
Optimization of the scattering design in photoelectrode for dye-sensitized
solar cells by theoretical simulation
X. Z. Guo and W. Z. Shen 
 
Citation: J. Appl. Phys. 114, 074310 (2013); doi: 10.1063/1.4818438 
View online: http://dx.doi.org/10.1063/1.4818438 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v114/i7 
Published by the AIP Publishing LLC. 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

http://jap.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/932441298/x01/AIP-PT/JAP_CoverPg_0513/AAIDBI_ad.jpg/6c527a6a7131454a5049734141754f37?x
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=X. Z. Guo&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=W. Z. Shen&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4818438?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v114/i7?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


Optimization of the scattering design in photoelectrode for dye-sensitized
solar cells by theoretical simulation

X. Z. Guo1 and W. Z. Shen1,2,a)

1Department of Physics and Astronomy, Institute of Solar Energy, Shanghai Jiao Tong University, 800 Dong
Chuan Road, Shanghai 200240, People’s Republic of China
2Laboratory of Condensed Matter Spectroscopy and Opto-Electronic Physics, and Key Laboratory of Artificial
Structures and Quantum Control (Ministry of Education), Department of Physics and Astronomy,
Shanghai Jiao Tong University, 800 Dong Chuan Road, Shanghai 200240, People’s Republic of China

(Received 28 April 2013; accepted 30 July 2013; published online 20 August 2013)

Light scattering design in dye-sensitized solar cells (DSCs) is important for improving the light

harvesting efficiency. In this paper, we present a Monte Carlo simulation model of photon

propagation in DSCs and demonstrate its effective usage in photoelectrode film design. With this

model, scattering design in N719 dye sensitized photoelectrode is investigated and optimized.

Effects of particle size, particle concentration, layer structure, as well as specific surface area are

examined. Simulations demonstrate that multi-layer films with gradually increased scattering

particles are superior to single- or double-layer ones, since such a film structure can improve

light absorption in long wavelength region and suppress light loss due to back-scattering

simultaneously. Light harvesting efficiency of cell can be further improved by optimizing the size

and specific surface area of scattering particles. Our results are in good agreement with

the reported experimental ones, proving the reliability and validity of this simulation approach.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4818438]

I. INTRODUCTION

Absorption of incident light is the first step in photoelec-

tric conversion process of solar cells, and the dye-sensitized

solar cell (DSC)1–4 emerged as a low-cost photovoltaic de-

vice is no exception. To achieve high performance especially

large short-circuit current density (Jsc), efficient light har-

vesting is essential. In the case of DSCs, the incident photons

are absorbed by dye molecules attached to the surface of

TiO2 nanocrystalline films. The most commonly employed

dye represented by N719 can absorb light with the wave-

length up to 800 nm, but its extinction coefficients above

650 nm are too low to catch photons efficiently.5 Although

the light harvesting efficiencies (gLHE) at these wavelengths

can be improved with thicker photoelectrode, the thickness

of TiO2 nanocrystalline film cannot be increased at will

without affecting its mechanical properties, increasing

charge recombination or raising series resistance of the cell.

Therefore, it is desirable to enhance light absorption for a

given film thickness by optical design. Reported theoretical

and experimental results proved that gLHE in red region

could be improved by the light scattering of submicron par-

ticles either embedded in the nanocrystalline film or depos-

ited on it.6–11 In fact, virtually all DSCs that exhibit above

11% efficiency employ photoelectrode films with scattering

structures.12–15

Although large particles incorporated in the film can

enhance light absorption, this enhancement may be offset by

the light loss due to back-scattering and by a lower dye con-

centration resulting from the reduction of specific surface

area. Wang et al. have found that the performance of DSCs

depended strongly on the light scattering design in TiO2

film. Energy conversion efficiency of N719 dye-sensitized

solar cell has been improved significantly by optimizing the

film structure.10 Their research is meaningful and valuable.

However, the experimental optimization of scattering design

in photoelectrode is targeted, namely it is carried out for a

certain sensitizer. When switching to other kinds of sensi-

tizers, such as organic dye or quantum dot, the optimal

structure will inevitably need adjustment. Moreover, light

harvesting is also influenced by the properties of TiO2

nanocrystalline film (such as porosity, specific surface area,

crystal structure, etc.) which may vary depending on the

preparation method. As a result, experimental optimization

of photoelectrode structure has to be redone whenever

changing the sensitizer or improving the techniques.

Researchers have to repeat the process of sample preparation

and characterization several times spending a lot of time and

effort. Besides, the quality of film affected by preparation ex-

perience may impact on the assessment of film structure.

Computer simulation with the advantages of convenient, effi-

cient, and flexible can be applied to film structure design.

More importantly, reliable theoretical simulations can pro-

vide guidance for the optimization of film structure and

reduce workload.

Modeling photon propagation with Monte Carlo method

is a flexible yet rigorous approach to simulating photon trans-

port in DSC photoelectrodes.16,17 Compared with many-flux

method,18 no parameters involved in Monte Carlo method

need to be determined empirically from experimental trans-

mittance or reflectance data. Therefore, this method can be

used to simulate the light harvesting properties of DSCs

before practical experiments, and it is more suitable for the

theoretical design of scattering structure.a)Electronic mail: wzshen@sjtu.edu.cn
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In this paper, we present a Monte Carlo simulation

model of photon propagation in DSCs and investigate the op-

tical performance of N719 dye sensitized photoelectrode

films with different scattering structures. Effects of particle

size, concentration, layer structure, as well as specific surface

area are examined. Quantitative analysis of light loss due to

back-scattering, average optical path length within the film,

and light harvesting efficiency is provided. Calculated results

are compared with the reported experimental ones to exam-

ine the reliability of our simulation approach.

II. THEORETICAL MODEL

Photoelectrodes with single-, double-, or multi-layer

structures were analyzed. Schemes of these different photo-

electrodes are drawn in Fig. 1. According to the content, all

film layers can be divided into three types: transparent layer,

mixed layer, and scattering layer. Transparent layer contains

no large particles, and the diameter of TiO2 nanoparticles is

supposed to be 20 nm. In mixed layer, small and submicron

TiO2 particles are mixed uniformly. The morphology of

mixed layer, in additional to the region occupied by submi-

cron particles, is assumed to be the same as that of transpar-

ent layer. Scattering layer consists only of submicron TiO2

particles. In this simulation, the total film thickness is 15 lm

for all photoelectrodes studied.

A. Optical modeling

Based on the theoretical model proposed by Niklasson

et al.,19 nanocrystalline film can be treated as an apparently

non-scattering medium with an effective refractive index.

Thus, multiple light scattering of only submicron particles is

taken into account. In this paper, Monte Carlo method is

employed to simulate the trajectory of 106 photons that enter

different DSCs under consideration. Similar approaches

have also been used by Usami16 and G�alvez et al.17 to study

the contribution of light confinement and the combined

effect of light harvesting and electron collection in DSCs.

The trace simulation of a photon is carried out with the fol-

lowing steps. First, transmission length l, the distance trav-

eled before experiencing either absorption or scattering, is

calculated by the expression

l ¼ �ln½r�=ðaabs þ ascaÞ; (1)

where r is a random number comprised in the range

0< r� 1, aabs and asca are the absorption and scattering coef-

ficients, respectively. Second, absorption or scattering is

determined by a second random number r0. If r0 � asca/

(aabsþ asca), the photon is scattered, and the scattering angle

is determined by a third random number r00. Then, the simu-

lation returns to the first step. If r0> asca/(aabsþ asca), the

photon is absorbed. The simulation is over when the incident

photon is absorbed or goes out of the film.

In the photoelectrode film, photons can be absorbed by

electrolyte as well as N719 dye. However, only the light har-

vesting occurring at dye molecules contributes to the photo-

current. In addition, optical loss caused by electrolyte is

small and the differences between different DSCs under con-

sideration can be ignored. Therefore, aabs herein is simplified

to the absorption coefficient of dye in the film and can be

expressed as

aabs ¼ ec; (2)

where e is the molar extinction coefficient of dye and c is the

adsorption amount of dye per unit volume of the film. Since

c is approximately proportional to the specific surface area

of photoelectrode film, c¼ c0S0/S0, where c0 is the adsorption

amount of dye per unit volume of transparent layer, S0 and S0

are the specific surface area of transparent layer and mixed

(or scattering) layer, respectively. We assume that all par-

ticles are spherical and disconnected with each other, then

the specific surface area equals to the total surface area of all

particles per unit volume.

In this simulation, the angle dependence of scattering in-

tensity is assumed to be that of a spherical TiO2 particle and

calculated with three-dimensional finite-difference time-

domain (FDTD) method. A commercial FDTD software

package, FDTD Solutions, provided by Lumerical Solutions,

Inc. is used. The scattering cross-section of a single particle

(r) is also calculated with FDTD method. The r value corre-

sponds to the total power of far-field scattered light in all

directions divided by the incident light intensity. The scatter-

ing coefficient asca is the fraction of light scattered per unit

distance in the film. For a mixed layer containing N kinds of

scattering particles, asca is essentially the scattering cross-

sectional area per unit volume, expressed as

asca ¼
XN

k¼1

rkqk; (3)

where rk is the scattering cross-section of particle k, and qk

is the number of particle k per unit volume (k¼ 1, 2,…, N).

Formula (3) is applicable only when the volume fraction of

large particles is low (�30%). In the scattering layer, the

volume fraction of large particles is about 50%, and theFIG. 1. Schematic film structures of studied photoelectrodes.
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cancellation of multipoles cannot be ignored. For this case,

G�alvez et al. have taken an approximation and set the scat-

tering coefficient asca as a constant. Their calculated results

were in excellent agreement with the reported experimental

ones.17 In this paper, similar approximation is used, i.e., the

asca of scattering layer is set as 2 lm�1.

Using this model, we obtained the light harvesting effi-

ciency gLHE and the electron generation profile g(x, k) for all

the cells studied. The spectral region is 400 nm–800 nm; the

spectral and spatial resolution considered are Dk¼ 10 nm

and Dh¼ 100 nm, respectively. The molar extinction coeffi-

cient of N719 dye (e) and its adsorption amount per unit vol-

ume of transparent layer (c0) were extracted from reported

data in Ref. 10. Besides, we neglected the specular reflec-

tance at the interfaces to simplify the calculation, which will

cause underestimation of gLHE. Since similar deviations are

introduced for different photoelectrode films and the under-

estimation of JSC is small, we inferred that the specular

reflection at the interfaces can be omitted without influencing

the optimization of scattering structure.20

B. Electrical modeling

For most high-efficiency DSCs, Jsc is proportional to

the incident light intensity, so it can be calculated by the

overlap integration of global AM (standard global air mass)

1.5 solar emission spectrum and the photocurrent action

spectrum,21 expressed as

JSC ¼ q

ð
½1� RðkÞ�FðkÞIPCEðkÞdk; (4)

where q is the electron charge, k is the wavelength, F is the

incident photon flux density, R is the incident light loss due to

the absorption and reflection by conducting glass (its value

was extracted from reported data in Ref. 22), and IPCE is the

incident monochromatic photon-to-electron conversion

efficiency. The IPCE value corresponds to the photocurrent

density produced in the external circuit under monochromatic

illumination of the cell divided by the photon flux that strikes

the cell. IPCE is determined by three partial efficiencies: light

harvesting efficiency (gLHE), electron injection efficiency

(ginj), and charge collection efficiency (gCC), expressed as

IPCEðkÞ ¼ gLHEðkÞginjðkÞgCCðkÞ: (5)

In fact, light scattering in the photoelectrode film can be

assumed to have no effect on ginj, which is almost unity for

high performance DSCs.23–26 So IPCE can be simplified as

the product of gLHE and gCC. With standard diffusion model

and linear recombination assumption, the steady-state solu-

tion for gCC at short-circuit condition can be written as27,28

gCCðkÞ ¼
1

coshðd=LÞ �

ðd

0

gðx; kÞ cosh½ðd � xÞ=L�dx

ðd

0

gðx; kÞdx

; (6)

where d is the photoelectrode film thickness, g is the local

electron generation rate, and L is the electron diffusion

length. Depending on the illustration intensity, the value of L
can be tens of microns for high performance DSCs.29–31 In

this simulation, the value of L is fixed as 30 lm.

It should be noted that Eq. (6) is established under the

following assumptions: (1) Electron recombination is linear

with the electron density and (2) electron diffusion coeffi-

cient and lifetime are independent of the electron density and

position in the photoelectrode film. In typical DSCs, these

two assumptions are not accurate. The electron diffusion

length L cannot be defined as a constant parameter but needs

to be discussed in terms of the so-called small perturbation

diffusion length kn.32 However, it has been found by Barnes

and O’Regan that the linear model could give very similar

results for the gCC and IPCE as the nonlinear model even at

short-circuit condition.33 Moreover, the value of L is much

larger than the thickness of photoelectrode film in our simu-

lation, and gCC is nearly independent of the spatial distribu-

tion of light absorption (see Sec. III B). We inferred that the

errors caused by the linear model will not impact the theoret-

ical optimization of scattering design.

III. RESULTS AND DISCUSSION

A. Scattering coefficient and angle dependence

The size of submicron TiO2 particle has a great impact

on its scattering cross-section r, as shown in Fig. 2(a). With

the diameter increasing from 200 nm to 500 nm, r of the par-

ticle increases significantly, especially in the long wavelength

region. For example, at k¼ 700 nm, r of TiO2 particles with

diameter of 200, 300, 400, and 500 nm are 0.023, 0.142,

0.411, and 0.789 lm2, respectively. However, when the

weight fraction of the scattering particles (W) is fixed, the

particle number per unit volume, q, decreases with the

increasing of diameter. As a result, the increase in r is offset

when calculating the scattering coefficient asca [Fig. 2(b)].

With the particle diameter increasing from 200 nm to 500 nm,

the average values of asca are 0.813601, 1.152818, 1.137808,

and 1.020516 lm�1, respectively. Besides, it can be seen that

the maximum value of asca shifts to longer wavelength and

the scattering intensity in long wavelength region increases

with particle size.

Figure 3 displays the angle distribution of scattering inten-

sity for a single spherical TiO2 particle embedded in TiO2

nanocrystalline film. The particle diameter is 200 nm–500 nm,

and the total intensity in all directions is normalized. The

results indicate that most scattered light goes forward, namely

the scattering angle h< 90� (h is defined as the angle between

incoming and outgoing direction of light). For a TiO2 particle

with 500 nm diameter, more than 90% scattered light has a

small scattering angle (h< 45�). As the particle size decreases,

the forward scattering intensity with large angle increases sig-

nificantly, and the proportion of backscattered light also shows

a slight increase.

B. Single-layer DSCs

Photoelectrode films with a single mixed layer were

simulated first. These films are divided into four groups

according to the scattering particle size. In each group, the

074310-3 X. Z. Guo and W. Z. Shen J. Appl. Phys. 114, 074310 (2013)



weight fraction of scattering particles, W, changes from 0%

to 30%. Figure 4 illustrates the light harvesting efficiencies

gLHE of all these single-layer samples as a function of wave-

length. It can be seen that the changes of gLHE caused by W
in each group exhibit similar characteristics: in short

wavelength region (400 nm–550 nm), gLHE decreases monot-

onically with the increasing of W; in long wavelength region

(650 nm–800 nm), gLHE firstly increases and reaches its max-

imum value when W is 15%–20%, then decreases slightly.

The impact of scattering particles upon the film charac-

teristics and photon propagation can be attributed to three

aspects: (1) Submicron particle has smaller specific surface

area, so the aabs of mixed layer decreases compared with the

transparent layer; (2) part of the incident photons will be

reflected out of the film and lost due to back-scattering; and

(3) for the other photons, light scattering caused by large par-

ticles will increase their optical path lengths as well as the

probability of being absorbed. Apparently, changes in gLHE

depend on the combined effect of all three aspects, but only

the last one is advantageous to improve light absorption. For

the sake of conciseness, we refer to these three aspects as

impact-I, II, and III, respectively.

The calculated results of single-layer samples at two

representative wavelengths, 500 nm and 700 nm, are shown

in Table I. These samples are named in the form of Sm-n

(m¼ 1, 2, 3, 4; n¼ 1, 2, 3). Different m (n) values in the

name correspond to different diameters (weight fractions) of

scattering particles. S0 is the sample without scattering par-

ticles in the film. gR�Loss is the percentage of light loss due

to back-scattering, which can reflect the effect of impact-II.

LAOP is the average optical path length of photons within the

film. At k¼ 500 nm, the molar extinction coefficient of N719

dye is so high that almost all the incident photons are

absorbed when no scattering particles exist (sample S0).

However, with the introduction of scattering particles,

gR�Loss increases significantly. For all the single-mixed-layer

samples, the sum of gLHE and gR�Loss approximately equals

to 1, which indicates that the decrease of gLHE in short wave-

length region is mainly due to impact-II. The variation of

LAOP at k¼ 500 nm is more complicated. On one hand, back-

scattered photons tend to have shorter optical path. On the

other hand, the optical absorption depth of photoelectrode

film increases with W due to the reduction of aabs. In long

wavelength region, the molar extinction coefficient of N719

dye is much lower, so the effects of impact-III begin to

emerge and dominate. After mixing large particles into the

film, much more incident photons are absorbed owing to lon-

ger LAOP. Consequently, gLHE at k¼ 700 nm increases with

W at first, although the value of gR�Loss is several times

higher than that at k¼ 500 nm. When W is too high (>20%),

the negative effect of impacts I and II is bigger, and gLHE

decreases again.

The influence of scattering particle size can be obtained

by comparing samples in different groups. When W is fixed,

the scattering coefficient does not differ much as described

in Sec. III A. However, with the increasing of particle diame-

ter, average light scattering angle of a single particle

decreases gradually. Thus, weaker back-scattering leads to

the reduction of gR�Loss. In short wavelength region, gLHE

increases monotonically with particle diameter. While in

long wavelength region, the trend is no longer monotonous,

and a maximum value of gLHE is found when the diameter is

300 nm or 400 nm. The decline of gLHE with bigger scatter-

ing particle can be explained as follows: (1) the absorption

FIG. 3. Angle dependence of scattering intensities by a single submicron

TiO2 particle in nanocrystalline film calculated at k¼ 600 nm. The total in-

tensity in all directions is normalized and the diameters of the TiO2 particles

are specified in legends. Inset shows the definition of scattering angle h.

FIG. 2. Wavelength dependence of (a) scattering cross-section of a single

submicron TiO2 particle in nanocrystalline film and (b) scattering coeffi-

cients of photoelectrode films with mono-size scattering particles of 20%

weight fraction. The diameters of submicron TiO2 particles are specified in

legends.
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coefficient aabs decreases significantly and (2) the average

scattering angle is too small that it is not conducive to

improve LAOP. We have also simulated single-layer samples

in which scattering particles of different sizes were

uniformly mixed together, but no obvious improvement has

been found (not shown).

In addition to gLHE, scattering particles also influence

the electron generation function g(x, k). When light is

FIG. 4. Light harvesting efficiencies (gLHE) of single-layer photoelectrode films as a function of wavelength. The diameters of scattering particles are

(a) 200 nm, (b) 300 nm, (c) 400 nm, and (d) 500 nm. Inset is an expanded region around 700 nm.

TABLE I. Simulation results of single-layer films with mono-size scattering particles.

k¼ 500 nm k¼ 700 nm

Sample Da (nm) Wb (%) gLHE gR-Loss LAOP (lm) gLHE gR-Loss LAOP (lm) Jsc (mA/cm2)

S0 / / 0.995 0 2.84 0.239 0 13.14 15.04

S1-1 200 10 0.920 0.079 2.72 0.350 0.275 19.83 14.94

S1-2 20 0.856 0.144 2.61 0.366 0.433 21.68 13.91

S1-3 30 0.791 0.210 2.50 0.357 0.525 21.79 12.73

S2-1 300 10 0.966 0.034 2.85 0.369 0.237 21.27 15.74

S2-2 20 0.922 0.078 2.83 0.391 0.400 22.80 15.15

S2-3 30 0.875 0.125 2.81 0.369 0.503 22.89 14.21

S3-1 400 10 0.982 0.017 2.91 0.360 0.176 20.56 15.92

S3-2 20 0.961 0.039 2.95 0.385 0.332 23.02 15.81

S3-3 30 0.929 0.071 2.99 0.376 0.440 23.47 15.02

S4-1 500 10 0.982 0.016 2.92 0.334 0.174 19.14 15.66

S4-2 20 0.966 0.033 3.00 0.371 0.320 22.24 15.62

S4-3 30 0.945 0.055 3.08 0.370 0.426 23.11 15.15

aD is the diameter of scattering particles embedded in the film.
bW is the weight fraction of scattering particles in the film.
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applied on the photoelectrode of DSC, the ground state elec-

tron of dye molecule is excited and subsequently transferred

to the conduction band of TiO2. The function g(x, k)

describes the local electron generation rate per unit volume

of nanocrystalline film, where x is the depth in the film.

Since the excited state lifetime of dye (20 ns–60 ns) is much

longer than the time of electron injection process (femtosec-

onds to picoseconds), it can be considered that there is no

loss during this injection. As a result, g(x, k) is the same as

the optical absorptance profile of the photoelectrode film.

Figure 5 shows the g(x, k) of single-layer films with 300 nm

scattering particles of different weight fractions. Two differ-

ent wavelengths, 500 nm and 700 nm, were chosen to illus-

trate the effects corresponding to high and low absorption

coefficient, respectively. The calculated results for photo-

electrode film without scattering particles demonstrate

exponential distribution, which is consistent with the Beer-

Lambert law. With the increasing of large particles embed-

ded in the film, more incident photons are absorbed near the

substrate, and the average distance between photogenerated

electrons and collecting contact gradually decreases. The

drop of the average distance is bigger at k¼ 700 nm than at

k¼ 500 nm. G�alvez et al.17 have found that for DSCs in

which electron diffusion length is shorter than film thickness

(L< d), the shape and value of g(x, k) largely determine the

charge collection efficiency gCC and thus the overall per-

formance. In our simulation, solar cells are of efficient

charge collection (L� d), so the gCC is nearly independent

of the spatial distribution of light absorption with values

between 0.91 and 0.99. Amount all the single-layer samples

under consideration, the maximum JSC appears when 400 nm

TiO2 particles are embedded in the photoelectrode film with

a weight fraction of 10%–20%.

C. Double-layer and multi-layer DSCs

In single-mixed-layer films, unfavorable back-scattering

always occurs near the substrate. To reduce or suppress its

influence, films with double-layer structures were designed

by combining a transparent layer next to the conducting glass

and a mixed or scattering layer on its top. In the double-layer

films, photons “reflected” by the second layer will enter the

first transparent layer again, thus part of them can be

absorbed and reduce the light loss. Figure 6 displays the

wavelength dependence of gLHE calculated for two double-

layer films, D1 and D2, with detailed structures shown in

Table II. Scattering particles of 400 nm size were used for

the simulation of double-layer structures due to their optimal

effect for single-layer films. In fact, the size of scattering

particles is exactly 400 nm for some reported DSCs with

energy conversion efficiency above 10%.12–14 The gLHE of

the single-layer film S3-2 is also drawn in Fig. 6 for compari-

son. Compared with S3-2, the gLHE of D1 and D2 in short

wavelength region are improved significantly. This remark-

able improvement is persuasive evidence for the efficient

suppression of back-scattering. More convincing evidence is

provided by the reduction of gR�Loss as shown in Table III.

Unfortunately, the gLHE of the two double-layer films above

650 nm (for D1) or 620 nm (for D2) are lower than that of

S3-2. This decrease of gLHE in long wavelength region

should be explained by the weakened positive effect of light

scattering (impact-III). Although the LAOP of D2 calculated

at k¼ 700 nm is longer than that of S3-2, quite a long dis-

tance traveled by photons is in scattering layer, where the

aabs is extremely small. For further confirmation, a new pa-

rameter L0AOP is defined as the relative optical path length in

a film with absorption coefficient of a0

FIG. 5. Electron generation function [g(x, k)] or spatial optical absorptance

profile for single-layer films with 300 nm scattering particles calculated at

(a) k¼ 500 nm and (b) k¼ 700 nm. The weight fractions of scattering

particles are shown in legends.

FIG. 6. Light harvesting efficiencies (gLHE) of S3-2, D1, and D2 as a func-

tion of wavelength.
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L0AOPðkÞ ¼
X

i

liaabs;iðkÞ
a0ðkÞ

; (7)

where li and aabs,i are the transmission length and absorption

coefficient for step i, respectively. It should be noted that

aabs,i is calculated by Eq. (2) and its value varies depending

on the photon’s position in the double-layer films. We make

a0 equals to the aabs of S3-2, then L0AOP at k¼ 700 nm for

D1 and D2 are 20.50 lm and 19.14 lm, respectively, both of

which are much smaller than the LAOP of S3-2 (23.02 lm).

Figure 7 shows the light absorptance profile or electron

generation function g(x, k) of D1 and D2 at k¼ 700 nm.

Compared with sample S0 (also drawn in this figure), the

electron generation in D1 is improved at each depth in the

film. The improvements of g(x, k) in the transparent and

mixed layer are attributed to the back-scattering from the

mixed layer and the optical path increase in the mixed layer,

respectively. Since scattering layer contains more large par-

ticles and has stronger back-scattering, the g(x, k) of D2 at

x� 10 lm is even higher than that of D1. Contrary to the re-

markable improvement of g(x, k) below 10 lm, the electron

generation of D2 at x> 10 lm decreases significantly. As

described in Sec. II A, the adsorption amount of dye mole-

cule per unit volume is approximately proportional to the

specific surface area of photoelectrode film. Since the scat-

tering layer in D2 (x> 10 lm) is composed of large TiO2

particles, its specific surface area and adsorption amount of

dye are rather small compared with the transparent layer

(x� 10 lm). As a result, only a small amount of photons can

be absorbed in the scattering layer, and thus g(x, k) of D2

decreases significantly at x> 10 lm. By integrating the light

absorptance profile in the two double-layer films, it can be

found that gLHE of D1 at k¼ 700 nm is higher than that of

D2. In fact, D1 produces higher gLHE in the whole visible

region (see Fig. 6).

As described above, although the double-layer structure

is better than the single-mixed-layer one in terms of back-

scattering suppression, the positive light scattering effect in

D1 or D2 is less efficient compared with S3-2, and the gLHE

in long wavelength region are lower. As a result, after chang-

ing the film structure from single-layer to double-layer, Jsc

has little or no improvement (see Table III). In order to

increase the Jsc of DSC, gLHE should be enhanced in the

entire visible region. Since aabs decreases with the increasing

of wavelength above 550 nm, incident photons with longer

wavelength penetrate deeper into the film. It can be inferred

that gradually increased scattering coefficient with the depth

in the film may provide better optical characteristics. This

can be realized by multi-layer structures. Here, we simulated

two multi-layer samples, T1 and T2, with increased scatter-

ing particles. All the large particles in T1 are 400 nm in di-

ameter, while the large particle size of T2 varied from

250 nm to 400 nm in different layers. The detailed structures

are shown in Table II. Figure 8 depicts the wavelength de-

pendent gLHE of these two multi-layer films, where the spec-

trum of D1 is also appended for comparison. In order to

demonstrate the differences between the three curves more

clearly, only the gLHE at 550 nm� k� 770 nm are shown in

this figure. In fact, the gLHE curves of T1, T2, and D1 below

550 nm almost coincide with each other and the values are

almost unit, confirming that multi-layer films have similar

effect as double-layer ones on back-scattering suppression.

TABLE II. Detailed structures of double- and multi-layer films.

Sample Layersa Thickness (lm) Db (nm) Wc (%)

D1 T 7 / /

M 8 400 20

D2 T 10 / /

S 5 400 100

T1 T 5 / /

M 2.5 400 10

M 2.5 400 20

M 2.5 400 30

S 2.5 400 100

T2 T 5 / /

M 2.5 250 10

M 2.5 300 20

M 2.5 350 30

S 2.5 400 100

aLayers are arranged according to the sequence beginning from the conduct-

ing substrate. T: transparent layer; M: mixed layer; S: scattering layer.
bD is the diameter of scattering particles embedded in the film.
cW is the weight fraction of scattering particles in the film.

TABLE III. Simulation results of double- and multi-layer films with detailed

structures in Table II. T20 and T200 have the same structure as T2, while the

surface areas of large particles incorporated in these two films are increased

by 10-fold and 20-fold, respectively.

k¼ 500 nm k¼ 700 nm

Sample gLHE gR-Loss

LAOP

(lm) gLHE gR-Loss

LAOP

(lm)

Jsc

(mA/cm2)

D1 0.9982 0.0001 2.88 0.345 0.156 19.71 16.13

D2 0.9967 0.0001 2.99 0.322 0.319 24.08 15.73

T1 0.9981 0.0003 2.89 0.389 0.306 25.39 16.41

T2 0.9990 0.0006 2.90 0.413 0.363 26.44 16.68

T20 0.9994 0.0005 2.85 0.487 0.329 24.81 17.18

T200 0.9994 0.0005 2.81 0.547 0.304 23.28 17.65

FIG. 7. Electron generation function [g(x, k)] or spatial optical absorptance

profile for S0, D1, and D2 calculated at k¼ 700 nm.
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As shown in Figure 8, the gLHE of both T1 and T2 are higher

than that of D2 in the long wavelength region. These calcu-

lated results verified the above inference. In multi-layer

films, the incident photons with wavelength of small aabs

penetrate deeper where more large particles are embedded.

Thus, the strong light scattering in deeper layers lengthens

these photons’ optical path and improves the gLHE.

Compared with T1, the gLHE of T2 are even higher. We

believe that the main reasons include: (1) In the middle

layers, the aabs of T2 are higher due to the smaller size of

scattering particles and (2) on one hand, bigger particles

scatter more photons with long wavelength; on the other

hand, smaller particles provide larger average scattering

angle. With gradually increased particle size, the scattering

design in T2 achieved a better combination of scattering

coefficient and angle.

Although multi-layer structure can improve the red light

absorption while keeping efficient suppression of back-

scattering, a considerable amount of large particles are

incorporated and the total specific surface area decreases sig-

nificantly. Consequently, the light harvesting enhancement

by scattering is partially offset due to the reduction of dye. In

order to avoid or reduce the decline of specific surface area,

mesoporous spherical TiO2 with high specific surface area

have been synthesized by researchers.34–37 We assume that

the scattering cross-section and angle distribution of mesopo-

rous TiO2 sphere are same as that of TiO2 sphere with

smooth surface. By artificially raising the surface area value

set in the program, the characteristics of photoelectrode films

with mesoporous spheres can be simulated. For example, if

the surface area of large particles in T2 increased by 10-fold

(sample T20) or 20-fold (sample T200), the gLHE and Jsc

would be improved dramatically (see Fig. 8 and Table III).

D. Comparison with reported experimental results

The influence of photoelectrode morphology on the

energy conversion efficiency of N719 dye-sensitized solar

cells has been investigated by Wang et al.10 In their research,

DSCs with photoelectrode films of different structures have

been prepared, and the photocurrent action spectra as well as

current-voltage curves have been tested. They have found

that as tuning the film structure from monolayer to multi-

layer, both the light absorption and the performance of solar

cell were improved significantly. Their experimental results

are in good qualitative and quantitative agreement with our

simulation ones as shown above, which verifies the reliabil-

ity and validity of this simulation method. However, the

large TiO2 particles used in their experiments were 50 nm

and 100 nm in diameter, while the optimum size of scattering

particles is 250 nm–400 nm according to our study and the

experimental results reported by other researchers.6,7,38,39

We believe that such a large deviation is mainly due to the

method used by Wang et al. which might lead to underesti-

mation of particle size. According to their paper, the average

diameter of TiO2 particles was calculated from the

Brunauer-Emmett-Teller (BET) surface area. In fact, BET

method is only suitable for particles with smooth surface. If

the particle surface is rough, its size obtained by this method

would be underestimated. More accurate particle size should

be determined by microscopic measurement such as scan-

ning electron microscope (SEM) or transmission electron

microscope (TEM).

Chiba et al. have introduced the concept of haze (the ratio

of diffused transmittance to total optical transmittance) to esti-

mate the effectiveness of TiO2 photoelectrode.11 By control-

ling the addition of 400 nm particles in the film, they prepared

photoelectrodes with different haze values and found that high

haze in infrared region was important for advancing the IPCE

and Jsc of black dye-sensitized solar cells. In the simulation,

theoretical haze can be obtained by making statistics on the

final scattering angle of photons transmitted through the

unsensitized TiO2 films. Here, haze is determined as the pro-

portion of photons with final scattering angle above 10�.
Figure 9 depicts the gLHE and haze values at k¼ 700 nm for

photoelectrodes with different structures. The film thickness is

fixed as 15 lm, and the diameter of scattering particles is

400 nm. Apparently, gLHE increases with haze, which is con-

sisted with the experimental results reported by Chiba et al.
We have also found that when the wavelength is shorter than

650 nm, the regular change of gLHE with haze disappeared

(not shown) either because of the strong absorption or the

light loss caused by back-scattering. Therefore, haze can only

be used to judge the light harvesting efficiency in the wave-

length region where molar extinction coefficient of dye mole-

cule is low and impact-III is dominant. It should be noted that

the numerical relation between haze and gLHE might change

with material properties, film structure, preparation method,

and wavelength. In our simulation, we assumed that the TiO2

particles were spherical in shape and neglected the specular

reflectance arising from the interface. These assumption and

simplification might cause the simulation results to deviate

from the experimental ones.

In this paper, N719 dye is chosen as the sensitizer in

consideration of its wide use and to facilitate the comparison

with reported experimental results. In fact, this simulation

approach can be used for other sensitizers, such as black dye,

organic dye, and quantum dot, or their combinations. TiO2

can also be replaced by other kinds of materials. As shown

above, this simulation approach enables us to quantitatively

analyze the optical properties of photoelectrode, including

FIG. 8. Light harvesting efficiencies (gLHE) of D1, T1, T2, T20, and T200 as a

function of wavelength.
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light loss from back-scattering, average optical path length,

light absorptance profile, and scattering angle. These calcu-

lated results can provide theoretical guidance for film design

and optimization.

IV. CONCLUSION

In this paper, light scattering design of N719 dye-

sensitized solar cells is investigated and optimized based on

theoretical simulations. Submicron particles incorporated in

the photoelectrode films have both positive and negative

impacts on the gLHE of solar cell. Therefore, the optimal scat-

tering design should improve the light absorption in long

wavelength region and suppress the light loss due to back-

scattering simultaneously, which can be achieved by multi-

layer structures with increased scattering coefficient.

According to the simulation results, multi-layer film with grad-

ually increased particle size demonstrates better performance.

gLHE can be further improved using mesoporous spherical

TiO2 with high specific surface area. The calculated results

herein are in good agreement with the reported experimental

ones, proving the reliability and validity of our simulation

approach. As an efficient and flexible tool, this simulation

approach would be useful in film design or optimization and

could be a routine procedure before practice experiments.
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