Vol 17 No 10, October 2008
1674-1056/2008/17(10)/3713-07

Chinese Physics B

© 2008 Chin. Phys. Soc.
and IOP Publishing Ltd

Light scattering of nanocrystalline TiO, film used
in dye-sensitized solar cells”

Xiong Bi-Tao(fE WAV,
Liu Yan-Biao(X/#i)%),

Zhou Bao-Xue( i {#2%)T,
Cai Wei-Min(Zf11%), and Cai Jun(% 12)

Bai Jing(F1 ), Zheng Qing(¥f #),

School of Environmental Science and Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

(Received 30 November 2007; revised manuscript received 7 March 2008)

This paper studies the light scattering and adsorption of nanocrystalline TiOo porous films used in dye-sensitized

solar cells composed of anatase and/or rutile particles by using an optical four-flux radiative transfer model. These

light properties are difficult to measure directly on the functioning solar cells and they can not be calculated easily from

the first-principle computational or quantitative theoretical evaluations. These simulation results indicate that the light

scattering of 1-25nm TiO2 particles is negligible, but it is effective in the range of 80 and 180 nm. A suitable mixture

of small particles (10 nm radius), which are resulted in a large effective surface, and of larger particles (150 nm radius),

which are effective light scatterers, have the potential to enhance solar absorption significantly. The rutile crystals have

a larger refractive index and thus the light harvest of the mixtures of such larger rutile and relatively small anatase

particles is improved in comparison with that of pure anatase films. The light absorption of the 10 um double-layered

films is also examined. A maximal light absorption of double-layered film is gotten when the thickness of the first layer

of 10 nm-sized anatase particles is comparable to that of the second larger rutile layer.
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1. Introduction

Applications of TiOs colloids and films are numer-
ous, such as electroluminescence, photocatalysis, pho-
tochromic, photovoltaic and sensors. Nanocrystalline
TiO2 is applied to dye-sensitized solar cells (DSSC)
as material of porous films, since the landmark pa-

per reported by O’Regan et al in 1991.[1:2]

The per-
formance of DSSC depends on the nature of porous
nanocrystalline TiOs films, including its crystalline
phase and particle size particularly. The typical 10-
pm-thick electrode film in a DSSC is composed of a
three dimensional network of interconnected 15-20 nm
sized nanoparticles, which permits efficient light har-
vesting for the large surface area. Now this relatively
low cost solar cell technology has just experimentally
achieved overall light-to-electricity conversion efficien-
cies of over 11% (under AM 1.5),[134 which is still
under its theoretical conversion efficiency 33%.[ One
of the problems to the relatively low efficiencies com-
pared to conventional semiconductor solar cells is the
poor absorption of solar radiation. Effective ways to
enhance the light absorption include the enlargement

light scattering, modelling, films, dye-sensitized solar cells

of the surface area of the nanocrystalline film, and the
importation of light scatterers into the films to prolong
the light path length.[%] Experimental and theoretical
studies indicated that multiple scattering of light in
the porous films can increase the light path length
and the light absorptance of dye sensitizer, and hence
improve the conversion efficiencies of DSSC.!”!

However, the light scattering in inhomogeneous
TiO4 film is generally a very complex phenomenon
because of the rescattering and the interaction of scat-
tered light.[8%) Thus, quantitative theoretical evalua-
tions or first-principle calculations of the light scatter-
ing are usually very difficult. Several groups have at-
tempted to evaluate the experimental results employ-
ing empirical values of the crucial parameters.[8:10-17]
Most researches focused on the parameters of mono-
layer and single crystal of titania film. Usami and
Ozakil®! proposed a simplest Monte Carlo model for
nanocrystalline TiO; films. Their results showed that
both the increase of light path length in the films and
the optical confinement in the cells improved light ab-

sorption and quantum efficiency. Tachibana et all'®!
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studied the optical simulation of a nano-anatase TiOq
film for solar cell applications. However, up to now
the light scattering and absorption in binary TiOq
nanoparticulate films still remain relatively unknown,
leaving many questions unanswered with regard to
their dependence to solar cell efficiency. In this paper,
we discussed the light scattering and absorption in the
pure anatase and/or rutile films and their binary films.
An optical four-flux radiative transfer model for light
properties in the porous films was employed. It aimed
at an optical effect of single crystal of TiO5 films and
the mixing proportion on light absorption in DSSC
electrode.

2. Modelling of the nano-TiO,
films

The photoelectrode of DSSC is composed of a dye-
sensitized TiO4 porous film sintered on the conducting
glass substrates. Platinum covered conducting glass
acts as the cathode and closes the cell. The light ab-
sorption by the sensitizer promotes it to an excited
state, which injects an electron into the semiconduc-
tor. To increase the light adsorption, the optical prop-
erties of nanocrystalline solar cell can be optimized by
application of the light scattering effects of nanocrys-
talline TiOs films. The light scattering and absorp-
tion in the nanocrystalline TiOy particle films have
been studied by the radiative transfer equation.!'9—2
Numerical solution of the radiative transfer equation
using an approximation method has the advantage of
easy computation.

Many-flux models, which are an approximation
for the transfer equation, seem better suitable to the
present purpose.l!?) Since the reflectance and trans-
mittance of the film have to be calculated a large num-
ber of times and compared with experimental data
in a non-linear least squares parameter optimization
scheme, the availability of an analytical solution for
the problem is an important advantage over a numer-
ical solution. This restricts the many-flux model to a
small number of fluxes. At a given wavelength, the ab-
sorption and scattering are described in this case with
a small number of parameters. The simplest two-flux
model, Kubelka—Munk model, is questionable in the
case of collimated illumination.?? A four-flux model
has been developed.!*®! It separates the total light flux
into four distinct fluxes, two collinear fluxes, one trav-
elling in the forward direction and the other in the

backward direction, and two diffuse fluxes, one travel-
ling in the forward direction and the other in the back-
ward direction. This model has been compared with
numerical solutions of the transfer equations using the
discrete ordinate approximation or Monte Carlo sim-
ulations, and has been found to be a satisfactory ap-
proximation for the calculation of the reflectance and
the transmittance. This model, described in Ref.[23],
will be adopted here. The variation of the fluxes
within an infinitesimal slab of thickness dz can be
established by considering the energy balance for for-
ward scattering, backward scattering and absorption.

dA(z)

20— v 9Aw), )
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where, k and s are the wavelength-dependent absorp-
tion coeflicient and scattering coefficient, respectively
(in unit of length=1). The factor ¢ is the equivalent
path length for the diffuse fluxes, ( is the forward scat-
tering ratio coefficient, and « is the distance from the
substrate. x=0 corresponds to the location of light
entrance and z=z the location of light exit. In this
work, however, ¢ and ¢ will be considered as empir-
ical parameters which are determined from reference
data, since the number of parameters has to be kept
at a minimum. If the particles are well separated,
the wavelength-dependent absorption (or scattering)
coefficient can be calculated as the production of ab-
sorption (or scattering) cross-section and the number
density of the centres by employing the Mie theory.!'%!
According to the Mie theory, the cross-section depends
on the refractive index of the TiO5 nanoparticle films.
For a single crystal TiO2 nanoparticle films, it has re-
fractive index Manatase=2.92 or Nrutile=2.76. The av-
erage refractive index of binary particle mixtures is
obtained by using the following equation which is de-
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scribed in Refs.[8, 24, 25]:

NnNRr — NA

3 -
fRnR-i-QnA (5)
1—f nr —na |’
RnR+2nA

n=mna |1+

where fg is the volume fraction of rutile, and na and
ngr were indexes of anatase and rutile, respectively.

The four boundary conditions needed to integrate
Eqgs.(1)-(4) were determined by taking into account
the incident irradiation and back reflections at the
interfaces.!'%26] The solution of Eqs.(1)—(4) subjected
to the described boundary conditions could now be
calculated in a closed form. The absorption of the
light in the medium was determined once the optimal
values of the parameters were obtained. The local rate
of light absorption g(z,\) and the total wavelength-
dependent absorption G(A) over whole film thickness
were evaluated, respectively.

g(x,\) =kA+ kB + ckC + kD, (6)

GO = /O g(z, \)da. (7)

In the light scattering simulations of the nanocrys-
talline TiO5 films, £ and s were calculated from Mie
theory, and they were taken as 1.8 and 0.5 for the
transparent film and 1.6 and 0.8 for the scattering
film, respectively.[26!

3. Results and discussions

3.1. Light absorption of single crystal
TiO,

Figure 1 is the macroscopic absorption and scat-
tering coefficients, k(\) and s()), as a function of
TiO; particle radius from 1 nm to 5 um at wavelength
550nm. It was observed that scattering of 1-25nm
TiO4 particles was negligible. Effective Mie scatter-
ers were the particles with sizes in the range of 80—
800nm. For both of anatase and rutile particles with
size ranging in 80-180nm the scattering coefficients

were more than 10 ym~1.

The scattering coefficient
of anatase particles was smaller than that of rutile
particles when the particle size was less than 100 nm.
But for the sizes between 100 to 5000 nm, both the
scattering coefficients of anatase and rutile decreased
with the increase of TiO5 radius. As were mentioned

in Section 2, the absorption and scattering coefficients

were the product of the cross-section of the scatterers
and their number density:

k()\) = OabsNabs, (8)

S()\> = OgscatMlscat (9)

where o was the cross-section and n was the number
density for absorption and scattering. Their scattering
intensity descended with the radius of TiO5 particles,
because the particle number density decreased. It was
confirmed from Fig.1 that the scattering intensity of
larger particles with radius greater than 200 nm de-

creased gradually from 5pym~! to 0 um=1.
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Fig.1. Absorption and scattering coefficient k£ and s as a
function of TiOg radius. Mie calculations were done for
single crystal TiOg particles at light wavelength = 550 nm,
the refractive indices of anatase and rutile are 2.52 and
2.76, respectively.

At the initial stage of DSSC research, only a
nanofilm composed of narrow size-distributing parti-
cles was used to study the cell performance. O’Regan
and Gratzel studied the conversion efficiency of solar
cells with 20 pm-thick film composed of about 10 ~
30nm TiOs particle, and a conversion efficiencies of
about 7% was gotten.[) But the monolayer nanofilm
was transparent and had no light scattering effect, so-
lar cells with such nanoparticles generated relatively
low energy conversion efficiency.l?” The larger parti-
cles, though with less surface area, had longer light
path lengths because of greater scattering effect. Fig-
ure 1 showed that 100-200 nm TiO, particles had their
highest scattering coefficient. In this paper, 10 nm and
150 nm TiO4 particles were employed as transparent
and scattering particles, respectively. Figure 2 showed
the scattering coefficient of anatase and rutile parti-
cles as a function of light wavelength. It showed that
the scattering coefficient s(A) of anatase TiOq parti-
cles was comparable to that of rutile. The scattering
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coeflicient of scattering particles was much larger. For
an instance, s(\) of the scattering particles were 80
and 90 times larger than that of transparent particles
at wavelength 500 nm for anatase and rutile, respec-
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tively. The scattering coefficient of the 150 nm TiO4
particles increased as a whole with the increase of light
wavelength, except the maxima peak at about 560 nm
(anatase) and 610 nm (rutile).

Scat. coefficient of 150 nm
rutile s/pm~!

Scat. coefficient of 10 nm

04 05 06 07 08
Light wavelength A\/pm

Fig.2. Scattering coefficient s of (a) anatase and (b) rutile as a function of incident light

wavelength. The same Mie calculations parameters were used as Fig.1.

The light absorption of the single crystalline TiO9
film at a constant thickness 10 um could be confirmed
by evaluating the local absorption rate g(x,\) in the
film. Figure 3 showed the local rate of light absorption
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over the whole film thickness in the light range 400 nm
to 800 nm. As shown in Fig.3, for 10 nm particles, the
light absorption for anatase crystalline film was more
than that for rutile film near the light incident surface,

gz, )

gz, )

Fig.3. The local rate of light absorption g(z,A) over whole film thickness. Mie calculations of single
crystalline TiO9 particles are (a) anatase particles with a radius of 10 nm; (b) rutile particles, 10 nm; (c)

anatase particles, 150 nm and (d) rutile particles, 150 nm. The same Mie calculations parameters were

used as Fig.1.
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especially in the longer wavelength range (600—
800nm). With the increasing distance from incident
surface, the absorption for anatase film was gradu-
ally increased, which could be obviously seen in short
In the film near the light exit
surface, the absorption increasing rate for the rutile

wavelength region.

film was quicker than that for the anatase film. At
the exit surface the quantities of the local light ab-
sorption were 0.1 and 0.08 for rutile film and anatase
film, respectively. In the rutile films, the scattering
effect resulted in the lengthening of the light path. So
the local light absorption in the rutile films was more
than that in the anatase films. For the larger parti-
cle films with radius 150 nm, the similar phenomena
were shown in Fig.3. For the films composed with sin-
gle crystal TiOg, larger particle films had less local
light absorption. For instance, the local absorptions
at the light exit surface for 150nm and 10nm pure
anatase films were 0.055 and 0.08, respectively. Ob-
viously, the absorption for 150 nm film was only 84%
of that for 10nm film. The larger particles were in
favour of light scattering, which increased the light
path length. However, the number density in the unit
volume decreased, so did the scattering and absorp-
tion coeflicients according to Eq.(8).

3.2. Films of binary particle mixtures

On simulating the single crystalline TiOq layers,
it was found that the light absorption was highest
And for the
same particle size, it was observed that the scattering

when the internal surface was largest.

in the larger refractive films enhanced the absorbed
fraction of the incident light, by increasing the opti-
cal path length in the film. To maximize the amount
of absorbed light over the whole film thickness, now
binary particle mixtures were investigated. Calcula-
tion results at wavelength A=550 nm were presented
in Fig.4. It showed the light absorption g(x, \) of the
films made of anatase and rutile TiO4 particles admix-
tures. Figure 4 showed that for the mono-sized parti-
cle films ¢ and d, the light absorptance decreased with
the increased volume fraction of rutile particles. For
instance, the light absorptance of film ¢ was 0.02758
at frutile=10%, 0.02710 at fiut1e=50% and less than
0.02632 at frut1e=90%. It was confirmed that the
light absorption of pure anatase TiO4 crystal film was
greater than that of pure rutile film. The magnitudes
for the pure anatase TiO film were 1.06 and 1.17
times larger than that for the pure rutile TiOg for

films ¢ and d, respectively. Films a and b were TiO,
mixtures that were produced from nanoscale anatase
particles (radius 10 nm) mixed with different fractions
of larger particles (150 nm). As could be seen in Fig.4,
an optimal mixture was obtained with an admixture
of about 50% rutile particles. The maximum light ab-
sorptance of film b was comparable to that of film a.
But if there were too many large particles, not only the
effective internal surface decreased, but mainly there
were too much back-scatterings.®! In this case, the
reflectance of the film was enhanced, not its absorp-

tance.
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Fig.4. The local light absorption g(x, A=550 nm) over the
binary particle film at location z=8.4 um. The light ab-
sorption value of curve d is on the right axis. The overall
film thickness is 10 pm.

Another idea was to simulate a double layer to
enhance light absorption. Compared with the mono-
layer structures, we found that the two-layered struc-
ture showed a broader action spectrum and resulted
in a better energy-conversion performance.l?” As was
discussed in the above section, solely increasing the
film thickness failed to improve the maximum light
absorption. The strong back-scattering of light due to
the large particles near the exit surface may result un-
avoidably in a light loss. In order to reduce or suppress
the light loss ascribed to the back-scattering, double-
layer-films were studied. Since the visible light can
completely penetrate the transparent film, it is wise to
deposit the suitable particles firstly on the substrate
followed by a second layer for light scattering. Fig-
ure 5 was the total light absorption over two types
of double-layered films. When the light propagates
through the double-layered film, it firstly penetrates
the first layer and reaches at the interface of the first
layer and the second one. It diffuses through the sec-
ond layer before it leaves the exit surface. The anatase
particle sizes for the first layers in Figs.5(a) and 5(b)
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were 10 nm and 150 nm, respectively. Figure 5 showed
that the light absorption of the first layer in the film a
was slightly more than that of film b. When the thick-
ness of the first layer increased from 1 pm to 4 pm, the
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@) = 0.230 A E
5 3 ]
i % 10.136
5% 02204 / ]
ﬁ g —-40.120
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3——10 util
0.200 r 4— lIO !rlllr:i ;n;t:lse (first lalyer only) | 0.104
0 2 4 6 8 10

Thickness of the TiO» layer x/pm

light absorptions increased up to 0.12 for film a and
0.115 for film b, respectively. For the larger thickness
of the first layer, the light gain was smaller.
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5 E 0.2284
O
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Fig.5. The total light absorption G(A=550nm) over double-layered film. The y-axis of the first titania
layer is at the right. The thickness of first layer is  um, the second layer (10 — z) um, so that the whole

film is kept 10 pm thick.

A further enhancement of light absorption was
gotten by combining the second layer onto the first
one. For instance of the film a, when the first layer
thickness was 1 ym and the corresponding second layer
thickness is 9 um, the overall absorptions of incident
light were 0.2241, 0.2206 and 0.2174 for curve 1, 2 and
3, respectively. The total light absorptions increased
with the first layer thickness till about x=>5 pm, owing
to the light scattering effect of the larger particles or
the more refractive particles. When the two layers’
thicknesses were comparable, they reached the max-
imum absorption. The calculation results of film b
were approximately similar to that of film a. It was
found that for a 10 pum thick double-layered film at
light wavelength 550 nm, both films had an optimal
light absorptance when the first film thickness was
about 5 um. Figure 5 showed that 150 nm rutile par-
ticles which composed the second layer achieved the
highest light gain with the value 2.380. Another fea-
ture according to the calculation results was that the
incident orientation of light had influence on the light
absorption. In the 10 um two-layered anatase film,
when the first layer was 5-um-thick layer with parti-
cle radius 10 nm and the second layer with 150 nm, the
total light gain was 0.2356. While the first layer was
5 pm-thick layer with radius 150nm and the second
with 10 nm, the corresponding value turned out to be
0.2191.

The light absorption model described above can

be extended to estimate the light absorption in sys-
tems fitted with a specular or a diffuse back reflec-
To solve the
differential Eqgs.(1)—(4) the corresponding boundary

tor placed behind the exit surface.

conditions must be changed. A possible configura-
tion is composed of two or more porous layer with
different scattering properties. It may be achieved
by taking the best mixture determined above and
putting a larger particle film with an optimal thick-
ness behind it. However, this relatively small extra
gain does not justify the enormous extra effort in cell

preparation.19:13]

4. Conclusion

In this work the four-flux model was described
with several parameters to simulate the light scatter-
ing and absorption in the nanocrystalline TiOs porous
films which were used in electrodes of DSSC. They
were difficult to measure directly on the functioning
solar cells and they could not be calculated easily from
the first-principle computation. These simulations of
light scattering in the TiO, electrodes of DSSC indi-
cated that light scattering of 1-25nm TiOs particles
was negligible. However, light scattering was effective
in the particle size range of 80 to 180 nm. A suitable
mixture of small particles (10 nm), which resulted in a
large effective surface, and of larger particles (150 nm),
which were the effective light scatterers, had the po-
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tential to enhance solar absorption significantly. The

rutile crystals had a larger refractive index and thus

the light harvest of the mixtures of such larger rutile

particles was improved. The light absorption of the

double-layered films was examined. It showed that a

maximal light absorption was gotten when the thick-

ness of the first layer of 10 nm-sized anatase particles

was comparable to that of the second 150 nm-sized

rutile layer.

References

O’Regan B and Gratzel M 1991 Nature 353 737

Deng H H, Wang X, Yu T, Mao H F, Toshishige S and Lu
Z H 2001 Chin. Phys. 10 S59

Gréatzel M 2004 J. Photochem. Photobiol. A: Chem. 164
3

Paulose M, Shankar K, Varghese O K, Mor G K and
Grimes C A 2006 J. Phys. D: Appl. Phys. 39 2498

Lin H, Wang N, Yang X Z and Li J B 2007 Key Eng.
Mater. 336—338 474

Lin Y, Xiao X R, Zhang D S, Xie P H and Zhang B W
2002 Chin. Sci. Bull. 47 1145

Ma Y T, Lin Y, Xiao X R, Li X P and Zhou X W 2005
Chin. Sci. Bull. 50 1824

Usami A and Ozaki H 2005 J. Phys. Chem. B 109 2591

Tien C L and Drolen B L 1987 Annu. Rev. Numer. Fluid
Mech. Heat Transfer 1 1

Rothenberger G, Comte P and Gratzel M 1999 Sol. En-
ergy Mater. Sol. Cells 58 321

Peng L P, Xu L and Yin J W 2007 Acta Phys. Sin. 56
1585 (in Chinese)

Yang Y G, Liu P J, Wang Y and Zhang Y F 2005 Chin.
Phys. 14 2335

Ferber J, Baumgértner S and Luther J 1998 Proceedings
of the 2nd World Conf. & Ezhib. on Photovoltaic Solar
Energy Conversion (Vienna, Austria) 256

(14]
(15]

[16]
(17]

(18]
(19]
20]

(21]
(22]

[23]
[24]
[25]
[26]

27]

Ferrand P and Romestain R 2000 Appl. Phys. Lett. 77
3535

Jun K H, Carius R and Stiebig H 2002 Phys. Rev. B 66
115301

Usami A 2000 Sol. Energy Mater. Sol. Cells 64 73
Vargus W E and NikLasson G A 2001 Sol. Energy Mater.
Sol. Cells 69 147

Tachibana Y, Akiyama H Y and Kuwabata S 2007 Sol.
Energy Mater. Sol. Cells 91 201

Maheu B, Letoulouzan J N and Gouesbet G 1984 Appl.
Opt. 23 3353

Vargus W E and NikLasson G A1997 J. Opt. Soc. Am. A
14 2253

Vargus W E 1998 Appl. Opt. 37 2615

Kortim G 1969 Reflectance
Springer) VI 366

Zurk L M, Tsang L, Ding K H and Winebrenner D P 1995
J. Opt. Soc. Am. A 12 1772

Boschloo G and Fitzmaurice D 1999 J. Phys. Chem. B
103 2228

Matsubara T, Oishi T and Katagiri A 2002 J. Elec-
trochem. Soc. 149 C89

Lin Y, Ma Y T, Yang L, Xiao X R, Zhou X W and Li X
P 2006 J. Electroanal. Chem. 588 51

Wang Z S, Kawauchi H, Kashima T and Arakawa H 2004
Coord. Chem. Rev. 248 1381

Spectroscopy  (Berlin:



