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ell-ordered arrays of one-dimen-
Wsional semiconductors, such as
titania nanotubes (NTs), have at-

tracted attention as an electrode architec-
ture for optoelectronic applications, such as
solar energy conversion,'~* electrochromics,
luminescence,® and sensors.” ° A promi-
nent example of the use of TiO, NT arrays
for solar energy conversion is the dye-sen-
sitized solar cell (DSSGC; also known as the
Gratzel cell)."°™"® The traditional DSSC fea-
tures dye molecules chemisorbed onto the
surface of a mesoporous TiO, nanoparticle
(NP) film deposited onto a transparent con-
ducting oxide (TCO) substrate. The TCO
substrate collects electrons from the film
and transmits them to the external circuit,
where they reenter the cell at the counter
electrode. The pores of the film are filled
with a liquid electrolyte containing the triio-
dide/iodide redox couple. Normally, light
enters the DSSC through the TCO substrate
on which the NPs are deposited. When NP-
based DSSCs are illuminated through the
counter electrode, however, their conver-
sion efficiencies drops by about 30% be-
cause the platinum catalyst on the surface
of the counter electrode and redox species
(I /1) in the liquid electrolyte attenuate a
significant fraction of the photons in the
visible spectrum.’ The illumination geome-
try also influences other cell properties. For
instance, photoinjected electrons gener-
ated near the outermost regions of the NP
film, closest to the counter electrode, spend
a longer time in the film before being col-
lected at the TCO substrate than those pro-
duced closest to the TCO substrate. Because
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ABSTRACT We report on the preparation of transparent oriented titania nanotube (NT)
photoelectrodes and the effect of illumination direction on light harvesting, electron transport,
and recombination in dye-sensitized solar cells (DSSCs) incorporating these electrodes. High solar
conversion efficiency requires that the incident light enters the cell from the photoelectrode side.
However, it has been synthetically challenging to prepare transparent Ti0, NT electrodes by directly
anodizing Ti metal films on transparent conducting oxide (TCO) substrates because of the difficulties
of controlling the synthetic conditions. We describe a general synthetic strategy for fabricating
transparent Ti0, NT films on TCO substrates. With the aid of a conducting Nb-doped Ti0, (NTO) layer
between the Ti film and TCO substrate, the Ti film was anodized completely without degrading the
TCO. The NTO layer was found to protect the TCO from degradation through a self-terminating
mechanism by arresting the electric field-assisted dissolution process at the NT—NTO interface. The
illumination direction and wavelength of the light incident on the DSSCs were shown to strongly
influence the incident photon-to-current conversion efficiency, light-harvesting, and charge-
collection properties, which, in turn, affect the photocurrent density, photovoltage, and solar
energy conversion efficiency. Effects of NT film thickness on the properties and performance of DSSCs
were also examined. llluminating the cell from the photoelectrode substantially increased the
conversion efficiency compared with illuminating it from the counter-electrode side.

KEYWORDS: transparent - TiO, nanotube - anodization - Nb-doped TiO, -
dye-sensitized solar cells - illumination geometry - charge transport

the collection of photoinjected electrons
competes with recombination, the longer
the electrons spend in the film, the higher
the probability of their undergoing recom-
bination before being collected.” The ex-
tent to which illumination geometry affects
NT-based DSSCs is problematic, as light
normally enters the cell through the counter
electrode because a nontransparent tita-
nium foil is typically used as the substrate
for forming the aligned NTs and for making
electrical contact with them. It is noteworthy
that when both the NT- and NP-DSSCs are

* Address correspondence to
Arthur.Frank@nrel.gov.

Received for review October 12, 2010
and accepted March 2, 2011.

Published online March 11, 2011
10.1021/nn200440u

©2011 American Chemical Society

A N N 72n
VOL.5 = NO.4 = 2647-2656 = 2011 A@L%{\j

WWwWw.acsnano.org

2647



illuminated through the counter electrode, the NT cells
display higher charge-collection and light-harvesting
efficiencies.'® The constraints of illumination only
through the counter electrode also limit the use of
the NT architecture in solid-state solar cells (e.g., spiro-
OMeTAD-based DSSCs,"” quantum dot-based cells,'®?
and hybrid organic—inorganic cells?) that require
the hole-transmitting phase of the cell to be in elec-
trical contact with a nontransparent silver or gold hole-
collecting layer.

It has been challenging to prepare aligned TiO, NT
arrays on TCO substrates because the synthesis gen-
erally relies on depositing a Ti film on a TCO substrate
and then anodizing it at high positive potentials in a
fluoride-containing electrolyte.?' These conditions can
lead to the degradation of the TCO and detachment of
the NT film from the substrate. Two approaches have
been developed to avoid this issue. In one approach,
the NT arrays were prepared on a Ti foil followed by
selective dissolution of the metal, leaving a freestand-
ing NT layer that was physically transferred to a TCO
substrate.?? In the second approach, the anodization
process was terminated before the Ti film was com-
pletely oxidized to titanium oxide, leaving a Ti layer
between the NTs and TCO. Subsequent thermal an-
nealing of the amorphous TiO, NTs and Ti layer in air
results in their becoming transparent.?® The successful
implementation of the latter approach required careful
control of the synthesis conditions. Titanium films were
deposited by sputtering either at high temperatures®'**
or with an Ar-ion bombardment.?® Generally, a second
Ti layer was also deposited onto the first one to compen-
sate for variations in the anodization (or etching) rate
across the sample surface and to prevent short circuit-
ing at the solution—air interface.?'** Terminating the
anodization process too prematurely leaves a relatively
thick Ti layer, which, when thermally annealed, results
in a correspondingly insulating oxide layer that con-
tributed to resistive losses in the DSSC. Depending on
the thickness of the Ti layer and annealing tempera-
ture, a residual Ti might still remain. Annealing of TiO,
NT films grown on a Ti substrate at temperatures > 500 °C
leads to the formation of rutile in the Ti substrate,
which initiates the growth and propagation of the
rutile crystallites in the anatase NT walls.?%?” The
growth of the rutile phase is found to cause the
breakdown of the NT walls at temperatures approach-
ing 600 °C.%°

In this work, we describe a general strategy for fabri-
cating transparent oriented TiO, NT electrodes. With
the aid of a conducting Nb-doped TiO, (NTO) layer
between the Ti film and TCO substrate, the Ti film can
be anodized completely without harming the TCO and
NT arrays, even after a prolonged anodization period.
Annealing the as-deposited amorphous TiO, NT films
at temperatures as high as 590 °C produced only the
TiO, anatase phase, substantiating the absence of the
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Ti metal layer after completion of the anodization
process. The mechanism by which the NTO layer
protects the NT film and TCO is discussed. The illumi-
nation direction (light incident from the electron col-
lector side versus the counter-electrode side) is found
to strongly influence the transport times of electrons,
incident photon-to-current conversion efficiency (IPCE),
and photoelectrochemical properties of the transpar-
ent TiO, NT-based DSSCs. The strategy for preparing
transparent NT films on a transparent conducting
substrate using the NTO layer is easy to apply and will
find important usage for sensitized solar cells and other
optoelectronic applications.

RESULTS AND DISCUSSION

Characterization of the Anodization Process and Film Morphology.
The field-emission scanning electron microscopy (FE-SEM)
image in Figure 1a displays the top view of an as-
deposited film before ion-beam etching. As discussed
below, a porous overlayer on the surface of the film
obstructs the view of the NT structure. The inset in
Figure 1a shows the surface topography of the Ti layer on
top of the NTO film before anodization. The presence of
an overlayer has been observed previously?® and has
been ascribed to the low etching rate of the oxide in the
ethylene glycol used in the anodization process.>> How-
ever, even when the ionic conductivity of the ethylene
glycol was increased, the formation of the overlayer could
not be prevented.?> We find that a postgrowth ion-beam
etching (1.2 keV, 26 mA, and 30 min) can remove the
porous overlayer, revealing the distinct NT film architec-
ture and the compact packing of the array (Figure 1b).
Analysis of the magnified FE-SEM image (Figure 1b) shows
that the average NT pore diameters, wall thicknesses, and
center-to-center distances between NTs are roughly 56,
42, and 142 nm, respectively. From these parameters, we
estimate'® an average intertube spacing of 1 nm, a film
porosity of 26%, and a roughness factor of 353 um "
Figure 1c displays the cross-sectional FE-SEM image of an
as-prepared 64 um thick NT film. Consistent with the
observations of others,? the as-prepared NT films (6.4 um)
were always thicker than the starting Ti films (2.4 um).
Moreover, we found that the ratio of the NT film thickness
to the Ti film thickness (ca. 2.6—2.7) was approximately
constant, independent of the thickness of the NT films.
For instance, a 5 um thick Ti film was also required to
form a 13 um thick NT film (Figure S1 in the Supporting
Information). The individual NTs of the film are seen to be
highly oriented and homogeneous across several tens of
micrometers of the NTO/TCO substrate surface. Figure 1d
shows a photograph of the as-deposited transparent NT
film on a NTO/TCO substrate. Relatively large area NT films
can be fabricated using the approach described in this
study. Annealing the NT film at 400 °C converted the NTs
from the amorphous state to fully crystalline anatase TiO,
(Figure S2a in the Supporting Information). Annealing the
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6.4 um | Tid, NT

Figure 1. FE-SEM images of the as-deposited NT film (a) before and (b) after ion-beam etching and (c) a cross-sectional FE-SEM
image of the NT film. The inset in (a) shows the surface of the Ti film before anodization at the same magnification used in (a)
and (b). (d) Photograph of the as-deposited transparent NT film on a NTO/TCO substrate.
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Figure 2. Current—time profiles for the anodization of Ti films (a) without and (b) with the NTO layer on the TCO substrate.
Insets show the schematic structure of each sample before anodization. Cross-sectional TEM images of the transparent NT
films (c) without and (d) with the NTO layer. The inset in (d) shows a magnified image of the TCO/NTO/TiO, NT interfaces.

film at temperatures as high as 590 °C showed no
evidence of the rutile phase (Figure S2b in the Sup-
porting Information), indicating the Ti layer was fully
converted to the oxide after completion of the anodiza-
tion process.”®

Figure 2 shows the current profiles for the anodiza-
tion of Ti films in the absence and in the presence of an
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NTO layer. The current profiles of both samples in
Figure 2a,b show an initial sharp current rise at the
beginning of the anodization process (<1 min), result-
ing from the voltage ramp. When the applied potential
reaches the final anodization potential for Ti (50 V, the
second peak in the current profile), the current declines
precipitously and then partially recovers within the first
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10 min. This current drop and subsequent recovery
concur with previous observations.?'?*3° Over the
next 40—60 min, the current gradually decreases until
the end of the anodization process, when it falls quickly
again. During this second current drop, the NT film
becomes progressively transparent, which is associated
with the complete conversion of the Ti layer to the TiO,
phase. Although two samples exhibit similar current
profiles up to the second current drop, subsequent
events associated with continued anodization differ
substantially. For samples without the NTO layer
(Figure 2a), the current increases rapidly again after
the second current drop followed by copious gas
evolution from the electrode surface along with even-
tual detachment of the NT film from the TCO substrate.
Similar current profile and phenomena have been
noted by others3' The gas evolution is ascribed to
oxidation of the electrolyte and the oxidative degra-
dation of the TCO. In fact, we find that the sheet
resistance of the TCO increases after detachment of
the NT film, corresponding to a loss of electrical con-
ductivity, which is indicative of TCO degradation. In
marked contrast, for samples with the NTO layer,
Figure 2b shows no change in current after the second
drop in current, even some 30 min after the film
became transparent. Also, there was no sign of gas
evolution or peeling of the NT film from the TCO
substrate. These results indicate that the presence of
the NTO layer shields the TCO surface from direct
contact with the electrolyte. This conclusion is sup-
ported by FE-SEM measurements of the substrate
surfaces (Figure S3 in the Supporting Information).
The TEM images in Figure 2¢,d provide insight into
the causes of the events associated with the anodiza-
tion of the Ti layer after the second current drop in
Figure 2a,b. They show cross-sectional views of the
interface region between a transparent as-deposited
NT array and the TCO substrate (Figure 2c) and the
interfaces between a transparent NT array and the NTO
layer and between a NTO layer and the TCO substrate
(Figure 2d). The TEM image in Figure 2c was taken of an
anodized sample without the NTO layer; the sample
was removed at the lowest current point immediately
after the second current decline, just before gas would
have begun evolving from the TCO surface. The TEM
image (Figure 2c) reveals that the interfacial region
between the NTs and TCO, marked by the yellow oval,
appears as a hazy white mass. The relatively lighter
color of this interfacial region is an indicator of either
voids or a less dense oxide. This observation is con-
sistent with the partial degradation and loss of homo-
geneity of the NT—TCO interface. Presumably, this
leads to the creation of electronic defects and weak-
ening of the strength of the adhesion between the NT
arrays and TCO substrate. Figure 2d shows that the
anodization of the sample with the NTO layer leads to
an interfacial region, designated by the yellow oval, in
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which the NTs appear to coalesce with the NTO layer.
The inset of Figure 2d indicates that the NTO layer is
about 140 nm thick and covers completely the TCO
surface. It also shows that the NTO is in intimate contact
with the NT arrays and the TCO substrate. Even when
the anodization process was extended for more than 30
min past the point where the Ti layer was completely
converted to the oxide, the NTO—TCO interface displays
no signs of peeling or corrosion. Having good physical
contact between the TiO, NTs and the NTO—TCO inter-
face would be advantageous when such arrays are used
as photoelectrodes for DSSCs.

NTO Protection Mechanism. Before discussing the me-
chanism by which NTO protects the TCO substrate
against oxidative degradation, it is worthwhile to give a
brief review of the current understanding of the mechan-
ism for NT formation. Although the mechanism for
forming titanium oxide NT arrays from the electrochemi-
cal anodization of titanium is not fully understood, it is
generally accepted that the formation of the oxide layer
(barrier layer) and its electric field-assisted dissolution
occur concomitantly and that the pore growth proceeds
from the pore bottom toward the oxide—metal
interface. 3> In fluoride-containing electrolytes, the net
ionic reactions for the dissolution of titanium oxide®* and
the oxidation of titanium metal are described by

TiO, + 6F~ 22TiFg2™ 4 x0%~ )
Ti+x02~ 25T, 4 2xe ™ 2)

The electric field across the barrier layer (~50 nm)*>
at 50 V can be as high as 10” V/cm during steady-state
anodization. Field strength of this magnitude would
lead to a high local F~ ion concentration, resulting in an
enhanced rate of dissolution®* (eq 1). At the same time,
the electric field would drive O®~ ions through the
barrier layer to the oxide—metal interface,3%333638
where they would oxidize Ti metal to TiO, (eq 2).

Once the Ti film was completely anodized and the
titanium oxide barrier layer was dissolved (eq 1), the
electrochemical etching solution would react with the
TCO substrate, resulting in TCO degradation and gas
evolution. These processes would undermine the NT film,
leading to its eventual detachment as shown schema-
tically in Figure 3a. So, what mechanism(s) allows the
NTO layer to resist electrochemical etching and protect
the TCO substrate during prolonged anodization of the
Ti film? We find that the electrical resistivity of NTO is an
important parameter.

The conductivity of NTO originates from Nb>" in the
Ti*™ matrix forming a shallow n-type donor level near
the bottom of the conduction band of TiO,.3° The NTO
conductivity can be varied by changing the Nb content
or the deposition conditions. From the measurements
of the sheet resistance (~2 x 10° Q/0) and thickness
(140 nm) of a sputter-deposited 10 at. % Nb-doped
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Figure 3. Schematic model of the mechanism by which the
NTO layer prevents the electric field-assisted dissolution
and detachment of a NT array from the TCO substrate.

TiO, (NTO) film on a glass substrate, we determined the
electrical resistivity of the NTO layer was about 2.8
Q-cm. From Hall-effect measurements, we confirmed
that the NTO layer was n-type and determined that the
electron mobility, electron concentration, and the elec-
trical resistivity were 1.3 cm?/(V s), 1.4 x 10'8/cm?, and
3.5 Q cm, respectively. The latter value is consistent
with the one obtained from the sheet resistance and
film thickness (2.8 2 cm). Because of its low electrical
resistivity, the potential drop and the strength of the
electric field across the NTO layer are negligible com-
pared to those across the TiO, layer (p ~ 10'? Q- cm for
crystalline Ti0,).*° The inappreciable strength of the
electric field across the NTO layer precludes field-
assisted dissolution of the NTO layer (Figure 3b). The
dominant dissolution mechanism for NTO changes
from a relatively fast electric field-assisted one to a
purely chemical etching one, which is much slower in
the electrolyte system used in the present study.>®
Viewed from another perspective, in the presence of
NTO, the anodization process is self-limiting after the Ti
film is completely converted to the TiO, NT structures.

Although one might intuitively expect that a lower
resistive NTO would be more effective in preventing
the detachment of the NT arrays from the substrate, we
find that this is not the case. We compared the electrical
conductivity of NTO deposited on glass by pulsed laser
deposition (PLD) and sputtering. The electrical resistiv-
ity of the sputtered NTO layer (2.8 Q-cm) is 2 orders of
magnitude higher than that of the PLD-deposited NTO
layer (~0.02 Q-cm).*" In the case of the higher conduc-
tive PLD-deposited NTO layer, we observe both in-
creased current and gas evolution during prolonged
anodization (Figure S4b in the Supporting Information).
This result suggests that when the electrical resistivity
becomes too low, the oxidation of the electrolyte takes
place on the conductive NTO surface. Thus, the effec-
tiveness of the NTO layer to protect the TCO layer
during the preparation of transparent TiO, NT arrays on
TCO substrates is dependent on the extent of electrical
conductivity of NTO.

Effects of the lllumination Geometry on Light-Harvesting and
Charge-Collection Properties. Figure 4 shows the effect of
illumination geometry at short circuit on the IPCE
and charge-collection properties of a transparent DSSC
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constructed with a 6.4 um thick TiO, NT film. The cell
was probed with light incident from the electron
collector (substrate) side and the counter-electrode
side. Figure 4a shows that when the light is incident
from the collector side, the maximum IPCE of the DSSC
is 35% at 520 nm, whereas when it is incident from the
counter-electrode side, the maximum IPCE of the DSSC
is 13% at 545 nm, corresponding to about a 3-fold
increase in IPCE for collector-side illumination. These
results are qualitatively consistent with studies on the
effect of illumination geometry on the conversion
efficiency of NP-based DSSCs.'**? Furthermore, it is
important to note that for counter-electrode-side illu-
mination the IPCE is zero below 470 nm, indicating that
no electrons are collected. In contrast, for collector-side
illumination, electrons are collected at 350 nm and
longer wavelengths (e.g., the IPCE is 32% at 470 nm). To
obtain a comparison of the effect of the wavelength of
light on both the IPCE values and transport time con-
stants for collector- and counter-electrode-side illumi-
nation, no white bias light was employed for the IPCE
measurements. Consequently, the IPCE values in Figure 4a
would underestimate the IPCE values obtained with
white bias light at about 1 sun illumination intensity.
The difference between the relative magnitude of the
IPCE for collector- and counter-electrode-side illumina-
tion is especially pronounced in the absence of bias
light (discussion associated with Figure S6a). We mea-
sure the IPCE of a DSSC with bias light at 1 sun illumina-
tion intensity (Figure S6a in Supporting Information)
and find that the integrated values of the IPCE with the
solar spectrum yield a short-circuit photocurrent den-
sity in good agreement with the measured J,. from J—V
measurements (Figure S6b). Figure 4a also shows the
transmittance of a sealed cell consisting of the 157 /I
based redox electrolyte and TCO substrate; the optical
path length between the two optical windows was the
same as that for the transparent NT-based DSSCs used
in this study. Essentially all wavelengths of light below
450 nm are absorbed by the redox electrolyte, which
indicates that when DSSCs are illuminated through the
counter-electrode side, iodide species in the electro-
lyte between the NT film and the counter electrode
remove an appreciable fraction of the incident light
before it reaches the dye-covered film. For collector-
side illumination, the amount of light absorbed by the
electrolyte in the nanopores of the stained films would
be substantially less than that by the bulk electrolyte
between the NT film and the counter electrode. These
results are in accord with the dependence of the photo-
electron density on illumination geometry and wave-
lengths of incident light at different intensities (Figure S5
in the Supporting Information).

Figure 4b compares the light absorption by dye
molecules adsorbed to the surface of the NTs and the
normalized IPCE spectrum for a DSSC subjected to
counter-electrode-side illumination. The amount of light
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Figure 4. (a) IPCE spectra of a transparent NT-based DSSC illuminated from the collector side and counter-electrode side, and
transmittance spectrum of the electrolyte containing the iodide electrolyte; (b) normalized IPCE spectrum of a DSSC
illuminated from the counter-electrode side and the normalized net absorption spectrum of dye molecules adsorbed to a TiO,
NT film; (c) transport time constants at short circuit for the DSSC as a function of the photoelectron density for the collector-
side and counter-electrode-side illumination with 530 and 660 nm light pulses; lines are best fit of the data.

absorbed by the redox electrolyte, TiO, NT film, and
TCO substrate was subtracted from the absorption
spectra.”® Thus, the light absorption spectrum repre-
sents the absorption spectrum of just the adsorbed
dye. The IPCE and absorption spectra were normalized
with respect to their maximum values at 545 nm.
Figure 4b shows that IPCE values at wavelengths short-
er than 545 nm are significantly less than the absorbed
light by the dye. Moreover, the IPCE onset is shifted 30
nm to longer wavelengths with respect to the onset for
light absorption, indicating that a significant fraction of
absorbed photons does not contribute to the photo-
response of the cell. The IPCE (or, equivalently, the
external quantum efficiency) is the product of light-
harvesting, charge-injection, and charge-collection ef-
ficiencies. The short-circuit photocurrent is propor-
tional to the IPCE (Js. =< IPCE). The difference in IPCE
and light absorption spectra at wavelengths < 545 nm
(Figure 4b) cannot be attributed to the charge-injec-
tion efficiency, which is expected to increase with
higher excitation energies.**** This result implies that
a significant fraction of the photoinjected electrons
(e.g., ca. 25% at 490 nm), which are generated by the
absorption of higher energy photons (<545 nm), re-
combine with the redox electrolyte before being col-
lected, suggesting that the loss of charge-collection
efficiency lowers the IPCE. These results (Figure 4a,b)
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are in accord with the dependence of the photoelectron
density on illumination geometry and wavelengths of
incident light at different intensities (Figure S4 in the
Supporting Information).

Figure 4c compares transport time constants (z.) at
short circuit for transparent NT-based DSSC as a func-
tion of the photoelectron density (n) for collector- and
counter-electrode-side illumination. The transport time
constants exhibit the usual power-law dependency on
n, regardless of the wavelength of the incident light
and illumination geometry. The power-law depen-
dence of transport has been explained by a model in
which electrons perform an exclusive random walk
between trap sites that have a power-law distribution
of waiting (release) times in the form of t~'~%, where
parameter a is in the range from 0 to 1 and can be
related to the shape of the trap distribution.'>*® The
best fit of the data yields parallel lines independent of
the illumination wavelength and geometry, indicating
that the density and distribution of transport-limiting
traps are uniform across the NT films. When the cell is
illuminated with a 530 nm light pulse incident from the
collector side, the transport times are shorter than
when incident from the counter-electrode side. For
example, at the same photoelectron density (n = 2 x
10'® cm™3), the transport time for collector-side illumi-
nation (z. = 0.25 s) is about 3 times faster than the
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transport time for counter-electrode-side illumination
(t.=0.72s). When the cell is illuminated with a 660 nm
light pulse incident from either the collector or coun-
ter-electrode side, the transport times (7. = 0.35 s) are
the same (within 10% of experimental error). The wave-
length dependence of the time constants can be under-
stood in terms of the spatial distribution and temporal
relationship between the absorption profile and the
arrival time of electrons at the electron-collecting elec-
trode. Because of the strong absorption of the 530 nm
light pulse by the dye (the effective absorption coeffi-
cient of the cell £ ~ 2500 cm ™ for 530 nm light), the
injected electrons are introduced into a relatively narrow
spatial region of the film, corresponding to where the
light pulse enters the film. The transport time will depend,
therefore, on the average distance that injected elec-
trons travel to reach the collecting electrode. The average
distance d,, that an electron would travel for the 530
and 660 nm light pulses can be estimated from the
respective light absorption profile via the expression
day = [oxe” ™ dx/ [5e”™ dx where ¢ is the absorption
coefficient and L is film thickness. Therefore, when the
530 nm light pulse enters the cell from the counter-
electrode side, the bulk of injected electrons are pro-
duced relatively near the outermost surface of the NT
film and must travel on average a distance of about 4
um through the 6.4 um thick NT films before being
collected at the TCO substrate. In contrast, electrons
that are created near the TCO substrate, as in the case
where the 530 nm light pulse enters the cell at the TCO
substrate, have a shorter distance to travel (ca. 2.4 um)
before being collected. On the other hand, the 660 nm
light is relatively weakly absorbed by the dye (the
effective absorption coefficient of the cell € ~ 500 cm ™'
for 660 nm light) and therefore produces a relatively
constant electron injection current across the film.
Thus, when the 660 nm light pulse enters the cell from
either the collector or counter-electrode side, the bulk
of the injected electrons are produced relatively uni-
formly throughout the film and must travel roughly
the same distance on average, about 3.2 um, before
being collected at the TCO substrate. From the values
for the average distance an electron travels through a
film d,, and the transport time constant 7., one can
estimate the electron diffusion coefficient from the
expression D, = d,,*/2.357.">* At a constant photo-
electron density (n =2 x 10'® cm ), the electron diffu-
sion coefficient for collector- and counter-electrode-side
illumination is the same, about 10~7 cm™?/s, regardless
of the wavelength of light.

Solar Cell Performance. Figure 5 and Table 1 show the
effect of illumination direction on the photocurrent den-
sity—voltage (J—V) characteristics of transparent TiO, NT-
based DSSCs. No effort was made to optimize the DSSC
performance. Photocurrent densities of the DSSC with the
64 um thick film were 88% larger for collector-side
illumination than for counter-electrode-side illumination,
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Figure 5. J—V characteristics of a transparent TiO, NT-
based DSSCilluminated from the collector side and counter-
electrode side under simulated AM 1.5 light; the NT film was
6.4 um thick.

TABLE 1. J—V Characteristics of Transparent TiO, NT-
Based DSSCs with Different Film Thicknesses

illumination direction film thickness («m) J (mA/cm?) V, (V) FF 7 (%)
collector side 6.4 5.74 0.61 060 211
counter-electrode side 6.4 3.05 0.58 0.60 1.07
collector side 13° 835 070 072 419
counter-electrode side 13° 6.75 0.68 0.65 299

? Figure S6b in the Supporting Information.

while the illumination geometry dependence of the
open-circuit photovoltage (V) and the fill factor (FF)
was much less. From IPCE and transmittance measure-
ments, we conclude that the major cause for the lower
photocurrent density for counter-electrode-side illumina-
tion is the attenuation of the incident light with wave-
lengths below 470 nm by the redox electrolyte (Figure 4a
and S6). The loss of photoelectron density resulting from
recombination (Figure 4b,c) should also lower photocur-
rent density for counter-electrode-side illumination. The
loss due to recombination for the counter-electrode-side
illumination was estimated using the expression
JUPCE()/LHE(D)] - ®(2) dA/ [D(4) dA, where D(1) is the
AM 1.5 energy spectrum and LHE is the light-harvesting
efficiency corresponding to the net absorption spectrum
of the dye-covered NT film (Figure 4b). From the analysis
of IPCE and absorption spectra, we calculated that the
recombination loss was about 14%, corresponding to
14% loss in Js over the solar spectrum. From the perspec-
tive of collector-side illumination, we estimate that, of the
observed 88% gain in Js, 74% of that gain was due to
increased light absorption by the dye and 14% of it
resulted from reduced recombination. However, chan-
ging the optical path length through a cell would
alter the contributions of both light absorption and
recombination to J,c and to the cell conversion efficiency.
Decreasing the optical path length should reduce the
light-absorption contribution and increase the recombi-
nation contribution, the consequence of which would
be to reduce the difference between the photocurrent
densities (and conversion efficiencies) for collector-side
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and counter-electrode-side illumination. Increasing the
optical length should have the opposite effect. Perhaps
surprisingly, the photovoltage of the cell showed only a
small dependence on the illumination direction in spite
of the loss of photocurrent density for counter-electrode-
side illumination. For collector-side illumination, the gain
in Vo was only 30 mV, representing a 5% improvement
over that for the counter-electrode illumination. The
small improvement in V. is understandable inasmuch
as it depends logarithmically on the photocurrent density
(Voo = (BKT/q) InUsc/Jo), where (3 is the diode ideality factor,
kis the Boltzmann constant, T is the temperature, and Jy is
the dark exchange current)*® and, thus, is only weakly
dependent on changes in photocurrent density.
Assuming a f value of 1.9, we calculate a 30 mV
increase for collector-side illumination in concurrence
with the measured value. The 30 mV increase in V.
derives from the larger photoelectron density (V. =<
In(n)),'**® resulting from the greater amount of light
absorbed and the reduced recombination for collector-
side illumination (Figure 4). The fill factors display little
dependence on the illumination direction because the
ohmic drop across the cell associated with the photo-
current compensates the shunt resistance associated with
recombination. For example, for collector-side illumina-
tion, a higher J,. should lead to a larger ohmic drop, but at
the same time a smaller shunt resistance should compen-
sate this effect. Thus, the change in the photocurrent
density resulting from the dependence of the light-
harvesting efficiency on the illumination direction is the
main determinant of the solar conversion efficiency. The
net effect of the various changes in Ji, Vo, and the fill
factor is that the cell efficiency was 97% higher for
collector-side illumination than for counter-electrode-side
illumination. Similar results were obtained when the
thickness of the NT film was increased from 64 to 13
um, although the solar conversion efficiency almost
doubled, jumping to 4.2% from 2.1% (Figure S6 in the
Supporting Information).

CONCLUSIONS

In summary, we demonstrated a general approach
for preparing transparent anatase TiO, NT arrays onto
transparent conducting oxide (TCO) substrates. By
employing a conducting Nb-doped TiO, (NTO) layer

METHODS

The transparent TiO, NT arrays were prepared as follows: 10
at. % Nb-doped TiO, (NTO) thin layers were deposited on
fluorine-doped SnO, conducting glass (TCO, Pilkington TEC15)
substrates by rf-magnetron sputtering using a Nb-doped TiO,
target at 400 °C under Ar flow (20 sccm) with a working pressure
of 5 mTorr. Titanium films were deposited on top of the NTO
layer by rf-magnetron sputtering using a Ti target (99.9%) under
the same sputtering conditions used for the NTO deposition.

KIM ET AL.

between Ti film and TCO, the Ti metal film can be
anodized completely without degrading the TCO and
NT array, even after a prolonged period of anodiza-
tion. The NTO layer was shown to protect the TCO
against degradation through a self-terminating me-
chanism by essentially arresting the electric field-
assisted dissolution process at the NT—NTO interface.
The conductivity of the NTO was found to be a critical
parameter in preventing further anodization. Without
the protective (conducting) NTO layer, prolonged
anodization led to the electrochemical corrosion of
the TCO layer and detachment of the NT film from the
TCO substrate. After prolonged anodization, the NTO
layer was still strongly bonded to the NT array and to
the TCO substrate, resulting in a transparent NT arrays
without residual Ti. Furthermore, annealing of the as-
prepared NT film at temperatures as high as 590 °C
showed no trace of the rutile phase, confirming that
the Ti metal layer was converted to the oxide after
completion of the anodization process. Illumination
geometry was found to strongly alter the transport
times of electrons, IPCE, and photoelectrochemical
properties of the DSSCs. The solar conversion effi-
ciency of the cell was about 2 times higher for
collector-side illumination than for counter-elec-
trode-side illumination. The higher conversion effi-
ciency was mainly due to a larger photocurrent
density associated with the higher light-harvesting
efficiency of the cell. A decrease in recombination for
collector-side illumination also contributed to the
high conversion efficiency although to a much lesser
extent. It is noteworthy, however, that changing the
optical path length through a cell would be expected
to alter the contributions of both light absorption and
recombination to J,. and to the cell conversion effi-
ciency. On the other hand, the open-circuit photo-
voltage displayed only a weak dependence on the
illumination geometry. Similar results were obtained
when the NT film thickness was increased by about
2-fold, one consequence of which was the doubling of
the solar conversion efficiency. The electrochemical
strategy described in this study will find important
usage in the fabrication of transparent NT array
electrodes for solar energy conversion and other
optoelectronic applications.

The thickness of the Ti films was normally about 2.4 um. For the
thickest NT films, the Ti film thickness was 5 um. The aligned NT
arrays were produced by electrochemically anodizing the Ti films
at 50 V (ramping rate; 1 V/s) in a two-electrode cell, which
contained a Pt counter electrode and 0.25 wt % NH,4F (99.9%) in
ethylene glycol (99%) with 1 wt % added H,0; the composition
of the solution was adapted from the literature.”® A computer-
controlled source meter was used for the electrochemical
anodization. The as-prepared samples were rinsed with water,
followed by ethanol, and then dried under a stream of nitrogen.
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Next, the pores of the NT films were widened by immersing the
films for 5 min in a formamide solution containing 0.15 M NH,4F
and 3.5 wt % H,0 at 80 °C followed by the same rinsing and
drying sequence noted above. After they were annealed at 400
°Cfor 1 hin air, the TiO, NT arrays were soaked in aqueous 0.05
M TiCl, solution at 70 °C for 30 min and then rinsed and dried
using the same process used above. A second annealing of the
films at 400 °C in air for 30 min followed, and the resulting
anatase films were immersed in 0.3 mM Z907 dye (Z907 = cis-
bis(isothiocyanato)(2,2'-bipyridyl-4,4’-dicarboxylato)(4,4’-dino-
nyl-2"-bipyridyl)ruthenium(ll)) in a acetonitrile and tert-butyl
alcohol solution (1:1 v/v) and then assembled into DSSCs as
detailed before.'® The DSSCs were sealed with two layers of
Surlyn thermoplastic, each 20 um thick. The cells were filled with
an electrolyte composed of 1.0 M 1-methyl-3-propylimidazo-
lium iodide (PMII), 30 mM iodine, 0.5 M 1-butyl-1H-benzimida-
zole (NBB), and 0.1 M guanidinium thiocyanate (GUNCS) in
3-methoxypropionitrile (MPN).>

The sheet resistances of NTO layers, deposited on fused silica
glass substrates, were determined by the four-point probe
technique. The thickness of the NTO layer was determined
by field-emission scanning electron microscopy and confirmed
using a surface profiler. The electrical resistivity of the NTO layer
was determined from the sheet resistance and film thickness and
from Hall-effect measurements. The morphological properties of NT
films were characterized by FE-SEM with energy dispersive X-ray
spectroscopy, high-resolution transmission electron microscopy,
and X-ray diffraction, respectively. The optical absorption/
transmission spectra and external quantum efficiencies were
obtained with an IPCE measurement system. The transport time
constants and photoelectron densities were measured by time-
of-flight. Pulses of 530 or 660 nm wavelength light from light-
emitting diodes were incident on the cell from either the TiO,
NT film side or the electrolyte side. The pulse width was about
20 us. The intensity of the incident light pulses was controlled
using neutral density filters. The TOF current response was
amplified using a current preamplifier and recorded using a
digitizing oscilloscope. Current transients were collected for
long enough times that the integrated charge-collection tran-
sient was saturated. The setup for determining characteristics of
DSSCs under simulated AM 1.5 solar irradiance is discussed
elsewhere'
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