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Abbreviations

ALD Atomic layer deposition

C343 Coumarin-343, 11-Oxo-2,3,6,7-tetrahydro-1H,5H,11H-pyrano[2,3-
f]pyrido[3,2,1-ij]quinoline-10-carboxylic acid

CE Counter electrode

DSSC, DSC Dye-sensitized solar cell

FF Fill factor

IPCE Incident photon-to-current efficiency

Jsc Short-circuit current

Jmpp Current at maximum power point

JO4 bis-(2,21-bipyridine-3,31-dicarboxylic acid)2N-(1,10-phenanthroline)-
4-nitronaphthalene-1,8-dicarboximide ruthenium(II)

LD2 bis-(2,21-bipyridine-4,41-dicarboxylic acid)2N-(1,10-phenanthroline)-
4-nitronaphthalene-1,8-dicarboximide ruthenium(II)

LHE Light harvesting efficiency

N719 di-tetrabutylammonium cis-bis(isothiocyanato)bis(2,2’-bipyridyl-
4,4’-dicarboxylato) ruthenium(II)

Ω{l Resistance per square (Sheet resistance)

P1 4-(Bis-{4-[5-(2,2-dicyano-vinyl)-thiophene-2-yl]-phenyl}-amino)-
benzoic acid

Voc Open-circuit voltage

Vmpp Voltage at maximum power point

WE Working electrode
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1 Introduction

The world is currently in an energy crisis and suffering the effects of global
warming. The CO2-level has increased by almost 100 ppm in the last 50 years to
a value higher than has ever been recorded in the last 400 000 years.1 This has
resulted in a large upswing in the global temperature due to the greenhouse
effect. The main cause of this is due to the heavy use of fossil fuels around the
world and if nothing is done, the CO2-level is expected to double in the next
100 years.2 The increased global temperature results in more extreme weather
all around the world, affecting entire eco systems, and causing a global sea level
rise.3

The worlds energy demand is increasing rapidly and it is projected that the
world energy consumption will increase by 56% until 2040.4 In the year 2012,
almost 70% of the the electricity produced in the world came from carbon based
sources5 which generated a lot of CO2-emission. If this could be replaced by
renewable sources, global warming could potentially be stopped or at least
slowed down. Of all the renewable sources, the sun has the greatest potential
for providing the world with sufficient and clean energy. Each year, the amount
of solar energy that reaches the earth surface is more than 10 000 times the
current energy consumption.

Current techniques to harness solar energy is by the use of silicon based solar
cells. The manufacturing process is mature but requires a lot of water and toxic
chemicals.6 In 1991, O’regan and Grätzel 7 presented a n-type TiO2 based dye-
sensitized solar cell (DSC) with a record efficiency of almost 8% while previous
attempts had efficiencies below 1%. This caused a large upswing in the research
field with the latest record for TiO2 cells being 14.1%.8 The benefit of DSCs from
a manufacturing standpoint is the use of non-toxic and readily available, cheap
materials.9 They are also less sensitive to temperature variations and have a
better performance in low light conditions.10

In the later years, some attention has been directed to the development of
p-type DSCs. If efficient p-type DSCs are produced, there is a possibility to
construct tandem cells which could break the theoretical limit on solar cells. The
limit is around ~31% while the tandem cells can reach as high as ~43%.10 When
constructing a tandem cell, both parts must be of about equal performance to
gain from this effect. The p-type DSCs are, however, severely lagging behind
with the latest record being 2.5%.11 One of the primary causes for the low
efficiency are the fast recombination reactions.12 13 These reactions are loss
reactions which decrease the performance of DSCs.

In this study, we aim to prevent these reactions from occuring. From previous
studies made on n-type DSCs, it has been found that application of thin metal
oxide overlayers help to decrease recombination with the redox mediators and
thus give higer efficiencies.14 15 Therefore, it would be compelling to test if
similar behaviour could be seen in p-type DSCs. In a paper by Thimsen et al. 16

they produce a heterjunction diode with NiO and TiO2 which made it interesting
to study whether titania could be used for this purpose. In this study, atomic
layer deposition was used to apply these thin TiO2 blocking overlayers in order
to investigate whether they help to prevent the aformentioned recombination
reactions which occur in p-type DSCs.
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2 Background

2.1 Basic principles of a dye-sensitized solar cell

A dye-sensitized solar cell (DSC) can be considered to consists of three parts: A
working electrode (WE) which is the photo active electrode, a counter electrode
(CE) and an electrolyte. A schematic diagram of a DSC is shown in Figure 2.1.
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Figure 2.1: A schematic figure and energy diagram of a p-type dye-sensitized
solar cell based on similar illustrations.17 The asterisk ’*’ marks where the
conduction band of the n-type material (e.g. TiO2) would be.

Both the working and the counter electrode consists of a glass coated with a
fluorine doped tin oxide(FTO) layer which makes it conductive. On the working
electrode the glass substrate is covered with a thin semiconductor layer. The
layer is mesoporous, i.e. has pores on the size of 2-50 nm in order to increase
the surface area19. In this study we use nickel oxide, which is a p-type material.

Nickel oxide has a wide band gap of ~3.2 eV( 20) and can therefore only absorb
photons of wavelengths shorter than ~390 nm. As can be seen in Figure 2.2,
most of the sunlight that is transmitted through the atmosphere has energies
lower than this and thus can not excite electrons within the material. Instead,
dye molecules are adsorbed to the surface of the film which absorb light within
the visible region and can, upon light excitation, extract electrons from the
material which is crucial for current generation.

4



2H O

Atmospheric
absorption bands

H O2

H O2

H O2

H O2 CO2

O2

O3

UV Visible Infrared

Sunlight without atmospheric absorption

Ideal blackbody (5250 °C)

Sunlight at sea level

250 500 750 1000 1250 1500 1750 2000 2250 2500

Wavelength / nm

0

0.5

1

1.5

2

2.5

Irr
ad

ia
nc

e 
/ W

m
-2

nm
-1

 

Figure 2.2: The solar emission spectrum at extraterrestrial altitudes and at sea
level. Adaptation of figure taken from Wikimedia18 produced from the ASTM
G173-03 Reference Spectra.

In Figure 2.1, the different electron transfer reactions are shown. Upon light
absorption, reaction (1), the dye is excited into a state which is more easily
reduced.

NiO|Dye` hν Ñ NiO|Dye* (1)

Which is followed by hole injection (2) or in other terms, an electron extraction
from the valence band of NiO to the excited state dye.

NiO|Dye* Ñ NiO(+)|Dye´ (2)

The reduced dye is then regenerated by electron transfer to the oxidized elec-
trolyte species, I3

–.

NiO|Dye´ `
1
2

I3
´
Ñ NiO|Dye`

3
2

I´ (3)

The iodide ion then diffuses to the platinized anode where it is oxidized back to
I3

–.

3
2

I´ Ñ
1
2

I3
´
` e´ (4)

The electron then moves through the external circuit, where it can drive a load
(e.g. a LED, charge a battery, etc.), and then arrive at the working electrode were
it annihilates the hole generated in step 2.

There are however some loss reactions that lead to a decrease in the amount
of current obtainable from the DSC. These reactions are depicted as red dotted
arrows in the Figure 2.1. Reaction (5) is decay of the excited dye back to the
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ground state and can occur if the decay is faster than the hole injection. Another
possible reaction is the recombination of the electron with the reduced dye with
the injected hole (6), which occurs if the regeneration reaction (2) is slower than
the recombination reaction. Lastly, the hole located in NiO, can recombine with
electrolyte species (7) since hole transport within the material takes place at a
similar time scale.

Previous studies have concluded that the the poor performance of p-type
DSCs is generally caused by a very fast recombination.12 13 Furthermore, NiO
is an electrochromic material which causes it to change color depending on the
applied potential. It has been calculated that this effect causes a 5% drop in
efficiency13.

2.2 Characterization of solar cells

2.2.1 JV response curve

The performance of a solar cells is characterized by measuring the photocurrent
produced by the cell under simulated sunlight while applying a potential giving
a current-voltage (JV) curve for the cell. The applied potential simulates the
voltage drop over a load in the external circuit. The maximum photocurrent
(typically given as current density) produced by the cell is the short-circuit
current Jsc and the maximum voltage is the open-circuit voltage, Voc. The power
produced by the cell is equal to the product J ¨V and is also shown in the figure.
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Figure 2.3: The blue line represents a typical JV-curve acquired under illumina-
tion and the associated power plot shown as a red line.

The efficiency is defined as the ratio of the maximum power produced by
the cell, Pmax (marked with the symbol ’ˆ’ in Figure 2.3) to the incoming solar
power, Pin. The power at the maximum power point corresponds to the product
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of the voltage (Vmpp) and current (Jmpp) at that point. Thus:

η “
Pmax

Pin
“

Jmpp ¨Vmpp

Pin
(2.1)

This can further expand the numerator as a product of three other factors:

η “
Jsc ¨Voc ¨ FF

Pin
(2.2)

Voc is equivalent to the difference between the Fermi level of the semiconduc-
tor and the redox potential of the electrolyte. Lastly, the fill factor FF describes
how ideal the solar cell is which is calculated as the fraction between rectangle
B and A displayed in the figure. Rectangle A corresponds to the theoretical Pmax
given by the product of short-circuit current and open-circuit voltage.

FF “
B
A

“
Jmpp ¨Vmpp

Jsc ¨Voc
(2.3)

Compared to n-type DSCs, the p-type equivalent is prone to very low fill factors
between 0.3 and 0.4. This is mainly thought to be caused by a fast recombina-
tion.12 21

Similar measurement as described above can also be performed in the dark.
Since no excitation of dye molecules occurs, no photocurrent is generated and
at zero applied voltage no current flows. However, as the potential is increased
recombination reactions begin to occur whereupon I– begin to oxidize at the
semiconductor surface. This results in what is known as dark current and can
be used as a measure of the ease of recombination.

2.2.2 Incident photon-to-current efficiency

Another common characterization technique is to measure the cells incident
photon-to-current efficiency (IPCE). IPCE is defined as

IPCEpλq “
hcJscpλq

e 10´9 λPin
« 1240

Jscpλq

λPin
(2.4)

Where Jscpλq is given in A cm´2, λ in nm and lastly, Pin in W cm´2. As can be
seen, the constant is the result of a unit conversion from meter to nanometer, as
well as Planck’s constant, the speed of light, and the elementary charge. The
interested reader can find the full derivation of the formula in in Reference 22.

In practice, this measurement is performed by using a monochromatic light
source to scan over a range of wavelengths and simultaneously measure the
current produced by the cell, Jscpλq. By doing the same measurement on a
silicon photodiode with a known spectral response, the power of the incident
light Pin can be deduced and thus IPCE can be calculated.

IPCE can also be written as:

IPCEpλq “ LHEpλqψinjpλqψregpλqηccpλq (2.5)

7



Where LHE is the light harvesting efficiency, which is the fraction of light which
the sensitized film can collect. Therefore it is dependant on the light absorption
of the dye and the amount of dye adsorbed to the surface. ψinj and ψreg are
the quantum yields of injection of holes and regeneration of the dye, and ηcc is
efficiency of charge collection at the back contact.

2.2.3 Short-circuit current

The short circuit current can be expressed as the following integral:

Jsc “

ż

IPCEpλq e φphpλqdt (2.6)

Where IPCE is described in the previous section, e the elementary charge, and
φph the photon flux.

2.2.4 Redox potential of the electrolyte

As mentioned in Section 2.1, the open-circuit voltage is the difference between
the Fermi level of the semiconductor and the redox potential of the electrolyte. In
this study, the electrolyte consists of I–/I3

– which undergoes the redox reaction:

I3
´
` 2 e´ ÝÝáâÝÝ 3 I´ (2.7)

The redox potential for this reaction can be calculated using the Nernst equation:

Eredox “ E
´̋

redox ´
RT
2F

ln
rI3
´
s

rI´s3
(2.8)

Where E
´̋

redox is the the redox potential at the standard state, R is the gas constant,
T is the temperature, and F is the Faraday constant. From Equation 2.8 it is clear
that the redox potential varies depending on the concentration of the reducing
(I–) or oxidizing (I3

–) species.

2.3 Atomic layer deposition

In this study, a mesoporous film of nickel oxide is coated with titanium dioxide
by atomic layer deposition (ALD). ALD is a technique for making thin films by
sequentially exposing a substrate to gas phase reactants.

The substrate is placed in a low pressure chamber through which an inert
carrier gas flows. Typical carrier gases are N2 and Ar. A precursor, A, can then
be introduced into the chamber by injecting it into the flow of carrier gas. In
the chamber, A adsorbs to the surface of the substrate (Fig. 2.4a). This reaction
is self limited as there is a finite number of adsorption sites. After some time,
the chamber is then flushed with carrier gas to remove any precursor that
has not adsorbed to the surface (Fig. 2.4b). One of these sequences is called a
pulse-purge sequence.
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This is then followed by a similar pulse-purge sequence in which reactant B
is introduced. B then reacts with the adsorbed reactant A to form the product
directly on the surface resulting in a monolayer at most (Fig. 2.4c). Another
purge cycle is then performed (Fig. 2.4d). By repeating these sequences multiple
times, very specific film thicknesses can be achieved.

ALD is known for resulting in smooth, continuous, films. When few cycles
are used, however, pinholes in the surface are known to exist. As the first
precursor binds to the surface, it might cover up nearby binding sites with its
side groups (Marked with an asterisk in Figure 2.4). The pinhole is then formed
when the second precursor reacts with the adsorbed molecules and side groups
are removed exposing the previosuly covered binding sites.23

Substrate

(a) 1st precursor pulse

*

Substrate

(b) Purge

Substrate

(c) Purge

*

Substrate

(d) Purge

*

*

Figure 2.4: An illustration of the ALD process described in Section 2.3. The
binding site marked with an asterisk is blocked in the step (a) but is then
accessible on the second ALD cycle. Illustration is derived from a figure by
Andrew R. Barron licensed under a Creative Commons Attribution License
3.0.24
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3 Experimental

3.1 NiO film preparation

Strips of FTO (Pilkington, TEC™ 15, 12-14 Ω{sq.), 8-by-3 cm, were cut and
cleaned with a 2% RBS™ 25 solution, distilled water and then rinsed with
ethanol. The samples were dried using compressed air.

Scotch tape was applied along the long edges of the FTO and approximately
100 µL of NiCl2 sol-gel25 was used to doctor blade a thin layer onto the substrate.
The plates were then placed in an oven at 450 ˝C (30 minutes rise time and 30
minutes at plateau), forming a mesoporous NiO film. Once cooled, smaller
samples were cut out to approximately 10-by-15 mm pieces.

3.1.1 TiO2 barrier layers

Samples prepared according to the previous Section were delivered to a col-
laborator at the University of Jyväskylä. There they were coated with varying
thicknesses of TiO2 by atomic layer deposition (ALD).

Samples were placed in an flow-through ALD reactor (Beneq TFS 200) at
1-3 mbar and 400 ˝C. Two pulse-purge sequences are then performed according
to the program shown in Figure 3.1. In order to achieve a sufficient reactant
penetration into the mesoporous film, a serial pulse technique was used. Instead
of a continuous pulse, each pulse consists of five 100 ms precursor pulses,
separated by 500 ms. The pulse is then followed by a purge for 2 seconds. These
are repeated multiple times to achieve different thicknesses. In our studies, we
have used 1, 2, 4, 9 and 17 cycles. (One ALD cycle on Si(100) corresponded to a
thickness of 0.058 nm.)

Time / ms

60
0

25
00

45
00

70
00

90
00

Off

On

0
10

0

TiCl4
H2O

Pulse Purge

Figure 3.1: The ALD cycle used for TiO2 deposition on mesoporous NiO.

3.2 Dye loading

Dye loading was performed by submerging the samples in dye saturated ethanol
solutions over night. Upon removal from the dye bath, the samples were rinsed
with ethanol to remove excess dye.

In this study, a variety of dyes where used and their structures are presented
in Figure 3.2. All dyes incorporate one or more carboxyl groups which is what
anchors the dye to the semiconductor surface.10
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Coumarin 343 (C343) is general type of dye that is used in dye lasers but
has also been used in the studies on both p- and n-type DSCs and is relatively
well known. Furthermore, it is commercially available and in this study it
was bought from Sigma-Aldrich and was used as received. Dyes shown in
Figure 3.2b-d, on the other hand, have been especially developed for the use
in p-type DSCs and thus perform better than coumarin. P1 is an organic dye
and quantum mechanical calculations on its electronic structure show that
the LUMO electrons are localized towards the dicyanovinylthiophene groups
which are positioned far away from the binding site.26 This helps to prevent
recombination.

The dyes LD2 and JO4 are ruthenium complexes and it has been shown
that LD2 has a relatively long lived charge separated state which indicates a
slow recombination reaction.27 And lastly, N719 (Figure 3.2e) which is also
a ruthenium complex dye which has been used in record performing n-type
DSCs.28 N719 is also commercially available (Dyesol) and was used as received
in the later part of the study with TiO2 coated cells.

The dyes P1, LD2 and JO4 were synthesised in house by other group mem-
bers. Synthesis is not within the scope of this report but can be found elsewhere.
P1 synthesis is described by Qin et al. 26 and synthesis of LD2 is described
by Freys et al. 27 . No synthesis paper on JO4 has been published. Note that JO4
is very similar to this dye with the exception that the carboxyl groups instead
are in 3,3’ position on the bipyridine groups.
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Figure 3.2: Dyes used in the experiments described in this thesis.
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3.3 Counter electrode preparation

FTO glass (Pilkington TEC™ 7, 6-8 Ω{sq.) was bought with pre-drilled holes
for electrolyte filling and were cleaned prior to use. Cleaning consisted of multi
stage ultrasonic cleaning program. The stages consisted of sonication in 2%
RDS™ 25 water solution, distilled water, ethanol, and acetone for 30 minutes of
each treatment. Between each bath, the plates were rinsed with distilled water
and ethanol.

They were then thermally cleaned in an oven at 400 ˝C. (20 minutes rise time,
30 minutes at plateau temperature.) Samples were removed and placed in room
temperature once the oven was below 150 ˝C.

The electrodes were cut to about 15-by-15 mm pieces. Roughly 10 µL of
5 mM H2PtCl4 (Sigma-Aldrich) ethanol solution was used to coat each counter
electrode on the conducting side of the glass. They were then heat treated again
using the temperature program previously described.

3.4 Cell assembly

To ensure proper adhesion of the adhesive frames, the excess NiO was removed
using cotton swabs and scalpel blades leaving roughly a 7-by-7 mm NiO film. A
25 µm thick adhesive frame made of the thermoplastic Surlyn© (Meltonix 1170-
25) was placed onto the working electrode followed by the counter electrode.
The cell sandwich was then placed in an hot press heated to about 125 ˝C,
activating the adhesion of the thermoplastic.

3.5 Electrolytes and filling

Four electrolytes were prepared consisting of 0.5 M LiI (Sigma-Aldrich) with
0.05, 0.1, 0.25 or 0.33 M I2 (Merck) in acetonitrile.

Electrolyte was injected into the cells by a vacuum backfilling method. It was
performed by applying roughly 30 µL of electrolyte on the pre-drilled hole in
the CE and placing it in a desiccator fitted with a hose connector. Vacuum was
applied slowly in order to prevent boiling of the solvent. When no more air
was observed escaping from the cell, pressure was slowly reapplied causing the
electrolyte to fill the evacuated space.

In order to prevent evaporation through the hole in the CE, it is covered with
a microscope cover slip. It is adhered with a Surlyn© film and by applying heat
and pressure with a soldering iron.

3.6 Cell performance measurements

JV measurements were performed using a 1000 W m´2(AM1.5G) solar simula-
tor (Newport 91160-1000) and a combined voltage supply and current meter
(Kiethley 2400 SourceMeter). A square aperture of 0.25 cm2 was placed on top
of the cells and JV-curves were collected both with and without illumination.
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IPCE were measured in a setup consisting of a Xenon lamp (Spectral Products
ABS-XE-175) and a monochromator (Spectral Products CM110). Similarly to the
JV measurements a 0.25 cm2 square aperture was used.
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4 Results and discussion

4.1 Electrolyte composition

Initially, C343 sensitized cells were used to determine the optimum electrolyte
composition. In Figure 4.1 average JV-curves calculated from the curves of the
individual cells with different electrolytes are shown. Scans were performed
from positive to negative potentials with a 20 ms delay between each sample
point. In table 4.1, the calculated average values for the solar cell parameters
are presented along with error estimates calculated as the standard error of the
mean. These results are comparable, albeit lower, to previous reports on simlilar
cells.29

Applied potential / mV
0 20 40 60 80

 C
u

rr
en

t 
d

en
si

ty
 / 

m
A

 c
m

-2

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.05 M
0.10 M
0.26 M
0.33 M

Figure 4.1: JV-curves for cells with electrolyte of varying I2 concentration. I–

concentration was constant at 0.5 M. Cells sensitized with C343. Dashed lines
were measured in the dark. (* 0.26 M I2 samples had a I– concentration of 0.48 M)

Table 4.1: Mean JV-parameters and their standard error for n number of cells.
JV-curve shown in Figure 4.1.

[I2]init / M Voc / mV Jsc / mA cm´2 FF η / %

0.05 (n = 2) 81˘ 2 ´0.5 ˘ 0.5 0.40˘ 0.05 0.017˘ 0.003
0.10 (n = 3) 79˘ 3 ´0.76˘ 0.14 0.4 ˘ 0.1 0.022˘ 0.008
0.26 (n = 3) 67˘ 15 ´0.9 ˘ 0.3 0.3 ˘ 0.2 0.017˘ 0.012
0.33 (n = 2) 42˘ 4 ´0.8 ˘ 0.3 0.28˘ 0.14 0.010˘ 0.006

From both the figure and table, it is clear that the open-circuit voltage dimin-
ishes with increasing I2 concentration. As previously mentioned, it is known
that the open-circuit voltage corresponds to the difference between the Fermi
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level of the semiconductor and the redox potential of the electrolyte. Thus,
Voc and Eredox should share a negative correlation assuming that the semicon-
ductor Fermi level is unaffected by electrolyte composition. It is known that
lithium ions can shift the band structure of metal oxides23, but since the LiI
concentrations is constant in these electrolytes it should not affect the data.

To confirm the relation, the redox potentials of the different electrolytes were
calculated. In solution, I2 and I– react to form triiodide according to the reaction:

I2 ` I´ ÝÝáâÝÝ I3
´ (4.1)

The reaction has a known equilibrium constant of log K “ 6.75* in acetonitrile30,
and the equilibrium concentrations of I3

– could thus be calculated. Then fol-
lowed calculations of Eredox at 20 ˝C with the Nernst Equation 2.8 where E

´̋

redox
is equal to 0.354 V in acetonitrile.30 The numeric result is shown in the Appendix
in Table A.1.

Plotting the both Voc and E
´̋

redox yields Figure 4.2 which demonstrates that
indeed, there is some relation between them. However, we expected an inverse
correlation since a decrease in potential shifts it upwards in the energy diagram
in Figure 2.1. This suggests that the Fermi level is also shifted by the electrolyte
composition.

It is difficult to draw conclusions from the difference in Jsc as the error in
these measurements are quite large. A difference between the samples are
however expected. Given that the solar simulator gives out a constant photon
flux, the only term that varies in Equation 2.6 is IPCE which is also confirmed in
Figure 4.3a. IPCE in turn, depends on the efficiency of light harvesting, injection,
regeneration and charge collection as can be seen in Equation 2.5.
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Figure 4.2: Relationship between the redox potential and the open circuit volt-
age. Note the broken y-axis

Since cells were manufactured from the same NiO/FTO substrates and sensi-
tized with the same dye, it can be assumed that the light harvesting efficiency
is similar for all cells. This could be confirmed with absorption measurements,
but were not conducted for these cells. For C343, kinj has been found to be very

*K in M´1
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Figure 4.3

large in comparison to k1 (1012 vs. 108 ), thus the injection yield can be assumed
to be very close to unity.31

The remaining factors are the regeneration yield and the charge collection
efficiency. Regeneration is dependent on the concentration of the oxidized
mediator I3

– (Eqn. 3) and should become more efficient as I3
– concentration is

increased. This could be the reason for the observed increase in current with I3
–

concentration. If attention is directed to the dark measurements (dashed), they
indicate that the current onset occurs earlier as I3

– concentration is increased.
This suggests that recombination occuring at the semiconductor-electrolyte in-
terface is facilitated by increasing I3

– concentration. An increased recombination
implies a lower hole density in the semiconductor which pushes the Fermi level
upwards in the potential diagram and explains why the Voc decreases when the
electrolyte potential suggests otherwise. Furthermore, the increased interface
recombination results in a decreased charge collection efficiency which could
explain the slight loss of short-circuit current at I3

– concentrations above 0.26 M.

In a study by Morandeira et al. 32 , which this work was inspired by, they
find somewhat different results. In their experiments, they use the same redox
couple in propylene carbonate which reach a maximum of 10.7% IPCE. There
are multiple reasons for the discrepancy. First of all, propylene carbonate has
a higher viscosity than acetonitrile (2.5 vs 0.34 mPa s)33 which can affect the
diffusion of the redox species and decreasing the rage of regeneration. The
study also uses a different techniques to prepare the NiO film. Lastly, they do
not get the I3

– absorption shoulder that is somewhat present around 350 nm in
Figure 4.3a. Triiodide can undergo photolysis forming species which can inject
holes into NiO and therefore result in photocurrent by the following reaction:

I3
´
` hν ÝÝÑ I2

·´
` I ¨ (4.2)

I2
·´
`NiO ÝÝÑ 2 I´ `NiOp`q (4.3)
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In another study by Zhu et al. 34 , 3-methoxypropionitrile is used and the I3
–

absorption is also visible. This suggests that the behaviour of I3
– is heavily

dependent on which solvent is being used.

Since best performance had been achieved with the electrolyte composition
of 0.5 M LiI and 0.1 M I2, it was used in the subsequent studies.

4.2 TiO2 barrier layers

The main objective of this study was to investigate how thin TiO2 barrier layers
on the NiO films would affect the cell performance. The results of this investi-
gation are presented and discussed here. From here on, the dyes P1, LD2 and
JO4 were used. These dyes, as mentioned in the experimental section, are better
performing sensitizers and are expcilitly designed for use in p-type DSCs.

Several cells with different barrier layers and dyes were assembled with the
same method as described in previous sections. Thereafter they were charac-
terized mainly by performing JV-measurements. When measuring cells with
TiO2 barrier, the scan direction had to be reversed , i.e. from positive to negative
applied potentials and a much larger delay time of ě150 ms had to be used to
decrease noise. The resulting JV-curves are presented in Figure 4.4.

The uncoated cells (Fig. 4.4a,c,e) delivered the highest average efficiency of
0.045% (P1), 0.019% (JO4) and 0.009% (LD2). Other cell parameters are shown
in Table 4.2. The values for P1 are very similar to the published data by Qin
et al. 26 . For LD2 however, there is relatively large discrepancy. Compared
to the published data the Voc is almost halved while the short-circuit current
is three times as large.27 A possible explanation is that a different electrolyte
composition was used.

There is no information available on JO4 in I–/I3
– electrolyte, however, in

unpublished data by D’Amario et al. 35 they compare LD2 and JO4 in cobalt
electrolyte and find a similar difference between the open-circuit voltage. In
their study, they also find that the short-circuit current for JO4 to be four times
smaller than for LD2 which is not seen in here. These results are difficult to
compare given that the systems are different.
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(a) P1 without barrier layers.
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(b) P1 with barrier layers (dark measurement excluded
for clarity but are presented in Figure A.1).
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(c) LD2 without barrier layers.

Applied potential / mV
-20 0 20 40 60 80 100 120 140

 C
ur

re
nt

 d
en

si
ty

 / 
m

A
 c

m
-2

× 10-3
-5

-4

-3

-2

-1

0

1

2

3

4

5

4 ALD Cycles
9
17

(d) LD2 with barrier layers.
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(e) JO4 without barrier layers.
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(f) JO4 with barrier layers.

Figure 4.4: Average JV-curves for cells with (right) and without (left) a TiO2
barrier layer of varying thickness. Sensitized with the different dyes. Note that
the y-axis scale differs a lot between coated and uncoated cells. Dashed lines
represents dark measurements. Numerical data is presented in Table A.2
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Table 4.2: Average values of n cells shown in Figure 4.4a,c,e. Cells with different
dyes but with the same electrolyte. Values for coated cells in Figure 4.4b,d,f is
presented in Table A.2.

Dye Voc / mV Jsc / mA cm´2 FF η / %

P1 (n = 4) 92˘ 2 ´1.43 ˘ 0.07 0.340˘ 0.013 0.045 ˘ 0.003
LD2 (n = 4) 55˘ 2 ´0.482˘ 0.005 0.335˘ 0.012 0.0089˘ 0.0004
JO4 (n = 3) 98˘ 1 ´0.49 ˘ 0.05 0.38 ˘ 0.05 0.019 ˘ 0.003

IPCE measurements were also conducted on these uncoated cells and their
spectra are presented in Figure 4.5a. From this, it is clear that JO4 and LD2
behave differently. Since the binding groups have different positions, one
could assume that one dye suffers from surface binding issues. However, their
absorption spectra (Fig. 4.5b) are very similar and therefore the amount of dye
on the surface should be similar. Hence, the difference in IPCE must be credited
to the remaining parameters in Equation 2.5 such as injection yield, etc.

As previously mentioned, dyes bind to the surface with the carboxyl groups,
and it might be that the position alters how the sensitizers are adsorbed to the
surface. I.e. the number of binding groups that are actually involved in surface
anchoring, and how the dye is spatially positioned on the surface which all
could affect the performance.
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(a) Mean incident photon-to-current efficiencies for
the three different dyes.
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(b) Mean absorbance of the the different sensitizers
loaded onto the NiO films before assembly of the cells.

Figure 4.5

If attention is directed towards the TiO2 coated cells (Fig. 4.4b,d,f), it is clear
that it has a detrimental effect on performance. At only a single ALD cycle
(only tested with P1), the short-circuit current has diminished by two orders
of magnitude. For the other dyes, a three order of magnitude drop in Jsc is
seen at the thinnest thickness tested; 4 cycles, corresponding to 0.2 nm. The
drop in current continues with thickness up until 17 cycles, roughly 1 nm, at
which the current becomes anodic (Except for P1). This behaviour is peculiar
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since anodic current is typical for n-type DSCs. The effect is clearer in wide
range JV-measurements and is shown for JO4 in Figure 4.6a. The effect is most
prominent in this dye.

Since this result was rather surprising, cells sensitized with the N719 dye
were also assembled and tested. N719 is a dye which have been used in record
n-type DSCs. This dye also results an n-type behaviour at 17 ALD cycles. The
average JV-curve for these cells is shown in Figure 4.6b.
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(a) JV-response measured over a wider range, clearly
showing the anodic current that arises with the sen-
sitizer JO4 and 17 ALD cycles (~1 nm). Dashed line
were measured in the dark.
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(b) Average JV-curve for four cells prepared from
NiO film coated with 17 ALD cycles and sensitized
with N719. This configuration also results in anodic
current. Numerial data is presented in Table A.3

Figure 4.6

A possible explanation is that at 1 nm thick ALD coatings, there might be
enough TiO2 for a band structure to begin to emerge, resulting in the n-type
behaviour. The conduction band of TiO2, in relation to the valence band of
NiO is shown in Figure 2.1. Since n-type cells work by electron injection, this
would require the dye to become oxidized rather than reduced. Transient
absorption methods could be used to identify these species and confirm if this
is the mechanism behind these results.

The above explanation is not sufficient at single ALD cycle coatings and it
is very difficult to conclude what causes the drastic current loss. It is known
that Lewis acids and bases can shift the band edges23 and maybe it is possible
unreacted TiCl4 or even TiO2, which are both Lewis acids, can exert this effect
on NiO. Further investigations with ultraviolet photoelectron spectroscopy can
give insight about the band structure and potentially answer this question. A
band shift could potentially also explain the increase in open-circuit voltage
seen in all dyes. For instance, the Voc for P1 increased from 90 mV to almost
150 mV when 4 ALD cycles had been applied. This increase can be seen also in
LD2 and only slightly for JO4.

Furthermore, the dark current has also decreased which implies that TiO2
blocks recombination at the semiconductor/electrolyte interface. It might be
that this effect not only works one way, but also prevents hole injection which
could also explain the drastic loss in photocurrent. If this is present, it means
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that fluorescence decay (reaction 5 in Figure 2.1) is a viable pathway for the
excited state dye and time-correlated single photon counting could be used to
confirm this.
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5 Conclusion

In this study, the main investigation was targeted at the possibility of using
thin TiO2 blocking overlayers to prevent the recombination reactions that are
currently limiting the efficiency of p-type DSCs. The means of comparison
mainly consisted of JV measurements. The initial part of this study also involved
a quick optimization of the I–/I3

– electrolyte composition with I3
– as the variable.

During this optimization, it was found that the optimal initial iodine concen-
tration to lie between 0.10-0.26 M. As concentrations increased, the Jsc leveled
off at a certain current while the Voc continiously diminished. Low open circuit
voltages was the main loss in efficiency at high I2 concentrations and dark JV
measurements suggested that this was caused by recombination at the semicon-
ductor/electrolyte interface.

It was seen that application of TiO2 overlayers resulted in an increased open-
circuit voltage combined with a reduced dark current. It suggest that the
blocking layers does prevent the recombination reactions between the semicon-
ductor surface and the redox mediators. However, there was also a severe drop
in photocurrent which indicates that the overlayers also prevent hole injection.
The mechanism behind these results can not be inferred from these experiments
and in order to fully understand them, further studies are required. Suggested
methods are discussed in the previoius section. Furthermore, it would be wise
to expand this experiment with other metal oxides since similar studies on
n-type DSCs have had mixed results.
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A Appendix

Calculated equilibrium concentrations and the redox potential of the electrolyte.

Table A.1: Concentration of the electrolyte species at equilibrium and their
corresponding redox potential.

[I2]init 0.05 M 0.10 M 0.26 M 0.33 M

[I–] / M 0.45 0.40 0.21 0.17
[I3

–] / M 0.051 0.10 0.26 0.33
[I2] / M 2.0ˆ 10´8 4.3ˆ 10´8 2.2ˆ 10´7 3.3ˆ 10´7

Eredox / V 0.36 0.34 0.31 0.30
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Figure A.1: Average dark JV-curves for the cells presented in Figure 4.4b. The
strange behaviour for one and two ALD cycles are thought to be caused by
hysteresis.
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Table A.2: Mean JV-parameters and their standard error for n number of TiO2
coated cells. JV-curves presented in Figure 4.4. Some values for 17 cycles are not
given. This is caused by the scan window not being wide and thus not giving a
Voc.

(a) P1

ALD
cycles Voc / mV Jsc / mA cm´2 FF η / %

1 (n = 4) 125˘ 4 ´0.050˘ 0.009 0.3˘ 0.2 0.0023˘ 0.0009
2 (n = 5) 119˘ 8 ´0.015˘ 0.003 0.4˘ 0.1 0.0007˘ 0.0003
4 (n = 3) 150˘ 20 ´0.010˘ 0.004 0.4˘ 0.3 0.0006˘ 0.0004
9 (n = 5) 110˘ 20 ´0.002˘ 0.001 0.4˘ 0.3 0.0001˘ 0.0001
17 (n = 4) - 0.001˘ 0.002 - -

(b) LD2

ALD
cycles Voc / mV Jsc / mA cm´2 FF η / %

4 (n = 5) 82˘ 5 ´0.0028˘ 0.0005 0.30˘ 0.08 0.000 07˘ 0.000 02
9 (n = 4) 100˘ 10 ´0.0017˘ 0.0003 0.32˘ 0.09 0.000 06˘ 0.000 02
17 (n = 5) - 0.0006˘ 0.0007 - -

(c) JO4

ALD
cycles Voc / mV Jsc / mA cm´2 FF η / %

4 (n = 5) 97˘ 5 ´0.0015˘ 0.0003 0.30˘ 0.08 0.000 05˘ 0.000 01
9 (n = 3) 77˘ 14 ´0.0010˘ 0.0003 0.3 ˘ 0.2 0.000 02˘ 0.000 02
17 (n = 4) - 0.0029˘ 0.0008 - -

Table A.3: Average values of n cells sensitized with N719 or JO4. Plots shown
in Figure 4.6.

Dye Voc / mV Jsc / mA cm´2 FF η / %

JO4 (n = 4) ´240˘ 50 0.004˘ 0.002 0.3˘ 0.2 0.0004˘ 0.0003
N719 (n = 4) ´240˘ 60 0.007˘ 0.003 0.3˘ 0.2 0.0006˘ 0.0005
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