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Abstract Micro-structure of TiO, films in dye-sensitized
solar cells (DSSCs) can affect light absorption and electron
transportation that impact on the characteristics of current-
voltage (J-V). In this paper, films with different surface
area, pore size and porosity were obtained by adding
different ratio of ethyl cellulose (Ec-S) to pastes, and a
photo-electric conversion efficiency () of 7.55% with a
short-circuit current density (J.) of 16.81 mA-cm? was
obtained when the ratio of Ec-S was 10:5. BET results
showed that film with this optimum ratio had the most
suitable pore size and surface area for good properties of
photovoltaic, which had a low reflectivity and high
transmission rate, and the efficiency of light utilization
was improved. Moreover, measurements by intensity-
modulated photocurrent spectroscopy (IMPS) and
intensity-modulated photovoltage spectroscopy (IMVS)
implied that the electron transport time (z4) increased as the
content of Ec-S increased, which was related to the larger
surface area. Results of steady-state cyclic voltammetry
indicated that diffusion-limited current density (Jj,) of Iy
in TiO, film increased with its porosity, which revealed
that the transportation of redox mediators in the electrolyte
was speeded up.

Keywords micro-structure, porosity, optical property,
electron transport, dye-sensitized solar cell (DSSC)

1 Introduction

Due to their high efficiency, simple fabrication process and
potential low-cost, dye-sensitized solar cells (DSSCs) have
been attracting considerable attention [1,2]. Generally,
DSSC mainly consists of three parts: dye-sensitized
nanoporous photoanode, electrolyte and platinized counter
electrode. The nanoporous working electrodes of the solar
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cells are composed of nanoporous nanocrystalline TiO,
films, which provide a large surface area to adsorb dye
molecules and separate photoelectrons from dyes. The
nanoporous TiO, film plays an important role in the photo-
electric conversion efficiency of DSSC, and lots of studies
have been focused on the relation between the micro-
structure of nanoporous TiO, film and the light conversion
efficiency of DSSC [3-5].

Factors influencing the morphology of the nanoporous
TiO, film include particle size, particle surface area,
particle pore size, porosity, size of inter-grain neck, etc, and
those influencing the micro-structure include process of
preparation paste, components of the paste, heating
treatment temperature and time in autoclave, sintering
temperature and time for TiO, film, etc. Because of their
interaction with each other, the relationships among
particle size, surface area, pore size and porosity are very
complicated. Particles with small size have big surface area
and short electron lifetime (z,), while those with larger size
have smaller surface area and larger electron diffusion
coefficient (D) [6]. Diffusion of electrolyte in pores is
affected by pore interconnectivity strongly, which is
affected by pore-size [7]. Overall, the micro-structure of
nanoporous TiO, film is critical important and should be
optimized for DSSC to get high conversion efficiency.

As we know, the transportation of photoinjected
electrons through TiO, network occurs mainly in form of
diffusion, since the electric field in the film is screened by
electrolyte [8]. One of the models for electron transporting
is the trapping/detrapping process, which assumes that the
electron transportation is dominated by multiple trapping
and detrapping events [9]. Another model is a trap-
controlled hopping mechanism, i.e., photoassisted tunnel-
ing between localized states. Film morphology, especially
the porosity, has a considerable influence on the electron
transportation and recombination in the TiO, film of
DSSC. High porosity means more pores in the nanos-
tructure films and particles disperse in a more extensive
area. Electrons step randomly through the connected
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spherical grains in a three-dimensional network, and spend
more time in the pathway, so they will undergo more
trapping and detrapping before reach the substrate. More-
over, high porosity in the network can also speed up the
transport rate of redox mediators in the electrolyte and
increase the photovoltaic properties of DSSC [10,11].

In the last decade, intensity-modulated photocurrent
spectroscopy (IMPS) and intensity-modulated photovol-
tage spectroscopy (IMVS) have been widely used in
studying the micro-process of electron transport in DSSC.
IMPS response is a frequency domain technique that yields
the complex transfer function between the optical input
and the photocurrent output. It involves superimposition of
a small sinusoidal perturbation of the light intensity on a
larger steady background level. IMPS response measures
the electron transportation and back-reaction dynamics,
which have been explained by assuming trap-limited
transport involving an exponential distribution of trap
depths. In the related technique of IMVS, the same
illumination conditions are used, but the open circuit
photovoltage is measured instead of the short circuit
alternating current (AC) photocurrent. In the case of
DSSC, it can be shown that IMPS provides information
about electron diffusion, whereas the IMVS response is
related to the electron lifetime, where photo-injected
electrons are constrained to back react with Iy . IMPS/
IMVS technology provides us an easy way to investigate
the electron transportation and recombination in DSSC
based on different micro-structure films indeed.

To investigate the influence of micro-structure on
photovoltaic properties of DSSC and optimize the paste
components as well, in this paper, different percentages of
ethyl cellulose (Ec-S), as the addition agent of the TiO,
paste, was modified to make TiO, pastes. Detailed optical
properties of these films such as the diffuse reflectance
spectra and transmittance spectra were studied. Electron
transportation and back reaction in DSSC affected by
micro-structure were also researched in detail. To know the
reason of the variation of short-circuit photocurrent, the
incident photon to current conversion efficiency (IPCE)
and the limiting diffusion current density (J};;,,) of I3 in the
TiO, films were discussed. Finally, the optimal paste
components was obtained, and it was of great significance
for the ongoing production of DSSC module.

2 Experiment
2.1 Preparation of TiO, pastes

TiO, colloidal was prepared from titanium isopropoxide
(Fluka) as a starting material by hydrolysis, filtration,
peptization, and hydrothermal treatment. The detailed
procedure was the same as that described in our previous
work [12,13]. In this paper, in order to obtain particles with
the same size and the same surface chemical property,

colloidal suspension after hydrothermal treatment in the
autoclave was equally divided into five parts, then the Ec-
S, to which the ratio of TiO, is 10:1, 10:2, 10:3, 10:5 and
10:10 was added into the five parts to form TiO, pastes,
labeled as A1, A2, A3, A4, and A5 respectively.

2.2 Assembling of DSSC

TiO, photoanodes were obtained by screen-printing the
five pastes onto the conducting glass substrates (TEC-8,
LOF). These films were dried at room temperature for
10 min, and then sintered at 450°C for 30 min in air. It was
repeated until a wanted thickness film was obtained. At
last, light scattering particles with an average particle size
of about 300 nm were adopted onto the outer layer of each
prepared film.

Details of DSSC assemble method can be found in our
previous work [14]. It could be briefly described as
follows: TiO, photoanode was immersed into an ethanol
solution (0.5 mM) of N719dye [cis-dithiocyanate-N,N'-
bis-(4-carboxylate-4'-tetrabutylamonium-carboxylate-2,2'-
ipyridine) ruthenium (II)]J(RuL,(NCS),) overnight, which
caused a sufficient adsorption of the sensitized dye
RuL,(NCS), onto the TiO, film. After the substrate was
adequately washed with anhydrous alcohol and dried in
moisture-free air, a dye-sensitized TiO, photoanode was
obtained. The counter electrode was platinized by spraying
H,PtClg solution onto the transparent conductive oxide
(TCO) glass and fired in air at 410°C for 20 min. A DSSC
was assembled by filling an electrolyte solution (0.6 M
tetrapropylammonium iodide, 0.1 M ITodine, 0.1 M lithium
iodide, 0.5 M 4-tert-butylpyridine (TBP) in 3-methoxpro-
piponitrile) between the dye-sensitized TiO, photoanode
and platinized conducting glass electrode from a hole made
on the counter electrode. The two electrodes were clipped
together and the hole was sealed all with thermal adhesive
films (Surlyn, Dupont) as sealant to prevent the electrolyte
solution from leaking. The total active electrode area of
DSSC was 0.25 cm? (0.5cm x 0.5 cm).

2.3 Measurements

The TiO, crystal structure was measured by a D/Max-rB
powder X-ray diffractometer (XRD) (Cu-Ko/1.54 A radia-
tion) while the average crystallite size of the prepared TiO,
powders was calculated from the Scherrer equation. BET
surface area and pore size distribution were determined by
using a Beckman Coulter nitrogen adsorption-desorption
apparatus. Desorption data were analyzed by using the
BJH (Barrett, Joyner, and Halenda) method for cumulative
pore volume and pore volume distribution. The porosity
(P) was calculated using the expression: P =V /(p"' + V),
where V,, is the (specific) cumulative pore volume (cm’/g)
and p' is the inverse of the density of anatase TiO, (p ' =
0.257 cm’/g). Viscosities of pastes were tested by
viscometer (Shanghai Precision & Scientific Instrument
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CO., LTD, China). Thickness of the film was determined
by surface profilometer (XP-2, AMBIOS Technology Inc.,
USA). Ultraviolet rays-visible (UV-vis) absorption,
transmission and the reflectance spectra of the film in the
200—-800 nm regions were obtained from a UV-vis spectro-
photometer (TU-1901, Persee Inc., China) equipped with a
16 cm diameter barium sulfate-coater integrating sphere.
The photovoltaic performances of DSSC were measured
by a Keithley 2420 3A source meter controlled by
Testpoint software under solar simulator (solar AAA
simulator, oriel USA, calibrated with a standard crystalline
silicon solar) and calibrated with a standard crystalline
silicon solar cell (the 18th Research Institute of Electronics
Industry Ministry, China). IMPS/IMVS measurements
were carried out on an IM6ex (Germany, Zahner
Company) using light-emitting diodes (A = 610 nm) driven
by Expot (Germany, Zahner Company). The LED
provided both direct current (DC) and AC components
of the illumination. A small AC component was 10% or
less than that of the DC component. The frequency range
was 3 kHz to 0.1 Hz. IPCE spectra were measured using
300 W Xe lamp light source with monochromatic light in
the range of 200-800 nm. Steady-state cyclic voltammetry
measurement was used to obtain Jy;,, of I; within the TiO,
films with an Autolab electrochemical workstation.

3 Results and discussion
3.1 Properties of TiO, films

XRD analyses were performed on the TiO, samples, as is
shown in Fig. 1, the peaks are all corresponding to anatase
phase and no rutile and brookite phase exist, and the
particle size of about 13 nm is calculated by the Scherrer
equation. Table 1 lists the viscosities and BET results of the
five pastes. After screen-printing, the thickness is 13.8—
15.1 pm. Moreover, lots of micro-holes in the A5 film can
be observed when measure the thickness using surface
profilometer, which is related to its high viscosity and poor
fluidity, due to too much Ec-S. In Table 1, it can be seen
that the average pore diameter of A4 film is the smallest,
which suggests that the connectivity and compactness of
TiO, nanoparticles in A4 film is better than the other four
films, which is beneficial for electron transporting in the
nanoporous film, and thus increases the J,. of DSSC [15].

Table 1 Physical properties of TiO, films

intensity/a.u.

A

10 20 30 40 50 60 70
200(°)

Fig. 1 XRD spectra of nanocrystalline TiO, powders

3.2 Photovoltaic properties of DSSC with different TiO,
films

Figure 2 presents the J-V characteristics of DSSC with the
five different TiO, films under illumination of simulated
solar light (AM1.5, 100 mW - cm™2). From the results, it can
be known that when the ratio of TiO, to Ec-S increases
from 10:1 to 10:5, J, increases from 15.18 to
16.81 mA-cm 2 and 7 increases by 15.7%; but when the
ratio reaches 10:10, J,. begins to decrease and V. keeps
nearly the same. As for the low J, of A5, it is due to the
poor particle inter-connectivity which results from its big
porosity and large average pore diameter.

Judging by the cell efficiency as shown in Fig. 2, it is
found that the best result is obtained at the ratio of 10:5. At
this condition, the surface area and the average pore
diameter is 79.29 m*-g ' and 23.42 nm respectively, which
is in the suitable range reported before [16]. In the current
system, film with larger effective area, smaller pore size
and porosity in the suitable range is preferred to obtain
good photovoltaic performance.

As shown in Table 1, when the ratio increases from 10: 1
to 10:5, the porosity and total pore volumes don’t change
significantly, which are around 0.64-0.65 cm®-g™' and
0.46-0.47 cm®-g', but the average diameter decreases
from 26.21 to 23.42nm, and the surface area increases
from 72.38 to 79.29 m*- g evidently. Then, when the ratio
reaches to 10:10, all the values increase except surface
area. This phenomenon could be explained by the change

type of pastes TiO,/Ec-S ratio (w/w) paste viscosity/(Pa-s)

porosity/% average pore diameter/nm  surface area /(m2~g71)

Al 10:1 66.03

A2 10:2 237.03
A3 10:3 835.57
A4 10:5 940.80
A5 10:10 >2000

65 2621 72.38
64 24.23 77.77
64 24.47 77.23
64 23.42 79.29
69 29.33 7837
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Fig. 2 J-V curves of DSSC with different TiO, films under one
sun illumination

for the ratio of Ec-S to TiO,. When the ratio of Ec-S as a
dispersant in TiO, pastes is too low, the TiO, particles will
agglomerate together, which lead to large pore diameter
and low surface area. On the contrary, the interconnection
between TiO, particles is weakened when the ratio is too
big, which increases the porosity and the pore diameter
[17]. In addition, film with such big ratio has weak
adhesion with the conducting glass, and may be crack
easily.

3.3 Transportation of I3 ion in TiO, films

Transportation of I; ion in the nanoporous TiO, film is
controlled by diffusion [18]. Papageorgin [19] reports that
Jim Of I3 ion is proportional to the porosity of the TiO,
film. The Jj;,,, can be calculated in terms of Eq. (1):

Jiim = 68FDapp(I§ )@s )]
where ¢ is the porosity of the TiO, film, C(I; ) is the initial
concentration of I3, and L is the film thickness.

Jiim of I3 ion in different TiO, films was investigated by
steady-state cyclic voltammetry measurement, and the
electrolyte used here was liquid electrolyte. Figures 3 and 4
give a series of steady-state cyclic voltammograms of the
TiO, films with different porosities. In Fig. 3, it can be seen
that Jy;,,, is proportional to the porosity, and Jj;,, of the blank
is the biggest. According to this result, film A5 should have
the biggest J,., but in fact J. of AS is lower, as shown in
Fig. 2. It is because that large porosity brings low average
coordination numbers [20] and poor interconnections of
TiO, nanoparticles, all of which will limit the transporta-
tion of electrons and reduce J. Figure 4 suggests that
films with the same porosity have the same Jj;;,,, which is
well in agreement with the theoretical analysis result [19].
In addition, Lin [21] reports that Jj, of Iy ion is

6
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Fig. 3 Steady-state cyclic voltammograms of TiO, films with
different porosities
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Fig. 4 Steady-state cyclic voltammograms of TiO, films with
same porosity

proportional to Jg. In this paper, films with the same
porosity have the same Jj;,, it is concluded that the
variation of J,. of the five DSSC are not caused by Jj;,.

3.4 Optical properties of TiO, films

Figures 5 and 6 show the diffuse reflectance spectra and
transmittance spectra of different TiO, films without
scattering layer (mono-layer), in the wavelength range
from 400 to 800 nm. Reflectivity (R%) of a particular film
is related to the wavelength, which increases as the
wavelength decreases. From lines Al to A4 in the two
figures, it can be seen that R% decreases with the content of
Ec-S, while the transmittance (7%) increases with the
content of Ec-S. Ec-S with a low ratio could not disperse
the TiO, particles effectively that may aggregate together.
At the condition of illumination, the agglomerations work
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Fig. 5 Diffuse reflectance curves of TiO, films with different
micro-structures without scattering layers
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Fig. 6 Transmittance curves of TiO, films with different micro-
structures without scattering layers

as scattering centers to promote the light scattering and
increase the reflectivity, which is proved by the J-V
properties of the films without scattering layer (the
thickness of these films is about 2 um). As shown in
Table 2, J,. decreases as the reflectivity decreases.
Figures 7 and 8 present the diffuse reflectance spectra
and transmittance spectra of TiO, films with a scattering
layer (bi-layer). In Fig. 7, no obvious change of R% among
Al, A2, A3 and A4 can be seen, but it is much higher than
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Fig. 7 Diffuse reflectance curves of TiO, films with different
micro-structures with scattering layers
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Fig. 8 Transmittance curves of TiO, films with different micro-
structures with scattering layers

that in Fig. 5. The result in Fig. 8 gives that 7% of films
with a scattering layer is almost 0%, that is to say, no light
can permeate the large particles layered film.

In short, from film Al to A4, more and more light
permeates the mono-layer films while no light can
permeate the bi-layer films, and the R% of each bi-layer
film is the same. Therefore, it is strongly indicated that
more light permeated is absorbed or scattered in the bi-

Table 2 Photovoltaic performances of DSSC with and without scattering layers

type of pastes TiO,/Ec-S ratio

without scattering layer

with scattering layer

(w/w) VoV Jo/(mA-cm 2) /% VoV Jo/(mA-cm 2) /%
Al 1001 0.78 6.32 3.27 0.76 15.18 6.52
A2 10:2 0.78 5.68 2.97 0.75 16.06 6.96
A3 10:3 0.79 5.48 2.92 0.75 16.39 7.20
A4 10:5 0.79 492 2.67 0.75 16.81 7.55
A5 10:10 0.80 4.00 2.20 0.76 14.63 6.76
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layer film of A4, which increases the light transportation
length in TiO, film. The variation of the optical properties
of different TiO, films with scattering layer are well
consistent with the variation of short-circuit current
intensity (Js.), as shown in Table 2. In addition, the light
scattering effect of the large particles layer [22,23] is
confirmed in this experiment. By the way, the thickness of
films with and without scattering layer for optical property
measurements is about 5 pm.

3.5 Electron transportation and recombination in TiO,
photoanodes

The most useful tools for obtaining characterization
information about electron transportation and recombina-
tion process in DSSC are IMPS and IMVS. The typical
IMPS response is given in Fig. 9. It can be seen that the
IMPS response is characterized by a semicircle in the
positive/negative quadrant of the complex plane with a
minimum. The electron transport time 74 can be calculated
directly from the IMPS response by [24]:

1
Td = 5 MPS® (2)
2 min
where fIMPS is the frequency of the minimum of the

semicircle, i.e., the frequency of the lowest imaginary
component in the IMPS plot. Correspondingly, the electron
lifetime 7,, can be defined from IMVS response by [24]:

1
= S IMVS> )

min

Tn

where fIMVS is the frequency of the minimum of the

semicircle in IMVS plot.

0.0
-0.1F
g
£
031 —=—A110:1
—o— A3 10:3
—h— A4 10:5
B 04 1 " 1 " 1 i 1 M 1 “ ]
0.0 0.2 0.4 0.6 0.8 1.0
real (M)

Fig. 9 Typical intensity modulated photocurrent spectrum

In this paper, IMPS/IMVS measurements were per-
formed for DSSC based on the five different TiO, films.
Figures 10 and 11 show the electron transport time 74 and
electron lifetime 7, of the five DSSC. 7, is corresponding to
the interval between the photoelectrons injecting to the

7,/107 s
S
T

6 L 1 n 1 I 1 n 1 I 1
0.0 0.2 0.4 0.6 0.8 1.0

Ec-S/TiO, ratio

Fig. 10 Influence of TiO, films with different micro-structures on
electron transport time
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./-/. .
©n 6 B
E
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2 -
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0.0 0.2 0.4 0.6 0.8 1.0
Ec-S/TiO, ratio
Fig. 11 Influence of TiO, films with different micro-structures on

electron lifetime

conduction band and transferring to the oxidation-reduc-
tion system, which reflects the reaction rate between
electron in the conduction band and I ion in the redox
electrolyte solution. 74 is related to two processes: electron
transportation and recombination, both depend on the ratio
of free electrons to defect electrons and the diffusion
coefficient of electron [25]. As shown in Figs. 10 and 11, 7,
is an order of magnitude higher than z4, which is consistent
with the reported work [26] — only when 74 is smaller than
7,, the photoelectrons can successfully transport to the
collecting electrode within the limited time.

Figure 10 shows that with the same porosity, 74 increases
from film A1 to A4. As the surface area increases from film
Al to A4, both the density of traps and the opportunities
for traps trapping electrons increase, which will extend the
transport time for electrons reaching the substrate.
Strangely, the surface area of film A5 is smaller than A4,
but 74 of film A5 is still higher than A4. By analysis, it is
found that film AS has a larger porosity than A4, and
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theoretical simulation results [11] prove that z4 is a function
of porosity and 7y will increase when P>=0.41, which
explains why film A5 has a higher z4.

From Fig. 11, it can be seen that 7, of different films is
similar, implying no obvious difference in the V. [27],
which is proved by Fig. 2.

Figure 12 gives a series of IPCE spectra of DSSC based
on different TiO, films sensitized by N719 dye. It can be
seen that DSSC with the film of 10:5 ratio of TiO, to Ec-S
has the largest IPCE, which is related to its large surface
area and optical transmissivity. Large IPCE indicates that
more photons change into electrons, which is another
reason why J;. obviously increases.

80
— A1 10:1
—— A2102
—A310:3

6o — A410:5
— A5 10:10

40P

8
=
=
20
0
1 " 1 L 1 L 1 L ]
400 500 600 700 800
wavelength/nm
Fig. 12 IPCE spectra of DSSC with TiO, films having different

micro-structure

4 Conclusions

In summary, the effects of the micro-structure of TiO, films
on light absorption and electron transportation were
researched and Ec-S was used to change the micro-
structure of TiO, films. BET results and transmission
spectrum proved that film consisting of 10:5 Ec-S had the
optimal pore size and surface area for high photovoltaic
properties and the highest 7% for improving the light
utilization efficiency, which had a 7.55% photo-electric
conversion efficiency. Moreover, it can also be known that
IPCE and 74 increased as the surface area increased from
film A1 to A4. The optimized ratio of TiO, to Ec-S in this
paper is 10:5, and it is of great significance for the ongoing
production of DSSC module.
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