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Abstract

Nanobelts are a new class of semiconducting metal oxide nanowires. The ribbon-like nanobelts are chemically pure and structurally
uniform single crystals, with clean, sharp, smooth surfaces, and rectangular cross-sections. Positive and negative dielectrophoresis (DEP)
was demonstrated for the first time on semiconducting oxide nanobelts. This effect was then used for the fabrication of a nanodevice, which
consisted of Sn@nanobelts attached to castellated gold electrodes defined on a glass substrate, and covered by a microchanngl. The SnO
nanobelts (width~ 100-300 nm, thickness 30—40 nm) were suspended in ethanol and introduced into the microchannel. An alternating
(AC) voltage 0f~9.8 V peak to peak, with variable frequency, was applied between the electrodes (minimum electre@®gap), which
corresponds to an average electric field strength of less than T05V/m. In the 10 Hz—1 kHz range, repulsion between the nanobelts and
the electrodes occurred, while in the 1-10 MHz range, attraction was observed. Once the nanobelts touched the electrodes, those that were
sufficiently long bridged the electrode gaps. The device was characterized and can potentially be used as a nanosensor.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction of electric field, is given by

Dielectrophoresis (DEH]L,2] is the force induced on a F=(p-V)E )
polarizable particle suspended in a fluid medium under the
influence of non-uniform electric fields. In an electric field, a
dielectric particle behaves as an effective dipole with induced
dipole momenp, proportional to the electric field [3], that
is,

Combining the above two equations and using known results
betweerp andE for a spherical particle, it has been shown
that the dielectrophoresis force in an alternating (AC) field
[1] is given by

p & E ) Foep = 2pvemar V(E&ws) 3
whereuw is the volume of the particle,, the permittivity of
the suspending mediurBrus the RMS value of the electric
field, anday is the real part of the Claussius—Mossotti factor,

The constant of proportionality depends on the geometry of
the dielectric particle. The force on a dipole, in the presence

Re[K(w)]-
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particle and the surrounding medium, which is expressed by and electrically contacted electrodes, field strengths of up

the real part of the Claussius—Mossotti factor, to 10’ V/m, and frequencies from 20Hz to 20 kHz. Posi-
. tive trapping of the Au nanowires was found at the floating
Re[K(o)] = o = Re[ —P—°™ ) electrodes for frequencies above 200 Hz, with the effective-
eh + 25, ness increasing with higher frequencies. Iso-propyl alcohol

. . o ) (IPA) was the dielectric medium during the DEP assembly
wheresy, andej; are the complex permittivities of the medium process.

and particle, respectively. The general complex permittivity ~ yamamoto et al[11] performed dielectrophoresis stud-
isgiven bye' =¢ —jolw, wherew is the angular frequency of s on multi-walled carbon nanotubes (MWCNTS) of lengths
the applied fields the permittivity, and is the conductivity. between 1m and 5um, using Al electrodes with 499m

The surfa_ce conductivity is also included in tdn_&erm [3]. gaps, field strengths of 2 10° V/m and iso-propy! alco-
Re[k(w)] is frequency dependent and determines both the po| a5 the dielectric medium. They observed alignment and
magnitude and the sign of the dielectrophoretic force. The attraction of the nanotubes to the electrodes (positive dielec-
value of thear factor ranges from-0.5 to +1.0, and can be  yophoresis) for AC frequencies between 10 Hz and 10 MHz.
calculated from.the properties ofth.e medium and the pfalrt|cle.-|—he degree of alignment of the nanotubes increased with
If the value ofa, is positive, the particle moves toward higher increasing frequency and increasing nanotube lengths. They
electric field regions, and is termed positive dielectrophore- 515 found that the alignment was more effective with AC
sis. If the value ot is negative, the particle moves toward  gjelectrophoresis compared to DC dielectrophor¢s.
lower electric field regions, and is termed negative dielec- gjmilar studies were carried out on single walled carbon
trophoresis. For a solid homogeneous particle undergoing ananotubes (SWNTs) by Chen et §.3]. The SWCNTs
single interfacial relaxation process, the characteristic fre- \yere dispersed in ethanol and electric field of 50f V/m
guency at which the direction of the DEP force alternates is intensity in the frequency range 500 Hz—5 MHz was applied.
known as the crossover frequency. Analysis of the crossoverthe DEP was positive for all frequencies studied. The
frequency as a function of medium conductivity can be used g\wcNTs were found to be oriented more strongly at higher

to characterize the dielectric properties of a particle. This is frequencies. They found no effect of DC electric field on
at present the principal method of dielectrophoretic analy- gjignment.

s?s of sub-micrometer particles such as latex bé4dg and A multi-walled carbon nanotube (MWCNT) based gas
viruses[6-8]. _ _ _ sensor fabricated using dielectrophoresis has been reported
It has to be noted that E¢B) is a classical calculation on i the Jiterature[17]. MWCNTSs dispersed in ethanol were
bulk material. Hence, it may not be quantitatively accurate {apped and concentrated at an interdigitated microelectrode

for nanostructures and molecules. Surface charge and quangap under the action of a positive DEP force. After the DEP
tum effects are likely to affect the quantitative predictions process, the ethanol was evaporated and the microelectrode
[3]. However, the equation does give an idea of the variables retaining the MWCNTSs was exposed to ammonia g)gas.
involved and the possible trends. The electrode impedance was monitored and was found to
Another effect of AC electric fields on polarizable objects change with ppm-levels of ammonia at room temperature.
is to orient them with respect to an electric field. The induced The ammonia exposure decreased the sensor conductance,
dipole momenp of the pbjectinteracts with the electric field  \yhile the capacitance increased. The conductance change
to produce a torqué, given by([3] was proportional to ammonia concentration below 10 ppm
T=pxE (5) and then gradually saturated at higher concentrations.
To the best of our knowledge, the only reported dielec-
This effect is responsible for the alignment of DNA, nan- trophoresis work on semiconducting nanowires has been
otubes, nanowires, nanobelts, and such thin, long objects indone by Duan et a[9]. However, it was DC dielectrophore-
fluid medium([3]. sis, which was used to align and electrically contact InP
The DEP effectis independent of the charge on the particle nanowires of 30 nm diameter to Ni/In/Au contact electrodes.
[1]. Neutral particles are subject to this effect, and therefore The electrode gap separation was aboyi2band the elec-
DEP is more versatile in its applications for manipulating live tric field strength between the electrodes was0’ V/m.
cells, macromolecules, nanostructures, etc. DielectrophoresisChlorobenzene was used as the solvent medium, so that elec-
has traditionally been used for manipulating cells and other trolysis was notanissue, since high DC voltages (100 V) were

objects on the micrometer range (1-1Qa0) [1,2]. Only used in the dielectrophoresis process. They were able to align
recently has it been used to study, manipulate, and separaténP nanowires into a cross-bar topology using a layer-by-
nanometer scale objects such as latex spHdtB} viruses layer application of dielectrophoresis. AC dielectrophoresis
[6-8], nanowireq9], carbon nanotubg40-13]} and macro- on semiconducting material nanowires has not been reported
moleculeq14,15] so far.

AC dielectrophoretic alignment and assembly of metallic ~ An excellent review of the applications of dielectrophore-
(Au) nanowires (35—-350 nm diameter and up {or8 long) sis in nanotechnology and future possibilities has been

was demonstratefl 6] by using a combination of floating presented by Burk¢3]. To use dielectrophoresis in pre-
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cise alignment and placement of nano-objects for fab- 2. Experimental
rication of nanodevices, a lot of work still needs to
be done. The manipulation of nanobelts was carried out with
Nanobeltd18], which are a new class of semiconducting DEP at an array of castellated microelectrodes deposited
metal oxide nanowires (SnOZn0O, I O3, etc.), have been  on Pyrex glass. The microelectrode array was covered
developed in our university (Georgia Institute of Technol- with a microchannel so that the nanobelt suspension could
ogy). The ribbon-like nanobelts are chemically pure single be pumped into the stereolithographically (SLA) defined
crystals. They are structurally uniform with clean, sharp, microchannel.
smooth surfaces, and have rectangular cross-sections.
SnQ nanobelts can be used to make various types of 2.1. Fabrication of the microelectrodes
sensors. Gas sensing has been demonstfa@jd In this
work, the nanobelts were simply dispersed onto a pre- Fabrication of the electrodes was carried out on 1 mm
patterned interdigitated planar electrode. Alignment was not thick Pyrex glass substrates (G.M. Associates Inc., Oak-
performed. The principle of gas sensing is that the electri- land, CA, USA). The transparent substrate allows visual-
cal conductivity of Sn@ is sensitive to molecules adsorbed ization of the nanobelt manipulation from the bottom side
on its surface. Hence, monitoring the current or conduc- using an inverted microscope. The substrates were cleaned
tance through a nanobelt device allows the detection of to improve adhesion using a base clean solution (5:1:1 solu-
gases. On exposure to CO, BCand ethanol vapor on tion of DI/NH4OH/H,0O5), and then treated with Oplasma
the sensor device at 40Q, large changes in current were for 15min in a RIE system (Plasma-Therm Inc.). The Ti/Au
observed. electrode was patterned on the wafer using standard litho-
The possibility of using semiconducting nanowires for graphic techniques and lift-off process. First, the pattern was
chemical and biological detection has also been demon-defined in negative acting NR5-8000 photoresist (Futurrex
strated[20]. Boron-doped silicon nanowires (SINWs) were Inc., Franklin, NJ, USA). After treating the wafer with oxy-
used to create highly sensitive, real-time electrically based gen plasma for 3-5min, a 3@0thick titanium (Ti) layer
sensors for biological and chemical species. Changes inand a 250 thick gold (Au) layer were deposited using an
pH, streptavidin binding at picomolar concentrations, and electron beam evaporator system (CVC Products). The sam-
antigen—antibody binding were detected in real time. The ple was dipped in acetone for about 10 min to remove the
small size and capability of semiconductor nanowires are photoresist, making the electrodes ready for use.
likely to be used in array-based screening and in vivo diag-  The pattern of the electrodes is castellated in nature as
nostics for sensitive, label-free, real-time detection of a wide shown inFig. 1 The fabrication process flow is summarized
range of chemical and biological spec[28)]. in Fig. 2 The steps are: (a) start with glass substrate, (b)
Field effect transistors (FET) based on single semicon- pattern formation after lithography, (c) metal (Ti/Au) depo-
ducting oxide nanobelts (ZnO and Sp)thave been made  sition, (d) lift-off using acetone, and finally, (e) covering the
[21]. Switching ratios of 6 orders of magnitude and high con- electrodes with SLA microchannel.
ductivities ¢~-15Q -1 cm™1) were observed. The FET based
on SnQ was also used as a gas sensor. Annealing the SnO 2.2. Fabrication of the SLA microchannel
nanobelt FETs in an oxygen-deficient atmosphere produced
a negative shift in the gate threshold voltage, which was  Stereolithography is a rapid prototyping techni¢ig, 28]
explained as due to doping, induced by the generation of sur-that can be used for making parts of complicated geometry.
face oxygen vacancies. This treatment can effectively tune The advantages of SLA process are the rapid fabrication and
the electrical performance of the nanobelt devices. The ZnO design flexibility. The microchannel, with a channel depth of
nanobelt FETs showed sensitivity to ultraviolet light, because about 15Qum, has an inlet and an outlet (seig. 3a and b))
of photogenerated electron—hole pairs and doping by UV so that the nanobelt suspension could be pumped through.
induced surface desorption.
DEP devices have been developed using different fabrica-
tion techniques and electrode designs for different applica-
tions: traveling wave dielectrophore$?], insulating posts
[23], manipulation of bioparticles and macromolecl&4],
cell detection and manipulatidi25,26], etc. In this paper,
we present a rapid, low cost, in-house technique that can be

used to fabricate DEP devices either on a research scale or $20um
for mass production for manipulating nanobelts/nanowires. ¥ -
Using such a device, positive and negative dielectrophore- 20u_1;1_ 20pm

sis was demonstrated on semiconducting oxide nanobelts
(SnQ). Characterization experiments suggest that these nan-
odevices have potential to be used as nanosensors. Fig. 1. Castellated structure of the DEP microelectrodes.
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gold wires and conductive epoxy (Loctite 3880, Henkel Con-

sumer Adhesives). A layer of epoxy (Loctite Extra Time) was

then coated on the wire bonds to prevent them from break-
ing off. Fig. 3(a and b) shows the assembled DEP device.
The width and length of the SLA microchannel are 1 cm and

2 cm, respectively. Two different electrode connections were
established. They are marked as E1 and Bz2ign 3(a).

(a)
(b)

(c) 2.4. SnO; nanobelt sample

SnQ nanobelt samples were made using the thermal evap-
oration method outlined if18,29,30] It is a process in which
condensed powder source material is vaporized at an ele-
vated temperature in a tube furnace and the resultant vapor
i is condensed under controlled conditions (temperature, pres-

sure, atmosphere, substrate, etc.) to form the desired product.
(e) Argon (Ar) carrier gas enters the alumina tube in the furnace
(50 cm long, 4 cm diameter), and is pumped out by the rotary

(d)

it

= S}llass ‘ pump. The source material is loaded on an alumina boat and
otoresist positioned at the center of the tube. Several alumina plates
o Eﬁ""de vfatcrial (60 mmx 10 mm) were placed downstream, one behind the

other, inside the alumina tube, which acted as substrates for
Fig. 2. Schematic diagram of process flow (steps (a—€)) used in the fabri(:a-COIIeCtIng grOWth_ products. At a pressurg of 200-600 T_Orr’
tion of the DEP device. thermal evaporation of SnO powder (purity 99.9%, melting
point 1080°C) was carried out at1050°C for 2 h, under an
The SLA microchannel fabrication was performed using a Ar carrier gas flow of 50 sccm. The substrate temperature was
3D Systems Viper 1500 (3D Systems Corporation, Valencia, carefully controlled during the deposition. The same nanos-
CA, USA) machine. Stereolithography resin Vantico SL 5510 tructure can also be made at 13%Dfrom SnQ powder
(Huntsman Advanced Materials, Salt Lake City, UT, USA) (purity 99.9%, melting point 1630C) [29,30]
was used. The fabrication process involves the curing of the  The nanobelt product obtained from the furnace is in the
resin layer by layer using a computer controlled laser. The form of agglomerates, with the individual nanobelts inter-
fabricated parts are then cleaned in iso-propyl alcohol and twined with one another. The individual nanobelts can be very

cured in an ultraviolet (UV) oven for 90 min. long (~500um). In order to use the nanobelts in a device,
it is necessary to separate the agglomerates into individual
2.3. Assembly of the microelectrodes and the SLA part nanobelts. Hence, ultra-sonication of the nanobelt agglomer-

ate was carried out in ethanol.

The SLA microchannel and Pyrex substrate were care- Fig. 4 shows an image of Snnanobelts dispersed on
fully aligned and bonded with epoxy (Loctite Extra Time, Au/Si substrate (gold layer on top of silicon). The ethanol
Henkel Consumer Adhesives, Avon, OH, USA) to assem- was evaporated and the sample observed under an optical
ble the DEP device. Electrical connections were made usingmicroscope. The length distribution of the nanobelts depends

G »——Microchannel i

_—

S - N
b
A
\

DEP electrodes

-V
43

—

Fig. 3. Assembled DEP device: (a) top view showing the electrodes under the SLA microchannel and (b) view at an angle showing the fluidic connections.
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taken place. Various tests were performed using the DEP

kS o : - R gt | device to characterize it, which involved measurements of
N 4_._ L S . L T current, voltage, and impedance. The effect of changes in
X ; o = temperature and lighting conditions was also studied.
| “iley Y & S | LabVIEW software (National Instruments Corporation,
» " L {“\‘ Austin, TX, USA) was used for data acquisition. For current
e 3 2 T e \w—- and voltage measurements, a Keithley 195A Digital Multi-
TR e N R o A meter (Keithley Instruments Inc., Cleveland, OH, USA) was
Sl - i i ey )_' "ﬁ“‘* used in combination with Tektronix PS2520G Programmable
TR 2 T TNk S Power Supply (Tektronix Inc., Beaverton, OR, USA). The
PN o S \ A LabVIEW software could also scan the applied voltage at a
‘ \\ B N < ‘ b | predetermined scan rate and record the current.
> et Pl As a source of visible light, a Model 180-Standard 150 W
\ _ 50 microns‘ i llluminator (Dolan-Jenner Industries Inc., Lawrence, MA,
Bk X B USA) with a quartz halogen lamp was used. For UV light, a

Blak-Ray Model B-100A (Blak-Ray Inc., San Gabriel, CA,
Fig. 4. Optical microscope image of Sp@anobelts dispersed on Au/Si USA), which emits UV radiation at 365 nm wavelength, was
s_ubstrate. The lengths of the nanobelts vary depending on the sonicationused.
me- For impedance measurements, Solartron SI 1260 Imped-
on the sonication time used to break up the initially long ance/Gain-Phase Analyzer (Solartron Analytical, England)
nanobelts. In the photograph, both short and long nanobeltswas used in combination with Solartron 1296 Dielectric Inter-
are visible. The nanobelts used in the tests had a width inface. The range of the frequency sweepwas 0.01 Hz—10 MHz.
the range of 100—300 nm, so that it could be observed under Measurements were performed in ambient under differ-
an optical microscope as a dark line. Typical atomic force ent lighting conditions—no light, visible light, and UV light
microscope (AFM) measurements indicate that the nanobeltsexposures. The effect of temperature was studied under
are 30-40nm thick. Separate SEM measurements on thenert conditions, by flowing dry nitrogen through the DEP
nanobelt samples used in the DEP device have also confirmednicrochannel, while an electrical strip heater was attached
thatthe thicknessis inthat range. The size range is determinedo the Pyrex glass (bottom of the DEP device). A variable
by the growth conditiongl8,29,30] DC current source was attached to the heater to control the

temperature of the device.
2.5. Experimental setup and testing

Flexible Tygontubings of 1.02 mm ID were attached tothe 3. Results and discussion
inlet and outlet of the DEP device. A 20 ml syringe was filled
with the nanobelt suspension and used with a syringe pumps-- Dielectrophoresis
to pump the nanobelt suspension through the DEP system
at a controlled flow rate (0.05—0.10 ml/min). Once the sus-
pension started flowing, an AC voltage of 9.8 V peak to peak
was applied between the electrodes using a Synthesized Func-
tion Generator (Stanford Research Systems Inc., Sunnyvale, « , "
CA, USA). Frequency was varied from 10 Hzto 10MHzand Fa i @ r Sl
the effect on the nanobelts was observed. During the exper- ,&__ lﬁ,} '
iment, the flow time was monitored so that the number of '"‘
nanobelts bridging the electrode gaps could be controlled. - L,

The nanobelts could be seen as dark lines through the Nikon i - ’
Eclipse TE2000-S (Nikon Instruments Inc., Melville, NY, =T -P _

Fig. 5 shows the DEP electrodes as observed under the
inverted microscope. The electric field is between the alter-

USA) inverted microscope. Digital images were taken using = ! AR Ser! '
a computer controlled imaging software, MetaMd?pmag- _ {.‘ . . ectrodes = = 1 e
ing System (Universal Imaging Corporation, Downingtown, Fasiiti e (s m .

PA, USA), which enabled automated image capture and anal- [+ =
ysis from a digital CCD camera attached to the microscope. %Q

After the dielectrophoresis experiment, the ethanol in [F s
the device was dried. Application of DC voltage between
the electrodes caused current to flow through the nanobelts
between the electrodes. It was apparent that electrical Con'Fig. 5. An optical microscope photograph of the DEP electrodes, showing
tact between the gold electrodes and the Sn&hobelts had their structure. The electric field is between the alternating branches.

4.‘..‘:_-
100 micrens

-

|
AAdAAAAAAAAAEas
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nating branches. As explained in Sectihthe SnQ nanobelt 1.0 ‘ ! ! : ‘ )
suspension was introduced into the microchannel and manip- et Il : ‘ ;
ulated using AC voltages with different frequencies. The —e—i, (forward bias)

voltage applied was 9.8V peak to peak. This correspondsto  ggq|. | ket | . . N
an average electric field 62.5x 10° V/m between the elec- W i
trodes, which is quite low compared to other dielectrophore- —o—i, (reverse b
sis studieq9,16]. It was observed that in the 10Hz-1kHz B Ll
(low) frequency range, repulsion of the nanobelts from the {.‘
electrodes occurred, which demonstrates negative dielec-
trophoresis. The nanobelts were seen vibrating in the gaps g i 1 ] i 3
between the electrodes such that the ends of the nanobelt =050 b
were away from the electrodes (aligned perpendicular to a
line connecting the gaps). In the 1-10 MHz (high) frequency 3 3 : ; i i 3
range, the nanobelts were attracted between the electrode .10l % 3 i i i 5 ?
(positive dielectrophoresis). The reason for the alignment 40 %0 20 0 0 20 30 40
under low electric field (2.5 10° V/m) is possibly the long viv
length of the nanobelts (sd€g. 4). In a similar study on Fig. 7. i~V characteristics of Snfnanobelts bridging the dielectrophoretic
carbon nanotubes (MWNT$11], it was found that longer  electrode gaps (electrode pair E1).
nanotubes were attracted and aligned more easily than shorter
ones. the nanobelts. Infact, that provides insight into a possible way
Attraction of the nanobelts between the electrodes caused®f making nanodevices. Microelectrodes can be fabricated
the nanobelts to touch the electrodes. Once the nanobelt@nd a drop of nanobelt suspension applied on the electrodes.
made contact with the electrodes, they remained stuck there APplication of AC voltage will allow the nanobelts to make
The dielectrophoretic effect was lost, since the nanobelts werecontacts with the electrodes.
bridging the gapFig. 6 shows the situation during positive
dielectrophoresis. The longer nanobelts bridged the electrode3.2. =V curves
gaps and were not affected further by the AC voltage. How-
ever, the short nanobelts which could not bridge the electrode  Inthe DEP device, there were two sets of dielectrophoretic
gaps are seen to be sticking out in the direction of the max- electrodes E1 and E2 (sBgy. 3@)). Voltage could be applied
imum field gradient. As flow of the suspension continued, independently to each of them, although both are inside the
the number of nanobelts between the gaps increased withsame microchannel. In one of the electrode pairs (E1), the
time. This was verified later from thieV characteristics of ~ number of trapped nanobelts is smaller than in the other
the devices. Devices in which more flow time was allowed electrode pair (E2). We can deduce this fact because the
showed higher current levels. It was also observed that if the current levels in thé-V curves is orders of magnitude differ-
flow was stopped, the manipulation was still possible, since ent for each electrode pair. This is also confirmed from the

the fluid (ethanol) was inside the microchannel, suspendingimpedance measuremerfegs. 7 and &howi—V curves for
DEP electrode pairs E1 and E2, respectively. iHi&charac-

100 ! . ! .

—9—\= (forward bias)
=&, (forward bias)
] —&—|_ (reverse bias) e

—r— I (reverse bias)

il pA
o

20 microns

50 |

PO N N NS B B B

VIV
Fig. 6. SnQ nanobelts bridging DEP electrode gaps during positive dielec- o o _ .
trophoresis. Smaller nanobelts are sticking out of the electrodes due to theFig. 8. i~V characteristics of Sninanobelts bridging the dielectrophoretic
action of the electric field. electrode gaps (electrode pair E2).
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teristics are very different in the two cases. Inthe case of E1, 25 T . ! I
the curves are non-linear and close to exponential, indicating | ’ :
non-ohmic contacts, which is characteristic of metal (Au),
semiconductor (Sng) junction. However, thé-V curves for

E2 are close to linear. A possible explanation for this behav- ‘
ior is that because of the varying levels of contact of the large 450 . . [
numbers of nanobelts involved in E2, the non-ohmic behavior <
of the individual nanobelts averages out and gives an almost= i _ :
linear curve. Forward and reverse bias characteristics are sim: 10 |t b
ilar in both cases. | : : i

Current through the nanobelt device
®  Point showing change of lighting condition

H Turned Off the
Visible light source UV lamp i

turned off

3.3. Effect of temperature

Visible light
i| source turned on ¥

The effect of temperature on the nanobelt device was stud- o L i : -
ied in an inert dry nitrogen atmosphere. The heater current 0 40 80 120 160
is representative of the temperature in the electrogigs.9 Time / min
shows a plot demonstrating the e_ffect of temperémJre on thepig, 10. Plot showing the effect of visible and UV light on the $nO
current through the nanobelt device (electrode pair E1) at ananobelts between the gold electrodes (electrode pair E1) under a bias of
bias of 10V DC. Please note the log scale in the plot. The 10V DC.
current through the device increased as the currentin the strip
heater was raised. The current in the device changed from a ] o .
low level steady-state value, sharply to reach the high level atmosphenc.condmonEJg. 10|_saplotofthe culrrentthrough_
steady-state value, showing that the temperature of the devicén€ DEP device (electrode pair E1) as a function of time, with
and hence the nanobelts were changing during the transienPeriodic visible lightand UV light exposures. The response to
period. The semiconducting behavior of the nanobelts is ViSible lightwas faster than the response to the UV light. The
clear from this result. Current through the nanobelt increasedincrease in the conductivity due to UV light results from both
exponentially with temperature. Log of the nanobelt steady- Photogeneration of electron-hole pairs as well as doping by
state current is proportional to the current in the strip heater YV light induced surface desorption of adsorbed molecules
used to heat the device, as indicated by the constant levell31-33} Since the light effect experiments were performed
changes in the device current (steady state) when the heatel? 0Pen air (humidity), surface adsorption and desorption of
current is changed in magnitude two times and then three Various molecules (e.g..0H,0, etc.) are possible. The slow

UV light expusul’;e to

the device slaﬂsld I

times. response is most probably due to that effect. Further inves-
tigation is ongoing to examine UV light sensitivity under
3.4. Effect of visible and UV light exposure controlled ambient conditions. In additions, studies are being

done to find out the reason for the visible light response of
the SnQ nanobelts.

Impedance measurements have also demonstrated the
effect of light clearly. The impedance decreases when the
1000 " — _ , = _ ‘ SnQ nanobelts are exposed to visible and UV light. Those
0 mAto 100 mA change in heater current e results are presented in the next section.

= 100 mA to 200 mA change in heater current
0 mA to 300 mA change in heater current

Tests were performed to see the effect of visible and UV
light on the current (conductivity) of the nanobelts under

3.5. Impedance measurements

O[30 S S AN —

E | Heater current 200 mA Impedance measurements were performed on the SnO
z i nanobelts with different lighting conditionfig. 11 shows

é’ impedance as a function of frequency (Bode plots) for the
- Y [T | B E2 electrode pair. The effect of light is clearly demonstrated.

The curve with the highest impedance corresponds to the

no light case. Exposure of visible light of low intensity

decreased the impedance. Increasing the intensity of the vis-

: : ible light caused further decrease in the impedance. UV light

1 : L ‘ i - also caused a decreased in the impedance. Please note that
9 . , 1 = the intensity of the visible light and the UV light are not

Time / min necessarily the same. The flat portion of the Bode plot in
Fig. 9. Plot showing the effect of temperature on the current through the 10W frequency range indicates the value of the resistance of
nanobelt device (electrode pair E1). the sample under study. It is clear that application of light

Heater current 0 mA

Heater current changed

Heater current 0 mA
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Fig. 11. Bode plot showing frequency response of the impedance of SnO
nanobelts in the DEP device (electrode pair E2).
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trophoresis occurred, while in the high frequency range
(1-10 MHz) positive dielectrophoresis was observed. We
have not attempted to produce electrodes with less thami0
gap although smaller gaps have been reported in the litera-
ture [34]. With smaller electrode gaps, lower voltages are
expected for the dielectrophoretic manipulation.

The dielectrophoretic manipulation of the Sn@nobelts
resulted in a nanodevice. Several characterization methods
were used to study it. The effect of temperature and light on
conductivity of the Sn@ nanobelt device was studied and
shown to demonstrate substantial effects. Use of the device
as a gas sensor is currently being investigated. Since SnO
nanobelt conductivity is sensitive to gases adsorbed on its
surface[19], it is very likely that the present device can be
used as a gas sensor. The effect of light exposure is being
further investigated to use the nanobelt as a light sensor.

More studies can be undertaken to understand the dielec-
tric characteristics of Snf nanobelts. Analysis of the
crossover frequendy,5] as a function of medium conductiv-

causes an order of magnitude decrease in resistance of thﬁy can possibly be used to characterize them. The influence

device.

Complex impedance plots are shownFRig. 12 for the
E2 electrode pair. The complex impedance plots show a
single semi-circle in each case, which implies resistance—
capacitance parallel equivalent circuit. The decreasing radii
of the semi-circles in the complex impedance plot demon-

of the surface conductance of the nano-object may also be an
important factor in the dielectrophoresis of semiconducting
oxide materials.

Other techniques such as traveling wave dielectrophore-
sis [22], electrorotation[35], etc., will be found useful
in nanomanipulation of semiconductor based nanowires/

strates the decrease in resistance of the device upon the,,nopelts in addition to the AC dielectrophoresis that has

application of light.

3.6. Conclusions and future work

For the first time, we have demonstrated positive and

been demonstrated in the present work. Building single
nanobelt/nanowire devices will require improved electrode
design to obtain optimum field distribution and better manip-
ulation. In addition, control of the concentration of the nano-
object in the suspension fluid (so that fewer number of nano-

negative dielectrophoresis on semiconducting material basetppjects come under the electric field of the electrodes) and a

nanobelt/nanowires using AC electric fields. 9.8V peak to
peak AC was used between the DEP electrodegu(20
electrode gap) with variable frequency. This corresponds to
an average electric field 6¢2.5x 10° V/m, which is quite
low compared to other dielectrophoresis studig46] on
nanowires. However, it has to be kept in mind that there
is a variation of electric field between the electrode gaps.
In the low frequency range (10 Hz—1 kHz) negative dielec-

6 10° ‘ . . .

510°% 4

410°% L — _
c 5 AL TS
o 3107 —Q—H;ghlr'\lensﬂy wsib!eli:ght TN
N . —a— UV light

0 \_{1 i i i i ‘ﬁ
0 a 410° 610° 8 10° 110" 1210
Z'Q

Fig. 12. Complex impedance plot of the Sn@anobelts in the DEP device
(electrode E2). The frequency increases counter-clockwise on the semi-
circles.

study of the dielectric properties of the nano-object and the
suspension fluid as a function of frequency (so that the pos-
itive and negative DEP regions can be determined) will be
found useful in achieving that goal.
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