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Shape irregularity and size dispersion exhibited by TiO2

nanotube arrays (TNAs) is a disadvantage for size-selective
applications such as flow-through membranes, cell differentia-
tion and drug delivery, and for photonic applications such as
photonic crystals and metallodielectric metamaterials, where
size and shape dispersity are sources of defects and scattering.
We show that achieving extremely smooth Ti films is more
critical than a large Ti grain size in attaining highly ordered
nanotube arrays with minimal dispersity in shape and size, and
obtain the insight that uniform pore nucleation is determinative
of the quality of the nanostructures that result following
electrochemical anodization. TiO2 nanotubes formed by
anodization of highly smooth Ti films on single crystal silicon
wafers in electrolytes with high water concentrations had only

circular pores with a narrow dispersion of pore diameters, and
exhibited uniform cross-sections along the tube-axis. Pattern
order was evaluated using 2D-FFT analysis.

TiO2 nanotubes on Si wafers with a (a) narrow and (b) wide
dispersion in shape and size.
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1 Introduction Since the first reports of electrochem-
ically synthesized nanoporous and nanotubular TiO2 by
Zwilling et al. [1] and Gong et al. [2], respectively, the
science and technology surrounding the growth of TNAs has
grown enormously. TNAs have been fabricated on a range of
non-native substrates including silicon, glass, transparent
conducting oxide (TCO)-coated glass, polyimide, and
stainless steel [3–9]. Nanotube diameter is tuneable from
10 nm to 1mm. Tube length, which was initially limited to a
few hundred nanometers, now extends to millimeters.
Bamboo-type, lace-like, multilayer, multipodal, bimodal
pore-, and hierarchical nanotubes have also been fabricat-
ed [10–16]. Specularly reflecting TNAs with clearly defined
interference fringes have been fabricated [8, 17]. The
periodic modulation of the nanotube diameter has been used

to create one-dimensional photonic crystals [18–21]. The
formation of metallodielectric metamaterials looks highly
promising [22]. The range of potential applications has
likewise undergone vast expansion, encompassing gas
sensors, biosensors, supercapacitors, drug eluting biomedi-
cal implants, stem cell differentiators, photocatalytic
membranes, nanostructured excitonic solar cells, etc. [11,
23–26]. Yet, understanding and control of the nanotube
shape and size dispersity on non-native substrates has been
lacking. Monodispersity in pore size and shape is desirable
for small molecule filtering, drug delivery and osmotic
membrane applications. For photonic applications, disper-
sity in shape and size, non-uniform tube-length and random
variations of diameter along the tube axis are sources of
defects and scattering.
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It is important to note here that the improvement of
hexagonal pattern order is distinct from the achievement of a
narrow shape and size dispersion, although the two often
coincide. On foil substrates, the most ordered pores in terms
of both size/shape dispersion and medium-range pattern
order have been observed by two-step anodization in F� ion
bearing ethylene glycol-based electrolytes wherein the
concave pore footprints left by the first anodization process
following nanotube removal act as nucleation sites for the
formation of ordered pores in the second step [27]. Due to the
convex nature of footprints on non-native substrates, a
simple bottom-up method to apply the two-step anodization-
based ordering technique to the formation of ordered
nanopores from vacuum deposited thin films of Ti has not
been found for TNAs. Furthermore, the microstructure of
vacuum deposited films which typically consist of grains 1–
100 nm in size, differ considerably from hot-rolled Ti foils
consisting of flat grains 5–100mm in size. In this letter, we
demonstrate methods to control the dispersity in the shape
and size of TNAs on non-native substrates.

2 Experimental details Before titanium deposition,
the substrates were degreased by sequentially ultrasonication
in a Micro-90 solution, DI water, and isopropanol for 10min
each. In order to remove any organic residue, substrates were
further cleaned in a piranha solution comprising a 3:1
mixture of sulfuric acid and hydrogen peroxide for 15min
followed by rinsing and drying. Direct current (DC)
magnetron sputtering on to substrates at temperatures
ranging from room temperature to 250 8C and chamber
pressures from 1 to 7mTorr were used to deposit the Ti thin
films 250–500 nm in thickness from a 99.99% pure Ti target
at a power of 150–300W using 50 sccm of argon flow.

Thin-films of Ti deposited on non-native substrates,
namely [001] oriented single crystal wafers, borosilicate
microscope glass slides and Tec-15 fluorine-doped tin-oxide
(FTO) coated glass substrates, were anodized at room
temperature in an ethylene glycol (EG)-based electrolyte
containing 0.1–0.3wt.% NH4F and 1–10 vol.% deionized
water at 40V using graphite counter electrodes. The top-
view and cross-section of the deposited films and anodic

Figure 1 (a, b) FESEM top view and TEM cross-section of monodisperse TiO2 nanotubes on silicon substrate, (c, d) FESEM top view
and TEM cross-section of polydispersed TiO2 nanotubes on FTO:glass substrate, The anodization electrolyte contained 9 vol.% H2O
and 0.3wt.% NH4F. (e, f) FESEM top view of Ti thin films DC sputtered onto Si and FTO:glass substrates, respectively, at 1mTorr
chamber pressure.
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nanotubes were imaged using JEOL6301F and Hitachi
S4800 field emission scanning electron microscopes
(FESEM), and a JEOL2200FS transmission electron
microscope (TEM). X-ray diffractograms of thin films were
obtained in powder mode using a Bruker D8 Discover
instrument with a sealed Cu tube X-ray source. Anodization
current transients were measured using a Keithley 4200-SCS
parameter analyzer.

3 Results and discussion Figure 1 shows the
morphology of TiO2 nanotube arrays formed on Si and
FTO substrates under identical anodization conditions (40V,
9 vol.% H2Oþ 0.3wt.% NH4F in EG) using Ti films
deposited under identical conditions. It is evident from Fig. 1
that nanotubes formed on Si are clearly more uniformly
circular and almost monodisperse in diameter while the
nanotubes on FTO show a broad range of shapes and sizes.
Without the use of polishing, pre-texturing or a two-step
anodization process, nanotubes on Si exhibited a high degree
of hexagonal ordering consisting of only pentagonal and
heptagonal defects. A closer examination of Fig. 1a reveals 48
nanotubes possessing six nearest neighbours. Another 21 and
16 nanotubes in Fig. 1a have five and seven nearest neighbors,
respectively. These statistics are strongly suggestive of
dominant hexagonal ordering with pentagonal and heptagonal
defects, typical of highly ordered nanotubes [27]. The cross-

sectional TEM images also show uniform straight cylindrical
channels in the nanotubes on Si while the nanotubes on FTO
show considerable variation and undulation in the channel
cross-section and orientation. The principal difference existed
in the morphology of the Ti films on Si and FTO substrates.
Sputtering Ti under atomic peening conditions [8] on
atomically flat single crystal Si wafers resulted in extremely
smooth films while the Ti films sputtered on FTO substrates
under identical conditions were much rougher due to the high
FTO substrate roughness (Fig. 1e and f).

Two-dimensional Fast Fourier Transform (2D-FFT)
images (Fig. 2) were used to analyze the arrangement of
nanotubes that resulted under different film formation and
anodizing conditions. TNAs formed on FTO by anodization
in aqueous electrolyte are disordered as evidenced by the
completely blurred 2D-FFT image with no discernible ring. A
high intensity narrow circular ring is evident in the FFT image
of TNAs formed on Si by anodization in EG-based electrolyte,
which is indicative of the preservation of short-range
periodicity and moderately disturbed long-range periodici-
ty [28–30]. TNAs on FTO anodized in EG-based electrolytes
show an intermediate level of disorder between the above-
mentioned cases. To quantify the dispersion in shape and size,
the morphological parameters of 300 nanotubes each on FTO
and Si, were measured. The resulting statistics are shown in
Table 1. Nanotubes on Si exhibit a preponderance of circular

Figure 2 2D-FFT images showing the effect of anodization electrolyte and substrate on the arrangement order of TNAs.
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tube-shapes (>95%) and a standard deviation in outer
diameter of 10.1 nm. On FTO, the preponderance of irregular
shapes rendered measurement of the inner diameter less
meaningful. Instead, two values for the outer diameter—the
minimum and maximum tube-widths were measured for
nanotubes on FTO. The images used to measure the statistics
in Table 1 are shown in Fig. 3 along with the methodology
used to determine circularity. If more than 80% of the annular
area of a nanotube could be exactly enclosed by two
concentric circles, such a nanotube was deemed to be circular.
In Table 1, the size dispersity of TNAs on Si is about half that
of TNAs on FTO anodized under identical conditions. The
reduction in the dispersity in shape is more dramatic, as
evidenced by an eightfold higher occurrence of circular

nanotubes on Si. A narrower dispersion in nanotube diameters
also produces a higher pattern order through a more uniform
distribution of inter-tube center-to-center distances.

The anodization current transients in Fig. 4 for Ti
anodization on different substrates show a featureless

Figure 3 Images used to obtain statistics related to the nanotubemorphologies; (a) TNAs on Si, (b) magnified view of a portion of image in (a)
showing how circularity and nanotube diameter were measured. (c) TNAs on FTO:glass and (d) magnified view of a portion of image in (c).

Table 1 Statistics related to the morphology of the nanotubes on Si
and FTO substrates.

nanotube parameter TNAs
on Si

TNAs
on FTO

size of distribution 300 300
fraction of circular nanotubes 95% 12%
average inner diameter (nm) 78.4 �
std. dev. of inner diameter
distribution (nm)

4.7 �

average max. outer diameter (nm) 116.0 130.9
average min. outer diameter (nm) 116.0 104.8
std. dev. of max. outer diameter
distribution (nm)

10.1 20.1

std. dev. of min. outer diameter
distribution (nm)

10.1 17.0

Figure 4 Log–log plot of the anodization current transients during
the formation of TiO2 nanotube arrays on glass (black), FTO:glass
(red) and two silicon substrates (cyan and olive green) magnifying
the temporal region near local extrema in the current. The rise of the
anodization current between the local minimum and the subsequent
local maximum was fit to a straight line with a slope of 1.5 (fit not
shown). Current decay following the maximum is fit to straight
lines (blue) with slopes as indicated. The inset plots the currents
measured over the entire anodization duration on a linear scale.
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monotonic decrease in the FTO case and a clearly defined
peak with a right shoulder in the case of silicon, which is
known to be correlated with pitting. For glass substrates, a
weak peak is seen and the behavior is intermediate between
FTO and silicon. To confirm the structure of the transient on
silicon substrates, results from a second silicon sample are
also shown with near identical features to the first. The rise of
the anodization current from the local minimum at ca. 200 s
to the local maximum at ca. 510 s was found to follow the t3/2

relation [31]. This fact, coupled with the large amplitude of
the pitting currents for the anodization of Ti on Si, together
with the reproducible shape of the anodization transient, is
indicative of stable pitting due to uniform hemispherical
pits that confine the aggressive Hþ ions required for the
electrochemical dissolution of TiO2 in close proximity with
the active etching front [32]. We surmise that the peak pitting

current coincides with injection of anions from the
electrolyte into the oxide which transit through the barrier
layer. The post-peak currents are fit to straight lines in
the log–log plot (Fig. 4) with slope 1�a¼ 0.33 and
1þa¼ 1.54. The sum of the slopes is �2, and is typical of
dispersive charge transport (of ions in this case) through the
barrier layer with a transit time corresponding to the knee
of the curve where the fit lines meet [33]. Since fluoride ions
are known to be fast diffusing species in anodic TiO2 [34],
the dispersive transit is likely due to O2� ions, which react
with Ti at the oxide-metal interface to increase the barrier
layer thickness. The post-transit decrease in anodization
current below the level of the previous local minimum is
supportive of this idea.

Figure 5 shows the effect of the morphology of the
precursor Ti film on the morphology of the nanotubes that

Figure 5 Effect of temperature and chamber pressure on the morphology of sputtered Ti thin films (1) and resulting anodic TiO2

nanotubes (2) on glass substrates; (a) 1 mTorr, room temperature, (b) 1mTorr, 250 8C and (c) 7mTorr, 250 8C. The scale bar at the bottom
of each image corresponds to a length of 100 nm.
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result upon anodization and demonstrates that the best
quality nanotubes result from use of the smoothest Ti films.
Substrate heating, which is often resorted to, in order to
obtain large-grained films, can reduce the quality of the
nanotubes resulting from anodization. When the Ti films
are rough and composed of three-dimensional grains, as in
Fig. 5c, the structure transitions from nanotubes toward
irregular nanopores. A planar interface between the anodic
oxide and the liquid electrolyte enables uniform, homoge-
neous nucleation by electrochemical and chemical pitting
of the oxide. The grain structure at the interface assumes
significance in the context of pore nucleation and growth
processes. When a grain with pointed crystal facets
comparable in size to the amplitude and spacing of the
pits presents itself to the etch front, the pit formed on the
particular grain is not circular but of a more irregular shape.
Fluoride ions strike the oblique faces of the grain and carve
out a pit whose projection onto the substrate plane is non-
circular. A second reason for the said irregularity in shape is
the difference in etch rates of various crystal planes. The
above processes are schematically depicted in Fig. 6. When
chemical etching is significantly involved in pit nucleation,
the inter-pore spacing is also affected by crystal plane
dependent etch rates. According to the recently developed
planar interface instability criterion (PIIC) [35, 36], the
dominant inter-pore spacing is slightly larger than the

li
2p

� �2

� G

kT @DGD
@x

; ð1Þ

where k is Boltzmann‘s constant, T is the temperature, DGD

is the change in free energy associated with the chemical
dissolution of the oxide, x is a position coordinate in the
direction of increasing oxide thickness and G is the Gibbs–
Thomson coefficient given by

G ¼ gMW
rne

; ð2Þ

where g is the interfacial energy of the oxide–electrolyte
interface, MW is the molecular weight of the oxide, r is the
density of the oxide, n is the number of electrons involved
in the electrochemical reduction process and e is the
fundamental electronic charge.

When multiple crystal planes are present on the Ti
surface in the form of domains comparable to the size of the
pits, and exposed to chemical dissolution with their
respective orientation-dependent etch rates, it can be seen
from Eq. (1) that multiple dominant pore spacings could be
present. This is one source of dispersion in pore size. A
second source of dispersion is the nature of the pitting
process. When electrochemical dissolution is strong, high pit
densities of 1012 cm�2 occur which combine during the
process of pore formation to result in decreased pore
densities. If the pits are large enough, then their combination
results in an irregular non-circular pore. Thus, a low
microscopic surface roughness is a necessary condition for

the formation of monodisperse pores but not a sufficient one,
and careful balance needs to be struck in the composition of
the anodization electrolyte between the pitting and oxide
growth mechanisms (see Fig. 7). It is for this reason that
although the formation of TiO2 nanotubes from Ti films
deposited on Si substrates has been studied in several
articles [4, 37, 38], none report the type of uniformly
circular, monodisperse nanotubes we do in this article.

Our insight into the importance of surface topography
for nanotube formation on non-native substrates is in line
with studies of nanotube growth on foil substrates where
smooth, electropolished surfaces have been observed to

Figure 6 Schematic illustration of the pore nucleation process on
(a) smooth and (b) rough substrates highlighting the importance of
film roughness on the shape and size dispersity of anodically
formed TiO2 nanotube arrays.
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result in the most uniform nanotube growth [39]. Fluoride
ions are highly solvated in protic solvents due to hydrogen
bonding and consequently, their ionic mobilities and
nucleophilic action are much weaker than in aprotic solvents
where this is not the case. Therefore, all else being equal, it is
reasonable to expect stronger electrochemical etching and
weaker electrochemical oxidation in polar aprotic electro-
lytes, and the slower oxide growth at the very beginning of
the oxidation process simulates conditions similar to
electropolishing of Ti. The pore shapes are nearly uniformly
circular and of similar size in nanotubes formed in
electrolytes containing dimethylsulfoxide and suitable
concentrations of fluoride ions (see for instance Fig. 2 in
Ref. [40]). On the other hand, nanotubes formed in polar
protic solvents have a significant dispersion in order, shape
and diameter with the largest dispersions occurring in purely
aqueous media.

Crawford and Chawla [41], and Leonardi et al. [42] have
pointed out the difference in nanotube formation rates on
different Ti crystal planes owing to differences in atomic
densities and oxidation rates. The effect of the crystallo-
graphic orientation of the Ti films on pore dispersity cannot
be excluded but certainly does not account for all the
observations. Even under similar conditions of vacuum
deposition, Ti films of varying texture are deposited on
different substrates, indicating a strong substrate dependence
of the crystallographic orientation (Fig. 8). On silicon

substrates, both the absolute and relative intensity of peaks
are strongly influenced by chamber pressure during
sputtering. On glass substrates, the peaks are broader and
shifted to higher 2u values, likely due to stresses

Figure 7 FESEM images of titania nanotubes on Si substrates formed by anodization of identical Ti thin films in different electrolytes,
(a) TNAs formed in aqueous electrolyte, exhibiting a wide dispersion in shape and size, (b) TNAs formed in EG-based electrolyte
containing 1% H2O and 0.1wt.% NH4F, (c) TNAs formed in EG-based electrolyte containing 2% H2O and 0.3wt.% NH4F and (d) TNAs
formed in EG-based electrolyte containing 4% H2O and 0.3wt.% NH4F.

Figure 8 Effect of substrate on the crystallographic texture of
sputtered Ti films under identical conditions. Powder mode X-ray
diffractograms of Ti thin films deposited onto glass and silicon
substrates using DC magnetron sputtering at two different chamber
pressures (1 and 20mTorr).
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accumulated in the film during sputtering. However,
chamber pressure has very little effect on the Ti film texture
on glass since essentially the same peak structure is obtained
at both 1 and 20mTorr. However, identical Ti films
deposited on Si substrates can still generate TiO2 nanotube
arrays with widely differing shape and size dispersity in
different electrolytes (Fig. 7), pointing to the importance of
uniform and stable pitting. Furthermore, Ti films of similar
crystallographic texture sputtered on to glass substrates at
different chamber pressures and temperatures, differing
only in surface topography, exhibit dramatically different
morphologies upon anodization such as well-defined nano-
tubes in the case of room temperature low pressure sputtered
Ti precursor films and a disordered nanoporous structure in
other cases (Fig. 5).

4 Conclusions Prior reports indicated that smooth
surfaces with large grains are favorable for nanotube
formation. Our results show that highly smooth, fine grained
Ti films produce stable and uniform pitting due to which film
smoothness is significantly more important that grain-size in
order to obtain highly ordered nanotubes. A large grain-size,
especially when randomly oriented, is associated with a
larger dispersity in the shape and size of the nanotubes.
Almost monodisperse nanotube arrays are formed by
anodizing Ti films on silicon substrates.
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