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We report on fabrication and electrical characteristics of high-mobility field-effect transisteirs

using ZnO nanorods. For FET fabrications, single-crystal ZnO nanorods were prepared using
catalyst-free metalorganic vapor phase epitaxy. Although typical ZnO nanorod FETs exhibited good
electrical characteristics, with a transconductance-®#0 nS and a mobility of 75 ¢V s, the
device characteristics were significantly improved by coating a polyimide thin layer on the nanorod
surface, exhibiting a large turn-ON/OFF ratio of*3@(, a high transconductance of 1,8, and

high electron mobility above 1000 &tV s. The role of the polymer coating in the enhancement of
the devices is also discussed.2004 American Institute of PhysidPOIl: 10.1063/1.1821648

ZnO semiconductor nanowires and nanorods are attraavere also coated with a polyimide, which has frequently
tive components for nanometer scale electronic and photoniceen employed to reduce surface effects in a bipolar
device applica’cionz’%‘.3 Recently, a wide variety of nanode- technolog)ﬁz‘“A 2-um-thick polyimide(n-methoxy methy-
vices including ultraviolet photodetectdt§chottky diodes,  lated nylon was coated using a spinner and then cured at
and light-emitting device arra§/$1ave been fabricated utiliz- 120 °C for 5 h.
ing ZnO nanorodgnanowire$. In particular, a field-effect Figure 2a) shows typical current—-voltagés—Vsg) char-
transistor(FET),’ one of the most fundamental and important acteristic curves as a function of gate voltalye) for ZnO
electronic components, has been fabricated using a Zn@anorod FETs prepared without any intentional surface treat-
nanobelt. However, the ZnO nanobelt FET has exhibitednent. As-grown ZnO nanorod FETs exhibited linear and
poor transistor characteristics: a low switching current ON/symmetricls—Vsq curves at different gate voltag€s,), in-
OFF ratio below 100, a transconductarigg=dlss/dV,) of a  dicating low resistance of ohmic contacts formed between
few nS, and a maximum ON state source-drain curtegt ~ ZnO and Ti metal layers. In addition, a4 increases posi-
of ~10 nA even at a large source-drain voltage,) of  tively (negatively, |y, increasegdecreases indicating that
6.5 V. The poor ZnO nanobelt transistor characteristics mayhO nhanorods are typicah-type semiconductorslss—Vg
result from a high concentration of impurities in ZnO nano-curves of ZnO nanorod FETs also show that the devices op-
belts, large contact resistance, or surface-mediated effects in-
cluding chemisorption and carrier scattering or trap pro- (a)
cesses by surface states® Here, we report on high-
performance ZnO nanorod FETs fabricated using high-
quality single-crystal ZnO nanorods and a polymer-coating
method to reduce surface-mediated effects.

ZnO nanorod FETs were fabricated by using high-
quality ZnO nanorods and e-beam lithograpifig. 1(a)].
Single-crystal ZnO nanorods were prepared on Si or sapphire
substrates using catalyst-free metalorganic vapor phase epi-
taxy (MOVPE),” and then dispersed on Sisi. A
250-nm-thick silicon oxide layer was employed as an insu-
lating gate oxide layer on a heavily dopeetype silicon
substrate. Good ohmic contacts were obtained by coating
Au/Ti metal layers only on nanorod ends and annealing at
300°C for 2 min** As shown in Fig. 1b), the metal contacts
of source-drain electrodes were separated by grbusing
electron-beam lithography and a lift-off method. Electrical
characteristics of ZnO nanorod FETs were measured at room
temperature in ambient air using an electrometer and a volt-
age source meter. To explore the surface passivation effect

on the electrical properties of devices, ZnO nanorod FETs

FIG. 1. (@) Schematic side view an¢b) field-emission scanning electron

microscopy image of a ZnO nanorod FET device. ZnO nanorod FETs with

dauthor to whom correspondence should be addressed; electronic maibackgate geometry were fabricated on $i€l by deposition of Au/Ti
gcyi@postech.ac.kr metal electrodes for source-drain contacts on nanorod ends.
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] 4.0x10°} norod FETs were significantly enhanced after polymer coating on ZnO na-
3 norod surfaces.
£
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decade with a maximum ON state current of ZA was
also obtained after polyimide coating.
0905 0 0 10 20 We further analyzed carrier mobility in ZnO nanorod
Gate voltage (V) FETs, an important characteristic of FET. The electron mo-

bilit in ZnO nanorod FETSs is calculated b A
FIG. 2. (a) Typical ls—Vs4 characteristic curves as a function\gffor ZnO y () y E®

nanorod FETs prepared without any intentional surface treatment. The Iineagependmg O,
and symmetrid ¢.—Vg4 curves were obtained under differevij, indicating % L2

the low resistant ohmic contact formation between ZnO and Ti metal layers. - gm—

(b) IV, curves of ZnO nanorod FETs show that the devices operate in an C X Vsd,
n-channel depletion mode witty,, of ~140 nS forVs=1.0 V.

1)

whereC is capacitance given by E@) for cylinders using
an infinite plate model;
erate in a depletiognormally ON) mode and transconduc-

tance,gy, is ~140 nS forV,=1.0 V. Assuming that an ef- - 2778_08'-_ 2)
fective channel width(W) equals a nanorod diameter of In(2t/r)
100 nm, normalized transconductan@g,/W) is estimated Hence, Eq(1) can be rearranged as
to be~1.4 uS/um. )
It is noted that the normalized transconductance of _9m X L% gmX L XIn(2t/r) 3

1.4 uS/um for ZnO nanorod FETs is two or three orders of ~ *~ c x Vg 2mege X Vg
magnitude higher than thabelow 5 nSjm even at large

Vg4 Of 6.5 V) for ZnO nanobelt FETS.This may be attrib-
sd ) y (250 nm the thickness of the silicon oxide laye&r(50 nm)

uted to high crystallinity and purity of ZnO nanorods pre- . . .
pared using catalyst-free MOVPE. In addition, the reducec}hiecgr?nomd radius, and (3.9) the dielectric constant of

contact resistances between nanorods and source-drain el&C!0" .
Figure 4 shows the electron mobility versify plots

trodes may also affect device characteristics. That is, the pre-

. . alculated using Eq(3). The maximum value of electron
vious ZnO nanobelt FETs have been configured by a ZnC?nobility of as-grown ZnO nanorod FETs was 752 s.

nanobelt dispersed on predeposited Au electrodes, yieIdin/gxlthough there have been no reports on electron mobility in

high contact resistance. In this research, however, ZnO N3 nanorod EETS. this value is much higher than that of
norod FETs were fabricated by evaporating Au/Ti metals on, 5-based thin—filrr; transistoré0.01—10 cré/V' s) X7 The
nanorod ends and by thermal annealing. In this device con- ' '

figuration, good ohmic contact resistance for source-drain

whereL (5 um) is the channel length of the nanorod FET,

electrodes was obtained, hence enhancing device perfor- - 1000:""As""ﬂde ' .
mance. Meanwhile, the conductance response to gate bias 8 [~ Polymer coated
voltage of ZnO nanorod FETs was still weak, attributed in Nz 800
part to the surface-mediated effects. g sool
The electrical characteristics of ZnO nanorod FETs were ;
significantly improved by coating polyimide on ZnO nano- 3 400f
rod surfaces. After the polyimide coating, as shown in Fig. 3, 2
lsq—Vg curves of ZnO nanorod FET exhibit excellent conduc- 200
tance response tdy: ZnO nanorod FETs were fully turned ~— f T
off even atVy=-5V and transconductance exhibited the % 5 0 5 10
maximum values of 1.&S atVy=2.3 V (in case ofVy Gate voltage (V)

=1.0 V), thirteen times higher than that for as-grown ZnO

nanorod FETs before polyimide coating. In addition, theFIG. 4. Electron mobility vs/, plots of ZnO nanorod FETs beforeotted

|sd_Vg curve shows drastic decreases of drain current belo e) and after polyimide coatln_gsolld line). Mobility was extracted using

th hold volta QV ) and exhibits a large current ON/OEE g. (3), and shows the maximum e_Ie(_:tron-moblIlty values of 75 and
res g&Vip) ) 1000 en?/V s for as-grown and polyimide-coated ZnO nanorod FETSs,

ratio of 10'—1(°. A subthreshold swingS) of ~1.4 V per  respectively.
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high carrier mobility of ZnO nanorod FETSs results presum-also increased transconductance from 140 nS tou$8
ably from high crystallinity and low defect concentrations of Furthermore, the electron mobility estimated from transcon-
single-crystal ZnO nanorods due to the catalyst-free growtldluctance exhibits a maximum value of 1000—1206 /drrs.
method employed in this research. Furthermore, the mobilitHigh-performance nanoscale FETs obtained in this study
value of nanorod FETs was increased to 1008/afrs by  show the feasibility of semiconductor oxide based nanorods
polyimide coating. This value is the highest mobility value for electronic nanodevice applications. We believe that the
among oxide FETs'® and higher than those of any other simple polymer passivation may be widely used for enhance-
single-crystal semiconductor nanowire FEBO0 cnf/V's  ment of many other nanoscale device characteristics.
for p-type Si nanowire FETS 600 cn?/V s for p-type Ge _ _ _
nanowire FETZ® and 150—650 cRiV s for n-type GaN This \{vprk was ;upported b)_/ the National .Creat|ve Re-
nanowire FET%). segrch Initiative Project, the National R&D Project for Nano
Reproducibility of the polyimide passivation effect on Sc¢iénce and TechnologgNo. M-0214-00-011% and the
the device performance was also investigated meast#iNg Center for Nanostructured Materials Technology under the

characteristic curves of thirteen different ZnO nanorod FET<1St Century Frontier R&D Program of the Ministry of Sci-
before and after the polyimide coating. Before polyimide€NCc€ and Technology. H.-J.L. was supported by the Center
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