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Abstract—Vertically aligned TiO,/ZnO nanotube (NT) arrays were developed for application to photoanodes in
mesoscopic solar cells. By a two-step anodic oxidation, vertically aligned TiO, NT arrays with highly ordered surface
structure were prepared, followed by deposition of a ZnO shell with a precisely controlled thickness using atomic layer
deposition (ALD). When applied to a photoanode of dye-sensitized solar cells (DSSCs), the photovoltage is gradually
enhanced as the ZnO shell thickness of the TiO,/ZnO NT electrodes is increased. Furtheremore, the electron lifetime
in photoanodes is significantly enhanced due to the ZnO shell, which is examined by open-circuit voltage decay
(OCVD) measurement. Photocurrent density-voltage (J-V) curves under the dark condition and OCVD spectra reveal
that a negative shift in TiO, conduction band potential and an energy barrier effect owing to the ZnO shell concur-
rently contribute to the enhancement of V. and electron lifetime.
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INTRODUCTION

One-dimensional nanoporous metal oxides, such as ALO;, TiO,,
and SnO,, prepared by electrochemical anodic oxidation have at-
tracted significant interest for various applications in synthesis of
nanomaterials, catalysts, photonic crystals and photovoltaics, because
of their favorable optical and electrical properties [1-10]. In partic-
ular, vertically oriented TiO, nanotube (NT) arrays for photovoltaic
applications have been studied in detail [3-8]. It was demonstrated
that their one-dimensional nanostructures exhibit excellent light
scattering effect and electron transport property when applied to
photoanodes in mesoscopic solar cells including dye-sensitized solar
cells (DSSCs) [4-6]. For application in DSSCs, relatively long NT
arrays (tube length ~15-20 um) are generally used to achieve suffi-
ciently large surface areas [6,8,11]. However, these long NT arrays
have large amount of recombination centers resulting in severe elec-
tron recombination with the electrolyte and therefore in a low photo-
voltage of the DSSCs.

The severe electron recombination in long NT arrays could be
suppressed by surface modification with an energy barrier layer. In
general, semiconductors with a wide band gap including ALO;, ZnO
and SrTiO; have been applied as energy barrier layers onto the sur-
face of TiO, electrodes in DSSCs [7,12-16]. These shell layers sup-
press the electron recombination reaction occurring at the pho-
toanode/liquid electrolyte interface in the DSSC, leading to an en-
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hanced conversion efficiency as well as photovoltage. Convention-
ally, shell layers are coated onto the electrodes by solution-based
methods combined with a post-deposition annealing step, often
resulting in a non-conformal coating and in an increase of inter-
nal resistance of the cell. However, by using atomic layer deposi-
tion (ALD) method, it is possible to conformally coat high aspect
ratio nanostructured materials with metal oxides [7,17-20]. In addi-
tion, post-annealing is not required for the application in DSSCs [7].

In this study, we report on the surface modification for verti-
cally aligned TiO, NT arrays with a ZnO layer by ALD and its ap-
plication in the DSSCs as photoanodes. Vertically aligned TiO, NT
arrays with a long length (~16 pum) are grown via a two-step anodic
oxidation. The ZnO coating thickness is finely controlled between
one and four ALD cycles. It was shown that the ZnO coating is an
effective way to enhance the photovoltage of mesoscopic solar cells
owing to the establishment of surface dipole that induces a negative
shift in TiO, conduction band potential, and it acts as an energy
barrier layer [14,15]. Photovoltaic properties of DSSCs using the
ZnO-coated TiO, NT array as photoanode display enhanced pho-
tovoltage and electron lifetime due to surface dipole and energy
barrier effects of the ZnO coating,

EXPERIMENTAL

1. Preparation of Vertically Aligned TiO, NT Arrays

TiO, NT arrays were synthesized via a two-step anodic oxida-
tion. Titanium (Ti) foil (99.60% purity, 250 um thick, 1.5 cm diam-
eter, Goodfellow) was anodic oxidized in 1,2-ethanediol comprising
2wt% H,O and 0.25 wt% NH,F with a counter electrode of Pt mesh
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[6-8]. First, anodic oxidation was conducted for 2.5h at 60 V DC
potential, and the grown TiO, NT arrays were removed from the
Ti substrate by ultrasonication in deionized (DI) water. Then, the
pretreated Ti substrate was anodic oxidized again for 90 min at 60 V
dc potential. Finally, for the crystallization of as-prepared TiO, NT
arrays, high-temperature annealing at 450 °C was carried out for
4h in air.
2. Deposition of ZnO by ALD Processes

ZnO was deposited onto the annealed TiO, NT surface using a
flow-type ALD reactor (CN1) or a benchtop ALD system by Arradi-
ance (GEMSTAR-6). Well-cleaned silicon wafers (SSP, Siegert wafer
B014002) were also put in the ALD chamber along with the sam-
ples of TiO, nanowires to monitor the thickness of the ZnO de-
posited layer. Diethylzinc (DEZ, Aldrich) and H,O were used as
metal precursor and oxygen source at room temperature, respec-
tively. The temperature of the reaction chamber was maintained at
100°C. The ALD processes were carried out for the cycles each
consisting of i) H,O pulse (0.3 s), ii) exposure (5 s), iii) purging with
N, (305s), iv) DEZ pulse (0.3 s), v) exposure (5s), and vi) purging
with N, (20 s). The thickness of the ZnO deposited layer was con-
trolled by varying the number of ALD cycles.
3. Fabrication of DSSCs

To fabricate the DSSCs, TiO,/ZnO NT electrodes were dipped
into an ethanolic solution of 0.6 mM N-719 dye (Dyesol) for 15 h.
Platinized counter electrodes were prepared by casting 7 mM H,PtClg
solution in isopropanol onto fluorine-doped tin oxide (FTO) glasses
(Pilkington, TEC-8, 8 Q/sq) followed by a thermal decomposition
at 385°C for 18 min in air. Subsequently, the platinized counter
electrodes and the dye-adsorbed NT electrodes were attached by
Surlyn films (Dupont, thickness: 50 um). An iodine-based liquid

electrolyte comprised of 650 mM 1-butyl-3-methylimidazolium
iodide, 32 mM I, 110 mM guanidinium thiocyanate and 540 mM
4-tert-butylpyridine (TBP) in a mixed solvent of valeronitrile/ace-
tonitrile (v/v; 15:85) [21].
4. Characterization

The structures of the NT arrays were examined by a high-reso-
lution transmission electron microscopy (HR-TEM; JEOL JEM-
2010) and a field-emission scanning electron microscope (FE-SEM;
Carl Zeiss SUPRA 55VP). Surface electronic states were investi-
gated by X-ray photoelectron spectroscopy (XPS; Thermo SIGMA
PROBE) equipped with an Al K, X-ray source (beam energy:
1,486.6 eV) under UHV conditions with a chamber base pressure
of approximately 10~ Torr. All binding energies (BEs) were cali-
brated using C 1s peak at 284.6¢eV as a reference. Photocurrent
density-voltage (J-V) measurements were examined using a solar
simulator (XIL model 05A50KS) equipped with an AM 1.5G fil-
ter at one sun condition (100 mW/cm?). During the J-V measure-
ments, an aperture mask covered the DSSCs to minimize the over-
estimation induced by additional illumination [22,23]. Electrochemi-
cal impedance spectra (EIS) were taken by using Solartron 1287
potentiostat equipped with a frequency-response detector under
the dark condition at a bias DC potential of 0.3 V. A £10 mV sinu-
soidal perturbation was applied with the frequency range from 10~
Hz to 10° Hz.

RESULTS AND DISCUSSION
Fig. 1(a) and (b) present FE-SEM images of annealed TiO, NT

arrays. The inner diameter of N'Ts was approximately 100 nm, and
the wall thickness was about 20 nm. The tube length is easily con-
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Fig. 1. (a) Surface and (b) cross-sectional FE-SEM images of annealed TiO, NT arrays. (c) TEM image of fragments of annealed TiO, NT.

The inset shows the SAED pattern from TiO, NTs.

Tizp  Tizp —Tio, 01s
fA ——Ti0,/Zn0

Intensity (a.u.)
Intensity (a.u.)

—Tio, Zn 2p ——Ti0,/Zn0
_ 12n 2pm
3 i
< 8! Zn2
2! :1 A& plr.l
‘a ’ T
€ {1
2 :
E —j

455 460 465 470 528 530
Binding Energy (eV)

Binding Energy (eV)

532 534 1020 1030 1040 1050
Binding Energy (eV)

Fig. 2. XPS spectra of the bare TiO, NT arrays and the TiO,/ZnO NT arrays prepared with 4 ALD cycles.
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Table 1. Binding energy (BE) values of XPS peaks for the bare TiO,
NT arrays and the TiO,/ZnO NT arrays prepared with 4

ALD cycles
Sample Ti 2ps), O1s Zn 2p;,
TiO, 458.3eV 529.7 eV
TiO,/ZnO 458.3eV 529.7 eV 1021.2 eV

trolled by changing the time for anodic oxidation. In this study,
anodic oxidation was performed for 90 min resulting in the tube
length of about 16 um as observed in the cross-sectional image
(Fig. 1(b)). Two-step anodic oxidation method afforded crack-free
and highly ordered surface structures in virtue of an interconnected
macroporous thin layer formed on the surface of NT arrays [6,8].
Fig. 1(c) exhibits a TEM image of annealed TiO, NT. As shown in
the inset of Fig. 1(c), a selected area electron diffraction (SAED)
pattern of the annealed TiO, NTs represents Debye-Scherrer dif-
fraction rings corresponding to TiO, anatase phase [24].

The thickness of the ALD deposited ZnO film was estimated on
silicon wafers by spectroscopic ellipsometry. Fits were performed
using the software SpectraRay 4 provided with the instrument and
the growth per cycle (GPC) was calculated as 0.9 A/cycle by the
slope of the linear fits of the ZnO thickness vs the number of ALD
cycles (Table S1, Fig. S1 and S2).

After the ALD deposition of ZnO shell, the surface chemistry
of TiO,/ZnO NTs was investigated by XPS measurement. Fig. 2
shows the XPS spectra of the bare TiO, NT arrays and the TiO,/ZnO
NT arrays. In addition, binding energy (BE) values for Ti 2p;,, O
1s, and Zn 2ps, are listed in Table 1. The measured BEs of Ti 2ps),
and O 1s of the bare TiO, NT arrays were 458.3 and 529.7 eV, respec-
tively; which corresponds well to TiO, [25]. These BEs were not
shifted after the ALD deposition of ZnO shell, as shown in XPS
spectra for the TiO,/ZnO NT arrays. However, the TiO,/ZnO NT
arrays exhibited an additional peak at 531.8 €V in the O Is spec-
trum revealing hydroxyl groups adsorbed on the surface of the
7Zn0O shell [26]. It is well known that the surface of metal oxide
films including SiO,, TiO,, and ZnO, is covered with the hydroxyl
groups [27]. These hydroxyl groups react with carboxylic acid groups
(-COOH) of dye molecules such as N-3 or N-719 to form chemi-
cal bonds during the dye adsorption process [28]. However, previ-
ous studies reported that generally larger amount of hydroxyl groups
adsorbs on the surface of ZnO compared to the case of TiO, [29].
As a result, though the hydroxyl groups are present on both sur-
faces of TiO, and ZnO, the corresponding XPS peak was clearly
observed only for ZnO. Furthermore, the measured BE of Zn 2p;,
(1,021.2 eV) indicates clearly the presence of ZnO [30].

To examine the uniformity of coated ZnO layer throughout the
tube wall, the prepared TiO,/ZnO NT arrays were analyzed using a
TEM instrument equipped with energy-dispersive X-ray spectros-
copy (EDS), as shown in Fig. 3. The TiO,/ZnO NT arrays were
removed from the substrate, and then we observed randomly dis-
persed fragments by using TEM. The EDS mapping images reveal
that the ZnO shell layer is homogeneously coated throughout the
tube wall not only for 10 ALD cycles, but also for 20 ALD cycles.
In addition, the vertically-aligned TiO,/ZnO NT arrays fabricated
on a Ti metal substrate were analyzed by SEM-EDS measurements,

C))

Fig. 3. EDS mapping images of fragments of the TiO,/ZnO NT
arrays prepared with (a) 10, and (b) 20 ALD cycles.

as shown in Fig. 4. The SEM-EDS mapping images represent that
the ZnO shell was uniformly coated on the tube wall from the top
to the bottom. Furthermore, the EDS spectra were acquired at the
four different heights of the TiO,/ZnO NT arrays (Fig. S3) to quanti-
tatively confirm the uniformity of coated ZnO layer. As shown in
Fig. S3, the calculated Zn/Ti atomic ratios were not significantly
changed with respect to the height of NT arrays, indicating that
the ZnO layer was conformally coated throughout the tube wall in
spite of the high aspect ratio.

The prepared TiO,/ZnO NT electrodes were utilized in DSSCs
as a photoanode, and the influences of ZnO ALD cycles on the
photovoltaic performances were investigated. The unique advantage
of the ALD process is that it is possible to finely and accurately
control the thickness of deposited layer by changing the number
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Ti

Fig.4.EDS mapping images of vertically-aligned TiO,/ZnO NT
arrays prepared with 20 ALD cycles.

Table 2. Summarized J-V characteristics of the TiO,/ZnO NT elec-
trodes depending on the number of ALD cycles

Sample Voo (V) Jsc (mA/cm®)  Fill factor (%) Efficiency (%)
Bare 0.670 10.42 55 3.84
1 Cycle 0.750 10.03 55 4.14
2 Cycles  0.765 5.85 68 3.04
3 Cycles  0.780 3.78 67 1.97
4 Cycles 0.785 2.82 70 1.54

of ALD cydles. Thus, in this study, the photovoltaic performance
was compared for the TiO,/ZnO electrodes depending on the var-
ious ZnO shell thickness. The ZnO layer was coated by 1-4 ALD
cycles, resulting in a nominal thickness ranging from 0.09 to 0.36
nm. Fig. 3(a) shows J-V curves from the illuminated state of the
TiO,/ZnO NT electrodes depending on the number of ALD cycles.
The corresponding photovoltaic parameters are summarized in
Table 2. The open-circuit voltage (V) of DSSCs was greatly im-
proved as the ZnO layer thickness was increased. Even with a quite
thin ZnO shell layer coated by 1 ALD cycle (nominal thickness of
Zn0O: 0.09 nm), i.e. for a submonolayer of ZnO pointing to a non-
continuous ZnO film, the V. was enhanced by about 12% (80
mV). In addition, after four ALD cycles (nominal thickness of ZnO:
0.36 nm), the V5 was increased by about 17% (115mV).
However, the short-circuit photocurrent density (Jsc) steeply de-
creased with increasing ZnO layer thickness. Jsc decreased by about
3.7 and 44%, with 1 and 2 ZnO ALD cycles, respectively. These
decreases in the Js- may be owing to suppressed photoelectron
injection from the dye molecules to the TiO, conduction band
[7,13]. According to the related literatures [31,32], there are two
possibilities for the electron injection to TiO, conduction band in
the TiO,/ZnO electrodes. The first one is cascade electron transfer
from the dye molecules to the ZnO shell and then to the TiO,
core. The second one is direct electron injection from the dye
molecules to the TiO, conduction band by tunneling through the

July, 2019

ZnO shell layer. Since the conduction band edge of ZnO is slightly
more negative compared to that of TiO, [31,33], there is no prob-
lem related with the electron transfer from the ZnO shell to TiO,
core. However, it was reported that the injection efficiency from dye
molecules to the ZnO is much lower than to the TiO, [31,34,35].
In addition, as the ZnO shell thickness is increased, the electron
tunneling probability is decreased [31,32]. Due to the combina-
tion of these two effects, the Js. gradually decreased as the ZnO
shell thickness increased. Consequently, only 1-cycle-coated sam-
ple exhibited an enhanced conversion efficiency compared to that
of the bare TiO, NT electrode.

To examine the origin of V. enhancement in detail, J-V curves
for the dark condition and open-circuit voltage decay (OCVD) spec-
tra were obtained, as represented in Fig. 3(b) and Fig. 4, respec-
tively. As shown in Fig. 3(b), the onset potential of dark current
was obviously shifted to a more negative potential with increasing
ZnO layer thickness, which is an evidence for a negative shift in
the TiO, conduction band potential. It was already reported that a
ZnO shell forms a surface dipole layer that produces a negative shift
in the conduction band edge of the core TiO, [15]. This negative
shift in the conduction band edge can be considered as a possible
reason for the V- enhancement of DSSCs [36,37].

To quantitatively characterize the effect of ZnO shell layer on
the electron recombination reaction occurring at the photoanode/
iodine electrolyte interface, the electron lifetime was determined
using the OCVD method. A stationary illumination at open cir-
cuit was abruptly switched off, and the V. was monitored as a
function of time. Fig. 4(a) displays the OCVD curves for the TiO,/
ZnO NT electrodes depending on the number of ALD cycles. Since
the rate of V¢ decay is generally proportional to the electron recom-
bination rate at the photoanode/iodine electrolyte interface, the
electron lifetime in photoanode can be evaluated according to the
following, Eq. (1) [38]:

-1
where dV,/dt, k;T, and e are the derivative of V, the thermal
energy, and the positive elementary charge. The calculated elec-
tron lifetimes from the OCVD spectra are shown in Fig. 4(b). All
curves demonstrate a linear relation in the logarithmic scale, im-
plying a first-order dependence of the electron recombination reac-
tion on the electron concentration in the photoanode [14]. The
electron lifetime in the photoanode was progressively improved
with increasing the number of ALD cycles as exhibited in Fig.
4(b), meaning that with increasing the ZnO layer thickness, more
injected photoelectrons could survive from the recombination with
the redox couples in electrolytes. These results indicate that the
ZnO shell layer acts as the energy barrier layer that reduces the
electron recombination as well as forms a surface dipole layer that
produces a negative shift in the conduction band potential of the
core TiO,. The suppressed electron recombination also contrib-
uted to the improvement in photovoltage [7,13,37].

The suppressed electron recombination due to the ZnO shell
layer was also confirmed by the EIS as shown in Fig. 5. The im-
pedance parameters of the bare TiO, NT and TiO,/ZnO NT elec-
trodes were determined by fitting the obtained impedance data
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Fig, 5. Photocurrent density-voltage (J-V) characteristics in: (a) illuminated (light intensity: 100 mW/cm’ AM 1.5 filter); and (b) dark states
of the TiO,/ZnO NT electrodes depending on the number of ALD cycles.
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Fig. 7. Electrochemical impedance spectra of the bare TiO, NT elec-
trode and the TiO,/ZnO NT electrode prepared with 1 ALD
cycles, taken in the dark state with bias potential of —0.3 V.
The inset represents the equivalent circuit model.

with the suggested equivalent circuit model represented in the inset
of Fig. 5. The impedance spectra shown in Fig. 5 can be divided
into two semicircles, depending on the frequency range. The first

semicircle corresponding to the high-frequency range is associated
with the impedance properties of charge recombination at the inter-
face between the electrolyte and platinized counter electrode. The
second semicircle corresponding to the low-frequency range is
related to the impedance at the photoanode/iodine liquid electro-
lyte interface. The impedance properties corresponding to the sec-
ond semicircle are composed of two components, that is, the con-
stant phase element (CPE,) and the interfacial charge recombina-
tion resistance (R;) [37]. The evaluated R, value was 25.21 and
35.75Q-cm’ for bare TiO, and TiO,/ZnO NT electrode, respec-
tively, implying that the electron recombination reaction at the NT
electrode/iodine electrolyte interface was largely suppressed by ZnO
layer. The intercept on the real axis (Z') corresponds to the ohmic
serial resistance (Rg), which is mainly related to the sheet resis-
tance of conducting substrate [37-39]. The R value was not influ-
enced by ZnO layer (R¢=6.34 and 6.75 Q-cm’ for bare TiO, and
TiO,/ZnO NT electrode, respectively), since both electrodes are
based on the same Ti metal substrate.

In our previous study [7], we coated TiO, NT electrodes with
an ALO; shell layer by ALD. In that case, the Vi of the DSSCs
increased by only 4.4% (from 675 mV to 705 mV) with four ALO;
ALD cycles (with a similar nominal thickness of 0.4 nm). Com-
pared to this value, the V5 enhancement observed here caused by

Korean J. Chem. Eng.(Vol. 36, No. 7)
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the ZnO shell layer is much larger. As summarized in Table 2, the
Voc was enhanced by about 17% (from 670 mV to 785 mV) with
a similar thickness of the shell layer (four ALD cycles, nominal
thickness of ZnO: 0.36 nm). In addition, the increase in electron
lifetime observed here is much larger as well. As shown in Fig. 4(b),
with four ZnO ALD cycdles, the electron lifetime was enhanced by
about one order of magnitude compared to that of the bare sam-
ple. On the other hand, in our previous study [7], the electron life-
time was increased within the same order of magnitude by 4 ALO;
ALD cycles.

These differences between the ALO; and ZnO shell layers may
be attributed to the mechanism that ZnO can form a surface dipole
layer as well as act as an energy barrier layer, whereas the ALO;
can only provide an energy barrier. In particular, the negative shift
in the conduction band potential caused by a surface dipole could
contribute not only to the increase in V¢ but also to the improve-
ment of electron lifetime. The V¢ of DSSC is given by the energy
gap between the Fermi level of the photoanode and the I'/I; redox
potential. The Fermi level of the photoanode rises as the amount
of accumulated photoelectrons in the conduction band is aug-
mented. Furthermore, when the conduction band potential shifts
negatively, the Fermi level also shifts negatively. As a result, at the
same Vo, fewer electrons are present in the negatively shifted con-
duction band [37,38]. This means that the electron concentration
in the conduction band of the surface-modified electrode (TiO,/
ZnO NT) was lower than that of the bare TiO, sample at the same
Voc- In DSSCs, the electron lifetime has an inversely proportional
relationship with the electron concentration of the photoanode [40,
41]. Thus, it can be concluded that a negative conduction band shift
also contributed to the improvement of the electron lifetime in the
photoanode. These results indicate that the ZnO shell layer is more
effective in enhancing the V. as well as the electron lifetime of the
photoanode in DSSCs compared to the ALO; shell layer.

CONCLUSIONS

We have prepared highly ordered TiO,/ZnO nanotube arrays
via a two-step anodic oxidation and ALD process. In particular, a
ZnO shell layer has been deposited with a precisely controlled thick-
ness by applying 1-4 ALD cycles. When applied in the DSSCs as
photoanodes, the coated ZnO shell layer led to a negative shift in
the TiO, conduction band potential and acted as an energy bar-
rier reducing the electron recombination. Owing to the combina-
tion of these two effects, the electron lifetime in the photoanode
and the V¢ of the DSSCs was significantly improved as the ZnO
shell thickness was increased. Although the coating of ZnO shell
results in the decrease of Js because of reduced electron injection
efficiency from the dye molecules to the metal oxide electrode, 1-
cycle-coated sample exhibits an enhanced conversion efficiency com-
pared to that of the bare TiO, NT electrode due to the improved
electron lifetime and V.. These results provide a novel insight into
the development of highly efficient photoelectrochemical materials.
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Ellipsometry Data for the Atomic Layer Deposition of ZnO
The samples were coated with different number of ALD cycles,
detail is given in Table S1. The film thickness was characterized by
spectroscopic ellipsometry from ZnO deposited on SiO,-terminated
Si wafer. Before ALD deposition, Si wafer (single side polished, Sieg-
ert wafer B014002) cleaned in Piranha solution (H,SO,: H,0,=

3:1) for 20 minutes and washed with ethanol and distilled water.
Data were collected from 370 to 1,000 nm under 70° incidence
angle with a SENpro spectroscopic ellipsometer from Sentech. Fits
were performed using the model and software SpectraRay 4 pro-
vided with the instrument (Fig. S1).

Table S1. Growth conditions and estimated thickness for ZnO ALD process

Thickness as estimated from ellipsometry

Samples Precursors used Temperature of the chamber
4 ALD cycles DEZ, H,0 100°C 0.79 nm
10 ALD cycles DEZ, H,0 100°C 1.30 nm
20 ALD cycles DEZ, H,0 100°C 201 nm
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Fig. S1. Spectroscopic ellipsometry curves (Delta A(4)) of Si/SiO,
wafers for various numbers of ALD cycles, showing the sys-
tematic film thickness increase with increasing the num-
ber of ALD cycles.

Fig. S2. Linear fit of the ZnO thickness with the number of ALD
cycles, the slope of the linear fit represents the GPC, which
is 0.097 nm. Growth curve determined from the ellipsome-
try data, evidencing the linear behavior with a growth per
cyce of 0.9 A.
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Fig. S3. EDS results at the four different heights of the TiO,/ZnO NTs prepared with 20 ALD cycles.
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