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Abstract
Efficient flexible dye-sensitized solar cells (DSSCs) using PEI polymer as supporting
substrate for fabricating nanocrystalline TiO2 film electrodes were developed, intending
to improve the photoelectrochemical properties of plastic based-substrate DSSCs. The
most important advantage of a flexible-based TiO2 film electrode over a glass-based
electrode lies in its flexibility, light weight and can be used for roll-roll mass production.
In this paper, indium tin oxide (ITO) was coated at 50 nm, 100 nm and 200 nm for the
fabrication of DSSCs using RF magnetron sputtering technique at lower temperature in
order to make it conductive, but still transparent. The photocurrent of the flexible cell
with a PEI/ITO-100nm/TiO2 electrode produces an optimum solar conversion efficiency
of 2.8% at 1000 mW/cm2 light intensity and maximum power density of 2.69 mW/cm 2,
based on short-circuit photocurrent density, open-circuit voltage and fill factor of 11.4
mA/cm2 , 0.63 V and 0.39, respectively.

1. Introduction
Dye-sensitized solar cell (DSSC) is a new type of thin film solar cell that converts light in a visible range
into electricity by using photo-electrochemical system [1]. Solar energy is fast becoming the most viable,
eco-friendly and sustainable alternative source of renewable energy [2]. For the fulfillment of increasing
world energy consumption with less impact on the environment, photovoltaic (PV) technology is a
suitable renewable power source [3]. In the last two decades, there has been a growing interest for the
fabrication of low-cost and flexible solar cells. Presently, silicon based solar cells dominate the
commercial market, but their manufacturing process is energy intensive under high vacuum conditions,
leading to high manufacturing costs. In this regard, dye sensitized solar cells (DSSCs) have demonstrated
their potentials as relatively low-cost alternatives to the silicon solar cells [4].
The DSSC captures sun rays to produce electrons, and it was conceived to mimic the photosynthetic
process of chlorophyll [5]. For this reason, a nanostructured semiconductor is typically deposited onto a
conductive substrate and, subsequently, sensitized with a molecular dye able to absorb in the visible
range. The semiconductor-dye system is called photonoade, and represents the core of the device [5].
Printing, blading and roll-to-roll technologies are important techniques proposed to fabricate standard
DSSCs [6,7]. Recently, there has been an increased demand for light-weight and flexible electronic
devices as they can be produced in large scales using printing techniques at room temperature with a
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much-reduced production cost. It is well known that conventional DSSCs are usually fabricated on rigid
transparent conducting oxide (TCO) glass substrates. This particular substrate, however, has some
drawbacks with regards to its frangibility, weight and rigidity, the later preventing roll-to-roll mass
production and the integration of DSSCs in many portable devices [8]. By replacing this conventional
glass substrate with a flexible polymer substrate, which is compatible with the continuous roll-to-roll
process, would therefore result in far most cost-effective, flexible and lightweight solar cells. However,
two major limitations with the plastic-based substrates are that they have lower efficiency compared to
glass substrate DSSCs and their thermal instability at the high temperature (450-500 oC), which are
required for sintering of TiO2 photoelectrodes of DSSCs. However, some flexible substrates can only
endure temperatures below 150 °C [9]. It must also be mentioned that these high temperatures of
sintering increase the resistivity of the conducting substrate, particularly ITO [10]. These relatively high
temperatures normally used in the annealing process of TiO2 photoelectrodes production are only needed
for two key reasons. The first one is to eliminate the organic surfactant present in the colloidal TiO2
suspension or paste used to make the photoelectrodes. The second key reason is to improve the
connection between the nanocrystallites that constitute the film (necking), as well as to guarantee their
adherence to the transparent conducting oxide (TCO) film acting as substrate [10].
Electrolyte in DSSC is the medium for charge transportation between photoanode and counter electrode
and acts as a source for dye regeneration [11]. The long-term stability of the device strongly depends on
the electrolyte component. However, the highest efficiency reported in DSSC was by employing liquid
electrolyte. But there are some impediments when using this liquid electrolyte like leakage while sealing,
degradation of the polymer substrate and corrosion of the counter electrode etc., which prevent DSSC’s
from further application and commercialization [11]. So, as an alternative to liquid electrolyte, gel
electrolytes were introduced. Thus, a gel electrolyte possesses both the cohesive property of solid as well
as diffusive transport property of liquid [12].
Usually, indium tin oxide (ITO) coated polyethylene terephthalate (PET) or polyethylene naphthalate
(PEN) are used as flexible base substrate for solar cells. A plastic substrate having higher thermal
stability than that of PEN or PET substrate may result in more efficient solar cell [13]. Moreover, most
of the flexible solar cells fabricated that use PET or PEN are already coated with ITO, but in this research,
ITO was coated on PEI substrate using RF magnetron sputtering technique.
2. Materials and method
2.1 Materials
PEI substrate, TiO2-P25 powder, ethanol, de-ionized water, iodide (gel electrolyte), platinum, ruthenium
N3 dye, multimeter, ITO target, autoclave machine and RF magnetron sputtering machine.
2.2 Experimental method
The experimental method adopted in this research was that of [14]. Polyetherimide (PEI) has been
adapted as a substrate for the fabrication of DSSCs because of its flexibility, transparency and high
temperature resistance. Three labeled samples with dimensions of 20 mm × 20 mm and thickness of 0.2
mm were used in this work. ITO films were grown at different thicknesses using RF magnetron
sputtering technique on the surface of PEI substrates in order to make the substrates conductive and still
transparent. The sputtering system used utilizes a sintered ITO target having an In2O3:SnO2 compositions
of 90:10 wt.% with 99.99% purity was used as target (Table 1). The substrate temperature during
deposition was maintained at low value. The resistivity of the ITO/PEI for different coating thicknesses
was determined using standard four-point probe technique. The photoanode paste was deposited on the
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conductive active area of the ITO/PEI using doctor blade technique [14]. Allowing it to dry at room
temperature, the TiO2 thin films were sintered at 200 oC in air to give nanocrystalline-TiO2 films. After
the annealing process of the photoanodes, the substrates were soaked in a dye solution for 24 h. In order
to control the environment effect, the samples were stored in a closed space without the presence of
light. Meanwhile, the counter electrode was fabricated by depositing platinum on the conductive surface
of the ITO/PEI. Then, the complete DSSC structure was done by sandwiching the working electrode and
counter electrode together using a binder spacer. Lastly, gel iodine solution was applied in between the
two electrodes as a mediator for the redox process. The grain sizes (D) were determined from TiO 2
anatase XRD reflections using the Debye-Scherrer equation (1):

𝐷=

0.9𝜆

1

𝛽 cos 𝜃

where 𝛽 is the peak width,  is the diffraction angle and λ is the X-ray wavelength corresponding to CuKα radiation.
Table 1: Magnetron sputtering parameters

Parameters
Distance of substrate to target
Deposition pressure
Flow rate
Power
Speed

Value
6.5 cm
8.6×10-4Torr
50 sscm
100 W
6 rpm

2.3 Synthesis of TiO2 paste
Preparation of suitable TiO2 pastes to produce high quality mechanically stable films without organic
binders is one of the challenges when fabricating DSSCs on plastic substrates. In order to prevent film
cracks due to large agglomerates, the TiO2 nanoparticles are required to be well dispersed in the paste.
TiO2 paste was prepared by synthesizing TiO2 powder with ethanol and de-ionized water for TiO2 layer
deposition without the use of any organic surfactant as binders. The mixture was stirred for 5 min for
proper dilution of the compound and the TiO2 powder, so that the TiO2 particles were well dispersed in
the paste. The paste prepared was deposited by doctor blade technique. After the deposition of TiO2
layer, the samples were sintered at 200 oC in order to form nanocrystalline TiO2 structure.
3. Results and discussion
ITO was initially deposited at 300 s on the substrate and after the deposition the thickness of the sample
was determined using XRR (X-ray reflectivity) analysis which was found to be 88 nm at X-ray
wavelength of 0.1540593 nm and step size of 0.005 as shown in the profile below. Figure 1 shows the
XRR data measured for the ITO film deposited on the substrate at bias voltage of 0 V. Curve-fitting was
performed by using the thickness, mass density and roughness of three layers composing the layered
ITO structure as free parameters. In Figure 1, the amplitude of the oscillations gradually increased with
increase in reflection angle. The modulation in the XRR of ITO film arises from interference between
the X-ray scattered from the air and the PEI interface and hence the period of this oscillation is directly
related to the thickness of the ITO film [15].
Figure 2 shows the profile for the thickness of the coating, which is the sum of the first three layers. The
top layer which is also called a cap layer was ignored because its formation was as a result of roughness
or oxidation or structure of the surface which has a lower density compared to other layers.
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Density [g/cm³]

Figure 1: Variation of intensity with diffraction angle of XRR analysis of ITO deposited at 5 minutes.

Thickness [nm]
Figure 2: Profile of XRR analysis of ITO deposited for 5 mins

The thickness required were 50 nm, 100 nm and 200 nm, which were determined by adjusting the
deposition time calculated from equation (2):
300𝑠
88𝑛𝑚

×𝜏 = 𝑡

(2)

where τ is the desired thickness of the coating and t is the time taken for the sample to be coated.
The band gaps (Eg) of 50 nm, 100 nm and 200 nm thicknesses were obtained by extrapolating the linear
sections of the absorption curves towards the x-axis, as shown in Figures 3, 4 and 5.

Figure 3: Variation of (αhν)2 at thickness of 50 nm with photon energy
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The variations in the band gaps (from 3.75 eV to 3.57 eV) are associated with the film thicknesses and
consequently with the interference in the ITO layer. In Figures 3, 4 and 5, it could be observed that the
band gap energy decreases with increasing ITO thickness which agrees with the results of [16]. The
reason for the variation is the result of increase in number of carriers, which leads to an increase in the
Fermi level above the bottom of the conduction band, thereby causing enlargement in the optical band
gap [17].

Figure 4: Variation of (αhν)2 at thickness of 100 nm with photon energy

Figure 5: Variation of (αhν)2 at thickness of 200 nm with photon energy

3.1 Electrical characteristics
Surface electrical resistivity of the ITO films annealed at different thicknesses was measured using fourpoint probe technique. From Table 2, it is obvious that the resistivity reveals strong dependence on the
substrate thickness.
Table 2: Electrical characteristics

Sheet resistivity, Rsh (Ω)
1.91E+02
7.54E+01
2.53E+01

Thickness, t (nm)
50
100
200

Resistivity 𝝆 (µΩm)
9.54188
7.54344
5.05721

Conductivity (Ωm)-1
104801.2
132565.5
197737.5

The variation in electrical resistivity of the ITO films is from 9.54188×10-06 to 5.05721×10-06. It is clear
that the electrical resistivity of the ITO films dramatically decreases with increasing thickness. This is
because of the fact that, to get more uniform ITO film, thickness should increase to have less impact of
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the roughness due to the substrate. One can conclude that the lower resistivity (5.05721×10-06 Ωm) at
thickness of (200 nm) is a result of an improved crystallinity, high oxygen vacancy concentration and
grain growth, which reduces grain boundary scattering and surface roughness [18].
3.2 Fabrication of photoanode
TiO2 paste was first prepared with organic surfactant (polyethylene glycol) without adding ethanol;
however, the TiO2 film prepared had very weak adhesion properties at low temperature sintering and
peeled off easily from the conducting PEI polymer after heating. Therefore, the data for the zero ratio of
ethanol/TiO2 is not presented in this study. TiO2 paste was later prepared using ethanol and small amount
of de-ionized water because ethanol has a very low surface tension.
After the first photoanode was fabricated, the commercial liquid electrolyte was applied to the
photoanode before sandwiching with the counter electrode; the flexible photoanode was deformed
instantly after the application of the liquid electrolyte. This means that the commercial liquid electrolyte
is not suitable for flexible polymer materials or it could be as results of much concentration of the
electrolyte. Finally, gel electrolyte was used in place of commercial liquid electrolyte.
Figure 6 shows the experimental XRD pattern of TiO2 nanoparticles at 10 µm thickness. Strong
diffraction peak at 26.33o could be seen and the fitted peak gives the full width of half maximum
(FWHM) 1.42o and area of 76593.57. From this study, considering the peak in degrees, average particle
size of 5.72 nm and d-spacing of 3.39 Å for TiO2 at 10 µm have been obtained by using Debye-Scherer
formula, equation 1. The experimental XRD pattern of TiO2 agrees with that of [19,20].

Figure 6: XRD pattern of TiO2 nanoparticles with 10 µm thickness

Figures 7 and 8 showed the surface morphology observed for TiO2 photoanode prepared by doctor blade
at annealing temperature of 200 oC. Observed in surface morphology of TiO2 photoanode is the spherical
agglomeration of the nanostructure which is in accordance with that of [21].
Figure 8 presents the cross-sectional view of FE-SEM image of TiO2 P25 based film prepared using
doctor blade method at an annealing temperature of 200 oC. No visible changes in the morphology of
the TiO2 surface is expected in all the samples [22], since the TiO2 paste was prepared under the same
condition and deposited using the same method. The cross-sectional view shows clearly the evidence of
a second phase interfacial layer between TiO2 and ITO layer. The FE-SEM images also reveal that the
TiO2 film is uniform and crack-free on the surface. In addition, TiO2-P25 layer exhibits a nanocrystalline
and nanoporous structure which is composed of inter-connected nanoparticles as also proven by XRD
analysis.
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Figure 7: FESEM images of coated TiO2 at higher magnification.

Figure 8: Cross-sectional view of FESEM images of TiO2 coated on ITO (a) at 250 magnification and 100 µm scale and
(b) at 1300 magnification and 10 µm scale.

3.3 J-V characteristics
J–V characteristics and power density curves of DSSCs using Pt counter electrodes for ITO coating of
50 nm, 100 nm and 200 nm with 10 µm thickness of TiO2 are presented in Figures 9, 10 and 11,
respectively.

Figure 9: J-V and power density curves for 50 nm ITO coating at 10 µm thickness of TiO2 and power density variation
with voltage for 50 nm TiO2.
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The differences between J-V plots of the fabricated DSSCs in Figures 9, 10 and 11 are related to the
amount of N3 dye bound to TiO2 surface and the thickness of the TiO2 film deposited [23]. The optimal
efficiency achieved was 2.8 % which is agreement to that of [24] and maximum power density was 2.69
mW/cm2 for ITO-100nm. This result showed that the 100 nm layers deposited on PEI flexible substrate
was the optimal thickness to improve dye loading and to reduce the charge recombination rate [25].

Figure 10: J-V and power density curves for 100 nm ITO coating at 10 µm thickness of TiO 2 and power density variation
with voltage for 100 nm TiO2.

Figure 11: J-V and power density curves for 200 nm ITO coating at 10 µm thickness of TiO 2 and power density variation
with voltage for 200 nm TiO2
Table 3: Properties of DSSCs.

Cell ID

JSC [mA/cm2]

VOC [V]

FF

η [%]

ITO (50nm)/TiO2
ITO (100nm)/TiO2
ITO (200nm)/TiO2

11.93
11.4
13.7

0.35
0.63
0.59

0.36
0.39
0.3

1.58
2.8
2.4
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Conclusion
In conclusion, fabrication and characterization of DSSCs using flexible PEI substrate was achieved. ITO
films were grown at different thicknesses using RF magnetron sputtering technique on the surface of
PEI substrates in order to make the substrates conductive and still transparent. TiO2 paste was prepared
without the use of any organic surfactant as binder. Three labelled samples were prepared as photoanode
and the optimal efficiency achieved was 2.8% and maximum power density was 2.69 mW/cm2 for ITO100 nm. We concluded that the 100 nm layers deposited on PEI flexible substrate was the optimal
thickness to improve dye loading and to reduce the charge recombination rate of flexible DSSCs.
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