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Electrochemistry is largely applied in synthesis, chemical analysis and energy storage and conversion
aspects. Photoelectrochemistry as a branch of electrochemistry attracts extensive attention from
scientists worldwide for its use to convert light energy into electricity with efficiencies competing with
silicon based photovoltaics. This review will focus on the area of photoelectrochemical cell and its
applications in optoelectronics, i.e. electrochemical photovoltaic cells, dye sensitized solar cells and
light emitting cells. Most recent advances in above areas have been included.
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1. INTRODUCTION

A typical type of the photocurrent-generated device has a semiconductor in contact with an
electrolyte, and this is often referred as photoelectrochemical cells. A photoelectrochemical cell
consists of a photoactive semiconductor working electrode (either n- or p-type) and counter electrode
made of either metal (e.g. Pt) or semiconductors. Both electrodes are immersed in the electrolyte
containing suitable redox couples. In a metal-electrolyte junction, the potential drop occurs entirely on
the solution site, whereas in a semiconductor-electrolyte junction, the potential drop occurs on the
semiconductor site as well as the solution site. The charge on the semiconductor side is distributed
deep in the interior of the semiconductor, creating a space charge region. If the junction of the
semiconductor-electrolyte is illuminated with a light having energy greater than the bandgap of the
semiconductor, photogenerated electrons/holes are separated in the space charge region. The
photogenerated minority carriers arrive at the interface of the semiconductor-electrolyte.
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Photogenerated majority carriers accumulate at the backside of the semiconductor. With the help of a
connecting wire, photogenerated majority carriers are transported via a load to the counter electrode
where these carriers electrochemically react with the redox electrolyte. A pioneering
photoelectrochemical experiment was realized by obtaining photocurrent between two platinum
electrodes immersed in the electrolyte containing metal halide salts [1]. It was later found that the
photosensitivity can be extended to longer wavelengths by adding a dye to silver halide emulsions [2].
The interest in photoelectrochemistry of semiconductors led to the discovery of wet-type
photoelectrochemical solar cells [3-5]. These studies showed electron transfer to be the prevalent
mechanism for photoelectrochemical sensitization processes. Gritzel has then extended the concept to
the dye sensitized solar cells (DSSC), which will be discussed further in the later part.
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Scheme 1 Different types of photoelectrochemical cells with the working electrode (WE) made of
semiconductor (n- or p-type) and the counter electrode (CE).

Scheme 1 shows various types of the photoelectrochemical cells. When shining the light,
oxidation reaction will happen on the surface of n-type semiconductors, whilst reduction reaction will
happen on the surface of p-type semiconductors. In the electrochemical photovoltaic cell, which is
based on a narrow bandgap semiconductor and a redox couple as shown in Scheme 1a, optical energy
is converted into electrical energy without change of the free energy of the redox electrolyte (AG=0).
The electrochemical reaction occurring at the counter electrode (CE) is opposite to the photoassisted



Int. J. Electrochem. Sci., Vol. 2, 2007 899

reaction occurring at the semiconductor working electrode. Thus, they are also called regenerative
photoelectrochemical solar cells [6-9]. If the photogenerated energy is converted to chemical energy,
the free energy of the electrolyte will have a change (AG+# 0). Depending on the relative location of the
potentials of the two redox couples (O/R and O’/R’ in Scheme 1 b and c), the photosynthetic cells
containing two redox couples, can be further classified as photocatalytic cell (AG<0, Scheme 1b)
where light merely serves to accelerate the reaction rate and phtoelectrolytic cell (AG>0, Scheme 1c)
where the cell reaction is driven by light in the contra-thermodynamic direction. Comparing with
electrochemical photovoltaic cells, anodic and cathodic compartments need to be separated to prevent
the mixing of the two redox couples in these types of cells. Titanium dioxide (TiO,) has been favored
semiconductor for such studies [10]. As early as 1971, photoelectrolysis of water was reported in an
electrochemical cell with a TiO, photoanode and a Pt cathode without an external source [11]. A novel
microreactor for TiOj-assisted photocatalysis in a microfluidic electrochemical cell was designed
recently with TiO, nanoparticles embedded in a gold electrode matrix [12]. The metal ions in aqueous
solution can be determined by voltammetry after in situ photocatalytic digestion of interfereing organic
matter. This is very important for environmental analysis.

In this review, we will mainly focus on the development of regenerative electrochemical
photovoltaic cells, dye sensitized solar cells and their reverse process, electrochemical light emitting
cells. Absorption of light by the semiconductor or the sensitizer layer gives rise to a photocurrent
and/or a photovoltage, which can be measured in the external circuit. Conversely, the passage of
current through the interface of the working electrode with the electrolyte solution can lead to light
emission.

2. ELECTROCHEMICAL PHOTOVOLTAIC CELLS

One of the most important aspects in using solar energy is its conversion from solar radiation into
electric energy. Electrochemical photovoltaic cells have the following advantages comparing with the
solid photovoltaics. 1) It is not sensitive to the defects in semiconductors. 2) The solid/liquid junction
is easy to form and the production price will be much reduced. 3) It is possible to realize the direct
energy transfer from photons to chemical energy. Unlike conventional solid state photovoltaic cells,
the potential of the working electrode can be varied with respect to the reference electrode by means of
an external voltage source connected between working and counter electrode.

2.1. Electrochemical photovoltaic cells without dyes

The most striking difference between a photoelectrochemical photovoltaic cell and the
conventional Si based photovoltaics is that the former contains two interfaces at which charge
transport has to switch from electronic to ionic and vice versa, as in batteries. In electrochemical
photovoltaic cells without dyes, both the semiconductor electrode and the counter electrode are
immerged in the redox electrolyte. The incident light excites the semiconductor electrode and the
photogenerated electrons and holes are seperated in the space charge region. Specific reactions occur
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only at the semiconductor and the metal as shown in Scheme 1a. In these kinds of cell, charge balance
due to oxidation and reduction processes is maintained. However, the wet-type photoelectrochemical
cells suffer from instability of semiconductor in aqueous media. Unsensitized photoelectrochemical
photovoltaic cells can not replace the silicon based photovoltaics unless some photoelectrochemically
stable semiconductor materials possessing band gap approximately 1.4 eV can be found [6-9].

2.2. Dye sensitized solar cells (DSSC)

A novel solar cell based on a dye sensitized porous nanocrystalline TiO, photoanode with
attractive performance has been reported by Gritzel et al. [13-16]. Interest in porous semiconductor
matrices permeated by an electrolyte solution containing dye and redox couples has been stimulated by
their reports. The conversion efficiency of the dye sensitized solar cells (DSSC) has been currently
improved to above 11% [15;17] since the first DSSC was reported with efficiency of 7.1% [16]. Even
though silicon champion cells have attained 24%, the maximum conversion efficiency is
approximately 30% for both devices [18]. Large-size DSSC has been prepared on silver grid embedded
fluorine-doped tin oxide (FTO) glass substrate by screen printing method [19]. Under the standard test
condition, energy conversion efficiency of active area was achieved to 5.52% in 5 cmx5 cm device,
which is comparable to 6.16% of small-size cell prepared at similar condition.

In DSSC, the initial photoexcitation does not occur in the semiconductor working electrode as the
electrochemical photovoltaic cells in Scheme 1a, but occurs in the light absorbing dye as shown in
Scheme 2. Subsequent injection of an electron from the photo-excited dye into the conduction band of
semiconductors results in the flow of current in the external circuit. Sustained conversion of light
energy is facilitated by regeneration of the reduced dye (D in Scheme 2) either via a reversible redox
couple (O/R), which is usually I5/ I" (Scheme 2a) or via the electron donation from a p-type
semiconductor (Scheme 2b).
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Scheme 2 Operation mechanism of the dye sensitized electrochemical solar cell (DSSC). D: Dye, O:
Oxidant (e,g, I3"), R: Reductant (e.g. I'). a) Wet-type DSSC with redox couple in the liquid electrolyte
b) Solid state DSSC with a p-type semiconductor to replace the electrolyte containing the redox
couple.

Scheme 2a shows the mechanism of a traditional wet-type DSSC containing redox couples in
electrolyte. The photoanode, made of a mesoporous dye-sensitized n-type semiconductor, receives



Int. J. Electrochem. Sci., Vol. 2, 2007 901

electrons from the photo-excited dye (D) which is thereby oxidized to D*. The neutral dye (D) can be
regenerated by the oxidation reaction (R—>0O) of the redox species dissolved in the electrolyte. The
mediator R will then be regenerated by reduction at the cathode (O>R) by the electrons circulated
through the external circuit [17].

The need for DSSC to absorb far more of the incident light was the driving force for the
development of mesoscopic semiconductor materials with an enormous internal surface area. High
photon to electron conversion efficiencies were reported based on the dye sensitized mesoporous TiO,
solar cells [20]. The major breakthrough in DSSC was the use of a high surface area nanoporous TiO,
layer. A single monolayer of the dye on the semiconductor surface was sufficient to absorb essentially
all the incident light in a reasonable thickness (several um) of the semiconductor film. TiO, became the
semiconductor of choice with advantage properties of cheap, abundant, and non-toxic [21].

The standard dye at time was tris(2,2’-bipyridyl-4,4’-carboxylate)ruthium (II) (N3 dye). The
function of the carboxylate group in the dye is to attach the semiconductor oxide substrate by
chemisorption [21;22]. The dye must carry attachment groups such as carboxylate or phosphonate to
firmly graft itself to the TiO, surface. The attachment group of the dye ensures that it spontaneously
assembles as a molecular layer upon exposing the oxide film to a dye solution. It will make a high
probability that, once a photon is absorbed, the excited state of the dye molecule will relax by electron
injection to the semiconductor conduction band. Discovered in 1993, the photovoltaic performance of
N3 dye has been irreplaceable by other dye complexes [23]. Only recently a credible challenger has
been identified with tri(cyanato-2,2°,2” -terpyridyl-4,4’,4"’-tricarboxylate) Ru (II) (black dye) [15].
The response of the black dye extends 100 nm further into the IR than that of the N3 dye [24].

Because of the encapsulation problem posed by the use of the liquid in the conventional wet-type
DSSC, much work is being done to make an all solid state DSSC [20;25]. The use of solvent free
electrolytes in the DSSC is supposed to offer very stable performance for the device. To construct a
full solid-state DSSC, a solid p-type conductor should be chosen to replace the liquid electrolyte. The
redox levels of the dye and p-type materials have to be adapted carefully as Scheme 2b shows. It
results in an electron in the conduction band of n-type semiconductors (e.g. TiO,) and a hole localized
on the p-type conductor. Hole transporting amorphous materials have been used in nanocrystalline
TiO; based DSSC to transport hole carriers from the dye cation radical to the counter electrode instead
of using the I3/I redox species [20;26].

Early work focused on the replacement of I3/ I' liquid electrolyte with Cul. Cul as a p-type
conductor, can be prepared by precipitation from an acetonitrile solution at room temperature and it is
also a solid state ionic conductor. Cells made this way gave solar efficiencies of several percent, but
their stability is relatively poor, because of the liability of Cul to air and light [25]. Besides Cul,
CuSCN has also been tried [27;28]. Organic hole transporting materials will offer flexibility and easier
processing. Bach et al. used a hole conducting amorphous organic solid deposited by spin coating [20].
However, deposition in nanoporous materials can not be easily achieved by traditional methods such as
evaporation or spin coating. Electrochemical deposition of organic semiconductors on high surface
area electrodes for solar cells has also been described [29]. A thin layer of organic semiconductors can
be electrochemically deposited on a nanoporous TiO; electrode.
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One of the first solid state dye sensitized heterojunctions between TiO; and a semiconducting polymer
was reported by Murakoshi and coworkers [30;31]. The prototype of this kind of solid state DSSC is
shown in Fig. 1.
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Figure 1. The prototype solid state DSSC [30]. OTE: Optical transparent electrode. Reproduced by
kind permission from Elsevier Science Ltd.

Pyrrole was photoelectrochemically polymerized on porous nanocrystalline TiO, electrode, which
was sensitized by N3 dye and a newly synthesized dye individually. Polypyrrole successfully worked
as a hole transport layer connecting dye molecules anchored on TiO, to the counter electrode.
Conducting polyaniline has also been used in solid state solar cells sensitized with methylene blue
[32]. This solid state DSSC was fabricated using conducting polyaniline coated electrodes sandwiched
with a solid polymer electrolyte, viz. poly(vinyl alcohol) with phosphoric acid. It exhibits good
photoresponse to visible light. The presence of illumination enhances the electrochemical reaction
(doping of polyaniline by migration of anions). The observed I-V characteristics are the superposition
of the Ohmic charge transport and the electrochemical reaction. Recently, a low bandgap polymer
consisting of alternating thiophene and benzothiadiazole derivatives was used in the bulk heterjunction
DSSC. This solid state DSSC exhibited a high power conversion efficiency of 3.1%, which is the
highest power conversion efficiency value with organic hole-transport materials in DSSC to date [33].

Construction of quasi-solid-state DSSC has also been explored. Quasi-solid-state DSSCs based on
the stable polymer grafted nanoparticle composite electrolyte [34], cyanoacrylate electrolyte matrix
[35], and a novel efficient absorbent for liquid electrolyte based on poly(acrylic acid)-poly(ethylene
glycol) hybrid [36] were fabricated. The polymer gels in above cases function as ionic conductors. The
melting salt, in another name, room temperature ionic liquids are also known as good ionic conductors
[37;38]. Solid state DSSCs based on ionic liquids were reported to enhance the conversion efficiency
of DSSCs [39]. DSSCs using imidazolium type ionic liquid crystal systems as effective electrolytes
were reported [40]. Use of ionic liquid oligomers, which were prepared by incorporating imidazole
ionic liquid with polyethylene oxide oligomers, as electrolyte for DSSC was investigated [41]. It
shows that the increase of the polyethylene oxide molecular weight in the ionic liquid oligomers results
in faster dye regeneration and lower charge transfer resistance of I3 reduction leading to the
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improvement of DSSC performance. However, the main limiting factors in the DSSC based on ionic
liquids comparing with the conventional wet-type DSSC are the higher recombination and lower
injection of charge. At low temperatures, the higher diffusion resistance in the ionic liquid may also be
the main limiting factor through its effect to the fill factor [42]. Plastic and solid state DSSCs
incorporating single walled carbon nanotubes (SWNTs) and imidazorium iodide derivative have been
fabricated [43]. The introduction of carbon nanotubes will improve the solar cell performance through
reduction of the series resistance. TiO; coated carbon nanotubes (CNTs) were recently used in DSSCs.
Compared with a conventional TiO, cell, the TiO,-CNT (0.1 wt%) cell gives an increase to short
circuit current density (Jsc), which results in ~50% increase in conversion efficiency from 3.32% to
4.97% [44]. It is supposed that the enhancement of Jsc is due to improvement in interconnectivity
between the TiO, particles and the TiO,-CNTs in the porous TiO, film. When employing SWNTs as
conducting scaffolds in a TiO, based DSSC, the photoconversion efficiency can be boosted by a factor
of 2 [45]. In absence of SWNT network, a maximum IPCE of 7.36% (350 nm) at O V (vs. SCE) was
observed. The IPCE was enhanced significantly to 16% when the SWNT scaffolds support the TiO,
pariticles. TiO, nanoparticles were dispersed on SWNT films to improve photoinduced charge
separation and transport of carriers to the collecting electrode surface.

A strong increase in energy conversion efficiency could also be observed when
tertiarybutylpyridine was introduced into the matrix of the organic hole conductor [46] with similar
effects for classic DSSC with electrolyte/TiO2 junctions [23]. The increase in V,. may be due to either
a charging of surface states or a shift of the conduction band edge [47]. Lithium ion interactions into
TiO,-B nanowires [48], nanocrystalline rutile TiO, particles [49] and a class of perovskite based
lithium ion conductors [50] have been reported. Photovoltages of nanoporous TiO, based DSSC was
found to be improved by up 200 mV with a negligible decrease in photocurrent by treating TiO,
electrodes with intercalation of Li* [51]. The enhancement of photovoltage is explained in terms of the
formation of a dipole layer due to adsorption of Li* on the TiO, surface generated by the reaction of
intercalated Li atoms with moisture in air. Addition of lithium salt Li[(CF3S0,),N] to the spin coating
solution of the hole conductor also resulted in a strong performance increase in the final device. The
underlying mechanism remained unidentified although charge screening due to partial ionic mobility
inside the hole conductor matrix and/or the effect of the present lithium ions on the flat band potential
of TiO, were postulated as possible mechanisms [52].

Other n-type semiconducting electrodes besides TiO, have been probed for DSSC. The best
studied of the alternative materials to TiO; is ZnO [53-55]. ZnO has similar band gap (3.2 eV) and
band edge position to TiO, [56] with similar or smaller crystallite sizes than for typical TiO,. The
fabrication of DSSC with a branched structure of ZnO nanowires was recently reported [57]. The
striking optical properties of nanoporous silicon obtained by photoanodic etching [58] extended the
materials research scope of photoelectrochemistry to other porous crystalline semiconductors [59]. At
present, there is a considerable effort being devoted to DSSC with nanoporous photoanodes [16;60].
Nanoporous semiconductor electrodes were further investigated within the scope of quantum dots.
Photoelectrochemical activity has been shown when the quantum dots such as CdS and PbS are
attached to a metal electrode in a sub-monolayer array [61-65]. An ordered or disordered
monolayer/sub-monolayer of nanometer-sized semiconductor particles (e.g. PbS quantum dots) can be
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attached to a conducting substrate either by directly or via a self-assembled organic monolayer [66;67].
Photoelectrochemical study of organic-inorganic hybrid thin films via electrostatic layer by layer
assembly was reported [68]. Although the self-assembly approach is useful to obtain an ordered array
of quantum dots in the film, it does not provide robust coverage on the electrode surface. The research
on size quantization in colloid systems develops new fields in photoelectrochemistry. In addition to the
various methods to produce semiconductor quantum dots and nanocrystals with colloidal solution
chemistry [69-72], semiconductor nanocrystals, quantum wires, quantum dots as well as thick films of
CdS, CdSe and PbS can be made by electrochemical deposition methods [73-76]. This provides a new
way to produce nanoporous semiconductor electrodes for DSSCs.

2.3. Storage of electrochemical energy

It is also possible to make a rechargeable battery with in situ storage capability by using the
photoelectrochemical cells [77-79].
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Figure 2. Schematic of a photoelectrochemical solar cell combining both solar conversion and storage
capabilities. (a) under illumination, (b) in the dark. [77] Reproduced by kind permission from Nature.

Fig. 2 presents the configuration of a photoelectrochemical cell combining in situ electrochemical
storage and solar conversion capabilities and it provides continuous output insensitive to daily
variations in illumination. A high solar to electric conversion efficiency cell configuration of this type
was demonstrated in 1987 and used a Cd (Se, Te)/Sx conversion half cell and a Sn/SnS storage system,
resulting in a solar cell with a continuous output [77]. Under illumination, as shown in Fig. 2a, the
photocurrent drives an external load. Simultaneously, a portion of the photocurrent is used in the direct
electrochemical reduction of metal cations (Sn**>Sn) in the device storage half cell. In darkness or
below a certain level of light, the storage compartment spontaneously delivers power by metal
oxidation (Sn> Sn**) as seen in Fig. 2b. This genius idea was further developed and the DSSC
performance was improved significantly by using multi-band gap cells with storage.
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Figure 3. Two days conversion and storage characteristics of the AIGaAs/Si/MH/NiOOH multiple
bandgap photoelectrochemical solar cell using a graded diffuse filter varied AMO illumination. [78]
Reproduced by kind permission from American Institute of Physics.

Because of the low fraction of short wavelength solar spectrum, wide band gap solar cells generate
a high photovoltage but have low photocurrent. Smaller bandgap cells can use a large fraction of the
incident photons, but generate lower photovoltage. Multiple band gap devices can overcome these
limitations. In stacked multijunction systems, the topmost cell absorbs (and converts) energetic
photons, but it is transparent to lower energy photons. Subsequent layers absorb lower energy photons.
Conversion efficiency can be enhanced. A high solar conversion and storage efficiencies have been
attained with a system that combines efficient multiple bandgap semiconductors, with a simultaneous
high capacity electrochemical storage [78;80]. It provides a nearly constant energy output in
illumination or dark conditions as shown in Fig. 3. The cell combines bipolar AIGaAs and Si and metal
hybride(MH)/NiOOH storage. AlGaAs and Si are critical to minimize dark current, provide Ohmic
contact without absorption loss and maximize cell efficiency. Under illumination, a fraction of the
photo-generated electrons drives a load, while the remainder charges the storage redox couple via
electrochemical processes such as metal hybrid MHy reduction. The reduction will induce the increase
in concentration of [OH-] that drives the oxidation of Ni(OH), to NiOOH.

MH, +H,0+e¢" —- MH,,  ,+ OH"

Ni(OH), + OH — NiOOH+ H,0+¢’
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In darkness, the potential falls below Eiqox, the storage redox couple spontaneously discharges.
The electrochemical storage process then utilizes the metal hybrid MHx,; anode oxidation and the
NiOOH cathode reduction as shown by the equations below.

MH,, +OH — MH, +H,O+¢

NiOOH+H,0+¢ — Ni(OH), + OH'

This dark discharge will be directed through the load. As shown in Fig. 3, the cell generates a light
variation insensitive potential of 1.2 — 1.3 V with total solar-electric energy conversion efficiency over
18%.

3. ELECTROCHEMICAL LIGHT EMITTING CELLS

The reverse process of electrochemical photovoltaic cells is the electrochemical light emitting
cells, which consists part of optoelectronics.

3.1. Electrochemiluminescence

Eletrochemiluminescence (ECL) is the process where species generated at electrodes undergoes
electron transfer reactions to form excited states that emit light. ECL is initiated and controlled by
changing an electrode potential. Classic ECL involves the formation of an excited state as a result of
an energetic electron transfer between electrochemically generated species (often radical ions) at the
surface of an electrode. ECL reactions are localized spatially, temporally and controllable. A typical
ECL system would involve a solution containing ECL precursors with supporting electrolyte in an
electrochemical cell with either a single working electrode using an alternative potential, or more
commonly two separated electrodes in close proximity to each other by holding one electrode at a
reductive potential and the other at an oxidative potential [81].

A+e—A- (Reduction at cathode)
D-e—-D™ (Oxidation at anode)
A-+D*—A"+D (Excited state formation)
A—A +hv (Light emission)

Scheme 3. General mechanism of electrochemiluminescence.

A general ECL mechanism with two-electrode set up is shown in Scheme 3. Species A accepts one
electron from the cathode to form A™, and species D looses one electron at the anode to form D™
When A~ and D" diffuse away from the electrodes and come together, A™ transfers one electron to D™
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to produce a neutral species D and the excited state A*. A* immediately emits light and returns to the

ground state A. A and D could be the same species such as a polycyclic aromatic hydrocarbon [82;83].
ECL is traditionally a very powerful analytic technique and has been widely used in many different

areas [84-91]. In this review, use of electrochemiluminescence in light emitting cells will be focused.

3.2. Polymer electrochemical light emitting cells

Device configurations for light emission from electroactive polymers and organic molecules have
been described by many papers [92-99]. In these kinds of electrochemical light emitting cells (LEC), a
p-n junction diode is created in situ through simultaneous p-type and n-type electrochemical doping on
opposite sides of a thin film of conjugated polymer that contains added electrolyte to provide the
necessary counterions for doping. Besides using liquid electrolytes, polymer electrolytes were also
applied by complexation of an ionically conducting polymer, such as polyethylene oxide (PEO) with
salts. In contrast to the traditional light emitting diodes (LEDs) where the active layer does not contain
any ionic species, a polymer LEC is based on a mixed ionic/electronics conductor consisting of a solid
state polymer electrolyte and a luminescent polymer. The polymer electrolyte contributes and
transports free ions. Cyclic voltammetry studies have been carried out on polymer electrochemical
LEC using poly(2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene), MEH-PPV, as the active
luminescent polymer [92]. The onset of electronic current in the LEC is coincident with the onset of
electrochemical doping and the formation of a p-n junction. Blue, green, and orange emission have
also been obtained with turn-on voltages close to the band gap of the emissive material [93].

Polymer electrochemical LECs possess many desirable device characteristics suitable for potential
display applications. The operating mechanism of this type of LEC involves in situ electrochemical
doping and the formation of a light emitting p-n junctions, which have been confirmed by the
demonstrations and direct imaging of extremely large planar LECs with an interelectrode spacing up to
1.1 to 1.5 mm as shown in Fig. 4 [100-102]. When a large enough voltage is applied, electrons and
holes are injected to the cathode and anode individually and subsequently compensated by the
insertion of free cations and anions between the polymer chains in the vicinity of the electrodes. As a
result, the luminescent polymer is electrochemically doped to p type on the anode side and n type on
the cathode side. With time the p and n doped regions expand towards the centre of the device until
they make contact to form a p-n junction. The position of the light emittting junctions can be
determined by direct optical probing of the doping progress and simultaeous recording of the current-
time behavior [103]. The initial formation of a p-n junction triggers a sharp increase in both doping
level and current flow. This is accompanied by the onset of electroluminescence in the vicinity of the
junction, caused by the radiative recombination of the injected electrons and holes.

High resolution fluorescence imaging of the LEC structures reveals two fundamental problems
for a conventional LEC. First, the luminescent polymer suffers significant photoluminescence
quenching due to heavy doping throughout the polymer film. Second, the electroluminescence
emission zone in an LEC is limited to less than 10% of the entire inter-electrode spacing. Both factors
severely limit the ultimate electroluminescence efficiency of an LEC. The problem of heavy
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photoluminescence quenching associated with a p-n junction has been recently overcome by
intentionally relaxing a fully formed p-n junction into a p-i-n junction [104;105]. A frozen p-n junction
in an LEC can relax into a p-i-n junction when heated briefly to above glass transition temperature of
the polymer electrolyte used [106]. This results in a less doped quasi ‘intrinsic’ emission zone with
much reduced photoluminescence quenching. A dramatic improvement in electroluminescence
efficiency has been due to the formation of this ‘intrinsic’ emission zone when doping relaxes
preferentially in the junction region [107;108]. In addition, a 20-fold increase in effective emitting area
has been achieved by introducing floating metallic strips or particles between the electrodes, which
leads to the formation of multiple light emitting p-n junctions [109]. These two approaches promise
revolutionary LECs with the highest electroluminescence efficiency of all polymer light emitting
devices. Recently long-life time polymer LECs have been made by mixing luminescent polymer
blended with a dilute concentration of ionic liquids [110].

Figure 4. Colored photographs of a working 1.5 mm MEH-PPV polymer LEC under 365 nm UV
illumination. The device was tested at 310 K under a voltage bias of 140 V. The electrode to the left is
positively biased anode, denoted as ‘+’ relative to the electrode to the right cathode, denoted as ‘-’. The
photographs were taken at different time after the application of the voltage bias: (a) 8 min; (b) 13 min;
(c) 18 min; (d) 43 min. [100] Reproduced by kind permission from American Institute of Physics.

3.5. Others

Use of organic conjugated materials has also been exploited for the realization of electrochemically
driven electrochromics [111]. Recently, a photoelectrochromic cell is fabricated with a silver counter
electrode and a transparent working electrode coated with a Ag-TiO, nanocomposite, which exhibits
multicolour photochromism in an electrolyte containing silver ions [112]. The photoelectrochromic
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cell operates in drawing mode (short circuit) and display mode (open circuit), and is initialized by
polarizaton. The concepts of drawing and display modes are important to develop practical display
devices based on the multicolour photochromism.

4. CONCLUSIONS

Effective photovoltaics, light emitting and photoelectrochromic cells can be realized by means of
electrochemical methods. Solid state DSSC and electrochemical light emitting cells will have a
promising future for the development of efficient and flexible optoelectronics. Although a long way to
compete with the silicon based ones in markets, the subject of photoelectrochemistry is the
fundamental and will be a vivid subject to realize the device design and technology transfer.
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