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This work reports on nanoscale and microscale metal oxide gas sensors, consisting of metal-semiconductor-metal barriers designed
via scanning probe microscopy. Two distinct metal oxides, molybdenum and titanium oxides, were tested at different temperatures
using CO, and H, as test gases. Sensitivities down to ppm levels are demonstrated, and the influence of dry and humid working
atmospheres on these metal oxide conductivities was studied. Furthermore, the activation energy was evaluated and analyzed
within working sensor temperature range. Finally, full morphological, chemical, and structural analyses of the oxides composites

are provided allowing their identification as MoO, and TiO,_,.

1. Introduction

Industrial and scientific communities share an increasing
interest in metal oxide materials due to their wide applica-
tions to gas sensing, which already resulted in several com-
mercial products [1]. Metal oxide sensors can operate in
landfill toxic gas detections [2] and automotive industry for
combustion emission control [3], as well as in many other
industrial fields [1]. Although these metal oxide gas sensors
have considerable applications, some problems related to
reproducibility, stability sensitivity, and selectivity must be
overcome. Therefore, by studying and enhancing the proper-
ties of metal oxide gas sensors, their utilities will also improve
accordingly [1].

In most cases, the physical principle of the sensor is
simply based on conductivity variations when different gas
species interact on the sensor surface. These gas-sensor
interactions extract or inject electrons or holes in the semi-
conductor structure. Such charge exchange between the gas

species and the metal oxide semiconductor can be described
as reversible chemisorptions and/or physisorptions [1]. How-
ever, some undesirable irreversible chemical reactions can
also occur both on the oxide and electrical contacts, changing
their structures and transforming them into another com-
pound [1, 4-6].

In order to map out the best solution for each gas sensing
application, many studies are found in the literature [1-22].
Most of them are empirical investigations, where a huge
variety of materials and preparation forms including ceramic,
thick and thin films, sintered powders, and nanostructures
are investigated. In each case, different deposition techniques
are employed, both for the active region of the sensor and
their electrical contacts [1-22].

Recent advances in microfabrication techniques have
opened the possibility of fabrication and integration of metal
oxide sensors in the nanoscale. A well-known example is the
growth and manipulation of individual, or multiple, metal
oxide nanowires and their use as gas sensors [23-28]. In



the past few years, new gas microsensors and nanosensors
fabrication processes have been demonstrated by adding
extra steps to microfabrication technologies, either by AFM
or needle manipulation, in which drops of metal oxide
precursors are placed onto microgap electrodes [29-32].

The Local Anodic Oxidation (LAO) process, due to an
applied bias between the scanning probe microscopy (SPM)
tip and sample, was first demonstrated in 1990, employing
the scanning tunneling microscopy technique [33]. In 1993,
the process was also successfully applied using atomic force
microscopy (AFM) [34]. In 1995, also via LAO process, a
sub-10-nanometer metal oxide device was fabricated [35]
and, in 1996, a single electron transistor operating at room
temperature was built using the LAO process [36]. As it can
be seen in the literature, since then, some other devices were
proposed and built using the LAO process [37-39].

In this work, chemical and structural characterizations
via high-resolution scanning and transmission electron
microscopy (HR-STEM and HR-TEM) are presented as well
as a discussion about the proposed fabrication method for
metal oxide nanosensors [40, 41] and microsensors [41] using
SPM-based LAO technique. Through electron energy loss
spectroscopy at high-resolution energy (around 0.3¢V), a
detailed chemical analysis of the devices is also presented.
This simple and reproducible fabrication method can be
summarized in two steps: (i) conventional optical lithography
is implemented to define a micron-scale, thin metallic track
with macroscopic electrical contacts; and (ii) an LAO process
is used to design nano- or microscaled oxide patterns on the
metal films, defining a metal oxide interface which constitutes
the active region of the sensor. In order to demonstrate
the viability of this methodology, two metals are used to
fabricate molybdenum oxide [41] and titanium oxide [40,
41], nanosensors and microsensors, whose performance is
evaluated by monitoring variations on their electrical con-
ductivity, using two distinct gases: CO, and H, (reducing
test gas) under commercial N, (dry air) atmosphere at
different temperatures. In addition, the activation energy of
these sensors is investigated through the Arrhenius plots
[1, 42] and I(V) curves in the presence of humidity different
atmospheres. Therefore, sensors performance is evaluated
considering, their durability, sensitivity to each gas, influence
of sensor size, and temperature.

2. Materials and Methods

In the present work, both AFM imaging and LAO are
accomplished using an NT-MDT Solver Pro SPM or a
veeco instruments nanoscope IV multimode SPM operating
in intermittent contact mode. Silicon probes, coated with
conductive diamond films (DCP11 series, from NT-MDT,
with a resonant frequency of ~150 kHz and a force constant
of ~5N/m), are employed due to their higher conductivity
and greater resistance to oxidation than those of bare silicon
probes. In order to optimize it, the LAO process is performed
under a relative humidity of 60%, controlled by a homemade
system. Also, the tapping mode is employed, and, during
the oxidation, the oscillation amplitude is reduced to 10%
of the free oscillation amplitude. Each sensor is tested in a
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homemade apparatus, where the sample temperature can be
varied from room temperature up to 400°C, equipped with
mass flux control valves. During each measurement, both the
total gas flux and temperature are kept constant. Performance
of the devices is quantified via current measurements using a
Keithley electrometer model 6517A.

The main drawbacks for deep chemical and struc-
tural investigation of LAO metal oxides are related to the
nanometer scale of the defined structures, preventing their
analysis via conventional techniques, or even transmission
electron microscopy (TEM) analysis, due to the complexity
of the conventional sample preparation for cross-section
observation. In this direction, the focused ion beam (FIB)
technique has recently opened a route for a detailed study
of such nanostructures [39]. A comprehensive assessment of
nanometer scale LAO metal oxides is here presented with
the help of high-resolution TEM and scanning TEM (HR-
TEM and HR-STEM, resp.), coupled with electron energy loss
spectroscopy (EELS). These analyses were carried out in an
FEI Titan 80/300 apparatus equipped with a Gatan Tridiem
imaging filter.

3. Microsensors and Nanosensors Fabrication

The fabrication process initiates with a conventional photoli-
thography process, where metal (Ti or Mo) tracks, a few
microns wide and hundreds of microns long, are defined
simultaneously with their macroscopic electrical contacts on
an insulating silicon dioxide substrate. During this proce-
dure, titanium, or molybdenum, (99.99% purity) is deposited
either by thermal evaporation or by RF sputtering, with a film
thickness varying from 5 nm up to 20 nm.

LAO routes are employed in the second fabrication step,
which enables the definition of nano- or micron- sized metal
oxide regions, constituting the active region of the sensor.
In this work, the LAO routes are SPM-based; that is, the
metal oxide is formed through an electrochemical reaction
in the region below a properly biased AFM tip [33-41]. In the
process, nominally tip bias (VT) ranges from 1V up to 100 V
and scan speeds vary from 0.1 ym/s to as high as 10 um/s,
allowing a high control of both size and geometry of the oxide
pattern and producing active regions down to the nanoscale
[33-41, 43, 44].

Figure 1shows topographic AFM images of typical metal-
oxide nanosensors and microsensors made out of Mo/MoO,,
(light brown parts in Figures 1(a), 1(b), 1(c), and 1(d)) and Ti/
TiO, (yellow parts in Figures 1(e), 1(f), 1(g), and 1(h)) systems.
In these Figures, thin metal tracks (20 nm for Mo and 8 nm
for Ti) are visible atop the SiO, substrates. The oxidized
regions are the active regions of the sensor and average
thickness of 12 nm and 60 nm is observed for titanium oxide
and molybdenum oxide, respectively. The more controlled
LAO route (low VT and low speed) produces a uniform
nanoscale oxide line crossing the entire width of the metal
track (Figures 1(b), 1(e), and 1(h)) [40, 41], whereas a fast LAO
route yields a less uniform oxide (Figures 1(a), 1(c), 1(d), 1(f),
and 1(g)). Nevertheless, such morphological variation has no
significant effect on device performance; that is, similar-sized
devices (smooth or rough) present similar sensing responses.
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FIGURE 1: (Color online) Topographic AFM images of different nanosensors and microsensors fabricated via LAO routes. (a) A rounded-
shaped Mo oxide region (light brown) is formed in the Mo track. (b) Image showing several consecutive oxide lines forming a micron-sized
active region of the Mo oxide sensor. (c) Micron-sized single line sensor active region of Mo oxide. (d) A microsensor rounded-shaped Mo
oxide region is formed in the center of the Mo track. (e) Image showing two consecutive active regions of a Ti oxide (yellow) nanosensor
separated by several hundreds of nanometers. (f) Microsensor Ti oxide produced with the AFM tip at rest. (g) Image of a Ti oxide microsensor
fabricated via three consecutive oxidation spots. (h) Nanowire-type Ti oxide region is formed in a Ti track.

Figures 1(b) and 1(c) show two typical AFM images after
applying the LAO process in Mo, where in the first case, many
oxide lines are built side-by-side using a VT of 10V and a
tip velocity of 10 um/s. In the second case, the tip velocity is
reduced down to 0.1 yum/s and the VT is increased up to 15 V;
therefore, only one scan is sufficient to fabricate a microsen-
sor, since considerable lateral oxide growth takes place.

When identical LAO parameters are applied in Ti and Mo,
the titanium oxide presents smaller lateral oxide diffusion
and smothers surface. As a consequence, if the same titanium
oxide and molybdenum oxide dimensions are required, a
higher VT and a lower tip velocity are required during the
LAO fabrication of Ti-based sensors (or the tip rest time
must be longer when a round shape is required). Figure 1(e)



shows the result of making two separated oxide lines, and,
in Figure 1(h), only one line (nanowire-type sensor) is built.
Figure 1(g) illustrates the result after applying three high-
voltage LAO processes, side by side, in the same Ti track, and
Figure 1(f) exemplifies the results of only one round-shape
sensor in the center of the metallic track.

It is interesting to notice here that the direct fabrication
of the sensor active region in a metallic track presents a
promising technological application. Actually, this two-step
sequence, photolithography and LAO route, allows the fabri-
cation of nanosensors and microsensors of a variety of
metal oxides, eliminating many time-consuming steps, which
are typical to nanowire-based sensor fabrication, such as
localization, manipulation, and contacting of the active
region. Essentially, the LAO route process creates additional
possibilities in device manufacturing.

4. Results and Discussion

4.1. Chemical and Structural Analyses of the Metal Oxides.
In order to fabricate sensor devices with reproducible per-
formance, it is crucial to identify the stoichiometry of the
oxide structure. Nevertheless, due to the small oxide size
and the presence of the precursor metal in the surrounding
track, direct measurements using conventional techniques
(X-ray photo-electron spectroscopy or X-ray diffraction)
did not produce conclusive results. However, assuming that
the transformation of the metal into oxide is homogeneous
and that the volume expansion only occurs in the vertical
direction, an estimation of oxide stoichiometry can be made
comparing the thickness of the oxide and metal layers [44].

In order to assess the oxide depth (inside the metal track),
the electrical resistance is monitored before and after the
oxidation process. Hence, the metal track electrical resistance
increases from a few kQ up to several MQ, or even G}, when
the metal is completely oxidized. On the other hand, if the
oxide depth is smaller than the metal layer thickness and does
not reach at the silicon oxide, the electrical resistance does not
reach several MQ.

When analyzing the thickness ratio between the titanium
oxide and Ti layers, it is possible to observe a variation
from 1.2 to 1.8, depending mostly on the metal thickness
(the thinner the Ti layer, the lower the thickness ratio). A
possible origin of such variation is that, in thinner metal
films, the effective metal thickness is smaller, since the native
oxide layer and the organic contamination due to the optical
lithography are independent of the metal thickness and, thus,
have a large contribution to the total measured thickness.
According to Dengfeng et al. and references therein [44], if
a pure TiO, layer is formed, the ratio would be 1.85 and the
formation of a pure TiO layer gives a ratio of 1.45. Here, for a
10 nm Ti layer (where the native Ti oxide and contamination
layers are less significant), an oxide height of 18 nm could
be obtained. Therefore, the stoichiometry of titanium oxide,
TiO,_,, is mostly x = 0.

In order to further discuss the chemical and structural
characteristics of the LAO SPM-based metal oxides, we have
used high-resolution scanning and transmission electron
microscopy (HR-STEM and HR-TEM). Spatially-resolved
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monochromated electron energy-loss spectroscopy (EELS)
has been also performed in the STEM mode. Cross-sections
of LAO oxide tracks were carefully prepared using focused
ion beam (FIB) TEM sample preparation methods.

Scanning electron micrographs of the LAO titanium
oxide tracks before FIB TEM sample preparation are shown
in Figure 2(a). The tracks after platinum protective layer
deposition are shown in Figure 2(b). The three thin Pt lines
perpendicular to the conventional thick one were used to
allow the localization of the oxide tracks in the final thinning
and cleaning during the FIB processing. In Figures 2(c)
and 2(d), we show high-angle annular dark field (HAADEF)
STEM images of one metal oxide track. The brighter regions
represent higher density and/or higher average atomic num-
ber (Z) zones. Thus, the protective Pt layer appears as the
brightest layer on the top of Figure 2(c). The SiO, substrate
is observed as a dark layer on the bottom, followed by the
Ti film at the center and the titanium oxide track just above.
The interface between the metallic and oxidized Ti layers is
shown in higher magnification in Figure 2(d). Lattice-plane
structures are clearly observable even in the titanium oxide
region (darker contrast). Figures 2(e) and 2(f) show HR-TEM
images of the same interface region. It is possible to observe a
highly crystalline Ti grain zone and a less-crystalline oxidized
one. This result can be confirmed comparing the Fast Fourier
Transform (FFT) of the top and bottom parts of Figure 2(f),
which are shown, respectively, in Figures 2(g) and 2(h). In
Figure 2(g) we observe the periodicities of 2.2, 2.4, and 2.6 A
from metallic Ti in hexagonal close-packed (HCP) structure.
In Figure 2(h), from the titanium oxide, we measured the
periodicities of 2.2, 2.4, and 2.3 A, which are present in both
rutile and anatase phases. Additionally, blurred low frequency
spots, roughly corresponding to 3.5 A planes, suggest the
presence of an anatase nanocrystalline phase. For easily
viewing these spots are circled. After applying a bypass filter
on a four-circled area, the image in Figure 2(i) is obtained.
These results show nanocrystallites around 3 nm.

In order to complement this result, we performed local-
ized STEM-EELS analyses of both metallic and oxidized Ti. In
Figures 3(a) and 3(b) we show, respectively, the Ti L,,; and O
K core-loss spectra. As expected, the oxygen signal is present
for the oxidized Ti layer, whereas there is no oxygen signal
for metallic Ti. From the Ti L, 3 core-loss curves, a shift for
large energies of about 1eV for the titanium oxide is observed
when compared to the metallic Ti spectrum. Comparing the
obtained Ti L, core-loss spectrum for titanium oxide with
others published in the literature [39, 45, 46], we confirm that
the titanium oxide is nanocrystalline, since it shows broad
EELS signals with a large superposition. Also, the signal is
very similar to reduced TiO,_, present in memristive devices
[47], suggesting an identification of our grown titanium oxide
as a nanocrystalline anatase rich in oxygen vacancies or better
anatase TiO,_,.

For the case of Mo oxide, water solubility is observed,
which suggests an exact MoOj stoichiometry [48]. Therefore,
in order to complement the metal oxide/metal thickness ratio
study, some oxide thickness measurements were carried out
via AFM topography analysis (before and after washing out
the oxide layer in deionized water for 2 minutes in ultrasonic
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FIGURE 2: Images of high-resolution electron microscopy and related techniques of the titanium oxide line sensor active region. (a) SEM
image of four Ti oxide lines. (b) SEM image of the same region as in Figure 2(a) after Pt deposition of the protective layer on the top of three
lines. (c) HAADAF image in STEM mode of the lamella showing a cross-section of the titanium oxide line. (d) HAADAF high-resolution
image of the bottom metallic-oxide interface. () TEM image of the same region showed in Figure 2(d). (g) High-resolution TEM image of
the same region showed in Figure 2(d). (f) FFT image of the Ti in the most lower part of Figure 2(f). (h) FFT image of the Ti oxide in the
upper part of Figure 2(f). (i) HRTEM image showing the titanium oxide nanocrystals after applying a bypass filter in FFT of the four spots

circled in Figure 2(h).

bath). Figure 4 shows an AFM topographic image of the
oxidized regions before (Figure 4(a)) and after (Figure 4(b))
washing out the oxide. A set of experimental data is plotted
in Figure 4(c). The angular coefficient of the linear fit leads to
a thickness ratio of 3.2 + 0.1, which, indeed, corresponds to
MoO; compound formation during LAO application in Mo.

Aiming to endorse the previous result, HRTEM and
STEM-EELS techniques were also performed. Figures 5(a)
and 5(b) show two electron micrographs of oxidized Mo
tracks before and after platinum protective layer deposition.
The cross-section sample was prepared through FIB and
analyzed using STEM (Figure 5(c)) and TEM (Figures 5(d)

and 5(e)). In Figure 5(c), the HAADF-STEM image of the
cross-sectioned Mo oxide track is observed. The brighter
layer located at the middle of the image represents the Mo
film, followed by the Mo oxide track just above and a granular
region corresponding to the Pt protective layer. The SiO,
substrate layer is represented by the darkest region at the
bottom. In Figures 5(d) and 5(e) we show TEM images of the
same region (reverse contrast compared to HAADF-STEM).
The TEM analyses do not show evidence of Mo crystalline
structures. EELS spectra of the metallic and oxidized Mo
regions are presented in Figure 5(f). The Mo M; edge is
observed for both Mo phases, whereas the O K edge is
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FIGURE 4: (Color online) Topographic AFM images of square-like oxidized regions via LAO process in Mo film, (a) just after applying LAO
process and (b) subsequent to washing out the oxide in deionized water. (c) A graph showing Mo oxide versus Mo thicknesses revealing the
ratio MoO, /Mo as 3.2 £ 0.1.
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FIGURE 5: (Color online) (a) SEM image of Mo oxide lines. (b) SEM image of the same region as in (a) after Pt deposition of the protective
layer on the top of three lines. (c) TEM image of the lamella showing a cross-section of the Mo oxide line. (d) HAADAF image in STEM
mode of the same region showed in (c). (e) HAADAF high-resolution image of the Mo and Mo oxide. (f) EELS spectra containing both the
O K core-loss (right) and the Mo M; core-loss (left) of Mo (black line) and MoOj (red line).

presented only for the oxide one, as expected. Although it is
possible to identify the oxide nature of the oxidized Mo track,
we were not able to infer on its structure and stoichiometry.
As suggested in [49], the exposition of Mo oxide samples to
electron irradiation may induce phase transformation from
MoOj; to MoO, and MoO. In our case, both TEM analysis
and FIB-TEM sample preparation may induce chemical and
structural changes on pristine samples. An amorphous Mo
oxide phase may be formed. Further experiments using low-
voltage TEM and convectional TEM sample preparation
could be performed to avoid any phase transformation.

4.2. Sensor Properties and Characteristics. The response of
each sensor is analyzed under different concentrations of
H, and CO, test gases in a commercial N,—dry air—
atmosphere at constant flux and at different temperatures. At
each temperature, the system is allowed to stabilize until a
constant current flow through the device is achieved (base
line). Typical values of current at the sensors range from tens
of pA up to a few pyA at 1V of applied bias. The sensitivity
S for a given concentration of the test gas, also labeled as
response of the sensor, may be defined as S = I ,./Iin
where the subscripts, max and min stand for the maximum
and minimum of current through the device, during a pulse
of a test gas [41].

Figures 6(a) and 6(b) show, respectively, the response of
TiO,_, nanosensor to three consecutive pulses of 1.7% H,
and 8% of CO, in dry air at different temperatures, namely,

190°C, 215°C, and 237°C. Each test gas pulse is 400s long,
its respective washing time is 800 s long, and the total gas
flux is kept constant. It is easy to see in Figures 6(a) and
6(b) the sensing response of the TiO,_, to both H, and
CO, test gases. As expected, in both cases, the response
and recovery times decrease as the working temperature
increases (a higher temperature accelerates the adsorption
and desorption kinetics). The best TiO,_, sensitivity to H,
is achieved at 215°C (Figure 6(a)) and to CO, at 237°C
(Figure 6(b)). The reproducibility of the H, sensor response
in the three consecutive pulses and recovering the baseline
(initial current) after pulses should be also noted. On the
other hand, the TiO,_, sensor response to CO, presents
a different form in the first test pulse, suggesting some
modifications after this initial contact with the working
atmosphere, and, in the end of the three pulses, the baseline
current is not fully recovered. Nevertheless, in the last two
gas pulses, a better reproducibility is observed, suggesting
that a pretreatment in the working atmosphere may provide
a better reproducibility. TiO,_,, is an n-type semiconductor
due to the presence of oxygen vacancies in its structure which
creates donor states near the conduction band [43]. Therefore,
TiO,_, increases its conductivity in a reducing atmosphere,
such as H,, since the reducing molecule creates more oxygen
vacancies at surface of the oxide [, 4, 5, 22]. Although CO,
is neither reducing nor oxidizing, it has molecular orbitals
that are mostly localized on oxygen centers. These orbitals
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FIGURE 6: Normalized current sensing response of the TiO,_, nanosensor to test gases in dry air. (a) and (b) show, respectively, tests to three
consecutive pulses of 1.7% of H, and 8% CO,, at three different temperatures (190°C—open circles, 215°C—crosses, and 237°C—continuous
line). The sensing response (open circles) to ppm concentration (continuous line) of H,, and CO, test gases at working temperature of 220°C

are also shown in (c) and (d), respectively.

overlap with orbitals containing the valence-band electrons
of the semiconductor, dropping its conductivity [50].

TiO,_, sensor sensitivity was tested to ppm levels of H,
and CO, in dry air. Figures 6(c) and 6(d) show TiO,_, sensing
capabilities to such low amounts of these test gases. The
significant sensitivity (1.3), which is obtained even for the
lowest H, concentration used in this work (360 ppm) and
its increasing with H, concentration (a necessary feature for
practical applications) is worth noting. Though TiO,_, sensor
presents approximately 1.6 sensitivity to 1000 ppm of CO, in
dry air (Figure 6(d)), the baseline current is not reached after
the test, suggesting that better stability and durability must be
accomplished.

A comparison between the sensitivities of TiO,_, nano-
sensor and microsensor under the same conditions was
performed. Therefore, TiO,_, nanosensors and microsen-
sors were fabricated using both of the oxidation processes

described above (Figure 1). Figure 7 shows a direct compar-
ison between a TiO,_, nanosensor and microsensor, and it
is noticeable that the response curve of TiO,_, sensors has
a strong dependence on their size scale. An almost tenfold
increase in sensor sensitivity is observed when the sensor size
is decreased from the microscale to the nanoscale. A probable
explanation arises when a given sensor can be viewed as a
set of series resistors. Therefore, the total sensor resistance is
a series of association between the resistance related to the
semiconductor-metal interface and the resistance associated
to the semiconductor (oxide) surface. Hence, the current flow
through the device is controlled by both resistors. Since the
interface resistance is approximately size independent and
the surface resistance increases as the device size increases,
it is intuitive to see that the total value of resistance in
nanosensor (microsensor) comes almost from the interface
(oxide surface). Now, supposing that, for the TiO,_, case,
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tration in dry air at 190°C. Both the nanosensor and the microsensor
are respectively shown in Figures 1(h) and 1(f).

the interface shows a large resistance variation upon gas
exposure, whereas the oxide surface resistance presents a
much smaller variation; then, a better sensitivity in a TiO,_,
nanosensor is expected than in a TiO,_, microsensor. Con-
sequently, the results of Figure7 indicate that the sensi-
tivity in Ti/TiO,_, systems comes mostly from the metal-
semiconductor interface [41]. Therefore, regarding our best
TiO,_, nanosensor, we obtained a detection range from
360 ppm up to 17000 ppm (1.7%) of H,, where the sensitivity
varied from 1.3 for 360 ppm up to 13 for 17000 ppm. For the
same nanosensor, we obtained a detection range for CO,
from 1000 ppm up to 80000 ppm (8%), and the sensitivity
varied from 3.5 for 1000 ppm up to 13 for 80000 ppm. In
order to compare the results obtained in this work to the
ones present in the literature, we found titanium oxides
with the active regions ranging from a few nanometer up
to millimeter in extension. Regarding sensor sensitivities, we
found it varying from 8 up to 70 when in a few hundreds
of H, ppm in dry air or pure N,. Therefore we notice that
the Titanium oxide nanosensor proposed here have similar
sensitivities when compared to the state-of-the-art results in
the literature [51-54].

Figure 8 shows further electrical characterization of
TiO,_,. In Figure 8(a), I(V) curves of a TiO,_, nanosensor
collected at room temperature, in a 50% relative humidity
(continuous line) and dry atmosphere (open circles multi-
plied by 10), are plotted together. For visualization purposes,
the current through the device in dry air is multiplied
by 10. In other words, TiO,_, nanosensor has a smaller
resistance in dry air, what assures that this device has a con-
siderable sensitivity to humidity even at room temperature.
This increase of the electrical conduction of TiO,_, with
atmosphere humidity is due to the water molecules adsorbed
at oxide surface that enhance electrolytic conduction as well
as protonic conduction [55].

The Arrhenius plots (I(1/T)) [1, 42] were performed in
order to investigate the electrical conduction process in the

Ti/TiO,_,/Ti barrier and also estimate its activation energy.
Figure 8(b) shows, in red, the Arrhenius plot during barrier
warming up and, in black, the curve that was collected during
system cool down. When the system is warming up, the
sensor current remains almost unchanged until 150°C (arrow
indicating), and, at higher temperatures, current starts to
increase very quickly, suggesting that some modifications
are taking place at the oxide structure. Actually, we believe
that OH™ starts to desorb at the oxide surface, increasing
the amount of oxygen vacancies and, thus, creating donor
levels near the conduction band. Such effect has already been
observed in the literature for WO, sensor systems [56]. The
measured activation energy, when the oxide barrier is cooled
down, is around 0.3 eV, suggesting that it is associated to
the depth of donor estates (oxygen vacancies) in the TiO,_,
structures, as also reported in [42].

Differently from LAO TiO,_, nanosensors, LAO MoO,
nanosensors are not stable enough to keep their original
dimensions after some working cycles in the scale of minutes.
As already point out in this work, Mo oxidizes during LAO
process using lower bias voltages than Ti; hence, Mo oxidizes
with lower electric fields. Therefore, when a bias voltage is
applied between the terminals of the Mo/MoO5/Mo barrier,
the electric field is strong enough to continue the oxidation
process, increasing the MoO; line width. As an example,
Figures 9(a) and 9(b) show a three-line MoO; nanosensor
before and after applying 1 V bias in a dry atmosphere at room
temperature, respectively; the middle line width increased
from 50nm up to 250nm, evidencing the continuation
of the oxidation process during an operation cycle. Some
experiments were also performed in a 50% relative humidity
atmosphere, and no current flow through the device is
measured, as the width increased towards much larger values,
also increasing the sensor total electrical resistance. Even
with such difficulties, sensitivity responses between MoO,
microsensor and nanosensor were compared, and the varia-
tion response seems to be governed by the oxide surface resis-
tance. Therefore, as the sensor size increases, from nanoscale
to microscale, no relative sensitivity variation is observed.

Even though MoO; nanosensors are not stable enough
for many working cycles, and also MoO; microsensors can
be used only in dry atmospheres. Hence, Figures 10(a) and
10(b), respectively, show the response of a MoO; microsensor
to consecutive pulses of 1.7% H, and 8% CO, in dry air
at different temperatures, namely, 237°C, 191°C, and 145°C
for H, (Figurel0(a)) and 329°C, 284°C, and 237°C for
MoO; (Figure 10(b)). The MoO; microsensor revealed a poor
sensitivity to H, (<1.03), which decreases as the working
temperature increases. On the other hand, it presents a
reasonable sensitivity to CO,, around 1.7 at 237°C. As a result,
MoO; is selective to CO,, compared to H,, in a dry atmo-
sphere. Nevertheless, MoO; does not recover the baseline
current after exposure to CO,, as TiO,_, does, and also the
first MoOj; response to CO, presents a different form from
the subsequent responses. In order to compare the results
obtained in this work to the ones present in the literature,
we found one recent work using molybdenum oxide with
the active regions having few millimeter, of interdigitated
finger pattern contacting a film of microscale high aspect
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FIGURE 8: (a) I(V) curves of an TiO,_, nanosensor at room temperature in 50% relative humidity (continuous line) and dry (open circles
multiplied by 10) atmospheres. (b) The Arrhenius plot of TiO,_, nanosenor in warming up (open circles) and cooling down (continuous line).
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FIGURE 9: (Color online) AFM topographic images of a MoO, nanosensor before (a) and after (b) applying 1V bias voltage in dry atmosphere

at room temperature.

ratio long rectangles. They found sensitivity around 1.4 for 1%
H, atmosphere in air. Here, again, we show that the molybde-
num oxide microsensors proposed in this work have similar
sensitivities when compared to the state-of-the-art results in
the literature [57].

It should be also noted that the observed responses of
MoO; microsensors to both H, and CO, atmospheres cannot
be assigned to neither pure n-type nor p-type semiconductor.
Actually, these sensors seem to behave as an n-type materials,
when in contact with CO, atmosphere [50], and as p-type
material, when in contact with reducing H, atmosphere,
increasing its resistance in both cases. Such behavior is asso-
ciated to p-n-type transitions, which are reported to occur in
MoOQ; resistive-type sensors [22].

The Arrhenius plots [1, 42] were also generated in order
to understand the electrical conduction process in the Mo/
MoO;/Mo barrier. Figure 11 shows, in open circles, the Arrhe-
nius plot during microsensor warming up and, in continuous
line, the curve that is acquired during system cool down.
Since the same behavior is observed with TiO,_,, (current
remains almost unchanged until 150°C—arrow indicating),
the modifications at oxide structure seem to be related to
the LAO process. The LAO process creates OH™ ions, whose
bond energies weakly depend on the material being oxidized.
The measured activation energy, when the oxide barrier is
cooled down, is around 0.4 eV, as well as for TiO,_,, suggest-
ing that it is associated to the depth of donor estates (oxygen
vacancies) [42] in the MoOj; structures.
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In order to further improve the performance of TiO,_,,
MoO; and any order sensor built via LAO process described
here, we suggest for future research other procedures such
as improving the quality of metal contacts, performing co-
evaporation of two or more metals, and also performing
thermal treatment in different atmospheres depending on the
intended application.

5. Conclusions

In conclusion, this work further extends a recently proposed
methodology of sensor fabrication down to the nanoscale
which is based on photolithography and LAO techniques. The

sensors presented suitable responses and sensitivities down to
low concentrations of test gases, namely, CO, and H, in dry
air. Furthermore, titanium oxide sensors exhibit a promising
use in environmental relative humidity ambients. In princi-
ple, this methodology could be applied to any desired metal
or metal alloys, as further extending sensing possibilities of
nanosensors and microsensors. Using high-resolution TEM-
related techniques, we have characterized the LAO oxide
produced here as nanocrystalline TiO,_, and MoO;.
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