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ABSTRACT: Titania nanostructures are of increasing interest
for a variety of applications, including photovoltaics, water
splitting, and chemical sensing. Because of the photocatalytical
properties of TiO,, chemical processes that occur at its surface
can be exploited for highly efficient nanodevices. A facile and
fast synthesis route has been explored that is free of catalysts or
templates. An environmental scanning electron microscopy
(ESEM) system was employed to grow titania nanowires
(NWs) in a water vapor atmosphere (~1 mbar) and to
monitor the growth in situ. In addition, the growth process was
also demonstrated using a simple vacuum chamber. In both processes, a titanium filament was heated via the Joule effect and
NWs were found to grow on its surface, as a result of thermal oxidation processes. A variety of nanostructures were observed
across the filament, with morphologies changing with the wire temperature from the center to the end points. The longest NWs
were obtained for temperatures between ~730 °C and 810 °C. Typically, they have an approximate thickness of ~300 nm and
lengths of up to a few micrometers. Cross sections prepared by focused-ion-beam milling revealed the presence of a porous layer
beneath the NW clusters. This indicates that the growth of NWs is driven by oxidation-induced stresses in the subsurface region
of the Ti filament and by enhanced diffusion along grain boundaries. To demonstrate the potential of titania NWs grown via the
hot filament method, single NW devices were fabricated and used for conductometric sensing of hydrogen sulfide (H,S) gas. The
NW electric resistance was found to decrease in the presence of H,S. Its variation can be explained in terms of the surface
depletion model.
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Bl INTRODUCTION hydrogen sulfide (H,S). It is this challenge that we address in

Chemical and biological sensors have profound influence in the
areas of detection of environmental toxins, medical diagnosis,
and public security. Many of these applications are space-critical
and the availability of miniaturized and inexpensive sensors
would open up new avenues for the widespread use of such
sensors. A new promising approach arises with the recent
availability of quasi one-dimensional (1D) nanostructures,
nanowires (NWs). Because of their very high surface-to-volume
ratio, a major fraction of their atoms are exposed to the
molecules of the surrounding medium, and changes in the
surface coverage or chemistry are likely to cause significant
changes in the physical properties of the nanostructure. To fully
realize this potential, each of the many steps involved in
creating such a sensor must be brought together in a coherent
program that includes NW synthesis, device fabrication, system
integration, and an interface to control and monitor device
parameters with the ability to sense a critical gas such as
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the work reported within this article, based on the use of single
TiO, NW sensors synthesized using a facile process.

H,S is a toxic gas that causes olfactory paralysis." Because of
this property and the occurrence of H,S in hydrocarbon
reserves and some industrial processes, occupational safety
requirements generate a need for highly sensitive, reliable, and
low-cost H,S gas sensors.' > Currently, the workplace exposure
limits defined by the Health and Safety Executive (HSE) of the
United Kingdom are 10 ppm for a time-weighted average
(TWA) over 15 min and 5 ppm for TWA over 8 h.* In the
United States, it has been proposed to revise the limit down to
1 ppm. In addition, a further need for H,S sensing at low
concentrations may arise from a trend to analyze exhaled breath
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for the purpose of diagnostics. In particular, the breath of
patients sufferlng from halitosis is known to contain H,S in
trace amounts.” There is therefore an existing and growing
need for new higher sensitivity and low-cost H,S sensors where
the use of NWs may provide a solution.

Of the wide range of metal oxide NWs of potential interest,
titanium dioxide (TiO,) is a versatile material that has been
investigated extensively, because of its unique optoelectronic
and photochemical properties. These include a high refractive
index, a high dielectric constant, and excellent optical
transmittance in the visible and near-infrared regions, as well
as its high performance as a photocatalyst for water sphttmg
and for the degradation of organics.* ' With a band gap of
~3.0-3.3 eV, TiO, is photocatalytically active only under
ultraviolet light (4 < 400 nm) irradiation. Furthermore, titania
(Ti, O) NWs, nanorods, or nanobelts have been utilized for
chemlcal sensing applications in a few studies.'"'* In particular,
TiO, has been shown to respond to several gases, similar to
other metal oxide semiconductors, such as SnO, or ZnO.
Although less common than sensing of ethanol or carbon
monoxide, the detection of H,S gas using TiO, surfaces has
been demonstrated. Chaudhari et al.” used doped TiO, thick
films to detect H,S at concentrations of 200—1000 ppm, with
the highest sensitivities observed at operating temperatures
within the range of 250—350 °C.

Several synthetic methods for the preparation of nanoscale
titania have been reported,13 including sol—gel reactions,™*
template methods,'> reactions in reverse micelles,'® and
microwave irradiation.'’ Various morphologies and shapes
such as NWs, nanorods, nanotubes, and nanospheres have been
observed.'® Similarly to ZnO structures,’” ™! titania NWs can
also be grown via wet chemical techniques.”” Although such a
variety of synthetic methods have been successfully employed,
there is a need for simpler methods that allow for integration
with microelectronic or microelectromechanical systems
(MEMS). In the case of tungsten oxide NWs, several studies
have demonstrated a simple approach that requires onl
heated tungsten substrate and an oxidizing atmos ghere
contrast to the vapor—liquid—solid method,” no catalyst
particles are needed, the deposition of which increases the
complexity of the process and their presence can impair the
homogenelty of the resulting nanostructure.

Cox et al*® demonstrated the growth of tungsten oxide
(WxOy) nanostructures by driving an electrical current through
a tungsten filament mounted inside the chamber of an
environmental scanning electron microscopy (ESEM) system.
Depending on the local temperature of the filament, heated by
the Joule effect, they found a variety of structures, ranging from
thick oxide clusters, to NWs, to platelets. From these findings, it
was inferred that the gradient in temperature along the filament
affects the NW growth. Similarly, Liu et al.** heated a tungsten
filament in a vacuum chamber with some air leakage. They
grew both undoped and doped tungsten oxide NWs and
suggested a vapor—solid growth mechanism. An overview of
the published studies where tungsten oxide NWs were grown
on top of a tungsten substrate has been provided by Kojima et
al”” They suggested a solid-phase growth mechanism that
involved an amorphous oxide layer on the tungsten surface and
migration of tungsten oxide molecules into NW nuclei at
irregular points on the tungsten surface.

Relating to the preparation of TiO, nanostructures, Liu et

al*® demonstrated growth of titania NWs under humid
conditions in a gas mixture of argon and molecular oxygen
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(0,). They employed a quartz tube furnace to heat a titanium
substrate to a temperature of ~850 °C.

In this article, we report on the growth of titania NWs using
the hot filament method and their application toward gas
sensing. This growth technique is demonstrated both in situ
inside the chamber of an ESEM system, and separately in a
simple small vacuum chamber into which water vapor is
introduced. The use of the ESEM system, although not a
necessity, allows for time-resolved imaging of the growing
nanostructures. Furthermore, the actual growth process is rapid,
typically taking ~5 min to complete. Following the titania NW
growth, employing clean-room techniques and electron beam
lithography (EBL), titania NW devices were prepared and
tested toward H,S gas sensing.

B EXPERIMENTAL METHODS

(a). Growth of the Titania NWs. Titania nanostructures were
synthesized via two methods, using as-received titanium metal wire
(Goodfellow, UK, 99.6% purity, 250 ym diameter). In the first
method, the titanium metal filament is clamped between two brass
posts (electrically isolated from the substrate holder) and placed on
the stage of an ESEM chamber. The mutual distance of the two brass
posts was adjusted to ~1.5 cm, and they were connected to an external
low-voltage, high-current, DC power supply. The ESEM chamber (FEI
Quanta 200F) was operated in low vacuum mode with a controlled
partial atmosphere of water vapor set to a pressure of ~1 mbar. A
potential difference was then applied across the wire until the current
reached ~2 A. The filament emitted IR light, which was observed on
the infrared-sensitive camera (chamber-scope) of the instrument, thus
clearly indicating the increased temperature of the filament. Following
a short period of ~2—3 min under these conditions, the growth of the
nanostructures was observed in real time in the scanning electron
microscopy (SEM) system. After removing the substrate holder from
the SEM chamber, the titanium filament containing titania
nanostructures was suspended in ethanol solution and sonicated to
separate nanostructures from the metal filament surface. Subsequently,
the titania nanosuspension was used for the fabrication of devices.

In the second method, the titanium filament was again clamped
between two brass posts inside a simple vacuum chamber with optical
access via a window. The filament was prepared using a procedure that
was identical to that used for the ESEM growths and connected by
electrical feed-throughs to the current generator. The chamber was
then evacuated for ~7 min prior to bleeding in either dry N, (obtained
from liquid N, boiloff) or wet N, (obtained by bubbling dry N,
through a water column) to obtain a steady base pressure of 5 + 1
mbar. The current was raised to ~2 A at a ramping rate of ~1 A/min
to achieve NW growth. Spectroscopy of the filament during heating
was performed by placing an optical fiber bundle near the chamber
window centered over the filament, with an optical chopper between
window and fiber. Light from the fiber dispersed in a spectrometer
(Bentham TmC300) prior to detection using a Si or InGaAs detector
(Newport 818-SL and 818-IG, respectively) using lock-in amplification
(Signal Recovery 7265). Optical filters were used to prevent second-
order diffraction of light. The emission spectrum was taken over a
heating period of ~20 min.

A focused-ion beam (FIB) was used to investigate the interface
between the grown NWs and the underlying titanium substrate
filament. The instrument used was a FEI Nova Nanolab 600 dual-
beam FIB. An individual titanium filament was located on a specimen
stub and oriented so that the titania NWs were parallel to the ion
beam. Using a beam current of 1 nA, a cross section was cut through
the center of a NW cluster that extended 2 ym beneath the surface of
the filament and was typically 5—8 pm wide.

In addition to the cross sections, thin foil samples were prepared for
analysis with the FIB for both 30 kV scanning transmission electron
microscopy (STEM) with the electron column in the FIB system and
also 200 kV STEM in a Hitachi HD2300A microscope. Raman
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spectroscopy was carried using a Renishaw MicroRaman microscope
using an excitation wavelength of 514 nm.

For numerical calculation of the temperature profile along the
filament the software package Comsol Multiphysics (version 3.3, by
Comsol) was employed. A two-dimensional (2D) model was built,
putting a 1.3-cm titanium filament between two brass posts measuring
0.5 cm X 2.0 cm. A heating power of 2.0 W was applied in the model.
The run time was 120 s to allow for the temperature to equalize. The
heat-transfer coefficient value needed was tuned in a way that the
hottest temperature was in agreement with the temperature measured
using spectroscopy (see Figure S1 in the Supporting Information).

(b). Fabrication of NW Devices. Substrates (p-type Si/SiO,, with
an oxide thickness of 250 nm) were cleaned with acetone, isopropanol,
and deionized water prior to being coated with a photoresist primer
(Rohm and Haas) to improve the adhesion of photoresists. The
substrate was then spin-coated with a bilayer photoresist, where a
PMGI-SF6 (Microchem) layer was first deposited (spin-coated at
3500 rpm for 10 s) and then baked (at 90 °C for 10 min). This was
followed by S1805 (Rohm and Haas) as a top layer (spin-coated at
3500 rpm for 10 s and baked at 85 °C for 5 min). Exposure was carried
out in “proximity mode” using an ultraviolet (UV) lamp with an
energy density of 40 mJ cm™ (initial reading of the UV lamp was
recorded). After the exposure step, the substrate was immersed in
MF319 developer solution (Rohm and Haas) for 10 s and then
washed with deionized water.

The layout of the mask used is shown in Figure S2(a) in the
Supporting Information. It is comprised of 17 sets of quadruple
electrodes that were used to connect NWs in two-point or four-point
configuration. The electrodes Ti/Au (6 nm/100 nm thickness) were
deposited onto the substrate by DC magnetron sputtering (MPS500
by JLS Designs). Since titanium has good adhesion on silicon oxide, a
thin titanium layer was deposited first and subsequently gold. The
following conditions were observed: argon gas flow, 25 sccm; pressure,
S mTorr; current, 0.12 A; voltage, S00 V; and set power, 1 kW. The
sputtering time was ~3 min in the case of titanium and ~12 min in the
case of gold. The layer thickness was ~6 nm and ~100 nm,
respectively.

The terminal contact pads along the edges of the electrode pattern
allow for mechanical contact with pins attached to the printed circuit
board (PCB) of the NW probe station (see below).

The NWs were then drop-cast from a dilute suspension onto the
substrate and allowed to dry. After the deposition of NWs, the
connections between their ends and the electrodes were made using
EBL. The substrate was examined in the SEM system in the vicinity of
the device electrodes and, when a suitable NW was found in the
correct location, an image was captured and subsequently used as the
basis of the EBL pattern. Typically, ~30%—50% of the electrode sets
on the chip will have a suitable single NW that can be connected.
Following imaging, PMMA (A7 by Microchem) was spun onto the
substrate and baked on a hot plate for 90 s at 160 °C. The sample is
then transferred to the EBL instrument and repositioned to ensure
that the devices are at the correct locations. Great care was taken to
not expose the device region, except for the required pattern.
Following exposure, the solvent methyl isobutyl ketone (MIBK, type
Chromosol for HPLC, >99.5%) was used to remove the exposed
regions and a S-nm Ti film was sputtered as an adhesion layer,
followed by 70 nm of gold. The remaining resist was then lifted off by
soaking in acetone, leaving behind the connected NWs. Any NWs not
connected at this stage tend to be washed off in this process.

(c). Design of the NW Probe Station. A printed circuit board
(PCB) measuring ~145 mm X 100 mm has been fabricated that
contains eight electrical circuits for the readout of NW resistance. One
such circuit is shown in Figure $2(c) in the Supporting Information. It
represents a constant low-current source, defined by range-setting
precision resistors that can be selected by a surface mount switch. It is
an extended version of the circuit layout presented in the Supporting
Information of ref 31. The current passed through the NW device is
connected across the test points. The NW resistance is denoted as R..
The voltage across the NW ensemble is buffered by an operational
amplifier of high input impedance and can be measured by a digital
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voltmeter or an analog-to-digital converter (ADC). The voltage V;, can
be applied by a voltage calibrator or a digital-to-analog converter
(DAC) and can be varied within a range of +5 V. Both ADC and DAC
are available on a multifunction data acquisition card (type PCle-
7841R, National Instruments) in a personal computer (PC). Via a
purpose-made user interface under LabView (version 9.0.1, by
National Instruments), the eight circuits of the PCB can be addressed,
the drive voltages set or ramped, and the measured output voltages
recorded.

The PCB (Figure S2(b) in the Supporting Information) of the NW
probe station is designed such that up to eight constant-current
sources and voltage buffers can be made available to two carrier chips
that can be probed using low-cost gold-plated fingers arranged in a 10
X 10 quad arrangement. In this way, time-consuming wire bonding can
be avoided.

A heater block and a thermocouple are integrated into the platform
for the carrier chip and driven by a separate analog control module.
The temperature of the carrier chip can be varied from room
temperature to ~160 °C.

(d). Gas-Sensing Measurements. A dedicated test chamber
exposure facility, fabricated in glass, was used to carry out the gas
sensing measurements. A schematic drawing of the facility is given in
Figure S3 in the Supporting Information. The design of the facility
enabled trace gases to be introduced and be maintained at known
concentrations over extended periods of time, under a variety of
controlled environmental conditions. The glass facility, which had a
volume of ~27 L, was housed in a compact environmental chamber
(Sanyo) that could provide temperature control up to ~50 °C, and a
water vapor generator was also fitted that could deliver and control the
required relative humidity up to, nominally, 80% relative humidity
(RH) at 20 °C. A fan at the bottom panel of the glass chamber
controlled the air speed and assisted in the circulation and mixing of
gases if required.

Appropriate bottled gases were delivered to the facility using a mass
flow controller (MKS Instruments), which was set to a flow rate of 4.9
L min™" and calibrated using a flow meter (DryCal ML80O series,
BIOS International Corporation). For the gas-sensing measurements
the exposure facility was employed under “dry” conditions using high-
purity nitrogen (metrology grade, BOC) to remove ambient water
vapor. Commercial (BOC) and NPL National Standard gas mixtures
of H,S/N, were then introduced at a concentration of 80 ppm (+2%)
without further dilution.

The PCB with the mounted carrier chip was put on a horizontal
platform situated ~20 cm above the bottom panel of the glass test
chamber. To measure the sensing and recovery characteristics of the
NW sensors, the gas supply was switched in an alternating manner
from N, to H,S/N, and back. Typically, a sequence consisted of an
initial N, exposure (further referenced below as N,#0) for ~40 min
and 2 or 3 cycles of H,S/N, and subsequent N, exposures (below
referred to as H,S#i and N,#i, with i = 1, 2, or 3, respectively). The
exposure times were in the range of 45—60 min. The NW device was
operated in the linear regime of its I-V curve. The set constant current
supplied to the device was —175 nA, corresponding to an input voltage
(Vi) of approximately —1.75 V.

B RESULTS AND DISCUSSION

Characterization of the Growth Process and the
Resulting Titania Nanostructures. Through the Joule
heating process described above, titania NWs were synthesized
with a thickness in the range 100—500 nm and a length up to
several micrometers (Figure 1). The NWs grew on top of the
hot metal filament and tend to show a tapered shape with the
thicker end of ~300—500 nm near the filament. Typically, they
taper off toward the outer end, where they measure ~100 nm
or less. Further variations in the measured thickness also result
from the beltlike shape of the NWs.

The size and shape of the titania nanostructures are
dependent on their position along the titanium filament,
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Figure 1. SEM micrographs of titania nanostructures grown on top of
a Ti filament. The length of the scale bar is 5.0 y#m in panel (a) and 2.0
pum in panels (b)—(d). The micrographs were taken at different
positions on the filament long axis, as indicated in the schematic at the
bottom of the figure. It shows the filament clamped between two brass
posts and the related temperature distribution. The hottest region is in
the middle of the filament.

since the local temperature is a function of the distance from
the electrodes. As the filament was ohmically heated and
connected to relatively large heat-sinking posts, a temperature
gradient was established along the filament with the central
region being the hottest and regions near the posts being the
coolest. By 2D thermal modeling with input from optical
spectroscopy to measure the thermal radiation emitted (see
Figure S1 in the Supporting Information), the temperature of
the central region of the filament was estimated to be ~1150 K
(Figure 1).

The obtained nanostructures are comprised of NWs and
nanobelts that change in morphology from the hottest region of
the filament to the coolest region, where only a rough oxide
film was observed. The NWs useful for this study are observed
to grow over most of the central half of the filament (Figures 1b
and 1c). The SEM images given in Figures la and 1d, taken at
some distance from the filament end, show a low density of
short NWs or nanorods that grow on top of a rough filament
surface.

Notably, the growth process only takes a few minutes. The
entire process, including mounting and connecting the sample,
evacuating the chamber, and heating the filament, requires a
total of ~20 min.

It should be mentioned that the in situ configuration allows
for SEM imaging while the NWs are growing. Typically, the
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electron beam is left on and the central region of the filament
imaged to observe growth in real time. However, the electron
beam is found to have no effect on the growth process as
determined via control experiments with the electron beam
turned off for the duration of the growth. Furthermore, growth
of NWs using the second method in a simple vacuum chamber,
as described above, produced similar growth when wet N, was
used. In the case of using dry N, in this latter growth method,
no NWs or formation of an oxide layer on the titanium filament
was observed following heating. These observations show that
the NW growth originates from the interactions of water vapor
with the heated titanium filament.

High-resolution transmission electron microscopy
(HRTEM) images of NWs grown by the hot filament method
show that they are single crystalline (Figure 2a). The (110)
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Figure 2. (a) HRTEM image of a single NW (inset shows a fast
Fourier transform (FFT) of the image). The TEM image shows (110)
lattice planes perpendicular to the long axis of the NW. Their
interplanar distance is 3.25 + 0.05 A; also visible are the (100) lattice
plane fringes, at 4.59 + 0.08 A, suggesting a rutile structure. To
increase the visibility of the fringes, a bandpass filter has been applied.
(b) Raman spectrum of titania nanowires with peaks at 141, 236, 440,
and 605 cm™}, also suggesting a rutile structure.

lattice planes are clearly observed with their interplanar distance
measured to be ~3.25 A, accompanied by the presence of
(100) lattice plane fringes measured to be 4.59 + 0.08 A apart
(inset Figure 2a), thus it can be concluded that the TiO, crystal
structure is rutile (in contrast, the interplanar distance of TiO,
anatase is ~3.51 A). Electron energy loss spectroscopy (EELS)
data (not shown) confirmed that the NWs consist of TiO,. To
further confirm the rutile nature of the TiO, NWs, Raman
spectroscopy was performed on as-grown samples (Figure 2b).
Raman peaks consistent with a rutile structure are observed at
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141, 236, 440, and 605 cm™
reports.>>>*

To quantify the variation in the NW dimensions with their
position on the filament long axis, NWs were imaged and their
dimensions measured at six different locations. In this case, the
growth conditions were 0.9 mbar and 2.0 A. Areas around five
equidistant points outward from the filament center to the
region where no NWs occurred were analyzed, plus one area on
the opposite side of the filament center (—3 mm). At each
location, ~100 NWs were analyzed (ranging from 66 to 139, as
shown in Table 1). The resulting average NW lengths and

in agreement with other

Table 1. Variation in Average Nanowire (NW) Length,
Relative to Distance from the Filament Center

average
distance from NwW standard number of  calculated
filament center length deviation of NW NWs temperature
[mm] m] length [pm] analyzed °C]
-3.0 34 1.7 111 734
0.0 0.88 0.49 124 877
1.0 7.9 S.1 66 860
2.0 10.5 3.8 106 814
2.5 4.0 3.3 90 780
3.0 2.8 2.6 139 734
3.5 1.68 0.59 93 676

related standard deviations are also listed in Table 1.
Histograms of the NW lengths measured at each location are
provided in Figure S4 in the Supporting Information, in which
Gaussian fits are also included, from which the data in Table 1
resulted.

As can be seen from Table 1, the shortest NWs were found
in the center of the filament and the longest NWs occurred at a
distance of ~1—2 mm from this point, suggesting that, at the
given pressure, this region represented the preferable temper-
ature range for NW growth. Furthermore, the standard
deviation values indicate that, ~2 mm from the center, the
NWs were the most uniform in length, since the ratio of
standard deviation and average length is lowest at these points.
Considering that the average NW lengths at —3 and +3 mm
from the center are similar (Table 1), it can be concluded that
the growth conditions at both positions were identical and that
the temperature profile along the filament was symmetrical.

Assuming a heating power of 2.0 W and a run time of 120 s
to allow for stationary conditions, numerical calculation of the
temperature profile across the filament delivered a maximum
temperature of ~877 °C (1150 K). From spectroscopic
measurements (Figure S1 in the Supporting Information), it
was estimated that the heat-transfer coefficient for convective
heat loss is ~310.5 W m™ K™".

A large part of the calculated temperature profile was above
~727 °C (1000 K), with the end parts of the filament
decreasing in temperature due to the heat sink effect of the two
brass posts (Figure 1). The calculated temperatures at the
locations where NWs were imaged and analyzed are provided
in Table 1. A plot of the average NW length versus the
calculated local temperature is shown in Figure 3. Bearing in
mind the error margin, it can be inferred that the longest NWs
grow at temperatures in the range between ~734 °C (1007 K)
and ~814 °C (1087 K). In this range, the average NW length is
>4 pum. However, for higher temperatures, up to ~860 °C
(1133 K), long NWs also were found, with a wider length
distribution. Since the model is symmetrical about the filament
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Figure 3. Plot of the average NW length versus the calculated filament
temperature.

center, it suggests that the locations at +3.0 and —3.0 mm have
the same temperatures, in agreement with the similar values of
the average NW length measured.

A likely reason for the occurrence of comparatively short
NWs in the central and hottest region is a high rate of
oxidation, which may interfere with the growth process.

Variation of the chamber pressure for a given electric current
affects the temperature gradient along the filament. Growth was
undertaken at 0.1, 0.3, 0.6, and 0.9 mbar, with an electric
current of 2.0 A and a growth time of up to 12 min. Visual
inspection of the filament following each experiment in the
SEM system revealed that no NWs had grown at a pressure of
0.1 mbar; instead, a uniform film was observed. The greatest
yield was found for pressures in the range of 0.6—0.9 mbar. The
clusters with the highest density of NWs from a single
nucleation point were found for chamber pressures of 0.6 and
0.8 mbar. Also, the largest overall coverage of the filament with
NWs was observed for 0.6 mbar.

It should be noted that the yield was also dependent on the
magnitude of the electrical current. A lower surface coverage
with NWs was observed for currents of 1.5 and 2.5 A. Hence, a
chamber pressure of 0.6 mbar and a filament current of 2.0 A
were noted as the preferred growth condition.

To develop a better understanding of the growth mechanism,
sections were milled into the base of NW clusters. The milling
was achieved using the gallium ion beam available with the
SEM~—FIB system. The NWs under investigation were grown at
0.6 mbar and 2.0 A. By milling inward, toward the root of the
clusters, the subsurface morphology was revealed. SEM
micrographs of two resulting cross sections are given in Figure
4. In the case of the section shown in Figure 4b, a thin layer of
platinum was deposited on the cluster surface to hold the NWs
in place.

As shown in Figure 4, the substrate beneath the NW cluster
is porous. In particular, a dark band can be seen running
beneath the root of the clusters. The band seems to represent a
region where nanoscale pores occur.

With the aim of creating a thin foil suitable for TEM analysis,
another cluster was ion-milled. In Figure S, dark-field and
bright-field images are shown that were taken with a STEM
detector. These images show distinct lines that can be
attributed to grain boundaries (GBs). Adjacent grains in the
metal having different crystal faces lead to a change in the
interaction with electrons transmitted through the sample.
Hence, the distinct borderlines can be assigned to GBs.

dx.doi.org/10.1021/am302655j | ACS Appl. Mater. Interfaces 2013, 5, 1197—1205
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Figure 4. SEM micrographs of cross-sectional surfaces of two different
NW clusters. The cross sections were prepared by ion-beam milling.
The lengths of the scale bars in panel (a) and (b) are 1 and 2 um,
respectively.

The presence of GBs beneath NW clusters is a key indicator
as to why NWs grow at specific locations on the filament
surface. Diffusion rates are known to be increased along
GBs.>3® Therefore, titanium will be able to diffuse faster
toward the filament surface as the oxidation is proceeding and
the GBs are widening. In this way, material can be delivered
quickly to a growth region for NWs to form.

Suggested Growth Mechanism. The ion-milling experi-
ments have shown that the presence of several GBs results in a
porous region forming underneath the NWs. Because of an
increased diffusion along GBs, oxygen (either thermally
released from H,O upon contact with the hot filament®” or
via catalysis upon interaction with any excited TiO, present®)
will diffuse preferentially along GBs located near the filament
surface. Oxygen will penetrate more quickly at these points and
oxidize the filament, thus resulting in the porous structure
observed underneath the NWs.

As the growth continues, an outer titania shell forms on the
filament surface and around the subsurface GBs (Figure 6a). As
the titania shell thickens, the stresses around the Ti/titania
interfacial region increase and eventually the layer cracks, thus
providing further pathways into the material (Figure 6b).
Indeed, the experiments have shown a delay of ~2—3 min
between the start and the sudden appearance of NWs. This
delay can be considered an incubation time (see Figure SS in
the Supporting Information).

After the formation of these pathways, oxygen is more readily
available to the titanium being brought up the GB; that is, the
supply of oxygen is not limited by slow bulk diffusion through
the titania shell. In this way, a good supply with both titanium
and oxygen is achieved, allowing for fast growth of NWs. Figure
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Grain Boundaries

Figure S. (a) Dark-field and (b) bright-field images of a thin section
milled out from beneath a NW cluster. Hard contrasts can be seen that
represent possible GBs. The length of the scale bars is 3 ym.

grain B

Figure 6. Schematic representation of the NW growth process. (a) A
porous titania layer (green) is growing on top of the heated Ti
filament (gray), which is polycrystalline. Oxygen species are supplied
from the gaseous phase and Ti species are supplied via the Ti surface
and the GB (black line). (b) With increasing thickness of the titania
layer, interfacial stresses develop and stress relaxation occurs via cracks
and formation of voids. (c) NWs are growing at the titania surface,
pushed upward by mechanical stresses. The pores beneath the root of
the NWs are enlarged.
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6¢ illustrates the growth of NWs above a GB. Similarly, NW
growth can also occur near the middle of a grain if its surface
allows for fast diffusion of titanium supplied via adjacent GBs.

Interestingly, a similar mechanism has been proposed for the
growth of metal whiskers.’®*” A reaction between oxygen and
titanium leads to volume expansion, thus resulting in
compressive stresses that can push the whiskers upward.

With ongoing growth, material diffuses upward from the
nucleation point toward the tip of the NW. It is likely that this
is due to a fast surface diffusion and that the diffusion rate scales
with the local temperature. Above a certain temperature the
diffusion along the NW long axis may become less favorable,
thus resulting in shorter but thicker NWs. The longest NWs
were found for temperatures in the range of 760—830 °C, in
reasonable agreement with the study by Liu et al,** where the
synthesis was undertaken at 850 °C. However, note that their
growth experiments were conducted under standard pressure,
rather than under vacuum conditions.

NWs can form if titania builds up faster on one crystal face.
When a change in the crystal structure occurs, such as a
stacking fault, the dominating diffusion direction will be altered
and result in a different growth direction. Indeed, the grown
NWs show kinks that can be associated with stacking faults.

Further support for the hypothesis of NW growth by
preferential diffusion along GBs arises from the observation
that the NWs tended to grow in lines along the long axis of the
wire. Since the titanium filament had been produced in a cold
drawing process, its grains—and, therefore, the majority of
grain boundaries—will be elongated in the direction of the long
axis. Since NWs were typically found to nucleate in lines
parallel to the filament long axis, it can assumed that long GBs
run underneath the NW clusters, which act as nucleation
points.

Finally, it should be noted that the presence of water vapor is
crucial for the NW growth. Water vapor is known to enhance
the formation of oxygen vacancies.>®*® This, in turn, increases
the diftusivity of oxygen ions and reduces the diftusivity of Ti
interstitials.®

Gas-Sensing Measurements. Devices with a single titania
NW were fabricated and evaluated as sensors in the presence of
H,S gas at low concentrations in the ppm range. Schematics of
the NW probe station and of the gas-sensing facility are given in
Figures S2 and S3, respectively, in the Supporting Information.
As can be seen from the SEM image (Figure 7a) of the device,
the titania NW is slightly tapered, with an average width of
~420 nm. The channel length is ~10.6 gm. The plot in Figure
7b shows the response of a single NW device to 80 ppm of H,S
gas in N,.

The temperature of the platform where the carrier chip is
mounted was ~140 °C. Initialization was achieved by exposure
to N, gas (segment N,#0). Then diluted H,S gas was
introduced into the chamber for ~50 min, followed by a
period of N, gas flow at the same flow rate to remove the H,S.
This cycle of alternating exposure to H,S/N, and N, gas was
repeated three times. Accordingly, the plot shows three
response segments where the resistance drops and three
subsequent recovery segments where the resistance increases
again.

Upon exposure to H,S gas, the NW resistance (R.) decreases
(Figure 7b). The relative change in R over the first H,S
exposure (H,S#1) is ~11% of its value at the beginning of the
segment H,S#1. Subsequent increase of the resistance upon
exposure to pure N, (Figure 7b) shows that the NW device
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Figure 7. (a) SEM image of a device with a single titania NW. The
length of the scale bar is 10.0 um. (b) Response of the NW device to
80 ppm of H,S gas in N,. The colored lines (green denotes cycle 1,
blue denotes cycle 2, and red denotes cycle 3) show the fit results
using single exponential functions. The solid and the dashed lines are
related to response and recovery segments, respectively.

recovers and is ready for further sensing events. The single
exponential fit of the decay in R_ over the first H,S exposure
(H,S#1) gives an apparent response time of ~705 s. For the
given gas flow rate (~4.9 L/min) and volume of the
environmental chamber (~27 L), however, the time required
to expel the gas initially contained in the chamber, which, in
this case, was N,, is of the same order. Thus, the observed
response time is limited by the gas exchange rate and represents
the response of the entire system, consisting of both the
chamber and the NW device, rather than just that of the NW
device specifically. We note, however, that the purpose of the
experiment was to demonstrate the H,S gas-sensing capability
of TiO, NWs as grown by the hot filament method. A detailed
kinetic analysis, which is beyond the scope of this work, would
require the development of a different gas injection system/
procedure, with gas exchange times well below the response
and recovery times of the sensor.

Oxygen initially adsorbed on the titania surface captures
electrons, thus leaving behind positively charged donor ions
and generating an electric field between the donor ions and
negatively charged oxygen ions, such as O, or O~ The
resulting surface potential causes a depletion region, thus
reducing the cross section of the conduction channel and
increasing the electrical resistance of the titania NW.
Conversely, in the presence of a reducing gas (electron
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donor), such as H,S, the amount of oxygen ions adsorbed
decreases, thus reducing the surface potential and the
associated depletion of free electrons. As a result, a decrease
in the NW resistance is observed. That is, the observed sensor
response can be interpreted in terms of the surface depletion
model.*'~*

To test the selectivity of the device, the chamber was purged
with 508 ppm of CO gas in synthetic air. Since CO is
chemically reducing (similar to H,S), any response would
indicate a potential for cross-sensitivity with other gases. In
such measurements, no significant change in device signal was
detected.

If a linear device response-to-concentration relationship is
assumed for the regime between 0 and 80 ppm H,S, the limit of
detection (LOD) of the sensor can be estimated from its
response to 80 ppm H,S and the signal noise level. In the linear
part of segment N,#0 of Figure 7b, the noise level, o, is
measured to be ~0.042 MQ (see Figure S6 in the Supporting
Information). The total resistance change over the first
exposure to 80 ppm H,S (Figure 7b, H,S#1) is AR, ~ 1.53
MQ. Approximating the lowest detectable resistance change
with 40, the LOD is given by (46/AR.) X 80 ppm = 8.8 ppm.
This result is consistent with experimental tests at 10 ppm H,S,
which showed signal variations close to the noise level.

These experiments demonstrate the response of titania NWs
to H,S gas of 80 ppm concentration. The sensitivity can be
limited by the reactivity of the reducing gas or the number of
active sites for oxygen adsorption on the NW surface. Chemical
functionalization strategies can be employed to condition the
NW surface and enhance the sensor characteristics.

For instance, Hu et al.'> demonstrated various approaches to
increase the sensitivity and selectivity toward ethanol by
chemical modification of a TiO, nanobelt surface. Also,
sensitization via titania doping has been demonstrated. In
particular, doping of TiO, films with Pd was found to result in
an increased sensitivity toward H,S, whereas the response to
CO, H,, and liquid petroleum gas (LPG) was almost
unchanged.” This indicates a strong potential of titania for
selective detection of H,S. The sensor response to H,S is likely
to be assisted by the fact that the molecule is prone to
dissociation, because of the low H—SH bond energy. o4

If required, the selectivity can be increased by an electronic
nose approach where several NW devices with different NW
materials or NW surface chemistries are combined and pattern
recognition or similar analysis techniques are employed to
enhance the sensor performance.*"*

Furthermore, the sensor characteristics are also dependent
on the operation conditions. An increase in temperature is
likely to increase the rates of surface reaction and desorption. In
their study of the gas-sensing properties of nanosized TiO,
thick films, Chaudhari et al.* observed significantly increased
sensitivities for operating temperatures in the range of 250—350
°C. Hence, improved sensing characteristics can be expected
for operation temperatures above 140 °C. Moreover, when
exposed to UV light, TiO, shows photocatalytic effects® that
can be exploited to increase both the sensitivity and selectivity
of the sensor.

B CONCLUSIONS

Water-assisted growth of titania nanowires (NWs) has been
realized by generating a low water vapor pressure inside the
chamber of an environmental scanning electron microscopy
(ESEM) system or a simple vacaum chamber. Joule heating of a
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titanium filament led to a temperature profile across the
filament, and high-aspect-ratio NWs grew in regions with a
temperature of ~730—810 °C. Typically, the titania NWs
observed in these regions have an approximate thickness of
~300 nm and a length up to a few micrometers. The preferred
growth conditions were a water vapor of ~1 mbar and a current
of ~2.0 A through a titanium filament ~250 ym in diameter.

As the growth can be observed in situ, this approach allows
for scanning electron microscopy (SEM) imaging to be
performed readily. Furthermore, it is a fast and facile method
that requires neither a catalyst nor a template. Because of its
simplicity and comparatively short growth times (on the order
of minutes), this thermal oxidation approach could allow for
development toward a roll-to-roll process with a high
throughput.*® It has potential for integration with manufactur-
ing techniques that are established in the semiconductor
industry and could also be developed toward the growth of
metal oxide NWs on top of metal films deposited on
microelectromechanical system (MEMS) components.

Analysis of the subsurface region beneath clusters of NWs
revealed porous layers. From the experimental findings, it can
be inferred that oxidation of the titanium filament surface
results in mechanical stresses that drive the upward diffusion of
titania for the growth of NWs. Fast diffusion occurs
preferentially along grain boundaries (GBs). Scanning trans-
mission electron microscopy (STEM) imaging confirmed the
presence of GBs in the subsurface region of the titanium
filament.

To demonstrate the potential of titania NWs grown via the
hot filament method, single NW devices were fabricated and
tested for the purpose of H,S gas sensing at low concentrations.
In particular, they showed a clear conductometric response to
80 ppm H,S gas and a limit of detection of ~10 ppm. The NW
electric resistance was found to decrease in the presence of H,S.
Modulation of the depletion layer thickness by reactions
between the titania NW surface and the H,S gas molecules
leads to variations in the NW electrical conductivity. Future
work may develop strategies for optimization of the device
performance.
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