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Building and Testing a Spin Coater for the Deposition of Thin Films on DSSCs

Edwalder Silva Teixeiraa* , Raphael Coelho Cavalcantib, Vanja Fontenele Nunesa, 

Paulo Herbet França Maia Júniora , Francisco Marcone Limaa, Diego Caitano Pinhoa, 

Men de Sá Moreira de Souza Filhoc,d, Ana Fabíola Leite Almeidaa, Francisco Nivaldo Aguiar Freirea

aUniversidade Federal do Ceará, Laboratório de Filmes Finos e Energias Renováveis (LAFFER), 
Campus do Pici, 60455-900, Fortaleza, CE, Brasil
bUniversidade de Fortaleza, Fortaleza, CE, Brasil
cInstituto Federal do Ceará, Fortaleza, CE, Brasil

dEmbrapa Agroindústria Tropical, Fortaleza, CE, Brasil.

Received: May 16, 2020; Revised: October 20, 2020; Accepted: November 02, 2020

A low cost spin coater was constructed in this work for the deposition of thin films of titanium 
dioxide (TiO2) on conductive substrate of FTO (fluoride doped tin oxide) with application on dye 
sensitized solar cells. The results showed a 95% precision between the speed values obtained by the 
software of C#sharp language and the spin values observed directly on the device. The TiO2 films 
deposited through the spin coater with different angular speeds were characterized by UV-Vis optical 
spectrum, scanning electron microscopy (SEM), atomic force microscopy (AFM) and electrical 
measurements on an active area of 0.25 cm2. The DSSCs assembled with the TiO2 films of double 
layer deposited by the spin coater had an efficiency value of 12.74%, while the cell with a single layer 
presented 4.05% efficiency. Therefore, it is concluded that the spin coater assembled in this study at 
low costs successfully can produce TiO2 electrodes for DSSCs.
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1. Introduction
The advances on nanotechnology and nanoscience allowed 

the development of functional and nanoscale electronic 
devices, manufactured with thin films. The techniques 
for depositing these films are many, spray pyrolysis1, dip 
coating2, doctor blade3 and, highlighting, the spin coating 
process4. These methods share in common the potential for 
application in many industrial sectors and the technological 
and economic benefits.

Spin coating is a technique that drops a solution on a 
substrate during a rotation movement, where the parameters 
are: speed, momentum, rotation time and solution viscosity. 
During the deposition, the more volatile components of the 
solution evaporate by the contact with the humidity or the 
surrounding air, improving the hydrolysis and condensation5,6.

Spin coaters can form micrometers (μm) and nanometer 
(nm) thin films, with application on devices such as, transitors7,8, 
gas sensors9,10, supercapacitors11,12, light emitting diodes13,14. 
Addtionally, it also deposits titanium dioxide (TiO2) thin 
films on conductive glass. These films can be used on dye 
sensitized solar cells (DSSCs)15-17.

Titanium dioxide is a semiconductor with large band 
gap, a common material used for DSSCs, and has a function 
of trapping electrons from the oxidation of the dye by the 
absorption of sunlight and transport these electrons through 
the conduction band of the film to the conductive glass 

and, then, through the external circuit15-19. With the great 
transmittance in the visible range15-19, TiO2 is one of the most 
used semiconductor in the photovoltaic solar energy sector.

Spin coating is a simple technique of easy application, 
making homogeneous films of reduced thickness, at 
low temperatures, low costs and with flexible polymeric 
substrates6,20-23. However, the industrial spin coaters can 
add high acquisition values due to its components such as 
acceleration control, rotation, speed and time, all programmed 
by electronic circuits.

To tackle the problem of high instrument cost, the present 
work has endeavored to develop and build low cost spin 
coater equipment for deposition of thin TiO2 films apply on 
DSSCs electrodes. The development of TiO2 based electrodes 
using the spin coating technique can assemble DSSCs that 
present a good option to the silicon photovoltaic solar cells. 
There are studies which show TiO2 electrodes on DSSCs 
with efficiencies of 5.62%17, 6.35%18, e 6.4%19.

In this context, this work presented the development 
and test of a low cost, alternative spin coater to deposit TiO2 
thin films on the conductive substrate of FTO for application 
on DSSCs. To operate the device, a C#sharp language 
was used to control parameters such as angular speed (ω) 
and thickness efficiently and through a serial portal of the 
computer, eliminating the use of the industrial electronic 
components. Another highlight is the making of a substrate 
holder that allowed to fixate the substrate, without tapes or 
vacuum pumps.*e-mail: edwalderteixeira@hotmail.com
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The aim of this study is to build a simple device at low 
costs to produce TiO2 electrodes and apply those on DSSCs. 
For analysis and comparison, it was built with two DSSC, 
with different photoanodes. The first one, single TiO2 
layer, was made with the TiO2 deposited by screen print by 
Solaronix. The second was made by adding a TiO2 layer 
deposited by the spin coater on the TiO2 deposited by the 
manufacturer (commercial), resulting in a double layer 
photoanode. The DSSCs were characterized electrically 
by the plots of current density (Jsc) versus voltage (V), to 
calculate the cell efficiency.

2. Spin Coating Process
The spin coating process is a procedure to deposit uniform 

films on substrates. The process (Figure 1) is made by distinct 
stages: 1) The solution is dropped on the substrate that, at 
the beginning can be at rest or rotating. After deposition, 
the substrate is accelerated so through the centrifugal force, 
the solution can be dispersed on the substrate, radially 
throughout the edges5,24-30. 2) The speed is kept stable, with 
the balance between the centrifugal forces and the viscosity 
forces to create a homogeneous film. 3) The substrate is kept 
at constant speed to evaporate the remaining solvent5,24-30. 
Besides keeping a balance between the acting forces, the 
constant speed helps the evaporation rates, an important 
parameter to obtain a homogeneous film5.

Other important parameters are: angular speed (ω), 
angular acceleration of rotation (α), fluid viscosity (Ƞ), 
rotation time (t) and solution concentration (C)5.

The parameters previously mentioned are used for 
modelling the spin coating process, which relates analytical 
models with sophisticated mathematical expressions 
Equations 1 to 924,26-29 and assume:

1. No gravity effect;
2. Newton incompressible fluid;
3. Radially symmetric flux;
4. Constant density and viscosity;
5. Use of the momentum continuous equation with 

cylindrical polar coordinates.
Based on the previously cited assumptions and, also, 

taking that during the formation of the film, the angular 
speed is kept constant, balancing the centrifugal and viscous 
forces, Equation 124,26-29 is described as following.
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Ƞ = absolute viscosity;
ρ = fluid density;
v = speed in the radial direction (r);
ω = Angular rotation speed.

When analysing the borders conditions of the substrate 
surface (z=0), where v=0, /v z 0∂ ∂ =  and at the surface of the 
deposited liquid (z=h) with the presence of the viscous force, 
adding the integration of Equation 1, with the declared limits, 
the linear speed at the surface is as following Equation 2:
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The continuity Equation 4 is used to find the differential 
of h.
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The result of Equation 4 takes into consideration the 
solution which relates h with time. Then:
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And, by separating variables, the film thickness reduction 
rate is:
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Integrating both sides of Equation 7, with the limits t=0, 
h=h0 and h=ht at t:
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where h0 represents the initial thickness of the film at time 
t equals zero. However, it is not applicable because at the 
beginning the solution is unstable.

Another important observation is that, for long periods 
of time, high quantities of solution deposited on the substrate 
do not affect the final film thickness. Additionally, h is 
proportional to the inverse of the square root of time Equation 
9 and there is reduction of the thickness with increasing the 
angular speed24,26-29.

 3 1h
2 t
η
ω

=  (9)

Equation 9 follows the first theoretical investigations of 
the process that studied the deposition on Newton fluids on flat Figure 1. Stages of the spin coating deposition process24.
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substrates. And, through Equation 9 the thickness is found to 
be related with the angular speed (ω) by a factor of /1 t  29.

3. Methodology

3.1 Technical specifications
The understanding of the mathematical models for 

the spin coating Equations 1-9 is necessary to control all 
the variables of the process and build a device with high 
efficiency on the deposition of films.

The rotation is a parameter that affects the thickness and 
homogeneity of the film5,24,26-29. The engine must provide 
sufficient torque to rotate the substrate along with the dropped 
solution for a successful deposition. The device must be free 
of vibrations to avoid non homogeneous films. The machine, 
also, must be manufactured at a low cost.

After studying all the variables involved and the 3D 
modelling of the components, the pieces of the device 
were fabricated. The first part was the machine structure, 
made with polystyrene of dimensions 300x400x200 mm 
and thickness of 4.0 mm. This piece has the function of 
sustaining the engine, the substrate holder, the electrical 
board, the power supply and the cables to connect with the 
outside net (Figure 2).

In the center of the device, it was annexed an engine of 
continuous current used to lift up and lower the windows of 
cars, acquired at a local shop (Figure 3). These engines have 
high torque31 and rotations around 5000 per minute (rpm), 
without gear (Figure 3b). With the gearing system (Figure 3a) 
the rotation is reduced to avoid accidents. Table 1 has the 
parameters and values linked to the engine.

When using the engine on the spin coater, the worm 
gear was taken out and the shaft was turned to remove the 
thread. After machining the shaft (Figure 3b), the same was 
linked to the central piece of the device with 2 self-tapping 
screws ø 3.50 x 30.00 mm for fixing.

The engine rotation was controlled by a serial port 
of communication of the computer, with a built electrical 
board, that links the user, the computer and the engine. The 
user informs the desired rotation, which is transmitted by 
the serial port of the computer through the control board, 
that sends a signal to the engine,which is read by an infrared 
sensor (Figure 4). This information is read and interpreted 
by a PWM (Pulse Width Modulation) command. Besides 
controlling the communication, the integrated circuit aims 
to give electrical support to feed the motor coils through a 
voltage supply as indicated by Figure 5.

The tension supply to the engine was done through an 
adaptation of a computer supply source that converted an 
AC (alternating current) 220 Volts into a CC (continuous 
current) 12 Volts, corresponding to the engine voltage.

A LED (light emitting diode) was fixated in the device 
superior part, to guide the user about the information sent 
to the serial port of the computer. As such, by turning the 
device ON, the engine sends an electrical pulse to the LED. 
As it is, by sending the rotation data to the engine serial port, 
the LED sends an electrical pulse.

A language written in C#(Sharp) allowed the control of 
the information sent by the serial port. The system developed 

Figure 2. 3D model of spin coater developed.

Figure 3. a) 3D model of the engine with the gear system. b) 3D model 
of the engine after machining

Table 1. Engine data31

Parameters Value
Motor voltage rating 12.00V

Max. rated torque 12.00 N.m
No load current 2.80A
No load speed (80 – 100) rpm
Rated current 8.00 A

Figure 4. Infrared sensor.
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with loops functions enabled the interaction between the user 
and the device. It is possible, for example, to change the 
speed in a single window. Figure 6 represents the program.

Another highlight of this project is the substrate holder 
(Figure 7), that makes it possible to fixate the substrate on the 
device without tapes or vacuum pumps. Also, the software 
eliminated the use of electronic components, reducing the 
total costs.

Figure 8 represents the spin coater and Table 2 lists the 
components used to assemble the device, with all specifications.

4. Procedures

4.1 Calibration of the spin coater speed
The tachometer DT – 2234C S216605 read the speed 

in rpm. These values were later on compared with the ones 
obtaines by the C#(Sharp) software.

4.2 Materials
All the chemicals (Aldrich, Vetec and Dynamic) were 

used without further purification. The commercial glass 
of FTO (Solaronix) was used as substrate, with average 
surface resistance between 20-30 Ω/m2 and dimensions of 
25.00 x 25.00 x 2.00 mm.

4.3 Preparation and deposition of the TiO2 
solution

The solution dropped was made with 1.50 g of TiO2 powder 
(Aldrich 99%), anatase phase, and 21 nm average nominal 
size particle on 3 mL of glacial acetic acid (Vetec 99.7%) and 

Figure 5. Spin coater wiring diagram.

Figure 6. Program interface developed for spin coater.

Figure 7. Substrate holder.
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0.50 mL of Triton X (Vetec 99%). The solution was obtained 
after magnetic agitation for 15 minutes at room temperature.

Before depositing the solutions, the substrates were cleaned 
in an ultrasonic bath with acetone (Dynamic) (15 minutes), 

isopropyl alcohol (Dynamic) (99.8%) (15 minutes) and 
deionized water (15 minutes).

The 0.08 mL TiO2 solution was dropped on conductive 
glass (FTO) at rest, at the beginning, fixated on the substrate 

Figure 8. Exploded view.

Table 2. Components list.

Item Description Material Quantity Manufacturer
1 External structure Polystyrene sheet # 4,0 mm 1 -
2 Anti-impact engine Ethylene vinyl acetate 1 -
3 Engine - 1 Bosh
4 Infrared sensor - 1 Sense eletrônica Ltda.
5 Substrate holder Teflon 1 -
6 Sensor marker Polypropylene 1 -
7 Substrate cover Polyamide 1 -
8 PCI Phenolite 1 -
9 12 Volts Source - 1 -
10 Key On-Off Polypropylene 1 -
11 Bottom support Ethylene vinyl acetate 4 -
12 Led - 1 -
13 Substrate regulator Polyamide 1 -
14 Substrate FTO 1 Solaronix
15 Self-tapping screw Ø 3,5 x 15 mm Steel sae 1020 6 -
16 Self-tapping screw Ø 3,5 x 30 mm Steel sae 1020 2 -
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holder (Figure 7). Initially, the substrate was rotated at 
1800 rpm for 30 seconds, and, at the end, at 5000 rpm for 
30 seconds to evaporate the solvents still present, monitoring 
the thickness and homogeneity of the film. After the deposition, 
the glass was thermally treated on a muffle furnace at 450°C 
for 30 minutes at a heating rate of 10°C/minutes.

4.4 Assemble of the dye sensitized solar cells 
(DSSCs)

The DSSCs (Figure 9) were assembled with two different 
photoanodes (PA). The first one made with the FTO and the 
commercial TiO2 (Solaronix-reference 74111), with a single 
layer of TiO2 dropped by the screen printing technique on 
the substrate. The second was made with a layer of TiO2 
dropped by spin coating, using the solution prepared in 
section 4.2, over the commercial layer. Both cells had an 
active area of 0.25 cm2.

The PA were immersed in an isopropyl alcohol solution 
with dye N719 (Solaronix) (0.0003 M) for 24 hours. 

Following, the PA were sandwich assembled with a counter 
electrode (CE) of platinum (Pt) (Solaronix). Each pair of 
PA and CE had a thermoplastic polymer (Surlyn@ 1702), 
heated at 60°C for 1 minute, between them. Also, between 
the PA and the CE, there was an electrolytic solution with 
the NA-50 (Solaronix) iodide/triiodide. The cells are similar 
to the Grätzell32-35.

5. Results and Discussion

5.1 Speed analysis (rpm)
The initial tests were performed with a tachometer 

DT – 2234C S216605 with speed sensor to monitor the 
spin coater speed. Table 3 shows the speed indicated by the 
software and the ones by the tachometer, and the average 
measurements. From the data, it was possible to obtain a 
95% precision between measurements from the software 
and the tachometer.

5.2 Deposition of the TiO2 film through the spin 
coater

The optical absorption spectrum of the TiO2 films 
deposited on FTO were obtained at room temperature 
in a Cary100 UV-Vis (UV-VIS), spectrophotometer, 
with wavelength between 400-800 nm. Figure 10 shows 
the absorption coefficient versus the wavelength for the 
TiO2 films deposited on FTO by the spin coater. The increase 
in absorption is linked to a higher thickness of the film36-39. 
High values of absorption are good for the DSSCs because 
it increases the transportation of charges through the cell due 
to low resistance36. Also, the higher angular speed reduced 
the absorption, as a consequence of a lower film thickness, 
which affects the DSSCs efficiency33-42.

5.3 Morphology and thickness of the TiO2 films
The morphological characterization of the TiO2 films 

dropped by the spin coater were analyzed using the scanning 
electron microscope (SEM) Quanta 450 FEG-FEI and atomic 
force microscopy (AFM) Digital Instruments Nanoscope 
Multimode IIIa in the contact mode. The Figures 11 and 12 
indicate high porous agglomerates in the films. The AFM 
analysis on the films dropped with 1000, 3000 and 5000 rotations 
per minute (RPM) indicate that by increasing the angular Figure 9. Cell assembled with the TiO2 dropped by spin coating.

Table 3. Rotation per minutes values observed for the spin coater.

Speed measurements(rpm)
Nominal Value (software) 1ª measurement (rpm) 2ª measurement (rpm) 3ª measurement (rpm) (Mean ± 3) rpm

0 0 0 0 0
60 63.00 64.00 62.00 63.00
300 302.3 305.9 304.4 304.2
900 907.6 905.5 903.9 905.7
2520 2531 2535 2533 2533
3000 3034 3032 3030 3032
3300 3343 3347 3345 3345
3600 3615 3620 3618 3618
4140 4147 4143 4145 4145
4380 4381 4385 4383 4383
4500 4500 4503 4505 4504
5100 5115 5110 5101 5111
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The presence of aggregates occurs due to the centrifugal 
force present in the spin coating process that causes the 
particles to separate to form a thin layer47.The porosity 
also affects the electrolyte migration42. There is a nonlinear 
relation between the increase in the incident radiation and 
the produced current, in a cell with low porosity42-45. A lower 
porosity affects the electrolyte mobility43. Additionally, low 
porosities cause more recombination inside the cell, lowering 
the values of open circuit voltage 42,43.

Figure 14 shows the image for the thickness of the 
TiO2 opaque film (Y) obtained at 5000 rpm for 30s. 
Table 4 and Figure 15 show that the average thickness of 
the TiO2 film (Ya) decreases with a higher spin rotation. 
This behavior is predicted by Equation 924,26-29. During the 
deposition, with Newton fluids, the final thickness relates 
only with the angular speed (ω) by a factor of /1 t  29.

Table 4 and Figures 13a, b and c show, as it was predicted, 
that the average film thickness of the TiO2 film (Ya) decreases 
with a higher spin coater rotation speed Equation 924,26-29.

Analyzing the deposition of the TiO2 solution for different 
volumes and angular speeds, the final result shows that the 
thickness does not rely on the volume dispensed (Figure 16). 
Then, for the deposition using Newton fluids (Equations 1-9), 
the final thickness depend only on the angular speed (ω) by 
a factor of /1 t  (Equation 9)29 (Figure 16).

5.4 Solar cell electrical characterization
The DSSCs were characterized electrically using 

potentiostat/galvanostat PGSTAT302N (Metrohm, Switzerland) 
to obtain the plots current short circuit density (Jsc) versus 
voltage (V). The J-V measurements were plotted under solar 
illumination LED of 100 mW/cm2. The J-V characterization 
is used to determine the DSSC capacity to convert solar light 
into electrical energy32,33.

From the J-V plot (Figures 17 and 18) was possible 
to calculate the maximum short circuit current (Isc) and 
the open circuit voltage (Voc). Additionally, the maximum 
current (Imax), maximum tension (Vmax) and maximum 
power (Pmax). Using this data, the cell efficiency is found 
through Equation 10. The results from the J-V plot figures 
(Figures 17 and 18) can be visualized in Table 5. Cell X1 
represents the DSSC assembled with the single layer of TiO2 
(commercial Solaronix-74111) and X2 is the double layer of 
TiO2, the spin coated deposited over the commercial layer.
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    OC SC
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P
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The results for the DSSCs efficiencies (Table 4) 
showed that the solar cell assembled with the double TiO2 
layer (screen print + spin coating) presented efficiency of 
ƞ = 12.74%, which is three times better when compared 
to the cell with a single layer of TiO2 (screen print), 
ƞ = 4.056. This increase indicates a higher superficial area 
for the double layer solar cell, improving the efficiency35-37. 
Similar behavior has been reported 42-52

It can be evaluated that to achieve a maximum efficiency 
of the DSSCs, an optimum thickness value must be found. 
However, this value is not the same for all cells. For example, 
TiO2 films were fabricated by spin coating with an optimum 
thickness value of 12 μm, and DSSCs efficiency of 2.85% 49.

Figure 10. Spectrum of the TiO2 film absorbance deposited at 
2000 rpm and 5000 rpm by the spin coater.

Figure 11. SEM analysis of the TiO2 film

Figure 12. Grain outline of TiO2 dropped by spin coating.

speed, there is a decrease in the average roughness (RMS) 
(Figures 13a, b and c).

The AFM analysis revealed that, by increasing the 
speed (1000, 3000 and 5000 rpm), the rugosity decreases, 
196.212 nm (Figure 13a), 177.832 nm (Figure 13b) and 
125.576 nm (Figure 13c), respectively. The grains (Figure 12) 
presented a spherical shape with aggregates and high porosity, 
characteristic of the TiO2 particles42-46.
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Figure 14. Transversal section of the TiO2 film.

Table 4. Parameters of speed versus thickness.

TiO2 Samples
Average Thickness (Ya – μm) Speed (RPM x 103)

Y1 (μm) Y2 (μm) Y3 (μm) Y4 (μm) Y5 (μm)
105.2 106.7 104.9 110.0 106.6 106.7 1
92.29 89.96 90.38 88.40 89.93 90.19 3
71.06 64.60 62.45 62.45 68.94 65.90 5

Figure 13. AFM film image of the TiO2: a) 1000 rpm, b) 3000 rpm and c) 5000 rpm.
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Figure 15. Plot speed versus thickness.

Figure 16. Plot dispensed volume versus thickness.

Figure 17. Plot JSC – V of the commercialTiO2 film.
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Then, for a TiO2 film deposited by the assembled spin 
coater, with thickness of 65.90 μm, the found efficiency 
was ƞ = 12.74%, result close to the ones found in literature 
of 13%40. Based on the above mentioned results, the spin 
coater constructed in this work is able to deposit photoanodes 
which yield good efficiency results when used on DSSCs.

6. Conclusion
The device presented a precision of 95% between the 

measured values and the nominal values (software), with 
close values obtained for the rotation measurements.

Additionally, the increase on the angular speed lowers 
the absorption spectrum and the thickness of the TiO2 thin 
films deposited by spin coating.

The results of the morphological characterization indicate 
that the films deposited have microstructure appropriate for 
the application on DSSCs, when compared with the Grätzel 
films: high porosity, nanometer grains e homogeneous films.

The double layer TiO2 films deposited with the help 
of the spin coater had maximum thickness of 107.6 μm 
and minimum of 65.90 μm, where the increase in speed 
reduced the film thickness. For the thickness of 65.90 μm, 
for the double layer TiO2 film, the DSSC efficiency was 
ƞ = 12.74%. The DSSC assembled with the single TiO2 layer 
(commercial) presented efficiency of ƞ = 4.056%.

With these results, it is possible to conclude that the 
spin coater did control successfully the thickness of the 
films of TiO2. This indicates the possibility of obtaining 
nanocrystalline films using a low cost device that manufactures 
photoanodes for dye sensitized solar cells.
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