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ABSTRACT :

Methodologies to improve photovoltaic performance of dye-sensitized solar cell (DSSC) are

reviewed. DSSC is usually composed of a dye-adsorbed TiO2 photoanode, a tri-iodide/iodide redox

electrolyte and a Pt counter electrode. Among the photovoltaic parameters of short-circuit photo-

current density, open-circuit voltage and fill factor, short-circuit photocurrent density is the collective

measure of light harvesting, charge separation and charge collection efficiencies. Internal quantum

efficiency is known to reach almost 100%, which indicates that charge separation occurs without

loss by recombination. Thus, light harvesting efficiency plays an important role in improvement of

photocurrent. In this paper, technologies to improve light harvesting efficiency, including surface

area improvement by nano-dispersion, size-dependent light scattering efficiency, bi-functional nano

material, panchromatic absorption by selective positioning of three different dyes and transparent

conductive oxide (TCO)-less DSSC, are introduced.
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1. Introduction

Since the discovery of photovoltaic effect by Becquerel

in 1839,1) tremendous efforts have been made to improve

photovoltaic performance. Becquerel’s photovoltaic cell

was based on electrochemical junction. However, this cell

was not commercialized because of dissolution of pho-

toactive material into electrolyte, which was studied by

Williams in 1960.2) The first long-term stable electro-

chemical junction solar cell was invented by O’Regan

and Graetzel in 1991, where dye molecules were attached on

the surface of semiconductor to be used as a light absorber

instead of excitation of electron from semiconductor.3) The

first reported efficiency was about 7%. Recently, the conver-

sion efficiency has been improved to 10-11%.4-7) The certi-

fied efficiency of dye-sensitized solar cell reaches 11.2%.8)

Mesoporous and nanosized oxide layer, dye and redox

electrolyte are key components comprising dye-sensitized

solar cell (DSSC). Photovoltaic performance is affected by

several factors in relation to light harvesting, charge separa-

tion and charge collection. In this paper, methods to control

such parameters are reviewed from the opto-electronic

points of view.

2. Semiconductor pn junction verses electro-
chemical junction

Photovoltaic action is in general as follows. Active mate-

rial absorbs light being equal to or greater than band gap

energy, which leads to electron excitation from valence

band (or ground state) to conduction band (or excited state).

Photo-excited electrons are separated from the absorber

and finally those electrons are collected at transparent con-

ductive or metallic charge collector. This consecutive pro-

cess is the basic working principle of solar cell. The first

step is related to light harvesting efficiency, the second one

depends on charge separation efficiency and the last step
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has influence on charge collection efficiency. To separate

electron and hole, pn junction is essential. There are two

types of junction: solid/solid pn junction and liquid/solid

pn junction. The latter is called electrochemical junction.

Dye-sensitized solar cell is a typical example of electro-

chemical junction. Fig. 1 compares electrochemical junction

type with solid pn junction type.

3. Structure and working principle of DSSC

Fig. 2 shows the structure of DSSC. DSSC is composed

of the dye-adsorbed nanocrystalline TiO2 film formed on

a transparent conductive oxide (TCO) substrate, the I3
−/I−

redox electrolyte and the Pt counter electrode. F-doped

SnO2 (FTO) is usually used as the TCO material. In order

to induce good contact between TiO2 and electrolyte, TiO2

film should have mesoporous structure. TiO2 acts as elec-

tron acceptor and electron transport layer, while electrolyte

acts as hole transport layer. When dye absorbs photons,

electrons on the ground state of dye are excited to the excited

state, which are injected into the conduction band of TiO2

within pico- to femto-second. The photo-injected electrons

are collected at FTO via the porous TiO2 network by diffu-

sion process with rate of about micro- to mili-second. The

oxidized dyes are regenerated by oxidation of iodide with

nano-second time scale. Photovoltage is generally deter-

mined by the energy difference between the Fermi level

of TiO2 and redox potential of electrolyte.

Contrary to the electron transport by drift in semicon-

ductor pn junction, photo-injected electrons are transported

by diffusion process in DSSC since electric field is negligible

in the entire TiO2 film. At short-circuit condition, the Fermi

energy level decreases in the direction of the back contact

(charge collector) due to difference in electron concentra-

tion with TiO2 film distance. On the other hand, at open-

circuit condition the Fermi energy level is constant across

the entire film.9) The photovoltaic action in DSSC is quite

different from the conventional solid/solid pn junction solar

cell,10) where no significant space charge region is found

in DSSC. Moreover, carrier of only one type is presented

in the oxide semiconductor in DSSC compared with coex-

istence of electron and hole in n-type and p-type semi-

conductors in solid/solid pn junction solar cell.

Solar-to-electrical conversion efficiency (η) can be

estimated from short-circuit photocurrent density (JSC),

open-circuit voltage (VOC) and fill factor (FF). Among the

three factors, JSC is resulted from the collective measure

of light harvesting efficiency (ηLH), charge separation effi-

ciency (ηCS) and charge collection efficiency (ηCC). Since

internal quantum efficiency approaches 100% in DSSC,

which indicates that there is little problem in charge sepa-

ration, photovoltaic performance of DSSC is expected to

be strongly dependent on light harvesting and charge

collection efficiencies.

4. Methods to improve light harvesting effi-
ciency

4.1. Nanodispersion method

In DSSC, the dye-adsorbed TiO2 film plays an impor-

tant role because it serves as a pathway for photo-injected

electrons. It is no doubt that the nanocrystalline TiO2 film

with high surface area is able to utilize more photons due

to a large amount of the adsorbed dye. Nanocryatlline TiO2

Fig. 1. (Left) Solid/solid pn junction and (Right) electrochemical

junction structures. In the solid/solid pn junction electrons move

to n-type material and holes are transported in p-type material.

In electrochemical junction, electrons are transported in n-type

material and holes are regenerated by redox reaction of electrolyte.

Fig. 2. DSSC structure consisting of mesoporous TiO2 film

on a TCO substrate, dye, redox electrolyte and Pt-coated TCO.

Arrows indicate electron flow.
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particles can be prepared by hydrothermal technique, which

usually offers high photovoltaic performance. However,

commercially available nanoparticles do not usually show

high performance due to aggregation. Micro-bead milling

of such aggregates can improve the photocurrent density

because nano-dispersion leads to increase in surface area.

As a result, the conversion efficiency was significantly

improved by about 44% from nano-dispersion technique

(Fig. 3).11)

4.2. Light scattering layer

Increase in film thickness will be one of possible ways

to enlarge the total surface area. However, this method is

restricted because the increased surface states induced by

the increased surface area could act as recombination

centers.12,13) In addition, the use of only nanocrystalline

TiO2 particles with about 20 nm in diameter allows light

to pass through the film, which deteriorates light harvesting

efficiency. To address this problem, the bi-layer structure

has been proposed, where a nanocrystalline TiO2 layer

(under-layer) is deposited on a TCO substrate and a light

scattering layer (over-layer) is deposited on the top of the

nanocrystalline TiO2 layer. This bi-layer structure can

improve photocurrent density because of the improved

light scattering effect.14,15) The scattering efficiency in

DSSCs16-20) has been investigated theoretically, in which

light scattering efficiency correlates with the size of the

scattering particle. The size-dependent scattering efficiency

in dye-sensitized solar cell was reported.21) Two kinds of

large scattering particles with rutile phase, G1 (about

0.3 µm in diameter) and G2 (about 0.5 µm in diameter),

were compared. The conversion efficiency of 7.55% for

the 7 µm-thick TiO2 film composed of only nanocrystal-

line TiO2 was improved to 8.94% and 8.78% after

introduction of the scattering layers comprising G1 and

G2 particles, respectively. The relatively smaller sized G1

showed higher conversion efficiency than the larger G2

and the improved efficiency was mainly caused by the

increase in photocurrent density. Fig. 4 shows the IPCE

spectra as a function of wavelength. The bi-layer structured

film having G1 over-layer shows better IPCE than G2 in

the entire wavelength, which is due to higher reflectance.

Scattering efficiency (hS) calculated from the relation

ηS = (TML) × (RSL) × (IPCE at under-layer), where TML and

RSL represent transmittance of the under-layer and reflec-

tance of the scattering layer, respectively, was found to be

Fig. 4. Bi-layer structure comprising G1 (~0.3 µm)- and G2 (~0.5 µm) light scattering layers and IPCE spectra of G1- and

G2-contained nanocrystalline TiO2 films along with pure nanocrystalline TiO2 film.

Fig. 3. (Left) size distribution of P-25 TiO2 particles and (Right) photocurrent-voltage curves before and after micro bead milling at a

rate of 45 Hz for 30 min.
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maximized at around 600 nm. This indicates that scattering

efficiency is expected to be maximized when particle size

approaches l/2.

4.3. Metal oxide with dual functions

For the purpose of light scattering, large TiO2 particles

with spherical shapes or flat surfaces have been normally

used as mentioned previously. However, except for the role

in scattering of light, electron generation is hardly expected

because of poor dye adsorption property due to the rela-

tively low surface area. To improve electron generation in

such a normal scattering particle, high surface area is

required. Recently, nano-embossed hollow spherical TiO2

(NEHS TiO2) was developed to show bi-functional behav-

ior.6) Fig. 5 shows TEM images of the as-synthesized

NEHS TiO2 particles. The diameter of the spheres is in the

range of 1-3 µm and a wall thickness is about 0.25 µm.

The surface of NEHS TiO2 is made up of TiO2 nanoparti-

cles with an average diameter of about 18 nm. When using

NEHS TiO2 as an over-layer (1L-NEHS), the conversion

efficiency was improved by about 21% from 7.79% to

9.43%. The amount of adsorbed dye for the NEHS particles

was about 0.58 × 10−7 mol/cm2, which was about 5 times

larger than the amount of 0.12 × 10−7 mol/cm2 for the

400 nm-sized flat surface scattering particles, which led

to higher short-circuit photocurrent. From the UV-vis

reflectance spectra in Fig. 5, in the short wavelength rang-

ing from 400 to 600 nm, the reflectance of the NEHS TiO2

film is close to that of the nanocrystalline TiO2 film, which

is mainly due to light absorption by the dye molecules.

Whereas, in the long wavelength region, the dye-adsorbed

NEHS film exhibits a substantially higher reflectance

than the dye adsorbed nanocrystalline TiO2 film and its

reflectivity is close to that of the CCIC film. Thus, it is

confirmed that the improved JSC in NEHS-contained

electrode is likely to be due to not only the improved light

scattering but also charge generation.

4.4. Panchromatic Absorption

Instead of using a single dye, multi dyes may have

advantage in terms of utilizing broad absorption of light.

A new method for selective positioning of dye molecules

with different absorption ranges in a mesoporous TiO2 film

was recently developed.22) The key technology in this

method is to control the desorption depth. The polystyrene-

filled mesoporous TiO2 film and a Bronstead base-contained

polymer solution were developed to control the desorption

depth. Three dyes, P5 (yellow), N719 (red), and N749

(balck), were successfully aligned by considering absorption

range of each dye. Since the longer wavelength light can

reach the TiO2 layer far away from the FTO substrate,

the dye alignment was designed to be the following

order: FTO/P5/N719/N749. In Fig. 6, the IPCE spectral

shape of the resulting three dyed cell shows superimposi-

tion of each IPCE spectrum from a single dyed cell.

4.5. TCO-less technique

Regarding light harvesting issue, a certain fraction of

incoming light may be reflected at TCO layer, which

diminishes number of photons. In case of wafer-based sili-

con solar cell, back-contact structure has been proposed

in order to improve light harvesting efficiency by min-

imizing the loss from light reflection at front electrode.

Similarly, back contact concept has been applied to dye-

sensitized solar cell. Efficiency of 3.6% was first reported

for the back contact structure in dye-sensitized solar cell.23)

Fig. 5. (Left) TEM image of nano-embossed hallow spherical (NEHS) TiO2 and (Right) reflectance of the conventional

light scattering particle (CCIC) with flat surface and the NEHS particle, along with pure TiO2 film
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Improved efficiencies of about 7-8% were reported.24-26)

According to the reports, Ti metal was used as a back

contact electrode. Transparent ITO was reported for use

as back contact electrode in TCO-less DSSC.27) Fig. 7

shows the TCO-less DSSC structure and I-V property.

An ITO back-contact DSSC with a plain glass substrate

shows higher photocurrent than the ITO-coated substrate.

However, open-circuit voltage is found to be deteriorated,

which is due to electron recombination from ITO back

contact to electrolyte. The lowered voltage is recovered

by deposition of about 30 nm-thick TiO2 film on the sur-

face of the back contact indium tin oxide (ITO) electrode.

The transient photovoltage spectroscopy measurement

confirmed the improved electron life time after deposition

of thin TiO2 layer, which is related to the voltage recovery.

5. Summary

Dye-sensitized nanostructured TiO2 films were

investigated in terms of methodologies for enhancing light

harvesting efficiency. Light scattering method was found

to a useful way to utilize long wavelength light, which was

dependent on the size of scattering particle, associated with

reflectance of scattering particle. Nano-embossed hallow

sphere was one of good candidates for dual functions of

both efficient light scattering and charge generation. To

cover wide range of incoming light, method of selective

positioning of dyes with different absorption character-

istics was a useful way to realize panchromatic absorption.

Selective desorption was realized by controlling retention

time of desorption solutions by means of downsizing pore

of TiO2 film and exploring viscous NaOH solution. TCO-

less technology seems to be beneficial for optical gain. The

combined methods are expected to lead to high photo-

conversion efficiency due to an improved light harvest-

ing efficiency, associated with improved photocurrent.
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