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Room temperature detection of NO2 down to one part-per-million (ppm) using single crystalline

n-type InSb nanowires (NWs) chemiresistive gas sensor is presented. These sensors were

synthesized and fabricated by the combination of chemical vapor deposition and dielectrophoresis

alignment techniques. The sensor devices showed an increase in resistance upon exposure to

successive increments of NO2 concentration up to 10 ppm. The reduction in conductance of n-type

InSb NWs when exposed to NO2 is made possible due to the charge transfer from the InSb NW

surface to the adsorbed electron acceptor NO2 molecules. The demonstrated results suggest InSb

NW as a promising candidate in sensing applications as well as being environmental friendly over

existing arsenic and/or phosphorous-based III-V NW sensors. VC 2011 American Institute of

Physics. [doi:10.1063/1.3614544]

Detection of nitrogen dioxide (NO2) in the environment

has been considered important because of its effect on

human health. Thus, continuous efforts have been made to

develop nanostructured solid-state gas sensors due to the fact

that they possess some unique material properties along with

their high surface-to-volume ratio.1–3 In the last few years,

solid-state chemiresistive sensors fabricated from one-

dimensional (1D) nanostructures such as carbon nanotube

(CNT), tin oxide (SnO2), indium tin oxide (ITO), indium ox-

ide (In2O3), and zinc oxide (ZnO) have been reported show-

ing their surface sensitivity to various adsorbed gaseous

molecules down to parts-per-billion (ppb) level.4–8

Furthermore, III-V compound semiconductor nanowires

(NWs) such as InAs, GaAs, InP, GaP, and InSb have been

investigated as building block materials in nanoelectronic

devices because of their high electronic transfer characteristic

with low leakage currents as well as the existence of an elec-

tron surface accumulation layer that leads to high surface sen-

sitivity towards various gaseous species or biomolecules.9–13

In fact, the label-free molecular detection mechanism of those

NWs devices has been made possible utilizing the direct

charge transfer on the surface by the adsorbed molecules.

However, among the III-V semiconductor materials studied so

far, InSb has narrowest direct bandgap (0.18 eV at 300 K) and

the largest bulk electron mobility (�7.7� 104 cm2 V�1 s�1)

that make it a promising semiconductor material in nanoelec-

tronics.14,15 Moreover, InSb is environmental friendly over As

and/or P containing semiconductor materials. However, de-

spite its superior material properties, no reports on the sensing

properties of InSb NWs gas sensors have been published.

In this communication, we report a chemiresistive NO2

gas sensor using chemical vapor deposition (CVD) grown

n-type InSb NWs. NO2 is a widely known toxic gas and the

permissible exposure limit (PEL) as defined by Occupational

Safety and Health Administration (OSHA) stands at 5 ppm.

Fabricated InSb NWs sensor devices showed promising

response in sensing NO2 down to 1 ppm at room temperature.

Single crystalline n-type InSb NWs having an average

diameter of 10-25 nm were synthesized using chemical

vapor deposition technique, as described previously (see sup-

plementary Fig. S1).16 Briefly, the native oxide on the InSb

substrate was removed by chemical etching in aqueous HCl

(10%) solution and dried by argon blowing. Gold nanopar-

ticles (60 nm diameter) decorated InSb substrate (NWs

growth substrate) and InSb source powder were placed inside

a 10 mm diameter quartz tube mounted in a 5 cm diameter

quartz tube furnace such that the powder source was at 550 �C

while the NWs growth substrate was at 400 �C. The InSb

NWs growth was performed for 1 h in flowing argon (100

sccm) and hydrogen (100 sccm) atmosphere.

For InSb NWs sensor device fabrication, the as-grown

InSb NWs were suspended in water by brief sonication of the

growth substrate and the dispersed nanowires were aligned

across a pair of source-drain gold electrodes with 3 lm chan-

nel length defined on SiO2 (300 nm)/Si substrate using photo-

lithography as reported previously,17 by ac dielectrophoresis

(DEP) technique as follows.18 In brief, a 0.1 ll drop of NWs

suspension was placed between the electrodes using micropip-

ette, followed by applying an ac electric field (0.36VRMS) at 4

MHz frequency across the electrodes. The aligned NWs were

then annealed at 300 �C for an hour in flowing 95% Ar þ 5%

H2 atmosphere to minimize the contact resistance between the

NWs and metal electrodes. The annealing step improved con-

tact between NWs and metal electrodes as evident by the

decrease in the device resistance from ~900kX to 10-110kX

after DEP aligning and annealing, respectively. This is due to

the removal of the water vapor from the interface between

NW and metal electrode. Scanning electron microscopy

(SEM) image of assembled devices showed that there were

multiple InSb NWs aligned between the gold electrodes (Fig.

1(a)), and most of the NWs were aligned and suspended

between the electrodes (Fig. 1(b)). The suspended NWs would

be beneficial for the better response in our experimental
a)Electronic mail: rpaul003@ucr.edu.
b)Electronic mail: adani@engr.ucr.edu.
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conditions due to their maximum surface exposure to flowing

analyte gas molecules. Electrical characterization (Ids–Vds

curve) of the assembled device (Fig. 1(c)) showed almost

symmetrical nonlinear portions in at the high bias regions

revealing the existence of Schottky barriers in the system, a

frequently observed phenomenon at the metal-semiconductor

interfaces.19 To ensure that the resulting resistance modulation

during sensing was distributed in the nanowire itself, in this

work, the resistance of sensor was calculated from the slope

of the Ids�Vds curve from a low bias region (�0.5 to þ0.5 V),

where the Ids�Vds response was linear.

To evaluate the performance of InSb NW device as chem-

iresistor gas sensor, the electrodes with aligned nanowires were

connected to a chip holder by wire bonding and placed in a 1.3

cm3 glass chamber with inlet and outlet ports (see supplemen-

tary Fig. S2).26 Dry air or air/NO2 mixtures at a total flow rate

of 200 sccm were flowed into the glass chamber using mass

flow controllers (MFCs). The sensor arrangement was subjected

to 0.5 V potential corresponding to the potential window (�0.5

to þ0.5 V) in the linear region of the Id�Vds characteristic

curves of the sensor in Fig. 1(c) and the resistance of the sensor

was determined continuously using a dual channel Keithley

Source Meter (Model 2363A). A custom Labview computer

program was developed to control the mass flow meters and to

monitor the resistance of the nanowire. The sensing experiment

was started by first purging the glass chamber with dry air for

200 min to stabilize the resistance of the sensor, followed by

increasing NO2 concentration in air every 50 min with an inter-

val of 50 min recovery in air between two successive NO2

exposures. Figure 2(a) shows normalized change in resistance

[{(R � R0)/R0}, where R and R0 are the resistances in analyte

gas and air, respectively] as a function of time from a sensor de-

vice operating at room temperature. As expected, the resistance

of the device increased with increasing NO2 concentration.

This is attributed to NO2 being a strong electron acceptor,

which would reduce the electron density in the surface of the n-

type InSb NWs by charge transfer from InSb NW surface to

the adsorbed NO2 gas molecules. However, no response to gas

exposure was observed for devices without nanowires. This

result is comparable with previously reported III-V InAs semi-

conductor NW gas sensors.12,13 The sensor response, after 50

min exposure, was a linear function of NO2 concentration from

1 to 10 ppm (Fig. 2(b)). The sensitivity, determined from the

slope, was 1.05% per ppm NO2, and a detection limit of 1 ppm

NO2 (2.5%) could be easily achieved with a signal-to-noise ra-

tio of 4.15. This result is comparable to recently reported CNTs

(20 lm)/reduced graphene hybrid NO2 sensor devices which

showed a response of about 3.5% at 1 ppm NO2 exposure.20

Moreover, we also demonstrated the sensing property of the n-

type InSb NWs sensor devices towards H2O vapor (see supple-

mentary Fig. S3).26 As expected, the resistance value of the

InSb sensors decreased with increasing H2O vapor contents

confirming the role of H2O molecules as an electron donor for

III-V semiconductor, which would increase the carrier density

in the InSb NWs. This result is in accordance with recently

reported n-type InAs NW sensors that showed an increase in

conductance to H2O vapor exposures.12 Thus, the fabricated

InSb NWs sensors may successfully be used to detect some

other electron-donating as well as electron-withdrawing species.

Figure 2(a) shows that while the response time of the

InSb NW sensor decreased, the recovery rate on the other

FIG. 1. (a) SEM image of the aligned InSb NWs bridging the source-drain

electrodes after ac dielectrophoresis alignment. (b) Enlarged SEM image of

an individual suspended InSb NW between electrodes. (c) Two terminal

source-drain current-voltage (Ids�Vds) characteristic curve of the InSb NWs

sensor device exposed to dry air.

FIG. 2. (a) Dynamic response (DR/R0%) and (b) calibration curve for NO2

of InSb sensors to varying concentrations of NO2 in dry air (the data point is

an average of the response of four sensors after 50 min exposure and the

error bar represents61 S.D.).
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hand was slower for increasing NO2 concentration. A similar

slow recovery of NO2 gas sensors has been observed previ-

ously.20,21 Exposing the sensor to UV light or high tempera-

ture could accelerate the recovery rate by desorption of NO2

molecules.7,20 We investigated the effect of temperature on

the extent of recovery and recovery time of the InSb NW sen-

sor to 4 ppm of NO2 in dry air (Fig. 3(a)). As shown in the fig-

ure, a faster recovery and an improved extent of recovery was

observed at higher temperature attributed to an accelerated de-

sorption of NO2 molecules. In addition, the response time,

defined as the time required reaching 90% of the maximum

resistance change, decreased from �50 min at room tempera-

ture to 13 min and 12 min at 50 �C and 100 �C, respectively.

In several works, on both organic and inorganic semi-

conductor film based sensors, the kinetics of sensor response

were found to follow the Elovich chemisorption model

dN=dt¼ a expð�bNÞ; (1)

where a and b are constants and N is the amount of adsorbed

NO2 molecules on the semiconductor surface.22,23 Assuming

that the modulation of sensor conductance upon exposure to

analyte gas is proportional to the amount of molecules

adsorbed on the sensor surface, then according to Elovich

equation, a plot of conductance change against log (t) should

exhibit a linear relationship. A good linear agreement

between the normalized resistance change and log (t) for the

InSb NW sensor exposed to 4 ppm NO2 for both room tem-

perature and 100 �C (Fig. 3(b)) thus confirmed that the sen-

sor response was driven by the adsorption of NO2 molecules

at the InSb NW surface and the adsorption increased with

time due to an increase in NWs surface coverage by NO2

molecules.24,25 Moreover, these profiles also confirmed the

dependence of this process on the temperature of the InSb

NWs surface; i.e., as temperature increases up to 100 �C, the

response delay time was reduced.

In summary, we investigated the sensing property of

n-type single crystalline InSb NWs for NO2. When operated at

room temperature, the sensor was able to detect NO2 down to 1

ppm, which is five times lower than OSHA permissible limit of

5 ppm. The sensitivity of the sensors corresponding to the

reduction of carrier density of n-type InSb NWs was related to

the variation of sensor resistances with variation in concentra-

tions of NO2 exposures. We are currently investigating the

functionalization of InSb NWs to increase the sensitivity

towards other gaseous species as well as different biomolecules.

Our demonstrated results provide InSb NW as an attractive sen-

sor material on the platform of other III-V semiconductors.
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U01ES016026 from the National Institute of Environmental

Health Sciences.

1J. Kong, N. R. Franklin, C. W. Zhou, M. G. Chapline, S. Peng, K. J. Cho,

and H. J. Dai, Science 287, 622 (2000).
2M. Law, H. Kind, B. Messer, F. Kim, and P. D. Yang, Angew. Chem. Int.

Ed. 41, 2405 (2002).
3J. D. Fowler, M. J. Allen, V. C. Tung, Y. Yang, R. B. Kaner, and B. H.

Weiller, ACS Nano 3, 301 (2009).
4T. Zhang, S. Mubeen, N. V. Myung, and M. A. Deshusses, Nanotechnology

19, 332001 (2008).
5B. Wang, L. F. Zhu, Y. H. Yang, N. S. Xu, and G. W. Yang, J. Phys.

Chem. C 112, 6643 (2008).
6X. Y. Xue, Y. J. Chen, Y. G. Liu, S. L. Shi, Y. G. Wang, and T. H. Wang,

Appl. Phys. Lett. 88, 201907 (2006).
7D. Zhang, Z. Liu, C. Li, T. Tang, X. Liu, S. Han, B. Lei, and C. Zhou,

Nano Lett. 4, 1919 (2004).
8L. Liao, H. B. Lu, J. C. Li, C. Liu, D. J. Fu, and Y. L. Liu, Appl. Phys.

Lett. 91, 173110 (2007).
9C. M. Lieber and Z. L. Wang, MRS Bull. 32, 99 (2007).

10C. Thelander, P. Agarwal, S. Brongersma, J. Eymery, L. F. Feiner, A. For-

chel, M. Scheffler, W. Riess, B. J. Ohlsson, U. Gosele, and L. Samuelson,

Mater. Today 9, 28 (2006).
11P. J. Pauzauskie and P. Yang, Mater. Today 9, 36 (2006).
12J. Du, D. Liang, H. Tang, and X. P. A. Gao, Nano Lett. 9, 4348 (2009).
13P. Offermans, M. C. Calama, and S. H. Brongersma, Nano Lett. 10, 2412

(2010).
14J. Riikonen, T. Tuomi, A. Lankinen, J. Sormunen, A. Saynatjoki, L.

Knuuttila, H. Lipsanen, P. J. McNally, L. O’Reilly, A. Danilewsky, H.

Sipila, S. Vaijarvi, D. Lumb, and A. Owens, J. Mater. Sci.: Mater. Elec-

tron. 16, 449 (2005).
15J. H. Seol, A. L. Moore, S. K. Saha, F. Zhou, L. Shi, Q. L. Ye, R. Scheffier,

N. Mingo, and T. Yamada, J. Appl. Phys. 101, 023706 (2007).
16R. K. Paul, M. Penchev, J. Zhong, M. Ozkan, M. Ghazinejada, X. Jing, E.

Yengel, and C. S. Ozkan, Mater. Chem. Phys. 121, 397 (2010).
17Rajesh, B. K. Das, S. Srinives, and A. Mulchandani, Appl. Phys. Lett. 98,

013701 (2011).
18J. Li, Q. Zhang, N. Peng, and Q. Zhu, Appl. Phys. Lett. 86, 153116 (2005).
19L. Liao, Z. Zhang, B. Yan, Z. Zheng, Q. L. Bao, T. Wu, C. M. Li, Z. X.

Shen, J. X. Zhang, H. Gong, J. C. Li, and T. Yu, Nanotechnology 20,

085203 (2009).
20H. Y. Jeong, D. S. Lee, H. K. Choi, D. H. Lee, J. E. Kim, J. Y. Lee, W. J.

Lee, S. O. Kim, and S. Y. Choi, Appl. Phys. Lett. 96, 213105 (2010).
21B. J. Hansen, N. Kouklin, G. Lu, I. K. Lin, J. Chen, and X. Zhang, J. Phys.

Chem. C 114, 2440 (2010).
22S. Capone, S. Mongelli, R. Rella, P. Siciliano, and L. Valli, Langmuir, 15,

1748 (1999).
23K. K. Kuhn, A. Mahajan, and R. K. Bedi, Chem. Phys. Lett. 492, 119 (2010).
24J. P. Blanc, N. Derouiche, A. E. Hadri, J. P. Germain, C. Maleysson, and

H. Robert, Sens. Actuators B 1, 130 (1990).
25A. K. Debnath, S. Samanta, A. Singh, D. K. Aswal, S. K. Gupta, and J. V.

Yakhmi, Chem. Phys. Lett. 480, 185 (2009).
26See supplementary material at http://dx.doi.org/10.1063/1.3614544 for Mor-

phology of InSb NWs, gas sensing setup, and H2O sensing behavior of InSb

NWs sensor devices.

FIG. 3. (Color online) (a) Response and corresponding (b) Elovich plots of

relative resistance variation of InSb NWs sensor to 4 ppm NO2 at different

temperatures.
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