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ABSTRACT

We show that the rates and extent of oxidation and reduction reactions taking place at the surface of a SnO, nanowire, configured as a
field-effect transistor, can be modified by changing the electron density in the wire with a gate voltage.

Oxygen vacancies on many oxide surfaces (e.g.p,130Q, channel conductance) change upon the adsorption of a mole-
etc.) are electrically and chemically active. When vacancies cule to an oxide surface configured as a field-effect transistor
are created, the electrons left behind are localized in stategFET) with a chemically active gate.

whose energies lie close to the conduction band and function  Quasi-1D metal oxide nanowires with diameters in the

as n-type donorSAs a result, the vacancy creation increases range of 16-100 nm have attractive properties such as a
the conductivity of the oxide, often significantly. Further- large surface-to-volume ratio, a radius comparable to the
more, atoms or molecules interacting with the oxide surface Debye length, and a small total number of electrons
tend to bind at the oxygen vacancy site$lf the adsorbed  (10°—10° um* at moderate doping levels). These charac-
molecules are charge acceptors (such as oxygen), then theyeristics make them ideal objects for studying and exploiting
use the electrons localized at the vacancy sites to make thenhe interplay between electron density and surface properties.
chemical bond to the surface. As a result, the adsorption of |n the present work, we demonstrate that changes in the
an electron acceptor lowers the conductivity of the n-type surface chemistry of an individual nanostructure configured
oxide. Molecules that react with surface oxygen and remove as an FET can be caused by a controlled change in the
it create s_hallow donor states and increase thg conductivity.electron density in the wire. In particular, we present experi-
Many solid-state gas sensors make use of this propefty. mental observations suggesting that the rates of oxygen
Quasi-1D metal oxide nanowires are, in principle, able to adsorptior-desorption and that of the catalytic oxidation of
improve the performance of chemical sensors significantly CO, taking place on the surface of a Sn@nowire, along
and can contribute to a fundamental understanding of thesewith the specific reaction channel can be changed by varying
phenomena because they are highly sensitive and tunablehe electron density inside the nanowire, with the help of a
electrical transducers of the chemical processes occurringgate potential.
on thelr.surfaceg‘.lz . . The FET device used in our experiments is~a0-nm-
Experimental observations, supported by calculations, diameter Sn@wire several micrometers long deposited onto
suggest that the availability of electrons at the vacancy site 3 300-nm-thick Si@ film grown thermally on a heavily
affects the chemical activity of the oxide surfdéé!*The boron-doped (0.022 cm) Si substrate (Figure 1). The Si
influence of an electrostatic field (and the concomitant supstrate is used as the gate electrode. The source and the
change in the near-surface electron density) on adsorptiondrain electrodes are Ti (20 nm)/Au (200 nm) micropads vapor
and catalysis occurring on macroscopic semiconductor sur-deposited on the ends of the Sn®anowire, chosen to
faces was predicted and experimentally verified long*agé.  minimize the Schottky barrier at the contacts.
This subject was revisited in connection with the develop- g tile-SnG nanowires with average crystalline domains
ment of FET-based gas sens&s? The latter property was ot ~1(P—10° nm were fabricated by an electrochemical
inferred from the field dependence of the work function (or  method (described elsewh@jethat makes3-Sn nanowires
c 5 o, E-mal: akomakov@ch bed inside porous alumina templates. After being extracted from
* Corresponding a or. E-maill. akolmakov@chem.ucsb.edu. H : H H
TDepartﬁ]em O?Cﬁemistry and Biochemistry. Y u the alumina matrix, the nanowires were topotactically
* Department of Physics. oxidized to Sn@ by gradual annealing in air for several
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Figure 2. Temperature dependence of the conductance of the wire

b - in contact with two different gases. (See text for the gas composi-
b) tion.) Filled and open symbols stand for positive and negative bias

[Vps] =1V (Vg = 0), respectively.
——— I=f(V,T, t, gas, P) |

active. To minimize such effects, the data presented here
were obtained for the same nanowire and were acquired
within a short period of time. To establish a reference steady-
state condition, the wire was pretreated at-2800°C under
flowing N, for 2 h before each run.

Under dry nitrogen (100 mL/min) and after several hours
of annealing, the nanowire is a fairly good conductor
2 (conductivityo = 18 Q=1 cmt at 300°C). When the nano-

wire is ex t mixture of Nan 100 mL/min of
Figure 1. (a) SEM image of a Sn{hanowire deposited on a SiO e is exposed to a ure offand G (100 / 0

substrate, outfitted with Au/Ti electrodes. The white bar igm N2 and 10 mL/min of ), its_ conductivit%/ dr(irle drama}ically
long. (b) Schematic of the nanowire FET. to reach a steady state with= 3.8 Q2™ cm* (at 300°C).

The steady-state conductance, measured at various temper-
hours? The use of template synthesis for this study was aturesT, was used to determine the activation energy of the
not a random choice. This synthetic method is capable of carriers. Plots of the natural logarithm of the conductance
producing large arrays of free-standing nanowires that offer versus 1T were fit to straight lines (Figure 2). The measured
attractive design possibilities for fabricating massively paral- activation energies under dry nitrogen and nitrogen/oxygen
lel sensing and catalytic devicE&sConductance measure- Mixtures are 46 and 560 meV, respectively. This implies that
ments were carried out on several individual nanowires, there are at least two types of localized electron states in
fabricated in different runs, under varying flowing ambient the band gap, near the conduction band edge. The activation
gases and gas mixtures. To elucidate the role of crystallinity energies as well as their ratio differ from nanowire to
in the observed effect, the same studies were performed onnanowire, probably because of fluctuations in the nature of
highly crystalline vapor-grown nanowires and nanobelts. electron traps (that depend on the morphological details) and
They exhibited the same qualitative characteristics, indicating contributions from the small Schottky barriers at contééts.
that the observed results were robust properties of the The change in conductivity caused by contact with these
nanowires and the devices fabricated from them and weregases is interpreted as follo#sWhen the gas contains
not particularly sensitive to the degree of crystallinity, the nitrogen only (oxygen and water traces can be present at
specific crystal face on which the process occurs, or the ppm level), oxygen desorbs thermally from the tin oxide
domain size. This observation is not surprising under the surface, creating surface vacancies. The electrons in the shal-
“flat-band” conditions that prevail in the systems with low donor levels, created by oxygen desorption, are thermally
reduced dimensionality that are used. Under flat-band excited into the conduction band. Through this process,
conditions, the Schottky barriers that formed between grains increasing the number of vacancies increases the conductivity
as the electron density was reduced (or increased) would beuntil a steady state is reached. When oxygen is admitted into
small with respect tkT. Accordingly, “neck contacts” (if  the gas flow, the surface adsorbs it at vacancy sites, and the
any exist) would not affect the conductivity changes brought electrons that were localized in the vacancy (and were
about by adsorption onto the nanowire. We found, however, available for thermal excitation into the conduction band)
that the reproducibility of the measurements depends on theare tied up into the newly formed SO bonds. The binding
pretreatment history, the ambient relative humidity, and the energy of these electrons is well below the conduction band,
age of the wire. These instabilities are caused by chargedand they can no longer be thermally excited to contribute to
impurity molecules adsorbed on (and/or near) the surface ofthe conductivity. Contact with oxygen decreases conductivity.
the nanowire, which induce the parasitic gating of the To explain why the activation energy (of conductivity)
nanowire?® This implies also that not necessarily all the increases in the presence of oxygen, we assume that there is
surface of the nanowire, prepared in this way, is chemically a distribution of donor levels near the conduction band and
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given by the functionG(t) = Geq + (Gi — Geg) exp[—kd].
Here,k is the sum of the rate constants for oxygen adsorption
and desorption, an@e, andG; are the steady-state and the
initial conductance, respectively. The kinetics is pseudo-first
order because the flux of oxygen to the surface is so high
that is changed very little by adsorption and can be treated
as a constant and incorporated into the rate constant. A least-
squares fit of the data with this function leads to errors as
large as 20%. The kinetics of the descending curves in Figure
3 cannot be accounted for by a model that decays with only
one time scale. The latter result is not surprising. The fact
that the conductivity has two activation energies hints that
we need to consider at least two kinds of adsorption sites.
Figure 3. Evolution of the conductance of the nanowire exposed The kinetic scheme that considers two adsorption rates for
to nitrogen (the early, flat part of the curves), to a mixture of oxygen (corresponding to two dominating different binding
nitrogen and oxygen (the decaying part), and to a mixture of oxygen, sjtes) and two rates of vacancy ionization (corresponding to
nitrogen, and CO (the rising part) for different gate voltages. two types of vacancies) gives the following type of equation

) . for the decay of conductivity caused by exposure to oxygen:
that the reaction with oxygen depletes the shallow donors

more readily. This is consistent with the fact that oxygen
adsorption is accompanied by electron transfer from the
vacancy to the molecule and the higher-energy electrons are
more likely to be donated to oxygen than the lower-energy Herea, ki, andk; are fitting parameters. The “rate constants”
ones. ki and k, are complicated combinations of the oxygen
We examine next the manner in which the gate voltage adsorption and desorption rate constants for the two kinds
affects surface chemistry, which is the main subject of this of vacancies and of the rate constants for the transition of
letter. In Figure 3, we show how the conductivity of a the electrons from the two localized vacancy states to the
nanowire changes as the ambient (flowing) gas compositionconduction band. Similarlya is a function of the rate
is changed from pure nitrogen to a nitrogen/oxygen mixture constants and the initial concentration. The oxygen pressure
and then to a BIO,/CO mixture. Each curve in the graph is incorporated into the adsorption rate constant. (It is
corresponds to a different gate voltage. All experiments were constant throughout the experiment.) The specific expressions
performed at 300°C on the same wire under the same for ki, k, anda depend on the details of the model and will
conditions. Before each adsorption/desorption experiment,not be discussed here because they involve tedious but
the wire was held under the flux (100 mL/min) of dry elementary chemical kinetics.
nitrogen for aboti2 h until a steady-state conductance ata  The nature of the two states invoked by the kinetic model
particular gate voltage was reached. This was done to createvas not addressed in this study: they could be vacancies
a steady-state number of oxygen vacancies before we intro-containing one or two localized electrons, or there may be a
duce oxygen into the system. We note that each experimentdistribution of vacancies (whose properties vary because of
with a new gate voltage starts with different concentration differences in their environment) whose behavior can be
of vacancies at steady state. represented by a two-state model (such as the Anderson
When 10 mL/min of oxygen was added to the 100 mL/ model for the heat capacity of glasses). In addition, the real
min N, flow (at timet, in Figure 3), the sourcedrain current multifaceted oxide surface poses vacancies with different
decreases drastically and eventually reaches a new steadgoordination: for example, in-plane or bridging oxygen
state. At some timé, after that, CO is introduced into in  vacancies at Sn{J110), at step edges, or at kink sites. It is
the gas mixture (100 mL/min N10 mL/min @, and 5 mL/ a well-documented power and weakness of phenomenologi-
min CO). CO reacts with SnOto produce CQ leaving cal kinetics that it lumps all elementary physical processes
behind oxygen vacancies. This creates new donor statesjnto the rate constants and the concentration of the participat-
which cause an increase in conductance. At the same timejng species: the microscopic nature of the reaction partici-
oxygen adsorptiondesorption takes place, and this also pants is hard to determine because it manifests itself only
affects the number of vacancies. The overall reaction is the through the numerical values of the rate constants.
catalytic oxidation of CO to C@at the tin oxide surface. Equation 1 fits the data rather well (the plot representing
Figure 3 indicates that the gate voltage influences the the data coincides with that of the fitting function) with the
extent and rate of surface vacancy annihilation and formation fitting parameters given in Table 1.
when the surface is exposed to oxygen or to a mixture of We discuss first the reaction of the surface with oxygen.
oxygen and CO. We analyze first the decaying portion of The time constants produced by these fits are plotted as a
these curves. If the chemical kinetics were adsorption function of gate potential in Figure 4. As can be seen, the
desorption of oxygen at the vacancy sites of a single type rate constantsk( andk;) characterizing this reaction have
and if the conductance were proportional to the number of very different gate dependencek; remains almost inde-
vacancies, then the time decay of the conductance would bependent of gate potential, bkt is small at negative gate

Current [pA]

0 600 1200 | 1800
Time [sec]

G(t) = Ggq T (G — G — @) exp[—kit] +aexp[-kit] (1)
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idea that oxygen is made reactive by capturing an electron
from the oxide and forming a negatively charged intermedi-

ate. The rate of this electron capture is controlled by three
factors: (1) the number of electrons available at the surface

Table 1. Parameters, k;, andk, Obtained by Fitting the Data
with the Curve Given by Equation 1 for the Decayirand
Rising® Parts of the Curves.

descending part rising part for this donation, (2) the overlap between the orbital of the
ke ko Ky ke electron localized at the vacancy site and the empyrbital

Vo[V a 10%[s7'] 10%[s'] a  10%[s'] 10%[s7!] of oxygen, and (3) the proximity in energy of these two

—42 004 062 021  -030 1.13 0.75 orbitals. This means that the electrons localized in vacancies

-32 004 087 0.22 351  0.70 0.69 are the most active.

—22 002 086 0.18 560 057 0.55 A negative gate voltage pushes electrons out of the
0 0.6 3.00 0.47 010 057 0.20 nanowire into the source and drain, diminishing the number
22 017 287 037 —026 355 0.56 _ .

42 019 245 034  —019 404 0.68 of electrons available at the vacancy sites. (The conduc-

62 021 264 033 —017 448 0.65 tion-band electrons and the ones populating the shallow
vacancy levels are in thermal equilibrium.) Therefore, by
decreasing the number of electrons available for oxygen
0.7 7 . , . . — 4 surface chemistry, electron removal from the nanowire at
negative gate potentials lowers the oxidation rate and the
extent of oxygen adsorption. This is the trend seen in Figure
4 for the fast adsorption channieland for Gi — Geg). The
gate dependence of the extent of the reaction closely follows
the conductance chang@sin dry N, (not shown here). The
latter is in fact the transfer characteristig(Vg)) of the FET
device, which is a measure of the initial electron density
inside the nanowire.

One would expect that a positive gate voltage would bring
electrons into the nanowire, thus increasing its affinity for
oxygen. Table 1 and Figure 4 show that this does not happen
3 ; linearly. Instead, all of the measured parameters exhibit either
V V] saturation or even some drok ). We have three possible

9 explanations for this: (i) The electron density is saturated
Figure 4. Dependence of the rate constantandk, and the extent  inside the nanowire at high positive gate potential. The later
of reaction for oxygen ionosorption on the gate potential. The lines offact is often observed in nanowire or carbon nanotube EET
are drawn to guide the eye. devices at high\Vy| as a saturation of the souredrain

and increases ca. 5 times at positive gate potential. Little Current, which becomes limited by nonzero resistance at
variation ofk; is seen at positivé/y. The major changes in ~ contacts. (i) At a certaitVy value (in our case, close to 0
kinetics with gate potential are mainly determineddpwand V), perhaps all of the vacancies are filled with electrons,
take place within a relatively narrow gate voltage interval and increasing the positive gate voltage fills only the
from 0 to—2.2 V. As we have already stated, our measure- conduction bands. The electrons in the conduction band do
ments of the activation energy of conductivity show that there not overlap well with ther* orbital of oxygen and therefore
are at least two activation energies for the “ionization” of do not significantly affect oxygen reactivity. (iii) Another
the vacancy electrons to the conduction band and that theP0ssibility is that the positive gate voltage shifts the donor
introduction of oxygen first consumes the vacancies having levels off-resonance with the* orbital, thus making electron
smaller activation energies. Becauses larger thanks, it transfer to the oxygen molecule less likely.
controls the short-time scale, which means that it represents The kinetics leading to the rising part of the curves shown
the more rapid process. We infer that this is the annihilation in Figure 3 is more complicated. CO reacts irreversibly with
of the vacancies having low electron-ionization (to the the oxygen at the surface of the nanowire to form,CO
conduction band) energy. Becaugge is most strongly Simultaneously, oxygen is adsorbed on the existing vacan-
affected by the gate, we infer that the gate more strongly cies. The net result is an increase in conductance, which
affects the weakly bound vacancy electrons. indicates that after CO is introduced into the system vacancy
We note that the relaxation times go as the exponent of creation prevails over vacancy annihilation until a new steady
the rate expressions; therefore, the effect of the gate voltagestate is reached. The observed CO-induced conductance
on the evolution of the vacancy coverage is more substantialincrease that takes place even at the highest negative gate
than the effect on the time scale. Indeed, the extent of potentials (bottom curve in Figure 3) where no appreciable
reaction G; — Geg), Which is a measure of the cumulative oxygen adsorption takes place is likely due to the reaction
oxygen ionosorption in our case, strongly increases with the of CO with lattice oxygen or remaining hydroxyl groups, a
gate voltage and saturates at high positiie process that is not expected to be gate-voltage-depeffdent.
The model that we propose for interpreting the descending This is an important observation, which demonstrates that
part of the curves in Figure 3 is based on the long-acceptedthe reaction path can be altered by gate potential and

aQOxidation of the surface? Reduction of the surface by CO.
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