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ABSTRACT

We introduce high surface area ZnO nanotube photoanodes templated by anodic aluminum oxide for use in dye-sensitized solar cells (DSSCs).
Atomic layer deposition is utilized to coat pores conformally, providing a direct path for charge collection over tens of micrometers thickness.
Compared to similar ZnO-based devices, ZnO nanotube cells show exceptional photovoltage and fill factors, in addition to power efficiencies
up to 1.6%. The novel fabrication technique provides a facile, metal-oxide general route to well-defined DSSC photoanodes.

The good light-harvesting efficiency of the best dye- and modification of the dyes.’” A faster redox shuttle or
sensitized solar cells (DSSCs) is the product of a dye with higher surface area framework may also require faster charge
moderate extinction and a photoanode of high surface areatransport though the metal oxide framework to allow for
(~1200 times the area of a flat electrode). This combination complete charge collection under cell operating conditions.
allows for ample absorbance over the majority of the visible Indeed, simply replacing iodide/triiodide with faster shuttles,
spectrum with room for improvement in the red wave- but without implementing other changes, has been shown
lengthst In the most efficient cells, the photons intercepted to decreasepower conversion efficiencies due to the
by these molecular dyes create excitons that split on the tensemergence of electron collection problefisTo this end,
of femtoseconds time scale resulting in charge separationseveral novel photoanode architectures have been fabricated,
efficiencies approaching unif? The efficiency of the final  including but not limited to hydrothermally grown ZnO
step, charge collection, is governed by the difference betweennanorod arrays, electrodeposited ZnO platelets, ang TiO
the rate of charge transport and the rate of charge recombinapores formed via titanium anodizati&h? Due to their lower
tion. In order to compete with relatively slow (millisecond) trap density and more direct path to the current collecting
transport through the nanoparticle network, an exceedingly electrode, arrays of nominally one-dimensional (1-D) nano-
slow redox shuttle such as iodide/triiodide must be employed stryctures are expected to speed charge migration without
to hinder recombinatiofiThus, prototypical DSSCs, based adversely affecting recombination. In the most successful
on TiO, and iodide/triiodide, exhibit very good electron  gppjication of this idea to date, a 1.5% efficient ZnO nanorod
collection, despite small apparent electron diffusion coef- array has been shown to exhibit much faster transport than
ficients. This remarkable behavior is important in accounting nanoparticle network¥.1314The efficiency of the nanorod
for the record high efficiency~11%) of these cells. devices, however, is limited by low light-harvesting ef-
In order to push device performance beyond its current ficiency. Increasing the surface area of the nanorod array

limits, a faster redox shuttle (that requires a smaller over- gepends on growing higher aspect ratio rods via hydrothermal
potential to reduce the oxidized dye) may be employed 10 nethods, which remains a significant technological chal-
increase the photovoltage (provided that dark current in not lenge!s

enhanced). Alternatively, a higher surface area framework

would increase light-harvesting efficiency and, therefore, high aspect ratio substructures and having the potential for

hotocurrent. Successful implementation of either scenario
\F/)vill require slowing chargep recombination. Methods to .ro'u'ghness'factors (RF.S) greater than 1000 (although our
decrease the rate of parasitic reactions with the redox shuttle!nltlal studies are limited to RF< 450). The design

include inorganic barrier layers on the metal oxide framework |mpIementat|oq strategy combmes anodic g!umlnum oxide
(AAO) templating and atomic layer deposition (ALD) to
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Here we introduce a new photoanode design featuring very
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over nanoscale device composition and architecture. The
large number of metal oxides accessible by A¢ {Ihcluding,

but not limited to, TiQ, ZnO, SnQ, ZrO,, and NiO) makes

the technique potentially very widely applicable for the
development of new photoelectrodes. In this Letter we
demonstrate the viability of ZnO versions of these structures
as dye-sensitized electrodes by characterizing their morphol-
ogy, light-harvesting efficiency, and photovoltaic perfor- pore wall
mance.

A nominally 60um thick membrane with 200 nm pores
that is 25-50% porous (Anodisc, Whatman) was coated with
ZnO by atomic layer deposition via alternate exposure to
diethyl zinc and water at a temperature of 20D using
reactant exposure time§®s and nitrogen purge periods of
5 s between exposurés.The membranes were fired at
400°C in air for 30 min to increase crystallinity. A Am Figure 1. Cross-sectional SEM image of commercial AAO
thick electrode composed of transparent, conductive aluminum-membrane pores coated with 20 nm of ZnO by ALD.
doped zinc oxide (AZO) was deposited on one side by ALD.

The commercial AAO membranes chosen for this study have from 10 to 300 nm and pore densities in excess of 100 billion
pores that narrow to 20 nm within the last micrometer of ores/cri 18-20 For this study, commercial membranes were
thickness of one side. During AZO deposition, a steel fixture sglected for their ready availability. Limitations of com-
masked all but the small-pore face of the membrane. To mercial membranes include ill-defined pore ordering, strong
improve the electrical contact to the AZO coating, 100 Nm- gcattering of visible light, and restriction to only a few pore
of Au was evaporated onto the coating along the edges ofsjzes and lengths. Geometric consideration of hexagonally

the AAO membrane. arranged pores allows roughness factors to be estimated from
After heating to 200C and subsequent cooling to 80,

the warm membranes were introduced to 0.5 mM,({Be- 47 1l

[Ru(4,4-(COOH)-2,2-bipyridine(NCS)] (‘N719", Dyesol, RF= e 1)

B2 dye) in ethanol for 30 min followed by a quick rinse

with acetonitrile. A 50um thick Surlyn frame was sand- ) _

wiched between the open-pore side of the membrane and avherer, |, andd are the pore radius, membrane thickness,
platinized fluorine-doped tin oxide (FTO) electrode. Light and center-to-center pore spacing, respectively. Although
pressure was applied at 13C to seal the cell. A solution ~ Poorly ordered, an average pore diameter of 210 nm, spacing
of 0.5 M Lil, 0.05 mM I, and 0.5 Mtert-butylpyridine in ~ 0f 329 nm, and length of 64m were estimated by scanning
3-methoxypropionitrile was introduced into the cell via €lectron microscopy (SEM), giving R# 450. This compares
vacuum backfilling through a hole in the FTO electrode. Well to the measured BET surface area of 487/cn? of
Additional Surlyn and a microscope cover slip sealed the the membrane.

electrolyte into the cell. Monochromatic illumination was ~ As expected for an ALD sequence entailing sufficient
achieved through the excitation monochromator of a Jobin- €xposure times, the resulting polycrystalline ZnO film is
Yvon fluorescence spectrometer. Incident photon-to-current continuous and conformal, Figure 1. Measurements of the
efficiencies (IPCE) were measured with a CH Instruments resistance through the @dm thickness of the membrane
1202 potentiostat. Active areas were limited to 0.28 by (~48 Q, 8 nm thick ZnO) provide additional evidence that
the Surlyn frame and were additionally masked from coatings span the length of the pores. As-deposited, ALD
illumination by black electrical tape to the same size. AM1.5 ZnO has numerous oxygen vacancies that make films
efficiencies were measured on a class A solar cell analyzermoderately conductive and account for the relatively low
from Spectra-Nova Technologies with a power of 906 W/m  resistance. The polycrystalline nature of the ZnO films may
To better understand charge collection, cells were also be directly observed by SEM and is corroborated by X-ray
illuminated through the Pt/FTO electrode, which attenuated diffraction data. Both methods suggest a grain size of
~20% of the light at visible wavelengths due mostly to Pt ~20 nm.

absorption. For an identical batch of photoanodes, dye As shown in Figure 2, a thick coating of AZO was applied
loading was quantified on a Varian Cary 5000 by measuring selectively to one side of the membrane by ALD. The
the absorbance of N719 desorbed from the membranes bycombination of narrow pore termini and short exposure times

10 mM KOH. (0.15 s) prevented the typically conformal deposition tech-
As an inert, robust, and colorless framework, anodic nique from significantly coating the pore interiors.
aluminum oxide is an ideal foundation for solar cell As shown in Figure 3, reducing by coating the pores

electrodes. A large amount of literature exists describing the reduces the dye loading, in agreement with surface area
theory and methodology for fabricating freestanding AAO calculations. The peak absorbance is 0.71 at 500 nm for a
membranes with hexagonally ordered pores ranging in size2 nm coating of ZnO and decreases with increasing thickness.
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is similar to that of a flat electrode. With the thinnest tube
walls, relatively small amounts of charge are collected by
the AZO electrode, most likely due to a combination of slow
charge transport through the ZnO and accelerated recombi-
nation owing to high steady-state concentrations of dye-
injected electrons. As the nanotube walls thicken, electrons
flow more freely andls. rises sharply. Subsequent tapering
with thicker walls is consistent with decreasing dye loading
(Figure 3).

The photovoltage at open circul{) rises sharply after
deposition of only 1 nm of ZnO. The exceptionally low
voltage in the absence of ZnO is likely caused by the direct
contact of the redox shuttle with the heavily doped AZO
layer, whose conduction band (in contrast to ZnQ’s) is unable
to fix the cell photovoltage. The photovoltage increases with
increasing ZnO wall thickness until it plateaus after 7 nm.

Figure 2. Cross-sectional SEM image of commercial AAO face

coated with transparent conductive oxide AZO. This Vo (739 mV) exceeds that of the highest previously
reported ZnO DSSC photovoltages (ca. 6700 mV)1921
12 600 The excellent photovoltage is most likely not a result of
£ 10 [ 500 improved charge transport but a consequence of the low area
S | of transparent conducting oxide (TCO) exposed in the new
S 0.8 - e | 400 b device geometry. While many Tibased DSSCs employ a
® B dense blocking layer or Ti¢treatment to inhibit the parasitic
§ 061 °© 300 g reaction of the redox shuttle at the TCO, there is little
8 04 L 200 (‘§ precedence for this type of passivation in ZnO systems. For
2 the photoanodes of interest here, an increasing ZnO film
< 021 100 thickness serves a second function, namely to narrow the
0.0 . i i o nominally 20 nm pores directly adjacent to the TCO. An
0 5 10 15 20 increase in photovoltage coincides with tapering these small
ZnO thickness (nm) pores until the photovoltage peaks around the thickness

expected to completely restrict electrolyte access to the TCO.
Figure 3. Absorbance of desorbed dye at 500 nm (blue, open Inhibited recombination via the TCO in addition to a
symbols) and calculated roughness factor (orange, closed symbols)significantly smaller ¢/3) ZnO surface area for recombina-
Lines are best linear fits to the data. tion, relative to nanoparticle films, may explain the superior

5 Voe. The Ve value observed here, while high, is still about
= 200-260 mV less than the maximum theoretically obtainable
%’ 41 based on the difference of redox-shuttle and dye-excited-
E _ state potentials. In principle, it should be possible to capture
%‘ 3 2 some fraction of the remaining 26@60 mV by suppressing
E % dark current (slowing charge recombination). Deposition of
= 24 3 a barrier layer may be one way to achieve such a result.
I = Insight into the improvement of cell performance with
§ 1 4 increasing ZnO layer thickness may be obtained by inves-
E tigating charge carrier lifetimes (electron/triiodide recombi-
& 0¢ . . . 0.0 nation times). Analysis of the photovoltage decay affords
0 5 10 15 20 electron lifetimes+,) related to the slope of the photovoltage
ZnO thickness (nm) vs time plot by the expression

Figure 4. Short-circuit photocurrent (blue, open symbols) and .
open-circuit photovoltage (orange, closed symbols) as a function _ E dVoc
of ZnO wall thickness. W= q dt

)

As expected, the modest RFs'(; those of the best DSSCs)  where kg is the Boltzmann constanfl is the absolute
result in relatively low overall light-harvesting efficiencies temperature, andy is the positive elementary char#e.
that we expect to limit photocurrent densities. Electron lifetimes as a function of photovoltage are shown
Figure 4 shows the short-circuit photocurrent densitigs ( for two ZnO film thicknesses, Figure 5. Compared to other
for a series of devices with increasing nanotube wall ZnO devices, the photovoltage decays of the best ZnO
thickness. In the control device, lacking Zndg,is extremely nanotube devices are simif&rAt equal potentials (0.6 V),
low. This is not surprising given that the useful surface area electron lifetimes increase as a function of ZnO pore wall
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Figure 5. Charge lifetime vs photovoltage for a device with 4 nm
pore wall (blue) and 9 nm pore wall (orange). Inset shows charge
lifetimes as a function of pore wall thickness at equal cell potential

Figure 7. |-V curve for the most efficient cell, 7 nm ZnO, under
simulated AM1.5 illumination.
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Figure 8. Ratio of photocurrents, backside vs frontside illumina-
tion. The ratio hasot been corrected for light loss (ca. 20%)
through the platinized counter electrode under backside illumination.

Figure 6. The incident photon-to-current efficiency (blue, open
symbol) and light-harvesting efficiency (orange, closed symbols)
of ZnO cell with 5 nm pore wall.
large particles is intentionally deposited on top of a transpar-

thickness up to 9 nm, inset Figure 5. The trend is striking ent semiconductor network to reflect light back into the
and parallels the behavior shown in Figure 4 (i.e., increasing transparent electrodeYet photoanodes that are scattering
Jsc With increasing ZnO layer thickness). Whether this reflects throughout, as is the case in the current devices, show high
an intrinsic change in ZnO reactivity with increasing thick- reflectivity and poor light harvestingf.Finally, ZnO DSSCs
ness, or simply better blockage of electron recombination generally exhibit much smaller absorbed photon-to-current
from exposed TCO, has yet to be established. efficiencies than do similar Ti©cells (implying inefficient

Figure 6 shows the peak in LHE at 500 nm, characteristic electron injection and/or collection). We reasoned that the
of N719. As expected for an electrode of modest surface reduced dimensionality of the nanotube array electrodes,
area, a small fraction of the AM1.5 spectrum is absorbed by relative to nanoparticulate electrodes, would allow for
the cell. The peak incident photon-to-current efficiency efficient charge collection over long distances (58) due
(IPCE) occurs 20 nm red-shifted from the apparent LHE peak to more rapid electron transport (as previously shown for
evaluated with desorbed dye. Necessarily neglected in thenanorod arrays)!4 That the nanotube arrays indeed can
LHE evaluation are additional effects due to reflection and collect charge with equal efficiency over the entire length
scattering by the commercial membranes. of the tubes was established by evaluating photocurrent

Under AML1.5 illumination the most efficient cell gives a densities based on backside illumination, Figure 8. If
Jsc of 3.3 mA/cn?, Vo of 739 mV, and fill factor (FF) of correction for light losses of ca. 20% due to the dark
0.64, yielding an overall conversion efficiency of 1.6%, electrode were to be made, identidalvalues to front-side

Figure 7. To our knowledge, the FF is the highest yet
measured for a ZnO DSSC. Clearly, the overall efficiency
of this system is limited primarily by the photocurrent. The
relatively low photocurrent is a result of several factors
including small RF, photoanode reflectivity/scattering, and
either (or both) low injection yieltH- charge collection

efficiency. In the most efficient DSSCs a scattering layer of
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illumination would be obtained. As expected, the increase
in collection efficiency correlates closely with the increase
in electron lifetime.

In conclusion, ZnO nanotube arrays embedded in a porous
alumina template by atomic layer deposition have been
combined with AZO coatings to generate relatively high area
photoelectrodes (RE 350—-450). The electrodes have been
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incorporated into dye-sensitized solar cells where they display
reasonable light-harvesting efficiency, excellent photovoltage,
and good fill factors in addition to moderate power efficiency.
While the new nanotube cells compare favorably with other

ZnO-based DSSCs, increased surface area (ca. 3-fold or

more) will clearly be needed in order to obtain overall energy

conversion efficiencies approaching that of the best ZnO cells
(4%)2* Current work is focused on determining the extent

to which the substantial opticat structural advantages of

(4) Frank, A. J.; Kopidakis, N.; van de LagemaatCéord. Chem. Re
2004 248 (13—14), 1165-1179.

(5) Law, M.; Greene, L. E.; Radenovic, A.; Kuykendall, T.; Liphardt,
J.; Yang, PJ. Phys. Chem. B006 110 (45), 22652-22663.

(6) Fabregat-Santiago, F.; Garcia-Canadas, J.; Palomares, E.; Clifford,
J. N.; Haque, S. A.; Durrant, J. R.; Garcia-Belmonte, G.; Bisquert,
J.J. Appl. Phys2004 96 (11), 6903-6907.

(7) Kroeze, J. E.; Hirata, N.; Koops, S.; Nazeeruddin, M. K.; Schmidt-
Mende, L.; Gratzel, M.; Durrant, J. R. Am. Chem. So2006 128
(50), 16376-16383.

(8) Kruger, J.; Plass, R.; Gratzel, M.; Cameron, P. J.; Peter, LJ.M.
Phys. Chem. BR003 107 (31), 7536-7539.

custom-made membranes can be translated into better (g) Gratzel, M.MRS Bull.2005 30 (1), 23-27.

photoelectrode performance. Finally, in contrast to other
nominally 1-D photoanode assembly schemes, the ALD
template approach should provide straightforward access to
other high area semiconductor electrégd@mcluding some
previously inaccessible via traditional nanoparticle networks.
Work on such systems is in progress.
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