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Results of studies on single and multiple SnO, nanowire gas sensors with impedance spectroscopy are
reported. Equivalent circuit modeling is used to draw fundamental conclusions about the dominant con-
duction mechanism in single-nanowire sensors, where the diameter of the nanowire is found to play a
key role. This is then extended to multiple-nanowire sensors. For single-nanowire sensors, I-V measure-
ments are also used to demonstrate that the contribution from the electrode-nanowire contact to the
overall resistance changes with atmosphere and temperature. We find that for the randomly-orientated
multiple-nanowire sensors, the main contribution to the resistance comes from the nanowire-nanowire

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

There is an increasing need for low-cost, low-power and highly
sensitive gas sensors for commercial and industrial applications in
health and safety areas such as hazardous gas monitoring, medi-
cal diagnosis, emission control in combustion processes and many
other. Over the last few decades, resistive-type polycrystalline
oxides have been used in gas sensors due to simple and low-cost
fabrication, but their sensitivity, selectivity and response time need
further improvements [1-5]. Nanostructures are meeting these
needs with a higher surface-to-volume ratio that increases the
interaction between the gas species and the surface. These struc-
tures are extensively studied and there are many synthesis routes to
obtain those [6,7]. Commercial production of crystalline nanowires
is becoming affordable and reproducible at industrial scales [8].
Many researchers design gas sensors based on these nanowires that
are highly sensitive and selective to different gases, but the gen-
eral approach to improve these devices is a trial-and-error method.
Impedance spectroscopy is a novel approach to understand these
materials and guide design of new nanostructures, as highlighted
by a recent review [41]. It gives the same information as the usual
DC measurements that the vast majority of researchers use, but
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also yields fundamental information about the physicochemical
processes that govern the electrical response, such as electrode
interface contributions, bulk and surface reaction with different
gases [9-12].

In this work, single-nanowire and multiple-nanowire SnO,
gas sensors were tested toward different gases and temperature
conditions with the goal of understanding the conduction mech-
anism that governs the electrical response. Single-nanowire and
multiple-nanowire sensors were measured using [-V curves along
with impedance spectroscopy measurements to quantify the Pt
electrode-nanowire contact and the intrinsic nanowire contribu-
tion separately. An equivalent circuit model that reflects these
data was then proposed to explain the conduction mechanism as a
function of nanowire diameter, operating temperature, and atmo-
spheric oxygen content.

2. Conduction mechanisms

A Schottky barrier is a potential energy barrier that is typically
present at metal-semiconductor junctions, induced by dissimilar
work functions or electron affinities of two materials in electrical
contact. This type of energy barrier can be found at any interface
including surfaces in which a semiconductor is involved. A Schot-
tky barrier can be characterized by two parameters: height (in
energy) and width (in distance). In an n-type semiconductor, oxi-
dizing atmospheres like oxygen have the tendency to increase the
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Fig. 1. Band gap diagram in nanowires. (a) A nanowire with a depletion zone at the surface and with free carriers in its center where conductivity is high. This is the depletion
width established by surface processes. (b) Due to oxygen in-diffusion, the nanowire center becomes partially depleted. The band bending is the same as in the previous case.
The conduction channel width reduces to zero and the conduction through the nanowire decreases significantly. The conduction between the nanowires is also reduced from
decreased tunneling. (c) If oxygen in-diffusion continues, it leads to the lifting of the conduction band from Er and the band bending becomes smaller than ¢. The barrier
height remains constant in the whole diffusion process as long as the temperature and atmosphere are kept constant. It is important to point out that when barriers are not

overlapped, ¢, ~ eV; is regularly considered as a good approximation.

barrier height due to charge accumulation at the interface caused
by chemisorbed oxygen bonding with free electrons. This causes
a local increase of the electric field which increases the poten-
tial, with a maximum at the interface. This barrier can be seen
as upward-sloping conduction and valence band edges in Fig. 1.
Inert gases such as nitrogen only modify the oxygen coverage of
the surface by creating a lower equilibrium oxygen concentra-
tion. Barrier width is established by a charge equilibrium between
the negatively-charged interface and the compensating positively-
charged region depleted of mobile carriers, called the depletion
layer.

Electrical properties of oxide semiconductors are usually
described by a one-dimensional model representing the inter-
face between two particles. It is also regularly considered that a
thermionic (thermally-activated) mechanism is responsible for the
sample conductivity and is described by

]thermionic = ATzeiq&b/kTv (1 )

where ¢, is the barrier height and is defined as the band bending
plus the difference between the conduction band minimum (CBM)
and the Fermi level ¢, = eV + (Ecgy — Er) (see Fig. 1).J, T, k and A
are current density, the absolute temperature, the Boltzmann con-
stant and the Richardson constant [13], respectively. This equation
reflects an activated process due to inter-particle barriers.

Further, it has been pointed out in previous works of the group
[14-17] and other researchers [18,19] that an additional tunneling
contribution is unavoidable for the usual barrier characteristics and
can be calculated as

Vs
AT
Jtunneling = T/ F(E)+P(E)dE, (2)
0

where F (E) is the Fermi-Dirac distribution function and P (E) is
the transmission probability determined by the one-dimensional
and time-independent Wentzel-Kramers-Brillouin (WKB) approx-
imation. After integration and for a parabolic barrier, P(E) can be
expressed as in Ref. [18]. The total conduction in the sample can be
calculated as the sum of both contributions: thermionic and tun-
neling. Thus, the thermionic conduction mechanism only depends on
barrier height and the tunneling mechanism depends both on barrier
height and width. Eq. (1) indicates that only carriers with energy
higher than the barrier contribute to the conduction. Similarly, Eq.
(2) accounts for carriers with energies between the CBM and the
top of the barrier that contribute to conduction through tunneling.
For these kinds of metal oxides, both contributions can be rele-
vant. Tunneling becomes the dominant conduction mechanism as
temperature decreases and/or doping increases. [18,19].

When oxygen chemisorbs on the nanowire surface, equilibrium
is quickly reached. As stated above, this increases the barrier height
[20]

1

502(8)+S 0% (3)
0 _ _

Oads te Oads’ (4)

where S corresponds to an adsorption site on the surface and
(g) refers to a gas phase. This implies that more ambient oxygen
increases chemisorbed oxygen and induces a larger barrier height.
Assuming a constant temperature, this process continues until the
surface of the material reaches an equilibrium of adsorbed oxygen.

It is considered, as an approximation, that defect states within
the band gap above the Fermi level, Er are empty and below are full.
Oxygen chemisorbing on the surface traps conduction electrons
at energies that lie within the band gap. This reduction of charge
carriers causes the conduction band to bend upwards, away from
the Fermilevel. Thus, a depletion region of width w is formed, where
electron density is very low [16,21,22].

In SnO,, oxygen vacancies are the dominant defects and behave
as donor impurities with densityN,. The oxygen exchange equilib-
rium is regularly written as
O, +e <02 +5 (5)

int
Vit + Oizn; < Oqre (6)

There are several steps in these equations: a possible mecha-
nism is that neutral oxygen in the crystal Oy, leaves its site to
create a doubly ionized vacancy VCZ,Jr and a doubly ionized intersti-
tial Oizr:t' Then, the oxygen interstitial migrates to the surface and
finally becomes neutral to desorb into the gas phase. Egs. (3)-(6)
describe the mechanisms in which oxygen goes from the bulk to
the gas phase and vice versa: oxygen adsorption (Eq. (3)), surface
ionization (Eq. (4)), bulk incorporation as an ion (Eq. (5)) and finally
vacancy annihilation (Eq. (6)).

By adding Egs. (3)-(6) we obtain

1
V32 +2e + 502 < Opat (7)

and the corresponding mass action law for Eq. (7) is [23]

K = [V3] [e]"p(02)? (8)

Square brackets denote concentration and K is the mass action
constant or the equilibrium constant. Eq. (8) indicates that, at equi-
librium, the oxygen vacancy concentration directly depends on the
oxygen partial pressure in the gas phase. Previous studies by this
group [ 14] have shown that the equilibrium barrier height depends
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Fig.2. (a) Example of SEM image of the Pt-SnO; contacts made by FIB lithography on a single nanowire; (b) multiple nanowire sensor where a random dispersion of nanowires

is shown.

on the surface reactions described by Egs. (3) and (4). Once estab-
lished, the barrier height is not significantly affected by subsequent
slower changes in the oxygen vacancy concentration dominated by
Egs. (5) and (6).

After a sudden increase in the oxygen pressure, the surface
species rapidly evolve through Egs. (3) and (4) and the barrier
height is established. Then, if the temperature is high enough, the
oxygen vacancy concentration decreases by means of the slower
process of Egs.(5)and (6). As this takes place, the width of the deple-
tion region expands towards the center of the nanowire. Fig. 1a
shows the beginning of this process. Fig. 1b shows the point where
the last part of the conduction channel becomes partially depleted
and the depletion width, w, is equal to the nanowire radius. At this
point, the conduction band minimum at the center begins to move
away from the Fermi level. Further vacancy annihilation leads to
total depletion of free electrons in the center of the nanowire, as
shown in Fig. 1c. Eventually the CBM has the same value along the
entire grain as determined by the surface conditions [24].

It could be expected that the thermionic current increases expo-
nentially as the band bending decreases due to the elevated CBM,
but this simultaneously causes the density of electrons to decrease
in a similar manner. These two effects mostly compensate if ¢, is
constant and the thermionic contribution to conductivity is almost
not affected if the barrier height does not change [15,25]. The only
term strongly affected by the change in donor concentration is
the tunneling current because the conduction band electrons see
a wider barrier to tunnel through [16,17,26,27]. This process of
in/out diffusion in SnO, [28], begins at approximately 250°C and
is reversible [14,15]. It is important to note that a small diame-
ter nanowire could be completely depleted by surface processes,
depending on the equilibrium chemisorbed oxygen concentra-
tion. Using the depletion approximation, the relation between the
width of the depletion layer and the donor concentration in a
one-dimensional model reduces to Eq. (9) [29]. This equation is
the result of considering a one-dimensional model for conduc-
tion through the particles and a constant net charge density in the
depleted zone.

_ [2€0&r Vs
w= eNy (9)

It is also possible that exposure to a reducing or inert gas can
cause a fully-depleted thin nanowire to become only partially
depleted (see Fig. 1a). In/out diffusion of oxygen becomes more
important for fully depleting nanowires that would otherwise still
have a conduction channel after surface processes form the initial
depletion region.

3. Experimental

The vapor-liquid-solid (VLS) mechanism was used to grow the
Sn0, nanowires. The VLS mechanism uses a catalyst (Au) to form a
solid solution with the precursor (Sn) at high temperature. A carrier
gas continually supplies the precursor and so the catalyst particle
precipitates out the precursor onto the substrate, slowing growth
of the nanowire while maintaining a catalyst nanoparticle at the
tip. A Leica ACE600 sputter-coater was used to deposit 1.4-10 nm
of gold onto (100) p-type Si wafers, depending on the thickness of
nanowires desired. A 1 cm? gold-coated wafer was then loaded into
a quartz tube on an alumina Plate 4 cm downstream of an alumina
open-ended half-cylinder containing 0.02 g of SnO powder (99.9%
Sigma Aldrich). The tube furnace was ramped to 950°C in 90 min
under a steady flow of 200 sccm 5% H; /N, mixture to prevent oxida-
tion of the SnO precursor. At the growth temperature, the flow was
substituted with 350 sccm of 4.8 grade Ar and held for 3 h. After the
growth time, all gas flow was shut off and the furnace was cooled
as fast as possible. The nanowires were on average 50-200 nm in
diameter and 5-50 pm long.

An ultrasonic probe was used to remove the nanowires from the
substrate into a dispersion of dimethylformamide (DMF). This sol-
vent was selected because when pipetted onto the substrate and
electrodes, the drops tended to dry from the outside in, concentrat-
ing the nanowires into a smaller area near the electrode gap. The
electrodes were made of 150 nm platinum sputtered onto a silicon
p-type (100) wafer with a 1 um SiO, layer on top from thermal oxi-
dation. The dispersion was added to the center gap of the electrode
in 2 pL drops and incrementally inspected with an optical micro-
scope until the dispersion of nanowires was suitable for use. The
electrode gap was 20 wm for the multiple nanowire sensor, and
60 wm for the single nanowire sensor. Gold wires were attached
to the contact pads using gold paste and the entire sensor was
then annealed at 500 °C for two hours to cure the paste and remove
organics from the solvent. The sensors were inserted into a 1” inner
diameter quartz tube in a tube furnace with wires extending out of
the tube for connection to an Agilent 34972A data acquisition unit
for DC measurements or a Solartron 1260 Gain-Phase Impedance
Analyzer for AC measurements.

Single-nanowire sensors were fabricated using an FEI Helios
NanoLab 600 DualBeam FIB/SEM. The dispersion of nanowires was
pipetted in the same way onto the electrodes, inspected with an
optical microscope to identify candidate nanowires, and fired at
400°C for 1h to remove organics, without attaching gold electri-
cal wires. A Ga* ion source of 28 pA current was used to catalyze
the Pt metalorganic precursor to form thin Pt strips connecting
the nanowires to the existing electrode. The Pt strips were scaled
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Fig. 3. I-V curves measured at room temperature and at 300 °C for the 60 nm diam-
eter nanowire. (a) The non-linear behavior of the first curve can be associated with
a Schottky barrier in the contact zone. (b) After oxygen in-diffusion, the nanowire
becomes depleted of mobile carriers (see Fig. 5.IV) and a linear behavior is observed.
(c) No diffusion is present in the cooling step and the same linear behavior is
observed. Much higher resistance than the first measurement indicates that there is
no conduction channel in the center of the nanowire and no Schottky barrier in the
Pt-SnO; contact which leads to an Ohmic behavior. The linear behavior of the curves
shows that the contact no longer dominates the electrical behavior of the sensor.

to approximately the same diameter as each nanowire, typically
200 nm wide and 200 nm thick. Since all six contact pads on each
side of the gap were electrically connected in the pre-fabricated
electrode, a 980 pA ion beam was then used to mill away the thin
sections of the electrodes to electrically isolate a connected sin-
gle nanowire to the appropriate sets of contact pads. Great care
was taken to not expose the nanowire to the ion beam. Only the
very ends of each nanowire were exposed to one or two single
frame scans at 28 pA, which is not enough to cause morphologi-
cal changes. After FIB fabrication, gold wires were connected in the
same fashion as reported above. The 60 wm gap electrodes were
used for single nanowire samples because they gave the most room
to find an isolated nanowire and make the Pt FIB connections. The
20 p.m gap electrodes were the best for the multiple-nanowire sen-
sors because it maximized the bridging between the pre-deposited
electrodes. It was found by SEM inspection that on average more
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Fig. 4. [-V curves measured at 100°C and at 300°C for the 350nm diameter
nanowire analogous to that presented in Fig. 3. Room temperature measurements
could not be obtained due to noisy response and high resistance. Here the Schottky-
type behavior is present at all temperatures. The changes in the depletion zone width
are not enough to fully deplete the nanowire resulting in non-linear response in all
cases. The Pt-SnO; junction is likely the largest contribution to the total measured
resistance.

than one nanowire was needed to bridge the 20 wm gap between
electrodes, since most nanowires were 10-15 wm long and they
were randomly orientated.

Electrical measurements were carried out in the 101-107 Hz
range with an amplitude of 100 mV and no external offset bias
was applied unless otherwise stated. The acquired data were repre-
sented using a Nyquist plot. Ideally, the contributions of electrode,
bulk and interfaces such as grain boundaries and particle-particle
contacts can be seen in an impedance plot as separated arcs. Exper-
imentally, arcs can overlap making it difficult to separate them
without support from complementary experimental techniques
such as I-V curves and the appropriate circuit model. ZPlot® and
ZView® software were used to process the impedance data and
to build the equivalent electrical circuit models. I-V curves were
obtained using a Jmicro Technology LMS-2709 probe station with
tungsten tips and heated stage with a Radiant Technologies Preci-
sion LC measurement unit, where samples were measured up to
300°C in air atmosphere.
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tunneling contributions. When temperature is increased to 300 °C, in-diffusion of oxygen causes the barrier go from I to II. For the thinner nanowire the barrier goes from III
to IV. This processes will not be reversible unless a non-oxidizing atmosphere is present at high temperature.
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Fig. 6. Impedance plots corresponding to different atmospheres and temperatures for the 60 nm single nanowire sensor. Dashed lines correspond to the fittings made with

the equivalent circuit model in Fig. 7.

In Fig. 2, nanowires were imaged using a Nikon Eclipse LV150
optical microscope for the multiple NW sensor, and a FEI Helios
NanoLab 600 for the single nanowire sensor with the FIB deposited
Pt electrode. Impedance tests were performed inside the quartz
tube in 500 sccm flow of 5.0 grade nitrogen and in medical grade
breathing air, at several temperatures from 25 °C to 400 °C.

4. Results
4.1. Single-nanowire measurements

Several research groups have used SnO, nanowires with FIB-
deposited Pt as electrode contacts [30-34]. These studies show
that the nature of this contact can have either Ohmic or a Schot-
tky behavior, depending on the atmosphere, temperature [31] and
contact area [31,33]. Also, there is some randomness to the quality
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the negligible capacitor element. The substrate is represented by a constant phase elements (CPE) at the bottom. This representation is also valid for high temperatures.

8 _

6.0x10 I-V curve of random NW sensor

at 300°C in air o

4.0x10°- S
2 2.0x10°
£
£
= 0.0
o
S e
O 20x10° .*

-4.0x10%4 °

T T 1 J ! :

-8I-61-4'-|2I0 2I4.6'8
Drive Voltage (V)

Fig. 8. I-V curve measured at 300°C in air for the multiple-nanowire sensor. Due to
the variation of the nanowire widths, some thin nanowires are completely depleted
of carriers but some wider ones are not. Nanowires with a diameter of 100 nm or
less (approximately) will not have a Schottky-type contact for our tested conditions;
those that are wider may have a conduction channel with free carriers in their center,
even for a wide range of temperatures and atmospheres.

of the Pt deposited contacts that can affect the behavior [35]. Here,
we analyze this type of device with several techniques. We sepa-
rate the contributions to the gas sensor response from the bulk of
the nanowire and the Pt-SnO, contact to build an equivalent circuit
model that fully reflects physicochemical changes in the device.

First, current-voltage (I-V) tests were carried out to elucidate
the role that the Pt-SnO, junction plays on nanowires with differ-
ent diameters. Fig. 3 and 4 show the measurements of a 60 nm and
350 nm wide nanowire, respectively, performed on a heated stage
with a probe station in air at low temperature first, then at 300°C
and finally at low temperature again. Data shown in Fig. 4a and c
were measured at 100 °C because the room-temperature resistance
was too high to produce a suitable I-V curve. Prior to the first mea-
surement, the samples were exposed to a N, atmosphere for 4 h at
400°C in order to promote temporary reduction in the depletion
zone width by removal of adsorbed surface oxygen species and the
creation of oxygen vacancies.

Fig. 5 shows a diagram of the junction between the Pt electrode
and the nanowire, mimicking the three steps of measurements in
Figs. 3 and 4. Fig. 5a is the initial state of the junction, at room tem-
perature and after the nitrogen treatment. Oxygen out-diffusion
from the N, treatment decreased the depletion region (Eq. (9)) by
creating oxygen vacancies and therefore increasing the dopant con-
centration. This concentration will be “frozen” into the nanowire
until heating allows it to reach its air equilibrium concentration. A

decreased depletion region leaves an unaffected CBM in the center
called the conduction channel. This leaves a large potential bar-
rier for an electron traveling from the bulk to the surface. The
metal-semiconductor FIB contact also intrinsically creates a Schot-
tky barrier at the interface of height ¢}, and a width w which charge
carriers must tunnel through and/or thermionically overcome [19].
As seen in Figs. 3 a and 4, the non-linear behavior is typical of a
Schottky junction.

When the sample is measured at 300°C in an oxidizing atmo-
sphere (Figs. 3 band 4 b), oxygen diffuses into the nanowire and the
depletion zone is enlarged due to annihilation of oxygen vacancies
that reduce donor concentration [16,17,26,27]. The linear response
in Fig. 3b (60nm diameter) suggests the nanowire is now fully
depleted of carriers which agrees with Ref. [36]. Due to the overlap-
ping of the depletion regions, there is no conduction channel in the
center of the nanowire. Electrons now see a potential step and only
those with energy higher than this step participate in the conduc-
tion. The rest of the electrons can be thought as classical electrons
as they cannot tunnel between FIB contacts because the distance
is at least 10 wm. This potential is constant and can be thought as
a dielectric between two metal electrodes. For this kind of config-
uration the only possible electrical conduction occurs by means of
the Ohmic mechanism. There are not many electrons available for
conduction because of the Fermi level position. Those electrons are
dragged by the applied field from one contact to the other gener-
ating a nearly linear I-V response as seen in Fig. 3b and c. A slight
deviation from linearity seen in Fig. 3c s likely a result of some very
small remaining Schottky barrier. Thus, the response of the device
is controlled mostly by the nanowire itself, with minimal junction
resistance. Fig. 4, conversely, shows a different behavior. Here, the
wider nanowire (350 nm diameter) is not fully depleted after oxy-
gen in-diffusion. This leaves the CBM at its usual bulk energy in the
center of the nanowire resulting in Schottky barriers that cause the
non-linear behavior.

Upon cooling in air, the donor concentration remains unaltered
from the previous step because the high temperature allowed it to
reach its air equilibrium oxygen vacancy concentration. Both Figs. 3
cand 4 c show behavior similar to their previous high-temperature
measurement. Fig. 3¢ does not show the same behavior as Fig. 3a
because this 60 nm diameter nanowire is an intermediate thickness
that allows it to be fully depleted at high temperature in air but also
to have a non-depleted region at its center under high-temperature
reducing conditions. In both nanowires, the annihilation of oxygen
vacancies at high temperature increased the overall resistance in
the later low-temperature measurement. It is important to point
out that this marked resistance increase after cooling did not hap-
pen when the measurement temperature was kept below 200 °C,
which did not allow full oxygen in-diffusion. This is supported by
Kamp et al. [23], who estimate the characteristic times of the oxy-
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Fig. 11. Schematic view of the multiple-nanowire sensor model. For our model, we consider 500 parallel paths of the two-nanowire contact in series as shown here. In our
model, nanowires with the same diameter were considered. In the figure and the real sample, nanowires of several diameters are present. (a) Wide-nanowire junctions show
a non-Ohmic behavior as seen in Fig. 4. (b) Thin-nanowire junctions show an Ohmic behavior at high temperature, as seen in Fig. 3.

gen diffusion drift processes depending on temperature and the
size of the particle. For an average size of 100 nm, at 300 °C the dif-
fusion from the center of the particle to the surface takes around
10s and can take several hours at 200 °C, for example. This is an
important result because it shows that the electrical behavior of sen-
sors with Pt-nanowire contacts can depend on the nanowire width. Lin
etal.[31] showed that when Schottky behavior is observed, most of

the total measured DC resistance comes from the contact and not
from the nanowire.

As metal-semiconductor and bulk contributions compete to
dominate the behavior, the addition of randomness in the contact
creation seems to complicate the situation. Measurements were
done in several sensors and a distinguishable trend was observed,
though not systematically predictable. All of the following sens-
ing measurements were carried out at temperatures above 300 °C.
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Based on the previous measurements, we can say that when using
small nanowires, we expect no appreciable contribution of the Pt-
SnO, contact, therefore it is not considered in our calculations from
here on.

In our goal to separate the varying contributions from the differ-
ent components of our sensor, we first need to establish some basic
calculations. From the depletion approximation, the capacitance
per unit area of a Schottky barrier is

_ & _ egregNyg
C_w_’/72¢ (10)

and considering typical values for doping concentrations of
1 x 109 1/cm3, relative electric permittivity of 10, and a barrier
height of 1V, we calculate that for a nanowire of 10 um long and
100 nm wide, the associated capacitance is 8 x 10~15 F. Then, we
can approximate that

Cnw ~ 0.01pF.

This is a very small capacitance to be properly measured, espe-
cially when other capacitances are there [37]. In further equivalent
circuit models, single nanowire capacitance will be neglected and
only be considered for comparison purposes with the multiple
nanowire equivalent circuit model in the next section.

There is a capacitance between the silicon substrate and
deposited Pt electrode. Given the substrate composition, there is a
thin SiO; layer on the surface that has defects and deep traps which
contribute to this capacitance and make the substrate temperature-
and atmosphere-dependent. This change is in the +5% range, but
given the small values of the nanowire capacitance it is impossible
to distinguish this contribution from the substarate contribution.
There is also a small change in capacitance from sample to sample.
A constant phase element (CPE) is appropriate to model this contri-
bution where non-ideal elements are present. A CPE is an empirical
impedance function of the following form:

Zcpg = (11)

A(jo)*

The constant A determines the impedance modulus and the
exponent o determines the impedance angle which goes from 0° to
90°. In the special cases of a=1 (90°), the CPE acts as a pure capac-
itor with the capacitance equals to A and with a=0 the element
behaves as a pure resistance. The main effect of this function in an
impedance plot is to distort the semicircle.

Fig. 6 shows impedance measurements performed in the tube
furnace with controlled atmosphere under air and 5.0 grade N,. An
AC signal with an amplitude of 100 mV was used and no external (or
offset) bias was applied. Dashed lines correspond to fittings made
with the circuit of Fig. 7 and show good agreement in the entire
frequency range. Similarities in both arcs reveal that a change in
the conduction mechanism is unlikely from nitrogen to air mea-
surement.

It can be seen from Fig. 6 that the radius of the semicircle
becomes smaller with increasing temperature, indicating a resis-
tance decrease. This is an expected outcome since current transport
mechanisms are thermally activated. However, the experimental
data cannot be modeled with a simple RC circuit, because the
semicircles are not perfect, having a reduced height. The proposed
circuit model of Fig. 7 is very simple, but is able to simulate the
acquired data properly. This model should not be used at low tem-
peratures where the contribution of the Pt-SnO, contact to the
total measured resistance has a different contribution which may
depend on the last high temperature treatment (see Fig. 3a and
c). It should be noted that the semicircles in Fig. 6 are not due to
the capacitance contribution of the nanowire, but they reflect the

capacitance of the Si/SiO, substrate instead, which is modeled with
a CPE.

Impedance measurements were also performed on the 350 nm
single-nanowire sensor and the results are as expected. The resis-
tance is the same order of magnitude and the impedance arc
has the same shape as the 60 nm nanowire. In theory, the large
nanowire should show a different contribution to capacitance due
to the change in the conduction channel width in the center when
exposed to different gases and/or temperature changes. However,
as explained above, the magnitude of these changes are too small
compared to the substrate capacitance quantified by the model. Yet,
the fact that the resistance is in the same order of magnitude and
the obtained I-V curves are always non-linear tell us that most, if
not all, contributions to resistance come from the Pt-SnO, contacts.
Additionally, the non-linear I-V curves of both nanowires increase
in slope at approximately the same voltage, which shows that the
Schottky barrier heights at the interfaces are similar as would be
expected when the same two materials are used in both cases.

4.2. Multiple-nanowire measurements

Multiple-nanowire gas sensors were tested under the same
conditions as the single-nanowire sensor. They have a 40 pm
smaller pre-deposited electrode gap than the single-nanowire sen-
sors which increases the calculated sample substrate capacitance
by approximately 30% [38]. Fig. 8 shows an I-V curve for the
multiple-nanowire sensor. It was not possible to obtain the same
low-temperature [-V curves as the single-nanowire sensor because
the resistance was too high and the signal too noisy. The applied
voltage is divided between all nanowire-nanowire junctions, so
the I-V curve was run up to 7V instead of 2.5V due to the number
of interfaces present. It is worth noting that the resistance calcu-
lated from the I-V curve is higher than that from the impedance
arcs at O Hz. These discrepancies have been observed on multiple
occasions. It is not clear if this is a result of different experimental
setups in these measurements or a real effect from the materials.

Impedance measurements in Fig. 9 show that the sensitivity
to oxygen in multi-nanowire sensor is larger than the single-
nanowire sensor. To separate contributions from the substrate and
the nanowires, a simple model was used. Here 1000 nanowires
were considered as a rough approximation, however the calcula-
tion shows that the conclusion would not change if this number is
a few times smaller or larger. The gap between the platinum elec-
trodes is now 20 wm. This allows a few nanowires, which are 10 wm
long on average, to span the electrodes when randomly deposited.
So, we will consider the distribution of the nanowires in the model
as 500 parallel sets of two nanowires in series.

Since the current is divided over the parallel paths each
nanowire has 1/250 of a single nanowire contribution. Each
nanowire of the pair of bridging nanowires now has half of the
capacitance that a single bridging nanowire would have, so all
nanowires collectively have an approximate capacitance value of
2.5 pF.

Ciro00nws =~ 2.5pF

Given the amount of parallel paths for the current, the measured
resistance now should have been much smaller, but the values
are in the range of the single nanowire sensors and even higher.
We attribute this to the contact between nanowires, which in our
model is represented as 500 parallel resistances, so each junction
would have aresistance of approximately 500 MS2. The contact area
between two nanowires can be several times smaller than that of
the Pt-nanowire contact because the deposited Pt molds around the
nanowire. If we consider that the nanowires are using their whole
cross-section to contact each other (highly unlikely) the junction
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Table 1

Equivalent circuit data fittings from single-nanowire measurements. The nanowire
capacitance value is included but makes no difference in the fittings due to their
small value.

SNW at 300°C In Ny In air

Resistance (kS2) 202 250

NW Capacitance (pF) 0.01 0.01

CPE Amplitude (pF) 650 640

CPE Phase 0.88 0.89
Table 2

Equivalent circuit model data fittings from multiple-nanowire measurements. Here,
junction resistance dominates the electrical behavior. CPE amplitude does not rep-
resents substrate capacitance in a direct way. Simulated nanowire capacitance has
the same order of magnitude as our model.

RNW at 300°C In N, In air
NWs Resistance (kS2) 0.1 0.1
NWs Capacitance (pF) 10 10
Junctions Resistance (kS2) 250 1200
CPE Amplitude (pF) 450 500
CPE Phase 0.85 0.78

between two nanowires would be approximately 8 x 101> m2, and
using the same parameters as before, we can estimate the junc-
tion capacitance of a single contact as 0.00006 pF. This capacitance
cannot be measured.

It is important to point out that the condition of “best fit” for
the experimental data is not necessarily the right fit. One needs to
develop a circuit model that represents the physical properties of
the conduction processes in the sample, as MacDonald states in Ref.
[39].

Fig. 10 shows the equivalent circuit used for modeling the
multiple-nanowire sensor, where junction resistance is now dom-
inant and the asymmetry in the impedance arcs can be due to the
dispersion introduced by the nanowires with different diameters.
To model the same response at all frequencies other circuits can
be built [40]. One can always find an equivalent circuit to model
the experimental data but some models can have an excess of ele-
ments, making it very easy to tweak a simulated signal to match the
experimental result. Itisimportant to check that the fitted elements
make physical sense, as the one built here in Fig. 10.

In this sensor there is a distribution of nanowires diameters that
are in contact. If the nanowire is wide enough, it has a region in its
center that remains unaltered from surface phenomena (see Figs.
11 a and 5 a). If the nanowires are thinner, then they are depleted
of carriers and the contact between them is Ohmic or almost
Ohmic (see Figs. 11 b and 5 b) at high temperature. The observed
behavior in Fig. 8 is an average response of some Ohmic contacts
and some Schottky contacts between the nanowires. Response to
oxygen atmosphere in this sample is different from that of the
single-nanowire case due to the role played by nanowire-nanowire
interfaces, which seems to be more sensitive.

The values in Table 2 can be explained as follows. When a sin-
gle nanowire was measured (see Table 1), the resistance increased
20% from nitrogen to air atmosphere. This would imply that a single
nanowire is not very sensitive to ambient gases. On the other hand,
for the multiple-nanowire sensor, the overall resistance increased
480% in the same experimental conditions. The data presented
above shows that this is most likely due to the nanowire-nanowire
junctions that charge carriers encounter in their conduction path.
Our results indicate that these junctions are considerably more
sensitive to gas changes.

5. Conclusions

Single-nanowire and multiple randomly-oriented nanowire
Sn0O, gas sensors were made. For the single-nanowire sensor, FIB
deposited Pt strips were used to contact the nanowire to a pre-
deposited electrode. It was determined that above 300 °C for the
thin (60 nm dia.) nanowire, the contribution of the contact was not
relevant to the total response. This indicates that thin nanowires
can be considered as fully depleted and that they are responsible for
the resistance changes to the tested gases. For multiple-nanowire
gas sensors with a distribution of sizes, it was concluded that the
junctions between nanowires had a larger contribution toward the
resistance change than the conduction channel width modulation
in the nanowires themselves. These junctions have both Ohmic and
non-Ohmic responses depending on the diameter of the nanowires
forming the junction. The measured response is an average of those
two types of contacts. Equivalent circuit models are proposed to
fully characterize these behaviors.
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