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Co-doped TiO , nanowire electric field-effect transistors fabricated
by suspended molecular template method

Yun-Hi Lee,a) Je-Min Yoo, and Dong-hyuk Park
Department of Physics, Korea University, Anam-dong 5 Ga 1, Sungbuk-ku, Seoul 136-701, Korea

D. H. Kim
Yeungnam University, Kyungsan, Korea

B. K. Ju
Integrated Microsystem Center, KIST, Seoul 136-791, Korea

(Received 26 August 2004; accepted 3 December 2004; published online 14 Janugry 2005

We report on the fabrication of Co 3.4 at. % doped Jitanowire-based field-effect transistors with

a back gate of heavily doped Si substrate and their electric field-effect functions. TheCbiO
nanowire, which was fabricated utilizing a conventional magnetron sputtering technique on a
suspended molecular template between electrodes, is a polycrystalline and consists of a chain of
nanoparticles on a molecular template. TRetype field-effect transistors prepared from the
suspended Co-TiOnanowire junction were exhibited on currents, transconductances, and a
mobility of up to 0.1 mAjum, 0.2 uA/V, and u.~ 66 cnt/V s, respectively, at room temperature.

The unique structure of these inorganic-organic functional devices may enable the fabrication of
flexible nanoelectrospin devices. ZD05 American Institute of Physid®Ol: 10.1063/1.1851614

Nanoelectronics, based on nanotubes and nanowires, 190-nm-thick PEDOT nanotubes were synthesized using an
considered one of the most promising alternative solutions telectrochemical polymerization method with an,®} nan-
breaking the scaling limit of silicon-based integrated devicesoporous (D= 200 nm template purchased from Whatman
Recently, various kinds of nanowires were successfully syn€o. For the electrical study, drain and source electrodes were
thesized and tailored to work as interesting nanoelectronicglefined using photolithography after the dispersion of the
building blocks such as nanoscale transistors, displays, selPEDOT as a template on the patterned substrate. Here, the
generated light-emitting diodes, and chemical and bigre-patterned Nb films were used as coordinate markers in
sensors=* On the other hand, intensive interest in spintron-searching for the position to make contact with the Co—TiO
ics has made it possible to study such materials as the dilutatanowires. Then, the metallic wiring was done after confirm-
magnetic semiconductdpMS). Among the DMS materials, ing the position of dispersed nanowires. Here, all of the con-
Co-included TiQ thin films have received a lot of attention tact electrodes and Co-doped Ti@ires were fabricated us-
because of their possible practical applications in spintronicing a conventional reactive radio frequency magnetron
though the nature of the ferromagnetism is still argudBie. sputtering technique. The nanometer-thick Co—TiO
To take a step forward and explore the role of DMS in future(~50 nm) was deposited on a molecular bridge, acting as a
teralevel integrated nano-magneto electronics, it is importartemplate, through reactive sputtering. This method utilized a
to provide a fabrication of low-dimensional nanowires. A mixture of Ar(70%)+0,(30%) gases with 8 wt% Co-doped
few successful approaches to the fabrication of Mn—dopeq-io2 ceramic targe(purity 99.99% under a vacuum pres-
ZnO nanowire or Co-doped Tihanotapes of complex ma- sure of 5 mTorr at 300 °C. Finally, we obtained
terials, such as ternary and quaternary systems, were reportgi-nanowire-Nb junctions using a degenerately doped Si
with basic magnetisms for large bundles of synthesizegack gate in a controllable manner.
nanomaterial&® The combination of the physical proper- The fabricated PEDOT nanowires, Co—Ti@anowire
ties of the Co—Ti@ system with the fabrication of nanotech- pundles, and a fabricated transistor are shown in Fig. 1
nology makes this material a promising candidate in providand 1b), respectively. The Co—Tigbulk, which was depos-
ing nano-electronic devices. It is, therefore, very crucial toited through a conventional magnetron sputtering method,
study gate-voltage-controlled functionalities for their specificygs nearly stoichiometric with about 4 at. % of Co. This was
applications as real nanodevices. determined through in-depth profiling with Auger electron

In this regard, we report an approach to the fabricationspectroscopynot shown in this lettr An energy dispersive
of CO-dODEd TIQ(CO-TIOZ) nanowires and the electric field- SpectroscopYEDS) on the Co-TiQ performed onto the PE-
effect-transistor(FET) function of Co-doped TiQ nanow-  DOT using high resolution tunneling electron microscopy
ires. In our process, flexible organic pol@,4-ethylenedi-  (Jeol 2010 shows the presence of Ti, O, and a trace of Co.
oxythiopheng (PEDOT) nanowires, which we synthesizéll, The compositional analysis data show that:QiCo
were used as suspended templates for the growth of sputter-30.6:66.0:3.4 as displayed in Fig(cL The topology of
coated Co-doped TiDnanowires. A suspended templating the examined nanowires indicates that the nanowires con-
techniqué™®results in Co-doped Tignanowires, which are — sisted of nanobead-like structures across the whole length of
thinner than 200 nm in diameter. First, conductingthe fiber. In both cases of reactively sputtered Jfms'®

and nanowired ™ the low surface mobility caused by the

aAuthor to whom correspondence should be addressed; electronic mailigh gas pressure and the low S_Ut_)Strate temperatures of
yh-lee@korea.ac.kr 300 °C produced a structure consisting of low density and
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FIG. 2. (Color onling (a) A suspended Co—Ti{nhanowire junction between

Nb electrodes. Inset figure represents the suspended molecular template
junction before fabrication of Co—TiOnanowire.(b) Room temperature
channel currentlgy vs drain-sourcéVy voltage characteristics. In the low

bias regime the figure shows that the device has ohmic contact properties
with relatively high current levels.

to screen the 27 specimens more effectively, we used a probe
station(Cascade Co.with the Pt probe. In all our measure-
ments,Vgq andV, were applied with respect to the grounded
source contact and were acquired at room temperature under
ambient humidityL.7 The linear relationship of theyandVgy

' at a low drain-source bias indicates the formation of a good
2 4 6 8 10 keV ohmic contact to the nanowire. The figure shows that a nega-
FIG. 1. (Color onling The fabricated Co-doped Ticnanowire by sus- Ve gate bias reduces the current, while a positigin-
pended templated metho@) Suspended PEDOT nanowires as a template, creases the current. Thus, the device behaves ashannel
(b) transmission electron _microscopy images of the Co:doped nanowirgEET since the increase of the channel curiég) at a posi-
bundles and enlarged portion near the surface of a Coy Wit2, (¢) EDS e gate voltage is characteristic of archannel field effect
spectrum of Co—Ti@nanowire showing characteristic peaks for Co and Ti. g . L
The atomic percent is about T: Co~ 30.6:66.0:3.4 as an average value transistor(FET). We prepared 27 devices for FET fabrication
of several measurements. and although not all of them demonstrated the same combi-
nation of characteristics, almost all of the tested devices

showed a semiconducting behavior. The device shown in
surface texture, such as a roughened and evenly granulat S
: ) ig. 2(@) can carry a current of up to 0.15 mA in its “on
surface. Previous reports on the formation of metal nanow-

ires on carbon nanotubes have revealed that the weak intesr!ate' Figure &) shows typical channel currefilyy) versus

action between the deposited material and the template tirain-source bias voltag®/sy (output characteristigschar-

gether with the high diffusion rates lead to fewer nucleation?cteristics at different values of the gate voltayg) for the

sites for crystal growth and large particle formatiSriThe typical three-terminal nanovyire junction. In the foIIovying,
most frequent diameter of nanowires was about 100 nm. Ifowever, we focused on devices with bad contacts, which are
depended, though, on the diameter of the molecular templaf®0re typical of our work. Figure (@) illustrates the output
PEDOT. A typical image of nanowires individually sus- !seVsdCharacteristics of bad contact devices. When\thgs
pended between electrodes is shown in Fig).ZThe figure increased from 0 using constaviy, the Vyq differential con-
shows that it is clear that the nanowire consisted of randomligiuctance gradually decreases until the current saturation
stacked grains. takes place. After thigsee Fig. &)], when increasing the
Electrical transport measurements were conducted t@rain-to-source bias under constaff the differential con-
evaluate the performance of our Ti®anowires fabricated ductance gradually decreases and the observed channel cur-
using the suspended molecular template method. Measuréent begins to saturate. Considering the fact that this kind of
ments were taken using the two probes of the Nb source anglrrent saturation for an appliedss which is greater than
the drain contacts whose typical separation wagi2on the  the pinch-off Vg, would be observed in a FET with very
top channel configuration, and gated via the degeneratelfarge channel length and our geometrical channel length is
doped Si substrate through a Si@ate insulator. In this only about 2 m, we interpret the results as the effective chan-
study, all the electronic measurements were conducted aiel length was assumed to be a constant, independang; of
room temperature using a semiconductor characterizatioand the resistance of the channel remained practically con-

system(Keithley 4200 with equipped preamplifiers. In order stant with the increasinyg
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constant in the linear regime of thg-Vgp curve, we got the
mobility ue=~66 cn?/V s using gy,=0dlp/NVg=unCVsp/L?

at Vgg=1 V. This analysis shows that the value of the gate
capacitance is a very important physical parameter in en-
hancing gate response by increasing the carrier density, as
well as the carrier mobility. In other words, the channel cur-
rent in the OFF state is limited by tunneling through the
barrier at the source. It is, therefore, a function of the thick-
ness of the gate insulator. Thus, in order for such templated

I (A)

-4.0x10°% +20V nanowires to work well, it will be important to study both the
? Gate leakage . . . .
o 02 o0 high dielectric gate insulator and the magneto-transport be-
vV (V) havior of the nanowire under a magnetic field with a gate
sd .
bias.
., To summarize, we have demonstrated the Co-TiO
= nanowire field-effect transistor using the suspended template
% 2.0x10° method, based on the sputter deposited Co- Ti@howires

and the PEDOT nanowire as substrates. Compared to other
recent nanowire-based FETs, the Co-doped ,Téhibits
relatively high transconductnace 0.2x 10°%A/V) and a
high on current. The unique structure of these inorganic-
organic functional devices may contribute to the fabrication
of flexible nano-electro-spin devices and provide low-
dimensional building blocks for gate-controlled devices,
through the magneto-transport behavior of the nanowire with
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FIG. 3. (Color onling (2 Drain-to-source conduction slightly below satu- s \vas supported by Nano-Core Technology Project of
ration as a function o¥,, (b) saturation of thésyas a function of th&/q for . . .
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were shown.
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