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Abstract 

 

For future possibilities of tandem solar cell production, further knowledge must be gained of the 

less efficient p-type counterparts of the n-type dye-sensitized solar cells (DSSCs). There are still 

several properties of the p-type DSSCs that are unknown and the mapping of these characteristics 

could contribute with important information for more efficient solar cells or more optimal 

working conditions. In this study the light intensity and electrolyte composition dependence on 

the recombination of NiO p-type DSSCs was investigated. Increasing excitation intensities (up to 

~6 mJ/cm
2
) of the 460 nm laser beam was applied to the films of three different electrolytes 

(acetonitrile, 0.1 and 0.5 M LiClO4 in acetonitrile) without a redox couple present. The 

recombination rate between the reduced dye, bis-(2,2′-bipyridine-4,4′-dicarboxylic acid)2N-(1,10-

phenanthroline)-4-nitronaphthalene-1,8-dicarboximide ruthenium(II) ([Ru(dcb)2(NMI-

phen)](PF6)2), and the hole in the valence band of the mesoporous NiO film was recorded with 

transient absorption spectroscopy by monitoring the decay of the absorption of the reduced dye at 

560 nm. In the presence of acetonitrile the recombination kinetics where found to be independent 

of excitation intensity. However, the results indicated on a light intensity dependence of the 

recombination in the presence of 0.1 and 0.5 M LiClO4. With increasing intensity the 

recombination rate slowed down. This behavior is tentatively assigned to the stabilization of the 

negatively charged dye molecules by the cations of the surrounding electrolyte. 
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List of abbreviations 

 

CB – conduction band 

c-Si – crystalline silicon 

DSSC – dye sensitized solar cell 

FTO – fluorine-doped tin oxide 

HOMO – highest occupied molecular orbital 

IHP – injected holes per particle 

MeCN – methyl cyanide (acetonitrile) 

n-doped – negatively doped 

n-type – negative type 

p-doped – positively doped 

p-type – positive type 

SC – solar cell 

VB – valence band 
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1. Introduction 

 

In today’s society the demand for energy is constantly increasing. To meet this need fossil fuels 

have been and are currently used to a wide extent, even though they are debated to be one of the 

main reasons for the impending climate changes.
[1]

 The consequences of this usage are evident in 

both environment and in the declining public health due to air pollutions.
[2]

 Furthermore, the 

fossil fuels are non-renewable and the resources are becoming exhausted. To initially decrease 

and eventually replace the use of these kinds of energy sources, the scientific community has 

searched for alternatives and a prominent candidate is the exploitation of solar energy. The sun is 

constantly radiating over the earth’s surface, delivering energy. One way of harvesting this 

energy is to take advantage of the properties of the emitted sunlight, such as in a solar cell (SC).
[3]

  

1.1. Semiconductors and band gap theory 

 

Solar cells have the property of converting the 

light’s energy into electricity, known as the 

photovoltaic effect. To do so, the solar cell must 

absorb light in a wide wavelength range and 

separate charges efficiently. Usually, solar cells 

consist of semiconductor materials, which have 

an intermediate conductivity in comparison to 

that of conductors, such as metals, and 

insulators such as glass. The semiconductors 

form a crystal lattice, where the atoms are 

covalently bound to each other. As the 

temperature rises beyond absolute zero, towards 

the working conditions for most solar cells, the 

electrons in the bonds obtain enough energy to 

move more freely inside the lattice, giving rise 

to the conductivity of the material. For the 

electrons to become free they need to enter a high energy state, which average energy difference 

to their ground state is known as the band gap in the semiconductor. The size of the band gap 

depends on the material used. The distribution of the lower energy states forms an energy band, 

which is called the valence band (VB), while the excited states’ band is called the conduction 

band (CB) as it is in this band the electrons can participate in conduction (Figure 1). When one 

electron is excited (by e.g. thermal or light excitation or applied voltage) into the CB it leaves an 

empty state with a positive charge, a hole, behind in the VB. These electric charges are able to 

move in the bands and thus are giving rise to the conductivity. In the CB the charge is carried by 

free electrons while in the VB, the holes act as charge carriers.
[4]

  

Figure 1. A schematic comparison of the band gap in metals, 

semiconductors and insulators. What defines the band gap is the 

separation between the valence and conduction band of the material. 
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The chemical potential of the semiconductor is defined by the Fermi level. In a semiconductor 

material the Fermi level is set by the highest occupied states in the VB or CB. The Fermi level 

can be shifted by doping, where the number of charge carriers (electrons and holes) is altered 

from equilibrium. Doping is the process of which an impurity is implemented into the crystal 

lattice. The impurity is an atom with more or less electrons than the semiconductor atom it 

replaces. If the impurity has more electrons, the semiconductor is negatively doped (n-doped). In 

the opposite case, less electrons results in holes and the material becomes positively doped (p-

doped). Additionally, the Fermi level can be shifted due to trap states. Trap states are additional 

energy states in the band gap that arise from defects in the crystal lattice.
[4]

 

1.2. Efficiencies of Solar Cells 

 

The overall conversion efficiency (η) of a solar cell is given by the maximum power generated by 

the cell per unit area (Pmax), divided by the power applied by the incident light (Pin). As can be 

seen by the equation below, the generated power can also be expressed as the product of the fill 

factor (ff), the open circuit photovoltage (VOC) and the short circuit photocurrent density (JSC).
[5,6]

 

   
    

   
  

          

   
          (1) 

The fill factor is obtained by monitoring the current while applying increasing voltage over the 

cell. A perfect cell should keep a stable current until it reaches a threshold, where the current 

abruptly declines to zero. By dividing Pmax with the product of JSC, the current density at 0 

applied voltage, and VOC, the voltage at which the current is zero, the fill factor is determined and 

has a value between 0 and 1. Hence, by increasing either of the variables in the numerator of 

Equation 1, the efficiency of the cell is increased. For comparable reasons, the efficiency is 

calculated using 1 sun as Pin. Light of 1 sun corresponds to the nominal intensity of the sunlight 

at a 42° angle to Earth (equivalent to 1000 Wm
-2

 of white light).
[6]

 

Most commercially available solar cells utilize crystalline silicon (c-Si) as their semiconductor. 

The silicon is often doped with boron and phosphorus, leading to both a n- and p-doped material. 

When joining these two doping types, a p-n junction is formed due to the established electric field 

within the device.
[7]

 The c-SiSCs have efficiencies ranging up to approximately 25%.
[8][9]

 The 

efficiencies of these single junction cells are limited to ~30%, theoretically estimated by 

Shockley and Queisser.
[10]

 One of the limiting factors for the conversion is the loss of energy 

from photons with higher energy than the band gap. The electrons being excited and the holes 

created, by a photon with energy exceeding that of the band gap becomes so called hot charge 

carriers. Though, the hot carriers lose their extra gained energy by emitting phonons within ~1 ps, 

lowering their energy to the band edges. Due to the fast cooling the electricity later obtained from 

the charge carriers do not reflect upon the high-energy photons and thus the extra gained energy 

is lost.
[11]

 Additionally, the c-SiSCs require rather thick layers (~200-350 μm) of highly purified 

silicon, which is obtained from costly and energy consuming processes.
[7]

 The essential purity of 
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the silicon is due to the p-n junction being sensitive to unwanted defects in the lattice structure, 

which otherwise would increase the rate of recombination between the electrons and holes, hence 

decreasing the output current. However, after the publication by Grätzel and O’Regan in 1991 a 

new type of solar cells sparked the interest of researchers.
[6,12]

 Grätzel and O’Regan showed that 

a 10 μm layer of the mesoporous semiconductor TiO2, sensitized with a dye, could reach 

efficiencies of ~7%, while utilizing low to medium-purity materials.
[12]

 The mesoporous property 

of the semiconductor increases the active area of the cell, allowing for more dye to be adsorbed. 

Hence, with more dye present, more light can be absorbed influencing e.g. the obtainable 

photocurrent.  These dye sensitized solar cells (DSSCs) have since been developed further, with a 

variety of employed dyes and semiconductors.
[6]

 

1.3. N-type Dye Sensitized Solar Cells 

 

The vast majority of research on DSSCs is on n-type materials, such as TiO2, which refers to the 

semiconductor receiving electrons in the working process. The mesoporous semiconductor is 

spread as thin film over the surface of a transparent conductively coated glass. The coating 

usually consists of fluorine-doped tin oxide (FTO). On top of the semiconductor film the dye is 

adsorbed. In a sandwich cell the FTO with the dye-sensitized semiconductor film is sealed to a 

counter electrode, which often is another FTO glass coated with platinum. Between the glasses an 

electrolyte is added, which contains a redox couple such as I
-
/I3

-
 dissolved in an organic solvent. 

The redox couple is added in the form of a salt, which causes the simultaneous addition of 

cations, such as lithium (Li
+
) and/or tetrabutylammonium (TBA

+
). The cations are known to shift 

the potential of the CB and VB of the semiconductor towards more positive potentials. The shift 

becomes larger with increasing charge-to-radius ratio of the cations. The concentration of cations 

can further be altered by adding e.g. lithium perchlorate (LiClO4) or tertabutylammonium 

perchlorate (TBAClO4). The Li
+
 ion is a hard cation, which is able to penetrate through the dye 

layer to the semiconductor surface. The TBA
+
 is less adsorptive and, due to its larger size, cannot 

reach the semiconductor surface between the dye molecules.
[6,13,14]

  

As the dye becomes excited by incident light (1), it performs electron transfer to the n-type 

semiconductors’ CB (2) (Figure 2). The loss of the electron renders the dye to its oxidized state. 

For the dye to re-obtain its ground state configuration, electron transfer from the redox couple 

(RC) occurs (3). The reductant then diffuses to the counter electrode (CE), where the platinum 

reduces and hence restores the electrolyte (4). From the CB of the semiconductor (5) the 

electrons are transported into the external circuit, through a load (e.g. a light bulb), and 

subsequently to the platinum counter electrode. The maximum generated voltage in a DSSCs is 

the difference between the redox potential of the electrolyte and the Fermi level of the 

semiconductor (ΔV). Moreover, under normal working conditions corresponding to 1 sun 

illumination, in a steady state, there are approximately 10 injected electrons per TiO2 particle.
[6]
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Along the already mentioned processes there are several loss reactions (red arrows). Firstly, the 

excited dye may not undergo electron transfer but instead decay back to its ground state (6). 

However, this requires the electron injection to be slow. If so, it is also possible for the excited 

dye to become oxidized by the redox couple (7). Furthermore, the semiconductor injected with an 

electron can perform electron transfer to the oxidized dye (8) or to the electrolyte (9). The latter 

occurs at positions where the semiconductor film is exposed to the electrolyte.
[6]

 

 

The recombination kinetics (reaction (8) in Figure 2) in TiO2 

DSSCs has proven to be dependent on excitation light intensity. 

According to the findings by Haque et al., TiO2 films dyed with 

a ruthenium complex and an ethylene carbonate/propylene 

carbonate mixture as electrolyte, experience an acceleration in 

the recombination kinetics with higher light intensity (Figure 3, 

ref. Haque et al.).
[14]

 This was found by monitoring the transient 

absorption decay of the oxidized dye in a cell without a redox 

couple. By excluding the redox couple the decay in the 

absorption of the oxidized dye is mostly dependent on the 

recombination by electron transfer from the CB of the TiO2. 

The increase in decay rate is explained by the presence of trap 

states below the CB, which captures the injected electrons. At 

low intensities there are several trap states available for the 

electrons. However, at higher intensities the trap states become 

full, causing the electron transport to accelerate. Thus, more 

electrons become available at the surface of the semiconductor 

which consequently increases the recombination rate.  

 

Figure 2. Schematic view of the 

electron transfers in n-type DSSCs. 

Every path is described in the text 

above.  Note however that the 

different states are the redox 

potentials, but follow the same 

pattern as if given in energy.  

Figure 3. Transient absorption decay of the cation 

of (2,2′-bipyridyl-4,4′dicarboxylate)2-(NCS)2 

ruthenium (II), adsorbed on a TiO2 film. The data 

was obtained at different excitation intensities; 

0.04 (A), 0.12 (B), 0.6 (C), 3.5 (D) and 6 (E) 

mJ/cm
2
 in an ethylene carbonate/propylene 

carbonate (1:1) electrolyte solution.
[14]

 According 

to our calculations these intensities correspond to 

approximately 0.2, 0.7, 4, 20 and 35 injected 

electrons per TiO2 particle. 



 

8 

 

1.4. P-type Dye Sensitized Solar Cells 

 

The p-type DSSCs, which are the opposite of the n-type DSSCs, receive holes injected by the dye 

into the VB. These DSSCs are at the moment not nearly as efficient (around 0.5%) as their n-type 

counterparts.
[5]

 However, driven by the possibility of combining p- and n-type DSSCs to create a 

tandem cell, there are several research groups focusing on increasing the efficiency of the p-type 

cells. Their reason for this is that for the tandem cell to function sufficiently, the p- and n-type 

parts must be equal in photocurrent, otherwise the part with the lower current output will limit the 

cell. Theoretically, the tandem cells will be able to obtain efficiencies higher (around 40%) than 

that estimated by Shockley and Queisser for the c-SiSCs. Additionally, the possible applications 

of the tandem cells would allow for efficient solar fuel productions, e.g. the formation of 

hydrogen gas.
[5,15–17]

  

The p-type DSSCs (Figure 4) are as mentioned subjected to hole injection into the VB instead of 

electron injection into the CB. Similarly the dye is excited (1), leaving a hole behind in its highest 

occupied molecular orbital (HOMO). Due to the dye being assigned to have a low energy HOMO 

in comparison to the VB of the semiconductor used (e.g. NiO), one electron from the 

semiconductor thus will fill the vacancy in the HOMO of the dye (2a). When this electron leaves 

the VB, a hole is injected into the valence band of the semiconductor. Simultaneously, the dye 

adapts to its new reduced configuration at a lower energy (2b).  The formed reduced dye is 

oxidized by the redox couple (3), which in turn is restored by the counter electrode (4). The 

electron from the redox couple is transported through the external circuit to the VB of the 

semiconductor (5). As suspected, p-type DSSCs are as plagued by loss reactions as their n-type 

equivalents (red arrows). Firstly, there is the decay of the excited dye to its ground state (6), 

which is suppressed if fast hole injection occurs. Moreover, there is the electron transfer from the 

electrolyte to the VB holes (7) and to the ground state hole of the dye which may happen if the 

hole injection is slow (8). Lastly, it is the recombination between the electron of the reduced dye 

and the injected hole in the VB (9). By excluding the electrolyte, similarly to the work by Haque 

et al., the decay of the absorption of 

the reduced dye can give information 

of the recombination between the 

reduced dye and the injected hole.
[5] 

 

 

 

 

Figure 4. Schematic illustration of the 

electron transfer paths of p-type DSSCs. 

Each path is described in the text above. The 

ΔV is given by the potential difference 

between the redox couple (RC) and the 

Fermi level and has thus been given on a 

separate voltage scale. 
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The reason for the low photo-conversion in the p-type DSSCs is mainly due to poor light-

harvesting efficiency due to low thickness of the films, the electron transfer from the redox 

couple to the VB holes and that the regeneration rate, between the reduced dye and the redox 

couple, is not fast enough relative to recombination. Furthermore, just as in n-type DSSCs, the 

open circuit photovoltage is set by the redox potential of the electrolyte and the Fermi level of the 

semiconductor. However, in p-type DSSCs this potential difference is not as large as in the n-

types. To increase the overall efficiencies of the p-type DSSCs, suppressing the recombination 

paths are of importance.
[16]

 Earlier work, performed with various types of sensitizers adsorbed to 

NiO, has proved that the hole injection lies within the fs to ps time scale. Noteworthy however is 

that the recombination of the injected hole with the reduced dye, occurring below or at the ns-

time scale, competes against the regeneration of the dye ground state by the electrolyte, which 

occurs on the μs-time scale.
[18–21]

 Thus, to decrease the rate of the recombination would 

contribute to the possibilities of forming the tandem cells for the future. To do so, it is of high 

interest to determine the recombination rate dependence on e.g. light intensity, electrolyte 

composition, applied bias and more. This would increase the knowledge about the distribution of 

electronic states at the interface of the NiO, including the presence or absence of trapping which 

has not yet been fully understood for p-type DSSCs. 

1.5. Sensitizer [Ru(dcb)2(NMI-phen)](PF6)2 

 

In this thesis the sensitizer, bis-(2,2′-bipyridine-4,4′-

dicarboxylic acid)2N-(1,10-phenanthroline)-4-

nitronaphthalene-1,8-dicarboximide ruthenium(II), 

([Ru(dcb)2(NMI-phen)](PF6)2), was used based on the 

findings by Freys et al..
[17]

 They showed that if the electron 

of the reduced dye is stabilized as well as located further 

away from the NiO surface, the recombination is retarded. 

In [Ru(dcb)2(NMI-phen)](PF6)2) the negative charge 

localizes on the NMI-moiety (Figure 5),  resulting in a 

recombination rate within the ns to ms time frame. This was 

assigned to the optimal charge separation between the NiO 

surface and the NMI-group, when the dye is chemisorbed 

orthogonally. The absorption spectrum in Figure 8 (page 

13) shows the dye’s strong absorption between 400-500 nm. 

The reduced dye absorbs around 560 nm as showed in the 

transient absorption spectrum (Figure 6, ref. Freys et al.). 

By applying sensitizers able to perform intramolecular 

charge transfer, the recombination kinetics of p-type DSSCs 

may improve. Additionally, these sensitizers allow for 

nanosecond transient absorption spectroscopy to be used to 

study the recombination.   

Figure 5. The molecular structure of the 

sensitizer [Ru(dcb)2(NMI-phen)](PF6)2.  
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2. Aim 

 

The aim of this study was to investigate the light intensity dependence and the effect of addition 

of cations on the recombination kinetics of the NiO film sensitized with [Ru(dcb)2(NMI-

phen)](PF6)2. This was performed utilizing three different electrolyte compositions in acetonitrile; 

0, 0.1 and 0.5 M LiClO4. This was performed in the hope of gaining information about the 

possible presence of trapping in the p-type DSSCs and their effect on recombination. 

3. Materials and Methods 

 

3.1. Solar cell construction 

 

The assembly of the sandwich NiO solar cells commenced by spreading NiO paste by the doctor 

blading technique onto fluorine-doped tin oxide coated glass (TEC 15, Pilkington, Tokyo, Japan). 

The NiO paste was prepared from anhydrous NiCl2 powder (99.99%, Sigma Aldrich, St. Louis, 

USA) and the F108 polymer (Sigma Aldrich, St. Louis, USA) according to a previously 

described procedure.
[17] 

The practiced doctor blading method is simply performed by using a 

glass rod to sweep the paste over the glass. To inhibit the paste from pouring down the sides of 

the glass, adhesive tape is used to create edges as well as to define the maximum thickness of the 

film. The NiO paste is applied near the upper edge of the glass and subsequently spread in a 

downward motion. To ensure an even thickness of the paste, an additional sweep is performed in 

the reversed direction. The adhesive tape was removed and the films were sintered in a furnace 

for 30 minutes at 450 °C.  

Figure 6. Transient absorption spectrum of 

[Ru(dcb)2(NMI-phen)]
2+

 adsorbed to NiO in 

an redox free electrolyte. Different time 

delays were collected after the excitation 

pulse; 100 ns (red), 500 ns (yellow), 10 μs 

(green), and 100 μs (blue).
[17]
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The films were cut into appropriate sizes (1.5x2 cm) and the thickness of each sample’s film was 

measured using a Dektak
3
 profilometer (Veeco). The samples with seemingly equal film 

thickness (~0.7 μm) were thereafter dyed in a solution of [Ru(dcb)2(NMI-phen)](PF6)2, 

synthesized according to reference,
[17]

 and acetonitrile (Uvasol
®
, Merck kGaA, Darmstadt, 

Germany) saturated with lithium perchlorate (≥98.0%, Sigma Aldrich, St. Louis, USA). The 

concentration of the photosensitizer was initially 0.5 M. However, due to evaporation of the 

solvent the concentration increased over time. With a higher concentration, the samples needed 

shorter sensitization to obtain a sufficient optical density, which usually required two days of 

loading. The solution was saturated with lithium perchlorate, in the event that lithium doped NiO 

films were to be used, in order to prevent lithium leakage from the films. The study with doped 

films is to be carried out in the near future. 

After the sensitization, the films were washed with ethanol (95%, Solveco, Rosersberg, Sweden) 

to remove any non-adsorbed dye as well as precipitated lithium perchlorate. The optical densities 

(absorbance) at 460 nm of the films were then measured by steady state spectroscopy prior to the 

sealing of the sandwich cell. Microscope slides (Thermo Scientific, Braunschweig, Germany) 

pre-drilled with two holes, were sealed to the films using thermoplastic Surlyn (50 μm, DuPont, 

Wilmington, USA).  The electrolyte was added through the holes which later were sealed with 

Surlyn to a cover glass. The electrolyte in this experiment was pure acetonitrile (MeCN), 0.1M 

LiClO4 and 0.5M LiClO4 in MeCN. None of the solvents contain a redox couple, which 

eliminates the regeneration of the reduced dye by the redox couple and limits the recombination 

paths to solely the recombination between the reduced dye and the valence band holes in the NiO. 

3.2. Transient absorption spectroscopy 

 

Transient absorption spectroscopy enables the measurement of the absorption of short lived 

(transient) species in a sample over time. These species could be the excited state of a certain 

molecule or an intermediate in an ongoing reaction. Thus for them to form, the sample is initially 

excited by a laser shot (pump pulse) of a specific wavelength. Simultaneously, the sample is 

illuminated with a probe light. The detector monitors the intensity of the probe light as a function 

of time and hence reveals the time dependent absorption of the species in the sample. 

The kinetics of the recombination was studied by monitoring the absorption decay of the reduced 

dye from the ns to ms timescale. As in the experimental setup given in Figure 7, the Quanta Ray 

(pulse width 10 ns, repetition rate 10 Hz, Spectra Physics, St. Clara, USA) consisting of a Nd-

Yag laser, with an output of 355 nm, was used to pump an optical parametric oscillator, OPO 

(Spectra Physics, St. Clara, USA). In the OPO the wavelength of the laser light was converted to 

460 nm, which was then used to excite the [Ru(dcb)2(NMI-phen)](PF6)2 dye at its main 

absorption band. 

LP920 detection system (Edinburgh Instruments, Livingston, England) was used to monitor the 

absorption decay of the reduced dye. White light from a Xenon arc lamp was used as a probe and 
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a monitoring wavelength of 560 nm (bandwidth 10 nm) was selected by a monochromator. The 

reduced [Ru(dcb)2(NMI-phen)](PF6)2 dye has a strong absorption at 560 nm, while the ground 

state of the dye and the holes in the VB of the NiO have no or weak absorption at this 

wavelength. However, considering that the absorption of the reduced dye and the possible weak 

absorption of the holes should follow the same decay, 560 nm was chosen for probing the 

recombination dynamics of the reduced dye with the injected holes without correction. A 495 nm 

longpass filter was used in front of the monochromator to avoid any laser scattering to reach the 

photomultiplier tube (PMT) used to detect the absorption signal from the sample. Noteworthy is 

that the sample was moved after each complete measurement to avoid sample burning. To be able 

to collect the full time profile of the decay, data was collected in 1, 10, 100, 1000 μs time 

windows. The shorter the time window the faster events can be detected, which most likely take 

place at the early times after the excitation. The long time window of 1000 μs is used to detect the 

time when the signal has fully decayed to zero. At the highest excitation intensity employed the 

sample burned in few laser pulses, so data was collected only in the 100 μs time window.  

 

 

Figure 7. The experimental setup for the transient absorption spectroscopy measurement. The setup includes a Nd-

Yag laser, an OPO, several prisms to direct the laser into the sample chamber, as Xenon arc lamp (Xe) emitting the 

probe light, a monochromator and a PMT detector. 

Before the light was allowed to enter the sample chamber, the beam was restricted by an iris 

aperture to obtain a spot size of ~5 mm in diameter at the sample position. Though, as the sample 

was placed in a ~45° angle, geometric calculations were performed to determine the actual beam 

size hitting the sample. Moreover, the laser power was frequently measured after the iris. Neutral 

density filters were used to adjust the excitation intensity at the sample to the desired value 

(ranging from ~2-23 mW) which corresponds to a certain number of injected holes per NiO 

particle (IHP), ranging from <1 to ~10. When the intensity increases there are more photons to 

excite the dye molecules adsorbed to the NiO. Due to there being several dye molecules adsorbed 

to one single NiO particle, the number of IHP will consequently become larger with the growing 

number of excited dyes. However, the calculation of the number of IHP required a lot of 

approximations regarding the properties of the NiO film such as the diameter of the NiO 
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particles, the obtained values should only be regarded as rough estimates. Yet, as similar NiO 

films were used in each experiment the trend of the number of IHP follows the trend in increasing 

excitation intensity.  

To calculate the number of IHP the first assumption was made that for each absorbed photon, one 

injected hole was created. This assumption corresponds to an injection yield of 1. 

 

#injected holes/particle = 
                 

          
       (2) 

The number of absorbed photons depend on the light harvesting efficiency of the dye as well as 

the amount of photons available for absorption. 

                            
      

       
          

(
       

 
)

(   
    

)
           

           

   
    (3)  

The first factor in the equation (1-10
-A

 where A is absorbance) is the light harvesting efficiency 

(LHE). It describes the amount of light absorbed by the sample which depends on the number of 

dye molecules in the film. To determine the absorbance of the samples at the excitation 

wavelength (460 nm), the absorption spectra of each sensitized NiO film were measured in the 

range of 200-1000 nm. The number of photons available for absorption is given by the total 

amount of energy provided by the laser pulse (Epulse) divided the photon energy (Ephoton) of the 

excitation wavelength (λexc) given by the Planck relation. Noteworthy is that the laser energy can 

be expressed as the power of the laser (Ppulse) divided by its frequency (f), 10 Hz. As the pulse 

actually hitting the sample in this experiment is restricted by neutral density filters, their 

transmittance (T) will result in the final excitation power. 

The number of particles was calculated from the ratios of the volumes of the NiO film and of the 

particles. 

             
         

             
 

         

    

 

        (4) 

The projected volume of the NiO film was given by the thickness of the film (l), which was 

measured to be 0.7 μm and the illuminated section or area of the film (S). The porosity (p) of the 

NiO film was estimated to be 50% and the NiO particles were assumed to be spherical and have a 

radius (r) of 2 nm based on earlier work.
[22]

 

By substitution of the number of absorbed photons and particles in Equation 2, with Equation 3 

and 4 respectively, the number of IHP was determined by the relations given in Equation 5.
[23]

  

 

                           
                       

             
      (5) 
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3.3. Uncertainty in the number of injected holes per particle 

 

The calculation of the number of injected holes per NiO particle in Equation 5 is based on several 

parameters. This gives rise to a propagation of uncertainties according to Equation 6, where δ is 

the uncertainty and ∂ the partial derivative of function f (in this case Equation 5) with respect to a 

certain variable.
[24]
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By the uncertainties of each quantity, estimated in Table 3, the total uncertainty was determined 

to range between ~1-8 injected holes per particle (increasing with intensity). Note amongst the 

variables that the diameter of the laser spot on the film (dexcitation) which is positioned at a ~45° 

angle, is given as a variable as it affects the value of the illumination hence excitation spot size 

(S) on the sample. The largest contribution to the uncertainty is that of the particle radius, which 

is based on the expected distribution of the NiO particle sizes. 

 

 

Quantity Estimated error 

r 0.5 nm 

A 0.05 AU 

T 0.005 %U 

Ppulse 10 mW 

p 0.1 %U 

dexcitation 1 mm 

l 50 nm 

 

3.4. Data analysis 

  

The different time traces were combined for the samples and intensities where all had been 

collected. The combined traces, as well as the 100 μs traces for all samples and intensities, were 

fitted to a triexponential curve (DecFit Ver. 0.5.0). This was done to be able to fully adjust the 

time zero (the time at which the excitation pulse initiates the reaction) and to allow for 

comparison of the decay traces. The original and fitted data was then introduced into Origin (Ver. 

9.1, Originlab Corporation, Northampton, USA), where the data was corrected for the time zero 

delay and normalized by the highest peak value obtained from the fitting.  

Table 1. The estimated uncertainties of each 

quantity influencing the overall uncertainty in the 

determination of the number of IHP. Each error 

estimate is given in the depicted unit (U). 
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4. Results 

 

The collected absorption spectra (example in Figure 

8) indicated that the absorption of the samples varied 

depending on the sensitization time and the 

concentration of the sensitizer in the solution. 

However, even though the samples evidently had a 

variation in absorbance, this proved to have a small 

impact on which intensity to illuminate the sample 

with to obtain a certain number of IHP (<1 to ~10). 

The samples have been named according to the 

employed electrolyte and a number corresponding to 

the set of which the sample belongs. The properties 

of each sample can be found in Table 2 under 4.1 

Initial measurement and Table 3 under 4.2 

Secondary measurement. 

4.1.  Initial measurement 

 

The properties of the first set of samples are listed in Table 2.  

Table 2. The compositions of the electrolytes used in contact with the first set of [Ru(dcb)2(NMI-phen)](PF6)2 -

sensitized NiO films and the samples’ optical densities (OD) at the excitation wavelength 460 nm. 

Sample Electrolyte OD at 460 nm 

MeCN #1 MeCN 0.71 

0.1 M LiClO4 #1 0.1 M LiClO4:MeCN 0.60 

0.5 M LiClO4 #1 0.5 M LiClO4:MeCN 0.53 

 

The decays of the transient absorption signals at 560 nm from the studied samples are plotted on 

a logarithmic time scale to allow for better visualization of the decay. In Figures 9 and 10, which 

show the decay of the transient absorption in sample MeCN #1 at different excitation intensities, 

the comparison between a linear and logarithmic scale can be made. The same figures also show 

that there seems to be no significant dependence of the decay rate on excitation intensity. 

Moreover, the recombination follows a multiexponential decay law which agrees with the similar 

behavior observed for the recombination kinetics in dye-sensitized TiO2 films.
[14]

 This occurrence 

is assigned to the heterogeneity of the system causing a distribution of recombination rates.  

 

Figure 8. The absorption spectrum of sample 0.1 M LiClO4 

#1. The blue line marks the absorbance peak of the 

[Ru(dcb)2(NMI-phen)](PF6)2 at 460 nm. The larger peak to 

the left is due to absorbance of the dye, NiO and the glass. 
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Figure 11 shows the combination of 1, 10, 100 and 1000 μs time traces for MeCN #1, which 

further support the excitation intensity independence of the transient absorption decay in the 

sample. Note however, that the time scale has been restricted to 100 μs, due to some of the 

intensities lacking data from the 1000 μs trace. The 1000 μs data were excluded in cases where 

the probe light experienced great variations in intensity, thus resulting in questionable results 

where the absorbance seemed to increase over time. 

Figure 11. Combined time traces 

(1, 10, 100 and 1000 μs) of the 

transient absorption of sample 

MeCN #1 at 560 nm after excitation 

at 460 nm in a 100 μs logarithmic 

time scale. The reduced 

experimental data is presented as 

symbols and lines are fits to the 

data. The traces are normalized by 

the highest peak value obtained 

from the fitting. 

 

 

 

Figure 9. Transient absorption data of sample MeCN #1 at 560 nm 

after excitation at 460 nm in a 100 μs linear time scale. Excitation 

intensity ranged from 2 mW (corresponding to <1 IHP) to 21 mW 

(~10 IHP). The reduced experimental data is presented as symbols 

and lines are fits to the data. The traces are normalized by the 

highest peak value obtained from the fitting. 

Figure 10. Transient absorption data of sample MeCN #1 at 560 

nm after excitation at 460 nm in a 100 μs logarithmic time scale. 

Excitation intensity ranged from 2 mW (corresponding to <1 

IHP) to 21 mW (~10 IHP). The reduced experimental data is 

presented as symbols and lines are fits to the data. The traces are 

normalized by the highest peak value obtained from the fitting. 
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On the contrary, the samples containing lithium perchlorate showed that with increasing number 

of injected holes per particle, the recombination slowed down. 

The result of sample 0.1 M LiClO4 #1 given in Figure 12 and Figure 13, for  the 100 μs traces 

and the combined traces respectively, illustrates the decreased rate of recombination between the 

reduced dye and the injected hole in the VB. Furthermore, the shape of the decay trace is 

changing with increasing number of injected holes which suggest a change in the recombination 

mechanism.  

 

 

The same trend can be found in sample 0.5 M 

LiClO4 #1 (Figure 14) for the 100 μs traces, 

suggesting some sort of LiClO4 effect on the 

recombination. Note that for the sample only 

100 μs traces were collected and no trace is 

presented for the lowest number of IHP, due to 

low signal quality. 

Figure 12. Transient absorption data of sample 0.1 M LiClO4 #1 

at 560 nm after excitation at 460 nm in a 100 μs logarithmic time 

scale. Excitation intensity ranged from 2 mW (corresponding to 

<1 IHP) to 21 mW (~10 IHP). The reduced experimental data is 

presented as symbols and lines are fits to the data. The traces are 

normalized by the highest peak value obtained from the fitting. 

 

Figure 13. Combined time traces (1, 10, 100 and 1000 μs) of the 

transient absorption of sample 0.1 M LiClO4 #1 at 560 nm after 

excitation at 460 nm in a 1000 μs logarithmic time scale. The 

reduced experimental data is presented as symbols and lines are 

fits to the data. The traces are normalized by the highest peak 

value obtained from the fitting. 

Figure 14. Transient absorption data of sample 

0.5 M LiClO4 #1 at 560 nm after excitation at 

460 nm in a 100 μs logarithmic time scale. 

Excitation intensity ranged from 3 mW 

(corresponding to ~1 IHP) to 22 mW (~10 

IHP). The reduced experimental data is 

presented as symbols and lines are fits to the 

data. The traces are normalized by the highest 

peak value obtained from the fitting. 
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The believed LiClO4 effect is further evaluated by comparing the results of the samples from the 

same set (measured on the same day) at a certain intensity. To do so, only the 100 μs traces have 

been used and the comparison is restricted to the intensities of ~1, ~5 and ~10 IHP.  

The comparison between the first set of samples’ ~1 IHP and ~5 IHP traces in Figure 15 and 16 

respectively, show no clear dissimilarity in the rate of the decay in the used electrolyte 

compositions. However, in Figure 17 the recombination rate of the LiClO4 samples is evidently 

slower than in the pure solvent. Additionally, the 0.1 M LiClO4 #1 sample seems to have the 

slowest decay, which would suggest some sort of concentration limit to the suspected electrolyte 

effect. 

 

 

 

 

Figure 17. Transient absorption data of the first set 

of samples at 560 nm after excitation at 460 nm in a 

100 μs logarithmic time scale. Excitation intensity 

set to 22 mW (corresponding to ~10 IHP). The 

reduced experimental data is presented as symbols 

and lines are fits to the data. The traces are 

normalized by the highest peak value obtained from 

the fitting. 

 

 

 

Figure 15. Transient absorption data of the first set of samples at 

560 nm after excitation at 460 nm in a 100 μs logarithmic time 

scale. Excitation intensity set to 3 mW (corresponding to ~1 

IHP). The reduced experimental data is presented as symbols and 

lines are fits to the data. The traces are normalized by the highest 

peak value obtained from the fitting. 

 

Figure 16. Transient absorption data of the first set of samples at 

560 nm after excitation at 460 nm in a 100 μs logarithmic time 

scale. Excitation intensity set to 10 mW (corresponding to ~5 

IHP). The reduced experimental data is presented as symbols and 

lines are fits to the data. The traces are normalized by the highest 

peak value obtained from the fitting. 
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4.2. Secondary measurement 

 

The properties of the second set of samples are listed in Table 3. 

Table 3. The compositions of the electrolytes used in contact with the second set of [Ru(dcb)2(NMI-phen)](PF6)2 -

sensitized NiO films and the samples’ optical densities (OD) at the excitation wavelength 460 nm. 

Sample Electrolyte OD at 460 nm 

MeCN #2 MeCN 0.41 

0.1 M LiClO4 #2 0.1 M LiClO4:MeCN 0.40 

0.5 M LiClO4 #2 0.5 M LiClO4:MeCN 0.52 
 

Similar results to that of sample MeCN #1 were obtained for sample MeCN #2 (Figure 18). The 

rate of the decay of the reduced dye seems invariant to the intensity increase. 

 

Figure 18. Transient absorption data 

of sample MeCN #2 at 560 nm after 

excitation at 460 nm in a 100 μs 

logarithmic time scale. Excitation 

intensity ranged from 2 mW 

(corresponding to <1 IHP) to 23 mW 

(~10 IHP). The reduced experimental 

data is presented as symbols and lines 

are fits to the data. The traces are 

normalized by the highest peak value 

obtained from the fitting. 

 

 

 

 

The LiClO4 samples of set 2 (Figure 19 and 20) followed a similar light intensity dependence as 

that observed in set 1. However, due to instrumental complications during the measurements, 

causing weakening of the signal, the decay rate shifts are not as prominent. Additionally, only 

100 μs traces were collected and for sample 0.5 M LiClO4 #2 no data was collected at the lowest 

intensity (<1 IHP). 
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The comparison between the second set of samples at a certain intensity (Figure 21, 22 and 23) 

shows that only at the highest intensity the recombination of the LiClO4 samples can be separated 

from the recombination in pure acetonitrile. Additionally, at the highest number of injected holes, 

there is seemingly no difference in the rate of the decay between the 0.1 M and 0.5 M LiClO4 

sample. Thus, the LiClO4 effect seems to be present, but it is seemingly independent of the 

concentration.  

Figure 20. Transient absorption data of sample 0.5 M LiClO4 #2 

at 560 nm after excitation at 460 nm in a 100 μs logarithmic time 

scale. Excitation intensity ranged from 4 mW (corresponding to 

<1 IHP) to 23 mW (~10 IHP). The reduced experimental data is 

presented as symbols and lines are fits to the data. The traces are 

normalized by the highest peak value obtained from the fitting. 

 

Figure 21. Transient absorption data of the second set of samples 

at 560 nm after excitation at 460 nm in a 100 μs logarithmic time 

scale. Excitation intensity set to 4 mW (corresponding to ~1 IHP). 

The reduced experimental data is presented as symbols and lines 

are fits to the data. The traces are normalized by the highest peak 

value obtained from the fitting. 

 

Figure 22. Transient absorption data of the first set of samples at 

560 nm after excitation at 460 nm in a 100 μs logarithmic time 

scale. Excitation intensity set to 12 mW (corresponding to ~10 

IHP). The reduced experimental data is presented as symbols and 

lines are fits to the data. The traces are normalized by the highest 

peak value obtained from the fitting. 

 

Figure 19. Transient absorption data of sample 0.1 M LiClO4 #2 at 

560 nm after excitation at 460 nm in a 100 μs logarithmic time scale. 

Excitation intensity ranged from 2 mW (corresponding to <1 IHP) to 

23 mW (~10 IHP). The reduced experimental data is presented as 

symbols and lines are fits to the data. The traces are normalized by the 

highest peak value obtained from the fitting. 
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Figure 23. Transient absorption data of 

the second set of samples at 560 nm 

after excitation at 460 nm in a 100 μs 

logarithmic time scale. Excitation 

intensity set to 23 mW (corresponding 

to ~10 IHP). The reduced experimental 

data is presented as symbols and lines 

are fits to the data. The traces are 

normalized by the highest peak value 

obtained from the fitting. 

 

 

 

5. Discussion 

 

The purpose of this illumination intensity study on ([Ru(dcb)2(NMI-phen)](PF6)2 sensitized NiO 

films, was to investigate the possible effects on the recombination between the reduced dye and 

the injected hole(s) in the VB. This study is one step towards the mapping of the p-type DSSCs’ 

properties, which is of importance for future applications such as in tandem cells. The procedure 

incorporated the use of various neutral density filters to obtain the intensities corresponding to 

approximately <1, ~1, ~5 and ~10 injected holes per NiO particle. Notably is that the highest 

employed excitation intensity (corresponding to ~6 mJ/cm
2
) was limited by the continuous 

burning of the sample during the measurements. The recombination was studied with transient 

absorption spectroscopy by monitoring the decay of the reduced dye in cells with a redox inactive 

electrolyte. 

The results indicate that for the samples containing pure acetonitrile, the decay rate was 

independent on the number of injected holes. This was unexpected compared to the findings by 

Haque et al. for TiO2 films at a similar intensity range to that in the present study.
[14]

 They found 

that with higher light intensity the recombination rate increased. The observed independency 

could be attributed to the experiment being performed in a certain density of states region of the 

NiO, where the Fermi level does not vary considerably with the applied light intensities. To 

obtain a light intensity dependence the Fermi level must be shifted away from these states. This 

could be performed by increasing the intensity further or applying a bias potential, which is 

planned for future studies. Though, to employ higher intensities a recommendation would be to 

change the solvent to a less volatile compound for better thermal stability, due to the otherwise 

restricting sample burning.   

No evident change in the recombination rate could be found until reaching the highest intensity 

(~22-23 mW) for the LiClO4 samples. Though, when comparing the results of the different set of 

samples at the fixed intensity of ~10 IHP, the results were inconclusive. For the first set of 
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samples there was a higher decrease in the decay rate for the 0.1 M LiClO4 than for the 0.5 M 

LiClO4 sample. This result sparked a suspicion of a concentration limit to the lithium perchlorate 

effect. Still, this could not be validated by the second set of samples, which instead showed no 

evident difference between the LiClO4 samples. To be sure about the possible concentration 

dependence further experiments must be conducted. Despite this, the results obtained in this 

study strongly indicate that in the presence of lithium in the electrolyte, the recombination 

kinetics of the reduced ruthenium dye with the injected holes show a clear dependence on 

excitation intensity.  

The reason behind the LiClO4 effect is not yet known, but one hypothesis is that it is based on the 

Li
+
 cations attraction to the reduced dye. As the cations gather around the NMI-moiety where the 

electron is located, their attractive force stabilize the electron and hinders it from recombining 

with the hole in the VB. Simultaneously, as the holes in the VB are considered as positive charge 

carriers, the cations presence will possibly force the holes to move deeper into the VB, due to 

repulsive forces. With increasing number of holes per NiO particle, the greater the repulsion. 

With the holes further into the VB and the electron being retarded by the cations, the 

recombination slows down.  

These hypotheses could be evaluated further by applying another type of cation, such as TBA
+
. 

This cation is as mentioned less adsorptive to the NiO surface, due to its size which does not 

allow it to penetrate the dye layer. This would restrict the believed repulsion of the holes in the 

VB and thus a faster recombination would be expected. 

6. Conclusion 

 

The results of this study show that the light intensity dependence of the recombination in NiO 

films is correlated with the properties of the used electrolyte. The addition of cations, such as Li
+
 

in this case, causes the recombination rate to decrease with an increase in intensity. This event is 

believed to be due to the lithium stabilizing the electron in the NMI-moiety by attractive forces, 

retarding its movement back to the VB of the NiO.  

The results of this study are of importance, due to that the preparation of complete solar cells may 

include the addition of the redox couple I
-
/I3

-
 in the form of LiI. The added Li

+
 will thus affect the 

recombination as debated if higher intensities were applied, hence increasing the efficiency of p-

type DSSCs. The knowledge of such dependencies is an encouraging step towards the formation 

of more efficient p-type counterparts to the n-type DSSCs and thus making tandem cells 

promising. If the efficiencies of tandem cells could be increased towards their theoretical 

estimates, they could become a solution for the increasing energy demand of the world and 

hopefully replace the fossil fuels for energy production.  
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