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Abstract—Traditional gas sensors involve heating the sensor 
material for gas selectivity. New gas approaches require 
activation by a broadband UV light source. We propose to 
employ a tuneable UV source in which this source is tuned for its 
many wavelengths via a grating and associated optics and 
transducers. The theory of UV activated gas sensing is presented 
and the first calculated sensitivity spectrum is discussed in term 
of the energy balance among the many channels of energy loss 
when the light interacts with the sensing nano-structure’s 
surface. Experiments to validate the calculations are on-going 
and some preliminary results are presented. 
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Introduction 

Gas sensors become more efficient in sensitivity and 
selectivity as the sensing materials are reduced in their 
dimensions down to the nano-scale [1-7]. The sensitivity of a 
sensor material to a particular gas is defined as S = (χ-χ0)/ χ0 
or simply S = χ/χ0 where χ and χ0 are resistances or 
conductances in the presence and absence, respectively, of the 
test gas (when the sensor material is biased as a two terminal 
device) or are trans-conductance and/or gain when the 
materials is biased as a transistor.  

The selectivity of the sensor is traditionally accomplished 
through heating the sensor material and determining the 
sensitivity as a function of temperature. The sensor material 
responds differently to different gases at different temperature. 
A plot of sensitivity versus temperature normally gives out 
what we could call a selectivity spectrum in temperature. 
Powering of sensors by thermal means can be expensive as it 
involves heating up the sensing materials to have the sensor 
running [8-20]. Applying electrical contacts to such small 

structures has been a global challenge in the micro-electronics 
world [5], let alone the complex electronic behavior of such 
structures at the nano-scale [21-26]. Literature on nano-wire-
based sensors suggests that very few reports exist on single 
nanostructure sensors [5, 27-30]. 

UV activation has been proposed as the cheaper route to 
running gas sensors. Currently, most reported work on UV 
activated sensors involve a wide band of wavelengths 
impinging on an ensemble of nano-structured or thin films of 
sensor material. However, the many individual lines of 
wavelengths in a typical UV source such as a tungsten lamp 
could be isolated to interact with an individual nano-wire 
sensor.  

We first show theoretically how gas sensing by a material 
activated by photons can be accomplished via the Hamiltonian 
of the sensor-gas-photon system and the ensuing solutions to 
the Schrodinger equation to obtain the energy levels that the 
conduction electrons are allowed to take in this system. The 
drift velocities of the electrons in the sensor material are 
affected by the presence or absence of the sensed gas. 

I. THEORY OF GAS SENSING BY A SINGLE NANOWIRE 

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

Grabert [31] has considered transport of non-interacting 
electrons in a one-dimensional channel which are also 
scattered by some defects on their trajectories. This 
description can be applied to electrons in a single nanowire 
gas sensing device in which electron motion is modulated by 
the presence or absence of gas molecules on the nanowire 
surface. Understanding of the interactions through ab initio 



calculations on sensors is hampered by the many inevitable 
approximations since full solutions lead to unsolvable 
Schrodinger differential equation as we show. 

B. Electron Motion in MOx Under Photon Exictation and in 
Presence of a Gas Molecule 

An electron in a hydrogenic atom or ion can occupy any of 
the |nlsjmj> eigen states of the Hamiltonian of the atom or ion. 
In ions or atoms with more than one electron, the solutions of 
the time independent Schrödinger equations become 
complicated because the electrons interact not only with the 
positively charged nucleus, but also with each other. Particles 
with half-integer spin angular momentum, such as electrons, 
must also satisfy Pauli’s exclusion principle, which forbids 
two such particles to occupy the same quantum state. 
Furthermore, the electrons in the multi-electron ion or atom 
are indistinguishable from one another.  During the interaction 
of the excitation light photons with the sensor material whose 
atoms have n electrons in absence of the sensed gas 
molecules, a photon of wavelength λ interacts differently with 
each electron. Each interaction yields a Hamiltonian Hatom on 
the ith electron of a wavefunction ψi.  On a single n-electron 
atom, one can then write the Hamiltonian as [32] 
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For oxides such as MOx, each molecule has two types of 
atoms, hence the Hamiltonian changes to Hmolecule = Hoxygen + 
Hmetal. In the presence of the sensed gas molecules, then the 
total Hamiltonian include the interactions between the sensor 
molecule and the sensed gas molecule. In the case of the 
sensing of the presence of the GOx gas molecule, for instance, 
one can write: Hsensor = Hmolecule + Hgas + Hmetal-gas. The typical 
Hamiltonian is then used as an operator on the electron’s wave 
function within the sensor material. The energy level structure 
as a function of the excitation photon wavelength of the 
photon can be thought of as the “conductivity spectrum” or 
photoconductivity. At the laboratory scale, one has to consider 
an energy balance at the time a photon interacts with the 
surface of the sensor material in the presence of absence of the 
test gas. 

C. Energy Balance Equation During UV Excitation on a 
Single Nanowire in the Absence of a Gas 

The conservation of energy during the irradiation of a 
nano-wire for its gas sensing excitation, initially in the 
absence of the test gas, demands that the incident photon 
intensity be absorbed partially but the rest is spent in four 
major pathways as illustrated in Figure 1, viz.: the elastic 
Rayleigh scattering and other inelastic processes such as 
photoluminescence, Raman scattering and lasing, with varying 
probabilities for each process. We write the energy balance 
equation thus 

( ) ( ) ( ) ( ) ( ) ( )λλλλλλ laserRamanPLRayleighabsi IIIIII ++++=
      (4) 

Only one in every ∼107 photons are Raman scattered and the 
numbers for most materials are much less for photons that can 

be involved in a lasing process. Thermal effects in the nano-
wire are taken as negligible for the UV region in bulk 
materials, however, at the nano-scale materials, UV irradiation 
becomes important and it causes both thermal and photo-
chemical effects. We assume that IRayleigh(λ) and IPL(λ) take the 
form of Gaussians. The IRayleigh has its peak at a wavelength 
the same as the source wavelengths whereas the IPL peak is 
centered at a characteristic wavelength intrinsic in the sensor 
material. IRaman(λ) can take the form of the Richter equation 
for optical phonon confinement in nanostructures which was 
modified for one-dimensional (nano-wire, nano-rod etc) type 
of structures[24]. The PL intensity can be given converted to 
wavelength domain from the Planck’s blackbody emission, IPL 
= ∫∫∫∫(8πn2ν 2α(ν))/(c2[exp(hν/kBT)-1])dν as modified by Sarace 
et al in 1965 and reproduced by Shionoya 1998 [33]. 

D. Energy Balance Equation During UV Excitation on a 
Single Nanowire in the Presence of a Test Gas 

The intensity of photons absorbed Iabs is further modulated by 
the presence of the test gas. One can then write the equation 
for the useful photons used for the nano-wire excitation as 
follows: 

( ) ( ) ( ) ( ) ( ) ( )λλλλλλ gastestRamanPLRayleighiabs IIIIII _−−−−=
      (5) 

The photon-electron process is used to explain the mechanism 
of such modulation in the presence or absence of the test gas. 
A practical application of this interaction is the phenomenon 
called photo-chromism, a change of color of materials due to 
varying intensity of illumination, which WO3 is a candidate. 

E. Derivation of the Sensitivity and Selectivity Spectra 

A fraction α of the photons absorbed by the nano-wire are 
used in the electron conduction process or photoconductivity 
and the rest i.e. (1-α) are spent on interaction with phonons. 
By assuming thermal conduction and convection components 
are negligible at the nano-scale, the latter fraction is dissipated 
as heat predominantly through thermal emission thus  

( ) ( )4
0

41 TTI SBabs −=− εσα    (6) 

where ε is the emissivity of the nano-wire, σSB is the Stefan – 
Boltzmann’s constant and T0 is the temperature of the 

 

 

 

 

 

 

 

 

 

Figure 1.  Schematic of energy conservation during the UV excitation of a 
nanowire in circuit 

 



  

surrounding before the nano-wire excitation. Since the nano-
wire is made of semiconducting oxides, its resistance R in the 
absence of the test gas is given by R = R0 exp(-Ea/kBT) where 
Ea is the activation energy and R0 is the resistance of the nano-
wire at ambient temperature. In the presence of the test gas the 
equation changes to: Rgas = R0

gas exp(-Ea
gas/kBT). The 

sensitivity then becomes 
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By substituting Eq. 6 into Eq. 5 one can transform the S(T) 
into S(λ) as follows: 
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Iabs(λ) (refer to Eq. 5) has Ii and IRayleigh terms common to all 
sensor and test gas materials but IPL and IRaman vary from 
sensor material to another and also Itest-gas varies from test gas 
to another. The plot of S(λ) therefore is expected to be unique 
to each sensor material as well as each test gas and therefore 
should be able to mimic the experimental data.  
 

II. EXPERIMENTAL  

The calculated spectrum of Eq. 8 was undertaken in 
Mathematica software. The parameters used to obtain the 
spectrum are as follows: λsource = 300 nm, λgas1 = 320 nm, 
λgas2 = 350 nm, λPL = 380 nm, λRaman1 = 12500 nm and λRaman2 
= 14300 nm. Each peak or trough has a standard deviation of 
10 nm. 

A. Electrical Contacts to a Single Nanowire by FIB-SEM 
Technique  

An aliquot of WO3 nanowire powder was suspended in 5 
ml of isopropanol and agitated under ultrasound waves for 5 
min. A drop of such a suspension was placed on a clean 
Corning glass substrate. Morphology studies as well 
evaporation of Pt contacts to the ends of one isolated nanowire 
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 were reliably existent. 
A Keithley semiconductor characterization system (SCS) 
loaded with KITE software was employed in the measurement 
of resistance in time as well in current-voltage sweep setting.  

III.  RESULTS AND DISCUSSION 

        A plot of the calculated sensitivity of the nanowire in the 
presence of a gas versus the excitation wavelength from the 
light source [from Equation 8] is given in Figure 2. The 
calculation shows that the wire becomes less resistive when  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.  Sensitivity spectrum calculated from Eq. 8 with λsource = 300 nm, 
λgas1 = 320 nm, λgas2 = 350 nm, λPL = 380 nm, λRaman1 = 12500 nm and λRaman2 

= 14300 nm. Each peak or trough has a standard deviation of 10 nm. 

 
light from the source impinges on it indicated by troughs in 
the resistance spectrum. Energy losses due to Raman 
scattering and photoluminescence of the nanowire display 
humps in the spectrum showing the nanowire becomes more 
resistive after relaxing itself through light scattering and 
emission. More importantly, the wire becomes much more 
resistive when the gas in its ambience not only absorbs part of 
the radiation but also adsorbs onto the wire surface possibly 
shunting away more energy from the excited nanowire. This 
enhanced resistance, by improving the resolution only in the 
UV region, is illustrated in the inset of Figure 2. We are in the 
process of assigning the peaks and dimples in the spectrum 
between 500 nm up to 11000 µm. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Pt contacts (rectangles) applied to a WO3 single nanowire placed 

on a glass substrate. 

 

 



Work on establishing electrical (platinum) contacts to single 
nanowires by employing FIB-SEM has been carried and a 
typical image is shown in Figure 3.  
 

IV.  CONCLUSION, ON-GOING STUDIES AND OUTLOOK 

We have shown that gas sensors can be selective to 
different gases by exciting them with light of different 
wavelengths. The energy balance leading to Eq. 8 has 
displayed a first sensitivity spectrum showing the possibility 
to sense several gases with a single sensor. Many feature on 
the calculated have unknown identities and these will be 
studied further. Contacts to a single WO3 nanowire have been 
accomplished. Sensitivity tests on the WO3 sensor devices to 
validate their sensitivity spectra in an environment of mixed 
gases are underway. 

ACKNOWLEDGMENT 

Financial support from the Southern Education and 
Research Alliance (SERA), the National Research Foundation 
(NRF), the Department of Science and Technology is 
acknowledged. 

REFERENCES 
[1] E. Comini, G. Faglia, G. Sberveglieri, Z. Pan, Z. Wang, “Stable and 

highly sensitive gas sensors based on semiconducting oxide nanobelts,” 
Appl Phys Lett 2002;81:1869–71. 

[2] G. Sberveglieri, C. Baratto, E. Comini, G. Faglia, M. Ferroni, A. 
Ponzoni, “Synthesis and characterization of semiconducting nanowires 
for gas sensing,” Sensors Actuat B 2007;121:208–13. 

[3] Z. Ying, Q. Wan, Z. T. Song, S L Feng, “SnO2 nanowhiskers and their 
ethanol sensing characteristics,” Nanotechnology 2004;15:1682–4. 

[4] A. Kolmakov, Y. Zhang, G. Cheng, M. Moskovits, “Detection of CO 
and O2 using tin oxide nanowire sensors,” Adv Mater 2003;15:997–
1000. 

[5] F. Hernández-Ram´ırez, A. Tarancón, A. Romano-Rodr´ıguez, J. R. 
Morante,” Electrical contacts and gas sensing analysis of individual 
metal oxide nanowires and 3-D nanocrystal networks. IEEJ Trans 
Sensors Micromach 2006;126:537–47. 

[6] F. Hernandez-Ramirez, S. Barth, A. Tarancon, O. Casals, E. Pellicer, J. 
Rodriguez, “Water vapor detection with individual tin oxide 
nanowires,” Nanotechnology 2007;18:424016. 

[7] D. C. Meier, S. Semancik, B. Button, E. Strelcov, A. Kolmakov, 
“Coupling nanowire chemiresistors with MEMS microhotplate gas 
sensing platforms,” Appl Phys Lett 2007;91:063118. 

[8] J. Carrey, M. L. Kahn, L. Sanchez, B. Chaudret, M. Respaud, 
“Synthesis and transport properties of ZnO nanorods and nanoparticles 
assemblies” Eur Phys J Appl Phys 2007;40:71–5. 

[9] Q. Wan, T. H. Wang, “Single-crystalline Sb-doped SnO2 nanowires: 
synthesis and gas sensor application,” Chem Commun 2005:3841–3. 

[10] L-J. Bie, X-N. Yan, J. Yin, Y-Q. Duan, Z-H. Yuan, “Nanopillar ZnO 
gas sensor for hydrogen and ethanol,” Sensors Actuat B 2007;126:604–
8. 

[11] T-J. Hsueh, C-L. Hsu, S-J. Chang, I-C. Chen, “Laterally grown ZnO 
nanowire ethanol gas sensors,” Sensors Actuat B 2007;126:473–7. 

[12] Q. Wan, Q. H. Li, Y. J. Chen, T. H. Wang, X. L. He, J. P. Li, 
“Fabrication and ethanol sensing characteristics of ZnO nanowire gas 
sensors” Appl Phys Lett 2004;84:3654–6. 

[13] C. Xiangfeng, J. Dongli, A. B. Djurisic, Y. H. Leung, “Gas-sensing 
properties of thick film based on ZnO nano-tetrapods,” Chem Phys Lett 
2005;401:426–9. 

[14] J.  Xu, Y. Chen, Y. Li, J. Shen, “Gas sensing properties of ZnO 
nanorods prepared by hydrothermal method,” J Mater Sci 
2005;40:2919–21. 

[15] C. Wang, X. Chu, M. Wu, “Detection of H2S down to ppb levels at 
room temperature using sensors based on ZnO nanorods,” Sensors 
Actuat B 2006;113:320–3. 

[16] B. S. Kang, Y. W. Heo, L. C. Tien, D. P. Norton, F. Ren, B. P. Gila, 
“Hydrogen and ozone gas sensing using multiple ZnO nanorods,” Appl 
Phys A 2005;80:1029–32. 

[17] P. M. Parthangal, R. E. Cavicchi, M. R. Zachariah, “A universal 
approach to electrically connecting nanowire arrays using 
nanoparticles-application to a novel gas sensing architecture,” 
Nanotechology 2006;17:3786–90. 

[18] H. T. Wang, B. S. Kang, F. Ren, L. C. Tien, P. W. Sadik, D. P. Norton, 
“Hydrogen selective sensing at room temperature with ZnO nanorods,” 
Appl Phys Lett 2005;86:243503. 

[19] L. C. Tien, P. W. Sadik, D. P. Norton, L. F. Voss, S. J. Pearton, H. T. 
Wang, “Hydrogen sensing at room temperature with Pt-coated ZnO 
thin films and nanorods,” Appl Phys Lett 2005;87:222106. 

[20] C. S. Rout, S. Hari Krishna, S. R. C. Vivekchand, C. N. R. Govindaraj, 
Rao, “Hydrogen and ethanol sensors based on ZnO nanorods, 
nanowires and nanotubes,” Chem Phys Lett 2006;418:586–90. 

[21] C. Xianfeng, W. Caihong, J. Dongli, Z. Chenmou, “Ethanol sensor 
based on indium oxide nanowires prepared by carbothermal reduction 
reaction,” Chem Phys Lett 2004;399:461–4. 

[22] J. Polleux, A. Gurlo, N. Barsan, U. Weimar, M. Antonietti, M. 
Niederberger, “Template-free synthesis and assembly of single 
crystalline tungsten oxide nanowires and their gas sensing properties,” 
Angew Chem 2006;45:261–5. 

[23] A. Gurlo, N Barsan, M Ivanovskaya, U Weimar, W Gopel, “In 2O3 and 
MoO3–In2O3 thin film semiconductor sensors: interaction with NO2 and 
O3” Sensors Actuat B 1998;47:92–9. 

[24] B. W. Mwakikunga, A. Forbes, E. Sideras-Haddad, C. Arendse, Raman 
spectroscopy of WO3 nanowires and thermochromism study of VO2 
belts produced by ultrasonic spray and laser pyrolysis techniques, Phys. 
Stat. Solidi (a) 205, 150 (2008)  

[25] B. W. Mwakikunga, E. Sideras-Haddad, M. Witcomb, C. Arendse, A. 
Forbes, WO3 nano-spheres into W18O49 one-dimensional nano – 
structures through thermal annealing, J. Nanosci. & Nanotechnol 8, 1 
(2008)  

[26] B. W. Mwakikunga, A. Forbes, E. Sideras-Haddad, C. Arendse, 
Optimization,yield studies and morphology of WO3 nanowires 
synthesized by laser pyrolysis in C2H2 and O2 ambients – validation of 
a new growth mechanism, Nanoscale Res. Lett. 3, 372 (2008)  

[27] A. Kolmakov, “The effect of morphology and surface doping on 
sensitization of quasi-1D metal oxide nanowire gas sensors,” Proc SPIE 
2006;6370:63700X1–X8. 

[28] L. Liao, H. B. Lu, J. C. Li, C. Liu, D. J. Fu, Y. L. Liu, “The sensitivity 
of gas sensor based on single ZnO nanowire modulated by helium ion 
radiation,” Appl Phys Lett 2007;91:173110-1–0-3. 

[29] F. Hernández-Ram´ırez, A. Tarancón, A. Romano-Rodr´ıguez, O. 
Casals, J. Arbiol, J. R. Morante, “High response and stability in CO and 
humidity measures using a single SnO2 nanowire,” Sensors Actuat B 
2007;121:3–17. 

[30] V. V. Sysoev, B. K. Button, K. Wepsiec, S. Dmitriev, A. Kolmakov, 
“Toward the nanoscopic ‘‘Electronic Nose”: hydrogen vs carbon 
monoxide discrimination with an array of individual metal oxide nano- 
and mesowire sensors,” Nano Lett 2006;6:1584–8. 

[31] H. Grabert, “Transport in single channel quantum wires,” In Exotic 
States in Quantum Nanostructures ed. S. Sakar, Kluwer, Dordrecht 

[32] C. L. Tang, Fundamentals of Quantum Mechanics for Solid State 
Electronics and Optics,Cambridge University Press, New York, 2005 

[33] S. Shionoya, “Photoluminescence” In Luminescence of Solids ed. D. R. 
Vij, Plenum Press, New York, 1998 pp 101 - 102 

 

 


