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Abstract—Traditional gas sensors involve heating the sensor structures has been a global challenge in the reieatronics

material for gas selectivity. New gas approaches geire
activation by a broadband UV light source. We propse to
employ a tuneable UV source in which this source tsined for its
many wavelengths via a grating and associated opsicand
transducers. The theory of UV activated gas sensirig presented
and the first calculated sensitivity spectrum is dicussed in term
of the energy balance among the many channels ofexgy loss
when the light interacts with the sensing nano-strcture’s
surface. Experiments to validate the calculations ra on-going
and some preliminary results are presented.
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Introduction

world [5], let alone the complex electronic behawid such
structures at the nano-scale [21-26]. Literaturenano-wire-
based sensors suggests that very few reports @xisingle
nanostructure sensors [5, 27-30].

UV activation has been proposed as the cheapee tout
running gas sensors. Currently, most reported vasrkUv
activated sensors involve a wide band of wavelength
impinging on an ensemble of nano-structured or fitims of
sensor material. However, the many individual linels
wavelengths in a typical UV source such as a temg&mp
could be isolated to interact with an individualnoawire
sensor.

We first show theoretically how gas sensing by aemial

Gas sensors become more efficient in sensitivitd amactivated by photons can be accomplished via theilttaian

selectivity as the sensing materials are reducedtheir
dimensions down to the nano-scale [1-7]. The Seiigibf a
sensor material to a particular gas is defined as(Bx0)/ Xo

of the sensor-gas-photon system and the ensuingjsd to
the Schrodinger equation to obtain the energy ¢etledt the
conduction electrons are allowed to take in thistesy. The

or simply S = x/xo where y and x, are resistances ordrift velocities of the electrons in the sensor enal are

conductances in the presence and absence, reghgatifithe
test gas (when the sensor material is biased as #&tminal
device) or are trans-conductance and/or gain wHem
materials is biased as a transistor.

The selectivity of the sensor is traditionally awgdished
through heating the sensor material and determirmeg
sensitivity as a function of temperature. The semsaterial
responds differently to different gases at diffétemperature.
A plot of sensitivity versus temperature normaliyeg out
what we could call a selectivity spectrum in tenapere.
Powering of sensors by thermal means can be exmeasiit
involves heating up the sensing materials to haeesensor
running [8-20]. Applying electrical contacts to Busmall

affected by the presence or absence of the seased g

t |.  THEORY OFGAS SENSING BY ASINGLE NANOWIRE

A. Scattering of Electronsin a One-Dimension Channel
and the Current-Voltage Characteristics

Grabert [31] has considered transport of non-ictarg
electrons in a one-dimensional channel which arso al
scattered by some defects on their trajectoriesis Th
description can be applied to electrons in a simgleowire
gas sensing device in which electron motion is rfatdd by
the presence or absence of gas molecules on thmwitan
surface. Understanding of the interactions throaghinitio



calculations on sensors is hampered by the manytétde be involved in a lasing process. Thermal effecttha nano-
approximations since full solutions lead to unsblga wire are taken as negligible for the UV region inlko
Schrodinger differential equation as we show. materials, however, at the nano-scale materialsirkidiation
o o _ becomes important and it causes both thermal amdoph
B. Electron Motionin MO, Under Photon Exictation and in  chemical effects. We assume thaleig\) andlp (\) take the
Presence of a Gas Molecule form of Gaussians. Thkayieigh Nas its peak at a wavelength
An electron in a hydrogenic atom or ion can occapy of the same as the source wavelengths whereak theeak is
the hlgm> eigen states of the Hamiltonian of the atom ar jocentered at a characteristic wavelength intrinsithe sensor
In ions or atoms with more than one electron, thiat®ns of material.lramafA) can take the form of the Richter equation
the time independent Schrodinger equations becofieg optical phonon confinement in nanostructuresciviwas
complicated because the electrons interact not witly the modified for one-dimensional (nano-wire, nano-ed type
positively charged nucleus, but also with each otRarticles of structures[24]. The PL intensity can be givemated to
with half-integer spin angular momentum, such a&stebns, wavelength domain from the Planck’s blackbody eimigdp.
must also satisfy Pauli's exclusion principle, Whiforbids = [(8m?v 2a(v))/(cexphviksT)-1])dv as modified by Sarace
two such particles to occupy the same quantum .stageal in 1965 and reproduced by Shionoya 1998 [33].
Furthermore, the electrons in the multi-electron @ atom
are indistinguishable from one another. Duringithieraction D. Energy Balance Equation During UV Excitation on a
of the excitation light photons with the sensor enial whose Single Nanowire in the Presence of a Test Gas

atoms haven electrons in absence of the sensed ga%e intensity of photons absorbkgsis further modulated by
molecules, a photon of wavelengthnteracts differently with the presence of the test gas. One can then wetedbation
each electron. Each interaction yields a Hamiltodg,om on  for the useful photons used for the nano-wire axoih as
thei™ electron of a wavefunctiogs. On a singlen-electron follows:

atom, one can then write the Hamiltonian as [32]
Iabs(/]) = II(A)_ I Rayleigh(/l)_ I PL (/])_ I Raman(/])_ Itest_gas(/‘)

N 2 Ze2 N e2
Hatom:z __Diz__ +z_ 3) . . ©) .
= 2m f =1l The photon-electron process is used to explaimi&ehanism
) of such modulation in the presence or absenceeofet$t gas.
For oxides such as MOeach molecule has two types ofA practical application of this interaction is théenomenon
atoms, hence the Hamiltonian changesi{@iecue = Hoxygen +  called photo-chromism, a change of color of maleriae to

Hmetar In the presence of the sensed gas molecules,ttieenyarying intensity of illumination, which Wgs a candidate.
total Hamiltonian include the interactions betwdke sensor

molecule and the sensed gas molecule. In the chskeo E. Derivation of the Sensitivity and Selectivity Spectra
sensing of the presence of the Gfas molecule, for instance, A fraction @ of the photons absorbed by the nano-wire are

ane (':I?n Wm.e,'{?]e"w’: Hg"'ecu'e+ Hgas + thefa"gtﬁ eThé typical 564 in the electron conduction process or phothectivity
amiftonian IS then used as an operator on NEreres Wave - o, 1he rest j.e. (B are spent on interaction with phonons.

function within the sensor material. The energ\elestructure By assuming thermal conduction and convection corepts

gﬁo'z[ior]:uggr?obne ?Lotggehteé?fsuct)ﬁe Qkfgg'trﬁ)gugﬁi\;slengfqtrﬁ are negligible at the nano-scale, the latter foaci$ dissipated
photoconductivity. At the laboratory scale, one ttasonsider as heat predominantly through thermal emission thus

an energy balance at the time a photon interacts thie (1_,) = T4-T4 6
surface of the sensor material in the presencessrace of the ( a) abs gUSB( 0 ) ©)
test gas. wheree is the emissivity of the nano-wiregg is the Stefan —

C. Energy Balance Equation During UV Excitation on a Boltzmann’s constant ant is the temperature of the

Single Nanowire in the Absence of a Gas

The conservation of energy during the irradiatidnao
nano-wire for its gas sensing excitation, initially the
absence of the test gas, demands that the incjulestbn
intensity be absorbed partially but the rest isnspe four
major pathways as illustrated in Figure 1, viz.e thlastic
Rayleigh scattering and other inelastic processeh @as
photoluminescence, Raman scattering and lasinb,waitying
probabilities for each process. We write the endrglance
equation thus

|i(/]) = |abs(/1)+ I Rayleigh(/‘)-'- I PL(/‘)"' I Rarnan(/‘)-'- Ilaser(/‘)
4)

Only one in every1l0’ photons are Raman scattered and theigure 1. Schematic of energy conservation during the UVtesicin of a
numbers for most materials are much less for plsotioat can nanowire in circuit




surrounding before the nano-wire excitation. Sitfe® nano-
wire is made of semiconducting oxides, its resistdhin the
absence of the test gas is givenPby R, exp(E4/ksT) where
E, is the activation energy amij is the resistance of the nano-

wire at ambient temperature. In the presence ofegbtegas the A | ]
equqti_on changes tORgaS = |'-"’OgaS eXp('Eagas/kBT)- The f | ———7|275 300 325 350 375 400 425
sensitivity then becomes o Wavelength (um)
[l
1
.E" F
gas E -E%s = Shaman
S(T): R exp —2 Eg @) 5 s
k T z ¥ Raman
R, B 2 |
By substituting Eqg. 6 into Eg. 5 one can transfaha S(T)
into Y1) as follows:
0 2000 4000 6000 8000 10000 12000 14000
S(A) _ Rgas ex Ea - Egas Wavelength (um)
- 1
RO kB [(go-SB )‘1 (1_ 0’)| abs (/]) + '|'04]Z Figure 2. Sensitivity spectrum calculated from Eq. 8 withuce= 300 nm,
Agas1= 320 NM Agas2= 350 nmAp. = 380 NM Araman1= 12500 NmM andramanz
(8) = 14300 nm. Each peak or trough has a standaratiteviof 10 nm.

landA) (refer to Eq. 5) hak andlgayieigh terms common to all
sensor and test gas materials but and lraman Vary from jignt from the source impinges on it indicated byughs in
sensor material to another and alsq g.svaries from test gas the resistance spectrum. Energy losses due to Raman

to another. The plot &) therefore is expected to be uniquecattering and photoluminescence of the nanowisplaly
to each sensor material as well as each test ghmamfore humps in the Spectrum Showing the nanowire becanms

should be able to mimic the experimental data. resistive after relaxing itself through light sesitg and
emission. More importantly, the wire becomes muabren
.  EXPERIMENTAL resistive when the gas in its ambience not onlypdisspart of

the radiation but also adsorbs onto the wire serfaassibly
shunting away more energy from the excited nanowites
enhanced resistance, by improving the resolutidg imnthe
UV region, is illustrated in the inset of FigureV2e are in the
process of assigning the peaks and dimples in pgketaim
between 500 nm up to 1100én.

The calculated spectrum of Eq. 8 was undertaken
Mathematica software. The parameters used to olitan
spectrum are as followstsgyce = 300 NM, Agasr = 320 nm,

Agas2= 350 nmAp. = 380 NMArgman1= 12500 nm andramanz

= 14300 nm. Each peak or trough has a standaratitaviof

10 nm.

A. Electrical Contactsto a Single Nanowire by FIB-SEM
Technique

An aliquot of WQ nanowire powder was suspended in &£
ml of isopropanol and agitated under ultrasoundesdaior 5
min. A drop of such a suspension was placed oneancl
Corning glass substrate. Morphology studies as we
evaporation of Pt contacts to the ends of onetistlaanowire
were conducted in a Carl Zeiss FIB-SEM.

B. Temporal Resistance and Current-Voltage
Characteristics Under UV Excitation

The two terminal device was placed under UV
illumination in air to test if the contacts werdiably existent.
A Keithley semiconductor characterization systenC%p
loaded with KITE software was employed in the measent
of resistance in time as well in current-voltagesp setting.

I1l.  RESULTS ANDDISCUSSION

A plot of the calculated sensitivity of thanowire in the _ . . ,
L2 Figure 3. Pt contacts (rectangles) applied to a y§idgle nanowire placed
presence of a gas versus the excitation wavelength the on a glass substrate.

light source [from Equation 8] is given in Figure Phe
calculation shows that the wire becomes less resigthen
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