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Abstract A new strategy for enhancing the efficiency of
TiO, dye-sensitized solar cells (DSSCs) by design of a new
double layer film doped with Cr ions, with various mor-
phologies, is reported. X-ray diffraction and field emission
scanning electron microscope (FE-SEM) analyses revealed
that the synthesized nanoparticles had uniform and nano-
meter grains with different phase compositions and average
crystallite size in the range of 10-12 nm depending upon
Cr atomic percentage. UV—vis absorption showed that Cr
introduction enhanced the visible light absorption of TiO,
nanoparticles by shifting the absorption onset to visible
light region. Furthermore, the band gap energy of nano-
particles decreased with an increase in dopant concentra-
tion due to reduction of particle size. It was found that,
3 at.% Cr-doped TiO, DSSC in the form of a double-layer
film composed of TiO, nanoparticles, as the under-layer,
and mixtures of nano- and micro-particles with weight ratio
of 80:20, as the over-layer, (i.e., CT3/NM3 solar cell) had
the highest power conversion efficiency of 7.02 %, short
current density of 17.32 mA/cm? and open circuit voltage
of 674 mV. This can be related to achievement of a balance
among the electron injection, light scattering effect and dye
sensitization parameters. Optimization of light scattering
effect of photoanode electrode led to improve the photo-
voltaic performance of CT3/NM3 double-layer solar cell
and was demonstrated by diffuse reflectance spectroscopy.
The presented strategy would open up new insight into
fabrication of low-cost TiO, DSSCs with high power
conversion efficiency.
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1 Introduction

In the present age, dye-sensitized solar cells (DSSCs) have
been regarded as a promising candidate for third solar cells
generation owning to their ease of manufacturing, good
power conversion efficiency and low cost [1]. This class of
cell has reached efficiencies over 12 % recently [2]. When
sunlight radiates onto the DSSC the electrons in the highest
occupied molecular orbital of the dye absorb photons that
become excited and jump to the lowest unoccupied
molecular orbital (LUMO). The electrons from the LUMO
level are then injected into the anatse-TiO, semiconductor
conduction band and pass through the TiO, layer to the
transparent conductive oxide coated glass and to a load [3].
In order to reach high conversion efficiencies, it is
important to increase the electron injection and optical
absorption. One promising solution to increase the electron
injection is to decrease the large band gap of TiO, by
doping a foreign ion into TiO, lattice [4]. A wide range of
metal ions such as iron [5], nickel [6], cupper [7], man-
ganese [8] and cobalt [9] have been used as acceptor do-
pants into TiO,. In addition, niobium as a donor dopant has
been used for fabrication of TiO, solar cell [10]. The result
showed that the conversion efficiency of a cell based on
5.0 mol% Nb-doped TiO, was about 18.2 % higher than
that of a cell based on undoped TiO,. Several studies have
been reported on the effect of Cr introduction, as a dopant,
on optical and photocatalyst properties of TiO, [11-13].
Since Cr’* has a lower number of valance electrons than
Ti*", the excess holes can create an acceptor band near
TiO, valance band. Because of the lower band gap between
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the valance and acceptor, the migration of electrons from
valance to acceptor band could be take place in a lower
temperature. Peng et al. [14] investigated the effects of Cr-
doping concentration and annealing temperature on the
photocatalytic activity of TiO,. The results show that, the
absorption edges of TiO, thin films shift effectively from
375 nm to about 800 nm with increasing Cr concentration.
Choudhury and Choudhury [11] studied the optical prop-
erties of Cr-doped TiO, thin film prepared by sol-gel
method and found that incorporation of Cr produces a
progressive shift of the absorption threshold toward the
visible. Lyson et al. [15] synthesized Cr-doped TiO,
nanoparticles with dopant concentration from 0.1 to
10 at.% by a liquid-fed one-step flame spray synthesis.
They showed that the band gap is shifted from about
3.0 eV for undoped TiO, to about 1.5 eV for 10 at.% Cr-
doped TiO,. Recently, Xie et al. [16] fabricated double
layer dye-sensitized solar cells based on Cr-doped TiO,
films and found that the DSSC made of 50 ppm dopant had
higher photovoltaic performance (e.g., power conversion
efficiency of 6.35 %) than the DSSC made of undoped
nanoparticles (power conversion efficiency of 5.54 %). The
light scattering is already a well-known approach for
boosting the optical absorption of photoelectrode in the
conventional DSSCs [17] and can be realized through the
use of a double-layer structure consisting of an over- and
under-layer. It is well documented that the efficiency of a
TiO, DSSC for light scattering is strongly dependent on
refractive index, grain size and size distribution of the TiO,
particles [18]. The rutile crystalline form of TiO, has
higher intrinsic scattering efficiency than the anatase
crystal because of its higher refractive index (2.74 vs. 2.56)
[19]. However, anatase phase is more favor for photovol-
taic application. An over-layer consisting of rutile particles
with dimensions of 300400 nm has been widely employed
in a traditional DSSC to scatter the incident light [20].
Moreover, TiO, nanotubes [21], nanowires [22] and large
particles [23] as the light scattering layer have been pro-
posed. An alternative approach which is mixing of small
and large particles has also been reported [24]. Kim et al.
[25] reported that the cell efficiency of a monolayer TiO,
solar cell made of TiO, nanoparticles (i.e., 7.1 %) was
improved using a light scattering layer in the form of a
double-layer solar cell made of pure TiO, nanoparticles as
the under-layer and 3 at.% Cr-doped TiO, nanoparticles as
the over-layer with power conversion efficiency of 8.4 %.

So far, no significant work has been reported on design
of a double-layer DSSC composed of Cr-doped TiO, films
in the forms of under- and over-layers, as transparent and
light scattering layers, respectively. In the present work, we
have focused on synthesis of Cr-doped TiO, nanoparticles
with various atomic ratios and phase compositions by a
particulate sol-gel method for solar cell application.
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Furthermore, the effect of Cr introduction was studied on
phase composition, morphology, optical properties and
photovoltaic performance of fabricated TiO, cells. The
optimum atomic ratio of the dopant was obtained for solar
cell application and its effect on light scattering layer was
compared with that of pure TiO,.

2 Experimental
2.1 Preparation of Cr-doped TiO, sols and powders

Firstly, TiO, sol was prepared according to the method
reported in our previous work [26]. Titanium tetraiso-
propoxide (TTIP) with a purity of 97 % (Aldrich, UK) was
used as a titanium precursor; analytical grade hydrochloric
acid (HCI) 37 % (Fisher, UK) was used as a catalyst for the
peptisation and deionised water was used as a dispersing
media. The water—acid mixture (in the range of pH = 1-2)
was stabilized at a constant temperature. TTIP was added,
forming a white thick precipitate, which gradually peptised
after 2 h to form a clear sol. The TiO, sol with the con-
centration of 0.4 M was prepared with TTIP:HCI:H,O
molar ratio of 1:0.5:351.

For preparation of Cr-doped TiO, sols CrCl;-6H,0O
(Fluka, UK) was dissolved in TiO, sol with different Cr
atomic percentages in the range 0-5 at.%. Cr ions can be
incorporated into the TiO, lattice via displacing Ti*" sites
due to the close ionic radius of Ti*" (60.5 pm) and crt
(61.5 pm), forming a Cr-doped TiO, [27]. The sols were
then heated at 50 °C for 24 h to obtain as-synthesized Cr-
doped TiO, powders. Subsequently, the as-synthesized
powders were annealed at 400 °C for 1 h in air atmosphere
to achieve the crystalline powders.

In addition, four different TiO, powders, with rutile
structure, were prepared for fabrication of the over-layer of
the electrode by annealing the following powders at 800 °C
for 1 h in air atmosphere: (1) undoped TiO, nanopowders,
(2) 3 at.% Cr-doped TiO, nanopowders, (3) a mixture of
20 wt% commercial TiO, powder (99.9 %, Alfa Aesar,
USA) and 80 wt% undoped as-synthesized TiO, nano-
powder and (4) a mixture of 20 wt% commercial TiO,
powder and 80 wt% Cr-doped TiO, as-synthesized nano-
powder (with 3 at.% Cr).

2.2 Preparation of DSSCs

2.2.1 Preparation of photoanode electrodes

Basically, two categories of DSSCs, in the forms of mono-
and double-layer films, were fabricated in order to study

the effect of the dopant concentration and arrangement
modes of the double layer films on their photovoltaic
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performance. A new formulation of TiO, paste was
developed in our lab. Both categories of TiO, pastes were
prepared by mixing the powders, the solvent, the dispersing
agents and binders according to the procedure reported in
our previous work [28].

The first category, in the form of a monolayer films,
were consisted of four different electrodes with various
atomic percentages of the dopant (i.e., 0-5 at.%). Four
monolayer films were coated on FTO (7 Q/sq) substrate by
spin coating technique from the prepared pastes, as listed in
Table 1. The optimal Cr atomic ratio was determined by
photovoltaic characteristics of monolayer DSSCs. The
second category, in the form of double layer films, were
consisted of four different electrodes with the same under-
layer (i.e., CT3, which showed the highest efficiency in the
first category) and various over-layers (i.e., light scattering
layers) with rutile crystalline form, as shown in Table 2.

The deposited films, as photoanode electrodes, were
annealed at 400 °C for 2 h in air atmosphere. The post-
treatment with TiCly solution was applied to freshly annealed
TiO, photoanode electrodes as reported in the literature [29].
An aqueous stock solution of 2 M TiCl, was diluted to
0.04 M. TiO, photoanode electrodes were immersed into this
solution and stored in an oven at 70 °C for 30 min in a closed
vessel. After flushing with distilled water, the photoanode
electrodes were sintered again at 450 °C for 30 min. The
resulting electrodes were soaked in 0.3 mM ruthenium (II)
dye (Ruthenium 535-bisTBA dye, or N719, Solaronix)
solution (using ethanol as a solvent) for 18 h. The photoanode
electrodes were washed with ethanol, dried, and then imme-
diately used for photovoltaic measurements.

2.2.2 Preparation of counter electrode

The counter Pt-electrode was deposited on the FTO glass
by coating with a drop of H,PtClg solution (2 mg Ptin 1 ml
ethanol) with repetition of the heat treatment at 400 °C for
30 min.

2.2.3 Preparation of electrolyte

The electrolyte employed was a solution of 0.60 M tetra-
butyl ammonium iodide, 0.03 M I, 0.10 M lithium iodide,

Table 1 Characteristics of fabricated monolayer DSSCs

Electrode Cr at.% Morphology Crystal structures
CTO 0 Nanoparticles A+ R

CT1 1 Nanoparticles A+R+B

CT3 3 Nanoparticles A+R+B

CT5 5 Nanoparticles A+R+B

A anatase, R rutile, B brookite

0.10 M guanidinium thiocyanate and 0.50 M 4-tertbutyl-
pyridine in a mixture of acetonitrile and valeronitrile
(volume ratio, 85:15).

2.2.4 DSSCs assemblage

The Platinum electrode was placed over the dye-adsorbed
photoanode electrodes, and the edges of the cells were
sealed with sealing sheet (SX 1170-60, Solaronix). Sealing
was accomplished by hot-pressing the two electrodes
together at 120 °C. The redox electrolyte was injected into
the cells through the small holes and sealed with a small
square of sealing sheet. The cell size was 0.25 cm” which
corresponds to that of the working electrode.

2.3 Characterisation and measurements

The photoanode electrodes were characterized by X-ray
diffraction diffractometer (XRD) using a Philips X pert
PW3020, Cu-K, and field emission scanning electron
microscope (FE-SEM) using a JEOL 6340. The as-syn-
thesized powder was also characterized in thermal behav-
iour using simultaneous differential thermal (SDT) analysis
TASDTQ600, with a heating rate of 5 °C/min in air up to
1,000 °C. The thickness of the electrodes was measured
with a Tensor Alpha-step Profiler. The absorption spectrum
was analyzed by Ultraviolet—visible (UV-vis) spectroscopy
using a 6705 JENWAY spectrometer. The diffuse reflec-
tance spectroscopy (DRS) measurements of the films were
recorded using an AVASPEC-2048-TEC spectrometer.
The density of the nanostructures was measured by a Mi-
cromeritics AccuPyc 1330 pycnometer analyzer. Photo-
voltaic measurements of fabricated solar cells were carried
out using a solar simulator under standard test conditions
(STC i.e., irradiance of 100 mW/cm?, AM 1.5 spectrum).

3 Results and discussion
3.1 Thermal analysis

Simultaneous differential thermal analysis of 3 at.% Cr-
doped TiO, powder is shown in Fig. 1. It is evident that the
powder undergoes endothermic dehydration in the tem-
perature range 20-126 °C, which is supported by the cor-
responding weight loss in the TGA curve. The exothermic
peaks corresponding to anatase crystallization and the
anatase to rutile phase transformation are not observed due
to the gradual formation of these phases. The TGA curve
shows that the weight loss occurs at two stages, namely,
below 126 °C and between 126 and 400 °C. In the first
region (below 126 °C), the weight loss of 12.1 % is due to
the evaporation of physically adsorbed water from pores. In
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Table 2 Characteristics of fabricated double layer DSSCs

Electrode Under-layer Over-layer
Cr at.% Morphology Crystal structures Cr at.% Morphology Crystal structures
CT3/NO 3 Nanoparticles A+R+B 0 Nanoparticles R
CT3/N3 3 Nanoparticles A+R+B 3 Nanoparticles R
CT3/NMO 3 Nanoparticles A+R+B 0 Nanoparticles + microparticles R
CT3/NM3 3 Nanoparticle A+R+B 3 Nanoparticles 4+ microparticles R
A anatase, R rutile, B brookite
21 0 nuclei retards by Cr introduction since the initial crystallites
" s T have the smaller size than the critical nuclei size. Moreover,
g % over the time scales accessible to molecular dynamics sim-
£ 191 L 100 3 ulations has been reported that annealing of anatase and
o P i . . .
g ; amorphous nanoparticles results in a brookite agglomerate
-|— B s 150 @ whereas the final annealed agglomerate transforms to the
Loy "o Egig 1 rutile phase [30]. It has been reported that brookite-TiO,
= - phase exhibits higher photocatalytic activity than rutile and
16 + T —r———— 250 anatase structures and, therefore, brookite can be a good
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Temperature (°C)

Fig. 1 SDT curve of 3 at.% Cr-doped TiO, powder

the second stage (in the range 126400 °C), the weight loss
of 20.2 % is due to dehydroxylation and removal of
residual organics. There is no weight loss at temperatures
above 400 °C. Consequently, the ultimate annealing tem-
perature for entire elimination of organic and inorganic
components is determined at 400 °C.

3.2 Crystal structure

The crystal structure and phase composition of deposited
transparent films were studied by XRD analysis and the
results were shown in Fig. 2. It can be observed that, CTO
film had a mixture of anatase and rutile phases by dominant
peaks at 20 = 25.3° (1 0 1), and 206 =27.5° (1 1 0),
respectively, whereas other transparent films showed a
mixture of anatase, rutile and brookite phases by dominant
peaks at 20 = 25.3° (1 0 1), 26 =27.5° (1 1 0), and
20 = 25.3° (1 2 0), respectively. Therefore, introduction of
Cr into TiO, lattice led to formation of brookite phase. The
heat treatment of Cr-doped TiO, films at 400 °C resulted in
anatase to brookite phase transformation rather than anatase
to rutile transformation. This can be related to reduction of
anatase crystallite size by introducing Cr into TiO,. The
anatase to rutile phase transformation is known to be a
nucleation and growth process during which rutile nuclei
form within the anatase phase and grow in size. Crystallites
should grow to the critical nuclei size before the transfor-
mation can proceed. Consequently, formation of rutile
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candidate for photovoltaic devices [31, 32]. Consequently,
the presence of brookite within the Cr-doped TiO, films
could improve the photovoltaic performance of the cells.
Moreover, neither chromium oxide nor chromium titanates
were detected for Cr-doped TiO, films due to low concen-
tration of the dopant. It can be observed that, the phase
composition of Cr-doped TiO, films depends on dopant
concentration. The mass fraction of anatase (W), rutile
(Wg) and brookite (Wg) in the crystal lattice can be calcu-
lated based on the relationship among the integrated inten-
sities of anatase (1 O 1), rutile (1 1 0) and brookite (1 2 1)
peaks by the following formula, developed by Zhang and
Banfdield [33] and Gribb and Banfield [34].

0.8864,
Wy = (1)
0.886A, + A, + 2.7214,
A,
Wi = 2
R 0.8864, + A, + 2.7214, 2)
2.721A
Ws > (3)

T 0.886A, L A, + 2.7214,

where A,, A, and A, are the integrated peak intensities of
the anatase (1 0 1), rutile (1 1 0) and brookite (1 2 1) peaks,
respectively. Moreover, the average crystallite size of
crystalline anatase, rutile and brookite phases was
calculated by the Scherrer equation as follows [35]:

o
" Bcos?

(4)

where d is the crystallite size, k is a constant of 0.9, A is the
X-ray wavelength of Cu which is 1.5406 A°, 0 is the Bragg
angle in degree, and B is the full width at half maximum
(FWHM) of the peak.
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Fig. 2 XRD patterns of the
under-layer of photoanode
electrodes annealed at 400 °C:
a CTO, b CT1, ¢ CT3 and

d CT5. A anatase-TiO,, R rutile-

TiO,, B brookite-TiO,

Intensity (a.u.)

26 (Degree)

Brookite: 009150875

|]Iu|t| | | |IJ ] |]l L |

Anatase; 010711166

Rutile: 010781510

Table 3 The phase composition and crystallite size of the under- and over-layer of deposited photoanode electrodes

Film Phase composition (%) Crystallite size (nm)
Anatase Rutile Brookite Anatase Rutile Brookite Average

CTO 36 64 0 20.6 38.2 - 29.4
CT1 54 27 19 07.4 25.0 03.8 12.1
CT3 70 11 19 08.5 21.7 04.3 11.5
CT5 78 3 19 07.1 17.9 04.6 09.9
CT3/NO 0 100 0 - 47.0 - 47.0
CT3/N3 0 100 0 - 412 - 412
CT3/NMO 0 100 0 - 48.0 - 48.0
CT3/NM3 0 100 0 - 435 - 435

The mass fraction of anatase, rutile and brookite phases
as well as their average crystallite size is shown in Table 3.
It is evident that the anatase content of the under-layer
films was increased with increasing dopant concentration,
whereas their brookite content was independent of Cr
concentration. Furthermore, the crystal growth of TiO,
films was hindered by Cr introduction, resulting in reduc-
ing the average crystallite size of the films. These results
are in good agreement with those reported by Ruiz et al.
[36].

Figure 3 shows XRD patterns of the over-layer of
photoanode electrodes annealed at 800 °C. It is evident
that, all films showed highly pure crystalline rutile phase
by the dominant peak at 20 = 27.5° (1 1 0). Both undoped

and Cr-doped TiO, electrodes showed rutile structure at
high annealing temperature of 800 °C. Therefore, the
anatase to rutile phase transformation is more dependent on
annealing temperature than doping with desired element. It
can be seen that, the crystallite size of rutile phase was
decreased with introduction of 3 at.% Cr into TiO, lattice.
As expected, the rutile crystallite size of electrodes com-
posed of mixtures of nanoparticles and microparticles is
higher than those made of pure nanoparticles.

3.3 Microstructure
Figure 4 shows surface morphology of deposited under-

layer films. It is evident that, all deposited films had almost
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Fig. 3 XRD patterns of the

over-layer of photoanode s00 4 (d) R R R
electrodes annealed at 800 °C: 400 4 R & .
a CT3/NO, b CT3/N3, ¢ CT3/ 200 4 . - R R ﬁl
NMO and d CT3/NM3. R rutile- 8 . L}L AN
R
R

Tio; s00 4(€) i
s 400 -
] 200
0

i
-
=

Intensity (a.u.)

s00 4 (b) R
400 4
200

ok
2

Rutlle: 010?315?0

uniform, homogeneous and porous structure as a result of
removal of the dispersing agent and solvents. As can be
observed, the porosity of doped electrodes was higher than
that of undoped electrode, enhancing dye adsorption. This
can be explained by the fact that the decomposition of
chromium chloride hexahydrate is an exothermic reaction
and the released heat avoids sintering the particles,
resulting in increasing the porosity. Moreover, the porosity
of doped films depended on the dopant concentration. It
was decreased with increasing Cr atomic percentage up to
5 at.%. Porosity is an essential parameter for a high-effi-
ciency DSSC, because it allows adsorption of sufficiently
large number of dye molecules needed for efficient light
harvesting, as confirmed by a spectroscopic method (see
Sect. 3.5.1). On the other hand, large pores may act as
electron traps, resulting in reduction of cell efficiency. This
can be related to the depth of traps that participate in the
electron motion which affect the value of the diffusion
coefficient [37]. Therefore, an optimum porosity of pho-
toanode electrode enhances the photovoltaic performance
of a DSSC.

Figure 5 illustrates cross sectional view and surface
image of double layer CT3/NM3 photoanode electrode
annealed at 400 °C. The thickness of the film can be
controlled by spin coating parameters. These parameters
were tailored to obtain a total thickness of 14 um. It can be
observed that the under- and over-layer had almost the
same thickness around 7 um. The surface image showed a
mixture of micro- and nano-particles due to addition of
commercial TiO, powder with micron size particles into
the synthesized 3 at.% Cr-doped TiO, nanoparticles.
Incorporation of large particles with nanoparticles led to
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improvement of the light-scattering effect of the double
layer electrode (see Sect. 3.5.2).

3.4 UV-vis analysis

Optical absorbance spectra of the doped and undoped TiO,
nanoparticles are shown in Fig. 6. It can be seen that the
UV-vis absorbance of Cr-doped TiO, significantly shifts to
longer wavelength (i.e., red shift) in comparison with that
of the pure TiO, due to acceptor nature of Cr within TiO,
structure. Consequently, Cr introduction may enhance the
visible light absorption property of the material by shifting
the absorption onset to visible region, thus utilizing the
maximum portion of solar light.

To quantify the optical band gap of the nanoparticles,
Tauc Model [38] was employed in the high absorbance
region of the transmittance spectra according to the fol-
lowing equation:

ahv = A(hv — Eg)" (5)

where hv is the photon energy, E, is the optical band gap, A
is a constant which does not depend on photon energy, r has
four numeric values (1/2 for allowed direct, 2 for allowed
indirect, 3 for forbidden direct and 3/2 for forbidden indirect
optical transitions) and o is the absorption coefficient which
is calculated from the following equation:

2.303K.
p=""P

L.C (6)

where K is the absorbance of the sample; p is the density of
TiO, nanoparticles; C is the concentration of the nano-
particles and L is the optical path length. The density of
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Fig. 4 FE-SEM images of surface morphology of 400 °C annealed monolayer TiO, electrodes doped with different Cr atomic percentages:

a CTO, b CT1, ¢ CT3 and d CT5

&'y : Nano‘fmlcro
Particles’

|.I %?'

Fig. 5 FE-SEM images of double layer CT3/NM3 electrode annealed at 400 °C: a cross sectional view and b surface morphology

CTO0, CT1, CT3 and CT5 nanopowders was measured 4.16,
4.04, 3.97 and 3.89 g/cm?, respectively. The indirect band
gap of nanoparticles was determined by plotting (othv)®
versus hv, with the extrapolation of the linear region to the
low energies, being 3.17, 2.99, 2.74 and 2.65 eV for CTO,
CT1, CT3 and CTS5 films, respectively. It is evident that the
optical band gap energy of the films was decreased with
increasing dopant concentration. Due to the lower band gap
energy of doped nanoparticles, it is expected their light

absorption and light scattering are greater than those of
undoped particles.

3.5 Photovoltaic performance of DSSCs
3.5.1 Effect of Cr atomic percentage of monolayer DSSCs

The photocurrent density—voltage (J-V) characteristics
of fabricated monolayer TiO, DSSCs, with the same
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Fig. 6 Optical absorbance (a) (b)
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Fig. 7 Photocurrent density—voltage curve of monolayer TiO,
DSSCs doped with different Cr concentrations

thickness (i.e., 14 pm), were illustrated in Fig. 7. In addi-
tion, the corresponding photovoltaic parameters such as
short circuit current (Jgc), open circuit voltage (Voc), fill
factor (FF), adsorbed dye and power conversion efficiency
(m) were summarized in Table 4. As can be observed, the
solar cells made of doped TiO, nanoparticles had smaller
Voc than that of made of undoped TiO,, as a result of
smaller energy difference between the conduction band of
nanoparticles and the iodine redox potential [39]. It is
evident that the short circuit current and power conversion
efficiency of the solar cells changed with Cr atomic per-
centage, reaching a maximum at a specific value. There-
fore, CT3 solar cell showed the highest power conversion
efficiency of 6.10 % amongst all fabricated solar cells. The
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Table 4 Photovoltaic parameters of fabricated monolayer TiO,
DSSCs doped with different Cr atomic percentages

DSSC Voc Jsc FF n Adsorbed dye
(mV)  (mAlem® (%) (%) (108 mol/cm?)

CTO 706 11.98 61.11 518 874

CT1 695 13.35 60.83 565 9.12

CT3 678 14.87 6039 610  9.68

CT5 666 13.29 6002 532 831

improvement in the photovoltaic performance of CT3 cell
can be explained due to enhancement of Jsc by the fol-
lowing mechanisms.

Firstly, introduction of Cr into TiO, lattice can improve
its photo-response by introducing additional energy levels
within the band gap of TiO,. Chromium dopant modifies
the electronic structure of TiO, and forms localized
acceptor levels in the forbidden band gap. This modifies
the concentration of electrons and electron holes and leads
to a decrease in the internal electrical resistances [15].
Secondly, the appropriate morphology of CT3 film due to
an optimum porosity causes considerable improvement in
surface area and, therefore, enhancing dye adsorption. The
amount of adsorbed dye was determined by a spectroscopic
method by measuring the concentration of desorbed dye on
the titania surface into solution of 0.1 molar NaOH [40].
The absorbance of N719 dye on the CT3 electrode was
found to be greater than the rest of the electrodes at the dye
spectral maximum (308 nm), as shown in Fig. 8. Thirdly, it
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Fig. 8 Optical absorbance spectra of N719-coated monolayer TiO,
photoanode electrodes doped with different Cr atomic percentages

has been reported that TiO, DSSC prepared with a mixture
of anatase and rutile with weight ratio of 9:1 shows the
most prominent performance in comparison with those
prepared with other phase compositions due to the elec-
tron-holes separation at the interface between phases [41-
46]. As shown in Table 3, CT3 cell had almost the same
anatase to rutile weight ratio of 9:1 and, therefore, the
synergistic effect between anatase and rutile significantly
improves the photovoltaic activity of anatase.

3.5.2 Effect of light scattering layer of double layer DSSCs

As mentioned in introduction section, the rutile crystalline
form of TiO, has higher refractive index than anatase and,
therefore, deposition of an over-layer with rutile structure
could improve light scattering and short current density of
the DSSCs. To study such phenomenon, four double-layer
DSSCs with the same under-layer film (i.e., CT3 film) and
different light scattering over-layers were fabricated and
compared with those of monolayer DSSCs. The photo-
current density—voltage (J-V) characteristics of fabricated
double-layer DSSCs were illustrated in Fig. 9. In addition,
the corresponding photovoltaic parameters were summa-
rized in Table 5. It is evident that, CT3/NM3 solar cell had
the highest short circuit current and power conversion
efficiency of 17.32 mA/cm® and 7.02 %, respectively
amongst all fabricated monolayer and double-layer solar
cells. The most likely reason for enhancement of the cell
efficiency can be explained by the following mechanisms.

Firstly, CT3 film was used as the under-layer which had
the highest photovoltaic performance amongst all mono-
layer DSSC. Secondly, the presence of rutile in the over-
layer limited electron transport due to its constraints. On
one hand, the internal resistance of rutile phase is higher
than that of anatase phase due to 90° rotated octahedral
connected by their edges in the case of rutile compared to
arrangement of parallel octahedral connected by their
vertices in the case of anatase. On the other hand, lower

Fig. 9 Photocurrent density—voltage curves of double-layer TiO,
DSSCs doped with different Cr percentages

Table 5 Photovoltaic parameters of double-layer DSSCs with dif-
ferent light scattering layers

DSSC Voc Jsc FF n Adsorbed dye
(mV) (mA/em?) (%) (%) (10% mol/cm?)

CT3/NO 682 14.27 6045 586 07.83

CT3/N3 677 15.70 6031 642 08.11

CT3/NMO 684 16.03 60.51 664 07.74

CT3/NM3 674 17.32 6027 7.02 07.95

surface area of rutile nanoparticles (i.e., 49 m2/g), in
comparison to that of anatase nanoparticles (i.e., 117 m?/
g), constrains dye sensitization and correspondingly short
circuit current. Consequently, Cr introduction in the over-
layer, as well as under-layer, is one promising solution to
this impasse by inducing electron transport rate due to
reduction of rutile crystallite size as well as the optical
band gap energy. Thirdly, the deposited over-layer induced
improvement of light scattering by multiple scattering of
photons, resulting in an increase in optical path length.
Although deposition of the light scattering layer containing
mixtures of micro- and nano-particles induced a consider-
able decline in the amount of adsorbed dye in the double-
layer cells, the effect of light scattering which led to rising
light-harvesting of the cell was dominant, resulting in
enhancement of Jgc. This was studied by evaluating the
light scattering property of the dye-free over-layers (i.e.,
NO, N3, NMO and NM3 films) by DRS. The CTO film was
used as a reference and the light scattering property of
other films was studied. The diffuse reflectance spectra of
the over-layers are shown in Fig. 10. In all measurements,
the samples were irradiated from the side of the glass
substrate on which the film was not deposited. When a
beam of solar light passes the FTO glass and contacts with
the films, the incident light is supposed to be reflected,
scattered and transmitted within the films. In general, the
part of incident light scattered within a film and returned to
the surface is considered to be diffused reflectance [47].

@ Springer
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Fig. 10 Diffuse reflectance spectra of light scattering layers in
double layer DSSCs

The layers containing nano- and micro-particles (i.e., NMO
and NM3 layers) exhibited higher light scattering property
than those composed of nanoparticles (i.e., NO and N3), as
can be inferred from the higher diffuse reflectance of these
samples at higher wavelengths (where TiO, does not
absorb). It can be seen that, Cr-doped layers showed lower
light scattering property than undoped layers due to smaller
rutile crystallite size, as mentioned in Sect. 3.2. Conse-
quently, a systematic design of double-layer cells by tai-
loring their phase composition, morphology, electron
transport and light scattering of the over-layer can improve
the photovoltaic performance of Cr-doped TiO, dye sen-
sitized solar cells.

4 Conclusions

Two effective methods were presented in order to make a
balance among electron injection, light scattering effect
and dye absorption of photoanode electrode of dye-sensi-
tized solar cells. For this purpose, a systematic study of the
DSSCs by fabrication of monolayer Cr-doped TiO, films
with different atomic percentages (i.e., 0-5 at.%) and
double layer films with various rutile light scattering layers
with different morphologies and phase compositions was
performed.

XRD and SEM analyses revealed that, Cr introduction
hindered anatase to rutile phase transformation as well as
grain growth during annealing process. UV-vis analysis
showed that the absorbance of Cr-doped TiO, significantly
shifted to longer wavelength (the red shift) in comparison
with that of the pure TiO,. The Cr-doped films showed
higher light absorption and scattering due to the lower
optical band gap energy. Photoanode electrode containing
3 at.% Cr (i.e., CT3 solar cell) showed the maximum
power conversion efficiency of 5.92 % among monolayer
DSSCs due to synergistic effect between anatase and rutile
as well as a decrease in the internal electrical resistances as

@ Springer

a result of Cr introduction into TiO, lattice. The double-
layer DSSC made of CT3 film as the under-layer and
mixtures of Cr-doped TiO, nanoparticles and microparti-
cles with rutile phase, as the over-layer (i.e., CT3/NM3
solar cell) showed the highest power conversion efficiency
of 7.02 % among all fabricated cells. The improved pho-
toelectrical performance of CT3/NM3 solar cell was
attributed to high light scattering due to presence of mi-
croparticles in the over-layer, as confirmed by DRS.
Moreover, this cell had high electron injection due to
decrease in optical band gap energy of both under- and
over-layers, as a result of doping with Cr.
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