






Figure 5.3: Valence photoelectron spectra of multilayer N719 measured at different
photon energies (left). Valence photoelectron spectra of multilayer BD measured at
different photon energies (right).
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Figure 5.4: Schematic illustration of the spatial distribution of the highest occupied
(left) and lowest unoccupied (right) energy levels in the N719 ruthenium dye.
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Figure 5.5: The experimental (solid line) and simulated (dotted lines) N1s-XAS spec-
tra for multilayer N719 and BD.

XAS spectra, shown in figure 5.5, both contain major resonances in the region of
398–401 eV, some small structures in the region between 401 and 404 eV, and a
broad feature at around 406 eV. The XAS spectra were analyzed in more detail by
deconvolution of the major resonances in the region of 398–401 eV into one sharp
resonance at lower energies and one broad resonance at higher energies. This decon-
volution was supported by previous experiments and also by theoretical calculations
included in the paper.93 The results showed that the relative intensity between the two
peaks was higher for BD (1:2.8) compared to that for N719 (1:1.9), as expected from
the molecular structure. This suggests that the resonance at lower energies originates
from the pyridine units, see schematic spatial distribution of LUMO in figure 5.4,
while the broad feature at higher energies originates from the NCS ligands. The rela-
tive binding energy positions of the unoccupied energy levels corresponding to these
N1s-XAS resonances was estimated to 2.5 eV for both molecules.

In paper VIII the N1s-XAS measurements together with the N1s core level mea-
surements showed that the position of the LUMO level was similar for the N719, N3
and Z-907 dyes when adsorbed at the TiO2 surface.

5.1.3 Effects of coadsorbents and water on the electronic surface
structure
The influence of the coadsorbent DPA on the energy level matching between the dye
and the TiO2 was investigated in paper IX, and the valence band and XAS spectra
are displayed in figure 5.6. The binding energy position of the HOMO levels were
observed at very similar positions in all samples, differing at most by 0.05 eV. The
large resonance feature in the N1s-XAS spectra in figure 5.6 were also very similar
in both shape and position, and together with a similar N1s core level position these
results indicated that the molecular structure and the internal energy differences in the
dye is not influenced by the coadsorption of DPA. These results indicated that the total
energy level matching between dye and the TiO2 was the same when coadsorbing the
DPA on the TiO2 surface.
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Figure 5.6: Valence band spectra (left) and the N1s-XAS spectra (right) of TiO2 sur-
faces sensitized with Z-907 and different concentrations of the coadsorbent DPA.

The effect on the N3, N719, and Z-907 sensitized TiO2 surfaces from exposure to
water was investigated in paper VIII. For the Z-907, overall only very small changes
was observed, however for both the N3 and N719 a clear shift of the HOMO levels
towards higher binding energies were observed after exposure to water, see figure 5.2.
The magnitude of the shift was approximately 0.2 eV. The N1s-XAS spectra of N719,
N3, and Z-907 are also displayed in figure 5.2, and for N3 and Z-907 the XAS res-
onance show no significant change when exposed to water. The N719 has a slight
decrease of the intensity on the higher photon energy side of the largest resonance fea-
ture, however the position was unchanged. Since the N1s core levels were observed
at similar binding energies for both the reference sample and the samples exposed
to water, the results showed that the position of the LUMO levels is not changed by
the exposure to water. These results implies an increased gap between the HOMO
and LUMO energy levels explaining the blue shift of the adsorption spectrum upon
exposure to water.

5.2 Molecular surface structures
5.2.1 Surface concentrations of ruthenium based dyes
The surface concentrations of N3, N719, BD, and Z-907 molecules were investigated
in paper VI and VIII. The intensity ratios between the Ru3d5/2 molecular signal rel-
ative to the Ti2p3/2 substrate signal showed a rather similar surface concentration for
all dyes on the TiO2 surface, see paper VI and VIII. There were however small differ-
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Figure 5.7: The S2p spectra of a) multilayer BD, N719, and N3 showing he presence
of one sulphur state, b) the adsorbed BD, showing the presence of two sulphur states
c) the adsorbed N719, N3, and Z-907 showing the presence of two sulphur states,
along with the influence of the relative mix in sulphur states as an effect from water,
and d) the Z-907 dye coadsorbed with different concentrations of DPA showing the
influence of the relative mix in sulphur states when DPA concentration reaches higher
values.

ences and the results showed that the largest Ru/Ti ratio was observed on the Z-907
sample, while it was about 10% smaller on the N3 sample, 20% smaller on the N719
sample, and 30% smaller on the BD sample.

5.2.2 Molecular orientations
The S2p core level hold information about the thiocyanate ligand in the investigated
Ru-based polypyridines. The S2p core level was investigated in the form of multilayer
in paper VI as well as adsorbed on to TiO2 surfaces in paper VI, VIII, and IX, and the
spectra are shown in figure 5.7.

The S2p spectra of multilayer of N719, N3, and BD are all de-convoluted using one
spin orbit split doublet, showing the presence of only one sulphur state in respective
dye powder. When adsorbed on TiO2 at least two spin-orbit split doublets are needed
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Figure 5.8: Two different binding configurations of N3 and N719 are shown to display
how one of the NCS groups may interact with the TiO2 surface: (left) shows a possible
binding configuration with chemically equal sulfur atoms and (right) shows a possible
binding configuration where one of the sulfur atoms interacts with the TiO2 surface.

to de-convolute the S2p spectra, showing that upon adsorption to the TiO2 surface
some of the dye molecules have a configuration with interacting thiocyanate ligands.

In the S2p spectra, the spin orbit split doublet located at lower binding energy is
referred to as S2pA and the spin orbit split doublet at higher binding energy is referred
to as S2pB. The ratio between the S2pA peak relative to the total S2p intensity was
rather similar for N719, BD, and Z-907 dyes. The surface adsorbed N3 dye had a
higher ratio compared to that of the other dyes, showing a more pronounced mix of
states for the adsorbed N3.

The origin of the S2pB state is not fully understood. Possible interactions between
the thiocyanate ligand and the TiO2 surface, as shown in figure 5.8, or adsorption
induced intermolecular interactions involving the thiocyanate ligands was suggested,
however other dye-dye interactions involving the sulphur atom could not be fully
excluded.

The intensity ratio between the N1s peaks were investigated in paper VI, VIII,
and IX. From the molecular structure, see figure 5.1, the intensity ratio between the
N1sbi−py and the N1sNCS peaks should be 2:1. The slightly higher ratios observed
may be explained by a larger damping of the N1sNCS compared to N1sbi−py, in line
with the surface orientation presented in figure 5.8. Specifically, the values for Z-907
(paper VIII) indicate that on average the NNCS atoms are located closer to the TiO2
surface compared to that of the N3 and N719 dyes.

5.2.3 Effect of coadsorbent and water on the molecular surface
structure
The influence of coadsorbent on the molecular surface structure was investigated
in paper IX. The sensitization was performed using the same concentration of dye
molecules (Z-907) but with varied concentration of the coadsorbent DPA, see molec-
ular structure in figure 5.1 and 4.7 respectively. In figure 5.9 the atomic percentage
of Ru and P obtained in paper IX are plotted versus the concentration of the DPA in
solution. It is observed that an increase of the DPA concentration in the dye solution
gives rise to an continuous decrease in Z-907 and increase in DPA atomic percent-
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Figure 5.9: Atomic percentage of Ru (•) and P (◦) on the dye-sensitized TiO2 sur-
faces plotted versus the concentration of DPA in the solution. The sum of the atomic
percentage of Ru and a sixth of the atomic percentage of P (+).

a b

TiO2 TiO2

Figure 5.10: Illustration of the sensitized TiO2 surfaces formed using a) only Z-907
and b) a relative Z-907/DPA concentration of 12:1 in the sensitization solution.

ages. Together with the minor change in the substrate signal this implies that the DPA
competes with the dye for adsorption sites on the TiO2 surface. Figure 5.9 also show
the sum of the Ru surface concentration and a sixth of the DPA surface concentra-
tion. This sum is almost constant, implying that each Z-907 molecules is replaced by
approximately six DPA molecules, as illustrated in figure 5.10.

In paper IX the influence of the coadsorbent DPA on the S2p states was investi-
gated, and the S2p spectra are displayed in figure 5.7. The intensity ratio between the
S2pB peak relative to the total S2p intensity was observed to be rather constant for
the samples with lower concentration of DPA, but that the relative amount of S2pB

increase for higher concentrations of DPA. It was therefore concluded that the DPA
molecule to some degree changed the environment of the dye molecules at the TiO2
surface. The coadsorbents in the dye sensitized interface have been suggested to dis-
perse the dye molecular layer and in this way minimize possible dye-dye interactions.
In the case of Z-907 and DPA the relative increase of the S2pB state suggest that the
amount of interactions involving the S atom in the dye at the TiO2 interface were
instead enhanced by the presence of DPA.

Photoelectrochemical characterization was used to demonstrate functional effect
from the method of water exposure. The results showed that the exposure to water
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Figure 5.11: The IV curves for a) N3, b) Z-907, and c) N719 samples, with and
without H2O. d) The IV curves for N719 with different percentage of H2O in the
dye solution.

Table 5.1: The Ru/Ti ratio presented for adsorbed BD, N719, N3, and Z-907 (ref),
adsorbed N719, N3, and Z-907 exposed to water (H2O), Z-907 mixed with different
concentrations of DPA (A-E). P/Ti, P/Ru intensity ratios for Z-907 mixed with dif-
ferent concentrations of DPA, along with the relative concentration of DPA/Z-907 in
solution.

Ru
Ti ref H2O
BD 5.8
N719 6.6 3.6
N3 7.2 1.1
Z-907 8.1 8.4

leads to a decrease in short-circuit current (Jsc) by over 20 % for the N3 and N719
based systems, and that the open circuit voltages (Voc) decrease for the N719 based
system while constant for the N3 based system, see figure 5.11. For Z-907 sensitized
electrodes the IV characteristics are very similar for the sample exposed to H2O and
the reference sample.

In paper VIII the influence of water on the surface coverage of N719, N3, and
Z-907 sensitized TiO2 interfaces was investigated. By comparing the intensity ratio
between the Ru3d5/2 molecular signal relative to the Ti2p3/2 substrate signal from the
PES measurements, see table 5.1, it was concluded that the amount of dye on the N3
and N719 samples clearly lowered when exposed to water. For N3 and N719 the Ru/Ti
ratio decreased by approximately 80% and 50% respectively. For the Z-907 samples
the Ru/Ti ratio showed a similar amount of adsorbed dye in both samples.

The mixing of S2p states, as described above, in N719 and N3 sensitized TiO2
surfaces were also shown to be influenced by the exposure to water, see figure 5.7.
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Figure 5.12: Schematic picture of the difference in adsorption configuration when a
N3 sensitized TiO2 surface is exposed to ethanol and water respectively.

The relative increase of the S2pB state was largest for the N719 dye suggesting that
the N719 dye in this respect was more sensitive to water compared to N3. The binding
energy difference between the two S2p states was the same for the samples exposed
to water and the reference samples, see figure 5.7, strongly indicating that the surface
do not hold a multitude of states but only involve two major configurations. Therefore
a link was suggested between the S2pB state observed in the reference samples and
the presence of water when using such an ex-situ preparation procedure.

From more bulk sensitive measurements of the S2p peak it was concluded that
the dye molecules do not decompose when exposed to water. In the more surface
sensitive measurements the total intensity of the sulphur peak in the N3 and N719
samples decreased with respect to the ruthenium peak when the samples were exposed
to water. Furthermore, in paper VIII it was also observed that exposing the samples
to water caused the Nbi−py/NNCS ratio to increase for N3 and N719, and from these
results a rearrangement of these dyes at the TiO2 surface when exposed to water was
proposed. In the model where the S2pB state is a result from an interaction between
the thiocyanate ligand and the TiO2 surface, the dominating adsorption configuration
of the adsorbed dye when exposed to different solvents (ethanol and water) may be
illustrated as in figure 5.12.
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6. Swedish Summary-Svensk
sammanfattning

I detta kapitel finns en kort, svensk sammanfattning av avhandlingen. Det innehåller
en beskrivning av den färgämnessensiterade solcellen, introduktion av fotoelektron-
spektroskopi, samt en kort summering av experiment och resultat som finns i artik-
larna.

6.1 Färgämnessensiterad solcell
Gemensamt för alla solceller är att de konverterar solljus till elektrisk energi. Tre
huvudkriterier måste vara uppfyllda för att denna konvertering ska kunna ske. Sol-
cellen måste kunna absorbera ljus, den måste kunna separera laddningar samt kunna
leda dessa laddningar till en extern krets. Dessutom, för att säkerställa en lång livstid,
så måste solcellen regenerera sig själv. Den aktiva delen i den färgämnessensiterade
solcellen består av tre olika huvudmaterial, ett färgämne, en halvledare och en elek-
trolyt/hålledare. Färgämnet, fotoaktiva molekyler, adsorberas på ytan av halvledaren
(ofta TiO2) och elektrolyten/hålledaren introduceras så att den kommer i kontakt med
färgämnet, see figur 6.1.

I- I3-

I-I3-

I3-

e-

e-

e-

e-

e-

e-

e-

Figure 6.1: A schematic picture of the dye sensitized solar cell.

I en fungerande färgämnessensiterad solcell absroberas solljuset av färgämnet
genom att exitera en elektron. Denna exitation följs av en snabb överföring av den
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exiterade elektronen till halvledaren. Efter elektronöverföringen finns ett överskott
av negativ laddning i halvledaren och av positiv ladding i färgämnet. I och med dessa
två processer så har solcellen uppfyllt de två första kriterierna, ljusabsorbtion och
laddingsseparation. Denna process sker simultant i många färgämnen i solcellen
och de elektroner som överförts till halvledaren transporteras genom halvledaren
och vidare ut till den externa kretsen. Elektroner kommer samtidigt tillbaka in
i solcellen genom motelektroden och vidare till elektrolyten/hålledarmaterialet.
Det positivt laddaddde färgämnet reduceras sedan genom elektronöverföring från
elektrolyten/hålledarmaterialet, och solcellen har därmed regenererats.

Gränsskiktet mellan halvledare/färgämne/elektrolyt(hålledare) är nyckeln till en-
ergikonverteringen i den färgämnessensiterade solcellen. Ett monolager av färgämne
på en plan yta absorberar dock endast en bråkdel av det inkommande solljuset. För
att öka konverteringen av ljus till elektrisk energi per ytenhet hos solcellen så ökas
gränskiktets area genom att använda en nanoporös struktur på halvledarmaterialet.

Effektiviteten hos den färgämnessensiterade solcellen är beroende av karaktären
hos de material och kombinationen av material som finns i gränskiktet. Syftet med
avhandlingen är att på molekylär nivå studera det fotoaktiva gränsskiktet mellan
färgämne och halvledare, både vad gäller komposition, molekylära adsorbtions
geometrier samt energimatchning.

6.2 Fotoelektronspektroskopi
Fotoelektronspektroskopi är en ytkänslig karaktäriseringsmetod som lämpar sig väl
för att studera det fotoaktiva gränskskiktet i den färgämnesbaserade solcellen. I fo-
toelektronspektroskopi belyser man prover med ljus som har en betydligt högre en-
ergi än solljuset. Detta leder till att elektroner (fotoelektroner) emitteras från provet,
see schematisk bild i figur 6.2. Med hjälp av en elektronanalysator mäter man upp
den kinetiska energin hos dessa fotoelektroner. Bindingsenergin som dessa fotoelek-
troner hade i materialet kan sedan beräknas med hjälp av att jämföra ljusets energi
och elektronens kinetiska energi.

Core Level PES Valence Level PES

Figure 6.2: Illustration av processen i fotoelektronspektroskopi.
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Bindningsenergierna skiljer sig väldigt mycket åt beroende på vilket grundämne
som studeras, och därför kan man också med hjälp av PES identifiera de olika
grundämnen som finns i proverna. Därutöver så finns små skillnader i bindnings
energi beroende på vilken omgivning som atomerna befinner sig i. Dessa variationer
i bindningsenergi kallas för kemiska shift.

Emiterade elektroner som färdas genom ett material kan växelverka med materialet
och på så sätt spridas. Det är den kinetiska energin hos fotoelektronen och karaktären
på materialet som bestämmer sannolikheten för att elektronen sprids, dvs medeldis-
tansen som elektroner färdas innan de sprids. Majoriteten av de fotoelektroner som
kommer ut ur materialet med hög kinetisk energi kommer från de yttersta atomlagr-
erna.

6.3 Experiment och Resultat
I denna avhandling har fotoelektronspektroskopi använts för att i detalj studera
färgämnen och gränsskiktet mellan färgämne och halvledare (TiO2). Två grupper
av färgämnen, organsiska färgämnen (see figur 4.1) och rutenium färgämnen (see
figur 5.1), har studerats i artiklarna I-V respektive artiklarna VI-IX.

Den elektroniska och molekulära ytstrukturen hos gränsskiktet karaktäriserades
för olika färgämnen. Resultaten visade på hur specifika förändringar i den kemiska
strukturen hos färgämnet ändrade ytans egenskaper. Egenskaper som studerades var
bl.a. färgämnets adsorptiongeometri, ytkoncentration, elektroniska växelverkningar
och energi matchning mellan färgämne och TiO2. Genom att jämföra färgämnet i
gränskskiktet med multilager av färgämnet visades också hur adsorptionen påverkade
den elektroniska strukturen hos färgämnet.

Undersökningar gjordes också av effekten på den infärgade ytans egenskaper från
ytterligare parametrar, tex inkluderande av coadsorbents (icke fotoaktiva molekyler
adsorberade tillsammans med färgämnes molekyler) i gränsskiktet och användande
av olika lösningsmedel i infärgningsprocessen. Fotoelektrokemisk karaktärisering an-
vändes för att demonstrera egenskaper kopplade till förändringar i gränsskiktet.
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