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Abstract 

In dye-sensitized solar cells (DSSCs) photo-generated positive charges are normally considered to be 
carried away from the dyes by a separate phase of hole transporting material (HTM). We show that 
there can also be significant transport within the dye monolayer itself before the hole reaches the 
HTM.  We quantify the fraction of dye regeneration in solid state DSSCs that can be attributed to this 
process. By using cyclic voltammetry and transient anisotropy spectroscopy we demonstrate that 
the rate of inter-dye hole transport is prevented both on micrometer and nanometer length scales 
by reducing the dye loading on the TiO2 surface. The dye regeneration yield is quantified for films 
with high and low dye loadings (with and without hole percolation in the dye monolayer) infiltrated 
with varying levels of HTM. Inter-dye hole transport can account for >50% of the overall dye 
regeneration with low HTM pore filling. This is reduced to about 5% when the infiltration of the HTM 
in the pores is optimized in 2μm thick films. Finally, we use hole transport in the dye monolayer to 
characterize the spatial distribution of the HTM phase in the pores of the dyed mesoporous TiO2. 

Introduction 

The dye sensitized solar cell (DSSC) is an alternative solar energy conversion technology based on 
low cost, low toxicity materials in the early stages of comercialization.1 Liquid junction DSSCs include 
dye absorbers sensitizing a nanoparticulate film of titanium dioxide which is then infiltrated with a 
liquid solvent containing a redox couple. Under operating conditions, light is absorbed by the dye 
molecules on the surface of the TiO2. Photoexcited electrons are then injected into and transported 
through the TiO2 scaffold, while the redox couple is used to transfer the holes from the dyes to the 
counter electrode of the cell.2 Among many factors, the attraction to DSSCs is due to their wide 
selection of sensitization colors and potential for building integration. However, commercialization 
of the technology has faced some important issues. Above all, the use of a liquid electrolyte raises 
limitations on the manufacturing options to provide good sealing of the cell. To overcome this issue, 
the solid state DSSC concept has been presented, where the liquid electrolyte is replaced by a solid 
state hole transporting material, typically an organic semiconductor deposited from solution on top 
of the mesostructure.3 In this architecture, the photogenerated holes remaining on the dye 
molecules following electron injection into the TiO2 are transferred to the hole transporting material 
(HTM). This process is referred to as regeneration of the photo-oxidized dye. High regeneration yield 
is required in order to achieve good charge collection efficiency. For this reason, full coverage of the 
dye monolayer by the HTM is desirable.  

Solution processing of the HTM on the mesostructure of TiO2 generally results in limited pore filling 
(pore filling is defined as the pore volume fraction occupied by the HTM). As examples, values up to 
about 85% have been reported from reflectance measurements for 2.6 μm thick optimized devices 
in which the indolene dye D102 was used as the sensitizer and 2,2',7,7'-Tetrakis(N,N -di-p -
methoxyphenylamino)-9,9'- spirobifluorene (spiro OMeTAD) as HTM.4 However, the relevant figure 
of merit in regard to dye regeneration is pore coverage, which we define as the fraction of dyed TiO2 
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surface which is in contact with the HTM phase. This parameter has been qualitatively discussed but, 
to date, it has not been quantified. From electrochemical studies of TiO2 mesostructures sensitized 
with the dye D131 and infiltrated with the hole conductors spiro OMeTAD and P3HT we have shown 
that, when pore filling is increased, surface coverage also increases.[Unpublished data] However, 
this study suggested that, for 1.8 μm thick devices under optimized pore filling conditions, surface 
coverage does not reach 100%. This observation implies that, in commonly fabricated solid state 
DSSCs, a fraction of the dyes are not in contact with the HTM phase. Therefore, under operating 
conditions, a significant fraction of holes are potentially trapped on dye molecules resulting in higher 
recombination and suboptimal charge collection efficiency.  

Photoinduced absorption (PIA) and transient absorption spectroscopy (TAS) have been used by 
research groups to investigate and quantify the regeneration performance of solid state DSSCs.5,6,7,8,9 
Some of these studies have shown that, under optimized conditions and for different dyes and 
thickness of the TiO2 layer, the dye regeneration yield of the device ranges between 0.9 and 1. This 
result suggests that either almost complete coverage of the dyed surface is achievable or transfer of 
holes between the dye molecules enables improved charge collection from dyes that are uncovered 
by the HTM.  

Hole transport occurring between dyes anchored to nanocrystals in an inert electrolyte has been 
suggested and demonstrated. Electrochemical and spectroelectrochemical measurements of dye 
sensitized semiconducting and insulating mesostructures have shown diffusion of charges through 
the monolayer of dyes corresponding to apparent diffusion coefficients between 10-10 and 10-7 cm2 s-

1.10,11,12,13,14  Hole diffusion can also be assessed by resolving the loss in optical absorption 
polarization in time of a population of holes generated with a polarized optical excitation pulse. This 
technique assumes that the absorption anisotropy of initially photogenerated holes is lost as the 
holes hop to neighboring molecules with differing orientations. Ardo and Meyer applied anisotropy 
spectroscopy to dyed mesoporous films and demonstrated the ability to monitor the process of 
charge diffusion at the nanoscale.15 We have recently demonstrated that hole transport between 
dyes allows working DSSCs with no electrolyte and no hole transporting material.16 Some studies 
have already argued that hole transport between dyes could happen in solid state devices and plays 
a role towards improved dye regeneration.17,8,18,19,20,9 However, to our knowledge, no experimental 
evidence for this has been reported to date. 

In this work, we use transient absorption and transient anisotropy spectroscopy to investigate solar 
cell structures where both dye coverage and pore filling by the HTM are varied (see figure 1). Thus 
two different concepts of coverage are considered: dye loading or coverage (fraction of the TiO2 
surface coated in dye molecules relative to complete coverage) and HTM coverage (the fraction of 
the sensitized TiO2 surface coated by the HTM). We therefore address the following questions: is 
hole transport between dye molecules anchored to the nanocrystalline surface of TiO2 occurring in 
solid state DSSCs? If so, does this phenomenon lead to an improvement in power conversion 
efficiency of the device? Furthermore, is the collection efficiency of current solid state devices still 
limited by poor surface coverage by the HTM?  Would the design of dye molecules showing faster 
hole transport further improve the performance of this class of solar cells? 
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Figure 1. Solar cell structures investigated in this study: mesoporous films of TiO2 have been 
sensitized with dye solution containing an inert, colorless coadsorbent in order to obtain 
different dye loading conditions. The dyed film was then infiltrated with a hole transporting 
material (HTM). This was done via spin coating of solutions containing different 
concentrations of the HTM in order to control the pore filling. 

Method 

The sample fabrication procedure, the experimental details on dye loading quantification, 
electrochemical measurements and calculation of the pore filling fraction can be found in section 1 
of the Supporting Information.  

Transient absorption measurements: transient spectroscopy was carried out with an extension of the 
setup described in reference 21.  A Nd:YAG pumped OPO (Opotek Opolette 355) was used as pump 
with wavelength 450 nm for D131 samples. The repetition rate was 10 Hz for the study of 
regeneration in solid state DSSCs and 20Hz for percolation experiments. Fluence was kept between 6 
and 10 μJ cm-2. Samples were placed perpendicularly to the pump beam, which was directed from 
the laser output through a beam-guide, and slightly offset (about 30ᵒ) with respect to the main 
optical axis defined by the probe beam. A 100W quartz halogen lamp (Bentham IL1) driven by 
constant current power supply (Bentham 605) was used as probe light source in the system. Neutral 
density and long pass filters were used to attenuate the intensity of the probe and to limit its 
spectral range to wavelengths above the absorption window of the dye. After the sample, the probe 
beam was passed through a monochromator where the probe wavelength was selected before 
reaching an infrared detector. The electrical signal from the detector was amplified via a Costronics 
preamplifier and amplifier and recorded with an oscilloscope (Tektronix TDS 1012). The amplifier 
also measured the background level which was used to calculate the variation in optical density 
upon laser excitation, ΔOD, using the formula ΔOD(t) = -log10(1 + V(t)/VBG) ≈ - V(t)/(VBG × 2.3) where 
V(t) is the transient signal and VBG the background level. In some cases, recombination of charges 
generated by a laser pulse in the sample under study was not complete before the next pulse. This 
implies that a background concentration of charges was present in some of the measurements. The 
presence of a background concentration of holes during the experiment will increase their rate of 
recombination with the electrons in the TiO2. Our analysis of hole transfer between dyes and 
between dye and HTM phases shows that no significant recombination occurs in the 1μs - 100 μs 
timescale for all samples. This implies that the presence of the background charge concentration 
does not influence the values of regeneration yield (ηreg) calculated in our analysis (ηreg is evaluated 
within 2 μs <t< 40 μs, see eq. 3 below). We also note that the experiment was carried out in the 
absence of a bias light and so will not give an accurate description of the regeneration yield at 1 sun. 
However, since regeneration occurs predominantly at time scales faster than 1 μs and at 1 sun 
electron-oxidized dye recombination occurs on timescales > 1 μs (see figure 4 in reference 16), we 
expect the trend we present to reflect the behavior of devices even under working conditions. Table 
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1 shows the values of the extinction coefficients used in this study. 1000 and 1500 nm were used as 
probe wavelengths. The absorption of electrons in the conduction band of the TiO2 was neglected in 
all cases (their extinction coefficient in this wavelength range is expected to be lower than 1500 M-1 
cm-1 22,23).  

 

Table 1. List of the values of extinction coefficient in M-1 cm-1 used in this study for D131 and spiro 
OMeTAD cations.  

Probe wavelength D131 cation Spiro OMeTAD cation 

1000 nm 20573 [a] 3000 [c] 

1500 nm 0 (<1500 [b]) 30000 [c] 
The letter in square brackets refers to the method used to extract the value according to the following legend: 
[a] taken from spectroelectrochemistry measurements in 0.1 TBAP acetonitrile (see section 2 in the supporting 
information); [b] this value has been calculated by comparing the ΔOD measured at the relevant wavelength 
and at 1000 nm for dye sensitized films in air, given the value of the extinction coefficient measured at 1000 
nm in 0.1 TBAP acetonitrile using method [a]; [c] taken from reference 24. 

Transient absorption data have been processed by assigning the observed signals to the contribution 
from holes on the dyes or in the spiro OMeTAD phase. We define the hole density per unit 

geometric area in species i as 
d

ii dztzptp
0

),()( (cm-2) where z corresponds to the axis 

perpendicular to the plane (z = 0) defined by the sample’s substrate, d is the thickness of the film in 
cm and pi(z,t) is the hole density per unit volume along the thickness of the film (cm-3). For D131 
sensitized samples, ΔOD measured at 1000 and 1500 nm can be expressed as a function of pD131(t) 
and pspiro(t) by using the following model: 
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In equation 1, εi,λ is the extinction coefficient of species i at wavelength λ in M-1 cm-1. From the time 
evolution of pD131(t) and pspiro(t) we calculate a time dependent dye regeneration yield as: 
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  . Eq. 2 

For all samples, the decay of the signals due to recombination of holes on the dyes or in the spiro 
OMeTAD were negligible up to few tens of microseconds. This model neglects any recombination 
happening at this or earlier timescales. 

Dye regeneration yields were calculated by taking the average of ΔOD1000nm(t) and of ΔOD1500nm(t) 
between 2 and 40 μs: 2 μs  is a conservative estimate of the rise time of the signal amplification 
electronics used for this measurement; the total concentration of holes in the film up to 40 μs was 
approximately constant for all samples (see figure 3a-d). These averaged values were used in 
equation 1 to find the averaged hole densities <pD131>2-40μs and <pspiro>2-40μs. An estimate of the 
regeneration yield in the microsecond timescale was then calculated as: 
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Measurements of regeneration in solid state DSSCs were carried out within 8 hours after spin 
coating of the spiro OMeTAD. 

For transient absorption anisotropy measurements, a similar setup to the one described above was 
used. The sample was placed at 45ᵒ with respect to the probe beam. The pump beam was passed 
through a Glan-Thompson polarizer (GTH10M-A from Thorlabs) before hitting the sample. The 
polarization of the pump was kept vertical with respect to the plane of the optical table and it was 
pointed towards the sample perpendicularly to the probe beam. A second polarizer (LPVIS050 from 
Thorlabs) was mounted before the monochromator to probe the vertical or horizontal polarization 
(parallel or perpendicular to the pump beam’s polarization) of the transient optical signal 
transmitted through the sample or to measure the transient signal at the Magic angle. ΔOD was 
calculated as above for all conditions. The transient anisotropy r(t) was calculated from the 
measurements under vertical and horizontal polarization of the probe beam (ΔODV(t) and ΔODH(t)) 
as:25 
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   Eq. 4 

For all the anisotropy measurements shown in this work, ΔODV has been calculated as the average of 
a measurement taken before the measurement of ΔODH and one taken after, to approximately 
compensate for any degradation of the film. The ratio of the amplitudes for the two ΔODV 

measurements was >0.9 for most measurements. For the percolation experiment, samples 
measured in air (20ᵒC, 45% RH) were measured after being taken out of an acetonitrile solution 
where they had been stored in the dark for less than 5 hours after dyeing.   

Results and discussion 

Study of hole percolation at different scales 

In this section we show that a hole percolation threshold is observed, both at the film thickness (μm) 
scale, and at the particle (10 nm) scale when the concentration of dyes on the TiO2 surface is 
decreased. We also observe that hole diffusion is considerably faster in the presence of a solvent 
than in air. We demonstrate these effects using the indoline dye D131 since it is known to show hole 
hopping when anchored to TiO2

13,19 and it is widely used in solid-state DSSCs showing among the 
highest IPCE peak values for this class of devices.26 Also the absorption spectrum of the dye’s 
oxidized state allows clear distinction from holes in spiro OMeTAD, the most widely used HTM in 
solid state DSSCs to date (see section 1 of the supporting information). 

Attaining uniform dye loading is crucial for a meaningful investigation of percolation in the 
monolayer. For the case of films dyed with D131 only, sufficiently long dyeing time is needed to 
guarantee full coverage throughout the depth of the film, as also discussed in reference 27. When the 
inert coadsorbent chenodeoxycholic acid (DCA) was included in the dye solution to obtain lower dye 
loading, we observe slow uptake kinetics of D131 on the surface due to the presence of the DCA. We 
also observe that dyeing of the bottom of the film occurs more quickly with DCA so that uniformity 
can be achieved with shorter dyeing times than without DCA as we show and discuss in section 3 of 
the supporting information.   

Cyclic voltammetry of dye sensitized TiO2 films showed a strong dependence on the dye loading. 
When decreasing the dye surface coverage of the TiO2 film, the measured cyclic voltammogram 
showed a significant drop in the magnitude of the current density peak for similar scan rate 
conditions (Figure 2a). We evaluated the holes’ apparent diffusion coefficient relative to each 
measurement by fitting a diffusion model which includes the effect of series resistance. The model 
used to analyse the data has been described in reference 19. The values of the apparent diffusion 



6 
 

coefficient for D131 sensitized films are shown in Figure 2b as a function of fractional dye coverage. 
We note that for dye loading below ~30%, the value of the integrated current of the first cyclic 
voltammogram peak suggests that the number of dyes being oxidized is in the same order of 
magnitude as what is expected from an oxidation experiment for a monolayer of dyes (~1 dye per 
nm2). This implies that the use of the term diffusion coefficient is no longer meaningful at low dye 
loading (below percolation). A percolation threshold is observed at dye loadings corresponding to 
about 40 to 60% of the maximum value of surface coverage measured in the experiment. The trend 
is consistent with previous reports on hole or electron diffusion on the surface of nanocrystals 
measured with electrochemistry.11,12,28  

 

 

Figure 2. Analysis of hole percolation on D131 sensitized mesoporous TiO2 using cyclic voltammetry 
and transient absorption anisotropy. (a) Cyclic voltammograms of D131:DCA sensitized 
mesoporous TiO2 films on FTO glass measured at 0.2 V s-1 scan rate in 0.1M 
TBAP:acetonitrile, where j is the current density. (b) Apparent diffusion coefficient (Dapp) 
plotted versus surface coverage, calculated as the dye loading of the sample divided by the 
maximum dye loading recorded for the experiment. (c, d) Transient anisotropy, r(t), 
measurements of D131:DCA sensitized TiO2 films immersed in 0.1M TBAP:acetonitrile (c) 
and in air (d). The samples were excited with polarized laser pulses at 450 nm (repetition 
rate 20 Hz). 

Monitoring the changes in polarization of holes photogenerated via polarized laser pulses can also 
give insight into the diffusion of the charges within a dye monolayer. This information can be 
expressed by measuring the dye cation absorption anisotropy as described in the method section. 
Figure 2c-2d shows transient anisotropy measurements for D131:DCA sensitized TiO2 films either in 
0.1M TBAP dissolved in acetonitrile or in air. Loss in anisotropy occurred within tens of μs for 
samples with complete coverage immersed in 0.1M TBAP:acetonitrile. On the other hand, samples 
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where the coverage was below 30% showed a constant value of anisotropy up to about 100 μs and a 
decay at longer timescale. The decay referred to the dye cation absorption showed a slowdown 
when dye loading was decreased. This finding is consistent with the study reported by Ogawa et al. 
where the addition of DCA resulted in longer lived photogenerated holes.29 Data are shown in 
section 4 of the supporting information. 

Analogous measurements for D131:DCA sensitized TiO2 films with no supporting electrolyte showed 
much slower anisotropy decays. The samples with full dye coverage showed finite values of 
anisotropy up to milliseconds. Moreover, decay in anisotropy was much slower in samples with a 
low dye coverage (see figure 2d). 

In order to interpret this set of data, we need to consider some details of the system under study 
and of the technique used. The measurement of a finite anisotropy in the absorption of the dye 
cation is due to the fact that the photo-oxidized dye preserves information on the original 
polarization of the excitation. More precisely, when the sample is pumped with polarized light the 
population of excited dyes is selected on the basis of their transition dipole moment orientation 
relative to the pump polarization. Upon electron injection from the dye to the TiO2 scaffold, the 
orientation of the transition dipole moment for the dye cation’s absorption becomes the relevant 
physical property for the transient absorption anisotropy measurement. The orientation of the 
dipole moment of the ground state absorption at the pump excitation wavelength and the 
orientation of the dye cation dipole moment at the probe beam wavelength are in general different. 
The relative orientation of the two vectors defines the value of anisotropy measured at early 
timescales (after electron injection, and structural relaxation of the dye). 

A number of different factors could cause the loss in anisotropy for the cation’s absorption signal 
shown in figure 2c-2d. Based on arguments listed below, we conclude that hole transfer between 
dyes on the surface of the TiO2 (i) is likely to be the dominant mechanism for anisotropy decay in our 
observations.  

(i) Hole transfer to other dyes with different dipole moment orientation. Hole diffusion 
in the monolayer of dyes on a facet of the TiO2 could result in loss of anisotropy. The 
extent to which this happens depends on the degree of disorder of the collection of 
dyes. In particular, it depends on the orientation of the probed transition dipole 
moment of the cation and its relation to the geometric configuration of the dyes on 
the surface. The electrochemical measurements of charge percolation in figure 2a 
indicate that holes can hop across the edges of the crystals’ surface and junctions 
between particles. This is because the total charge injected in the dyed film during 
the cyclic voltammetry measurement corresponds to the oxidation of more dyes 
than are expected on the TiO2 particles in contact with the FTO. When the individual 
hole hops across facets, an abrupt variation in its dipole alignment is expected which 
contributes to the anisotropy decay. Therefore, even if each facet of the nanocrystal 
were covered by dyes arranged such that the orientation of the relevant dipole 
moment is conserved, loss in anisotropy would be expected due to hole transfer 
between different facets of the nanocrystal. 
 

(ii) Fluctuation in the dyes’ conformation. We have proposed that the movement of dye 
molecules on the surface of the TiO2 could explain the high apparent diffusion 
coefficient observed for the indolene dyes D102 and D149 from electrochemical 
measurements.30 We note that the percolation behavior that we observed could be 
justified by this phenomenon if the movement of D131 could be inhibited by the 
presence of the coadsorbent DCA. However, we also note that the transient 
anisotropy would be very unlikely to reach a value of 0 (as we observe in figure 2c-
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2d) solely due to fluctuation of dyes’ conformation, as the chemical bond to the TiO2 
surface and the presence of the surrounding dyes constrain the set of possible 
geometrical conformations of the dye on which a hole resides. 
 

(iii) Desorption of the dyes upon photo-oxidation. This is unlikely to be a dominant 
process unless the desorption were inhibited by the presence of the DCA 
coadsorbents. We see no obvious reason why DCA should hinder D131 desorption 
on the scale required to explain the observations.  

 

(iv) Other chemical reactions involving the photo-oxidized dyes could also result in 
transient anisotropy decay. This explanation is not consistent with the measurement 
of long lived signals for the transient absorption of the samples (see figure S6 in the 
supporting information). 

We therefore interpret the features of the transient anisotropy decays of figure 2c and 2d 
predominantly as a measure of hole transfer between dyes that operates only above the dye loading 
percolation threshold. Below the percolation threshold, holes are unlikely to reach a different facet 
from the one where they were generated within the time scale of the measurement since no 
complete decay in anisotropy is observed. From the increased anisotropy decay time for high dye 
loading samples in figure 2d relative to 2c we conclude that diffusion of holes appears around 100× 
slower in air than in the presence of electrolyte. This observation could be explained considering the 
absence of a polar environment able to screen the dyes from each other. This may result in more 
distorted configurations of, and poorer coupling to, neighboring dyes in the presence of a dye cation. 
The presence of a polar electrolyte might also allow articulation of the dyes on the surface, enabling 
shuttling of charges between dyes.30 

Dye regeneration by the HTM in solid state DSSCs as a function of pore filling and dye loading 

TiO2 nanocrystalline films sensitized with D131:DCA infiltrated with spiro OMeTAD and the additives 
LiTFSI and tBP were measured via transient absorption spectroscopy. Figures 3a - 3d show the 
concentration of holes on D131 dyes and in spiro OMeTAD as a function of time within the μs to 100 
μs time scale for a set of devices. These quantities were obtained from the analysis of TAS data 
measured at 1000 and 1500 nm (the raw data are shown in section 5 of the supporting information) 
using the technique described in the method section (equation 1). High and low pore filling cases are 
considered for both full and below 50% D131 coverage. In figure 3a - 3d we also show (right axes) 
the time dependent regeneration yield calculated using equation 2. 

From these graphs we can draw the following observations. Low pore filling results in a significant 
fraction of holes being left on the dyes at the earliest timescale resolved (~1.5 μs). For the device 
with full D131 coverage, the regeneration yield at 1.5 μs is higher than for the device with low D131 
coverage (0.5 against 0.3). Moreover, for the first sample, we also observe an increase in the hole 
density in the spiro OMeTAD corresponding to about 20% increase in regeneration yield during the 1 
to 100 μs timespan. The final value is higher than the low dye loading case by a factor of more than 
2. The low D131 coverage device did not show any increase in the regeneration yield within the 
measured time window. Samples fabricated with high pore filling showed very high regeneration 
yield. For the high dye loading case ηreg = 1 (within the error) throughout the timescale of the 
measurement. However the low dye loading, high pore filling film showed a constant value of ηreg = 
0.95. This suggests that for the low dye loading case, even under optimized pore filling conditions, a 
fraction of holes are left on dye molecules and are not able to reach the HTM. This was not the case 
when holes were able to percolate on the surface of the TiO2 in the sample with high dye loading 
and high pore filling. Indeed, our observations suggest that for the latter case either direct or hole 
percolation assisted regeneration occurs for all the photo-excited dyes that injected an electron in 
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the TiO2. We stress that we neglect any recombination processes that occur at timescales faster than 
our system resolution (~1 μs) in this analysis. This would decrease the absolute value of the 
regeneration yield but would not change the observed trends. 

 

  

Figure 3. (a-d) Analysis of the kinetics for holes on D131 dyes and on spiro OMeTAD obtained by 
inverting the linear problem expressed in equation 1 for transient absorption measurements 
at 1000 and 1500 nm. The left axis displays the hole density dynamics in the dye layer (pD131) 
and the HTM (pspiro) in the different devices upon laser excitation, whereas the right axis 
gives an estimate of the time dependent regeneration efficiency (ηreg(t)) of the devices as a 
function of time (see equation 2). The calculated pore filling fraction and dye loading for the 
devices were respectively: (a) 3.4%, 88%; (b) 81%, 87%; (c) 3.4%, 35%, (d) 81%, 39%. The 
methods to evaluate the pore filling and the dye loading are described in section 1 of the 
supporting information. (e,f) Transient anisotropy, r(t), of the oxidized dye signal, pD131, for 
the 4 devices analysed in the top 4 figures. Note that the timescale in figure 3f is different 
from the one used in the other graphs.  
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To further confirm these findings, transient anisotropy spectroscopy was applied to the same 
samples. The anisotropy signal related to the holes on the dyes (pD131) was extracted from anisotropy 
measurements at 1000 nm and by subtracting the spiro OMeTAD contribution at 1000 nm calculated 
from the signals at 1500 nm. This operation was carried out under the assumption that the 
absorption tail of the spiro OMeTAD cation at 1000 nm refers to the same dipole moment as the 
absorption at 1500 nm. In figure 3e and 3f we show the transient anisotropy signal assigned to pD131 
for the same 4 devices as shown in figure 3a –3d. 

From figure 3e, we can detect a drop in anisotropy for the high coverage device, whereas no 
significant variation can be noted for the low coverage case. Thus for samples with dye loading 
greater than 50% we observe a simultaneous increase in regeneration yield and drop in anisotropy 
for the signal related to holes on D131 dyes. This corroborates the hypothesis that hole transport 
between dyes provides a route for the regeneration of dyes that are not in direct contact with the 
HTM. The hypothesis is also consistent with the observation that, when low dye loading is 
considered, both the regeneration yield and the anisotropy profile related to the dye cations 
population remain constant between 1 and 100 μs. Figure 3f on the other hand gives an interesting 
insight into the regeneration performance when pore filling is optimized. When the dye loading of 
the device is low so that percolation of holes through the dyes is prevented, a finite and constant 
anisotropy signal is detected for pD131 up to the 10 ms timescale. This is consistent with a finite 
fraction of photo-generated holes not being transferred to the HTM from the dye monolayer. On the 
other hand, no clear anisotropy signal for pD131 could be resolved for the device fabricated with high 
dye loading. This is consistent with the negligible density of holes remaining on the D131 dyes after 1 
μs. 

         

Figure 4. Regeneration efficiency calculated from transient absorption measurements using 
equation 3 on D131:DCA sensitized TiO2 films infiltrated with spiro OMeTAD as HTM as a 
function of pore filling. The experiment has been carried out for three different dye solution 
compositions to vary the dye coverage. 

Transient absorption spectroscopy was carried out on devices fabricated with gradually increasing 
pore filling fraction and for three different dye solution compositions. The D131:DCA ratios of 1:0, 
1:5 and 1:100 were chosen in order to obtain two sets of devices with dye loading above 50% D131 
coverage, one with and one without inert coadsorbent, and one with less than 50% D131 coverage. 
Figure 4 shows the resulting trends of regeneration efficiency (calculated as shown in equation 3) as 
a function of pore filling for the different dye loading conditions. 
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The graph shows very clearly that regeneration of the dyes in the architectures investigated here 
depends significantly on the pore filling of the HTM in the pores of the TiO2 but also on the dye 
monolayer composition. The trend suggests that dye regeneration monotonically improves with dye 
loading. The difference in regeneration yield between the three sets of samples is very evident at 
low pore filling levels, while it becomes comparable to the experimental error for the high pore 
filling cases considered. We note that while aggregation of dyes may be beneficial for hole transport 
in the monolayer, it is generally assumed to reduce the dye excited state lifetime. This can result in 
lower electron injection and overall photoconversion efficiency of the solar cell.31,32 

The resolution of the kinetics shown in figure 3 and the quantification of the regeneration yield 
displayed in figure 4 rely on the knowledge of the extinction coefficient of the oxidized dye and HTM 
at the probed wavelengths. The values of extinction coefficient used in this work were extracted 
from electrochemical measurements, in the presence of an electrolyte. We note that such values 
can vary when considering different environments. The relative trend which we discuss here 
between different samples should however remain valid. 

Devices fabricated without the additives LiTFSI and tBP show faster diffusion of holes in the dye 
monolayer and result in remarkably higher regeneration yield under low pore filling conditions (see 
section 6 of the supporting information). We note that the latter effect is observed for all dye 
loadings investigated here, including samples with dye surface coverage below 40%. When the 
concentration of additives is decreased for the high pore filling case, we observe that 100% 
regeneration yield can be obtained also for dye surface coverage below percolation. These results 
suggest that the presence of LiTFSI and/or tBP slowdown hole diffusion in the dye monolayer. This 
has a negative impact on regeneration. 

In section 7 of the supporting information we show the effect of varying the dye loading and the 
HTM pore filling on the short circuit current of full solid state DSSC devices using the dye D149. The 
results are consistent with hole transport between dyes contributing to the photocurrent generation 
under low HTM pore filling conditions.  

These results suggest that a significant fraction of the dyes contributing to light absorption in a solid 
state DSSC undergo “slow” (from μs up to hundreds of μs depending on the pore filling) 
regeneration. This implies that upon photoexcitation, such molecules can spend relatively long time 
in the oxidized state. This observation emphasizes the need for more investigation of molecular 
structures which show highly stable cationic state.33 

Hole diffusion as a probe of the surrounding environment: HTM film formation 

From the above discussion, we conclude that in a solid state DSSC device, a decrease in dye loading 
results in decreased regeneration yield. The results also suggest that this trend is related to the 
ability of holes to diffuse within the dye monolayer. If one assumes that when the dye loading is 
below the percolation threshold, hole transfer between dyes at the nanoscale is negligible (as 
indicated by the results in figure 2d), then the only dyes that can be regenerated are those that are 
in contact with the HTM. This implies that the regeneration yield in this architecture type would be a 
close estimate of the fraction of the dyed TiO2 surface covered by the HTM in the device. Above the 
dye percolation threshold, this concept should not be valid, given the contribution of hole transfer 
between dyes to the regeneration yield discussed in the previous sections.  

If we assume, based on observations outlined in section 8 in the supporting information, that the 
morphology of the HTM in the pores is not influenced by dye loading then we can use the results in 
figure 4 to infer information about the fraction of the dyed TiO2 surface covered by the HTM. Figure 
5a shows the regeneration yield data from figure 4 plotted versus the dyed TiO2 surface fraction 
covered by the HTM assuming that the latter is equal to the regeneration yield for the case of low 
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dye loading, ηreg,low loading. It is apparent that the relationship between the fraction of the dyed TiO2 
surface covered by HTM and regeneration yield for the systems where the dye loading is above the 
percolation threshold is not linear. 

 

 

 

Figure 5. (a) Regeneration efficiency (from figure 4) plotted as function of dyed TiO2 surface fraction 
covered by the HTM spiro OMeTAD. The latter is considered to be equal to the regeneration 
yield at low dye loading conditions (dashed line in figure 5a). (b) Component of regeneration 
yield that can be ascribed to hole diffusion in the dye monolayer for the high dye loading 
case. (c) This quantity can be approximated as the fraction of the dyed TiO2 surface 
corresponding to the area conformal to the perimeter of the HTM islands with thickness Lp 
shown in the schematic. Lp is an estimate of the distance covered by the holes in the dye 
monolayer within 40 μs from photogeneration (see section 9 in the supporting information). 
The solid line in figure 5b is the fit of the expression for this surface fraction (HTM perimeter 
× Lp) as a function of HTM coverage to the data. 

Given the above model, we calculate the regeneration yield due to hole diffusion between dyes 
(ηreg,holediff). This is the fraction of holes that reached the spiro OMeTAD phase through transport in 
the dye monolayer, always assuming that such phenomenon does not occur to a significant extent in 
the case of low coverage. Therefore: 

lowloadingregregholediffreg ,,      Eq. 5 
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where  ηreg is the total regeneration yield and ηreg,lowloading is the total regeneration yield for the low 
dye loading case. The trend in regeneration due to hole diffusion in the dye monolayer observed 
refers to the specific morphology of the “islands” of HTM in contact with the sensitized surface. 
Therefore, assuming a known hole transport regime in the dye monolayer one could extract 
information about the HTM film morphology or vice versa. We interpret ηreg,holediff as the fraction of 
the dyed surface which is uncovered by HTM and from which regeneration assisted by hole 
percolation is possible. We can approximate this area as the product of the HTM islands’ perimeter P 
and the distance travelled by the holes in the uncovered monolayer of dyes Lp as shown in figure 5c. 
Lp can be calculated as (D2D td)0.5 (where D2D is the holes diffusion coefficient on the surface of the 
TiO2 and td is the time during which the holes have diffused). P is a function of the dyed TiO2 surface 
covered by the HTM. In particular, for a constant density of, randomly distributed, simultaneous 
surface nucleation centers, an analytical solution to the problem has been demonstrated.34 The 
perimeter of HTM in contact with the dyed TiO2 per unit surface area P’ can be expressed as: 













C
NCCP

1

1
ln4)1()('     Eq. 6 

where C is the dyed TiO2 surface fraction covered by the HTM and N is the density of nucleation 
centres (cm-2). 

Figure 5b displays the plot of ηreg,holediff against dyed TiO2 surface coverage by the HTM for the set of 
samples with complete dye loading. The fit to the data corresponds to the expected trend of the 
product Lp × P’ assuming a constant density of randomly distributed nucleation centers on the 
surface for all the different spiro OMeTAD concentrations considered. The only fitting parameter 
used is the product Lp × N1/2 and is equal to 0.20. The value of Lp could in principle be estimated from 
measurements of anisotropy decay. We note that Lp is likely to vary due to different pore filling 
conditions and potentially with different amount of additives present on the surface.  A value in the 
order of 1.55 nm for Lp (see section 9 in the supporting information for this estimate) would result in 
a nucleation centre density value of 1.66×1012 cm-2. This corresponds to 1 nucleation center every 82 
nm2 which is in the same order of magnitude as the surface area of a TiO2 particle facet. The 
implication is that growth of the spiro OMeTAD film occurs starting from a nucleation point density 
that is comparable to the density of TiO2 particles’ facets. This would therefore imply that the 
morphology of the HTM in the pores is as coarse as the nano-morphology of the TiO2 scaffold, 
resulting in few but relatively large areas of dyed TiO2 being uncovered. Despite the good quality of 
the fit shown in figure 5b, a different nucleation growth behavior may be expected for different 
concentrations of the spiro OMeTAD solution. Also, this analysis assumes homogeneous hole 
transport properties in the dye monolayer. We note that the anisotropy decays in figure 2 show 
highly dispersive character which suggests that describing holes migration across the particle’s 
surface with a basic diffusion model is an oversimplification. Figure 5a shows that, for the high dye 
loading case, regeneration reaches values close to unity at a minimum surface coverage by the HTM 
of about 80 to 90%. We can conclude that this is consistent with two possible scenarios: a coarse 
distribution of HTM (on a pore to pore scale as described by the model above) and/or a dye 
monolayer showing high degree of disorder. Inhomogeneous coverage by the HTM (specifically, non-
uniform filling of the pores) would be expected if the ability of the HTM to infiltrate in the dyed 
mesostructure were a function of the pore size. Also, the presence of air bubble in the pores during 
the HTM spin coating process could lead to specific regions of the film not being filled by the HTM. 
SEM analysis of pore filling and HTM film morphology has previously been reported. 35,36,5 However, 
SEM is a surface analysis technique and has some limitations for inferring bulk properties (even in 
the cross sectional case, samples need to be cut or cleaved in order to expose an “internal” surface 
to the measurement). Given the relationship between hole percolation assisted regeneration and 
HTM morphology, our analysis represents a useful non-invasive, contact-less, technique to 
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investigate the interfacial properties in the bulk of solid state dye sensitized devices. We note that 
hole percolation on sensitized surfaces could be used as a “probe” to study the surrounding local 
environment in other systems. Finally, our analysis of holes diffusing in molecular monolayers and 
being transferred to the HTM is relevant to solar fuel devices. In these photo-electrochemical 
systems, intermolecular charge transfer between surface sensitizers can be used to funnel charges 
to catalysts to, for example, drive multi-electron reactions.15,37,38 

Conclusions 

We investigated the mechanism of dye regeneration in the photoconversion process of solid state 
DSSCs. We showed that the regeneration yield of devices using the dye D131 and the hole 
transporting material spiro OMeTAD increases with the pore filling of the dyed mesostructure by the 
HTM, consistently with previous reports for different dyes, but also increases with the dye surface 
coverage. Furthermore, we related the hole diffusion in the dye monolayer probed with different 
techniques to the dye loading and present a multiscale description of the percolation process. This 
resulted in the deconvolution of the contribution of dyes which are left uncovered from the one of 
dyes in contact with the HTM phase to the measured regeneration yield of the solar cell. Our 
analysis demonstrated the role of inter-dye hole transport to be an important part of the working 
principle of this class of devices. Developing new strategies to characterize charge diffusion in 
molecular monolayers can lead to a deeper understanding of devices including sensitized oxide 
nanostructures. In this study, we showed the example of using holes on dyes to explore the 
nanomorphology of the environment resulting from the solution processing of the HTM in the dyed 
TiO2 mesostructure.     
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