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Increased light harvesting in dye-sensitized solar
cells with energy relay dyes

Brian E. Hardin'?, Eric T. Hoke', Paul B. Armstrong?, Jun-Ho Yum?, Pascal Comte?, Tomas Torres?*,
Jean M. J. Fréchet?, Md Khaja Nazeeruddin?, Michael Gratzel?> and Michael D. McGehee'*

Conventional dye-sensitized solar cells have excellent charge collection efficiencies, high open-circuit voltages and good fill
factors. However, dye-sensitized solar cells do not completely absorb all of the photons from the visible and near-infrared
domain and consequently have lower short-circuit photocurrent densities than inorganic photovoltaic devices. Here, we
present a new design where high-energy photons are absorbed by highly photoluminescent chromophores unattached to
the titania and undergo Forster resonant energy transfer to the sensitizing dye. This novel architecture allows for broader
spectral absorption, an increase in dye loading, and relaxes the design requirements for the sensitizing dye. We
demonstrate a 26% increase in power conversion efficiency when using an energy relay dye (PTCDI) with an organic
sensitizing dye (TT1). We estimate the average excitation transfer efficiency in this system to be at least 47%. This

system offers a viable pathway to develop more efficient dye-sensitized solar cells.

harvesting using a sensitizing dye (SD) attached to a wide-

bandgap semiconductor!=. DSCs are composed mainly of
abundant, non-toxic materials and offer an inexpensive route to
the development of highly efficient photovoltaic cells. State-of-the-
art DSCs, which absorb light from 350 to 700 nm, have validated
power conversion efficiencies of over 11% (ref. 6). A key to improv-
ing the efficiency of DSCs is to increase their spectral absorption
range. To reach power conversion efficiencies of 15% using an
I7/I; redox couple, DSCs must absorb ~80% of the solar
spectrum from 350 to 900 nm (ref. 7). Light absorption in DSCs
is determined by the molar extinction coefficient of the SD, the
surface coverage of the dye (dye molecules nm~2), and the total
surface area of the oxide film®. Films comprising TiO, nanoparticles
enhance the surface area; 10-pwm-thick films have surface areas
x1,000 greater than that of a flat junction. SDs generally pack
tightly on the TiO, surface with a density of 0.5-1 dye molecules
nm~2 (ref. 8). The SD has traditionally been made from
ruthenium-based complexes (for example, N719 and Z907)*° that
have fairly broad absorption spectra (AA~350nm) but low
molar extinction coefficients (5,000-20,000 M~! cm™'). Organic
dyes have recently been developed with substantially higher
molar extinction coefficients (50,000-200,000 M~ !'cm™!) but
narrow spectral bandwidths (AA & 250 nm)!%3. As a general
rule, dyes that absorb strongly do not typically exhibit
broad absorption.

Co-sensitization of titania by dyes with complimentary absorp-
tion spectra has been demonstrated to enhance light absorption
and broaden the spectral response of organic DSCs (ref. 14).
However, the limited number of sites on the titania surface to
which dye molecules attach places a constraint on the light absorp-
tion achievable by co-sensitization. Furthermore, co-sensitization
requires that each dye adsorb strongly on the surface, transfer
charge efficiently into the TiO, (refs 15-18), have slow recombina-
tion (that is, in the millisecond time domain)!”1*-2!, and regenerate

D ye-sensitized solar cells (DSCs) work on the basis of light

with the redox couple?”. Few dyes exist that are both excellent
absorbers and possess the requisite energy levels and chemical
anchoring groups to be good SDs. A recent study has demonstrated
the use of Forster resonant energy transfer (FRET) between cova-
lently linked energy donor molecules to the SD attached on the
titania surface?®. Siegers and colleagues?® were able to demonstrate
a high excitation transfer efficiency (>89%) between attached
dye molecules and an improvement in the device external
quantum efficiency of 5-10% between 400 and 500 nm. However,
the overall power conversion efficiency enhancement of the DSC
was low (<9%) and linked more to an increase in the open-
circuit voltage rather than an increase in the short-circuit
photocurrent density.

In this Article we demonstrate that unattached, highly lumines-
cent chromophores (PTCDI) inside the liquid electrolyte can
absorb high-energy photons and efficiently transfer the energy to
the anchored near-infrared sensitizing zinc phthalocyanine dye
(TT1), increasing the absorption bandwidth of the DSC. Figure 1
shows two routes for charge generation incorporated in this
system. In typical DSCs, light is absorbed by the SD (1), which
transfers an electron into the titania and a hole into the electrolyte.
In the new design, the unattached energy relay dye (ERD) is excited
by higher energy (blue) photons and then undergoes Forster energy
transfer (2) to the SD. This design is analogous to photosynthesis
in purple bacteria, where an aggregate of light-harvesting pigments
transfer their energy to the reaction centre, initiating charge
separation?®. In particular, the pigment LH-II is not in direct
contact with the reaction centre, and transfers its excitation by
means of an intermediate pigment (LH-I) in under 100 ps with
~95% efficiency?>%.

We recently proposed using unattached ERDs and long-range
energy transfer to increase light absorption?. Placing the ERDs
inside the electrolyte has several important advantages. First,
because the attached dye only has to absorb light over a smaller
spectral region, it can be chosen to have a stronger and narrower
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Figure 1| Schematic representation of a dye-sensitized solar cell (DSC) with energy relay dyes (ERDs). The right side of the figure shows the typical
absorption process for lower energy (red) photons in the DSC: light is absorbed by the sensitizing dye (1), transferring an electron into the titania, and a hole
is transported to the back contact through the electrolyte. The ERD process is similar, except that higher energy (blue) photons are first absorbed by the

ERD, which undergoes Forster energy transfer (2) to the sensitizing dye (SD).

absorption spectrum. Second, the SD can be redshifted compared to
the commonly used dyes because the ERD can absorb higher energy
photons. Furthermore, it is possible to place multiple ERDs with
complementary absorption spectra to tailor light absorption inside
the device. Finally, the ERD does not need to be attached to the
titania surface and with no additional processing steps can be
mixed in very large concentrations inside the electrolyte. In
summary, the addition of ERDs into the electrolyte makes the
overall absorption spectrum wider and stronger for the same film
thickness. It is important to note that the ERDs do not participate
in the charge transfer or collection process and thus do not
require precise energy levels or specialized attachment groups®.
ERDs should be designed to be soluble in and not greatly
quenched by the electrolyte. The ERD concept is particularly appli-
cable to solid-state DSCs (refs 3,29,30), which are currently
restricted to a thickness of 2 wm and are not able to absorb all of
the light, even at the peak of the dyes’ absorption spectrum.
Incorporating long-range energy transfer into the solid-state
DSC will require ERDs that avoid charge transfer into the
hole transporter. The ERD system is also extremely useful for
nanostructured systems (for example, TiO, nanotubes®!, ZnO
nanorods®?) that have less available surface area and thus poorer
light absorption.

FRET involves dipole-dipole coupling of two chromophores,
known as the donor and acceptor, through an electric field**. An
excitation of the donor, or in our case the ERD, can be transferred
non-radiatively through the field to the acceptor, or SD, if there is
overlap between the emission spectrum of the donor and the
absorption spectrum of the acceptor. Efficient energy transfer over
3-8 nm can be achieved with strong spectral overlap and high
donor emission efficiencies, for an isotropic alignment between
individual chromophores in solution. If, however, the single accep-
tor chromophore is replaced by a dense two-dimensional array (that
is, SDs tightly packed on the titania surface) FRET can become effi-
cient well over 25 nm from the interface’**.

High FRET transfer rates (kgzpy) are essential to quickly transfer
the energy before the excited ERD non-radiatively decays. The
FRET rate is dependent upon the Forster radius (R,) between the
ERD and the SD, the separation distance between the ERD and
the SD/TiO, interface, which is a function of pore size and geome-
try, and the natural fluorescence decay rate of the ERD, k,= 1/,
The Forster radius, or the distance in which Férster energy transfer
is 50% probable between individual chromophores, can be
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calculated® using equation (1):

9000 - In(10)k*Q
Rg = 128 - ’TESI’IZNA = JFD(A)EA(A)A4 d)\ (1)
where n is the index of refraction of the host medium (1.4-1.5 for
the DSC electrolyte), k2 the orientational factor (2/3 for random
orientation), N, Avogadro’s number, Qp, the photoluminescence
(PL) efficiency, F|, the emission profile of the donor and €(A) is
the molar extinction coefficient.

A previously reported®® derivative of perylene-3,4,9,10-tetracar-
boxylic diimide (PTCDI; Fig. 2b) was synthesized (see Methods)
for use as an ERD. PTCDI is an ideal ERD candidate because of its
extremely high PL efficiency (>90%), fast fluorescence lifetime
(4.8 ns), excellent photo and air stability and relatively strong absorp-
tion coefficient (50,000 M~! cm™! at 580 nm)* . Its bulky alkyl
phenyl substituents were designed to reduce chromophore inter-
actions between adjacent dye molecules in order to prevent aggregate
formation and reduction of fluorescence. A zinc phthalocyanine dye
(TT1; Fig. 2c) was chosen as the SD for its high molar extinction coef-
ficient of 191,500 M~ ! cm ™! centred at 680 nm (ref. 14). One would
prefer a dye with a smaller energy gap, but such dyes are not readily
available yet with the necessary anchoring groups. When attached to
titania, the TT1 dye absorption broadens (as shown in Fig. 2a) and
significantly overlaps the PL emission of the PTCDI. Given the
absorption and emission profile of the TT1 and PTCDI, respectively,
the Forster radius is estimated to be 8.0 nm. Time-resolved PL
measurements on solutions with varying concentration of TT1 deter-
mined R, to be 7.5-7.6 nm (see Supplementary Fig. S1).

Once excited, the ERD can transfer its energy to the SD by means
of FRET, emit a photon or non-radiatively decay. Non-radiative
decay in the DSC system is greatly increased due to the presence
of tritodide in the electrolyte. Triiodide is a highly mobile ion that
is known as a ‘perfect quencher’, meaning that collisions with the
ERD have a near unity probability of quenching the excited
state®. Given the high concentrations of triiodide in the DSC elec-
trolyte, the quenching rate of chromophores can be 20-2,000 times
greater than the natural decay rate. Collisional quenching of the
PTCDI by triiodide is described by the Stern-Volmer equation (2)
(refs 39,40),

PL, 7
oD 1 k(0] )
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Figure 2 | PTCDI and TT1 properties. a, PTCDI absorption (blue), PTCDI emission (red) in chloroform and TT1 absorption (black) on titania nanoparticles.
b,c, Chemical structures of the energy relay dye PTCDI (b), and sensitizing dye TT1 (c).

where PL, is the photoluminescence in the absence of a quencher,
PL the photoluminescence for a given quencher concentration
[Q], 7, the natural fluorescence lifetime, 7 the fluorescence lifetime
for a given [Q] and k, the bimolecular quenching constant, typically
around 1 x 10° to 1 x 10" M~! s 1. Because the bimolecular con-
stant and the electrolyte concentrations are relatively fixed, a short
T, is important for minimizing the fluorescence quenching. We
determined the fluorescence lifetime of the PTCDI to be 4.8 ns
(see Supplementary Fig. S2). Figure 3 shows that the fluorescence
intensity and lifetime are both reduced with increasing concen-
trations of the 1-methyl-3-propyl imidazolium iodide (PMII) and
I, species with k; values of 3.17 x 10'° and 0.67 x 10" M~ 's~",
respectively, indicating dynamic quenching. For the electrolyte
used in the DSC (0.6 M PMII, 0.05 M 1) the non-radiative decay
rate due to quenching (kqygncy) is calculated to be ~30 times
greater than the natural fluorescence decay rate (kqugncy = 30k,)-

The excitation transfer efficiency (ETE) is the probability that an
excited ERD will transfer its energy to a SD. The ETE for a single
relay dye molecule at position X is dependent on the rate of Forster
energy transfer, kyppr, relative to the combined rate of all decay mech-
anisms including the natural decay rate and quenching rate:

—

Kerer (%)
ko + kquencn + Kerer (%)

ETE(X) = (3)

The FRET rate is a function of the separation distance between the
ERD molecule and nearby acceptor molecules. The rate of Forster
energy transfer between isolated chromophores, known as point-
to-point transfer, is given by kpppr = ko(R,)®/7°, where r is the sep-
aration distance. When multiple acceptor molecules are present, the
FRET rate is equal to the sum of the transfer rates to each of the
acceptors. ERDs within the Forster radius of the SD array will trans-
fer their excitation with high efficiency, whereas ERDs in the middle
of a large pore may be quenched before energy transfer occurs. We
have developed a model that approximates the nanopores as either
cylinders or spheres to calculate FRET rate profiles, kgppr(X), and
excitation transfer efficiency profiles, ETE(X), using equation (3),
and assuming uniform SD coverage over the pore walls. The mor-
phology of the pores has important implications on ERD/SD array
separation distance. Assuming a homogeneous ERD concentration,
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Figure 3 | Quenching of PTCDI by electrolyte species. The PTCDI
photoluminescence is reduced with increasing concentration of PMII
(half-filled blue circles) and |, (green squares). The reduction in
photoluminescence (PL,/PL) by PMIl is equivalent to the reduction in
excitation lifetime (7,/7) shown as the red triangles. The PTCDI
concentration was 1x 10~4 M in gamma-butyrolactone.

the average separation distance between the ERD and the closest
SD/TIO, interface in a spherical pore is a quarter of the pore
radius, whereas in a cylinder the average separation distance is one-
third of the pore radius. Figure 4 shows how the average excitation
transfer efficiency, ETE, depends on the pore diameter for cylindrical
and spherical pores using the parameters calculated for the PTCDI-
TT1 DSC system. Although the excited ERD has a non-radiative
decay half-life of only 0.15 ns (4.8 ns/31) when placed in the electro-
Iyte, it has an expected ETE between 55 and 70% in a 30 nm pore.
The titania film comprised 20-nm particles to ensure close
proximity of the ERD to the SD. The 20-nm TiO, particles
produce pore diameters between 22 and 38 nm, a film porosity of
68% (without the addition of the dye), and a roughness factor
of 97 wm ™! (see Supplementary Figs $S3,54). A 10-pm-thick layer
of 20-nm particles and a 5-pm-thick layer of 400-nm scattering
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Figure 4 | Modelled average excitation transfer efficiency as a function of

pore diameter for spherical and cylindrical pores. Modelling results are

based on a Forster radius of 7.5 nm, a measured dye coverage of
0.045 nm~2 and a quenching rate of 30k,

particles (CCIC, HPW-400) was formed by means of screen print-
ing, sintered at 450 °C, and subsequently treated in TiCl, (ref. 41).
The films were then dipped in a 1 X 10> M solution of TT1 with
10 mM chenodeoxycholic acid for 4 h and rinsed in acetonitrile*2.

Chloroform was chosen as the electrolyte solvent because PTCDI
is significantly more soluble in it (>50 mM) compared to com-
monly used solvents such as acetonitrile (<2 mM) and gamma-
butyrolactone (<2 mM). However, chloroform-based electrolytes
displayed lower internal quantum efficiency (70% versus 80%)
and lower power conversion efficiencies at higher light intensities
(see Supplementary Table S1 and Figs S5,56)***%. These issues are
caused by the reduced I3 concentration, lower solubility of useful
additives such as Lil and guanidinium rhodanide, and the lower
dielectric constant of chloroform (& =5) compared to acetonitrile
(e = 36)*¥. Devices without the ERD were also made with aceto-
nitrile-based electrolytes and had similar device performances com-
pared to the literature (see Supplementary Fig. S7)'* . The electrolyte
contained 0.6 M PMII, 0.05 M 1I,, and up to the solubility limits of
tertbutyl pyridine (~0.04 M), Lil (~0.01 M) and guanidinium
thiocyanate (~0.02 M) in chloroform. PTCDI (13 mM) was sub-
sequently added before electrolyte filling of the DSC. The prep-
aration of the platinum counter-electrode on fluorine-doped tin
oxide glass (TEC 15 /00, 2.2 mm thick, Pilkington) is described
in a previous report*. Electrodes were sealed using a 25-pm-thick
hot-melt film (Surlyn 1702, Dupont). A small hole was drilled in
the counter-electrode and electrolyte filled using a vacuum pump.
It should be noted that CHCI, has a low boiling point and during
electrolyte filling the concentration of PTCDI inside the DSC invari-
ably changed. Higher molar concentrations of PTCDI in the electro-
lyte did not increase dye loading, but did result in clogging of the
hole as the PTCDI electrolyte gelled quickly. A precise determi-
nation of the true PTCDI concentration is beyond the scope of
this paper, but will be addressed in future publications.

Figure 5 shows the photocurrent density—voltage (J-V) charac-
teristics of DSCs with and without the ERD measured under AM
1.5G (100 mW cm~2) conditions (data shown in Table 1. Devices
containing no ERD (0 mM PTCDI) had power conversion efficien-
cies (PCE) of 2.55% and devices with 13 mM PTCDI had a PCE of
3.21%. The 26% increase in device performance is attributed to the
increase in short-circuit photocurrent density (Js:) caused by an
increase in the EQE from 400 to 600 nm as shown in Fig. 6a,
while the fill factor and open-circuit voltage (V) remained
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Figure 5 | Photocurrent density-voltage (J-V) characteristics of devices
with (13 mM PTGCDI) and without (O mM PTCDI) energy relay dye (ERD)
under AM 1.5G (100 mW cm~2). Dashed lines represent the dark current
for the ERD containing DSC (blue) and the control device (green).

relatively unchanged (see Table 1). Devices made with PTCDI but
without the SD were found to have very low photocurrent (Jq- <
42 pA cm™? and PCE ~ 0.01%), demonstrating that energy transfer
to the SD is necessary for photocurrent generation by the ERD.

A lower bound for EQE of the ERD (EQEggp,) can be calculated
from the difference between the EQE of the device containing the
ERD and the EQE of the control, AEQE, shown in Fig. 6b. The
EQE enhancement has a peak of 29.5% at 530 nm, which is x8
greater than the control (0 mM PTCDI). The AEQE spectrum
does not perfectly match the absorption of PTCDI because light
scattering is greater at lower wavelengths increasing the optical
pathway, and at longer wavelengths (>550 nm) the ERD and SD
compete for light absorption. The EQE of the ERD is equivalent
to the product of the absorption efficiency of the dye, the average
excitation transfer efficiency, ETE, and the internal quantum effi-
ciency (IQE) of the control device:

EQEgrp = Mabs,ERD ETE - IQE (4)

A minimum bound for the ETE can be calculated by assuming that
there is complete light absorption at the AEQE peak. Using the dye
absorption profiles, this corresponds to 7, grp = 89.7% from
PTCDI and 10.3% by TT1. If the IQE is assumed to be equal to
the peak EQE (70%), a minimum ETE of 47% is calculated (see
Supplementary Fig. S8).

Using the distribution of pore sizes in the DSC measured by the
Brunauer, Emmett and Teller (BET) method (see Supplementary
Fig. $4), the measured Forster radius (7.5 nm), the SD surface coverage
of 0.045 dye molecules nm ™2 and the quenching rate calculated above
from lifetime measurements (kqygycy = 30k,) we simulate an ETE
of 58% for the cylindrical pores and 70% for the spherical pores.
This is consistent with the minimum possible ETE observed from
the EQE data.

Table 1 | PV characteristics.

13 mM PTCDI 0 mM PTCDI Change (%)
Jsc (MA cm™) 8.78 6.88 28
Voe (mV) 553 562 —1.60
Fill factor 0.66 0.65 —1.50
PCE (%) 3.21 255 26
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Figure 6 | Light harvesting characteristics of the energy relay dye (ERD)
dye-sensitized solar cell (DSC). a, External quantum efficiency (EQE) versus
wavelength of the DSC with ERD (PTCDI) and a control device (0 mM
PTCDD). b, EQE addition (black squares) caused by FRET from the ERD to
the sensitizing dye (SD) and PTCDI absorption (blue circles). The peak
AEQE generated by PTCDI was 29.5% at 530 nm.

It is possible to increase the ETE by reducing the average pore
size inside the titania film. The ETE can be greater than 90%
when using smaller nanoparticles (for example, 14 nm) assuming
a SD surface concentration of the SD is 0.2 dye molecules nm™2
and a spherical pore geometry. Initial results using 14-nm nanopar-
ticles indicate >69% ETE when using PTCDI with TT1; however,
more rigorous analysis is necessary both in determining the exact
concentration of PTCDI inside the film and the porosity of the
samples with the inclusion of the SD. Incorporating PTCDI deriva-
tives that are soluble in acetonitrile or gamma-butyrolactone into
films that contain smaller pores should allow PCEs exceeding
5.5% for the PTCDI/TT1 system (see Supplementary Fig. S9). If
multiple relay dyes that have complementary absorption spectra
are incorporated into the system, higher PCEs are possible.

Given the predicted ETE, the development of DSCs with PCEs
greater than 15% is possible by using a series of ERDs that absorb
light from 350 to 800 nm and an SD that absorbs from 800 to
1,000 nm. The realization of extremely efficient DSCs will require
the research and development of SDs that can absorb strongly in
the infrared. Future infrared SDs will not be required to absorb as
broadly, and because the Forster radius is dependent on the emissio-
n/absorption overlap multiplied by the wavelength to the fourth
power (A* in equation (1)), it may not need to absorb as strongly.
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However, the SD will need to have excellent charge injection prop-
erties. The potential difference required between the HOMO of the
SD and the Nernst potential of the electrolyte is ~300 meV for the
iodide/triiodide redox couple and 100-200 meV for the solid-state
hole conductor to regenerate the dye. There are many available
fluorophores including quantum dots currently used for biomedical
imaging that have the potential to be used as ERDs*, and it may be
possible to design ERDs that are minimally quenched by triiodide.
Candidates for ERDs should be fast emitters (<100 ns) to reduce
quenching by the triiodide and have moderately high PL quantum
efficiency (>20%).

Methods

Materials synthesis. All glassware was dried overnight in an oven or by flame before
use. Reactions were carried out under nitrogen using standard Schlenk techniques.
Reactions were monitored by thin-layer chromatography using Whatman® 250-pum
silica gel plates. Flash column chromatography was performed using Merck silica
gel, 230-400 mesh. Solvents were removed with a rotary evaporator at aspirator
pressure. All reagents were used as received from commercial suppliers without
further purification. 9(10),16(17),23(24)-tri-tert-butyl-2-carboxy-5,28:14,19-
diimino-7,12:21,26 dinitrilotetrabenzo[c,h,m,r]tetraazacycloeicosinator-
(27)-N*,N3 N3 N32 zinc (1) (TT1) was made by a previously reported
procedure (ref. 14).

NMR spectra were recorded in CDCI, with a TMS standard using a Bruker AVB-
400 spectrometer. '>*C NMR was recorded at 100 MHz using 'H decoupling. Mass
spectrometry and elemental analysis data were recorded by staff members at the UC
Berkeley mass spectrometry facility.

Procedure for N,N’-di(2,6-diisopropylphenyl)-1,6,7,12-tetra(4-tert-butyl
phenyoxy)-perylene-3,4,9,10-tetracarboxylic diimide (PTCDI). A solution of
N,N'-di(2,6-diisopropylphenyl)-1,6,7,12-tetrachloroperylene-3,4,9,10-
tetracarboxylic diimide (3.00 g, 3.54 mmol, procedure from ref. 49), 4-tert-
butylphenol (2.66 g, 17.7 mmol), and potassium carbonate (2.92 g, 17.7 mmol) in
anhydrous N-methylpyrrolidinone (50 ml) was stirred at 130 °C for 16 h. The
solution was rapidly poured into 1 M HCI (200 ml) and the resulting precipitate
isolated by vacuum filtration and washed repeatedly with water. The precipitate was
dissolved in chloroform and extracted twice with water. The chloroform layer was
then dried over Na,SO, and concentrated. Purification by flash column
chromatography (eluent: 40-55% dichloromethane in hexanes) yielded 1.55 g of red
solid (34% yield). A portion of this product was further purified by recrystallization:
1.00 g of product was dissolved in dichloromethane (100 ml) and placed in a
1,000 ml graduated cylinder. Methanol (200 ml) was carefully layered on top of the
dichloromethane, and the two layers were allowed to mix slowly over 1 week. The
resulting red crystals were isolated by filtration and dried under vacuum, yielding
740 mg of red product.

Characterization. m.p. > 300 °C. '"H NMR (400 MHz, CDCl,, d): 8.29 (s, 4H), 7.42
(t, J=7.8 Hz, 2H), 7.22-7.28 (m, 12H), 6.87 (dt, ] = 8.8 and 2.5 Hz, 8H), 2.71 (m, ] =
6.8 Hz, 4H), 1.28 (s, 36H), 1.13 (d, J = 6.8 Hz, 24H). 3C NMR (100 MHz, CDCL,, 5):
163.55, 156.12, 152.99, 147.55, 145.82, 133.44, 130.88, 129.60, 126.88, 124.09, 122.89,
120.97, 120.45, 120.39, 119.41, 34.58, 31.66, 29.28, 24.24. FTIR (film on NaCl): v =
2,963, 2,870, 1,709, 1,675, 1,588, 1,505, 1,406, 1,340, 1,285, 1,209, 1,175 cm ™~ '. HRMS
(FAB+, m/z): calculated for CggHy,N,Og, 1303.6775; found, 1303.6786. Anal.

calculated for CggHgoN,O: C 81.07, H 6.96, N 2.15; found: C, 80.08; H, 6.97; N, 2.09.

Electrical measurements. The power of the AM 1.5 solar simulator (100 mW cm™2)
was calibrated using a reference silicon photodiode equipped with an infrared cutoff
filter (KG-3, Schott) to reduce the mismatch between the simulated light and solar
spectrum from 350-700 nm to less than 2% (ref. 50). The J-V curves were obtained
by externally biasing the DSC and measuring the photocurrent using a Keithley 2400
digital source meter. All measurements were performed using a metal mask with an
aperture of 0.159 cm? to reduce light scattering.

The EQE measurement light source was a 300 W xenon lamp (ILC Technology),
which was focused through a Gemini-180 double monochromator (Jobin Yvon).
EQE measurements were performed at 1% sun using a metal mask with an aperture
area of 0.159 cm?. Integrating the EQE spectra of the ERD-containing and control
DSCs resulted in slightly higher (~10%) estimated i at full sun than those
measured in the devices. This is a result of charge transport limitations caused by the
electrolyte at higher light intensities. Extrapolating device results from
measurements taken at 10% sun (see Supplementary Fig. S6) to full sun are
consistent with the estimated J.. from the EQE results. The difference in the
integrated EQE spectrum between the ERD-containing and control devices is the
same ratio as the differences in Jq at full sun.

Photoluminescence lifetime measurements. Time-resolved PL measurements were
performed using a time-correlated single-photon counting (TCSPC) system from
PicoQuant. Solutions were excited with a pulsed laser diode, (model LDH 485:
481 nm, 70 ps FWHM, 5 MHz) detected with a single-photon avalanche diode
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(PDM 100CT SPAD) attached to a monochromator and processed by a PicoHarp
300 correlating system.

Received 12 March 2009; accepted 18 May 2009;
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