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  1   .  Introduction 

 Dye-sensitized solar cells (DSCs) are promising photovoltaic 
devices for solar energy conversion in the current quest for 

sustainable sources of electrical energy. 
Since their invention in 1991, [  1  ]  the power 
conversion effi ciency of liquid-electrolyte 
based solar cells has increased steadily 
mainly due to design of dye molecules 
and redox partners with current record 
effi ciencies now up to 12.3%. [  2  ]  Although 
the record solar cells use a less corrosive 
cobalt-based liquid electrolyte instead of 
the common iodide-iodine redox couple, 
the use of a liquid electrolyte to achieve 
hole transport limits their employment 
in large-scale industrial production. Many 
research groups currently try to replace 
the liquid electrolyte by a solid-state hole 
transporter, however, effi ciencies still lag 
behind the liquid-electrolyte analogues 
for reasons not yet entirely understood. 
Several approaches have been pursued 
including inorganic, [  3  ]  polymer-based [  4  ]  
and organic small molecule hole trans-
port materials. Effi ciencies as high as 
7.2% have been reported for the latter, [  5  ]  
employing 2,2′,7,7′-tetrakis(N,N-di-p-

methoxyphenylamine)-9,9′-spirobifl uorene (spiro-MeOTAD) [  6  ]  
as the solid-state hole transport material. The mesoporous 
TiO 2  layer must be thinner in solid-state DSCs (i.e., only a few 
micrometers thick) than in liquid-electrolyte cells [  7  ]  and thus 
it is very important to use dyes with strong absorption and 
high surface coverage leading to maximized harvesting of the 
incident solar light. In this respect organic dyes are excellent 
candidates [  5  ]  due to their high molar extinction coeffi cients. In 
particular perylene monoimides, which have excellent photo 
and thermal stability and are often used as color pigments, [  8  ]  
have attracted signifi cant attention as sensitizers in dye-sensi-
tized solar cells, as electron transporters in bulk heterojunction 
solar cells, [  9  ]  and also as high mobility charge transport mate-
rials in organic fi eld-effect transistors. [  10  ]  High effi ciencies in 
solid-state DSCs have already been achieved by using perylene 
imide derivatives of a donor-spacer-acceptor type structure. [  11  ]  
However, there are currently only very few studies addressing 
the mechanism of charge generation in solid-state organic 
(metal-free) dye-sensitized solar cells in general and in per-
ylene-based dye-sensitized cells in particular. [  12–14  ]  We note that 
recent results achieved using inorganic perovskite coatings as 
a sensitizer/hole-transport material have achieved very impres-
sive power conversion effi ciencies exceeding 10%. [  3,15,16  ]  

     The mechanism of charge generation in solid-state dye-sensitized solar cells 
using triarylamine-substituted perylene monoimide dyes is studied by vis-NIR 
broadband pump-probe transient absorption spectroscopy. The experiments 
demonstrate that photoinduced electron injection into the TiO 2  can only occur 
in regions where Li + , from the commonly used Li-TFSI additive salt, is present 
on the TiO 2  surface. Incomplete surface coverage by Li +  means that some dye 
excitons cannot inject their electron into the TiO 2 . However it is observed in 
the solar cell structure that some of the dye excitons that cannot directly inject 
an electron still contribute to free charge generation by the previously hypoth-
esized reductive quenching mechanism (hole transfer to the solid-state hole 
transporter followed by electron injection from the dye anion into the TiO 2 ). 
The contribution of reductive quenching to the quantum effi ciency of charge 
generation is signifi cant, raising it from 68% to over 80%. Optimization of this 
reductive quenching pathway could be exploited to maintain high quantum 
effi ciency in dyes with greater NIR absorption to achieve overall enhance-
ments in device performance. It is demonstrated that broadband NIR transient 
spectroscopy is necessary to obtain population kinetics in these systems, as 
strong Stark effects distort the population kinetics in the visible region.      
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 The cascade of processes leading to charge generation after 
absorption of a photon by the dye is often described as 1) elec-
tron injection from the excited state of the dye into the TiO 2  
conduction band followed by 2) regeneration of the dye cation 
remaining after electron injection by the hole transport mate-
rial or liquid electrolyte, [  17  ]  which hereafter we address as type 
I charge generation (see  Figure    1  ). In fact, in liquid electro-
lyte cells this type I pathway for charge generation is the only 
one possible, because the regeneration of the dye cation is 
diffusion-limited and hence occurs typically on a timescale of 
nano- to microseconds, i.e., much slower than electron injec-
tion, which can lead to a photocurrent loss, if the recombina-
tion of electron and dye cation is on a similar timescale. [  17  ]  In 
solid-state dye-sensitized cells type I charge generation is not 
necessarily the only mechanism for charge separation. In fact, 
a second mechanism named reductive quenching has already 
been proposed. [  13  ]  In solid-state cells, the hole transporter is in 
close proximity to the dye and thus electron transfer from the 
hole transporter to the photoexcited state of the dye (equiva-
lently described as hole injection from the photoexcited dye into 
the hole transport material) could take place on the timescale 
of a few picoseconds. [  12  ]  In this case, a second pathway of free 
charge generation is opened, which is reduction of the excited 
state of the dye by the hole-transporter followed by electron 
injection from what is now a dye anion into the titania nano-
particles. We note that the injection of the electron from the 
dye anion can be signifi cantly more energetically favorable than 
injection of the electron from the dye exciton. Hereafter, we 
call this mechanism type II charge generation (see Figure  1 ). 
If type I charge generation is impeded, type II charge genera-
tion could take over and help deliver a higher overall quantum 
effi ciency for charge generation. The possible importance of 
type II generation has been highlighted by Snaith et al. [  13  ]  and 
it has been shown that perylene imide dyes mixed into a spiro-
MeOTAD matrix are quenched after photo excitation by hole 
transfer from the dye exciton to the spiro-MeOTAD matrix. [  14  ]  
However, to the best of our knowledge, direct experimental evi-
dence demonstrating that type II charge generation occurs in 
solid-state dye-sensitized solar cells has not been presented yet. 
This direct evidence for type II charge generation is presented 
herein, where we show that it plays an important role in deter-
mining the quantum effi ciency of charge generation in this 
dye system where electron injection from the dye exciton into 
the TiO 2  is borderline. In fact, our key fi nding is that for the 
dye used in this study the electron injection from a dye exciton 
requires the presence of nearby surface-localized Li +  cations 
from the often used additive Bis(trifl uoromethane)sulfonimide 

lithium salt (Li-TFSI). When these cations are not in the direct 
vicinity of a dye exciton it cannot participate in type I charge 
generation, but it can still participate in type II charge genera-
tion meaning that a signifi cant fraction of the non-Li + -affected 
excitons also eventually lead to free charges allowing the cell a 
good overall quantum effi ciency.   

  2   .  Results and Discussion 

  2.1   .  Device Performance 

  Figure    2   shows the chemical structures of the perylene imide 
derivative used as sensitizer and the solid-state hole transport 
material spiro-MeOTAD along with typical current–voltage 
( J – V ) characteristics of devices. We could achieve power con-
version effi ciencies as high as 4% with this particular material 
system. The maximum photon to electron conversion effi ciency 
(internal quantum effi ciency, IQE) of this dye was found to be 

      Figure 1.  Two possible types of charge generation in solid-state dye-sen-
sitized solar cells. S is the spiro hole transport material, D is the dye, TiO 2  
is the titania, +/– indicates cation/anion and * indicates exciton. In type 
I, the electron is injected from the excited dye to the TiO 2 , which is then 
regenerated by the hole transporter (I). In type II charge generation, the 
electron is fi rst transferred from the hole transporter to the excited dye 
and subsequently injected into the TiO 2  (II). 

      Figure 2.  Chemical structures of the perylene monoimide sensitizer 
PMI-1 (top) and of the hole transport material spiro-MeOTAD (middle). 
Typical  J – V -characteristics of a dye-sensitized solar cell are depicted in the 
bottom graph. The inset shows a schematic of a solid-state DSC com-
prised of a glass substrate, a transparent conductive layer (FTO), a dyed 
mesoporous TiO 2  layer incorporated with the solid hole transporter and 
a silver counter electrode. 
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indicating that no long-lived charges are created in this sample. 
In contrast, sample 2 which is identical to sample 1 except that 
the Li-TFSI is added, showed a strong induced absorption due 
to long-lived charges. The charge-induced absorption spectrum 
shows a positive signal in the higher energy region of the spec-
trum with a zero crossing at 760 nm (1.63 eV), which can be 
assigned to the ground state bleaching of those dye molecules 
that had successfully injected electrons into the TiO 2  plus a 
Stark effect due to the infl uence of the fi elds of the photoin-
duced charges on the ground state absorption of the nearby dye 
molecules. A strong photoinduced absorption was observed in 
the near IR region peaking around 900 nm (1.38 eV), which 
extended further into the IR. This feature is very similar to that 
of the chemically oxidized dye (shown for comparison as the 
dashed gray line) supporting our assignment of this photoin-
duced spectrum to the creation of dye cations.  

 From the comparison of sample 1 and sample 2 by PIA we 
reach our fi rst key conclusion: in this dye system, Li-TFSI must 
be present for electron injection from a dye exciton into the 
titania to occur. 

 In sample 3, when the hole transport material spiro-
MeOTAD is also present, the induced absorption of the long-
lived charges changes from that in sample 2. This is because 
the dye cation is reduced by hole transfer to the hole transport 
material in sample 3, so the long-lived states are the oxidized 
hole transport material and an electron in titania rather than the 
dye cation and electron in titania present in sample 2. Looking 
at the spectrum of sample 3 it is clear that the dye cation pho-
toinduced absorption feature at 900 nm vanishes entirely, while 
a different photoinduced absorption feature peaking in the NIR 
region around 1550 nm (0.8 eV) emerges. This new absorp-
tion band can be assigned to the cation of the hole transport 
material spiro-MeOTAD by comparison with previously pub-
lished results. [  20–22  ]  As the PIA of the dye cations was found to 
be entirely absent in the presence of spiro-MeOTAD, it appears 
that the pore fi lling was suffi cient to regenerate virtually all oxi-
dized dye molecules. Since the regeneration of the dye cations 
restores the ground state of the dye molecules, a ground state 
bleaching caused by dyes in an excited state no longer exists, 
however the Stark effect on ground state dyes of the photoin-
duced fi eld leads to a very strong positive signal in the short 
wavelength region (1.7 to 2.2 eV). [  23  ]  

 This Stark effect has recently been examined in detail by 
us and others, in order to provide insight into the motion of 
charges near the interface. [  23–25  ]  In order to investigate the role 
of type I and type II mechanisms in the generation of the free 
charges in sample 3 we must turn to time-resolved spectros-
copy, however the PIA of sample 3 reveals a second key conclu-
sion, namely that pore-fi lling is good enough to allow complete 
dye regeneration, as no feature of the dye cation remains in the 
photoinduced absorption of sample 3.  

  2.2.3   .  Steady-State Spectroscopy 

 The steady-state absorption spectra of samples 1, 2, and 3 are 
presented in  Figure    4  a. The addition of Li-TFSI in sample 2 
causes a change in the ground state absorption spectrum rela-
tive to that in sample 1. The absorption is broadened and red-
shifted. Similarly in sample 3 a clear broadening and a red 

about 67%. In this system, as in many others, the additive Li-
TFSI plays an important role for the device effi ciency, since it 
infl uences not only the charge transport properties of the hole 
transport material, [  18  ]  but also, as we will see in the following 
section, the injection effi ciency of electron transfer from the 
dye into the TiO 2 .   

  2.2   .  Optical Spectroscopy 

  2.2.1   .  Samples 

 In order to understand the role of type I and type II charge 
generation we used steady-state, quasi-steady-state, and time-
resolved optical spectroscopy to investigate a sequence of 
three samples consisting of: 1) dye attached to titania, 2) dye 
attached to titania in presence of Li-TFSI, and 3) a full solar cell 
structure with the hole transporting material and Li-TFSI but 
omitting the metal electrode. Full sample preparation details 
are provided in the Supporting Information along with experi-
mental details.  

  2.2.2   .  Quasi-Steady-State Photoinduced Absorption 

 Quasi-steady-state photoinduced absorption (PIA) records the 
change of absorption of a sample due to long-lived photoin-
duced excited states, such as charges created in dye-sensitized 
solar cells. [  19  ]   Figure    3   depicts the steady-state PIA spectra of 
the three samples. In sample 1, the surface bound dye without 
the Li-TFSI additive, no photoinduced signal was observed 

      Figure 3.  Quasi-steady-state photoinduced absorption spectra of a) 
sample 1 (black line) and sample 2 (red line) along with the absorption 
spectrum of the chemically oxidized dye (dye cation) shown as a dashed 
gray line. b) The PIA spectrum of the device-like structure including the 
hole transporter spiro-MeOTAD and the additive Li-TFSI. Highlighted in 
red is the bleaching/Stark effect region, in yellow the dye cation absorp-
tion and in green the absorption of the spiro cation. 
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upper panel) exhibit a positive signal in the short wavelength 
spectral region, which we assign to ground state bleaching. It 
then has a zero crossing at 600 nm followed by a broad pho-
toinduced absorption at longer wavelength extending into the 
near-infrared spectral region. All features decayed within the 
observed time range of 3 ns without drastic change in spectral 
shape indicating that long-lived charges were not created in this 
sample in good agreement with the PIA results presented above. 
We stress that neither a negative PIA peak around 900 nm 
nor a Stark contribution in the visible is observed, meaning 
that no dye cations are created, so the transient signal recorded 
measures the return of dye excitons to the ground state under 
the infl uence of the titania surface environment. Consistent 
with our interpretation of the PIA, no charges are created in 
sample 1 (which contains no Li-TFSI).  

 In sample 2 (middle panel) the measured signal is sub-
stantially different. Firstly there is clear evidence that charges 
are created. The spectrum by 3 ns resembles strongly that of 
charges observed in the quasi-steady-state PIA spectroscopy. 
For a direct comparison of the PIA spectrum and 3 ns time-
resolved spectrum of sample 2 (see Supporting Information). 
Also in the supporting information we measure the decay of 
this cation signal on the ns to ms timescale and fi nd that its 
decay is consistent with carrier recombination kinetics. From 
this information it is clear that the excited states remaining in 
sample 2 after 3 ns are exclusively dye cations and electrons 
in titania, but the spectral evolution before 3 ns indicates that 
other species are present at earlier times. The pronounced 
peak at 770 nm at early times can be seen to be a feature of 
exciton induced absorption from comparison with sample 1. 
In sample 2 this peak is present in the short-delay spectra 
but disappears gradually from the longer-delay spectra. This 

shoulder are observed. The effect of Li-TFSI on the absorption 
spectra can be explained by the Stark effect of Li +  ions adsorbed 
to the titania surface.  

 Considering the Stark effect, i.e. the infl uence of an electric 
fi eld on the ground state absorption, we note the following: [  23  ]  
a zeroth order approximation would be that an electric fi eld 
antiparallel to the change of the electric dipole moment �:   of 
the dye shifts the absorption peaks to higher energies, whereas 
a fi eld parallel to the change of the dipole moment causes shifts 
to lower energies. This would suggest that there is a parallel 
fi eld present, at least in sample 2, and as shown in Figure  4  
the fi eld created by a surface adsorbed Li +  ion is indeed par-
allel. The precise effect of fi eld on absorption, taking into 
account both peak shifts and changes in oscillator strength 
(which are both found to be important) can be calculated by 
time-dependent density functional theory (TDDFT). Figure  4 b 
shows the absorption spectrum as calculated for PMI-1 in the 
gas phase with and without a parallel applied electric fi eld. 
Qualitatively the calculated Stark effect matches very well with 
the observed absorption changes, leading us to our third key 
conclusion: that the broad red shoulder observed in the absorp-
tion spectrum of sample 2 and 3 indicate that surface adsorbed 
Li +  ions are present in both of these samples, and that these 
surface bound Li +  ions create fi elds that lower the barrier for 
charge injection.  

  2.2.4   .  Transient Absorption Spectra 

  Figure    5   compares the time-resolved absorption spectra of 
three samples in the time range from 1 ps to 3 ns. The tran-
sient pump-probe spectra of the fi rst sample (dye on titania, 

      Figure 4.  a) Absorption spectra of PMI-1 dyes attached to TiO 2  in the 
absence and presence of Li + -ions. Note the emergence of a shoulder in 
the absorption spectrum upon addition of Li-TFSI. b) Field-dependent 
absorption spectra of PMI-1 calculated by TDDFT. A positive change in 
electric fi eld (� �F  ) corresponds to a fi eld change pointing away from 
the TiO 2  surface. Note that for a less negative fi eld, i.e. a more posi-
tively charged TiO 2 , a shoulder at the red edge of the spectrum occurs. 
c) Comparison of the normalized absorption spectra of PMI-1 on titania 
in the absence of Li-TFSI, in the presence of Li-TFSI and in the device-like 
structure including spiro-MeOTAD and Li-TFSI. The sketch on the right 
side depicts schematically the positive change in electric fi eld � �F   due 
to the Li + -ions and the direction of the change in dipole moment from the 
ground to the excited state ��µ . 

      Figure 5.  Transient absorption spectra (averaged over time) of PMI-1 
adsorbed on TiO 2  (sample 1, upper panel), with Li-TFSI (sample 2, middle 
panel) and in the device-like structure with Li-TFSI and spiro-MeOTAD 
(sample 3, bottom panel). Colors refer to mean delay times as follows: 
black: 1.25 ps; red: 3.8 ps; magenta: 34 ps; orange: 335 ps; violet: 3125 ps. 
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sample 1 excitons are the only species present, the wavelength 
regions chosen are selected so that when a mixture of excited 
state species is present good contrast between the species is 
achieved. In the 800–810 nm region dye excitons have the dom-
inant cross-section, between 850–950 nm the dye cations have 
the dominant cross-section, and between 1400–1600 nm the 
spiro cations have the dominant cross-section.  

 In sample 1 the decay kinetics in these three wavelength 
regions are all due to the decay of dye excitons to the ground 
state. As already observed in the spectra the signals decayed to 
zero within the measured time range, indicating that no long 
lived charges were created. However, the kinetics of the wave-
length regions identifi ed are slightly different. We have meas-
ured the transient absorption decay of this dye in solution with 
a sequence of solvents of differing polarity (see Supporting 
Information). The decay time of the exciton and its absorption 
spectra was affected by the solvent polarity, indicating that the 
dielectric environment has an infl uence on the photoinduced 
spectrum of the dye exciton and its relaxation kinetics. This 
is not surprising, as the dye exhibits a strong donor-acceptor 
character and thus has high electric dipole moments. Based on 
this knowledge we interpret the transient absorption data of 
sample 1 in the following way. Due to the distribution of sur-
face binding angles (i.e., how much the dye stands or lies on 
the surface) and the disorder of the titania surface [  26  ]  there are 
a variety of effective local dielectric environments that the dye 
excitons experience in sample 1. This inhomogeneously broad-
ened distribution of dye excitons causes the measured decay to 
be non-exponential and also vary with wavelength. 

 Due to this inhomogeneous broadening, it is diffi cult to 
reconstruct exactly the population kinetics of exciton decay in 

indicates that some fraction of the population created after 
the instrument response of our spectrometer is in the exciton 
population pool and that this population fraction decays simi-
larly to how it decays in sample 1. So a fourth key conclusion 
is that not all dye excitons can promptly inject an electron into 
the titania in sample 2. In the further analysis we will fi nd that 
these data from sample 2 are best described by two populations 
being present after the instrument response, one population 
of dye cations that are relatively long-lived (these are created 
by excitons which inject their electron into the titania within 
the instrument response of the system), and one population of 
excitons that then decay exactly as they did in sample 1 indi-
cating that they are completely uninfl uenced by Li-TFSI most 
likely because there is not any in their vicinity. 

 The TA spectra of sample 3 at early times in the visible 
wavelength region are quite similar to those of sample 2. Both 
spectra show Stark effect-induced features which dominate the 
visible wavelength region up to 750 nm. However there are also 
two important differences. Firstly, the negative feature observed 
at 900 nm in the spectra for sample 2 which can be ascribed to 
the dye cation are absent in the spectra of sample 3 after 2 ps. 
Also, the PIA of the oxidized spiro at 1550 nm quickly grows in 
then remains almost constant. This again confi rms our quasi-
steady-state PIA conclusion that pore-fi lling is suffi cient for dye 
reduction, we see no fraction of dye cations that are not quickly 
reduced by hole transfer to nearby hole transport material. 
Also in sample 3, the features of the exciton population, most 
clearly visible at the 770 nm photoinduced absorption peak no 
longer decay as they do in sample 1, but rather they disappear 
much more quickly. This indicates that the exciton population 
in sample 3 is quenched by a process not present in sample 1 
or 2. Thus, in sample 3 the dye excitons that could not inject 
charges into the titania in sample 2 exhibit a shortened lifetime 
in sample 3 indicating that they can create charges by the now 
available type II mechanism.  

  2.2.5   .  Introduction to Modeling of Transient Kinetics 

 In the preceding sections we have, amongst others, made the 
key conclusions that: 1) in sample 2 only some fraction, let 
us say  f , of dye excitons can promptly inject an electron into 
the titania. The remaining (1 –  f ) excitons decay as they did 
in sample 1 and 2) in sample 3 the remaining (1 –  f ) excitons 
no longer decayed as they did in sample 1, but rather where 
quenched through type II charge generation. 

 In the coming section we will consider the transient absorp-
tion data of sample 1 and sample 2 to estimate  f , the fraction 
of dye excitons that participate in type I charge generation. We 
will then use a simple photophysical model to fi t the transient 
absorption data of sample 3 from which we can extract how 
much the overall quantum effi ciency of the device is increased 
by type II charge generation in the (1 –  f ) dye excitons which 
cannot participate in type I charge generation.  

  2.2.6   .  Transient Kinetics: Sample 1 and 2 (determination of  f ) 

 The transient absorption kinetics of sample 1 are depicted in 
 Figure    6  a. We show three wavelength regions chosen to be 
useful for the comparison of samples 1, 2 and 3. Although in 

      Figure 6.  Transient absorption kinetics monitored at 805 nm (black 
squares), 900 nm (red circles) and 1500 nm (blue triangles), where the 
dye cation and dye excitons absorb, without (upper panel) and with Li-
TFSI (lower panel) along with the fi ts (solid lines) according to the model 
explained in the text. 
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quick recombination is suppressed so it does not affect device 
effi ciency.   

  2.2.7   .  Transient Kinetics: Sample 3 (Quantum Effi ciency 
Enhancement due to Type II Charge Generation) 

 The device-like sample 3 now includes the hole transport mate-
rial. This means that the dye cations created by ultrafast type 
I charge generation can now be reduced by transferring their 
holes to the hole transport material. Also it raises the possi-
bility that the (1 –  f ) remaining excitons are quenched by type II 
charge generation. The transient absorption kinetics of sample 
3 are shown in  Figure    7  . The 1400–1600 nm kinetics show a 
very clear increase on the timescale from 2–20 ps indicating 
an increase in the population of holes on the hole transport 
material. This is strongly correlated with a decrease in the dye 
exciton photoinduced absorption (800–810 nm signal). This 
correlated increase of the spiro cation absorption and decrease 
of the exciton photoinduced absorption, plus the fact that the 
dye cation regeneration has already taken place on the sub 
2 ps timescale (see Supporting Information) indicates that type 
II charge generation occurs in the population of (1 –  f  ) excitons 
that do not undergo type I charge generation .   

 In order to quantify the role of type II charge generation in 
the overall effi ciency of charge generation we develop a simple 
population model to describe the population fl ows after 2 ps 
in sample 3. This model is summarized in Figure  7 a. First, we 
assume that we can express the excitons with a single spectrum 
and decay rate to the ground state. Although we know this is 
only approximately valid from the transient absorption data 
for sample 1, it is suffi cient to obtain the rough estimate of 
the effect of type II charge generation that we wish. We then 
assume that the (1 –  f ) excitons that do not undergo type I 
charge generation can be separated into two pools, those that 
can undergo type II charge generation (PI I  ), and those 1 − PI I   
that cannot (perhaps having an unfavorable orientation relative 
to the hole transport material for hole transfer). The compo-
nent of excitons that cannot undergo type II generation is nec-
essary to fi t the decay in the visible spectra on the timescale of 
roughly 100 ps. The rate of hole transfer from the exciton to the 
hole transport material eventually creating free charges is given 

sample 1 (at least without explicit knowledge of the distribution 
of cross-sections which is diffi cult to obtain). 

 However, without an explicit knowledge of the population 
kinetics in sample 1 we can still get an estimate for  f . We can 
parameterize the signal from sample 1 somehow, let us call this 
parameterization �T/T P

s1  , in order to express how a randomly 
distributed exciton population decays. We can then express the 
decay of sample 2 as shown in Equation  (1) , where we assume 
that a fraction of the initial population  f  injects charges (due 
to the infl uence of Li-TFSI as already established) leading to a 
transient absorption signal �T/Tcharges  , while the remaining 
(1 –  f ) part of the population leads to the exciton decay signal 
that we have already parameterized.

�T/ Ts2 = +f �T/ Tcharges (1 − f ) �T/ T P
s1 .   (1)       

 To parameterize the signal observed in sample 1 we fi t the 
kinetic at each wavelength range to the sum of three exponen-

tials (
3∑

i=1
A8

i exp (−ki t) ). As shown in Figure  6  this provides an 

accurate representation of the signal. 
 We now must come up with a model for the contribution 

of the charge-generating fraction of the population. Due to 
the presence of the typical dye cation feature from the earliest 
times, we assume that the dyes that are affected by Li-TFSI 
inject faster than the response time of our spectrometer (>500 
fs). Therefore we initially observe f N0   dye cations D+

+ (t)
Li  . 

As already mentioned, we observe some recombination of 
dye cations with electrons in the TiO 2  on the timescale of our 
experiment; this is seen in a decrease of the blue line between 
100 and 1000 ps in Figure  6 b. However, after longer times 
(1000 ps and longer), the signal levels off and the dye cations 
recombine on a much longer timescale (see Supporting Infor-
mation). To account for this, we split the dye cations in two 
pools: one is prone to fast recombination (fraction  s ) with the 
rate kD →D+   and the other (fraction 1 − s )   does not recombine 
on the observed timescale. Considering the inhomogeneous 
broadening observed in the exciton population, we feel that this 
approximation of different lifetime scales for recombination is 
reasonable. Under these assumptions the transient absorption 
of the charges can be written as:

�T/Tcharges,8 = N0d f F8,D+

[
s exp (−kD+ →Dt )+ (1 − s ).

 
 (2)

       

 Substituting Equation  (2)  into Equation  (1)  we can fi t the 
transient absorption kinetics recorded for sample 2 with 
the free parameters  f, s,  kD+→D   ,  and also a dye cation cross-
section F8,D+   for each wavelength region. N0d  is the number 
of absorbed photons per area (excitation density times thick-
ness of the sample), determined by the pump fl uence and the 
absorbance of the sample at the excitation wavelength. The 
result of the fi t is shown in Figure  6 b and the extracted param-
eters are summarized in  Table   1 . The modeling of the tran-
sient absorption of sample 1 and sample 2 reveals a fraction 
f = 68% of dye excitons that undergo type I charge generation. 
This means that 32% of dye excitons cannot generate charges 
by a type I mechanism in this dye system. We also found that 
roughly 60% of the charges created by the type I mechanism 
in sample 2 are susceptible to fast recombination, but we will 
see that when the hole transporter is added in sample 3 this 

 Table 1.   Parameters obtained from analysis of the transient absorption 
of sample 1 and 2 described in the text. 

 Parameter   805 nm  900 nm  1500 nm  

N0d/ (1013cm−2)    
3.16 ± .33     2.95 ± .46    

kD+ →D
−1

/ps
   

1011 ± 117        

 f   0.68 ± .02        

s    0.62 ± .02        

FD+/ (10−17cm2)    3.49 ± .06    6.87 ± .11   1.57 ± 0.04    

   The error of N0d  was determined by Gaussian error propagation from the error 
prone results of fl uence and absorbance. All other errors were determined from 
the fi tting.   
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 The quantum effi ciency of charge generation can be cal-
culated as the fraction of excitons which generate charges as 
0 = f PI I (1− f )kD∗→C

kdec kD∗→C
+

+
 , where the second half of the expression 

gives the increase in effi ciency due to the type II charge gen-
eration. Using the parameters obtained from the fi t 0 = 0.81,   
with type II charge generation responsible for around 13% 
of the total charge generation. We note that this fi t can also 
be performed with  f  as a free parameter (shared between the 
wavelengths). This fi t is shown in the Supporting Informa-
tion, and the extracted value for  f  is 0.53, 0 = 0.71,   with then 
type II charge generation making a 20% contribution to the 
overall charge generation effi ciency. Therefore, we conclude 
that although this modeling is not highly precise, it is certainly 
suffi cient to demonstrate that the overall charge generation effi -
ciency is high, in the region of 0.6–0.9, and that type II charge 
generation makes a not insignifi cant contribution, being on the 
order of 10–30% of the total charge generation.  

  2.2.8   .  Kinetics of Spiro:Dye Blend (Verifi cation of Type II Charge 
Generation) 

 In the previous section we asserted that type II charge genera-
tion (the transfer of a hole from the dye exciton on a surface-
bound dye to the hole-transporting spiro) clearly occurred in 
sample 3, the solar cell structure. If this is the case, then type 
II charge generation should also occur in a solid-state blend 
fi lm prepared by spin-casting the dye co-dissolved with the 
hole-transporting material. [  14  ]  In  Figure    8   we present transient 
absorption data for such a blend fi lm alongside the spectrum 
of the dye chemically reduced by Lupasol™ treatment. The 
dye anion absorption peak at around 620 nm is very clear in 
the transient absorption data, indicating that photoinduced 
hole transfer indeed causes the creation of a dye anion in this 
spiro:dye blend.  

 In order to estimate the rate of type II charge-generation 
in the blend the data were fi t to a two pool (excitons and 
charge-transfer states) model. The rate of quenching can 
be seen to be an order of magnitude greater than the dye 
exciton lifetime in solution, so with the approximation that 

by kD∗→C , and the rate of exciton decay by kdec  . The transient 
absorption kinetics can then be simulated by:

 

(t, 8) = N0d
{
F8,D∗ (1 − f ) exp (− kdect)

[
(1 − PI I ) + PI I exp (−kD∗→Ct)

]

+ F8,C

[
f + PI I (1− f )kD∗→C

kdec + kD∗→C
(1 − exp (− (kdec + kD∗→C) t))

]}
Δ T
T

        

(3)

 Where F8,D∗   and F8,C  are the cross-sections of the excitons 
and the charges (hole on hole transporter) in the wavelength 
region   λ  .  f  was fi xed to 0.68, the value from the previous sec-
tion. The free parameters were kdec  , kD∗→C  and PI I  , shared 
between all wavelength regions, and F8,D∗   and F8,C , which 
were free for each wavelength region. 

 The fi t is shown in Figure  7 b and it is clear that the model 
can qualitatively describe the features of the data adequately. 
The parameters extracted from the fi ts are shown in  Table   2 . 
The observation of the infrared transient absorption, where the 
induced absorption of the spiro cation plays a dominant role (see 
Supporting Information), was critical in revealing the dynamics 
of type II charge generation, and highlights the utility of broad-
band spectroscopy for directly revealing population kinetics.  

 Table 2.   Parameters obtained from fi tting the transient absorption 
dynamics of the device-like sample 3 according to the model described 
in the text. 

 Parameter   805 nm  900 nm  1500 nm  

N0d /(1013cm−2)    
1.78 ± .20      1.88 ± .26    

k−1
dec /ps    

187 ± 20        

k−1
D∗→C /ps    

15 ± 3        

PI I    0.44 ± .03        

F8,D∗ / (10−17cm2)    
17.2 ± .55    7.34 ± .36    0 .89

−0    

F8,C / (10−17cm2)    
0.16 ± .06    0.83 ± 0.06    12.8 ± 0.25   

0    81 ± 1%       

      Figure 7.  a) Model used to describe the data. b) Transient absorption 
kinetics of a solar cell probed in three distinct wavelength regions around 
805 nm, 900 nm and 1500 nm, where the dye excitons, cations and the 
cation of the hole transporter dominate the photoinduced absorption, 
respectively. Along with the experimental data a fi t to the model in (a) 
and as described in the text is shown that was used to determine the 
possibility of preceding hole transfer (type II charge generation). 
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spectroscopy revealed that Li +  indeed does localize to an extent 
at the interface, and that the effect of this surface adsorbed Li +  
is to create a fi eld that encourages electron injection into the 
titania. 

 Next, our broadband transient measurements allowed us to 
ascertain that type II charge generation (transfer of the hole 
from a dye exciton to the hole transport material followed by 
electron injection from the resulting dye anion into the titania, 
also known as reductive quenching) also occurs in the solar cell 
and is responsible for 10–30% of the total charge generation. 
The general result of this observation is as follows. In the design 
of low bandgap red-absorbing dyes the LUMO offset from the 
TiO 2  is often reduced, leading to marginal type I charge injec-
tion and a potential loss in quantum effi ciency. In order to cir-
cumvent this quantum effi ciency loss type II charge generation 
(hole transfer preceding electron transfer) can be targeted. Our 
results suggest that in order to design a system reaching max-
imum performance through type II charge generation a lowest 
unoccupied molecular orbital (LUMO) comparable to the con-
duction band of TiO 2  should be targeted and then the highest 
occupied molecular orbital (HOMO) offsets between the dye 
and the hole transporter material maximized (within the con-
straint of the dyes HOMO-LUMO offset). Also, fi nding a struc-
ture that is compatible with good electronic overlap between 
the dye and the hole transport material is important. We fi nd 
that the perylene monoimide dye investigated is a good model 
compound for such a system, and can undergo type II charge 
generation with an inverse rate of (15±3) ps. Type I generation 
is still marginal in this system, and it may be ideally benefi -
cial to decrease the LUMO of this system somewhat more in 
order to further increase red absorption (while maintaining the 
quantum effi ciency through an increase in the reliance on the 
type II mechanism for charge generation). It would of course 
also be benefi cial to increase the rate of type II generation, and 

kEx→CT � kEx→GS   the exciton population can be written as 

Ex (t) = exp (− (kEx→CT) t)   and the charge-transfer state popula-

tion as CT (t) = kEx→CT(exp(−kCT→GSt)−exp(−kEx→GSt))
kEx→CT−kCT→GS

 . 

 Here, kEx→CT   is the rate of hole transfer from the excited dye 
to the hole transporter spiro-MeOTAD, kCT→GS  is the recom-
bination rate of the charge transfer state formed between the 
dye anion and the spiro cation. Applying this population model 
to the TA data results in the fi ts shown as the solid lines. The 
inverse rates were extracted to be k−1

Ex→CT = (14 ± 1)   ps and 
k−1

CT→GS = (787 ± 22)   ps. Complete details of the fi t and the 
extracted cross-sections are reported in the Supporting Informa-
tion. The inverse rate of type II charge generation we extracted 
from sample 3 was (15 ± 3)   ps, which agrees well with the rate 
extracted in the blend fi lm. So examining the blend fi lm gives 
unequivocal evidence of the formation of dye anions by type 
II charge generation, and supports our assertion that type II 
charge generation also occurs in sample 3 given the rate con-
stants agree so well. We note that we do not see the anion fea-
ture in sample 3 because anions created at the interface are 
quickly oxidized by electron injection into the TiO 2  (and overlap 
with the Stark feature obscures any subtle presence).    

  Conclusions 

 We have investigated the use of a perylene monoimide dye in 
a solid-state dye-sensitized solar cell using steady-state, quasi-
steady-state, and time-resolved spectroscopy. 

 Quasi-steady-state spectroscopy revealed that the presence of 
Li +  at the interface was necessary for type I charge generation 
(electron injection from the excited dye into TiO 2  and subse-
quent regeneration by the hole transporter), and further time-
resolved measurements quantifi ed that around 50–70% of 
dye excitons can undergo type I charge injection. Steady-state 

     Figure 8.  a) Absorption spectra of the ground state (GS, black) and chemically reduced dye (anion, red). The difference spectrum of ground state and 
anion (dashed grey line) refl ects the expected anion-induced absorption signal in the transient absorption spectra. b) Transient absorption spectra of 
Spiro-MeOTAD:PMI-1 blend; colors refer to times as: black: 1.25 ps; blue: 11 ps; green: 103 ps; orange: 310 ps; purple: 934 ps. Note that after 11 ps the 
spectrum is very similar to the difference spectrum of ground state and cation-induced absorption (dashed grey line) in the upper panel. c) Transient 
absorption dynamics for two distinct wavelength regions, in which the absorption of the anion is very prominent (625–635 nm) and in which the exciton 
absorption dominates the spectrum (900–1000 nm) along with fi ts to the charge transfer and recombination model explained in the text. The extracted 
inverse rate for the charge transfer from dye excited state to spiro was (14 ± 1)  ps and the inverse recombination rate turned out to be (787 ± 22)   ps. 
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