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Abstract 

Solar energy has become a very important component of the global electricity economy.  With 

concerns of global warming and cost of fossil fuels, switching to renewable energy sources has 

been a major area of interest.  Dye Sensitized Solar Cells (DSSCs) have become an area of great 

interest in solar research in recent years. There are various computational parameters suggested 

for Dye Sensitized Solar Cells (DSSCs) however many of these parameters have not been 

thoroughly tested against a large set of dye molecules.  This is a major drawback in their use for 

screening possible dyes for use in DSSCs.  Computational parameters of dye molecules intended 

for use in DSSCs have been tested against experimental data from various sources, to see how 

well existing parameters from isolated dye molecules can predict device performance.  This work 

looked at the correlation constants (R) for various parameters against experimental results, to see 

how linear the relationships between them are.  We have found very weak correlations in general, 

with little consistency in the strong correlations that are found.  Furthermore, using these 

parameters to generate a multilinear model fails to give any useful predictive ability. 

These findings have led us to conclude that there is insufficient evidence to suggest that isolated 

dye parameters are sufficient to guide dye development.  It has become apparent that inclusion of 

more specialized experimental data, generated for a single device configuration with dozens of 

different dyes, as well as careful consideration of other possible molecular dye parameters, 

would be necessary to get a proper model of device efficiencies.
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Chapter 1 Introduction 

This introduction section will cover several topics that are important in this Thesis.  First, we 

shall go over solar devices in a general manner (Section 1.1) followed by discussion of the 

general background of the Dye Sensitized Solar Cells (DSSCs) (Section 1.2) and its operation 

(Section 1.3), as well as an overview of the necessary properties of the materials involved for 

successful device operation (Section 1.4).  The next two sections deal with some general solar 

cell related areas, the Shockley-Queisser limit, a calculation of the maximum efficiency of a 

solar device (Section 1.5), and a brief overview of single junction devices (Section 1.6).  We will 

then discuss the computational methods used to generate computational parameters, primarily 

Density Functional Theory (DFT) (Section 1.7) and Time Dependent Density Functional Theory 

(TD-DFT) (Section 1.8).  Finally, we will discuss the goals (Section 1.9) and hypothesis of the 

project itself (Section 1.10) and an overview of the layout of the remaining chapters (Section 

1.11). 

1.1 Solar Energy Conversion and Silicon Solar Cells 

Solar energy generation has become a quickly growing industry, moving the world towards 

carbon neutral energy sources. Efficiency and renewable energy are becoming a major concern 

with global warming and extreme weather becoming perhaps the greatest issue for humanity in 

the present age.1  Since several orders of magnitude more solar energy is delivered to the Earth 

then we can expect to use,2 solar cells can therefore be expected to be able to generate large 

amounts of energy in the future, and have begun to become more common as prices have 

dropped. 

The most common type of solar cells in use today are crystalline silicon devices, which operate 

near the theoretical limit for solar conversion efficiency (see Section 1.5).  This section will give 
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a brief overview of these silicon based devices, their working method, and advantages.  Silicon 

solar cells are single junction devices (Section 1.6) which use silicon as the light absorbing and 

charge carrying material.  There are several different types of silicon solar devices, ranging from 

monocrystalline, to multicrystalline, to more recent devices made up of amorphous silicon, thin 

films, and extremely high efficiency multi-junction devices.   

Solar devices are usually discussed as being part of one of 3 generations. In this view, 1st-

generation solar cells are being made of crystalline silicon, 2nd-generation devices being thin 

films, primarily non-silicon based, while the 3rd generation comprises the so-called emerging 

technologies.  The majority of devices made currently are of the 1st generation, while the 2nd 

generation has shown increases in production in recent years. The latter are primarily made up of 

non-silicon materials (for example CdTe) as stated above. On the other hand, the 3rd generation 

has not seen any major commercial applications yet, beyond research and development.  A chart 

from the National Renewable Energy Laboratory (NREL) is shown in figure 1.1 which contains 

rankings of various solar devices arranged by type. This chart, updated several times a year, 

contains the record confirmed solar cell efficiencies for solar devices of all types.  The NREL 

solar efficiency chart shows the great improvements in various devices over the years, and shows 

the 3 generations of devices with 1st generation in blue/purple, 2nd in green and 3rd in red. It can 

be noted that the efficiencies of the 3rd generation are markedly lower then the other two. 
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Figure 1.1 NREL Chart of Best Research-Cell Efficiencies 

 

This plot is courtesy of the National Renewable Energy Laboratory, Golden, CO, and shows the 

record efficiencies for various solar cell types from 1975 to the present. In red are the so called 

Emerging devices, with generally low overall efficiency 

Solar cells work in a straightforward manner. The devices are made up of a semiconducting 

material with a band gap which matches up well with the incoming solar radiation; this allows 

the device to absorb light and excite electrons into the conduction band of the semiconductor.  

Assuming the solar cell is attached to an external circuit, the excited electrons move through the 

material and out into the circuit, while the positive holes move in the opposite direction, allowing 

for the generation of electricity.  Solar cell modules, each of which has a small surface area, can 

then be connected in series and parallel to produce the desired currents and voltages, and be used 

to collect energy from direct sunlight.   
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However, the normal devices available today do not generate electricity well in low or diffuse 

light.  As such they do not generate much electricity on cloudy days, or when the sun is low in 

the sky, and while efficient overall, there is always room for improvements, whether by looking 

at new materials, or new device constructions altogether. 

1.2 Dye Sensitized Solar Cells – Background 

Dye sensitized solar cells (DSSCs) are 3rd generation solar devices which were first introduced in 

1991 in a seminal paper by Grӓtzel and O’Reagen.3 It would be beneficial to humanity to begin 

integrating solar cells of some type into the majority of buildings, as rooftops, siding or other 

such structures.  DSSCs are of interest due to cheap production, the possibility of greater 

inclusion in buildings due to the ability to modify the colour of the sensitizing dyes, and 

comparatively good efficiencies in diffuse lighting. DSSCs are made up of three major 

components, shown in simplified format in figure 1.2. 
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Figure 1.2 Diagram of DSSC structure

 

TiO2 clusters in grey, Dyes in pink, and an Electrolyte molecule in red. 

The first component is a wide band gap semiconductor which is usually a porous nanocluster 

material (TiO2 for the most part). The semiconductor is sensitized to visible light by the second 

component, the dye sensitizer, and is attached to a transparent conducting electrode, which acts 

as the anode of the device.  The cathode is usually platinum which is placed across from the 

sensitized semiconductor with a liquid solvent system sealed in between the two; this contains 

the third major component, a redox active species (originally an Iodide/Tri-Iodide system) which 

acts as a charge carrier, and any other desired additives.  It should be noted that each of these 

three components can all be separately adjusted giving various changes in the overall efficiencies 

of devices.4–6  It is also important to keep in mind that there are usually more components in 

these devices, including things like additives to prevent aggregation of dyes and fill holes on the 
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semiconductor surface.  It should furthermore be noted that, in recent years, several different 

systems have been proposed (redox couples/electrolytes) for dye regeneration,7 including solid 

state charge transfer materials,8,9 though these will not be discussed further. 

1.3 Dye Sensitized Solar Cells, Operating Principles 

The overall operating principles of DSSCs are straightforward, but at the same time include 

many complex and at times counterintuitive relationships.  These operating principles are 

generally described by looking at the sensitizing dye and semiconductor energies separately, as if 

they were not covalently bonded to each other.  TiO2 has a fairly wide bandgap of around 3.2 eV 

for the anatase structure,10 which falls in the ultraviolet region of the spectrum, and as such does 

not absorb light very strongly, since the majority of light which makes it to the surface of the 

Earth is in the visible part of the spectrum (see figure 1.3 and the AM1.5 standard tables11).  This 

means that on its own TiO2 will not be able to easily absorb the available light to produce a 

current; thus, as expected from the name of these devices, the TiO2 needs to be sensitized to 

more readily available solar radiation with the addition of a more easily photoexcited dye 

molecule.   
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Figure 1.3 Photon flux for AM1.5 solar spectrum simulator11

 

For injection of the photoexcited electrons from the dye to the TiO2 clusters, the energy levels of 

the excited states must line up properly with the valence band edge of the TiO2.  That is, the 

dye’s excited state must be above the valence band of the semiconductor so that injection to the 

valence band is energetically favourable.  At the same time, we do not want the excited state to 

be too high over the valence band edge since injection occurs when the energy of the excited 

electron matches the valence band energy, meaning that the electrons with high energy need to 

lose some of the energy to the system, generally as heat.  This heat is basically wasted energy 

which is something that should be avoided if possible. Heat also comes into play as one of the 

components of overall losses discussed later in Section 1.5. 

The dye regeneration by the electrolyte must also be energetically favourable.  This is achieved 

by having the redox potential of the electrolyte be higher in energy then the HOMO of the dye 

molecules, so that regeneration will be easily achieved, moving the system to a lower energy 

configuration.  Figure 1.4 shows a qualitative diagram of the general energy differences of the 
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components; note that the energies are simply given for illustrative purposes, and as such no real, 

quantitative values are shown. 

Figure 1.4 Qualitative diagram of energy levels in DSSCs. 

 

Notice that the band gap of the TiO2 is greater than that of the dye molecule, and the relation of 

the dye states with the conduction and valence bands of the semiconductor. 

These properties of DSSCs mean that one can, at least in principle, change any given component 

to improve the efficiencies.  That is, with a dye that better matches to both the semiconductor’s 

band edges and the electrolyte’s states, overall efficiency can be improved.  However there is a 

physical limit on just how good a single junction solar cell can be, the so-called Shockley-

Quessier Limit12 which is discussed further below. 

The efficiency of a solar cell is defined as the ratio of the power of light striking the cell and the 

power output by the cell.  This however is not how the efficiency is usually discussed; instead we 
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look at the maximum voltage and current that a device can deliver.  These are the voltage at open 

circuit (VOC), which is the voltage when there is no current, and the current at short circuit (JSC), 

which is the current when the device is short circuited. The Fill Factor (FF) is a measure of how 

close the current-voltage curve is to the ideal shape; since the maximum power out of a device is 

JSC times VOC the FF corrects for the fact that this is not obtained, and ranges from 0 to 1.  The 

final component of the efficiency is the power of the incident light, Pi which is, the power 

contained in the light hitting the device.  Equation 1.1 shows how the overall efficiency (η) is 

found using these values, 

𝜂 =
𝑉𝑂𝐶𝐽𝑆𝐶𝐹𝐹

𝑃𝑖
.  Equation 1.1 

1.4 What makes a good DSSC? 

Early successes for DSSCs have used a variety of ruthenium based bipyridyl dye molecules, 

including the so called N3 dye, cis-Bis(isothiocyanato) bis (2,2’-bipyridyl-4,4’-dicarboxylato 

ruthenium(II). N3 was one of the first dyes used, and is still used as a test dye, showing how well 

different experimental groups make cells in general.  These dyes work well primarily since they 

are well lined up with the conduction band and electrolyte to give good results.  However, they 

are not exactly ideal dyes to use.  The primary reason for this has to do with the relative rarity of 

ruthenium in the Earth, as well as the overall toxicity of the metal.  As such being able to move 

away from rare transition metals to other more easily obtained materials is of great interest, 

especially if mass production is intended.  As such much work has been done looking at organic 

dyes,4 as well as other transition metal complexes,13 though organic dyes have had far more 

interest.   
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The main goal when developing new dyes is to find ones which have broad absorbance, so-called 

panchromatic dyes, which will allow for most of the light hitting the device to be absorbed and 

excite electrons.  This is the ideal type of dye to use to get maximum efficiencies, as more 

photons exciting electrons means more electrons to do useful work.  Though it should be noted 

that if one is intending to begin looking at using these kinds of devices in place of, for example, 

siding in buildings, then having a range of colours, but lower overall efficiencies may be 

desirable.  Further aspects which are required include properly lining up of energy levels with the 

semiconductor and electrolyte to allow for both injection and regeneration, as well as having a 

large number of cycles for a given dye before it degrades, to allow for long lifetime of the device 

itself.   

While computational methods cannot easily tell us about lifetimes of dyes, they can be used to 

calculate excitations and energy levels to help guide which dyes may be of use in actual devices. 

1.5 Shockley-Queisser Limit 

The Shockley-Queisser limit12 is a measure of the physical limitations of device efficiencies for 

p-n junction solar cells, described in section 1.6 below.  Here we shall discuss it in brief and 

explain what this means for the DSSCs, which are themselves single junction devices, meaning 

that they have one p-n junction. 

Effectively the Shockley-Queisser limit assumes that all photons over the bandgap energy of the 

device will lead to an excited electron.  This may lead one to believe that this means that having 

a very small bandgap would be desirable.  However, there is a second point to keep in mind: All 

energy over the required excitation energy is lost as heat (or lower energy photons) as the excited 

electron drops down to the conduction band edge energy.  As such the limit calculates the ideal 

bandgap for a device to obtain maximum efficiency.  



11 

 

This bandgap is based primarily on the actual solar spectrum on the surface of the Earth.  Since 

the solar spectrum is variable, depending on time of day and year, as well as weather, there are 

standard solar simulator spectra11 which represent the solar spectrum on a surface with 37° tilt 

with respect to a plane normal with the Earth’s surface, which represents the spectra for the 48 

contiguous states of the USA and is referred to as Airmass 1.5 (figure 1.3).  Holes in the 

spectrum correspond to absorbance of various gases in the atmosphere.  The maximum of the 

spectrum is around 650 nm which corresponds to around 1.9 eV in energy; this is the most 

common type of photon that reaches the surface of the earth, and as can be expected lies in the 

visible range (390-700 nm).   

So, what causes losses of energy and excited electrons?  As stated above, the excited electron 

loses energy as heat as it moves to the junction. As a result, absorbed photons with energies 

above the bandgap (the minimum energy for the transition to occur) will have a loss of energy.  

Energy is also lost due to blackbody radiation, since anything above 0 K gives off photons which 

heat their surroundings, and therefore a solar device at normal operating conditions will also give 

off energy due to its internal heat.  This leads to a bit of a feedback loop as the device will heat 

up as electrons are excited and therefore give off more photons of its own, until it reaches 

thermal equilibrium. 

The other main loss that needs to be considered is recombination of an excited electron with a 

positive hole.  Since the electrons move from the n doped side to the p doped side, while 

simultaneously their positive holes can be considered to move in the opposite direction, one can 

easily imagine a pair colliding and combining back into a ground state molecule, giving off a 

photon in the process.   
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These losses combined with the solar spectrum as seen in figure 1.3 above lead to the chart in 

figure 1.5, which shows the theoretical maximum efficiency for a given bandgap in the single 

junction devices.  This maximum is approximately 33% at 1.4 eV, and considering that silicon 

has a band gap of 1.1 eV it can be seen, that there is, at least in theory, still some room for 

improvements. 

Figure 1.5 Maximum Efficiency for a given Bandgap

 

Public domain image from 

https://commons.wikimedia.org/wiki/File:ShockleyQueisserFullCurve.svg. 

1.6 p-n Junction Solar Cells 

The p-n junction will be discussed in this section, primarily focussing on the basics of how such 

devices work, and how the DSSC can be classified as single junction p-n cells.  A p-n junction 

device is effectively made up of two differently doped semiconductor layers in contact with each 

other.  The p is representing the part which has a lack of electrons, doped with positive ions, 
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while the n represents the part with excess electrons, doped with negative ions. The junction 

itself is the interface between the two differently doped materials.  In principle, the excess 

electrons in the n side of the device are excited by photons and transfer across the junction to the 

p side due to the excess of positive holes there, and they can then move on through an external 

circuit to do work. 

The positive and negative doping of the junction components means that there is a charge density 

in each which acts to allow for much easier motion of electrons from negative to positive, and 

holes from positive to negative.  The junction itself ends up with a lower amount of either due to 

excitations separating positive holes and electrons diffusing to opposite ends of the device.  This 

means that the n and p components are both relatively conductive while the junction region itself 

is of lower conductivity due to a lack of charge carriers.  This allows p-n junctions to act as 

diodes, and in fact even LEDs can generate a small current with an external light source.  The 

potential difference across the junction leads to charge separation as the electrons move towards 

one side, and the positive holes to the other, this allows for the generation of electricity.  As such 

p-n junction devices are used extensively for solar electricity generation. 

A DSSC is not a normal p-n junction device, having a very wide band gap semiconductor acting 

as the p side while the attached dyes act as the n side of the single junction.  However, they are 

still governed by the same limitations as normal p-n junctions.  That is, the DSSCs are governed 

by the same theoretical maximum efficiency as a traditional p-n junction device (Section 1.5). 

1.7 Density Functional Theory 

Density functional theory (DFT) is one of the most commonly14,15 used quantum mechanical 

methods in modern theoretical chemistry.  Acting as a solution to the time independent 

Schrödinger equation, which is shown in equation 1.2 with a molecular electronic Hamiltonian 
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 �̂�𝛹 = [�̂� + �̂� + �̂�]𝛹 = [∑ (−
ħ2

2𝑚𝑖
𝛻𝑖

2) + ∑ 𝑉(𝑟𝑖) + ∑ 𝑈(𝑟𝑖, 𝑟𝑗)𝑁
𝑖<𝑗

𝑁
𝑖

𝑁
𝑖 ] 𝛹 = 𝐸𝛹 Equation 1.2 

in an N electron system, where Ψ is the electronic wavefunction, �̂� is the Hamiltonian, E is the 

total electronic energy, �̂� is kinetic energy, �̂� is the potential energy of the electrons due to the 

nuclei, and �̂� is the electron-electron interaction energy.  Like many quantum methods, DFT 

holds the atomic nuclei as fixed, due to the Born-Oppenheimer approximation, which states that 

the timescales of electron and nuclear motions are so different that the two can be taken 

separately, in effect the electrons instantaneously reconfigure to nuclear motions. 

However, DFT takes a slightly different approach to the electronic positions then the 

conventional Schrödinger equation.  Electrons are considered taking the Hohenberg-Kohn 

theorems into account.16 These show that the ground state energy of a system is uniquely 

determined by the electron density, simplifying the number of needed variables.  The densities 

are turned into more useful experimentally available values by use of a functional, which is a 

mathematical object that acts on another function, in this case the electron density function, to 

give energies and other observable values. 

The Kohn-Sham equations17 are used to simplify the problem further.  The Kohn-Sham 

equations are based on a one-to-one mapping of the real, physical system to a fictitious 

noninteracting system of electrons, which has the same density as the given system of interacting 

electrons.  These equations relate the system’s energy to an effective potential, veff through 

which these noninteracting electrons move. 

(−
ℏ2

2𝑚
𝛻2 + 𝑣𝑒𝑓𝑓(𝒓)) 𝜙𝑖(𝒓) = 𝜀𝑖𝜙𝑖(𝒓)  Equation 1.3 
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is the common expression for the Kohn-Sham equations, where 𝜀𝑖 is the orbital energy and 𝜙𝑖(𝒓) 

is a corresponding Kohn-Sham orbital. 

The density is determined from the orbitals by 

𝜌[𝒓] = ∑ |𝜙𝑖(𝒓)|2𝑁
𝑖    Equation 1.4 

and used as input to the density functional to find the total energy 

𝐸[𝜌] = 𝑇𝑆[𝜌] + ∫ 𝑑𝒓𝑣𝑒𝑥𝑡[𝒓]𝜌[𝒓] + 𝐸𝐶[𝜌] + 𝐸𝑋𝐶[𝜌]   Equation 1.5 

where 𝑇𝑆[𝜌] is the electron kinetic energy functional of the fictitious reference system, 𝑣𝑒𝑥𝑡[𝒓] is 

the external potential, 𝐸𝐶[𝜌] is the Coulombic interaction of the density with itself, and 𝐸𝑋𝐶[𝜌] is 

the exchange-correlation (XC) functional. 

𝑇𝑆[𝜌] = ∑ ∫ 𝑑𝒓𝜙𝑖
∗(𝒓) (−

ℏ

2𝑚
𝛻2) 𝜙𝑖(𝒓)𝑁

𝑖=1    Equation 1.6 

is the kinetic energy in terms of the Kohn-Sham orbitals, and 

𝐸𝐶[𝜌] =
𝑒2

2
∫ 𝑑𝒓 ∫ 𝑑𝒓′

𝜌(𝒓)𝜌(𝒓′)

|𝒓−𝒓′|
.    Equation 1.7 

Only 𝐸𝑋𝐶(𝜌) is unknown, and must be approximated in the various DFT methods which exist, 

however with an infinite basis set and the actual, exact exchange-correlation functional, DFT 

would give exact results. 

Since the exchange-correlation functional is unlikely to be solved exactly, DFT must be 

approximated with the various functionals which exist.  There are many different available 

functionals, with different methods taken to approximate the exchange-correlation functional. 
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Thus, we will give a very brief overview of the various major groups of functionals here, further 

information can be found in various textbooks.15,18  

The Local Density Approximation (LDA) is perhaps the simplest approximate XC functional to 

discuss. It takes the electron density at a given point as its input, and does not rely explicitly on 

the Kohn-Sham orbitals. The homogenous electron gas is used for the electron density, and is the 

basis for LDA approaches.  Taking the spin of electrons into account as well gives the Local 

Spin Density Approximation (LSDA), of which VWN19 is an example.  An improvement on the 

LDA functionals are the Generalized Gradient Approximations (GGA) which include the 

gradient (1st derivative) of the density as well as the density. This gives us information about 

how the density is changing in space.  Examples of GGAs include PW9120 and PBE.21  Moving 

to the next logical improvement is to consider the 2nd derivative of the density as well, or more 

specifically the Laplacian, which gives us meta-GGA functionals, for example TPSS.22 

The final major way of dealing with the lack of an exact exchange-correlation functional, is to 

combine a GGA functional with exact exchange from Hartree-Fock (HF). This is done in the 

hybrid functionals which include some percentage of the exchange from HF, examples of this 

include the popular B3LYP23,24 and PBE025 functionals. 

While DFT has become a favorite method for large molecular systems, it is not without its flaws.  

Since the exchange-correlation functional is unknown, all methods are approximate and as such 

give approximate answers.  While this is a problem, it is one that will likely always exist, since 

we are unlikely to find an exact functional in the future.  Issues with DFT, primarily caused by 

the lack of an exact functional, include that the orbital energies in DFT are not generally correct, 

the energies are underestimated, with virtual orbitals having worse results then occupied ones.  

Standard approximate DFT also has problems with long range interactions; this issue is usually 
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remedied using a range-corrected functional like CAM-B3LYP,26 which is B3LYP23,24 at short-

range and increases the portion of HF exchange as distances increase; since HF has much more 

reliable long-range interactions, results are improved in many situations. 

1.8 Time-Dependent Density Functional Theory (TDDFT) 

To study excited state chemistry, which is of great importance to anything which is photo active, 

one can look at time-dependent solutions, this is the approach followed for DFT excited state 

methods.  Time-dependent solutions are used since manually placing the electron in an excited 

state and then applying the variational principle to minimize the energy will lead back to the 

ground state. This is called variational collapse, and will not give meaningful excitation energies.  

The so-called ΔSCF models, where an electron is just forced into a higher state and then 

compared in energy to the ground state are hard to justify; they only work well if the ground and 

excited states are of different symmetry, which is not guaranteed, and as such are not going to be 

considered here. 

The Runge-Gross theorem27 is a time dependent analogue of the Hohenberg-Kohn theorem, 

relating the electron density to a time dependent external potential, and allows us to justify the 

use of TDDFT.  The Runge-Gross theorem allows us to change the external potential of DFT 

from the potential caused by the nuclei to a time-dependent external potential, which includes 

both the nuclear interactions and another potential which is in effect the disruption caused by a 

beam of light. For example 

𝑣 𝑒𝑥𝑡(𝑟, 𝑡) = 𝐸𝑓(𝑡) 𝑠𝑖𝑛(𝜔𝑡) 𝑟·𝛼 − ∑
𝑍𝑛

|𝑟−𝑅𝑛|
𝑁
𝑛=1    Equation 1.8 

combines the nuclear interactions ∑
𝑍𝑛

|𝑟−𝑅𝑛|
𝑁
𝑛=  where Zn is the nuclear charge, Rn the nuclear 

positions, and N is the number of nuclei in the system, with a time-dependent laser pulse in the 
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left-hand side of the equation, where 𝛼 is the polarization of the laser, 𝜔 is its frequency, E its 

amplitude, and f(t) is the function representing the temporal shape of the laser pulse. 

In general, TDDFT gives us two values for each excited state found, the excitation energy itself, 

that is the energy needed to move an electron from the ground state configuration to the excited 

state configuration, and the oscillator strength (f), which is a measure of how likely the given 

transition is to occur (the sum of all oscillator strengths for all possible excitations will equal the 

total number of electrons in the system).  The question is how do we go from a time dependent 

potential to getting these two values?   

Taking a molecule subjected to a linear electric field 𝑬 = 𝒓 cos (𝜔𝑡) where 𝒓 is the position 

vector, t is the time, and 𝜔 is the frequency of the fluctuations, the frequency-dependent 

polarizability is approximated by 

〈𝛼〉𝜔 = ∑
|⟨𝛹0|𝒓|𝛹𝑖⟩|

2

𝜔−(𝐸𝑖−𝐸0)
𝑠𝑡𝑎𝑡𝑒𝑠
𝑖≠0      Equation 1.9 

where the numerators are the transition dipole moments and (𝐸𝑖 − 𝐸0) is the transition energy, 

we go on to find the poles in 〈𝛼〉𝜔 which gives the energies and transition dipole moments for 

the given excitation. 

The oscillator strengths are found as the eigen vectors of the matrix equation 

𝑅𝐹𝐼 = 𝛺𝐼
2𝐹𝐼    Equation 1.10 

which gives the oscillator strength (f) of an excitation (I) as  

𝑓𝐼 =
2

3
𝛺𝐼(|⟨𝛹0|�̂�|𝛹𝐼⟩2| + |⟨𝛹0|�̂�|𝛹𝐼⟩2| + |⟨𝛹0|�̂�|𝛹𝐼⟩2|)  Equation 1.11 

where  Ω𝐼 is the excitation energy, and Ψ is the wavefunction.  
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However, this does not actually give a proper approximation of a molecule’s absorbance in the 

UV-Vis range, since TDDFT of a single molecule gives only the excitations for the structure 

which was analyzed. There are no thermal motions in the structure, and no variations in that 

structure, all molecules are in the same state, which is highly unlikely in even a crystalline 

system.  To obtain a proper shape like a UV spectrum we broaden the peaks by passing them 

through an appropriate formula, for example a Gaussian broadening, 

𝐴(𝜆) = ∑
𝑓𝑖

𝜎√2𝜋
𝑒

−(𝜆−𝜆𝑖)
2

2𝜎2𝑁
𝑖     Equation 1.12 

where 𝐴(𝜆) is the absorbance at wavelength 𝜆, 𝑓𝑖 is the oscillator strength, 𝜎 is the full width at 

half maximum of the broadening, and N is the total number of excitations considered.    

For further details see references 15,28–30 which give far more detailed discussions of TDDFT. 

1.9 Goal of this project 

The goal of this work is to test the validity of molecular dye parameters (discussed in Chapter 2) 

as a screening tool for new dye molecules.  This is done by first finding suggested dye 

parameters, which are expected to be linearly related to the experimental values (equation 1.1), 

JSC, VOC, and/or η. The fourth experimental value, FF, is unlikely to be related to anything that 

can be computed in the dyes, but is included for completeness sake. 

To see how well molecular parameters relate to a device’s efficiency we have looked at the 

correlation constant (R) for each experimental value against a set of dye molecules from the 

literature.  We are primarily looking to see how linear the relationships between the experimental 

and calculated values are, so the closer the absolute value of R is to 1 for a given combination the 

more linear the relationship.  Correlation constant also gives us the sign of the relationship which 
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is beneficial as it allows us to see if the parameters are correlated or anticorrelated, which is 

important since, in general, a property that would make injection harder would be anticorrelated 

to JSC, VOC, and/or η. 

This, leads us to a rather simple question, how correlated is correlated enough to be meaningful?  

The answer to this is arbitrary, and hence we consider anything with an absolute correlation 

constant |R| over 0.75 as showing a good linear relationship, and values closer to one are of 

course showing greater linearity.   

We have primarily investigated the correlations by running a large set of different dye molecules 

and obtaining the various computational parameters for each.  Then, obtain the correlation 

constant for each parameter with the four experimental parameters to see where things line up 

well, and where they do not. 

1.10 Hypothesis 

The overall goal of investigating how well theoretical parameters predict experimental values 

leads to a hypothesis, that we will be able to make predictions of device efficiencies (JSC, VOC, η 

and/or FF) and perhaps even be able to use computational parameters to produce a mathematical 

model of experimental results, using calculations on isolated dyes.  While looking at a number of 

parameters it is expected that some will give good correlations for one or more of the 

experimental values, while the others may not. 

1.11 Outline 

The remainder of the thesis is organized as follows. Chapter 2 discusses the various parameters 

considered, their sources, and formulas used to obtain the parameters values.   Chapter 3 briefly 

presents the set of dyes considered. Chapter 4 gives the computational details of the various 
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calculations preformed, while chapter 5 discusses the various data analysis programs that were 

produced in the course of this research.  Chapter 6.1 presents the results of the various pieces of 

data collected, focussing on correlations between the four experimental results and the different 

parameters considered.  Chapter 6.2 goes over the results in more detail and attempts to explain 

these results, as well as their overall meanings.  Chapter 7 discusses possible future paths to 

consider this area further, and gives the conclusions and closing remarks.
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Chapter 2 Parameters 

In this chapter, we will go over the various parameters investigated, giving details on their 

expected relationships and implementation.  We will note that the order of parameters here 

should not be taken as a sign of their expected value or meaning, and that the ordering of their 

presentation is primarily a choice made for ease of discussion and clarity. 

We have focussed exclusively on computational parameters based on single-molecule 

calculations.  This choice is based on the scaling of large systems in quantum chemistry software, 

and the desire to be able to screen a large number of possible molecules in a short period of time, 

so computations that do not require periodic slabs or large clusters are preferred.  As such, we 

have primarily studied parameters that can be derived from time dependent density functional 

theory (TDDFT)27,30 results (see Chapter 1.8) to obtain excitations, orbital energies and related 

properties. 

2.1 Calculated JSC 

The first parameter is a computational estimate for the JSC first proposed by Le Bahers et al.31  

This method integrates the calculated excited states from TDDFT times the standard solar 

spectrum airmass 1.511 (Figure 1.3) into a measure of the generated current.  With, 

𝐽𝑆𝐶 =
𝑞

ℎ𝑐
∫ 𝜆 𝐼𝑃𝐶𝐸(𝜆) 𝜑𝐴𝑀1.5(𝜆)𝑑𝜆   Equation 2.1 

where q is the unit charge, h is Planck’s constant, c is the speed of light, λ is the wavelength of 

light, and 𝜑𝐴𝑀1.5 is the power of solar radiation obtained from the AM1.5 tables.11 However, 

there is no reason to use this equation as written. Instead, it is simpler to take the photon flux 

(φAM1.5) rather then the power of the incident light, as this allows us to remove the 
𝜆

ℎ𝑐
 component 
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of the equation, making the calculations a bit more straightforward.  Therefore, in actual analysis 

the modified equation 2.2 is used, 

𝐽𝑆𝐶 = 𝑞 ∫  𝐼𝑃𝐶𝐸(𝜆) 𝜙𝐴𝑀1.5(𝜆)𝑑𝜆.   Equation 2.2 

The Incident Photon Conversion Efficiency (IPCE) is calculated from the TDDFT excitation 

energies as 

𝐼𝑃𝐶𝐸(𝜆) = 𝑆 ∑ 𝑔𝑖(𝜆)𝑖    Equation 2.3 

where S is an estimate of the injection efficiency of excited electrons, taken as the excess spin 

density on a TiO2 cluster when combined with the reduced dye, and gi is defined by 

𝑔𝑖(𝜆) =
𝑓𝑖

𝜎√2𝜋
𝑒

−(𝜆−𝜆𝑖)
2

2𝜎2 .   Equation 2.4 

Equation 2.4 is simply a Gaussian broadening of the peaks given by TDDFT; fi is the oscillator 

strength for a given excitation of wavelength λi, and σ is the full width at half maximum, set to 

0.35 eV.  For this work, the S value was taken to equal 1, as the calculation used in the original 

paper31 is beyond what is possible for a large number of dyes, and their results with S included 

were not different from those with S held to some constant. 

2.2 D, H and t 

In the same paper,31 the authors discuss a set of related geometrical parameters based on the 

spatial locations of the centroids of the excited states and their corresponding positive holes. 

These are used to discuss proximity of the excited state to the TiO2 surface and charge transfer 

character of the excitation.  This was first presented in an earlier paper by the same group32 and 

is of interest primarily since it is straightforward to calculate using data that is already generated 

in the TDDFT calculations and should give some insight into charge injection efficiencies. 
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The three geometrical parameters are all based on the difference in the average location of the 

electron densities between the ground and excited states, and were calculated using the 

implementation found in MultiWFN.33  A positive change in electronic density gives the location 

that the excited electron is moving to, while a negative change is the positive hole that it is 

moving out of.  Taking the average of the position of the positive and negative density change, 

respectively, results in two barycentres to measure the distance of the charge transfer excitations.  

This measurement is one of the geometrical parameters, the charge transfer distance (D), defined 

as the distance between the two barycentres. It shows how far the electron moves, on average, 

upon excitation. 

The next parameter, H, is a measure of the component of the axis between the two centroids that 

is along the axis between the donor and accepter moieties of the molecule.  H is defined as ½ the 

sum of the centroid axis along the donor-acceptor direction. Basically, this is the axis connecting 

the donor group and the acceptor group and can be thought of as the general path of the electron 

density change. So, if the donor-acceptor axis is aligned along the x-axis 

𝐻 =
𝜎𝑥

++𝜎𝑥
−

2
   Equation 2.5 

where the σx are the x components of the positive and negative root mean square deviation 

(RMSD) of the density.  The final geometrical parameter obtained from these centroids is t, 

which is defined as the difference between D and H. It represents the through-space character of 

the charge transfer. Thus, if t is negative, it is stated that the electron and hole have a large 

overlap, implying that recombination will likely occur more easily, if positive, they are separated 

and injection should be more likely. 
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2.3 Light Harvesting Efficiency (LHE) 

The light harvesting efficiency for a single excitation can be estimated by 

𝐿𝐻𝐸 = 1 − 10−𝑓  Equation 2.6 

where f is the oscillator strength of the excitation in question.  Since oscillator strengths are 

calculated separately for each given absorbance, we look at only the LHE at the maximum 

absorbance. 

2.4 Excitation Lifetime (τ) 

The lifetimes of excited states should be at least as long as the electron injection time, if not 

longer.  An estimate of excited state lifetime (τ) is therefore taken as a simple test of whether or 

not injection is feasible.  It can be estimated using the inverse of Einstein’s coefficient of 

spontaneous emission34–36 which is represented by 

𝐴𝑘,𝑘` =
16𝜋3∆𝐸𝑘`,𝑘

3

3𝜀0ħ4𝑐3 |𝑟𝑘,𝑘`|
2
   Equation 2.7 

where ΔEk,k is the excitation energy and rk,k is the transition dipole moment; k and k` are the 

ground and excited states, all of which are obtained from TDDFT calculations, and 𝜀0 is the 

electric constant (vacuum permittivity).  We should point out that in our tests for the maximum 

absorbance of any given molecule, these values were in the range of 10-8 to 10-9 s, which, 

compared to the usual injection times in the tens of femtoseconds, shows that these parameters 

are likely not important.  
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2.5 Dipole Moment (μ) 

Materials deposited on the surface of a semiconductor can have an effect on the conduction band 

edge (ECB) of the material.  The change in the conduction band edge (ΔECB) can be estimated 

as37 

𝛥𝐸𝐶𝐵 =
𝑞𝜑𝜇𝑛𝑜𝑟𝑚𝑎𝑙

𝜖0𝜀
.   Equation 2.8 

Here q is the unit charge, φ is the density of dyes on the surface, μnormal is the component of the 

dipole moment of the absorbed material that is normal to the surface, and 𝜖0 and 𝜀 are the 

vacuum permittivity and the dielectric permittivity of the chemical on the surface, respectively.  

The open-circuit voltage can be related to the ECB by37 

𝑉𝑂𝐶 =
𝐸𝐶𝐵

𝑞
+

𝑘𝑇

𝑞
𝑙𝑛 (

𝑛𝑐

𝑁𝐶𝐵
) −

𝐸𝑟𝑒𝑑𝑜𝑥

𝑞
,   Equation 2.9 

where Eredox is the Fermi level of the electrolyte, NCB is the number of available states in the 

conduction band and nc is the number of electrons in the conduction band.  The energy levels of 

the electrolyte are effectively independent of the dye molecule, while NCB and nc are beyond the 

capabilities of current simulations to even estimate.  This means that for an estimate of VOC it is 

assumed that 𝑉𝑂𝐶 ∝ 𝐸𝐶𝐵 and as such should also be related to ΔECB. 

However, a proper determination of the dipole moment component of the bound system that is 

normal to the surface (Eq. 2.8) can be difficult, and if we assume that all dyes of similar structure 

have a similar angle to the surface and resulting similar dipoles relative to the geometry of the 

molecule, then using the dipole moment proper should be sufficient.  An earlier paper by Rühle 

et al.38 gives this as a negative correlation between dipole moments and the VOC. Thus, we have 

used just the total dipole moment of each molecule, though this may not be a good assumption, 
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as shown below in the first section of the results.  It is also important to note that the dipole 

moment for a dye is only meaningful if the dye is neutral, since the dipole moment is dependent 

on the coordinate system of the molecular structure if the molecule is charged.39   

2.6 HOMO and LUMO Energies 

The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) energies of the dyes are often used as a simple test of the possibility of electron 

injection and dye regeneration.  As illustrated in figure 1.4, the energy levels of the dye need to 

line up well with the conduction band to allow injection, therefore the energies of both HOMO 

and LUMO should have relationships with the VOC and JSC. Moreover, the HOMO energy needs 

to be below the redox potential of the electrolyte to make regeneration favorable.  Care must be 

taken with these comparisons though, since approximate DFT is known to underestimate orbital 

energies substantially,40 but fairly consistently; hence direct comparisons to experimental values 

for redox potentials and band edges may be misleading. 

2.7 Excitation Energy (EE) 

The Excitation energy of the strongest (TDDFT) excitation is taken as a measure of the overall 

excitation energy; it is referred to as EE in the various tables and charts in the following sections.  

Ideally, EE should be around the wavelength of maximum photon flux (figure 1.3) to assure that 

there are a large number of available photons to trigger the excitation.  A second, likely less 

accurate measure of the excitation is taken as the difference between the HOMO and LUMO 

energies (ΔHL); this was primarily done since the values have already been collected, and to 

allow for a simple comparison between the two. 
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2.8 Injection Distance (Lin) 

A final parameter was considered, the injection distance.  This is taken as the distance that the 

excited electron needs to diffuse through space to inject into the semiconductor surface.  The 

spatial position of the excited state, either as the LUMO or a combination of excited state orbitals, 

is often used to show that a dye puts the excited electron near the semiconductor surface, which 

should then relate favourably to injection efficiencies.  However, this is usually done visually, by 

looking at the orbital structures. Here we have attempted to get a quantitative rather than 

qualitative measure of this parameter by computing the distance between the centroid of the 

excited state to the carbon in the acceptor group that is closest to the surface. This is referred to 

as Lin for Length of injection. 



29 

 

Chapter 3 Molecules Investigated 

Since we are interested in evaluating the effectiveness of simple computational models at 

predicting dye efficacy in DSSCs we need a large test set of various dye molecules with 

experimental results.  As such we have turned to the extensive literature on DSSCs to find 

experimental data for a large set of dye molecules. Specifically, we included dyes which had all 

4 experimental parameters listed, that is, the open circuit voltage (VOC), the short circuit current 

(JSC), the fill factor (FF), and the overall efficiency (η).  This allows us to look for relationships 

between the experimental data and calculated parameters, even in cases where we do not really 

expect for there to be any relationship to the parameters; this is especially true for FF which 

likely has little relation to the dye molecules themselves.   

The dyes considered have been taken from several sources. The majority are found in a review 

paper on organic dyes.4 In addition, several sources cited in that review were used as well, since 

many of these original papers have additional dyes that were not included in the review, which 

focused mainly on the best results in a given paper.  Taking several dyes from a single source 

allows us to look more closely at both related dyes, and how much the overall construction of a 

device affects the results, as seen below. 

The molecules looked at can be split into several different groups, based on chemical similarity, 

which is primarily having the same donor group. In addition, they can also be put into groups 

based on the structure of the devices that the dyes are used in.  The various dyes used, as well as 

the sources for their data, and the groupings that we have considered them in can be found in 

appendix 1.   A brief overview of selected groups of interest is shown in table 3.1, giving an 
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decription of the dye molecules in a given group, as well as the number of dyes and references 

for the dyes in each group. 

Table 3.1 Brief Descriptions of 6 subgroups of dyes, along with references  

Group Number of Dyes Description References 

All 98 Various  Appendix 1 

1 8 9H-Fluoren-2-amine 4,41–46 

2 23 Triphenyl Amine 4,47–55 

3 6 Ruthenium Core 56,57 

4 7 Benzothiazole Merocyanine 58 

5 8 Phenyl-Conjugated Oligoene  47 

6 5 Fluorescein Like 59 
 

The dyes in each group are mainly organic molecules (with the exception of group 3), made up 

of a photoactive donor group, a connecting section of π conjugation, and an acceptor and binding 

group.  Most of the subsets make use of the same donor group for the set, with modifications in 

the π conjugation, and aliphatic side chains.  These differences change various properties of the 

dyes, including the HOMO and LUMO energies, the overall absorbance, and the ability to form 

aggregates, which usually lead to poor absorbances. 

Table 3.2 shows Lewis diagrams for the common components of each dye set, full diagrams can 

be found in Appendix 1.   
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Table 3.2 Lewis structure diagrams for the different dye groups considered; group 3 shows an 

example of the dyes, N3, which has the same general layout as the rest of the set. 

Group Common Structure 

1 

 
2 

 
3 
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4 

 
5 Varies extensively 

6 

 
 

The sets of dyes were chosen in two ways, sets 1 and 2 contain dyes with the same donor groups, 

while set 3 also has a single donor group, the ruthenium metal itself, N3 the prototypical 

sensitizer is shown in table 3.2.  Sets 4, 5 and 6 were each taken from dyes in a single paper, with 

4 having differences in the length of the aliphatic side chains.  The 5th set has the least similarity 

between its dyes, they include triphenyl amine based dyes, which are also included in group 2, 

and several larger dyes with one or more aromatic ring with an amine group attached to it, and 

varying lengths of conjugation.  The final set, was made up of Fluorescein like dyes, an example 

Eosin Y is shown in table 3.2, these dyes are brightly coloured for example Eosin Y is an orange 

colour.
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Chapter 4 Computational Details 

Molecular structures were optimized in the gas phase using Priroda60 with a double-ζ basis set61 

and the PBE functional.21  All calculations in Priroda were performed using scalar relativistic 

effects, since this does not harm results when they are not necessary, only increasing the 

runtimes by a small amount, and when needed are very important.  That said, for the dyes 

investigated only those with ruthenium metals truly require the relativistic components, but 

consistency in the computational methods made setup of the various calculations much simpler, 

and consistency itself is useful for comparison’s sake.   

Priroda was used for optimizations in gas phase due to its fast run times. For instance, using 8 

CPUs, all dye structures were optimized within a few hours, allowing us to rapidly go through a 

large set of molecules.  Molecular optimizations are completed by following the gradients of the 

molecular energy towards a stationary point, which in most cases is a local energy minimum.  

Stationary points on the potential energy surface are one of three structural types, minima, which 

are the targets of geometry optimizations, saddle points, which show transition state structures, 

and maxima, which are unlikely to be found due to how optimizations are done.  Testing for 

which kind of stationary point was found is usually done by obtaining the frequencies of a 

structure. Those with imaginary frequencies do not correspond to a minimum, the imaginary 

values showing the vibrational motion (normal mode) that if followed will lead to a lower energy 

structure.  If all frequencies calculated are real, then the structure corresponds to a local 

minimum. 

Data collection was then done by transferring the optimized structures into a new input file and 

running single point energies in NWCHEM62 version 6.3r2 using the COSMO solvation model63 

with acetonitrile solvent. Acetonitrile solvent was used as it, and related polar solutions, are very 
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common solvents in liquid DSSC systems.  Solvation is important for the calculations of TDDFT 

excitations as there is the possibility of solvatochromatic shifts, that is the solvent itself 

influences the nature of the absorbances due to its interaction with the solute.  This is especially 

evident in polar solvents which have a greater ability to interact with solute electronic states. 

Since acetonitrile is a polar solvent it will influence the solute’s calculated absorption energies.  

The Conductor-like Screening Model (COSMO) was used for all solvated runs. COSMO takes 

the charge distribution calculated by DFT and uses it to find the change in solvent polarization, 

which is applied to the surface of the molecule (with predetermined atomic radii) and then finds 

the energy of the system due to the interaction between the solute and these surface charges.  

This allows for faster calculations then if explicit solvent molecules were included, as it turns the 

solvent into a field which affects the solute molecule, but has no explicit structure. 

The CAM-B3LYP functional26 discussed briefly in Chapter 1.7 was chosen due to its reported 

ability to reproduce charge transfer excitations well30 which are the excitations of interest in 

DSSCs.  CAM-B3LYP corrects for the rather poor long-range interactions of approximate DFT 

by including increasing amounts of exact exchange from HF.  At short-range it acts as B3LYP 

with the amount of HF exchange equal to 0.19 and B88 exchange equal to 0.81, while at long-

range the amount of the HF part increases to 0.65 while the B88 part lowers to 0.35. 

The basis set used for light elements was 6-311g while the Stuttgart RSC 1997 ECP64 and 

corresponding basis set were used for the ruthenium metals.  This choice of 6-311g as the basis 

set was primarily motivated to again save on run times. Comparisons were performed with the 

larger 6-311+g(d) basis set to see how calculated parameters change with the basis set size.  

Since we are more interested in the relative values of the parameters rather than the absolute 

values, if the ordering of the values remains the same between the two methods, we should be 
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able to use the parameters to look at relationships between dyes and experimental results with the 

smaller basis set.  These comparisons show shifts in the values of the various parameters but the 

slopes and relative sizes of parameters are not changing as can be seen in figure 4.1 below, for a 

representative set of 7 dyes. 

Figure 4.1 6-311+g(d) vs. 6-311g for the HOMO LUMO gap for a set of dye molecules 

 

The other parameters show similar small shifts in values that keep the relative differences 

between them the same.  This shows that 6-311g should be sufficient for our needs in this case, 

since the ordering of the values is the same for both.  This holds for parameters based on TD-

DFT calculations as well, such as the excitation energy of the strongest absorbance shown in 

figure 4.2.  
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Figure 4.2 The excitation energies for each basis set are shown to be very similar 

 

All calculations for this work were done using the Westgrid system Grex,65 with some testing 

performed on our own local Ruthenium cluster.
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Chapter 5 Code Written 

This project resulted in quite a few methods that are not available in the general chemistry 

toolkits; as such we have produced several data analysis tools using mainly Python 2.7, though 

there are a few C++ programs as well. These tools run quickly on the head node of the Westgrid 

system Grex or similar computational facilities, and they will be explained in this section. All 

data was tabulated in Excel, and any further calculations were performed using standard Excel 

functions.   

5.1 priroda2nwchem.py 

This tool allows for conversion from Priroda’s outputs to an input for NWCHEM. Since Priroda 

uses atomic number for identification of elements, and NWCHEM uses the one- or two-letter 

representations (atomic symbols) found in the periodic table, we need a tool to convert between 

the two.  This code contains a simple lookup table linking each element’s two representations 

and allows for a quick change between the two.  The program takes a Priroda output file, run.log, 

and obtains the last step of its optimization using the Priroda component lastgeo, which gives the 

last geometry in a Priroda output file, and places it in a text file config.txt.  We then read in 

config.txt and rewrite it with all the same coordinates but with NWCHEM-style atom names as 

well as the other components of the NWCHEM geometry block, into config.xyz. This file is then 

combined with a set of NWCHEM file components stored in ~/nwchemParts/head.inp and 

~/nwchemParts/tail.inp to generate an NWCHEM input file in ../nwchem/input.inp. Thus, the 

files head.inp and tail.inp should contain the settings and options for the jobs desired, including 

basis set and functional selection and TDDFT analysis. 
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5.2 getExcitationsNWCHEM.py 

This tool is used to extract the excitation energies and their corresponding oscillator strengths 

from an NWCHEM TDDFT run, using the Unix command grep, which searches for matching 

text.  The program first gets the excitation energies by finding each line with the text “Root” and 

then finds the oscillator strengths by finding each line with “Oscillator” in it. These lines are 

placed into two files temp.txt and oscStr.txt. These files both contain extra information that is not 

desired and so we have to cut them down to only the relevant parts.  The data is then written to a 

text file data.txt, which contains the excitation energy in eV and the oscillator strength in two 

columns.  It then takes the excitations and writes them into another file, excitations.txt, which 

lists the excited states and the involved orbitals for use with MultiWFN.66  It also writes the 

transition dipole moments to a file transitionDipoles.txt.  Finally, it gets the excitation energy, 

transition dipole and oscillator strength of the first excitation and prints them to the screen. 

5.3 getHLnwchem.py 

This program is intended to help with finding the HOMO and LUMO orbitals for drawing 

programs, and obtains the energies of each.  Taking advantage of the knowledge that the dyes are 

expected to have closed-shell configurations, we have two possible occupancies, 0 or 2, 

represented as Occ=0.000000D+00 and Occ=2.000000D+00, respectively.  The tool works by 

going through all the orbitals in the molecule, saving each as the HOMO until it hits an empty 

orbital, which is assigned as the LUMO.  The orbital numbers along with their energies (in 

Hartree) are printed to the file orbits.txt. 

5.4 priroda2molden.py 

Priroda includes the ability to print a molden type output file, with the option print=+molden. It 

writes it into its own normal output file, tagged with the string “mos>” at the beginning of each 
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line.  As such we need to grep for “mos>” and then remove the “mos>” part of each line. This is 

done using a simple text-editing tool in Unix, called cut.  The molden file can then be used for 

visualisations in various programs, or for further analysis with MultiWFN, though to use it with 

MultiWFN requires a modification to the file formatting using a program called molden2AIM 

(m2a, found at https://github.com/zorkzou/Molden2AIM). This latter program produces a 

“proper” molden file as well as a .wfn file, which contains similar information about the 

structure and orbitals, and can also be used for MultiWFN. 

5.5 nwchem2molden.py 

This program should no longer really be necessary, since newer versions of NWCHEM include 

the ability to write out their own molden files. However, versions prior to 5.5 lacked this feature 

and when this project was started this feature was unavailable. As such, our program is included 

here for completeness.  This program is designed to read in the orbitals and structure from an 

NWCHEM output file and write them to a new molden format file, vectors.molden. Since 

NWCHEM default settings do not give all orbital information, truncating lower energy orbitals 

since they are not particularly interesting, this requires the option ‘print “final vector analysis”’ 

be set in the DFT section of the NWCHEM input file so that all orbitals will be written out.  The 

program again uses the Unix command grep to cut out the parts of the file that are of interest, 

that is the molecular structure and atomic orbital index values for each molecular orbital.  These 

are then formatted into a molden format and printed to the output file.  This new molden file can 

then be read by various programs, including molden itself, or other visualisation tools like 

Avogadro, to draw the orbital structures.  For use with MultiWFN we again need to run the file 

through m2a (see section 5.4) to get corrected file formats. These orbitals are assumed to be from 

calculations using Gaussian type basis sets. 
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5.6 injectionDistance.py 

This computational tool calculates the distance between two points in three-dimensional space 

using the Pythagorean theorem.  The two points are intended to be the location of the excited 

state, more accurately its centroid found with MultiWFN, and the Carbon atom on the acceptor 

group of the dye.  The centroid is entered by the user as plain text as a set of 3-D coordinates “x 

y z”, and the acceptor group is identified from a list of possible acceptors generated using the 

checkmol program by Norbert Haider 

(http://merian.pch.univie.ac.at/~nhaider/cheminf/cmmm.html). The checkmol program gives a 

list of organic functional groups in a molecule. In the current context, this is used as a table of 

possible acceptor groups, from which the user is free to select the desired acceptor.  The program 

uses these two points and finds the distance between them, and then prints this value to the 

screen. 

5.7 excitationLifeTime.py 

This is a short program to calculate the expected lifetime of an excitation (τ) using the inverse of 

equation 2.7 in chapter 2.4.  It reads in the transition dipole of the excitation from the 

transitionDipoles.txt file, runs the calculations to determine τ, and then prints the answer of the 

excitation lifetime to the screen in seconds. 

5.8 genIPCEeV 

This C++ program calculates the incident photon conversion efficiency as described in equations 

2.3 and 2.4.  An important point to note with this program is that it converts all energies to eV, 

since the formula in the initial paper31 had energy in wavelength units (cm-1), but full width at 

half maxima (FWHM) in eV.  The FWHM is set to 0.35 eV as in the original source and the S 

value (see equation 2.4) was set to 1, since test calculations to find S became overly expensive, 
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and the results did not appear to change much with it.  Initial testing of this code returned values 

greater then 1 for the overall conversion efficiency at various wavelengths. This should be 

impossible in these kinds of devices, since a value greater then one implies that multiple 

electrons have been excited per incoming photon, which we do not consider.  To deal with this 

the final values have been normalized to the maximum absorbance of each dye, that is we divide 

every IPCE value by the maximum one to set the maximum absorbance efficiency to 1.   

The input for this program comprises the excitations from the molecule generated by the 

getExcitationsNWCHEM.py program described above.  It generates an output file of the 

wavelengths and estimated conversion efficiency, in temp.txt. 

5.9 Jsc 

This program calculates an estimate of the JSC based on Equation 2.2 from chapter 2.1, using the 

IPCE from genIPCEeV and the photon flux taken from the tables for AM 1.5.  Files for both are 

taken as input to this program at run time.  The program uses the simplest numerical integration 

method, the rectangle rule,67 which was tested against several other options, and found to give 

insignificant differences in the final resultant values.  Numerical integration can have sizable 

errors due to truncating the endpoints, and incomplete sampling of data. However, this is not the 

case here due to the nature of the formula being integrated, that goes to zero at both ends of the 

function and as such will have no major error due to this.  The final step is to write the resultant 

value of JSC to a text file specified by the user. 

 5.10 gatherData.py 

This is a simple script to run all the data analysis programs above. It generates the needed files 

from the run.nwo output file, and calculates the various parameters, saving a tremendous amount 

of time interacting with the system. 
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5.11 align.py 

Since the VOC is expected to be directly proportional to the conduction band edge of the 

semiconductor (equation 10, chapter 2), which is affected by the attached groups and adsorbates 

(equation 9, part 2) and their dipole moment normal to the surface, it is of interest to see how 

well we can simulate this.  There are two ways to deal with the normal component of the dipole 

moment, either we place the dye on the surface and optimize it, or we can apply the rotation that 

would place the dye on the surface to the dipole moment.  Since option two should be less 

computationally expensive, this program was written to find and apply a rotation matrix to the 

coordinates.  The rotation matrix is found using the Kabsch algorithm68,69 as implemented by 

Jimmy Kromann and Lars Bratholm (https://github.com/charnley/rmsd). This application finds a 

rotation matrix with the minimum RMSD to superimpose two sets of points.  It is then simply a 

matter of multiplying this matrix by the vertical matrix for each atom’s coordinates and 

translating the rotated structure to the proper spatial location.  Taking the rotation matrix 

produced and applying it to the vector of the dipole moment will rotate the dipole moment to the 

same configuration as that of the aligned dye, and then projecting the vector onto a vector normal 

to the surface allows us to find the component of the dipole moment normal to the surface. 
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Chapter 6 Results and Discussion 

6.1 Results 

In this section, we will go over the overall results and give brief discussions of their meanings, 

whereas in the following section (Section 6.2 Discussion), we will go into greater detail about 

the overall results for each parameter considered. 

6.1.1 Dipole Moments and the Normal Dipole 

The dipole moment of groups bound to a surface modify the conduction band edge of the 

surface38 (equation 2.8), and since the conduction band edge will have a major effect on the JSC, 

VOC and η of the DSSC this means that the dipole moment will as well.  However, only the 

component of the dipole moment that is normal to the surface influences the conduction band 

edge; as such we have looked into how well the dipole moment (μ) compares to the normal 

dipole moment (μnormal). 

The normal dipole moment μnormal is the component involved in the equations of conduction band 

edge shift (equation 2.8) and is easy to obtain once we know the proper rotation matrix to rotate 

the molecule into a configuration on the surface.  Then projecting the rotated dipole moments 

vector onto a vector normal to the surface gives us the component of the vector that is normal to 

the surface.  These two versions of the dipole moment were compared for 42 dyes taken as a test 

set comprised of dyes 1-23, 26-38, 41, 48 and 49 as numbered in Appendix 1. Omissions in this 

set were caused by differences in the binding groups of different dyes. The comparison is 

summarized in figure 6.1. 
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Figure 6.1  Comparison of the dipole and its component normal to the surface for 42 dyes 

 

Figure 6.1 shows that the molecular dipole moment is not strongly related to the normal dipole 

moment, only that the normal dipole moment is required to be equal to or smaller than the total 

dipole moment.  Mainly, this tells us that the dipole moments for a large set of molecules are not 

a good representation of the normal component of the dipole.  However, a set of very similar 

dyes with only differences in the alkyl side chains58 gives the comparison shown in figure 6.2. 
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Figure 6.2 μ and μnormal for a set of 7 dyes58 with varying alkyl side chain lengths

 

We can see that there is no strong relationship between the two versions of the dipole moment. 

This is further emphasized by considering the actual dipole moment vectors for each of these 

molecules, Table 6.1, rotated so that each dye backbone is overlapping. 

Table 6.1 Dipole moment vectors for 7 dyes 

dye x y z 

m2n1 -1.221 -4.986 -1.607 

m5n1 2.102 -4.528 2.043 

m10n1 4.635 -1.114 2.623 

m18n1 4.632 1.549 2.302 

m18n3 4.366 2.364 1.513 

m18n5 4.608 1.704 1.260 

m20n1 4.012 3.207 1.660 

It is clear from Table 6.1 that the dipole moments do not all point in the same direction. While 

there is some clustering of data points in one or two of the axes, none of them are close together 

in all three.  As such we cannot expect to get meaningful relationships between the dipole 
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moment and the component of the dipole normal to the surface, as they are not pointing in the 

same direction.  Since we have gathered the dipole moments, we still include them as one of the 

considered parameters, even though the dipoles are likely not very useful as a measure of how 

well these devices will work.   

6.1.2 Correlations for Full Set of Dyes 

Moving on to the main results of this project, in the following we will show the correlation 

constants for each of the calculated parameters with each of the four experimental values, JSC, 

VOC, FF, and η.  The correlation constant R is effectively a measure of how close to linearity a 

given data set is, the closer its absolute value is to unity the better a linear formula can fit the 

data. We use R rather then R2 since R has a sign, which shows both correlation (positive R) and 

anticorrelation (negative R).  

Figure 6.3 Correlation data for all dyes considered. 

 

The sets of 4 columns represent the R values for the calculated parameters, JSC (chapter 2.1), 

HOMO and LUMO energies (chapter 2.6), ΔHL (chapter 2.7), τ (chapter 2.4), LHE (chapter 2.3), 
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EE (chapter 2.7), Lin (chapter 2.8), D, H, t (chapter 2.2), and μ (chapter 2.5) with correlations 

against the 4 experimental values JSC (blue), VOC (orange), FF (purple), η (yellow) (chapter 1.3) 

Figure 6.3 shows that there is negligible correlation for any of the various parameters compared 

to the experimental data.  This is quite disappointing to see, as we had hoped to have at least 

some indication that one or more of these parameters may be of use for choosing a good dye.  

Figure 6.3 shows very weak correlations, but looking at the actual data for the different 

experimental values gave some hints as to where we can improve. 

Figure 6.4 Chart of τ vs VOC for the full set of dyes. 

 

We see that there is a subset of dyes which have very different values of τ compared to the rest of 

the data. 

Figure 6.4 shows a scatter plot of the τ values vs. the VOC for the full set of dyes. It is obvious 

that there is a subset of dyes with nearly an order of magnitude greater τ value then the rest of the 

dyes.  Looking at which dyes these are yielded a surprising result: they are primarily the 
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ruthenium based dyes. This led us to investigate more closely the correlations for subsets of dyes, 

looking at both chemically similar dyes and those presented in a single paper, to remove any 

differences in construction and materials as much as possible. For example, differences in 

solvents, electrolyte and semiconductor, both material and thickness, all affect the results.  

Removing those as variables in the overall results should allow for better comparison between 

different dyes. 

6.1.3 Correlations for Subsets 

The sets shown here are of two main types, those containing only dyes which are chemically 

similar, that is they have the same electron donor group, and those which come from a single 

paper.  Since there is great variability in the results obtained for different devices, as can be seen 

in table 6.2, even with one of the best-known dyes, the spread in the experimental values for the 

overall efficiency η is quite broad.  The data considered comes from several papers in the full 

data set, which included N3 as well as their own dyes, allowing for comparison between them.  

The standard deviation from the mean (std dev) in table 6.2, is quite large for η at about1/6th the 

mean value; this means that η varies substantially.  This has lead us to look at data from 

chemically similar dyes, and further to look at results from a single group in a single paper to 

account for differences in materials and procedures. 

Table 6.2 Experimental data for DSSCs containing the N3 dye from 11 different papers, 

illustrating a large uncertainty in the measured efficiencies 

ref JSC VOC FF η 

 mA/m2 mV  % 

70 14.03 695 0.63 6.16 

48 13.98 620 0.63 5.50 
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71 14.00 695 0.64 6.20 

55 16.87 680 0.68 7.82 

56 15.80 726 0.71 8.20 

72 13.13 730 0.66 6.32 

52 18.00 740 0.59 7.86 

53 11.28 708 0.66 5.30 

73 16.77 698 0.54 6.30 

74 18.06 699 0.63 7.89 

73 13.10 699 0.63 5.75 

mean 15.00 699.09 0.64 6.66 

std dev 2.23 31.76 0.04 1.07 

 

6.1.3.1 Chemically Related Sets 

The following sets are made up of chemically related dyes, based mainly on the nature of the 

electron donor group.  All sets of dyes are listed in detail in appendix 1 and commented on 

briefly in chapter 3, though a diagram of the common component for each group is repeated here 

as well. 
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6.1.3.1.1 Set 1: 9H-Fluoren-2-amine Donor 

Figure 6.5 Correlations for the 8 dyes in group 1 (Appendix 1, table 3.1) 

 

Correlations for the dyes in group 1 (appendix 1, table 3.1) are seen in figure 6.5. The figure 

shows that the correlations for this set of dyes are improved over the full data sets (Figure 6.3); 

though there are only 8 dyes in the data set, the overall correlations are still not very strong.  

Only the dipole moment has a value that could be considered large with a value of R= -0.82 

between the dipole moment and the overall efficiency η.  Oddly though this does not appear to 

be due to the VOC which is expected to have a strong relationship to the dye’s dipole moment 

(chapter 2.5, equations 2.8 and 2.9). Instead we see that the VOC has the weakest correlation to 

the dipole moment.  However, the correlations for the normal dipole moment are even worse, 

with the largest magnitude of R being only -0.52 as seen in figure 6.6 which shows that, while 

the dipole moment may not be a very good tool for judging a dyes efficacy, it is better then the 

normal component. As such we will look at the total dipole moment of the molecule in the 

correlations to follow. 
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Figure 6.6 Comparison of correlation constants for μ and μnormal for group 1 dyes

 

 Figure 6.7 Correlations for the 23 dyes found in group 2 (Appendix 1, table 3.1)

 

6.1.3.1.2 Set 2: Triphenyl Amine Donor 

Figure 6.7 shows that the correlations for a larger group of chemically similar dyes are weaker 

then those for group 1 seen in figure 6.5.  The most interesting observation here though is that 

the correlation for μ isn’t just smaller, it has also changed sign, and while a correlation around 

0.2 is not very meaningful, the sign should still be worth investigating.  Aside from that there is 
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not much of interest in this chart, the main takeaway is that the level of chemical similarity may 

not actually be sufficient.  We note again that we did not account for the differences in devices 

including additives and electrolytes or semiconductor thickness and construction, all of which 

have effects on the results. 

6.1.3.1.3 Set 3: Ruthenium Dyes 

While the focus of this thesis is on organic dyes, a small set of organometallic dyes with 

ruthenium cores was also considered.  The first successful DSSC3 used the so-called N3 dye, and 

due to a good line-up with the conduction band edge and electrolyte, dyes with ruthenium cores 

have had very good success.75  The ruthenium acts as a charge donor with metal to ligand charge 

transfer, which allows the excited electron to subsequently inject from the ligand into the 

semiconductor, and to go on to do useful work.  Here we look at 6 dyes, which is indeed a small 

subset, but needed to show how well we can relate the calculated parameters to experimental 

results for some of the best-known dyes. 

Figure 6.8 Correlations for our set of 6 ruthenium dyes in group 3(Appendix 1, table 3.1).
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The main feature of interest in figure 6.8 is the overall higher levels of correlations, especially 

for the injection distance, which was weakly correlated in the previous charts.  Here it is strongly 

correlated to the VOC with a correlation constant of 0.89. However, this is an unexpected result: 

the injection distance was expected to be inversely proportional to the experimental values, since 

it should be harder to inject if the electron needs to travel farther.  This can be taken as strong 

evidence that the injection distance taken by itself is not a useful parameter, which, while 

disappointing, is not surprising, as the injection distance is very much an oversimplification of a 

complex process. 

6.1.3.2 Sets from a Single Paper 

Since the results presented so far show little relationship between a set of dyes and their 

experimental results, it appears that there is much more than just the dye molecule involved in 

determining the output of a device.  There are various other factors involved including the 

electrolyte, the solvent, the nature of the semiconductor used, and any additives or coadsorbants.  

This being the case, we have looked at sets of dyes from a single paper, being careful to be sure 

that they are using the same device construction throughout. This should also mean reduction in 

variability due to the experimental skill of the person building the devices, since it can be more 

easily assumed that the same processes, people and materials are being used in a single group’s 

work. 

6.1.3.2.1 Benzothiazole Merocyanine Based Dyes 

These seven dyes are presented in a paper58 where they are seen to give decent efficiencies.  It is 

suggested in the paper that there is the possibility that the aggregation of these dyes actually 

improves their results, which is somewhat surprising since aggregation is generally thought to 

weaken overall absorbance.   
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Figure 6.9 Correlations for the 7 dyes in group 4 (Appendix 1, table 3.1) 

 Here we see great improvements in the correlation constants, with 10 total having values greater 

then 0.8, and quite a few are close to 0.9 as well.  It is of interest to note that the R values for 

HOMO and LUMO and ΔHL are all very similar, likely since the changes in the molecules do 

not greatly change the energies of the orbitals.  It is also interesting to note that values for the 

injection distance and μ are very similar, with only a change in sign; for instance, JSC vs. Lin has 

an R value of -0.82 and for μ it is 0.84, though this may be coincidence. 

6.1.3.2.2 Phenyl-Conjugated Oligoene Sensitizers in 2 Different Configurations 

This set of dyes is mainly interesting because they have several different device configurations, 

with different semiconductor construction.  This allows for easy comparison of correlations for 

different configurations, without having to worry about differences in dyes.   
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Figure 6.10 The 8 dyes from group 5 (Appendix 1, table 3.1) in two different device 

configurations. (6.10a) Double-layered TiO2 film prepared from Ti-nanoxide T and HPW300C 

and (6.10b) Single-layered TiO2 film prepared from P25. 

Figure 6.10a

 

Figure 6.10b
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In general, the two different device configurations give similar correlations, however there are a 

few differences between the two.  The data in Figure 15b is mostly the same as in Figure 15a, but 

in several areas, has smaller correlations for VOC and FF but nearly the same correlations for the 

JSC and η.  For D, we also see that the FF correlation changes sign between the two different 

configurations. 

6.1.3.2.3 Five Dyes on Three Different Semiconductor Materials 

Rani et al. investigated59 five rather poor dyes, with efficiencies in each different device below 

2%. Nevertheless, this paper was considered since it looked at these dyes for three different 

semiconductor materials, TiO2, ZnO and a mixture of the two (referred to as ZTO). 

Figure 6.11 Correlations for group 6 (Appendix 1, table 3.1) on three different semiconductors, 

(a) TiO2 (b) ZnO and (c) ZTO. 

Figure 6.11a 
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Figure 6.11b 

  

Figure 6.11c 

 

The charts of correlation constants shown in figure 6.11 show almost no similarity between the 

three different semiconductors.  While all three device types show strong correlations, with R 

values above 0.8, no two of them show similar strengths of correlation for even one variable 

combination.  Comparing these different semiconductor devices with the two devices, with 
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different kinds of TiO2 film, from chapter 6.1.3.2.2, the differences between the different 

configurations are extreme.  They do not even show the same signs for the various 

configurations; while not all of this is unexpected, for instance all three semiconductors will have 

different band gaps and conduction band edges, it seems unlikely that they will all be so totally 

different in all cases. 

6.1.4 Correcting for Differences in Experimental N3 Values 

Since N3 is used in many papers as a sample of their ability to generate devices successfully we 

have attempted to correct for the differences between the various values of N3’s data (table 6.2).  

This was done by taking a single set of values for N3 experimental results as the “correct” value, 

and multiplying by a given paper’s ratio to that value to attempt to correct for the differences in 

device construction.  The correlations were then calculated for each, and compared to the 

uncorrected data in figure 6.12. 

Figure 6.12 Correlations for a set of 31 dyes with uncorrected (6.12a) and corrected (6.12b) 

experimental values. 

Figure 6.12a 

 

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Js
c

H
O

M
O

LU
M

O

Δ
H

L τ

LH
E EE Li
n D H t μ

R

Jsc Voc FF η



59 

 

Figure 6.12b 

 

There is relatively little difference between the two different results; the uncorrected values give 

better correlations to JSC, HOMO, LUMO and EE, while the corrected ones give better 

correlations for D, H and μ.  Those correlations are still weak for all data points though, with 

only one reaching 0.6.  Overall there seems to be little gained in the attempt to normalize the data 

using the respective results for N3. 

6.1.5 Fitting with a Multivariable Linear Regression 

To see if it is possible to produce a predictive model from the data collected so far, a 

multivariable linear regression was performed using Excel’s linest function.  This regression 

gives both the value of the slope for each data point, as well as the intercept (b) and the standard 

error (err) in each calculated value.   
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Table 6.3 Multivariable linear regression for all dyes considered, showing the slope for each 

parameter as well as their standard errors (err). It should be noted that τ was taken in units of ns 

for this fitting. 

 μ t H D Lin EE LHE 

exp JSC 0.18 -0.66 1.03 0.83 -0.38 -3.41 17.22 

err 0.26 0.31 0.44 0.23 0.33 1.65 13.54 

VOC 0.13 0.89 -5.47 3.34 0.14 -52.80 198.00 

err 5.64 6.66 9.56 4.92 7.17 35.44 290.91 

FF 0.00 -0.01 0.01 0.00 0.00 -0.04 0.46 

err 0.00 0.01 0.01 0.00 0.01 0.03 0.23 

η 0.04 -0.25 0.42 0.36 -0.21 -1.21 9.56 

err 0.14 0.16 0.23 0.12 0.17 0.86 7.08 

 τ ΔHL LUMO HOMO JSC b  

exp JSC 1.8E-01 0.00 -4.14 6.81 -0.14 43.60  

err 9.3E-02 0.00 1.91 2.02 0.03 16.17  

VOC 2.8E+00 0.00 -66.95 77.35 -2.11 1058.05  

err 2.0E+00 0.00 40.94 43.38 0.59 347.47  

FF 3.8E-03 0.00 -0.09 0.13 0.00 1.02  

err 1.6E-03 0.00 0.03 0.03 0.00 0.28  

η 1.1E-01 0.00 -2.41 3.70 -0.07 19.95  

err 4.9E-02 0.00 1.00 1.06 0.01 8.46  

Table 6.3 shows the regression results for the full set of dyes against each of the four 

experimental values obtained. Each column contains the slopes for a given theoretical parameter, 

with the final column, b, being the intercept of the fit.  The main point to notice here is that the 

standard errors are, for the most part, quite large ranging from around ¼ the size of the slope to, 

for voltage, around the same size or even larger than it.  The second interesting point is that the 
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value of ΔHL has no effect on the fitting. This is likely due to it being a simple combination of 

the HOMO and LUMO, which are both included as well.  The fits are compared to their 

experimental values in figure 6.13 which shows the values of the fit vs. the experimental values 

for the VOC. 

Figure 6.13 Comparison of Regression results for VOC to the experimental values of the same 

parameter 

 

 

We see that the results give a somewhat linear relationship, but with a very broad range, of 

around 200 mV.  The fit is somewhat overestimated for lower voltages and underestimated for 

higher ones.  Charts for the other 3 comparisons are all similarly noisy, and give R2 values 

between 0.2 and 0.4 which implies a very poor matching of the fitting to the experimental data. 

Since the fitting gave rather poor results, smaller subsets with better correlations were used next.  

Shown in Table 6.4 is a regression analysis for the dyes in group 4, whose correlations are shown 

in Figure 6.9. 
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Table 6.4 Multivariable linear regression results for the 7 dyes in group 4.  

 μ Lin t H D EE LHE 

JSC -21.40 -5.58 1.12 -34.61 1.28 0.00 0.00 

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

VOC -0.61 -0.09 -0.05 -0.34 0.16 0.00 0.00 

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

FF 0.72 0.16 -0.21 0.54 -0.79 0.00 0.00 

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Η -5.90 -1.39 -2.38 -10.27 -6.66 0.00 0.00 

Error 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

 τ ΔHL LUMO HOMO JSC b  

JSC 0.00 0.00 0.00 0.00 6.03 25.18  

Error 0.00 0.00 0.00 0.00 0.00 0.00  

VOC 0.00 0.00 0.00 0.00 0.22 -2.86  

Error 0.00 0.00 0.00 0.00 0.00 0.00  

FF 0.00 0.00 0.00 0.00 -0.80 25.63  

Error 0.00 0.00 0.00 0.00 0.00 0.00  

Η 0.00 0.00 0.00 0.00 -3.71 222.84  

Error 0.00 0.00 0.00 0.00 0.00 0.00  

The results for the fitting look very good at first glance, with no error and a perfect fit to the set 

of points used to generate it.  However, this is a clear example of overfitting, since we have 

fewer unknowns then parameters to estimate them, and as such can get a perfect fit through all 

data points.  This fit is useless for any predictions though, as it will match up to the input data, 

but be nearly meaningless for anything else.  In order to solve this issue, we need to reduce the 

number of parameters. Taking off those with zero slope is easiest, and then additionally 
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removing the one with the lowest correlation should hopefully maximize the regressions 

accuracy.  

Table 6.5 Multiple linear regressions for the 4 experimental data types with 5 different 

calculated parameters each. 

 μ Lin t H D b 

JSC -19.18 -4.90 -0.74 -33.41 -5.29 242.18 

error 5.47 0.66 2.22 4.63 1.68 42.43 

 μ Lin t H calc JSC b 

VOC -556.30 -71.41 -104.82 -292.40 79.64 2010.98 

error 126.48 15.68 40.22 102.70 34.96 1725.08 

 μ Lin t H D b 

FF 0.43 0.07 0.04 0.38 0.09 -3.29 

error 0.73 0.09 0.30 0.62 0.22 5.65 

 μ Lin t H D b 

η -7.26 -1.81 -1.24 -11.01 -2.62 89.24 

error 3.37 0.40 1.37 2.85 1.04 26.12 

Table 6.5 shows that even going to a smaller data set, with a proper number of variables, does 

not give a very good fit. The resultant errors in the slopes are still up to, for FF, 7 times as large 

as the slopes themselves.  These results have destroyed hope of finding a good regression with 

these parameters.  

6.2 Discussion 

Overall the results of this project have been disappointing. We have found little consistency in 

the correlations between the selected molecular parameters and the experimental results for 

efficiency (η), fill factor (FF), short circuit current density (JSC), and open circuit voltage (VOC).  

While some of these inconsistencies can be explained, others are currently not well understood. 
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6.2.1 HOMO and LUMO 

The observed inconsistency in the relationships between the HOMO and LUMO energies and the 

experimental results are believed to be due not so much to the actual values of the orbital 

energies by themselves but because of how those energies line up with both the semiconductor 

conduction and valence bands, and the chosen electrolyte.  The differences in these relationships 

will have a large effect on, both, the injection efficiency and the dye regeneration, as well as the 

overall absorbance of the dyes themselves.  For example, if the LUMO is very close to the 

conduction band edge then increasing its energy should make injection easier, but, if it is already 

well above the conduction band edge, shifting it up should have a negative effect, while shifting 

it down will have the opposite.  However, if the LUMO is very far from the conduction band 

edge it is likely that small changes in either direction will have no noticeable effect, since 

improving a terrible value by a small amount will not be easily noticed. 

6.2.2 HOMO-LUMO Gap ΔHL 

The HOMO-LUMO energy gap is a simple measure of the minimum excitation energy, and as 

such could be expected to be related to the excitation energy (EE) of the strongest excitation.  

However, in most of the correlation charts, it can be seen that the two are not very similar. In fact, 

for the ruthenium dyes (group 3, figure 6.8) their R values are of opposite sign, but interestingly 

enough, with similar size correlation in each.  The correlations for ΔHL seem to be more closely 

related to the correlations for the HOMO and LUMO, which makes sense since it is just a linear 

combination of the two. These similarities, especially in figures 6.9 and 6.11b, suggest that we 

may not actually be seeing a correlation due to the difference between the two.  Instead, we 

could in fact be seeing the linear relationship between the experimental values and one or both of 

the HOMO and LUMO energies just repackaged as another linear relationship. 
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6.2.3 Excited Electron Lifetime τ 

The estimated excited electron lifetime (τ) has weak correlations across the range of data sets and 

experimental parameters.  We expect that this is mainly due to the relatively fast electron 

injection in a working device, along with the comparatively long lifetimes of the excitations.  

These two taken together imply that an excited electron is unlikely to recombine with its own 

positive hole. It will instead be lost to recombination away from its source to another excitations 

positive hole, through back reactions with nearby electrolyte, or successfully inject into the 

semiconductor.  In short, longer excitation lifetimes do not appear to have much effect on the 

efficiencies, voltage, or current because once the excitation lasts long enough to allow for 

injection it is no longer a relevant measure. 

6.2.4 Injection Distance (Lin) 

The injection distance (Lin) is expected to be inversely proportional to the overall injection 

efficiency. That is, as the distance the electron needs to travel increases, the odds of successful 

injection should decrease.  This means that we expect a similar relationship with JSC and VOC 

since poorer injection should lower both.  We see that for most of the data sets chosen there is 

not a very strong correlation of any kind between Lin and the experimental data, however for 

figures 6.8,6.9, 6.10a and 6.10b, we see strong correlations.  The strong correlations are, for the 

ruthenium based dyes (chapter 6.1.3.1.3, figure 6.8), a positive correlation with the VOC, for the 

Merocyanin dyes (chapter 6.1.3.2.1, figure 6.9) negative in JSC and η, and weakly positive in VOC 

(around 0.68). Finally, both device configurations in figure 6.10 (chapter 6.1.3.2.2) show the 

opposite trend with strong positive correlation to JSC and η, and a negative one with VOC.  These 

results are harder to explain, since the positive correlations are counter to the expected results, as 

again they show that as the distance the electron must travel increases, so does the resultant 
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parameter.  This seems to suggest that the injection distance as calculated here is a poor measure 

of injection efficacy, or that the VOC, JSC and η are related to it in more complex ways then 

expected. 

6.2.5 Light Harvesting Efficiency (LHE) 

LHE has weak correlations for the data sets considered, the highest correlations being just above 

0.6.  This is not surprising when we consider that the values for LHE as it was considered, based 

on the oscillator strength of the strongest excitation for a given molecule, are generally near 1.  

Figure 6.14 Chart of the values of LHE against the experimental JSC 

 

Since the values of LHE are all nearly the same, a chart of them vs. any of the experimental 

values is flat with only a handful of outliers (figure 6.14).  This shows that the LHE alone is not 

meaningful as a measure of how well a dye will work, since almost all dyes, good or bad, give 

similar results. 
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6.2.6 Geometrical Parameters D, H and t 

The charge transfer distance, D, is the easiest of these three parameters to see the expected 

results.  Since all dye-semiconductor interactions should be of a charge transfer type, larger 

charge transfer distances of the excitations should be desired, since they would suggest that 

injection would be easier.  The overall effects of H and t are less obvious, the primary interest 

being in t, the difference between D and H. Thus, if t is negative the excited electron and its 

positive hole have large overlap and will recombine quickly; as such larger values of t would be 

favorable.  Since t is the difference between D and H, that is t = D-H, it can be assumed that H 

being smaller will give better injection as it will increase the size of t.  The correlations for H do 

match up to this idea well, being negative for VOC in most of the data sets, though only weakly 

for most of the data sets.  Only in figure 6.11 are the correlations greater than 0.8 in absolute 

value: in Figures 6.11b and 6.11c there are strong correlations, but in 6.11a, the TiO2 system, the 

correlations are much weaker.   

6.2.7 Dipole Moment μ 

The dipole moment gave very confusing results. While the use of dipole moment alone, rather 

than the component of the dipole normal to the semiconductor surface, was discussed in chapter 

6.1.1, the results end up being counter to what is expected.  Namely the VOC is expected to be 

related to μ, due to μ having a direct effect on the conduction band edge.  However, we see that 

in our results, where there is a strong correlation to μ, it is for the other 3 experimental values.  

The correlation between VOC and μ is also negative in nearly all sets. This would be acceptable, 

if the ECB is increasing as μ gets smaller, however the change in ECB should be directly 

proportional to μ which would mean that the correlation is incorrect.  It is not entirely clear if this 

is due to not using the normal dipole moment, though the correlations for the two different 
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versions of dipole moment give similar results, and weaker relationships for the normal dipole, 

as shown in Figure 6.6. 
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Chapter 7 Conclusion and Outlook 

7.1 Summary 

In this thesis, we have investigated the relationships between DSSC experimental work and 

computational parameters.  This was done by looking at a large set of 98 different dyes (Chapter 

3) with experimental results taken from the literature.  Data for these dyes was compared to 12 

computational parameters (Chapter 2) which are expected based on the literature to be well 

related to the experimental results.  Since we are mainly interested in how well the parameters 

are linked to experimental results, so that we can use them as predictors, we looked at the 

correlation constants (R) between the parameters and the four experimental values (JSC, VOC, FF 

and η). 

Data was gathered for the various parameters using Python and C++ software written for this 

purpose (Chapter 4), and final analysis was done using Excel.  The overall correlation constants 

were very weak for the full set of dyes, and while switching to smaller subsets improved the 

results, they show little consistency overall.  Attempting to take this further, multilinear 

regressions were done for each of the experimental values, attempting to produce a predictive 

model.  This resulted in fits with extremely large errors, greater than 50% of the given slope, and 

shows no ability to predict results.  Since we had hoped to be able to find parameters which can 

help choose dyes for DSSCs, this leads to the rather disappointing conclusion that we have 

shown that none of these parameters work well, and we cannot predict device efficacy with dye 

calculations alone.  However, it is still possible that a more complex model, or better choice of 

parameters, would be able to improve these results. 
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7.2 Conclusion 

In spite of literature sources31,36,76 suggesting that these various parameters are of value, our own 

hypothesis (Chapter 1.10) that we can use molecular parameters to gauge the effectiveness of a 

given dye in DSSCs has been disproven.   

Thus, the main conclusion is that these correlations are effectively meaningless.  There is 

effectively no relationship between the different data sets, and this is further emphasized by the 

results of the multilinear regressions, which give very poor results.  The results show that these 

computational parameters are poor models for deciding which dyes will give good experimental 

results, and further suggests that the dyes alone do not provide enough information about overall 

device efficiency.   

The second major finding is the lack of consistency for correlations between the different sets of 

dyes.  Comparing results for two sets of different dyes gives very different correlations, and not 

just in strength, but often in sign as well.  This means that two different sets of dyes have 

different relationships between their calculated parameters and experimental results.  We even 

see that two different devices with the same dyes, but different semiconductors, give similarly 

inconsistent results, though this is easier to explain since different semiconductors mean different 

bandgaps and conduction band edge values. 

7.3 Outlook 

Further work on computational modeling of single dyes for judging which will give better solar 

devices is certainly possible.  Here we will suggest a few possible avenues of exploration, to 

move forward with this or similar projects.  Perhaps the most obvious way to continue this work 

would be to obtain a larger set of experimental data with careful consideration of materials so 

that all dyes are built in the same type of device.  This could either be done thorough careful 
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consideration of devices in the literature, or by constructing devices specifically for this purpose, 

likely with help from collaborators.  This would allow us to look more closely at how a larger set 

of dyes compares to the experimental results, and to look further at how changing a single 

component of the construction can change the resultant efficiency.  Both careful selection from 

the literature, or self-made devices provide possible methods that would allow for a greater data 

set to be looked at, which should increase the overall accuracy of any correlations and fits found. 

The ideal goal would be to increase the number of dyes considered in a set.  Having several 

hundred different dyes in a single comparable data set would be ideal. It would allow for 

meaningful correlations to guide what parameters are important, as the fewer data points are 

included the better a correlation will be, even if there is no real, physical relationship between the 

data sets.  For example, with 2 data points one will always be able to fit them perfectly with any 

number of different types of equation, getting R2 and R values of 1, without any meaningful 

relationship between the data sets being needed. 

A final consideration would be to attempt to gather data for sets of chemical systems that were 

mostly ignored here, including metal based dyes, ruthenium or otherwise. One could also look at 

additional parameters, even those with no expected relationship to the experimental work, like 

partial charges on the assumed donor and acceptor groups, the bond orders between the various 

components, or the ionization potential, to see if unexpected relationships may occur. 
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Appendix 1 Dyes Considered 

Appendix 1 contains Lewis Structures for each dye investigated (Structure), along with the name 

given to that dye in the original reference it was obtained from (Name), the chemical group(s) it 

was considered in (Group) and the references its data was taken from (Ref)  
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