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Abstract: Due to strong interdependence of the electron transport and surface processes in quasi 1-D metal oxide 
nanostructures, chemiresistors and field effect transistors (FETs) based on nanowires perform excellently as sensing 
elements and may be able to compete with or even substitute for traditional thin film sensors in the field of solid state 
sensorics. Namely, applications requiring a stable, reproducible sensing element of small size with sensitive 
performance will benefit from this new platform. In this report, a few recent trends in the fabrication, functionalization 
and characterization of quasi 1-D metal oxide nanowire sensors are reviewed.   
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Figure 1 Publication statistics per year on 
oxide nanowires sensors (ISI Web of Science)

1. Introduction 
  
1.1 Motivation for research 

 
  Recently tightened controls on detecting requirements for environmental pollutants, explosive 
agents, and toxic gases along with advancements in nanotechnology has triggered the search for new 
nanoscopic active elements which would respond to an analyte more selectively, sensitively and stably (so-
called “3S” requirements) in comparison with already 
available sensing platforms. Considering the moiety of 
conductometric sensors, modern nanotechnology is able to 
offer a number of prospective sensing elements including 
quasi-1D semiconducting metal oxides, carbon nanotubes, 
and nano porous materials. In particular, quasi-1D metal 
oxide sensing elements are a natural choice for 
conductometric nanosensors because one can draw from an 
extensive knowledge base on traditionally well-studied and 
widely-used nanostructured thin oxide films.  
 Since the publication of a few fundamental 
demonstrations1-6   of detecting a variety of chemical and 
bio-agents using semiconducting 1D oxides, this area has 
been experiencing significant growth in the past six years 
(see Fig.1) and it is not yet clear whether it will reach saturation soon. The performance of gas sensors 
composed out of pristine quasi-1D metal oxide nanowires (both individual, chains and mats) measuring 20-
500 nm in diameter have already been tested by many groups and the number of publications on this issue 
is currently approaching 200 (see recent reviews7-13 and references therein).  Given that the fabrication and 
performance aspects of these newly emerging sensing elements have been topically reviewed by a number 
of authors, this report will focus on a few emerging approaches to the fabrication, functionalization and 
characterization of 1D metal oxide conductometric sensors, which, in our opinion, will contribute to this 
field’s further development.   
  
1.2 Features which make metal oxide nanowires prospective chemiresistors and chemi-FET 
chemical sensors  

 
Quasi-1D metal oxides possess several important properties which make them particularly 

attractive for use in chemical sensing. They are: 
A. Their generically high surface to bulk ratio (S/B).  This characteristic implies that a significant 

number of atoms are exposed on the surface and therefore available for surface reactions with analyte 
molecules. It is favorable in gas sensing to increase this ratio, and it is the largest for the thin nanobelts and 
tubular, porous 1D nanostructures. 

B. Many of the surface-gas interactions (e.g. chemisorption and other chemical reactions) proceed 
via electron (or, in the case of photo-assisted sensing, exciton) exchange with the nanostructure’s bulk. The 
delivery of these “reactive” species from the bulk to the surface is particularly easy if the nanostructure’s 
effective diameter falls at or below 10 nm (i.e., comparable with the mean free paths of these electronic 
excitations).  Nanostructures of this size also have an important implication for nanosensors where low 
temperature is required. As an example, room temperature photo-assisted sensing2,14 will be particularly 
pronounced when the nanostructure’s diameter is comparable to the mean free path for photo-excited 
carriers.  

C. As in the case of macroscopic semiconductors, the Debye length LD is a measure of the 
electronic “cross-talk” between the surface processes and bulk electronic structure. When a semiconductor 
oxide is moderately doped (1017-1018 cm-3), LD falls into the 10-100 nm range. For nanostructures with 
radiuses comparable to the LD this implies that surface band bending due to ionosorbed chemical or 
biological agents will comprise the entire volume of the nanostructure. Therefore the resultant electron 



depletion/accumulation due to adsorption/desorption events will drastically influence the conductivity of 
the nanostructure.  

D. In principle, nanoparticles and clusters as sensing elements offer the same  advantages as 
described above15. However, 1D nanostructures offer a crucial component making them an almost ideal 
choice for conductometric sensors. Namely, due to their 1D morphology, nanowires sensors possess a 
structurally and compositionally well-defined conducting channel measuring microns long, thus making 
these nanostructures easily integrated with the existing microfabrication technology. In addition, the same 
conducting channel can be used not only as an antenna for the surface processes but also in the reverse 
manner: as an active control over the surface reactivity 16,17. 

E. Finally, thanks to recent progress in nanotechnology, fine control over the crystallinity, 
faceting, morphology, composition, and doping level of these quasi-1D sensing elements can be achieved 
and potentially allow for unprecedented level  in their stability, reproducibility and modeling.  

 
1.3 Operating principles of conductometric metal oxide nanowire sensors 
 
The operating principles of a nanowire chemiresistor and chemi-FET are basically the same as those of 
their macroscopic counterparts (see for example 18,19). Namely, one can define two major nanosensor 
functionalities:  
 (i) receptor function which defines how actively and target-specifically the surface of the 
nanostructure interacts with the intended molecules. This function depends on the availability and nature of 
reaction (adsorption) sites and the specifics of the nanowire surface chemistry. The receptor function can 
usually be tuned via selection of the oxide material, temperature and/or via functionalizing the surface with 
catalyst or target-specific “key-lock” molecules.  
  (ii) transduction function which determines the mechanism of converting the surface interaction 
event into an electrical signal. For simple adsorption/desorption events which proceed by a charge transfer 
between the target molecule and the moderately-doped semiconducting nanowire’s surface, the modulation 
of the potential barriers along the radius of the nanowire occurs due to the charging (the so-called 
“chemical gating”) of the near surface layer.  
 In addition to the aforementioned major factors, variables such as  contact resistance, substrate 
effects and uncontrolled impurities can play a significant role in the overall performance of these devices 20-

22.  
  

 
5. Conclusions and outlook  
 
The performance of metal oxide (MOX) nanowire chemiresistors and chemi-FETs is promising for their 
use as a new platform for the next generation of miniature gas sensors and electronic noses. While the 
sensitivity and stability of the nanowire sensors has been demonstrated to be excellent, the selectivity still 
remains a challenge. At least two approaches can be envisioned in this regard: (i) to create more 
sophisticated arrays of nanowire sensing elements to improve the recognition function of the device and (ii) 
to create much simpler “alarming” sensors exclusively specific to certain classes of reactants. The latter is a 
promising option for Pt/MOX or Pd/MOX nanowire hydrogen sensors; however, different target gases 
would require extensive searches for specific catalysts (receptors).  
 Fundamental research still needs to be conducted on low-dimensional oxide nanostructures to 
explore the interplay between surface reactions and electron/hole transport. The latter would require the 
application of new surface-sensitive spectromicroscopy techniques in conjunction with taking transport 
measurements. Real-world conditions make sensitive transport through the conducting channel susceptible 
to tiny changes of the electrostatic environment of the neighboring oxide areas and/or contacts. To better 
understand the influence of these factors on the sensing performance of nanowire devices, an array of 
environmental AFM- and SEM-based images can be invaluable tools. 
 
Acknowledgements 
 



The author wants to thank the members of his group at SIUC (see 
http://www.physics.siu.edu/people/kolmakov/Research_group/Group_members.htm) and his collaborators, 
who crucially contributed to this work: Prof. M. Moskovits, Dr. Y. Lilach, Dr. D. Klenov, Prof. S. 
Stemmer, Dr. S. Kalinin, Dr. S. Jesse, Dr. U. Lanke, Dr. V. Sysoev, Dr. J. Goschnick, Dr. D. Meier and Dr. 
S. Semancik. The support from SIUC’s ORDA (via Seed Grant), SIUC’s MT Center and Caterpillar, Inc. is 
greatly acknowledged.  
 
References 
 
1 Y. Cui, Q. Q. Wei, H. K. Park, and C. M. Lieber, Science 293, 1289-1292 (2001). 
2 M. Law, H. Kind, B. Messer, F. Kim, and P. D. Yang, Angewandte Chemie-International Edition 

41, 2405-2408 (2002). 
3 E. Comini, G. Faglia, G. Sberveglieri, Z. W. Pan, and Z. L. Wang, Applied Physics Letters 81, 

1869-1871 (2002). 
4 M. S. Arnold, P. Avouris, Z. W. Pan, and Z. L. Wang, Journal of Physical Chemistry B 107, 659-

663 (2003). 
5 C. Li, D. H. Zhang, X. L. Liu, S. Han, T. Tang, J. Han, and C. W. Zhou, Applied Physics Letters 

82, 1613-1615 (2003). 
6 A. Kolmakov, Y. X. Zhang, G. S. Cheng, and M. Moskovits, Advanced Materials 15, 997-+ 

(2003). 
7 Z. L. Wang, Advanced Materials 15, 432-436 (2003). 
8 A. Kolmakov and M. Moskovits, Annual Review of Materials Research 34, 151-180 (2004). 
9 C. Li, B. Lei, D. H. Zhang, X. L. Liu, S. Han, T. Tang, M. Rouhanizadeh, T. Hsiai, and C. W. 

Zhou, Applied Physics Letters 83, 4014-4016 (2003). 
10 E. Comini, Analytica Chimica Acta 568, 28-40 (2006). 
11 J. G. Lu, P. C. Chang, and Z. Y. Fan, Materials Science & Engineering R-Reports 52, 49-91 

(2006). 
12 Z. L. Wang, Journal of Physics-Condensed Matter 16, R829-R858 (2004). 
13 S. J. Pearton, D. P. Norton, Y. W. Heo, L. C. Tien, M. P. Ivill, Y. Li, B. S. Kang, F. Ren, J. Kelly, 

and A. F. Hebard, Journal of Electronic Materials 35, 862-868 (2006). 
14 E. Comini, A. Cristalli, G. Faglia, and G. Sberveglieri, Sensors and Actuators B-Chemical 65, 

260-263 (2000). 
15 M. E. Franke, T. J. Koplin, and U. Simon, Small 2, 36-50 (2006). 
16 Y. Zhang, A. Kolmakov, S. Chretien, H. Metiu, and M. Moskovits, Nano Letters 4, 403-407 

(2004). 
17 Y. Zhang, A. Kolmakov, Y. Lilach, and M. Moskovits, Journal of Physical Chemistry B 109, 

1923-1929 (2005). 
18 P. T. Moseley, Measurement Science & Technology 8, 223-237 (1997). 
19 W. Gopel, Microelectronic Engineering 32, 75-110 (1996). 
20 W. Kim, A. Javey, O. Vermesh, O. Wang, Y. M. Li, and H. J. Dai, Nano Letters 3, 193-198 

(2003). 
21 S. V. Kalinin, J. Shin, S. Jesse, D. Geohegan, A. P. Baddorf, Y. Lilach, M. Moskovits, and A. 

Kolmakov, Journal of Applied Physics 98 (2005). 
22 J. Goldberger, D. J. Sirbuly, M. Law, and P. Yang, Journal of Physical Chemistry B 109, 9-14 

(2005). 
23 B. J. Murray, E. C. Walter, and R. M. Penner, Nano Letters 4, 665-670 (2004). 
24 M. Paulose, O. K. Varghese, G. K. Mor, C. A. Grimes, and K. G. Ong, Nanotechnology 17, 398-

402 (2006). 
25 D. H. Zhang, Z. Q. Liu, C. Li, T. Tang, X. L. Liu, S. Han, B. Lei, and C. W. Zhou, Nano Letters 4, 

1919-1924 (2004). 
26 B. S. Kang, Y. W. Heo, L. C. Tien, D. P. Norton, F. Ren, B. P. Gila, and S. J. Pearton, Applied 

Physics a-Materials Science & Processing 80, 1029-1032 (2005). 
27 A. Ponzoni, E. Comini, G. Sberveglieri, J. Zhou, S. Z. Deng, N. S. Xu, Y. Ding, and Z. L. Wang, 

Applied Physics Letters 88 (2006). 
28 J. F. McAleer, P. T. Moseley, J. O. W. Norris, and D. E. Williams, Journal of the Chemical 

Society-Faraday Transactions I 83, 1323-1346 (1987). 



29 Y. Lilach, J. P. Zhang, M. Moskovits, and A. Kolmakov, Nano Letters 5, 2019-2022 (2005). 
30 S. Dmitriev, Y. Lilach, B. Button, M. Moskovits, and A. Kolmakov, Nanotechnology accepted 

(2006). 
31 N. Yamazoe, Y. Kurokawa, and T. Seiyama, Sensors and Actuators 4, 283-289 (1983). 
32 D. Kohl, Sensors and Actuators B-Chemical 1, 158-165 (1990). 
33 D. E. Williams and P. T. Moseley, Journal of Materials Chemistry 1, 809-814 (1991). 
34 P. T. Moseley, Sensors and Actuators B-Chemical 6, 149-156 (1992). 
35 W. Gopel, Philosophical Transactions of the Royal Society of London Series a-Mathematical 

Physical and Engineering Sciences 353, 333-354 (1995). 
36 G. Sberveglieri, Sensors and Actuators B-Chemical 23, 103-109 (1995). 
37 A. Cabot, A. Dieguez, A. Romano-Rodriguez, J. R. Morante, and N. Barsan, Sensors and 

Actuators B-Chemical 79, 98-106 (2001). 
38 T. Wolkenstein, Electronic processes on semiconductor surfaces during chemisorption (New 

York, 1991). 
39 A. Kolmakov, U. Lanke, R. Karam, J. Shin, S. Jesse, and S. V. Kalinin, Nanotechnology 17, 4014-

4018 (2006). 
40 S. Dmitriev, B. Button, and A. Kolmakov, (in preparation) (2006). 
41 T. B. Fryberger, J. W. Erickson, and S. Semancik, Surface and Interface Analysis 14, 83-89 

(1989). 
42 N. Yamazoe and N. Miura, Electrochemistry 67, 224-231 (1999). 
43 G. Korotcenkov, Sensors and Actuators B-Chemical 107, 209-232 (2005). 
44 A. Kolmakov, D. O. Klenov, Y. Lilach, S. Stemmer, and M. Moskovits, Nano Letters 5, 667-673 

(2005). 
45 A. Kolmakov, Proc. SPIE 6370, 63700X (2006). 
46 Q. H. Li, Q. Wan, Y. G. Wang, and T. H. Wang, Applied Physics Letters 86 (2005). 
47 H. T. Wang, B. S. Kang, F. Ren, L. C. Tien, P. W. Sadik, D. P. Norton, S. J. Pearton, and J. Lin, 

Applied Physics Letters 86 (2005). 
48 V. Dobrokhotov, D. N. McIlroy, M. G. Norton, A. Abuzir, W. J. Yeh, I. Stevenson, R. Pouy, J. 

Bochenek, M. Cartwright, L. Wang, J. Dawson, M. Beaux, and C. Berven, Journal of Applied 
Physics 99 (2006). 

49 R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki, and Y. Taga, Science 293, 269-271 (2001). 
50 O. Diwald, T. L. Thompson, T. Zubkov, E. G. Goralski, S. D. Walck, and J. T. Yates, Journal of 

Physical Chemistry B 108, 6004-6008 (2004). 
51 N. Barsan and U. Weimar, Journal of Electroceramics 7, 143-167 (2001). 
52 S. A. Hoenig and J. R. Lane, Surface Science 11, 163-& (1968). 
53 L. M. Usoltsev, E. P. Mikheeva, and N. P. Keier, Kinetics and Catalysis 20, 128-134 (1979). 
54 O. V. Krylov and V. F. Kiselev, Springer series in surface sciences vol. 7 Berlin, Springer-

Verlag (1987). 
55 W. Hellmich, G. Muller, C. Bosch-Von Braunmuhl, T. Doll, and I. Eisele, Sensors and Actuators 

B-Chemical 43, 132-139 (1997). 
56 Z. Y. Fan and J. G. Lu, Applied Physics Letters 86 (2005). 
57 C. Yu, Q. Hao, S. Saha, L. Shi, X. Y. Kong, and Z. L. Wang, Applied Physics Letters 86 (2005). 
58 R. M. Karam and R. J. Casler, Technology Review February, 18 (2004). 
59 S. Semancik, R. E. Cavicchi, M. C. Wheeler, J. E. Tiffany, G. E. Poirier, R. M. Walton, J. S. 

Suehle, B. Panchapakesan, and D. L. DeVoe, Sensors and Actuators B-Chemical 77, 579-591 
(2001). 

60 Z. Boger, D. C. Meier, R. E. Cavicchi, and S. Semancik, Sensor Letters 1, 86-92 (2003). 
61 M. Graf, U. Frey, S. Taschini, and A. Hierlemann, Analytical Chemistry 78, 6801-6808 (2006). 
62 K. Persaud and G. Dodd, Nature 299, 352-355. (1982). 
63 R. Axel, Scientific American 273(4), 154 (1995). 
64 T. C. Pearce, BioSystems 41, 43-67 (1997). 
65 J. W. Gardner and P. N. Bartlett, Sensors and Actuators B-Chemical 18, 211-220 (1994). 
66 E. L. Hines, E. Llobet, and J. W. Gardner, Iee Proceedings-Circuits Devices and Systems 146, 

297-310 (1999). 
67 P. Gouma, G. Sberveglieri, R. Dutta, J. W. Gardner, and E. L. Hines, Mrs Bulletin 29, 697-700 

(2004). 



68 M. Pardo and G. Sberveglieri, Mrs Bulletin 29, 703-708 (2004). 
69 E. R. Thaler and C. W. Hanson, Expert Review of Medical Devices 2, 559-566 (2005). 
70 T. Gao, M. D. Woodka, B. S. Brunschwig, and N. S. Lewis, Chemistry of Materials 18, 5193-

5202 (2006). 
71 V. V. Sysoev, B. K. Button, K. Wepsiec, S. Dmitriev, and A. Kolmakov, Nano Letters 6, 1584-

1588 (2006). 
72 J. Goschnick, Microelectronic Engineering 57-8, 693-704 (2001). 
73 V. V. Sysoev, I. Kiselev, M. Frietsch, and J. Goschnick, Sensors 4, 37-46 (2004). 
74 V. Sysoev, J. Goschnick, T. Schneider, V. Trouillet, U. Geckle, M. Bruns, A. Serebrenicov, D. 

Fuchs, J. Cothren, E. E. Strelcov, and A. Kolmakov, proc. of ISOEN -07 St. Petersburg (Russia) 
(2007). 

75 Z. L. Wang, Advanced Materials 15, 1497-1514 (2003). 
76 B. H. Frazer, M. Girasole, L. M. Wiese, T. Franz, and G. De Stasio, Ultramicroscopy 99, 87-94 

(2004). 
77 S. Gunther, B. Kaulich, L. Gregoratti, and M. Kiskinova, Progress in Surface Science 70, 187-260 

(2002). 
78 J. W. Chiou, C. L. Yueh, J. C. Jan, H. M. Tsai, W. F. Pong, I. H. Hong, R. Klauser, M. H. Tsai, Y. 

K. Chang, Y. Y. Chen, C. T. Wu, K. H. Chen, S. L. Wei, C. Y. Wen, L. C. Chen, and T. J. 
Chuang, Applied Physics Letters 81, 4189-4191 (2002). 

79 S. Suzuki, Y. Watanabe, T. Ogino, S. Heun, L. Gregoratti, A. Barinov, B. Kaulich, M. Kiskinova, 
W. Zhu, C. Bower, and O. Zhou, Journal of Applied Physics 92, 7527-7531 (2002). 

80 S. Suzuki, Y. Watanabe, T. Ogino, S. Heun, L. Gregoratti, A. Barinov, B. Kaulich, M. Kiskinova, 
W. Zhu, C. Bower, and O. Zhou, Physical Review B 66 (2002). 

81 J. W. Chiou, J. C. Jan, H. M. Tsai, W. F. Pong, M. H. Tsai, I. H. Hong, R. Klauser, J. F. Lee, C. 
W. Hsu, H. M. Lin, C. C. Chen, C. H. Shen, L. C. Chen, and K. H. Chen, Applied Physics Letters 
82, 3949-3951 (2003). 

82 I. H. Hong, J. W. Chiou, S. C. Wang, R. Klauser, W. F. Pong, L. C. Chen, and T. J. Chuang, 
Journal De Physique Iv 104, 467-470 (2003). 

83 S. Suzuki, Y. Watanabe, T. Ogino, Y. Homma, D. Takagi, S. Heun, L. Gregoratti, A. Barinov, and 
M. Kiskinova, Carbon 42, 559-563 (2004). 

84 R. Larciprete, A. Goldoni, S. Lizzit, and L. Petaccia, Applied Surface Science 248, 8-13 (2005). 
85 S. Gunther, A. Kolmakov, J. Kovac, and M. Kiskinova, Ultramicroscopy 75, 35-51 (1998). 
86 A. Kolmakov, S. Jesse, and S. V. Kalinin, SPIE Newsroom 10.1117/2.1200609.0388 (2006). 
 


