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 Abstract. The importance of renewable energy cannot be over-
emphasized. Titanium IV oxide (TiO2 ) is the most suitable 
semiconductor for dye-sensitized solar cells (DSSC) due to its chemical 
stability, non-toxicity and excellent optoelectronic properties. In this 
research, TiO2 is coated on Graphene to enhance its charge transport, 
aiming to reduce recombination, a main setback in DSSCs. 
Understanding Graphene- TiO2 contact is, therefore, essential for DSSC 
application. Using doctor blading, TiO2 thin films were deposited on 
single-layer graphene (SLG) and fluorine tin oxide (FTO). The films were 
annealed at 2 °C /min and 1 °C/min up to a temperature of 450 °C, then 
sintering at this temperature for 30 minutes. Four four-point probes 
SRM -232 were used to measure the samples' sheet resistance. The film 
thickness was obtained from transmittance using pointwise 
unconstrained minimization approximation (PUMA). UV–VIS 
spectrophotometer was employed to measure transmittance. The 
resistivity of TiO2 on both FTO and Graphene was of order 10-4 Ω cm. 
However, TiO2 annealed on graphene matrix exhibited a slightly lower 
resistivity, 5.6 x10-4 Ω cm, compared to 6.0 x10-4 Ω cm on FTO. Optical 
transmittance on the visible region was lower for TiO2 on FTO than on 
SLG, 71.48% and 80.11%, respectively. The annealing rate decreased 
the weak absorption region's Urbach energy (Eu). Urbach energies for 
1oC/min TiO2 on FTO and SLG were 361 meV and 261 meV, respectively. 
This accounted for the decrease in film disorders due to annealing. A 
striking relation between sheet resistivity and Urbach was reported, 
suggesting SLG as a suitable candidate for the photoanode of a DSSC. 

Keywords: Graphene; Urbach energy; Resistivity; Annealing; Titanium IV 
oxide. 

 

 

INTRODUCTION 

Dye-sensitized cells researchers have revolution 
is mainly based on titanium dioxide (TiO2) films 
due to their excellent optoelectronic properties, 
such as high refractive index, large band gap and 
high transmittance in the visible region [1]. The 
optical and structural properties of TiO2 films can 
be tailored to promote their applications via dep-
osition methods such as sputtering, doctor blad-
ing, chemical vapour deposition, and sol-gel pro-
cesses [2]. Doctor Blade is a popular approach be-
cause it is simple, easy to scale up, cost-effective 
and suitable for large-area processing [3]. Several 
studies have been initiated to modify the electrical 

transport properties of TiO2 using binary-system 
electrodes [4]. 

Graphene-based devices are promising candi-
dates for future high-speed field-effect transistors 
(FETs) because they have a high carrier mobility 
of more than 104cm2V-1s-1 [5]. The mono-layer 
Graphene is a zero-gap semiconductor with a lin-
ear dispersion. In contrast, the multilayer gra-
phene is a semimetal with a small band overlap 
between the conduction and valence bands. Elec-
trons through single-layer graphene hop with 
minimal scattering and at a very high Fermi veloc-
ity of ~ 106𝑚/𝑠 [6]. 
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The SRM-232 offers a low-cost hand-held sheet 
resistance meter with a four-point probe for 
measuring the sheet resistance of applied coat-
ings such as conductive paints, EMI coatings, ITO 
on glass, and many other types of thin films. 

Generally, near band edges in optical absorption, 
an electron from the top of the valence band gets 
excited into the bottom of the conduction band 
across the energy band gap [7]. The Urbach en-
ergy, indicating the width of the exponentially de-
caying sub-bandgap absorption tail, is commonly 
used to indicate the electronic quality of thin-film 
materials for application in solar cells [8]. 

This work analyses the electrical conductivity of 
TiO2 grown on single-layer Graphene (SLG), and 
the relationship to Urbach energies is thus re-
ported. This study aims to advance the optoelec-
tronic applications of SLG to dye-sensitized solar 
cells. 
 

Experimental procedure 

Graphene. Single-layer Graphene was sourced 
from Charmgraphene Co. Ltd, Gwonseon-gu, 
Suwon, Republic of Korea. Graphene films were 
synthesized with thermal chemical vapour depo-
sition (CVD) technology based on the roll-to-roll 
method. SLG was coated on a SiO2 substrate. 

TiO2. Nanocrystalline TiO2 (T/SP, 18% wt, sourced 
from Solaronix, Switzerland.  

Fluorine-doped tin IV oxide (FTO). FTO (SnO2: F) 
7 Ω/sq, was sourced from Xinyan Technology Co. 
Limited, China. 

Thin film deposition and annealing. Thin films 
were coated on FTO and SLG using the doctor 
blading technique. The prepared films were an-
nealed using a muffle furnace at controlled rates 
of 1 °C/min and 2 °C/min from room temperature 
up to 450 °C. The films were then sintered for 30 
minutes and cooled gradually back to room tem-
perature. 
 

Measurements and analysis 

The optical transmittance was measured using a 
beam UV-visible spectrophotometer (Shimadzu 
UV probe 1800, Japan) in the 200-1100 nm wave-
length range. Absorption coefficient Values for all 
corresponding wavelengths were obtained using 
SCOUT thin film analysis software [9]. The sheet 
resistance of the films was measured using a four-
point probe, model SRM-232, as shown in Fig-
ure 1.  

 

Figure 1 – Functional block diagram of SRM-232 
Four-point probe 

 

The voltage was measured across the inner 
probes, while the current was measured across 
the outer probes. The probes were operated man-
ually by pressing the film. Sheet resistance (RS) 
values are calculated and displayed on the digital 
panel. Resistivity (ρ) is defined in terms of voltage 
(V), current (I) and thickness (t) as in Equations 1 
and 2. 

 

𝜌 = 4.532
𝑉

𝐼
𝑡     (1) 

𝜌 = 4.532𝑅𝑠 𝑡 (Ωcm)    (2) 

 

The Urbach energy was calculated by plotting 
ln(α) vs hν and fitting the linear part of the curve 
with a straight line. The gradient of the line was 
used to calculate the search energies [10] as in 
Equation 3. 

 

𝛼(ℎ𝜈)  =  𝛼0𝑒𝑥𝑝(
ℎ𝑣

𝐸𝑢
 )   (3) 

 

A pointwise unconstrained optimization ap-
proach (PUMA) was used to estimate the thick-
ness of the films from transmittance data [11]. 
Fora thin film deposited on a thick transparent 
substrate. The formulae giving thickness of film 
from the transmittance as a function of the wave-
length λ is derived as shown [12] from Equations 
4-9: 

 

Transmittance (T) =  
𝐴𝑥 

𝐵−𝐶𝑥 + 𝐷𝑥2  (4)  

where 𝐴 =  16𝑠(𝑛 2  +  𝜅 2 )  (5)  
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𝐵 =  [(𝑛 +  1)2  + 𝜅 2 ] 
[(𝑛 +  1)(𝑛 +  𝑠 2 )  + 𝜅 2]   (6)  

 

𝐶 =  [(𝑛2  −  1 +  𝜅2 )(𝑛2  −  𝑠 2  +  𝜅2 )  −
 2𝜅 2 (𝑠 2  +  1)]2 𝑐𝑜𝑠 𝜙 − 𝜅[2(𝑛 2  −  𝑠 2  +
 𝜅 2 )  +  (𝑠2  +  1)(𝑛2  −  1 +  𝜅 2 )]2 𝑠𝑖𝑛 𝜙(7)  

 

𝐷 =  [(𝑛 −  1)2 +  𝜅 2 ] 
(𝑛 −  1)(𝑛 −  𝑠2 )  +  𝜅 2 ]   (8) 

 ϕ = 4πnd/λ, x = exp(−αd), α = 4πκ/λ.  (9) 

 

where d is the thickness of the film, s and n are the 
substrate and film's refraction index, α is the ab-
sorption coefficient, and κ is the (dimensionless) 
extinction coefficient. 

 

RESULTS AND DISCUSSION 

Sheet resistance. Figure 2 shows sheet resistance 
for annealed TiO2 on fluorine-doped tin IV oxide 
(FTO) and single-layer Graphene (SLG). 

FTO1 deg/min TiO2 on FTO2deg/min TiO2 on FTOGraphene1deg/min TiO2 on Gr2deg/min TiO2 on Gr

0

100

200

300

400

500

 

 

R
s

 (
o

h
m

/s
q

)

annealing  rate

 

Figure 2 – Sheet resistance for annealed TiO2 on FTO 
and Graphene films 

 

The sheet resistance of FTO is lower than SLG, 
14.94798 and 31.62315 Ω/sq, respectively. How-
ever, TiO2 annealed on graphene substrate exhib-
ited lower resistance than on FTO substrate, 3.28 
x102 and 4.12 x 102 Ω/sq, respectively. Mono-layer 
Graphene, through its planar hexagonal lattice 
structure, increases the layer conductivity for an-
nealed TiO2, resulting in better electron transport 
for the composite film.  

Sheet resistivity. Figure 3 shows the sheet resis-
tivity of TiO2 as a function of annealing and the ef-
fects of Graphene on the resistivity. 
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Figure 3 – Sheet resistivity against annealing for TiO2 
on FTO and Graphene 

 

The sheet resistivity of TiO2 on both FTO and Gra-
phene was of order 10-4 Ωcm. However, upon an-
nealing TiO2 at 1 °C per minute on the SLG sheet, 
resistivity is lower than on FTO. 5.6 x10-4 Ωcm is 
thus reported for SLG as compared to 6.0x10-4 
Ωcm on FTO. FTO has uneven morphology, which 
results in high porosity of the TiO2 layer, conse-
quently producing subsurface defects in the 
FTO/TiO2 interface. On the other hand, Graphene 
is highly crystalline. Therefore, this reduction in 
resistivity for TiO2 annealed on Graphene could be 
attributed to better charge transport due to de-
creased lattice defects for TiO2 annealed on Gra-
phene. 

Transmittance. Figure 4 shows transmittance 
spectra for tio2 annealed on FTO and SLG. Gra-
phene on glass had a transmittance peak at a 
wavelength of 502.89 nm and 81.62%. Con-
versely, FTO peaked at 746.43 nm and 80.28% 
transmittance, as shown in Table 1. 

For the annealed TiO2, the peaks were at 
686.71 nm and 754.22 nm for SLG and FTO, re-
spectively. Transmittance for annealed films de-
creased more for FTO than Graphene at 66.25% 
and 71.95%, respectively. 
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Figure 4 – Transmittance for annealed TiO2 on 
Graphene and FTO versus wavelength 

 

High transmittance means that very few bonds of 
TiO2 absorb a particular wavelength. Low trans-
mittance implies a high number of TiO2 bonds cor-
responding to vibrational energies of the incident 
wavelength. Thus, there is more absorption for 
TiO2 on FTO than on Graphene. The peaks shift 
deeper in the visible region due to annealing, as 
shown in Table 1. 

 

Table 1 – Transmittance peaks for TiO2 annealed on 
FTO and Graphene 

Sample 
Peak 

wavelength (λ) 
(nm) 

Peak 
Transmittance 

(%) 
Graphene  502.89 81.62 
TiO

2
 on 

Graphene 
686.71 71.95 

FTO 746.43 80.28 
TiO2 on FTO 754.22 66.25 

 

Absorption coefficient. A graph of absorption co-
efficients against wavelength is shown in Figure 5. 
The absorption is of order 104 for all samples.  

The coefficients decrease exponentially for all 
samples within the visible region. This indicates 
the presence of localized states in the band gap. 
The absorption edge can be used to measure the 
energy bandgap. The absorption coefficient's de-
pendence was used to evaluate Urbach energies 
using the Urbach rule as in Equation 3. 
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Figure 5 – Absorption coefficient for deposited and 
annealed TiO2 films on Graphene 

 

Urbach energy for TiO2 on Graphene and FTO. 
Figure 6 shows the dependence of absorption co-
efficient edges tailing in weak absorption region 
(W) and Urbach region (U) optical transitions 
from the extended state (T). Tailing of ρ(hν) ex-
tending into the energy band gap in region W is 
observed for TiO2 on Graphene and FTO. The tail-
ing is more pronounced for TiO2 on FTO than on 
Graphene. 
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Figure 6 – ln (α) vs (hυ) for annealed TiO2 on 
Graphene and FTO 

 

Exponential tails are associated with low crystal-
line films and disordered amorphous materials 
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because of localized states [13, 14]. Further, band 
tailing is associated with lattice vibration due to 
the creation of sub-surface defects such as va-
cancy-interstitial pairs and antisites [15]. There-
fore, this tailing implies the presence of more lo-
calized states in the band gap for TiO2 coated on 
FTO than on Graphene. The absence of tailing for 
Graphene and FTO signifies minimal or no local-
ized states. To quantify the broadness of the den-
sity of states, Ubarch energies were evaluated us-
ing Equation 3. The Urbach Energy enumerates 
the steepness of the absorption onset near the 
band edge. 

The evaluated Urbach energies of TiO2 films on 
FTO were higher than those of SLG, as shown in 
Table 2. High Urbach energy confirms enhanced 
photocatalytic efficiency due to the disorder and 
defects that introduced localized states at or near 
the conduction band level [16]. Therefore, lower 
Urbach energies of 260 meV signify fewer lattice 
defects for TiO2 on the SLG substrate. 

 

Table 2 – Urbach energies of TiO2 on FTO and 
Graphene 

Urbach energy 2o/ min  1o/min 
Tio

2
 on FTO Eu (meV) 414 365 

TiO
2
 on Graphene(meV) 329 260 

 

Relationship of Urbach energy and resistivity of 
TiO2 on Graphene and FTO. In Figure 7, we ob-
serve a direct variation between Urbach energy 
and sheet resistivity of TiO2 on FTO and SLG. The 
optical band gap, Urbach energy, and electrical re-
sistivity were found to depend systematically on 
the crystallite size [17]. In low crystalline, weakly 
crystalline, disordered, and amorphous materials, 
an exponential tail, known as the Urbach tail, ex-
ists at the band edge of the absorption/absorption 
coefficient curve. This exponential tail plays a cru-
cial role in understanding the electronic transport 
properties of composite materials [18]. 

Therefore, as observed in Figure 7, TiO2 annealed 
films on Graphene have a lower Urbach energy 
and sheet resistivity of 260 meV and 5.6 x10-4 
Ωcm. Annealing gradually increases crystallite 

sizes, decreases lattice imperfections, and en-
hances nucleation and coalescence. 
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Figure 7 – A relation between Urbach energies and 
resistivity for TiO2 on FTO and Graphene 

 

However, studies by [19] have reported that local-
ized tail states in amorphous semiconductors 
arise from defects-generated disorder. The de-
crease in resistivity of TiO2 on SLG can be at-
tributed to the excellent conductivity of Graphene. 

 

CONCLUSIONS 

Uniform TiO2 nanocomposite thin films were de-
posited on FTO and graphene interface glass sub-
strates using the doctor-blading deposition tech-
nique. The four-point probe, model SRM-232, was 
used to measure the sheet resistance of the films. 
Sub-surface defects of the TiO2 films on FTO and 
SLG, as manifested by the Urbach energy tails in 
the bandgap, were used to measure the disorder 
of the movie. A direct relation between Urbach en-
ergy and sheet resistivity as a result of annealing 
is thus reported for both TiO2 on FTO and on Gra-
phene. These observations indicate that fine con-
trol over sheet resistivity and microstructure of 
the films can be achieved via annealing TiO2 on 
Graphene to harness it for various optoelectronic 
applications. 
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