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Gate-refreshable nanowire chemical sensors
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ZnO nanowire field effect transistors were implemented as highly sensitive chemical sensors for
detection of NQ and NH; at room temperature. Due to a Debye screening length comparable to the
nanowire diameter, the electric field applied over the back gate electrode was found to significantly
affect the sensitivity as it modulates the carrier concentration. A strong negative field was utilized
to refresh the sensors by an electrodesorption mechanism. In addition, different chemisorbed species
could be distinguished from the “refresh” threshold voltage and the temporal response of the
conductance. These results demonstrated a refreshable field effect sensor with a potential gas
identification function. ©@2005 American Institute of PhysidDOI: 10.1063/1.1883715

Semiconducting quasi-one-dimensioi&1D) systems has been reported that thinner metal-oxide NWs and NWs
are natural candidates for chemical sensing applications dugetwork could demonstrate lower detection littit3The in-
to their large surface-to-volume ratio and finite charge carrieset of Fig. 1a) indicates a linear decrease of the NW con-
concentration which can be significantly influenced by theductance with increasing N{&oncentration up to 10 ppm. It
chemical surroundings. It has been well accepted that thits evident that lowering gate potential increases the detection
electrical property change is the consequence of charggensitivity, which is also observed in,@ensing In fact,
transfer between the Q1D systems and the chemisorbatie dependence of gas detection sensitivity on the gate po-
species: Based on this mechanism, various Q1D systemdential can be obtained frorh-V, curves acquired under
have been configured as chemical sensors for detection different target gas concentrations and the corresponding
toxic and flalmmable gases such as ;NO CO* NH;®  derivation is presented as following-V,, curves are ob-
ethanof® etc. Most of the previous reports are based on twdained under @pure Ap and 5 ppm NQ[Fig. 1(c)]. It can be
terminal measurements treating Q1D systems simply as reseen that the threshold voltaye shifts fromV,(=7.9 V) in
sistance wires. Very little effort has been devoted to study th® ppm NG to V; (-5.2 V, orAV;;=2.7 V) in 5 ppm NG.
effect of gate potential on the sensing performance of Q1D his shift can be correlated with the change of electron con-
systemsﬁ. In fact, gate potential plays a crucial role in Q1D centrationAn using
systems since their diameters are comparable to the Debye
screening length thus a small change on the gate potential
can affect the electronic property of the entire channel. In

this letter, ZnO nanowire field effect transistdSETS are  \yhereC is the nanowire capacitance with respective to the
presented as chemical sensors for detection of & NH. ook gateg is the electronic charge, afRlandL are radius
It was observed that the detection sensitivity can be tuned by, q length of nanowire channel, respectively. Hence

the back gate potential and large negative gating could sig-
nificantly expedite the desorption process at room tempera- 5
ture. Furthermore, the gate potential variation induced time- An=-CAV/emR°L. (2

dependent behavior demonstrated a potential gas . e .
distinguishing mechanism. Relative sensitivity is defined aS=|Ggas~Go|/Go, Where

The remarkable opticdl, electrical® and mechanical € GgasandGo are the NW conductance in the presence of

propertieg of ZnO nanostructures have been intensivelytalrget gas and pure Ar, respectively. Sir@enuemRe/L,
studied. N-type ZnO nanowires were grown via catalytic therefore

chemical vapor deposition methdl Fabrication of nano-

wire FETs and electrical transport studies are reported S= |ngas— Nol/No = |An|/ng. (3)
elsewheré™? To conduct chemical sensing experiments,

NW FETs were loaded into a clean chamber with electricalThe combination of Eq91)—(3) gives

feedthrough. The chamber was pumped down to’ Torr

and the sample was baked at 200 °C for half an hour to _ _

remove the surface adsorbents such asi@ HO. After the SVg) = AV (Vg = Voo). @
system was cooled down to room temperature, it was filed The derivedS(V,) = (V4—V,o)™* relationship is depicted
with 760 Torr diluted target gas balanced with Ar. Figuresin the inset of Fig. {c). Apparently, maximum sensitivity can
1(a) and 1b) plot the |-V curves obtained under different be achieved when gate potential approaching
NO, concentrations a¥,=0 and -5 V. The minimum N®  V,4(=7.9 V). This relationship can be also interpreted by the
concentration detected with this particular NW is 200 ppb. Itincreased Debye screening length with decreasing electron
concentratiort? Furthermore3(V,) is related with the partial
aAuthor to whom correspondence should be addressed; electronic maiPressure of the target gas. Let the surface density of chemi-
jglu@uci.edu sorbed molecules b, hence for Q1D system

n=C(Vy - VylenReL, (1)
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(b) lized in this work to implement an electrically recoverable
0.0t gas sensor which operates at room temperature. As known,

—«— Uppm chemical sensing at room temperature is hardly reversible
—o— 0.2 ppm because the thermal energy is usually lower than the activa-
- Uo'é e tion energy for desorptior. This leads to a long recovery

time. UV illumination is a common method to refresh the

sensor- However, it is not convenient to integrate a UV
Vg=-5V source with a chemical sensor and this method suffers from

F " . relative long recovery time due to the large number of

0 2 . . .

vds (V) electron-hole pairs generated and the low recombination rate.
3.0 Hence we propose a self-contained sensor which can electri-
19 sensitityto| (C)+ g cally desorb the chemisorbed gas molecules using gate po-

25} o / nen :
Q»E_: seem N0 tential. As shown in Fig. 2, after a NW was first exposed to
2.0(S0 4] 10 ppm NQ gas pulse, then again to 760 Torr pure Ar, a
0.2

iy sl -60 V gate voltage(much below the threshold value
3 G V;=-25V in 10 ppm NQ for this NW) pulse with 60 s

1.0t duration was applied. This voltage pulse accounts for a com-
05 v plete NW conductance turnoff. Interestingly, about 4 min
after the voltage pulse, NW conductance was recovered to
0.0 the initial level before N@ exposure. Therefore, the large
-12 - 8 negative gate pulse efficiently refreshed the NW sensor. The

-4 0
Ve(V) possible mechanism accounts for this phenomenon is pro-

o _ posed as following. Although the binding energy between the
\F/'(E'Ol\'/ ZnO NWI-V curves obtained in different NOconcentration at 5 4416mg and adsorption sites is usually much larger than
9= (@) andVy=-5 V (b). Inset: NW conductance vs N@oncentration . .
atVa.=—5 V. (c) NW FETI-V, curves obtained in pure A0 ppm, 5 and room-temperature ther_mal energy, a negative gate potential
10 ppm NQ. Inset: detection sensitivity as a function of gate voltage. depletes the electrons in the metal-oxide NW and reduces the
number of electrons available at vacancy sites, thus lowering
5 the chemisorption ratéHole migration to the surface driven
An=-—=aNj, (5) by the negative field leads to the discharge of gas molecules.
R In addition, if the chemisorption is “weakly” associated with
wherea is a charge trasier coefficient denoting the number &7 appreciable dipole momettit is likely that the negative

of electrons captured by one chemisorbed molecule. In thgate induced repulsive field stretches and weakens the bond-
low pressure limit of Langmuir isotherm\ can be 'ex_ Ing between these adatoms and adsorption sites. Conclu-
NS

pressed ably= 8P ,whereg is a proportionality coefficient, sr:ve][y, thesedfactors lead to the electrodesorption process and
thus Anec Pg,s This is consistent with the linear concentra- the fast conductance f'e(I:OVeryfat rr(])orrrlw tempera}ture.h -
tion dependence of conductance shown in the inset of Fig. YSINg gate potential to refresh the nanowire chemical

1(a). Consequently, Eqs2), (4), and(5) yield sensor takes advantage of the FET device structure and
@ q Y, Eqg2), (4 ®y greatly simplifies the design of chemical sensors. Besides
2eamRL NO,, NH; was also used for sensing study and exposure of
S(Vg)zwlgpgas (6)  NH; reduced the NW conductance as repoffedxperi-
g t0

ments showed that the gate voltage required to refresh the

Equation (6) clearly demonstrates the tunability of the adsorbed NK molecules was lower than that for NOFor
chemical sensitivity using gate potential. In addition, it hasexample, the “refresh” voltage for 1% NHs —30 V as com-
been observed that a large gate voltage induced field is c@ared with —60 V for 10 ppm N® Using the same gate
pable of affecting gas adsorptivity on the ZnO NW signifi- pulse duratior(60 9, the minimum gate “refresh” voltage is
cantly. In this case, the chemical potential in the NW is al-determined to be concentration dependent, as plotted in Fig.
tered by the external fieftf:*® According to the electron 3(a). In addition, the time domain response for Nahd NH,
theory of chemisorption, the chemical potential controls theshows clear difference. As shown in Fighg NW conduc-
catalytic activity on the surface, determining the occupatiortance dropped when a negative gate voltage p(#a® V,

probability of the chemisorbed stat&sThis concept is uti- slightly higher thanV,) was applied at the back gate. In the
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o__2 4 6 @& 10 guences(1) the total chemisorption coverage of Nis less
g T than that of NQ, which has been confirmed by the observa-
§ B e / tion that NW FETSs tend to be less sensitive to \Han to
S 40 * NO, (data not shownand(2) the desorption energy needed
8 30 / - for NO, is greater than that for N§d This indicates the
§ ol / higher surface binding strength for NG@han for NH; and
e " _/,/. l also accounts for the differences on their refresh voltage and
0 2000 4000 60OOO 8OO0 10000 recovery rate.
i8D Gas concentration (ppm) In conclusion, we present a ZnO NW field effect chemi-
10 ppm (b)- cal sensor, showing their sensing properties for,N{dd
120} NO, NH; target gases. It was observed that the gate potential can
e T €COVETY affect the detection sensitivity, and the adsorbed gas mol-
z B0 L region mz ecules could be electrically desorbed by applying a large
- g m negative gate voltage. In addition, the studies on the ‘“re-
20| L0 ppm NO, k=0.15 fresh” threshold gate voltage and time dependent response
ot e demonstrate a potential gas distinguishability. These findings
e Ve mo v indicate that ZnO NW FET is a highly promising candidate
=0 for smart chemical sensing.
800 850 900 950 1000 1050
» Tim's (%) @ — This work was supported by the National Science Foun-
(ep P B L A dation Grant No. ECS-0306735 and performed at the Inte-
80 f’m T g T e grated Nanosystem Research Facility in UC Irvine. The au-
Tl ¢ Mﬁs gm o thors thank Dawei Wang and Paichun Chang for technical
R e |3 _ assistance.
w7 st 2/°H,,k=o.23 8 1w " mgglgag?’nev
IC. Li, D. Zhang, X. Liu, S. Han, T. Tang, J. Han, and C. Zhou, Appl. Phys.
- 83 T8 19 20 21 22 Lett. 82, 1613(2003.

1000/T 2E. Comini, G. Faglia, G. Sberveglier, Z. Pan, and Z. L. Wang, Appl. Phys.
Lett. 81, 1869(2002.

FIG. 3. (a) Gate “refresh” voltage magnitude as a function of NDd NH; %J. Kong, N. R. Franklin, C. Zhou, M. G. Chapline, S. Peng, K. Cho, and H.

concentration(b) NW conductance recovery unde=-20 V pulse in 10 Dai, Science287, 622 (2000.

ppm NOQ,. Inset: recovery curves at different N@oncentrations. The solid ~ “A. Kolmakov, Y. Zhang, G. Cheng, and M. Moskovits, Adv. Matgfein-

40 60
Time (s)

lines represent the linear fits in the recovery regi@h.Conductance recov- heim, Gen 15, 997 (2003.

ery curves for NH underV,=-20 V pulse.(d) Temperature dependence of °Q. Wan, Q. H. Li, Y. J. Chen, T. H. Wang, X. L. He, J. P. Li, and C. L. Lin,
the nanowire conductance show different activation energigspbtained Appl. Phys. Lett.84, 3654(2004.

in Ar, NH3, and NQ. by. Zhang, A. Kolmakov, S. Chretien, H. Metiu, and M. Moskovits, Nano

Lett. 4, 403(2004).

. . M. Law, D. J. Sirbuly, J. C. Johnson, J. Goldberger, R. J. Saykally, and P.
duration of the pulse, NW conductance shows a quick tran- Yang, Science305, 1269 (2004,

sient followed by a relative steady recovery process, as ex2q. H. Li, Q. Wan, Y. X. Liang, and T. H. Wang, Appl. Phys. Le84,
pected from the dynamic adsorption-desorption process. The4556(2004.

slopes(k) of the linear recovery regions for N@nd NH; at °X. D. Bai, P. X. Gao, Z. L. Wang, and E. G. Wang, Appl. Phys. L&2,

; ; P ; 4806 (2003.
different concentrations are shown in Figgb)3inset and 19, Chang, . Fan, D. Wang, W, Tseng, W, Chiu, J. Hong, and J. G. Lu,

3(c), respectively. It was observed that this slope was con- o water 16 5133(2004
C_e_mration independent and different for Nend N, SP€- Yz Fan, D. Wang, P. Chang, W. Tseng, and J. G. Lu, Appl. Phys. Béit.
cifically, kNHkaNoz- These results lead to the conclusion 5923(2004.
. . 12
that NH; is much easier to be electrodesorbed than,Ne | Z- Fan and J. G. Lu, Appl. Phys. Let86, 032111(2009.
theoretical investigation on the mechanism behind these phe—zéf:i’;%' i' 'l‘g')“l'gc(:z'o'b"[gt Tang, X. Liu, S. Han, B. Lei, and C. Zhou,
?hoeml’eerl?)\llses/tlII’IaL':gdlgrdwuiyt(;/vtiS?/vsgﬁetrihir;cglfglerzgazeflg;M Mdénch, Semiconductor Surfaces and InterfaceSpringer, Berlin,
1995.
NH; than NQ. According to the Volkenstein model, accep- '*H. Geistlinger, Sens. Actuators B7, 47 (1993.
N . . . . 16 . . .
torlike chemisorption Statea) formed in the forbidden band M. Bogner, A. Fuchs, K. Scharnagl, R. Winter, T. Doll, and I. Eisele,
if chemisorbed gas molecules capture electdn@ualita-  ,/\PP! Phys. Lett.73, 2524 (1998.

. . . ; ... ™. E. Hendrich and P. A. CoxSurface Science of Metal Oxidé&am-
tively, the depth ofg, in the forbidden band is related with bridge University, Cambridge, England, 1994

the conductance activation energy [Fig. 3(d)], in which & j p. zhang, B. Lei, S. Han, X. Liu, and C. Zhou, J. Phys. Chem. B
EA(NH3) <EA(NO,). This condition yields two conse- 107 12451(2003.

Downloaded 15 Jun 2010 to 143.89.46.199. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



