respectively. The same values using Pt counter elec-
trodes were 5.32 (anodic) and 5.44 (cathodic). A perfect re-
versibility was observed also using flexible electrodes. As
shown in Fig. 7, narrow hysteresis CV curves were observed
in the flexible dummy cells. Notice that as explained in the
previous section, in this case, no spacers have been used.

In the case of plastic conductive substrates, one can observe a
lowerslope inboth traces incomparisontowhat isobservedusing
FTO. This can be due to the lower conductivity of ITO-PEN.

In order to characterize the charge transfer behavior of the as-
prepared counter electrodes, EIS measurements have been per-
formedondummycellsfilledwiththeiodine-basedelectrolytefor
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Fig. 6 Cyclic voltammograms of
symmetric dummy cells filled
with iodine-based HSE
electrolyte. The measurements
have been performed with a scan
rate of 100 mV s−1
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Fig. 7 Cyclic voltammetry of
symmetric flexible dummy cells
with HSE electrolyte. The scan
rate for those measurements was
100 mV s−1. The two identical
electrodes were located one
facing the other without spacer
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DSSC (HSE). The experimental data were fitted with an equiva-
lentcircuit,usingZview2.0, inorder tocalculate theelectrochem-
ical parameters of the dummy cells such as the series resistance
(Rs), the charge transfer resistance (Rct), the double layer capaci-
tance (Cdl), and theWarburg finite iondiffusion (Ws). The imped-
ance response (Nyquist plots) and the equivalent circuit of dum-
my cells are represented in Fig. 8.

The real part of the impedance in the complex plane (Z′)
represents the values of electrical resistance of the electrode.
On the other hand, capacitances and inductances, related to the
charge transfer process at the interface of the electrode, are
treated as imaginary numbers (Z″) [28, 29]. The charge trans-
fer resistance of CoS counter electrodes (1.89 Ω cm2) resulted
lower than that of Pt (Table 2). This is due to a faster charge
transfer kinetic with the iodine/iodide redox couple, typical of
CoS [6, 7, 30, 31]. It is confirmed also by the value of the
capacitance (18 μF cm−2), which is lower than that of the
platinum (28 μF cm−2). Notice that the relaxation time of the
system can be estimated multiplying Rct and Cdl according to
the Debye model [28]. The lower the relaxation time (time

constant), the faster the charge transfer kinetic. A similar pat-
tern was observed with the electrodes fabricated using rigid
FTO-glass substrates.

In this case, a lower series resistance was observed for both
Pt and CoS CEs due to the higher conductivity of the FTO.
Notice that in a dye solar cell, a low value of Rct at the cathode
(counter electrode) is preferable. In fact, in a typical n-type
DSSC, the cathode is a passive element; thus, the lower the
value of Rct, the lower its influence on the overall resistance to
the current flow through the device [7, 32]. In Table 3, the as-
measured values of Rct are compared with those obtained in
the literature using different equipment.

As shown in Table 3, the proposed equipment was compared
with Autolab PGStat 300 and 320N (Metrohm). Notice that
Autolab is a potentiostat/galvanostat commonly used in electro-
chemistry research. It allows a fine control of the applied current
(±0.0003 % of the current range). However, Autolab does not
provide any specific solution for the automated deposition of
thin films, and its cost is very high if compared with the equip-
ment we proposed, which can be fabricated using low-cost elec-
tronics (ATmega microcontrollers) and open-source software.
Using flexible ITO-PEN substrates, the value of Rct calculated
for Pt counter electrodes was 2.38 Ω cm2, close to that obtained
by Fu et al. using Autolab PGStat 300 (2.10 Ω cm2) [24]. Also,
the Pt counter electrodes deposited on glass-FTO conductive
substrates show a little value of Rct (2.19 Ω cm2), close to the
value obtained by Wang et al. (2.20 Ω cm2) using Autolab
PGStat 300 [32]. Cobalt sulfide counter electrodes, deposited
by SILAR, showed a Rct value of 1.58 Ω cm2 slightly higher
than that obtained by Lin et al. using Autolab PGStat N320
(1.03 Ω cm2) [33] but lower than that reported by Srinivasa
Rao et al. (3.52 Ω cm2) using chemical bath deposition and
common laboratory glassware [34]. In order to evaluate the
dip-coating performance of the proposed equipment, porous
TiO2 photoanodes were deposited on flexible ITO-PEN sub-
strate. Complete flexible DSSCs have been assembled using
the electrodeposited Pt cathode and the dip-coated TiO2

photoanode. In Fig. 9, the current/voltage response of a typical
flexible DSSC is shown. As one can see, the cells, in the best
conditions, showed good PV characteristics with FF of 50.3 %,
a Jsc of 4.05 mA/cm2, a Voc of 655 mV, and an energy conver-
sion efficiency of 1.34 %.
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Fig. 8 EIS spectra of two typical dummy cells with CoS (empty circle)
and Pt (filled square) counter electrodes fabricated with the proposed
equipment. The measurements were performed at 0 Voffset, applying a
10-mV DC from 100 kHz to 10 mHz. In the graph, the equivalent circuit
is also shown consisting of a series resistance (Rs), a charge transfer
resistance (Rct), a Warburg finite length diffusion (Ws), and a parallel
capacitor Cdl

Table 2 Fitted electrochemical parameters of flexible (ITO-PEN) and
rigid (FTO-glass) dummy cells. All of the parameters have been
calculated starting from EIS spectra; series and charge transfer

resistances (Rs, Rct); double layer capacitance (Cdl) and the CPE
exponent n; Warburg resistance, time constant, and exponent (Wr, Wt,
and Wp)

Electrode/substrate Rs (Ω cm2) Rct (Ω cm2) Cdl (μF cm−2) n Wr (Ω) Wt (s) Wp

Pt/ITO-PEN 48.08 2.38 28 0.952 2.55 11.03 0.48

CoS/ITO-PEN 47.88 1.89 18 0.893 2.62 10.11 0.50

Pt/FTO-glass 9.72 2.19 31 0.991 3.47 12.92 0.53

CoS/FTO-glass 9.07 1.58 17 0.882 4.21 9.07 0.51
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The sharp voltammograms obtained for both the solid FTO
and flexible ITO substrates indicate that the kinetics of the redox
reactions at the surface of the electrodes is fast and comparable
to that shown by platinized counter electrodes. Furthermore,
according to Ohm’s law, a high slope of the curve implies also
a small resistance at the interface electrode/electrolyte (I=V/R).
The flexible DSSC, fabricated using the proposed equipment,
shows an efficiency comparable to that of similar devices report-
ed so far in the literature, ranging from 1.24 to 1.96% according
to the observations of Kim and Hwang [20].

4 Conclusions

In this paper, a cheap and reliable equipment has been pro-
posed. The equipment is based on cheap and common

electronic and mechanical components and its assembly does
not require special techniques. This equipment is original and
not yet described so far in the literature. In this research work,
we showed three different examples of application in the field
of solar energymaterials. All of the preparedmaterials showed
good efficiency and characteristics comparable to those ob-
tained so far in the literature. So the proposed solution could
be very promising for reducing the investment of a research
laboratory or an industry that is going to start to work with thin
films technology. In our prototype, we used an ATmega mi-
crocontroller; however, other devices could be considered.
Notice that no border problems have been encountered using
a different substrate. If the user were to use a thicker or larger
substrate, both the clamp and the vessels should be scaled up.
Furthermore, this equipment could open different possibilities
of innovative research. In fact, it could be used for hybrid
deposition techniques such as SILAR or dip coating with the
application of pulsed current or potential, a research field not
yet explored. So, we encourage other scientists dealing with
the multi-instrument problem to apply the open-source philos-
ophy to make their custom equipment. In this way, other tech-
nological and practical problems should be solved in other
research fields.
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of H2PtCl6. The measurements have been performed under simulated
sunlight (1 sun, AM1.5)
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