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ABSTRACT: Instead of investigating the quantum eﬀect that
inﬂuences the absorption band edge of TiO2 nanostructures,
herein we report that geometrical parameters can also be
utilized to manipulate the optical band gap of the TiO2
nanotube arrays. Hexagonal arrays of TiO2 nanotubes with
an excellent crystalline quality were fabricated by techniques
combining anodic aluminum oxide templates and atomic layer
deposition. Through absorption spectroscopic analysis we
observed that the optical absorption band edge of the TiO2
nanotube arrays exhibited a red shift as the diameter of the
nanotube was tuned to be larger and the distance between two
nanotubes became smaller accordingly, while the wall thickness of the nanotube was kept constant. Subsequent ﬁnite-diﬀerence
time-domain simulations supported the observation from theoretical aspect and revealed a large near-ﬁeld enhancement around
the outer space of the nanotubes for the arrays with densely distributed nanotubes when the corresponding arrays were exposed
to the illuminations. Thus, this paper provides a new perspective for the shift of the optical band gap, which is of great
signiﬁcance to the research in photoelectronics.

■

INTRODUCTION
The unique optical properties of semiconductor nanostructures
have been extensively studied in the aspect of quantum
conﬁnement eﬀects: when the dimensions of semiconductors
are put at or below the characteristic size like exciton Bohr
radius, the band gap becomes larger in comparison with the
relevant bulk material, followed by a blue shift of the optical
absorption onset. Such phenomenon is caused by localization
of electrons and holes in a conﬁned space that results in
observable quantization of the energy levels of the electrons.1−3
In this case, the optical properties of nanomaterials present a
series of features that the bulk materials do not possess and
have been widely applied in biomedicine,4−6 sensors,7
photonics,8,9 and photovoltaics.8,10 However, other geometrical
factors excluding the quantum eﬀects that inﬂuence the optical
band gap of semiconductors are rarely reported.11,12
These days, the development of technologies for precisely
controlling morphological parameters of nanostructures and
the corresponding arrays enables us with suﬃcient approaches
to turn back to reexamine the renowned optical band gap shift
of semiconductors. Speciﬁcally, the technique based on anodic
© XXXX American Chemical Society

aluminum oxide (AAO) template has been proven to be one of
the most popular methodologies to fabricate nanostructure
arrays with perfectly manipulatable morphologies, owing to the
advantages in low cost, easy fabrication, and high manipulation.13−16 Accordingly, a large diversity of nanostructure
arrays, including nanopores, nanodots, nanorods, nanotubes,
and even the nanocones, has been realized.13−22
In consideration of the attractive property of TiO2 that has
been broadly utilized in dye-sensitized solar cells,23,24 photocatalysts,25 and photonics,26,27 in this paper, we focus on the
optical band gap modulation of TiO2 nanotube arrays which
were fabricated by the approach combining anodic aluminum
oxide templates and atomic layer deposition (ALD). The
subsequent absorption spectroscopic measurements demonstrated that the absorption band edge of the arrays exhibited a
red shift when we tuned the diameter bigger and kept the wall
thickness (Wt) of TiO2 nanotube arrays constant. FiniteReceived: March 19, 2015
Revised: June 2, 2015
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Figure 1. SEM images of the prepared AAO templates. (a) Cross-sectional image of AAO prepared by anodizing aluminum foil for 25 min at 7 °C.
The fabricated samples have diﬀerent pore diameters as well as interpore distances: (b) D = 30 nm, dS = 80 nm; (c) D = 40 nm, dS = 70 nm; (d) D =
50 nm, dS = 60 nm; (e) D = 60 nm, dS = 50 nm; (f) D = 70 nm, dS = 40 nm; (g) D = 80 nm, dS = 30 nm; (h) D = 90 nm, dS = 20 nm.

Figure 2. Schematic diagram of (a) preparation procedures of TiO2 nanotube arrays: (1) TiO2 deposition via ALD, (2) removing the surface layer of
TiO2 by argon ion milling, (3) removing aluminum in the backside. (b) Geometric illustration of the hexagonal nanotube arrays.

TiO2 surface layer by argon ion milling, which is necessary to
make the nanotube with a uniform pore size and to remove the
two-dimensional (2-D) layer of TiO2 from the surface.
Procedure 3 shows the removing of aluminum in the backside
to facilitate the optical absorption measurements. Finally, wellordered TiO2 nanotube arrays are prepared and schematically
shown in Figure 2b, where the distribution of the nanotubes is
purposely depicted to be hexagonal to match the real samples
and FDTD simulation parameters.
Particularly in the procedure of ALD deposition, temperature
was controlled at 250 °C. After deposition of the initial 40
cycles, the samples were purposely annealed at 480 °C for 1 h
to improve the crystalline quality. The resultant 1.84 nm thick
layer was utilized as the seed layer for the growth of the rest of
the 160 cycles. Figure 3a shows the representative SEM images
of the TiO2 nanotube array in the AAO template after Ar ion
milling. The entire AAO pores surface is covered by a thin layer
of TiO2. To check the inﬁltration of TiO2 to pores, we have
resolved diﬀerent regions of the image: the top view and crosssectional view near the top and the bottom of the array. All
these images illustrate a uniform TiO2 thickness running
through the entire pores, indicative of a great advantage of the
ALD technique to grow thin ﬁlm uniformly without concerning
the roughness of the substrates. After AAO template removal
by soaking the samples in acidic solution, freestanding
nanotubes arrays have also been attained even in a large scale
as shown in Figure 3b.

diﬀerence time-domain (FDTD) simulations supported the
observations and illustrated a large near-ﬁeld enhancement
around the outer space of the nanotubes as we manipulated the
distance between two nanotubes to a small value. Therefore,
this paper oﬀers an alternative possibility to tune the optical
band gap of nanostructure arrays without concerning quantum
conﬁnement eﬀects.

■

RESULTS AND DISCUSSION
The geometrical modulation of the TiO2 nanotubes arrays
begins with the precise tuning of the AAO templates. Figure 1
shows scanning electron microscopy (SEM) images of the
AAO templates with a series of diameters (D: 30, 40, 50, 60, 70,
80, and 90 nm) and interpore distances (the distance between
the edges of two neighbor pores, dS: 80, 70, 60, 50, 40, 30, and
20 nm). The length is controlled as 1 μm by choosing the same
anodization time for the samples as shown in Figure 1a. All
these templates exhibit a uniform porous proﬁle and perfectly
ordered pore distribution, supplying us a good platform to
fabricate well-controlled TiO2 nanotube arrays.
The subsequent procedure for attaining TiO2 nanotube
arrays is depicted as the schematic in Figure 2a. Procedure 1
represents the growth of TiO2 in AAO templates by the ALD
method, and 200 cycles of deposition result in a thickness of 9.2
nm. Herein, we keep the samples with the same thickness to
focus on the other factors and rule out the impact of quantum
conﬁnement eﬀects. Procedure 2 describes the removing of the
B
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Figure 3. SEM micrographs of the prepared TiO2 nanotube arrays. (a) Uniform TiO2 layer covered the entire surface of AAO template pores; the
magniﬁed SEM image of region I shows the uniformity of the TiO2 layer on the surface of AAO template pores, while the magniﬁed SEM images of
regions II, III, and IV show the uniform layer of TiO2 at the top view and cross-sectional view around the top and the bottom of the arrays,
respectively. (b) SEM image for the prepared TiO2 nanotube arrays after removing the rest of the aluminum and AAO template. (c) Cross-sectional
view of the freestanding TiO2 nanotube arrays.

Figure 4. (a) TEM micrographs of a representative TiO2 nanotube with thickness (Wt) of 9.2 nm and diameter (D) of 80 nm. The inset image of
region II shows the crystalline TiO2 nanostructure, and the HRTEM image of region II shows a single-crystalline structure of anatase TiO2
nanostructure with a lattice spacing of 0.35 nm. SAED pattern is given on the left side. (b) XRD patterns showing the structure evolution of all the
prepared samples of TiO2 nanotube arrays (S1−S7).
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Figure 5. (a) Experimental absorbance spectra of the prepared TiO2 nanotube arrays; the inset shows the red shift of the absorbance spectra for a
speciﬁc region. (b) Simulated absorbance spectra of the proposed TiO2 nanotube arrays using FDTD simulation; the inset shows the red shift of the
absorbance spectra for a speciﬁc region. (c) Optical band gap of the TiO2 nanotube arrays with diﬀerent diameters. (d) Plots of ΔEg/Eg vs D/dS for
experimental and FDTD simulated results.

measurement. All these absorbance curves show an absorption
band edge in the range of 350−400 nm, consistent with the
absorbance spectrum of anatase TiO2.1,2 Though the thickness
of these specimens is kept in the same value as 9.2 nm and the
quantum eﬀect should not render speciﬁcity among the
resulting spectra, we can still observe an obvious red shift for
the absorption edge according to the increase of diameters of
the relevant nanotubes. In order to understand the interaction
of photons with TiO2 nanotube arrays more deeply, FDTD
simulations were performed, and the simulated absorbance
spectra for the same series of nanotube arrays are presented in
Figure 5b. The same tendency of red shift with the widening of
the nanotubes could also be prominently discerned in these
simulated curves, revealing that there must be some other
factors causing the shift of absorption edge beyond the
quantum conﬁnement eﬀect. To make the observation more
convincing, we have repeated the experiment and simulations in
multiple times, and the according spectra with calculated error
bars in the resolved range are shown as the insets of Figure 5,
parts a and b. All of these spectra indicate a clear red-shifted
tendency of optical absorbance onset of the TiO2 nanotube
arrays with the enlarging of the diameters.
More resolved spectra focused on the absorption edge in the
form of Tauc plots are given in the Supporting Information
Figure S2, and it can be clearly observed that the absorption
onset is determined by the geometrical parameters like the
diameters (D) and internal distance (dS) of the nanotubes.
Regarding that TiO2 is classiﬁed as a standard indirect
semiconductor, we preferentially use an indirect transition
model, α = (hν − Eg)2/hν, to estimate the optical band gap
values.1,2 As exhibited in Figure 5c, the indirect optical band
gap values from both the experimental and simulated data as
the function of nanotube diameters are plotted. Though the
estimated optical indirect band gap values from experiment and

Figure 4a shows the transmission electron microscopy
(TEM) images for a representative TiO2 nanotube. As we
expect, the speciﬁc two-step ALD procedure results in a good
crystalline quality for the grown nanotubes, which can be
evidenced by the high-resolution TEM (HRTEM) image and
selected area electron diﬀraction (SAED) pattern shown at the
bottom. The crystal lattice fringes are clearly observed in the
HRTEM image of region II, and the average distance between
the adjacent lattice planes is 0.35 nm, corresponding to the
(101) plane distance of anatase TiO2. Liu et al.28 have proven
that the crystallinity of TiO2 can be improved by controlling of
the growth temperature to 400 °C. In our approach, such good
crystalline quality of the as-grown material is obtained by twostep deposition without any additional annealing procedure for
the second layer. During the deposition of the second layer at
400 °C, due to the slow ALD deposition process, TiO2 is
favorable to grow in an epitaxial way on the TiO2 seed layer
with high crystallinity. The thickness of the wall of nanotube is
around 9.2 nm, and the diameter is around 80 nm, as gauged by
the intensity proﬁle across the nanotubes shown in the inset of
Figure 4a. To investigate impact of the geometric parameters
on the absorption properties of the nanotube arrays, we
prepared the nanotube arrays with a constant wall thickness of
9.2 nm but diﬀerent diameters, and the relevant TEM images
are given in Supporting Information Figure S1, where the
purposely controlled diameter is measured as 30, 40, 50, 60, 70,
80, and 90 nm, respectively. Figure 4b presents the X-ray
diﬀraction (XRD) patterns of the series of prepared TiO2
nanotube arrays with diﬀerent diameters but same thickness,
where a crystal structure of anatase TiO2 could be easily
concluded. The main diﬀraction peak belongs to the {101}
planes, in good agreement with HRTEM analysis.
Figure 5a shows the absorbance spectra of TiO2 nanotube
arrays after subtracting the AAO template eﬀect during the
D
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Figure 6. (a) FDTD simulation of E-ﬁeld amplitude distribution under 500 nm illumination showing top and cross-sectional views of S1 (D = 30
nm, dS = 80 nm), S4 (D = 60 nm, dS = 50 nm), and S7 (D = 90 nm, dS = 20 nm); the relevant results of other samples are given in Supporting
Information Figure S4. (b) FDTD calculated |Ex2| enhancement at the top surface of TiO2 nanotube arrays as a function of internal distance of TiO2
nanotube under 500 nm illumination.

simulation present some deviations, probably because of the
unavoidable roughness of the real samples, the narrowing of
optical indirect band gap relevant to widening of the nanotube
diameters for the two sets of data could be straightforwardly
concluded. Moreover, considering the reversely proportional
relationship of nanotube diameter and the internal distance
between the nanotubes, we also present the plots of optical
indirect band gap versus internal distance in Supporting
Information Figure S3. These curves can conﬁrm the
observations in another aspect. To establish a universal analysis,
we normalized the two geometrical parameters using D/dS, and
the corresponding correlations with indirect optical band gap
change are shown in Figure 5d. With the increase of D/dS,
ΔEg/Eg presents a decay feature that could be interpreted by a
single-exponential model. Using the equation ΔEg/Eg = Ae−ω/τ,
where A is the constant and ω is the ratio of the nanotube
diameter to internal distance of nanotubes (ω = D/dS), to ﬁt
the curves, decay constants (τ) for the experimental and FDTD
simulated results are attained as 1.885 ± 0.122 and 1.067 ±
0.26, respectively. Though the two values show a little variation,
probably due to the surface roughness from the real samples,
we can still conclude that the geometric parameters cause the
band gap shift without including the quantum eﬀects.
As the size of the nanostructure decreases, indirect
transitions could not explain all the ﬁndings, and direct
transitions begin to be inﬂuential. Thus, we did the same
analysis based on the direct transitions, and the according
results are given in the Supporting Information. As
demonstrated in Supporting Information Figure S3, like the
indirect transitions, the direct optical band gap shows the same
dependence on the nanotube diameters and distance between
two nanotubes. In conclusion, all these data point out that the
geometrical parameters could also cause an obvious change in
optical band gap, apart from quantum eﬀects. To investigate it
more deeply, the interaction of the incident radiations with the
nanostructure should be considered.
Figure 6 shows the simulated electric ﬁeld distribution
around the nanostructures in both top and cross-sectional
views, when the samples are illuminated by the photons at 500
nm. The intensity decays as the spot moves from the surface of

the nanotubes to the void space, implying that the interaction
of photons and the nanostructure occurs on the outer surface of
the nanotube, and the geometric property of such nanostructure could impact the interaction. By comparing the electric
ﬁeld of the samples with diﬀerent geometrical parameters, it is
easy to discover that the ﬁeld intensity around the outer surface
of nanotubes becomes higher as the diameter increases,
implying a stronger coupling of the electric ﬁeld for the sample
with a smaller gap. This could be observed straightforwardly in
the cross-sectional views of these structures by showing
standing waves in between the nanotubes. Careful observations
indicate a series of antinodes distributed along the longitudinal
direction of the one side open tubes via a Kundt’s tube
experiment. These high-intensity spots are very similar to the
plasmon hot spots on the surface of metallic nanoparticle
arrays.27 Though the electron density in TiO2 is much lower
than that in nanometals,27,29 the interaction of incident
radiations with the well-distributed TiO2 nanotube arrays
could indeed impact the corresponding absorption around the
band gap edge, rendering a promising application in optical
sensors.
It has been observed that, when the internal distance (dS)
between two TiO2 nanotubes becomes smaller, the near-ﬁeld
coupling oscillation strength produces a strong conﬁnement of
the local electric ﬁeld which enhances the spectroscopic signals.
Such impact from the distributing of the nanotubes is
consistent with the observations in nanometallic particle arrays.
Jain et al.30 derived a plasmon ruler equation for Au
nanoparticle arrays and explained that, within the dipolar
coupling model, the distance decay of plasmon coupling was
independent of the nanoparticle shape, the metal type, and the
medium of dielectric constant. To make a further analysis, we
plot the curve for the near-ﬁeld intensity enhancements (|
Ex2|)31,32 at the top surface of the nanotubes versus the distance
of the nanotubes. The |Ex2| presents a fast decay with the
increase of the gap of the nanotubes, indicating that the
coupling of the electric ﬁeld becomes weak when the nanotube
distribution is tuned sparse. Such weakened coupling could be
responsible for the corresponding band gap shift of TiO2
nanotube arrays.
E
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experimentally recorded refractive index data of the ALDdeposited TiO2 thin ﬁlms which were used in nanotubes
fabrication. Broad-band linearly polarized plane waves were
perpendicularly incident onto individual nanotube arrays with
periodic in-plane boundary conditions. Seven TiO2 nanotubes
with the same geometric parameters as those in the real
samples were used for all set of the simulations in a hexagonal
geometry. Meshing size as small as 1 nm was used in the
regions containing TiO2, which was proven ﬁne enough in
convergence tests. The ﬁeld vectors were monitored in threedimensional grid points to extract transmittance spectra of
TiO2 nanotubes and to generate ﬁeld distribution maps at
wavelengths of interest.

As to the band gap shift of TiO2 nanotube arrays, Chang et
al.2 claim that such band gap shift could be realized by adjusting
the wall thicknesses of TiO2 nanotubes in the range of 2.7−37.8
nm, which is based on the conventional quantum conﬁnement
eﬀect. However, our results indicate that the band gap shift can
also be acquired only by adjusting the diameters and the
distances between nanotubes; even these parameters are larger
than the Bohr radius of TiO2, and quantum eﬀects are not
responsible for this observation, since the thicknesses of these
nanotubes are in the same value. We attribute this speciﬁc
optical band gap shift to the interaction of the incident
radiations with the highly ordered nanostructure arrays, and the
tunability of the band gap is related to the strength of the nearﬁeld enhancement of light. Thus, this paper broadens the
tuning range of optical properties of nanostructure arrays and
the according possibilities for photoelectronic applications.

■

■

TEM images of the prepared TiO2 nanotube arrays shown with
the same wall thickness at diﬀerent diameters, Tauc plots of
indirect and direct optical band gap calculations, band gap as a
function of internal distance of TiO2 nanotubes, and FDTD
simulation of E-ﬁeld amplitude distribution for all the prepared
samples. The Supporting Information is available free of charge
on the ACS Publications website at DOI: 10.1021/
acs.jpcc.5b02665.

CONCLUSIONS
In summary, we have successfully prepared well-ordered TiO2
nanotube arrays by combining ALD technology with an AAO
template. The crystalline quality of deposited TiO2 was
enhanced using a two-step ALD procedure. By tuning the
nanotube arrays with diﬀerent diameters and internal distances
but the same wall thickness, the resulting absorption band edge
showed a red shift with the decrease of the internal distances.
This phenomenon was proven by the FDTD simulation. The
calculated decay constant of the optical band gap over the ratio
of nanotube diameter/internal distance demonstrated that the
tunability of band gap was related to the strength of the nearﬁeld enhancement of light. Thereby, this paper supplies a new
perspective for the optical band gap shift of semiconductor
nanostructure arrays.
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EXPERIMENTAL SECTION

The AAO template was prepared by anodic oxidation of highpurity aluminum foil (99.999%) according to our previous
reports.13−15 The AAO template thickness and pores diameters
were ﬁxed by well controlling the time of anodization and pore
widening processes. Seven samples of AAO with diﬀerent
diameters were placed inside the chamber of the ALD, followed
by the increase of temperature to 250 °C. TiCl4 and H2O were
selected as Ti and O2 sources, and N2 gas was used as both
carrier gas and purge gas. The typical pulse time used to
introduce the TiCl4 and H2O precursors was 0.1 s, and the N2
purge time was 5 s. The initial depositing cycles were 40 cycles
to generate a 1.84 nm TiO2 continuous layer that covered the
entire surface of template. Thereafter, samples were annealed
inside the ALD chamber at 480 °C for 1 h to create a crystalline
seed layer for next 160 cycles of TiO2 deposition at 400 °C.
The total deposition cycles were chosen as 200 cycles to
produce a speciﬁc TiO2 nanotube wall thickness (9.2 nm). The
as-prepared TiO2 nanotube arrays were examined using a
scanning electron microscope (SEM, Hitachi S 4800) and
transmission electron microscopes (Philips TECNAI and FEI
Titan 80-300). X-ray diﬀraction (XRD, Siemens D5000) was
utilized to analyze the crystal structure of the TiO2 nanotubes.
A UV−vis spectrometer (Varian) was adopted to measure the
absorption characteristic of the TiO2 nanotube arrays.
The optical properties of TiO2 nanotube arrays were
simulated using three-dimensional full-ﬁeld ﬁnite diﬀerence
time domain methods (Lumerical FDTD Solutions 8.9). The
dielectric constants were obtained from a ﬁt to the
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