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A novel ZnO-FTO heterostructure nanotube array was produced by combining a chemical solution process with
oxygen-plasma etching. In this approach, presynthesized ZnO nanorod arrays act as templates, and FTO
nanoparticles are deposited onto the ZnO nanorods by a simple spray pyrolysis method. X-ray photoelectron spec-
troscopy analysis demonstrated that the oxygen-plasma treatment decreased the O2-/OH- concentration ratio,
resulting in dissociation of the Zn-O bonds and the outward diffusion of Zn cations to form an interior hollow, which is
related to the formation of the hydroxyl functional group, Sn-OH, at the FTO surface. An etching evolution mechanism
of the ZnO-FTO nanotubes via oxygen plasma was tentatively proposed in this study. Time-dependent photocurrent
(I-T) measurements under ON-OFF cycles of UV illumination confirm that the 20-min etched sample exhibits a
rectified photoresponse characteristic and a dark current increased by about 3 orders of magnitude over that of the
unetched sample, which is attributed to the increased carrier concentration created at the surface conductive layer.
This investigation offers an alternative selective etching method to lay the framework for nanoscale three-dimensional
electrodes for solar-cell applications.

Introduction

Low-dimensional, nanostructured materials have attracted
much attention for advanced electronic, optoelectronic, and
photocatalytic applications because of their high sensitivity
level and surface-volume characteristics. Of particular interest
are coaxial nanotubes, in which core-shell hybrids are com-
posed of oxide semiconductors, for use as three-dimensional
(3D) transparent conductive (TCO) electrodes in photoelec-
trochemical cells.
In dye-sensitized solar cells (DSSCs), typically a TCO

electrode has been used as the back contact for the nano-
structured TiO2 film. In particular, heterostructured, one-
dimensional (1D) electrodes have received great attention
because of their chemically oxidative and hybrid properties,
which were proposed to improve the conversion efficiency as
an alternative approach to DSSCs.1-4 Recently, Wang et al.
demonstrated that the photoelectric conversion efficiency of
the DSSCs made from an indium-tin oxide (ITO) nanowire

array embedded with the TiO2 photoelectrode was higher
than that of a pristine TiO2 film or arrays of ITO/TiO2

core-shell nanowires.1 Liao and co-workers reported hybrid
CdS/P3HT photovoltaic devices using FTO-coated ZnO
nanorod (NR) arrays as 3D electrodes. The FTO-coated
ZnO NR length and thickness of the FTO layer were
interpreted to enhance the photovoltaic performance.2

Generally, the unique properties of ZnO are utilized not
only in various aligned nanostructures for charge-carrier
transportation and light emission but also as a free-standing
NR, which is suited for uniformly nanosized templates and
can be functionalized via interfacial solid-state diffusion with
a surrounding shell layer. As a shell layer, the transparent
conducting FTO is thought to be an ideal candidate electrode
for solar cells. In addition, it was well-known that a high
aspect ratio of 1D FTO nanostructures can provide far
greater surface area than thin films, offering the additional
challenge of obtaining effective charge-carrier collection and
transport. Therefore, if the ZnO-embedded FTO could put
forward the idea of extension into nanotubes with a com-
pletely hollow core, the large interfacial area between FTO
and ZnOwill play a critical role in improving the conduction
path through nanoscale effects.5 However, there have not
been any reports involving the fabrication of a ZnO/FTO
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hollow nanotube and related optoelectronic properties.
Therefore, when ZnO as the active light-absorbing compo-
nent is combined with oriented FTO nanotube arrays, this
composite nanostructure possesses excellent charge-trans-
port characteristics, which will be a benefit for photovoltaic
devices.
To the present, there have been a number of reports on

template-assisted oxide nanotube formation by various synth-
esis methods. Selective etching is one important technique
to produce controllable structures, including wet-chemical
etching6-10 and hydrothermal treatment.11-15 Zeng et al.
developed wet-etched Zn-ZnO core-shell nanoparticles
(NPs), where Hþ ions incorporated from aweak acid solution
diffused along lattice defects and grain boundaries in the ZnO
shell layer to eliminate Zn corematerials via a redox-precipita-
tion process at the interface.8 Fan et al. developed ZnAl2O4

nanotube structures using hydrothermal calcination. The
formation mechanism includes the occurrence of defects and
voids along the core-shell interface, and the Kirkendall effect
with surface diffusion produces hollow interiors.12 Yao et al.
proposed a two-step etching process on ZnO NRs, which
entails both chemical and plasma etching at low tem-
perature.15 A wet acid solution provides a rough isotropic
etchof hexagonal edges, and then argonplasma is employed to
fabricate controllable nanotips for enhanced field-emission
devices. However, the wet-etching process leads to amorphol-
ogy with a high degree of disorder, causing a lower photo-
catalytic efficiency due to photocorrosion. Therefore, it is very
important to develop a dry-etching synthesis process for the
metal oxide semiconductor in solar cell applications. To date,
there has been little research on dry-etching mechanisms, in
which a controllable etching rate could improve the optical
properties of the materials. The use of oxygen plasma to
eliminate the inner core of metal oxide compounds has only
been studied in a few cases, but this novel method could
introduce the benefits of hollow nanoscale materials.
In this paper, we propose a fabricationmethod to synthesize

ZnO-FTO composite nanotubes using water-based spray
pyrolysis for depositing FTO NPs on arrayed ZnO NRs and
oxygen plasma for the etching process. During the process,
various ions and radicals generated by the oxygen plasma,
including Oþ, O2þ, and O*, can readily diffuse into oxygen
vacancies16-18 to create negative charges on the ZnO NR
surface. This results in an accelerated etching rate, producing a
large number of voids in ZnO and forming a hollow ZnO-
FTO heterostructure. The mechanism of etching evolution of

the ZnO-FTO nanotubes via oxygen plasma was also in-
vestigated in this study. In addition, the corresponding en-
hanced photoresponse of the heterostructures will also be
discussed.

Experimental Procedure

ZnO NRs were grown on a ZnO-film-coated glass sub-
strate by an aqueous mixture of zinc nitrate hexahydrate
[Zn(NO3)2 3 6H2O] and hexamethylenetetramine in deion-
ized water with ratios of 1:1. Prior to the actual concentra-
tion, each samplewas kept in an electric oven at 85 �C for 10h
of wet-chemical growth. After synthesis, the ZnO products
were rinsed several times with deionized water and dried in
air. To explore the potency of our new strategy, we synthe-
sized the highly ordered template-based ZnO-FTO core-
shell structure. The depositing precursors of FTO films were
synthesized from SnCl2 3 4H2O dissolved in deionized water
and stirred vigorously for 30 min. In order to obtain well
solubility, 5% HCl was added into the precursor solution.
Upon stirring, the solution immediately became transparent,
indicating its purification. Finally, a 50% NH4F precursor
was added at room temperature and kept stirring for 5 min.
Depositions were carried out in an ultrasonic neubilizer
reactor, of which the temperature was constantly kept at
380 �C to spontaneously deposit the small NPs on the ZnO
NRarrays to formFTO film/ZnONRcomposite nanostruc-
tures.After deposition of theFTO layer,we observed that the
color of the samples turned from white to yellowish because
of the high substrate temperature.
Subsequently, the samples were treated by oxygen plasma

[P=350 mTorr and radio-frequency (RF) power= 350W]
for 0, 2, 10, and 20 min. After treatment, the morphology of
ZnO NRs and the ZnO-FTO heterostructure under the
progress of oxygen plasma was investigated by a scanning
electron microscope (JEOL JSM-6700F) and a high-resolu-
tion transmission electronmicroscope (JEOL 2100) operated
at 200 keV. To analyze the oxygen incorporation into the
ZnO layer after deposition of FTO, photoluminiescence (PL)
measurements were carried out with aHe-Cd laser (365 nm)
as the excitation source at room temperature. The structural
evolution was also characterized byX-ray diffraction (XRD)
andX-ray photoelectron spectroscopy (XPS). Photon absorb-
ance was measured by I-T measurement of the UV light
source (λ=365 nm) using a model 600C series electrochem-
ical analyzer with an applied direct-current voltage of þ5 eV,
and ON-OFF cycles were consistently repeated within a
1600-s time trace.

Results and Discussion

Figure 1a is a high-magnification scanning electronmicro-
scopy (SEM) image showing the ZnO NR array structures,
with NR lengths ranging from a few tens to hundreds of
micrometers and diameters between 50 and 100 nm. After
FTO coating, the ZnO NRs become larger in diameter
because of the additional rough FTO layer covering the
entire ZnO NR, as shown in Figure 1b. Figure 2 shows
high-resolution transmission electronmicroscopy (HRTEM)
images of a core-shell ZnO-FTO heterostructure (a) before
and (b) after exposure to oxygen plasma for 20 min at room
temperature. The low-magnification image in the inset of
Figure 2a illustrates that the FTO monolayer has uniformly
covered the ZnO NRs to form a ZnO-FTO core-shell
structure. The HRTEM images magnified from the red
rectangle in the inset of Figure 2a further demonstrate that
the FTO layer on the ZnO NRs is composed of FTO NPs,
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with a wall thickness of about 15 nm. On the other hand,
for ZnO-FTO composites treated with dry oxygen plasma,
the ZnO NR core was removed to form a 1D tubelike FTO
nanostructure, as shown in the inset of Figure 2b. This occurs
because the wurtzite ZnO NR template can be more rapidly
etched along the [0001] direction comparedwith the tetragonal
rutile FTO. The HRTEM image in Figure 2b reveals that the
ZnO-FTO composite nanotube contains ZnO-{0001} and
FTO-{100} planes, with the lattice spacing of certain atomic
planes at about 0.475 and 0.295 nm, respectively. Conse-
quently, it can be assumed that some residual ultrafine ZnO
nanocrystals have been embedded into the surface of the FTO
shell layer after the etching process through an interfacial
solid-state reaction between ZnO and FTO.7,12,14

The cross-sectional images, analyzed by transmission electron
microscopy (TEM)-energy-dispersive spectrometry (EDS)
line scans across the tube diameter (side view, Figure 3a,b;
top view,Figure 3c,d), showhollowlike regions, which clearly
indicate a ZnO-FTO heterogeneous nanotube. The EDS
elemental line scans on the ZnO-FTO samples indicate that,
after dry etching, the heterogeneous structure is mostly
composed of Sn, with residual ZnO isotropically distributed
either alongside or in the interior of the FTO tube wall. In
particular, the relative composition ratios of the elements Sn,
Zn, and O were estimated as about 4.5:1:3.5 (side view) and
7:1:6 (top view), respectively. As a result, the relative ratio
of Sn to Zn in Figure 3d is apparently larger than that in

Figure 3b, further confirming that the ZnO region in the core
has been etched successfully.
The relative removal of the inner core using the oxygen-

plasma treatment under RF power (350 W, at room tem-
perature) with etching time was also observed. The TEM
images in Figure 4a-c show the structural evolution of the
inner ZnO core corresponding to different treatment dura-
tions (0, 2, and 20 min, respectively). The TEM image in
Figure 4a shows an interfacial gap after spray coating of the
FTO onto the ZnO NRs between the FTO layer and ZnO,
caused by the lattice mismatch between the two. Oxygen-
plasma etching for 2 min can lead to a polycrystalline ZnO
sheathwith formation and enlargement of the voids along the
ZnO-FTO interface, as indicated in Figure 4b, suggesting
that the voids were possibly initiated from the mismatch sites
between the FTO layer and ZnO. With increased reaction
time (20 min), it can be seen in Figure 4c that the inner ZnO
core was almost consumed and the hollow formation took
place along the [0001] plane to form a nanotubelike structure.
The XRD pattern in Figure 5 shows the characteristic peaks
of a ZnO-FTO core-shell structure as a function of the
etching time. As-grown ZnONRsmainly display oriented
peaks in the descending order of (100), (002), (101), and
(110), and as-deposited ZnO-FTO shows the additional
FTO peaks to the ZnO peaks. After treatment with the
oxygen plasma for 2 min, the relative peak intensity of ZnO
was reduced, although the (100) peak can still be observed.

Figure 1. Field-emissionSEMimagesof (a) as-depositedZnONRsgrownonaCorningglass substrate using ahydrothermalmethodand (b) FTOcoating
on ZnO NRs obtained by spray pyrolysis deposition. The FTO deposition time was 2 min at 380 �C.

Figure 2. HRTEM images of core-shell ZnO-FTOheterostructures (a) before and (b) after exposure to oxygen plasma for 20min at room temperature,
The insets of parts a and b show the magnified interface, indicated by the red rectangle.

http://pubs.acs.org/action/showImage?doi=10.1021/ic1016214&iName=master.img-000.jpg&w=360&h=130
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A long oxygen-plasma treatment time of 20 min resulted in a
further reduction in the ZnO peak intensity so that it became
negligible. Thus, the XRD peaks of the ZnO-FTO tubelike
heterostructures display differences from the as-deposited
ZnO-FTO.This indicates that the ions and radicals from the
oxygen plasma indeed impart an impact energy to the ZnO
NRs to induce different degrees of etching, which cause a
morphological transformation. The impact energy from the
oxygen plasma is high enough to induce transformation and
dissociation of ZnO, suggesting that more excess vacancies

could be generated and accumulated at the interfaces. This
suggestion is confirmed by PL, which will be discussed later.
Figure 6 shows room-temperature PL spectra using

365-nm UV excitation for ZnO and ZnO-FTO treated with
oxygen plasma for 0, 2, 10, and 20min. Twomain bandswere
obtained: the strong peak in theUVemission spectrum at 380
nm corresponds to the near band edge (INBE) generated by
the recombination of free electrons and a broad-band visible
deep-level emission (IDLE) centered at ∼600 nm induced by
impurities and defects such as oxygen vacancies (VO

þ) and

Figure 3. Cross-sectionalHRTEMandEDS line scans of anZnO-FTOnanotube fabricated bydry oxygen-plasma etching at 20min: (a and b) side view;
(c and d) top view.

Figure 4. Formation of voids in the FTO-coatedZnO obtained before and after etching of ZnONRs as a function of time: (a) 0min; (b) 2min; (c) 20min.
The inset of part b is a high-resolution image of the void.
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zinc interstitials (Zni).
19-21 It was found that with, a plasma-

treatment duration of 2 min, well-aligned ZnO NRs with
well-defined hexagonal planes remained unchanged. How-
ever, under a longer plasma duration, such as 10 min, the
pristine ZnO NR displayed a relatively enhanced defect
density, which caused a decreased INBE and an increased
IDLE, as expected (Figure 6a). These results are probably
related to deterioration of the ZnO NRs, as seen in the inset
of Figure 6a. On the other hand, after FTO coating, it was
observed that INBE fromZnOwas enhanced compared to the
pristine ZnO because of defect passivation. However, with a
plasma etching time of 2 min, Figure 6b shows a significant
reduction in INBE but only a slight reduction in IDLE. After
plasma treatment (>2 min), it was found that both peaks
were reduced to a negligible height, indicating thatZnOcould
be etched after FTO coating using a longer oxygen-plasma
treatment. This reveals that the FTO shell can not only
passivate the surface defects on the ZnO NRs to enhance
INBE but also trigger the ZnO etching of the ZnO-FTO
nanocomposite to produce the ZnO-FTO nanotube hetero-
structure. All of the evidence confirms that the FTO layer
plays a key role as a gas-nanocatalytic absorber22-25 to
enhance the etching activity on the ZnO template.
It was assumed that the phase transformation of ZnO solid

to Zn vapor was initiated by the sprayed FTO NPs and the
oxygen-plasma treatment at the ZnO-FTO interface. Later,
it was found that, with a prolonged oxygen-plasma treatment
(>2min), ZnO in the interiorwas continuously etched, along
with void formation and phase transformation of ZnO solid
into Zn vapor, which induced the defect diffusion outward
from the core layer and promoted the formation of a tubelike
structure.
To further understand the possible oxygen-plasma-etching

mechanism, XPS was performed on the samples. Parts a
andb ofFigure 7 show theXPS spectra of theO1speak in the

as-synthesized FTO-coated ZnO samples without and with a
preheat treatment, respectively. It shows a correspondence to
the binding energy of the occurrence of two deconvoluted
components: formation of the hydroxyl (OH) functional
group at 532.89 eV may be generated during hydrothermal
growth or wet-solution-based synthesis and the O2- ions
bonded in the lattice (Zn-O and Sn-O) as identified at
531.32 eV. However, the hydroxyl peak is negligible com-
pared to the O2- peak.
After exposure of the samples to a 350-W oxygen plasma

for 20 min (Figure 7c), it is apparent that the plasma treat-
ment caused a decrease in the number of the O2-/OH-

concentration ratio, as compared to samples that did not
undergo the plasma process (Figure 7a). More specifically, it
is implied that the OH- ion, produced by the oxygen plasma,
is initially physisorbed onto the FTO surface. The hydro-
xylated FTO substrate is then constructed in the form of
Sn-OH at the outermost surface via oxidation and nucleo-
philic attack of H2O molecules in the atmosphere. For the
reaction under ambient conditions, the active species in the
oxygen plasma (OH-) also induces the accumulation of
hydroxyl radicals (•OH) at the FTO surface because of a
primary photocatalytic effect, for which the radicals in the
gas phase could be generated and diffused toward FTO,
interfacial ZnO-FTO, and the ZnO layer, respectively.
Thus, the dissociation of Zn-O bonds can be caused by
the impact of •OH radicals from the physical bombardment
of oxygen molecules and the shift of the cationic zinc species
away from the core center. Meanwhile, oxygen plasma could
also introduce defects (oxygen vacancies) into the FTO
surface. If FTO has defects, the oxygen-plasma incorpora-
tion might result in a reduction of the O2- concentration
from Sn4þ-O (FTO). Thus, the existence of Sn2þ-O bonds
(tin monoxide, SnO) could be observed26,27 and confirmed as
the contribution of O-Sn-OH, meaning that the native
oxide layer was eliminated from the depletion region at the
surface, as demonstrated in Scheme 1. Furthermore, the
binding energy of 534.55 eV was assigned to the generation
ofmolecular oxide and tin bonding (O2

2-), which is known to
be the most stable plasma species generated by the excited
molecular oxygen in the plasma. Nagasawa et al.27 reported
that an increased density of this absorbed oxygen species on
the surface is correlated to the existence of O2

2- ions at Sn2þ

sites, which is responsible for a reduction of O2- (or the
generation of Sn4þ-O), as mentioned above.
In addition, the sample with a preheat treatment at 500 �C

before the plasma process was also tested in the same way as
nonpreheated samples for comparison.As a result, there is no
big difference between parts a and b of Figure 7, confirming
that 500 �C is not hot enough for sufficient thermal agitation
to deteriorate the ZnO bond strength and to produce the
hollow interiors. On the other hand, the reduction of the
O2- intensity (Zn-O bonds) in Figure 7d as compared to
Figure 7b is again dominated by plasma treatment, showing
behavior similar to that of nonpreheated samples.Moreover,
the relative intensity ratios of O2-/OH- (2.63) and O2

2-/
OH- (1.28) in Figure 7d are slightly lower than those in
Figure 7c (3.16 and 1.62, respectively) because of an increase

Figure 5. XRD patterns of as-grown ZnO and ZnO-FTO heterostruc-
tures on glass treated for the times noted under oxygen plasma. The
patterns are vertically offset for clarity.
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of the OH- density. This suggests that, although preheating
can induce the activation energy of the oxygen-plasma effect
to accelerate the surface diffusion of oxygen vacancies and
cause somewhat of a change to the relative intensity, as com-
pared to plasma treatment, it represents a minor effect on the
etching mechanism.
Considering that the radical species can be produced via

the reaction O2 þ e- sf
ionization

O2
þþ 2e-sf

radicalformation
2Oþ e-

during the plasma process, high energy or heat can be
generated at the surface because of ion collisions. Thus, the
influx of •O2- or •OH radicals can disintegrate the ZnO core
to formZn-rich regions, and the chemical reaction could even
be enhanced with the released oxygen ions (O- and O2-)
from the FTO layer when the oxygenmolecules are absorbed
on its surface, as illustrated in Scheme 1. As a result, a
nonequilibrium pressure-induced stress (σ) across the inter-
face is caused by Zn generation. Furthermore, because the

melting point of Zn metal is low (about 420 �C), a higher Zn
concentration can form and gasify inside the core, in which
the stress was developed during the continuous reaction. The
subsequent relaxation of the stress, accompanied by a de-
crease of energy in the core, could occur, so that the surface
diffusion of metal cations (Zn) flowed outward to reach an
equilibrium state and, therefore, excessive voids (hollow
area) were left inside the core, whereas unconsumed ZnO
NPs may be embedded near the FTO shell.12,28

To further illustrate the correlation between the optical
and electrical properties and the etching mechanism, the
sequential reduction of INBE corresponding to the PL spectra in
Figure 6b was again examined in terms of photoresponse as a
functionof time (Figure8a). It is knownthat the spectral response
inZnONRs indeedhas a cutoffwavelengthof∼375nm,whereas
FTO cannot be induced to fluoresce by the long-wavelength

Figure 6. PL of (a) as-grown ZnO and (b) FTO-coated ZnO samples showing variation of the spectrum intensity corresponding with the plasma ex-
posure time. The insets of parts a and b demonstrate the morphology of the ZnO NRs after 20 min of etching and the relative intensity (R) of part b,
respectively.

Figure 7. XPS spectra of the O 1s peak in FTO-coating ZnO samples: (a and b) before and (c and d) after plasma etching (350-WRF power for 20 min),
preparing the samples with and without preheat annealing at 500 �C, as indicated in each figure.
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UV light source, as was expected from its wide band gap (Eg=
3.6 eV). Thus, underUV illumination (λ=365 nm) in ambient
air, theZnO-FTOsamples thatwere plasma-etched for 20min
exhibited nonunity photoresponse exponentials. This confirms
that the discontinuous surface of the etched ZnO core may
influence the photon-trapping electron-transfer effects.
Despite the above discussion, the present results demon-

strate that the ZnO-FTO etched for 20 min displayed an
enhancement in sensitivity of about 3 orders of magnitude
(τg2> τg1) and a remarkably increased dark current, from
4.539� 10-5 to 1.234� 10-2 A, compared to the unetched
sample. On the basis of this result, it was concluded that (1)
the accumulation of ZnO NPs embedded in the FTO layer
still allows for excellent photon-absorbing properties and
serves as a rectifying interfacial ZnO-FTO heterojunction,
which can improve the separation of the electron-hole pairs
and photosensitivity through discharge of the absorbed

oxygen ions [hþ þ O2
-(ad)f O2(g)], (2) the oxygen plasma

can introduce a high OH- concentration, resulting in not
only an increased carrier concentration but also the negative
charge of two extra electrons released from the dangling
Sn2þ-O bonds, which can act as a donor in the Sn4þ matrix,
creating surface charges in the host lattice ofZnOandFTO,29

and (3) eventually the elimination of the resistive ZnO core
after etching may regulate charge transport in the FTO
conductive layer. Therefore, we believe that this novel struc-
tural characteristic, with an enlarged interfacial area, will
offer the major advantage of using 3D ZnO-FTO tubelike
electrodes for nanoarchitectural optoelectronic devices.

Conclusion

In summary,we fabricatedZnO-FTOheterostructure nano-
tube arrays using presynthesized ZnO NR arrays as templates
anddepositedFTONPs.Afterundergoingadry-oxygenplasma
treatment, the formation of voids in the ZnO core was initially
observed alongside the ZnO-FTO interface at 2 min, and an
increased etching time created a hollow along the [0001] plane in
the ZnO inner core. The XPS study indicates that degradation
of the O2- peak intensity (531.32 eV) can be induced by the
reactive •O2- and •OHradicalsandO-ionbombardment,which
corresponds todissociationof theZn-Obondsand theoutward
diffusion of Zn cations, resulting in the occurrence of the hollow
interior. In addition, the time dependence of the photocurrent
(I-T) under UV illumination (λ=365 nm) shows a rectified
photoresponse characteristic for the 20-min etched sample, and
the dark current of this sample increases from 4.539�10-5 to
1.234�10-2 A (∼3 orders of magnitude) compared to that of
the unetched sample. This study demonstrates that a new
architectural design with a large surface area can be further
developed into a highly conductive 3D electrode with rectified
photocatalytic activity for photovoltaic solar cells.
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Scheme 1. Top-View Cross-Sectional Schematic Diagram of an FTO-Coated ZnO Core-Shell Nanostructure, Illustrating the Oxygen-Plasma-
Enhanced Etching Evolution of the ZnO-FTO Nanotubea

aThe direction of outward diffusion is indicated by the arrow in stage 3.

Figure 8. UnderUV illumination (λ=365nm), with an applied voltage
of þ5 eV (electron conduction), τg1 and τg2 are shown indicating the
response times of time-dependent photocurrentwith (20min) andwithout
oxygen-plasma treatment, respectively.
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