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We report the assembly of semiconducting ZnO nanoparticles into nanogap electrodes using ac
dielectrophoresis (DEP) process. ZnO nanoparticles were grown using sol-gel method. As grown
ZnO nanoparticles (diameter ~4 nm) were in a quasi-crystalline state and with increase in anneal-
ing temperature (in air) upto 400 °C the 'crystallinity was found to increase as revealed by X-ray
diffraction and transmission electron microscopy. Absorption spectroscopy revealed that absorption
edge of the as grown and annealed' samples exhibited a blue-shift and could be attributed to the
size quantization. A strong band tailingin the absorption spectra indicates the presence of shallow
defects in the nanoparticles. The annealed ZnO nanoparticles (diameter ~9 nm) were assembled
into nanogap electrodes (60 nm) using DEP process. DEP parameters such as frequency, applied
voltage, and time were optimized to assemble ZnO nanoparticles into nanogap electrodes. Fre-
quency variation study revealed that positive DEP is active at frequencies less than 500 kHz, and
the negative DEP starts dominating at 1 MHz. It was observed that when DEP force overcomes the
Brownian motion, the nanoparticles start chaining together in the region between the electrodes tip
due to particle-field and particle—particle interactions. Under the optimized DEP parameters such
as frequency of 150 kHz, peak-to-peak voltage of 3 V, and trapping time of 30 s, a minimum num-
ber of ZnO nanoparticles were assembled into nanogap electrodes. The ZnO nanoparticles based
device was studied for field effect transistor (FET) characteristics and the typical current—voltage
(l—Vps) characteristic curves as a function of gate voltage (V;) were obtained. The curves indi-
cate that ZnO nanoparticles based FET exhibits a significant gate effect as the conductance of the
Zn0O nanoparticles increases with gate voltage suggesting n-type semiconducting behavior of ZnO
nanoparticles. Results show the myriad. potential of dielectrophoretically assembled ZnO nanopar-

ticles into nanogap electrodes for designing nanoscale devices for electronic and optoelectronic

applications.

Keywords: Nanoparticles, [I-VI Semiconductors, Dielectrophoreis, Nanoscale Materials
Structure: Fabrication and Characterization.

1. INTRODUCTION

In recent years worldwide research on the assembly of
ZnO nanostructure materials is gaining considerable atten-
tion. The assembly of nanostructures is one of the most
important issues regarding the design and fabrication of
devices for nano- and molecular electronics. The manipu-
lation and trapping of ZnO nanostructure materials in elec-
trodes gap could allow us to investigate the characteristics
of materials at nano-scale level which can provide some
intriguing properties different from those observable in
their bulk counterpart. The nanostructure materials can be
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assembled in a wide variety of electrodes gap ranging from
few micron to hundreds of nanometer. One of the most
widely used methods is so-called “pick and place” method,’
where ZnO nanostructures are dispersed randomly onto
the device substrate with pre-fabricated electrodes. Using
this method, individual ZnO nanostructure based devices
have been developed.”® However, such random dispersal
method is unsuitable for controlled and reproducible manu-
facturing of devices. Another method which is more robust
involves dispersal of ZnO nanostructures onto substrate and
then selectively fabricating metal contacts on the ends of
nanostructure by using lithography and lift-off techniques.’
By using this method, ZnO nanowires and nanorods with
micro-sized length have been successfully characterized,
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and the fabricated devices have shown great potential for
applications ranging from ultraviolet (UV) sensor,?® field
effect transistor (FET),*”? and chemical sensor.'"” How-
ever, this method has some drawbacks such as complicated
and slow processing, and the selective deposition method
is not well suited to high throughput fabrication. The two
methods mentioned above have difficulty in applying to
manipulation of nano-sized materials particularly nanopar-
ticles. To accurately control and manipulate nanostructure
materials in electrodes gap, a number of assembling meth-
ods have been developed such as dielectrophoresis (DEP),
optical-assisted alignment, and fluidic and magnetic align-
ment [Ref. [11], and Reference therein]. Out of these dif-
ferent methods, the assembly of nanostructures using DEP
method has gained a considerable attention due to its sim-
plicity, high efficiency and high yield of the end product.
Besides such miniaturized devices have many advantages
such as decreased size, less power consumption, faster
speed, greater sensitivities, and potentially lower fabrica-
tion cost.'

DEP is an electrical process where a non-uniform elec-
trical field is applied on particles suspended in'a medium.
Due to the presence of non-uniform field, the particles sus-
pended in the dielectric medium get polarized and a trans-
lational force, called as DEP force, acts whose strength
and type depend on the medium and particles properties.
Such DEP force can be used to manipulate particles of
any kind between patterned electrodes. DEP is considered
very useful in applications such as separation and sort-
ing, purification, assembling of metallic, biological, and
semiconducting materials, and various other environmental
applications. 316

Assembling of wideband gap semiconducting ZnO nano-
materials in electrodes gap using DEP method ‘promises
a great future for realizing devices for micro- and
nanoelectronics. ZnO is a well known wideband gap
(~3.3 eV) material exhibiting excellent optical and electri-
cal properties,'’?* and finds applications in optoelectronics
such as UV lasers and detectors."® Recently, nanostructures
of ZnO have attracted much more attention for fundamental
studies as well as applications in nanodevices. Various ZnO
nanostructures including nanotube,?’ nanowire,?' nanorod’
and other interesting nanostructures®> >3 have been synthe-
sized and characterized due to their great potential over
bulk or film structure for next-generation nanoelectron-
ics and optoelectronics devices. Suehiro et al.** demon-
strated the dielectrophoretic assembly of ZnO nanowires
(diameter ~100 nm, length ~2-5 wm) on microelectrodes
gaps. Lee et al.? reported the dielectrophoretic assem-
bly of ZnO nanowires (diameter ~120-150 nm, length
~10-15 um) on patterned opposite pairs of electrodes
with a gap of 4 um, and characterized the FET perfor-
mance on the ZnO nanowires. Also, single ZnO nanowire
based Schottky diode has been fabricated by dielec-
trophretically aligning the synthesized ZnO nanowires onto
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paired electrodes.?®?” Irrespective of some reports on the
dielectrophoretic alignment of ZnO nanostructures such
as nanowires and nanorods in micron size electrodes
gap,?*?>2 assembling of ZnO nanoparticles in nanogap
electrodes is not well documented yet.

In the present work, we report the growth and character-
ization of ZnO nanoparticles and their optimized assem-
bly into nanogap electrodes using ac DEP process. DEP
parameters such as applied frequency, voltage, and time
have been optimized to assemble ZnO nanoparticles in
60 nm gap electrodes to create ZnO based nanodevice.
The fabricated semiconductor nanodevice based on ZnO
nanoparticles is electrically characterized and its potential
as an FET device has been reported.

2. EXPERIMENTAL DETAILS

The Au nanogap electrodes used in the present work were
fabricated on oxide-coated silicon substrate using standard
electron-beam lithography and lift-off technique.’* One
chip-consisted of 10 pairs of electrodes with gap size of
60 nm each: ZnO nanoparticles were grown by a simple
chemical route of sol-gel process.?’ Zinc acetate dehydrate
[(Zn(CH;COO0), - 2H,0): 1.10 gm dissolved in ethanol
(70 ml)] was mixed with lithium hydroxide [(LiOH-H,O):
0.29 gm dissolved in ethanol (50 ml)] under vigorous stir-
ring. The final solution was kept at 4 °C for two days
and resulted in the formation of ZnO-sol. N-heptane was
slowly added to the ZnO-sol in the volume ratio of 1:2, and
the final volume was again stored at 4 °C for three hour.
Adding n-heptane led to the precipitation and ZnO-gel set-
tled down at the bottom of the beaker. The precipitated
powder was isolated, washed, and dried at room tempera-
ture. The solution containing the ZnO-gel was then heated
at 150 °C for one hour to remove ethanol and the final

" product 'left was ZnO nanoparticulate powder. The ZnO

nanoparticulate powder was then annealed at different tem-
peratures from 100 to 400 °C for three hour each. The syn-
thesized ZnO nanoparticles were characterized by using
UV/VIS spectroscopy (Model: Cary 5000), X-ray diffrac-
tion (XRD) (Bruker AXS, Model: D8 FOCUS), high res-
olution transmission electron microscopy (HRTEM), and
energy dispersive X-ray spectroscopy (EDS). After growth,
the annealed ZnO nanoparticles were dispersed in di-
ionised (DI) water and sonicated for DEP experiments.
The experimental setup used for DEP assembly consists
of a function generator and an oscilloscope.*® Prior to
dielectrophoretic assembly, the chip was passed through a
cleaning process such as O, plasma cleaning and rinsing
in ethanol. A drop of ZnO nanoparticles suspended in DI
water was placed in the center of chip using a micropipette
and immediately ac voltage was applied across the elec-
trodes to initiate the DEP process. After DEP processing,
scanning electron microscopy (SEM) (Jeol, Model: JSM-
7401F) was used to examine the dielectrophoretic align-
ment of nanoparticles into nanogap electrodes. Field effect
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transistor characteristics of the fabricated device were
investigated by using /-V measurement system (Keithley;
Model: 4200-FCS).

3. RESULTS AND DISCUSSION

3.1. Characterization of ZnO Nanoparticles
3.1.1. X-Ray Diffraction

ZnO nanoparticles grown by sol-gel method were char-
acterized by XRD. Figure 1(a) shows the XRD spectra
obtained on four samples of ZnO nanoparticles i.e., as-
grown, annealed at 200, 300, and 400 °C, respectively. The
diffraction peaks have been indexed as hexagonal phase
of wurtzite ZnO with lattice parameters in accordance
with the values in standard card (JPCDS 36-1451). With
increase in annealing temperature the peaks became more
sharp and intense; however, change in peak position was
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Fig. 1. (a) XRD spectra obtained on four samples of ZnO nanoparticles
i.e., as-grown, annealed at 200, 300, and 400 °C, respectively; (b) The
absorption spectra of ZnO-sol and 400 °C annealed ZnO nanoparticles
(suspended in DI water) exhibiting the absorption peaks at 319 nm and
359 nm, respectively. Inset shows the EDS spectrum of ZnO nanoparti-
cles annealed at 400 °C.
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observed to be minimal.'>* The average crystallite size
of the powder samples is determined by Scherer’s formula

D =kA/Bcosb (1)

where D is the average crystallite size, K is the shape factor
(taken as 0.9), A is the X-ray wavelength (0.15 nm), 8 is
the full width at half maximum intensity (FWHM), and 6 is
the diffraction angle.’ Since ZnO nanoparticles exhibited
polycrystalline behavior, nanoparticle size was estimated
along different orientations. The average size of the as-
grown and annealed nanoparticles (200, 300, and 400 °C)
along (100), (002), and (101) planes were estimated to be
3.87, 6.38, 9.28, 9.30 nm, respectively. It may be noted that
as-grown nanoparticulate powder exhibited very low inten-
sity of peaks, and the peaks were not completely resolved
in accordance with the ASTM data card of ZnO. It appears
that as-grown ZnO nanoparticles were poor in crystallinity
as evident by weak reflections from different planes of
ZnO. An annealing temperature of 200 °C significantly
affected the peak intensity, and peaks corresponding to
wurtzite ZnO started appearing more clearly than as-grown
samples, and the particle size increased to ~6.38 nm. A fur-
ther increase in annealing temperature to 300 °C made
the diffraction peaks more sharp and intense as well as
the particle size increased to ~9.28 nm. Particle size was
insignificantly influenced with a further increase in anneal-
ing temperature to 400 °C, however impurity diffraction
peaks detected under lower annealing temperatures were
significantly reduced. No characteristic peaks correspond-
ing to any noticeable impurities (such as Lit and Zn?*)
were observed for samples annealed at 400 °C revealed the
formation of crystalline ZnO nanoparticles.** 3 It may be
noted that with an increase in annealing temperature even
though crystallinity and the sharpening of diffraction peaks
were found to increase significantly, however, increase in

\jparticle size was not significant unlike some reports where

it is found to increase invariably with temperature.3"32 It

may be noted that similar observations have been made
by other groups. Noack and Eychmiiller*® observed that
the size of ZnO remains unaffected till a temperature of
100 °C (6 nm), however, at higher temperatures (between
300 to 500 °C) the increase in particle size (50 nm) was
significant. A similar trend of results was reported by
Hoyer et al.*® where an insignificant change in particle size
of ZnO nanoparticles with increasing annealing tempera-
ture till 500 °C was observed. The insignificant change in
the size of nanoparticles may be attributed to destabiliz-
ing nature of Li* during thermal treatment.® Even though
XRD didn’t show any peak corresponding to lithium, its
presence cannot be ruled out due to high solubility of
lithium acetate in aqueous solvents. This further indicates
that Lit* is not incorporated deep inside the ZnO lattice but
could be located in first few monolayers next to the sur-
face of the particles. Additionally, no separate crystalline
lithium compounds were found in the XRD patterns for
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all samples thus ruling out a phase separation during the
annealing process.*> 3¢ To examine the ZnO nanoparticles
growth, EDS spectrum of ZnO nanoparticles (annealed at
400 °C) was taken which shows peaks corresponding to
zinc and oxygen, thus confirming the formation of ZnO
(Fig. 1(b), inset). The Si peak is emanating from the silicon
substrate used during the EDS measurement.

3.1.2. Absorption Spectroscopy

UV-visible spectroscopy was used to record the absorp-
tion spectrum of ZnO nanoparticles suspended in DI water
at room temperature (Fig. 1(b)). The absorption spectrum
corresponding to ZnO-sol is also included for comparison.
It may be noted that ZnO-sol exhibited absorption peak
at ~319 nm, which is blue-shifted in comparison to the
absorption edge of the reference bulk ZnO which is close
to 380 nm.* Interestingly, 400 °C annealed ZnO nanopar-
ticles also exhibited a blue-shift in the absorption, edge
at 360 nm. This can be understood in terms of increase
in band gap due to size quantization effect. In principle,
ZnO nanoparticles exhibit a blue shift when the size of the
nanoparticles is of the order of Bohr radius (~1.8 nm) and
is attributed to the quantum confinement effect.’”** How-
ever, in the present case the nanoparticles size is more than
the Bohr radius. According to previously published results,
a size quantization is observed in ZnO nano-colloids when
particle size is of the order of 7 nm, beyond which it is
very unlikely to observe such effects.?- 34! The observa-
tion of size quantization in the present work for particle
size ~9 nm might be explained on the basis that the real
volume accessible is smaller than the actual geometric size
of the crystallites.*® This is evident from the XRD spectra
which show the grown ZnO nanoparticles are consisting of
crystallites of different orientations which in turn favor the
volume than the actual geometric size. Moreover, the addi-
tional spatial confinement might arise from the presénceiof
potential barrier at the surface which extends to the inner
part of ZnO nanoparticles.®> This potential barrier could
arise due to distortion in conduction and valence band at
the grain boundaries of the irregularly stacked nanoparti-
cles. The negatively charged acetate ions present on the
surface of sol-gel grown ZnO nanoparticles might elec-
trostatically repel the inner electrons in ZnO. Additionally
due to the electrostatic interactions of the acetate ions a
slight band bending might occur at the surface of ZnO
which could result a situation where the electronic lev-
els inside the ZnO nanoparticles are more favored than at
the surface. This could result in an increase in local elec-
tron density and shift of the lower electronic transitions
towards higher energies.>*>**#** All these combined efforts
may be attributed to the blue-shift in absorption spectra.
Noack and Eychmiiller*® observed a similar behavior in
the absorption spectra of nanosized ZnO thin films.
Alternatively if we consider the absorption edge corre-
sponding to ZnO-sol as reference then with increase in
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annealing temperature a red-shift in the absorption spectra
is observed which could be attributed to other effects either
related to crystallinity of the grown material or defects
present in the crystal lattice. The amorphous material is
a disordered system without long range translational peri-
odicity. Due to the amorphous nature of the material, the
extended localization in the conduction and valence bands
increases and a blue shift in absorption edge is observed.*
With increase in annealing temperature the crystallinity
starts building up in the amorphous ZnO, and system
becomes less disorder and localization in conduction and
valence bands reduces which in turn causes a red shift in
the absorption spectrum (Fig. 1(b)). Similar observations
have been reported in thin films of ZnO when annealed
at different temperatures and blue/red shift was observed
depending on growth and annealing temperature.® The
observed red shift with annealing temperature might also
be attributed to formation of shallow traps inside the band
gap/‘due to’ the impurity or defects states present in the
crystal'lattice. This also has been suggested that red-shift
normally overlaps with a strong band tailing, which may
disturb/the local symmetry in ZnO crystal lattice.** With
increase in temperature the band tailing is expected to
reduce due to anneal out of the defects. However, pres-
ence of band tailing observed in the present work for sam-
ples annealed at 400 °C shows that defects have not been
annealed out and could be responsible for the observed
red-shift in the absorption edge.

3.1.3. Transmission Electron Microscopy Analysis

ZnO nanoparticles were investigated for structural and
crystallographic orientation using HRTEM and selected
areas electron diffraction (SAED). Figure 2 shows the

. SAED and HRTEM images of the as-grown and 400 °C

annealed. ZnO nanoparticles. As grown ZnO were appear-
ing like crystalline ZnO nanoparticles in the matrix of
amorphous ZnO. Figure 2(a) shows the SAED patterns of
as-grown ZnO nanoparticles. We can see that diffraction
patterns are not intense and in the center a hollow diffuse
pattern indicates the possibility of amorphous ZnO. In the
SAED pattern there is a broad ring which results from
the contributions of both the quasicrystalline and amor-
phous phases. It may be noted that diffraction rings cor-
responding to wurtzite ZnO along (100), (101), and (110)
planes show the presence of crystalline ZnO nanoparticles.
In additional, some hazy diffraction rings corresponding
to (112) and (200) planes are also visible. Other diffrac-
tion spots may come from nanocrystalline and approxi-
mant phases. Figure 2(b) is the bright field TEM image
of the as-grown ZnO nanoparticles. It may be observed
that amorphous phase in addition to crystalline phases,
as indicated by fringe patterns (circled area), are visible.
The inset of Figure 2(b) shows a less magnified TEM
view of the as-grown nanoparticles. The TEM result is
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Fig. 2. TEM images of as grown and 400 °C annealed ZnO nanoparticles. (a) SAED patterns of as grown ZnO nanoparticles showing less intense
diffraction patterns. In the SAED pattern there is a broad ring which results from the contributions of both the quasicrystalline and amorphous phases.
It may be noted that diffraction rings corresponding to wurtzite ZnO along (100), (101) and (110) planes in addition to some diffraction patterns
corresponding to (112) and (200) planes indicate the presence of crystalline ZnO nanoparticles; (b) Bright field TEM image of the as grown ZnO
nanoparticles showing the amorphous phase in addition to crystalline phase, as indicated by fringe patterns (circled area). The inset shows a less
magnified TEM view of the as grown nanoparticles; (c) SAED patterns obtained on 400 °C annealed ZnO samples. It may be noted that diffraction
patterns are more intense and match very well to the Miller indices of wurtzite hexagonal bulk ZnO along (100), (002), (101), (102), (110), (103),
(200), and (112) planes; (d) Bright field TEM image of ZnO nanoparticles annealed at 400 °C. It may be noted that randomly oriented nanoparticles
with clear diffraction fringes are visible indicating crystalline quality of the annealed samples. Inset shows the nanoparticles size was varying in the
range of 6 to 9 nm; (¢) An HRTEM image of a single ZnO nanoparticle shows the fringes corresponding to (002) plane with a lattice spacing (d) of
about 0.259 nm.
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consistent with the X-ray diffraction analysis. Figure 2(c)
shows the SAED patterns obtained on 400 °C annealed
ZnO samples. It may be noted that diffraction patterns are
more intense and match very well to the Miller indices
of wurtzite hexagonal bulk ZnO along (100), (002), (101),
(102), (110), (103), (200), and (112) planes. However, it
was noticed that diffraction rings corresponding to two
groups, one consisting of (200) and (112), and the other
consisting of (100), (002), and (101), are too close to one
other to be completely resolved. Figure 2(d) shows the
bright field TEM image of ZnO nanoparticles annealed at
400 °C. It may be noted that randomly oriented nanopar-
ticles with clear diffraction fringes are visible indicating
crystalline quality of the annealed samples. The nanopar-
ticles size was varying in the range of 6 to 9 nm and
is shown in the inset of Figure 2(d). The nanoparticles
were grown almost spherical or elliptical in shape which
was advantageous for our experiments as the DEP force
will be effective and nanoparticles assembly can be tuned
accordingly.!> An HRTEM image of a single ZnQ nanopar-
ticle shows the fringes corresponding to (002) plane with
a lattice spacing (d) of about 0.259 nm. This d'spacing is
in agreement with the values estimated by XRD analysis
and matches quite well with the literature reports.> 4546

3.2. Dielectrophoretic Assembly of ZnO Nanoparticles

To assemble ZnO nanoparticles (~9 nm) into nanogap
electrodes (60 nm), DEP process was used. DEP strongly
depends on three parameters i.e., applied frequency (f),
applied peak-to-peak voltage (V,,), and trapping time (%)
during which DEP is done. It is important to optimize
the DEP parameters (f', V;,,, 1) for consistent and reliable
assembly of ZnO nanoparticles into nanogap electrodes. To
investigate the effect of DEP parameters on the assembling
of ZnO nanoparticles, experiments were carried; out_by
varying one parameter and keeping the other two parame-
ters fixed.

Figure 3 shows a schematic diagram of the setup used
to perform DEP of ZnO nanoparticles into nanogap elec-
trodes. Firstly, to optimize the effect of frequency variation
on the nanoparticles assembling in nanogap electrodes,
V., and 7 were maintained at 3 V and 60 s, respectively.
Figures 4(a—c) show the SEM images of the assembly of
nanoparticles at varying applied ac frequency (10, 150, and
600 kHz). It can be seen that assembling of nanoparticles
strongly depends on the applied ac frequency. Applied fre-
quency was varied from 10 kHz to 1 MHz, and it was
interesting to observe that with an increase in frequency
the assembly of ZnO nanoparticles into nanogap electrodes
was steadily found to increase up to 150 kHz. However,
the assembly was found to saturate beyond this frequency,
and this behavior continued till 500 kHz. Interestingly,
after 500 kHz, there was a gradual decrease in assembly of
ZnO nanoparticles into nanogap electrodes, and very few

J. Nanosci. Nanotechnol. 11, 4852—-4862, 2011

On Off
<>

/

0.1 pL drop of nanoparticles

suspended in DI water

Function Generator

ot $ 9
- i

Fig. 3. Experimental setup consists of a pair of nanogap (60 nm) elec-
trodes connected to a function generator and an oscilloscope. A period
voltage signal is applied across the electrodes using a function generator
to start the DEP process.
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nanoparticles were seen in the vicinity of electrodes tip.
Al further increase in frequency to 1 MHz resulted in an
interesting observation where electrodes were completely
devoid 'of manoparticles and latter were seen to repel from
the region of high electric field strength to low electric
field strength.*°

During DEP process, the force acting on the particle
known as DEP force (Fppp) is expressed as®®*7:

FDEP = 2’77-80“':’\ma3Re[I((('())]AEvrms (2)

where g, is the permittivity of the medium, « is the radius
of the nanoparticle, K(w) is the Clausius-Mosotti factor,
and E, . is the rms value of the electric field. The DEP
force is proportional to K (), the volume of the nanopar-

ticle and the gradient of the electric field. The frequency-

'dependent behavior resides in the Clausius-Mosotti factor,
| K(), and is given by>°

11 g, —gn—Jj/ow(o,— o0y
K(w)= {/ (o, )
e, +2¢, — j/o(o,+20,,)

©)

where ¢, and ¢, are the permittivities of the particle and
medium, o, and o, are the conductivities of the parti-
cle and medium, j is ~/—1 and  is 2arf. This infers
that the DEP force strongly depends on permittivities and
conductivities of particle and medium, respectively. DEP
force has two types, one is positive DEP and another is
negative DEP. Positive DEP occurs when the Re[K (w)]
has positive value, and at that time a time-averaged force
pulls the nanoparticles towards areas of strong electric field
strength. The negative value of Re[K (w)] causes negative
DEP and corresponds to time-averaged force directing the
nanoparticles towards areas of weak electric field strength.
In the Clausius-Mosotti factor, the conductivity terms are
dominant at low frequencies while the permittivity terms
are dominant at high frequencies.*® Following Eq. (3) and
using the conductivities and permittivities of ZnO nanopar-
ticles (e, = 10g;, 0, =25 uS/cm) and the medium (DI
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Fig. 4. (a—) SEM images of the assembled ZnO nanoparticles into nanogap electrodes when the DEP was carried out at V,, of 3 V, time of 30 s, and
at different frequencies of 10, 150, and 600 kHz, respectively; mulated result of variation in real parameter of Clausius-Mosotti
factor, Re[K (w)] with applied frequency (f). Positive DEP is do at frequencies below 500 kHz and negative DEP starts showing up its presence
at frequencies close to 1 MHz.

water) (e, = 80g,, 0, =7 uS/cm), we simulated the real  yield of successful assembling, therefore, this frequency
part of Clausius-Mosotti factor with applied freqﬁel@,hny | ‘was chesen as the optimized DEP parameter for assem-
the result is shown as a graph in Figure 4(d), which is in 7 bling jmaximum number of nanoparticles into nanogap
agreement with the observations made in the prﬁs nﬁfﬂi*j ’{E}t_rloges. The number of nanoparticles into nanogap elec-
(Figs. 4(a—c)). On comparing the observed behavior of es could further be controlled by varying the other two
DEP with the simulated curve, we conclude that at lower =~ DEP parameters keeping frequency constant at 150 kHz.

frequencies positive DEP force is dominant while at higher To investigate the assembly under varying DEP time
frequencies negative DEP is showing its presence and thus during which non-uniform electric field is active, f and
not allowing nanoparticles to remain in the regions of V,, were maintained at 150 kHz and 3 'V, respectively.
strong electric field. From the simulation curve the neg- Figures 5(a—c) show the assembly of ZnO nanoparticles
ative DEP is active at a frequency >450 kHz which is into nanogap electrodes under different assembly time of
different than the experimentally observed values. Exper- 30, 50, and 70 s, respectively. It may be noted that there
imentally it was found that beyond frequency >600 kHz was an increase in the assembly of nanoparticles when
there was a gradual decrease in assembly of ZnO nanopar- DEP was operated for a longer time. At a time of 30 s, a
ticles into nanogap electrodes, and a very few nanoparti- minimum number of nanoparticles were assembled in the
cles were seen in the vicinity of electrodes tip revealing nanogap electrodes. With increase in time the nanoparti-
the existence of negative DEP force. A little variation in  cles density was found to increase leading to large assem-
results obtained experimentally and by theoretical simula- bly in between the nanogap electrodes. For less than 30 s,
tion could be attributed to many factors which influence  the yield of assembly was too low, therefore, it was nec-
the DEP force, for examples, size-dependent permittivity essary to optmize the time to achieve the assembly of
and conductivity, electrode polarization, thermal effects, ac ~ ZnO nanoparticles into nanogap electrodes. Figure 5(d)
electroosmosis, etc.!> With experimentation it was found shows the variation of the average number of nanoparti-
that a frequency value of 150 kHz resulted in maximum  cles (including 5% error) assembled in the region between
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Fig. 5. (a—) SEM images of the assembled ZnO nanoparticles into nanogap electrodes when the DEP was carried out at f =150 kHz, V,, =3V,
and at different time of 30 s, 50 s, and 70 s, respectively; (d) Graph shows a variation of the average number of nanoparticles trapped in the nanogap
electrodes with time. i i [ .

= -

Fo— ]
the electrodes as a function of time. It is clearly seeii_th_at _the migrational motions are suppressed due to induced
the number of assembled nanoparticles vary linearly with  polarization in these nanoparticles. The geometry of the
time. The DEP time was found to be an effective param- electrodes gives rise to the field gradient in the regions
eter to limit the number of nanoparticles asserﬁﬂ)llt?"lailo H Fbetwéén?'fhe electric field. If the dielectrophoretic force is
nanogap electrodes. “. [ ! strong enough to overcome the Brownian motion then the
To investigate the assembly under varying V. Jtil?tfgel- .. Datpre of electric field gradient decides the type of dielec-
quency of applied ac signal was kept at 150 kHz, and the  trophoretic force on the nanoparticles. Such particle-field
DEP time was fixed at 30 s. Figures 6(a—c) show the SEM interaction strongly polarizes the particles and these par-
images of assembled ZnO nanoparticles under different V,, ticles retain strong dipole moment and tend to move in
of 2, 3, and 4 V, respectively. It can be inferred that as the region of strong electric field. The neighboring par-
the applied voltage is increased, the number of nanoparti- ticles, due to particle—particle interactions, start chaining
cles assembled in the nanogap is also found to increase. in the line of strongest electric field. Such particle-field
It was found that V,, had a maximum limit of 4 V with  and particle—particle interactions, no doubt reduce the DEP
the present electrodes geometry because applied voltage  force, but help inducing particle chaining between the tips

beyond 4 V resulted in the burning of nanogap electrodes. of the electrodes where electric field observes a maximum.
Also, a higher voltage leads to electrolysis, and assembly ~ Therefore, two effects play significant role in chaining
rate is expected to reduce. and trapping of nanoparticles between nanogap electrodes,

The mechanism of particle trapping in between the  one is particle-field interaction and the other is particle—
nanogap electrodes can be understood in the following particle interaction. The chaining is observed when the
way: The ZnO nanoparticles suspended in DI water remain combined effects overcome the Brownian motion. If we
under the action of electrophoretic effects before the look at Eq. (2) then we understand that DEP force is
application of alternating signal. These effects including strongly influenced by the strength of applied electric field.
Brownian motion lead to migration and subsequent depo- The type of DEP (positive or negative) is decided by real
sition of nanoparticles between the regions of nanogap  part of the K(w), however, the strength of DEP force is
electrodes.*® On application of a time varying electric field directly proportional to the gradient of square of rms value
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at different V,, of 2, 3, and 4 V, respectively. (d) Graph shows a variation of trapping parameter and the average number of trapped nanoparticles with

applied voltage. e

vk g .

of electric field. To analyze the trapping and chaiht'ijg'for- d
~ ter suggests trapping is very effective in electrodes geom-

mation of ZnO nanoparticles into nanogap electrodes, it
is important to calculate the trapping parameter (7)) for

I =

=y
voltage = 110 V). The large value of trapping parame-

etry used in the present work. It may further be noted

this system relative to ambient energy ky7 . The &épﬁi.ny ! that a apping parameter of ~40 calculated for applied

parameter can be expressed as*® 2

“. [ B T voltage of 0.5 V indicates that trapping is feasible in

PLUBLIS ) t is_system for all voltage values. However, we could not
_ dmrepena’En (€~ &nm S 4) o yserve any assembly of nanoparticles below 2 V which
K kg T g, t2¢e, shows that at these voltage values (<2 V) the DEP force

where ky is Boltzmann’s constant, and 7 is the operat-
ing temperature. The trapping parameter was calculated
using the Eq. (4) and plotted as a function of voltage
applied between a pair of electrodes with a gap of 60 nm,
as shown in Figure 6(d). In addition to trapping parame-
ter, a plot corresponding to average number of nanopar-
ticles with applied voltage is also shown for comparison.
It may be noted that the average number of trapped ZnO
nanoparticles in nanogap electrodes increases with increas-
ing particle-field interactions i.e., trapping parameter. The
trapping parameter calculated in the present work at an
electric field strength of 5.0 x 107 V/m (applied voltage =
3 V) is ~1500 which is around 150 times larger than
the values estimated by Ozturk et al.*® for CdS nanopar-
ticle clusters assembled in milli-meter sized electrodes
gap under an applied field of ~1.1 x 10° V/m (applied

4860

is not strong enough to move the particles in the region
of strong electric field and cause polarization. This sug-
gests that DEP force should meet a critical value to over-
come various forces in the system which influence the
motion of the particle such as Brownian motion, gravity,
and fluid flows induced by electric field, etc.*° More-
over, the plot of average number of ZnO nanoparticles
assembled in nanogap electrodes closely coincides with
the curve of trapping parameter indicating a greater level
of match in the experimental and theoretical results. The
similar arguments explain the larger assembly of nanopar-
ticles at longer DEP time. When DEP is performed for a
longer time at a fixed applied voltage, the trapping param-
eter being significantly large (see Fig. 6(d)), the nanopar-
ticles keep assembling in the electrodes gap until DEP
process is stopped. This indicates that trapping parameter
is directly proportional to DEP time.
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Seo et al.

Analysis of Assembling ZnO Nanoparticles Into Nanogap Electrodes for Nanoscale Electronic Device Applications

3.3. Field Effect Characteristics of ZnO Based FET

The ZnO nanoparticles based device fabricated by DEP
process was electrically characterized. The optimized DEP
parameters i.e., f =150 kHz, V,, =3 V, and 7 =30 s
have been used to assemble minimum number of ZnO
nanoparticles into nanogap electrodes (60 nm). Such nano
device is studied for FET characteristics. Figure 7(a) shows
the schematic diagram of ZnO based FET assembled on
p-type Si substrate capped with a 300 nm thick SiO, layer.

Figure 7(b) shows the typical current—voltage (In—Vps)
characteristic curves as a function of gate voltage (V)
for the fabricated ZnO nanoparticles based FET. The
curves indicate that the ZnO nanoparticles based FET

(@) Vos

ZnO NPs

J
Drain
I-

1.5x107°

(b) 5V
1.0x107° | 3V
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< .
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Fig. 7. (a) Schematic diagram of ZnO nanoparticles based FET assem-
bled on SiO,/Si substrate; (b) Typical I,—V,g characteristics curves as a
function of V,; showing a typical n-type semiconducting behavior of ZnO
nanoparticles; (c) I,—Vg curves of dielectrophoretically fabricated ZnO
nanoparticles FET operating in a n-channel mode as a function of V.
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exhibits a significant gate effect as the conductance of
the ZnO nanoparticles increases with gate voltage suggest-
ing n-type semiconducting behavior of ZnO nanoparticles.
Figure 7(c) shows the I,—V; curves as a function of Vg
(0.5-2 V; step size: 0.5 V). The carrier mobility (u) is
calculated using the following relation’%%

m= 8mL2/C - Vbs (5)

where g, is the transconductance defined as dI,/dV;
which is obtained from the linear region of the plot
between I, and Vj (Fig. 7(c)), L is the length of the
nanoparticles assembly between the nanogap electrodes
(60 nm), and C is the capacitance given by’

C =2megyL/In(2h/r) (6)

here, ¢ is the dielectric constant of silicon; % is thick-
ness of silicon oxide layer (300 nm); and r is the radius
of (cylindrical channel consisting of ZnO nanoparticles
(~50nm; see Fig. 5(b)). The equations representing capac-
itance and mobility have been approximated for cylinders
using an-infinite plate model.” Using Eqs. (5) and (6), the
electron mobility, w was calculated to be ~29.7 cm?/Vs
which is in agreement with the previous reports on ZnO
nanowires.” %%

4. CONCLUSIONS

ZnQO nanoparticles of diameter ranging from 6 to 9 nm
have been grown by sol-gel method. Analytical techniques
showed that grown material after annealing exhibited good
crystalline quality. These nanoparticles have been assem-
bled into nanogap electrodes under various DEP experi-

‘mental conditions. Frequency variation study revealed the
| ‘Observation of positive and negative DEP forces; whereas

the trapping parameter was found to vary with applied
voltage. Optimization of various DEP parameters such as
frequency of 150 kHz, peak-to-peak voltage of 3 V, and
time of 30 s led to the assembly of few nanoparticles in the
nanogap electrodes. ZnO based nanodevice exhibited field
effect characteristics when configured in the form of an
FET. Results reveal the potential of ZnO nanoscale devices
for applications in electronic and optoelectronic.
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