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ABSTRACT: We report on the direct growth of anatase TiO2 nanorod arrays (A-NRs) on transparent conducting oxide (TCO)
substrates that can be directly applied to various photovoltaic devices via a seed layer mediated epitaxial growth using a facile low-
temperature hydrothermal method. We found that the crystallinity of the seed layer and the addition of an amine functional
group play crucial roles in the A-NR growth process. The A-NRs exhibit a pure anatase phase with a high crystallinity and
preferred growth orientation in the [001] direction. Importantly, for depleted heterojunction solar cells (TiO2/PbS), the A-NRs
improve both electron transport and injection properties, thereby largely increasing the short-circuit current density and doubling
their efficiency compared to TiO2 nanoparticle-based solar cells.
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■ INTRODUCTION

Lead sulfide (PbS) quantum dots (QDs) have shown high
potential for low-cost, large-area, and high-efficiency photo-
voltaic devices, given their large Bohr radius, size-dependent
tunable band gap across the near-infrared (near-IR) region, and
large absorption cross-section.1−4 In addition, solution
processing in ambient conditions using colloidal QDs
(CQDs) offers a facile and large-scale preparation method for
photovoltaic devices.5−7

In the past few years, Schottky-type PbS QD solar cells have
drawn significant interest because of their simple device
structure.8,9 However, some drawbacks, such as a low built-in
voltage caused by a low work function of the metal electrode
and the large recombination produced by leakage of holes
through the junction, limit their device performance.10 A new
device architecture, depleted heterojunction (DH) solar cells,

which is of current interest, can solve these drawbacks. DH
solar cells are based on a heterojunction between the PbS QDs
and oxide semiconductors (such as TiO2 and ZnO), in which
the large band gap of the oxide semiconductor enables a hole
blocking mechanism, allowing the use of metal electrodes with
low work functions.10−13 Despite these advantages, DH solar
cells still exhibit a limited performance compared to other thin
film photovoltaic devices, which is associated with various trap
phenomena in the PbS QDs.14 In addition, absorption of light
and charge extraction (i.e., smaller diffusion length of ∼10 nm
and depletion layer width) characteristics still limits the
performance improvement.
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One feasible approach to resolve these issues is to control the
device architecture by introducing a nanostructured oxide
semiconductor. Especially, single-crystalline TiO2 nanorods/
nanowires grown directly on transparent conducting oxide
(TCO) electrodes provide a perfect solution to avoid particle-
to-particle hopping that occurs in polycrystalline films, thereby
increasing the photocurrent efficiency. In addition to their
potential for electron transport improvement, they also
enhance light harvesting by scattering of the incident light.
For instance, Gonfa et al. and Li et al. studied rutile TiO2

nanorod-based DH solar cells, in which one-dimensional (1D)
TiO2 nanorods enabled a fast charge collection, thus
demonstrating improved solar cell efficiencies.15−18 Kamat et
al. reported that TiO2 nanotubes decorated with CdSe
quantum dots facilitate charge transport and light harvesting
processes.19 Aydil et al. also demonstrated a single-crystalline
TiO2 nanrods/nanoflakes array improves dye-sensitized solar
cell performance.20 All of these reports showed the effectiveness
of nanostructure engineering in order to improve the solar cell
efficiency through synthesis of TiO2 nanorods/pillars. How-
ever, most of the proposed approaches are based on rutile TiO2

rather than anatase TiO2, the latter being more favorable when
it comes to photovoltaic performance.21−23

Here, we report on the direct growth of anatase TiO2

nanorod arrays on tin-doped indium oxide/glass (ITO)
substrates by a simple hydrothermal method. Our method is
based on a local epitaxial growth and conducted in a mild
hydrothermal condition (140 °C, pH ∼ 10), hence minimizing
the FTO/glass damage and enabling intimate contact with
ITO/glass substrate (Supporting Information Table S1).
Critical experimental parameters that affect the growth of
anatase TiO2 nanorods (A-NRs) are investigated, and detailed
crystallographic characteristics of the synthesized TiO2 nano-
rods are also examined. Importantly, we showed that the A-NRs
improve the charge transport and collection efficiencies for DH
solar cells (TiO2/PbS) via the increase of the photocurrent
generation, and thus doubling the solar cell efficiency.

■ EXPERIMENTAL SECTION
Growth of Anatase TiO2 NRs on ITO or FTO Substrates. A-

NRs were grown directly on tin-doped In2O3 (ITO) or fluorine-doped
SnO2 substrates by previously reported hydrothermal method with
further modification.24,25 First, a TiO2 thin film seed layer was
deposited on cleaned ITO/glass substrates by atomic layer deposition
(ALD), followed by thermal annealing at 450 °C for 1 h. Second, a
stock solution for NR growth was prepared by mixing 0.4 M titanium
tetraisopropoxide (TTIP; 97%; Sigma-Aldrich), 0.4 M triethanolamine
(TEOA; 99%; Sigma-Aldrich), and 0.4 M ethylendiamine (99%;
Sigma-Aldrich) in deionized (DI) water. The ITO/glass substrates
coated with the seed layers were immersed in the stock solution and
then placed in an electric oven (90 °C for 24 h) for the gelation
reaction. After this process, the oven was heated to 140 °C to grow
TiO2 NRs (48 h). The resultant TiO2 NRs were washed with DI water
several times and finally annealed at 450 °C for 1 h in air. For
comparison, anatase TiO2 nanoparticles were synthesized using a
similar method.25

Synthesis of the PbS Colloidal QD Solution. The PbS QDs
were synthesized via the hot-injection method.26 A lead oleate solution
was prepared for the reaction solution; 0.002 M lead(II) oxide powder
(PbO; 99%; Sigma-Aldrich) and 0.004 M oleic acid (90%; Sigma-
Aldrich) were dissolved in octadecene (90%; Sigma-Aldrich). The
prepared reaction solution was heated to 100 °C in a three-neck flask.
After the lead oxide was completely decomposed to form lead oleate
(indicated by a color change of the solution from yellow to clear/
transparent), the temperature of the solution was raised to 120 °C.
Then, an injection solution, which consisted of 0.001 M
hexamethyldisilathiane (synthesis grade; Sigma-Aldrich) in octade-
cene, was rapidly injected into the lead oleate solution in order to
synthesize the PbS QDs. After the reaction, PbS QDs were washed
several times using toluene and finally dispersed in an octane solution
(10 mg/mL).

Fabrication of Solar Cells. PbS/TiO2 solar cells were fabricated
by spin-coating the PbS QD solution layer-by-layer on the TiO2
nanorod array.11 Each layer was spin-coated by dispensing 200 μL of
the QD solution on a 2 × 2 cm2 substrate using a rotation velocity of
2500 rpm for 10 s. To cross-link the QDs, 10% mercaptopropionic
acid (99%; Sigma-Aldrich) in a methanol solution was spin-coated,
after which octane was spin-coated on the substrates to rinse the
remaining QDs. For the top electrode, an Ag film (50 nm) was coated
via thermal evaporation.

Characterizations. The TiO2 NR structures and solar cell
architectures were observed by field-emission scanning electron

Figure 1. Schematic of the growth mechanism of anatase TiO2 nanorods (A-NRs). A crystalline seed layer and the selective adsorption of an amine
group are the key factors to ensure the direct growth of A-NRs on Sn-doped In2O3 (ITO)/glass substrates.
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microscopy (FE-SEM; JSM-7600F, JEOL). The material morphology
and crystallinity were identified using high-resolution transmission
electron microscopy (HR-TEM; JEM-3010, JEOL) and X-ray
diffraction (XRD; D8 discover, Bruker), respectively. The optical
properties of the QDs were measured by UV/vis spectrometry
(PerkinElmer). Photovoltaic properties were measured by a
potentiostat (CHI660, CHI Instrument) under air mass (AM) 1.5
simulated solar light illuminations (Oriel Sol 3A class AAA, Newport).
The transient photoluminescence emission decay was observed with
an near-IR laser system. In these systems, the emissions were triggered
by Nd:YAG pulsed lasers (Quanta Ray Pro, Spectra-Physics) through
an ND filter, while the emission decays were detected by a
photomultiplier tube module (H10330-75, Hamamatsu Photonics)
equipped with a monochromator (Acton SP 2300, Princeton
Instruments).

■ RESULTS AND DISCUSSION

A-NRs were directly grown on ITO/glass substrates using a
two-step hydrothermal method.24,25 A schematic description of
their growth mechanism is shown in Figure 1. A TiO2 thin film
(30 nm in thickness), which acts as a seed layer, was first
deposited by atomic layer deposition (ALD), followed by a
thermal annealing to ensure crystallization. For comparative
purposes, amorphous TiO2 thin films were also deposited by
ALD without being subjected to the subsequent thermal
annealing. A micro-Raman analysis confirmed that the
thermally annealed TiO2 film has an anatase phase, while the
film without the post-thermal annealing exhibits an amorphous
phase (Supporting Information Figure S1) We found that,
during the growth process, the crystallinity of the TiO2 thin

Figure 2. Structural properties of the anatase TiO2 nanorods (A-NRs): (a) Cross-sectional SEM image of A-NRs on an ITO/glass substrate, (b) a
typical XRD pattern, and (c) cross-sectional TEM image and the corresponding HR-TEM image and its FFT pattern, showing that the A-NRs grow
in the [001] direction with exposed {101} surface facets on the sides.

Figure 3. Structural and optical properties of synthesized PbS quantum dots (QDs): (a) TEM image, (b) XRD pattern, and (c) absorption spectrum
of the synthesized PbS QDs used in the device fabrication. (d) Transient photoluminescence emission decays for a wavelength of 1000 nm. Solid red
lines: fits to single-exponential decay functions.
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film plays a critical role when it comes to the growth of 1D A-
NRs, since the anatase seed layer affects the gelation process.
According to the X-ray photoelectron spectroscopy (XPS)
analysis (Supporting Information Figure S2), the annealed seed
layer (anatase phase) has more surface hydroxyl (OH−) groups
than the nonannealed seed layer (amorphous), reflecting that
the anatase seed layer offers more adsorption sites for Ti4+

hydroxylation to form Ti(OH)4. In the second growth step, the
nucleation and growth occurred at a higher temperature (140
°C). In this step, the amine groups are selectively adsorbed
onto the {101} and {100} surfaces, hence enabling the
anisotropic growth of TiO2 in the [001] direction,18,21 leaving
exposed {101} and {100} facets on the side. On the other hand,
no growth was observed for the nonannealed seed layer,
because of the insufficient amount of surface OH− groups,
thereby impeding the nucleation process.24

Figure 2a shows a cross-sectional SEM image of the A-NRs
grown on the ITO/glass substrate. The A-NRs have an average
length of 200 nm and a diameter of ∼50 nm. The XRD pattern
(Figure 2b) clearly shows that all diffraction peaks of the A-NRs
match the tetragonal anatase TiO2 phase (JCPDS No. 21-
1272); i.e., the TiO2 NRs grown on the ITO/glass substrate
possess a pure anatase phase. Importantly, the relative intensity
of the (004) peak is obviously higher compared to the standard
reference peak, suggesting the A-NRs have a preferred growth
orientation of the [001] direction (Supporting Information
Figure S3). In order to further check the crystallographic
features (growth direction, size, and crystallinity), a cross-
sectional TEM analysis was conducted after a focused-ion-beam
(FIB) milling. As shown in Figure 2c, the A-NRs have a narrow
size distribution (an average diameter of ∼50 nm) and show a
high crystallinity with a tetragonal anatase phase. Additionally,
the HR-TEM image and fast Fourier transform (FFT) pattern
confirm that A-NRs grow along the [001] direction and have a
rough surface with exposed surface facets of the {101} planes.
The A-NRs were further compared with rutile TiO2

nanorods arrays (R-NRs, thickness = 200 nm and diameter =
∼60 nm) that were prepared by a previously reported
hydrothermal method (170 °C/(90 min)).27 As shown in
Supporting Information Figure S4, although the A-NRs have
less light absorption (due to their larger band gap, ∼3.2 eV),
they show higher flat band potential (i.e., higher conduction
band edge position), lower bulk recombination resistance, and
better surface catalytic activity than the R-NRs with similar
morphology.
Next, the PbS CQDs that were used for the fabrication of

DH solar cells were synthesized via the previously reported hot-
injection method with further modifications.26 Figure 3a shows
a TEM image of the synthesized PbS QDs. The PbS QDs have
an average size of 3.0 ± 0.1 nm with a narrow size distribution.
The XRD pattern of the PbS QDs shows that all diffraction
peaks match with the tetragonal PbS phase as shown in Figure
3b (JCPDS No. 5-592). Figure 3c shows the absorbance of the
PbS QD solution dispersed in octane. First, the shoulder peak
around 920 nm has a narrow width (i.e., a small full width at
half-maximum), indicating that the synthesized QDs have a
narrow size distribution as confirmed by the previous TEM
image. An experimental relationship between the average QD
size (d) and the band gap (Ebandgap) is expressed by eq 1. The
QD band gap is correlated to the wavelength (λ) at which the
maximum of absorbance peak occurs (eq 2),28 where d is the
average QD size, h is Plank’s constant (4.135 × 10−15 eV·s),
and c is the speed of light (2.998 × 108 m/s).

= + + −E d d0.41 (0.025 0.283 )bandgap
2 1

(1)

λ
=E

hc
bandgap (2)

According to the preceding equations, the maximum
absorbance peak at 920 nm results in an average QD size of
3.0 nm, which agrees well with the results from the TEM
analysis. The PbS QDs with different sizes were also
synthesized by controlling the reaction temperature (Support-
ing Information Figure S5). The transient photoluminescence
emission decay of the PbS QDs is shown in Figure 3d. The
detector records the emission at an IR wavelength of 1000 nm.
These data can be fitted to the exponential decay function
shown in eq 3,29 where A and C are constants, t is time (μs),
and τ is the emission decay lifetime constant.

τ
= + −⎜ ⎟

⎛
⎝

⎞
⎠I t C A

t
( ) expPL (3)

The red line in Figure 3d represents the fitting curve
according to the function in eq 3. The obtained value for τ was
2.64 μs, which, although being somewhat large, is consistent
with previous reports of same-sized QDs, ensuring sufficient
time for hole transport to take place.30

Using the previously mentioned A-NRs (200 nm in length)
and PbS QDs (3.0 nm in size), we fabricated DH PbS QD solar
cells. For comparative purposes, DH solar cells based on TiO2
nanoparticles (NPs) with an average size of 20 nm were also
prepared. Based on previous studies, PbS QDs with a size of 3.0
nm were selected since they have a higher charge transfer
efficiency to TiO2.

31 Figure 4a shows cross-sectional SEM
images of A-NRs and NP-based DH solar cells. To ensure a fair
comparison, the thickness of the TiO2 layer was fixed to 200
nm and PbS QDs layers with the same thickness were
deposited on top of the TiO2 layer. As a top electrode, a Ag film
with a thickness of 50 nm was finally deposited by e-beam
evaporation. As shown in the figure, the PbS QDs are fully
infiltrated into the TiO2 layer without showing any voids in
both DH solar cells.
Figure 4b shows representative J−V curves for both DH solar

cells measured under AM 1.5G simulated solar light
illumination (100 mW/cm2), and the corresponding photo-
voltaic parameters are listed in Table 1. Interestingly, the DH
solar cell based on A-NRs exhibited a much higher photovoltaic
performance than the DH solar cell based on TiO2 NPs. In
particular, the short-circuit current density (Jsc) for the A-NRs
was 1.6 times higher than that of the TiO2 NPs, implying a
more efficient charge collection for the former structures, i.e.,
higher transport and transfer properties (this will be discussed
later). Additionally, the A-NR DH solar cell shows a higher fill
factor (FF; ∼16%) than its NP-based counterpart. On the other
hand, the open-circuit voltage (Voc) values were similar for both
DH solar cells. As a result, the A-NRs-based DH solar cell
exhibited a solar cell efficiency approximately two times higher
(1.6% for A-NRs and 0.9% for TiO2 NPs) than that for the
anatase NP-based DH solar cell, demonstrating the effective use
of A-NRs for PbS solar cell applications.
In order to understand the improved performance of the A-

NR DH solar cell, the bulk recombination properties were
examined by measuring the transient Voc decay and photo-
luminescence (PL) emission decay curves.29,32 Figure 5a shows
the charge carrier lifetime curves of both the A-NRs and A-NPs
DH solar cells, which were obtained from the transient Voc
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decay analysis (Supporting Information Figure S6). Through-
out the entire potential range, a much higher charge carrier
lifetime was found for the A-NR DH solar cell than for the A-
NP-based DH solar cell, suggesting that the A-NRs induce less
recombination, hence showing improved charge transport
properties. In general, single-crystalline nanorods/nanowires
exhibit improved charge transport properties for solar cell
applications since they provide direct transport channels for
electrons and holes to the electrodes and feature higher
electron mobility. Moreover, for DH solar cells (similar to p−n
junction solar cells), the smaller junction area in NR-based solar
cells when compared to NP-based ones is advantageous in
order to reduce the junction recombination.33 As a result, these
two features in A-NR-based DH solar cells ensure improved
charge transport efficiency. Furthermore, transient PL emission
decay curves of PbS/TiO2 junction devices are shown in Figure

5b. Interestingly, the PbS/TiO2 junction device based on NRs
shows a much faster decay than the device based on NPs,
implying a much faster electron injection.29 To compare the
time constants quantitatively, the PL emission data were fitted
to a triple exponential decay function (eq 4),29 where IPL(t) is
photoluminescence intensity, C is constant, An is the character-
istic exponential amplitude, and t is time, and a mean emission
decay lifetime (τmean) was obtained with eq 5.

τ τ τ
= + − + − + −

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟I t C A

t
A

t
A

t
( ) exp exp expPL 1

1
3

2
3

3

(4)

τ
τ

τ
=

∑

∑
=

=

A

A
n n n

n n n
mean

1
3 2

1
3

(5)

The obtained time constant values are listed in Supporting
Information Table S2. The A-NR/PbS junction device exhibits
much smaller time constants than the A-NPs/PbS junction
device. Especially, regarding τmean, the A-NRs/PbS device
exhibits a value of 11.05 ns and hence is three times faster than
the A-NPs/PbS device, thus, reflecting a much faster electron
injection for the former device type.
The distinct features of single-crystalline A-NRs for DH solar

cells are schematically summarized in Figure 5c. First, the
single-crystalline 1D nature of the A-NRs reduces bulk
recombination by fast electron transport. Second, the unique
surface structure of A-NRs (see the TEM analysis in Figure 1c)
enables an intimate contact between TiO2 and PbS, thereby
possibly retarding the interface (junction) recombination
through fast electron injection into TiO2. Therefore, these
two features, enable a higher Jsc and FF in A-NR-based solar
cells when compared to the DH solar cells based on A-NPs.

Figure 4. Fabricated depleted heterojunction (DH) solar cells using
anatase TiO2 nanorods (A-NRs) and nanoparticles (NPs): (a) Cross-
sectional SEM images of TiO2 NR- and NP-based DH solar cells at the
top and bottom, respectively, and (b) the corresponding J−V curves
showing that the use of A-NRs assures a 1.6 times higher photocurrent
density.

Table 1. Summary of the Solar Cell Parameters
Corresponding to DH Solar Cells Based on Either Anatase
TiO2 Nanorods (NRs) or Nanoparticles (NPs)

a

TiO2 morphology Jsc (mA/cm
2) Voc (V) FF (%) PCE (%)

TiO2 NRs 8.3 ± 2.0 0.41 ± 0.03 51 ± 5 1.6 ± 0.3
TiO2 NPs 5.2 ± 2.3 0.39 ± 0.04 44 ± 5 0.9 ± 0.2

aIn order to calculate the standard deviation, at least three devices of
the type of solar cell were fabricated and characterized.

Figure 5. Characterization of charge carrier lifetime and injection
properties of anatase TiO2 nanorod (A-NR)- and A-NP-based DH
solar cells: (a) Carrier lifetime estimated from the transient open-
circuit voltage (Voc) decay, (b) transient photoluminescence emission
decay curves of PbS/TiO2 junction devices, and (c) schematic of a
TiO2 NR/PbS QD junction illustrating less bulk recombination of
charge carriers due to fast electron injection and transport.
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■ CONCLUSIONS
In summary, we have grown single-crystalline A-NRs on ITO
substrates via a seed layer mediated epitaxial growth using a
two-step hydrothermal method. We found that the crystallinity
of the seed layer plays a crucial role in the growth process, i.e.,
the adsorption/hydroxylation of Ti4+ ions. Additionally,
absorption of an amine group during the nucleation and
growth processes facilitates the anisotropic growth of A-NRs.
The resultant TiO2 NRs have a high crystallinity and exhibit
preferred growth in the [001] direction with exposed {101}
facets. When combined with PbS QDs, in order to create DH
solar cells, the NRs show improved electron transport and
injection properties, which increase their short-circuit current
density, thereby doubling the TiO2/PbS DH solar cell
efficiency. We believe that the efficiency of A-NR-based DH
solar cells will increase further with additional optimization of
the A-NR morphology and PbS deposition process. Besides, we
also consider that A-NRs will impact other types of solid-state
solar cells that require TiO2 as an electron transport layer such
as perovskite solar cells.
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