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Universal Electron Injection Dynamics at Nanointerfaces 
in Dye-Sensitized Solar Cells
 Initial nanointerfacial electron transfer dynamics are studied in dye-sensitized 
solar cells (DSSCs) in which the free energy and kinetics vary over a broad 
range. Surprisingly, it is found that the decay profi les, refl ecting the electron 
transfer behavior, show a universal shape despite the different kinds of dye and 
semiconductor nanocrystalline fi lms, even across different device types. This 
renews intuitive knowledge about the electron injection process in DSSCs. In 
order to quantitatively comprehend the universal behavior, a static inhomoge-
neous electronic coupling model with a Gaussian distribution of local injection 
energetics is proposed in which only the electron injection rate is a variant. It 
is confi rmed that this model can be extended to CdSe quantum dot-sensitized 
fi lms. These unambiguous results indicate exactly the same physical distribu-
tion in electron injection process of different sensitization fi lms, providing lim-
ited simple and important parameters describing the electron injection process 
including electronic coupling constant and reorganization energy. The results 
provide insight into photoconversion physics and the design of optimal metal-
free organic dye-sensitized photovoltaic devices by molecular engineering. 
  1. Introduction 

 Dye-sensitized solar cells (DSSCs) are effi cient, low-cost 
molecular photovoltaic devices. [  1  ]  Since Grätzel and co-workers 
reported the fi rst solar cell devices based on TiO 2  nanocrystal-
line fi lms sensitized with a ruthenium-based complex (RuN3) 
in the early 1990s, the power conversion effi ciency of DSSCs 
has reached over 11%. [  2  ]  The mechanism for light-to-electrical 
energy conversion in DSSCs is considered to be controlled by 
a series of charge-transfer processes ( Figure    1  a), [  3  ]  which to a 
large extent determine device performance. Charge transfer 
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occurs at nanointerfaces formed due to 
the adhesion of dyes to metal oxide nano-
particle surfaces. Measuring the electron 
injection kinetics is essential for designing 
nanointerfaces that are favorable for 
charge injection [  4  ]  and has thus become 
a subject of intense research. Experimen-
tally, the dynamics have been observed to 
be quite complex and inhomogeneous; 
in detail, the electron transfer is strongly 
nonexponential, and occurs over a broad 
timescale from sub-100 femtoseconds to 
tens of picoseconds. For ruthenium (Ru)-
based dyes, the ultrafast electron transfer 
is thought to take place from the initially-
excited singlet state, while the slow process 
is from the triplet state. [  5  ]   

 In contrast to natural photosynthesis, 
in which the complex charge separa-
tion is dynamically controlled by protein 
motion, [  6  ]  the electron injection dynamics 
in DSSCs are mainly controlled by static 
inhomogeneity, such as the spatial heterogeneities of the metal 
oxide surfaces and the inhomogeneous electronic coupling 
between the dye molecules and the nanoscale surface rough-
ness. [  4  ]  Many systems have been studied previously, including 
various dyes and metal oxides. [  7–11  ]  Because the surface proper-
ties of nanocrystals are strongly dependent on preparation pro-
cedure and surrounding solvent molecules, the inhomogeneous 
kinetics may vary from system to system. [  12  ]  Due to the lack of 
unifying criteria, it is diffi cult to directly compare the electron 
injection processes between these systems. 

 Inspired by our previous study on photo-electron conver-
sion dynamics in proteins, where the complex electron transfer 
kinetics are controlled by the same protein dynamics, [  6  ]  we 
wondered whether there exists any universal law that gov-
erns charge transfer in DSSCs. To this end, we choose dif-
ferent metal-free organic dyes like C209, C213, and C215 
(Figure  1 b) as sensitizer, because the use of metal-free organic 
dyes has lately become more and more attractive. [  13–15  ]  All of 
these are donor–  π  -conjugated linker–acceptor (D-  π  -A) dyes, 
employing identifi ed electron donors (dihexyloxy-substituted 
triphenyl-amine) and acceptors (cyanoacrylic acid) in combi-
nation with different   π  -conjugated linkers– furan, thiophene, 
and selenophene, respectively. The different fi ve-member het-
erocycle linker leads to a red shift in absorption and enhance-
ment in molar extinction coeffi cient with decreased electron-
egativity of heteroatom (O  >  S  >  Se). In conjunction with an 
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   Table  1.     Molecular orbitals of the dyes. 

 HOMO a) 
 [eV]

LUMO a)  
[eV]

Modifi ed LUMO 
[eV]

C209  − 5.09  − 3.35  − 3.60

C213  − 5.09  − 3.42  − 3.49

C215  − 5.09  − 3.43  − 3.68

    a) Ref. [13].   

     Figure  1 .     a) Schematic view of the series of charge transfer processes in dye-sensitized solar 
cells. b) Molecular structures, c) steady-state  Δ OD spectra, and, d) emission spectra of the 
three kinds of organic dye sensitized devices.  
acetonitrile-based electrolyte, these dyes exhibit high external 
quantum effi ciencies (EQE, approximately 90%) and power 
conversion effi ciencies (approximately 7%). The molecular 
structures also provided an opportunity to systemically study 
the inherent charge transfer properties in devices. For experi-
mental studies, we employed femtosecond transient absorption 
(TA) spectroscopy and fl uorescence up-conversion. The former 
provides information about the ground-state recovery process 
while the latter reveals the pure excited-state dynamics. As a 
result, interestingly and surprisingly we fi nd that the dynamical 
decay profi le resulting from the electron transfer process in all 
the metal-free organic dye-sensitized devices show a universal 
784 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, We
shape after the time axis has been scaled up 
or down. The behavior is interpreted by a 
nanointerface diffusion model that is built 
using a series of purposely designed experi-
ments, and further confi rmed by applica-
tion to earlier reports. We also discuss the 
applicability of this model, and fi nd it can 
be extended to CdSe quantum dot-sensitized 
fi lms. These results demonstrate that the 
seemingly complex electron transfer proc-
esses in varied species of dyes and device 
structures are actually governed by the same 
law, which can facilitate understanding of the 
photoconversion behavior and allow improve-
ment of the performance of DSSCs.   

 2. Results and Discussion  

 2.1. Steady-State Absorption 
and Photoluminescence 

 Shown in Figure  1 c are the steady-state  Δ OD 
spectra of the three kinds of organic dye 
sensitized devices. Because these DSSCs 
usually contain many chemical complexities – 
including an iodide/iodine redox couple and 
additional additives in electrolyte – the steady 
state  Δ OD spectra are more suitable to char-
acterize the absorption of dyes adsorbed on 
metal oxides, in which the contribution of 
substrates and other components in electro-
lyte is subtracted. To achieve high effi ciency, 
these devices need to adsorb as many dyes 
as possible. We see that all the  Δ OD spectra 
are saturated below 500 nm. Red shifts of 
the absorption edges are also observed, in 
order of magnitude C209, C213, and C215. 
In contrast, the PL peak is blue-shifted by 
about 0.18 eV for C213 in the emission spec-
trum (Figure  1 d). As presented in  Table    1  , 
in solution the lowest unoccupied molecular 
orbital (LUMO) of these dyes decreases with 
the magnitude of red shift, while the highest 
occupied molecular orbital (HOMO) remains 
the same. This variance between the absorp-
tion and emission implies that the electron injection in the 
devices may occur in the excited state of C213 dye, in which 
inheim Adv. Funct. Mater. 2012, 22, 2783–2791
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the injection position is higher about 0.18 eV than its LUMO in 
solution. We also note that the LUMO levels are usually slightly 
decreased in fi lm compared to in solution, for example by about 
0.3 eV in the case of C218 dye. [  13  ,  14  ]  Thus, when we adopt the 
conduction band (CB) of TiO 2  in DSSCs at around 4.0 eV below 
the vacuum level, [  3  ]  the driving force of electron injection could 
be considered as the energy difference between the CB of the 
semiconductor and the excited states of the dyes.    

 2.2. The Transient Absorption Spectroscopy 

 To scrutinize the energetics and kinetic interplay in the three 
kinds of metal-free organic dyes, at fi rst we used femtosecond 
transient absorption (TA) spectroscopy to study these systems 
in the visible and near infrared (NIR) region.  Figure    2   shows 
the time evolution transient spectra on the femtosecond to 
nanosecond timescale. In the sequence C209, C213, C215, 
a red shift is validated for the negative bleaching signal of 
absorption edges. This is in agreement with the steady-state 
spectra. The bleaching signals rise fast in the fi rst 0.6 ps and 
then slowly to tens of picoseconds. The shape of the positive 
absorption signals gradually change; this is due to a serious 
spectral overlap in these regions, i.e., exited state absorption, 
© 2012 WILEY-VCH Verlag G

     Figure  2 .     The time evolution transient absorption spectra of: a) C209, b) C
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absorption of cation, and/or stimulated emission. As shown 
in Figure S1 (see the Supporting Information), the TA spectra 
of corresponding dye-sensitized Al 2 O 3  fi lms present a broad 
exited state absorption, which is superimposed on stimu-
lated emission. The change of positive absorption shape 
can probably be ascribed to the overlapping signals between 
excited state and oxidation state, and the contribution of oxi-
dation state is gradually red-shifted out of this window with 
the decreased electronegativity of heteroatoms. This makes it 
diffi cult to separate the initial electron injection process from 
other species, but according to the difference spectrum shown 
in  Figure    3  a, the positive absorption signal from 750 to 850 nm 
can be ascribed to the oxidation state of C213, since it is con-
sistent with spectroelectrochemical measurements of oxidation 
state. [  16  ]  As shown in Figure  3 b, the dynamics in this region 
presents a fl at stage within the fi rst 10 ps. A usual method 
to avoid this problem is subtracting the contribution of dye 
exited state absorption in the reference samples from the data 
of sensitized TiO 2  fi lms. [  12  ]  In our case, the reference sam-
ples are dye-sensitized Al 2 O 3  fi lms. However, we found using 
this method would give a slower rise trace, with rise time of 
around 13  ±  2 ps, accompanied by a long decay within nano-
second timescale, and lead to a lower injection yield (approxi-
mately 79%), compared to the excited state decay to ground 
2785wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     a) The normalized TA spectra for C213-sensitized TiO 2  (orange) and Al 2 O 3  (blue) fi lm 
at 0.6 ps. b) The TA dynamics at 750 nm for C213-sensitized TiO 2  (square) and Al 2 O 3  (circle) 
fi lm. The difference data are obtained by subtracting the contribution of Al 2 O 3  fi lm from TiO 2  
fi lm. The pink line in b represents the fi t using exponential analysis.  
(around 61 ps). This method may be not suitable for metal-
free organic dyes, since the recombination of these organic 
dyes is apparently faster than that of Ru-based dyes. [  12  ,  16  ]  In 
this research, we focus on the interfacial electron transfer, so it 
is important to carry out ultrafast time-resolved photolumines-
cence spectroscopy, for example, femtosecond photolumines-
cence up-conversion, which gives direct access to the electron 
transfer dynamics occurring in the interface between the dye 
and metal oxides.     
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
 2.3. Time-Resolved Photoluminescence 
Dynamics 

  Figure    4  a shows the electron injection 
dynamics in these DSSCs measured by fem-
tosecond fl uorescence up-conversion. The 
dye-sensitized Al 2 O 3  fi lms are also measured, 
in which only recombination from photo-
exited electron relaxed to the ground state 
is considered. This could help us to deter-
mine the electron injection yields. Multiple 
exponential analyses give values of electron 
injection yield for C209, C213, and C215 of 
0.94, 0.99, and 0.85, respectively, which are in 
agreement with the EQE data (see Table S1 
in the Supporting Information for details). 
This demonstrated that in these metal-free 
organic dye-sensitized devices, the time-
resolved photoluminescence dynamics can 
be directly assigned to the interfacial electron 
injection. Interestingly, if we scale up (or 
down) the time axis by an appropriate value, 
taking C213 as a standard, these kinetics 
traces can perfectly overlap with each other, 
shown in Figure  4 b. We believe this phenom-
enon arises from some mechanism, which 
implies a consistency in the nature of the 
electron injection process in DSSCs.    

 2.4. Theoretical Analysis and Modeling 

 To verify our speculation, an inhomoge-
neous distribution of free energy model was 
adopted. The scheme of this model is shown 
in  Figure    5  . In this model, the electron injec-
tion rate,  k ( D ), depends on the local shift  D  in 
the energies of the oxide acceptor states rela-
tive to excited state of the dye. Considering 
an exponential density of states exp(– D / E  0 ), 
where  E  0  is a experimental energy coeffi -
cient varying between 60 and 200 meV, this 
is equivalent to a model based on distribu-
tion of electronic coupling, which gives  k ( D ) 
 =   k (0)exp(–2 D / E  0 ). [  4  ,  17  ]  Assuming  D  has a 
Gaussian distribution (average 0 and width 
 Δ ) and integrating over all possible values of 
 D , the femtosecond fl uorescence decay could 
be expressed as
 
Ne (t) = N0

∫
ρ(D) exp[−k(D )t ]d(D )

  (1)     

 In early work, such as that of Durrent and co-workers, the 
model has two parameters,  k (0) and   Δ  / E  0 . The change of  Δ / E  0  
means the distribution of local shift  D  varies from system to 
system, considering  E  0  to be constant. [  12  ]  From such a point of 
view, the traces cannot be overlapped by simple scaling of the 
time axis, because it is impossible that each sample has the 
heim Adv. Funct. Mater. 2012, 22, 2783–2791
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     Figure  4 .     a) Normalized electron injection dynamics in DSSCs (circle) compared with dye-
sensitized Al 2 O 3  fi lms (square). b) Kinetic traces overlap via scaling down the time axis by an 
appropriate value, taking C213 as a standard.  
same degree of energetic disorder. However, in our case, the 
samples have little difference in molecular structure and device 
constitution, providing an opportunity to systemically study 
the inherent charge transfer properties. According to the fi nd-
ings from time-resolved photoluminescence spectroscopy, we 
noticed that our result is also consistent with this model; that 
is, it will result in a unique decay shape when all DSSCs have 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2012, 22, 2783–2791
the same distribution. Fitting our results 
gives a value of   Δ  / E  0   =  1.5 for all the kinetics 
( k (0) for our samples is given in  Table   2 ). We 
should point out that if one considers the dis-
tribution of electronic coupling to be due to 
the various spatial separations  d  of the donor 
and acceptor states, a similar conclusion will 
be obtained since  H ( d )   =  H  0 exp(–  β d ). There-
fore, the static distribution of the electronic 
coupling is the dominant factor governing 
the complex kinetics. This refl ects the nature 
of dye adsorbing on the nanocrystal surface 
is similar distribution of electronic coupling 
and heterogeneities in semiconductor nano-
crystalline fi lms, rather than the different 
degree of energetic disorder.  

 From this point of view, we further inves-
tigated the electron injection dynamics 
reported by different groups. In that work, 
the dynamics are measured using a variety of 
techniques, and many kinds of dyes, namely: 
ZnTCPP, [  7  ]  H 2 TCPP, Ru(dcbpy) 2 (NCS) 2  and 
Ru-bpy complexes with different linkers 
length (named Rods 1–2) [  8  ]  are adopted to 
sensitize various semiconductor nanocrystals, 
such as TiO 2 , ZnO, [  9  ]  SnO 2 , [  10  ]  and In 2 O 3  [  11  ]  
nanoparticles. It is remarkable that the model 
works well for all the decay curves, shown in 
 Figure    6  , notwithstanding the rate changes by 
more than two orders of magnitude (Table  2 ); 
applying the model to these data also gives 
  Δ  / E  0   =  1.5. According to the obtained elec-
tron transfer rate, we noticed that the 
scaling constant of time axis that we previ-
ously found in Section 2.3 is consistent with 
the ratio of electron transfer rate. This point 
has been refl ected in  Equation 1 , that is a 
timescale transform is equivalent to a change 
of rate. In all the investigated samples, only 
the electron injection rate is variable, keeping 
a same distribution of electronic coupling 
due to the same value of   Δ  / E  0 . As a result of 
this concept, the universal dynamics strongly 
indicate that the interfacial electron transfer 
follows exactly the same physical process, 
which is essential and contingent upon the 
physical distribution, regardless of the type 
of dye-sensitized fi lm, even for our meas-
ured DSSCs. In other words, the distribution 
of electronic coupling is almost the same, 
which exactly gives similar ratio,  Δ / E  0 , and 
the strength of average electronic coupling is 
different, which decides the electron injection rate,  k (0).  
 Recent reports on dye-sensitized size-selected ZnO 

colloids, [  18  ]  and CdSe nanocrystal-sensitized TiO 2  nanoparti-
cles [  19  ]  and nanoparticulate fi lms [  20  ]  also attracted our atten-
tion. Huss et al. and Robel et al. respectively demonstrated 
the infl uence of acceptor state density and donor potential on 
electron transfer by altering the acceptor nanocrystalline ZnO 
2787wileyonlinelibrary.comheim
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     Figure  5 .     The scheme of a static inhomogeneous electronic coupling 
model with a Gaussian distribution (width   Δ  ) of local offsets ( D ) for local 
injection energetics.  
and donor CdSe nanocrystals size in solution. These colloidal 
nanocrystal solution systems provide a relative simple plat-
form for study the details in electron transfer reaction. [  21–23  ]  
We found that the present model could not be directly applica-
tion in the solution samples. [  18  ]  The main reason may be the 
different distribution of surface states in colloidal nanocrystal 
solution, which would lead to a smaller ratio  Δ / E  0  compared to 
that in fi lms. However, theoretically our model could be suit-
able for quantum dot (QD)-sensitized fi lms. Kongkanand et al. 
studied the emission decay of CdSe QDs deposited on TiO 2  
nanoparticulate fi lms, which indicated the electron transfer 
process from the photoluminescence quenching. [  20  ]  So, we 
also prepared a CdSe QD-sensitized TiO 2  nanocrystalline fi lm 
and measured the PL decay by time-correlated single-photon 
counting (TCSPC). The QD size was approximately 3.0 nm, 
estimated as described elsewhere, [  24  ]  and the absorption and 
emission spectra are present in Figure S2 (see the Supporting 
2788 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

   Table  2.     Driving force and electron injection rate constants. 

Sample  Δ G 
[eV]

 k ET   
[ps  − 1 ]

  Δ  / E  0  

C209/TiO 2  − 0.4 0.59  ±  0.02 1.5

C213/TiO 2  − 0.51 1.59  ±  0.03 1.5

C215/TiO 2  − 0.32 0.41  ±  0.02 1.5

CdSe QD (3.0 nm)/TiO 2 0.0014  ±  0.0001 1.5

ZnTCPP, H 2 TCPP/TiO 2 0.50  ±  0.02 1.5

Ru-bpy with linker rod 1/TiO 2 0.035  ±  0.001 1.5

Ru-bpy with linker rod 2/TiO 2 0.023  ±  0.001 1.5

Ru-bpy/ZnO 0.012  ±  0.001 1.5

Ru-bpy/SnO 2 , In 2 O 3 0.058  ±  0.002 1.5
Information). In contrast to the emission decay in solution, 
there is a strong dynamic quenching in CdSe QD-sensitized 
TiO 2  fi lm (Figure S3). As expected, the PL decay trace of CdSe 
QD-sensitized TiO 2  fi lm is satisfactorily fi tted by our model, 
as shown in  Figure    7  . This gives an electron transfer rate of 
1.4 ns  − 1 , which is consistent with the report by Kongkanand 
et al. [  20  ]  This result is encouraging, and it extends the applica-
bility of this model. We believe this would be helpful in devel-
oping deep insight into the nanointerfacial physics of CdSe 
QD-sensitized TiO 2  nanocrystalline fi lms.     

 2.5. Quantitative Analysis and Simulation by Marcus Theory 

 With this conclusion, we could safely obtain the important 
parameters of the electron injection process from electron 
transfer (ET) rate coeffi cient,  k  ET , such as electronic coupling 
constant, and free energy. One simple way to describe such a 
relationship is the classical Marcus expression, using a density 
of state of three-dimensional free electron gas for metal oxides 
conduction band (CB) edge,   ρ  ( E ), as shown in  Equations 2  
and  3 . [  25  ] 

 

kET =
2π
h̄

∫
dEρ (E )

∣∣H̄(E )
∣∣2 1√

4πλkBT

× exp[ ]− (λ + �G + E )2

4λ kBT   
(2)

   

 
ρ(E ) = 1

2π 2

(
2m∗

h̄2

)3/2

E 1/2

  
(3)

   

here,  H ( E ) is the electronic coupling matrix element;   λ   is the 
reorganization energy;  Δ  G  is the energy difference between 
the semiconductor CB and the excited state of the dyes;  k  B  is 
Boltzmann’s constant;  T  is temperature; and  m   ∗   is the con-
duction band effective mass of nanocrystalline oxide, which 
for TiO 2   ≈  10  m  0  based on Enright et al. [  26  ]  Integration over 
all values of  E  accounts for injection into all possible states 
in the metal oxide conduction band. All the driving force  Δ  G  
and satisfi ed  k  ET  are presented in Table  2 . Under the assump-
tion that the electronic coupling does not depend signifi cantly 
on  E , and the three kinds of dyes have same reorganization 
energy due to unique system structure, we got a value of 
 |  H ( E ) |  of approximately 44 cm  − 1  and   λ   of approximately 0.5 eV 
for a satisfactory result at room temperature  k  BT   ≈  26 meV 
( Figure 8   ). Our result shows that the organic dyes here have 
relative larger reorganization energy compared with that in 
the ruthenium-based dyes. [  4  ]  This may originate from the 
nature of these metal-free organic dyes, i.e., long molecular 
structure and large dipole, although the reorganization energy 
is usually infl uenced by the environment, such as the solvent, 
to a great extent. It is noted that the electron effective mass  m   ∗   
of TiO 2  nanocrystals could not affect the value of reorganiza-
tion energy, and a smaller  m   ∗   would give a larger average elec-
tronic coupling constant, though for bulk anatase crystals,  m   ∗   
is only around 1  m  0 .   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 2783–2791



FU
LL P

A
P
ER

www.afm-journal.de
www.MaterialsViews.com

     Figure  6 .     Normalized electron injection dynamics for various kinds of dye-sensitized fi lms 
used in this report. Solid lines are fi tted by the model. Except the data of C209, C213, and 
C215, the other traces are extracted from the literature. [7–11]  Note that the time axis is on an 
exponential scale.  
 2.6. The Effect of Heteroatom (O, S, and Se) in the Organic Dyes 

 Up to now, the role of the heteroatom (O, S, and Se) is clear, 
when adopting heterocycle as a linker connecting the donor 
with acceptor. From the device performance point of view, 
the electronegativity of the heteroatom indicates the change 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  7 .     Normalized emission decay trace (violet circle) for CdSe QD (3.0 nm) sensitized 
TiO 2  fi lms. The pink solid line represents the kinetic fi t by the model. The dotted line is the 
instrument response.  

Adv. Funct. Mater. 2012, 22, 2783–2791
trend of open-circuit photovoltage, short-
circuit photocurrent density, and external 
quantum effi ciency (see Tables S1 and S2 
in the Supporting Information for details). 
Herein, we have more attention towards 
deep insights into photoconversion physics. 
We found that the heteroatom itself in these 
organic dyes could not affect the important 
parameters describing the electron injection 
process, i.e., electronic coupling constant 
and reorganization energy; it only changes 
the molecular orbital. This could provide a 
new method to design optimal metal-free 
organic dye-sensitized photovoltaic devices 
by molecular engineering. For example, if 
the number of heterocycles is changed, it 
is reasonable to expect the only invariant is 
the electronic coupling constant, accompa-
nied by red-shifted absorption, and reduced 
reorganization energy and driving force.    

 3. Conclusions 

 An electron injection picture has been clearly 
described: the electron injection in DSSCs is 
controlled by a nanointerfacial static inhomo-
geneous electronic coupling model. As we mentioned above, the 
applicability of this model is dependent on the distribution of 
surface states on metal oxide acceptors. Conversely, if some spe-
cial treatment makes the electron injection kinetics depart from 
this model, it is possible that this could affect the distribution of 
electron coupling; such an observation would be very interesting 
h

from the point of view of both device design 
and fundamental physics. In addition, to our 
best knowledge, the discussion about electron 
coupling in such a large extension and time 
scale is still lacking. Here, all of the results pre-
sented provide strong experimental evidence 
for the concept that the complex nonexponen-
tial electron injection kinetics in these DSSCs 
and CdSe QD-sensitized fi lms largely refl ects 
the universal behavior resulting from the 
static inhomogeneity of the system, especially 
electronic coupling. Apparently, the observed 
kinetics are determined by driving force and 
reorganization energy. The result largely sim-
plifi es the complexity in DSSCs, and provides 
a reliable method to obtain useful information 
for designing an optimal metal-free organic 
dye-sensitized photovoltaic device by molecular 
engineering. It also will be helpful for study 
of the nanointerfacial physics in CdSe QD-
sensitized fi lms. Furthermore, in combination 
with charge recombination studies, determi-
nation of the relationship between device per-
formance and dynamics analysis may not be 
far away; this would give a new insight into 
the fundamental physics in DSSCs.   
2789wileyonlinelibrary.comeim
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     Figure  8 .     Measured electron injection rate for three kinds of metal-free organic DSSCs and 
predicted ET rate as a function of driving force under different reorganization energy.  
 4. Experimental Section 
  Dye-Sensitized Devices and Films:  All dye-sensitized fi lms and devices 

used in this report were provided by Wang Peng’s group, which are 
fabricated and characterized as described in the literature. [  13  ]  Typically, 
a cycloidal TiO 2  electrode (approximately 0.28 cm 2 ) on fl uorine-doped 
SnO 2  (FTO) conducting glass was immersed into a dye solution 
containing C209, C213, and C215 sensitizer (300  μ  M ) and Cheno (2 m M ) 
in acetonitrile for 5 h. After washing with acetonitrile and dried, the 
sensitized titania electrode was assembled with a thermally platinized 
FTO electrode. The electrodes were separated by a 35  μ m thick hot-melt 
gasket and sealed up by heating. The internal space was fi lled with a 
liquid electrolyte. Finally, the electrolyte-injecting hole on the counter 
electrode glass substrate was sealed, and the resulted samples were 
used for further steady-state and transient measurements. Based on 
electrochemical measurements, it provided the information of dyes’ 
lowest unoccupied molecular orbital (LUMO) and highest occupied 
molecular orbital (HOMO) in solution. 

  CdSe QD-Sensitized Films:  The CdSe QDs were synthesized by a 
modifi ed literature method. [  27  ]  A typical synthesis of CdSe nanocrystals 
was as follows. A mixture of CdO (77.04 mg), oleic acid (677.9 mg), 
and technological-grade octadecene (ODE, 8.1 g) was heated to 250  ° C 
to get a clear solution. After cooling down to room temperature, 1.5 g 
trioctylphosphine oxide (TOPO) and 1.5 g hexadecylamine (HDA) were 
added, and the mixture was heated to 340  ° C again. A mixture of 2.9 g 
10 wt-% Se-trioctylphosphine (TOP) solution and 1.1 g of ODE was 
quickly injected into this hot solution, and then the reaction mixture 
was allowed to cool to 310  ° C for the growth of CdSe nanocrystals. The 
reaction was stopped when the desired nanocrystal size was reached. 
The synthesis was carried out under nitrogen. Ligand exchange by 
butylamine was performed following a recently reported method. [  28  ]  
After the ligand exchange, a CdSe QDs solution with 0.5 mL 
butylamine and 2.5 mL toluene was stored for sensitization. The CdSe 
QD-sensitized fi lm was prepared by exposing a nanocrystalline TiO 2  
fi lm with 20 nm particle size and 2.6  μ m thickness to the stored 
butylamine-capped CdSe QDs solution in darkness. The exposure time 
was 48 h. The CdSe QD-sensitized fi lm was washed twice with toluene. 
Finally, a fresh CdSe QD-sensitized fi lm was used for experiment when 
it was dry. 
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  Femtosecond Transient Absorption (TA) Setup:  The 
TA setup [  29  ,  30  ]  consisted of 400 nm pump pulses 
doubled from 800 nm laser pulses (approximately 
100 fs duration, 250 Hz repetition rate) generated from 
a mode-locked Ti:sapphire laser/amplifi er system 
(Spectra-Physics) and broadband (450–850 nm) 
white-light probe pulses generated from 5 mm thick 
sapphire substrate. The relative polarization of the 
pump and the probe beams was set to the magic 
angle. The TA data were collected by a fi ber-coupled 
spectrometer connected to a computer. The group 
velocity dispersion of the transient spectra was 
compensated by a chirp program. 

  Time-Resolved Photoluminescence:  Sub-picose-
cond time-resolved emissions were measured 
by the femtosecond fl uorescence upconversion 
method. [  31  ,  32  ]  A Nd:YVO laser (Millennia, Spectra 
Physics) was used to pump a Ti:Sapphire laser 
(Tsunami, Spectra Physics). Its output seeded 
a regenerative amplifi er (RGA, Spitfi re, Spectra 
Physics). The output of the amplifi er of 1.5 mJ pulse 
energy, 100 fs pulse width, at 800 nm wavelength 
was split into two equal parts; the second harmonic 
(400nm) of one beam was focused in the sample as 
excitation. The resulted fl uorescence was collected 
and focused onto a 1 mm thick BBO crystal with 
a cutting angle of 35 ° . The other part of the RGA 
output was sent into an optical delay line and 
served as the optical gate for the upconversion of 
the fl uorescence. The generated sum frequency light was then collimated 
and focused into the entrance slit of a 300 mm monochromator. A 
UV-sensitive photomultiplier tube 1P28 (Hamamatsu) was used to 
detect the signal. The electrical signal from the photomultiplier tube was 
summed by a digital oscilloscope. The FWHM of instrument response 
function was about 400 fs. The probe wavelength was chosen at the 
peak of the emission spectra in the fi lm. All the measurements were 
performed at room temperature. Pump-power-dependent measurements 
were carried out. In the acceptable range, no pump intensity dependent 
dynamics were observed. Nanosecond fl uorescence lifetime experiments 
were performed by the time-correlated single-photon counting (TCSPC) 
system under right-angle sample geometry. A 405 nm picosecond 
diode laser (Edinburgh Instruments EPL375, repetition rate 2 MHz) 
was used to excite the samples. The fl uorescence was collected by a 
photomultiplier tube (Hamamatsu H5783p) connected to a TCSPC 
board (Becker&Hickel SPC-130). The time constant of the instrument 
response function (IRF) was about 300 ps.  
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