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a  b  s  t  r  a  c  t

A  sinter-free  method  to  transfer  anodized  TiO2 nanotube-arrays  to  a polyethylene  terephthalate  (PET)
sheet  is  proposed.  Since  the  anodized  nanotube-array  was  crystallized  independently  before  transferring
to the  PET,  the internal  charge  transport  resistance  and  the  charge  recombination  rate  are  unchanged
for  the  nanotubes  on  the  PET  sheet,  and  no high  temperature  sintering  process  is  required.  With
hydrothermal  treatment,  the dye  sensitized  solar  cell fabricated  utilizing  a low  temperature  bonded
eywords:
ye-sensitized solar cell
iO2 nanotube-array
nodization
lexible

nanotube/PET  as  a  photoelectrode  exhibits  a power  conversion  efficiency  of  5.41%,  which  is  only 0.87%
lower  than  the power  conversion  efficiency  of the solar  cell using  nanotubes  bonded  on a conductive
glass  through  high  temperature  processes.

© 2013 Elsevier Ltd. All rights reserved.
ydrothermal

. Introduction

The greatly increased demand for energy over the past few
ecades has accelerated the need for research on renewable energy
echnologies. Among the various types of renewable energy, har-
esting solar energy is one of the most promising solutions for a
ispersed and abundant energy source. Although traditional semi-
onductor p–n junctions have demonstrated high solar energy
arvesting efficiency, this approach is not suitable for terrestrial
pplications of solar energy collection because of the expensive
aterials required. To find a low cost solution for photovoltaics,
any efforts have been focused on new types of solar cells com-

osed of low cost materials. TiO2, as an earth abundant, low cost
nd nontoxic material that has been widely researched in different
pplications such as: photocatalysis, gas-sensing and photoelec-
rolysis, and more recently nanostructured TiO2 applications which
ave attracted increasing attention for potential applications in
olar energy conversion [1–5].

As a highly efficient photoelectrode used in dye-sensitized

olar cells (DSSC), TiO2 nanoparticles are coated on a conductive
lass to provide a large surface area for dye adsorption [6]. Opti-
ized nanoparticle structures of DSSCs have reached an energy
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conversion efficiency of over 11% [7],  and many researchers have
fabricated DSSCs on a plastic substrate as a method to create low
cost, light weight and flexible devices [8–11]. When fabricating the
TiO2 nanoparticle on a plastic substrate, high temperature sinter-
ing for the nanoparticles is not feasible due to the nature of plastics
[12,13]. However, low temperature sintering will heavily degrade
the charge collection efficiency of the TiO2 nanoparticle and lower
the photovoltaic performance of plastic DSSCs [14]. To enhance the
charge collection ability of the TiO2 nanopartilces on a plastic sub-
strate, high pressure pressing, surface coating, chemical sintering
and alternative depositions such as electrophoretic methods have
been examined [15–20],  but the enhancement is finite, and a more
efficient photoelectrode on the plastic sheet remains a challenging
issue.

In contrast to randomly organized nanoparticles, one-
dimensionally oriented nanostructures, such as nanorods,
nanowires, and nanotubes have also been studied to enhance
the charge collection efficiency of DSSCs [21–24]. Among the
various one-dimensional nanostructures, TiO2 nanotube-arrays
fabricated by anodization have exhibited many favorable char-
acteristics as photoelectrodes of DSSC [25,26]. The as-anodized
nanotube-array was on a titanium foil, a flexible DSSC can be
fabricated directly using the as-anodized nanotube-array as the
photoelectrode [27]. However, in such a configuration the DSSC

needs to be back-side illuminated, which is a more unfavorable
operating mode for DSSCs [28]. On the other hand, because of the
feature of the compact connection among the anodized nanotubes,
the nanotube-array can be detached from the titanium foil to

dx.doi.org/10.1016/j.electacta.2013.01.002
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:chchien@faculty.nctu.edu.tw
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ecome a free-standing membrane and thus can be transferred to
ransparent substrates for the front-side incident DSSCs [29,30].
lthough an energy conversion efficiency of over 8% by transfer-
ing the nanotube-array to a conductive glass have been reported
31–33],  there have been very few studies on the fabrication of the
anotube-array on the plastic substrate. Anodization of a Ti layer
eposited on a plastic sheet resulted into amorphous and short
anotubes, even with 350 ◦C annealing the performance of the
SSC is still limited [34,35]. On the other hand, when additional
iO2 nanoparticles are introduced to bond the nanotube-array,
he larger electrical resistance within the bonding layer using low
emperature sintering could heavily lower the resulting charge
ollection of the nanotubes [36].

Instead of the intermediate TiO2 bonding layer, we applied a
ore facile method to transfer the nanotube-array onto the plas-

ic substrate. Using a well fabricated free-standing nanotube-array,
e directly deposited an indium tin oxide (ITO) layer on top of

he closed ends of the nanotubes. The ITO/nanotube membrane
as bonded to an arbitrary substrate without applying high tem-
erature processes. By transferring the nanotubes (NT) onto a
olyethylene terephthalate (PET) sheet as a nanotube/PET (NT/PET)
hotoelectrode, the power conversion efficiency of the NT/PET
SSC was 5.41%. The impedance spectroscopy showed the inter-
al electrical characteristics, including charge recombination rate,
harge transport resistance and chemical capacitance of the NT/PET
ell were similar to high temperature sintered nanotube DSSC on a
onductive glass. These results indicated an efficient charge col-
ection of the nanotube-array was achieved even without high
emperature bonding processes.

. Experimental methods

.1. Preparation of TiO2 nanotube-array

The TiO2 nanotube-array was fabricated by anodization at con-
tant voltage in a two electrode configuration. A bias of 50 V DC was
pplied to 0.25 mm Ti foil for 2 h with Pt serving as the counter elec-
rode. The anodization was  carried out in an electrolyte containing
.3 wt% NH4F and 2 vol% H2O in ethylene glycol, and the reac-
ion temperature was controlled at 40 ◦C by a temperature static
ank. The length and the pore size of the anodized nanotube-array
ere identified to be 19 �m and 95 nm on average using a field

mission scanning electron microscopy (FESEM, Hitachi-S4700).
fter the anodization, the nanotube-array was crystallized at 480 ◦C

or 3 h under air flow, and CHF3/CF4 plasma was applied to the
urface of the nanotube-array to clean the top ends of the nano-
ubes. For detachment of the crystallized nanotube-array from the
i foil, anodization was applied again; the configuration, the elec-
rolyte composition and the applied bias were all the same as the
rst anodization except the period was 1 h. Then, the crystallized
anotube-array was detached from the Ti foil by immersing the
econdly anodized sample into 1 M hydrochloric acid.

.2. Fabrication of NT/PET photoelectrode and the DSSC

Indium tin oxide (ITO, 5% SnO and 95% In2O3) of 400 nm was
eposited onto the closed ends of the detached nanotube-array
embrane by e-beam evaporation or by sputtering methods. For

oth methods the deposition rate was controlled to be approxi-
ately 1 Å s−1. The e-beam evaporated sample was  then annealed

t 500 ◦C in N2 ambient for 10 min  for crystallization of the ITO

ayer. The transmittance and the sheet resistance of the deposited
TO layer were measured by UV–Vis spectroscopy and a four point
robe respectively. The crystalline analyses of the ITO/nanotube
omposite membrane was performed by grazing incidence X-ray
ica Acta 91 (2013) 337– 343

diffraction (GIXRD) using a PANalytical X’Pert Pro diffractometer
with Cu K� radiation.

To transfer the ITO deposited nanotubes to a plastic sheet, poly-
dimethylsilane (PDMS, sylgard® 184) was  spin coated onto a PET
substrate. This was  followed by stamping PDMS coated PET sheet
onto the ITO deposited side of the nanotube-array, and then the
nanotube-array was bonded to the PET after baking the PET sheet
at 120 ◦C for 1 h. Finally, Ag was  e-beam deposited into a small hole
preserved on the PET sheet to make external contact to the ITO layer
of the bounded nanotube-array, and then the hole was sealed by
UV paste.

Next, the NT/PET electrode was immersed into a dye
solution of 0.3 mM N719 (bis(tetrabutylammonium)[cis-di
(thiocyanato)-bis(2,2′-bipyridul-4-carboxylate-4′-carboxylic acid)
-ruthenium(II)]) in anhydrous ethanol for 18 h for dye adsorption.
To fabricate DSSC, Pt sputtered ITO glass (7 � �−1) was  used as
the counter electrode to facilitate encapsulation. Between the
NT/PET photoelectrode and the counter electrode was a spacer
composed of a 60 �m thermoplastic film (SX1170-60, Solaronix),
and an electrolyte containing 0.05 M I2, 0.6 M 1-propyl-3-
methylimidazolium iodide, 0.1 M LiI and 0.5 M 4-tertbutylpyridine
in 3-methoxypropionitrile was  injected into the space by capillary
infiltration.

2.3. Characterization of the NT/PET DSSC

The photocurrent-voltage characteristic of the solar cell was
characterized by a sourcemeter (Keithley 2400) under irradiation of
100 mW cm−2 provided by a solar simulator (Oriel 96000) equipped
with an AM1.5G filter. The power density of the illumination was
measured by a power meter (840-C, Newport). Electrochemical
impedance spectroscopy (EIS) of the solar cell was measured by a
potentiostat (EG&G 273a) equipped with a frequency response ana-
lyzer (EG&G 1025); AC signal with 10 mV amplitude was applied
with a recorded frequency that ranged from 105 to 10−2 s−1. The
fitting of the impedance spectroscopy was  implemented by Zview
software.

3. Results and discussion

3.1. Material characteristics of the ITO/nanotube composite
membrane

To fabricate the ITO/nanotube composite membrane, we
examined different methods including e-beam evaporation and
sputtering to deposit the ITO layer onto TiO2 nanotube-array. The
as-deposited ITO layer by e-beam evaporation was opaque due to a
lower ratio of incorporated oxygen, and the sheet resistance of the
as-deposited ITO was  57.2 � �−1. Conducting post annealing, the
transmittance of the e-beam evaporated ITO layer improved to be
over 80% in the visible wavelength region, and the sheet resistance
decreased to 45.1 � �−1. On the other hand, the as-deposited ITO
layer by sputtering showed higher than 85% transmittance increase
at 530 nm and a sheet resistance 22 � �−1 so that post annealing
was not necessary for this sample. Fig. 1 shows the FESEM images of
the ITO/nanotube composite membranes deposited by e-beam or
sputtering methods and their top-view and cross-sectional micro-
morphologies. Both the evaporated and sputtered ITO layer formed
a continuous thin film on top of the closed ends of the compactly
connected nanotube-array. However, the crystalline characteristic
of the ITO layer significantly depended on the deposition method.

Fig. 2 shows the X-ray diffraction results of the e-beam evapo-
rated and sputtered ITO layers on a glass substrate or on the TiO2
nanotube-array. There was no identifiable diffraction peaks for
the as-deposited ITO by e-beam evaporation either on the glass
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ig. 1. Top-view and cross-sectional FESEM images of the ITO deposited onto the
ree-standing TiO2 nanotube membrane by e-beam evaporation ((a) and (b)—as
eposited, (c) and (d)—annealed) and by sputtering ((e) and (f)). Inserted in the
op-view images are the photographs of the ITO/nanotube composite membrane.

r on the TiO2 nanotubes. Hence, initially it was  amorphous and
he crystallinity was remarkably improved by applying post ther-

al  annealing. In contrast, the ITO layer deposited by sputtering
epicted good crystallinity even without post annealing. For both
eposition methods the crystallinity of the ITO layer deposited on
he TiO2 nanotube-array was found to be inferior to those deposited
n the bare glass. The crystallization of ITO was probably influenced
y the curved surface of the closed ends of anodized nanotubes,
hich could limit the migration of the overlaying ITO.

.2. Photovoltaic characteristics of the NT/PET DSSCs
To transfer the ITO/nanotube composite membrane onto the
ET sheet to fabricate the NT/PET photoelectrode, polydimethyl-
ilane (PDMS) was first spin coated on the PET sheet to serve as the

ig. 2. XRD results of the ITO/nantube composite membrane of e-beam evaporation
without annealing) and sputtering methods. The peaks labeled by A in red color
orrespond to anatase phase, and the peaks labeled in blue refer to ITO facets. The
RD results of single ITO layer deposited on the bare glass by each method are also

ncluded.
Fig. 3. (a) Structure of the NT/PET photoelectrode. (b) The front-side and back-side
of  the NT/PET photoelectrode. (c) The cross sectional FESEM image of the NT/PET
photoelectrode.

bonding medium. Because of the fluidity of the PDMS, the
ITO/nanotube membrane can be flatly and closely adhered to the
flexible PET substrate after curing the PDMS layer, as shown in
Fig. 3. Fig. 4 shows the photocurrent density–voltage (J–V) curves
of DSSCs applying the NT/PET as the photoelectrode. The NT/PET
DSSC with sputtered ITO showed a fill factor higher than that
of NT/PET cell with e-beam evaporated ITO. This yielded a 0.3%
difference in power conversion efficiency while the short-circuit
photocurrent densities (Jsc) and open-circuit voltages (Voc) of the
NT/PET cells were similar using the different ITO deposition meth-
ods. The dependence of fill factor of NT/PET DSSCs on the ITO
deposition method revealed that there was  considerable recom-
bination for electrons collected by the ITO layer. Since there are
voids between the nanotubes, the electrolyte can infiltrate into
these voids and make direct contact with the ITO layer in NT/PET

DSSCs even though the nanotubes have closed bottom ends.

As shown in Fig. 4, NT/PET DSSC formed by directly transferring
an as-detached nanotube-array to PET sheet had lower power con-
version efficiency; there was  a significant drop in Voc and a greatly
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Fig. 4. Photocurrent density–voltage characteristics of the NT/PET DSSCs with ITO
layer  deposited on nanotubes by e-beam (NT(E)/PET), by sputtering (NT(S)/PET)
and with nanotubes treated by post-annealing (NTA(S)/PET) or by a hydrothermal
method (NTH(S)/PET), and the flexible NT/PET DSSC using hydrothermally treated
nanotube with a flexible counter electrode of Pt/Ti sputtered on a polyimide sheet
(NTH(S)/PET + Pt/Ti/PI). The measurement was carried out at 100 mW cm−2 illumi-
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ation. The photocurrent densities of NT/PET cells were calculated by dividing the
hotocurrent by the active area of the cells, which was  the total area of the nanotube
ubtracting the area of the Ag pad.

ecreased fill factor. When additional thermal annealing (450 ◦C, in
ir flow) was applied to the detached nanotube-array prior to the
eposition of ITO layer, the Voc of NT/PET DSSC was improved from
.64 V to 0.71 V. We  speculate that there might be chemical adsor-
ates on the surface of nanotubes or on the bottom layer left by
he second anodization for detachment. The dipole induced by the
dsorbate on the sidewall could shift the conduction band edge of
iO2, and the dipole on the closed ends of nanotubes would induce
verpotential at the interface between TiO2 and ITO. Both would
ead to the open-circuit voltage change. These adsorbates probably
ecompose or desorb with the help of thermal annealing and, thus
esult in the Voc increase.

Although the Voc of NT/PET DSSC could be improved to 0.71 V,
owever, the fill factor was barely influenced by the annealing. The
ll factor of NT/PET DSSCs should be lowered by additional recom-
ination processes within the NT/PET photoelectrode. By applying
ydrothermal treatment in 15 ml  de-ionized water for 2 h for the
iO2 nanotubes used in the NT/PET DSSCs, we found the charge
ecombination could be efficiently inhibited. The details of the
ydrothermal method were described in our previous report [37].
s shown in Fig. 4, with hydrothermal treatment the fill factor of the
T/PET DSSC increased to 0.61 and the power conversion efficiency
f the solar cell increased to 5.41%.

The significant enhancement on fill factor of NT/PET DSSC by
ydrothermal treatment is interesting. In our previous studies we

dentified the hydrothermal treatment could lead to increased
ydroxyl groups on the surface of TiO2 nanotubes, which decreased
he recombination rate between the electrons on theTiO2 conduc-
ion band and the holes in the electrolyte in DSSCs [37]. On the
ther hand, the increased surface hydroxyl groups would also pro-
ote the surface hydrophilicity of the TiO2 nanotubes [38]. As

 result, PDMS can more easily infiltrate into the voids between
he hydrothermally treated nanotubes when the ITO deposited
anotube-array was transferred to PET. The infiltrated PDMS can

solate the ITO from the electrolyte in the NT/PET DSSC, shown
s Fig. 5a and b, and for this reason electron–hole recombination
etween the ITO and electrolyte was efficiently suppressed, and

hus the fill factor increased.

Table 1 summarizes the photovoltaic parameters of hydrother-
ally treated NT/PET DSSCs when different conditions were

pplied for PDMS coating; the performance of NT/PET DSSCs was
Fig. 5. Infiltration of PDMS when bonding ITO deposited TiO2 nanotube-array to
PET with (a) non-treated nanotubes, (b) hydrothermally treated nanotubes, (c) low
spin coating rate for PDMS and (d) pre-cured PDMS.

found to be influenced by the spin rate and the pre-curing condi-
tions for PDMS. This is because the PDMS coating conditions can
change the infiltration ability of PDMS within the voids of nano-
tubes, as Fig. 5b–d show. In the experiment, we  observed PDMS
could easily infiltrate into and fill the voids of hydrothermally
treated nanotubes when the spin rate was  low, and dye adsorbed
on the PDMS filled nanotubes decreased. The decreased dye load
resulted in a decreased Voc and a decreased Jsc. If the spin rate was
increased or if the PDMS layer was cured before transferring the
nanotubes the infiltration of PDMS could be suppressed. However,
the fill factor of the NT/PET DSSC dropped when PDMS was cured
over 10 min  at 120 ◦C. We  suggest this is because under such a con-
dition ITO is less isolated from the electrolyte by PDMS, and charge
recombination happens more frequently between the exposed ITO
and electrolyte.

With the optimized NT/PET photoelectrode we applied Pt/Ti
(50 nm/5 nm)  sputtered polyimide sheet as the counter electrode
to fabricate a flexible NT/PET DSSC. The counter electrode was
baked at 300 ◦C before encapsulation. The measured J–V curve of
the flexible NT/PET DSSC was included in Fig. 4. The Jsc, Voc and
power conversion efficiency were 11.79 mA  cm−2, 0.71 V and 4.77%,
respectively. Because of the flexible cell structure electrolyte was
found easily leak under irradiation. The performance should be able
to be enhanced with an improved encapsulation.

3.3. Comparison of the characteristics of the low temperature
NT/PET DSSC with the high temperature bonded nanotube/glass
DSSC

Fig. 6 shows the measured EIS with corresponding best-fit
curves of the hydrothermal NT/PET DSSC and a comparison with
the impedance of the DSSC using nanotubes fabricated bonded
on a conductive glass (SnO2:F, 8 � �−1). For the bonding of the
nanotubes on a FTO glass, TiO2 bonding sol containing titanium
isopropoxide in ethanol and acetic acid was coated on the glass
first, and after the nanotube-array was  transferred onto the glass
450 ◦C sintering process was applied in atmospheric ambient. The
photovoltaic parameters and the fitting parameters for the
impedance spectroscopy were summarized in Table 2. The NT/PET

DSSC and the NT/glass DSSC depicted distinct impedance character-
istics at high frequencies. This resulted from the different structure
of the photoelectrodes. For the NT/glass DSSC there were multi-
ple impedance semicircles at high frequencies in the Nyquist plot.
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Table  1
Photovoltaic parameters of hydrothermally treated NT/PET DSSCs with different coating conditions of PDMS layer.

Spin rate (rpm) PDMS pre-curing Jsc [mA  cm−2] Voc [V] Fill factor Power conversion efficiency [%]

1500 – 9.22 ± 0.10 0.69 0.55 3.47

T
c
t
o

F
t
fi
fi
D
w

2400 – 12.36 ±  0.10 

2400 120 ◦C 10 min  10.75 ± 0.10 

2400  120 ◦C 20 min  9.78 ± 0.07 

5 −1
he smaller semicircle at the highest frequencies near 10 s was
aused by the interfacial resistance ri and capacitance ci between
he TiO2 photoelectrode and the conductive glass whereas the sec-
nd semicircle at 104 s−1 was dominated by charge transferring

ig. 6. (a) Impedance model considered in fitting the DSSCs at open-circuit condi-
ions. Wd represents the finite length Warburg element. (b) Nyquist plots and the
tting curve of the NT/glass DSSC and the NT/PET DSSC. (c) Spectroscopy and the
tting curve of the phase of the impedance of the NT/glass DSSC and the NT/PET
SSC. The impedance was measured at irradiation of 100 mW cm−2 when the DSSC
as  biased at open-circuit voltage.
0.72 0.61 5.41
0.73 0.58 4.54
0.72 0.54 3.81

impedance cp and rp between the electrolyte and the Pt counter
electrode [39]. The interfacial impedances ri and ci between the
ITO and the nanotubes were larger than those between the con-
ductive glass and the nanotubes since the NT/PET was prepared by
a sinter-free method.

At frequencies of 102–103 s−1 the impedance was mostly influ-
enced by the transport resistance Rw, which was also found to be
different in NT/PET DSSC (4.1 �)  and in NT/glass DSSC (11.2 �).
The difference on Rw should be ascribed to the resistance of the
bonding layer in NT/glass because the bonding layer was  composed
of titania with a grain size much smaller than the crystallite size

of the nanotube. Similar effects on the impedance can be more
obviously observed in the low temperature bonded NT/glass DSSCs,
as reported by J. Luo et al. [36].

Fig. 7. (a) Nyquist plots of the NT/PET DSSC biased at low potentials in dark. (b)
Nyquist plots of the NT/glass DSSC biased at low potentials in dark. (c) The charge
transferring path of the DSSCs at low potentials in dark.
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Table 2
The photovoltaic parameters and the impedance parameters of NT/PET DSSC and NT/glass DSSC. The parameters corresponded to the components in Fig. 3b. rw = Rw/L, rk = RkL,
ck = Ck/L whereas L was  the thickness of the TiO2 layer. The active area of the cells was 0.16 cm2.

Photoelectrode Jsc (mA  cm−2) Voc (V) FF PCE (%) rs(�) Rw(�) Rk(�) Ck(10−3F) Rd(�) ωd(s−1) cp(10−6F) rp(�)  ci(10−7F) ri(�)
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NT/PET 12.36 0.72 0.61 5.41 20.3 4.1 

NT/glass 12.98 0.70 0.69 6.28 25.9 11.2 

At low frequencies of 101–10−2 s−1 the impedances of the
T/PET DSSC and the NT/glass DSSC were similarly dominated by
harge transferring from the TiO2 nanotube to the electrolyte and
y ionic diffusion in the electrolyte [40]. Because of the additional
lectron recombination path from ITO to the electrolyte, the charge
ransferring rate ωk = (RkCk)−1 for NT/PET DSSC was  19 s−1, which
as higher than 11 s−1 for NT/glass DSSC. The difference on ωk

hould be the main reason for the lower fill factor and the lower
onversion efficiency of the NT/PET DSSC than those of the NT/glass
SSC. On the other hand, the ionic diffusion rate ωd was identified

o be higher in NT/PET DSSC when the diffusion could be retarded
ithin the bonding layer in NT/glass DSSC.

The charge transferring between the transparent conductive
xide (ITO for NT/PET; FTO for NT/glass) and the electrolyte that
nfluenced the fill factor of the DSSCs was further investigated.
ig. 7a and b shows the Nyquist plots of the NT/PET and NT/glass
SSCs measured in dark at low DC potentials. At low potentials, the
harge transferring between the conductive oxide and the elec-
rolyte was dominant over the charge transferring between TiO2
nd the electrolyte [41], with the DSSC charge transferring path
hown in Fig. 7c. Since the interfacial resistance RTCO was  large in
he NT/glass DSSC, the cell impedance was obviously dominated
y this interfacial impedance. On the other hand, the charge trans-
erring resistance between exposed ITO and the electrolyte in the
T/PET DSSC was much smaller, and thus the impedances were

hen dominated by the Warburg diffusion element at frequencies
ower than ca. 0.2 s−1.

. Conclusion

With the previously deposited ITO layer, the ITO/nanotube
omposite membrane can be transferred to any substrate, e.g.
ecomposable materials, at low temperature. As seen in the photo-
lectrode in the DSSC, the charge collection of the low temperature
onded NT/PET was highly efficient. The conductance and the

onic diffusion rate in the NT/PET were identified to be higher
han the NT/glass using an intermediate bonding layer. A criti-
al issue for the NT/PET DSSC was the recombination between
he deposited ITO and the electrolyte. We  found applying hydro-
hermal treatment to nanotubes and using proper conditions for
onding could efficiently inhibit the recombination and improve
he performance of the NT/PET DSSC. According to this research,
epositing a chemically resistant transparent conductive layer onto
he nanotube-array is expected to further enhance the performance
f the NT/PET DSSCs.
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