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ABSTRACT

Nanowires and nanotubes have shown
remarkable electronic properties when configured either
as simple current/voltage impedance elements or as field-
effect transistors. Their very high surface-to-volume ratio
makes them ideal sensors in situations where the gaseous
species adsorbing on their surface donate or extract
charge, in turn affecting the nanowire’s conductivity. By
reversing the process, nanowires configured as FETs
potentially allow the surface chemistry, and hence the
catalytic properties of the nanowire, to be tuned using the
gate voltage as a kind of chemical-potential-setting
parameter. An exciting goal is to use functionalized
single-nanowire FETs or devices based on nanowire
arrays as systems on whose surface not only the rate and
extent of a catalytic reaction but also its selectivity can
be varied entirely by varying the voltages applied to the
device’s terminals.

Figure 1. SnO, NW configured as (a) a
resistor, (b) FET and (c) AFM image of
nanowire FET

1. INTRODUCTION

Semiconductor nanowires are poised to impact
on such varied technologies as electronics and opto-
electronic, lasers, solar energy conversion,
environmental sensing and catalysis '®. Their large
surface to volume ratio and their function as quasi-one-
dimensional conductive elements simultaneously confer
upon them high sensitivity and size-dependent
transduction of the chemical processes occurring at their
surface into functional electrical signals. Significant
progress has already been reported involving carbon
nanotubes and semiconductor nanowires "' as sensors
and in other electronic applications. Contrariwise, the
fabrication of devices based on metal oxide nanowires is
still largely undeveloped **'"+'? despite the fact that
metal-oxides are widely used as support materials for
“real world” catalysts and as gas sensors™>"’.

In this communication we report the successful
fabrication of a two terminal (Chemoresistor) and three
terminal source-gate-drain single-nanowire field-effect
transistor (Chem-FET) devices operating as active
catalytic and gas sensing elements (Fig.1). We
demonstrate that routine manufacturing of these devices
can be accomplished using template-synthesis, as well as
chemical vapor growth. Their function will be illustrated
with SnO, nanowires whose electron transport is
explored as a function of temperature, gas environment
and gate potential.

We find that chemisorption of oxidants (such as
oxygen) as well as interactions with reducing gases (like
CO) can greatly change the electron density inside the
nanowire. Reciprocally, oxygen adsorptivity can be
controlled and, as a result, the subsequent catalytic
conversion of CO to CO, at the SnO, surface can be
significantly altered upon modulating the electronic state
of the material by applying an appropriate gate potential.
In close analogy with processes taking place in
macroscopic MOSFET gas sensors, '>'° these
observations immediately brings to mind ultra miniature
single-nanowire-based FET gas sensors wherein the
gate-tunable redox potential controls the sensitivity and
selectivity of the surface towards a particular analyte.
Reciprocally, the observation implies the possibility of
gate-tunable catalysts whose species-selective reactivity,
sensitivity and response time can be electronically
controlled.
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2.RESULTS AND DISCUSSION

2.1 Experimental

The nanowires used in this research were
prepared using two different synthetic methods. In first,
(Fig.2 (a)) arrays of parallel tin nanowires with pre-
defined, dimensionally uniform diameters and lengths
were electrochemically synthesized inside the pores of
highly-ordered porous anodic alumina (PAO) templates
as previously described 2***. Highly crystalline, metallic
B-Sn nanowires (60 nm average di. and average length

Figure 2. Two approaches for large-scale fabrication of
semiconductor metal oxide nanowires. (a) Tin nanowires are
grown inside a porous aluminum oxide template. The oxide
matrix is removed and the tin nanowires thermally oxidized
to SnO»; (b) SnO, nanowires, nanorods and nanobelts are
grown by CVD using so-called vapor-solid synthesis.

determined by the template thickness ~ 50 pm in this
study) were electrochemically grown in pores of the
templates and subsequently removed from their matrix,
suspended in a solvent, diluted and deposited on a p -Si
(boron doped 0.02 € cm) substrate covered with a 300
nm thermally grown SiO; film. Individual Sn nanowires
were topotactically oxidized to SnO, by annealing in air
over several hours at several gradually increasing
temperature steps eventually reaching 550° o
Transmission electron microscopy (TEM) and X-ray
diffraction (XRD) analysis confirmed the nanowire
integrity after oxidation and its complete oxidation to
(rutile) polycrystalline SnO, with crystalline domains
(~10%-10° nm) greatly exceeding the nanowire’s
diameter. Nanowires of higher crystallinity (Fig.2 (b))
were also grown using chemical vapor deposition. %%

Electrical contact to the nanowires was made by vapor-
depositing composite Ti (20 nm)/Au (200 nm) micro-
pads which acted as the source and drain electrodes. The
Si substrate was used as the back gate electrode (Fig
1(¢c)). Conductance measurements as a function of the
gas environment and temperature were carried out on
isolated individual nanowires in a custom-designed 100
ml gas cell.
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Figure 3. Single-nanowire gas sensor. The conductance response of the
SnO, nanowire to O, and CO gases admitted into an inert (N,), flowing

atmosphere.

2.2 Nanowire Chemoresistors

Because of the large surface-to-bulk ratio and
the fact that the nanowire’s radius (~30 nm) is
comparable or less than the Debye length for SnO, in the
temperature range used, one can expect the nanowire’s
electronic and transport properties to be strongly, indeed
primarily, affected by surface processes involving
electron exchange between the surface and the adsorbate.
The SnO, nanowires studied showed significant
conductance changes when exposed to oxidizing and
reducing gases” (Fig. 3). Under these so-called “flat
band” conditions, the electrons are distributed
homogeneously throughout the entire volume of the
nanowire. The facile access of bulk electrons at the
surface (and vise versa) and their limited number, causes
the charge density throughout the entire nanowire to
decrease or increase as a result of charge transfer
processes occuring at its surface. For SnO, at ~600 K,
the material’s high conductance under inert or reducing
atmospheres (Fig.3) results from the presence of shallow,
i.e. totally ionized, donor states which arise as a result of
surface-oxygen vacancies. This also renders the oxide an
n-type semiconductor. Under these conditions the Fermi
level lies just below the conduction band edge (Fig.4(a)).
Exposure to oxygen saturates the surface vacancies,
drawing electrons from the bulk, localizing them on the
ionically-adsorbed (ionosorbed) oxygens (right panel of
the Fig. 4(a)) according to the reaction:

B-Of+a-e +8§>04 (1),
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Figure 4. Effect of oxygen ionosorption on the
electronic structure of a semi-conductor nanowire
resulting in depletion of shallow donor states (a). The
latter is reflected in an adsorbate-induced increase in
conductance activation energy (b)

where the indices g and s indicate gas and surface,
respectively; while f, a determine the molecular and
charge status of the adsorbed oxygen. S designates an
adsorption site.”® In larger systems (i.e. when the
nanowire’s diameter, D>>Ap) oxygen chemisorption
induces band bending only near the surface. By contrast,
in nanowires for which D<Ay, adsorption can shift the
Fermi level of the entire nanowire (Fig.4(a)), and the
consequent electron depletion can result in a significant
drop in conductance (Fig. 3, 4(b)) and a corresponding
increase in activation energy (Fig.4 (b)).” A combustible
gases such as CO reacts with previously-adsorbed or co-
adsorbed oxygen to form CO; catalytically (according to
the reaction shown below), thereby reducing the steady
state surface oxygen concentration whose eletrons are
donated back to the nanowire. This increases its
conductivity significantly®®:

{CO*"S +0;5 > B-CO +a-e +S  (2)
BS 2

In this process, the CO-induced current recovery (Fig. 3)
is proportional to the reduction in the coverage of
ionically adsorbed oxygen. The electron exchange
occurring in reactions (1) and (2) comprise the principle
of operation of nanowire chemoresistor sensors for
oxidizing and reducing adsorbates. In a “real world”
environment a large number of other molecules (chief
among them, water) complicates the picture. Surface
hydroxyls and hydrocarbons can temporarily or

permanently react with adsorption sites modifying or
adding to the possible reaction pathways.

2.3 Nanowire Field Effect Transistors And Surface
Reactivity

The architecture of a typical nanowire-based
FET is shown in Fig. 1(c) and 5(a)). The nanowire acts
as a conducting channel connecting a source (S) and
drain (D) electrode. The entire assembly rests on a thin
oxide film, which itself lies on top of a conducting (in
this case p-type Si) gate (G) electrode. Most of the SnO,
nanowires studied showed a prominent gate effect
(Fig.5c) as an n-channel FET. As with chemoresistors,
the FET’s performance is affected by the composition of
ambient gas (Fig. 5(d)) and temperature.”’ Under dry
nitrogen (and after several hours’ annealing) the
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Figure 5. The architecture (a), principle (b), and
performance (c) of a nanowire-based FET under nitrogen
and oxygen/nitrogen gaseous atmospheres (d).

nanowire becomes a fairly good conductor, whose
conductivity depends only moderately on gate potential
(top curve in Fig.5d). The switching ratio under these
conditions was only 5-10, due to screening by
conduction electrons whose high density prevented the
gate field from modulating the current significantly. In
the presence of oxygen, and with a sufficiently negative
gate potential, Vs, the reduced electron density
magnifies the effect of the gate potential enormously,
resulting in efficient switching of the source-drain
current (Ipg) and a positive shift in the threshold value of
the FET’s transfer function (Fig. 5d, bottom curve). The
highest switching ratios (~10°) were observed in air at
room temperature for vapor grown SnQO, nanowires.
Although large, this value is lower than the record value
of 10* reported for nanobelts*. Based on this observation,
the sensitivity, S= (Gy-Goxy)/Gy, of the nanowire
configured as an FET and operating as an oxygen sensor
can also be maximized by tuning the gate potential to the
threshold voltage appropriate to the specific gas being
probed.



2.4 The Influence Of Gate Potential On The Catalytic
Performance Of A Nanowire

a

~—

2 2 9
L2 - SN

03

Current [uA]
(=]
£

0.2

0.1

0.0+ ' '
0 600 1200 1800
Time [sec]
b
) s GIN,)
o
0.35- _/ m
0.30- ':__/./._H""
- G(O,)
0.25
—5 0.20 -
3
g 015 =y
g 0104 /
0.05- /
0.00-

-0.05 T T T

Figure 6.

(a) Response of the nanowire’s source-drain current
(Vsp=2 V) to the sudden addition of 10 sccm of
oxygen to the (100 sccm) of flowing nitrogen gas at
time t; followed by the addtion of 5 sccm of CO at
time t, at various values of the gate potentials at 553
K. The quantity Gy; is Isp under nitrogen. AGoycoy)s
the values of the conductance decrease (increase)
when O, (CO) gas is sequentially admitted into the
gas cell. (b) The reactivity of oxygen, AG,,,, and CO,
AGo, as a function of gate voltage as measured by
the total change in conductance determined from the
response curves shown in Fig. 6a. The nanowire
conductance Gy, under dry nitrogen is included for
comparison. Also shown: the extent of reaction of
CO through a putative second reaction channel that
does not involve ionosorbed oxygens as a reagent.

The ability to shift almost continuously the
position of the Fermi level of an oxide nanowire
configured as FET by varying its gate potential (Fig.
5(b)) can, in principle, allow molecular adsorption onto
its surface to be controlled. Because ionosorbed oxygen
is a precursor to many catalytic reactions like CO
oxidation, one expects the extent, rate and selectivity of
catalytic reactions occurring on the nanowire’s surface to
be, likewise, gate-voltage controllable. The interplay
between adsorption, electron transport, catalysis and gate
voltage in an FET-configured SnO, nanowire were
explored. Illustrating the results, the variation of Igp at
Vsp=2 V as a function of gas partial pressures at various
gate potentials are shown in Fig. 6a. The baseline Ipg is

taken to be its steady state value, measured following
prolonged exposure to dry N, at the selected gate
potential and temperature. On changing Vgs to a new
value the system was allowed to sit under dry nitrogen a
sufficiently long time for steady state to be re-
established. At time #;, 10 sccm of oxygen gas was
mixed into the 100 scem nitrogen flow. This was
followed at time #, by the addition of CO (5 sccm) into
the gas flowing into the cell.

A number of observations can be deduced from
the data presented in Fig 6a.

(i) The steady-state value of the conductance in
the nitrogen atmosphere decreases monotonically when
gate potential becomes more negative and drops by a
factor ~ 70 times at Vgs = -6 V. With increasing the
positive gate potential the conductance increases
somewhat then saturates.

(ii) The extent of the conductance drop upon
oxygen admission decreases as Vg becomes more
negative. When Vgg =-6 V the conductance no longer
changes on admitting oxygen. Assuming the conductance
decrease on exposure to oxygen is proportional to the
coverage of ionosorbed oxygen, a sufficiently negative
gate potential can reduce Ipg to zero (Fig. 6(a) bottom
curve) suggesting that ionosorption no longer takes place
(although physisorbed oxygen may still be present on the
surface).

(iii) The increase in conductance on admitting
CO, which we ascribe to the effect of catalytic oxidation
of CO, begins almost immediately upon the introduction
of CO achieving steady state slowly. The increase in
conductance is not a monotonic function of the gate
potential reaching a maximum value when Vg is in the
range -2 to 0 V.

(iiii) Interestingly, CO admission increases the
conductance at Vgg = -6 V, although ionosorbed oxygen
is presumably absent.

The concomitant dependence of AG,,, and
G(N) on gate voltage shown in the Fig. 6b is
immediately understandable by noting that tin dioxide is
an n-type semiconductor. Negative values of the gate
voltage decrease the electron density in the nanowire
thereby decreasing its conductance Gy,. Because the
ionosorption of oxygen on the nanowire makes use of,
and localizes electrons derived from the bulk of the
nanowire onto the surface oxygens, as the electron
concentration decreases so will the capacity for
ionosorption of oxygen. In fact, because the electron can
be regarded as a reagent in the ionic chemisorption
process, and oxygen is in excess, the extent of oxygen
chemisorption (4G,,,) should track the carrier
concentration exactly, which is precisely what is found.
Because the nanowire’s surface to volume ratio is very
large (there are only some 107 carriers in the nanowire) it
is easy to attain fields strong enough even at low values
of the gate voltage to reduce the carrier concentration to
essentially zero, shutting down the oxygen chemisorption



process and all subsequent surface processes in which
ionically chemisorbed oxygen is a reactant.

For positive values of the gate voltage both
AG,,, and Gy, are found to increase slightly with
increasing gate voltage, eventually reaching a plateau
possibly signifying the fact that the saturation electron
density of the nanowire has been reached.

The range of options CO has for reacting with
SnO, is more elaborate than oxygen, leading to the
observed amonotonic dependence of the nanowire’s
conductance on the gate potential when CO is present in
the gas mixture. Taking our cues from the well-
established CO sensing mechanism developed for the
thin film sensors,”® we assume that the current recovery
following the admission of CO, AGco, is proportional to
the reduction in ionosorbed oxygen coverage, which is
consumed in the catalytic CO oxidation reaction (2) to
form CO,. An important and reproducible feature of the
reaction with CO is a significant increase in Igp even at
very negative values of the gate potential where oxygen
ionosorption was completely shut down (see, e.g. AGeo
at Vgg =-6 V in Fig. 6 (a)). This more complicated
behavior can be reconciled if one assumes that there are
at least two CO reaction channels. The second channel
can be ascribed to CO reduction of the lattice oxygens of
the SnO, as opposed to the ionosorbed surface oxygens
or hydroxyl groups. (There may also be some
contribution due to charge donation by CO itself
adsorbed at metal sites with unsatisfied valences, as in
carbonyls, or through other reaction intermediates with
Lewis base character formed subsequent to adsorption.)
When a mixture of CO and oxygen simultaneously fed
into the chamber the conductance change will reflect the
sum of contributions from all of the surface processes,
which proceeds with electron exchange with the
nanowire. Let us consider the three following processes:
(A) the interaction of CO molecules with the lattice
oxygen. This reaction channel would likely not affect the
electron density and therefore will, therefore, not be
affected by the gate potential; (B) The interaction of CO
with ionosorbed oxygen, which depends on the
availability of free electrons and therefore on gate
voltage and (C) the ionosorption of oxygen itself which
also changes with the gate potential as noted above. At
steady state (conductance, temperature and gas
composition and pressure), and making these
assumptions, the ionosorbed oxygen coverage, (V¢s),
can be deduced.” The result of such an analysis is shown
in Fig. 7 which plots the ionosorbed oxygen coverage as
a function of the gate potential before and after CO is
admitted into the flowing N,+O, mixture. The most
notable effect of CO reacting with the surface oxygens is
to shift the steady-state oxygen coverage to lower values
at any given value of Vgg. At the most negative values of
Vs, the combined effect of a low electron density and
the surface reactivity of CO is to essentially eliminate
ionosorbed oxygen from the surface of the nanowire

(triangles in the Fig.7). Contrariwise, when electrons
(and therefore ionosorbed oxygen) become plentiful (at
positive values of Vg, the impact of CO reactivity
decreases, eventually to the point where its effect on the
steady-state ionosorbed oxygen coverage becomes
negligible even with CO present. This immediately

explains the amonotonic evolution of AG,,,(V,) in Fig.

6b. At negative values of Vg below a threshold vale, Vi,
the conductance increase is almost solely determined by
the reaction of CO with lattice oxygens. As the gate

potential is increased, more ionosorbed oxygens survive
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Figure 7. The dependence of the calculated steady-state
oxygen coverage on gate potential before (squares) and
after (triangles) CO gas is admitted.

exposure to CO and AG,, (¥, ) reaches a maximum then

decreases again at a high enough, positive value of V.
At this point the steady-state oxygen coverage with or
without CO present in the gas flow is almost equal. This
behavior can be accounted for by assuming that both CO
and oxygen compete for the same sites on the nanowire’s
surface. At negative values of Vg, few oxygens adsorb
because few electrons are available, leaving lots of room
for CO to adsorb. However, these COs have few reaction
partners on the surface with which to react (other than
through the second channel). As the gate potential is
increased, more oxygen molecules ionosorb on the
surface providing an increasing number of reaction
partners for the co-adsorbed COs. With further increase
in gate potential more ionosorbed oxygens accumulate
on the surface eventually reducing the number of sites
available for CO co-adsorption, at which point CO
reactivity (through channel 1) reaches a maximum. With
further increase in gate potential the extent of CO
reactivity begins to decline as a result of the shortage of
adsorbed CO molecules. All the while, reaction through
channel 2 takes place in a Vgs-independent process (Fig.
6b).

The above conclusions are supported by the
analysis that was carried out on the experimental reaction
kinetics®® assumed to be reflected in the response if the
current Igp. These analyses were carried out
independently on the decreasing and increasing portions
of the current evolution with time following,
respectively, the addition of oxygen, then oxygen+CO, to



the flowing nitrogen (Fig. 6a). Briefly, we found that at
the most negative values of the gate potential the time
evolution of Isp was adequately reproduced by a single
exponential. Beyond a certain value of the gate potential
the time evolution of Igp could only be adequately fit
with a sum of two exponentials. Remarkably, one of the
rate constants (beyond this value of the gate voltage) was
essentially independent of gate potential and
approximately equal in value to the value retrieved in the
single exponential regime, while the second rate constant
showed a marked dependence on gate potential.

The above two-channel model of CO oxidation
has an interesting implication for the use of nanowires as
catalysts. In essence we have shown that one can
dramatically alter the branching ratio of the nanowire’s
catalytic action in the CO oxidation reaction simply by
changing the gate potential under unchanging conditions
of temperature, reactant composition and pressure.

3. SUMMARY AND CONCLUSIONS

In summary, the electron transport properties of
individual, n-type semiconductor tin oxide nanowires
were determined over a wide range of temperature and
gas composition, with the nanowire configured
alternatively as chemoresistors and FETs. Because of
their large surface to volume ratios, the bulk electronic
properties of the nanowires were found to be controlled
almost entirely by processes taking place at their surface
which could, in turn, be modified by controlling the gate
potential. As a result, the rate and extent of oxygen
ionosorption and the resulting rate and extent of catalytic
CO oxidation occurring at the nanowire’s surface could
be controlled and even entirely halted by applying a
negative enough gate potential. The above results
suggest an intriguing strategy for producing nano-
catalysts with electrically-tunable reactivity and
selectivity according to the value of the gate potential.
For example, for a nanowire at whose surface two
reactions are possible, one can envision setting the gate
potential as a chemical potential set-point so as to reduce
one of these channels with respect to the other (assuming
the two reactions differ somewhat in their redox
properties). The nanowire FET then becomes, in essence,
a nano-reactor with electronically controllable
selectivity. Likewise, one can foresee using this effect to
observe and control catalytic activity on supported metal
patticles. Even a small metal particle would normally
contain sufficient numbers of electrons to fully support
the metal-adsorbate charge exchange accompanying a
catalytic reaction on its surface. Under ordinary
circumstances, therefore, the charge exchange between
the metal particle and its metal-oxide support would be
negligible. However, if the support were a metal oxide
nanowire configured as an FET, the gate potential could,
in principle, induce the metal-adorbate charge transfer to
include the nanowire and hence to be observable through
the source-drain current. This would constitute a novel

way for following catalytic processes occurring at
supported metal catalyst particles. Alternatively, by
controlling the gate potential one could manipulate a
catalytic reaction occurring on the metal particle’s
surface.
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