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Abstract: Förster resonant energy transfer can improve the spectral 
breadth, absorption and energy conversion efficiency of dye sensitized solar 
cells. In this design, unattached relay dyes absorb the high energy photons 
and transfer the excitation to sensitizing dye molecules by Förster resonant 
energy transfer. We use an analytic theory to calculate the excitation 
transfer efficiency from the relay dye to the sensitizing dye accounting for 
dynamic quenching and relay dye diffusion. We present calculations for 
pores of cylindrical and spherical geometry and examine the effects of the 
Förster radius, the pore size, sensitizing dye surface concentration, 
collisional quenching rate, and relay dye lifetime. We find that the 
excitation transfer efficiency can easily exceed 90% for appropriately 
chosen dyes and propose two different strategies for selecting dyes to 
achieve record power conversion efficiencies. 
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1. Introduction 

Dye sensitized solar cells (DSCs) [1] are a promising photovoltaic technology that has 
achieved power conversion efficiencies of over 11% [2]. These devices can obtain high open 
circuit voltages of 0.85 V and fill factors of 0.75 but are less efficient than many inorganic 
solar cells primarily because the currently employed dyes achieving the highest power 
conversion efficiencies do not effectively absorb photons above ~750 nm in wavelength. 

We recently demonstrated that energy relay dyes can enhance both the spectral breadth 
and absorption of dye sensitized solar cells, improving the power conversion efficiency by 
over 25% [3]. In this design unattached relay dyes (the energy donor) absorb high energy 
photons and transfer the excitation to the sensitizing dye (the energy acceptor) by Förster 
resonant energy transfer (FRET). The sensitizing dye directly absorbs the lower energy 
photons. This design motivates the development of sensitizing dyes that absorb strongly in the 
near-infrared, which used in conjunction with relay dyes that absorb over the visible 
wavelengths may enable power conversion efficiencies of 15% to be achieved. For this 
architecture to achieve a record power conversion efficiency device, a high excitation transfer 
efficiency (ETE) from the relay dye to the sensitizing dye of over 90% is likely needed. 
Conventional DSCs frequently have an external quantum efficiency of over 90% at strongly 
absorbed wavelengths and an internal quantum efficiency of ~95% [4]. Due to the extra step 
in harvesting photons absorbed by the relay dye, an ETE of less than 90% would likely result 
in an insufficient external quantum efficiency over the wavelengths absorbed by the relay 
dye. 

Theoretical calculations for the excitation transfer efficiency and dynamics have been 
performed and experimentally verified for energy donors and acceptors in a variety of 
geometries and distributions [5–8]. Differences in the geometric arrangement 
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 donors and acceptors can have a significant impact on the excitation 

transfer efficiency and energy transfer dynamics. Much of the recent work has been motivated 
by the application of using fluorescence spectroscopic methods to measure nanometer scale 
distances in biological [9,10] and polymeric [11] systems for structural characterization as 
well as using FRET to enhance the capabilities of nanostructured optoelectronic devices 
including solar cells [3,8,12,13]. 

Förster’s energy transfer theory [14] has also been extended to account for the effects of 
chromophore diffusion [15,16]. Diffusion of the donors and/or the acceptors can significantly 
increase the excitation transfer efficiency since it enables donor and acceptors that are 
originally too far apart for energy transfer to appreciably occur to move closer together, into 

range for FRET. This effect is large for dye molecules with long excited state lifetimes (≥ 1 
µs) in low viscosity solvents that can diffuse a distance in the excited state that is far greater 
than the distance over which FRET is effective. Förster resonant energy transfer in the 
presence of chromophore diffusion has been typically studied in three different regimes: the 
stationary limit where diffusion is negligible, the rapid diffusion limit where the diffusion 
length is much larger than the average donor-acceptor separation distance, and the more 
complex intermediate regime. Different models are used for calculating the excitation transfer 
efficiency for each regime. 

In this paper we present a comprehensive model to compute the excitation transfer 
efficiency in a dye sensitized solar cell for all three diffusional regimes from relay dyes 
distributed throughout the mesoscopic pore volume to sensitizing dye molecules densely and 
uniformly attached to the pore walls. In our model we consider the competing process of 
collisional quenching of the relay dye fluorescence which can be significant in DSCs since 
the iodide/triiodide redox couple is a nearly perfect quencher of many dyes [17]. We define a 
critical distance, Rc, over which the energy transfer process is efficient in this system and 
which we propose as the figure of merit in selecting dyes for high excitation transfer 
efficiencies. In Section 3, we present quantitative calculations of the excitation transfer 
efficiency for pores with cylindrical or spherical geometries and consider the effects of the 
Förster radius, average pore size, sensitizing dye surface concentration, collisional quenching 
rate, and relay dye lifetime on the excitation transfer efficiency. We find that the ETE can 
easily exceed 90% in two different situations: dye combinations with a relatively large Förster 
radius in which the donor has a short lifetime to avoid quenching effects or alternatively a dye 
combination which can have a relatively small Förster radius, provided that the relay dye has 
a long fluorescence lifetime and is not significantly quenched by the electrolyte to enable 
chromophore diffusion. On the basis of these calculations, we present design criteria for 
selecting dyes and device architectures to achieve near unity excitation transfer efficiencies. 

2. Background and model description 

Förster resonant energy transfer is the mechanism for excitation transfer mediated by the 
coupling of two resonant dipoles through the electric field. The rate of FRET, kF, from an 
energy donor at the position vector rD to an acceptor at rA, as shown in Fig. 1(a), is given by: 
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Here τ0 is the lifetime of the energy donor excited state, and R0 is the Förster radius which 
is the distance over which excitation transfer is 50% probable. The Förster radius can be 
computed from the energy donor photoluminescence quantum efficiency, QD,0, and overlap 
integral of the donor emission spectrum FD with the acceptor absorption spectrum εA [17]. 
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The other factors occurring in this equation are Avogadro’s number, NA, the dielectric 
constant of the medium, n, and a dimensionless orientation factor, κ

2
, which is equal to 2/3 if 

the dipoles are randomly oriented and can rapidly reorient. In this article, we define QD,0 such 
that it accounts for all static quenching effects but does not account for dynamic quenching by 
other donor dye molecules or chemical species, which we address separately. If multiple 
acceptors are available, as shown in Fig. 1(b), the total rate of resonant energy transfer is the 
sum of the rates to each acceptor, since the acceptors act independently. 
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It is also possible for energy transfer to occur from one donor to another donor which can 
be the dominant energy transfer process in some systems [18]. However, for DSCs utilizing 
relay dyes it is preferable for the energy relay dye to have a moderately large Stokes shift so 
that the absorption bandwidth between the relay and sensitizing dyes is maximized while 
allowing for efficient FRET from the relay dye to the sensitizing dye. As a result, the Förster 
radius between donors is typically small compared to the average separation distance between 
the donor chromophores in the electrolyte (~4 nm) so we can assume that this process is 
negligible in our model. We note that if relay dyes are used which do undergo appreciable 
donor-donor transfer, our model provides a conservative estimate for the excitation transfer 
efficiency. 

Knowledge of the exact positions of all of the donors and acceptors is required to make 
use of Eq. (3). More general theories have been developed to calculate the rate of energy 
transfer if statistics describing the distribution of acceptors and donors are known [5]. Since 
there is statistical uncertainty in the positions of individual donors and acceptors, the 
dynamics of energy transfer from a given donor cannot in general be described by a single 
rate and must be characterized by a probabilistic distribution of rates. 

r -

(a)

CA

Relay Dye

Sensitizing Dye

Titania
(b)

Energy Donor

Energy Acceptor

A r D

 

Fig. 1. (a) Geometries of FRET occurring from a single donor to a single acceptor and (b) from 
donors to a dense monolayer of acceptors with surface concentration CA as in the case of a dye 
sensitized solar cell with relay dyes. 

In our model, we assume that the energy donors are uniformly distributed inside a pore, 
and the energy acceptors are uniformly and densely distributed over the surface of the pore 
walls, described by a surface concentration CA. If the average spacing between individual 
acceptor chromophores is small compared to the Förster radius (CAR0

2
 >> 1), we can 

approximate the sum in Eq. (3) with an integral over the pore wall surface. 
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DSC’s typically have a CA between 0.2 and 1 dye/nm
2
 which is dependent upon the dye 

molecule size, number of attachment groups, the titania nanoparticle size, and whether or not 
a co-adsorbent is used that competes for the surface sites [19]. The errors associated with this 
approximation are most significant when the energy relay dye is a distance from the pore wall 
that is comparable or smaller than the spacing between the sensitizing dye molecules. In this 
case, the distance between a donor and the nearest acceptors is very small and thus the energy 
transfer rate is sensitive to the precise distances to these nearest acceptors. This is also the 
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regime where deviations from the Förster dipole approximation become significant and can 
be off by more than 50% for large chromophores [20]. Although these factors may have a 
significant impact on the rate of Förster transfer, they have a negligible effect on the 
excitation transfer efficiency since energy transfer is nearly 100% probable at this short 
donor-acceptor separation distance in a well designed system. 

The presence of the redox couple in the electrolyte of dye sensitized solar cells can greatly 
increase the rate of non-radiative decay of the relay dye, providing a parasitic pathway for 
excitation decay that competes with energy transfer. Iodide and triiodide are perfect 
quenchers of many dye molecules meaning that a single collision with an excited dye results 
in quenching. This quenching can occur via electron transfer from iodide to the dye or the 
iodide can induce the excited dye to undergo intersystem crossing to its relatively non-
emissive triplet state [21]. Dynamic quenching is described by the Stern-Volmer equation. 
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Here [Qj] is the concentration of quenching species j and kqj is the bimolecular quenching 

coefficient for the dye-quencher combination, which is typically 10
9
-10

10
 M

−1
s
−1

 for effective 
quenchers [17]. QD,0 and τ0 are the photoluminescence quantum efficiency and lifetime of the 
donor in absence of the quenching species, while QD,Q and τQ refer to these respective 
quantities when the quenching species are present. The degree of quenching is larger for relay 
dyes with a longer lifetime τ0, assuming similar values for kq, because it provides more time 
for the dye to collide with quenchers. 

The Förster radius is the length scale over which Förster resonant energy transfer is 
efficient between a donor and a single acceptor. For a donor that can undergo energy transfer 
to a monolayer of acceptors of surface concentration CA, or could be dynamically quenched 
by quenchers Qj, we show that the length scale over which FRET is efficient is instead: 
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A large Förster radius between the relay and sensitizing dyes, a dense surface coverage of 
the sensitizing dye on the titania surface and a small degree of quenching of the relay dye by 
the electrolyte are all important in achieving a large critical energy transfer distance, Rc, and a 
high excitation transfer efficiency. 

The ratio of the competing rates of energy transfer and quenching can be used to calculate 
the excitation transfer efficiency. The details of this calculation depend upon the extent that 
the relay dye diffuses, which can greatly increase the excitation transfer efficiency. Assuming 
that the diffusivity of dyes in a mesopore can be described by the Stokes-Einstein relation, a 
relay dye dissolved in acetonitrile with a hydrodynamic radius of 1 nm will have a diffusivity 
of around 0.6 nm

2
/ns. Diffusion of the relay dye can be neglected when the relay dye 

diffusion length is small compared to the critical energy transfer distance, i.e. 6 .Q cD Rτ ≪  

This is the case for relay dyes with short quenched fluorescence lifetimes of τQ ≤ 1 ns. In the 
so called rapid diffusion limit, the diffusion length is large compared to the average donor-

acceptor separation distance [16], or roughly when 6 .Q pD Rτ ≫ where 2Rp is the diameter 

of the pore. For a typical pore diameter of 2Rp = 30 nm, which is produced by using standard 

20 nm diameter titania particles emulsions, this limit is reached when τQ ≥ 1 µs. We also 
examine the regime for dyes with intermediate lifetimes to investigate the tradeoff in 
selecting dyes with longer lifetimes, which can diffuse farther but are more easily quenched. 
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3. Calculation results for pores of cylindrical and spherical geometry 

3.1 Short lifetime relay dyes: excitation transfer efficiency in the absence of diffusion 

Many organic dyes have a fluorescence lifetime between 0.5 and 10 ns [17]. Most are nearly 
perfectly quenched by iodide/triiodide resulting in an even shorter lifetime in the DSC 
electrolyte. Consequently diffusion can be ignored when using most organic dyes as a relay 
dye since the dye can only diffuse about a nanometer or less during its excited state lifetime, 
which typically has a negligible impact on the excitation transfer efficiency. The ETE from a 
stationary energy donor to a stationary group of acceptors is equal to the ratio of the rate the 
excited donor undergoes energy transfer to the total rate of all decay mechanisms of the 
excited donor: 

 ( ) ( )
( )1

F
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Q F

k

k
η

τ −
=

+
D

D

D

r
r

r
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The excitation transfer efficiency for an ensemble of static donors is equal to the average 
ETE of all of the donors [22]. If we assume that the donors are evenly distributed throughout 
the pore volume, we can calculate the overall excitation transfer efficiency for the pore by 
averaging Eq. (7) over all possible positions of the donor and using Eq. (4) and (5) for the 
rates of energy transfer and non-radiative decay. 
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Here V is the pore volume. In the limit of no donor chromophore diffusion, the excitation 
transfer efficiency only depends upon the geometrical shape of the pore, which sets the 
bounds of both integrals, and the critical energy transfer distance, Rc. 

Equation (8) can be easily evaluated numerically for pores that are modeled as cylinders 
or spheres. We further approximate the cylindrical pores to have an infinite length, L, which 
is valid if the length of the pore is much deeper than the pore radius and the critical energy 
transfer distance. For both pore geometries, R is the radial distance from the donor to the 
center of the pore and Rp is the radius of the pore (Fig. 2(a) and (b)). The rate of FRET from a 
relay dye located a distance R from the center of the pore to sensitizing dyes on the pore walls 
can be calculated for both pore geometries by applying Eq. (4): 
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For the limit of static donors, the excitation transfer efficiency for cylindrical and 
spherical pores can then be calculated from Eq. (8). 
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Fig. 2. (Color online) Geometries of the cylindrical (a) and spherical (b) pores of diameter 2Rp. 
The relay dye is distributed throughout the volume of the interior of the pore while the 
sensitizing dye densely covers the pore walls. (c) Calculated excitation transfer efficiency in 
cylindrical (dotted curve) and spherical (solid curve) pores in the absence of diffusion as a 
function of the ratio of the critical energy transfer distance Rc to the pore diameter 2Rp. 

The excitation transfer efficiency only depends upon the ratio of the critical energy 
transfer distance to the diameter of the pore, which can be seen explicitly for the spherical 
case in Eq. (12). For an ETE of greater than 90% the critical energy transfer distance should 
be roughly a quarter to a third of the pore diameter or larger (Fig. 2(c)). For pore diameters of 
30 nm, this corresponds to Rc > 9.2nm and Rc > 7.0nm respectively for cylindrical and 
spherical pores. For organic relay dyes in a DSC with a conventional iodide/triiodide 

electrolyte, quenching is nearly perfect with kq[Q] ~5x10
9
 s
−1

 [3]. Assuming a sensitizing dye 
surface coverage of CA = 0.5 dye molecules/nm

2
, for a relay dye lifetime of τ0 = 0.5ns, a 

minimum Förster radius of 6.07 nm or 5.03 nm is required to achieve 90% ETE for 
cylindrical and spherical pores respectively. If the (unquenched) lifetime of the dye were τ0 = 
5ns, however, only ~70% ETE would be achieved for these Förster radii due to increased 
quenching. There is thus considerable benefit of using shorter lifetime relay dyes to minimize 
the effects of quenching when nearly perfect quenching occurs. 

In an actual mesoporous film, the pores are neither cylindrical nor spherical in shape. 
However, the difference in the calculated energy transfer efficiencies between these two 
geometries is not large so we would expect the ETE for actual pore geometries to be close to 
the results for the cylindrical and spherical pores. Mesoporous films have a distribution of 
pore sizes, which can be measured by the Brunauer, Emmett and Teller (BET) method. The 
theoretical average excitation transfer efficiency for the film can be determined by calculating 
the excitation transfer efficiency at each pore size and taking a weighted average of these 
values using the measured distribution of pore sizes. 

3.2 Long lifetime relay dyes: excitation transfer efficiency in the rapid diffusion limit 

Not all dyes are completely quenched by iodide and triiodide. For example, some lanthanide 
complexes can undergo thousands of collisions with iodide before being quenched and have 

bimolecular quenching coefficients of kq < 10
6
 M

−1
s
−1

 [23]. For relay dyes that are relatively 
insensitive to collisional quenching, a long lifetime is highly beneficial for energy transfer 
since it enables the dye to diffuse closer to the pore wall, greatly reducing the critical energy 
transfer distance required for 90% excitation transfer efficiency. Eventually a longer diffusion 
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length leads to no further improvement in the ETE and this situation is referred to as the rapid 
diffusion limit. In this limit, a donor can move through nearly all of the different regions in 

the pore during its excited state lifetime (τQ ≥ 1µs for 30 nm diameter pores). Consequently, 
all donors have the same average rate of undergoing energy transfer averaged over their 
excited state lifetime. This rate can be computed by averaging the energy transfer rate over all 
possible donor positions in the pore [16]. 

 ( ) 31

e
F F D

V
e

k k dr
V

= ⋅∫ Dr   (13) 

Equation (13) diverges if the integration volume is taken as the full pore volume since this 
would allow the donor to diffuse arbitrarily close to acceptors on the pore wall where the rate 
of energy transfer approaches infinity in the Förster dipole model. The finite size of the donor 
and acceptor molecules needs to be considered when setting the bounds on the volume 
integration to set a minimum separation distance between the donors and acceptors. For small 
dye molecules, this distance of closest approach is around Ra = 0.5nm [16,17]. We use Ve to 
represent the volume in the pore that donors can occupy, which excludes the regions that are 
less than the distance of closest approach from the pore wall. 

The average excitation transfer efficiency is equal to the ratio of the average rate of energy 
transfer to the average total decay rate [17] which combined with Eq. (4) and (6) yields: 
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For the case of the cylindrical pore, the integrations need to be performed numerically. An 
analytic solution, however, exists for the sphere: 
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− −

−
       = − + = − +     −−    

∫  (15) 

Here Ra is the closest distance that the donor can be from the boundary of the pore and b = 
Ra / (2Rp). The critical energy transfer distance required to achieve 90% ETE in a 30 nm 
diameter pore is shown in Fig. 3. The excitation transfer efficiency is higher for the spherical 
pores compared to the cylindrical pores for the same parameters, though the difference is 
again relatively small in the regime where the ETE is high. The excitation transfer efficiency 
is highly sensitive to the distance of closest approach, Ra, and consequently larger and bulkier 
relay and sensitizing dyes will have a lower ETE since they cannot get as close together. For a 

distance of closest approach of Ra = 0.5 nm, Rc ≥ 2 nm is sufficient to get over 90% ETE for 
both pore geometries. If the impact of quenching is negligible, this critical energy transfer 
distance can be achieved with a Förster radius of only 1.8 nm, assuming CA = 0.5 
molecules/nm

2
. 

The challenge in selecting dyes to achieve high excitation transfer efficiencies in the rapid 
diffusion limit is finding dyes with sufficiently long lifetimes in the presence of the quenching 

DSC electrolyte to be in the rapid diffusion regime, roughly τQ ≥ 1µs. Many dyes, including 
metal-ligand complexes have lifetimes (τ0) of a microsecond or more. However, from Eq. (5) 
the dye lifetime in the electrolyte is ultimately limited by the time scale over which quenching 

occurs: ( )
1

jQ q jj
k Qτ

−

 <  ∑ . The iodide concentration in the electrolyte needs to be at least 

1020 ions/cm3 [24,25], or 0.2 M, for efficient regeneration of the sensitizing dye to occur. 
Consequently relay dye molecules should be chosen with bimolecular quenching coefficients 

with iodide/triiodide of kq ≤ 10
6
 M

−1
s
−1

 in order to reach the rapid diffusion limit. 
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Fig. 3. (Color online) Excitation transfer efficiency in (a) cylindrical and (b) spherical pores in 
the rapid diffusion limit as a function of the critical energy transfer distance, Rc and the 
distance of closest approach that the donors can be from the pore wall, Ra. The pore diameter 
was assumed to be 2Rp = 30nm. To determine the excitation efficiency for other pore sizes, 
scale Rc and Ra by the same proportionality factor that Rp is changed. 

Encapsulated structures, where the optically active region is surrounded by a protective 
shell, may be good relay dye candidates due to their reduced bimolecular quenching 
coefficients. Lanthanide cryptates have been demonstrated to have bimolecular quenching 

coefficients with iodide as low as kq = 10
2
 M

−1
s
−1

 [26]. Core-shell nanoparticles may be 
another possibility. The thickness of the protective shell should be as thin as possible without 
sacrificing its effectiveness, since the shell increases the distance of closest approach, Ra, 
reducing the excitation transfer efficiency. 

3.3 Intermediate lifetime relay dyes: full model of the impact of relay dye lifetime on ETE 

A longer relay dye lifetime allows the dye to diffuse further in the DSC electrolyte, improving 
the excitation transfer efficiency, but also increases the chances that it will be quenched, 
which lowers the ETE. To understand the effect of the relay dye lifetime on the ETE when 
diffusion and quenching are both significant, we need to examine the regime of intermediate 
diffusion. The general case for energy transfer in the presence of diffusion was treated by 
Steinberg et al. [15] who considered the survival probability distribution of the excited donor 
and derived a partial differential equation to describe the decay of this distribution. We 
summarize this method below, which we have adapted to include the effects of dynamic 
quenching. 

At time t = 0, a single donor is excited somewhere inside the pore. P(rD, t) is the survival 
probability, which is the probability density that the excited donor is at the position vector r 
after a delay of t following excitation. Since a random donor is excited, P(t = 0) is equal to 
1/Ve everywhere inside the pore where there could be a donor molecule and zero elsewhere. 
As in the case of the rapid diffusion limit, the donors are not permitted to be closer than the 
distance of closest approach, Ra, from the pore walls. The survival probability function 
evolves according to the following continuity equation, which accounts for diffusion, FRET 
and non-radiative decay of the donor: 

 
( ) ( )( ) ( )2 1

,
,

f Q

P t
D k P t

t
τ −

∂
= − −

∂
D

D D

r
r r∇∇∇∇   (16) 

Here D is the diffusion coefficient of the donor species. We impose homogeneous 

Neumann boundary conditions, 0P• =n ∇∇∇∇  (where n is the surface normal vector), to allow 
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for the possibility for donors to bounce off the pore wall without undergoing energy transfer, 
which can be significant if the donor’s fluorescence lifetime is long or the minimum donor-
acceptor separation distance is large, resulting in a slow FRET rate. The survival probability 
distribution can be in principle determined using a numerical partial differential equation 
solver to solve Eq. (16). 

The excitation transfer efficiency is equal to the probability the excited donor does not 
undergo non-radiative decay. The integral of P over the pore volume gives us the probability 
that the donor has not yet decayed after time t, which approaches zero for times much longer 
than the lifetime of the donor. Multiplying this by the non-radiative decay rate and integrating 
over all time gives the probability that the excited donor undergoes non-radiative decay. Thus 
the excitation transfer efficiency is given by [27]: 

 ( )1 3

0
1 ,

e
ETE Q D

V
P t dr dtη τ

∞ −= − ∫ ∫ D
r   (17) 

In the case of cylindrical and spherical pores, the survival distribution function P only 
depends upon the radial distance from the center of the pore, and Eq. (16) simplifies to: 

 
( ) ( )( ) ( )1

, 1
,m

f Qm

P R t P
D R k R P R t

t R RR
τ −

∂ ∂ ∂ = − + ∂ ∂ ∂ 
  (18) 

Here m = 1 in the case of the cylindrical pores and m = 2 for the spherical pores and kf is 
given by Eq. (9) or (10). The initial condition to the problem is P(t = 0) = 1/Ve inside the pore 
and zero outside, where Ve is the volume of a cylinder of radius Rp – Ra and length L or of a 
sphere of radius Rp – Ra. We impose reflective boundaries at the pore walls and constrain the 
diffusion flux to be finite in the pore center: 

 
( ) ( ), 0

0 and 0
p aP R R R t P R

t t

∂ = − ∂ =
= =
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.  (19) 

The partial differential equation can be solved numerically by discretizing P in space and 
time. The integrations in Eq. (17) can then be performed numerically to calculate the ETE. 
This method was checked in the static and rapid diffusion limits and was found to agree 
within 1% of the solutions found using the previously described models for those limits. 
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Fig. 4. (Color online) Excitation transfer efficiency for a spherical pore (a) with significant 

quenching (kq[Q] = 109s−1) and (b) reduced quenching (kq[Q] = 106s−1) as a function of the 
relay dye lifetime and critical energy transfer distance in absence of quenching. The pore 
diameter was set to 2Rp = 30nm, the distance of closest approach was Ra = 0.5nm, and a relay 
dye diffusivity of D = 0.6nm2/ns was used in these calculations. 
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The calculated excitation transfer efficiency for 30-nm-diameter spherical pores is shown 
above for the case when the relay dye is nearly perfectly quenched by the redox couple  

[Fig. 4(a), kq[Q] = 1x10
9
 s
−1

] and when the quenching is less severe [Fig. 4(b), kq[Q] = 1x10
6
 

s
−1

]. In the case of nearly perfect quenching, the ETE decreases with relay dye lifetime 
because longer lived dyes allow more time to be quenched by the electrolyte. Diffusion plays 
a minor role since the dye lifetime in the electrolyte is limited to 1 ns and the dye will be 
quenched before it can diffuse appreciably. In the case of reduced quenching, longer lived 
dyes allow the relay dye to diffuse further, improving the ETE. The critical energy transfer 
distance required to achieve 90% ETE decreases by about a factor of three when the lifetime 
of the dye (τ0) is increased from 1 ns to 1 µs, going from the static limit to the rapid diffusion 
limit. If the lifetime is increased further, however, the ETE begins to drop since quenching of 
the dye becomes significant. A longer dye lifetime is thus only beneficial when the lifetime is 
less than the time scale for quenching. 

4. Discussion 

The calculations for the cylindrical and spherical pores suggest two strategies for achieving 
excitation transfer efficiencies of over 90% in a dye sensitized solar cell with relay dyes. The 
first approach is to find relay and sensitizing dye combinations with moderately high Förster 
radii of 5 nm or more and relay dyes with short fluorescence lifetimes to minimize the chance 
that they will be quenched before they undergo energy transfer. A second strategy is to select 

a donor dye that is not easily quenched by triiodide (kq ≤ 10
6
 M

−1
s
−1

) and has a long lifetime 
of a microsecond or more. In this case the relay dye and sensitizing dye can have a small 
Förster radius of ~2 nm and still undergo efficient energy transfer due to diffusion. It may be 
easier adopting the first strategy and selecting relay dyes with short lifetimes since iodide 
quenching is so highly efficient for most dyes. We previously adopted this approach in 
selecting PTCDI as the relay dye which is highly fluorescent, (QD,0 = 90%) enabling a Forster 
radius of 7.5 nm with the sensitizing dye TT1, and has a short lifetime, (τ0 = 4.8 ns) 
minimizing quenching [3]. For the second approach, ytterbium complexes appear to be the 
most promising for relay dyes of the lanthanide complexes as they emit at 980 nm [28] and 
would efficiently undergo energy transfer to a near infrared sensitizing dye. 

In order to function in a DSC and harvest most of the incident photons, the relay and 
sensitizing dyes additionally must have strong and complementary absorption spectra [3]. The 
relay dye must either be highly soluble in the DSC electrolyte (typically acetonitrile) or have 
a high molar extinction coefficient. As an example, dyes with a peak molar extinction 

coefficient of 50,000 M
−1

 cm
−1

 would need a concentration of ~40 mM to absorb 90% of the 
light in a 10 µm thick film; however dyes with twice the molar extinction coefficient (i.e. 

100,000 M
−1

 cm
−1

) would require half the concentration. The sensitizing dye should be able to 
pack densely on the titania surface and have good injection into the titania. 

The model presented in this paper can be extended with some modifications to relay dyes 
in solid state dye sensitized solar cells. There is a great potential for energy relay dyes to 
improve the efficiency of solid state DSC’s which are limited in thickness to 2 µm and cannot 
absorb all of the incident light. Recently we have demonstrated an improvement in the 
efficiency of a solid state DSC using a relay dye [29]. Unlike in the liquid electrolytic DSC, 
diffusion of the relay dye is not possible. Studies have suggested that the pores are not 
completely filled in solid state DSC and that there are voids of ~40% of the pore volume in 
the center of the pores [30]. Consequently, there is the potential for energy transfer to be more 
efficient in the solid state DSC since the relay dyes are not located in the center of the pore 
where energy transfer to the pore wall is the least efficient. Incomplete pore filling may make 
it difficult, however, to incorporate sufficient relay dye into the device to sufficiently absorb 
the higher energy photons. 
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5. Conclusion 

Here we presented a model for calculating the excitation transfer efficiency from a general 
volume containing energy donors to a dense surface of acceptors, accounting for the 
processes of diffusion and quenching. For the application of dye sensitized solar cells with 
energy relay dyes, a large Förster radius between the relay and sensitizing dyes, a dense 
sensitizing dye surface concentration on the titania, relatively low bimolecular quenching 
coefficients between the relay dye and the redox couple, and small to moderate sized pores 
are all important for efficient excitation transfer. A large relay dye diffusivity and long 
fluorescence lifetime are also beneficial but only when quenching by the redox couple is 
insignificant. Otherwise a short lifetime is advantageous to avoid quenching. Using 
calculations for cylindrical and spherical pores we have demonstrated that the energy transfer 
process can be over 90% efficient in a dye sensitized solar cell with dyes with reasonable 
properties. Near unity excitation transfer efficiencies can be obtained using dyes 
combinations with a relatively large Förster radius where the donor has a short lifetime to 
avoid quenching effects or alternatively with a dye combination with a relatively small 
Förster radius, provided that the donor has a long fluorescence lifetime and is not 
significantly quenched by the electrolyte to enable diffusion. 
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