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Abstract 

 

The dye-sensitized solar cell (DSSC) is a promising low cost photovoltaic 

device. A typical DSSC consists of a porous film made out of TiO2 nanoparticles, a 

monolayer of dye adsorbed on the TiO2 surface and a liquid electrolyte. The electrolyte 

fills the pores of the nanoparticle film forming a semiconductor-dye-electrolyte 

interface with large surface area. During illumination of the cell, the dye molecules 

inject electrons into the TiO2 nanoparticles. The injected electrons diffuse through the 

nanoparticle network by hopping from particle to particle until they are collected at a 

transparent conductive oxide (TCO) anode. Meanwhile, the charged dye molecules are 

reduced through an electrochemical reaction with a reductant in the electrolyte. The 

oxidized ionic species diffuse to the counter electrode and are reduced by electrons that 

have been collected at the anode and have traveled through the load to complete the 

circuit. Currently, dye-sensitized solar cells have reached efficiencies above 11 %, but 

further improvement is limited by electrons recombining with the electrolyte during 

their transport through the semiconductor nanoparticle network. Nanowire DSSCs 

have been recently introduced and have the potential to overcome the limitations of 

nanoparticle DSSCs, since the electron percolation through the nanoparticle network is 

replaced by a direct electron pathway from the point of injection to the TCO. 

Understanding the electron transport and recombination mechanisms in nanowire 

DSSCs is one of the key steps to improving DSSC efficiency. Towards this end 

polycrystalline TiO2, single-crystalline TiO2 and single crystalline ZnO nanowire 

DSSCs were fabricated and analyzed using current-voltage characteristics, optical 

measurements, and transient perturbation techniques such as intensity modulated 

photocurrent spectroscopy, photocurrent decay and open-circuit photovoltage decay. 

For single-crystal ZnO nanowire DSSCs, the measured electron transport time 

constants are independent of light intensity but change with nanowire length, seeding 
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method and annealing time. Even if the measured transients are limited by the RC time 

constant of the solar cell, using the measured time constants as an upper limit for the 

actual electron transport time leads to the conclusion that the electron transport rate in 

ZnO nanowires is at least two orders of magnitude faster than the recombination rate. 

This indicates that the charge collection efficiency in ZnO nanowire DSSCs is nearly 

100 %.  These results show that films can be made out of 100 μm long ZnO nanowires 

while maintaining efficient charge collection. 

For DSSCs based on polycrystalline anatase TiO2 nanowires, the electron 

transport times show a power-law dependence on illumination intensity similar to that 

reported for TiO2 nanoparticle DSSCs. The magnitude of the electron transport times is 

also comparable to that of nanoparticle DSSCs, indicating that electron trapping and 

detrapping determine transport times for polycrystalline TiO2 nanowire DSSCs. 

Surprisingly, even for single-crystal rutile TiO2 nanowire DSSCs, the electron 

transport rate is on the order of the electron transport rate in nanoparticle-based DSSCs 

and not as fast as would be expected. Electron transport is slow and light intensity 

dependent indicating that trapping and detrapping, most likely in surface traps, still 

play an important role in electron transport even in single-crystal rutile TiO2 

nanowires. 
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1 Introduction and Background 

 

To limit the damaging long-term effects of CO2 emissions into the atmosphere, 

clean alternative energy resources must be used to satisfy the increasing energy needs 

of the world. The present global power consumption is approximately 13 TW and is 

expected to increase to 50 TW by the end of the century.1 Currently, 85 % of the global 

power is obtained from CO2-emitting fossil fuels.2 Burning fossil fuels at this rate has 

been linked to climate change and adverse environmental impacts. The CO2 

concentration in the atmosphere has increased in the past century from ~ 275 parts per 

million (ppm) to ~370 ppm, and is predicted to exceed 550 ppm within this century.2 

Such atmospheric CO2 levels are expected to produce global warming effects 

comparable in magnitude with the last Ice Age.2 To reduce CO2 emissions, clean 

alternative energy technologies must be developed and implemented at a large enough 

scale to produce tens of TW of power. Clean renewable energy can be obtained from 

solar, wind or geothermal sources, but only solar energy is globally available. 

Furthermore, the sun provides enough power to cover alone the energy needs of the 

world. The solar power incident on the earth, 120,000 TW, is more than enough to 

satisfy the current global energy demand of 13 TW.1 This level of power production 

can be achieved by covering 0.1 % of the earth’s surface with 11 % efficient solar 

cells.  

Solar cells based on the p-n junction concept and inorganic semiconductor 

materials dominate the solar-to-electric energy conversion technologies.3 Currently, 94 

% of the solar cell production consists of single-crystal and polycrystalline silicon 

cells.3 These cells are made on silicon wafers and have achieved lab efficiencies of up 

to 25 %. However, the cost of power obtained from such devices, 4 $/Watt, is much 

higher than 0.33 $/Watt, the cost goal of the US Department of Energy.3 Thin film 

solar cells make up the remaining 6 % of the photovoltaics market. These cells are 
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fabricated by depositing stacks of thin (0.1-10 m) films on flexible metal foil or glass 

substrates using physical or chemical deposition techniques such as sputtering or 

chemical vapor deposition. Because thin film solar cells use less material than solar 

cells based on thick (0.3-1 mm) silicon wafers, they also cost less. However, this 

reduction in cost is achieved by sacrificing some of the power conversion efficiency. 

The highest efficiencies reported for thin film solar cells produced in research labs 

range from 12 % to 20 %. In most cases, reduction in cost is significant and the 

electricity cost per watt is decreased even though the cells may be less efficient than 

those based on crystalline silicon. While the cost of inorganic p-n junction based solar 

cells continues to decrease, it is still too high to compete with the cost of energy 

obtained from burning fossil fuels. The high cost of inorganic p-n junction based cells 

is a result of the high purity required for cell semiconductors and expensive low 

pressure/high temperature fabrication techniques. Producing low cost solar cells with 

reasonable efficiencies is the most important goal of photovoltaic research. 

1.1 The Dye-Sensitized Solar Cell 

Among the newly developed photovoltaic technologies, the dye-sensitized 

solar cell (DSSC) is the most promising alternative to the inorganic p-n junction based 

cell. The first DSSC was reported by Gratzel and O’Regan in 19914 and had an 

efficiency of 7.1-7.9 % in simulated solar light. Since this initial report, DSSC 

efficiencies have reached nearly 12 %.5-7 A schematic and the energy band diagram of 

a typical DSSC are shown in Figures 1.1 and 1.2, respectively. The DSSC consists of a 

nanoporous wide band gap semiconductor such as TiO2, a monolayer of sensitizer dye 

adsorbed on to the TiO2 surface and a liquid electrolyte containing a redox couple,  

most often I3
-/I-, all sandwiched between two electrodes as shown in Figure 1.1. The 

nanoporous large band gap semiconductor film is obtained by doctor-blading a 

colloidal solution of semiconductor nanoparticles onto a transparent conductive oxide 

(TCO) coated glass substrate and by sintering the resulting film. The nanoporous film 

is typically 10 µm thick and is made of ~10 nm TiO2 particles. The photosensitive dye 



 

 

 

 

 

 

 
 
 
 
Figure 1.1. Schematic of a typical TiO2 nanoparticle-based DSSC (reproduced from ref. 
8). Dye molecules attach the surface of the nanoparticle film and the electrolyte penetrates 
between the semiconductor pores forming a semiconductor-dye-electrolyte interface of 
high surface area.  
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Figure 1.2. Energy band diagram of a TiO2 nanoparticle-based DSSC (reproduced from 
ref. 9). A dye molecule absorbs a photon and promotes an electron to an excited state. The 
excited electron is injected into the TiO2 nanoparticle and diffuses to the TCO anode. The 
hole left on the dye is transferred to the electrolyte and diffuses to the cathode where it 
recombines with an electron. The maximum DSSC photovoltage is given by the difference 
between the conduction band energy level of the semiconductor and the redox potential 
level of the electrolyte. 
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monolayer is adsorbed on the surface of the semiconductor nanoparticle film, and the 

liquid electrolyte penetrates between the semiconductor pores forming a 

semiconductor-dye-electrolyte interface of high surface area.  

The DSSC works as follows. The dye absorbs a photon, which promotes an 

electron from the highest occupied molecular orbital (HOMO) state to the lowest 

unoccupied molecular orbital (LUMO) state. The excited electron is injected into the 

wide band gap semiconductor, diffuses through the nanoporous semiconductor 

network until it is collected at the transparent conductive electrode. Meanwhile, the 

dye molecule S is regenerated through electron donation from the electrolyte (3I- + 2S+ 

→ I3
- + 2S). The I3

- ion formed in the dye regeneration reaction diffuses to the counter-

electrode, where it is reduced back to I- (I3
- + 2e- → 3I-) by electrons flowing through 

the external load from the TiO2 electrode. When the cell is illuminated at open circuit 

conditions, the electron concentration in the semiconductor film increases as the 

photogeneated electrons are continually injected into the TiO2 nanoparticles. 

Consequently, the Fermi level in the semiconductor rises rapidly towards the 

conduction band edge. This rise slows down when the Fermi level reaches the 

conduction band edge. Hence, the maximum photovoltage in the DSSC can be 

estimated from the difference between the conduction band edge of the semiconductor 

and the redox potential level of the electrolyte.  

The three crucial components of any DSSC are the wide band gap 

semiconductor nanoparticle film, the dye monolayer and the liquid electrolyte. The 

semiconductor nanoparticle film provides the high surface area required for dye 

adsorption and also transports the electrons injected by the dye molecules to the TCO 

anode. The surface roughness factor (ratio of film surface area to area covered by film 

on substrate) for an efficient TiO2 nanoparticle-based DSSC is usually around 1000. In 

addition to the high surface area required for efficient light harvesting, the nanoparticle 

film must provide electron transport that is faster than recombination. Recombination 

is the reaction of an electron injected in the semiconductor with an oxidized species 

such as I3
- at the nanoparticle surface. Dye molecules adsorb on to the nanoparticle 
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surface and photosensitize the nanoparticles. The LUMO of the dye must be above the 

conduction band edge of the semiconductor to promote electron injection into the 

semiconductor nanoparticle. The HOMO of the dye must be below the redox potential 

of the redox couple in the electrolyte to allow recapturing of an electron by the dye 

from the reductant in the electrolyte (I-). For efficient conversion of a photon into an 

electron, the lifetime of the excited electron in the dye should be longer than the 

injection time. The dye should be able to absorb a significant fraction of the light 

incident on the cell and it should be stable under illumination for long periods of time. 

The role of the electrolyte is to regenerate charged dye molecules that have injected an 

electron into the wide band gap semiconductor. Since the dye can still recombine with 

the electron injected into the semiconductor (often referred to as electron back 

recombination), dye regeneration by the electrolyte should be much faster than electron 

back recombination with the dye. 

The two key advantages of the DSSC over the p-n junction based solar cell are 

the significant reduction of bulk recombination (i.e., recombination of electrons and 

holes inside the semiconductor) and the separation of light absorption and charge 

transport into different components of the solar cell. A schematic of the p-n junction is 

shown in Figure 1.3. As the work function of the p-type side is higher than the work 

function of the n-type side, and at equilibrium the Fermi levels on both sides must be 

aligned, an electric field is created at the junction. Illumination of the semiconductor 

with photons that have energies higher than the semiconductor band gap creates 

electron-hole pairs. If electron-hole pairs are created in the bulk of the semiconductor 

(either the n-doped or p-doped side), they have to diffuse to the junction before they 

can be separated. During diffusion towards the junction, electrons and holes can 

recombine and get annihilated. Even if the electrons and holes are separated at the 

junction, there exists the possibility of recombination before collection at the electrode, 

especially if the semiconductor material contains many defects and trap states. Thus, 

high temperature/low pressure processing steps are required to make the 

semiconductor high quality and trap free. Such steps increase the manufacturing cost 
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Figure 1.3. Schematic of a p-n junction. Illumination with a photon that has energy higher 
than the band gap creates an electron-hole pair. Electrons and holes can only be separated 
at the junction by the built-in electric field. 
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of p-n junction based cells. In the DSSC, bulk recombination is not a significant loss 

mechanism for photogenerated electrons since electrons are the only carriers in the 

nanoporous semiconductor and ions are the only carriers in the electrolyte. The cost 

associated with DSSC fabrication is low because defects are acceptable in the 

nanoporous semiconductor and, as a result, high temperature/low pressure processing 

steps are not required. In a p-n junction based cell, the semiconductor is used for both 

light absorption and charge transport, while in a DSSC the dye absorbs light and the 

semiconductor and electrolyte transport charge. Thus, in a DSSC, light absorption and 

charge transport can be optimized independently of each other.     

Elementary processes occurring in the DSSC are shown in Figure 1.4. The 

processes that promote photon-to-electron conversion are represented by red arrows. 

They are (i) electron injection into the semiconductor from the excited dye molecule, 

(ii) electron transport through the nanoporous semiconductor and (iii) dye regeneration 

by the electrolyte. Each of these processes has an “adversary” and competes with a 

respective process that reduces the photon-to-electron conversion efficiency (illustrated 

by blue arrows in Figure 1.4). For example, electron injection competes with dye 

relaxation, dye regeneration competes with electron recombination with the dye and 

electron transport competes with electron recombination with the electrolyte. Once the 

dye absorbs a photon and promotes an electron to an exited-state (dotted arrow in 

Figure 1.4), three requirements must be satisfied for efficient conversion of light into 

electrical energy. 

(1) Electron injection from the dye into the semiconductor must be faster than dye 

relaxation. 

(2) The electrolyte must regenerate the dye faster than the recombination of the 

electron injected into the semiconductor with the dye. 

(3) The transport of the injected electron through the nanoporous semiconductor 

must be faster than the recombination of the injected electron with the 

electrolyte. 
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Figure 1.4. Elementary processes in the DSSC. Red arrows indicate processes that 
promote the photon-to-electron conversion. Blue arrows indicate processes that reduce 
the photon-to-electron conversion efficiency.  
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For a typical DSSC, requirements (1) and (2) are easily satisfied with typical dyes 

and I3
-/I- redox couple: electron injection and dye regeneration are orders of magnitude 

faster than dye relaxation and recombination of the injected electron with the dye, 

respectively. It has been shown by Nazeeruddin et al.10 that for a DSSC made using 

TiO2 nanoparticles, a Ru-based dye and an electrolyte containing I3
-/I-, electron 

injection occurs on a time scale of femtoseconds to picoseconds, while the dye relaxes 

on a time scale of tens of nanoseconds. Hence, the injection quantum efficiency is 

nearly 100 %. Also, the I- ion regenerates the dye on a time scale of 10-8 s.10 This is 

much faster then the recombination of the dye with the electron injected in the 

semiconductor, which typically takes several microseconds.11 In contrast, the electron 

transport time through the semiconductor particle network and recombination time 

with ions in the electrolyte are similar. Typical transport and recombination times are 

in the ms to s range.12 For nanoparticle DSSCs, the electron transport time constant 

(average time an electron takes to reach the substrate after it is injected into the 

semiconductor) was found to be about 5-10 times smaller than the electron 

recombination time constant13 (average lifetime of an electron in the semiconductor 

before it recombines with the electrolyte). While transport that is 5-10 times faster than 

recombination allows fabrication of 11 % efficient DSSCs, this close competition 

between transport and recombination is also preventing researchers from further 

increasing the DSSC efficiency by increasing the photoanode thickness and optical 

density in the infrared region of the solar spectrum. One of the main challenges for 

improving DSSC performance is to understand and improve transport in the 

semiconductor film while reducing recombination. 

1.2 Electron Transport and Recombination in DSSCs 

Electron transport through the nanoporous semiconductor film is thought to 

occur only by diffusion and not by drift due to electric field, because positive ions in 

the electrolyte screen each nanoparticle.14,15 Cations in the electrolyte such as Li+ do 

not participate in any key electrochemical reactions, but they penetrate to the 
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nanoparticle surface (between dye molecules) and screen the negative charge injected 

in the semiconductor nanoparticles. This prevents a macroscopic electric field from 

developing within the nanoparticle film. As a result, electron drift due to electric field 

is insignificant compared to diffusion. Since electroneutrality must be maintained 

throughout the region that contains the mesoporous semiconductor film and the 

electrolyte within its pores, charge transport occurs through ambipolar diffusion.15 In 

ambipolar diffusion, the electron motion in the semiconductor and the ion motion in 

the electrolyte are coupled to each other. Since electrons are more mobile they tend to 

move out of a certain region faster than ions, but as electrons exit the region, a charge 

imbalance is created and electron diffusion is retarded by the positive charge left 

behind. Thus, both ions and electrons diffuse within the photoanode region with an 

effective single diffusion coefficient given by, 

amb
p n

n p
D

n D p D





,                                                                               (1.1) 

where n is the electron density, p is the total positive ion density, Dn is the electron 

diffusion coefficient within the semiconductor and Dp is the ion diffusion coefficient 

within the electrolyte. Typically, in a DSSC, n<<p and equation (1.1) reduces to 

amb nD D .                                                                                                   (1.2) 

The electron diffusion coefficient, Dn, is not the diffusion coefficient for 

electron transport through extended conduction band states in a bulk semiconductor 

single crystal. Electron transport in the nanoporous semiconductor may be slowed by 

bulk traps (i.e., localized states in the band gap), surface traps (i.e., localized states in 

the band gap located at the semiconductor surface) and inter-particle barriers.16 The 

multiple trapping (MT) model is the most common model used to describe electron 

transport through the nanoporous semiconductor film.17,18 According to the MT model 

the electron diffusion coefficient is given by 

1(1 )n t cb cbD dn dn D  ,                                                                           (1.3) 
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where nt is the density of trapped electrons, ncb is the density of conduction band (free) 

electrons and Dcb is the electron diffusion coefficient in a semiconductor with no 

traps19 (i.e., the diffusion coefficient if transport were to occur through extended 

conduction band states only). The ratio dnt/dncb accounts for the effect of trapping and 

detrapping on electron transport. As electrons are injected into the nanoporous 

semiconductor film, traps in the semiconductor are filled starting with those that lie 

deep within the band gap. The quasi-Fermi level can be thought of as the energy level 

separating the filled traps from the unfilled traps (Figure 1.5). Only the traps above the 

quasi-Fermi level participate in the transport of electrons because only these states can 

trap and slow electrons. The closer the traps are to the conduction band edge, the easier 

it becomes for trapped electrons to become detrapped. The trap states that are far away 

from the conduction band edge are the most effective in slowing electron motion by 

trapping them for a long time. Thus, the higher the quasi-Fermi level is, the faster the 

electron transport becomes. As the quasi-Fermi level approaches the semiconductor 

conduction band edge position, the electron diffusion coefficient approaches that of a 

perfect bulk crystalline semiconductor. The electron diffusion coefficient in the 

nanoporous semiconductor can be measured using transient perturbation techniques 

such as intensity modulated photocurrent spectroscopy18 (IMPS). From IMPS 

measurements, the electron diffusion coefficient was found to have a power law 

dependence on the electron concentration within the semiconductor nanocrystals.17 

This dependence was found to be consistent with an exponentially decaying density of 

states distribution into the band gap from the conduction band edge.17 However, recent 

studies show that the power law dependence is also consistent with the hopping model 

of electron transport with in the nanoparticle film.20,21 In the hopping model, electrons 

move by direct transitions between trap states with an exponential distribution. Only 

the mostly empty trap states above the Fermi-level participate in transport and 

electrons hops primarily occur through a transport level (Etr) situated between the 

Fermi-level and the conduction band edge.20 A schematic of the hopping model is 

illustrated in Figure 1.6. Both the hopping and MT model diffusion coefficients show 



 

 
 

 
 
Figure 1.5. Schematic representation of the multiple trapping electron transport model. 
The conduction band edge has energy EC, while EFo is the Fermi level of the 
semiconductor in dark. Electron transport in the conduction band is illustrated by 
horizontal arrows with trapping and detrapping events given by vertical arrows. Traps 
below the quasi-Fermi level, EF, are filled and do not participate in electron transport.  
 
 

 
 
Figure 1.6. Schematic representation of the hopping electron transport model. Electron 
transport hops are illustrated by arrows and occur mainly around a transport energy 
level Etr.  
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the same dependence on the Fermi level, but have a different dependence on 

temperature. Since both models can explain the experimental results so far, more 

temperature-dependent transport measurements are needed to clarify the true electron 

transport mechanism within the DSSC. Such measurements are difficult to do in 

DSSCs over a large temperature range due to the volatile nature of the liquid 

electrolyte.   

Oxidized ions such as I3
- in the electrolyte or oxidized dye molecules are 

electron acceptors in the DSSC and participate in recombination reactions. 

Recombination of electrons with dye molecules can usually be neglected since the 

regeneration of an oxidized dye molecule by the electrolyte is two orders of magnitude 

faster.10,11 Recombination can occur both at the semiconductor-electrolyte interface and 

at the TCO-electrolyte interface, especially if the TCO anode is not covered entirely by 

the semiconductor film. For dye coated TiO2 nanoparticles in contact with an I-/I3
- 

containing electrolyte, recombination was found to occur mostly at the semiconductor-

electrolyte interface.22 Since the TiO2-electrolyte interface covers a surface much 

larger than the TCO-electrolyte interface, recombination at the TiO2-electrolyte 

interface dominates. Furthermore, recombination at the TCO-electrolyte interface can 

be eliminated by depositing a blocking layer of TiO2 at the TCO surface.23 While 

initial studies proposed that the recombination rate was second order in the electron 

concentration in the nanoparticles,24 the current consensus is that recombination is first 

order in electron concentration, but the reaction rate coefficient is different at each 

semiconductor electronic state participating in the reaction.25 Recombination time 

constants (reciprocal of the first order recombination reaction rate coefficient) can be 

measured using transient perturbation techniques such as intensity modulated 

photovoltage spectroscopy26 (IMVS) and open-circuit photovoltage decay27 (OCVD). 

Recombination time constants are influenced by factors such as illumination intensity 

or surface treatments of the TiO2 nanoparticle.28,29 

A useful approach for comparing electron transport and electron 

recombination is through the electron diffusion length, 
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 ,                                                                                            (1.4) 1/ 2( )n n nL D 

where Dn is the electron diffusion coefficient and τn is the recombination time constant. 

The diffusion length estimates the distance an electron moves through the 

semiconductor film before it is lost to recombination. For efficient electron collection, 

the diffusion length must be larger than the film thickness of the semiconductor 

nanoparticle film. The electron diffusion coefficient, Dn, has been shown to increase 

with light intensity and the recombination time constant, τn has been shown to decrease 

with light intensity in such a way that the electron diffusion length remains nearly 

constant over a wide range of light intensities.30,31 For typical nanoparticle films, the 

optimal film thickness has been shown to be ~10 μm.32,33 This limits the overall DSSC 

efficiency to ~11 % and prevents the fabrication of thicker films that would allow more 

light to be absorbed and harvested by the DSSC. 

1.3 The Nanowire DSSC 

Nanowire DSSCs were first reported in 2005 as an alternative to the 

nanoparticle DSSCs.34,35 These initial papers and those that followed them argued that 

the nanowires could potentially provide higher electron diffusion lengths compared to 

the nanoparticle-based DSSCs. A schematic of the nanowire DSSC is shown in Figure 

1.7. In the nanowire DSSC, the TiO2 nanoparticle film commonly used in DSSCs was 

replaced with a dense array of vertical ZnO nanowires. Zinc oxide has nearly the same 

electronic properties as TiO2 (both TiO2 and ZnO have a bulk band gap of ~3.2 eV at 

300 K and an electron affinity of ~4.4 eV) and ZnO nanoparticle-based DSSCs have 

shown efficiencies of 5 %,36 second best after TiO2 nanoparticle-based cells. Since 

2005, nanowire-based DSSCs have been also fabricated using TiO2
37-40 and SnO2.

41 

Since nanowires provide a direct electron pathway to the anode, the hypothesis was 

that nanowires might provide faster electron transport to the anode. Given that 

electrons would not have to cross 103-106 inter-particle barriers before being 

collected,42 transport times in nanowire DSSCs might be orders of magnitude faster 



 

 

 

 

 

 

 

 

 

 

  
Figure 1.7. Schematic of a nanowire-based DSSC (reproduced from ref. 34). Nanowires 
may provide electrons with a direct path to the TCO anode and may improve the DSSC 
collection efficiency.   
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than recombination times. Thus, the light harvesting efficiency of the DSSC might be 

improved significantly by making thick nanowire films and increasing the cell optical 

density for wavelengths where the dye has a low spectral response. As a consequence, 

overall efficiencies of nanowire DSSCs could potentially surpass those of nanoparticle-

based DSSCs. 

1.4 Thesis Overview 

The objective of my thesis work was to study electron transport and 

recombination rates in nanowire DSSCs in order to obtain a fundamental 

understanding of the transport and recombination mechanisms in nanowire DSSCs. 

Towards this end polycrystalline TiO2, single-crystalline TiO2 and single crystalline 

ZnO nanowire DSSCs were fabricated and analyzed using current-voltage 

characteristics, optical measurements, and transient perturbation techniques such as 

intensity modulated photocurrent spectroscopy, photocurrent decay and open-circuit 

photovoltage decay. 

Chapter 2 covers the experimental details on how to build and characterize a 

dye-sensitized solar cell. The DSSC fabrication method used throughout the thesis is 

described in detail, along with the theory and relevant experimental setup for each 

characterization technique.  

Chapter 3 examines the electron transport and recombination rates in DSSCs 

made using single crystal ZnO nanowires grown using aqueous solutions of zinc nitrate 

and methenamine. In this chapter, we show that the measured electron transport time 

constants are independent of light intensity, but change with nanowire length, seeding 

method and annealing time. Even if the measured transients are limited by the RC time 

constant of the solar cell, using the measured time constants as an upper limit for the 

actual electron transport time leads to the conclusion that the electron transport rate in 

ZnO nanowires is at least two orders of magnitude faster than recombination rate. This 

indicates that the charge collection efficiency in ZnO nanowire DSSCs should be near 

100 %.   
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Chapter 4 presents the measured electron transport and recombination rates in 

polycrystalline TiO2 nanowires. This chapter was adapted from “Electron transport and 

recombination in polycrystalline TiO2 nanowire dye-sensitized solar cells” by Emil 

Enache-Pommer, Janice E. Boercker and Eray S. Aydil, Applied Physics Letters 2007, 

91, 123116.  Electron transport and recombination time constants in dye-sensitized 

solar cells made from TiO2 nanowires were determined using transient photocurrent 

and photovoltage measurements. The magnitude of the electron transport time 

(10−2 to 10−3 s) and its dependence on the illumination intensity were similar to those 

reported for dye-sensitized solar cells made from TiO2 nanoparticles indicating that 

electron capture and release by surface traps determine transport times even in 

nanowires. However, the ratio of the electron recombination time to the electron 

collection time in nanowire solar cells was ~150, larger than those observed in 

nanoparticle dye-sensitized solar cells.  

Chapter 5 presents the measured electron transport and recombination rates in 

single crystalline TiO2 nanowires. This chapter was adapted from “Electron transport 

and recombination in dye-sensitized solar cells made from single crystal rutile TiO2 

nanowires” by Emil Enache-Pommer, Bin Liu and Eray S. Aydil, Physical Chemistry 

Chemical Physics 2009, 11, 9648.  Contrary to expectations, the electron transport rate 

in dye-sensitized solar cells made from single-crystal rutile TiO2 nanowires was found 

to be similar to that measured in dye-sensitized solar cells made from TiO2 

nanoparticles, suggesting that the electron diffusion rate is determined by the residence 

time in surface traps even in single-crystal TiO2 nanowires.  

Chapter 6 discusses transient photocurrent and photovoltage measurements on 

DSSCs made from TiO2 nanoparticles. Recombination and transport rates in 

nanoparticle-based DSSCs are compared to those reported for typical TiO2 

nanoparticle cells in the literature. 

Chapter 7 serves as a summary of the thesis where a perspective on possible 

future research directions is also presented. 
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2 Experimental Methods 

2.1 How to Make a Dye Sensitized Solar Cell 

DSSCs are assembled using a series of steps that include formation of the 

nanostructured film, either by growth on a substrate or by coating, annealing, dye 

absorption, electrolyte infiltration etc. This section discusses the materials and 

fabrication steps used in the assembly of a typical DSSC. The preparation of 

semiconductor nanowire and nanoparticle films and experimental details associated 

with particular DSSCs are discussed in Chapters 3-6.  

The transparent conducting oxide (TCO) coated glass substrate on which the 

nanostructured films are grown or deposited is the anode of the DSSC. The TCO 

substrate must make good contact with the wide band gap semiconductor film, must 

have high optical transmission, to allow light to efficiently reach dye molecules in the 

cell, and have low sheet resistance, to minimize the series resistance in the solar cell. 

The TCO coated glass substrates used in this work are 2.3 mm thick, with an area of 

25x17 mm2. They are purchased from Hartford Glass Co. and have a 300 nm thick film 

of fluorine doped tin oxide (F:SnO2) on one side. The TCO substrates have a 

transmission of over 80 % for visible light and a sheet resistance of 15 Ω/.  

After formation of the nanostructured wide band gap semiconductor film on 

the TCO, the substrate is annealed at 450 ˚C for 30 minutes. This step desorbs water 

adsorbed on the surface of the nanostructured film to facilitate better dye adsorption; 

the dye will not attach to the wires if water is present. This step may also anneal some 

of the bulk and surface defects in the nanostructured film. The substrate is then left to 

cool until it reaches approximately 80 ˚C and is immersed in a dye solution consisting 

of 0.2 mM N719, a Ru-based dye, in ethanol. 

The most efficient cells reported in the literature are made using Ru-based 

dyes. Among Ru-based dyes, N719 [cis-bis(isothiocyanato)-bis(2,2'-bipyridyl-4,4'-
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dicarboxylato)-ruthenium(II) bis-tetrabutylammonium] is one of the most common and 

can be purchased from Solaronix as a dark purple powder. N719 is hygroscopic with a 

molecular weight of 1187.7 g/mole and its molecular formula is C58H86O8N8S2Ru. The 

molecular structure of the dye is shown in Figure 2.1. This dye absorbs well in the 

visible range of the electromagnetic spectrum as illustrated in Figure 2.2. The N719 

dye molecule attaches to the semiconductor surface through two carboxylate groups1 

and injects electrons into the semiconductor through a metal to ligand transfer 

mechanism with fast (<100 fs) and slow (1.5-150 ps) components.2,3  

The dyeing time of the TCO substrate coated with the nanostructured 

semiconductor can range from several minutes to hours and the optimum time depends 

on the wide-band gap semiconductor. In ZnO based cells, the dyeing time is usually 

kept short (minutes to a few hours) to avoid dye aggregation,4,5 while for TiO2 based 

cells, the typical dyeing times are long (>20 hours). The effect of dyeing time on cell 

performance for ZnO nanowire DSSCs is discussed in Chapter 3. After the substrate is 

dyed, it is rinsed with ethanol for 30 s to remove excess dye molecules that are not 

adsorbed to the semiconductor surface. The substrate is then left to dry in ambient air 

for 30 min. As the substrate is drying, the cathode, a Pt coated TCO substrate, is 

cleaned with isopropanol and dried in ambient air.   

The DSSC cathode is a TCO substrate coated with a thin Pt film. Pt catalyzes 

the electrochemical reduction of I3
- ions in the electrolyte to form I- ions via I3

- + 2e- → 

3I-. The Pt coating also reflects light back towards the dye-coated semiconductor when 

the cell is illuminated from the anode side. The Pt film is deposited at a rate of 1 Å/s 

onto the conductive side of the TCO substrate using e-beam evaporation (Temescal e-

beam evaporator in the UMN Nanofabrication Center). The Pt film thickness is 

typically 100 Å. 

The electrolytes used for this project were purchased from Solaronix and are 

based on the I3
-/I- redox couple. I3

-/I- has been the redox couple of choice for DSSC 

fabrication because it produces cells with maximum possible photovoltages of up to 

0.9 V6 and shows slow recombination kinetics compared to other possible redox 



 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Molecular structure of the N719 dye. R = tetrabutylammonium (TBA).  
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Figure 2.2. Absorption spectrum of a 0.07 mM solution of N719 dye in ethanol.  
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couples.7 Two electrolytes were used in this study: Iodolyte TG-50 and Iodolyte MPN-

100. Iodolyte TG-50 contains 0.5 M LiI and 0.05 M I2 in a tetraethylene glycol 

dimethyl ether solvent and has a boiling point above 180 oC. Iodolyte MPN-100 

contains 0.5 M LiI and 0.05 M I2 in a 3-methoxypropionitrile solvent and has a boiling 

point of ~160 oC and lower viscosity than Iodolyte TG-50. Iodolyte MPN-100 gives a 

higher performance than Iodolyte TG-50, but is more prone to evaporation. An 

additional electrolyte, made by adding 0.5 M 4-tert-butylpyridine to the as received 

Iodolyte TG-50, was also used in experiments; adding TBP to the electrolyte has been 

shown to increase the photovoltage of nanoparticle-based DSSCs.8 

Cells are either sealed or unsealed as shown in Figure 2.3. Unsealed cells are 

assembled by sandwiching the anode with the dyed nanostructured film and the 

platinized cathode together, with four 2x4 mm2 Teflon spacers in between the 

electrodes. The 25 µm thick Teflon spacers are placed at the corners of the cell, to 

avoid crushing the wires and shorting the cell. The two electrodes are pressed together 

with two binder clips and the gap between the electrodes is filled with electrolyte using 

a capillary tube. The electrolyte flows and fills the space between the electrodes 

through capillary action. The unsealed cell remains stable for several days until the 

electrolyte evaporates.  

The space between the anode with dyed nanowires and the platinized cathode 

can also be sealed by using a DuPont resin, Surlyn, which does not react with the 

electrolyte. If the cell is to be sealed, the Teflon spacers are placed slightly towards the 

interior of the cell to make room for the Surlyn pieces (Figure 2.3). Two L-shaped 50 

µm thick Surlyn sheets are arranged around the nanowire film to surround the 

periphery of the cell almost completely. The electrodes are pressed against each other 

with a hot press until the Surlyn melts and the electrodes are strongly attached 

together. The hot press should be set between 80-100 ˚C because higher temperatures 

destroy the dye. Two small channels (i.e., gaps in the sealing) are left between the L-

shaped Surlyn sheets. These channels are used to fill the cell with electrolyte through 

capillary action. Torr Seal (Varian) is then applied on the edges of the cell to seal the 
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Figure 2.3. Schematic of a) sealed and b) unsealed DSSCs assembled in our lab.  
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small channels used for electrolyte filling. Electrical contacts are made by soldering 

indium shots (Alfa Aesar) to the conductive sides of both electrodes and the cell is 

ready for characterization.  

2.2 Solar Cell Characterization 

This section is dedicated to experimental methods used to characterize DSSCs. 

The section consists of five sub-sections that focus on different characterization 

techniques. Each sub-section describes the theory associated with a technique and the 

relevant experimental setup.  

Current-voltage (I-V), optical and transient illumination measurements are 

used to evaluate the DSSC performance. Current-voltage and optical characterization 

give the important figures of merit that describe the macroscopic performance of a 

solar cell. I-V characterization is used to obtain the short-circuit current, open-circuit 

voltage, fill factor and overall efficiency of the solar cell, while optical characterization 

methods are used to measure the wavelength-dependent incident photon to current 

conversion efficiency and optical absorbance of the sensitizer. One can think of I-V 

and optical methods as standard characterization techniques that must be used to 

measure basic properties for any solar cell. I-V and optical characterization techniques 

will be described in sections 2.2.1-2.2.2. While I-V and optical measurements are 

useful for general DSSC characterization, they give only limited information about 

internal cell processes such as electron transport and recombination. To obtain electron 

transport rates and electron recombination rates in a DSSC one must use transient 

characterization techniques. These techniques are based on an analysis of the cell’s 

response to different types of perturbations. In this thesis, intensity modulated 

photovoltage spectroscopy (IMVS), photovoltage decay and open-circuit photovoltage 

decay (OCVD) are used to obtain electron recombination rates and time constants, and 

intensity modulated photocurrent spectroscopy (IMPS) and photocurrent decay are 

used to extract electron transport rates and time constants. IMVS and IMPS are based 

on measuring the cell’s response to small periodic sinusoidal perturbations in light 
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intensity, while photocurrent and photovoltage decay rely on measuring the cell’s 

response to small periodic square-wave modulations of the light intensity. OCVD is 

based on measuring the cell response to a large perturbation such as turning off the 

light. Interpretation of the data from transient techniques requires a working model of 

the DSSC that includes transport and recombination process rates. The transient data is 

interpreted within the framework provided by the model. The principles behind 

transient DSSC measurements are analogous to tracer or transient experiments 

conducted for chemical reactors to obtain reaction kinetics and transport data. 

Transient characterization techniques are described in sections 2.2.3-2.2.6. 

2.2.1 I-V Characterization 

Figure 2.4 shows a typical current-voltage (I-V) characteristic obtained when a 

voltage is applied between the electrodes of a solar cell and the current is measured. 

When the solar cell is illuminated with its terminals disconnected, no current flows 

through the cell; the potential that develops between the two cell terminals is called the 

open-circuit voltage (VOC). When the solar cell is illuminated and its terminals are 

connected to each other with nearly zero resistance, the current that flows through the 

circuit is called the short-circuit current (ISC) and corresponds to zero cell voltage. 

Typically, current density (current per area illuminated) is plotted in I-V characteristics 

rather than current, since this quantity is more useful for comparing different cells.  

When a potential larger than Voc is applied the forward bias current exceeds 

the photocurrent and the direction of the electron flow is reversed. Also, the current 

density can be increased by applying negative voltages. However, to produce power, 

the cell must operate in the fourth quadrant of the I-V plane, at a voltage between 0 and 

VOC. Power is given by the product of current and voltage. As voltage is increased 

from 0 to VOC, power increases from 0, reaches a maximum and then decreases back to 

0 as shown in Figure 2.5. The maximum power (Pmax) is used to calculate the overall 

efficiency of the cell 
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Figure 2.4. Example of a solar cell I-V characteristic in dark (upper curve) and light 
(lower curve). VOC, ISC, Pmax, Rs and Rsh are the important parameters that can be 
obtained from an I-V characteristic.  
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Figure 2.5. Graph of power vs. voltage (top) as obtained from the I-V characteristic 
(bottom). Power of a solar cell is given by the product of current and voltage. As voltage is 
increased from 0 to VOC, cell power increases, reaches a maximum (Pmax) and decreases 
back to 0. 
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max

s

P

P
  ,                                                                                                      (2.1)     

where Ps is the solar power incident on the cell.  

Cell efficiencies are typically reported using a standardized spectrum. This 

spectrum is known as Air Mass (AM) 1.5 and corresponds to the solar spectrum at the 

surface of the Earth, when the sun has an angle of elevation of 42o with respect to the 

Earth surface. The integrated irradiance (power density) of this spectrum is 1000 

W/m2. The Air Mass factor quantifies the distance traveled by sunlight through the 

atmosphere compared to the thickness of the atmosphere. For example, AM 0 is the 

solar spectrum measured just outside the atmosphere, AM 1 is the solar spectrum at the 

Earth surface when the sun is directly overhead and so on.  

The fill factor is the ratio of the maximum power, Pmax, to the power that could 

be obtained from a hypothetical solar cell that can supply the current measured at 

short-circuit for all potentials up to VOC. This hypothetical power would be the product 

of VOC and ISC and thus, the fill factor is given by  

max

OC SC

P
FF

V I



.                                                                                          (2.2)    

Graphically, the fill factor is the ratio of the two rectangles shown in Figure 

2.4 and is a measure of the “squareness” of the I-V curve. FF together with VOC, ISC 

and η are the important figures of merit obtained from the I-V characterization of a 

solar cell. 

An ideal solar cell can be modeled by using an equivalent circuit consisting of 

a current source in parallel with a diode. For an ideal cell, the light I-V curve is simply 

the dark I-V curve translated down along the current axis by the magnitude of the 

photocurrent. In a real cell though, power is lost due to effects such as contact 

resistances and leakage currents. These losses can be represented by including a series 

resistance (Rs) and a parallel or shunt resistance (Rsh) in the equivalent circuit (Figure 

2.6). The series resistance in the DSSC equivalent circuit represents contact 
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Figure 2.6. Equivalent circuit of a solar cell. IL is the current source; ID is the current 
passing through the diode; Rs, Rsh, Rload represent series, shunt and load resistances, 
respectively.  
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resistances, resistance of the TCO substrate and nanostructured semiconductor film to 

electron flow, electrolyte resistance, resistance of wires connected to the cell etc. The 

parallel resistance represents the leakage current across the semiconductor/electrolyte 

interface (i.e., recombination of electrons in the semiconductor film with I3
- via I3

- + 

2e- → 3I-). The series resistance is the reciprocal of the slope of the I-V curve at 

V=VOC, while the parallel resistance can be approximated from the reciprocal of the 

slope of the I-V curve at I=ISC (Figure 2.4). The fill factor is maximized when the 

series and the shunt resistances tend to zero and infinity, respectively. Thus, high 

efficiency cells are obtained with low Rs and high Rsh.  

The experimental setup used for measuring the solar cell I-V characteristics is 

shown in Figures 2.7 and 2.8. Light from a 100 W xenon lamp (Newport 6257) is 

collected with the parabolic mirror M1 (Newport 60005)  and lens L1 (Newport 60076, 

F/1) and, after passing through several filters, imaged onto the entrance slit of a 

monochromator (Cornerstone 130 1/8 m) using lens L2 (Newport 41570, F/4). Mirror 

M1 increases the power collected and directed through the system by approximately 60 

%. The lamp is powered with a variable supply, and allows one to alter the light 

intensity by changing the power between 40 W and 100 W. Between the lenses, a 

holder allows the insertion of various filters, which are used to reduce and/or modify 

the spectrum of the Xe lamp. Lens L1 produces a collimated beam, which is necessary 

for good filtering. The collimated beam is focused again by lens L2, such that the lamp 

arc image is magnified four times at the monochromator entrance. The monochromator 

was customized for our particular application with a mirror that was placed in one of 

the available grating slots on the motorized grating turret inside the unit. A grating 

(Newport 77911, 1200 l/mm) is placed in the second slot on the turret for wavelength-

resolved measurements. Thus, the monochromator is equipped both with a grating, 

which allows extraction of light at particular wavelengths, and a mirror, which allows 

near 100 % transmission of the full filtered lamp spectrum. This way the 

monochromator/lamp system can be used both as a solar simulator and as a spectral 

filter that allows wavelength dependent photocurrents to be measured. The light exiting 



 

 

 

Figure 2.7. Schematic of the experimental setup used for cell illumination. Light 
trajectory through the system is shown by dotted arrow. Light from the 100 W Xe lamp is 
collected using mirror M1 and lens L1 and imaged onto the entrance slit of the 
monochromator using lens L2. The light exiting the monochromator is imaged by lens L3 
and mirror M2 onto the sample.  
 
 

 

 
Figure 2.8. Picture of the experimental setup used for cell illumination corresponding to 
schematic in Figure 2.7. Light travels from the arc lamp (white case with fins on right) 
through the monochromator (white rectangular box in center) onto the sample holder 
(white board with red edges on left).  
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the monochromator is imaged onto the solar cell by a third lens, L3 (Newport 39313, 

focal length 32 mm) and a planar mirror, M2 (Newport 66215).  

The I-V characteristic of a solar cell is obtained by connecting the cell 

terminals to a multimeter (Keithley 2400) and measuring the current as a function of 

voltage while illuminating the cell with the solar simulator. The monochromator and 

the multimeter are controlled using Labview programs that were written for each 

application. Communication between Labview, the monochromator and the multimeter 

is established through a National Instruments data acquisition board. To measure the I-

V characteristic of a solar cell, the monochromator grating is set to the mirror option, 

for which the sample is illuminated with 100 mW/cm2. While the lamp spectrum 

differs from the AM 1.5 solar spectrum, a spectrum approximating the sun can be 

achieved using two filters: AM 0 (Newport 81090) and AM 1.5 (Newport 81092). 

When the Xe lamp power is set at 100 W and the light throughput through the 

monochromator is optimized we obtain the spectrum shown in Figure 2.9. This 

spectrum is measured through an aperture with an area of 0.38 cm2 at a distance of 5 

cm below mirror M2 and gives a total integrated irradiance equivalent to one AM 1.5 

sun (100 mW/cm2). The AM 1.5 solar spectrum is also shown in Figure 2.9 for 

comparison. This level of agreement is typical of commercial solar simulators.  To 

measure the lamp spectrum we have used a power meter (Newport 70260) and a low-

power thermal sensor (OPHIR 3A-P). 

2.2.2 Optical Characterization 

The wavelength-dependent incident photon to current conversion efficiency 

(IPCE) of the solar cell is determined from the measurements of the photocurrent and 

illumination intensity as a function of wavelength. IPCE is the ratio of the number of 

electrons collected at the TCO anode to the number of photons incident on the cell, 

when the cell is at short-circuit.  

For IPCE measurements, the monochromator is set to the grating option, with 

the monochromator exit slit adjusted to 1.56 mm to give a 10 nm band-pass. Short-
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Figure 2.9. Solar AM 1.5 irradiance spectrum (red) and spectrum of solar simulator in 
our lab (blue). Both spectra have an integrated irradiance of 100 mW/cm2.  
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circuit current measurements are taken every 10 nm from 300 to 900 nm. From the 

measured spectral power at each wavelength, P(λ), and the short-circuit current 

recorded in the dark, Idark, and under illumination, I(λ), IPCE can be calculated using 

1240 [ ( ) ]
( )

( )
darkI I

IPCE
P




 
 




                                                               (2.3) 

In equation (2.3), P has units of watts, λ has units of nanometers, I and Idark have units 

of amperes. Note that equation (2.3) is valid only if the illumination area is the same 

for both I and P measurements.  

The IPCE is related to the light harvesting efficiency (LHE), injection 

efficiency (φinj) and collection efficiency (φcoll) as follows 

inj collIPCE LHE     .                                                                              (2.4) 

LHE is the ratio of the number of photons absorbed by the dye to the number of 

photons incident on the cell and includes such effects as increased path length due to 

scattering within the nanostructured photoanode. The injection efficiency is the 

fraction of excited-state electrons in the dye that are injected into the semiconductor. 

The collection efficiency is the fraction of injected electrons that are collected at the 

TCO anode under short-circuit conditions. The product of the injection and collection 

efficiencies is also called internal quantum efficiency (IQE), while IPCE is also known 

as the external quantum efficiency (EQE).  

While direct LHE evaluation is difficult for DSSCs since it requires the 

absorbance measurement of a thin film that is highly scattering, we used optical 

absorbance measurements of desorbed dye solutions to estimate the dye loading and 

roughness factor of the nanostructured substrates. The dye was desorbed from the 

semiconductor surface by immersing the substrate in 5 ml of 1 M aqueous NaOH 

solution. The concentration of the resulting dye solution can be calculated by 

comparing the absorbance of the desorbed dye solution with a solution of known 

concentration. From the concentration of the desorbed dye solution, the roughness 

factor is estimated using the assumption that one dye molecule covers 1.6 nm2 of 
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semiconductor surface.9 Absorbance measurements were performed using a setup 

consisting of a combination of deuterium and a tungsten halogen lamps and a 

spectrometer (HR2000 Ocean Optics).    

2.2.3 Intensity Modulated Photovoltage Spectroscopy 

Intensity modulated photovoltage spectroscopy (IMVS) was introduced in 

1997 by Frank et al.10 and is based on measuring the modulation of the voltage across 

the solar cell in response to a well-defined and known modulation of the incident light 

intensity. The IMVS measurement is typically conducted at open-circuit conditions. 

The electron lifetime (i.e., electron recombination time constant) in the DSSC 

nanoporous semiconductor film is extracted from the IMVS data using a theoretical 

model.  

The theory of IMVS for nanoparticle-based DSSCs is described by Frank et 

al.10 together with the first IMVS measurements on TiO2 nanoparticle-based DSSCs. 

When a DSSC is illuminated at open circuit with a small sinusoidally modulated light 

intensity, sin( )M t , superimposed on a constant light intensity, Io, with M<< Io, such 

that the total intensity is ( ) sin( )oI t I M t  , the photovoltage will vary periodically 

at the fundamental frequency ω and will lag behind the illumination. A typical 

response for a DSSC is shown in Figure 2.10. The phase lag between illumination and 

open-circuit voltage is due to the delay between electron injection and electron 

recombination. At low modulation frequencies, the amplitude of the voltage 

modulation (ΔVOC) is highest, while the phase lag between voltage and illumination is 

negligible. That is, the open-circuit voltage follows the light modulation without any 

lag. Such a response is obtained when the period of the oscillation is much longer than 

the electron lifetime. As the modulation frequency is increased, ΔVOC decreases, and 

eventually vanishes when the modulation frequency becomes so high that the 

illumination appears constant to the solar cell (i.e., the DSSC does not respond to the 
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Figure 2.10. DSSC photovoltage response to sinusoidally modulated light intensity (not 
drawn to scale). The photovoltage lags the illumination with phase lag Ө. The phase lag is 
due to the delay between electron injection and electron recombination. The DSSC 
responds to the light intensity modulation of amplitude M with a photovoltage modulation 
of amplitude ΔVOC. IO and VOC are the steady-state values for light intensity and 
photovoltage, respectively.  
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changes in light intensity). The voltage modulation amplitude, ΔVOC, and the phase lag 

between illumination and voltage, , can be mapped on to the complex plane using 

Re( ) cos( )OC OCV V                                                                               (2.5) 

and 

Im( ) sin( )OC OCV V    .                                                                           (2.6)

By measuring Re(ΔVOC) and Im(ΔVOC) for a range of modulation frequencies, one can 

construct the IMVS response of a DSSC in the complex plane. The typical IMVS 

response for nanoparticle-based DSSCs is a semicircle as shown in Figure 2.11. 

Through a simple model of recombination in the DSSC, Frank et al.10 showed that the 

frequency ωmin, at which Im(ΔVOC) reaches a minimum, is related to the electron 

lifetime in the semiconductor nanoparticles, τr, through  

min

1
r 
 .                                                                                                    (2.7) 

Frank’s model is based on spatially averaged transient charge balances in the 

semiconductor nanoparticles. The reaction network assumed by Frank is shown in 

Figure 2.12. The model assumes that all electrons injected into the semiconductor 

eventually recombine with an electron acceptor in the electrolyte and the injection 

current, Jinj, does not limit the recombination kinetics. These assumptions are nearly 

exactly satisfied at open circuit since no current is drawn from the semiconductor and 

all injected charge must eventually recombine with an electron acceptor. Using the 

kinetic scheme in Figure 2.12, the charge balances in the semiconductor film under 

steady-state illumination Io can be written as  

1 3( )cb
inj o cb t

dn
e I n k k n k

dt
    2 ,                                                             (2.8) 

1 2(t
cb t

dn
n k n k k

dt
   4 ) ,                                                                            (2.9) 
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Figure 2.11. Typical IMVS response in the complex plane for nanoparticle-based DSSCs 
(reproduced from ref. 11). At low light modulation frequencies, the phase lag between 
photovoltage and illumination is small and the amplitude of the photovoltage modulation 
is high (point A). At high modulation frequencies, the phase lag between photovoltage and 
illumination is high and the amplitude of the photovoltage modulation is low (point B). 
The electron lifetime is given by the frequency at which Im(ΔVOC) is minimum through 
equation (2.7).  
 

 

Figure 2.12. Scheme for electron transfer kinetics assumed by Frank et al. (reproduced 
from ref. 10). Jinj is the injection current from the dye into the semiconductor conduction 
band. Electrons can recombine with electron acceptors in the electrolyte (A), either 
through conduction band states (CB) or surface trap states (SS). Rate constants for 
trapping and detrapping are given by k1 and k2, respectively. Recombination rate 
constants are k3 (for CB electrons) and k4 (for SS electrons).  
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where e is the electron charge. Under steady state illumination, the time derivatives of 

ncb and nt are zero.  

The steady-state solution to the system of equations given by equations (2.8) 

and (2.9) is 

2 4

1 4 2 3 3 4

( )inj oo
cb

e I k k
n

k k k k k k

 


 
,                                                                          (2.10) 
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.                                                                           (2.11) 

If Io in equation (2.8) is replaced with the modulated light 

intensity ( ) sin( )oI t I M t  , the solution to equations (2.8)-(2.9) becomes 

1 1( ) ( ) sin( ) ( ) cos( )o
cb cbn t n A t B t      ,                                        (2.12) 

2 2( ) ( ) sin( ) ( ) cos( )o
t nn t n A t B t      ,                                          (2.13) 

with A1, A2, B1 and B2 given by 

2
1 3 2 4

1 4 2 2

[( ) ( ) ]inje M k k k k S
A

R S

 
 

   


 
,                                                  (2.14)   

2

21 4 2

[ ]inje M T
B

R S 


 

   
,                                                                              (2.15)

2

2

1
2 4 2

[ ]inje Mk S
A

R S

 
 




 
,                                                                              (2.16) 

1 1 2 3 4
2 4 2 2

[ ]inje M k k k k k
B

R S

 
 

  


 
.                                                            (2.17) 

R, S and T are related to the rate constants k1- k4 as follows 

2 2
1 3 2 4 1( ) ( ) 2 2R k k k k k k    

1 4 2 3 3 4S k k k k k k  

2
2 4 1 2( )T k k k k  

,                                                           (2.18)

,                                                                                (2.19)

.                                                                                  (2.20) 
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Note that A1, A2, B1 and B2 are all functions of ω and depend on the values of rate 

constants k1,  k2, k3 and k4. A1 and A2 are called the real (in-phase) components of the 

modulation of ncb and nt, respectively. B1 and B2 are called the imaginary (out-of-

phase) components of the modulation of ncb and nt. A1 decreases monotonically with ω, 

while B1 exhibits one or two minima depending on the relative magnitude of k1-k4. The 

open-circuit potential, VOC, is a result of electron accumulation in both conduction band 

states and trap states. Thus, VOC can be written as 

( ( )) ( ( ))OC cb tV V n t V n t  .                                                                       (2.21)    

Although both ncb and nt contribute to the open-circuit potential, one may 

dominate. For example, assume for the sake of simplicity that VOC is determined only 

by ncb and is given by 

( )

0

( ( ))
( )

cbn t

OC cb
cb cb

dn
V V n t

C n
   ,                                                               (2.22) 

where Ccb is the conduction band capacitance (i.e., capacitance associated with the 

accumulation of electrons in the semiconductor conduction band).  

By expressing the integral in (2.22) as a Taylor series around the steady-state 

ncb
o and truncating after the linear term, assuming that the modulation of charge is 

small, one obtains 

( )
cb

OC o
cb cb

n
V

C n
 .                                                                                        (2.23) 

By combining equations (2.19) and (2.23), the real and imaginary components 

of ΔVOC are obtained as 

1( )
Re( )

( )OC o
cb cb

A
V

C n


  ,                                                                             (2.24) 

1( )
Im( )

( )OC o
cb cb

B
V

C n


  .                                                                             (2.25) 

From equations (2.24)-(2.25) and the values given for A1 and B1, one finds that 

Re(ΔVOC) decreases monotonically with ω, while Im(ΔVOC) exhibits one minimum as 
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a function of ω. The response produced by Re(ΔVOC) and Im(ΔVOC) is a semicircle in 

the complex plane and the frequency ωmin, at which Im(ΔVOC) is smallest, gives the 

electron lifetime as shown in equation (2.7). If VOC is determined only by ncb as 

assumed in equation (2.22), then ωmin is related to k3 through 

min 3

1

r

k


  .                                                                                           (2.26) 

The analysis is more complicated if VOC is determined by both ncb and nt. In 

this case the IMVS response will consist of two semicircles and Im(ΔVOC) will have 

two minima as a function of ω, each of them corresponding to a time constant, one for 

recombination of electrons trapped in surface states and the other for electrons that 

recombine directly from the conduction band. So far, most measured IMVS responses 

for nanoparticle-based DSSCs exhibit a single semicircle that is linked to one of the 

two possible recombination paths. 

IMVS spectra are measured using a system consisting of a modulated diode 

laser and a lock-in amplifier (Figure 2.13). The laser (LQA series from Newport) has a 

maximum power of 60 mW and emits red light at a wavelength of 658 nm. The laser 

intensity is controlled with a function generator (Wavetek 190) and provides both the 

steady-state illumination and the sinusoidal modulation superimposed onto this steady 

illumination. The laser was operated at set voltages between 0.5-0.8 V and, if 

necessary, the intensity of the light incident on the cell was changed by using 

combinations of neutral density filters (Newport) with transmittances between 10-80 

%. The photovoltage response of the DSSC to the light modulation is monitored by 

connecting the cell terminals to input A of the lock-in amplifier (Stanford Research 

Systems SR 810), with the anode of the DSSC serving as ground. Typically, the 

modulation frequency is varied from approximately 0.01 Hz to 10 Hz and, for each 

frequency, the lock-in amplifier is used to measure the amplitude of the VOC and the 

VOC phase lag with respect to the light modulation. After enough points are collected,

the data is assembled into a complex plane plot, from which the electron lifetime at a 

specific light intensity can be extracted. 
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Figure 2.13. Schematic of setup used for IMVS measurements. The laser is modulated 
using a function generator. The solar cell photovoltage modulation is monitored 
simultaneously with the laser modulation using a lock-in amplifier. 
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2.2.4 Intensity Modulated Photocurrent Spectroscopy 

Intensity modulated photocurrent spectroscopy (IMPS) was introduced by 

Peter et al.12 in 1997. IMPS is similar to IMVS, but, instead of the photovoltage 

modulation, the photocurrent modulation is measured while illuminating the DSSC 

with a periodically modulated light intensity. IMPS measurements are usually 

conducted at short-circuit conditions. IMPS is used to obtain the electron collection 

time (i.e., the electron transport characteristic time) or equivalently the electron 

diffusion coefficient in the nanoporous wide band gap semiconductor film.  

The theory of IMPS measurements has been described in several 

references.12,13 Here, we summarize the basic model used to interpret IMPS data. As in 

IMVS, when the DSSC is illuminated with a modulated light intensity of the form 

, with M<<Io, the photocurrent will vary periodically at the 

fundamental frequency ω and will lag behind the illumination. A typical response for a 

nanoparticle-based DSSC is shown in Figure 2.14. The phase lag is due the delay 

between the injection of electrons into the nanoporous semiconductor and their 

extraction at the electrode. At low modulation frequencies, the amplitude of the 

photocurrent modulation (Δj) is highest, while the phase lag between photocurrent and 

illumination is negligible. Such a result is obtained when the period of the oscillation is 

much greater than the electron collection time. As the modulation frequency is 

increased, Δj decreases, and eventually vanishes when the modulation frequency 

becomes so high that the illumination appears constant to the solar cell. The 

photocurrent modulation amplitude, Δj, and the phase lag between illumination and 

photocurrent, , can be converted to 

( ) (1 e )i t
oI t I M  

Re( ) cos( )j j    ,                                                                                   (2.27) 

Im( ) sin( )j j    .                                                                                   (2.28) 
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Figure 2.14. DSSC photocurrent response to sinusoidally modulated light intensity (not 
drawn to scale). The photocurrent lags the illumination with phase lag Ө. The phase lag is 
due to the delay between electron injection into the semiconductor and electron collection 
at the TCO anode. The DSSC responds to the light intensity modulation of amplitude M 
with a photocurrent modulation of amplitude Δj. IO and j are the steady-state values for 
light intensity and photocurrent, respectively.  
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Analogous to IMVS, one can construct the IMPS response of a DSSC in the 

complex plane by collecting Re(Δj) and Im(Δj) for a range of modulation frequencies. 

A typical IMPS response for a DSSC is a distorted semicircle as shown in Figure 2.15. 

The frequency ωmin, at which Im(Δj) reaches a minimum, is related to the electron 

collection time, τc, through  

min

1
c 
 .                                                                                                  (2.29) 

The original IMPS model developed by Peter et al. is based on the simplified 

DSSC geometry shown in Figure 2.16 and describes electron transport in the 

nanoporous semiconductor film using a one dimensional continuity equation of the 

form 

2
0

2
exp( ) n

r

n nn n
I x D

t x
 


 

   
 

,                                                    (2.30) 

where α is the dye absorption coefficient at the laser wavelength, n is the electron 

density when the cell is illuminated and n0 is the electron density in dark. The first term 

on the right describes electron generation inside the semiconductor film. Electron 

generation in the nanoporous semiconductor film can be non-uniform if α is large and 

is assumed to decrease according to Beer’s law towards the interior of the DSSC. The 

second term on the right side of equation (2.30) describes the transport of electrons in 

the nanoporous semiconductor. Electron transport is assumed to occur by diffusion 

only, with an effective diffusion coefficient that incorporates trapping and detrapping 

events in the porous semiconductor (Chapter 1). The drift term is absent in equation 

(2.30) because positive ions in the electrolyte screen the injected electrons and prevent 

a macroscopic electric field from developing. As described in Chapter 1, Dn increases 

as the quasi-Fermi level in the semiconductor moves closer to the conduction band 

edge. Thus, Dn varies with light intensity. However, in the limit of small perturbations 

in light intensity, Dn is assumed to remain constant. The third term on the right side of 

equation (2.30) describes the loss of electrons from the nanoporous semiconductor. 



 

 

Figure 2.15. Typical IMPS response in the complex plane for nanoparticle-based DSSCs 
(reproduced from ref. 11). At low modulation frequencies, the phase lag between 
photocurrent and illumination is small and the amplitude of the photocurrent modulation 
is high. At high modulation frequencies, the phase lag between photocurrent and 
illumination is high and the amplitude of the photocurrent modulation is low. The 
electron transport time is given by the frequency at which Im(Δj) is minimum through 
equation (2.29).  
 

x
x=0 x=d

Sensitized 
nanoporous 
semiconductor 
infiltrated with 
electrolyte

Electrolyte

TCO glass Pt /TCO glass

Light

 

Figure 2.16. Schematic showing the simplified DSSC geometry assumed by Peter et al. 
The DSSC is reduced to 1-D in a direction perpendicular to the electrodes. The thickness 
of the nanoporous semiconductor layer is d.  
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Electron losses occur by recombination with I3
- ions in the electrolyte. Recombination 

is assumed to be first order in electron density and occurs with characteristic time τr. 

The recombination characteristic time also varies with light intensity, but under small 

perturbations it too is assumed to remain constant. The electron injection efficiency is 

assumed to be 100 %. Solutions at all cell operating conditions between open-circuit 

and short-circuit can be obtained for equation (2.30) by introducing a rate constant for 

electron extraction at the TCO-semiconductor film interface. Using kext, the boundary 

conditions for equation (2.30) are given by 
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k n ,                                                                                      (2.31) 
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.                                                                                                 (2.32) 

When the cell is illuminated under open-circuit conditions, no electrons are 

extracted at the electrode and kext=0. In contrast, under short-circuit conditions, kext 

approaches infinity so that all the electrons that reach the electrode are extracted 

instantaneously. No experiment has been developed to determine kext at operating 

conditions between open-circuit and short-circuit. Hence, this model has experimental 

application only for short- and open-circuit conditions. With the boundary conditions 

given by equations (2.31) and (2.32), the solution to equation (2.30) becomes 

1 2 3( , ) ( ) ( )i t x x x i tn x t u x e C e C e C e e         ,                                   (2.33) 

where C1, C2, C3 and  γ are given by 
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The analytical solution for the AC component of the photocurrent is given by 
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.                                           (2.38) 

Equation (2.38) represents the theoretical IMPS response. At short-circuit conditions 

(i.e., kext large such that nx=0→0), the IMPS response becomes 
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Equation (2.32) can be rewritten as 
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,                                                    (2.40) 

with dimensionless quantities defined as  

A= d ,                                                                                                       (2.41) 
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 ,                                                                                                    (2.42) 
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 ,                                                                                                     (2.43) 

= = +d i    .                                                                                       (2.44) 

In equations (2.41)-(2.43), A represents absorbance and is the ratio of film 

thickness to absorption length, Ω is a dimensionless frequency and represents the ratio 

of characteristic diffusion time to the modulation period, while Φ is a Thiele modulus 

representing the ratio of diffusion (transport) time to reaction (recombination) time.  

When RC limitations influence the response of the solar cell, the experimental 

IMPS response becomes 
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where A(ω) is the RC attenuation factor. In dimensionless form, (2.45) becomes 
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,                                                  (2.46) 

where Ψ represents the ratio of the RC time constant of the cell to the diffusion 

(transport) time constant.  

The effects of individual DSSC parameters such as the film thickness on the 

IMPS response in the complex plane within this model were examined by Peter et al. 

Here, we do the same, but choose to examine the IMPS response in terms of the 

dimensionless parameters listed in equations (2.41)-(2.44). Presenting the results in 

this way allows one to quickly identify the parameter regime that a given DSSC is 

operating in, by examining the features of the IMPS response in the complex plane. 

Accordingly, the effect of the Thiele modulus, absorbance and RC limitations on the 

shape of the theoretical IMPS response are shown in Figures 2.17-2.20.  

When the absorbance is so low that the absorption length scale is much smaller 

than the photoanode thickness (A<<1 or -1>>d) the IMPS response (Figure 2.17) is a 

distorted semicircle, which becomes flatter as the Thiele modulus or the ratio of 

recombination rate to diffusion rate increases. At high frequencies, the linear section 

that tends toward the origin with a 45o slope is a signature of diffusion control.12  

At higher absorbances (A>>1) the appearance of the IMPS response is very 

different for small Thiele modulus than for lower absorbance (Figure 2.18). 

Specifically, for low Thiele modulus (<1) the IMPS response exhibits two 

semicircles, one appearing as a shoulder next to the other. As Thiele modulus 

increases, the IMPS response transitions from a flat semicircle with a shoulder to a 

single semicircle that resembles responses obtained for low A.  

In the limit of fast diffusion compared to recombination (Φ=0) and when 

absorbance is high (A>1), the IMPS response resembles a flat semicircle with a small 

shoulder at low frequencies (Figure 2.19). The shoulder shifts position and becomes
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Figure 2.17. Calculated IMPS responses at various Thiele moduli for A=0.02. The 
response becomes flatter as the Thiele modulus increses.  
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Figure 2.18. Calculated IMPS responses at various Thiele moduli for A=5. 
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Figure 2.19. Calculated IMPS responses at various absorbances for Φ=0. The low 
frequency shoulder (A=20) becomes more pronounced with decreasing absorbance until it 
dominates the response at small absorbances.   
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Figure 2.20. Calculated IMPS responses at various Ψ for A=0.1 and Φ=0.1. As Ψ 
increases, the response becomes semicircular and is dominated by the RC time constant of 
the cell. 
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more pronounced as the absorbance decreases. Further decrease in A shrinks the 

shoulder until it disappears. The response that looks like superposition of two 

semicircles is characteristic of high absorption (A>>1) but only when the diffusion rate 

is high with respect to recombination rate. 

Figure 2.20 shows the effect of RC time constant on the IMPS response. As 

capacitance increases, the response becomes more semicircular and the response is 

dominated by the RC time constant of the solar cell and/or the measuring circuit. As Ψ 

(the ratio of the RC time constant of the cell to the transport time constant) increases, 

the frequency at which the imaginary part of the current reaches a minimum, ωmin 

decreases. For example, as Ψ increases from 0 to 0.1, ωmin decreases by 10 %. When Ψ 

increases from 0 to 1, ωmin decreases by a factor of 3.2. Thus, if the RC time constant 

of the cell is small compared to the transport time, the shift of ωmin is minimal, but if 

the RC time constant is comparable to the transport time, the shift becomes more 

significant. 

The electron diffusion coefficient, Dn, can be determined by fitting the 

experimental IMPS response to the theoretical IMPS response for known values of α, 

d, τ, Io and M. R and C must also be included when RC limitations arise. Since the 

IMPS responses illustrated in Figures 2.17-2.20 result from a simple 1-D model of the 

complex nanoporous semiconductor film structure, it is usually difficult to perfectly fit 

the experimental IMPS response to the theoretical response in order to obtain the 

electron diffusion coefficient.  However, the time constant for electron diffusion can be 

related to easily recognizable features of the IMPS response without elaborate fitting.  

This makes IMPS a powerful method. 

Frank et al.14 have shown that at low modulation frequencies, the time constant 

for electron collection can be extracted from the IMPS response using a similar method 

to the extraction of electron lifetime from the IMVS response. That is, the frequency, 

ωmin, at which the imaginary component of j(ω) reaches a minimum, corresponds to the 

electron collection time, τc, through 
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min

1
c 
 .                                                                                                  (2.47) 

(Note that the imaginary axis is reversed in Figures 2.17-2.20 so that the minimum 

appears as a maximum.) This allows rapid determination of τc from the IMPS response, 

without the need for fitting the measured response with the analytical solution. The 

electron diffusion coefficient can then be obtained from the electron collection time13 

by using 

2

2.35n
c

d
D


 .                                                                                             (2.48) 

Note that equation (2.48) is empirical and was reported by Frank without a derivation. 

Values such as 2.77 have been also reported for the constant in the denominator in 

addition to 2.35.15 In the limit of weak absorbance and infinitely slow recombination 

(Φ=0), I calculated a value of 2.53. 

The experimental setup for IMPS is almost identical to the IMVS setup and is 

shown in Figure 2.21. In IMPS, current is measured instead of voltage. The solar cell 

photocurrent is measured by connecting the cell terminals to a low noise current-to-

voltage amplifier (Stanford Research Systems SR570). The current-to-voltage 

amplifier output is then monitored with the lock-in amplifier. The modulation 

frequency is varied from approximately 1 Hz to 1 kHz and, for each frequency, the 

lock-in amplifier is used to measure the amplitude of the photocurrent and the 

photocurrent phase lag with respect to the light modulation. After enough points are 

collected, the data is assembled into a complex plane plot, from which the electron 

collection time at a specific light intensity can be extracted.  As in the case of IMVS, 

the intensity of the light incident on the cell can be varied by using neutral density 

filters. 

2.2.5 Photovoltage and Photocurrent Decay 

The photovoltage and photocurrent decay methods were introduced by Nakade 

et al.15 in 2005 as faster alternatives to IMVS and IMPS, respectively. While in IMVS 
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Figure 2.21. Schematic of setup used for IMPS measurements. The laser is modulated 
using a function generator. The solar cell photocurrent modulation is monitored with a 
lock-in amplifier after the signal from the cell is passed through a current-to-voltage 
amplifier. 
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and IMPS the solar cell is illuminated with a sinusoidally modulated light, in 

photovoltage and photocurrent decay, the solar cell is illuminated with square-wave 

modulated light. As in IMVS and IMPS, photovoltage and photocurrent decay 

measurements are performed at open-circuit and short-circuit, respectively. While 

IMPS and IMVS data are acquired and interpreted in the frequency domain, the 

photovoltage and photocurrent decay data are acquired and interpreted in the time 

domain, making the latter more intuitive. The interpretation of the measured 

photocurrent and photovoltage decay is similar and is described below for photocurrent 

decay. 

When the solar cell is illuminated with a small square-wave modulation 

superimposed on a constant monochromatic illumination, the photocurrent decays from 

a high steady state value, Ih, to a lower steady state value, Iℓ, provided that the 

modulation period is long enough compared to the time constant of the decay. A 

typical photocurrent decay curve is shown in Figure 2.22. If the amplitude of the 

modulation is much smaller than the steady state illumination, the photocurrent decay 

is exponential and the time constant of the decay can be obtained from the plot of ℓn 

{(I - Iℓ)/ (Ih - Iℓ)} vs. time. Such a plot yields a straight line with a slope proportional to 

τc
-1, the electron transport time constant. Similarly, in the case of photovoltage decay, a 

plot of the scaled voltage vs. time on a logarithmic scale yields a line with a slope 

proportional to the inverse of the recombination time constant. Photovoltage and 

photocurrent decay yield similar time constants with IMVS and IMPS, respectively15,16 

but, since a single measurement is needed rather than measurements at various 

frequencies, they are much faster than IMVS and IMPS.    

The experimental setup for photocurrent decay is similar to the IMPS setup. 

The cell is illuminated with a monochromatic laser (LQA 658nm), which is controlled 

with a function generator and provides both the steady-state illumination and the 

sinusoidal modulation superimposed onto this steady illumination. The cell terminals 

are connected to the current-to voltage amplifier and, since only one measurement is 

needed, the output from the current-to-voltage amplifier is monitored with an 
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Figure 2.22. Photocurrent response to a small square-wave modulation in light intensity 
for a TiO2 nanowire DSSC made in our lab. 
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oscilloscope (Tektronix TDS 100 series). The modulation frequency is set to a low 

enough value so that the photocurrent decays and rises between two steady-states. 

From the ensuing decay, the transport time constant is extracted. For photovoltage 

decay, the cell terminals are directly connected to the oscilloscope. The modulation 

frequency is set to a low value such that the photovoltage changes from a low steady-

state to a high steady-state and, from the measured decay, the recombination time 

constant is extracted. 

2.2.6 Open-Circuit Photovoltage Decay 

Open-circuit photovoltage decay (OCVD) measurements were introduced in 

2003 by Bisquert et al.17 to calculate the electron lifetime in the nanoporous 

semiconductor film of the DSSC. As the name implies, the open-circuit voltage decay 

is measured after the steady-state illumination has been turned off. A typical VOC decay 

curve is shown in Figure 2.23. OCVD is used to calculate the electron lifetime and as 

such, it provides an alternative to IMVS. Unlike IMVS, which gives the electron 

lifetime at a set VOC, OCVD provides a continuous measurement of the electron 

lifetime as VOC is decaying. Since OCVD is based on a large perturbation from the 

steady-state and all important quantities within the cell (charge density, Fermi level, 

etc.) change with time, it was thought that OCVD would be much more difficult to 

interpret than IMVS, where small perturbations are used around a steady-state. 

However, this turned out not to be the case, because the open-circuit voltage decay 

nearly proceeds through a succession of pseudo-steady-states.17  

Bisquert’s model17,18 is based on a spatially averaged charge balance in the 

nanoporous semiconductor film and allows calculation of the electron lifetime through 

a simple procedure. The spatially averaged electron density is given by 

  ( )
dn

I U n
dt

  ,                                                                                     (2.49) 

where U(n) is the rate of electron recombination with electron acceptors in the 

electrolyte. Electron generation is assumed to be uniform inside the nanoporous film 
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Figure 2.23. VOC decay for a ZnO nanowire-based DSSC made in our lab after the 
illumination has been turned off.  
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and the injection efficiency is assumed to be 100 %. When the cell is illuminated with 

a steady light intensity, Io, the electron density reaches a stationary state determined by 

( )oI U n  .                                                                                               (2.50) 

Under these conditions, VOC reaches a steady-state value, related to the 

difference between the Fermi level under illumination, EF, and the Fermi level in dark, 

EFo, as follows 

 lnF Fo
OC

o

E E kT n
V

e e


 

n
.                                                                    (2.51) 

When the illumination is turned off, VOC decays from the steady-state value 

given by equation (2.51) and the decay is governed by 

( )
dn

U n
dt

  .                                                                                              (2.52) 

Compared to the electron recombination rate and electron density decay, the 

Fermi level in the nanoporous semiconductor responds almost instantaneously to 

variations in electron density and, thus, VOC decays in a succession of pseudo-steady-

states. The recombination reaction corresponding to rate U(n) is assumed to be first-

order in electron concentration. The electron lifetime is then given by 

( )r

n

U n
  .                                                                                                 (2.53) 

From equations (2.44)-(2.46) one obtains 

1

OC
r

dVkT

e dt



   
 



r

.                                                                                 (2.54) 

Thus, the electron lifetime as a function of time can be found using equation 

(2.54) from the local slope of the photovoltage decay curve, VOC(t). Since VOC does not 

decay linearly with time (Figure 2.23) the electron lifetime does not remain constant as 

VOC changes. The electron lifetime varies with VOC because the recombination rate 

coefficient, 1/rk  , depends on the energy level of the state in which the electron 

participating in the recombination reaction resides (i.e., kr is constant for conduction 
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band electrons, since all electrons are at the same energetic level, and varies for 

electrons in trap states). 

To measure the photovoltage decay, the cell is illuminated with the Xe-arc 

lamp and allowed to reach a steady open-circuit voltage, which is monitored by 

connecting the cell terminals to the oscilloscope. After the initial photovoltage is 

recorded, a shutter is closed in front of the lamp and the photovoltage decay is 

monitored using the oscilloscope. VOC readings are taken at intervals ranging between 

1-40 ms, a valid time scale for observing recombination in DSSCs. The acquired data 

is then assembled into a VOC vs. time plot, from which the electron lifetime can be 

calculated using equation (2.54).  
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3 ZnO Nanowire Dye-Sensitized Solar Cells 

3.1 Introduction 

The ratio of the electron transport time constant to the recombination time 

constant determines the charge collection efficiency and affects the overall efficiency 

of DSSCs.1 For high electron collection efficiency, the transport time constant must be 

at least an order of magnitude faster than the recombination rate. In nanoparticle 

DSSCs, slow electron transport with respect to recombination restricts the thickness of 

the nanoparticle film to ~10 µm and prevents increasing the cell optical density for 

wavelengths where the dye has a low spectral response, thus limiting further 

improvements in overall efficiency. There have been several attempts to find ways to 

change the recombination and transport rates independently. However, it is now 

established that, in TiO2 nanoparticle DSSCs, all strategies to increase the transport rate 

also increase the recombination rate such that their ratio, and hence the solar cell 

efficiency, remains unaffected.2 This coupling between the recombination and 

transport rates is attributed to the role traps play in both electron transport and electron 

recombination. It is hypothesized that electrons diffuse by hopping between the same 

traps that act as recombination centers so that any attempt to change the transport rate 

by manipulating trap densities ends up changing the recombination rate as well. 

 In DSSCs assembled using nanowires or nanotubes,3-8 the electron percolation 

through the nanoparticle network is replaced by a direct path to the anode so that such 

devices may show higher charge collection efficiencies than nanoparticle DSSCs. 

Indeed, improved charge collection efficiency was shown in both polycrystalline TiO2 

nanotube9 and nanowire10 DSSCs as compared to TiO2 nanoparticle DSSCs. 

Surprisingly, transport times in nanotubes and nanowires were similar to those in 

nanoparticle films, and the improved charge collection efficiency was due to slower 

recombination. This has been attributed to electron trapping/detrapping at surface 
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states or grain boundaries dominating electron transport even in the polycrystalline 

TiO2 nanowires or nanotubes (see also Chapter 4). On the other hand, single crystal 

ZnO nanowire DSSCs showed faster electron transport times but similar recombination 

times when compared to ZnO nanoparticle DSSCs.11,12 Galoppini et al. showed that for 

DSSCs assembled using 1.8 µm long ZnO nanowires grown by metal organic chemical 

vapor deposition (MOCVD) electron transport times were as fast as 30 µs.11 Similarly, 

Martinson et al. showed that, for DSSCs made from solution-grown 4.5 µm long ZnO 

nanowires, transport times were ~70 µs.12 For both studies, the electron recombination 

rates were at least two orders of magnitude slower than the transport rates.   

In this chapter, we report on the electron transport and recombination rates in 

DSSCs made using single crystal solution-grown ZnO nanowires aligned nearly 

perpendicular to the TCO anode. More specifically, we study the dependence of 

transport and recombination times on light intensity and nanowire length using 

transient photocurrent and photovoltage methods. While initial reports on single crystal 

ZnO nanowire DSSCs show encouraging transport and recombination rates,11,12 the 

electron transport mechanism in the ZnO nanowires is still not well understood and its 

dependence on solar cell preparation methods and nanowire length has not been 

studied systematically. We show that, while the electron transport time is independent 

of light intensity,12 the transport time constant changes with nanowire length, seeding 

method and annealing time indicating that electron transport measurements in single 

crystal ZnO nanowire DSSCs are limited by the RC time constant of the solar cell. 

Using the RC time constants as an upper limit for the real electron transport times, we 

find that transport time constants in ZnO nanowires are at least two orders of 

magnitude faster than recombination times indicating nearly 100 % charge collection 

efficiency. These results are promising and show that nanowire photoanodes can be as 

thick as 100 m with high charge collection efficiency.  
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3.2 Experimental Section 

ZnO nanowires are grown from an aqueous solution of methenamine and zinc 

nitrate hexahydrate on a fluorine-doped tin oxide (FTO) coated glass substrate seeded 

with ZnO. We used and compared three different seeding methods. In the first seeding 

method, the FTO coated glass substrate is covered with with a ~100 nm thick layer of 

2-5 nm diameter ZnO nanocrystals which were cast onto the FTO film from a colloidal 

solution.13,14 Before seeding, the FTO substrates (TEC 15, Hartford Glass) are cleaned 

by sonication in a mixture of acetone, isopropanol and water (1:1:1 by volume) and 

then dried under Ar flow. Zinc oxide nanoparticle seeds are synthesized using a 

method similar to that of Hu et al.15 A solution of 2-5 nm diameter ZnO nanoparticles 

is prepared by first making 72 ml of 1.4 mM zinc acetate dehydrate in isopropanol and 

28 ml of 5.7 mM sodium hydroxide in isopropanol. Each mixture is heated 

individually to 35 °C in a water bath. The sodium hydroxide solution is poured quickly 

into the zinc acetate dehydrate solution under rapid stirring. The combined solution is 

maintained at 35 °C for 8 minutes to ensure complete nucleation of the ZnO 

nanoparticles and is then cooled in ambient air to room temperature. The ZnO 

nanoparticle solution is concentrated to 4 times the initial concentration using rotary 

evaporation. Fluorine-doped tin oxide substrates are coated with nanoparticles by drop 

casting from this concentrated ZnO nanoparticle dispersion (150 µl). The FTO 

substrates are then dried in air and heated at 450 oC for 30 minutes to ensure adhesion 

of the nanoparticles to the substrate. Next, the substrates are rinsed with water to 

remove residual salts and dried under Ar flow. The drop-coating, annealing and 

washing steps are repeated to build a ~100 nm thick seed layer on the FTO substrate. 

 The second seeding method is a variation of the method used by Greene et al.16 

Here, the TCO substrates are coated with 0.005 M zinc acetate dehydrate in ethanol, 

rinsed with ethanol and dried for 1-2 minutes in an oven preheated at 95 oC. These 

steps are repeated three more times and the substrate is then heated in air at 350 oC for 

30 minutes before nanowire growth. Seed layers obtained this way will be called zinc-
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acetate-based seed layers. The third seeding method consists of sputtering ~100 nm of 

Al doped ZnO from a 98:2 wt% ZnO:Al2O3 target at a pressure of 2 mTorr. This seed 

layer is called sputtered Al-doped ZnO seed layer. Unless otherwise specified, the 

ZnO-nanoparticle-based seeding method is used throughout this chapter. 

Zinc oxide nanowires are grown by placing the seeded substrates into an 

aqueous solution of 0.025 M methenamine and 0.016 zinc nitrate hexahydrate for 4 

hours at 95 oC. After 4 hours of growth, the substrates are rinsed with water and dried 

under Ar flow. To grow longer wires, the substrates are re-immersed in a fresh solution 

of reactants for additional 4-hour intervals. Nanowire length, diameter and densities are 

determined from scanning electron micrographs (SEM) recorded using a JEOL 6700 

scanning electron microscope. Nanowire densities and diameters are estimated using 

top view SEM images, while nanowire lengths (i.e., heights of nanowire films) are 

estimated from cross-sectional SEM images. 

Before immersion in dye solution, as grown ZnO nanowires are annealed at 

450 oC for 30 min. The ZnO nanowire photoanodes are then immersed in a dye 

solution consisting of 0.2 mM cis-bis(isothiocyanato)bis(2,2’-bipyridyl-

4,4’dicarboxylato)-ruthenium(II)bistetrabutylammonium (N719, Solaronix) in ethanol 

for 1 hour. The dyeing time for ZnO nanostructures is kept much shorter than the 

dyeing time for TiO2 nanostructures (~24 hours) to avoid the formation of dye 

aggregates.17,18 The effect of dyeing time on DSSC performance is discussed in Section 

3.3.8. After the substrates are dyed, they are rinsed with ethanol to remove excess dye 

molecules and left to dry in air for 30 min. Solar cells are assembled by placing the 

ZnO nanowire anode against an FTO glass cathode coated with a 10 nm Pt layer. 

Twenty-five-micron thick Teflon spacers are placed in between the electrodes to avoid 

crushing the wires. The space between the electrodes is filled with electrolyte through 

capillary action. Two electrolytes were used in this study: Iodolyte TG-50 which uses 

LiI and I2 in tetraethylene glycol dimethyl ether solvent and Iodolyte MPN-100 which 

uses LiI and I2 in 3-methoxypropionitrile solvent, both purchased from Solaronix. 

More details on these electrolytes were given in Chapter 2. Unless otherwise specified, 
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Iodolyte TG-50 is the electrolyte used to fill DSSCs in this chapter. DSSCs were 

characterized using current-voltage (I-V) and transient photocurrent and photovoltage 

measurements as described in Chapter 2.   

Dye desorption experiments were used to study dye adsorption and 

aggregation on the surface of ZnO nanowires. Nanowire substrates were disassembled 

from DSSCs and rinsed with ethanol to remove the liquid electrolyte. The substrates 

were then dried and immersed in 5 ml of 1 M aqueous NaOH solution to remove the 

dye. The absorption of the dyed NaOH solution was then measured using an optical 

absorption spectroscopy set up consisting of a combination of deuterium and a 

tungsten halogen lamps and a spectrometer (HR2000 Ocean Optics).    

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-

FTIR) was performed to estimate the electron density in ZnO nanowire films.19 ZnO 

nanowires were grown for 4 hours from a zinc acetate based seed layer deposited onto 

a trapezoidal-shaped Si ATR crystal. The procedure for nanowire growth on Si was 

identical with the procedure for nanowire growth on TCO coated glass. FTIR spectra 

of as grown and annealed (450 oC for 30 min) substrates were collected with a Nicollet 

Magna 550 series II FTIR spectrophotometer. 

3.3 Results and Discussion 

3.3.1 Nanowire Growth 

Figure 3.1 shows typical top and cross-sectional SEM images of ZnO 

nanowires grown for a total of 32 hours (i.e., eight four-hour growth periods). The 

properties of the ZnO nanowire films as a function of growth time are summarized in 

Table 3.1. The properties of these nanowires were similar to those reported by Baxter 

et al.20 As the growth time is increased from 4 hours to 32 hours, the average nanowire 

length and diameter increase from ~1.3 µm to ~8.9 µm and ~40 nm to ~100 nm, 

respectively. The nanowire length increases faster than the nanowire diameter so that 

nanowires grown for longer times have higher aspect ratios. Since not all nanowires 



 

 

 

Figure 3.1. Top (a) and cross sectional (b) SEM images of ZnO nanowire films grown for 
32 hours. Scale bars are 1 µm. 
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grow perpendicular to the TCO anode, a large fraction of them run into neighboring 

nanowires and stop growing as the nanowire film grows thicker.20 This is a major 

problem that must be solved in the future because it limits the light harvesting 

efficiency of these photoanodes (see below). Top view SEM images capture only the 

tallest nanowires from which the density of wires growing at any point during the 

growth can be calculated. The density of the nanowires determined this way decreases 

with growth time from 74 µm-2 for nanowires grown for 4 hours to 18 µm-2 for 

nanowires grown for 32 hours. SEM images taken from different areas on the substrate 

show that the nanowire films are uniform across the substrate as indicated by the small 

standard deviations in nanowire length, density and diameter (Table 3.1). The values in 

Table 3.1 are averages for the tallest nanowires in the film as obtained from SEM 

images. Individual nanowire dimensions have larger distributions, if the nanowires that 

stopped growing early are included. Hereafter, by nanowire length, diameter and 

density we mean the average length, diameter and areal density of the tallest 

nanowires.  

3.3.2 I-V Characteristics 

Figure 3.2 shows I-V characteristics, during illumination with AM 1.5 

radiation, for DSSCs assembled using ZnO nanowire films grown for 4, 8, 16 and 32 

hours. As expected, the short-circuit current and efficiency of the DSSCs increase with 

nanowire length. The ZnO nanowire substrate grown for 32 h produces the most 

efficient DSSC with a short-circuit current of 1.9 mA/cm2, an open-circuit voltage of 

0.58 V, a fill factor of 0.44 and an overall efficiency of 0.5 %. The ZnO nanowire 

DSSCs used in this study are not as efficient as typical nanoparticle DSSCs due to their 

lower surface area and thus, lower light harvesting efficiency. Estimates of the 

nanowire surface area can be made using nanowire dimensions and densities obtained 

from SEM measurements (Table 3.1). The ZnO nanowire film grown for 32 hours was 

found to have a roughness factor of ~70, much smaller than 1000, the roughness factor 

of typical DSSC nanoparticle films. This result is consistent with the order of 



 

 

 

 

101 ± 2118 ± 28.9 ± 0.332

71 ± 1723 ± 24.8 ± 0.116

62 ± 1341 ± 52.6 ± 0.18

40 ± 1174 ± 41.3 ± 0.14

Diameter (nm)Density (μm-2)Length (μm)Growth Time (hrs) 

101 ± 2118 ± 28.9 ± 0.332

71 ± 1723 ± 24.8 ± 0.116

62 ± 1341 ± 52.6 ± 0.18

40 ± 1174 ± 41.3 ± 0.14

Diameter (nm)Density (μm-2)Length (μm)Growth Time (hrs) 

 

 

Table 3.1. ZnO nanowire length, density and diameter as a function of growth time. 
Errors represent standard deviations. 
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Figure 3.2. Current-voltage characteristics recorded under AM 1.5 illumination of DSSCs 
assembled from ZnO nanowires with different lengths (ℓ).  
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magnitude difference in efficiency shown between ZnO nanowire DSSCs used in this 

study and typical nanoparticle DSSCs.  

3.3.3 Effect of Nanowire Length on Electron Dynamics 

Figure 3.3 shows a typical photocurrent response of a ZnO nanowire DSSC 

under a small square wave modulation superimposed onto a steady illumination. As the 

laser illumination intensity changes from one steady state level to another, the 

photocurrent rises and decays between a high steady state value, Ih, and a low steady 

state value, Iℓ, provided that the modulation period is long compared to the electron 

transport time. If the photocurrent decays exponentially from Ih to Iℓ, a plot of ℓn {(I - 

Iℓ)/ (Ih - Iℓ)} vs. time should yield a straight line with a slope proportional to τc
-1, the 

electron transport (collection) time constant. Figure 3.4 shows the scaled photocurrent 

decay response for DSSCs assembled using photoanodes made from different length 

ZnO nanowires. For all DSSCs investigated, the scaled photocurrent decay shows 

deviations from a straight line rather than a single transport time constant. 

Phenomenologically, the photocurrent decay could be fit either with a stretched-

exponential decay or an exponential decay with two time constants. IMPS was also 

used to measure the transport time constants. The faster time constants obtained using 

the photocurrent decay method were approximately the same as the time constants 

extracted from IMPS.10 Hereafter, in this chapter, by transport time constant, we mean 

the faster component of the biexponential photocurrent decay. Figure 3.4 shows that 

the measured electron transport time constant increases with increasing nanowire 

length. The Nyquist representation of the IMPS data is also shown in Figure 3.5. The 

IMPS responses for all ZnO nanowire DSSCs cross the imaginary axis at high 

frequency. This behavior is a signature of RC limitations, illumination from the 

electrolyte side or a combination of both.21 While the ZnO nanowire DSSCs are 

illuminated through the anode, the dye loading on the nanowires is small and a large 

fraction of the incident light does not get absorbed. Thus, a significant portion of the 
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Figure 3.3. Photocurrent response of a typical ZnO nanowire (ℓ = 4.8 mm) DSSC to a 
small square-wave modulation (~6%) in laser intensity.  
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Figure 3.4. Scaled photocurrent decay for DSSCs assembled from ZnO nanowires with 
different lengths (ℓ).  The lines are the best fit to the data with biexponential decay. 
 

 

74 



 

 

 

 

 

 

0 5 10 15
0

5
 

 

 

- 
Im

 (


I S
C

) 
(

A
)

Re (ISC) (A)

l = 8.9 μm

4.8 μm

2.6 μm

x 0.5

0 5 10 15
0

5
 

 

 

- 
Im

 (


I S
C

) 
(

A
)

Re (ISC) (A)

l = 8.9 μm

4.8 μm

2.6 μm

x 0.5

 

 

Figure 3.5. Nyquist representation of the IMPS data for DSSCs assembled from ZnO 
nanowires with different lengths (ℓ).  The data for ℓ=8.9 mm was multiplied by 0.5.  The 
data for ℓ=1.3 mm was similar to that for ℓ=2.6 mm and not displayed for clarity. 
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light is reflected back onto the anode by the platinized cathode, and the IMPS response 

may show signs of illumination from the electrolyte side. In addition, as it will be 

discussed below, transport time measurements in ZnO nanowire DSSCs are RC 

limited, and thus, RC attenuation also alters the IMPS response.       

Figure 3.6 shows the dependence of electron transport and recombination time 

constants on nanowire length under a set monochromatic illumination (658 nm). 

Recombination time constant is nearly independent (~100 ms) of nanowire length, 

while transport time constant increase from ~0.2 ms for 1.3 μm long nanowires to ~1.2 

ms for 8.9 μm long nanowires. Recombination time constants that are independent of 

nanowire length show that electrons recombine uniformly in the nanowire film. This 

behavior was also observed in TiO2 nanotube films.9 Transport time constants scale 

with nanowire length as . Transport time constants are faster than 

recombination time constants by two orders of magnitude, even for the longest (~10 

μm) nanowires which should result in nearly 100 % electron collection efficiency. The 

scaling  indicates that an order of magnitude increase in nanowire length to 

100 m would lead to a seven fold increase in electron transport time constant which 

would still remain well below that for recombination. Thus, DSSCs with 

unprecedented ~100 m thick nanowire photoanodes are possible without significant 

loss in injected electron collection efficiency. However, simply growing thicker ZnO 

nanowire films is unlikely to lead to devices that are more efficient that nanoparticle 

DSSCs because the specific surface area available for dye absorption (e.g., roughness 

factor for similar thickness films) is approximately one to two orders of magnitude 

smaller for nanowire films than nanoparticle films. Instead, to overcome the current 

efficiency limit of nanoparticle DSSCs, one must focus on growing films of thin and 

dense nanowires or combining nanowires with other nanostructures such as 

nanoparticles.22  
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Figure 3.6. Electron recombination (●) and transport (■) time constants as a function of 
nanowire length. Error bars represent percent deviations from average and illustrate 
reproducibility. 
 
 



 

3.3.4 Effect of Light Intensity on Electron Dynamics 

Figure 3.7 shows the effect of illumination intensity on the transport and 

recombination time constants for a DSSC assembled using 4.8 m long ZnO 

nanowires. Transport and recombination time constants are plotted as a function of the 

short-circuit current density which increases with illumination. All ZnO nanowire 

DSSCs characterized in this study exhibited a similar dependence on light intensity. 

Figure 3.7 shows that, as in previous studies with DSSCs made from nanoparticles,23 

polycrystalline TiO2 nanotubes,9 polycrystalline TiO2 nanowires,10 and single crystal 

ZnO nanowires,11,12 the recombination time constant decreases with increasing light 

intensity. In contrast, we find that the electron transport time constant in the ZnO 

nanowires is independent of light intensity. This is surprising because all studies on 

DSSCs made from nanoparticles and polycrystalline nanowires concluded that the 

transport time constant decreases with increasing light intensity. This dependence has 

been understood in terms of an electron transport mechanism where traps play a key 

role. Specifically, in nanoparticle semiconductor films the electron transport is thought 

to occur through diffusion slowed down by multiple trapping-detrapping events. The 

amount of time spent in the traps in between trapping and detrapping events determines 

the transport rate and density. Thus, the density and the distribution of such states 

within the forbidden gap determine the transport time constant. When light intensity 

and, consequently, the electron injection rate from the dye into the semiconductor are 

increased, more traps are filled starting with those that lie deep within the band gap. 

Only the unfilled traps above the quasi-Fermi level affect the electron transport as they 

trap electrons in the conduction band. Since it is easier for electrons to be detrapped 

from traps closer to the conduction band, electron transport time constant increases as 

the quasi-Fermi level rises with increasing light intensity. The lack of dependence of 

electron transport rates on light intensity has already been reported by Martinson et al. 

also for DSSCs assembled using single crystal ZnO nanowires.12 Based on the lack of 

light intensity dependence and fast electron transport (τc = 70 μs for 4.5 μm long 
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Figure 3.7. Electron recombination (●) and transport (■) time constants as a function of 
short-circuit current density (i.e., light intensity) for a typical ZnO nanowire (ℓ = 4.8 mm) 
DSSC. The lines are power law fits to the data.  
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nanowires) in Martinson’s experiments one could surmise that, as anticipated, 

electrons are transported without trapping, by diffusion in the conduction band. 

However, we observe that the electron transport is independent of light intensity even 

for nanowires where the transport time constant is on the order of 1-10 ms, the typical 

range for nanoparticle films. Ours and Martinson’s results point to the fact that the 

electron transport mechanism may be fundamentally different in single crystal ZnO 

nanowire based DSSCs than in nanoparticle based DSSCs.  

Electron transport that is independent of light intensity can be explained by 

any one of the following  

1. There are so few traps that nearly all traps are filled at the lowest of light 

intensities and electron transport occurs through extended conduction band 

states with a constant diffusion coefficient, Dcb. 

2. The trap distribution within the band gap results in quasi-Fermi level pinning 

in at least some section of the nanowires. Electron transport occurs with an 

effective diffusion coefficient, Dn. 

3. Transport measurements are limited by the RC time constant of the solar cell 

or the measurement circuit. 

Since the scaling of the transport time with nanowire length is weaker than , 

electron transport in ZnO nanowire films does not occur exclusively through diffusion 

within extended conduction band states.  This rules out the first possibility and we are 

left with Fermi level pinning and RC limited transient response as possibilities. 

2
c  

First we explore, whether the transient response is RC limited. Figure 3.8 

illustrates an equivalent circuit of the ZnO nanowire DSSC that may be used to 

understand the factors that determine its transient response.24,25 The elements of the 

circuit are: CZnO, the capacitance of the ZnO/electrolyte interface; RCT, the charge 

transfer resistance associated with recombination of electrons at the ZnO/electrolyte 

interface; RT, the transport resistance associated with electron transport through the 

ZnO nanowire; CS, the capacitance of the interface between the seed layer and the 
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Figure 3.8. Transmission line model of a ZnO nanowire dye-sensitized solar cell. 
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TCO glass; RS, the resistance of the interface between the seed layer and the TCO 

glass; RTCO, the resistance of electron transport through the TCO; CPt, the capacitance 

of the Pt/electrolyte interface; RPt, the charge transfer resistance at the Pt/electrolyte 

interface. In this model, the impedance of the electrolyte was neglected due to low 

currents and it was assumed that the TCO is completely covered by the ZnO seed 

layer, such that no recombination can occur between electrons in the TCO and the 

electrolyte.  

In terms of elements of this equivalent circuit, the electron transport time is the 

product of RT and CZnO, provided CZnO is dominated by what has been termed as the 

chemical capacitance, C. Chemical capacitance describes the change in electron 

density due to changes in the Fermi level [i.e., 2 ( / )C e n    where e represents 

electron charge, n is electron density and μ is the electron chemical potential]. If CZnO 

is not a chemical capacitance and is a capacitance associated with a depletion layer or 

if the electron transport measurement is limited by other elements of the solar cell (e.g., 

the seed layer, the interface between the seed layer and the TCO substrate), the 

measurement is said to be RC limited. That is, within this equivalent circuit model, the 

transient measurement time constant is always an RC product but it can be associated 

with electron transport if and only if the resistance and the capacitance are product of 

RT and CZnO= C 

In a recent study, Tornow et al. found that, for nanowires grown from a 

solution of Zn(NO3)2 and NaOH on a sputtered ZnO layer, measurements of electron 

transport time through transient measurements is limited by the RC time constant of 

the cell.26 The RC limitation of the photocurrent response time in this case was 

assigned to the space-charge capacitance of the ZnO nanowire electrode. In this case, 

CZnO is due to the capacitance of a thin space charge region around the periphery of the 

nanowire and not a chemical capacitance.  The space charge region is formed around 

the periphery of the nanowire as a result of electron depletion. The depletion width 

scales with the Debye length in the ZnO nanowire and is inversely proportional to the 
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square root of the doping density which is equal to the electron concentration in the 

nanowire before depletion.  Since capacitance is inversely proportional to the depletion 

region width, high electron density in the ZnO film results in thinner space charge 

regions and higher capacitances.26 If the dominant capacitance is due to this depletion 

layer around the nanowire than this capacitance should scale as CZnO ~ r  n1/2 , where r 

is the radius of the nanowire,  is the length and n is the electron density before 

depletion.  The dependence on r and  originates from the dependence on the 

capacitance area (i.e., surface area of the nanowire). Tornow et al. determined the 

capacitance by measuring the transient time constant for the same solar cell with 

external resistances added in series with the solar cell. In this case, the transient time 

constant is given by ( ) Rc m extC R R C    , where Rc is the cell resistance, Rm is the 

resistance of the external measuring circuit and Rext is the external resistance added in 

series to the circuit. Capacitance, C is determined from a plot of versus Rext. Tornow 

et al. showed that the capacitance they measured using this method scaled linearly with 

the nanowire length26 and used this as the evidence to argue that C= CZnO and that CZnO 

is due to the capacitance of a depletion layer around the nanowire. 

Following Tornow’s argument RC-limited transport due to a depletion layer 

capacitance also seems to be a plausible explanation for our devices. Close to linear 

scaling of the measured transport times  would also be consistent with such a 

hypothesis. However, when external resistances are added in series to our solar cells, 

and capacitances are calculated from the slopes of plots of the transport time constant 

vs. external series resistance as suggested by Tornow,26 we find that the calculated 

capacitance does not scale linearly with the nanowire length (Figure 3.9). The lack of a 

correlation between capacitance and the nanowire length indicates that, in our solar 

cells, the capacitance may not only be due to the space charge region around the 

periphery of the ZnO nanowires. Other capacitances in the equivalent circuit model 

shown in Figure 3.8 may be contributing or dominating in our solar cells.   
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Figure 3.9. Photocurrent decay time constant as a function of external series resistance for 
solar cells assembled with ZnO nanowires grown for 4 h (□), 8 h (○), 16 h (Δ) and 32 h (). 
The nanowires were grown from zinc acetate based seed layer. Linear fits to the data are 
shown in grey.  
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An important issue that determines the thickness of the depletion layer and 

therefore the capacitance due to such a layer is the dopant (electron) density in the ZnO 

nanowires.  Accordingly, we measured the electron density in the ZnO nanowire film 

using attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy 

in conjunction with the Drude model as described in Wolden et al.19 Figure 3.10 shows 

the frequency dependency of the imaginary component of the dielectric constant for a 

~1 m thick ZnO nanowire film before and after annealing at 450 oC for 30 min. We 

find that in our ZnO nanowire photoanodes, the initial electron density is ~1018 cm-3 

and decreases to below 1017 after annealing for 30 minutes at 450 oC. This is in 

contrast to previous similar studies on ZnO nanowires24,26 where the electron densities 

were 1019-1020 cm-3 for unannealed ZnO nanowire films and were reduced to below 

1017 cm-3 after annealing. Since our ZnO nanowires are not as heavily doped as those 

used by Tornow et al., one would expect a wider space charge region accompanied by 

smaller capacitance. However, capacitances calculated from the slopes of in Figure 3.9 

are one order magnitude larger than those obtained by Tornow et al. Thus, the 

capacitance associated with our transient experiments is not consistent with space 

charge capacitance of a depletion layer around the periphery of the ZnO nanowires. 

 Thus, while RC limited transport cannot be ruled out, the space charge 

capacitance argument of Tornow et al cannot explain by itself the behavior of the ZnO 

nanowire substrates fabricated in our lab. In addition, problems with fitting the 

measured CZnO capacitance to the depletion model27 have been recently reported in the 

literature,24,28 indicating that space charge capacitance in the ZnO may not be the only 

cause for the RC limited response of ZnO nanowire DSSCs.   

3.3.5 Effect of Seed Layer on Electron Dynamics 

The evidence that there are RC limitations in our cells due to a transport 

bottleneck in nanowire DSSCs comes from a careful comparison of our results with 

those of Martinson,12 who used sputtered ZnO as the seed layer for nanowire growth.  

In contrast, we use a ~100 nm thick nanoparticle layer to seed the ZnO nanowire 
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Figure 3.10. The imaginary component of the dielectric constant (2) vs. frequency for a ~1 
mm thick ZnO nanowire film before (top line) and after (bottom line) annealing at 450 oC 
for 30 min. The grey points are fits obtained using the Drude model for various electron 
densities.  
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growth. We attribute and show evidence that the large difference between the 

measured electron transport time constants in Martinson’s study (c = 70 s for 4.5 m 

long nanowires) and our study (c = 850 s for 4.8 m long nanowires) is due to the 

differences in the seed layer between the TCO and the nanowires. Indeed, when we use 

sputtered Al doped ZnO as seed layer, electron transport time constants are reduced to 

below 100 s for similar length nanowires. For example, Figure 3.11 shows the effect 

of illumination intensity on the transport and recombination times of DSSCs assembled 

using ZnO nanowire electrodes grown from different seed layers. While the measured 

transport times can be improved nearly an order of magnitude by using a different seed 

layer, recombination times remain constant with seeding method. The lack of change 

in recombination times with seeding method shows that seeding methods do not 

influence the trap distribution on the surface of the ZnO nanowires. Recombination 

times exhibit a power law dependence on short-circuit current with exponent -0.93. 

This exponent can be attributed to an exponential distribution of surface trap states29 

with characteristic temperature T0 of ~4000 K (α = T/T0 = 0.07). The results obtained 

here for the distribution of surface states are similar with those obtained using 

electrochemical impedance spectroscopy for ZnO nanowires and nanotubes.24,30  

It is difficult to assign the difference in measured transport times to particular 

characteristics of the seed layers. The three seeding methods produce seed layers that 

have different morphologies and electronic properties. The first seeding method 

produces a 100 nm thick seed layer composed of randomly oriented 2-5 nm ZnO 

nanoparticles, while the second seeding method (i.e zinc-acetate based seeding 

method) produces ZnO nano-islands that have their (0001) planes parallel to the TCO 

substrate.16 The third seeding method (i.e. Al-doped ZnO based seeding method) 

results in a 100 nm continuous thin film of Al doped ZnO. For the first two seeding 

methods, the electrolyte may be able to penetrate between the seeds, while the 

continuous nature of the Al-doped ZnO film does not allow electrolyte penetration. 

Additionally, due to doping, the Al-doped ZnO seed layer is more conductive than the 



 

 

 

 

10-2 10-1 100

10-1

100

101

102

103

104
T

im
e

 c
o

n
s

ta
n

t 
(m

s
)

Short-Circuit Current Density (mA/cm2)

10-2 10-1 100

10-1

100

101

102

103

104
T

im
e

 c
o

n
s

ta
n

t 
(m

s
)

Short-Circuit Current Density (mA/cm2)  

 

 

Figure 3.11. Electron recombination (□, ○, ) and transport (■, ●, ▲) time constants as a 
function of short-circuit current density (i.e., light intensity) for DSSCs assembled using 
ZnO nanowires grown for 16 h from different seed layers. ZnO nanowires grown from 
ZnO nanoparticle seeds are given by (□, ■), while (○,●) show ZnO wires grown from 
sputtered Al:ZnO and (, ▲) show nanowires grown from the zinc acetate based seed 
layer. Lines represent a guide for the eye. 
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other seed layers. Given the distinct morphologies and electronic properties of the seed 

layers, capacitances and resistances associated with TCO-ZnO interface may vary 

significantly and thus, different seed layers may have a different impact on the 

measured transport time.  

A transport bottleneck at the nanowire-TCO interface or in the nanoparticle 

seed layer still can not explain the length dependence of the transport time constant, 

unless the transport bottleneck itself is influenced by the nanowire growth time or 

additional elements of the solar cell contribute to the RC limitation. 

3.3.6 Effect of Annealing Time on Electron Dynamics 

Figure 3.12 shows the effect of illumination intensity on the transport and 

recombination time constants of DSSCs made from ZnO nanowires annealed for 

different durations. All zinc oxide nanowires used in these experiments were grown 

from zinc acetate based seed layers for 16 h (~5 μm). While recombination time 

constants are not affected by annealing, transport time constant decreases by a factor of 

three when the ZnO nanowire photoanodes are annealed for 90 minutes instead of 30 

minutes. Assuming no RC limitations, the difference between the behavior of transport 

time constants and recombination time constants with annealing can only be explained 

if the trap states that participate in transport are different in distribution and density 

than the ones the participate in recombination (i.e. exponential distribution of surface 

trap states with characteristic temperature of ~4000 K). Transport times are nearly 

independent of light intensity, which may indicate that the quasi-Fermi level is pinned 

in some section of the wire. Fermi level pinning can occur if there are sufficient trap 

states with a narrow distribution at a particular energy level inside the band gap. 

Alternatively, the dependence of transport times on light intensity may be negligible if 

the traps that participate in transport have a small characteristic temperature (i.e, α 

close to unity). While annealing time may change the nanowire donor density and trap 

distribution, it is unlikely that it would affect only the transport participating traps and 

not the recombination traps. Thus, Fermi level pinning is unlikely to influence electron 
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Figure 3.12. Electron recombination (□, ○, ) and transport (■, ●, ▲) time constants as a 
function of short-circuit current density (i.e., light intensity) for DSSCs assembled using 
ZnO nanowires annealed for 30 min (□, ■), 60 min (, ▲) and 90 min (○,●). 
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transport in ZnO nanowires and the transient measurements appear to be limited by an 

RC time constant that is not associated with RTCZnO where CZnO is neither a chemical 

capacitance nor the capacitance due to a depletion region around the periphery of the 

nanowire. The change in the measured transport time with annealing time is not in 

contradiction with an RC limited response since annealing may also affect the 

properties of the interface/seed layer.    

3.3.7 Effect of Dyeing Time on DSSC performance 

Dyeing time is an important parameter for the sensitization of ZnO 

nanostructures. A short dyeing time may not be enough to adsorb a monolayer of dye 

on the ZnO film surface and thus, may result in low photon-to-current conversion 

efficiencies. Dyeing times that are too long can also be detrimental to the DSSC 

performance, as dye aggregates form between the nanostructures.17,18
 

The aggregation 

is due to the attachment of dye carboxyl groups to small amounts of Zn2+
 

ions 

dissolved form the surface of the ZnO film.18
 

Dye aggregates located between the ZnO 

nanowires absorb light, but do not inject electrons into ZnO nanostructures. 

Consequently, dye aggregation results in low photon-to-current conversion 

efficiencies. Dye aggregation is not a problem for TiO2-based cells. Figure 3.13 shows 

the effect of dyeing time on the short-circuit current density of ZnO nanowire-based 

DSSCs made from nanowires grown for 16 hours. These nanowires were grown from 

zinc acetate based seed layers and the DSSCs were filled with Iodolyte MPN-100. The 

short-circuit current density decreases from ~1.9 mA/cm2 for substrates dyed for 30 

min to ~1.5 mA/cm2 for substrates dyed for 20 hours. As illustrated in Figure 3.13, the 

optimal dyeing time for 16 hour grown ZnO substrates is about 30 min. The idea that 

dye aggregates form at longer dyeing times is supported by dye desorption 

experiments. Figure 3.14 shows the absorption curves for NaOH solutions containing 

dye desorbed from ZnO substrates dyed for 10 min, 30 min, 1 hour, 3 hours and 20 

hours. Figure 3.14 shows that substrates dyed for 20 hours have four times more dye 
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Figure 3.13. Short-circuit current densities as a function of dyeing time for DSSCs made 
from ZnO nanowire substrates grown for 16 hours.  
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Figure 3.14. Absorption curves for aqueous NaOH solutions containing dye desorbed 
from ZnO nanowire substrates dyed for 10 min (black), 30 min (red), 1 hour (green), 3 
hours (blue) and 20 hours (orange). 
 

 

92 



 

on their surface when compared to substrates dyed for 30 min. However, the extra dye 

does not inject electrons into the ZnO nanowires and in fact, decreases the short-circuit 

current by about 40 % (Figure 3.12), indicating the formation of dye aggregates. Since 

the optimal dyeing time varies based on the nanowire surface area (longer wires may 

require a longer dyeing time) and the difference in short-circuit currents between 

nanowires dyed for 30 min and 1 hour is almost negligible, the dyeing time was chosen 

to be 1 hour for all ZnO nanowire substrates.  

3.4 Conclusions 

Dye sensitized solar cells based on ZnO nanowire films were studied using 

transient photovoltage and photocurrent methods to investigate electron recombination 

and transport. As observed in nanoparticle-based DSSCs, the electron recombination 

time constants show a power law dependence on the incident light intensity and are 

independent of film thickness indicating that electrons recombine uniformly 

throughout the film from an exponential distribution of trap states. Electron transport 

time constants are independent of light intensity and increase with nanowire length 

according to . In addition, electron transport times can be improved an order 

of magnitude by changing the nanowire seeding method from ZnO-nanoparticles to 

sputtered Al-doped ZnO layer. The measured electron transport times also increase by 

a factor of three when the annealing time is increased from 30 minutes to 90 minutes. 

These results indicate that electron transport time measurements in ZnO nanowire 

DSSCs are RC limited. In our nanowires the RC limitation is not due to a depletion 

layer width as previously reported.  We show that the seed layer plays an important 

role in determining the transient current decay time constant and the RC limitation may 

be due to an RC product at the nanowire TCO interface. A combination of effects from 

the seed layer and space charge layer of the nanowires is also possible. Since transient 

photocurrent measurements in ZnO nanowires DSSCs yield the RC time constant of 

the solar cell, these RC time constants can be used as an upper limit for the real 

0.85
c  
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electron transport times. Thus, we find that transport time constants in ZnO nanowires 

are faster than recombination times by at least two orders of magnitude indicating 

nearly 100 % charge collection efficiency in ZnO nanowire DSSCs.  These results are 

promising and show that nanowire photoanodes can be as thick as 100 m without 

significantly sacrificing the charge collection efficiency. However, the overall power 

conversion efficiencies of present nanowire DSSCs will be limited by the light 

harvesting efficiency. 
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4 Polycrystalline TiO2 Nanowire Dye-Sensitized 
Solar Cells* 

 

4.1 Introduction 

Nanowires provide direct pathways for electrons from the point of injection to 

the TCO electrode and have the potential to improve the charge collection efficiency of 

DSSCs.1-4 As it was shown in Chapter 3, electron transport times in ZnO nanowire 

DSSCs can be up to three orders of magnitude faster than electron recombination 

times, making plausible 100 m thick ZnO nanowire photoanodes with high charge 

collection efficiency. However, in addition to being limited by low surface area, the 

overall efficiency of present ZnO nanowire DSSCs is limited by dye aggregation. 

During dyeing, Zn dissolves in the dye solution and reacts with the dye to form 

aggregates that absorb photons, but do not inject electrons into the ZnO nanowires. 

This lowers the injection efficiency of ZnO based devices and therefore, the overall 

DSSC efficiency. Given that TiO2 based anodes are stable during dyeing, the 

fabrication of TiO2 nanowire DSSCs is of great interest, especially if one assumes that 

the fast transport rates reported for ZnO nanowires also hold for TiO2 nanowires. 

Here, we report on the electron transport and recombination times in DSSCs 

assembled using polycrystalline TiO2 nanowires on Ti foil and compare the electron 

dynamics in these DSSCs with electron dynamics reported for DSSCs made from TiO2 

nanoparticles5 and ZnO nanowires. Even though the nanowires provide a topography 

with reduced dead ends in the TiO2 network, the electron collection time constant is 

about the same order of magnitude as that measured in TiO2 nanoparticle films and an 

order of magnitude slower than observed in ZnO nanowires. We attribute this to 

similar transport mechanisms in polycrystalline TiO2 nanowires and TiO2 nanoparticles 

                                                 

* This chapter is adapted from Emil Enache-Pommer, Janice E. Boercker and Eray S. 
Aydil, Applied Physics Letters 2007, 91, 123116. 
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(i.e. trapping and detrapping times dominate electron transport in polycrystalline TiO2 

nanowire DSSCs).  

4.2 Experimental Section 

Randomly oriented TiO2
 nanowires were grown on Ti foil using a three-step 

synthesis method that takes advantage of the ability to grow Na2Ti2O5·H2O
 nanotubes 

through hydrothermal treatment of titanium foil in basic solutions.6 Following growth, 

the Na2Ti2O5·H2O nanotubes are first transformed to H2Ti2O5·H2O
 nanotubes by 

exchanging Na+ with H+ in HCl, and finally to anatase nanowires through annealing at 

500 °C. Figure 4.1(a) shows a cross sectional scanning electron micrograph of a typical 

~7±3 µm thick nanowire film on Ti foil. The nanowires have diameters of 20±8 nm 

[Figure 4.1(b)] and high resolution transmission electron micrographs (HRTEMs) 

indicate that they are polycrystalline with (101) planes of the individual grains nearly 

perpendicular to the local wire axis. The wire axes meander through the film ultimately 

connecting either to another wire or to the substrate. The nanowire films were treated 

with 0.05 M aqueous TiCl4 for 30 min, rinsed with de-ionized water, and annealed at 

450 °C before they were assembled into solar cells. The nanowires were exposed to O2 

plasma for 60 min prior to dye adsorption. The substrates were then immersed in 

0.3 mM N719 (Solaronix) ethanolic dye solution for 68 hours. After the substrates 

were dyed, they were rinsed with ethanol and dried in ambient air for 30 min. Solar 

cells were assembled immediately after drying by placing the nanowire photoanode 

against a TCO electrode coated with a thin Pt film (~15 Å). The two electrodes were 

separated by 25 µm Teflon spacers and the gap between them was filled with 

electrolyte. The electrolyte was made by adding 0.5M 4-tert-butylpyridine to Iodolyte 

TG-50 (Solaronix).  

4.3 Results and Discussion 

Current-voltage (I-V) characteristics of the solar cells and incident photon to 

current conversion efficiencies (IPCEs) were measured using a homemade solar 



 

 

 

 

 

 

Figure 4.1. (a) Cross sectional and (b) plane view scanning electron microscopy images of 
a typical TiO2 nanowire film. Scale bars in (a) and (b) are 1 μm. (c) HRTEM of a TiO2 
nanowire. In (c), the scale bar is 10 nm. 
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simulator as described in Chapter 2. Figure 4.2 shows the I-V characteristics and the 

IPCE for a typical TiO2 nanowire DSSC under simulated AM 1.5 illumination. This 

representative DSSC has a short-circuit current of 4.21 mA/cm2, an open-circuit 

voltage of 0.59 V, and a fill factor of 0.60 with an overall efficiency of 1.5 %. Since the 

DSSC is illuminated from the counter-electrode, the incident light must pass through 

the Pt layer and electrolyte before reaching the dyed nanowires which reduces the 

overall cell efficiency as compared to cells assembled on transparent substrates and 

illuminated from the anode side.  

Electron transport time constants were measured using intensity modulated 

photocurrent spectroscopy7,8 (IMPS) and photocurrent decay methods9,10 that are 

described in detail in Chapter 2. Briefly, the solar cell is illuminated with a laser whose 

intensity is varied as a function of time with a known wave form and the ensuing 

transient response of the solar cell photocurrent is recorded. In IMPS, a small 

sinusoidal modulation (~6 % of the mean value) was superimposed on constant 

monochromatic (658 nm) illumination intensity and the transient response of the solar 

cell was measured as a function of the modulation frequency using a lock-in amplifier. 

The electron transport time was determined from the Nyquist or Bode representations 

of the solar cell response.11 In the photocurrent-decay method, the laser illumination 

intensity was rapidly changed from one steady state level to another using a small 

amplitude square wave modulation (~6 % of the mean value) superimposed on a 

constant illumination intensity and the ensuing photocurrent decay was recorded using 

a low noise current-to-voltage amplifier and a digitizing oscilloscope. Electron 

recombination times were measured using open-circuit photovoltage decay 

(OCVD).12,13 For all measurements, the cell was illuminated through the Pt and TCO 

coated glass cathode.  

The inset of Figure 4.3(a) shows the solar cell photocurrent (I) response when 

the laser illumination intensity is changed from one steady state level to another using a 

small square wave modulation. When the modulation period is long compared to the 

electron transport time, the photocurrent decays from its steady state value Ih to a lower 



 

 

 

 

 

 

 

 

 

 

Figure 4.2. Current-voltage characteristic of a TiO2 nanowire DSSC under 100 mW/cm2 
AM 1.5 illumination. The inset shows the incident photon-to-current conversion 
efficiency. 
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Figure 4.3. (a) Scaled photocurrent decay response of a TiO2 nanowire DSSC at various 
laser intensities 100 % laser intensity = 400 mW/cm2. The lines are the best fit to the data 
with biexponential decay. The inset shows the photocurrent response to a small square-
wave modulation 6 % in laser intensity. (b) A typical IMPS response of a TiO2 nanowire 
DSSC. 
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steady state value Il. If the photocurrent decay is exponential, a plot of ln[(I−Il)/(Ih−Il)] 

versus time should yield a straight line with a slope proportional to 1/τc, where τc the 

electron transport (collection) time constant. Figure 4.3(a) shows the scaled 

photocurrent decay at various illumination levels (and thus, various mean short-circuit 

current densities). The electron transport is faster at higher incident photon fluxes. This 

trend, also observed in nanoparticle-based DSSCs, has been attributed to filling of 

traps, with increasing light intensity, that would otherwise capture and slow down the 

electrons.5,14 At all illumination levels investigated, the semilogarithmic photocurrent 

decay exhibits deviations from a line indicating a distribution of electron collection 

times. Phenomenologically the photocurrent decay curves could be fit with 

biexponential decay with two time constants. The time constant obtained from the fast 

component of the photocurrent decay matched the transport time extracted from the 

IMPS data [Figure 4.4(b)] using τc=1/2πfc, where fc is the frequency corresponding to 

maximum in the Nyquist representation of the photocurrent response. A typical IMPS 

response for a TiO2 nanowire DSSC is shown in Figure 4.3(b). While a maximum in 

the Nyquist plot could be identified in most cells, we have also encountered cells for 

which the IMPS response consisted of two flattened semicircles or a semicircle with a 

shoulder which makes the IMPS data difficult to interpret with a single time constant. 

These IMPS data could not be modeled by including nonuniform light absorption or 

RC delay which indicates that the electron transport dynamics is more complicated 

than that can be modeled with an effective diffusion coefficient and a single time 

constant.  

Figure 4.4 shows the effect of illumination intensity on the transport and 

recombination time constants for nanowire DSSCs. The data are plotted as a function 

of the short-circuit current density. Recombination times were obtained from OCVD 

using 1( / )( / )r ockT e dV dt  

/ dt

, where kT/e is the potential of thermal energy and 

is the instantaneous open circuit voltage decay rate. Both transport and 

recombination times exhibited power law dependence on short-circuit current density 

ocdV



 

 

 

 

 

 

 

 

 

 

Figure 4.4. (a) Recombination (Δ, ) and (b) transport (○, ●, □, ■) time constants for TiO2 
nanowire DSSCs as a function of short circuit current (light intensity). In (b), open (○, □) 
and filled symbols (●, ■) represent transport times extracted from IMPS and 
photocurrent decay, respectively. Data for two cells (○, ●) and (□, ■) are shown to 
illustrate reproducibility. Similarly, recombination time constant data are shown for two 
different cells (Δ, ) in (a).  
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as is usually observed in DSSCs made from nanoparticle and TiO2 nanotube films.15 

This indicates that the transport mechanisms in these films are similar and dominated 

by electron trapping and detrapping times. The scaling exponents for the transport and 

recombination times were −0.43 and −0.53, respectively. We have found that transport 

and recombination times are very sensitive to subtle variations in TiO2 nanowire 

substrate preparation conditions but cell-to-cell reproducibility is very good within a 

single batch (Figure 4.4), where the different nanowire photoanodes have undergone 

identical treatment. The ratios of the recombination time constant to the electron 

collection time constant, /r c  , were typically greater than 150, which should result in 

nearly 100 % electron collection efficiency. For DSSCs made from TiO2
 nanoparticles 

or nanotubes, this ratio is ~10 and ~50, respectively, indicating improved charge 

collection in TiO2 nanowire and nanotube DSSCs versus nanoparticle DSSCs. Longer 

recombination times observed in nanowires as compared to nanoparticles could be due 

to two reasons. First, the diameter of our TiO2 nanowires is larger than both the 

diameter of typical TiO2 nanoparticles used for assembling DSSCs and the 

semiconductor Debye length. The larger diameter and the cylindrical geometry allow 

the wires to support radial electric fields that could keep the electrons away from the 

nanowire surface thereby reducing surface electron densities and recombination. A 

second possibility is that the nanowires and the nanoparticles have different spatial 

distributions of electron traps. For example, in nanowires a fraction of the traps may be 

at the internal grain boundaries where they are not exposed to the electrolyte. Finally, 

we note that the results reported herein may not represent electron recombination and 

transport in single crystal TiO2 nanowire DSSCs. 

4.4   Conclusions 

Electron transport and recombination time constants in DSSCs made from 

polycrystalline TiO2 nanowires were determined using transient photocurrent and 

photovoltage measurements. Electron transport times showed a power-law dependence 
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on illumination intensity similar to that reported for TiO2 nanoparticle DSSCs. In 

addition, the magnitude of the electron transport times (10−2 to 10−3 s) in the TiO2 

nanowire DSSCs was comparable to that of nanoparticle DSSC, indicating that 

electron trapping and detrapping determine transport times even in polycrystalline 

TiO2 nanowires. The results obtained here for electron transport TiO2 nanowires 

contrast those obtained for ZnO nanowires, where electron transport is independent of 

light intensity and can be as fast as 90 μs in 5 μm long ZnO nanowires (Chapter 3). 

While this difference can be assigned to the polycrystalline nature of the TiO2 

nanowires, studies on single-crystal TiO2 nanowires (Chapter 5) show that the 

differences between the transport rates of ZnO and TiO2 nanowires may be due to the 

intrinsic properties of the two materials. 

Recombination times also exhibited a power-law dependence on illumination 

intensity. The ratio of the electron recombination time to the electron collection time in 

nanowire solar cells was ~150, larger than that observed in nanoparticle dye-sensitized 

solar cells. Potential reasons for the longer recombination times observed are the 

reduction in surface electron density in nanowires due to larger diameter and 

cylindrical geometry and a different surface trap distribution in nanowires versus 

nanoparticles.  
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5 Single Crystal Rutile TiO2 Nanowire Dye-
Sensitized Solar Cells‡ 

 

5.1 Introduction 

Electrodes made from one-dimensional nanostructures such as nanowires, 

nanorods and nanotubes have been proposed for improving the charge collection 

efficiencies of ordered-bulk-heterojunction and dye-sensitized solar cells (DSSC).1–7 

DSSCs based on polycrystalline2 and single-crystal ZnO nanowires,1,3,4 amorphous and 

polycrystalline TiO2 nanotubes,8–10 polycrystalline11 and single-crystal TiO2 

nanowires,12–14 have been reported. Competition between electron diffusion through 

the photoanode and recombination with I3
− in the electrolyte determines the electron 

collection efficiency in DSSCs. In nanoparticle-based DSSCs, three factors influence 

the electron transport rate across the nanoparticle films. These factors are the residence 

time of electrons in traps, the morphology of the nanoparticle network, characterized 

by a distribution of the number of nearest neighbors, and the contact area between the 

particles.15,16 Single-crystal nanowires are advantageous for DSSCs because they 

eliminate the latter two factors by providing a direct path for electrons from the point 

of injection to the collection electrode. Indeed, studies show that electron transport is 

faster in both single-crystalline ZnO nanowires17,18 and in polycrystalline ZnO 

nanotubes19 than in nanoparticle films. While these results are encouraging, TiO2-based 

photoelectrodes are preferred over ZnO because of their superior stability, ability to 

adsorb dyes without forming aggregates,20 and higher density of states in the 

conduction band. Record power conversion efficiencies obtained with TiO2 

nanoparticle photoelectrodes are much higher (~11 %) than those achieved with ZnO 

nanoparticles (~5 %). Surprisingly, recent studies showed that electron transport rates 

                                                 

‡ This chapter is adapted from Emil Enache-Pommer, Bin Liu and Eray S. Aydil, Physical 
Chemistry Chemical Physics 2009, 11, 9648. 
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in polycrystalline TiO2 nanowires21 and nanotubes9 were as slow as in TiO2 

nanoparticle electrodes. This was attributed to a similar transport mechanism in 

polycrystalline TiO2 nanowires/nanotubes and TiO2 nanoparticle films. The electrons 

in polycrystalline nanowires and nanotubes still have to cross grain boundaries, which 

are similar to the interparticle boundaries in nanoparticle films. Another possibility is 

that surface traps control the diffusion rate and these exist on TiO2 nanoparticles, 

nanotubes and nanowires regardless of the morphology. If the grain boundaries are 

responsible for slow electron transport in polycrystalline nanowires then electron 

transport in DSSCs made from single crystalline TiO2 nanowires should be faster. 

However, growth of TiO2 nanowires on transparent conducting oxide films has been 

difficult and this hypothesis could not be checked until now. Growth of single 

crystalline TiO2 nanowires on transparent conducting oxide films was achieved only 

recently.14 Herein, we report electron transport and recombination rates in these single-

crystal rutile TiO2 nanowires and compare them with TiO2 nanoparticle films of similar 

thickness. Surprisingly, we find that the electron transport time constant is 

approximately the same in single-crystal rutile TiO2 nanowires and TiO2 nanoparticle 

films, suggesting that electron diffusion rate is still determined by the residence time in 

surface traps even in single-crystal TiO2 nanowires.  

5.2 Experimental Section 

Vertically aligned single-crystal rutile TiO2 nanowires were grown on 

transparent conductive fluoride-tin oxide (FTO) substrates using the hydrothermal 

method developed by Liu et al.14 Briefly, two pieces of ultrasonically cleaned FTO 

substrates were placed at an angle against the wall a Teflon-lined stainless steel 

autoclave and immersed in 30 mL of deionized water, 30 mL of concentrated 

hydrochloric acid (36.5–38 % by weight), and 1 mL of titanium isopropoxide. The 

autoclave was placed and kept in an oven for 3 h at 200 °C. Then the autoclave was 

cooled rapidly to room temperature under flowing water. The substrates were removed 

from the autoclave, rinsed and dried. Scanning electron micrographs (SEMs) of the 
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nanowires are shown in Figures 5.1(a) and 5.1(c). The nanowire film thickness is 1.2 

μm and this is approximately the average nanowire length. Nanoparticle films were 

deposited on FTO substrates by drop-casting from a dispersion of P25 nanoparticles 

(Degussa) in ethanol. The solution contained 100 mg of P25 particles in 20 mL ethanol 

and was sonicated for 1 h prior to deposition to disperse the nanoparticles. FTO 

substrates were cleaned by sonication in a 1:1:1 mixture of deionized water, acetone 

and isopropanol before 170 μL of the nanoparticle dispersion was drop-cast onto the 

FTO substrate to deposit a nanoparticle film with comparable thickness to the 

nanowire film. The thickness of the nanoparticle film used in the comparisons shown 

herein was 1.2±0.02 μm [Figures 5.1(b) and 5.1(d)]; this value is an average of six 

different measurements across the substrate indicating that the film was very uniform. 

After drying, the nanoparticle covered substrates were annealed at 450 °C for 10 min. 

Both the nanowire and nanoparticle substrates were then immersed in an aqueous TiCl4 

solution at 50 °C for 2 h. The TiCl4 solution was prepared by mixing 0.09 mL of TiCl4 

with 0.4 mL of concentrated hydrochloric acid followed by the addition of deionized 

water to reach a final volume of 100 mL. After TiCl4 treatment, the substrates were 

rinsed with deionized water, allowed to dry in ambient air and annealed at 450 °C for 

an additional 30 min. Both the nanowire and nanoparticle covered substrates were then 

immersed in a 0.2 mM solution of N719 dye (Solaronix) in ethanol for 24 h. After 

dyeing, the substrates were rinsed with pure ethanol and dried in ambient air for 30 

min. Solar cells were assembled by pressing TCO substrates coated with 10 nm Pt 

against the nanowire or nanoparticle substrates. The electrodes were separated by 25 

μm Teflon spacers (Pike Technologies) and liquid electrolyte Iodolyte MPN-100 

(Solaronix) was infiltrated between the electrodes using capillary action. Current–

voltage (I–V) characteristics of the solar cells were recorded using a Keithley 2400 

sourcemeter while the solar cells were illuminated with AM 1.5 light from a solar 

simulator as described in Chapter 2.  

Electron transport and recombination time constants were measured using 

intensity modulated photocurrent spectroscopy (IMPS)22,23 and open-circuit 



 

 

 

 

 

 

 

 

 

Figure 5.1. SEM images of typical TiO2 nanowire and nanoparticle films. (a) and (b) show 
top views of nanowires and nanoparticles, respectively; (c) and (d) show cross-sectional 
views of nanowires and nanoparticles, respectively. 
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photovoltage decay,24,25 (OCVD), respectively. Both methods are described in detail in 

Chapter 2. Briefly, in IMPS, the DSSCs were illuminated, at short-circuit, with a small 

sinusoidally modulated light intensity (6 % of the mean value), superimposed on a 

constant monochromatic light intensity. The photocurrent modulation amplitude and 

the phase lag between illumination and photocurrent were measured using a low noise 

current-to-voltage amplifier and a lock-in amplifier. The amplitude and phase lag were 

converted to real and imaginary components of the photocurrent and plotted on the 

complex plane for a range of modulation frequencies. The electron transport time 

constant (τc) was evaluated using the frequency at the minimum of the imaginary part 

of the photocurrent (fc) using τc = (2πfc)
−1. In OCVD, the DSSC is illuminated with 

AM 1.5 light and allowed to reach a steady-state VOC. The illumination is then turned 

off and the photovoltage decay is measured using an oscilloscope. Recombination 

times are obtained from the photovoltage decay using τr = −(kT/e)(dVOC/dt)−1, where 

kT/e is the potential of thermal energy and (dVOC/dt)−1 is the instantaneous open circuit 

voltage decay rate. 

The crystal structure and morphology of the TiO2 nanowires and nanoparticle 

films were studied using X-ray diffraction (XRD, Bruker-AXS Microdiffractometer 

D5005, λ=1.5406 Å), field-emission scanning electron microscopy (FESEM, JSM-

6700F), transmission electron microscopy, selected area electron diffraction 

(TEM/SAED, FEI Tecnai T12), and high-resolution transmission electron microscopy 

(HRTEM, FEI Tecnai G2 30). 

5.3 Results and Discussion 

5.3.1 Film Characterization 

Figure 5.2 shows the XRD from nanowires and from a P25 nanoparticle film. 

The XRD from nanowires matches the tetragonal rutile phase with a = b = 0.4517 nm 

and c = 0.2940 nm. When compared to the powder diffraction pattern, the (002) 

diffraction peak appears significantly enhanced, indicating that the nanowires are 



 

 

 

 

 

 

 

 

 

Figure 5.2. X-Ray diffraction patterns from (a) TiO2 nanowires and (b) P25 TiO2 
nanoparticles.  
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oriented with respect to the substrate. The P25 nanoparticle film shows diffraction 

peaks of both anatase and rutile phases consistent with a mixture. Transmission 

electron micrographs (TEM) and electron diffraction reveals that nanowires are single 

crystalline along their entire length (Figure 5.3). Lattice spacings obtained from 

HRTEM images are consistent with atomic plane spacings in rutile. Figure 5.3 is 

representative of all nanowires and additional information regarding the growth 

mechanism and structural characteristic of the nanowires can be found in reference 14. 

5.3.2 I-V Characterization 

Figure 5.4 shows the I–V characteristics of typical TiO2 nanowire and 

nanoparticle DSSCs. The nanoparticle-based DSSC exhibits a short-circuit current 

(ISC) of 3.81 mA cm−2, open-circuit voltage (VOC) of 0.65 V and a fill factor (FF) of 

0.70, resulting in an overall efficiency of 1.73 % while the nanowire-based DSSC 

exhibit ISC of 3.54 mA cm−2, VOC of 0.68 V and FF of 0.68 resulting in an overall 

efficiency of 1.58 %. Dye desorption experiments reveal that the roughness factor for 

nanoparticle films is ~130, while the roughness factor of the nanowire film is ~85 

despite the fact that the nanowire and nanoparticle films have similar thicknesses. 

Given that the surface area of the nanoparticle film is more than 50 % greater than that 

of the nanowire film and, at low film thicknesses, the collection efficiency is high in 

nanoparticle films, one would expect nanoparticle-based DSSCs to show substantially 

higher short-circuit current than the nanowire-based DSSCs. Instead, the nanoparticle-

based DSSC short circuit current is only marginally higher than that of the nanowire-

based DSSC. In fact, the close performance of the two devices, despite the 

significantly different roughness factors, is due to strong light scattering within the 

nanowire film compared to the nanoparticle film. This is illustrated in Figure 5.5, 

which shows digital photographs of an uncoated FTO substrate (left), an FTO substrate 

coated with a 1 μm thick TiO2 nanoparticle film (center) and an FTO substrate coated 

with 1 μm thick TiO2 nanowires (right). While the nanoparticle coated substrate is 

nearly transparent, the nanowire substrate is opaque due to stronger light scattering by 



 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. TEM image of a TiO2 nanowire. The upper right inset shows the diffraction 
pattern from this nanowire, while the lower left inset is the HRTEM image showing the 
lattice spacings.  
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Figure 5.4. Current–voltage characteristics of DSSCs based on TiO2 nanowires (NW) and 
TiO2 nanoparticle (NP) recorded while they were illuminated with 100 mW cm-2 AM 1.5 
radiation.  
 

 
Figure 5.5. Digital photographs of an uncoated FTO substrate (left), an FTO substrate 
coated with a 1 μm thick TiO2 nanoparticle film (center) and an FTO substrate coated 
with 1 μm thick TiO2 nanowires (right).  
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the nanowires as compared to nanoparticles. This strong light scattering by the 

nanowires enhances the light-harvesting efficiency of the nanowire cells. The stronger 

light scattering of the nanowires counteracts the lower surface area, resulting in similar 

short circuit currents and similar overall efficiencies for the nanowire- and 

nanoparticle-based DSSCs. 

5.3.3 Electron Dynamics in Nanowires vs. Nanoparticles 

Figures 5.6(a) and 5.6(b) show typical IMPS responses and OCVD curves for 

nanoparticle- and nanowire-based DSSCs. The IMPS response crosses the imaginary 

axis at high frequencies and spirals to the origin. This is characteristic of cells 

illuminated from the electrolyte side.22 While our cells are illuminated from the 

photoanode direction, the TiO2 nanoparticle and nanowire layers are so thin that 

substantial fraction of the light goes through these layers (e.g., see center sample in 

Figure 5.5) and reflect back to impinge on the photoanode from the electrolyte side. 

For nanowires, this crossing occurs at a somewhat lower value of the imaginary axis 

because nanowires scatter light and fewer photons reflect from the platinized cathode. 

Crossing also occurs at lower values for thicker films. Recombination in both 

nanowires and nanoparticles is very slow and the cells can sustain significant voltages 

many seconds after the light has been turned off. Initially, the nanoparticles decay 

faster than the nanowires but the rates appear to asymptote to similar values after the 

initial change. 

How to compare electron transport times fairly in two photoanodes with 

dramatically different morphologies is a complicated issue. One can compare cells 

with equal roughness factor and porosity, equal photoanode thickness, equal 

photocurrents or equal efficiencies. We chose nanoparticle and nanowire films with 

similar thicknesses and similar photocurrents and efficiencies. We expected, as in 

studies by Martinson,18 the transport time constants in nanowires to be faster than those 

in nanoparticles by at least two orders of magnitude so that small differences in 

geometric characteristics, photocurrents and efficiencies between these two cells were 



 

 

 

 

 

 

 

Figure 5.6. (a) IMPS response and (b) OCVD of the nanowire (NW) and nanoparticle 
(NP) based DSSCs.  
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less important. Figure 5.7 shows transport and recombination time constants for both 

nanowire- and nanoparticle-based DSSCs as a function of light intensity. We find that 

transport time constant in single-crystalline rutile TiO2 nanowires exhibit a power law 

dependence on light intensity similar to that observed with nanoparticle films. In 

addition, the electron transport rate is approximately a factor of two slower in rutile 

nanowires than in P25 nanoparticles (~70 % anatase, 30 % rutile). Previous studies on 

nanoparticle-based DSSCs showed that the electron transport rate in rutile TiO2 

nanoparticle films is one order of magnitude slower than anatase TiO2 nanoparticle 

films.26 This order of magnitude difference in transport times was attributed to a 

smaller number of interparticle connections in the rutile films26 as compared to the 

anatase films. Figure 5.7 shows that the electron transport rate is only slightly slower in 

single crystal rutile nanowires than in nanoparticles, indicating that, while the effect of 

interparticle connections is eliminated, traps still dominate electron transport. 

Moreover, the fact that the TiO2 nanowires are single crystalline along their entire 

length suggests that the traps reside on the surface of the nanowires though we can not 

completely discount the possibility of bulk traps. The scaling exponents for the 

transport and recombination time constants were −0.24 and −0.45 for nanoparticles and 

−0.35 and −0.55 for nanowires, respectively. Recombination rates were slightly slower 

in the nanowires than in the nanoparticles, possibly due to different surface trap 

distributions in nanowires vs. nanoparticles. The ratios of the recombination time 

constant to the electron collection time constant at the highest light intensity (τr/τc), 

were ~40 for nanowire films and ~55 for nanoparticle films. Although these ratios are 

high enough to give nearly 100 % electron collection efficiency for 1 μm thick films, 

the similarity between ratios of transport and recombination rates in rutile TiO2 

nanowires and P25 nanoparticles indicates that rutile nanowires, without passivation of 

traps, may have a limited potential for improving the overall efficiency of DSSCs. 

While the potential of single-crystalline rutile nanowires appears limited for DSSCs, 

the situation may be different for single crystal anatase nanowires. Assuming that the 

results obtained by Park et al.26 for anatase and rutile nanoparticle films also hold for 



 

 

 

 

 

 

 

 

 

Figure 5.7. (a) Recombination (●, ■) and transport (○, □) time constants for TiO2 
nanowire (circles) and nanoparticle (squares) DSSCs as a function of light intensity. Error 
bars represent standard deviations and illustrate reproducibility for DSSCs from three 
different batches (nanowires) and four different batches (nanoparticles). 
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nanowire films, an order of magnitude improvement in electron transport with respect 

to nanoparticle cells would be possible by fabricating single-crystalline anatase TiO2 

nanowires on FTO substrates. Such nanowires have already been fabricated on Ti foil 

but, to our knowledge, not on transparent conducting oxide substrates.13 Also, it may 

be possible to improve the transport rate in rutile nanowires through surface treatments 

or growth of semiconductor shell layers at the nanowire surface, provided that these 

modifications reduce the density of surface traps. 

Finally, the difference in electron transport rates in ZnO and TiO2 nanowires is 

major and striking. Even 4.5 μm long ZnO nanowires exhibit much faster (τc ~0.1 

ms)18 electron transport than 1.2 μm long rutile nanowires (τc > 1 ms). Moreover, the 

electron transport in ZnO has been shown to be independent of light intensity17,18 

whereas rutile nanowires exhibit light-intensity-dependent electron transport rates, a 

signature of trap involvement in the electron transport mechanism; in rutile nanowire-

based DSSCs electrons diffuse faster when the cell is illuminated and the number of 

filled traps increases. The differences between the ZnO and rutile TiO2 nanowires may 

be due to the intrinsic differences in the surfaces of the two materials, trap 

concentrations, carrier densities or a combination of these differences. Whatever the 

reason, having single crystalline high quality nanowires of the acceptor material does 

not guarantee fast electron transport in dye sensitized solar cells and one still may have 

to worry about trapping and develop methods for trap passivation. 

5.3.4 Effect of Nanowire Film Thickness on Electron Dynamics 

Nanowire films of different thicknesses can be grown by controlling the 

reaction time or the number of substrates in the autoclave. For example, 3 h of growth 

with two substrates in the autoclave yield 1 μm long nanowires, 4 hours of growth with 

two substrates in the autoclave yield 2 μm long nanowires, while 4 hours with a single 

substrate result in 2.5 μm long nanowires.27 Figure 5.8 shows electron transport and 

recombination time constants as a function of nanowire film thickness under constant 

illumination (~130 mW/cm2). The recombination time constants are nearly 
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Figure 5.8. Transport (●) and recombination (○) time constants for TiO2 nanowire DSSCs 
as a function of nanowire film thickness. Time constants were measured at a laser 
intensity of 130 mW/cm2. 
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independent (50-60 ms) of nanowire length, while transport times increase from ~0.4 

ms for 0.5 μm long nanowires to ~2.8 ms for 2.5 μm long nanowires. Recombination 

time constants that are independent of nanowire length show that electrons recombine 

uniformly in the nanowire film. Transport time constants scale with nanowire length 

as . The scaling exponent is slightly higher than that observed in TiO2 

nanoparticle films: 0.87 (Chapter 6) and indicates that the overall efficiency of single 

crystal rutile TiO2 nanowire DSSCs can not overpass that of nanoparticle DSSCs by 

growing thicker nanowire films. In fact, since the scaling exponent is higher for 

nanowires, one would expect the performance of nanowire DSSCs to plateau at a 

smaller film thickness and thus, smaller overall efficiency, than that of nanoparticle 

DSSCs, due to a faster decrease in electron collection efficiency. 

1.2
c  

5.4 Conclusions 

Electron transport and recombination rates have been measured in single 

crystal rutile nanowire-based DSSCs. Surprisingly, the electron transport rate is on the 

order of the electron transport rate in nanoparticle-based DSSCs and not as fast as 

would be expected from single crystal nanowires. The slow and light intensity 

dependent electron transport rate indicates that trapping and detrapping, most likely in 

surface traps, still play an important role in electron transport even when DSSC 

photoanodes are made from single crystalline one dimensional nanostructures. 
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6 TiO2 Nanoparticle Dye-Sensitized Solar Cells 

6.1 Introduction 

The TiO2 nanoparticle-based DSSC is the breakthrough photo-electrochemical 

cell1,2 and is currently the most studied, most efficient DSSC, reaching overall 

efficiencies above 11 %.3-5 Since the TiO2 nanoparticle DSSC has become the standard 

of reference by which other type of DSSCs are measured, an understanding of its 

properties is critical to improving the overall efficiency of DSSCs.  

In this chapter, we report on the fabrication and characterization of TiO2 

nanoparticle DSSCs using I-V, optical and transient methods. More specifically, we 

look at how increasing film thickness affects the I-V characteristics, light harvesting 

efficiency and electron collection efficiency of the DSSCs and compare our results 

with available literature data. In addition, we study the effect of TiCl4 post-treatment 

on the performance of the cell. We show that TiCl4 treatment improves the short-

circuit current, open-circuit voltage and fill factor of the solar cells. The short-circuit 

current for both TiCl4-treated and untreated DSSC increases with film thickness but 

saturates surprisingly at a film thickness of 4 μm, much smaller than the expected 

literature value of 10 μm. Dye desorption experiments indicate that the light harvesting 

efficiency of the cell increases proportionally with increasing film thickness, making 

collection efficiency the likely cause for the rapid saturation of short-circuit current 

with film thickness.  

6.2 Experimental Section 

TiO2 nanoparticle films were deposited on FTO-coated glass substrates from a 

solution of P25 nanoparticles (Degussa) in ethanol. The solution contained 100 mg P25 

particles (~70 % anatase, 30 % rutile) in 20 ml ethanol and was sonicated for 1 hour 

prior to deposition to disperse the nanoparticles by drop coating. Specifically, 170 μl of 

this P25 solution were used to drop-coat the entire area of the FTO-coated glass 
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substrates (2.5x1.6 cm2) to obtain a film thickness of ~ 1 μm. Prior to drop-coating the 

substrates were cleaned by sonication in a 1:1:1 mixture of acetone, water and 

isopropanol for 30 minutes. After drop-coating, the substrates were left to dry in 

ambient air. Thicker films were deposited by repeating the drop-coating and drying 

steps until the desired thickness was reached. The cross-sectional SEM of a typical 

TiO2 nanoparticle film is shown in Figure 6.1.  

After the nanoparticle films were deposited onto the FTO substrates, some of 

the substrates were treated with an aqueous TiCl4 solution. This treatment method 

grows an additional thin TiO2 layer on the surface of the TiO2 nanoparticles and has 

been shown to improve the performance of the DSSCs;7 the effects of TiCl4 treatment 

on various solar cell parameters are discussed in the next section. Next, the 

nanoparticle-coated substrates were annealed at 450 oC for 10 min and then immersed 

in an aqueous TiCl4 solution at 50 oC for 2 hours. The TiCl4 solution was prepared by 

mixing 0.09 ml TiCl4 with 0.4 ml HCl and adding deionized water to obtain a total 

volume of 100 ml. After TiCl4 treatment, the substrates were rinsed with deionized 

water and left to dry in ambient air. 

Both the treated and untreated substrates were annealed at 450 oC for 30 min 

and then immersed in a 0.2 mM solution of N719 dye (Solaronix) for 24 hours. After 

dyeing, the substrates were rinsed with ethanol and dried in ambient air for 30 min. 

Solar cells were assembled as described in Chapter 2. Briefly, the nanoparticle 

photoanode was pressed against another FTO glass substrate coated with 10 nm Pt. 

The two electrodes were separated by 25 μm thick Teflon spacers and Iodolyte MPN-

100 electrolyte was infiltrated between them using capillary action. 

Current-voltage characteristics were collected using a sourcemeter while the 

solar cell was illuminated with AM 1.5 light as described in Chapter 2. Transport and 

recombination times were measured using intensity-modulated photocurrent 

spectroscopy (IMPS) and open-circuit photovoltage decay (OCVD), respectively. The 

theory behind IMPS and OCVD and the measurement setups are also described in 

Chapter 2. 
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Figure 6.1. Cross sectional SEM image of a TiO2 nanoparticle film obtained by drop-
coating 6x170 μl nanoparticle solution onto an FTO substrate (image courtesy of Bin 
Liu6).  
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Dye desorption experiments were used to compare the relative dye loadings of 

nanoparticle substrates of different thicknesses. The nanoparticle substrates were 

disassembled from DSSCs, rinsed with ethanol to remove the liquid electrolyte and 

dried in ambient air. The substrates were then immersed in 5 ml of 1 M aqueous NaOH 

solution to remove the dye and the absorption spectra of the dyed NaOH solutions 

were measured.     

6.3 Results and Discussion 

6.3.1 I-V Characteristics 

Figure 6.2 shows the short-circuit current, open-circuit voltage and fill factor, 

under AM 1.5 illumination, as a function of film thickness for DSSCs assembled using 

TiCl4-treated and untreated nanoparticle films. The error bars in Figure 6.2 represent 

standard deviations and illustrate reproducibility for at least three different DSSCs 

made from TiCl4-treated nanoparticle films. For untreated films, the results shown are 

from single DSSCs. Figure 6.2 shows that, for nanoparticle-based DSSCs fabricated in 

our lab, the TiCl4 post-treatment produces an average improvement of ~66 % in short-

circuit current, ~26 % in open-circuit voltage and ~19 % in fill factor relative to 

DSSCs made of untreated nanoparticle films. While TiCl4 post-treatment improves the 

performance of nanoparticle DSSCs, the magnitude of the improvement has been 

shown to vary depending on the nanoparticle type and synthesis method used.7,8 For 

example, for anatase nanoparticles synthesized using titanium isopropoxide precursor, 

the improvement in short-circuit current due to TiCl4 post-treatment was only 18 % 

and the open-circuit voltage and fill factor remained nearly unchanged after treatment.7 

In addition, the more efficient the solar cell is, the smaller the improvement of the 

TiCl4 treatment becomes. For instance, in highly efficient solar cells where the short-

circuit current is close to 20 mA/cm2, the improvement in short-circuit current due to 

TiCl4 treatment is only 5-10 %.8 This trend is visible in our cells too, where the
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Figure 6.2. Short-circuit current (top), open-circuit voltage (middle) and fill factor 
(bottom) as a function of film thickness for DSSCs made from TiCl4-treated nanoparticle 
films (full symbols) and untreated nanoparticle films (empty symbols). The error bars 
represent standard deviations. 
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improvement in short-circuit current due to TiCl4 post-treatment declines from ~70 % 

for DSSCs made from 1 μm thick films to ~50 % for DSSCs made from 8 μm thick 

films. The increase in short-circuit current due to TiCl4 treatment has been explained 

through a combination of improved dye adsorption and a downward shift in the 

conduction band edge of the TiO2 nanoparticle film, which improves electron 

injection.7 While the downward shift in the conduction band edge upon TiCl4 treatment 

appears to contradict the increase in open-circuit voltage, the TiCl4 treatment actually 

reduces recombination (section 6.3.3) and increases the electron density in the 

nanoparticle film, thus compensating for the downward conduction band edge shift.7  

The surprising trend in Figure 6.2 is the rapid saturation of short-circuit current 

with increasing film thickness for DSSCs made from both TiCl4-treated and untreated 

nanoparticle films. For DSSCs fabricated in our lab, the short-circuit current saturates 

at a film thickness of ~ 4 μm for both TiCl4-treated and untreated DSSCs. For typical 

nanoparticle films, the optimal film thickness (i.e. the film thickness at which short-

circuit current and overall cell efficiency are maximized) has been shown to be ~10 

μm.9,10 The short circuit current saturates when the film thickness becomes comparable 

to the diffusion length. In general, the optimal film thickness is approximately equal to 

the electron diffusion length (the distance an electron travels through the film before 

recombining). Since the overall efficiency of the cell is given by the product of the 

light harvesting efficiency, the injection efficiency and the collection efficiency, we 

investigated the reasons for the early saturation of the current by considering each of 

these internal efficiencies separately. Specifically, we investigated  the amount of dye 

adsorbed to the nanoparticle films (this section), which determines the light harvesting 

efficiency, and electron transport and recombination times (sections 6.3.2 and 6.3.3), 

which determine the collection efficiency. 

   Figure 6.3 shows the absorption curves of aqueous NaOH solutions 

containing dye desorbed from untreated TiO2 nanoparticle films of various thicknesses. 

As expected, the amount of dye desorbed from the nanoparticles increases with 

increasing film thickness. To better illustrate the relation between the amount of dye
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Figure 6.3. Absorption curves for aqueous NaOH solutions containing dye desorbed from 
TiO2 nanoparticle substrates of various thicknesses. 
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desorbed and nanoparticle film thickness, the values of the absorption maxima (~500 

nm) were plotted as a function of film thickness (Figure 6.4). The linear increase of the 

absorption maxima with film thickness shows that the amount of dye adsorbed on the 

semiconductor increases proportionally with the film thickness. Thus, the light 

harvesting efficiency also increases proportionally with the film thickness and is not 

the cause of the short-circuit current saturation. This is based on the assumption that 

backscattering, light absorption by the electrolyte and other factors that may decrease 

the light harvesting efficiency do not change significantly with increasing film 

thickness. Injection efficiency is also unlikely to cause the short-circuit saturation 

since, upon visual inspection, the dye coating on the surface of the nanoparticle film 

appears to be uniform and there are no uncovered portions even for 8 μm thick films. 

This leaves collection efficiency as a possible candidate that limits the photocurrent. 

6.3.2 Electron Transport 

Figures 6.5(a) and 6.5(b) show typical electron transport time constants as a 

function of the short-circuit current density for DSSCs made from TiCl4-treated 

nanoparticle films and untreated nanoparticle films, respectively. As expected, the 

electron transport times exhibit a power-law dependence on short-circuit current 

density. Decreasing electron transport time with increasing short-circuit current in 

nanoparticle films is consistent with a transport mechanism that is dominated by 

electron trapping in bulk or surface states. The power-law dependence is characteristic 

of an exponentially decaying density of states distribution into the band gap from the 

conduction band edge.11 The average scaling exponents for the transport time constants 

obtained from the TiCl4-treated DSSCs and untreated films are given in Table 6.1. For 

TiCl4-treated nanoparticle films, the errors represent standard deviations and illustrate 

reproducibility for at least three different DSSCs for each film thickness. For untreated 

films, the scaling exponents correspond to one solar cell for each film thickness. The 

scaling exponents shown in Table 6.1 are similar to those typically observed for TiO2 

nanoparticle DSSCs, where the scaling exponents range between 0.5-0.7.12 
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Figure 6.4. Absorbance maxima (~500 nm) for aqueous NaOH solutions containing dye 
desorbed from TiO2 nanoparticle substrates as a function of film thickness. The dotted 
line illustrates the linear increase in surface area (desorbed dye concentration) with 
increasing film thickness.  
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Figure 6.5. Electron transport time constants as a function of short-circuit current density 
for typical DSSCs made using (a) 1 μm (□), 2 μm (Δ), 4 μm () and 8 μm (O) thick TiCl4-
treated nanoparticle substrates and (b) 1 μm (□), 2 μm (Δ), 4 μm () and 8 μm (O) thick 
untreated nanoparticle substrates. 
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Table 6.1. Scaling exponents extracted from power law fits of electron transport time vs. 
short-circuit current density for DSSCs made from TiCl4-treated and untreated 
nanoparticle films.  
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In Figures 6.6 and 6.7, we compare the variation of transport time constants 

with nanoparticle film thickness at fixed light intensity and fixed short-circuit current, 

respectively. Figure 6.6 shows electron transport time constant as a function of film 

thickness for untreated and TiCl4-treated films, all measured at a laser intensity of ~130 

mW/cm2. On average, transport time constants appear to be nearly 60 % slower in the 

untreated nanoparticle films than in the TiCl4-treated films. While this may be 

interpreted as an improvement in charge transport due to TiCl4 post-treatment, 

transport time constants are nearly equal when compared at a fixed short-circuit current 

(Figure 6.7). The current determines the charge density in the semiconductor film, and 

therefore the extent to which traps are filled. Figure 6.7 shows the electron transport 

time constant as a function of film thickness for untreated and TiCl4-treated films, at a 

constant short-circuit current of 1 mA/cm2. For DSSCs made from untreated 

nanoparticle films, the transport time constants at 1 mA/cm2 were calculated from 

power-law fits to the data shown in Figure 6.5(b). In the case of TiCl4 treated films, the 

transport times were calculated by averaging data from at least three different cells for 

each film thickness, including those shown in Figure 6.5(a). Both Figures 6.6 and 6.7 

indicate that TiCl4 treatment does not affect the transport time constants significantly. 

In addition, transport time constants measured at a constant short-circuit current scale 

with film thickness as (Figure 6.7). This scaling is significantly weaker than 

 further supporting the idea that electron transport in TiO2 nanoparticle films is 

dominated by trapping and detrapping events.  

0.87
c  

2
c  

6.3.3 Electron Recombination 

In order to investigate whether the electron collection efficiency is the cause 

for the rapid saturation of short-circuit current with increasing film thickness, electron 

recombination time constants were also measured. Electron collection efficiencies can 

be estimated using  

1 /cc c r    ,                                                                                             (6.1) 
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Figure 6.6. Electron transport time constants measured at a constant light intensity (~130 
mW/cm2) as a function of TiO2 nanoparticle film thickness for TiCl4-treated films (full 
symbols) and untreated films (empty symbols). Error bars represent standard deviations 
for TiCl4 treated films. 
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Figure 6.7. Electron transport time constants measured at a short-circuit current density 
of 1 mA/cm2 as a function of TiO2 nanoparticle film thickness for TiCl4-treated films (full 
symbols) and untreated films (empty symbols). Error bars represent standard deviations 
for TiCl4 treated films. 
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where c  and r  are the transport and recombination time constants, respectively.13 

Equation (6.1) is based on the assumption that the charge collection current and 

recombination current are proportional to the electron density and independent of each 

other.13 Since the recombination and collection currents are not linear with electron 

density and are not independent of each other, equation (6.1) is only a rough estimation 

of collection efficiency. Nevertheless, it has been shown to be a good estimate for 

collection efficiency, provided the collection efficiency is high.13  

Figure 6.8(a) shows the electron recombination time constant as a function of 

the open-circuit voltage for DSSCs made from untreated films of various thicknesses. 

All the DSSCs shown in Figure 6.8(a) were assembled the same way; the nanoparticle 

films were deposited from the same nanoparticle solution, in a single session. For 

DSSCs made out of TiCl4-treated nanoparticle films, recombination time constants are 

shown as a function of open-circuit voltage in Figure 6.8(b). The solar cells in Figure 

6.8(b) have also undergone identical assembly conditions, identical TiCl4 treatment 

and the nanoparticle films were deposited from the same nanoparticle solution, in the 

same session. While recombination times show small variations when the film 

thickness is changed, the lack of correlation between recombination time and film 

thickness suggests that recombination times may be independent of film thickness. 

Figure 6.9 compares recombination times as a function of open-circuit voltage for a 

DSSC made using a 1 μm thick untreated nanoparticle film with average 

recombination times for DSSCs made using 1 μm thick TiCl4-treated nanoparticle 

films. The error bars represent standard deviations and illustrate reproducibility for 

four DSSCs made using TiCl4-treated nanoparticle films. Since the cell-to-cell 

variation in recombination times for films of similar thickness (Figure 6.9) is larger 

than the change in recombination times with film thickness [Figure 6.8(b)], this 

suggests that recombination times are indeed independent of film thickness, but they 

are very sensitive to subtle changes in substrate and cell preparation or TiCl4-treatment 

conditions.  Recombination times that are independent of film thickness indicate that
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Figure 6.8. Electron recombination time constants as a function of open-circuit voltage for 
DSSCs made using (a) 1 μm (black), 2 μm (red), 4 μm (green) and 8 μm (blue) thick 
untreated nanoparticle films and (b) 1 μm (black), 2 μm (red), 4 μm (green) and 8 μm 
(blue) thick TiCl4-treated nanoparticle films. 
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Figure 6.9. Electron recombination time constants as a function of open-circuit voltage for 
DSSCs made using 1 μm thick TiCl4-treated nanoparticle films (full symbols) and 1 μm 
thick untreated nanoparticle films (empty symbols). Error bars represent standard 
deviations. 
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 electrons recombine uniformly throughout the nanoparticle film. This is typical of 

nanoparticle,14 nanotube14 and nanowire DSSCs (Chapters 3 and 5). Figure 6.9 also 

shows that, as in previous studies with DSSCs made from TiO2 nanoparticles, TiCl4 

treatment improves recombination times.15 Palomares et al. have shown a 4-fold 

improvement in recombination times upon TiCl4-treatment of the nanoparticle film; the 

improvement has been attributed to the formation of an insulating layer on the surface 

of the nanoparticles, which blocks recombination and allows more efficient electron 

injection.15 While in Figures 6.8-6.9 the recombination time constants were shown as a 

function of open-circuit voltage, recombination time constants can also be plotted as a 

function of the laser intensity by measuring open-circuit voltages at particular laser 

intensities. The light incident on the cell determines the amount of injected electrons in 

the semiconductor, which impacts both the transport and recombination rates. Thus, 

obtaining transport and recombination times as a function of light intensity allows a 

fair comparison of transport and recombination for similar amounts of injected charge. 

 Figure 6.10 shows electron transport and recombination time constants as a 

function of illumination intensity for a DSSC made using 1 μm thick TiCl4-treated 

nanoparticle film. Figure 6.10 shows that transport time constants are about two orders 

of magnitude smaller than recombination time constants, which, according to equation 

(6.1), would yield a charge collection efficiency of ~99 %. For 8 μm thick nanoparticle 

films, the transport time constants increase nearly an order of magnitude [Figures 

6.5(a) and 6.7] and recombination times remain constant, resulting in an estimated 

charge collection efficiency of ~90 %. Thus, provided equation (6.1) is valid for our 

films, when the film thickness is increased from 1 μm to 8 μm, the collection 

efficiency decreases by only ~10 %. While this is not significant enough to account for 

the saturation of short-circuit current with film thickness (Figure 6.2), it is possible that 

estimates of collection efficiency are too high. Recent studies16 show that the diffusion 

length obtained using transient methods is overestimated by a factor of two. This 

translates to an overestimation of the /r c   ratio by a factor of four. Thus, in addition
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Figure 6.10. Electron transport (empty symbols) and recombination (full symbols) time 
constants as a function of the illumination power density for a DSSC made using a 1 μm 
thick TiCl4-treated nanoparticle film. Error bars represent standard deviations. 
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 to equation (6.1) being only a rough approximation for collection efficiency, the ratio 

of recombination to transport times obtained using transient characterization methods 

may be overestimated as well. Hence, the decrease in charge collection efficiency with 

increasing film thickness may be more significant than originally estimated and can 

explain the rapid saturation of photocurrent with film thickness. Nevertheless, 

literature reports show that for typical nanoparticle films, the short-circuit current 

increases up to a film thickness of 10-14 μm,9,10,16 much higher than the 4 μm observed 

for DSSCs fabricated in our lab. Further study is required to understand this 

discrepancy between literature data and data obtained from nanoparticle DSSCs 

fabricated in our lab.  

6.4   Conclusions 

DSSCs based on TiCl4-treated and untreated TiO2 nanoparticle films were 

studied using I-V, optical and transient photovoltage and photocurrent methods and 

their performance was compared to that of typical TiO2 nanoparticle cells in the 

literature. As expected, TiCl4 treatment increases the cell performance by improving 

the short-circuit current by 66 %, the open-circuit voltage by 26 % and the fill factor by 

19 % relative to DSSCs made of untreated films. The short-circuit current for both 

TiCl4-treated and untreated DSSC increases with film thickness but saturates 

surprisingly at a film thickness of 4 μm, much smaller than the expected literature 

value of 10 μm. Dye desorption experiments reveal that the light harvesting efficiency 

of the cell increases proportionally with increasing film thickness. As expected, the 

electron transport and recombination time constants show a power law dependence on 

the incident light intensity. Electron transport time constants do not change with TiCl4 

treatment and increase with film thickness according to , which indicates that 

trapping and detrapping play an important role in electron transport through the 

nanoparticle network. Recombination time constants are independent of film thickness 

indicating that electrons recombine spatially uniformly throughout the film. As 

0.87
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previously shown, TiCl4 treatment improves recombination times by an order of 

magnitude through the formation of an insulating layer on the surface of the 

nanoparticles. From measurements of electron recombination and transport time 

constants the collection efficiency was estimated to decrease ~10 % when the film 

thickness was increased from 1 μm to 8 μm. While this decrease is not significant 

enough to account for the rapid saturation of short-circuit current with film thickness, 

collection efficiencies may be overestimated, and the decrease in collection efficiency 

with increasing film thickness may be more significant. Even though a decrease in 

collection efficiency can explain the saturation of short-circuit current at a film 

thickness of 4 μm, this value is much smaller that the 10-14 μm reported in the 

literature. Further studies are required to understand the origin of the discrepancy 

between nanoparticle DSSCs fabricated in our lab and typical DSSCs in the literature. 
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7 Summary and Future Directions 

7.1 Summary 

The damaging effects of CO2 emissions into the atmosphere and the increasing 

world energy demand emphasize the need for clean alternative energy sources. Out of 

all clean renewable energy sources only solar energy is globally available. 

Furthermore, the solar energy incident on the Earth is nearly 10,000 times higher than 

the current world energy demand. The conversion of solar to electric energy is 

achieved through solar cells. Today, the solar cell market is dominated by devices that 

are based on the p-n junction concept and inorganic semiconductor materials. Due to 

the high purity required for cell semiconductors and expensive low pressure/high 

temperature fabrication techniques, the cost of inorganic p-n junction based solar cells 

is currently too high to compete with the cost of energy obtained from burning fossil 

fuels. The dye-sensitized solar cell is a promising low cost alternative to p-n junction 

based solar cells due to inexpensive processing techniques and a higher tolerance for 

low purity materials. Currently, DSSCs have reached efficiencies above 11 %,1-3 but 

further improvement is limited by electrons recombining with the electrolyte during 

their transport through the semiconductor nanoparticle network. Nanowire DSSCs 

have been recently introduced as a potential high diffusion length alternative to 

nanoparticle DSSCs.4,5 While the fabrication of nanowire DSSCs has been widely 

reported in the literature, electron transport studies are sparse and the electron transport 

mechanism in these devices is still not well understood. This work focuses on the 

electron transport and recombination properties of nanowire DSSCs.  DSSCs made 

from polycrystalline TiO2 and single-crystalline TiO2 and ZnO nanowires were 

fabricated and characterized using current-voltage, optical measurements, and 

perturbation techniques such as intensity modulated photocurrent spectroscopy, 

photocurrent decay and open-circuit photovoltage decay. 
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We first made and characterized DSSCs based on aligned single-crystal ZnO 

nanowires. The measured electron transport time constants in these solar cells are 

independent of light intensity and increase with nanowire length according to 

. The transport times also vary with annealing time and seed layer indicating 

that electron transport measurements in ZnO nanowire DSSCs are RC limited. While 

the exact cause of RC limitation is still unknown, we have established that the seed 

layer plays an important role in determining the RC time constant. With a seed layer 

based on Al-doped ZnO we have measured transport times as fast as 90 μs. 

Recombination times are 2-3 orders of magnitude slower than transport times 

indicating nearly 100 % charge collection efficiency in ZnO nanowire DSSCs. These 

results show that films can be made out of 100 μm long nanowires while maintaining 

efficient charge collection. While ZnO nanowire DSSCs are promising from a charge 

collection perspective, ZnO-based devices are problematic due to ZnO instability in 

dye solutions. During dyeing, dye aggregates that absorb light, but do not inject 

electrons, form between the ZnO nanostructures. For TiO2 electrodes, dye aggregation 

is not a problem and thus, TiO2-based electrodes are preferred over ZnO. Currently the 

record for overall efficiency for ZnO nanoparticle DSSCs is ~ 5 %,6 below half of that 

obtained for TiO2 nanoparticle DSSCs. This fact prompted research in our group on 

TiO2 nanowire DSSCs. The first TiO2 nanowire DSSC was made in our group, in 2007 

out of polycrystalline anatase TiO2 nanowires grown on Ti foil.7 These nanowires are 

randomly oriented and are formed using a three-step hydrothermal synthesis method 

that transforms Na2Ti2O5·H2O
 nanotubes into TiO2 nanowires. The electron transport 

times for the polycrystalline TiO2 nanowire DSSCs show a power-law dependence on 

illumination intensity similar to that reported for TiO2 nanoparticle DSSCs. The 

magnitude of the electron transport times is also comparable to that of nanoparticle 

DSSC, indicating that electron trapping and detrapping determine transport times for 

polycrystalline TiO2 nanowire DSSCs. This similarity was assigned to the 

polycrystalline nature of the nanowires (electrons in nanowires must cross grain 
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boundaries which increase the transport time) and led to research for the development 

of single-crystal TiO2 nanowire DSSCs. Single-crystal rutile TiO2 nanowires grown on 

TCO substrates were first synthesized in 2009, in our group.8 Surprisingly, the electron 

transport rate in single-crystal rutile TiO2 nanowire DSSCs is on the order of the 

electron transport rate in nanoparticle-based DSSCs and not as fast as would be 

expected from single crystal nanowires. Electron transport is slow and light intensity 

dependent indicating that trapping and detrapping, most likely in surface traps, still 

play an important role in electron transport even when DSSC photoanodes are made 

from single crystalline rutile TiO2 nanowires. 

Table 7.1 shows a summary of the fastest electron transport times measured in 

our lab for DSSCs made from various nanostructures. While comparison between the 

transport times in DSSCs made out of films with different morphologies is often 

difficult, Table 7.1 illustrates that significant differences in electron transport times 

appear when the material and crystal structure change. For example, transport times 

single-crystal TiO2 rutile nanowires are one order of magnitude slower than single-

crystal ZnO nanowires, even though the TiO2 nanowire length is four times smaller 

than the ZnO nanowire length. Given that the measured transport times in ZnO 

nanowires are RC limited, electron transport in ZnO nanowires might be faster and the 

discrepancy between the single-crystal ZnO and TiO2 nanowires might be even larger. 

Additionally, transport in TiO2 anatase structures is 3-5 faster than in TiO2 rutile 

nanowires, even though the anatase films are polycrystalline, while the rutile films are 

made out of single-crystal  nanowires. The differences in transport times with material 

and crystal structure suggest that the film morphology and the single/poly-crystalline 

nature have a smaller impact on the transport time than expected. Given that electron 

mobility (cm2 V s-1) is 200-300 for ZnO,9 ~4 for anatase TiO2
9 and ~0.1 for rutile TiO2

9 

and our results suggest that electron transport is faster in ZnO than TiO2 and faster in 

anatase TiO2 than rutile TiO2, one possible explanation for the trends we observe is 

that higher electron mobility promotes faster electron transport. While this hypothesis 

requires further study, it is supported by a study on nanoparticle-based DSSCs 
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Table 7.1. Fastest transport time measured in our lab for DSSCs made from various 
nanostructured semiconductor films. 
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which shows that electron transport in anatase TiO2 nanoparticle films is one order of 

magnitude faster than in rutile TiO2 nanoparticle films.10 This difference in transport 

times was originally attributed to a smaller number of interparticle connections in the 

rutile films as compared to the anatase films, but our results indicate that the higher 

electron mobility in anatase may also contribute to the improvement in transport. In a 

recent study, electron transport times in anatase TiO2 nanoparticle films and ZnO 

nanoparticle films were also compared.11 Transport times in anatase TiO2 and ZnO 

nanoparticles were found to be nearly equal under similar illumination and showed a 

similar dependence on light intensity. While this might seem to contradict the fact that 

higher mobility promotes faster electron transport, if the donor density in ZnO is high 

enough, band bending within individual ZnO particles arises and energy barriers are 

formed at the interparticle boundaries which would result in slower transport in the 

ZnO nanoparticle film.11 This is not unlikely since the dielectric constant is nearly an 

order of magnitude higher in anatase TiO2 than ZnO.11 Thus, while electrons are more 

mobile within individual ZnO nanoparticles than TiO2 nanoparticles, band bending at 

the particle surface reduces the electron transport time in ZnO particle films to values 

similar to those of TiO2 films.   

7.2 Future Directions 

We have investigated electron transport and recombination in nanowire 

DSSCs and established that while fast electron transport can be achieved through 

single crystalline ZnO nanowires, the single crystalline nature does not guarantee fast 

transport as it was shown for rutile TiO2. To fabricate DSSCs that are competitive with 

other technologies, light harvesting, injection and charge collection must all be highly 

efficient. In the case of ZnO nanowire DSSCs, the collection efficiency is high, but 

light harvesting efficiency is low due to low surface area, and electron injection can be 

a problem due to dye aggregation. For TiO2 based devices, charge collection limits 

improvements in the overall efficiency. The light harvesting efficiency can be 

improved by designing dyes that absorb a larger portion of the solar spectrum and, in 
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the case of ZnO nanowire DSSCs, by increasing the surface area of the nanowire film. 

Electron injection efficiency in ZnO-based DSSCs can be improved by synthesizing 

dyes that are stable on ZnO and do not form aggregates. While these are all relevant 

challenges in the field, I will focus next on future directions that may lead to 

improvements in the charge collection efficiency of DSSCs.  

Increasing the surface area of the collection electrode is promising and may 

lead to improvements in charge collection efficiency without light harvesting or 

injection losses. The main reason for low charge collection efficiency in typical DSSCs 

is that electrons diffuse through the micron-thick porous semiconductor and therefore, 

spend too much time in the nanostructured semiconductor before reaching the 

collection electrode. The electron transport time could be reduced if all or part of the 

surface area from the semiconductor could be shifted to the collection electrode as 

illustrated in Figure 7.1. The electrode concept in Figure 7.1(a) was recently 

introduced by Zaban et al.12,13 and consists of a conductive porous electrode of high 

surface area made out of indium tin oxide (ITO) nanoparticles covered with a thin 

layer of TiO2. Since the TiO2 layer is only a few nanometers thick, an electron that is 

injected into the TiO2 layer can be rapidly collected by the TCO electrode. Thus, while 

electrons can be injected microns away from the glass substrate, they can be collected 

inside the porous film, nanometers away from the injection point. Solar cells prepared 

using such electrodes have achieved efficiencies of only 1.37 % due to non-

uniformities in the thickness of the TiO2 shell. While the concept is promising, further 

work is required in optimizing the TiO2 shell thickness and uniformity, and the ITO 

particle size and film thickness. For the concept in Figure 7.1(b), the surface area is 

distributed between the electrode and the semiconductor. Here, ZnO nanowires are 

grown on an anode made out of Zn microtips, which has a surface area ten times larger 

than that of a flat anode.14 The overall efficiency of the device shown in Figure 7.1(b) 

is also low (1.4 %) due to the low surface area of the ZnO nanowires (the roughness 

factor of the fabricated film was only ~60). Even so, the increased roughness of the 

anode reduces the electron collection distance and has potential for producing efficient 



 

(a)

(b)

(a)

(b)

 

 

 

Figure 7.1. (a) Schematic of a porous TCO electrode covered with a thin TiO2 shell. 
Electrons injected into the TiO2 travel only a few nanometers before being collected by the 
TCO (reproduced from ref. 12). (b) DSSC schematic illustrating a high surface area Zn 
electrode (reproduced from ref. 14).   
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DSSCs, provided the anode is optimized to provide Zn microtips that are tall enough 

and adequately spaced. Because we have shown that even single crystal semiconductor 

nanostructures do not guarantee fast electron transport, the concept of sharing surface 

area between the electrode and the semiconductor is especially attractive and may 

provide a solution to overcoming charge collection limitations in DSSCs.  

Another promising strategy for obtaining fast electron transport is through 

doping of the semiconductor network. Recently, Grimes et al. reported the fabrication 

of DSSCs made from tantalum-doped TiO2 nanowires.15 The Ta-doped nanowires are 

prepared through a hydrothermal method that is similar to that used for the preparation 

of undoped TiO2 nanowires. More specifically, a small amount of tantalum chloride is 

added to the reactant solution that is used to synthesize undoped nanowires.15 Since Ta 

has an extra valence electron compared to Ti, Ta doping increases the electron 

concentration inside the TiO2 film. The extra electrons fill traps in TiO2 and shift the 

quasi-Fermi level upward. Due to the Fermi level shift, the open-circuit voltage in the 

DSSC increases to 0.87 V from typical values of 0.7-0.8 V.15 While Grimes et al. do 

not report on the transport properties of their DSSC, it is likely that the upward Fermi 

level shift also improves electron transport, since fewer traps participate in transport 

and the participating traps are much closer to the conduction band. Given that doped 

nanowire films increase the open-circuit voltage close to the maximum and have 

potential for increasing the electron transport rates, this area is worth exploring further 

particularly since the synthesis method for doped nanowires is easily adaptable from 

the one for undoped nanowires.    

Core-shell nanostructured electrodes have already been shown to reduce 

recombination rates in DSSCs and could further improve DSSC performance. 

Typically, core-shell electrodes consist of a nanostructured ZnO or TiO2 core, covered 

with thin layer of another metal oxide with a conduction band potential more negative 

than that of the core. The difference in conduction band levels generates an energy 

barrier at the core-shell interface and prevents electrons in the core from recombining 

with the electrolyte. Durrant et al.16 have shown that recombination times are 4 times 
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slower when TiO2 particles are coated with a 1 nm layer of Al2O3. The device based on 

TiO2/Al2O3 also showed a 35 % improvement in overall efficiency compared to the 

TiO2 DSSCs. Zaban et al.17 also showed a 35 % increase in cell performance when a 

shell of Nb2O5 was added to the surface of a TiO2 nanoparticle electrode. While 

improvements for core-shell structures have already been shown, more opportunities 

exist. For example, designing shells that are uniform and have controlled thickness 

could lead to an even more significant reduction of recombination times. In addition, 

designing structures with better lattice matching between the core and the shell may 

lead to an improvement in transport times, since defects at the core surface that slow 

transport would be passivated.  

The results presented in this thesis provide insight into the electron transport 

and recombination properties of nanowire DSSCs and can serve as a basis for further 

research. Due to their ordered morphology, electrodes made out of aligned nanowires 

are easier to study and may provide more information on nanoscale DSSC processes 

than electrodes made out of disordered nanoparticle networks. The ordered, easily 

accessible structure makes them ideal for studying the effects that various treatments 

and modifications have on electron collection and may help in the quest for more 

efficient DSSCs.  
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