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Field-effect transistor made of individual V= ,0Og nanofibers
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A field-effect transistofFET) with a channel length of-100 nm was constructed from a small
number of individual Os fibers of the cross section 1.5mf0 nm. At low temperature, the
conductance increases as the gate voltage is changed from negative to positive values, characteristic
of a FET withn-type enhancement mode. The carrier mobility, estimated from the low-field regime,

is found to increase from 7:710 °cn?/Vs atT=131K to 9.6< 10 3 cn?/V's atT=192 K with an
activation energy oE,=0.18 eV. The nonohmic current/voltage dependence at high electric fields
was analyzed in the frame of small polaron hopping conduction, yielding a nearest-neighbor
hopping distance of-4 nm. © 2000 American Institute of Physid$S0003-695000)00714-2

The fabrication of synthetic nanowires does not requirecan be effectively modulated by the potential of a gate elec-
high-resolution lithography, which makes them attractive agrode, representing a new type of field-effect transit&T)
components of nanoscaled electrical devices. Especially cabased upon inorganic nanowires.
bon nanotubes are currently studied in great detail with re- V205 fibers were synthesized from ammonitmeta-
spect to their electrical transport properttésit has been Vvanadate and an acidic ion exchanger and deposited on
demonstrated that carbon nanotubes can behave like quaghemically modified Si/Si® substrates as reported
tum wires exhibiting ballistic charge transports able to susfecently:” The amount of V" impurity centers in YOs sols
tain very high current densities, exceeding’ Acm2.3 In  Prepared by this meth0d is found to be maximally 1%.
addition, electric field-effect transistors from individual SuPsequently, 15 nm thick Au/Pd electrodes, separated by

nanotubes have been reporfétHowever, the reproducible 100 nm, were patterned on the fibers using electron beam

implementation of nanotubes into electrical devices is Comllthography. A scanning force microscog$FM) image of

plicated by the fact that the tubes exist in different chiralitiesthe investigated sample is displayed in Fig. 1. The substrate

and diameteré Moreover, since the raw material consists of was heavily do_ped by Asion implantation and served as a
ack gate, which was separated from the electrodes by a

a dense network of closely connected nanotubes, individuatL : : ~
tubes are often obtained by ultrasonic agitation, which migh% ermally grown Si@ layer of thicknessd=300nm. At

introduce defects into the tubes. Attempts to synthesize indir-Oom temperature, the two-probe resistance of th@e\i-
. . bders ranged between 200 and 300)M
vidual nanotubes directly on patterned surfaces have starte

| i Theref it i ¢ ires that Figure 1 shows an SFM image of one of our samples. In
only recently. Theretore, afterna 'V? types 0_ hanowires tha this particular case, there are seven fibers between the middle
lack these drawbacks are of considerable interest. Inorgan

L 28 i ired ffvo electrodes. The current—voltage characteristics obtained
materials like W3 nanotli:kg; ” silicon nanowires, or va&;— from this electrode pair are plotted in Fig(a@ at different
dium pentoxide nanotub€sas well as molecules like D temperatures for zero gate voltagég=0). As temperature

become increasingly important in this respect. In the presenfecreases, a nonohmic behavior is observed. Upon sweeping
study, we use vanadium pentoxide,(3) fibers as conduct- {he gate voltage from-20 to +20V atT= 145K, the drain-
ing wires with a thickness of molecular dimension. Indi- ggyrce currentlg) increases as shown in Fig(k2. The
vidual V,0s fibers,~1.5 nm in height and-10 nm in width,  conductance increase at positive gate voltage is attributed to
can be adsorbed in controllable density on chemically modithe accumulation of electrod$,and is in accordance with
fied Si/SiQ surfaces? Although pure \(Os is a semicon-  the knownn-type semiconducting behavior of,s.18 For
ductor with a band gap of 2.2 eV 2 specific conductivities higher temperatures, the conductance increases and the nono-
up to 1 S/cm have been reported fogQZ xerogelst* This  hmic behavior disappears with rather small gate dependence.
behavior is attributed to hopping conduction betweeti V. The decrease of gate voltage dependence in the ohmic re-
and V* impurity centers? In this letter, it will be shown gime can be understood from the increase of relative ratio
that the electrical transport through unmodifiegOy fibers  between the intrinsic carriers and the induced carriers by gate
voltage, assuming generation of intrinsic carriers by thermal

a o S activation.
Electronic mail: gtkim@klizix.mpi-stuttgart.mpg.de . . L 5

bpermanent address: Department of Physics and Condensed Matter Re- UP tO the maX_|ma”y applied electric field of 1®/cm,
search Institute, Seoul National University, Seoul 151-742, Korea. no current saturation was observed, contrary to the conven-
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FIG. 1. SFM image of YO5 fibers below Au/Pd electrodes, separated by
~100 nm. Current—voltage characteristics were measured between the
middle two electrodes, which are connected by seveBs\ibers.

tional FET behaviof® The charge distribution induced by
the gate voltage as a function of the distance from the insu-
lating layer is described by Edq1):%°

-2
)\Dx/f> ' @

wherey is the distance from the insulating layer ang is
Debye length given by the relatian, =d;(kgTv2)/(qV,),
with d; as thickness of the insulator agdhe unit charge of
electron. Using the values of = 145K, d;=300nm, V,
=20V, the Debye length is estimated to 26.6 nm, which is - ) )

id blv | h he thick f the individ FIG. 2. (a) Current—voltage characteristics obtained from the middle two
C?OI’ISI erably larger than the thickness of t e indivi uémé/ electrodegsee Fig. 1 with zero gate voltage\(;=0 V) at different tem-
fibers (1.5 nm. As a consequence, a very high drain/sourceperaturesT=131, 145, 160, 192, 294 K(b) 3D plot of I/V curves in
voltage would be required for pinch-off, which was not dependence of gate voltageTat 145 K.
reached in our experiments.

1+

n:no

. The carrier mobilities_are estimated from the linear re- eNwep . [ eVpsa =  [eVpsa
gime of thel =V characteristic E<~6x 10° V/cm) follow-  j= exp — ——=|=asinh =———|, 3
ing Eq. (2):% 2kgTL kgT 2kgTL
94 L Vg where o, is the optical phonon frequency, the channel
—\Vzc- \/;(Vg—Vo)' (2 length, anda the nearest-neighbor hopping distance. Follow-
\/% i ing this approach, we determined the best fitting parameters

wheregy is the differential conductancé ps/dVps, gy the  fOr €ach gate voltagg and temperature. The fitting_ parameter
transconductancé ps/dVg, L the channel lengthl00 nm),  €Xcept the sinh term in E¢3) was taken a&. Assuming the

Z the channel width (10 nx7 fibers in our caseandC; the carrier concentratiom, is composed of the intrinsic carrier
capacitance of the SiQayer per unit area which was taken density,no, and the induced carrier concentratiofg, n is

as 1.2 10 2F/cn?.'® V, is the threshold voltage that ac-

counts for the voltage drop of various origins across the 0.8 — , , i ; ; e
insulator-semiconductor interface. In Fig. 3, the left term of & .?10“-}‘ ; T=145 (K) |
Eq. (2) is plotted against gate voltage f¥Hs=0.06 V. Fol- T~ 0.64>10° ! ] 4
lowing Eq. (2), the slope gives the square root mobility at ) 5,0 '3\., ° .3- o |
each gate voltage, and as the slope in this case is linear, th N 0.4 * - ‘:_0,.-’. 4
mobility is constant for gate voltage between20 and N * o0t az") ’ 0.96 B
+20V. A mobility of 1.63< 104 cm?/V's was obtained for ~ #»> 0.2 e -‘.‘../;A 20 R
T=145K, and the mobility increases with temperature as ] ......./..'o. L 216 P
illustrated by the left inset of Fig. 3. From the slope of the a~ 0.0 -#° : (": ~ .
left inset of Fig. 3, the activation energy is calculated to be ™ 1 o ad
E,=0.18 eV In the right inset of Fig. 3; &V Vs Ju is o -0-2 L 4 1
plotted. From this slopey, is estimated to be-16.7 V. Its "1 o e ""’;2":1;’;‘,’:,3;:’5:;““
r!egatlve sign clci)anzf;rms that the,Us fibers haven-type car- SR ™ L P L B
riers (electrons.” Vv (V)

Assuming that the nonohmic behavior at high drain/ G

source voltages H>10*V/cm) is explained by small-
| h 9 645] h ) exp b f'ii[ dio E FIG. 3. Gate dependence ofi{/\0) (VLV4/VZC)) values atT=145K
polaron hopping,” theé nonohmic regime can be Titted 1o £q. (Vps=0.06 V). Left inset: temperature dependence of mobilities. Right in-

(3)524 o ) set: relation betweer \/uV, and calculated square root of mobility.
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2.5 . . : : ! ; ; ide nanowires. The conductivity of the fibers might be in-
u"”" L TN ] creased by conversion into different vanadium oxidés
2.0.% - lfO K | VO, or V,03) or the formation of a conducting organic poly-
o 2 0] "-\_} | o mer layef® on top the fibers.
| .
e, 154 mEETE 0’/‘1’0‘0 i - The authors are grateful to F. Schartner, U. Waizmann,
o 1000/T (K™) oty and M. Riek for technical support. This work was supported
5 1.0 *V i by KISTEP under the Contract No. 98-1-01-04-A-026, Min-
s ”'0 145K | istry of Science and Technolog¢MOST), Korea. Partial
0.5 ‘.0. | support for G.T.K. was received from the KOSEF research
131 K | training fellowship program in Germany. M.B. is grateful to
- | the Deutsche ForschungsgemeinscHBXFG) for financial
) : . . ; : support.
20 -10 0 10 20
VG (V) 1J. Nygard, D. H. Cobden, M. Bockrath, P. L. McEuen, and P. E. Lindelof,

Appl. Phys. A: Mater. Sci. Proces89, 297 (1999.
FIG. 4. Fitting parameter depending on the gate voltage. Inset: plot of °R. Saito, G. Dresselhaus, and M. S. DresselhRfgsical Properties of

dal Vg againstT 1. Carbon Nantoubegimperial College Press, London, 1998
3S. Frank, P. Poncharal, Z. L. Wang, and W. A. de Heer, Sci@Boel 744
(1998.

given byn: Ng+ Ning=No+ CEVg , Where (“E is the total ca- 4S.J. Tans, M. H. Devoret, H. Dai, A. Thess, R. E. Smalley, L. J. Geerligs,

itan n fiber n lectr “Th and C. Dekker, Natur@_ondon 386, 474 (1997.
pacitance betwee 20s bers and gate elect ode em, 5R. Martel, T. Schmidt, H. R. Shea, T. Hertel, and Ph. Avouris, Appl. Phys.

can be expressed by E@L): Lett. 73, 2447(1998.
6H. T. Soh, C. F. Quate, A. F. Morpurgo, C. M. Marcus, J. Kong, and H.
. enowopex _ Ea n ec2‘*’013\/ exd — Ea 4) Dai, Appl. Phys. Lett75, 627 (1999.
T kgT 9 kgT)" A. Leist, S. Stauf, S. Lken, E. W. Finkh, S. Ldtke, K. K. Unger, W.

. . . . Assenmacher, W. Mader, and W. Tremel, J. Mater. ChH&r241(1998.
In Fig. 4, « was plotted agains{s, showing a linear depen- 8Rr. Tenne, L. Margulius, M. Genut, and G. Hodes, Natiirendon 360
dence of gate voltage. In the inset of Fig. d/dVg is 9444(1992>-
; ; A. M. Morales and C. M. Lieber, Scien@79 208(1998.

plotted agam;t 1000 Th? slope of this CUI’VE cgrresponds 10M. E. Spahr, P. Bitterli, R. Nesper, M. Mar, F. Krumeich, and H. U.
to an activation energy o .0.0.92 eV. From the intercepts at jssen, Angew. Chem. Int. Ed. Engl7, 1263(1998.
V=0, a slightly larger activation energy &,=0.114eVis  'H.-w. Fink and C. Schaoenberger, Naturd_ondon 398 407 (1999.
obtained. Both values are smaller than the activation energ}J. ML:]Stedf, G(-j T. Kim, V. KfSti(Cv J-QG- Park, Y. W. Park, S. Roth, and M.

_ ; Burghard, Adv. Materl2, 420(2000.
of E, Oél7 ?V _reported for thin bulk layers of 05 Bp. A. Cox, Transition Metal OxidegClarendon Press, Oxford, 1992
xerogelsz. This difference may be understood from the fact Chap. 3.
that in our experiments, conduction proceeds along indi*J. Bullot, O. Gallais, M. Gauthier, and J. Livage, Appl. Phys. L26.986
vidual fibers, without interference from barriers representeqsglii?()- Chem. Mates, 526 (1991

. X . . Livage, Chem. Matef, .

t_)y the, interfiber contacts, as is the CaS? for the entanglegN. Gharbi, C. Sanchez, J. Livage, J. Lemerle, L. Nejem, and J. Lefebvre,
fibers in \,O5 xerogels. From the best fit afa/(2kgTL) Inorg. Chem21, 2758(1982.
~2(V™1), the nearest-neighbor hopping distance is esti#’C. Zhou, D. M. Newns, J. A. Misewich, and P. C. Pattnaik, Appl. Phys.
mated to be~4 nm, which is slightly less than half of the mteﬂt{ 70, 598(;93/3- - . Rl Sl 3
width of one individual \4Os fiber. Taking into account the Physugg\ll'267'(lgénav_as’ - Mytiiheou, M. RoNos, and L. Murawsid, J.
effect of contact resistance, the voltage drop along the fiberSr. c. Haddon, A. S. Perel, R. C. Morris, T. T. M. Palstra, A. F. Hebard,
could be smaller than the applied voltage, and therefore thisand R. M. Fleming, Appl. Phys. Let67, 121(1995.

value for the nearest-neighbor hopping distance may be URoG. Horowitz, R. Hajlaoui, R. Bourguiga, and M. Hajlaoui, Synth. Met.
101, 401(1999.

derestimated. . . 21G. Horowitz, R. Hailaoui, D. Fichou, and A. El Kassmi, J. Appl. Pt85.

In summaryn-type enhancement FET-like behavior has 3202 (1999.
been demonstrated for individual,®s fibers at low tem- ?’K. Honma, M. Yoshinaka, K. Hirota, O. Yamaguchi, J. Asai, and Y.

o ; Makiyama, Mater. Res. BulB1, 531(1996.

peratures. The mOblllty was f(.)und to be almost mdependen;se Horowitz, R. Hajlaoui, H. Bouchriha, R. Bourguiga, and M. Hajlaoui,
pf gate voltage and to be activated py temperature. FoII(_)W- Adv. Mater.10, 923 (1998.
ing the model of small polaron hopping conduction, the sig*H. Bittger and V. V. Bryksin,Hopping Conduction in Solid$VCH,
nificant increase of conductivity at positive gate voltage was_Weinheim, 1985 p. 51. , , ,
attributed to the increase of carrier concentration. At the fiiggTeag'eNir:_rg'ryzij"gtc;”:éSC;’g?{é& Gallais, M. Gauthier, and J.
present stage, the performance of nanofiber FET is limitedsc .. wu, D. C. DeGroot, H. O. Marcy, J. L. Schindler, C. R. Kannewurf

due to the relatively high resistance of the vanadium pentox- Y.-J. Liu, W. Hirpo, and M. G. Kanatzidis, Chem. Mat&.1992(1996.

1

Downloaded 30 Mar 2010 to 134.226.1.229. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



