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The growth of TiO2 nanotube arrays (TNTAs) on non-native substrates is essential for exploiting
the full potential of this nanoarchitecture in applications such as gas sensing, biosensing, anti-
fouling coatings, low-cost solar cells, drug-eluting bimedical implants and stem-cell differentiators.
The direct formation of anodic TNTAs on non-native substrates requires the vacuum deposition
of a thin film of titanium on the substrate followed by subsequent electrochemical anodization of
the film. In this report, we studied the effect of atomic peening on the formation of Ti thin films
on technologically important non-native substrates. We compared the structure and morphology
of evaporated and sputtered Ti films, and correlated them to the morphology of the vertically ori-
ented TiO2 nanostructures that resulted subsequent to anodization of those films. We calculated a
minimum value of 1.33 eV/atom for the energy of reflected neutral Ar species arriving at the sub-
strate when a chamber pressure of 1 mTorr is used during the sputter deposition of Ti. Previous
approaches relied on substrate heating to elevated temperatures during Ti thin film deposition or
ion-beam assisted Ti thin film deposition as a prerequisite to form TiO2 nanotube arrays (TNTAs).
We demonstrated TNTAs on a variety of substrates at room temperature using both evaporated and
sputtered Ti films without recourse to ion-beam sources. Evaporated Ti films were found to pos-
sess small grain size and high local surface roughness, which resulted in nanotubes with extremely
rough sidewalls. Ti thin films formed by Ar+ ion sputtering at commonly used chamber pressures
of 7–20 mTorr at substrate temperatures ranging from room-temperature to 250 �C possessed a
highly rough surface and three-dimensional grains, which precluded the formation of ordered nano-
tubes upon anodization due to highly non-uniform pore nucleation processes. In contrast, Ti thin
films sputtered at low chamber pressures of 0.8–2 mTorr had a low surface roughness due to the
atomic peening process. Such films, even when deposited at room temperature, resulted in ordered
nanotube arrays upon anodization.

Keywords: DC Sputtering, Vacuum Deposition, Si Wafers, Polymeric Substrates, Electron Beam
Evaporation, Ion Beam Sputtering, Zone Models.

1. INTRODUCTION
TiO2 nanotubes grown on titanium foils1�2 have been
demonstrated to be employable in a wide range of appli-
cations such as catalysts, photocatalysts, photovoltaics,
interferometric sensors, immunoassays, electrochemical
sensors, supercapacitors, etc. due to the unique combina-
tion of properties such as n-type semiconducting behav-
ior, a wide electronic band gap, high surface area, high
refractive index, large capacitance and moderate electron

∗Author to whom correspondence should be addressed.

mobility.3–14 However, highly ordered and vertically ori-
ented titanium dioxide nanotube arrays grown on non-
native substrates are more advantageous in specialized
applications where Ti foils are unsuitable.1�2�15–19 Due to
their transparency, glass substrates and transparent conduc-
tive oxide (TCO)-coated glass substrates are extensively
used in the photovoltaic, display and optical sensing indus-
tries. Stainless steel is the material of choice in indus-
trial tubing due to its mechanical and chemical properties.
Plastic substrates are necessary for flexible applications;
among plastics, polyimide substrates (e.g., Kapton®) are
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popular for their relatively high temperature resistance. Sil-
icon substrates are typically used for on-chip integrated
electronic and photonic circuits, and in MicroElectroMe-
chanical Systems (MEMS).

In addition to being highly functional and self-ordered,
TNTAs grown by a bottom-up process are relatively cheap
to produce in comparison to standard micro- and nanoar-
chitectures requiring top-down lithographic techniques.
The length and pore size of TNAs on native Ti foil sub-
strates and the effect of various electrolytes such as organic
and aqueous recipes on the morphology, ordering and sur-
face area of TNAs have been extensively investigated.2�11

The Ti foils used in such studies are hot-rolled uniform
substrates with flat grains 10–100 �m in size. In con-
trast, the grain sizes in thin films of Ti on non-native
substrates are orders of magnitude lower. Several groups
have demonstrated the formation of titania nanotubes of
widely varying structure and morphology on Ti thin films
deposited on conductive glass20 and silicon and flexible
polymeric substrates using different film deposition and
heating conditions.21�22 However, there very few reports
that connect the Ti film growth process and the proper-
ties of the Ti film to the structure and morphology of
the resulting TNTAs. Here, we use quantitative metrics
for the film deposition process to identify optimal film
growth conditions. We also conduct a fundamental study
of the effect of the deposition parameters of the Ti thin
films on the morphology of the resulting TiO2 nanotube
arrays. Prior reports indicated that smooth surfaces with
large grains are more favorable for nanotube formation.
However, our results show that smoothness is significantly
more important that grain-size in order to obtain nanotubes
as opposed to a nanoporous structure. A large grain-size,
especially when randomly oriented, is associated with a
larger dispersity in the shape and size of the nanotubes,
and can even lead to the formation of random nanopores.
Almost monodisperse nanotube arrays are formed on sil-
icon substrates,23 which not coincidentally, also result in
Ti thin films with the minimum surface roughness. Fur-
thermore, nanotube arrays can be achieved using simple,
high-throughput DC sputtering at room temperature by
performing the deposition at low chamber pressures, thus
benefiting from the atomic peening mechanism. The effect
of thin film quality on the formation of highly ordered
TiO2 nanotube arrays on glass, fluorine-doped tin oxide
(FTO) coated glass and silicon wafers is presented here.
We show that by specifying the sputtering rate and pres-
sure during deposition, the morphology of titanium film
on a variety of substrates is controllable.

2. EXPERIMENTAL SECTION
Glass, FTO-coated glass (hereafter referred to as
FTO:glass) and Kapton substrates cleaned by sequential
ultrasonication in detergent, water and alcohol. Silicon
wafers were cleaned by immersion in a piranha solution

for 15 min followed by rinsing and drying.24 Both DC
magnetron sputtering and electron beam evaporation were
used to deposit Ti thin films 250 nm to 2 �m in thick-
ness. When sputtering was used, the deposition was per-
formed at room temperature, 250 �C and 700 �C and at
pressures ranging from 0.8 mTorr to 20 mTorr from a
99.99% pure Ti target (diameter = 7.68 cm) at a power
of 150 W using 50 sccm of argon flow. For substrates
heated to 700 �C, quartz was used as the substrate instead
of glass and FTO:glass because of its higher temperature
resistance. When substrate heating was used during the
vacuum deposition of Ti films, the substrates were cooled
to room temperature in vacuum at an approximate rate of
1 �C min−1. The deposition rate for different samples var-
ied from 0.045 nm s−1 to 0.23 nm s−1. The anodization of
Ti films was performed potentiostatically at 40 V in a two-
electrode geometry using an ethylene glycol-based elec-
trolyte containing 0.3 wt% NH4F and 4–9% DI water. The
Ti film served as the working electrode while a graphite
rod of diameter 3 mm was used as the counter-electrode.
When atoms ejected from the target reach the surface of
the substrate at normal incidence, they lose their energy in
the ns timeframe via Lennard-Jones interactions. On the
other hand, ejected atoms incident on the substrate at
oblique angles conserve parallel momentum,25 and there-
fore the angle of the sputter gun plays an important role in
surface diffusion. In this work, the magnetron sputter gun
was directed at the substrate at an angle 10.2� from the
substrate normal. After deposition but prior to anodization,
to prevent the faster etching at the air-electrolyte inter-
face and the sample edges, such regions of high electric
field concentration were sealed with parafilm at 75 �C
to construct a square window (1.5 cm2� and anodization
was restricted to the Ti film contained in this window.
The distance between the sample and the cathode was
approximately 4 cm, and a DC power supply was used to
drive the reaction. The choice was made to use organic
electrolytes as they have the ability to produce nanotubes
with significantly higher lengths and pattern ordering than
aqueous solutions due to the reduced chemical dissolution
of the nanotube surfaces, thinner barrier layers and more
controlled pitting/nucleation processes. Once the anodiza-
tion had concluded, the samples were immersed in ethanol
for 30 seconds and dried using a nitrogen gun. The sur-
face morphology of the deposited film and the anodized
titanium were determined using atomic force microscopy
(AFM), transmission electron microscopy (TEM) and field
emission scanning electron microscopy (FESEM).

3. RESULTS AND DISCUSSION
3.1. Effect of Temperature on the Surface

Morphology of Ti Films Before Anodization
Figure 1 shows the well-documented effect of substrate
temperature in engineering a smooth, uniform Ti film
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Figure 1. Effect of substrate temperature on the morphology of 500 nm-thick titanium films deposited on quartz by DC sputtering at a chamber
pressure of 7 mTorr (a) top-view SEM images of a Ti thin film coated on a substrate maintained at room temperature (b) top-view SEM image of a
Ti thin film coated on a substrate heated to 700 �C (c) top-view SEM image of TiO2 nanopores resulting from the room-temperature deposited film
shown in (a) after electrochemical anodization and (d) Profile-view SEM image of ordered TiO2 nanotubes formed upon anodization of the Ti film
shown in (b) deposited on to the substrate at 700 �C.

morphology. DC sputtering of a few hundred nanome-
ters of Ti on quartz and other substrates at room
temperature results in a rough, non-uniform film with
three-dimensional grains with an average size of 50 nm
protruding out of the plane of the substrate (Fig. 1(a)).
When such rough films are subjected to electrochemi-
cal anodization, the extremely non-uniform field-assisted
migration and etching processes result in the forma-
tion of an irregular, randomly organized porous structure
(Fig. 1(c)) in lieu of self-organized, vertically aligned TiO2

nanotube arrays. For this reason, several reports resorted
to substrate heating to engineer a more uniform film mor-
phology. For the quartz substrates and typical DC sput-
tering parameters used here, we found that a substrate
temperature as high as 700 �C was required to produce Ti
films of sufficient quality (Fig. 1(b)) that resulted in highly
ordered nanotube arrays upon anodization (Fig. 1(d)). The
quality of the Ti film here is defined by smoothness and
by grain size. The Ti films deposited on to a quartz sub-
strate heated to 700 �C had an area-weighted average grain
size of 200 nm and the grains were flatter with minimal
protrusion from the plane of the substrate. An interesting
observation about the low temperature anodized Ti films in
Figure 1(c) is that the majority of grains exhibit one pore
per grain irrespective of size and orientation; the excep-
tion being the grains oriented almost orthogonally to the

substrate along the surface normal, which exhibit either no
pore formation or multiple pores.
Since ordered nanotube arrays are obtained on smooth,

large-grained Ti foil substrates, large grains and film
smoothness have both been deemed desirable, but we have
recently shown that film smoothness plays a more signif-
icant role than grain size in ensuring the uniform pitting
needed for nanotube formation.23�26 Surface diffusion of
the Ti adatoms on the substrate, self-diffusion of the Ti
atoms and the level of stress in the thin film are the main
processes that must be optimized in order to achieve both
smoothness over large areas and good adhesion to the sub-
strate during thin film deposition. These three processes
are defined by deposition conditions as well as the nature
of the film and substrate material. For films thicker than
10 nm, the final film morphology that presents itself during
electrochemical anodization is determined primarily by the
self-diffusion of Ti atoms over other Ti atoms. Due to its
importance in determining the requisite Ti film morphol-
ogy on non-native substrates for TiO2 nanotube formation,
we shall here introduce quantitative metrics to measure
self-diffusion.
At high temperatures, adatoms and adsorbate species

have high mobility and the probability of diffusion will
be increased27 due to which film roughness is decreased.
Studies conducted by Kalantar-Zadeh and colleagues,28
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Grimes and colleagues17�29 and Schmidt-Mende and col-
leagues required substrate temperatures during Ti depo-
sition of ca. 500 �C in order to achieve TNAs using Ti
films deposited by magnetron sputtering. Kalantar-Zadeh
and colleagues showed that at lower substrate tempera-
tures, three dimensional grains were obtained during Ti
film deposition whose anodization resulted in irregular
nanopores instead of nanotubes. Higher substrate temper-
atures enabled the thermally activated growth of flatter
plate-like grains whose anodization resulted in nanotube
formation. The problem however with using high temper-
atures to generate Ti films suitable for transformation into
TiO2 nanotubes is that glass or FTO:glass cannot with-
stand temperature higher than 500 �C. Moreover, such tem-
peratures exceed the softening/melting point of even the
most resilient plastics such as polyimide thus rendering the
temperature-assisted Ti film deposition process incompat-
ible with flexible polymeric substrates.

The surface diffusion length is predicted by theory to be
given by:30

�= 1
2

√
a3�

r
exp

(−Eh

kTf

)
(1)

where ad is the average distance between adatoms (approx-
imated by the lattice constant of Ti that is equal to
0.2951 nm at 298 K),31 r is the deposition rate, � is the lat-
tice vibration frequency, Eh is the energy for self-diffusion,
k is the Boltzmann constant and Tf is the temperature
of the film. The energy barrier for hopping is typically
one fifth the activation energy required to escape from the
film.32 From the enthalpy of vaporization of Ti at room
temperature (7�097×10−19 J/atom), Eh is estimated to be
0.88 eV. The vibrational frequency (kTf/h� is taken to be
0�63×1013 s−1.

Equation (1) explains the observation in Figure 1 of
the strong effect of substrate heating on the morphology
of the Ti thin films as well as the resulting anodic TiO2

nanotube arrays. Assuming the energy imparted to the sub-
strate by sources other than direct heating to be negligible,
the grains in the growing Ti film are larger and flatter at
higher substrate temperatures due to correspondingly large
surface- and self-diffusion lengths. For the deposition rate
used (0.9 nm s−1�, Eq. (1) predicts an approximate grain
size of 0.03 nm for Ti deposition at room temperature
and 3.5 �m for Ti deposition at 700 �C. We see from
Figures 1(a and b) that Eq. (1) tends to underestimate the
grain size at lower temperatures and overestimate it at high
temperatures. There are three reasons for this. Firstly, stud-
ies of Ti deposition on W surfaces have shown that the
activation energy barrier for hopping on Ti surfaces has
been found to better fit the relation Eh = 0�1Eb,

33�34 where
Eb is the Ti work function (∼4.0 eV)—which results in a
lower activation barrier. Secondly, at temperatures above
150 K, isolated grains decay through thermal motion such

that only grains with a size larger than 3.3 nm are sta-
ble at room temperature.35 Thirdly, while the self-diffusion
activation barrier in the bulk of the grain is lower than
predicted by Eq. (1), the activation barrier for diffusion
along and across grain boundaries is much higher with
values in the range 1.11–1.21 eV.35 A consequence of the
aforementioned three factors is that at elevated substrate
temperatures, the increase in grain size of the precursor Ti
films is less than predicted from theory and therefore sub-
strate heating constitutes an inefficient way of improving
the quality of the final resulting anodic TiO2 nanotubes.

3.2. Effect of the Deposition Technique and
Chamber Pressure During Deposition

Surface diffusion and self-diffusion during film growth
are key parameters that control the morphology, crystallo-
graphic orientation and surface roughness of the final thin
films. These help to explain the differences in the mor-
phology of Ti films (Fig. 2) deposited by different vac-
uum deposition methods and under different conditions.
In Figures 2(a through f), sputtering Ti at room tempera-
ture is seen to generate films with a columnar microstruc-
ture. However, the grain size is clearly larger, while film
roughness and pinhole density are clearly smaller, in films
sputtered at a chamber pressure of 1 mTorr (rms rough-
ness measured by AFM to be in the range 3.5–6.5 nm)
compared to 20 mTorr. On the other hand, evaporated Ti
films were found to be intermediate in grain size between
the former two sputtered films. Upon anodization, the Ti
films sputtered at 20 mTorr did not result in TiO2 nano-
tubes as shown in Figure 2(c) but instead produced a disor-
dered randomly porous film. Ti films sputtered at 1 mTorr
and evaporated Ti films did yield nanotubes as seen in
Figures 1(f and i) respectively but with one key difference
in morphology; the evaporated films resulted in nanotubes
with highly ridged and much rougher walls as opposed to
the much smoother nanotube walls obtained from anodiza-
tion of the 1 mTorr sputtered films. Films deposited using
both DC sputtering and electron beam evaporation at room
temperature as well as at higher temperatures (tested up to
250 �C) were found to have good adhesion with a variety
of substrates (glass, FTO:glass, Si) at 1 mTorr, but not at
20 mTorr. At low pressures the films were so well-adhered
that when 2 �m-thick films were immersed in an elec-
trolyte, they did not delaminate even when deposited at
room temperature.
As we and others have shown in previous

reports,20�23�26�36 the formation or non-formation of nano-
tubes is highly dependent on the morphology and structure
of the Ti films. Electric fields during the anodization
process are concentrated at the film asperities. If the
height of the asperities and their spacing on the surface
are small (< 10 nm), the non-uniform electric fields can
produce a leveling of the asperities through the halogen
acid-mediated electropolishing process. However when
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Figure 2. Morphology of 500 nm-thick titanium films (before and after anodization) deposited at room temperature on glass and FTO-coated glass
substrates using DC sputtering with a deposition rate of ∼0.1 nm s−1 and using electron beam evaporation with a deposition rate of 0.17 nm s−1 (a–c) top
view, cross-section and cross-section upon anodization respectively of sputtered Ti films deposited at a chamber pressure of 20 mTorr (d–f) top view,
cross-section and cross-section upon anodization respectively of sputtered Ti films deposited at a chamber pressure of 1 mTorr and (g–i) morphology
of 500 nm of titanium deposited using electron beam evaporation (chamber pressure ∼10−6 torr) on (g) FTO (h) glass (i) after anodization.

the asperities are larger in height and spacing, the elec-
tropolishing action is insufficient in leveling the surface
due to which surface non-uniformities result in non-
uniform pitting and nanotube nucleation processes. Here,
we seek to understand the effect of the atomic peening
process on the morphology of the Ti films deposited on
different substrates and their relation to the anodic growth
of ordered TiO2 nanotube arrays. The goal here is to
establish a reproducible set of non-onerous conditions
(i.e., low substrate temperatures, reasonable throughput)
for the formation of ordered TiO2 nanotubes on the widest
set of non-native surfaces including flexible polymeric
substrates.
For evaporated Ti films, the energy of condensation

of Ti from the vapor phase to the solid phase is sup-
plied to the film without losses to the ambient (due to
the low chamber pressure of ∼10−6 torr during evapora-
tion), which in turn is available to atoms in the film for
surface diffusion and self-diffusion processes. This energy
influx Jc into the film due to condensation is given by the
relation37

Jc = qc�Rdep (2)

where qc is the heat of condensation, which for Ti is of the
order of 9�84×103 kJ kg−1 (Ec = 4.89 eV/atom), � is the
mass density of the film and Rdep is the deposition rate.
For an evaporation rate of 1 nm s−1, Jc is approximately

43.59 Jm−2s−1. Since the Ti evaporation target is at a much
higher temperature (TT� than the substrate (TS�, the sub-
strate and film also experience radiative heating given by37

Jr = 	
�T 4
T −T 4

S � (3)

where 	 is the emissivity of the target and 
 is the Stefan-
Boltzmann constant.
During thin film deposition by sputtering, the energy

imparted to the film/substrate is a function of the cham-
ber pressure, which is typically 3–4 orders of magnitude
higher than in a thermal evaporator in order to sustain
a plasma. In addition to the heat of condensation of the
deposited atoms, the kinetic energies of electrons, sput-
tered atoms and Argon atoms are additional sources of
energy influx to the substrate. The electron density and
electron temperatures (kTe� in the plasma for the con-
ditions used by us are approximately of the order of
1010 cm−3 and several eV respectively. However these val-
ues drop significantly in the region near the substrate,
which in our case is located 4 cm away from the target
due to which heating from electron is typically not a sig-
nificant source of energy to promote adatom mobility in
the growing thin film. For instance, the electron density
has been found to be 5–10% of the concentration in the
target region.
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The mean free path for a beam of atoms of atomic mass
number Ms, passing through a gas of atomic mass number
Mg is given by38

�= 1

0�25���ds+dg�
2P�/kT �

√
�1+ �Ms/Mg��

(4)

where ds and dg are the atomic diameters of the sputtered
atoms and the sputtering gas, P is the chamber pressure
and T is the gas temperature. At chamber pressures of
5 mTorr and higher, the kinetic energies of Argon ions
and sputtered atoms (Fig. 3) are greatly reduced due to
collisions with the Argon atoms constituting the cham-
ber ambient and the mean free path is reduced. At lower
chamber pressures, the kinetic energies of the Ti atoms
incident on the film can be significant. In addition, the
Ar+ ions moving at high velocities are reflected toward the
film/substrate after neutralization by the cathode. Sputtered
atoms undergo more thermalization during the transport
process through the plasma to the substrate unlike the neu-
tralized Ar atoms which have longer path lengths (Fig. 3)
and retain a significant fraction of their initial energy when
they reach the substrate.39 Due to this, the energies of
these reflected neutrals imparted to the film form the most
significant contributor to adatom mobility on the surface
and atomic peening refers to this phenomenon. The initial
energy of the reflected neutral Ar atom is given by the
expression.40

Er
i =

[
�MS−Mg�

2

�MS+Mg�
2

]
Vc (5)

where MS is atomic mass of Ti and Mg is the atomic mass
of the gas in the sputtering plasma, which in our case
is Ar. Vc stands for the cathode voltage. In this formula,
the kinetic energy of reflected neutrals is higher when the
atomic mass of the sputtered element is small compared
to that of the gas constituting the plasma. In our case, the
MS−Mg difference is ca. 7.9. The yield can be estimated
from following formula41

Yi = 0�42
�∗QKsn�	�

Us�1+0�35Usse�	��

[
1−

(
Eth

E

)1/2]2�8

(6)

Figure 3. Mean free path of (a) argon atoms and (b) Ti atoms in sputtering system for three different chamber pressures calculated using Eq. (4).

Where ‘i’ is an index used to denote the particular ener-
getic species (Ti or Ar). Us is the sublimation energy of
titanium. Q and �∗ are empirical parameters that are mate-
rial dependent. Eth and E stand for the threshold energy
of the process and the reduced energy respectively; se�	�
and sn�	� are Lindhard’s inelastic and elastic reduced stop-
ping cross sections.42 K is a conversion factor that can be
calculated from following formula

K = 8�478
Z1Z2

�Z
2/3
1 +Z

2/3
2 �1/2

M1

M1+M2

(7)

Here, M1 and M2 are mass numbers while Z1 and Z2 are
the atomic numbers of argon and titanium atoms respec-
tively. The ratio of the energy of the reflected neutral at the
deposition substrate (sample) �Er

f � to its initial energy �E
r
i �

is given by38

Ef

Ei

= exp�−�W� (8)

where

W =1−
{
�1−M�2

2M

}
ln
{
�1+M�

�1−M�

}
for M<1�M=Mg

Ms

W =1−
{
�M−1�2

2M

}
ln
{
�1+M�

�M−1�

}
for M>1

Here, T is the absolute temperature of the gas molecules
and kB is Boltzmann’s constant. Ef and Ei are the final ini-
tial energy of sputtered atoms, energy when leaving target
and energy after collision respectively. If d is the distance
between target and sample holder, then � is number of col-
lisions estimated to be d/�r. Since it is generally agreed
that the major part of the energy imparted to the substrate
through atomic peening derives from the reflected neutrals,
we used Eqs. (4) through (8), and calculated the relevant
parameters for the sputtering process. These parameters
are displayed in Table I below.
Films deposited using both DC sputtering and elec-

tron beam evaporation at room temperature as well
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Table I. Calculated yields, mean-free paths and kinetic energies of
reflected neutrals.

Chamber
pressure (mTorr) Yr �Er

i � (eV) �r (m) �Er
f � (eV)

1 0�339 3�38 0�343 1.33
7 0�294 2�85 0�053 0.007
20 0�247 2�35 0�025 8�13×10−6

as at 250 �C were found to have good adhesion at
1 mTorr, but not at 20 mTorr. At low pressures the
films were so well-adhered that when immersed in
an electrolyte they did not delaminate, even at room
temperature.

3.3. Effect of Deposition Rate on the Surface
Morphology of Ti Films Before Anodization

Equation (9) for the adatom hopping rate (based on the
kinetic model) shows a strong relationship between
the hopping rate (Kh�, the substrate temperature (Ts� and
the potential energy barrier to diffusion (Ea)

43

Kh = �0se
�−Ea/kTs� (9)

where �0s is the attempt frequency and k is the Boltzmann
constant. From Eq. (9), we see that at high tempera-
tures, adatoms and adparticles species have high mobility.
The time required for the growth of one atomic layer is
given by25

�m = a

Rdep

(10)

where a is the average distance between adatoms (approxi-
mated by the lattice constant of Ti that is equal to 0.295 nm
for a temperature of 25 �C31� and Rdep is the sputter-
ing rate. When the sputtering rate is 0.23 nm s−1 and
0.12 nm s−1, the corresponding growth of one atomic layer
requires 1.28 s and 2.46 s respectively. Each adatom needs
�h seconds to diffuse where �h is the inverse of the hop-
ping frequency Kh. Only if �h is smaller than �m will the
adatoms get a chance to diffuse, otherwise they will be
buried under the newly arriving adatoms and the probabil-
ity of diffusion will be decreased.25

Ti films sputtered onto silicon at 7 mTorr at 0.23 nm s−1

displayed a 3D-hillock, which was absent in the smoother
Ti films obtained by sputtering using a lower deposition
rate of 0.12 nm s−1 (Fig. 4). The cartoons in the foreground
of Figures 5(a and b) illustrate how when a high sputter-
ing rate is used, Ti atoms on the surface will be buried
under the newly deposited adatoms before they have had a
chance to diffuse on the surface thus limiting the hopping
rate. This dependence of the film roughness on the depo-
sition rate is captured in Eq. (1) as well, where a higher
deposition rate results in a lower surface diffusion length,
all other parameters being equal.

Figure 4. Ti thin films deposited on silicon at a chamber pressure of
7 mTorr using a deposition rate of (a) 0.23 nm s−1 and (b) 0.12 nm s−1.

3.4. Morphology of TiO2 Nanotubes Grown at
Elevated Temperature from Non-Atomically
Peened Ti Thin Films

As shown previously in Figures 1(c) and 2(c), Ti thin films
sputter-deposited at room temperature using chamber pres-
sures of 7 mTorr or higher on substrates such as glass,
FTO:glass and quartz, do not benefit from the atomic peen-
ing mechanism and are consequently extremely rough with
three-dimensional grains of size< 50 nm. When such films
are anodized, no discernible ordered nanotube structure is
evident; instead a collection of disordered nanopores are
seen in both the top-view (Fig. 1(c)) and cross-sectional
(Fig. 2(c)) scanning electron micrographs. On the other
hand, when Ti is sputter-deposited on to glass substrates
heated to temperatures of 150–250 �C while maintaining
the chamber pressure at 7 mTorr (Fig. 5(a)), nanotubular
structures with a limited amount of order are obtained after
electrochemical anodization of the Ti films (Fig. 5(b)).
However, when Ti films were deposited on FTO:glass sub-
strates under identical conditions (Fig. 5(c)) and anodized,
the resulting structures had poorer order as shown in
Figure 5(d). We attribute these variations to differences
in surface roughness which in turn influence the tendency
to form rough Ti films with three-dimensional protruding
grains since microscope slide-type glass substrates used by
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Figure 5. (a, c) FESEM to-view images of 500 nm-thick Ti films sputter-deposited at 7 mTorr at a rate of 0.12 nm s−1 on glass and FTO:glass
substrates respectively; (b) profile view SEM image of titania nanotubes that resulted from anodization of the Ti film on a glass substrate, shown in
part (a); (c) cross-sectional image of the structure resulting from the anodization of the Ti film on FTO:glass shown in part (b) with the inset showing
the top-view.

us were smoother with a root mean squared (rms) rough-
ness of 3.4 nm, than FTO:glass substrates (rms roughness
of 10.5 nm).

3.5. Morphology of TiO2 Nanotubes Grown from
Atomically Peened Thick Ti Films at
Room Temperature

It is easier to obtain TiO2 nanotubes through the anodiza-
tion of Ti films of thickness 250–500 nm. As the films
get thicker, the surface roughness and overall film non-
uniformities increase making it more difficult to obtain
an order nanotubular array morphology subsequent to
anodization. However, due to the beneficial effect of the
atomic peening mechanism, not only are 2 �m-thick Ti
films deposited at a chamber pressure of 1 mTorr com-
pletely converted into ordered titania nanotube arrays
(Fig. 6), but the entire deposition process can be per-
formed at room temperature without any recourse to sub-
strate heating or additional ion bombardment.

3.6. How Important is Crystallographic Orientation?
Crawford and Chawla,44 and Leonardi et al.45 used EBSD
studies to elegantly demonstrate the importance of the
crystallographic orientation of individual grains in deter-
mining the growth of TiO2 nanotubes. Specifically, it
was shown that the formation of titania nanotubes by

anodization was retarded on the basal (001) planes in
comparison to (010), (110) and (111) planes.44�45 How-
ever, to provide some context, the aforementioned studies
used Ti foils with large, flat grains of size 10 �m–
100 �m and exclusively employed aqueous electrolytes
for anodization. Whether or not crystallographic orien-
tation plays a similarly outsized role in the anodization
of vacuum deposited Ti thin films where the grain sizes
are in the range 50 nm–300 nm (such as those stud-
ied in this report), remains an open question. We have
observed a much stronger effect of the Ti film rough-
ness on the morphology of the resulting TiO2 nanotubes,
which may be reconciled with the crystallographic depen-
dence of nanotube formation as follows: when the grains
are not flat but are instead three-dimensional and pro-
trude out of the substrate, such as in Figure 1(a), different
crystal planes are simultaneously accessible to the ions
responsible for field-assisted oxidation, field-assisted etch-
ing and chemical dissolution, and hence a single crystal
plane cannot inhibit pore formation. Thus in Figure 7, we
see that the dominant crystallographic orientation in Ti
thin films deposited on glass and Si substrates are dif-
ferent (glass being less optimal due to basal plane tex-
ture), and yet nanotubes are formed upon anodization in
both cases.23 We showed in this report that ordered nano-
tube formation is determined more by the chamber pres-
sure during sputtering (i.e., the presence or absence of
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Figure 6. (a–c) Cross-sectional FESEM images of 2 �m-thick Ti films
deposited on to FTO; glass, Kapton�R� (polyimide) and Si wafer substrates
respectively at a deposition rate of 0.12 nm s−1; (d) magnified top-views
of the 2 �m-thick Ti films deposited on Si, Kapton�R� (polyimide) and
FTO:glass substrates respectively; (e, f) ordered TiO2 nanotube arrays on
FTO:glass and Si wafer respectively resulting from anodization of the
films shown in parts (a), (c) and (d).

the atomic peening mechanism) with the substrate being a
secondary factor. Furthermore, Ti thin films were anodized
by us in EG-based organic electrolytes, which unlike aque-
ous electrolytes, typically result in nanotubes arranged in

Figure 7. Effect of substrate on the crystallographic texture of sputtered
Ti films under identical conditions. Powder mode X-ray diffractograms
of Ti thin films deposited on to glass and silicon substrates using DC
magnetron sputtering at two different chamber pressures (1 mTorr and
20 mTorr). Reprinted with permission from [23], S. Farsinezhad, et al.,
Phys. Status Solidi A 211, 113 (2014). © 2014, John Wiley & Sons.

honeycomb-like triangular lattices. It is therefore unclear at
the present moment whether the significant retardation of
nanotube growth observed on basal planes on large-grained
Ti foils in aqueous anodization electrolytes extends to
small-grained vacuum deposited Ti thin films anodized in
organic electrolytes.

4. CONCLUSION
The anodic growth dynamics of TiO2 nanotubes on native
and non-native substrates are fundamentally different in
terms of one measure, namely the grain size of the precur-
sor Ti substrate used for electrochemical anodization. Hot
rolled Ti foils have large flat grains 10–100 �m in size
while vacuum deposited Ti thin films have grain sizes that
are orders of magnitude smaller and multiple orientations,
some of which are not orthogonal to the substrate. We
showed that even when quartz substrates are maintained
at a temperature of 700 �C during the sputter deposition
of Ti, the grain size is merely a few hundred nanome-
ters, pointing both to the relative inefficiency in using
substrate heating in increasing the grain size and the fun-
damental difference between anodization of Ti foils and of
vacuum deposited Ti films. Ti thin films sputter-deposited
at room temperature at chamber pressures of 7 mTorr
or higher resulted in disordered and irregular nanoporous
structures instead of nanotube arrays when anodized in
fluoride-containing ethylene glycol-based organic elec-
trolytes. Atomic peening enabled large-grained Ti films
with low surface roughness to be obtained even for film
thickness as high as 2 �m when sputtering was performed
at lower chamber pressures (∼1 mTorr) at room tem-
perature, and resulted in highly ordered nanotube arrays
with smooth sidewalls when anodized. Evaporated Ti films
formed nanotube arrays with rough, highly ridged, side-
walls. By varying the conditions of thin film growth over
a large range of parameters, and correlating the structure
and morphology of the thin films obtained to the nano-
structures that resulted upon anodization, we obtain the
insight that the formation of ordered nanotube arrays as
opposed to disordered and irregular nanoporous structures,
depends critically on the pore nucleation processes, which
in turn depend on the surface roughness and grain structure
of the precursor Ti films.
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