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ABSTRACT Modern excitonic solar cells efficiently harvest photons in the 350—650 nm spectral range;

however, device efficiencies are typically limited by poor quantum yields for red and near-infrared photons. Using

Forster-type resonance energy transfer from zinc phthalocyanine donor molecules to ruthenium polypyridine

complex acceptors, we demonstrate a four-fold increase in quantum yields for red photons in dye-sensitized

nanowire array solar cells. The dissolved donor and surface anchored acceptor molecules are not tethered to each

other, through either a direct chemical bond or a covalent linker layer. The spatial confinement of the electrolyte

imposed by the wire-to-wire spacing of the close-packed nanowire array architecture ensures that the distances

between a significant fraction of donors and acceptors are within a Forster radius. The critical distance for energy

transfer from an isolated donor chromophore to a self-assembled monolayer of acceptors on a plane follows the

inverse fourth power instead of the inverse sixth power relation. Consequently, we observe near quantitative

energy transfer efficiencies in our devices. Our results represent a new design paradigm in excitonic solar cells

and show it is possible to more closely match the spectral response of the device to the AM 1.5 solar spectrum

through use of electronic energy transfer.
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energy transfer (FRET), also known as

electronic energy transfer,’ has re-
cently experienced a resurgence of research
interest. FRET-based quantum dot pH sen-
sors have been made,? and electrical con-
trol of FRET in quantum dots has been dem-
onstrated.® FRET in organic molecules has
been used to study conformational changes
in DNA* and to detect DNA with high sensi-
tivity.? It has also been used in solar concen-
trators® and to improve quantum yields in
organic light-emitting devices.”® Several
ideas for FRET-based photovoltaic device
enhancement have been proposed® ' but,
to the best of our knowledge, not been
demonstrated, while in none of the pro-
posed devices is the nanoscale architecture
of the device integral to the use of FRET as it
is in our configuration. Herein, we have
sought to realize the high quantum yields
achieved in thin film organic light-emitting
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devices by energy transfer from a conduc-
tive host to a luminescent dopant in a low-
cost hydrothermally processed photovoltaic
device by exploiting the unique combina-
tion of a close-packed one-dimensional
nanowire architecture and an efficient elec-
tron injecting acceptor infiltrated by a re-
dox electrolyte containing soluble red-
absorbing energy donors. Our work
demonstrates that an enhancement in pho-
tovoltaic device performance is possible us-
ing long-range resonance energy transfer
from a dissolved luminescent dopant con-
fined in the interwire spaces of a nanowire
array electrode to an acceptor species con-
fined to the surface of the nanowires.
Photoconversion efficiencies greater
than 10% have been reported for liquid
junction dye-sensitized solar cells'? and 5%
for solid-state polymeric solar cells."® It is
generally agreed that new materials as well
as advanced device concepts are necessary
for further improvements in efficiencies.
The use of FRET has been contemplated as
an alternative mechanism for charge sepa-
ration and a way to improve exciton har-
vesting by placing the exciton close to the
heterojunction interface."® In inorganic
quantum-dot-based solar cells, the use of
FRET to transfer the exciton generated in
the quantum dot to a high mobility con-
ducting channel, such as a nanowire or a
quantum well, has been proposed as a way
to bypass the traditional limitations of
charge separation and transport.'> We re-
port here on the use of FRET to boost the
quantum yield for red photons at 675 to 680
nm by a factor of 4 for N-719 and a factor
of 1.5 for black dye. The close-packed single
crystal rutile nanowire array architecture'®
developed by us is an essential ingredient
of our strategy because it allows placement
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of donor and acceptor molecules at distances compa-
rable to a Forster radius. Figure 1 illustrates our ideal-
ized device configuration, with microscopy, spectral
characteristics, and basic modeling indicating the nano-
wire array based device to be nearly ideal for FRET-
based enhancement in photoconversion efficiency.

Figure 2 shows the molecular structures and optical
properties of the dyes used in this study. We used
phthalocyanines (traditionally acceptors) as energy do-
nors and nonfluorescing ruthenium polypyridine com-
plexes as acceptors. The bis(bipyridine) and terpyridine
ruthenium complexes already have broad absorption in
the visible region of the spectrum and excellent charge
transfer characteristics, thus establishing a high baseline
of light harvesting. Our choice of phthalocyanines was
driven by three considerations: light absorption, solubil-
ity, and aggregation. Electronic transitions occurring in
the 181 electronic structure of a phthalocyanine mol-
ecule result in intense visible absorption Q and ultravio-
let Soret bands. For the purposes of this study, we were
interested in utilizing the Q band to improve the harvest-
ing of red photons. Zinc phthalocyanine (ZnPc) has good
thermal stability and strong Q-band absorption at ca. 700
nm in solution form. However, ZnPc has low solubility in
common organic solvents. Phthalocyanines also have a
pronounced tendency to aggregate by forming m—
stacking structures, which manifest themselves in a
broader band absorption, blue-shifted with respect to
the solution phase Q band. Aggregation is extremely
negative for FRET-based devices since self-quenching of
the phthalocyanine fluorescence can significantly reduce
or eliminate resonance energy transfer. We chose zinc
2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine (ZnPc-
TTB), whose molecular structure is shown in Figure 2a, be-
cause the four tertiary butyl groups attached to the ZnPc
core disrupt the formation of m— stacking structures
thereby reducing aggregation and improving solubility
in common organic solvents. Figure 2b presents the ab-
sorption and emission spectra of ZnPc-TTB, along with
the absorption spectra of ruthenium polypyridine com-
plex dyes. There is significant overlap between the emis-
sion spectrum of ZnPc-TTB and the absorption spectrum
of N-719, while for the donor—acceptor pair of ZnPc-TTB
and black dye, the emission spectrum of the donor is
completely contained within the absorption spectrum of
the acceptor.

RESULTS AND DISCUSSION

We observe in Figure 3a that the emission of ZnPc-
TTB is dramatically quenched by dilute solutions of
N-719 and black dye, a necessary condition for FRET.
Figure 3b shows the Stern—Volmer plot of the fluores-
cence quenching of ZnPC-TTB by N-719. The quenching
rate constant kq is determined to be 4.40 X 10> M~
s~1, a value comparable to those reported for similar
FRET studies (10""—=10"> M~ s™") and an order of mag-
nitude higher than diffusion-controlled quenching pro-
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Figure 1. Concept of the FRET photovoltaic device. Depic-
tion of the FRET-enhanced nanowire dye-sensitized solar
cell.
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Figure 2. Dyes for resonance energy transfer. (a) Molecular struc-
tures of the dyes used in the study. (b) Absorption spectra of do-
nor and acceptor dyes and emission spectrum of phthalocyanine
donor. *For display purposes, 0.1 times the extinction coefficient
of ZnPc-TTB is shown.
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Figure 3. Energy transfer from donors to acceptors in solu-
tion. (a) Emission spectra of a 25 uM solution of ZnPc-TTB in
THF under the following conditions: in the absence of accep-
tors (ZnPC-TTB), in the presence of 125 wM black dye, and
in the presence of 125 wM N-719. (b) Stern—Volmer plot of
the fluorescence quenching of ZnPC-TTB by N-719.

cesses,'” confirming that energy transfer from ZnPC do-
nors to N-719 acceptors is the dominant mechanism of
the fluorescence quenching. The efficiency of energy
transfer is given by the relation’

k
ET ™

The rate of energy transfer from donor to acceptor is
given by ker; Tp is the excited-state lifetime of the do-
nor in the absence of the acceptor, and k,, is the effec-
tive rate of any other competing process. The rate of
Forster energy transfer for two point dipoles separated

a distance ris
1 Ro\®
ker(r) = TD( r) (2)

Ry is given by the well-known expression for the For-
ster radius:’

9000In(10)x*®

0= S D[ f NUERA ‘dv| ()
1287°N, n’

The refractive index is given by n; N is the Avogadro

number, k is the dipole orientation factor, and ®p, is the
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Figure 4. Characterization and modeling of FRET-enhanced
nanowire solar cells. (a) Field emission scanning electron
microscope cross section and (inset) top view of the rutile
nanowire arrays. (b) High-resolution transmission electron
microscope (HRTEM) image of a single crystal rutile nano-
wire. (c) Simulated effect of interwire spacing on the effi-
ciency of energy transfer from ZnPc-TTB donors to isolated
N-719 acceptors (dipole—dipole), and a close-packed mono-
layer of N-719 (dipole to 2D acceptor).

donor fluorescence quantum yield in the absence of ac-
ceptor. The terms within the square brackets consti-
tute the spectral overlap integral J of the donor fluores-
cence intensity (normalized to unit area)'® and the
absorption spectrum of the acceptor.

For our photoanode, we employ a self-organized
vertically oriented array of single crystal rutile TiO,
nanowires fabricated by a facile hydrothermal
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TABLE 1. Critical Distances for Excitation Transfer from
Dipole — 2D Sheet and from Dipole — Dipole for ZnPc-
TTB Donors and Various Acceptors Used in This Study

acceptor J(nm*M~"em™) Ry (nm) dyp,,, (nm)
N-719 1.81 X 10™ 3.2 49
black dye 8.65 X 10" 4.1 39
Ru-505 1.47 X 10" 0.98

method."® Figure 4a shows field emission scanning
electron microscope (FESEM) images of a nanowire ar-
ray, while Figure 4b shows a high-resolution transmis-
sion electron microscope (HRTEM) image of a rutile
nanowire. We are able to grow 6—8 pum long extremely
close-packed nanowire arrays with an interwire spac-
ing of 5—10 nm as inferred from cross-sectional FESEM
images. A key requirement for FRET is that the physical
separation of the donor and acceptor species be close
to the Forster radius for the donor—acceptor system. In
our device configuration, the acceptor dye molecule is
anchored to the surface of the nanowires. Due to the
confinement of the liquid electrolyte in the interwire
spaces of the electrode, a large number of donor dye
molecules dissolved in solution are effectively within a
Forster radius of the acceptor molecules, thus facilitat-
ing energy transfer between donor and acceptor mol-
ecules. However, energy transfer in our device architec-
ture of solution-based donors and surface-confined
acceptors is, we believe, better represented by a sys-
tem consisting of energy transfer from a donor chro-
mophore to a two-dimensional sheet of acceptors at a
distance d. For this geometry, Kuhn'® showed that the
rate of energy transfer follows the inverse fourth power
of the interchromophoric distance:

ofa)
pH\d

where the critical distance dy is given by

L (xs )(9&%)&
o 7 \4nn 2

\ is the wavelength of the luminescence maximum
and A is the absorption given by

oo A%
A = [ L FD(v)A(v)(V) dv]

Figure 4c is a plot of the calculated donor—dipole
to acceptor—dipole and donor to a 2-D sheet of accep-
tors energy transfer efficiencies. The plot clearly shows
that energy transfer efficiencies are enhanced when the
acceptors are organized in a two-dimensional close-
packed monolayer. Our estimates for the overlap inte-
gral J, the Forster radii Ry, and the critical distance d, for
the ZnPc-TTB donors and various acceptors used in
this study are provided in Table 1. Please see Support-
ing Information for values of the constants used in esti-

ker(d) O

(5)

(6)
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Figure 5. External quantum yields of FRET-enhanced nano-
wire solar cells. (a) Action spectrum of nanowire solar cell
comprising N-719-coated rutile as acceptors, with and with-
out ZnPC-TTB molecules in electrolyte as the donors. Inset
shows action spectrum for black-dye-coated rutile acceptors
with and without ZnPc-TTB donors. Ten percent of data
points is shown. (b) Effect of donor concentration on the ex-
ternal quantum yield of red photons in black-dye-sensitized
low surface area nanowire solar cells. Ten percent of data
points is shown. (c) Action spectrum of nanowire solar cell
comprising Ru-505-coated rutile as acceptors, with and with-
out ZnPC-TTB molecules in electrolyte as the donors. Ten
percent of data points is shown.
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mating the spectral overlap integral and for a more de-
tailed treatment of the effect of the nanowire array
geometry.

In our device configuration, ZnPc-TTB molecules
were introduced directly into the tri-iodide redox elec-
trolyte at a (high) concentration of 1—5 mg/mL. As seen
in Figure 5a, a dramatic increase in the quantum yield
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for red photons in the spectral region of 670—690 nm
was immediately observed, over and above the quan-
tum yields exhibited by N-719 and black-dye-sensitized
nanowire solar cells. N-719 dye forms a nonagglomer-
ated monolayer.° Since black dye agglomerates, coad-
sorption of deoxycholic acid was employed to form
the black dye coating and reduce agglomeration.' The
consequent dilution of black dye in the monolayer re-
duced the concentration of acceptors available for en-
ergy transfer and resulted in lower critical distance and
lower energy transfer efficiencies for black dye relative
to N-719 despite the higher spectral overlap of black
dye absorption with the emission spectrum of ZnPc.
We explored the possibility of mechanisms other
than FRET that could explain the observed results. One
possibility is the interdigitation of phthalocyanines into
the basal dye monolayer, in effect constituting a mixed
monolayer of ruthenium dye and phthalocyanine. The
concentration of phthalocyanines used by us were al-
ready in excess of the dye concentrations required to
form a monolayer; therefore, a further increase in dye
concentration should not impact quantum yields for
red photons if a mixed monolayer had formed. We
therefore studied effects of phthalocyanine concentra-
tion in the electrolyte, with results shown in Figure 5b.
Since black dye has significant absorption in the spec-
tral region of interest, a low surface area rutile nanowire
array electrode was used for the study to observe the
effect of the zinc phthalocyanine induced effect in iso-
lation. Increasing the ZnPc-TTB concentration in the
electrolyte increased the quantum yields for red pho-
tons. This is in agreement with what would be expected
from a device employing FRET. As the concentration of
FRET donors is increased, the likelihood of a spatially
confined donor finding a surface-anchored acceptor in-
creases, accounting for the observed result. Further-
more, when the ZnPc-TTB bearing electrolyte was re-
moved and plain tri-iodide redox electrolyte was
substituted in its place, the quantum yields for red pho-
tons dropped back to the basal levels observed for
N-719 and black-dye-sensitized electrodes, respectively.
To examine the possibility of electron transfer in-
stead of excitation transfer to the monolayer, we used
Ru-505 as our basal dye sensitizer anchored to the sur-
face of the nanowires. One defining characteristic en-
abling FRET is spectral overlap between donor and ac-
ceptor. In the absence of such overlap, transfer of red
photon-generated excitons will not occur. Ru-505 is
similar in structure to N-719, but the isothiocyanato
(SCN) groups of N-719 are replaced by cyano (CN)
groups in Ru-505, due to which the absorption of Ru-
505 extends only to ca. 650 nm instead of ca. 750 nm
for N-719 and ca. 920 nm for black dye. When a dye-
sensitized solar cell using Ru-505-sensitized TiO, nano-
wire array electrode and ZnPC-TTB bearing tri-iodide re-
dox electrolyte was constructed, the excess quantum
yields for red photons were diminished to a small frac-
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tion of those observed for N-719 and black dye (see Fig-
ure 5¢). These results strongly support our contention
that Forster resonance energy transfer is responsible for
the observed enhancement in quantum yield for red
photons.

Resonance energy transfer of excitons generated in
ZnPc-TTB molecules from red photons to surface-
bound N-719 dye results in a four-fold enhancement
of quantum yield at 675 to 680 nm. Since the extinc-
tion coefficient of ZnPc-TTB molecules in the spectral
region of 670—690 nm is far greater than that of N-719,
we believe the entire quantum yield of ~28% at the do-
nor absorption maximum is attributable to FRET and is
close to the measured fluorescence quantum yield of
ZnPc-TTB in solution.?? At the high concentrations
used, zinc phthalocyanine forms multimolecular aggre-
gates with a reduced quantum yield due to concentra-
tion quenching. A self-sieving effect of the nanowires
admitting only monomeric and dimeric forms into the
interwire spaces may account for the nearly quantita-
tive efficiency of energy transfer from ZnPC-TTB in solu-
tion to surface-anchored N-719 and black dye mol-
ecules, a hypothesis supported by the saturation of
the external quantum yields for red photons at values
close to the fluorescence quantum yield of the donor
(please see Supporting Information for a discussion of
possible self-sieving). Comparison of these results with
the simulation presented in Figure 4c indicates the im-
portance of the closely spaced nanowire array architec-
ture'® in achieving high energy transfer efficiencies.

Most researchers in this field agree that the greatest
room for further improvement in efficiencies lies in bet-
ter utilization of red and infrared photons, which are
poorly utilized even by today’s state-of-the-art dye-
sensitized solar cells. Two approaches have tradition-
ally been explored toward improving the utilization of
red and infrared photons. The first approach consists of
using the same bis(bipyridine) and terpyridine ruthe-
nium complexes that were used in the early high effi-
ciency dye-sensitized solar cells but modifying the ar-
chitecture of the TiO, film to make it more ordered to
improve charge collection and enhance external quan-
tum yields for the red photons already absorbed.?*?*
Low-dimensional architectures, such as vertically ori-
ented nanowire and nanotube arrays, have already
demonstrated superior charge collection efficiencies in
DSCs.>*?> The second approach consists of using new
dyes with enhanced absorption in the red and infrared
regions of the solar spectrum, either in isolation or in
conjunction with existing Ru-based dyes in dye cock-
tails. Many dyes have been developed and tested for
this purpose, yet no dye with significant absorption
over 750 nm has functioned properly.?® There is some
evidence that several candidate molecular systems for
red and near-IR light harvesting act to promote recom-
bination when anchored to the TiO, surface, in turn de-
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grading the performance of the dye-sensitized solar
cells which employ them.?

Our results demonstrate that high external quan-
tum efficiencies can be obtained for red photons by
employing high surface area nanowire arrays and
donor chromophores with high fluorescence quan-
tum yields. We employ FRET in dye-sensitized solar
cells to bypass three common limitations: (i) the
poor charge transfer properties of dyes absorbing
in the red and near-infrared regions of the solar
spectrum; (ii) the poor spectral match of dyes that
do have good charge transfer properties with the so-
lar spectrum; and (iii) the necessity of energy level
matching of the component dyes/organic semicon-
ductors for exciton splitting in dye cascades and bi-
layer devices. Factor (iii) follows from the fact that as
long as the conditions for efficient resonance en-
ergy transfer, namely, a high fluorescent quantum

METHODS

Synthesis of Ti0, Nanowire Arrays. TiO, nanowire arrays were syn-
thesized on clean FTO-coated glass (TEC-8, 8 () per square) sub-
strates by nonpolar solvent/hydrophilic substrate interfacial re-
action under mild hydrothermal conditions. A 20 nm thin
compact TiO;, layer was first formed on FTO substrates by immer-
sion in a 0.1 M TiCl, solution at 80 °C for 0.5 h and then heating
in air at 500 °C for 0.5 h. The substrates were then loaded into a
sealed Teflon reactor (23 mL), containing 10 mL of toluene, 0.3
mL of tetrabutyltitanate, T mL of titanium tetrachloride (1 M in
toluene), and 1 mL of hydrochloric acid (37 wt %). The hydrother-
mal reaction was carried out at a temperature of 180 °C for 8 h.

Dye Sensitization and Solar Cell Construction. N-719, black dye, and
Ru-505 were obtained from Solaronix, Inc. (Switzerland) and
used as received. ZnPc-TTB was purchased from Sigma Aldrich,
Inc. and used as received. The nanowire electrodes were lami-
nated by a 25 pm thick SX-1170 spacer (Solaronix Inc., Switzer-
land) with a central window, which constituted the active area of
the device. The active area was measured using a calibrated op-
tical microscope and determined to be 0.1—0.2 cm? for indi-
vidual devices. Nanowire array electrodes were sensitized by ru-
thenium polypyridinium dyes by overnight immersion in a 1:1
solution of the dyes in ethanol and acetonitrile of concentration
5 X 10™* M. For reference devices, the redox electrolyte con-
tained lithium iodide (Lil, 0.1 M), diiodine (12, 0.02 M), 4-tert-
butylpyridine (TBP, 0.5 M), butyl methyl imidazolium iodide
(BMII, 0.6 M), and guanidinium thiocyanate (GuNCS, 0.1 M) in a
mixture of acetonitrile, tetrahydrofuran, and methoxypropioni-
trile (v/v/v 4/5/1). For FRET devices, the above redox electrolyte
also contained 1—10 mg mL™~" ZnPc-TTB. A conductive glass
slide sputter-coated with 100 nm of Pt was used as the counter
electrode.

Morphological and Optical Characterization. The morphology, crys-
tal structure, optical absorption, and photoluminescence of
samples were characterized with FESEM (JEOL 6700F), HRTEM
(Phillips 420 T), UV—vis—NIR spectrophotometer (Perkin-Elmer
\-950) and fluorescence spectrophotometer (Photon Technol-
ogy Instruments), respectively.

Electrical Measurements of Nanowire Arrays. For collection of de-
vice action spectra, illumination was provided by a 300 W Oriel
Solar Simulator. An Oriel Cornerstone 130 monochromator was
used, and the intensity was calibrated using a Newport-Oriel
photodetector (single crystalline silicon) and power meter. For
longer wavelengths (A > 650 nm), a band-stop optical filter with
a 550 nm cutoff was used to eliminate the influence of second
harmonics.
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yield of the donor, freely rotating chromophores,
large spectral overlap of the donor fluorescence
spectrum with the absorption spectrum of the ac-
ceptor dye, and donor—acceptor distances close to
the critical distance (d, or Ry), are met, resonance en-
ergy transfer will occur irrespective of whether the
HOMO—LUMO levels of the dye pair are matched or
not. The prevalence of energy transfer in photosyn-
thetic processes occurring in nature attests to the ro-
bustness of the process. Conventional nanoenabled
devices utilize the large surface area of nanostruc-
tured electrodes to anchor dyes and obtain light ab-
sorption that is subsequently converted into electri-
cal signals for sensing, catalysis, electrochromism,
photovoltaics, etc. In this study, we present a new
paradigm for nanoenabled devices by showing that
the confined volume element of nanostructured
electrodes may be used, as well.

Acknowledgment. Support of this work through the Depart-
ment of Energy, Grant Number DE-FG36-08G0O18074, is grate-
fully acknowledged. The authors thank Carl Myers, Amit Vaish,
and Prof. Mary Elizabeth Williams of Penn State University, De-
partment of Chemistry, for assistance in collecting the fluores-
cence data, and Oomman K. Varghese for assistance in collect-
ing HRTEM data.

Note added after ASAP publication: In the original version of
this paper, published on the Web on March 20, 2009, an
author’s name was misspelled. The corrected version was re-
posted on the Web on March 30, 2009.

Supporting Information Available: Values of constants used to
estimate spectral overlap integrals and Forster radii are pro-
vided along with a more elaborate discussion of possible self-
sieving of donor molecules in the interwire voids. There is also
a discussion on the effect of spatial restrictions on energy trans-
fer in the most general case, and the differences between donors
interacting with isolated acceptors and ensembles of acceptors.
This material is available free of charge via the Internet at http://
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