
 

Notice 1 

Under the Copyright Act 1968, this thesis must be used only under the normal conditions of 

scholarly fair dealing. In particular no results or conclusions should be extracted from it, nor 

should it be copied or closely paraphrased in whole or in part without the written consent of 

the author. Proper written acknowledgement should be made for any assistance obtained from 

this thesis. 

 

Notice 2  

I certify that I have made all reasonable efforts to secure copyright permissions for third-party 

content included in this thesis and have not knowingly added copyright content to my work 

without the owner's permission. 

 

  



 

 

 

 

 

Back Contact Dye-sensitized Solar Cells 

 

Dongchuan Fu 

B.Eng (Hons) (Materials Engineering) 

 

Submitted for the degree of Doctor of Philosophy 

 

 

Department of Materials Engineering 

Monash University 

Australia 

 

 

January 2012 

  



 

i 

 

Abstract 

The objective of this work was to develop back-contact dye-sensitized solar cells (back-

contact DSCs). These solar cells comprise working and counter electrodes on the same side of 

the dye-sensitized TiO2 film, in either an interdigitated or a coplanar configuration. In the 

novel solar cell architectures, transparent conductive electrodes can be replaced by metal-

based electrodes. This facilitates the use of cheaper and more conductive electrode materials in 

dye-sensitized solar cells.  

We presented in Chapter 1 an introduction to solar energy and solar cells including dye-

sensitized solar cell, followed by a literature review on relevant research.  

In Chapter 2, we summarized experimental details, including materials, reagents, general DSC 

fabrication methods, and DSC characterization techniques. 

In Chapter 3, we described the first step in the fabrication of interdigitated back-contact DSCs 

(IBCDSCs) - the laser ablation process to produce interdigitated electrodes. Successfully 

patterned electrodes are essentially required to produced working IBCDSCs.  

In Chapter 4, we developed a pulsed-current electrochemical deposition method for producing 

Pt catalytic coatings in IBCDSCs. The method was found also suitable for platinizing counter 

electrodes for conventional DSCs.  

In Chapter 5 and chapter 6, we discussed the fabrication of interdigitated and coplanar back-

contact DSCs (IBCDSCs and CBCDSCs). We achieved the highest conversion efficiencies of 

3.6 % and 4.6 % on the two devices measured under simulated AM1.5G sunlight. All the 

results were compared to the performance of conventional DSCs using identical TiO2, dyes 

and electrolytes.  

In Chapter 7, we described three-terminal tandem DSCs comprising conventional TiO2 

photoelectrodes and IBCDSCs. Nearly 10 % improvements in the photocurrent and conversion 

efficiencies were shown by using the IBCDSCs as back subcells.  

The final chapter drew general conclusions and proposed outlook of the future work for the 

present research.  
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1 Introduction 

 

Energy is the basis for the development of human society. The rapid development of the 

contemporary world is associated with an intensive growth in the demand of energy. In 2005, 

the annual global energy consumption was 4.110
20

 J, and this figure is projected to double by 

the year 2050 and to triple by the end of this century.
1
 The rapidly increasing energy 

consumption urgently requires the emerging of advanced energy technology.  

The present worldwide energy supply is mainly based on the combustion of fossil fuels. 

However, the natural reserve of fossil energy is projected to be exhausted within the century. 

What also raises worldwide concern is the emission of CO2 and other greenhouse gases that 

have caused severe climate change over the past decades. Various issues relating to the 

dependency on fossil fuels have urged mankind to seek for alternative energy sources for a 

more sustainable future.  

Fortunately, the sun that has irradiated earth for billions of years provides us with an unlimited 

energy source. In fact most of the energy forms including fossil fuels and wind power are 

indirectly converted from the energy of the sun. Compared to the potential risks of using 

nuclear power and the deficient supply of other renewable energy sources such as wind power, 

solar energy is absolutely clean and abundant. On a year average, sunlight delivers 1.210
5
 

TW irradiation to the earth surface, 10
4
 times more than the present global energy 

consumption. This means that the present energy demand could be satisfied by covering only 

0.13 % of the earth surface with photovoltaic cells with 10 % conversion efficiency.
2
 On the 

other hand, photovoltaic devices exhibit quiet operation, good mobility and low maintenance 

requirements. As such, in recent years great interest has been attracted to the conversion of 

sunlight into electric power by solar cells.  

1.1 A brief history of photovoltaic 

In fact, the photovoltaic effect has been recognized by mankind over a long period. Back to 

the 19
th

 century, in 1839 French physicist Alexandre Edmond Becquerel conducted pioneer 

works on the photovoltaic effect.
3, 4

 He observed the generation of an electric current when 

illuminating a silver chloride coated platinum electrode in contact with an electrolyte solution. 
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In 1873, Willoughby Smith observed that the resistivity of a selenium conducting bar was 

reduced when it was transferred from dark to light condition.
5
 Four years later, W.G. Adams 

and R.E followed Smith's work and published a paper entitled 'The action of light on selenium' 

in the Proceeding of the Royal Society.
6
 In 1883, an American inventor named Charles Fritts 

developed the first prototype of a solar cell. The device, comprising gold coated selenium, 

exhibited a conversion efficiency of less than 1%. Charles believed that his 'photoelectric 

plate' would soon become comparable to coal fire power plants.
7
 However he seemed to be too 

optimistic about his solar cells, as even up to now solar cells have not been able to replace 

significant fractions of fossil power plants for electricity generation. 

In the 'science's miracle year of 1905' the great scientist Albert Einstein, who was still a patent 

clerk at that time, published five papers which 'changed the face of physics'.
8
 In one paper 

entitled 'On a Heuristic Point of View Concerning the Production and Transformation of Light', 

Einstein explained the theory of the photoelectric effect. The great work led him to the Nobel 

Prize in Physics in 1921.
9
 This is the first theoretical explanation of the photoelectric effect, 

and is now the basis of semiconductor physics and photovoltaic devices.  

In the mid 20
th

 century, the research on solar cells was benefited from the rapid development 

in the semiconductor industry. The breakthrough work in solar cells was published by Chaplin 

et al. from the Bell Laboratory in 1954.
10

 In this brief communication, they described a single 

crystal silicon p-n junction 'photocell' with a conversion efficiency of 6%,
10

 before which the 

direct conversion from solar irradiation to electricity has never reached over 1 % efficiency.
11

 

However, the cost of a solar cell at that time was quite high. This limited the application of 

solar cells in consumer market. For many years, solar cells were only used for military and 

space engineering purpose.  

At the same time, work was also conducted on 'second generation' solar cell using ternary 

compound semiconductors, such as CuInSe2, CuGaSe2, CuInS2 and Cu(In,Ga)(S,Se)2 (CIGS), 

achieving efficiencies of around 5%.
12, 13

 Simpler processing technology made these thin-film 

solar cells competitive in cost to efficiency ratios at that time.
14

 

Several decades after the emergence of the first and second generation solar cells, first 

examples of emerging solar cells were successfully developed. In 1991, O'Regan and Grätzel 

published their milestone work in Nature, describing the Dye-sensitized Solar Cells (DSCs) 

based on a photo-electrochemical system. Four years after that, the organic photovoltaic (OPV) 
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based on a polymer/polymer heterojunction were developed by Yu et al..
15

 These novel solar 

cells exhibit low cost and promising conversion efficiencies, and are expected to take a 

considerable share in the future photovoltaic market.  

The first decade in the 21
st
 century is a golden period for the development of the photovoltaic 

technology. With over half a century of development, now people could achieve an conversion 

efficiency of 42.3 % using a InGaP/GaAs/InGaAs tandem solar cell under concentrated 

sunlight.
16

 Modules efficiencies of over 20 % have been achieved on crystalline Si-based 

devices.
16

 The up-to-date solar cell efficiency date are shown in Figure 1.1. The figure also 

shows the evolution of solar cell efficiencies from 1975 to 2012.  

In 2008, the global solar capacity was increased by 70 %, although slowed down by global 

economy recession, the increment still reached as much as 47 % in 2009.
17

 The growth rate 

recovered to 73 % in the later year. At the end of 2010, solar capacity reached a record of 40 

GW.
17

 Though solar industry is still at an early age of development, this new market is 

expected to grow rapidly in the new century.   

 

 

Figure 1.1 The evolution of solar cell efficiencies from 1975 to 2012.
18

 Produced by National 

Renewable Energy Research Laboratory (NREL) USA.  

http://upload.wikimedia.org/wikipedia/commons/9/9c/PVeff(rev120404).jpg
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1.2 Recent advances in dye-sensitized solar cells (DSCs) 

With over two decades of development, various new materials and fabrication techniques have 

been developed to boost the efficiency and enhance the long term stability of DSCs. 

Researchers aim at the large-scale commercialization of novel photovoltaic device in the close 

future.  

By far the most efficient DSC system has been the one based on the nanocrystalline TiO2 

sensitized by ruthenium complexes and supported by an iodine/triiodide electrolyte. Following 

well developed fabrication procedures, DSCs using the well-know N179 or N3 sensitizer 

could achieve a consistent efficiency of over 10 %.
19, 20

 By far the highest certified conversion 

efficiency for the DSCs employing liquid electrolytes is 11.4±0.3 %, reported by NIMS in 

2009.
21

 The cell produced a high photocurrent of 20.9 mA/cm
2
 under one sun illumination, 

attributing to the panchromatic N749 dye (black dye) with a extended light absorption 

threshold to around 920 nm.
22

 Detailed discussion of dyes will be presented in section 1.5.3. In 

parallel, work have been conducted on the replacement of the volatile solvent-based 

electrolyte with quasi solid state electrolyte systems, and this has lead to great improvements 

in the long-term stability of DSCs devices.
23-25

 Under the outdoor working condition as well as 

the accelerated aging condition (AM1.5 irradiation, 60 °C, 1000 hr), remarkable stability has 

been demonstrate at various institutes.
23, 24, 26-28

   

In the industrialization sector, the scale-up and commercialization of DSCs has attracted 

worldwide interest. DSC modules have been produced by industry giants as well as smaller 

players, including Sony, Mitsubhishi, Peccell, G24 Innovation and Dyesol.
29

 Commercial 

products have been released, although in small quantity at the current stage. Given the recent 

advance in research and development, a rapid growth in this market can be foreseen.  

1.3 Principle of p-n junction photovoltaic 

Before the emergence of 'third generation' solar cells, conversion of sunlight into electricity 

was mainly accomplished by inorganic p-n junction solar cells. These photovoltaic devices are 

constructed using p- and n- type semiconductors that are differed in the form of doping. In p-

type semiconductors doping results in excess holes and the shift of Fermi level towards the 

valence band, whereas in n-type semiconductors doping leads to excess electrons and the shift 

of the Fermi level towards the conduction band (Figure 1.2(a)). When the two semiconductors 
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are in close contact, a p-n heterojunction is formed where electrons on the n side and holes on 

the p side are driven by concentration difference to diffuse towards opposite directions, 

generating a space charge layer (or depletion layer) and accordingly a build-in electric field 

close to the interface (Figure 1.2(b)). According to the classical semiconductor physics theory, 

the formation of a p-n junction results in the leveling of Fermi levels of the two 

semiconductors, as well as the bending of conduction and valence bands.
30

  

When illuminating the solar cell with light (Figure 1.2(c)), excitons (i.e. electron-hole pairs 

bound by columbic forces) are generated due to the excitation of electrons by incident photons. 

The excitons then diffuse to the junction where the paired electrons and holes are separated by 

the build-in electric field. An electric current is formed upon the collective diffusion of these 

charges.  

 

 

Figure 1.2 (a) Band diagram of a p- and a n- type semiconductors. (b) Scheme of a p-n junction in 

dark condition and the generation of a space-charge layer. The forming of a p-n junction results in the 

leveling of Fermi levels and bending of the conduction and valence band. (c) Under light irradiation, 

excitons are formed and diffuse to the p-n junction. Electrons and holes are separated by the build-in 

electric field resulting in electric current.   

 

The wavelength of light harvested by a p-n junction solar cell is correlated to the band gap (Eg) 

of the semiconductor materials (Equation 1.1). A semiconductor with a moderate band gap is 

essential for an efficient solar energy conversion. A semiconductor with a wide band gap 

would only absorb ultraviolet light and omit most light in visible and infrared region. On the 

other hand, a semiconductor with a too narrow band gap would absorb light with a wide range 

of wavelength, however dissipating a significant fraction of the energy of most injected 

electrons by thermalization.  

                                                                  1.1 
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Figure 1.3 shows the maximum theoretical efficiency as a function of Eg of semiconductor 

materials. 
31

 Under one sun (AM1.5 100 mW/cm
2
) illumination, single junction solar cells 

have a theoretical efficiency maximum of 33 %.
32

 Si and GaAs are the two semiconductors 

whose band gaps are within the ideal range of 0.8-1.4 eV, and therefore have theoretical 

efficiencies close to the theoretical maximum.
30

  

 

 

Figure 1.3 Theoretical efficiency maximum of several semiconductor materials illuminated under 1 

sun (AM1.5, 100 mW/cm
2
) and 1000 sun, taken from Sze S. and Ng K. Physics of semiconductor 

devices.
30

  

1.4 Principle of dye-sensitized solar cell 

In contrast to solid state p-n junction solar cells, DSCs are based on an electrochemical system 

where charge separation occurs at a solid/electrolyte interface. The absorption of sun light by 

DSCs also follows Equation 1.1. However, the most widely used semiconductor TiO2 has a 

band gap of 3.2 eV, which makes it only response to ultraviolet light up to a wavelength of 

around 390 nm. The use of dye, however, greatly enhances the absorption of light. The 

absorption spectrum of DSCs could be modified through the use of different dyes. The 

commonly used N719 or N3 dyes, for example, have an absorption threshold of around 750 

nm. Under standard AM1.5 illumination, a high quality 10 % DSC made with these dyes 

would have a photocurrent of around 18 mA/cm
2
.
20

 Better engineered panchromatic dyes, such 
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as the N749 dye, have an extended absorption onset of around 920 nm, leading to improved 

photocurrent to above 20 mA/cm
2
.
21

 Merely from the point of light harvesting, the ultimate 

goal is to use a dye converting all light below a wavelength of 900 nm, yielding a photocurrent 

of 28 mA/cm
2
 and an overall conversion efficiency of 15 %.

33
 This would make the optical 

feature of DSCs similar to that of GaAs solar cells.
34

 

 

 

Figure 1.4 A cross-sectional scheme of a typical dye-sensitized solar cell.  

 

A cross-sectional scheme of a DSC is shown in Figure 1.4. A DSC typically consists of a dye-

sensitized mesoporous semiconductor layer deposited onto a Transparent Conductive Oxides 

(TCO) electrode, a counter electrode with a catalytic coating and an electrolyte filled between 

the two electrodes.  

The following paragraph describes the fundamental steps involved in the charge generation 

and collection processes in DSCs using the N3 or N719 dyes (see section 1.5.3 for chemical 

structures) and I
-
/I3

-
 electrolyte.

35
 Upon light irradiation a dye molecule is promoted from the 

ground state (S
0
) to the excited state (S*) (reaction 1). It then inject an electron into the 

conduction band of TiO2, leaving behind an oxidized dye cation (S
+
) (reaction 2). The electron 

diffuses within the TiO2 nanocrystalline network to the TCO electrode. On the other hand, the 

dye cation forms a       complex with a    36
 (reaction 3), which then react with an 

additional    
and dissociate into a regenerated dye molecule and an intermediate radical   

   

(reaction 4). Two   
   react to release an   

  and an    (reaction 5). The   
  then diffuses 

towards CEs, at which it is reduced by the catalytic material (reaction 6).
35

   

                                                                    (1) 

                                                                   (2) 
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                                                                (3) 

             
                                                  (4) 

   
     

                                                            (5) 

  
                                                               (6) 

                                                                    (7) 

                                                                 (8) 

              
                                                    (9) 

Parallel to the charge generation and collection, free electrons are lost through various 

recombination and back reaction routes. The excited dye molecule could return to its ground 

state by relaxation (reaction 7). The injected electrons could recombine with dye cations 

(reaction 8), alternatively they could backreact with acceptors in the electrolyte (reaction 9). 

While electrons in FTO (mainly SnO2) could also backreact with the acceptors in the 

electrolyte, such a process is considered to be negligible for iodine/triiodide electrolyte 

system
37

, especially when the FTO surface is covered by a dense TiO2 blocking layer
38, 39

.   

1.4.1 An overview of charge transfer kinetics in DSC 

A DSC is an electrochemical system where the overall charge transfer efficiency is determined 

by the kinetics of various charge transfer processes. It is therefore important to understand the 

rate constants of these processes. Taking the classical liquid-state DSC employing the 

ruthenium sensitizer and the iodide/triiodide electrolyte as an example, the time scales of 

various charge transfer processes are summarized in Figure 1.5.
35, 40, 41

 Under one sun 

illumination (AM1.5, 100mW/cm
2
), the excitation of dye molecules by incident photons 

occurs in a few femtosecond range, after which electrons are injected into TiO2 with an 

ultrafast rate (on the 100 femtosecond timescale)
42

. The injected electrons are then thermalized 

to the conduction band edge of TiO2 in a picosecond timescale, followed by the slow transit 

via the TiO2 nanocrystalline network accompanied by multiple trapping and detrapping 

processes. In the meantime, the dye cations are regenerated by iodide ions within a few 

microseconds.
41

 On the contrary, the dye molecules in their excited states could thermalize 

into the ground states in a few tens of nanoseconds, which is much slower than the ultrafast 

electron injection process.
40

 The recapture of injected electrons by dye cations is much slower 

than the dye regeneration process, and the back-reaction of injected electrons with triiodide 
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ions also occurs at a very slow rate (in a few milisecond). All this can ensure an efficient 

charge collection in the DSC system.  

 

 

Figure 1.5 Charge transfer kinetics in DSC using nanocrystalline TiO2, ruthenium complex sensitizer, 

and iodine/iodide redox mediator. The time constants summarized here shows only timescales in close 

approximation. Values are slightly varied as shown in different sources.
35, 40, 41

  

 

1.4.2 Electron transport in TiO2 nanocrystalline network and charge 

recombination process 

At the beginning of DSC research, the electron transport in mesoporous TiO2 networks is 

probably the most miraculous process with its mechanism not being fully elucidated. TiO2 

particles are typically undoped and have limited conductivity.
41

 The TiO2 network contains a 

vast majority of grain boundaries and crystal defects that could restrict the free transport of 

conduction band electrons. However, when working in a DSC system, electron transport 

within TiO2 is very efficient, resulting in efficient charge extraction and therefore high 

conversion efficiencies.  
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Recent publications suggest that the transport of electrons in TiO2 occurs by diffusion, driven 

by the gradient in electron concentration or the gradient of the quasi-Fermi level.
43, 44

 After 

photo-excitation and injection, electrons undertake random walks in the TiO2 network, during 

which they experience multiple trapping-detrapping events.
45, 46

 Electrons easily fall into traps, 

from which they can escape by thermal activation.  

Trapping of conduction band electrons in nanocrystalline TiO2 is physically due to bulk 

defects, grain boundaries, and cations in the electrolyte.
41

 Depending on the physical location 

in nanocrstalline TiO2, traps can generally be classified into bulk traps and surface traps.
47

  

Thermodynamically, trap states are distributed within the band gap. According to the model 

described by Bisquert et al., the distribution of these trap states, or the Density of States (DOS), 

follows a exponential dependence on the trap energy E, as shown in Equation. 1.2.
44

  

     
  

    
                                                    1.2 

Where NL is the total density of trap states, Ec is the energy level of lower conduction band 

edge, kB is the Boltzmann constant with a value of 1.38×10
-23

 and T0 is a parameter determine 

the depth of the distribution.  

Similar to the occupancy of energy states by fermions in other semiconductor materials, the 

occupancy of both bulk and surface trap states by electrons follows the Fermi-Dirac 

distribution, as shown in Equation. 1.3.
47

   

     
 

   
                                                           1.3 

Where Ef is the quasi Fermi level potential, kB is the Boltzmann constant and T is the absolute 

temperature. The concentration of electrons at a given energy level can then be estimated by 

        .  

Under illumination, most free electrons are in trap states.
45, 48, 49

 The concentration of 

conduction band electrons nc is much lower than the concentration of trapped electrons nL in 

the localized trap states. With increasing light intensity or increasing bias voltage applied to a 

DSC, the rise in the quasi-Fermi level eventually results in increased filling of deep trap 

states.
44

 It has been commonly agreed that trapping of conduction band electrons results in a 

significantly reduction in electron diffusion as well as in recombination processes. 
44, 48-51

 

The diffusion coefficient of the conduction band electrons can be express by Equation 1.3.
44

  

      
   

   
 
  

                                                1.3  
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Since      , the diffusion coefficient of conduction electrons is usually around 10
-8

 to 10
-4

 

cm
2
/s, much lower than a typical value of D0 (0.4 cm

2
 s

-1
). 

43, 52
  

According to the model proposed by Bisquert et al., the recombination in DSCs is delayed by 

the trapping events in TiO2.
44

 This model is explained in the following section. The major 

recombination mechanism in a DSC is the electron transfer from the conduction band of TiO2 

to triiodide. This process can be express by Equation 1.4.  

  
                                                               1.4 

According to Bisquert's model, trap states in TiO2 can be classified into bulk traps and surface 

traps. While the electrons in the conduction band and surface traps of TiO2 are directly 

transferred to triiodide, the electrons in bulk traps would need to be thermally activated into 

the conduction band before they recombine.  

Based on the above assumptions, the recombination of electrons constitutes two major 

processes, namely the direct transfer and the transfer from bulk traps. As such, the time 

constant τf for the direct recombination of free electrons is only a portion of the measured time 

constant τn for the recombination at the TiO2/dye/electrolyte interface (Equation 1.4). The 

delay of recombination can be expressed by Equation 1.5.  

      
   

   
                                                          1.5 

Equation 1.3 and 1.5 described the dependence of the electron diffusion coefficient and 

lifetime on the free electron concentration, and accordingly on the trapping events. The 

prefactors for both equations quantitatively define the delay of diffusion and recombination by 

trapping.  

For a DSC system, it is important to determine the diffusion length Ln of free electrons 

combining the diffusion and recombination terms (Equation 1.6).  

                                                                    1.6 

The term describes the distance that electrons can travel in mesoporous TiO2 before they 

annihilate through recombination. An Ln value higher than the film thickness L of TiO2 film is 

essential for an efficient charge collection. Due to the use of the same prefactor in Equation 

1.3 and 1.5, Ln can then be converted into a form containing D0 and τf (Equation 1.7).  

                                                                    1.7 
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Since D0 is a constant, Ln should merely be dependent on the free electron lifetime τf which is 

a variable on the free electron density. However, such a dependency is still under debate.
48, 53, 

54
 The interpretation of the electron diffusion in TiO2 and the back reaction still requires a 

better understanding of the trapping-detrapping process.  

1.5 Materials for dye-sensitized solar cells 

1.5.1 Substrate materials 

Glass sheets with TCO coatings are commonly used as the charge collection electrodes as well 

as the supporting substrates for thin film semiconductor photoelectrodes. The commercially 

available TCO materials are mostly In-doped SnO2 primarily developed for flat panel displays 

and F-doped SnO2 widely applied to solar cells. The present commercial available FTO 

electrodes usually have around 10 Ω/□ sheet resistance and 80 % transparency, which are of 

acceptable standards for laboratory scale DSCs. Larger scale modules, however, require the 

use of conductive grids or alternatively complex interconnection solutions to reduce Ohmic 

loses within devices. The use of FTO instead of ITO in DSCs is due to its superior thermal 

stability. The conductivity of ITO drops significantly upon annealing at elevated temperatures. 

For flexible DSCs ITO/PEN flexible electrodes are usually used.
55-62

 This is due to their 

relative ease of fabrication on polymer substrates when compared to FTO. There are other 

types of TCO materials such as Aluminum Zinc Oxide (AZO),
63-68

 single-wall carbon 

nanotube
69

 and conductive polymers
70-72

, however they are either less chemically stable or less 

conductive and therefore can not compete FTO and ITO for TCO electrode applications. 

Metal foils have also been used as DSC electrodes. There are investigations showing the use 

of stainless steel as CEs and Ti as WEs.
73-77

 However, the major concern with the use of 

metals in DSCs is their chemical stability in an electrochemical system in the presence of 

iodine. Metal compounds, especially iron ions, released into DSC system could deteriorate the 

cell performance by encouraging recombination.
20, 78, 79

 Ti is probably the most ideal material 

for DSC WEs as the intrinsic surface oxide makes perfect Ohmic contact with TiO2 

nanoparticles. It is chemically inert, and would not be harmful even dissolved into the DSC 

electrolyte. Although with a higher resistivity (420 nΩ·m) than many other metals, a sheet 

resistance of much less than 1 Ω/□ could be easily achieved on a Ti substrate with 100 µm 
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thickness. However, the construction of DSCs using Ti as WEs would still require the use of 

transparent CEs.
77

 Alternatively, metal electrodes could be used in DSCs with modified 

architecture which will be discussed in section 1.6 of this thesis.  

1.5.2 Semiconductor materials  

 There are two major functions for the semiconductor materials in conventional p-n junction 

solar cells. These materials harvest light to generate excitons, and thereafter separate electrons 

from holes and transport them to the external circuit to form electric current. In contrast, 

semiconductor materials in DSCs are mainly responsible for charge transportation and for dye 

molecules adsorption.  

In general, semiconductor photoelectrodes for DSCs should have a large surface area for 

enhanced dye loading as well as strong inter-particle connection to enable efficient charge 

extraction. The semiconductor materials used for DSCs are usually metal oxides. They are 

made into nanoparticles and sintered to form a mesoporous network with large surface area. 

Dye molecules are bonded to the surface by carboxylate groups. Strong binding could be 

formed using two carboxylate groups, such as the adsorption of N719 dye onto TiO2 surface.
78

  

In an ideal condition, dye molecules would form a monolayer on the surface of 

semiconductors. The vertical stacking of dye molecules would results in filtering and 

quenching effect which makes charge generation less efficient. The close packing of dye 

molecules would also blocks the access of redox species to semiconductor surface, so that 

back reaction of electrons could be suppresses. However, it is always difficult to obtain a 

perfect coverage of the semiconductor surface by dye molecules. In some cases, dye coverage 

could only achieve around 70 % or even less.
80

 Coadsorbents can be used to reduce dye 

aggregation and passivate semiconductor surface, in order to suppress the back reaction.
81-86

 

Most commonly, photoelectrodes for DSCs are made of 20 nm nanocrystalline TiO2.  The use 

of a mesoporous TiO2 network instead of a TiO2 single crystal on a 10 μm film resulted in a 

1000 fold increase in the TiO2 surface area and therefore a much higher dye loading for an 

efficient light harvesting.
87

 The nanocrystalline TiO2 was firstly introduced by O'Regan and 

Grätzel in their Nature paper, and forms the basis for most DSCs developed since then. 
20, 21, 23, 

33, 34, 88-102
 Prior to O'Regan, fractal TiO2 film was used in the first laboratory embodiment of 

the dye-sensitized solar cells.
103
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TiO2 is an abundant natural resource which, in its natural form, is present in three mineral 

forms, namely rutile, anatase and brookite. It is a common industrial raw material widely used 

to make white pigments, cosmetic products, toothpaste, self-cleaning coatings, etc. It is also a 

key material used in the research of photocatalysis and photoelectrochemical cells. Anatase 

has a higher photocatalytic activity than rutile due to its indirect band-gap.
104

 TiO2 used for 

DSCs are mostly anatase due to its wider band gap (3.2 eV) as well as the higher conduction 

band edge compared to the rutile form.
105

 This leads to a better cell performance due to a 

higher open-circuit voltage caused by a higher Fermi level at the same concentration of 

conduction band electrons.
41

 

Anatase TiO2 nanoparticles could be produced by combined hydrolysis and hydrothermal 

techniques.
98, 106-109

 The change of hydrothermal conditions, such as temperature, pressure, 

additives could effectively modify the morphology of nanostructures. Alternatively, TiO2 

nanostructures could be produced by techniques such as sol-gel methods
57, 110

, chemical vapor 

deposition
111

 and anodic oxidation
55, 112-114

. These result in the production of various TiO2 

nanostructures, such as nanorods
115, 116

, nanowires
117-119

, and sub-micron beads comprising 

nanoparticles
120

. These novel nanostructures are designed to achieve improved electron 

diffusion coefficients, higher surface area for improved dye loading, and enhanced light 

scattering effects.  

Work has also been done to investigate alternative n-type semiconductors such as ZnO
121, 122

, 

SnO2
123-125

, and Nb2O5
126, 127

. However, these materials generally produce lower solar cell 

efficiencies, and therefore could not compete with TiO2 for DSC applications.  

1.5.3 Dyes 

The dye adsorbed onto the semiconductors is a major component responsible for the light 

harvesting and charge injection in a DSC system. An efficient dye should generally follow the 

properties as listed below:  

 The dye should absorb over a wide range of the solar spectrum to convert a considerable 

portion of solar energy.  

 The molar extinction coefficient of the dye should be as high as possible to enable the use 

of thinner semiconductor films. This could reduce the mean pathway for electron 

diffusion before reaching charge collecting electrodes.                                                     
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 In n-type DSCs, the dye should have higher Lowest Unoccupied Molecular Orbital 

(LUMO) level than the conduction band of the semiconductor to facilitate electron 

injection. On the other hand, the Highest Occupied Molecular Orbital (HOMO) of the dye 

should be more positive than the electrochemical potential of redox mediator to facilitate 

dye regeneration. On the contrary, in p-type DSCs, the HOMO level should be more 

positive than the valence band, whilst the LUMO level should be more negative than the 

redox potential to enable efficient transfer of holes.  

 The dye should strongly anchor to the semiconductor surface, and should be thermally 

and chemically stable over a long term.  

 The positive charge on the dye after injection should be further away from the surface of 

TiO2 to suppress recombination.
128

  

 The dye should have a minimum level of undesired aggregation.  

Ever since the development of efficient DSCs in 1991, the efficiency record has been lead by 

metal complex dyes comprising Ru center and polypyridyl ligand, such as the well-know N3
19

 

dye and recently developed C101 (11.9 %)
129-131

, C106 (11.4 %)
132

 and Z991 (12.2%)
133

 dyes. 

These dyes usually have broad light absorption over the visible range, due to the strong Metal-

to-Ligand Charge Transfer (LMCT) transition.
19

 Some of these complexes, such as the Z907 

dye, show promising stability in accelerated lifetime measurements.
134-136

 However, the molar 

extinction coefficients of the ruthenium dyes are usually less than 20,000 M
-1

·cm
-1

. DSCs 

comprising these dyes generally requires a thick (>12 µm) semiconductor film to absorb a 

large portion of incident light. On the other hand, there is also the concern about the limited 

natural reserve of ruthenium. As such, great efforts have been devoted to the development of 

alternative dyes to achieve similar or potentially higher cell efficiencies.  

Remarkable efficiencies of over 9 % have been achieved using an organic indoline dye 

D149.
137, 138

 The organic dyes exhibit the advantage that dye properties, including energy 

levels and absorption spectra, are fully tunable through the use of properly designed dye 

structures. High extinction coefficients could be realized with these dyes, making them 

attractive for DSCs requiring thin semiconductor films.  

Organic dyes usually exhibit a structure incorporating a donor and an acceptor units 

conjugated by a π-bridge (a D-π-A structure).
128

 For n-type DSCs, the dye molecules are 

attached onto the TiO2 surface by the anchoring groups on the acceptors. Typically, the donor, 
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acceptor, and π-bridge units would incorporate aryl amine units,  cyanoacrylic acid group and 

thiophene units respectively.
128

 Promising results have also been shown on porphyrins, such as 

the YD2 dye
139, 140

 and metal complexes using metal centers other than Ru
141-143

. Research into 

these dyes has opened an era of correlating structure and property using advanced design 

principles.  

 

Table 1.1 The chemical structure and molar extinction coefficient of selected dyes.  

Name IUPAC name Chemical structure ε (M
-1

·cm
-1

) 

&  

λ max (nm) 

N3
19

 cis-di(thiocyanato)-

bis(2,2'-bipyridyl-4,4'-

dicarboxylic acid)-

ruthenium(II) 

 

 

 

14,200 (in 

ethanol) 

 

at 534 

 

N719 bis(tetrabutylammonium)[

cis-di(thiocyanato)-

bis(2,2'-bipyridyl-4-

carboxylate-4'-carboxylic 

acid)-ruthenium(II)] 

 

 

(TBA=tetrabutylammonium) 

 

13,600 (in 

ethanol) at 

535 
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N749
22

 (2,2':6',2' '-terpyridine-

4,4',4' '-

tricarboxylate)ruthenium(I

I) 

tris(tetrabutylammonium) 

tris(isothiocyanate) 

 

 

 

(TBA=tetrabutylammonium) 

 

 

7,480 (in 

ethanol) at 

609 

Z907
134-

136
 

cis-di(thiocyanato)-(2,2'-

bipyridyl-4,4'-dicarboxylic 

acid)(4,4'-dinonyl-2,2'-

bipyridyl)-ruthenium(II) 

 

 

 

 

 

 

12,200 (in 

ethanol) at 

528 

C101
129

   

 

 

 

 

 

 

 

17,500 (in 

dimethyl-

formamide) 

at 547 
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Z991
133, 

144
 

  

 

 

44,600 (in 

dimethyl-

formamide) 

at 400 nm 

D149
137, 

138
 

  

 

 

68700 

(in tert-

butanol/ 

acetonitrile 

(1/1)) 

at 526 nm  

 

YD2
139, 

140
 

  

 

 

31,200  

at 644 nm  

http://pubs.acs.org/cgi-bin/abstract.cgi/jacsat/2006/128/i12/abs/ja058540p.html
http://pubs.acs.org/cgi-bin/abstract.cgi/jacsat/2006/128/i12/abs/ja058540p.html
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1.5.4 Electrolyte 

The redox mediator in an electrolyte is responsible for the regeneration of dye cations. The 

redox potential together with the quasi Fermi level of TiO2 defines the Voc of DSCs. In an 

electrolyte system containing a certain amount of reduced and oxidized species, the redox 

potential Eredox could be calculated by the Nernst equation (Equation 1.7)  

          
  

  
  

     

    
                                                1.7 

Where E0 is the standard reduction potential of a redox couple, R is the gas constant that 

equals to 8.314 J K
-1

 mol
-1

, T is the absolute temperature of the system, n is the number of 

electrons transferred in the reaction, F is the Faraday constant that is equal to 9.648×10
4
 C/mol, 

and [Red] and [Ox] are the concentration of reduction and oxidation species respectively.  

A record efficiency of over 12 % was recently achieved using a Co(II/III)tris(bipyridyl)–based 

redox electrolyte.
145

 Most of other high-efficiency DSCs have employed the liquid state 

electrolyte containing I
-
/I3

-
 redox mediator. The electrolyte used in high-efficiency DSCs 

usually contains 0.03 M I2, 0.6 M butylmethylimidazolium iodide
146

, 0.10 M guanidinium 

thiocyanate and 0.5 M 4-tert-butylpyridine in the mixture of acetonitrile and valeronitrile 

(volume ratio 85:15). Lithium iodide is not commonly used at present due to the band shift 

effect and adverse lattice intercalation phenomena of the lithium ion.
147-149

 The addition of 

guanidinium thiocyanate results in the passivation of the TiO2 surface and hence the 

suppression of interfacial recombination.
150

  

The high-efficiency acetonitrile based I
-
/I3

-
 electrolyte system exhibits several advantages. It is 

low in viscosity, and shows very fast ionic diffusion. The two-electron charge transfer process 

also results in slow recombination of TiO2 electrons.
35

 Yet, there are substantial driving forces 

for the replacement of I
-
/I3

- 
 electrolyte. Iodine is a strong oxidation agent which causes the 

corrosion of metal charge-collection grids in DSC modules. The use of iodine also leads to 

various environmental issues once it leaks out off the devices. It has also been argued that the 

two-electron system involves complex charge transfer processes. According to the model 

proposed by Boschloo et al., immediate after dye regeneration, an intermediate species   
   is 

formed. It then requires an driving force to convert   
   to   

 , which accounts for a several 

hundred millivolts potential loss in the DSC system.
35
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Due to these reasons, intensive works has been conducted to develop non-volatile, non-

corrosive electrolyte systems. Alternative redox mediators have been developed, including Br
-

/Br3
-151

, ferrocene/ferrocenium (Fc/Fc
+
)
152

, 2,2,6,6-tetramethyl-1-piperidinloxy 

(TEMPO)/TEMPO
+ 153

, SeCN
-
/(SeCN)3

- 154
, and Co

2+
/Co

3+ 155, 156
. Some of these redox 

mediators perform similar to iodine/iodide under certain measurement conditions. Promising 

results were reported by Daeneke et al., using an organic dye and the Fc/Fc
+
 redox 

mediator.
152

 The more positive redox potential of the Fc/Fc
+
 mediator results in a high Voc and 

accordingly a high efficiency of 7.5 %, despite the fact that ferrocenium is inherently instable 

in the presence of oxygen. More stable organic mediator TEMPO/TEMPO
+
 developed by 

Zhang et al. also shows a high efficiency of 5.4 %.
153

 However, shorter electron lifetime was 

measured for TEMPO-based devices, due to the much faster recapture of conduction band 

electrons by TEMPO
+
 than by triiodide. In general, the faster recombination seems to be a 

common problem for all one-electron redox systems.
41

 

Aimed at better device stability, a great variety of ionic liquid electrolytes and polymer gel 

electrolytes have been developed
157-164

. However, none of these systems could compete with 

the performance of iodine/iodide system, mostly owing to their lower charge mobility. 

Recently, the mass transport limits seems to be overcome by Wang and coworkers.
24, 25

 A high 

efficiency of over 8 % was achieved using an eutectic mixtures with a reduced melting point.  

1.5.5 Catalytic materials 

The catalytic coating on the CE is responsible for the reduction of oxidized redox species. 

Previous investigations mostly focus on four types of catalytic materials for the reduction of 

triiodide, including noble metals
91

, carbon based materials
165-169

, conductive polymers
170

, and 

hybrid materials
171, 172

.  

CEs with Pt coating have been a standard component for most DSCs employing iodine/iodide 

electrolytes .
2, 21, 40, 87, 93, 173

 They are easy to prepare in laboratory condition, and show fast 

charge transfer kinetics towards the triiodide reduction. Very low charge transfer resistances 

of less than 1 Ω·cm
2
 have been demonstrated.

91, 174
 Platinized CEs have been well recognized 

to be 'expensive' due to the nobility of Pt. However, when thinking of the cost of Pt catalytic 

coatings, one has to consider the actual amount of Pt that has been used. In fact, the mass 

loading of Pt required for an efficient DSC is quite low, usually being around 0.1 g for 1 m
2
. 
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With optimized fabrication conditions, this could be further reduced to much lower values.
175

 

From this point, the actual cost of Pt in DSCs could even be lower than some other 

components such as the TCO electrodes.  

Most commonly, Pt catalytic coatings are produced by Thermal Decomposition (TD) of Pt 

precursors, such as hexachloroplatinic acid (H2PtCl6).
91

 The method results in highly active Pt 

coatings that are employed for most high efficiency DSCs.
21, 139

 However, the method offers 

poor control of coating morphology, and the involved sintering process at around 400 °C 

restricts its application to flexible plastic TCO electrodes. It was also reported that H2PtCl6 

would only be completed decomposed by sintering at a temperature over 580 °C. The 

commonly used 400 °C would leave over 20 % Pt in its 2+ and 4+ form.
176

  

Alternatively, Pt CEs could be produced by room-temperature processes such as magnetron 

sputtering
174, 177-179

, electrochemical deposition
175, 180-186

 and chemical reduction
176

. 

Electrochemical deposition is a low-cost non-vaccum method that has been intensively studied 

in recent years.
77, 175, 179, 181, 182, 185

 Detailed studies have been carried out on constant potential 

electrodeposition,
180, 185

 pulsed-current electrodeposition,
182

 effects of additives,
175

 etc. Many 

of these have shown enhance electrochemical activity compared to Pt coatings produced by 

thermal decomposition and magnetron sputtering.  

Carbon based materials are particularly attractive for their much lower cost compared to other 

catalytic materials. They are, however, less electrochemically active than Pt in terms of 

triiodide reduction. Efficient DSCs usually require a carbon catalytic coating with tens of 

micrometers thickness to ensure acceptable fill factors.
165

 It is also difficult to fabricate carbon 

catalytic coatings with a low sheet resistance, which is particular important when making 

monolithic DSCs using the carbon based counter electrodes. Possible approaches to improve 

the conductivity include mixing with graphite
89

 and doping with Pt
187

.  

With the recent advances in novel functional materials, novel catalysts such as poly(3,4-

ethylenedioxythiophene) (PEDOT)
170, 188-192

 have been used to fabricate DSC CEs with 

enhanced electrochemical performance. PEDOT was firstly sythesized by Jonas et al. in late 

1980s
193

, and has now been widely applied to commercial products in the electronics and 

display industry. In its doped form, PEDOT shows good conductivity and catalytic activity 

towards the reduction of triiodide.
194, 195

 Catalytic coatings for DSCs could be produced by 

electrochemical polymerization,
195, 196

 which is typically performed in organic electrolyte 
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containing LiClO4.
197

 The process results in the doping of PEDOT with ClO4 and therefore an 

enhanced conductivity. Research has also been conducted to further improve the 

electrochemical activity of PEDOT coatings using porouscarrier bodies such as TiO2.
198

 The 

rapid development in PEDOT-based DSC CEs provides us with an alternative solution to low-

cost polymer-based DSC CEs.  

Until now, high conversion efficiencies have been achieved with DSCs using various catalytic 

coatings. It seems like once a threshold of the catalytic performance is achieved, the overall 

solar cell efficiency is unlikely to  significantly vary depending on the type of catalytic coating. 

A major focus for the future research can be on the fabrication of catalytic coatings using 

continuous processes.  

1.6 DSCs with modified architectures 

Sandwich devices constructed on FTO glass electrodes are by far the most commonly adapted 

device architecture for DSCs. Standardized device fabrication procedures have been 

summarized leading to consistent high performance.
20

 However, work has been conducted to 

modify DSC architectures. The aim is to achieve further reduced production cost and the 

feasibility of continuous production. Most previous works on alternative device architecture 

focus on reducing the use of FTO glass which accounts for a major part of the DSC fabrication 

cost.
199

   

1.6.1 Monolithic DSCs based on carbon counter electrodes 

Monolithic DSCs represent an alternative architecture to the conventional sandwich devices.
89

 

The device architecture was firstly reported by Kay et al in 1996.
89

 Prototypes of monolithic 

DSCs werefabricated with a certified conversion efficiency of 6.67 %. The structure details of 

the cell are schematically shown in Figure 1.6. The cell employs only one piece of TCO glass, 

with an insulating track etched through the TCO layer to form two separated electrodes on the 

same substrate. A CE made of a mixture of carbon black and graphite is used to replace 

platinized CEs as used in sandwiched DSCs. A porous rutile TiO2 spacer layer is printed 

between TiO2 photoelectrode and CEs to achieve electrical insulation while allowing for free 

ionic diffusion of redox mediators. Additionally the spacer layer functions as a light reflector 

to enhance light absorption, especially in the red light region. As proposed in Kay's paper, 
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series connected monolithic DSC modules could be fabricated by continuous laser scribing 

and printing technique. Even device sealing could be eliminated in quasi or fully solid state 

monolithic DSCs employing polymer electrolyte or polymer hole-conductors.
187, 200

 

Monolithic DSC architecture is therefore considered as a low cost photovoltaic device 

configuration suitable for high throughput  non-vacuum production.  

Other than properly selected sensitizer and electrolyte system, performances of monolithic 

DSCs are substantially affected by the properties of spacer layer and carbon-based CEs. A 

highly porous spacer is required to allow for efficient ionic diffusion. In solid state devices, 

this is even important as the infiltration of polymer electrolyte or polymer hole-conductors 

into porous layers is much more difficult than the filling of liquid electrolyte.
201

 Thompson et 

al. investigated the role of the spacer layer in monolithic DSCs.
202

 In their study, a high 

porosity was achieve through adding polymeric binders as well as using a high percentage  of 

large particles with sizes of 300~400 nm. The study also compared the monolithic DSCs with 

ZrO2 spacer to those with rutile TiO2 spacer and those without spacer, and found ZrO2 a better 

insulator to achieve a better cell performance.  

On the other hand, the carbon based CE is responsible for both electric conduction and redox 

mediator regeneration. The use of graphite is to facilitate sufficient electrical conduction, 

while high surface area carbon black is to enhance the catalytic activity.
41, 89

 The performance 

of the graphite/carbon black CEs could be further improved by doping with Pt, which enhance 

the catalytic activity and the conductivity of the CE layer.
187

 However, this would increase the 

complexity and therefore the cost of the device fabrication process.  

 

 

Figure 1.6 Schematic configuration of a typical monolithic DSC. From the bottom to the top, the 

device comprises of TCO glass with an etched insulating track, a nanocrystalline TiO2 (anatase) 

photoelectrode layer, an insulating light reflecting porous TiO2 (rutile) layer and a CE layer comprising 

a mixture of graphite and carbon black powders.
89 
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1.6.2 Sharp's Back-contact DSCs 

The concept of back-contact pn junction solar cells was introduced by Schewartz et al. in 

1977.
203

 In these solar cells, both p and n contacting electrodes are located on the rear side of 

the silicon, resulting in reduced shadowing by the front contact fingers and reduced Ohmic 

loss using more conductive back-contact electrodes. When making solar cells with high 

current, such as large-scale modules and the cells used in concentrated sunlight, the back-

contact concept is especially promising as the advantage of the reduced optical and Ohmic 

losses become more pronounced.  

Yet, this classical back-contact design has not been applied to DSC devices. Although 

alternative device concepts such as the architecture shown in Figure 1.7 and Figure 1.8 were 

described as ‘back contact DSCs’,
204-207

 the use of this term is ambiguous. The classical back-

contact architecture designed for silicon solar cells are of monolithic structure with both 

contacting electrodes located on the same substrate. The designs shown in Figure 1.7 and 

Figure 1.8 still require a secondary substrate working as a CE and are therefore not monolithic. 

These devices exhibit the advantage that light can reach the dye-sensitized TiO2 layer without 

having to pass through a conducting transparent electrode, therefore avoiding transmission 

losses that typically occur in this layer.  

BCDSC design shown in Figure 1.7 was reported by Fuke et al. in 2007 
204

. They described in 

detail the fabrication of a TCO-less BCDSC with a conversion efficiency of 7.1 %. In their 

cell a vacuum deposited Ti metal layer covering the rear side of the TiO2 film was employed 

as the WE. A Pt-coated glass was used as a CE. The Ti WE was thick enough to achieve 

sufficient conductivity and was also sufficiently porous to allow free diffusion of I
-
/I3

-
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Figure 1.7 Schematic illustration of a TCO less back contact DSC, taken from reference [204].
204

.  A 

vacuum deposited Ti metal layer covering the reverse side of the TiO2 film is used as the WE, while a 

Pt-coated glass is used as the CE.  

 

Yohei Kashiwa et al. reported an all-metal-electrode-type DSC (Figure 1.8).
207

 Their design is 

similar to the BCDSC reported by Fuke et al.. However a Pt coated Ti metal foil rather than a 

glass piece was used as the CE. A novel method was used to improve the porosity of the Ti 

WE. Tetrapod shaped ZnO whiskers were deposited above the TiO2 film, and were 

subsequently dissolved by 0.1 M HCl after the Ti deposition. This results in straight channels 

on the Ti WE which facilitate the diffusion of redox mediators. With the improved fabrication 

technique, a higher efficiency of 7.43 % was measured compared to a conventional DSC with 

an efficiency of 8.44 %. 

 

 

Figure 1.8 All-metal-electrode-type DSC constructed with (1) a glass slide, (2) a TiO2 semiconductor 

film, (3) a porous titanium film and (4) a platinum coated titanium foil, taken from reference [207].
207
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1.6.3 Electron transport in back-contact DSCs 

Due to the difference in electrode configuration, the direction of electron transport in Sharp's 

BCDSCs is differed from that in the sandwiched DSCs (Figure 1.9). This may results in the 

difference in charge collection efficiencies of the two systems. A detailed study comparing 

electron transport in a DSC and a BCDSC was carried out by Fuke et al.
205

 They compared the 

change of Jsc of the two devices with increasing TiO2 film thickness, and found that the 

increase in Jsc is less pronounced in the BCDSC than in the DSC. They also noticed a drop in 

Jsc when the TiO2 film is over 15 µm thick.  

The Jsc of a solar cell depends on the incident photon flux I0, Light Harvesting Efficiency 

(LHE), electron injection efficiency Φinj and charge collection efficiency Φcoll (Equation 1.8) 

                                                                    1.8 

Due to the use of a transparent front window glass, more light is transmitted into the BCDSC 

than in the DSC that uses TCO glass. As such, I0 is higher in the BCDSC than in the DSC. Φinj 

are also similar for the two cells due to the use of the same TiO2, dye and electrolyte. The 

lower Jsc measured for the BCDSC is hence due to the lower Φcoll in the cell.  

Further studies were conducted to investigate the origin for the lower Φcoll in the BCDSC.  

Φcoll of a cell depends mainly on four factors, namely the redox reaction at the Pt CE, the 

redox transport in the electrolyte, the electron transfer at the interface between the Ti back-

contact electrode and the TiO2 film, and the electron transport in the mesoporous TiO2 film. 

The redox reaction is considered to be similar for the two cells due to the use of the same Pt 

CE and the same electrolyte composition. On the other hand, similar I3
-
 concentrations were 

measured near the front windows of the two cells using Raman scattering measurement, 

meaning a smooth redox couple diffusion in both cells. Besides, the electron transfer at the 

Ti/TiO2 interface is considered to be efficient, as the two materials make a perfect Ohmic 

contact. The lower Φcoll is therefore believed to be mostly due to the inefficient electron 

transport in the TiO2 film.  

The authors then calculated the Average Electron Transport Lengths (AETLs) of the two cells 

under 540 nm and 700 nm light illumination. According to the authors, the AETL refers to the 

average lengths that electrons need to travel before they are collected by electrodes. Since the 

N719 dye has an absorption maximum near 540 nm, in both devices electrons are generated at 

an average distance of around 3 µm away from the front windows under 540 nm illumination. 
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However, due to the difference in the direction of electron diffusion in the two devices, the 

AETL is much longer in the BCDSC than in the DSC when using TiO2 films thicker than 10 

µm. The charge collection in the BCDSC is therefore less efficient, and this explains the less 

increment of Jsc in the BCDSC than in the DSC when using thick TiO2 films. When using 700 

nm light, the AETL in the BCDSC is also larger than that in the DSC. However, the difference 

is smaller due to the lower extinction coefficient of the N719 dye at this wavelength. 

 

 

 

Figure 1.9 Scheme of the electron diffusion in a conventional DSC photoelectrode and a 'Sharp' back-

contact DSC photoelectrode under 540 and 700 nm illumination. Note that under 540 nm illumination, 

electrons are generated close to the front window, results in longer diffusion pathway for electrons to 

be collected in BCDSCs.   
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1.7 Objective of the current work 

The objective of the current work is to develop two back-contact DSC architectures, one with 

interdigitated finger electrodes and the other with coplanar electrodes. The two types of DSCs 

both feature the WE and the CE on the rear side of the dye-sensitized TiO2 photoelectrodes. 

The two types of back-contact DSCs proposed in this project are differed from the back-

contact DSCs in literature. To the best of our knowledge, it is the first time that classical back-

contact architectures are adopted to fabricate DSCs.  

There are at least four advantages of these back-contact designs. Firstly, the usage of TCO 

electrodes could be reduced or even omitted. Secondly, cheaper and more conductive metal 

electrode materials can be used. Thirdly, the devices can be sealed by transparent cover slides, 

therefore avoiding optical transmission losses typically occurred on TCO glass. Fourthly, the 

back-contact DSCs could be assembled with conventional TiO2 WEs to construct tandem 

DSCs.  

The thesis is divided into four parts. Chapter 2 describes DSC fabrication procedures and 

characterization techniques. Relevant theoretical and practical issues are discussed. Chapter 3, 

4 and 5 present the fabrication of interdigitated electrodes, electrochemical deposition of 

catalytic coating and thereafter the construction of back-contact DSCs based on coated 

electrodes. Chapter 6 presents the works on back-contact DSCs based on coplanar electrodes. 

Chapter 7 investigates the use of back-contact DSCs in three-terminal tandem DSCs. Chapter 

8 draws general conclusions of the present work and proposes the future perspectives of our 

back-contact DSCs.  
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2 Experimental methodology 

 

2.1 Materials and detergents 

2.1.1 Materials  

Three types of FTO glass (Table 2.1) were used in this project. The TEC-15 FTO glass was 

ordered from Pilkington (a NSG group company, United Kindom). The NSG 1 and NSG 2 

FTO glass are the two batches of glass samples ordered from Nippon Sheet Glass (Japan). The 

thickness of these glass sheets were measured using a digital vernier. The sheet resistances 

(five-point average) were measured using a four-point surface conductivity probe (Jandel 

Model RM3-AR, UK). To measured the FTO layer thickness, the FTO surface was covered by 

Kapton sticky tapes (Ted Pellar, USA), leaving approximately 1 mm gaps. Zinc powder was 

then dispersed on top of the gap. 1 M HCl was applied to dissolve the zinc powder and 

produce hydrogen atom to chemically reduce and etch FTO. The tapes were removed and the 

FTO glass was washed. The thickness of the FTO layer was then measured using a DekTak 

Profilometer (Veeco instrument Inc., USA). The optical transmission of the FTO glass was 

measured using a Cary 5000 UV-Vis spectrometer (Agilent Technologies, Australia). Over the 

visible range, the transmission of the three types of FTO glass is generally over 80 %.  

The Kapton
®

 sheets (500HN grade, 128 µm thickness) were obtained as free samples from 

Dupont Pty Ltd. The Surlyn
®
 sheets (25 µm thickness) were purchased from Solaronix, 

Aubonne, Switzerland. The titanium foil (0.3 mm thickness, 99.8 % commercial purity) was 

purchased from Baoye Titanium-nickel Industry Co. Ltd (Baoji, China).  
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Table 2.1 The thickness, sheet resistance, FTO layer thickness and transmission of visible light of 

three FTO glass sheets used in our experiments.   

 Glass thickness 

(mm) 

Sheet resistance 

(Ω/□) 

FTO thickness 

(nm) 

Transmission  

(%) 

TEC-

15 

2.7 15.0 400 > 80 % 

NSG 1 3.2 9.7 800 > 80 % 

NSG 2 4.0 9.2 600 > 80 % 

 

2.1.2 Chemicals and reagents 

Unless otherwise stated, all chemicals and reagents used in this project were with the 

following grades and were purchased from the listed suppliers. All chemicals and reagents 

were used as received.  

Deionized water was produced using ModelLab
®

 Type II reagent grade water system 

(Continental Water System Pty Ltd, Australia). Ethanol (96 %), ethanol absolute (99.7 %), 

dimethylformamide (≥ 99.7 %) and tert-Butanol (≥ 99.5 %) were purchased from Merck 

Chemicals (Sydney, Australia). Acetic acid glacial (99.7 %) and hydrochloric acid (32 %) 

were purchased from Ajax Finechem. Acetonitrile (99.8 %, anhydrous), acetylacetone 

(99.5 %), 1-butyl-3-methylimidazolium iodide, chloroplatinic acid hexahydrate (powder and 

chunks), ethyl cellulose, guanidinium thiocyanate (99 %), Hellmanex
TM

 II (cleaner 

concentrate for cuvette washing), iodine (≥ 99.99 %), lithium iodide (99.9 %), terpineol 

anhydrous (≤0 5% wa   ), 4-tertbutylpyridine (98 %), tetraehtylammonium perchloride (≥ 

98 %) and valeronitrile (99.5 %) were purchased from Sigma-Aldrich.  

The TiO2 screen printing pastes PST-18NR (20 nm particles, transparent) and PST-400C (400 

nm particles, light scattering) was purchased from JGC Catalysts and Chemicals Ltd. The 

pastes contain 20 wt% nanoparticles, 10 wt% polymer binders and 70 % terpineol. A high 

magnification SEM image of the printed PST-18NR film after sintering is shown in Figure 2.1.  
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Figure 2.1 A scanning electron micrograph of the printed PST-18NR film after sintering.  

 

Bis(tetrabutylammonium)[cis-di(thiocyanato)-bis(2,2'-bipyridyl-4-carboxylate-4'-carboxylic 

acid)-ruthenium(II)] (N719) dye was purchased from Dyesol (Queanbeyan, Australia). The 

(2,2':6',2' '-terpyridine-4,4',4' '-tricarboxylate)ruthenium(II) tris(tetrabutyl ammonium) 

tris(isothiocyanate) (N749) dye was synthesized according previously described procedures.
1
  

2.2 Standardized DSC fabrication procedures 

2.2.1 The preparation of FTO working electrode substrates 

To prepare the FTO glass substrates for working electrodes, the received FTO glass sheets 

(NSG 2, 100 × 100 mm area) were cleaned by ultrasonic agitation in reagents following the 

order of 5 % Hellmanex solution, deionized water and ethanol (96 %, Merck) each for 10 min. 

Cleaned glass sheets were dried in air and stored for further use.  

2.2.2 The deposition of dense TiO2 blocking layer 

Cleaned working electrodes sheets were immersed in 40 mM TiCl4 aqueous solution and 

heated at 70 °C in an oven for 30 min. The glass sheets were then rinsed with deionized water 

and ethanol. The dense blocking layer was formed upon sintering after the screen printing 
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process. There are two purposes for the dense TiO2 blocking layer. Firstly is to strengthen the 

contact between the TiO2 photoelectrode and FTO and second is to reduce dark current caused 

by back electron transfer from FTO to triiodide ions.
2
 

2.2.3 The preparation of dye-sensitized TiO2 working electrodes 

The screen-printing experiments were conducted using a Keywell screen-printer (Model KY-

600FH, Kangyuan Industrial Co., LTD, Taiwan). Transparent TiO2 films with a 4 × 4 mm 

dimension were printed from the PST-18NR paste using a 32T screen printing mesh with 

designed patterns. One print results in a TiO2 layer with a film thickness of around 6 µm. Two 

transparent TiO2 layers were usually printed to obtain a film thickness of 12 µm. An additional 

opaque TiO2 layer was printed from the PST-400C paste using the same 32T mesh. The 

sintered scattering layers have a thickness of around 6 µm. For most sandwiched DSC devices, 

TiO2 working electrodes with a "12+6" (12 µm transparent plus 6 µm scattering TiO2 films) 

configuration were used. For back-contact DSCs, 12 µm transparent films were used. After 

each printing, films were kept in clean petri dishes for 3 min and were then dried for 15 min 

on a hotplate heated at 125 °C for 15 min. The films were cooled down to room temperature, 

and then sintered on a hotplate (using a programmed sintering process as illustrated in Table 

2.2.
2
  

 

Table 2.2 The scheme for the sintering of TiO2 mesoporous film.  

Steps (1) (2) (3) (4) (5) 

Ramp time 

(min) 
10 15 5 7 5 

Temperature 

(°C) 
150 325 375 450 500 

Hold time (min) 10 5 5 30 15 

 

TiCl4 post-treatment of mesoporous TiO2 films could effectively improve photocurrent by 

increasing the active surface area thus dye-loading and by increasing the diffusion coefficient 

of electrons in the TiO2 network.
3
 To post-treat the working electrodes, sintered TiO2 films 

were immersed in 40 mM TiCl4 aqueous solution and heated at 70 °C in an oven for 30 min. 
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They were then rinsed with deionized water and ethanol, followed by heating with a hot air 

gun (Leister GH-6056, Leister Process Technologies, Sarnen, Switzerland) at a temperature of 

500 °C for 30 min. After cooling to 80 °C, films were immersed in a solution of 0.3 mM N719 

dye in a 1:1 (v/v) mixture of acetonitrile and tert-butanol and kept for 24 hours.   

2.2.4 The reparation of counter electrodes 

FTO glass sheets (NSG1, 100 × 100 mm area) were drilled to form 1 mm diameter holes. 

They were then cleaned in 0.1 M HCl by ultrasonic agitation for 10 min. The cleaning is to 

remove Fe ions which deteriorate the performance of DSCs.
2
 They were then cleaned in 

reagents by ultrasonic agitation as described above. After drying, a drop of H2PtCl6 precursor 

solution (10 mM in isopropanol) was spread onto the FTO surface followed by heating at 

400 °C in a hot air gun.  

2.2.5 Cell construction 

The components used to construct a sandwiched DSC are schematically shown in Figure 2.2. 

Dyed TiO2 working electrodes were rinsed with acetonitrile and were left to try. They were 

then assembled with platinized counter electrodes into a sandwiched architecture. The 

sandwiched devices were sealed using hot-melt Surlyn
®
 gaskets (Solaronix 25 µm thick). 

Devices were heated to approximately 110 °C and pressed by on a home-made hot-press. The 

inner frame of the gaskets was 5 × 6 mm and the frame width was 2 mm. Electrolyte 

containing 0.6 M 1-butyl-3-methylimidazolium iodide, 0.03 M iodine, 0.10 M guanidinium 

thiocyanate  and 0.5 M 4-tertbutylpyridine in a mixture (volume ratio, 85:15) of acetonitrile 

(99.8%, anhydrous) and valeronitrile was filled into the sealed compartment through the entry 

ports of the counter electrodes by vacuum back-filling. To finish the cell, the entry ports were 

covered by small pieces of Surlyn
®
 sheet and glass cover slides which were then sealed using 

a hot soldering iron.  
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Figure 2.2 Construction of a sandwiched DSC device, reproduced from reference [2].
2
   

 

In order to minimize ohmic lose due to bad electrical connections, a solder (PX 2332-70, 

MBR Electronics, Switzerland) was applied evenly onto the two electrode surfaces using an 

ultrasonic soldering iron (USS-9200, MBR Electronics, Switzerland). Cables were then 

soldered onto the contact area.  

2.3 Characterization techniques 

2.3.1 Current-voltage (IV) test 

Solar cells, including DSCs, can be simulated by the simple diode equivalent circuits
4
 shown 

in Figure 2.1. Under dark, a solar cell performs similar to a circuit comprising a diode, a shunt 

resistance (Rsh) and a series resistance (Rs) (Figure 2.3 (a)). When illuminating with light, an 

additional photocurrent source (iph) is added parallel to the diode to simulate the solar cell 

under working condition (Figure 2.3 (b)).  
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Figure 2.3 Equivalent circuits to simulate DSCs operated under the (a) dark and (b) light illumination 

conditions.  

 

According to the simple diode model, the output current (Icell) of a solar cell can be predicted 

using Equation 2.1. 
5
 

                            
                 

    
     

             

   
       2.1 

where Iph is the photocurrent from the current source, Id is the dark current, Ish is the shunt 

current, I0 is the reverse saturation current and Vcell is the output voltage of the solar cell. m is 

the diode ideality factor, kB is the Boltzmann's constant and T is the absolute temperature.  

Under open-circuit condition, Icell = 0 and Vcell = Voc. From Equation 2.1,  

           
     

    
     

   

   
                                      2.2 

Since the value of Rsh is usually quite high, Voc/Rsh → 0. Equation 2.2 becomes 

           
     

    
                                               2.3 

          
   

  
          

   

  
                                     2.4 

where    
    

 
        . According to Equation 2.4, Voc increases with photocurrent and 

accordingly with light intensity.  

Under the short-circuit condition, Vcell = 0 and  

                                                                   2.5 

According to Equation 2.5, the Isc of a solar cell is proportional to the light intensity.  

The fill factor of the solar cell can be estimated using Equation 2.6. Graphically, the fill factor 

is the ratio between the solid and the dashed rectangular as shown in Figure 2.4.  
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                                                     2.6 

where Im and Vm are the current density and voltage corresponding to the maximum power 

point.  

The solar energy to electricity conversion efficiency (η) of the solar cells can be calculated 

using Equation 2.7.  

  
                 

              
                                              2.7 

where FF, A and Pin  are the fill factor, testing area of the cell and the incident light power, 

respectively.  

 

 

Figure 2.4 The current-voltage curves measured for a DSC operated under the dark and light 

illumination condition.  

 

In our experiment, the current-voltage (IV) measurements of DSCs were performed under 

dark as well as under light illumination conditions.  A series of forward voltages, were applied 
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across the two terminals of the solar cells. The current generated by the devices was measured 

and converted into current density J (Figure 2.4).  

The points where the illumination curve intersects the vertical and horizontal axes are the 

short-circuit current density (Jsc) and the open-circuit voltage (Voc) points respectively. The 

shunt resistance can be estimated from the gradient of the plateau before the current onset, and 

the series resistance can be estimated from the gradient of the curve when it passes the Voc 

point.  

The IV testing system consists of a sun simulator (Oriel, USA) equipped with a 1,000 W 

xenon lamp and a SourceMeter (Keithley, Model 2400). The output of the system was 

adjusted using a calibrated silicon photodiode cell before each measurement. Devices were 

tested under simulated AM1.5 sunlight (100 mW/cm
2
). Cells were covered by a 6 mm×6 mm 

black metal mask during testing. For the IV test under differently light intensities, the output 

light was filtered by a series of metal grids to achieve 10.3 %, 38.5 %, 68.0 % and 100% light 

intensities. Devices were scanned with a series of bias voltages across a range of 0 to 1000 mV. 

The current response was measured using the SourceMeter, and the results were plotted using 

a custommade testing program.   

It is worthwhile mentioning that due to the use of diffusive light for the IV test, accuracy of IV 

results are found to be affected by the aperture size of the mask.
6
  

(a) When using mask apertures smaller than the area of the TiO2 films (Figure 2.5(a)), there is 

a significantly drop of Jsc resulted from the shading losses by the aperture. While the shading 

effect is compensated by the light which is reflected and reabsorbed by the unexposed TiO2, 

the combined effect makes the results very unreliable. In general, the Jsc values measured 

using this setup are found to be underestimated.  

(b) When using apertures having a similar size with the TiO2 films (Figure 2.5(b)), the shading 

effect still exists. Besides, the alignment of the aperture with the TiO2 films is difficult. These 

factors make the interpretation of results inaccurate.  

(c) Reliable IV results can be obtained using the setup schematically shown in Figure 2.5(c). 

The rectangular aperture side length is approximately 1-3 mm longer than that of the TiO2 

films. The undesired effects discussed above can be eliminated. The Jsc values are found to be 

stable when varying the aperture size within this range.  
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(d) When using masks with much larger apertures or using no masks (Figure 2.5(d)), the Jsc 

and the efficiencies are overestimated. This is because that the directly illuminated and the 

deflected light both can reach the TiO2 films.  

 

 

Figure 2.5 Schematic diagrams showing the effects of aperture size on the light irradiation to the TiO2 

films, reproduced from reference [6].
6
  

 

The IV measurements performed in this project generally followed the method proposed by 

Ito et al.
6
 However, even under optimized fabrication condition the screen-printed TiO2 film 

can be slightly larger than the expected area (4×4 mm) due to the spreading of paste during the 

printing process. We therefore realize that the energy conversion efficiency can be 

overestimated. Furthermore, due to the use of diffused light, light reflection and piping can 

also cause an overestimation problem, although the factor is minimized by the use of black 

masks and black testing jigs. 

2.3.2 Incident Photon-to-Electron Conversion Efficiency (IPCE) 

The Incident Photon-to-Electron Conversion Efficiency (IPCE) measurement involves the 

illumination of a solar cell with monochromatic light at a range of wavelength and the 

calculation of the quantum conversion efficiency of the solar cell at each wavelength. The 
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IPCE value (measured in percentage) of a solar cell is given by the number of electrons (Ne) 

divided by the number of incident photons (Np) (Equation 2.8).  

     
  

  
                                                              2.8 

The number of electrons can be calculated using Equation 2.9 

   
 

 
 

     

 
                                                           2.9 

where Q is the total quantity of charge produced in the solar cell, e is the elementary charge 

(1.6 × 10
-19

 C), J is the current density generated by the solar cell, A is the cell area and t is the 

total time.  

The number of photons can be calculated by the energy of incident light (Elight) divided by the 

energy of a photon (Ephoton) (Equation 2.10) 

   
      

       
 

     

  
 

       

   
                                           2.10 

In this equation P is the power of the incident light, l is the wavelength of incident light, h is 

the Planck’s constant (6.63 × 10
-34

 m
2 
∙ kg / s) and c is the speed of light.  

From Equation 2.9 and 2.10, the IPCE at each wavelength can be derived into the form as 

shown in Equation 2.11.  

     
  

  
 

       

          
 

     

     
 

      

   
                                2.11 

In our experiments, the IPCE testing was carried out using a xenon light source (Oriel, USA), 

a monochrometer (Model 74100, Oriel Instruments, USA), a SourceMeter (Keithley, Model 

2400) and some essential optical attachments. The wavelength of the monochromatic light was 

changed by 5 nm between every two data points. The calculated IPCE values were plotted 

against wavelength. Figure 2.6 shows an IPCE spectrum measured for a sandwiched DSC 

sensitized by the N719 dye. It is shown in this spectrum that the N719 dye has an absorption 

maximum at around 550 nm, and a weak absorption of red light. An estimated Jsc can be 

calculated by the product of IPCE and photon flux.  
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Figure 2.6 The Incident Photon-to-Electron Conversion Efficiency (IPCE) results measured for a 

sandwiched DSC using the N719 dye.  

 

2.3.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical Impedance Spectroscopy (EIS) involves the examination of electrochemical 

interfaces using small amplitude AC voltage perturbations at a range of frequencies. It is a 

versatile technique to determine the kinetics of electrochemical reactions at various interfaces. 

The EIS measurement of electrochemical systems, including solar cells, involves the 

application of small harmonic AC voltage perturbation VAC (ω, t) superimposed on a 

background DC voltage. The resulting AC current iAC (ω, t) is measured while the AC voltage 

is scanned across a certain frequency range f = ω/2π to determine the impedance Z (ω) 

(Equation 2.12) 

     
        

        
                                                          2.12 

The Electrochemical Impedance Spectroscopy of DSCs 

The EIS results for fully assembled solar cells can be interpreted using the Nyquist plot which 

shows the correlation between the real (Z') and imaginary (Z") parts of impedance elements, 

and the bode plot which shows the dependency of the impedance magnitude (Z) and the phase 

angle (θ) on frequencies (f). EIS results are fitted to equivalent circuits which simulate the 

electrochemical process at electrochemical interfaces. For DSCs, the commonly used 
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equivalent elements include resistors (R), capacitor (C), Constant Phase Element (CPE)), and 

finite Warburg diffusion element (W).  

Table 2.3 summarizes the schematic representatives, mathematical equations, and typical 

Nyquist plots of the equivalent elements commonly used to simulate DSCs. The resistor is a 

passive frequency-independent element. On the Nyquist plot, it is represented by a point with 

a real part value but 0 imaginary part value. The capacitance is frequency dependent. On the 

Nyquist plot, it corresponds to a straight vertical line starting from 0 and extending to infinite 

with decreasing frequency. A capacitor can only describe the behaviour of ideal parallel-plate 

capacitors, which are not applicable to any electrochemical interfaces in DSCs. A term of 

Constant Phase Element (CPE) is usually used to better simulate these interfaces. On the 

Nyquist plot, a CPE shows a straight line with a phase angle < π against the real axis. Warburg 

diffusion element is a specific type of constant phase element with a constant phase angle of 

π/4 shown on its Nyquist plot.  

 

Table 2.3 Equivalent impedance elements used to simulate electrochemical processes in DSCs.  Their 

representative schemes, mathematical equations and graphs in the Nyquist plot are listed 

correspondingly. f is the frequency of applied AC voltage perturbation and      .  

 Scheme Equation Nyquist plot 

Resistor (R) 
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Capacitor 

(C)  

       
 

     
 

 

 

 

CPE (Q) 
 

       
 

        
 

 

 

 

Finite 

Warburg 

diffusion 

element (W) 

 

         
           

     
 

(       , D is the 

diffusion coefficient of 

the redox species, L is 

the effective electrolyte 

layer thickness) 

 

 

 

 

The widely accepted model to simulate DSCs in EIS measurements is the transmission line 

model.
7, 8

 Figure 2.7 shows a scheme of the model, in which dyed TiO2 nanoparticles are 

connected in a transmission line for electron conduction. A parallel circuit to the TiO2 

transmission line is the ionic diffusion process in electrolyte, which is parallelly connected to 

the TiO2 transmission line by the charge recombination process at the TiO2/dye/electrolyte 

interface.  
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Figure 2.7 General transmission line model used to describe electrochemical process in liquid state 

DSCs. On the TCO electrodes, Rs is the series resistance of the electrode material. RCO and CCO are the 

resistance and capacitance at the TCO/TiO2 interface. RTCO and CTCO are the charge transfer resistance 

and the double-layer capacitance at the TCO/electrolyte interface. rt = Rt/L is the electron transfer 

resistance within the TiO2 transmission line. The thickness of the TiO2 film is L. rrec = Rrec × L and cµ = 

Cµ/L are the charge transfer resistance at the TiO2/dye/electrolyte interface and the chemical 

capacitance of the TiO2 film. RPt and CPt are the charge transfer resistance and capacitance at the 

Pt/electrolyte interface. Zd is the ionic diffusion resistance within the electrolyte. Please note that in the 

transmission line model capacitors are usually used instead of CPEs to simplify the fitting during date 

processing.  

 

In our experiments, the EIS measurements were performed in dark using a VSP2 potentiostat 

(Biologic Scientific Instruments, USA). A small AC voltage perturbation of 10 mV was 

superimposed on a series of bias potentials (usually within a range of 400 to 800 mV) while 

scanning over a frequency range from 500 kHz to 50 mHz. The results, including the real 

impedance, imaginary impedance and phase angles, were recorded using the EC-Lab software 

(Version 10.02, Biologic Scientific Instruments, USA). The results were then exported to 

Zview software and fitted with the transmission line model to determine the value of the 

individual components.  

On a typical Nyquist plot, three arcs can be observed (Figure 2.8(a)). The three arcs from the 

high to low frequencies are assigned to the charge transfer at the Pt/electrolyte interface, the 

charge recombination process at the TiO2/dye/electrolyte interface and the ionic diffusion 

within the electrolyte (note that the third semicircles are sometimes merged into the second 
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one, especially when using iodine/iodide liquid electrolytes with very small diffusion 

resistance).  

From data fitting, the charge transfer resistance (Rct) at the Pt/electrolyte interface can be 

obtained from the high f arc. The charge recombination resistance (Rrec) and the chemical 

capacitance (Cµ) of the TiO2 film can be estimated from the medium f arc (Note that the 

measured the capacitance only refers to the chemical capacitance (Cµ) of the TiO2 film when 

the applied bias potential is higher than 400 mV.
9
 Below this threshold, the measured 

capacitance is better assigned to the Helmholtz capacitance at the TiO2/dye/electrolyte 

interface).   

The time constant (τn) for the charge recombination process, better known as the electron 

lifetime, can be calculated using Equation 2.13.  

                                                                      2.13 

The diffusion coefficient (Dn) of the electrons in TiO2 can be obtained from Rt and Cµ using 

Equation 2.14.  

   
 

    
                                                              2.14 

The effective diffusion length (Ln) of the electrons in TiO2 can be calculated using Equation 

2.15.  

            
    

  
                                                 2.15 

where L is the thickness of the TiO2 film.  

The diffusion coefficient (D) for the redox species can be calculated from the diffusion 

resistance (Zd) using Equation 2.16. 

  

         
           

     
                                                       2.16 

where         (D is the diffusion coefficient of the redox species, and L is the effective 

electrolyte layer thickness).  
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Figure 2.8 (a) The Nyquist plot and (b) the Bode plot of the EIS results measured for two DSCs using 

the dyes SQ2 and N719. Both cells were tested in the dark, with a bias voltage of 700 mV applied 

across the working and counter electrodes.  

 

The Bode plot also provides information about the time constant of the interfaces in DSCs. On 

a typical Bode plot (Figure 2.8(b)), the two pronounced peaks at high and medium frequencies 

correspond to the charge transfer at the Pt/electrolyte interface and the TiO2/dye/electrolyte 

interfaces, respectively. Similar to the observation on the Nyquist plot, the third peak at the 

low frequency side is not usually shown due to the fast diffusion process within the 

iodine/iodide electrolyte.  

On the Bode plot, a phase peak shift towards the low frequency side indicates an increase in 

charge transfer. In Figure 2.5(b), the medium frequency peak of the red curve is shifted by 

almost a decade compared to that of the blue curve, indicating that the charge recombination 

process at the TiO2/dye/electrolyte interface is much slower in the N719 DSC than in the SQ2 

DSC. However, the high frequency peaks on both curves are almost at the same position, 

which can be explained by the similar charge transfer rate at the counter electrodes.  

The Electrochemical Impedance Spectroscopy of symmetrical cells 

The EIS measurements can be applied to symmetrical cells which consist of a thin electrolyte 

layer sandwiched between two identical electrodes (Figure 2.9). The technique can be used to 

interpret the charge transfer kinetics at the solid/electrolyte interface and the diffusion process 

within the electrolyte.  
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Figure 2.9 (a) A schematic diagram showing the structure of a symmetrical cell and the equivalent 

circuit used to simulate the cell in the EIS measurements. (b) A typical Nyquist plot of the results.  

 

In our experiments, symmetrical cells were constructed using certain electrode materials, such 

as platinized FTO glass, separated by a 25 µm Surlyn
®
 gasket. The cell gap was filled with an 

electrolyte through an entry port on the electrodes by a vaccum back-filling method.
10

  

An AC perturbation of 10 mV was applied under the open-circuit condition using the VSP2 

potentiostat. On a typical Nyquist plot (Figure 2.9(b)), the high f arc and low f arc are assigned 

to the charge transfer at the solid/electrolyte and the ionic diffusion within electrolyte. The 

results were fitted with the equivalent circuit shown in Figure 2.9(a) to obtain the values of the 

interficial charge transfer resistance (Rct), the Helmholtz capacitance (Qct) at the interface and 

the diffusion resistance (Zd). The diffusion coefficient of the ionic diffusion within electrolyte 

can be calculated using Equation 2.16.  
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3 Laser ablation to produce interdigitated electrodes 

 

3.1 Background information 

Processing of substrates comprising interdigitated microelectrodes is an essential step before 

the fabrication of back-contact DSCs. This chapter describes several laser ablation approaches 

that were used to produce micron-sized interdigitated electrodes for back-contact DSCs. The 

materials to be processed include FTO glass (NSG 2), Ti coated plain glass and Ti coated 

polyimide (PI). The ultimate aim of this project is to produce back-contact DSCs on metal 

coated substrates, especially on flexible substrates such as PI. However, due to the commercial 

availability and good consistency in properties, FTO glass is always used as a starting material 

for laser ablation and subsequent experiments. The two laser ablation approaches involved in 

our experiments are mask-delivered process using a KrF excimer laser (248 nm wavelength) 

and single beam direct-write process using a ND:YV04 solid-state laser (355 nm wavelength). 

Both of these two processes employ pulsed laser radiation with nanosecond pulse durations.  

According to the time scale, pulsed laser radiation could be classified into three categories, 

namely nanosecond (ns), picosecond (ps) and femtosecond (fs) laser pulses. The interactions 

of such laser pulses with materials have been intensively studied during the past decades.
1-7

 It 

has been shown that the absorption of laser radiation by materials involves several stages at 

different time domains. The laser energy is firstly absorbed by free electrons, and then 

thermalized into electron subsystem followed by heat transfer into lattice and then to bulk 

material.
2
 

Cooling of 'hot' electrons is an extremely fast process. It has been    wn   a           τe 

involved in this relaxation process is within a range of 1 to 3 ps.
7-9

 The later stage involving 

heat transfer into  a   c   cc    w    n τi, which is much less than a nanosecond.
10

 The way 

that laser pulses interacting with substrate materials is dependent on the length of pulse 

   a   n τL  n c   a    n    τe an  τi. 

    f      c n   a            c n     n τL< τe applies. There is almost no electron-lattice 

coupling and the ablation leads to a direct solid-to-vapor phase transition.
2
 In this case the heat 

transfer into the bulk material can be neglect, resulting in minimal heat generation in the 
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substrate. Such advantages allow for precise ablation of materials, producing sharp-edged 

features with relatively low energy inputs     n    n    c   c n   a            c n     n τe < 

τL < τi is fulfilled. There is limited heat transfer from the free electrons to the lattice. With a 

weak coupling between the two, there is still considerable heating of the substrates which 

leads to melting of materials adjacent to the ablated features. Further increasing laser pulses to 

the nanosecond regime leads to strong coupling between free electrons and the lattice. 

Materials are firstly melted and then evaporated. Significant heat transfer can occur depending 

on the heat diffusion coefficient of the specific materials. This results in enlarged heat affected 

zones on substrates, which makes precise processing of materials very complicated.
2
  

Figure 3.1 compares two micron-sized patterns fabricated on titanium coated PI substrates 

using nanosecond laser pulses and femotosecond laser pulses. Despite of the difference in 

wavelength or pulse energy used in these experiments, differences could be noticed in terms of 

the  thermal effects produced by the two types of lasers. Figure 3.1 (a) shows a substantial heat 

affected zone adjacent to the laser etched groove. Distortion of the PI substrate and cracking of 

the Ti coating are observed. Figure 3.1 (b) shows a clearly defined etching boundary produced 

by the femtosecond laser. Heating effects are is much less obvious than in Figure 3.1(a), only 

a small amount of powdery debris is observed adjacent to the micropattern.  

 

 

Figure 3.1 Simple line features fabricated by (a) a nanosecond laser pulses at 355 nm with 52 ns pulse 

duration and (b) femtosecond laser pulses at 800 nm with 50 fs pulse duration. The average single 

pulse fluences is 11 J for both experiments. 
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When fabricating micropatterns, heating of substrate is not desirable, especially for substrates 

comprising layers of different materials. Rapid heating could result in severe thermal shock 

thus cracking of substrate materials. For the interdigitated electrodes in this project, melting of 

electrode materials could result in shorting bridges and lumps of materials deposited on top of 

electrode surface. These defects could deteriorate the performance of back-contact DSCs. 

Table 3.1 summarize selected thermal and physical properties of the materials used in the laser 

ablation experiments. Ti, SnO2 and soda-lime glass have similar thermal expansion coefficient. 

However, due to the poor thermal conductivity and low fracture toughness of soda-lime glass, 

Ti and FTO coated glass substrates are prone to thermal shock if heated rapidly by laser 

radiation. Ti coated PI substrates are prone to melting and distortion due to the thermal 

instability of polymeric material.  

 

Table 3.1 Selected thermal and physical properties of SnO2, soda-lime glass, PI and titanium.
11-13

  

 Substrate materials Coating materials 

 Soda-lime glass PI SnO2 Ti 

Coefficient of 

thermal linear 

expansion (× 

10
6
 K

-1
) 

9.0  20 3.5 8.6 

Thermal 

conductivity 

(W m
-1

 K
-1

) 

1.7  0.12 1.0 21.9 

Melting point Tg = 570 °C Tg = 410 °C 1630 1668 

Boiling point NA NA 1800 (sublime) 3287 

 

From this aspect, lasers with very short pulse durations such as femtosecond lasers are best 

suited for fabricating interdigitated microelectrodes. However, due to limited access to 

experimental aparatus, most samples in this project were produced by laser pulses with 

nanosecond durations.  

As a general guideline, functioning micropatterns should (at least) fulfill the following three 

criteria  
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1. The ablated grooves have to have good insulation over a long distance. This is not a 

simply target, as for a typical test cell with an area of 4 × 4 mm and 10 µm wide 

electrodes/gaps, the overall length of insulating grooves is over 800 mm. Any defects in 

such a long track could result in shorting between electrodes.   

2. Cracking of electrodes has to be minimized. Cracks on substrates are acceptable. However, 

once they propagate onto the micron-sized electrode, the conductivity of single electrode 

would be reduced dramatically.  

3. Delamination of electrode layers has to be suppressed. Once this occurs, the delaminated 

regions could become dead zones for subsequent cell fabrication procedures. 

3.2 Mask-delivered process using KrF excimer laser 

The first approach for producing interdigitated electrodes is a mask delivered process. The 

experiments were performed at MiniFab Pty. Ltd. (Caribbean Gardens, Melbourne, Australia). 

An Excitech 8000 series excimer laser (248 nm wavelength, 40 ns pulse width and 80 kHz 

frequency) was used. The output laser beam from the light source has a dimension of 

8000x8000 µm. It was condensed by a group of lenses (10:1 ratio) to a process laser beam 

dimension of 800x800 µm. In conjunction with a mask dragging system, pulsed laser radiation 

was delivered through a series chrome-on-quartz masks to produce elementary micropatterns. 

Processing of large-scale patterns was realized through stitching of a series of elementary 

micropatterns.  

3.2.1 Evaluation of processing parameters 

Before the actual laser processing, dose tests were conducted to evaluate processing 

parameters. 248 nm laser pulses were delivered through a mask to ablate 800 × 800 m 

micropatterns on FTO glass (NSG 2). Using a beam homogenizer, flat-head laser beams were 

obtained for homogeneous ablation across each pattern. A matrix of interdigitated partterns 

was fabricated combining varying laser fluences and pulse numbers as shown in Figure 3.2. 

Under a low laser fluence of 400 mJ/cm
2
, little ablation was observed even at a high pulse 

number of 32 per area (Figure 3.2 d(6)). Increasing the laser fluences dramatically increases 

the amount of materials that are removed by a given number of pulses. For samples processed 
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with relatively high fluences and high pulse numbers, debris are observed on electrodes and 

regions around patterns.  

 

 (1) 32 (2) 16 (3) 8 (4) 4 (5) 2 (6) 1 

a. 

1300 mJ/m
2
 

     
 
   

     

b. 

1000 

mJ/cm
2
 

      

c. 

700 mJ/cm
2
 

      

d.  

400 mJ/cm
2
 

      

Figure 3.2 A laser dose test performed on FTO glass substrates by an excimer laser (248 nm 

wavelength, 20 ns pulse duration). A laser beam was delivered through a mask, producing a 800 × 800 

µm interdigitated micropattern on the substrate. A matrix of micropatterns was produced by 0.4, 0.7, 

1.0 and 1.3 J/cm
2
 (row a - d) laser fluences, and 1, 2, 4, 8, 16 and 32 (column (1) - (6)) pulses per area, 

respectively. The scale bar at the lower right corner is calibrated for all micrographs in this figure.   

 

The surface profile of samples a(1), a(2), b(1) and b(2) are shown in Figure 3.3. The surface 

profile scan covers regions of unaffected area which defines the zero-line base of the profiles. 

The contours show accumulation of debris on electrode surface. The effect is mostly 

200 µm 
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substantial for samples a(1) which was produced by 32 pulses with 1300 mJ/cm
2
 single shots 

fluences. The height of built-up debris is almost comparable to the ablated depth. 

 

 

Figure 3.3 Surface profile of dose test samples produced by 248 nm KrF excimerlaser , using 

parameters of a(1) 32 shots and 1300 mJ/cm
2
, a(2) 16 shots and 1300 mJ/cm

2
, b(1) 32 shots and 1000 

mJ/cm
2
, and b(2) 16 shots and 1000 mJ/cm

2
, measured with a Dektak optical profilometer.  

 

When using 1300 mJ/cm
2
 fluence, the ablation depth increases sub-linearly with number of 

pulses per area (Figure 3.4(a)). One the other hand, when using laser fluences higher than 700 

mJ/cm
2
, ablation depth per pulse increases exponentially with increasing laser fluences. Past 

research has shown dependences of ablation depth per laser pulse L on laser fluences at lower 

and higher energy, which could be expressed by the Equation 3.1 and 3.2, 
2
 

            
                                                        3.1 

           
                                                         3.2 
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      α
-1

 and l are lower- and higher-energy optical penetration depths. F is applied laser 

fluenece.    
  and    

  are lower- and higher-albation fluence thresholds respectively.   

 

Fitting the experimental data Figure 3.4(b) using Equation 3.2, we obtained a higher-energy 

optical penetration depth of 25 nm and an ablation threshold of 513 mJ/cm
2
 for the FTO 

coating processed by the 266 nm KrF laser used in this experiment. It has been shown that the 

ablation threshold of a material is increased with increasing laser wavelength, beam waist (for 

a beam with Gaussian distribution this refers to the beam diameter when intensity drops to 1/e
2
 

level) and pulse duration.
14, 15

 Bovatsek et al.
15

 indicated a threshold of 2040 mJ/cm
2
 for the 

ablation of SnO2 by a 532 nm nanosecond laser (37 ns pulse duration), whrereas Raciukaitis et 

al.
14

 estimated a threshold of 210 mJ/cm
2
 for the ablation of ITO by a 266 nm picosecond laser 

(10 ps pulse duration). Although no literature value for the exact same conditions as those 

used in our experiments are available, an estimated 513 mJ/cm
2
 ablation threshold seems to be 

reasonable for an efficient removal of the FTO coatings.  

 

 

Figure 3.4. Plots of (a) ablation depth vs. number of pulses per area when using a laser fluence of 1300 

mJ/cm
2
. The dash line represents the thickness of the FTO layer used in this experiment. (b) average 

ablation depth per pulse vs. laser fluences calculated from dos test samples produced under a condition 

of 32 shots per area. Results for higher fluences are fitted with Equation 3.2 to obtain optical 

penetration depth and ablation threshold for the FTO coating.  

3.2.2 Processing of full-size patterns 

The actual patterns containing full-size interdigitated electrodes (Figure 3.5(a)) were produced 

on FTO glass (TEC-15) by stiching elementary units for the left, middle and right features. 

http://www.sciencedirect.com.ezproxy.lib.monash.edu.au/science?_ob=RedirectURL&_method=outwardLink&_partnerName=27983&_origin=article&_zone=art_page&_linkType=scopusAuthorDocuments&_targetURL=http%3A%2F%2Fwww.scopus.com%2Fscopus%2Finward%2Fauthor.url%3FpartnerID%3D10%26rel%3D3.0.0%26sortField%3Dcited%26sortOrder%3Dasc%26author%3DBovatsek,%2520J.%26authorID%3D6503899187%26md5%3D31e60615d033b36162e8139a96d2fe3d&_acct=C000027659&_version=1&_userid=542840&md5=c19bf34fb38de4f195a4253709184ec7
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Figure 3.5(c) shows a small portion of a typical left feature. The right feature has a mirror 

pattern to the left feature. The middle feature comprises straight lines that connect the left and 

right features. 5 × 6 units were combined to produce an overall 4 × 4 mm activation cell area. 

The patterns were slightly overlapped at the stitching region to obtain continuous 

micropatterns. The two electrode sets were separated by 800 µm wide insulating grooves.  

A large amount of debris is observed around ablated area, covering electrodes and adjacent 

regions (Figure 3.5(b)). The debris has poor electrical conductivity, proved by inefficient 

electrodeposition onto such surfaces at later experiments. Therefore they are believed to 

contain mostly glass in molten or powdery form. The strong absorption of 248 nm radiation by 

glass is a major reason for the observed melting of glass substrates. By polishing and cleaning, 

clean electrode surfaces (Figure 3.5(c)) could be obtained and prepared for later fabrication 

stages.  
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Figure 3.5 (a) Image of an interdigitated substrate produced by mask delivered KrF excimer laser 

ablation. The center 4 × 4 mm activation area was produced by stitching 5 × 6 elementary 

micropatterns. A laser fluence of 1300 mJ/cm2 was used for both cell areas and insulating grooves. 

Pulse numbers per area are 20 and 100 for the two regions respectively. A higher pulse number for the 

grooves is to ensure perfect electrical insulating between the two electrode sets. After ablation, a large 

amount of debris is found surrounding ablated areas as shown in (b). Proper polishing and cleaning are 

essential to obtain a clean surface as shown in (c) in order to prepare for later fabrication stages.  

 

After cleaning, micrographs (Figure 3.6(a)) show features with well-defined edges developed 

by the mask-delivered process. The depth of the grooves between electrodes is much deeper 

than the thickness of the FTO coating. This results in complete removal of FTO coating and 

further etching into the glass substrates. A standard sample produced by such a method could 

achieve a resistance in the mega-ohm range between the two sets of electrodes. A 3D map and 

2D profile of these samples are shown in Figure 3.6(c) and (d) respectively. Build-up of 

materials could still be measured even after cleaning of electrodes. This results in up to 1 µm 

higher regions on electrode edges than at the middle of the electrodes. It is proven in a later 

electrodeposition process that the built-up regions have similar electrical conductivity with the 

rest of the electrodes.  
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Figure 3.6 Scanning electron micrographs of (a) interdigitated electrodes and (b) stitching area 

between two ablated fields. The surface profile of a typical sample was measured by an optical 

profilometer (Veeco WYKO NT1100 optical profiling system). A 3D mapping result and a 2D profile 

are shown in (c) and (d) respectively.  

 

Several defects are observed on these patterns.  

1. The designed electrode to insulating groove width ratio is 10 µm to 10 µm. However, the 

actual electrodes and grooves are approximately 8 and 12 µm wide (Figure 3.6(a)). 

Thinning down of electrodes further reduces electrode surface area thus increasing ohmic 

resistance of them.  

 

2. Cracks are commonly noticed on the glass substrates at ablated areas, due to thermal 

shock generated by rapid heating of substrates during ablation.  However, the FTO 
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coatings seem to have high thermal-shock resistance, as no crack is found propagating 

onto the interdigitated electrodes.  

3. Stitching boundaries could be easily noticed even in low magnification images (Figure 

3.5). At these areas, ablations were conducted twice as a result of overlapped ablation 

fields. In addition, mechanical moving errors of sample stage result in misalignment 

between fields. These cause further thinning down of micron-sized electrodes (Figure 3.6 

(b)) at stitching areas, which further increase ohmic resistance of individual electrodes.  

To conclude the above discussion, there are some intrinsic drawbacks for the processing of 

interdigitated electrodes using mask-delivered process. A DSC device usually has a dimension 

of more than 4 × 4 mm. The dimension could be increased to hundreds of cm
2
 for DSC 

modules. However, it is difficult to use laser beams with comparable sizes. It is almost 

impossible to process a full-size misropattern in a one-shot process with masks containing full 

features. Therefore, stitching is almost unavoidable. Stitching errors could always exist, due to 

the mechanical moving errors of sample stage and even the sample distortion associated with 

thermal expansion in long term processing. Good coupling between mask changing and 

sample stage moving also requires high precision control which increases the cost of 

equipments.  

3.3 Direct-write process using ND:YV04 solid-state laser 

In direct-write laser ablation process, focused laser beams with a diameter of typically several 

microns are used to directly remove materials to produce micropatterns. The direct-write laser 

ablation experiments were performed in Wuhan National Laboratory for Optoelectronics  

(WNLO, NO. 1037 Luoyu Road, Wuhan , 430074, P. R. China). The laser source (Aptowave, 

New york USA) comprises a solid-state ND:YV04 crystal pumped by a laser diode with a 

pumping wavelength of 1064 nm. An output laser radiation with 355 nm wavelength is 

produced through a third-harmonic generation. The laser beam is delivered through an 

oscillating mirror system to achieve x-y scanning on sample surfaces. The laser beam has a 

Gaussian intensity distribution as shown in Figure 3.7 (a).
16

 This results in typically a tapered 

transition region between unaffected FTO coating and fully exposed substrate as shown in 

Figure 3.7(b). The width of the tapered region varies from less than 1 um to several microns 

depending on the fluences, speed and pulsing frequency of the laser.  
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Figure 3.7 (a) Intensity profile of the laser beam used in our experiments.16 The beam features a 

typical Gaussian distributed intensity which results in a tapered transition region (the region 

highlighted by the yellow frame) shown in (b) when processing samples with layered structure.  

µm 

 

The direct-write laser ablation process is mask-free and more flexible in fabricating patterns 

with a large variety of dimensions. Due to the intrinsical differences involved in the two 

processes, drawbacks associated with stitching in mask-delivered process could be overcome 

by direct-write process. Large-scale patterns could be produced in a faster continuous process. 

Since only one stitching is usually required at the end of processing to obtain closed patterns, 

stitching errors could be easily controlled to the lowest level. Processing rate depends almost 

exclusively on the moving speed of the laser beam. For laser micromachining facilities at 

present time, such a speed could be up to throusands of mm per second. This allows for 

processing interdigitated electrodes in a very high throughput.  

3.3.1 Evaluation of parameters for the processing of FTO glass 

The effects of laser fluences 

Figure 3.8(a) - (e) shows that the width of completely ablated region (dark grooves in Figure 

3.8(a) - (e)) is increased from approximately 3 µm to more than 10 µm when increasing the 

laser fluences from 2.3 to 5.7 µJ. This is due to the increased effective beam dimension on the 

samples surfaces. On the other hand, the size of tapered transition regions is slightly reduced, 

and the dimension of overall ablated feature (completely ablated region plus transition region) 
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is increased from 10 µm at 2.3 µJ to approximately 15 µm at 4.4 µJ and remained almost 

constant after that. This indicates that the effective beam diameter was focused to 

approximately 15 µm at the surface level of these samples during albation.  

However, increasing laser fluences results in no substantial increment in ablation depth as 

shown in Figure 3.8(f). The maximum depth of ablation is almost reached at a low fluence of 

2.3 µJ and only increased by approximately 0.1 µm until a fluence of 7.6 µJ is reached. This 

indicates that the ablation rate of glass substrates is much lower than that of FTO coatings, 

possibly due to the sublimation of FTO at around 1800 °C. The difference in ablation rate 

could also attribute to the difference in absorption coefficient of glass and FTO towards the 

absorption of 355 nm light.  

To summarize the results shown in Figure 3.8, too low fluence such as 2.3 µJ results in narrow 

insulating tracks and large tapered region which could result in shorting when producing long 

distance grooves. While too high fluence such as 5.7 µJ results in too wide grooves which 

reduce effective electrode area. Appropriate laser fluences for the processing of interdigitated 

micropatterns on FTO are believed to be between 3.2 and 4.4 µJ. 
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Figure 3.8 Scanning electron micrographs showing the morphology of micropatterns produced by 

laser pulses with single pulse energy of (a) 2.3, (b) 3.2, (c) 4.4, (d) 5.7 and (e) 7.6 µJ. The beam 

moving speed and pulsing frequency are 200 mm/s and 90 kHz for all samples. The dark regions in the 

images are fully exposed glass substrates, while the regions with rough surfaces are unaffected FTO 

coatings. The surface profiles shown in (f) were measured using an optical profilometer (Veeco 

WYKO NT1100 optical profiling system).  

 

The effects of beam travelling speed 

Figure 3.9 summarizes surface morphology of substrates ablated by laser beam moving at the 

speed of (a) 100, (b) 200, (c) 300, (d) 400 and (e) 500 mm/s on FTO glass surface. It is shown 

that a lower speed generally results in a wider groove with narrower tapered region on FTO 

coatings.  

(f) 

Horizontal distance (µm) 
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For all these samples, pulse frequencies were fixed at 90 kHz. For circular beam spots with an 

effective diameter of 10 µm, the distant that the beam moves between shots has to be less than 

10 µm in order to produce a continuous pattern rather than isolated craters. Therefore the 

maximum beam moving speed at 90 kHz frequency can be calculated by 90,000 pulses/s × 10
-

2
 mm = 900 mm/s.  

At a speed of 500 mm/s (Figure 3.9 (d)), the distance between every two shots is 5.5 µm.  

Craters are partially joint with large tapered region at the surrounding area. There are also 

shorting bridges in-between them, rendering this speed not applicable to produce smooth 

grooves when using 90 kHz pulsing frequency. Reducing speed to less 300 mm/s (Figure 3.9 

(c)) results in reduced distance between shots to 3.3 µm. Such a condition seems to give 

smooth grooves with relatively small tapered regions. However, further reduce speed to less 

than 200 mm/s results in greatly widened insulating grooves, which potentially reduce 

electrode width thus effective electrode areas. A suitable speed for the processing of 

interdigitated electrodes on FTO glass would be between 200 and 300 mm/s.  

 

 

Figure 3.9 Straight groove features produced by laser beams with 4.4 µJ fluences and 90 kHz 

frequency. The beam moving speed on the samples surfaces are varied from 100 to 500 mm/s, 

corresponding to a distance between every two shots of (a) 1.1 , (b) 2.2 , (c) 3.3 , (d) 4.4  and (e) 5.5 

µm, respectively.  

 



Chapter 3 Laser ablation to produce interdigitated electrodes 

72 

 

The effects of pulsing frequency 

Pulsing frequency, correlated with beam travelling speed, dramatically varies the surface 

morphology of ablated micropatterns. Figure 3.10(a) and (b) show images of simple straight 

line features produced by 20 and 90 kHz laser pulses that travel at a speed of 300 mm/s. The 

beam moving distance between two shots for these two frequencies are 15 and 3.3 µm 

respectively. The difference in groove width is due mostly to the different laser fluences 

employed for these two samples. However, by excluding the differences in fluences, we could 

still notice greatly varied morphologies resulted from the two frequencies. At a speed of 300 

mm/s, a higher frequency of 90 kHz results in a 3.3 µm beam moving distance between every 

two shots, producing smooth grooves. In comparison, 20 kHz results in a 15 µm beam moving 

distance between every two shots, producing scattered craters. In addition, non circular craters 

are observed on the 20 kHz sample, indicating a non-homogeneous energy profile of the laser 

beam. Undoubtedly, a higher frequency of 90 kHz is more suitable for the process of 

interdigitated electrodes.  

 

 

Figure 3.10 Scanning electron micrographs showing straight groove micropatterns produced by laser 

pulses with (a) 20 and (b) 90 kHz laser pulses and moving at a speed of 300 mm/s on sample surface. 

Under these two conditions, the laser beams are moved by a distance of 15 and 3.3 µm, respectively. 

The fluences for (a) and (b) are 31.0 and 4.4 µJ respectively.  

 

(a) 20 kHz, 300 mm/s                                   (b) 90 kHz, 300 mm/s 
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3.3.2 Evaluation of parameters for the processing of Ti coated glass and PI 

Ti coated glass and PI samples were prepared by magnetron sputtering operated at 110 W 

under an Ar pressure of 3.0 mTorr for 60 minutes. The coatings have a thickness of 300 nm 

and an average surface conductivity of 4 Ω/□.  

To optimize parameters for the processing of Ti coated glass, laser pulses with a fixed 

frequency of 90 kHz were operated at fluences ranging from 1.1 to 5.7 µJ (Figure 3.11 (a) - 

(c)), and beam moving speed from 100 to 500 mm/s (Figure 3.11(d) - (e)). It is shown that 1.1 

µJ is insufficient in producing a continuous groove. The actual output laser power from the 

laser source was 0.5 W. The instability of the energy output of the laser source at such a low 

power level is the main reason for the uncontinuous feature. At the other extreme, a 5.7 µJ 

fluence produces a more than 10 µm wide groove, and results in significant melting and 

particles deposited onto adjacent regions. This fluence is believed to be too high for the 

ablation of 300 nm Ti coating on glass.  An intermidiate fluence of 3.2 µJ is more appropriate 

for producing interdigitated electrodes.  

Comparing the micropatterns produced by different speeds, 100 mm/s seems to be too low for 

our purpose. When using 100 mm/s and 90 kHz, the laser beam was only moved by 1.1 µm 

between every two shots. In this case, the laser energy was concentrated onto a relatively 

small area. As a result, significant melting was observed at the regions adjacent to the ablated 

grooves, and substrates were cracked by thermal shock (Figure 3.11(d)). On the other hand, a 

high speed of 500 mm/s results in splash of molten droplets all around micropattern, which 

increase the potential of shorting. A medium speed of 300 mm/s seems to be suitable for our 

purpose.  
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Figure 3.11 Ablation of Ti coated glass by 355 nm solid-state laser operated at fluences of (a) 1.1, (b) 

3.2 and (c) 5.7 µJ laser fluences. The laser pulses have a frequency of 90 kHz and were moved at a 

speed of 300 mm/s on sample surface. The laser beam was moved by a distance of 3.3 µm between 

every two shots. A comparison of different beam moving speed is shown in (d), (e) and (f) for 90 kHz 

pulses with a 3.2 µJ fluence. The beam moving distances were 1.1, 3.3 and 5.5 µm respectively for the 

three samples.  

 

Similar trend are observed for the processing of Ti coated PI. For laser beams moving at 300 

mm/s, the beam was moved by 3.3 µm between every two shots. Increasing laser fluences 

from 0.9 to 7.6 µJ dramatically change ablated groove width from less than 10 µm to more 

than 20 µm (Figure 3.12(a) - (c)). 0.9 µJ fluence is too low to completely remove the Ti 

coating, whereas a too high fluence of 7.6 µJ causes severe delamination of Ti coatings around 

the ablated area.  

At a laser fluence of 1.6 µJ, moving speeds of 300, 400 and 500 mm/s were used. 300 mm/s 

was the only speed that is applicable for our purpose. Higher speeds generally results in 

scattered craters, similar to what has been shown for the processing of FTO and Ti coated 

glass substrates. When using high moving speed such as 400 and 500 mm/s, missing pulse is 

also noticed.  
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Figure 3.12 Ablation of Ti coated PI by 355 nm solid-state laser operated at fluences of (a) 0.9, (b) 2.3 

and (c) 7.6 µJ. The laser pulses have a frequency of 90 kHz and were moved at a speed of 300 mm/s on 

sample surface. A comparison of different beam moving speeds is shown in (d), (e) and (f) for 90 kHz 

pulses with a 1.6 µJ fluence. The beam moving distances between every two shots are 3.3, 4.4 and 5.5 

µm for the three processing conditions.  

 

3.3.1 Comparison of ablation on different materials 

Due to the heating effect generated by nanosecond laser pulses, ablation defects such as 

cracking and melting of materials are almost unavoidable. On FTO glass, cracks are found 

propagating to tapered region (Figure 3.7(b)), but they are mostly terminated at the boundary 

of the un-ablated coatings. Clean sample surfaces could be obtained, with little debris or 

molten materials building up adjacent to features. Some particles are dispersed on the exposed 

substrates, which could possibly be molten glass attach to the substrates.  

Ablation of Ti coated glass and PI substrates is more complicated than that of FTO glass. One 

obvious difference is the weaker coating-to-substrate adhesion for Ti coated glass and PI than 

for FTO glass, which could be explained by the differences in bonding natures between oxide-

to-oxide and metal-to-oxide bonds.  

The FTO to glass adhesion is essentially a ceramic to ceramic adhesion. On the other hand, the 

Ti to glass adhesion is a metal to ceramic adhesion, which consists of incoherent interface. 
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The transition from metallic to ionic bonds results in a large mismatch between different 

microstructures, and thus much weaker coating adhesion. 

Similar principle can be applied to explain the weak adhesion between Ti and PI. Coating 

strength in both cases could be improved by annealing at high temperature, this might 

however cause other issues such as oxidation and thermal shock.  

On the other hand, melting and splash of Ti indicates a much higher temperature than the 

melting point of Ti (Tm = 1668 °C as shown in Table 3.1) is reched during the ablation process. 

At this temperature, it is quite possible that the FTO coating is quickly sublimed (Table 3.1), 

whereas Ti coatings are firstly melted and then evaporated. The high temperature also results 

in oxidation of Ti, especially at the regions around the ablated area. This is proved by the EDX 

results shown in Figure 3.13. From point 1 on Ti coating that is away from micropattern to 

point 2 at the middle of an electrode and further to point 3 on molten region (Figure 3.13(b)), 

an increase in oxygen content is observe (Figure 3.13(a)). This indicates an increased level of 

oxidation. The result is confirmed by the EDX mapping of oxygen distribution as shown in 

Figure 3.13(c). A brighter colour stands for a higher content of oxygen. At the boundary of 

micro-electrodes where the melts are formed, a higher oxygen content than on the rest of 

electrodes is found.  
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Figure 3.13 (a) Energy-dispersive x-ray spectroscopy (EDS) results measured using a JEOL 7001F 

field-emission scanning electron microscope for point 1, 2 and 3 shown in (b) the compositional SEM 

image of interdigitated electrodes patterned on Ti coated glass. The oxygen distribution for the 

identical location is shown in (c). The scale bar shown in (c) is calibrated for images in both (b) and (c).  

 

Figure 3.14 compares results for features produced on FTO glass, Ti coated glass and Ti 

coated PI by an identical laser fluence of 28 µJ. Heating seems to have less effect on FTO 

glass (Figure 3.14(a)) than on Ti coated glass and PI. On Ti coated glass, heating results in 

melts and cracks,(Figure 3.14(b)) while on Ti coated PI heating results inflaking of the Ti 

coating. Similar groove depths were produced on FTO and Ti coated glass as shown in Figure 

3.14(d). Removal of FTO and Ti coating at such fluences is not difficult. Extra energy is 

dissipated onto substrate materials, and results in ablation of substrates.  A much wider and 

deeper groove is produced on Ti coated PI. This implies the ablation of such a substrate 

required much lower energy than the other two, due to the fact that PI has a much lower 

decomposition temperature (a simple burn off experiment shows that PI starts to be carbonized 

at > 500 °C) than the evaporation temperature of soda-lime glass.  
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Figure 3.14 Comparison of (a) FTO glass, (b) 300 nm Ti coated glass and (c) 300 nm Ti coated PI 

samples ablated by 355 nm solid-state UV laser operated at 4.4 µJ fluence, 300 mm/s beam travelling 

speed, and 90 kHz pulsing frequency. The surface profiles of these three samples are shown in (d), (e) 

and (f).  

 

3.3.2 Processing of full-size patterns 

Based on the above discussion, optimized parameters for the processing of the above materials 

with the Nd:YVO4 solid-state laser are listed in Table 3.2. Figure 3.15 shows a comparison of 

samples prepared with these parameters. Micrograph and 3D profile (Figure 3.15 (a) and (d)) 

show crack-free micro-electrodes with clean surfaces. Slightly distortion of the insulating 

tracks is due to the vibration of the linear motor within the x-y sample stage, which could be 

improved by technical adjustments. Average depth of ablation is more than 500 nm (Figure 

3.15(g)), which is sufficient to remove FTO and form perfect insulating grooves.  
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Table 3.2 Summary of processing parameters for the fabrication of full-size interdigitated electrodes 

on FTO glass, Ti coated glass and Ti coated PI using a direct-write Nd:YVO4 solid-state laser. Note 

that the averages fluences shown in J/cm
2
 are calculated based on the assumption that the beam has a 

homogeneous intensity distribution and has an effective spot size of 10 × 10 µm on sample surfaces.  

Solid-state laser  Fluences (J/cm
2
) Beam moving 

speed (mm/s) 

Pulsing frequency 

(kHz) 

FTO glass 4.4 200 90 

Ti coated glass 3.2 300 90 

Ti coated PI 2.3 300 90 

 

In contrast, Ti micro-electrodes show a more complicated topography. Micrograph (Figure 

3.15(b)) and 3D profile (Figure 3.15(e)) show lumps of melting materials surrounding ablated 

areas and splashed molten droplets on the electrode surface. An average 500 nm ablation 

depth ensures good insulation (compared to a 300 nm Ti coating). Shorting bridges are 

sometimes found on these samples, however this can usually be solved by electrical burn off 

through the application of a DC voltage across the two electrode sets.  

Interdigitated electrodes on Ti coated PI are mostly failed, mostly due to the delamination of 

the Ti coatings and the thermal distortion of the PI substrate. Micrograph (Figure 3.15(c)) 

reveals delamination and curling of most micro-electrodes at the tip regions. The major reason 

is the overheating of substrates by nanosecond laser pulses. Even with a deep etching of 4 µm, 

<2 kΩ resistances are usually measured between two electrode sets, mostly caused by the 

curled micro-electrodes.  
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Figure 3.15 Comparison of full-size interdigitated electrodes processed on (a) FTO glass (b) Ti coated 

glass and (c) Ti coated PI using Nd:YVO4 solid-state UV laser. The surface profiles of these samples 

were measured using an optical profilometer (Veeco WYKO NT1100 optical profiling system). The 

3D mapping and 2D profile results are shown in (d) - (f) and (g) - (i) respectively.  

 

3.4 Conclusion 

In conclusion, the fabrication of interdigitated electrodes using laser ablation is investigated in 

this chapter. Mask-delivered KrF excimer laser and direct-write Nd:YVO4 solid-state laser 

were employed to process FTO glass, Ti coated glass and Ti coated PI.  

Generally, the mask-delivered process is less flexible and requires more sophisticated laser 

facilities. The major issue for this process is the complexity associated with stitching 

elementary patterns. There is also the problem with using 248 nm KrF excimer laser radiation. 

Strong absorption by soda-lime glass at this wavelength results in etching and cracking of 

substrates.  
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For direct-write laser ablation, a higher pulsing frequency such as 90 kHz was found desirable 

for producing smooth microelectrodes. Increasing laser fluence and reducing beam moving 

speed both result in increased ablated groove width. Ablation on FTO glass was relatively 

simple. Little delamination or cracking of FTO coating was found, due to the strong adhesion 

between FTO and glass substrates. However, ablation of Ti coated glass and PI was more 

problematic, Lumps of molten materials were deposited around ablated grooves, resulted in 

rough electrode surfaces. For PI substrate further issues of delamination and flaking of Ti 

coating renders the ablation on this substrate unsuccessful. 

Finally, with evaluated processing parameters, patterns with good insulation and acceptable 

morphology were produced on FTO and Ti coated glass by both laser systems. However, due 

to the intensive heat generation associated with nanosecond laser pulses, issues of cracking 

and melting of materials always exist. The processing of micron-sized electrodes using 

nanosecond laser pulses is proved to be not ideal. Defect-free features with clearly etched 

edges could be rather easily produced by femtosecond laser pulses. Experiments described in 

this chapter would be improved upon the availability of femtosecond laser facilities. The 

prospective successful interdigitated electrodes on Ti coated PI substrates would provide the 

potential of producing flexible back-contact DSCs on non-transparent substrates.  
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4 Pulsed-current electrochemical deposition of Pt catalytic 

coatings 

 

This chapter describes a pulsed-current electrochemical deposition (PEC) technique that is 

used to produce Pt catalytic coatings for our back-contact DSCs. Furthermore, the technique 

can be applied at room temperature using simple setup, and is therefore well suited for 

producing Pt counter electrodes used in conventional DSCs.  

As described in Chapter 1, photocurrent generation in DSCs involves a sequence of processes 

including dye excitation, electron injection into the nanocrystalline TiO2, regeneration of 

oxidized dye molecules by iodide, ionic diffusion of redox species in the electrolyte and 

reduction of triiodide at the counter electrode (Equation 4.1).  

3 2 3I e I                                                             4.1 

The reduction of triiodide features a high overpotential on common transparent conductive 

oxide (TCO) layers such as fluorine-doped tin oxide (FTO) or indium-doped tin oxide (ITO). 

This necessitates the use of additional catalytic coatings on TCOs in order to afford efficient 

triiodide regeneration at low overpotentials.   

The catalytic coating on CEs is crucial for the performance of DSCs, as the reaction rate 

relating to the charge transfer at the CE/electrolyte interface, has to be fast enough to cope 

with a high rate of charge transfer in DSC systems under full sun illumination.  

So far the most widely used catalytic material has been Pt 
1-4

, owing to its excellent catalytic 

activity. Alternative materials such as carbon black,
5, 6

 carbon nanotubes,
7
 poly 3,4-

ethylenedioxythiophene (PEDOT) 
8, 9

, and graphene/PEDOT composites
10

 have also been  

investigated, yet their catalytic activities are only comparable to that of Pt when their coating 

thickness approaches a few micrometers 
5, 6

.  

In Chapter 1, we have discussed the methods used to produce the Pt catalytic coating for DSCs. 

Most commonly, Pt CEs are produced by thermal decomposition (TD) of Pt precursors,
11

 such 

as hexachloroplatinic acid (H2PtCl6). 
3, 4

 Alternatively, Pt CEs can be produced by room-

temperature processes such as sputtering
7, 12

, chemical reduction
13, 14

 and electrochemical 

deposition (ED).
7, 15-19

 Here, we present a systematic study that correlates the pulsed current 
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deposition conditions with the resulting nanostructure morphology as well as the optical and 

catalytic properties of the resulting Pt coating. Reducing the amount of electrodeposited Pt per 

surface area is of great interest in view of the imminent commercialization of DSC technology, 

allowing to cut fabrication costs while also improving the optical transmission of the catalytic 

layer. The latter is important for DSC device configurations that operate in back-illumination 

mode
15

 as well as bifacial solar cells.
20

 The current study provides an analysis of how catalytic 

and optical properties are dependent on the deposition conditions, as well as the overall 

amount of Pt deposited per surface area.  

4.1 Experimental methods 

4.1.1 Materials and reagents 

FTO glass substrates (10 Ω/□, Nippon Sheet Glass) were cleaned with 5 % Helmanex in water, 

ultrapure water and ethanol in an ultrasonic bath. TiO2 paste (JGC Catalysts and Chemicals 

Ltd, Kitakyushu-Shi (Japan)), N719 dye (Dyesol, Queanbeyan (Australia)) and all other 

chemical compounds (Sigma-Aldrich (Australia)) were used without further purification.   

4.1.2 Pulsed-current electrochemical deposition (PED) 

A purpose-built three electrode electrochemical cell was used for all PED experiments. The 

aqueous solution contains 2 mM hexachloroplatinic acid (H2PtCl6). Hydrochloric acid was 

used as a supporting electrolyte to achieve a pH value of 2.0-2.2. It was reported that the 

electrolysis of water can be effectively suppressed at this pH range.
21

 FTO glass, a Pt plate and 

Ag/AgCl (3.5 M KCl, 0.197 V vs. SHE) were used as the working, auxiliary and reference 

electrode, respectively. Current pulses with current densities of Jpulse (measured in mA/cm
2
) 

were applied for a duration of ton with an idle period of toff between every two pulses. Pt 

deposits were produced by the reduction of PtCl6 according to Equations 4.2 and 4.3.  

2 2

6 42 2PtCl e PtCl Cl     
                              

                4.2
 

2

4 2 4PtCl e Pt Cl    
                                 

                4.3 

The overall deposition process involved a number of pulse cycles and lasted for a total period 

of to. Assuming a quantitative conversion of electrons to deposited Pt according, the overall Pt 
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mass loading per unit area (mPt) could be estimated from the number of charges applied to a 

unit geometrical area of electrode surface Equation 4.4,   

4

pulse

Pt pulse

pulse off

Pt

t
M J

t t
m

F

 





                                              4.4 

where MPt stands for the molar mass of Pt and F for the Faraday constant. From the Pt mass 

loading mPt a nominal thickness of the deposited Pt layer was calculated by dividing mPt by the 

bulk density of platinum.  

In this study the current density was varied between 3 and 10 mA/cm
2
. Hydrogen evolution at 

higher deposition potentials could potentially reduce the deposition efficiency and therefore 

the actual mPt. Yet, no substantial gas generation was noticed up to a current density of 10 

mA/cm
2
, indicating that high electric charge-to-Pt conversion efficiencies are ensured. The 

pulse and idle periods of ton and toff were kept constant at 100 and 1000 ms respectively. The 

overall amount of Pt loading (nominal thickness) was adjusted through the overall deposition 

time to of each deposition experiment. Current densities beyond 10 mA/cm
2
 were not tested 

due to the possibility of significant water electrolysis at these higher current densities. At a 

current density of 15 mA/cm
2
, bubble formation was observed at the electrode surface.  

Three types of CEs were produced using the TD method. For the first and second types, 10 µL 

of H2PtCl6 solutions (1 and 10 mM in isopropanol) were spread onto a 1.5 cm
2
 FTO glass 

surface. For the third type, 100 µL H2PtCl6 solutions (10 mM in isopropanol) were spread onto 

the same electrode surface. Samples were dried in air and then sintered with a hot air gun at 

400 °C for 15 min. The resulted nominal Pt coating thickness was approximately 0.6, 6.0 and 

60 nm, respectively. The 6.0 nm coating is similar to those used in standard cell fabrication as 

previously described.
2
  

4.1.3 Charge transfer resistance (Rct) 

The charge transfer resistance (Rct) at the Pt/electrolyte interfaces was measured by 

electrochemical impedance spectroscopy (EIS) using a VSP2 potentiostat (Biologic Scientific 

Instruments). A thin layer of electrolyte (0.6 M 1-butyl-3-methylimidazolium iodide, 0.03 M 

iodine ( ≥ 99 99%), 0.10 M guanidinium thiocyanate (99%) and 0.5 M 4-tertbutylpyridine 

(Fluka, 98%) in a mixture of acetonitrile and valeronitrile (volume ratio, 85:15)) were sealed 
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between two identical platinized CEs to test in symmetrical cells. The cells were biased at 0 V 

potential with the application of a 10 mV AC voltage perturbation. Frequency of the AC 

perturbation was varied from 500 kHz to 0.1 Hz. EIS results were fitted to the equivalent 

circuit of the symmetrical cell to determine Rct.  

4.1.4 Cyclic voltammetry 

Cyclic voltammetry experiments were performed using an electrolyte containing 10 mM 

lithium iodide (99.9%), 1 mM iodine (≥99 99%) an  0 1              c    a   (99 99%)  n an 

acetonitrile (99.8%, anhydrous) solution. The voltages were scanned b  w  n − 0.4 V and 1.0 

V (vs. a Ag/AgCl reference electrode) at a scan rate of 50 mV s 
− 1

 using a VSP2 potentiostat 

(Biologic Scientific Instruments). 

4.1.5 Scanning electron microscopy  

SEM images were obtained using a JEOL 6300F (JEOL, Tokyo, Japan) field emission gun 

electron microscope. Samples were sputter coated with Au-Pd prior to imaging. 

4.1.6 UV-Vis spectroscopy 

The optical transparency of platinized CEs was measured using a Cary 5000 UV-Vis 

spectrometer. Baseline correction was conducted without any sample in the optical pathway. 

Transmission data were taken over a range from 330 to 800 nm. The optical transmission 

measured at 550 nm was recorded as the optical transparency used for our data plots. The 

transparency of FTO glass was also measured as a reference.  

4.1.7 DSC fabrication 

Mesoporous TiO2 films were screen-printed using methods previous described.
2
 The cell 

fabrication follows the procedures as described in Chapter 2.  

4.1.8 Photocurrent-voltage characterization   

The output of a sun simulator (Oriel, USA) equipped with a 1,000 W xenon lamp was adjusted 

using a calibrated silicon photodiode cell before each measurement. Devices were tested under 

simulated AM1.5 sunlight (100 mW/cm
2
). Cells were covered by a 6 mm×6 mm black mask 

during testing. The incident photon to electron conversion efficiency (IPCE) was measured 
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using a xenon light source (Oriel, Model 66901), a monochromator (Oriel, Model 74100), and 

a SourceMeter (Keithley, Model 2400).  

4.2 Results and discussion 

The electrochemical deposition of Pt involves three important fundamental stages, including 

the ionic adsorption of Pt cations onto the substrate, nucleation and crystal growth to form 

bulk materials.
22

 Electrochemical deposition onto F-doped tin oxide (FTO) surfaces was 

reported to follow the "Volmer-Weber" mechanism.
22, 23

 The binding energy between Pt atoms 

is greater than that between Pt atoms and the FTO substrate, resulting in the formation of 3D 

clusters upon the application of an electrical overpotential.  

The morphology of Pt coatings significantly affects their catalytic activity.
16, 24

 The charge 

transfer resistance at the CE/electrolyte interface can be reduced through the use of Pt coatings 

with higher activation surface area. With the same amount of Pt deposites, reducing the Pt 

particle size while increasing the particle density is a major strategy to reduce Rct at the 

interface. This could be achieved by favoring nucleation over crystal growth during the 

deposition process. We show that while the Pt coating morphology cannot be controlled in the 

conventional TD method, the morphology, such as particle size and particle density, can be 

easily manipulated using the PED method described here.  

4.2.1 Coating morphology 

The scanning electron microscopic images of Pt coatings on FTO glass produced by PED 

using pulsed-current densities of 3, 5 and 10 mA/cm
2
 are shown in Figure 4.1. Each row 

shows the morphology of Pt films that result from PED processes with identical integrated 

electrodeposition currents (total deposition charge) of 2.7, 27 and 270 mC/cm
2
 respectively. 

Assuming a quantitative electrochemical conversion according to Equation 4.2 (see 

experimental section), these deposition conditions produce dense Pt films with nominal 

thicknesses of 0.64, 6.4 and 64 nm. Films produced with 2.7 mC/cm
2
 show individual Pt 

nanoparticle deposits of < 10 nm, close to the resolution limit of the SEM. The images provide 

some indication that the overall size of the visible Pt nanoparticles decreases with increasing 

current-density whereas the number of visible Pt grains appears to increase with increasing 

current-density. Films fabricated with 27 mC/cm
2
 (nominal Pt deposition thickness of 6.4 nm) 
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show striking morphology differences as a function of the PED deposition current density. The 

average Pt particle diameters associated with deposition current densities of 3 and 5 mA/cm
2
 

are 98 and 40 nm respectively. The density of Pt grains can be calculated accordingly to 26 

and 272 NPs/µm
2
. A uniform film with fine particles is observed for the 10 mA/cm

2
 sample. 

The particle size of this film is close to the resolution limit of the SEM, which is around 10 nm. 

At 5 mA/cm
2
 the linear alignment of Pt grains leads to the appearance of some rod-shaped 

structures.  Potentially the energetically favorable independent nucleation of Pt grains 

alongside FTO crystal grain boundaries, edges or other defects could lead to this effect. At 10 

mA/cm
2
 a dense coating of sub 10 nm particles can be observed. Further increase of overall 

gavanic deposition charge to 270 mC/cm
2
 (nominal Pt thickness of 64 nm) leads to the 

formation of Pt films with flake-like as well as nanoparticulate nanostructures for all three 

current-densities. Flake-like structures with a typical length of around 100 nm form preferably 

at lower current densities. 

Generally, Pt coatings produced by PED are quite uniform across a large area of electrode 

surface. In comparison, the thermal decomposition method used here (TD; see experimental) 

can result in coating defects such as large cluster of deposits and uncovered FTO surface (see 

insert Figure 4.1(a2)). These defects can be explained in terms of the aggregation of H2PtCl6 

during the drying of the precursor solution. Aside from these defects the TD method produces 

Pt films that are composed of small (< 10 nm) nanoparticles, similar to the primary particle 

size observed for high current density PED.   
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Figure 4.1 Scanning electron micrographs of fluorine-doped tin oxide (FTO) glass deposited with Pt 

by pulsed-current electrochemical deposition using a1-a3 3 mA/cm
2
, b1-b3 5 mA/cm

2
, and c1-c3 10 

mA/cm
2
 pulsed-current densities to apply total deposition charges of 2.7, 27 and 270 mC/cm

2
 

(equivalent to Pt coatings with nominal thicknesses of 0.64, 6.4 and 64 nm). The inserted micrograph 

in a1-a2 shows the surface morphology of Pt coatings with equivalent nominal thicknesses produced 

by thermal decomposition on FTO glass.  
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4.2.2 Charge transfer resistance 

 

 

Figure 4.2 Dependence of charge transfer resistance (Rct) on the total deposition charge used to 

produce Pt coatings by thermal decomposition and pulsed-current electrochemical deposition using 3, 

5 and 10 mA/cm
2
 pulsed-current densities. Nominal Pt thicknesses are also shown as a reference (see 

experimental section).  

 

The charge transfer resistance Rct at the CE/electrolyte interface for the reduction of triiodide 

to iodide is an important parameter that allows to quantify the activity of catalytic coatings. 

Figure 4.2 summarizes the measured Rct values for Pt coatings deposited by PED as a function 

of the overall galvanic deposition charge and the according nominal Pt thickness. For 

comparison the Rct values for Pt coatings deposited by TD are also shown as a function of their 

nominal Pt thickness, assuming quantitative conversion of H2PtCl6 to Pt. For the different 

deposition conditions the data indicates a continuous decrease of Rct with increasing Pt layer 

thickness. Generally Pt films produced by PED at high current densities show lower Rct values 

than films produced at low current densities. This correlates well with the morphological 

changes observed in Figure 4.1, as Rct is expected to decrease with increasing active surface 

area of the catalyst. Pt films produced via TD methods showed a catalytic activity similar to 
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films produced at 10 mA/cm
2
 via PED. This again correlates well with the similarities in 

coating morphology observed for films produced by those two deposition methods.  

4.2.3 Optical transparency 

 

 

Figure 4.3 Correlation between optical transmission and charge transfer resistance (Rct) for Pt coatings 

produced by thermal decomposition (TD) and pulsed-current electrochemical deposition (PED) using 3, 

5 and 10 mA/cm
2
 pulsed-current densities. The total deposition charge for the PED samples was varied 

from 2.7 to 270 mC/cm
2
. The nominal thicknesses of the three TD samples shown are 0.64, 6.4 and 64 

nm.  

 

Optical transparency of CEs is important for DSC devices operating under back illumination 

mode (i.e. light irradiation from CEs), such as bifacial DSCs
20

 and metal foil based flexible 

devices
15

. Generally, reducing the Pt film thickness will result in a cost reduction as well as an 

increase in optical transparency of the counter electrode which increases the optical light 

harvesting capability of those DSCs. At the same time it will result in an increase in Rct with 

potentially adverse effects on the overall solar cell performance.  

Figure 4.3 plots the measured optical transmission of the films analyzed in Figure 4.2 as a 

function of their Rct values, showing decreasing optical transparency with decreasing Rct. The 

plot also reveals a trend where films deposited at high current densities generally show better 
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optical transmissions at comparable Rct values, compared to films produced at lower current 

densities. The data points for the thermally deposited Pt layers are comparable to those of 

films made by PED with deposition current densities of 10 mA/cm
2
, with slight advantages of 

the PED layers over the TD films. Optical transmission values of up to 82 % could be 

measured for these films with Rct va      f 8 Ω c 
2
. This is almost identical to the 

transmission of the uncoated FTO glass  (83 %) used as CE substrates in this study.  The 

deposition process for the thinnest Pt coating produced by the 10 mA/cm
2
 current density 

takes only 2.3 seconds. Such a rapid production of the high performance CE can be important 

for high throughput roll-to-roll fabrication process. 

The data representation chosen for Figure 4.3 also allows to compare data sets produced by 

different deposition techniques, independent of the actual conversion rate of the thermal or 

electrochemical process, as the data is not plotted as a function of nominal film thickness. 

  

4.2.4 Cyclic voltammetry 

The catalytic activity of Pt coatings is further characterized by cyclic voltammetry. In an 

anodic scan, iodide is oxidized to triiodide (peak II') and then to iodine (peak I') according to 

the reactions shown in Equation 4.5 and 4.6. In a reverse scan, iodine is reduced to triiodide 

(peak I) and then to iodide ions (peak II) according to the reactions shown in Equation 4.7 and 

4.8.
24

  

33 2I I e                                                            4.5 

3 22 3 2I I e                                                           4.6 

2 33 2 2I e I                                                           4.7 

3 32 3I e I                                                             4.8 
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Figure 4.4 Cyclic voltammetry measured for a Pt coating produced by thermal decomposition (TD) 

and pulsed-current Electrochemical deposition (PED) in an iodine/iodide electrolyte (10 mM lithium 

iodide, 1 mM iodine and 0.1 M lithium perchlorate in an acetonitrile solution). The PED samples were 

produced using a pulsed-current density of 10 mA/cm
2
. The total deposition charges for the three 

samples are 2.7, 27 and 270 mC/cm
2
 (equivalent to Pt coatings with nominal thicknesses of 0.64, 6.4 

and 64 nm). The TD sample has a nominal thickness of 6 nm.  

 

The quality of catalytic coatings can be judged from the peak-to-peak separation between peak 

II and II' as well as the oxidation and reduction current densities. Figure 4.4 shows the cyclic 

voltammogram of a variety of Pt coatings. The peak-to-peak separation for films produced by 

PED decreases from 640 to 500 and 440 mV as the galvanic deposition charge increases from 

2.7 to 27 and 270 mC/cm
2
 respectively. The peak-to-peak separation of a TD Pt film with a 

nominal Pt thickness of 6 nm was measured to be 740 mV, which is significantly higher than 

the 640 mV measured for the thinnest PED film (2,7 mC/cm
2
), corresponding to a nominal Pt 

thickness of 0.64 nm. The oxidation and reduction current densities follow similar trends. 

Contrary to the results derived from impedance spectroscopic experiments that show similar 

Rct values for PED films produced at high current-density and TD films, cyclovoltammetry 

indicates that films produced via high-current density PED are superior in catalytic 

performance over TD Pt films.  
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4.2.5 Photovoltaic performances of DSCs 

 

  

 

Figure 4.5 Solar energy conversion efficiencies of DSCs assembled with CEs platinized by thermal 

decomposition (TD) and 10 mA/cm
2
 pulsed-current electrochemical deposition (PED). For PED 

samples, the total deposition charge was varied from 2.7 to 270 mC/cm
2
. The TD sample has a nominal 

Pt thickness of 6 nm. DSCs were measured under (a) front and (b) back illumination conditions. The Pt 

loadings are measured by charge densities as well as nominal thicknesses. The Incident Photon-to-

Electron Conversion Efficiencies (IPCEs) of these DSCs are shown in (c) and (d) for testing under 

front and back illumination conditions.  

 

Efficiencies under front and back illumination 

DSCs were assembled with CEs produced by 10 mA/cm
2 

PED and TD and their photovoltaic 

performance under simulated sunlight was characterized with the light incident on the TiO2 

working electrode (front) and Pt counter electrode (back) respectively. The optimized 
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literature procedure
2
 used to fabricate TD counter electrodes yielded Pt films with a nominal 

film thickness of 6,0 nm. Figure 4.5(a) shows similar solar energy conversion efficiencies 

under front illumination for all DSCs regardless of fabrication methods or thicknesses. The 

difference in Rct previously observed for the different CEs has no obvious effect on the 

efficiency of the DSCs. The inconsistency among these devices attributed mostly to variations 

in the general DSC fabrication processes rather than the effect of different CEs. Surprisingly, 

DSCs employing CEs with a nominal thickness of only 0.64 nm could achieve an efficiency of 

7.1 %, which is as high as those with much thicker Pt coatings. Increasing the nominal 

thickness by 100 fold (to 64 nm) provides negligible benefit towards a higher efficiency. 

However, under back illumination (Figure 4.5(b)), the DSCs with the lowest nominal Pt 

thickness (0.64 nm) feature the highest efficiency (5.8%), due to their superior transparency 

compared to CEs with thicker Pt coating. DSCs made from CEs fabricated via TD feature a 

conversion efficiency of 4.2%, similar to those assembled from PED CEs with a comparable 

nominal thickness (19 mC/cm2; 4.3 %).  

 

Incident photon-to-electron conversion efficiencies 

Under front illumination, similar incident photon-to-electron conversion efficiencies (IPCEs) 

close to 80 % are measured for all devices (Figure 4.5(c)). This is in good agreement with the 

trend in efficiencies observed for IV characterizations. Furthermore IPCE measurements are 

performed under short-circuit at photon fluxes that are significantly lower than at full sun 

illumination, such that differences in catalytic performance should not affect the IPCE 

characteristics in front illumination mode. Under back illumination (Figure 4.5(d)) the IPCE 

performances drop with increasing nominal Pt layer thickness, in accordance with the 

increasing optical filter effect of the Pt coating. The highest IPCE peak close to 70 % is 

measured for a DSC with the thinnest Pt coating. All IPCE curves drop dramatically at 

wavelength below 550 nm due to the absorption of the thin electrolyte layer between the 

counter electrode and the sensitized TiO2 film. This drop also explains the difference in energy 

conversion efficiency when comparing DSCs under front and back-illumination. All solar cells 

presented in this study were assembled with a standard 25 µm thick surlyn spacer between 

working and counter electrode. Ito et al. have previously demonstrated a strategy to 

significantly reduce the impact of electrolyte absorption on the device performance under 
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back-illumination.
20

 IPCEs for DSCs featuring thermally deposited Pt CEs show IPCE 

performances that are very similar to those featuring PED CEs with comparable nominal 

thickness.  

4.3 Conclusions 

In conclusion, Pt catalytic coatings for DSC counter electrodes (CEs) were produced by 

pulsed-current electrochemical deposition (PED). The morphology of the Pt coating was 

strongly dependent on the deposition current density and the overall layer thickness. Pt layers 

deposited by PED at 10 mA/cm
2
 with nominal thicknesses of up to 6.4 nm revealed a 

nanostructured morphology with grain sizes below 10 nm. Pt layers fabricated under these 

conditions also showed the most favorable relation between catalytic activity and optical 

transparency. DSCs employing FTO counter electrodes with a nominal Pt thickness of 0.64 

nm performed similar (+/-5 %) to DSCs  employing CEs with Pt thicknesses that were 10 and 

100x as thick, fabricated by PED or alternatively the conventionally employed thermal 

decomposition of H2PtCl6. Their optical transparency of 82 % was close to that of uncoated 

FTO glass.  This electrodeposition process is highly compatible with the high-throughput 

fabrication of DSCs. Following the PED deposition conditions described in this paper Pt-

coated high-performance counter electrodes can be produced at room temperature within 2.3 

seconds without the need for any thermal post-treatment. The overall amount of Pt used to 

cover 1 m
2
 corresponds to 14 mg. Based on an estimated price of 50 US$ per g of Pt this 

corresponds to a cost of 0.7 US$/m
2
 or, when applied in a 8% DSC module, of less than 0.01 

US$/W
peak

. The process described is also compatible with flexible polymer substrates and roll-

to-roll fabrication processes. 
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5 Interdigitated back-contact DSCs 

 

This chapter describes the fabrication and characterization of interdigitated back-contact dye-

sensitized solar cells (IBCDSCs). The DSC architecture differs from the sandwich DSC 

structure in that the charge collecting electrodes are both located on the same side of the dye-

sensitized TiO2 film. Compared to previously reported back-contact DSC architectures,
1-3

 the 

architecture described in this chapter is truly monolithic. The interdigitated back-contact 

architecture has been applied to silicon solar cells to achieve enhanced efficiencies, especially 

for those used under concentrated sunlight.
4, 5

 Yet, this geometry has never been reported 

previously in the area of dye-sensitized solar cells. 

5.1 The structure of interdigitated back-contact DSC 

A comparison between the configuration of a typical IBCDSC and that of the most common 

DSC device is schematically shown in Figure 5.1. The device configuration of a typical 

IBCDSC preserves most of the design features common to conventional sandwich DSCs. The 

device consists of two sets of microelectrodes, namely Working and Counter Electrodes (WEs 

and CEs). The microelectrodes are conducting fingers fabricated from conductively materials 

coated substrates by laser ablation. To allow for efficient collection of electrons, the spacing 

between adjacent collecting electrodes needs to be shorter than the maximum free electron 

diffusion length.
6
 On the other hand, the contacting electrodes need to be charge selective. In 

our design, the width of the electrodes is typically 10 µm, and the width of the insulating track 

in between the electrodes is 10-15 µm. The CEs are coated with a Pt catalytic layer and then a 

protective mesoporous ZrO2 film. A TiO2 mesoporous film is subsequently printed on top of 

the entire structure. After staining with dye, the cell is filled with electrolyte, and then sealed 

by a plain glass piece with a Surlyn
®
 gasket.  
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Figure 5.1 Cross-sectional view of a conventional sandwich DSC and an interdigitated back-contact 

DSC (IBCDSC). This interdigitated pattern was produced by laser ablation, after which the Counter 

Electrode set (CE, set 2) was coated by a Pt black layer and a porous insulating ZrO2 layer. A TiO2 

mesoporous film was printed on top of the entire substrate and stained with dye. The cell was sealed by 

a plain glass cover slide and filled with an electrolyte containing I
-
/I3

-
 redox mediator. The bare FTO 

Working Electrode set (WE, set 1) forms an ohmic contact while the Pt-coated counter electrode set 

(cathode) forms a Schottky contact with the TiO2 film, so that the electrons and holes are collected by 

electrode set 1 and 2 respectively. In the following sections, the illumination from the top side through 

the covering slide is defined as front illumination, whereas the illumination from the back contact 

electrodes side is defined as back illumination.  

 

The working principle of the IBCDSC is similar to that of the conventional DSCs. When a 

photon is absorbed, a dye molecule gets excited and injects an electron into the conduction 

band of the TiO2 film. The injected electron diffuses in the mesoporous TiO2 film and is 

collected by the WEs. On the other hand, the photooxidized dye molecule is regenerated by the 

redox couple which is then reduced at the CEs.  

Earlier work in the area of monolithic
7
 and bifacial DSCs

8
 has shown that direct contact 

between the mesoporous TiO2 film and the counter electrode should be avoided. In IBCDSCs 

architecture, ZrO2 nanoparticles were employed to make the protective layer on the CEs. The 

ZrO2 is porous to allow the diffusion of redox species through to the Pt electrode.  

In fact, the ZrO2 coating is not a necessary component in IBCDSCs. Due to a high work 

function of 5.6 eV, Pt forms a metal/semiconductor (Schottky) heterojunction with the TiO2 

nanoparticles (Figure 5.2), where electron flow from TiO2 to Pt can be blocked during the 

Front  

illumination 



Chapter 5 Interdigitated back-contact DSCs 

101 

 

operation of DSCs.
9, 10

 A further ZrO2 coating is employed as an insulating layer to shield off 

any direct contact between TiO2 and bare FTO through possible pin holes in the Pt coating.  

 

 

Figure 5.2 Band diagram showing the heterojunction formed at the TiO2/platinum interface (a) 

before and (b) after contact.
9
 

 

We have fabricated IBCDSCs with and without the ZrO2 protective layer. Figure 5.3 shows a 

comparison between the two types of devices. Regardless of other factors that affect cell 

performances, the use of the ZrO2 protective layer has dramatically increased the consistency 

of the results. 
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Figure 5.3 Current-voltage characteristic of interdigitated back-contact DSCs (a) with and (b) without 

applying the ZrO2 protective layer. As shown that cell performances are widely scattered for cells 

without the ZrO2 layer. Better consistence is shown when using the protective layer.  

 

An obvious advantage of the IBCDSC design is to reduce the use of electrode material. On top 

of that, the substrate itself is not necessarily transparent like the requirement for conventional 

DSCs. A great variety of substrate materials, such as metal coated polymer sheets, can be used 

to replace the expensive FTO glass. Furthermore, light can be irradiated through the front side 

of the devices (see Figure 5.1 for the definition of front illumination). As such, the 

transmission loss can be minimized by using a transparent cover slide, such as a plain glass 

slide or a thin plastic sheet. A pair of two charge selecting electrodes can be fabricated on a 

common backplate. Printing and dying of TiO2 is the final step in the assembly of IBCDSCs, 

so that all structural features necessary for interconnection and current collection can already 

be implemented into the backplate before the DSC components are deposited. The 

manufacture of the micron-sized interdigitated electrodes will not be difficult when 

considering the mass production of large area integrated circuits where electrodes in similar 

scales are rapidly produced. Laser ablation is not the only option for the fabrication, other 

techniques such as photolithography etc. could also be employed.  

In the following section we firstly describe in general the fabrication of IBCDSCs. We then 

present results of the devices on FTO and Ti coated substrates. 

(a)                                                                       (b) 
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5.2 The fabrication of interdigitated back-contact DSCs 

The IBCDSC device fabrication steps are summarized in Figure 5.4. The figure only shows 

the laser ablation using a mask-delivered process, however the laser ablation can also be 

conducted using a direct-write process (the laser ablation processes are discussed in detail in 

Chapter 3). After laser ablation, one set of electrodes are electrochemically coated with a Pt 

coatings. A protective ZrO2 layer is further deposited onto the Pt coating. The TiO2 film is 

printed on the entire backplate. Following the sintering and dying processes, devices are 

sealed using transparent float glass sheets.  

 

Figure 5.4 An illustration of the fabrication steps employed for the fabrication of interdigitated back-

contact DSCs, comprising (1) the laser ablation of substrates, (2) the electrochemical deposition of 

platinum, (3) the electrophoretic deposition of ZrO2, (4) the screen-printing and the sintering of a TiO2 

mesoporous film and (5) the final assembly of the device. 

 

5.2.1 The laser ablation process 

The fabrication of interdigitated micro-patterns on FTO glass and Ti coated glass has been 

discussed in Chapter 2. For this chapter, the interdigitated micro-patterns on FTO glass were 

fabricated using the mask-delivered laser ablation in the MiniFab (Caribbean business park, 

Melbourne, Australia) and the direct-write laser ablation in the Wuhan National Laboratory of 

Optoelectronics (WNLO, Wuhan, China). The interdigitated micro-patterns on Ti coated glass 
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were also fabricated using the direct-write process in WNLO. The materials and processing 

parameters for the three types of interdigitated backplates are summarized in Table 5.1 

 

Table 5.1 Summary of the materials and processing parameters used in the laser ablation of three types 

of conductive layer coated substrates. (* the spot size/diameter is only an approximation measured 

from the ablated feature size. The term used here is different from the conventionally defined laser spot 

size, which refers to the beam diameter at the 1/e
2
 level of the Gaussian intensity profile) 

Backplates code MiniFAB FTO WNLO FTO WNLO Ti 

Materials TEC-15 FTO glass NSG 2 FTO glass Ti coated glass 

Conductive layer 400 nm FTO 600 nm FTO 300 nm Ti 

Laser type Excimer 

Mask-delivered 

Solid-state UV 

Direct-write 

Solid-state UV 

Direct-write 

Wavelength (nm) 248 355 355 

Laser fluence 

(J/cm
2
) 

1.3 4.4 3.2 

Spot size/ 

Diameter * (µm) 
800 10 10 

Sport shape Square Round Round 

Pulsing 

frequency (kHz) 
40 90 90 

Pulse/field 20   

Spot moving 

speed (mm/s) 
 200 300 

 

5.2.2 The electrochemical deposition of platinum black 

The catalytic coatings for IBCDSCs were produced using the Pulsed-current Electrochemical 

Deposition (PED) method. The electrochemical deposition method is used instead of the 

conventional Thermal Decomposition (TD) method mainly because in IBCDSCs a selective 

deposition is required to produce the non-symmetrical structure on the same substrate. Besides, 

the electrochemical deposition method has the advantages of room temperature processing and 
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simple experimental setup. The catalytic coatings produced using the PED method exhibit 

comparable performances to those produced by the TD method. (For the detailed evaluation of 

PED conditions, please refer to Chapter 4.)  

According to the investigation in Chapter 4, Pt coatings with smaller Pt particles would have 

larger surface area and therefore better catalytic activity towards the reduction of triiodide ions. 

However, it was found that in the ZrO2 electrophoretic deposition process, small Pt particles, 

such as those with 10-50 nm diameters, could easily drift across the insulating track and 

contaminate WEs. The Pt contamination makes the WEs active towards triiodide reduction, 

causing internal shorting in the devices. One example of these unsuccessful devices is shown 

in Figure 5.5. The current-voltage curves measured under dark and one sun illumination both 

show a low shunt resistance, indicating internal shorting of the device. This shorting is 

attribute to the Pt contamination onto the working electrode.  

 

 

Figure 5.5 Current-voltage characteristics of an IBCDSC comprising 20 nm Pt particles produced by 

10 mA/cm
2
 pulsed current density.  

 

Successful IBSDSC devices employ 100 nm Pt particles produced using 3 mA/cm
2
 current 

pulses in a total duration of 100 s. The pulsed current on and off time are 0.1 and 1s 

respectively. The experimental setup of the electrochemical deposition experiment is 

schematically shown in Figure 5.6. Negative current pulses were applied to the counter 

electrodes (CEs). The working electrodes (WEs) were connected to the Pt auxiliary electrode 

to avoid undesired Pt deposition. Here, the CEs and WEs refer to the counter and working 
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electrodes for the IBCDSC rather than for the electrochemical cell shown in Figure 5.6. After 

the deposition, samples were immersed in 600 ml of distilled water to remove residual 

solution from the sample surface. A post sintering at 200 °C for 15 min was used to improve 

the mechanical stability of the Pt black coating. 

 

 

Figure 5.6 Schematic representation of the assembly of the electrochemical cell for the deposition of 

Pt black. Negative current was applied to the CEs of the backplate. The WEs is shorted with the 

counter electrode to avoid undesired Pt deposition. A Ag/AgCl standard electrode is served as a 

reference, and a Pt plate is used as an auxiliary electrode.  

 

5.2.3 Electrochemical characterization 

The catalytic activity of the platinized CEs was characterized by a cyclicvoltammetry (CV) 

sweep in an electrolyte containing 10mM of lithium iodide, 1mM iodine and 0.1M 

tetraehtylammonium perchloride dissolved in acetonitrile. A DC sweeping potential (50 mV s
-

1
 scan rate) between -0.4 V and 1.0 V was applied on the platinized CEs against a Ag/AgCl 

(3.5 M KCl) reference electrode. To prove that there is no contamination on the WEs, the 
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same measurement was conducted on the plain FTO WEs after the electrodeposition of CEs. 

A plain FTO glass sample was also measured for comparison.  

5.2.4 Electrophoretic deposition (EPD) of ZrO2 nanoparticles 

Zirconium dioxide (ZrO2) was employed to fabricate the porous insulating layer covering the 

platinized finger electrodes. The ZrO2 suspension was prepared by dispersing 1g of ZrO2 

nanoparticles (50-100 nm zirconia ZT2, Z-Tech Zirconia) in 100ml mixture of ethanol and 

acetylacetone (45:55) follow by ball milling for 24 hours.
11

 According to reference 12, the 

ZrO2 nanoparticles are positively charged in acetylacetone,
12

  and therefore they can be 

deposited onto the platinized CE set through the application of a negative potential. In our 

experiment, a constant voltage of -10 V was applied for 100 s to induce the migration and 

selective deposition of charged ZrO2 nanoparticles onto the platinized FTO finger electrodes, 

leaving the plain FTO fingers uncoated. The coated samples were sintered at 450 °C for 20 

min to make the ZrO2 coating mechanically stable. 

It has been reported that electrophoretic deposition of ZrO2 requires the application of 

relatively high DC voltages (up to 480 V).
13

 However, due to the short distance between 

adjacent electrodes, high electric fields can be obtained even at moderate voltage such as 10 V.   

5.2.5 Cell assembly 

For IBCDSCs, a 12 µm TiO2 film was screen-printed on the backplates, covering both WEs 

and CEs. They were then sintered and dyed according to the procedures described in Chapter 2. 

Devices were assembled using transparent float glass sheets (1 mm thick) and Surlyn
®
 gaskets. 

The electrolyte with the composition described in Section 2.2.5 was filled through an entry 

port on the window glass sheets.  

For comparison, conventional sandwich DSCs (ref-DSCs) with identical device parameters 

(TiO2 film thickness, electrolyte composition, TiO2 paste) were fabricated based on identical 

fabrication protocols (TiO2 printing, sintering, dyeing, sealing). Counter electrodes for 

reference DSCs consisted of platinized FTO glass fabricated by a PED method identical to the 

one used for IBCDSCs. 
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5.3 Devices on the MiniFAB FTO backplates 

5.3.1 The microstructure of backplates 

Figure 5.7 shows the microstructure of interdigitated finger electrodes on the TEC-15 glass 

after each fabrication step. A symmetric set of interdigitated FTO finger electrodes was 

produced by the mask delivered laser ablation process (Figure 5.7(a)). The active area of each 

backplate consists of 2x100 interdigitated finger electrodes of 8 µm width and 4 mm length 

(active electrode area: 4x4 mm). The width of the gap between electrodes is 12 µm. After the 

electroposition process, a homogeneous dense Pt black coating was selectively deposited onto 

the CE set, without any obvious pinholes on the coating or any contamination to the WEs 

(Figure 5.7(b)). The thickness of the Pt layer was measured to be 50-100 nm (profilometry). 

High magnification SEM picture (insert in Figure 5.7(b)) shows that the Pt coating consists of 

closely packed Pt nanoparticles with a size of approximately 50-100 nm.  Figure 5.7(c) shows 

that the ZrO2 coating has a thickness of around 3 µm, accordingly the TiO2 film shows a wave 

shape following the surface profile of the interdigitated electrodes. The CV result for the 

platinized CEs (red line in Figure 5.7(d)) shows a typical reduction peaks at 0.62V and -0.18 

V, in accordance with previously reported data for non-patterned platinized FTO electrodes.
14

 

On the contrary, the working electrode fingers that had been positively biased during the 

electrodeposition step show a similar activity (black line) towards the reduction of triiodide as 

untreated FTO glass (blue line), confirming that platinum contamination during the 

electroplating process could be avoided.  
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Figure 5.7 Microstructure of interdigitated finger electrodes. (a) Scanning Electron Microscopy (SEM) 

micrograph of a FTO coated glass plate after laser ablation. (b) Optical micrograph of the IBCDSC 

backplate after the platinization process. The insert shows the morphology of the Pt coating at the tip of 

a finger electrode. (c) SEM micrograph of a IBCDSC device cross-section after deposition of the 

mesoporous TiO2 film. The ZrO2 layer is visible as a brighter semicircular area of about 3 µm 

thickness surrounding each counter electrode. (d) Cyclic voltammograms (CVs) in iodine/triode 

electrolyte, following the platinization process: platinized (cathode, red solid line) and non-platinized 

(anode, black line) finger electrodes. For comparison the CV of a plain FTO glass sheet (blue line, 

identical measurement conditions) is also shown.  

5.3.2 Photovoltaic characteristic 

In our photovoltaic measurements, IBCDSCs and ref-DSCs were characterized under both 

front and back illumination conditions. The two modes of measurement are schematically 

illustrated in Figure 5.8.  
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Figure 5.8 Schemes defining the front and back illumination conditions of (a) a conventional 

sandwiched DSC and (b) an IBCDSC.  

 

Figure 5.9 and Table 5.2 summarize the current-voltage (I-V) characteristic of IBCDSCs and 

ref-DSCs under simulated solar irradiation and in the dark. The highest short-circuit current 

density for IBCDSCs was recorded for front-illumination (8.2 mA cm
-2

), compared to 10.8 

mA cm
-2

 for ref-DSCs, illuminated in back-illumination mode. The highest conversion 

efficiency for the IBCDSC is 4.2 %, measured under back illumination using 38.5 % light 

intensity. Unfortunately, the IBCDSC is yet to produce higher current density under front 

illumination, mostly due to the light transmission loss occurred in the electrolyte layer 

between the TiO2 film and the transparent cover slide.  

It is found in our experiment that IBCDSCs generally yielded higher open-circuit voltages 

than conventional ref-DSCs. Accordingly the dark-current onset for IBCDSCs is shifted to 

higher voltages, compared to that of ref-DSCs. In part, this can be explained in terms of a 

reduced FTO working electrode area for IBCDSCs, which is confined to a set of narrow FTO 

fingers occupying about one fifth of the geometric surface area. Reduced dark currents and 

increased open-circuit voltages could therefore at least be explained on the basis of reduced 
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recombination at the FTO/electrolyte interface for BC-DSCs, especially when considering the 

situation that none of the IBCDSC or ref-DSC substrates were covered by a dense TiO2 

blocking layer. The higher Voc could also be explained in terms of the reduced potential of 

separating positive and negative charges,
15

 as in IBCDSCs both charges are transported in the 

same direction. 

 

 

Figure 5.9 Current-voltage characteristic of an IBCDSC under front (blue) and back (red) illumination 

compared to a ref-DSC under back-illumination (black). The cells were characterized under 38.5% 

(dash lines) and 100 % (solid lines) simulated sunlight (AM1.5, 1000 W m
-2

). Dark currents (dotted 

lines) are also shown. 

 

Fill factors of IBCDSCs at moderate light illumination ( 385 W m
-2

) are very similar ( 3%) 

to those of ref-DSCs but are decreased at full sun illumination. The reduced fill factors can be 

explained by the higher internal resistance and also by the lower shunt resistance (represented 

by the slop of the IV curves between 0 and 400 mV) of the IBCDSC compared to the ref-DSC. 

From the slop of the IV curve at the region approaching the Voc point, the internal resistance 

for the IBCDSC and ref-DSC are estimated to be 199  and 35 , respectively.   
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Table 5.2 Current-voltage characteristic of a reference DSC, and an IBCDSC fabricated on 

interditigated FTO backplates. Devices are measured in the back and front side illumination mode 

under 10.3%, 38.5% and 100.0% simulated sun light (AM1.5, 1000 W m
-2

). 

 

According to the simple diode equivalent circuit shown in Figure 5.10(a) (see also discussion 

in Section 2.3.1), the shunt resistance is equivalent to a conducting contact between working 

and counter electrode. In IBCDSCs the shunt is most likely due to the direct contact between 

TiO2 and the FTO fingers underneath the Pt&ZrO2 coatings. According to the trapping-

detrapping model for the electron conduction in DSCs
16-19

, the conductivity of TiO2 film is 

correlated to the concentration of conduction band electrons and accordingly to the light 

intensity. Considering the current design, the shorting bridge formed by interconnected TiO2 

nanoparticles would become more conductive with increased illumination. Therefore the shunt 

resistance is reduced with increased light intensity. An ideal diode combined with a low-

resistance shunt resistor would together perform to show a I-V curve with reduced slop when 

increasing light intensity (Figure 5.10(b)).  

 

 

 

 

IBCDSC 

 back illumination 

IBCDSC  

front illumination 

Ref-DSC 

back-illumination  

Light 

Intensities 

Voc (mV) 

Jsc (mA cm
-2

) 

FF 

η (%) 

10.3

% 

698 

0.79 

0.67 

3.59 

38.5

% 

743 

3.13 

0.69 

4.19 

100.0

% 

773 

8.16 

0.58 

3.64 

10.3

% 

696 

0.80 

0.66 

3.59 

38.5

% 

742 

3.12 

0.69 

4.14 

100.0

% 

770 

7.79 

0.58 

3.50 

10.3

% 

635 

1.09 

0.69 

4.65 

38.5

% 

702 

4.07 

0.72 

5.37 

100.0

% 

750 

10.76 

0.72 

5.77 
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Figure 5.10 Schematic representations of (a) a simplified equivalent circuit of DSC consisting of a 

diode component, a shunt resistance and a series resistance, and (b) effect of a shunt resistance to the 

overall current-voltage characteristics. The add-up curve is the sum of the curves of the diode and the 

shunt resistance.  

 

The incident photon-to-electron conversion efficiencies (IPCEs) for IBCDSCs and ref-DSCs 

are shown in Figure 5.11(a). When measured under the front-illumination condition, the 

IBCDSCs show an increased performance compared to back-illuminated IBCDSCs at 

wavelengths higher than 500 nm. This is in contrast to the conventional DSCs where front-

illumination generally yields lower IPCEs than back-illumination.
8
 Below 500 nm the front-

illumination IPCE drops dramatically due to the optical absorption of triiodide, which is 

contained in the electrolyte layer between the front window material and the sensitized TiO2 

film. The width of this electrolyte spacer layer (13 µm) can be estimated from the thickness of 

the Surlyn gasket (25 µm) and the TiO2 film (12 µm). The 13 µm thick electrolyte layer was 

used for both IBCDSCs and ref-DSCs. The undesired absorption of the electrolyte layer can 

be possibly avoided by using thinner Surlyn gaskets or by employing a transparent SiO2 layer 

on top of the TiO2 film.
8
 Alternative electrolytes absorbing less light could also be used for 

this purpose.  

Under the back-illumination condition, a remarkably high peak IPCE of 54 % was measured 

for IBCDSCs. The value is lower than that measured for comparable ref-DSCs (75 %). The 

reduction in peak IPCE under this illumination condition can be explained in terms of the 

reduced transmission of the respective window materials. In IBCDSCs part of the incident 

light has to pass through Pt black coated CEs and then dye-coated ZrO2 protective layer. On 

the contrary, in ref-DSCs the incident light is only partially absorbed by the FTO glass 

substrates. Under front-illumination, IBCDSCs show a peak IPCE of 56i%, compared to 39 % 
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measured for ref-DSCs. The modest performance of the ref-DSC can be explained in terms of 

the low transmission of the platinized FTO counter-electrode (T=50%) used here. 

IPCE results were corrected from the light absorption of respective window materials (Note 

that for IBCDSCs measured under back-illumination, only the optical transmission losses 

occurred at the patterned substrates and the Pt black coating were considered. The 

transmission loss at the dye-coated ZrO2 layer was not considered in this case). Under back- 

and front-illumination conditions, the transmission-corrected peak IPCE values for IBCDSCs 

are 72 % and 62 %, respectively (Figure 5.11(b)).   

 

 

Figure 5.11 (a) Incident photon to electron conversion efficiency (IPCE) of an interdigitated back-

contact DSC (IBCDSC, red) and a conventional sandwich DSC (ref-DSC, black) under front (solid 

lines) and back (dashed lines) illumination. (b) Transmission-corrected IPCE results for the two 

devices measured under the front- and back-illumination conditions. The illumination directions are 

schematically illustrated in Figure 5.7. Front-illumination refers to a situation where the light is 

incident through the top float-glass window (IBCDSC) and counter electrode (ref-DSC) respectively. 

Back-illumination refers to illumination conditions where the light is incident through the backplate 

(IBCDSC) and the working electrode (ref-DSC) respectively. 

5.3.3 Photocurrent mapping  

Preliminary work was conducted on the characterization of IBCSCs using a photocurrent 

mapping method (CSIRO Newcastle, Australia). The method involves the use of 635 nm laser 
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radiation that is focused down to a 10 µm laser spot and is scanned across a solar cell. The 

light intensity of the laser spot is equivalent to 100 suns (10 W/cm
2
). The photocurrent at each 

spot is measured and plotted as a contour map. During the test, the solar cell can be either kept 

in the dark or biased with a background white light to measure the performance under 

different conditions.  

The photocurrent mapping can be used to probe possible cell defects in our IBCDSCs. In 

general, the phodoelectrode of IBCDSCs is less homogeneous than that of conventional DSCs. 

Defects, including shorting bridges and contaminations, are more frequently detected in 

IBCDSCs.  

The photocurrent contour map in Figure 5.12 shows the results obtained under the back 

illumination condition (refer to Figure 5.8 for the definition of back illumination). The Figure 

shows distinct boundaries between adjacent laser ablated fields on the cell backplate (a sample 

of these fields is marked with the red square in Figure 5.12(a)). Within each of these fields, the 

lower left corner produces higher photocurrent than the rest of the area.  

Figure 5.12 (a) and (b) compares an identical sample measured without and with the use of a 

white light bias. Without the white light bias, the upper right corner of the device shows much 

higher current than the rest of the area (marked by the black frame Figure 5.12(a)). In fact, this 

is the area with TiO2 printed on bare FTO surface. The triiodide ions are generated quite far 

away from the closest Pt CE. This indicates that the redox species in the electrolyte can 

effectively diffuse across a distance of 500 µm. However, when the white light bias is applied, 

the photocurrent generated from the upper right corner is significantly reduced. This could be 

explained in terms of the iodide deficiency in this region when the entire cell is under the 

working condition. At the upper right corner where the TiO2 film is printed on bare FTO 

surface, the triiodide ions are quite far from the Pt CEs and it is difficult for them to be 

reduced by the CEs. This region is therefore deficient in iodide ion which is essential for the 

generation of photocurrent.  



Chapter 5 Interdigitated back-contact DSCs 

116 

 

 

Figure 5.12 Photocurrent mapping of an IBSDSC under back illumination condition (a) without and (b) 

with the use of a white light bias. The laser radiation has a wavelength of 635 nm and was scanned 

across an area of 5×5 mm. The background images in (a) and (b) show the micrograph of an 

interdigitated back-contact DSC comprising plain FTO electrodes and Pt coated electrodes. The 

photocurrent maps under the two testing conditions are cropped and superimposed with the TiO2 film 

in order to show the current output at different regions of the film. The relative current density values 

are shown as a false colour image. 

 

Figure 5.13 shows magnified photocurrent maps of the IBCDSC at three specific locations. 

The photocurrent map of location 1 shows greatly varied cell performances in different 

regions. The low photocurrent regions (the blue regions) are the locations of the CEs, as this is 

the part where light illumination is blocked by the Pt coatings. As the device was tested under 

the back illumination condition, significant shading was caused by the Pt&ZrO2 coating. 

Location 2 shows a boundary region of the interdigitated area. The photocurrent pattern 

measured for the area of interdigitated electrodes is again due to the shading effects. Location 

3 is a region with a 'dead spot', which could be due to a delamination of the TiO2 film or a 

shorting at this region.  
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Figure 5.13 High resolution photocurrent map measured for the IBCDSC at three locations. No white 

light bias was applied during the test.  

 

Figure 5.14(a) shows the photocurrent contour map of the IBCDSC measured in dark under 

the front illumination condition (refer to Figure 5.8 for the definition of the front illumination 

condition). The high resolution photocurrent map in Figure 5.14(b) shows the distribution of 

photocurrent densities in a strip pattern. The low-current stripes (dark blue regions) exhibit a 

periodicity of 40 µm, corresponding to the distance between any adjacent two counter 

electrodes in the IBCDSC (see Figure 5.7(c) for detailed information). The low current 

produced at the dark-blue regions is due to the thinner TiO2 films printed on top of the ZrO2 

coatings. The low photocurrent at these regions can also attribute to the longer distance (up to 

50 µm) that electrons generated at the regions need to travel before reaching the working 

electrodes, however this is believed to be a minor effect compared to the effect of the thinner 

TiO2 films.  

 

Location 2 

Location 1 Location 3 
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Figure 5.14 (a) Photocurrent mapping of the IBCDSC measured under front illumination condition 

without the use of white light bias. The probing laser radiation has a wavelength of 635 nm and was 

scanned across an area of 5  5 mm. The high resolution photocurrent map of the highlighted location 

is shown in (b).  

 

5.4 Interdigitated back-contact DSCs on WNLO FTO backplates 

Interdigitated back-contact DSCs (IBCDSCs) were also constructed on FTO backplates 

ablated using the direct-write laser facility in WNLO. Compared to the mask-delivered 

process, the direct-write process yields similar micro-patterns in a much higher production rate. 

Under the current experimental condition, the time frames for the production of a 4 × 4 mm 

interdigitated area are 2 min and 3 s for the mask delivered and direct-write processes, 

respectively. The morphologies of the micro-patterns after laser ablation and after platinization 

are shown in Figure 5.15.  
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Figure 5.15 Optical micrographs of FTO finger electrodes (a) after the direct-write laser ablation and 

(b) after the electrochemical deposition of Pt.  

 

The IV characteristics of the IBCDSCs employing such backplates are shown in Figure 5.16 

and Table 5.3. The devices were only measured in the front-illumination mode. Under one sun 

illumination, a current density of 6.99 mA/cm
2
 was measured, similar to the results of devices 

using the MiniFAB FTO backplates. However, A low shunt resistance of less than 1 kΩ 

results in low a low fill factor of the cell. The low shunt resistance is possibly due to the Pt 

contamination onto the working electrodes.  

 

Figure 5.16 The current-voltage curves of an IBCDSC fabricated on the WNLO FTO backplates.  
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Table 5.3 Summary of the current-voltage characteristic of an IBCDSC fabricated on the WNLO FTO 

backplates.  

Light Intensity: 10.3% Sun 100.0% Sun 

Voc (mV) 586 719 

Jsc (mA/cm2) 0.73 6.99 

Fill Factor 0.336 0.556 

Efficiency (%) 1.4 2.79 

 

5.5 Interdigitated back-contact DSCs on WNLO Ti backplates 

The ultimate objective for the research of IBCDSCs is to eliminate the use of TCO materials 

and to fabricate back-contact DSCs using metal substrates. While the previously reported all-

metal-electrode-type DSCs are still based on sandwiched architecture,
1-3

 the all-metal-type 

IBCDSCs developed in this project are truly monolithic. The preparation of backplates 

containing interdigitated Ti finger electrodes is described in Chapter 3. IBCDSCs on these 

substrates were fabricated using identical procedures for their FTO analogs.  

Figure 5.17 and Table 5.4 summarize the I-V characteristic of an IBCDSC fabricated on Ti 

finger electrodes. Due to the use of opaque substrates, the devices were only measured in the 

front-illumination mode. Under one-sun illumination, a modest current density is observed for 

the device. The low performance can be partially attributes to the cracking on Ti fingers (see 

section 3.3.3 for details) that restricts an efficient charge collection.  

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 Interdigitated back-contact DSCs 

121 

 

 

Figure 5.17 The current-voltage (I-V) characteristic of an IBCDSC fabricated on a Ti finger electrodes.  

 

Table 5.4 Current-voltage characteristic of an IBCDSC fabricated on the WNLO Ti backplates.  

Light Intensity: 10.3% Sun 100.0% Sun 

Voc (mV) 558 724 

Jsc (mA/cm2) 0.35 4.99 

Fill Factor 0.642 0.622 

Efficiency (%) 1.23 2.25 

 

5.6 Conclusion 

In conclusion, interdigitated back-contact DSCs (IBCDSCs) were fabricated on backplates 

comprising laser patterned interdigitated finger electrodes selectively coated with platinum 

black and ZrO2 protective coating. The performances of IBCDSCs are limited by shunt 

resistance and light transmission loss at the electrolyte layer on top of the TiO2 films. However, 

no obvious reduction in the charge collection efficiency was found on the IBCDSCs, 

indicating that better cell performances can be achieved on the novel device through improved 

fabrication procedures.  

Beyond FTO glass, Ti coated glass was also implemented as the substrate materials for 

IBCDSCs. To the best of our knowledge, this is the first time report of back-contact DSCs 

based on interdigitated electrodes with a monolithic device structure. Although the device 
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performances were not promising at this early stage of development, better conversion 

efficiencies can be expected upon the availability of better processed finger electrodes. Further 

developments of the IBCDSC architecture could be focused on the refinement of fabrication 

conditions as well as the implementation of devices on flexible metal coated polymer 

substrates.  
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6 Coplanar back-contact DSCs 

 

This chapter describes the second DSC configuration invented in this PhD project. It is 

defined as 'Coplanar Back-contact DSCs (CBCDSCs)', which essentially comprise a pair of 

isolated working and a counter electrodes (WE and CE) located on a common side of the dye-

sensitized TiO2 photoelectrode. For all these devices, N719 dye and standard electrolyte 

containing the iodine/iodide redox couple were used.  

6.1 Configurations of coplanar back-contact DSCs 

Three possible configurations are proposed. Their cross-sectional structures are schematically 

shown in Figure 6.1. Configuration 1 and 2 (Figure 6.1(a) and (b)) both comprise a dense 

insulating spacer layer in between the WE and CE. However, the location of them is inverted 

in the two configurations.  

In configuration 1, the working electrode is located at the bottom as the supporting substrate of 

the device. The counter electrode on top of the spacer layer could be made from a metal layer 

coated with a catalyst or a conductive catalytic layer. Micron-sized holes are fabricated on the 

top electrode and the spacer layer to allow for a direct contact between printed TiO2 

photoelectrode and the bottom working electrode.  

In configuration 2, the bottom electrode is used as the counter electrode with a catalytic 

coating for redox couple reduction. The working electrode is deposited on top of the spacer 

layer to directly contact the TiO2 photoelectrode. Penetrating holes are also fabricated in this 

configuration to allow for a contact between the redox couple and the catalytic coating.  

Configuration 3 (Figure 6.1(c)) is evolved from configuration 2. In this architecture the dense 

spacer layer and the top working electrode are replaced by a porous spacer layer coated with a 

porous working electrode. Similar to the penetrating holes in architecutre 2, the pores on these 

two layers allow for a direct contact between the redox couple and the bottom catalytic coating.  



Chapter 6 Coplanar back-contact DSCs 

124 

 

 

Figure 6.1 Schematic diagram of coplanar back-contact DSCs (CBCDSCs) showing the three possible 

configurations (a), (b) and (c). From bottom to top, the electrode structures for (a) is working electrode, 

dense insulating spacer, catalytic counter electrode and TiO2 photoelectrode. The electrode structure 

for (b) is counter electrode, catalytic coating, dense insulating spacer, working electrode and TiO2 

photoelectrode. The electrode structure for (c) is counter electrode, catalytic coating, porous insulator, 

porous working electrode and TiO2 photoelectrode. In (a) and (b), the top electrodes and the spacer 

layers are perforated. The purpose of the perforation in (a) and (b) are to allow for a TiO2/working 

electrode and a electrolyte/counter electrode contacts respectively. In (c) porous top electrode and 

porous spacer layer are used. The purpose of the pores is to allow for a electrolyte/counter electrode 

contact. Components in the scheme are colour-coded with an illustration on the right. The 3D drawings 

on top of each device represent the structure of the top electrodes with micro- and nano- sized 

penetrating holes.  

 

In a brief summary, the common features for these CBCDSCs and their advantages over 

conventional DSCs are listed as follow, 
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1. Both working and counter electrodes are located on a common side of the dye-sensitized 

photoelectrode. Therefore none of these two electrodes need to be transparent. The light 

transmission loss typically occurred on the TCO electrodes could be avoided. Highly 

conductive metal electrodes could be used to make DSC modules. 

2. There is an insulating spacer layer to electrically separate the working and counter 

electrodes. A substrate comprising laminated working electrode-spacer layer-counter 

electrode is defined as a 'backplate', which could be fabricated by simply printing methods.  

3. The top electrode and spacer layer are either perforated or porous by themselves. In 

configuration 1, this is designed to allow for a direct attachment of photoelectrode to 

working electrode (Figure 6.1(a)) In configuration 2 and 3, this is to allow for a direct 

contact between the redox mediators and the counter electrode (Figure 6.1(b) and (c)).  

4. CBCDSCs could be sealed with transparent cover slides. No electrical conduction 

property is required for this cover.  

6.2 Materials selection 

The coplanar back-contact design eliminates the requirement of transparency for electrode 

materials, and therefore enables us to select materials in a much wider range. However, 

materials used in these devices need to have long term stability in the selected electrolyte 

system. In our experiments, iodine/iodide electrolyte is used. The electrode materials are 

required to be stable in such an electrolyte. Less corrosive electrolytes, such as those 

containing cobalt
 
(II/III)

1
 and those comprising ionic liquids

2
, could also be sued in the 

CBCDSC system, although these alternative materials were yet implement in the current work. 

Other than the requirement of being corrosion resistive, there are further requirements for the 

properties of the two electrodes and spacer layers.  

 

For working electrodes 

1. The material forms an ohmic contact with TiO2 nanoparticles. 

2. The material has negligible catalytic activity towards triiodide reduction under a bias 

voltage within the operational voltage range of DSCs (up to 1 V for most cells). This is to 

ensure a high shunt resistance and thusa low leakage current under cell operation 

condition.  



Chapter 6 Coplanar back-contact DSCs 

126 

 

For counter electrodes 

1. In configuration 1 and 2, TiO2 paste is directly printed onto the counter electrodes. The 

catalytic materials should form a Schottky contact with TiO2 nanoparticles to avoid direct 

electron transfer from TiO2 to counter electrodes. Alternatively, a porous insulating 

coating could be applied to physically separate the TiO2 nanoparticles from the counter 

electrode.  

 

2. The counter electrodes/catalyst should be active towards triiodide reduction. A low charge 

transfer resistance at counter electrode/electrolyte interface is important for the efficiency 

of solar cells.  

 

Table 6.1 summarizes selected physical properties of some metals. It is shown that Ti is a 

superior material to make working electrodes, due to its good stability in iodine/iodide 

electrolytes and its low catalytic activity towards triiodide reduction (a low dark current of 4 × 

10
-2

 mA/cm
2
 at 500 mV bias).

3
 With an intrinsic oxidation layer, Ti makes a perfect ohmic 

contact with TiO2 nanoparticles. The electrical conductivity of Ti is lower than other materials 

listed in Table 6.1. However, a theoretical sheet resistance as low as 0.42 Ω/□ could be 

obtained with even a 1 µm thick Ti film. Pt forms a Schottky contact with TiO2 due to its high 

work function, therefore it could be used as counter electrode to directly contact with the TiO2 

photoelectrode. However, when using Pt as catalyst coated on other counter electrode 

materials, a pin-hole free coating is essential to avoid a direct contact between TiO2 and the 

electrode material underneath.  
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Table 6.1 Work function, electrical conductivity, catalytic activity and stability in I3
-
/3I

-
 electrolyte of 

selected metals according to reference 7-9.
3-5

 Note that the resistivity of FTO is calculated from the 

sheet resistance of FTO glass (NSG) based on the assumption that FTO forms a planer thin film on 

glass substrates.  

 Work 

function 

(eV) 

Resistivity (×10
-9

 

Ω·m) 

Dark current at 

500 mV bias 

(mA/cm
2
) 

Time for complete 

dissolving in electrolyte 

(hr) 

Ti 4.3 420 4 × 10
-2

 >1600 

FTO  ≈ 5000 1.5 × 10
-1

  

Ni 5.2 69.3 4 × 10
-4

 >1600 

Cr 4.5 125 2 × 10
-2

  

Al 4.3 28.2 5 × 10
-3

 100 

Pt 5.6 105 20 >1600 

 

For insulating spacer layer 

Generally any insulating material stable in I3
-
/3I

-
 electrolyte could be selected for this 

application.  From this point of view, most ceramic materials are applicable. Polymeric 

materials, however, are mostly not heat resist, thus only applicable if TiO2 photoelectrode 

could be fabricated through low temperature processes. Heat-resist polymers that could be 

used for our purpose include polyimide (PI) and polytetrafluoroethylene (PTFE).  

6.3  Experimental procedures 

Configuration 2 and 3 were implemented in this project. Devices were firstly built on FTO 

glass before transferring the technology onto Ti foils.  

6.3.1 Fabrication of insulating spacer 

Dense ceramic spacer 

The sol-gel method was employed to produce SiO2 dense ceramic spacer layers on FTO 

glass.
6, 7

 To prepare the silica sol, two solutions were prepared. For the first one, 2.38 ml 

tetraethyl orthosilicate (>99 %, Aldrich) was mixed with 2.33 ml absolute ethonal (99.95 % 

Merck). For the second, 1.23 ml distilled water was mixed with 0.06 ml HNO3 (70% Univar). 

Solution 2 was then added into solution 1 drop-wise under vigorous stirring. The sol was then 

applied onto FTO glass by doctor-blading and left in air to dry.  

http://en.wikipedia.org/wiki/Polytetrafluoroethylene
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Spray pyrolysis was employed to produce Al2O3 coatings on FTO glass.
8
 A 0.35 mol N,N- 

dimethylformamide (>99 %, Sigma) solution of aluminum acetylacetonate (99 %, Aldrich) 

was sprayed onto the FTO glass substrates preheated to 500°C on a hotplate. The spray was 

conducted for up to 500 times with a 2 s interval between every two sprays. The sample was 

then left on the hotplate for 5 min and cooled down in air. A thin layer of gold was sputter 

coated onto such coatings to check the insulating property of the Al2O3 coatings.  

 

Dense polyimide spacer 

Several materials were used to produce dense spacer layers on FTO glass substrates for 

configuration 2. Polyimide were firstly tried to produce polymeric spacer layers. PI coatings 

were produced on FTO glass by spin coating a polyamic acid based precursor (PI2545, HD 

Mcrosystems) at various spin rates (Laurell spin coater, Model WS-400BZ-6NPP/LITE). 

Excess amount of precursor was dispensed on static samples, which were then spun using the 

program shown in Table 6.2. Coated films were dried at 140 °C for 5 min and then baked on a 

hot plate in air using the baking program shown in Table 6.3.  

 

Table 6.2 Programs for the spin coating of PI2545 polyamic acid based precursor to produce dense PI 

insulating spacer layers.  

Steps  1 2 

Starting speed (rpm) 0 500 

Acceleration (rpm/s) 3240 108 

Final speed (rpm) 500 Various final speed 

Time (s) 5 60 

 

Table 6.3 Baking program for PI insulating spacer layer produced by spin coating of PI2545 polyamic 

acid based precursor.  

Steps 1 2 3 

Ramp time (min) 45 30 70 

Temperature (°C) 200 350 80 

Hold time (min) 30 60 0 
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Porous spacer layer 

For configuration 3, ZrO2 nanoparticles (Zirconia ZT2, Z-Tech Zirconia) were used to make 

porous spacer layers. FTO glass and Ti foil substrates was firstly coated with Pt catalyst by 

thermal decomposition of a isopropanol (anhydrous, Sigma-Aldrich) precursor solution 

containing 10 mM H2PtCl6 (38 % Pt basis, Aldrich). Porous insulating spacer layers were 

deposited by doctor-blading of a slurry containing ZrO2 nanoparticles.  To prepare the slurry, 

4.5 g ZrO2 nanoparticles were mixed with 2.7 g ethyl cellulose (Elthoxyl content 49 %,  

Aldrich) and 20.8 g terpinol (Anhydrous, Fluka). The mixture was then dissolved in 40 ml of 

absolute ethanol (99.95 %, Merch) with the addition of 2 g acetic acid (anhydrous, Univar). 

The slurry was ball milled for 8h to break down aggregation of nanoparticles. 6 and 10 µm 

thick spacer layers were prepared by doctor blading for 3 and 5 times. Films were dryed at 

125 °C in between each two printings. After printing, films were sintering at 450 °C for 30 

min.  

6.3.2 Fabrication of top electrodes by magnetron sputtering 

For both configuration 1 and 2, a secondary electrode on top of the spacer layers was prepared 

by magnetron sputtering. Samples were loaded into the chamber of a sputtering system 

(LBS5000 sputtering/evaporation system), which were pumped down to a vacuum level of 

lower than 4 × 10
-6

 Torr. To sputter coat samples, Ar was purged into the chamber to achieve a 

pressure of 2 × 10
-3

 Torr and 100 W DC input power was applied to a 3 inch Ti target for 

required time durations.  

6.3.3 Laser ablation for configuration 1 

Preliminary laser ablation experiments were conducted using a CO2 IR laser system (Versa 

laser VLS 3.50, 25 µm wavelength). Amatrix of dots was produced on substrates comprising 

of a FTO/PI/Ti layered structure. The designed diameter of dots is 100 µm. The spacing 

between each two holes is 100 µm.  

6.3.4 Measurement of diffusion resistance 

The diffusion resistance within electrolyte was quantitatively measured by EIS
9-11

 using the 

electrochemical cell setup shown in Figure 6.2(a). The equivalent circuit for such a setup is 
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show in Figure 6.2(b). EIS experiments were performed using a potentiostate (VSP, BioLogic 

Science Instruments). Cells were biased at 0 V potential with the application of a 10 mV AC 

voltage perturbation. Frequency of the AC perturbation was varied from 500 kHz to 0.1 Hz. 

EIS data was fitted with the Z-fit function of EC-lab software (Version 10.02, Biologic 

Science Instruments).  

 

 

Figure 6.2 (a) Schematic diagram of a cell used to measure the diffusion resistance of I3
-
/3I

-
 redox 

through porous spacer layer and porous Ti electrodes. Pt coatings with 5 × 5 mm dimension were 

produced by thermal decomposition onto FTO glass substrates. One electrode in the cell was coated 

with ZrO2 porous spacer layer which was subsequently sputter coated with Ti. The area of ZrO2 

coatings is much larger than that of Pt coatings to achieve complete coverage. An equivalent circuit 

used to fit experimental data for such cells is shown in (b). Z1, Z2 and Z3 are assigned to Pt/electrolyte 

interface (1) and (2), and ionic diffusion within electrolyte, respectively. R1 and R2 are assigned to the 

real parts of Z1 and Z2, respectively. 

 

6.3.5 Cell fabrication 

TiO2 photoleectrodes were screen printed and dried using the standard procedure described 

previously in Chapter 3. For sintering, the standard program was modified to avoid cracking of 

coatings. The most significant change here is the extension of time spent on the burning off of 

polymer binders at temperature ranging from 325 to 375 °C (Table 6.4). The final sintering 

temperature was reduced to 450 °C to avoid oxidation of sputter coated Ti coatings. Sintered 

TiO2 films were then soaked in 0.3 mM N719 dye solution for 24 hrs and sealed with plain 

glass cover slides. An iodine/iodide electrolyte was back-filled into the sealed compartment 

through an entry port on the glass cover slide.   
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CBCDSCs were also fabricated on Ti foils. However, due to the complexity in sealing these 

devices, they are only tested under open conditions. Electrolyte was applied before test, and 

cells were covered with glass cover slides.  

 

Table 6.4 Modified sintering program for TiO2 photoelectrodes printed on sputter coated Ti coatings. 

The ramping time from 325 to 375 °C was change from 5 min (standard procedure described in 

Chapter 3) to 30 min.  

Step 1 2 3 4 5 

Ramp time (min) 10 15 30 7 5 

Temperature (°C) 150 325 375 450 500 

Holding time (min) 10 5 5 30 15 

 

6.4 Results and discussion 

6.4.1 Configuration 2 - dense ceramic spacer layer 

Fabrication of dense ceramic spacer layers was generally not successful. SiO2 coatings 

produced by sol-gel methods were mostly cracked (Figure 6.3) due to the volume shrinkage 

that occurred during the gelation process. For Al2O3 spacer layers produced by spray pyrolysis, 

<100 Ω resistances were measured for most samples, even on the ones that were spay coated 

for 500 times. It is difficult to make pin-hole free Al2O3 coatings with the manual spray 

process used in our experiment.  

 

 

Figure 6.3 Optical micrograph of the SiO2 coating produced by sol-gel method on FTO glass substrate. 

Coatings were mostly cracked due to the volume shrinkage that occurred during the gelation process.  
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6.4.2 Configuration 2 - dense polyimide spacer layer 

A plot of average film thickness versus spin speed is shown in Figure 6.4. For safety reasons, 

the final spin speeds for most samples were restricted to below 5000 rpm. At 4000 rpm, 2 µm 

films were obtained. However, <100 Ω resistances were usually measured between top and 

bottom electrodes, indicating pin-holes on these coatings. Good insulation was obtained by 

applying three coatings using 4000 rpm spin speed. The final thickness of the three coatings is 

approximately 6 µm measured by a profilometer. 

 

 

Figure 6.4 Plot of average thickness vs. spin speed for spin coated PI spacer layer after baking. 

Thickness were measured using a profilometer.  

 

6.4.3 Configuration 2 - Preliminary laser ablation tests 

Circular holes with 100 µm diameter were produced on FTO-PI-Ti substrates by laser ablation 

(Figure 6.5). However, all samples were shorted after laser ablation, possibly due to 

conductive debris connecting top and bottom electrodes after laser ablation. Damage of 

bottom FTO electrodes was also noticed on optical micrographs.  

In this preliminary laser experiment, around 400 holes were produced on a 4 × 4 mm standard 

cell testing area. However, the >100 µm feature size would results in long pathlengths for 

electrons to travel before they are collected. As a result the electron collection would be 

inefficient if these samples are used to make solar cells.
12

 To ensure efficient charge collection, 

the feature size would be reduced to sub 50 µm, and correspondingly the number of holes 
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would exceed 1600 in a 4 × 4 mm area. Such substrates would easily fail, with the presence of 

a very small percentage of shorted holes.   

 

 

Figure 6.5 A typical pattern comprising  perforated top electrode and PI spacer layer produced by laser 

ablation. Thermal degradation of bottom electrode could be noticed from the image.  

6.4.4 Configuration 3 - magnetron sputtering of Ti porous electrodes 

Figure 6.6 shows that the Ti coating thickness depends linearly on the sputtering time, while 

the sheet resistance of such coatings on both glass and porous spacer layers depend 

logarithmically on coating thickness. 300 nm thcik Ti coating on glass gives a sheet resistance 

 f a    x  a     4 Ω/□  w  c  c     corresponds to a resistivity of          Ω  

                . This is higher than the bulk value of 4.2×10
-7

 Ω   . The increase in 

resistivity could be associated with the formation of grain boundaries, coating defects, and 

oxides related to the magnetron sputtering process.
13, 14

 The sheet resistance of coatings 

produced under identical condition but on porous spacer layers    a    x  a     11 Ω/□  

which is comparable to the sheet resistance of the FTO glass used in our experiment. The 

sheet resistance of porous electrodes could be further reduced by increasing the coating 

thickness while retaining their porosity. 
15

 

                             Ω                 6.1 
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Figure 6.6 (a) Thickness of sputter coated Ti on plain glass substrates measured by a profilometer. (b) 

Sheet resistance of theses coatings on plain glass and porous spacer layer plotted against coating 

thickness.  

 

Figure 6.7 shows the morphology of a porous ZrO2 spacer layer (Figure 6.7(a)) coated on FTO 

glass, and the evolution in microstructure with increasing Ti thickness (Figure 6.7(b), (c) and 

(d)). Figure 6.7(a) shows that 50 nm ZrO2 nanoparticles are uniformly dispersed and are 

interconnected. When sputter coating for 20 min (125 nm coating on plain glass), Ti deposits 

are coated on ZrO2 particles and are joint to form larger aggregates. When sputter for 40 and 

further to 60 min, micron-sized Ti particles are formed. The final coating at 60 min has an 

equivalent thickness of 350 nm on plain glass, the size of particles  , and a sheet resistance of 

11 Ω/□  n          ac    a    ca  a       a va     f 4 Ω/□  n   a     b   a   .  The porosity 

of the coating is sufficient at this stage to ensure effective ionic diffusion through these 

coatings in fully assembled cells.  
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Figure 6.7 Scanning electron micrographs showing the morphology of (a) a porous insulating spacer 

layer made of ZrO2 nanoparticles, and the same layer coated with Ti by DC magnetron sputtering 

performed at 100 W for (b) 20, (c) 40 and (d) 60 min (equivalent to 125, 170 and 350 nm Ti coatings 

measured on glass substrates). The inserted image in (d) shows an identical Ti coating on plain glass 

coated for 60 min.  

 

6.4.5 Configuration 3 - electrochemical activity of covered Pt catalytic coatings 

In CBCDSC configuration 3, the Pt catalytic layers are covered by a porous ZrO2 spacer layer 

and a porous Ti electrode. The covering of Pt by these coatings might result in the reduction in 

activation surface area for triiodide reduction. It is therefore essential to evaluate the catalytic 

activity of the Pt catalytic layer after the coverage by the ZrO2 and the Ti coatings.  

A Pt layer was deposited by the thermal decomposition of H2PtCl6 at 400 °C. The catalytic 

activities of ZrO2 covered Pt catalyst were characterized by cyclic voltammetry (CV). As 

shown in Figure 6.8, no obvious change in the height of both oxidation and reduction peak is 
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observed for Pt with and without ZrO2. The peak positions also remain unaltered, indicating 

sufficient catalytic activity of the Pt catalyst after the coverage by the ZrO2 coating.  

 

 

Figure 6.8 Cyclic voltammetry (CV) results showing a comparison between the electrochemical 

activity of Pt coatings with and without the coverage of porous ZrO2 spacer layers. The Pt coating is 

produced by the thermal decomposition (TD) of H2PtCl6.  

 

The electrochemical activities of substrates comprising Pt/ZrO2/Ti are further characterized by 

EIS measurements. Figure 6.9(a) shows a typical Nyquist plot of the EIS results measured for 

the electrochemical cell (Pt coating covered by ZrO2) shown in Figure 6.2(a). Rs is the series 

resistance of the electrode material. Three semicircles are assigned to three impedance 

components Z1, Z2 and Z3. Their real parts are R1, R2 and R3 respectively. The smaller R1 at 

high frequency refers to the charge transfer resistance at the uncovered Pt/electrolyte interface, 

while the larger resistance R2 at medium frequency refers to the charge transfer resistance at 

the covered Pt/electrolyte interface. The coverage of the Pt coatings by porous ZrO2 layers 

results in a reduced Pt/electrolyte contact area therefore higher charge transfer resistance for 

triiodide reduction. R3 at low frequency is the diffusion resistance within the electrolyte. 
9, 16

 

For cells with different sputtered Ti coatings, no real trend in R3 could be observed (Figure 

6.9(b)). This indicates that increasing Ti coating thickness has no effects on the diffusion 

within the electrolyte. The finding further confirms the observation from the micrographs in 
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Figure 6.7, which show pores of over 100 nm size for samples with 300 nm thick Ti coatings 

(Figure 6.7(d)).  

 

 

Figure 6.9 (a) Nyquist plot of EIS results measured for the electrochemical cell shown in Figure 6.2. 

Rs is the series resistance in the cell, R1, R2 and R3 are the real parts of impedance components  Z1, Z2, 

and Z3, respectively. (b) Plot of R3 vs. sputtering time for electrochemical cells (Figure 6.2(a)) 

comprising  porous Ti layer sputtered coated for 0, 20, 30, 50, and 60 mins. 

 

6.4.6 Configuration 3 - Characterization of fully assembled cells 

Figure 6.10 and Table 6.5 compares photovoltaic performances of CBCDSCs to a reference 

DSC using identical TiO2 layers, dye, and electrolyte. It is noticed that the performance of our 

reference DSC is not as good as what usually could be obtained for a typical DSC employing 

identical materials.
17

 This is due to the absent of a light scattering layer as well as the 

elimination of some critical fabrication steps, such as TiCl4 post-treatment of TiO2 electrode.
18, 

19
 However, it is fair to use the reference cell fabricated here to compare to our coplanar back-

contact devices.  

Under dark and one-sun illumination (AM1.5, 100 mW/cm
2
), the I-V curves (Figure 6.10 (a)) 

of the two CBCDSCs show typical diode and photodiode behaviour. No obvious shunting is 

observed, indicating an effective isolation between working and counter electrodes by the 

ZrO2 spacer layers. However, slightly lower fill factors are measured for CBCDSCs than 

standard reference DSC, mostly due to higher internal resistances. Similar I-V characteristic 

are measured for the two CBCDSCs, indicating that the thickness of spacer layers has no 
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significant effect on the performance of solar cells. The current densities at one sun 

illumination for both coplanar back-contact cells are 8.2 mA/cm
2
, compared to 11.5 mA/cm

2
 

for the reference cell. This comes mostly from the light transmission lose due to the absorption 

by an electrolyte layer between top cover slide and TiO2 film.  

 

 

Figure 6.10 (a) Current density-voltage (I-V) characteristic of coplanar back-contact DSCs 

(CBCDSCs) with 6 and 10 µm insulating spacer layers in comparison to a standard reference DSC 

using identical TiO2, dye and electrolyte. A schematic diagram of the architecture of the CBCDSCs is 

shown in (c). All cells are measured under dark and one sun illumination (AM1.5, 100 mW/cm
2
) 

conditions. The CBCDSCs and the reference DSC are measured with light illuminating from the 

transparent cover slide and the TiO2 photoelectrode respectively. (b) Incident Photon-to-Electron 

Conversion Efficiency (IPCE) of the three solar cells.  
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Table 6.5 Photovoltaic characteristics of coplanar back-contact DSCs (CBCDSCs) comprising 6 and 

10 µm insulating spacer layers in comparison to a standard reference DSC using identical TiO2, dye 

an     c         V c    c     an  η   f          n-circuit voltage, short-circuit current density, fill 

factor and efficiency, respectively 

 BC DSC (6 µm spacer) BC DSC (10 µm 

spacer) 

Reference DSC 

Voc (mV) 776 766 751 

Jsc 

(mA/cm
2
) 

8.2 8.2 11.5 

FF 0.72 0.70 0.74 

η (%) 4.57 4.40 6.34 

 

The IPCE spectra (Figure 6.10(b)) of the three devices show photocurrent peaks at around 550 

nm, corresponding roughtly to the absorption peak (534 nm)
20

 of the  standard ruthenium dye 

N719. The IPCE spectra also show 67 % and 65 % IPCE peak values measured for the 

coplanar back-contact cells with 6 and 10 µm spacer layers, compared to a 72% peak 

measured for the reference DSC. At wavelength above 600 nm, similar IPCEs are measured 

for both types of devices, indicating similar photocurrent generation at these wavelengths. 

Below 550 nm, there is a drop in IPCE of coplanar back-contact cells, mostly due to the strong 

absorption by iodine electrolyte at this regime of the solar spectrum. This further proves the 

lower photocurrent densities measured for coplanar back-contact cells in I-V characterization.  
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(b) BC DSC (6 µm spacer) BC DSC (10 µm spacer) Reference DSC 

  Rs 20.4 22.0 7.0 

  R1 9.6 11.6 4.0 

  R2 (Rrec) 74.7 83.8 31.2 

  Q2 (Cµ) 0.38×10
-3

 0.35×10
-3

 0.62×10
-3

 

  R3 33.3 28.0 17.4 

  Rtot 63.3 61.6 28.4 

Figure 6.11 Nyquist plot of Electrochemical Impedance Spectroscopy (EIS) results measured for 

coplanar back-contact DSCs (with 6 and 10 µm spacer layers) and a reference DSC biased at 0.8 V 

under dark. The impedance components Rs, Z1, Z2 and Zd are assigned to series resistance, 

Pt/electrolyte interface, TiO2/dye/electrolyte interface and diffusion of redox species in a DSC. The 

inserted image shows a simplified equivalent of these solar cells based on the transmission-line 

model.
21-23

 R1, R2, R3 are resistance components of Z1, Z2 and Zd, respectively. (b) Summary of 

important parameters obtained from EIS measurements through fitting data with equivalent circuit. The 

resistances and capacitances are measured in Ω and F, respectively. Rtot refers to total internal 

resistance.  
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Figure 6.11(a) shows Nyquist plots of EIS results measured for the three DSCs. Three typical 

semi-circles are identified on each curve. From high frequency to low frequency, they are 

assigned to three impedance components measured for Pt/electrolyte interface, 

TiO2/dye/electrolyte interface and diffusion of redox species in a DSC. The result could be 

fitted by the inserted equivalent circuit in Figure 6.11 according to the transmission-line model 

proposed in previous studies.21-23 Internal resistances Rtot are calculated by Rs + R1 + R3, which 

is the sum of series resistance, charge transfer resistance at Pt/electrolyte interface and 

diffusion resistance within electrolyte.
16

  

Figure 6.11(b) summarizes parameters obtained from fitting EIS measurements. It is shown 

that higher Rs, R1 and R3 result in higher Rtot for CBCDSCs. The increased series resistance Rs 

is due to oxidation of porous Ti electrodes during sintering of TiO2 electrodes. Higher charge 

transfer resistance R1 at the Pt/electrolyte interface and slightly higher diffusion resistances 

within electrolyte are due to the partial coverage of Pt catalyst by ZrO2 spacer layers. As a 

result, higher Rtot of 63.3 Ω and 61.6 Ω are measured for the two CBCDSCs compared to 28.4 

Ω for the reference DSC. This results in a shallower gradient at potentials close to the open-

circuit voltage point on I-V curves. Fill factors of these devices are therefore lower for 

coplanar back-contact devices.  

However, higher recombination resistances Rrec of 74.7 and 83.8 Ω are measured for the two 

CBCDSCs, in agreement with later dark current on-sets as well as higher open circuit voltages 

under one-sun illumination. Recombination resistance Rrec at the TiO2/dye/electrolyte interface 

and chemical capacitance Cµ of mesoporous TiO2 film are further plotted against Fermi level 

voltage VF (Figure 6.12(a) and (b)). This voltage can be calculated by subtracting ohmic drop 

component from the applied bias voltage across cells.
24, 25

 It is shown that both Rrec and Cµ 

show exponential dependence on VF.
24

 Similar Rrec and Cµ are measured for the two 

CBCDSCs. Compared to the reference DSC, higher Rrec and lower Cµ are measured for 

coplanar back-contact cells at bias voltage ranging from 0.5 to 0.8 V. This can be explained in 

terms of a shift in the conduction band edge of TiO2 towards a higher position.
23

 Given that 

identical fabrication condition for TiO2 photoelectrodes and identical dye and electrolyte are 

used for both coplanar back-contact and reference cells, one reason for the the reduced 

recombination is believed to be the reduced dark current at Ti electrodes than FTO electrodes.  
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Figure 6.12 (a) Recombination resistance Rrec and (b) chemical capacitance Cµ of a reference DSC 

and coplanar back-contact DSCs with 6 and 10 µm spacer layers measured in dark at various 

wavelength. VF refers to 'Fermi level voltage'.
24

 It is defined as a voltage upon which a change in 

Fermi level of TiO2 is occurred, and could be calculated by subtracting the ohmic voltage drops from 

the applied bias voltages.  

 

6.4.7 Preliminary results of coplanar back-contact DSCs on Ti substrates 

Under on-sun illumination, the I-V curve of the cell shows a triangular characteristic. This 

indicates a very high internal resistance due to the cracking of sputter coated Ti working 

electrode during sintering. An Low current of 3.3 mA/cm
2
 were measured for CBCDSCs on Ti 

foils, possibly due to the evaporation of electrolyte from open cells during testing. 
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Figure 6.13 Current density-voltage characteristics of a coplanar back-contact DSC fabricated on Ti 

foil substrate. The cell was measured under dark and on-sun illumination (AM1.5, 100 mW/cm2). The 

inserted table shows open-circuit voltage, short-circuit current density, fill factor and efficiency of the 

solar cell.  

 

6.5 Conclusion 

In conclusion, we have invented a novel DSC configuration which we refer to as coplanar 

back-contact DSCs (CBCDSCs). A typical device of this configuration comprises a laminated 

working electrode-insulator-counter electrode backplate located on a common side of a dye-

sensitized TiO2 photoelectrode.  

Three possible configuration configurations were proposed, whereas only configuration 2 and 

3 were fabricated. For configuration 2, several dense spacer layers, including PI, SiO2 and 

Al2O3 layers were produced. However, all electrodes were shorted either before or after laser 

ablation process. Due to the difficulties in making functional coplanar back-contact substrates, 

no successful device has been made for configuration 2. For configuration 3, a porous ZrO2 

spacer layer was fabricated to effectively isolate coplanar working and counter electrodes 

while allowing for ionic diffusion between the counter electrode and the TiO2 photoelectrode. 

Working devices have been successfully produced by simple fabrication methods. Due to the 

good commercial availability and geometrical flatness, FTO glass was used as starting 

materials for CBCDSCs. A solar energy conversion efficiency of 4.57 % (one-sun illumination, 
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AM1.5 100 mW/cm
2
) has been achieved, compared to an efficiency of 6.34 % for a reference 

DSC comprising of identical TiO2 layer, dye and electrolyte. The lower efficiency is mostly 

due to the absorption of light below 550 nm by iodine electrolyte, which could be solved by 

using a transparent SiO2 coating
26

. Higher internal resistances of CBCDSCs measured by EIS 

also contribute to low fill factors and therefore lower cell efficiencies. EIS results also reveal 

higher Rrec for coplanar back-contact devices, which could be due to lower recombination on 

Ti electrodes than on FTO electrodes. This is in agreement with the later dark current on-set in 

dark measurement and higher Voc under one-sun illumination.  

Finally, CBCDSCs were fabricated on Ti foil. Due to technical difficulties during the cell 

fabrication process, the cell performance was not promising. A solar energy conversion 

efficiency of 0.87 % was measured under one-sun illumination. However, this is so far the first 

coplanar DSC employing exclusively metal based electrodes. To our best knowledge, the 

CBCDSCs invented in this project is the only type of coplanar DSCs that could employ non-

transparent materials for both working and counter electrodes. Such advantages enable the 

production of low-cost coplanar DSC modules on highly conductive metal-based substrates.  
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7 Three-terminal tandem DSCs 

 

7.1 Introduction 

Making use of tandem solar cells is one of the strategies to improve solar energy conversion 

efficiencies,
1-7

 as multiple-junction photovoltaic devices have higher theoretical conversion 

efficiencies than single-junction solar cells. A theoretical efficiency of 41.9 % is expected with 

two cells connected in series, while over 50 % efficiency can be exceeded with more cells.
8
 

Tandem solar cells can be fabricated through stacking two or more subcells with 

complementary absorption spectrums. These subcells cooperate to absorb sunlight in an 

extended range of wavelengths.  

Subcells in tandem photovoltaic could be connected in parallel or in series, resulting either in 

enhanced photocurrent or photovoltage. Matching of photovoltage or photocurrent is essential 

when connecting multiple subscells in these configurations, as the overall device performance 

is limited by the worst performing component. In previous studies, tandem solar cells with 

three terminals are commonly adopted as the architecture to produce tandem silicon solar cells, 

thin film solar cells as well as polymer solar cells
6, 9-11

.  These devices usually have subcells 

sharing either the common cathode or common anode. As the two subcells in these devices 

produce different photovoltages, the subcells are measured individually, and the overall device 

efficiencies are calculated by mathematical addition of the efficiencies of individual cells. 

In the field of DSC research, tandem devices with a photoanode-photocathode two-terminal 

setup were produced to extend the absorption spectrum into the red regime.
12

 In these tandem 

devices, the conventionally platinized cathodes were replaced by photocathodes which transfer 

electrons to triiodide ions. Photoanode and photocathode are connected in series, providing 

enhanced photovoltage. Although with theoretically predicted higher efficiencies, cell 

performances up to now are far from ideal. A critical limiting factor is the lower current 

generated by photocathode than by photoanode. This limits the overall current of the tandem 

solar cells. There are also difficulties in matching the energy levels of different dyes with the 

redox potential of the electrolyte.  
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In this chapter, we propose a three-terminal tandem DSC architecture. We utilize the features 

of back-contact DSCs whose dye-sensitized TiO2 photoelectrodes are located on the same side 

of working and counter electrodes. The transparent cover slide in the back-contact DSCs are 

replaced by conventional TiO2 photoelectrodes. Both interdigitated and coplannar back-

contact DSCs can be used to construct tandem DSCs, however only the interdigitated devices 

are implemented in our experiment.  

The device configuration of a three-terminal tandem DSC is schematically shown in Figure 

7.1. The cell consists of a mesoporous TiO2 photoelectrode sitting on top of an interdigitated 

back-contact DSC.Light irradiation is applied from the top side of the tandem cell. As 

described in Chapter 4, the back-contact DSC comprises a pair of charge-collecting electrodes. 

In the tandem device, electrode 1 and 2 are two Working Electrodes (WEs) connected in 

parallel. Electrode 3 is used as a common Counter Electrode (CE) for triiodide reduction.  

 

 

Figure 7.1 Scheme of a three-terminal tandem DSC comprising a conventional DSC working electrode 

at front and an interdigitated back-contact DSC on the backside of light irradiation. Electrode 1 and 2 

are two working electrodes connected in parallel, while electrode 3 performs as a common counter 

electrode in the system.  

 

In order to achieve substantially enhanced photovoltaic performance, the two dyes used in the 

three-terminal tandem DSCs should have supplementary absorption spectra. However, the 

work described in this chapter are mostly for proof-of-principle purpose. Only three dyes are 

implemented in our experiments to make functioning tandem devices. For all devices, the 
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N719 dye 
13

 is used as dye 1 for the front TiO2 photoanode. The N749 dye (black dye) 
14

 or 

the SQ2 
15, 16

 are used as dye 2 for back-contact electrodes.  

The chemical structures of the three dye molecules are shown in Figure 7.2(a). The IPCE 

spectrums measured for standard DSCs (see Section 2.2 for details) using these dyes are 

shown in Figure 7.2(b). Both N749 and SQ2 dye contribute to higher IPCE than N719 dye at 

wavelength higher than 600 nm. Both dyes are suited for the back-contact cells in the tandem 

devices, although they compete with the N719 dye for the absorption of visible light.  

 

 

                                  N719                                  N749                                      SQ2 

 

Figure 7.2 (a) Structures of the N719, N749 and SQ2 dyes. (TBA refers to tetrabutylammonium). (b) 

The IPCE spectra measured for standard DSCs using the three dyes.  

(a) 

(b) 
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7.2 Three-terminal tandem DSCs using N719 and N749 dyes 

Tandem devices combining N719 and N749 dyes were firstly investigated. Before fabricating 

tandem devices, N749 dye was investigated as the sensitizer in standard DSCs to optimize 

fabrication conditions.  

7.2.1 The effects of mixing light scattering particles in TiO2 films 

DSCs sensitized with the panchromatic N749 dye can achieve high conversion efficiencies of 

up to 11.1 %.
17

 However, the dye has a limited extinction coefficient of 12,200 M
-1

·cm
-1

 at the 

absorption peak.
14

 TiO2 photoelectrodes with good light scattering properties are essential to 

enhance the response to red light.
17

 In standard DSCs we could use scattering layers 

comprising large TiO2 on the backside of transparent film to enhance light scattering. 

However, this is not applicable to back-contact DSCs. The other strategy proposed in previous 

study is to use TiO2 films mixing small and large TiO2 particles to obtain enhanced haze.
17

  

 

Table 7.1 Weight ratio between 400 nm and 20 nm particles in screen printing pastes A to E and the 

corresponding haze ratio resulted from the addition of 400 nm light scattering particles.  

 
Weight ratio 400 nm : 20 nm 

particles (%) 

Haze 

(%) 

A 0 7 

B 5 63 

C 10 89 

D 16 97 

E 20 99 

 

In our experiment, two TiO2 screen-printing pastes comprising 20 and 400 nm TiO2 particles 

were mixed. The overall weight percentages of nanoparticles in pastes were kept consistent, 

whereas the ratio between 20 nm and 400 nm nanoparticles were varied according to the 

values shown in Table 7.1. Table 7.1 also shows the resulted haze which is calculated by the 

ratio between the diffusive transmitted light to the overall light transmitted through TiO2 films 

(the diffusive and overall light transmission were measured using a UV-vis spectrometer 

equipped with an integrating sphere).  
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Standard DSCs comprising TiO2 film with various haze were tested. Enhanced IPCE results 

(Figure 7.3) are measured, mostly towards the absorption of red light. The sample with 99 % 

haze shows an increased IPCE of 20 % at 800 nm compared to the 10 % IPCE measured for 

the sample with 7 % haze. However, the enhancement is  less than those shown in previous 

studies.
17

  Besides, the IPCE peaks are only around 55 %, less than the 80 % IPCE shown in 

literature.
17

  

 

 

Figure 7.3 IPCE of DSCs using TiO2 mesoporous films with different levels of haze. The TiO2 films 

have a thickness of 12 µm and are sensitized with the N749 dye.  

 

7.2.2 The effects of using coadsorbent in the N749 dye solution 

Sensitization of TiO2 in the N749 solution requires the presence of the coadsorbent to achieve 

optimized results. This is due to the fact that the N749 dye molecules form aggregations on 

TiO2 surface without the use of coadsorbent.
18

 Chenodeoxycholic Acid (CDCA) is a 

coadsorbent widely used to breakdown dye aggregations and to passivate uncovered TiO2 

surface.
19, 20

 The chemical structure of CDCA is shown in Figure 7.4.  
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Figure 7.4 Chemical structure of chenodeoxychlolic acid (CDCA) 

  

The effects of CDCA as a coadsorbent in N749 dye solution were investigated in our 

experiment. The TiO2 films with 99 % haze were soaked in 0.3 mM N749 dye solution 

containing 0, 0.3, 3 and 20 mM CDCA coadsorbent. Figure 7.5 shows that increasing CDCA 

concentration results in reduced Jsc and increased Voc. The increased Voc (Figure 7.5(b)) can be 

explained by the reduced back electron transfer from TiO2 to triiodide attributing to the 

passivation of TiO2 surface by CDCA. At the same time, CDCA molecules compete with the 

N749 dye molecules to attach onto the TiO2 surface.
19

 Increasing CDCA concentration 

therefore results in reduced dye adsorption, which explains the reduction in Jsc shown in 

Figure 7.5(a). On the other hand, FF of the cells are found increasing with increasing CDCA 

concentration. The overall cell efficiencies is increased when increasing the CDCA 

concentration from 0 to 0.3 mM, and decreased when further increasing the CDCA 

concentration to 3 and 20 mM. The reduction in efficiency is mostly due to the suppressed Jsc.  
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Figure 7.5 The effects of chenodeoxycholic acid (CDCA) as a coadsorbent in 0.3 mM N749 dye 

solution on (a) the short-circuit current densities Jsc, (b) the open-circuit voltages Voc, (c) the fill factors 

FF and (d) the efficiencies of DSCs using the TiO2 films with 99 % haze. Two cells were measured for 

each data point.  

 

Other than CDCA, acetic acid is also implemented as a coadsorbent in our experiment. Table 

7.2 shows that the addition of 100 mM acetic acid in 0.3 mM N749 dye solution results in 

increased Voc and FF, whereas no substantial change could be noticed for Jsc. As a result, cell 

efficiency is improved when using 100 mM acetic acid as a coadsorbent.  
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Table 7.2 Effect of acetic acid as a coadsorbent to the photovoltaic performance of DSCs comprising 

12 µm TiO2 transparent films sensitized in 0.3 mM N749 dye with and without the addition of 100 mM 

acetic acid as a coadsorbent. Two cells were measured for each data point.  

 Jsc (mA/cm
2
) Voc (mV) FF η (%) 

0.3 mM N749 12.7 ± 0.1 718 ± 10 0.69 ± 

0.03 

6.31 ± 

0.32 

0.3 mM N749 + 100 mM acetic 

acid 

12.7 ± 0.3 748 ± 4 0.73 ± 

0.01 

6.98 ± 

0.05 

 

Similar trends can be observed from IPCE results (Figure 7.6(a)), which show suppressed 

IPCE when increasing the concentration of CDCA. Over the entire absorption spectrum, the 

IPCE is much higher for the cells without the using of CDCA. For such a cell, the IPCE at 800 

nm is slightly higher than 20 %, which is comparable to the result shown in literature.
17

 

Further addition of CDCA to 3 and 20 mM reduces the IPCE, and this is in good agreement 

with the Jsc drop measured in the IV characteristics. Figure 7.6(b) shows that the addition of 

100 mM acetic acid results in slightly enhanced IPCE at wavelengths ranging from 500 to 750 

nm.  

 

 

Figure 7.6 Incident photon-to-electron conversion efficiencies (IPCEs) measured for (a) DSCs 

sensitized in 0.3 mM N749 dye solution containing 0, 0.3, 3 and 20 mM of chenodeoxycholic acid as a 

coadsobent, and (b) DSCs sensitized in 0.3 mM N749 with and without the addition of 100 mM acetic 

acid.  
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7.2.3 The assembly of tandem devices 

To assemble three-terminal tandem DSCs, 12 µm transparent TiO2 films were printed and 

sintered on FTO glass electrodes and were soaked in 0.3 mM N719 dye for 24 hours. TiO2 

films with 99% haze were prepared on interdigitated backplates and soaked in solution 

containing 0.3 mM N749 dye and 100 mM acetic acid for 24 hours.  

Figure 7.7(a) shows that better photovoltaic performance is observed for the tandem device 

compared to individual subcells. The front and back subcells show one-sun efficiency of 5.12 % 

and 0.69 % respectively, while the overall tandem efficiency is 5.43 %. An even higher 

tandem efficiency of 5.81 % can be calculated by mathematically summation of individual 

efficiencies.
7
 The Jsc of front and back subcells are 1.47 and 11.27 mA/cm

2
, respectively. 

When shorting the two working electrodes, the tandem device produces an overall Jsc of 12.39 

mA/cm
2
, slightly lower than the sum (12.74 mA/cm

2
) of two Jsc measured for two subcells. 

Voc of tandem device is 736.4 mV, lower than a front Voc of 750.4 mV. In a parellel connection, 

the overall tandem Voc is compromised by the lower value contributed by the back subcell. 

Precise matching between photovoltages of the two subcells is essentially required to avoid 

this drawback.  

Under 10 % sun, Voc of front and back subcells are 666.1 mV and 491.0 mV respectively, 

while the tandem Voc is 648.4 mV, more close to the Voc of front subcell. Tandem Jsc under 

this light intensity is 1.24 mA/cm
2
, similar to the summation of the two individual Jsc (1.23 

mA/cm
2
).  

Under dark similar Jsc onsets are observed for back and front subcells, however both are later 

than that of tandem device. The change in the dark current onset can be explained by the 

differences in charge recombination on cells with different FTO electrode areas.  
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(b)  
Front subcell 

10 % sun 

Front subcell 

one sun 

Back subcell 

10 % sun 

Back subcell 

one sun 

Tandem 

10 % sun 

Tandem one 

sun 

Voc (mV) 666 750 491 689 648 736 

Jsc (mA/cm2) 1.12 11.27 0.105 1.47 1.24 12.4 

FF 0.75 0.61 0.38 0.68 0.68 0.60 

η (%) 5.4 5.1 0.19 0.69 5.3 5.4 

 

Figure 7.7 (a) Current density-voltage characteristics of a three-terminal tandem DSCs measured 

under dark (dotted lines), 10 % (dashed lines) and 100 % (solid lines) simulated AM1.5 sunlight. The 

tandem DSCs consist of front electrodes with 12 µm TiO2 films sensitized with the N719 dye and 

interdigitated back-contact DSCs with 12 µm TiO2 films (with 99 % haze) sensitized with the N749 

dye. The front and back working electrodes were firstly measured separately against a common counter 

electrode, and then shorted to measure under a two-terminal setup. (b) Summarized photovoltaic 

performance of back, front and tandem cell under 10 % and 100 % simulated sunlight.  

 

An enhanced IPCE is also observed for the tandem device compared to individual subcells 

(Figure 7.8). This is in good agreement with the trend of Jsc observed from the IV 

characteristics. A predicted IPCE was calculated by mathematically adding the IPCEs of two 

subcells. It is shown that the predicted IPCE perfectly superimposes the experimentally 

measured tandem IPCE. Unfortunately, due to the competing absorption spectrum between the 

two sensitizers, only modest performance increases were observed for the tandem device.  

The IPCE peak of the tandem cell (around 70 %) is almost identical to those measured for the 

front subcells. Below 550 nm, most light is absorbed by the front subcell or otherwise by the 

(a) 
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electrolyte, leaving the back subcell with almost no illumination at this region. The IPCE onset 

of the back subcell starts from 500 nm and reaches a peak of around 8 % at 700nnm.  

Figure 7.8 also compares the IPCE of the front subcell to a standard reference DSC using 

identical TiO2 film, dye and electrolyte. It is shown that the IPCE of the reference cell starts its 

onset from 750 nm, corresponding to the absorption threshold of N719 the sensitizer. In 

comparison, the IPCE onset of the front subcell is red-shifted to 850 nm. Such an extended 

IPCE towards the IR region is believed to be due to partial dissolving of N749 dye molecules 

and further adsorption onto the front TiO2 film. It could also be estimated that the dissolved 

dye molecules in the electrolyte could result in a filtering effect that reduce light irradiation 

onto the back subcell.  

 

 

Figure 7.8 IPCE of tandem DSC using N719 on front conventional DSC photoanode and N749 dye on 

back-contact cell. Two subcells were charaterized separately and then in a two-terminal tandem setup. 

The dotted line shows the IPCE predicted by summation of the IPCEs of the individual subcells.  

7.3 Tandem DSCs using N719 and SQ2 dyes  

Dye contamination is also observed, when using N719 dye on the front subcell and SQ2 dye 

on the back subcell. As shown in Figure 7.9, IPCE of the front subcell nearly superposes that 

of the tandem device, whereas the IPCE of the back subcell is almost negligible. For the IPCE 

of the front subcell using N719 dye, an IPCE peak at around 540nnm is observed. Other than 
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that, an additional peak at around 675 nm is also noticed, corresponding to the absorption peak 

of SQ2 dye at this wavelength. This IPCE peak is quite pronounced, indicating a 

consideratable co-sensitization effect. These observations imply considerable dissolving and 

re-adsorption of physically or chemically bound SQ2 dye molecules. The dissolving of dye 

molecules could attribute to the molecular exchange of dye molecules with pyridine molecules 

in the electrolyte. Dissolved dye molecules results in strong filtering effect which causes a 

negligible IPCE measured for the back subcell.  

The back subcell was further characterized in back illumination mode (i.e. illuminate through 

the back-contact electrode). An IPCE peak at 675 nm is observed, corresponding to the 

absorption peak of SQ2 dye at this wavelength. Besides, an additional peak is noticed at 

around 545 nm, resulted from the absorption by N719 dye. This suggests that N719 dye 

molecules are partially dissolved and contaminate onto the back subcell, even though the dye 

molecules are believed to strongly bind to the TiO2 surface due to the formation of multiple 

carboxylate bonds.
21
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Figure 7.9. IPCE of a three-terminal tandem DSC using N719 dye as front sensitizer and SQ2 dye as 

back sensitizer. 12 µm TiO2 films were used on both the front and back subcells. The two subcells 

were charaterized separately, and then shorted to measure in a two-terminal setup. The back subcell 

was also measured under back side illumination (i.e. illuminate through back-contact substrate) to 

show the IPCE without filtering effect from dissolved dye molecules.  

 

7.4 Conclusion 

In conclusion, we have successfully fabricated a novel type of three-terminal tandem DSCs. 

Interdigitated back-contact DSCs are located on the backside of conventional DSC 

photoelectrodes to construct tandem devices with extended absorption range. The 

performances of sandwiched DSCs using N749 dye were optimized through the use of TiO2 

films with haze and the addition of a coadsorbent into the dye solution.  

After that, tandem devices combining N719 and N749 sensitizers were constructed. Over 10 % 

improvements in photocurrent and conversion efficiency were observed on tandem devices 

compared to the front subcells. However, drawbacks were also noticed for the tandem devices. 
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N749 dye was found to desorb from the back subcells and re-adsorbed onto the front TiO2 

films. This results in a filtering effect that limits the performance of the back subcells.  

The dye contamination is more substantial in tandem device using N719 and SQ2 sensitizers. 

The absorption peak of the SQ2 dye at 675 nm can be clearly observed on the front subcells. 

Besides, the N719 dye molecules were also found to contaminate to the back subcells. 

Dissolved and re-adsorbed dye molecules in the N719 and SQ2 tandems devices result in a 

strong filtering effect that deteriorates the performance of the back subcells. The combination 

of the N719 and SQ2 dyes is not suitable for the three-terminal tandem DSCs,  

Overall, tandem devices fabricated in our experiments are mostly for proof-of-principle 

purpose. Dye contamination is a critical issue that limits the performance of the back-contact 

cells. Other than that, the dyes used for the front and back subcells have almost identical 

absorption spectra, resulting in limited contribution from back subcells to the overall 

performance of tandem devices. The performances of three-terminal tandem devices can be 

improved using dye molecules that have strong absorption of IR light.  
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8 General conclusions and outlook 

 

8.1 General conclusions 

The objective of this PhD project is to develop TCO free back-contact DSCs with both anode 

and cathode are located on a common side of dye-sensitized TiO2 films.  In the back-contact 

designs, light transmission losses commonly occurred at TCO electrodes can be reduced. On 

top of that, such devices enable the use of flexible metal substrates to fabricate DSC electrodes 

with much lower series resistances and therefore enhanced charge collection efficiencies.  

Two types of back-contact DSC architectures were developed. The first type comprises 

interdigitated finger electrodes which were prepared using laser ablation techniques. Single 

beam direct-write technique was found superior to mask-deliver process for high throughput 

production of interdigitated electrodes. However, both of the two techniques used in our 

experiment employ nanosecond laser pulses which result in substantial heating and thus 

cracking and distortion of substrate materials. The nanosecond laser pulses are therefore 

proved to be not well suited for producing finger electrodes with 10 µm dimension. The 

heating of substrate materials can be significantly reduced using femtosecond laser pulses, 

which were not implemented in this project.  

Systematical studies were carried out on the electrochemical deposition of Pt catalytic coating 

used for interdigitated back-contact DSCs. The correlation of deposition parameters, coating 

morphologies and the electrochemical activities of Pt coatings were summarized. Improved 

catalytic activities were measured for coatings with smaller Pt particles produced by higher 

pulsed-current densities such as 10 mA/cm
2
.  

Working interdigitated back-contact DSC devices were successfully fabricated on both FTO 

and Ti coated glass substrates. The highest solar energy to electricity conversion efficiency 

measured for these devices were close to 4 %, this is compared to around 6 % efficiencies 

measured for sandwiched DSCs employing identical TiO2, dye and electrolyte. To a large 

extent, the reduced efficiencies are due to the light transmission losses occurred at the 

electrolyte layer on top of TiO2 films. This issue can be solved by using thinner Surlyn gaskets, 

or using a transparent SiO2 film on top of the TiO2 films. On the other hand, defects on finger 
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electrodes as a result of imperfect laser ablation process also contribute to the reduced 

efficiencies.  

The second back-contact architecture comprises coplanar electrodes. Compared to the first 

type, this architecture omits the requirement of microfabrication processes, and therefore can 

be more easily fabricated. Working devices were successfully fabricated on FTO glass as well 

as on Ti foils. The highest efficiencies of 4.6 % were measured for the coplanar back-contact 

DSCs compared to a 6.3 % efficiency measured for sandwiched DSCs using identical TiO2, 

dye and electrolyte. Similar internal resistances were measured for the back-contact and the 

sandwiched DSCs using electrochemical impedance spectroscopy. The lower conversion 

efficiency for the coplanar back-contact DSCs is mostly due to the light transmission loss 

occurred at the electrolyte layer on top of TiO2 films.  

Further, tandem DSCs were constructed using interdigitated back-contact DSCs on the back 

side of conventional TiO2 photoelectrodes. These devices feature three terminals. The counter 

electrode of the interdigitated back subcell is shared by the two working electrodes on the 

front and back subcells. The N749 and SQ2 dyes were implemented on the back subcells to 

extend the absorption spectra of the tandem cells into red light region. However, cross 

contamination of dye molecules between the two subcells was generally found. Dissolving of 

dye molecules into electrolyte and re-adsorption onto the front subcells result in substantial 

filtering effects that limit the performance of the back subcells. In the three-terminal tandem 

DSCs using the N719 and N749 dyes, around 10 % improvements in the photocurrent and the 

efficiency were measured when compare the performance of the tandem DSC to that of the 

front subcells. Better performed three-terminal DSCs can be fabricated using better designed 

IR dyes.  

8.2 Outlook  

Although back-contact solar cells are known for many years, the back-contact architectures 

are only recently exploited to produce DSCs.  

Back-contact DSCs open up a way to produce TCO-free DSCs, which have potentially 

reduced cost and increased the device efficiencies. While our back-contact architectures are 

different from those shown in literature, the device efficiency shall be further improved to 

catch up with the performance of other back-contact DSCs as well as conventional DSCs. This 
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requires the further optimization of the fabrication techniques for our back-contact DSCs. One 

important issue regarding the light transmission loss occurring on iodine/iodide electrolyte can 

be solved by using thinner sealing gaskets, by using a transparent spacer layer on top of the 

TiO2 film, or by using alternative electrolytes with reduced light absorption.  

The electron transport characteristics in our back-contact DSCs will be comprehensively 

studied to understand the effect of alternative device architectures on the device performance. 

An interesting finding in the project is the commonly higher open-circuit voltages measured 

on our back-contact DSCs than on reference DSCs. With the present data, we attribute the 

high open-circuit voltage to the reduced recombination on the working electrodes of our back-

contact DSCs. However, the higher voltage could also attribute to the different charge 

transport characteristics in the back-contact DSCs. In these devices, electrons and triiodide 

move towards the same direction. There can be a reduced voltage consumption on pulling 

apart the negative and positive charges. Further experiments will be conducted to further 

understand the mechanisms behind this finding.  

Furthermore, our back-contact designs will be applied to produce efficient all-metal-type DSC 

modules. The use of metal electrodes can potentially reduce the series resistance in modules, 

and therefore increase the module efficiencies.  

Three-terminal tandem DSCs comprising back-contact DSCs will be further investigated. The 

novel tandem DSCs use two dyes on separated photoelectrodes. With better designed IR dyes 

and complementary dye absorption, the novel devices can potentially surpass the best 

efficiency of the present DSCs.  
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