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ABSTRACT

We report on the influence of morphological disorder, arising from bundling of nanotubes (NTs) and microcracks in films of oriented TiO 2 NT
arrays, on charge transport and recombination in dye-sensitized solar cells (DSSCs). Capillary stress created during evaporation of liquids
from the mesopores of dense TiO 2 NT arrays was of sufficient magnitude to induce bundling and microcrack formation. The average lateral
deflection of the NTs in the bundles increased with the surface tension of the liquids and with the film thicknesses. The supercritical CO 2

drying technique was used to produce bundle-free and crack-free NT films. Charge transport and recombination properties of sensitized films
were studied by frequency-resolved modulated photocurrent/photovoltage spectroscopies. Transport became significantly faster with decreased
clustering of the NTs, indicating that bundling creates additional pathways via intertube contacts. Removing such contacts alters the transport
mechanism from a combination of one and three dimensions to the expected one dimension and shortens the electron-transport pathway.
Reducing intertube contacts also resulted in a lower density of surface recombination centers by minimizing distortion-induced surface defects
in bundled NTs. A causal connection between transport and recombination is observed. The dye coverage was greater in the more aligned
NT arrays, suggesting that reducing intertube contacts increases the internal surface area of the films accessible to dye molecules. The solar
conversion efficiency and photocurrent density were highest for DSSCs incorporating films with more aligned NT arrays owing to an enhanced
light-harvesting efficiency. Removing structural disorder from other materials and devices consisting of nominally one-dimensional architectu res
(e.g., nanowire arrays) should produce similar effects.

Semiconductor nanocrystals have been investigated as ma-
terials for a wide range of applications, such as solar cells,
photoelectrochromics, electroluminescent devices, electron-
ics, sensors, and batteries. For these applications, the forms
of nanocrystalsstheir crystal size, shape, and phasesare
critically important. The arrangement of the nanocrystals in
the film architecture can also significantly affect the material
properties (electrical, optical, chemical, mechanical, etc.).
This is especially true for titanium dioxide nanoparticles used
in the fabrication of mesoporous films for dye-sensitized solar
cells (DSSCs; also known as Gra¨tzel cells).1 In DSSCs,
titania crystallites are covered with dye molecules, and the
mesoporous film architecture is interpenetrated with a liquid
electrolyte. The crystallite network is the recipient of injected
electrons from optically excited dye molecules and provides
a conductive pathway to the transparent back contact. Redox
species in the electrolyte transport the holes from the oxidized
dyes to the counter electrode.

Films normally used for DSSCs havesignificant disorder
associated with the individual particles (e.g., defects and size

and shape nonuniformities) and the three-dimensional ran-
domly packed particle network having a broad distribution
of interconnections.2,3 Disorder can significantly retard the
transport dynamics. For instance, the electron transport is
102-103 times slower in the mesoporous nanocrystalline
films than in single-crystal TiO2.4-6 From the light-intensity
dependence of the electron diffusion coefficient in TiO2

nanocrystalline films, it has been inferred that transport is
limited by a distribution of localization (waiting) times that
electrons spend in traps.7-13 It has also been shown that with
increased film porosity, corresponding to a decrease in the
average number of interparticle contacts, the electron trans-
port pathway becomes longer.2 An important implication of
the longer transport pathway is that electrons undergo more
trapping and detrapping events and, therefore, spend a longer
time in a film before being collected at the electrical contact.
Because the collection of photoinjected electrons competes
with recombination, high charge-collection efficiencies re-
quire that transport is significantly faster than recombination.
Thus, the nanostructured architecture is expected to strongly
affect the transport and recombination dynamics.2,3* To whom correspondence should be addressed. E-mail: afrank@nrel.gov.
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One strategy to make electron transport faster in DSSCs
is to reduce both the morphological disorder and dimension-
ality of the network. The utilization of mesoporous films
constructed of ordered one-dimensional nanowire14-17 and
nanotube (NT)18-21 arrays, aligned perpendicularly (verti-
cally) to the electron-collecting substrate, are representative
of this approach. Because of the ease of preparing large
surface area films of oriented TiO2 NT arrays by electro-
chemically anodizing titanium metal,22 this architecture has
attracted considerable interest for use in DSSCs.18-21 Several
studies have shown that the morphology of the arrays (e.g.,
their pore diameter, intertube spacing, and tube length) can
be varied by changing the electrolyte or electrochemical
conditions.22-25 For instance, titania NT arrays can be grown
with either irregular or smooth walls depending on whether
an aqueous hydrofluoric acid solution24-26 or a fluoride-
containing viscous organic electrolyte24 is used. Nanotube
arrays of greater than 130µm in length have been produced
electrochemically by using a variety of organic electrolytes.27

As-grown arrays are amorphous and must be transformed
to the anatase phase of TiO2 or subsequently to the rutile
phase by heating. Normally, before the as-deposited films
are annealed, they are thoroughly rinsed/cleaned with water
or some other solvent to remove residual chemicals from
the anodization process and then are dried evaporatively in
air or under a flow of N2.

Recently, the transport and recombination properties of
oriented NT and nanoparticle films used in DSSCs were
studied by frequency-resolved modulated photocurrent/
photovoltage spectroscopies.21 Consistent with intuition, the
charge-collection efficiencies were significantly higher in the
NT-based DSSCs than in their nanoparticle-based counter-
parts owing to much slower recombination in the NT films
than in the nanoparticle films. Counterintuitively, however,
the electron transport times were comparable for both film
morphologies, suggesting that some form of disorder limits
transport. For example, this disorder could arise from trap
states associated with the polycrystallinity of the NT walls21

or simply from architectural disorder in the films. Clumps
of NTs and cracklike features in the films have, in fact, been
observed.28,29 Formation of clusters of bundled NTs in
nominally oriented arrays could affect the transport and
recombination dynamics in TiO2 films. Clusters of bundled
NTs could be produced during the anodization process28,29

or, in principle, during the cleaning and evaporative drying
process of the as-deposited films through capillary forces of
the liquid acting between the NTs. Such capillary forces have
the potential to cause not only bundling of NTs but also
cracks in the film, depending on, for instance, the surface
tension of the liquid and the NT stiffness, aspect ratio,
density, and wall thickness. This phenomenon has been
observed for materials that are relatively soft in the lateral
direction such as silicon nanorods and carbon NT.30,31 It is,
therefore, important to determine the influence of capillary
forces, which are likely present during the normal postgrowth
cleaning/drying treatment of arrays, on the individual NT
structures and film uniformity and their repercussion, if any,
on the key operative characteristics governing DSSC per-

formance. Whether produced during the formation of the
arrays in the anodization process or by capillary forces in
the postgrowth treatment of the as-deposited films, under-
standing the origin of such orientational disorder and its
prevention would be critical for achieving major advances
in designing more ordered mesoporous film architectures.

In this work, we examine the morphological effects
induced by postgrowth treatment performed on oriented TiO2

arrays formed from anodized titanium. Capillary forces that
arise during evaporative drying of wetted NT films from the
postgrowth cleaning step are found to cause clustering of
NTs and film cracking, the extent of which depended on
the film thickness and surface tension of the cleaning solvent.
Eliminating capillary stress during the drying process is
shown to result in bundle-free and crack-free films. The
structural changes in the films induced by capillary stress
alter the spatial dimensionality of the transport and recom-
bination mechanism and the dye-loading capacity. Preventing
these changes improves significantly the light-harvesting
efficiency and performance of DSSCs.

Titanium foils (Aldrich, 0.25 mm, 99.7% purity) were
electrochemically anodized at 20 V versus a Pt counter
electrode in a solution of 0.5 wt % NH4F in glycerol to
produce TiO2 NT arrays with length varying from 1.1 to 6.1
µm.21,24After electrochemical anodization, the as-deposited
NT films were cleaned by one of three postgrowth treatments.
For the first approach (A1), the as-anodized films were
cleaned with water and then dried in air; we refer to films
prepared by this approach as the water/air-dried NT films.
For the second approach (A2), the as-anodized NT films were
first cleaned with water, then soaked sequentially in a bath
of 20/80, 40/60, 60/40, 80/20, and 100/0 vol % ethanol/water
and then dried in air; we denote these films as the ethanol/
air-dried NT films. For the third approach (A3), the anodized
films were first cleaned with water then soaked sequentially
in the bath of 20/80, 40/60, 60/40, 80/20, and 100/0 vol %
ethanol/water as described in A2 and then dried using a
supercritical CO2 (scCO2) drying apparatus (SPI-DRY CPD).
We refer to these films as the ethanol/scCO2-dried NT films.

After the postgrowth cleaning and drying treatments, the
as-deposited amorphous arrays were converted to the TiO2

anatase phase by annealing at 400°C in air for 1 h.21,22The
resulting anatase films were then immersed in 0.3 mM N719
dye (N719) [tetrabutylammonium]2[Ru(4-carboxylic acid-
4′-carboxylate-2,2′-bipyridyl)2(NCS)2]) in ethanol for 24 h
and then assembled into DSSCs as detailed before.32 The
amount of adsorbed N719 dye was determined by optical
absorption of the desorbed dye.32 The morphology of NT
films was characterized by field emission scanning electron
microscopy (SEM) and X-ray diffraction (XRD). SEM
images showed that the averages of the NT pore diameters,
wall thicknesses, and center-to-center NT distances were 38,
10, and 64 nm, respectively. From these parameters, one can
calculate21 an intertube spacing of 6 nm and a film porosity
of 57%. Transport and recombination time constants were
measured by intensity-modulated photocurrent spectroscopy
(IMPS) and intensity-modulated photovoltage spectroscopy
(IMVS) as described previously.33,34For these measurements,
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the DSSCs were probed with a modulated beam of 680 nm
light superimposed on a relatively large background (bias)
illumination also at 680 nm. The probe and bias light entered
the cell from the counter electrode side. The setup for
determining the solar cell characteristics under simulated
AM1.5 solar irradiance is discussed elsewhere.32

Theory. The capillary forceF between two adjacent
nanotubes owing to a liquid meniscus can be calculated from

whereγ is the surface tension of the liquid,θ is the contact
angle,do is the external diameter of nanotube, and 2l is the
center-to-center distance between nanotubes. Equation 1 was
originally derived35 for two adjacent nanowires with diameter
do; however, it is applicable to adjacent NTs, where the
capillary forces inside the NT pores (with internal diameter
di) are assumed to have, to a good approximation, zero net
contribution to the interactions between nanotubes. The
capillary force exerts a bending moment on the NTs, which
can cause their deflections, which, in turn, can create bundled
NTs and cracks in the films. The maximum lateral deflection
δ of a NT resulting from capillary force exerted at the NT’s
end farthest from the substrate is given by36

where L is the length (or thickness),E is the Young’s
modulus, which is a measure of the stiffness of a material,
and I is the cross-sectional second moment (also known as
the second moment of area), which is a measure of the
resistance of an object of a particular shape to bending or
deflection. With the aid of the expression36 I ) π (do

4 -
di

4)/64 and eq 2, the maximum lateral deflection of a NT is
described by

Equation 3 reveals that deflection depends on the NT
geometry and the solvent in contact with NTs. For a fixed
do, di, andl, the extent of deflection of a NT is proportional
to γ, L3, and (cosθ)2. Therefore, the larger the surface tension
or the longer the NTs, the easier the NTs are deflected by a
given capillary force. For the case when a crack (gap) is
created by the formation of adjacent domains of bundled NTs
with similar maximum lateral deflection, the maximum crack
width wc can be estimated from eq 3 with the expression:
wc ) 2δ.

Film Characteristics. Figure 1 shows SEM images of as-
deposited (preannealed) NT films, ranging in thicknesses
from 1.1 to 6.1µm, after they were cleaned with water and
then dried in air (postgrowth treatment A1). The presence
of both clusters of NT bundles and microcracks are evident
in even the thinnest films, the 1.1µm thick film (Figure 1a).
When the film thickness increases from 1.1 to 6.1µm (Figure

1a-c), the extent of bundling and average maximum crack
width increases; the average maximum crack widths (wc )
2δ) increase from roughly 80 to 700 nm. The effect of film
thickness on the extent of bundling of NTs and cracks is
qualitatively consistent with eq 3, suggesting that the
observed deformation is caused by the NT lateral deflection
resulting from the action of capillary forces between adjacent
NTs during evaporative drying of the wetted films. It can
also be seen in Figure 1b,c that an apparent overlayer covers
the ends of some channels in the bundled NTs in the thicker
films. This overlayer can also be traced to the effect of
capillary forces on the bundled NTs during the postgrowth
treatment. One consequence of the NT deflection is that the
unbalanced capillary forces from both the interior and
exterior of pores accelerate the distortion of the pore structure
near the ends of the NTs and causes their eventual collapse
to produce an overlayer that covers the ends of the opening
of the bundled NTs, especially near the center of the bundle
in the thicker films.

Figure 2 shows SEM images of as-deposited NT films that
were cleaned with ethanol and then air-dried (post growth
treatment A2). The film thicknesses varied from 1.1 to 6.1
µm. It can be seen that the types of morphological disorder
(e.g., NT bundles and cracks) in the films are similar to those
evident in Figure 1. However, there is a reduced presence
of distinct domains of bundled NTs and the associated cracks

F ) 1
2

π γ (do cosθ)2 l-1 (1)

δ ) FL3/3EI (2)

δ )
32(do cosθ)2 (γ L3)

3El(do
4 - di

4)
(3)

Figure 1. SEM images of (a) 1.1, (b) 2.8, and (c) 6.1µm thick
as-deposited NT films that were cleaned with water and then air-
dried (postgrowth treatment A1). The arrow in image (b) denotes
a bundle of deflected NTs, and the dashed line marks an associated
crack.
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in the 1.1µm thick film (Figure 2a) compared with the same
thickness film (Figure 1a) that was cleaned with water and
then air-dried (postgrowth treatment A1). Even in the thicker
films (Figure 2b,c), the extent of the formation of bundles,
cracks, and overlayer is less than that of the same thickness
films (Figure 1b,c) that were washed with water and then
air-dried. The reduced degree of morphological disorder in
films that were subject to postgrowth treatment A2 rather
than postgrowth treatment A1 can be attributed to differences
in the surface tension values for water (72 dynes/cm) and
ethanol (22 dynes/cm).

Figure 3 shows SEM images of as-deposited NT films with
thicknesses ranging from 1.1 to 6.1µm that were cleaned
with ethanol and then dried using the supercritical CO2

(scCO2) process (postgrowth treatment A3). In its super-
critical state, CO2 passes from the liquid to gaseous phase
without crossing the liquid-gas boundary and forming the
associated interfacial tension (i.e.,γ ) 0 dynes/cm). In the
absence of surface tension, there is no evidence of bundles,
cracks, or overlayer in the SEM images (Figure 3) of the
three films with different thicknesses, consistent with the
prediction from eq 3 that NTs should undergo no deflections
at γ ) 0 dynes/cm. On the basis of the SEM images in
Figures 1-3, we conclude that capillary stress created during
evaporation of liquids with nonnegligible surface tension
from the mesopores of NT arrays are of sufficient magnitude
to induce NT bundling and microcrack formation. Although
not investigated in our study, there is also the suggestion28

that such morphological effects are derived from surface
stress created during the growth of the as-deposited films
vis-à-vis the anodization and fluoride etching processes.
However, because the morphological disorder can be avoided
by altering the postgrowth processing, it seems unlikely that
disorder arises during the anodization step under our condi-
tions. We note that bundle-free NT samples have been
prepared without the use of scCO2.26,27 The NTs of these
samples have, in general, significantly larger dimensions
(e.g., 25 nm wall thicknesses27 and ca. 100 nm tube
diameters)26 than those prepared in the present study. The
morphological differences highlight the strong dependence
of the degree of tube deflection on the NT physical
dimensions (eq 3) as discussed in the Theory section.

The dependence of NT bundles on the film thickness and
postgrowth cleaning and drying treatments can be described
in terms of an apparent NT deflectionδ′, defined as the
maximum lateral deflection of NTs in a bundle along the
associated crack boundary. For example, the dashed line in
Figure 1b marks a boundary of a crack, and the arrow denotes
a bundle of deflected NTs associated with it. Figure 4 shows
the statistical averages (with errors) of NT deflectionδ′ for
as-deposited films cleaned and dried by postgrowth treat-
ments A1 (H2O/air-dried), A2 (ethanol/air-dried), and A3
(ethanol/scCO2-dried). The average deflectionδ′ of the NT
clusters increases with film thickness in qualitative agreement
with the prediction of eq 3.

Figure 2. SEM images of (a) 1.1, (b) 2.8, and (c) 6.1µm thick
as-deposited NT films that were cleaned with ethanol and then air-
dried (postgrowth treatment A2).

Figure 3. SEM images of (a) 1.1, (b) 2.8, and (c) 6.1µm thick
as-deposited NT films that were cleaned with ethanol and then
scCO2-dried (postgrowth treatment A3).
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Quantitatively, the dependence of the average deflection
δ′ on the film thickness was much less than expected. The
average NT deflectionδ′ of a bundle in as-deposited films
that were treated by methods A1 (H2O/air-dried) and A2
(ethanol/air-dried) increased approximately 9-fold when the
film thickness was increased by a factor of 6. Best fits of
the data forδ′ for methods A1 and A2 treated films (solid
lines in Figure 4) can both be represented by the relationδ′
∝ L1.3(0.3, which is significantly less than theL3 dependence
predicted by eq 3. The underestimation is perhaps not
surprising in view of the simplicity of the assumption in
deriving eq 3 that lateral deflection of a NT is determined
only by the balancing of reactive forces associated with
mechanical bending and capillarity. One would anticipate
that cooperative interactions of the surrounding structures
in the closely packed NT array (the average intertube distance
is about 6 nm) would physically constrain the amount of
bending movement of individual NTs. Similar capillary
effects are reported in a study of Si nanorod arrays,31 which
showed that lateral deflection scales withL1.5, in concurrence
with the present observation. Despite the more than 3-fold
difference in their surface tension values, the deflection
valuesδ′ for films treated by methods A1 (H2O/air-dried)
and A2 (ethanol/air-dried) differ by just a factor of 1.4(
0.6, which is likely due to the variation in the contact angles
of the liquids with TiO2,37-39 which partially reduces the
effect of surface tension in determining the capillary forces
(eq 1).

The effect of capillary stress on the surface area can be
estimated by comparing the surface areas of the bundle-free
and crack-free ethanol/scCO2-dried films (postgrowth treat-
ment A3) with films treated by method A1 (water/air-dried).
The most extreme case of capillary-stress-induced change
of surface area would be for films comprised of the longest
NTs (namely, the 6.1µm thick arrays) that were treated by
method A1. From dye-desorption measurements, we found

23 ( 13% higher dye-loading in the ethanol/scCO2-dried
films than in the H2O/air-dried films, suggesting that
removing morphological disorder induced by capillary stress
increased the effective total surface area accessible to dye
molecules by 23( 13%. The actual surface area of the water/
air-dried film could be larger than was measured from dye
desorption because the diameter of the dye (ca. 1 nm) restricts
its access to some regions within a tightly packed NT bundle.
Thus, the 23% increase in surface area represents an upper
limit to the difference in the actual surface between the water/
air- and ethanol/scCO2-dried films. Not surprisingly, XRD
measurements (not shown) indicated that the postgrowth
cleaning/drying treatments had no significant effect on the
average crystallite size (ca. 30 nm) that comprises the NT
walls.

Transport and Recombination.Figure 5 displays typical
time constants for transport (τc) and recombination (τr) as a
function of the incident photon flux (light intensity;I0) for
NT-based DSSCs, incorporating 6.1µm thick annealed TiO2
films. At this film thickness, the morphological difference
in NTs, resulting from postgrowth treatments A1 (water/air-
dried) and A3 (ethanol/scCO2-dried), is the largest in this
study. Independent of the postgrowth treatments, transport
times in both DSSCs (Figure 5a) exhibit essentially the same
power-law dependence on the incident light intensity. For
randomly packed nanoparticle film-based DSSCs, such
power-law dependence is normally attributed to trap-limited
transport7-11 and is described by the expressionτc ∝ (I0)R-1,40

where the parameterR describes the shape of the distribution
of localization (trapping) timest in the form of NTt-1-R,
whereNT denotes the total trap density in the TiO2 films.9,40,41

Best fits to the data yieldR ) 0.35 for both water/air- and
ethanol/scCO2-dried NTs. Recent studies show that the traps
that limit transport in TiO2 nanoparticle films are located
predominantly on the surface of the crystallites and that
transport times increase with increasing internal surface area
because of the corresponding increase ofNT.41,42 From the
dye-desorption measurements, the average surface area of
the ethanol/scCO2-dried film is 23% larger than that of the
water/air-dried film. Assuming the density of trapsper unit
surface areais the same for both ethanol/scCO2- and water/
air-dried films, an average increase of 23% of theNT value
for the ethanol/scCO2-dried film is expected. According to
the relation40 τc ∝ (NT)2/3 at constant illumination and film
porosity, electron transport times are expected to be 15%
longer on average in the ethanol/scCO2-dried film than in
the H2O/air-dried film. However, despite the larger surface
area (largerNT), it can be determined from Figure 5a that at
any given light intensity (e.g.,I0 ) 6.5 × 1016 cm-2 s-1),
the transport times are 43% shorter in the ethanol/scCO2-
dried film than in the H2O/air-dried film. Furthermore,
considering the expected 15% difference in transport times
resulting from the surface area effect, one can show that if
the surface areas were the same (i.e., normalized), the
transport times would, in fact, be about 50% shorter in the
ethanol/scCO2-dried film than in the H2O/air-dried film. Or,
equivalently, the transport would be about two times faster
in the ethanol/scCO2-dried film than in the H2O/air-dried

Figure 4. Dependence of NT deflections on film thickness of as-
deposited NT films that were subject to postgrowth treatments A1
(H2O/air-dried), A2 (ethanol/air-dried), and A3 (ethanol/scCO2-
dried). The dashed line denotes the case of no deflections of the
NTs. Solid lines are best fits to power-law dependences; the best
fits of the data yield exponent values within the range of 1.3(
0.3.
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film. So, how can two films with the same parameterR,
(normalized) areas, porosities, and thicknesses have different
transport times? A reasonable explanation is that the
dimensionality of the NT networks differs owing to the
intertube contacts created during the formation of NT
bundles.

The capillary force exerted on NTs when water (and,
presumably, other solvents with appreciable surface tension)
is removed by air drying brings adjacent NTs closer together,
which, along with the reduction of total surface area, leads
to intertube contacts in the bundles of NTs. The formation
of intertube contacts would facilitate the lateral charge
transport between adjacent NTs in a bundle. Because the
collection of electrons at the electrode is determined by the
movement of electrons along the length of the NTs,
orthogonally to the substrate, lateral movement would slow
transport. Creating clusters of intertube contacts in an
otherwise one-dimensional network introduces a third spatial
dimension to the nominally oriented NT arrays. For an
idealized situation in which electrons perform random walks
within trap sites that are distributed uniformly in the three-
dimensional mesoporous nanoparticle network, the time
electrons spend moving along a given direction is one-third
of the total time electrons spend moving in all three
directions. Thus, transport of charges along a 1-D conducting
path would be three times faster than that along a 3-D
conducting path. The observation that transport is two times
faster in the ethanol/scCO2-dried film than in the water/air-
dried film suggests that precluding the formation of NT
bundles changes the transport mechanism from a mixture of
one and three dimensions to only one dimension. Thus,
electrons in a bundle of NT can either move across
interconnecting NTs or along the length of a single NT
toward the charge-collecting substrate. With higher-dimen-
sional transport systems, the transport pathway becomes
longer, resulting in the exposure of electrons to more trap
states, the latter of which extends the electrons’ residence
time in the film before being collected at the electrical
contact. The supercritical CO2 drying process reduces the

formation of clusters of bundled NTs, thus promoting 1-D
transport, which shortens the transport pathway, lessens the
exposure of electrons to traps, and enables overall faster
transport.

Figure 5b shows that recombination times are about 23%
shorter in ethanol/scCO2-dried NTs than in water/air-dried
NTs and exhibit a power-law dependence on the incident
light intensity, suggesting a causal connection between
transport and recombination. Such a causal link has been
observed in TiO2 nanoparticle-based DSSCs and is attributed
to transport-limited recombination.9,41,43 Recent studies41

show that the recombination current density scales with
(surface area)1.33, corresponding toτr ∝ (surface area)-0.33,
at constant film thickness and porosity for TiO2 nanoparticle
films. Considering that the ethanol/scCO2-dried film has a
23% larger surface area than that of the H2O/air-dried film,
one can show that if the surface areas were the same (i.e.,
normalized), the recombination times would be 18% shorter
in the ethanol/scCO2-dried film than in the H2O/air-dried
film. Or, equivalently, the recombination would be 22%
faster in the ethanol/scCO2-dried film than in the H2O/air-
dried film. Thus, the effect of the morphological changes
on the time constants is significantly smaller for recombina-
tion (ca. 18%) than that for transport (ca. 50%), contrary to
the prediction of the transport-limited recombination model41,43

that the recombination times should be proportional to the
transport times. In other words, one would expect the
recombination times also to decrease by ca. 50% from the
base value of the H2O/air-dried film. This discrepancy
between the observation and prediction is attributed, in part,
to the creation of additional recombination centers per unit
surface area owing to the morphological deformation in the
H2O/air-dried film. We envision that, as the tubes bend to
form bundles, the resulting distortion increases the number
of surface defects. These additional recombination centers
in the H2O/air-dried film are not present on the straight tubes
in ethanol/scCO2-dried film. Thus, recombination in the
ethanol/scCO2-dried film is significantly slower relative to
the expected value because of the absence of these deforma-

Figure 5. Comparison of the time constants for (a) transport and (b) recombination as a function of the incident photon flux for 680 nm
laser illumination for DSSCs, incorporating 6.1µm thick annealed NT films; preannealed (as-deposited) films were cleaned and then dried
by either method A1 (H2O/air-dried) or method A3 (ethanol/scCO2-dried).
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tion-induced surface defects. From the transport and recom-
bination measurements, one can determine the charge-collec-
tion efficiencyηcc from the relationηcc ) 1 - (τc/τr).10 The
values ofηcc at constant light intensity (e.g.,I0 ) 6.5× 1016

cm-2 s-1; Figure 5) for H2O/air- and ethanol/scCO2-dried
NT-based DSSCs are 93% and 95%, respectively. If the
surface areas were the same (normalized), one can show that
ηcc for ethanol/scCO2-dried DSSC would be 3% higher than
that for the H2O/air-dried DSSCs. Thus, removing structural
disorder from NT films increases only modestly the charge-
collection efficiency. In much thicker films for which the
transport and recombination times become more comparable,
the formation of NT bundles and microcracks would likely
have a much larger effect on the charge-collection efficiency
for DSSCs.

Solar Cell Performance.Figure 6 compares the photo-
current density-voltage (J-V) properties of NT-based
DSSCs incorporating 6.1µm thick films that were cleaned
and then dried as-deposited by either method A1 (H2O/air-
dried) or method A3 (ethanol/scCO2-dried). No effort was
made to optimize the performance of either cell. The DSSC
incorporating a bundle-free and crack-free NT film processed
using method A3 displayed betterJ-V characteristics than
the DSSC containing a film with severe clusters of NT
bundles and microcracks processed using method A1. The
photoresponse of the DSSC with the more ordered films
exhibited a short-circuit photocurrent density (Jsc) of 5.7
mA/cm2, an open-circuit photovoltage (Voc) of 0.58 V, and
a fill factor (FF) of 0.56 to give a solar conversion efficiency
η ) 1.9%. In contrast, the DSSC with the less ordered film
showed aJsc of 4.9 mA/cm2, Voc of 0.60 V, and a FF of 0.53
to yield η ) 1.6%. Considering the small differences inVoc

and FF between the two cells, we attribute the 19% greater
solar conversion efficiency of the ethanol/scCO2-dried NT-
based DSSC to mainly the 16% higherJsc. The difference
in Jsc can be accounted for in terms of the expression:Jsc )
qηlhηinjηccI0, whereq is the elementary charge,ηlh is the light-
harvesting efficiency, andηinj is the charge-injection ef-
ficiency.44 One can reasonably assume that theηinj of the

dye (N719) used for both DSSCs are the same because
treating a preannealed film with either method A1 or A3 is
unlikely to alter the nature of the dye-adsorption sites.
Therefore, inasmuch as the charge-collection efficiencies of
the cells, as discussed above, are approximately the same,
we conclude that the higherJsc andη of the DSSC with the
ethanol/scCO2-dried film are due to a largerηlh owing to
the larger internal surface area (23%) of the film and,
correspondingly, to greater dye loading.

In summary, architectural disorder, resulting from bundling
of nanotubes and microcracks in oriented TiO2 arrays,
significantly affects charge transport and recombination in
DSSCs. Capillary forces that arise during evaporative drying
of wetted NT films from the postgrowth cleaning step
produce clusters of NT bundles and microcracks, the extent
of which depended on the film thickness and surface tension
of the cleaning solvent. Removal of liquids from the
mesopores of the arrays by the supercritical CO2 drying
technique yielded bundle-free and crack-free NT films.
Comparison of ethanol/scCO2- and H2O/air-dried films
revealed that preventing morphological disorder induced by
capillary stress can enhance significantly the total surface
area of a film accessible to dye molecules. Electron transport
is significantly faster in the ethanol/scCO2-dried film than
in the water/air-dried film. The intertube contacts that form
within a NT bundle changes the transport mechanism from
the expected one-dimensional pathway to a mixture of one-
and three-dimensional pathways. One-dimensional transport
shortens the transport pathway and reduces multiple electron-
trapping events. Similar mechanistic effects are expected in
other materials and devices consisting of nominally one-
dimensional architectures (e.g., nanowire arrays). Changes
in spatial dimensionality also affect recombination, but to a
lesser degree than transport. Removing structural disorder
reduces the density of recombination centers. The solar
conversion efficiency is higher for architecturally ordered
DSSCs than for the disordered ones owing to a higher short-
circuit photocurrent resulting from a greater dye loading
associated with a larger internal film surface area.
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