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Fabrication of SiC nanowire thin-film transistors using dielectrophoresis*
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Abstract: The selection of solvents for SiC nanowires (NWs) in a dielectrophoretic process is discussed theoreti-
cally and experimentally. From the viewpoints of dielectrophoresis force and torque, volatility, as well as toxicity,
isopropanol (IPA) is considered as a proper candidate. By using the dielectrophoretic process, SiC NWs are aligned
and NW thin films are prepared. The densities of the aligned SiC NWs are 2 um™!, 4 um™', 6 um™!, which
corresponds to SiC NW concentrations of 0.1 pug/uL, 0.3 pug/uL and 0.5 pwg/uL, respectively. Thin-film transis-
tors are fabricated based on the aligned SiC NWs of 6 um™!. The mobility of a typical device is estimated to be

13.4 cm?/(V-s).
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1. Introduction

One-dimensional nanomaterials have many outstanding
characteristics compared with their corresponding bulk ones.
Fabrication of electron devices is one of their important appli-
cations!!~#l. The wide band-gap material SiC has many supe-
rior properties, such as high critical breakdown field strength
(2 x 10% V/cm), high thermal conductivity (4.9 W/(K-cm)),
high saturated drift velocity (2 x 107 cm/s), as well as excel-
lent physical and chemical stability, which make it be a good
material for fabricating high temperature and high power de-
vices(> 8], The combination of the distinctive properties of SiC
with one-dimensional structures, such as field-effect transistors
based on SICNWs (SiC NWFETs), may provide excellent can-
didates for high temperature and high power applications.

So far, a few studies on SiC NWFETs have been re-
ported®~14). The highly n-type doped SiC NWs used to pre-
pare NWFETs led to a weak gate-effect!]. The on/off current
ratio of the SiC NWFETs was ~ 10% when the contacts be-
tween Au and SiC NWs were Schottky contacts!'%). A theo-
retical study has shown that SiC NWFETs had similar perfor-
mance to the Si-based ones while they will offer all advantages
from the SiC physical properties for high temperature and high
power applications!'1]. In addition, high densities of interface
trap states and fixed charge have degraded the performance
of SiC NWFETs['2]. The specific contact resistance values of
Ni/Au ohmic contacts on SiC NWs were ~ 40 times lower than
those of Ti/Au ohmic contacts!!3]. The latest study has shown
that various shapes of drain current versus the drain—source
voltage curves (linear, nonlinear symmetric, and asymmetric)
of SiC NWFETs were observed on the same substrate, an ori-
gin for which was might be a non-uniformity in annealing, NW
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doping level and high interface traps density as well as the high
sensitivity of the metal-N'W contacts to local surface contami-
nations!'4,

The prepared SiC NWFETs use single NWs®~ 14, A sin-
gle SiC NW cannot carry large current, so NWFETSs based on
it are difficult to use at high power. In addition, SiC NWs
may be damaged in extreme conditions, which easily leads
to the failure of FETs based on a single SiC NW. Thin films
of NWs enable high current outputs!!>~17], Moreover, even if
several NWs were damaged, SiC NWFETs could also work
well. In addition, a difference of diameter of NWs is evi-
dent['8- 191 which leads to device-to-device variety because of
the diameter determining the properties of NWs to some ex-
tentl2%:211 A thin film of NWs may overcome the problem in
that it provides good device-to-device uniformity with statis-
tical averaging effects!!> 16-22:231 Thin films consist of ran-
dom networks or well-aligned arrays of SiC NWs, and the
aligned arrays have advantages compared with the random
networks!!7-24]. Several schemes have been proposed to ma-
nipulate and align one dimensional nanostructures, including
CVDI!3] Langmuir-Blodgett!?>!, microfluidic (261, and dielec-
trophoresis(?’73>]. Among them, dielectrophoresis is one of
the most effective techniques used to construct various elec-
tronic devices?7321,

Choice of solvent is an important issue for the di-
electrophoresis process. Ethanol32-36-38]  TpA[31,39—41]
highly purified water!?%-3%31:421 " and dimethyl formamide
(DMF)[32:43.44] gre ysually used as a solvent for one dimen-
sional nanostructures in dielectrophoresis, and it is necessary
to determine which one among them is a proper solvent for
SiC.

In this paper, we discuss the selection of solvents for
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Fig. 1. SEM image of the synthesized SiC NWs.

SiC NWs in the dielectrophoretic process. Directed SiC NWs
are obtained using dielectrophoresis, and thin films based on
aligned SiC NWs are prepared. The present process of align-
ing SiC NWs has advantages in simple setup and easy opera-
tion. NWTFTs are prepared based on thin films of aligned SiC
NWs, and their electrical properties are measured on an Agilent
4156C semiconductor parameter analyzer.

2. Experimental

The B-SiC NWs were synthesized by using a carbon ther-
mal reduction method without the use of a metal catalyst. SiO
powders were heated by high-frequency induction sources, and
then the formed SiO gas was carried to an activated carbon fiber
surface. The reactions between the SiO and the activated car-
bon fiber led to the formation of 8-SiC NWs%l. An SEM im-
age of the synthesized SiC NWs is shown in Fig. 1. The length
of the synthesized SiC NWs is up to 10 um, and their average
diameter is about 20 nm. It was found that the as-synthesized
SiC NWs were coated by a SiO, layer. In order to improve
the contacts between metal electrodes and SiC NWs, the SiC
NWs were dipped into 5% HF and then centrifuged several
times (18000 rpm and 30 min for every time) to remove HF
completely. Finally, the as-treated SiC NWs were dipped into
ethanol, highly purified water, DMF, and IPA, respectively,
and then ultrasonically treated for 3 h in order to obtain uni-
form and stable suspension. The suspension was left for 30 min
before it was used for dielectrophoresis.

Using standard lithography and the lift-off technique, par-
allel source and drain electrodes (Au, 200 nm) were patterned
on heavily doped n-type silicon wafers with a 400-nm-thick
SiO, layer. The electrodes have a length of 100 um, and a gap
of 1.4 um or 5.0 um. For an electrode with a gap of 1.4 um,
a drop of ethanol suspension of SiC NWs (~ 0.5 uL, the SiC
NW concentration is 0.3 pug/uL) was introduced onto the gap
of the electrode, and a 7 V AC bias with a frequency of 1 MHz
was applied between the source and drain electrode. The AC
bias was switched off after the ethanol solvent was evaporated.
Ethanol was replaced by highly purified water, DMF and IPA in
turn as the solvents for SiC NWs to carry out dielectrophoresis.
For an electrode with a gap of 5.0 um, only IPA was selected
as the solvent for the SiC NWs and a 50 V AC bias with a fre-
quency of 1 MHz was applied to carry out dielectrophoresis.

Finally, the wafer containing SiC NWs was heat-treated for 30
s at 550 °C in N, flow to improve the contact between NWs
and Au electrodes.

3. Result and discussion
3.1. Alignment of SiC NWs

3.1.1. Choice of solvents

The phenomenon of dielectrophoresis was explained by
the theory of effective dipole moment. When a drop of SiC
NWs suspension is introduced onto the gap of the electrodes
applied with an AC electric field, the SiC NWS are polarized
by the electric field. Effective dipole moments are induced by
the polarization process. The induced torque and force on such
an effective dipole are expressed as!3®]

1 ENW — €m 2
(T) = —nr?lE%sy, sin 6 cos 6 Re M , (D
2 Em (Enw + Em)

Fprp = lJrrzlste (M) VE?2, (2)
2 Em
where r and [ are the radius and length of SiC NWs, respec-
tively, E is the root mean square value of the electric field
strength, &, is the real permittivity of the suspending medium,
Re{(énw — gm)z/[ém (nw + &m)]} and Re[(Exw — &m)/Em]
are the real part of the (Exw — &m)?/[ém (Exw + &m)] and
(Enw — Em)/Em, respectively, Enw and &y, are the complex di-
electric permittivity of SiC NWs and the suspending medium,
which is given by
f=g—iZl, 3)
1)
where ¢ is the real permittivity, o is the conductivity, and w is
the angular frequency.

The force leads to a translation of SiC NWs towards the
maximum or minimum electric field strength, while the torque
leads to a rotation of SiC NWs towards the electric field.

The real permittivity of bulk SiC is 9.7¢¢ (g9 is permit-
tivity of vacuum)[*6l, which is used as the real permittivity of
SiC NWs in this paper. The conductivity of SiC changes with
doping concentration!*7].

The real permittivities and conductivities of the usu-
ally used solvents for a one dimensional nanostructure in
dielectrophoresis, such as ethanol, IPA, highly purified wa-
ter and dimethyl formamide (DMF) are shown in Table 1.
If the four substances are respectively used as solvents for
SiC NWs, the dielectrophoretic torque and force are calcu-
lated with Eqgs. (1) and (2) under the condition of an electric
field frequency of 1 MHz. In order to simplify calculation,
emRe{(Exw — &m)?/(Em [Exw + &m)]} is used as the torque,
and eyRe [(Enw — €m)/Em] 1s used as the force. Figure 2(a)
shows the torque versus conductivity of the SiC NWs curves,
and Figure 2(b) shows the force versus conductivity of the SiC
NWs curves. From Fig. 2(a), we come to a conclusion that the
torques have little difference on the four solvents. Figure 2(b)
shows that the values of the forces are positive. The positive
value means that F pgp points to the maximum electric field
strength, which leads to SiC NWs being attracted to the elec-
trode edges. In addition, the difference of the forces is evident.
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Table 1. Conductivity and relative permittivity of ethanol, IPA, highly purified water, and DMF.

Parameter Ethanol[3¢] IPA[40] Highly purified waterl48] DMF
Conductivity (S/m) 1345x 1077 6% 1076 55x107° 3.43 x 1075049
Relative permittivity ~ 25.3 18.3 77.75 38.25[48]

Fig. 2. (a) The dielectrophoretic torque and (b) force versus the con-
ductivity of SiC NW curves.

The maximum force is induced by DMF, and the second one
is induced by IPA. Volatilization of DMF is very slow, and
nearly 10 min is need for a drop of 0.5 uL to volatilize com-
pletely. The time for aligning a one dimensional nanostructure
is ~30 si*1. 5o it is inefficient that DMF is used as solvent for
SiC NWs in the process of dielectrophoresis. However, IPA
volatilizes fast, and nearly 45 s is needed for a 0.5 uL drop to
volatilize completely. Moreover, the toxicity of IPA is less than
that of DMF. The influence of the viscous force is insignificant
compared with that of dielectrophoretic forcel*!l so it is ne-
glected here. Figure 3 shows SEM images of aligned SiC NWs
using dielectrophoresis with the above mentioned four differ-
ent solvents. The SEM images demonstrate that experimental
results are consistent with theory. In addition, it can be ob-
served that the SiC NWs are partially covered by nanoparticles
with highly purified water and DMF being used in the dielec-
trophoretic process, but no obvious nanoparticles are observed
when ethanol or IPA is used. This is due to the low volatile
speed of highly purified water and DMF, which leads to the
nanoparticles having enough time to reach the NWs. There-

Fig. 3. SEM images of aligned SiC nanowires using dielectrophoresis
with (a) ethanol, (b) highly purified water, (c) DMF, and (d) IPA, scale
bar 200 nm.

Fig. 4. SEM images of aligned SiC nanowires using dielectrophoresis
with IPA, scale bar 1 yum.

fore, IPA is selected as a solvent for SiC N'Ws in this paper.

3.1.2. Alignment of SiC NWs

Dielectrophoresis is carried out with different concentra-
tions of IPA suspension of SiC NWs, and the result of dielec-
trophoresis is shown in Figs. 4(a), 4(b) and 4(c), correspond-
ing to concentrations of 0.1, 0.3, and 0.5 pg/uL, respectively.
Density of SiC NWs are ~2, ~4, and ~6 um~! correspond-
ing to Figs. 4(a), 4(b), and 4(c), respectively, which shows that
the density increases with the concentration of SiC NWs sus-
pension rising. In addition, the order of the SiC NWs becomes
weak with the concentration of IPA suspension of SiC NWs ris-
ing, the reason for which is that the interaction effects between
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Fig. 5. Schematic view of SiC NWTFTs.

SiC NWs increase when the concentration of SiC NWs suspen-
sion increases. From the process of dielectrophoresis, we have
to draw a conclusion that the method of aligning SiC NWs has
advantages in simple setup and easy operation comparing with
others!25-32],

3.2. SiC NWTFTs

A typical SiC NWTFT is prepared with the thin film of
aligned SiC NWs of Fig. 4(c). The SiC NWTFT configuration
was shown in Fig. 5 where S and D mean source and drain elec-
trodes, respectively. The Si substrate was used as a back gate.
The drain current I, versus the source—drain voltage Vpg and
the gate voltage Vg are measured. Figure 6(a) shows Ip ver-
sus Vpg characteristic curves of the SiC NWTFT at different
Vs, and Figure 6(b) shows Ip as a function of Vg at different
Vbs. Figure 6(a) shows that contacts between Au and SiC NWs
are Schottky contacts, which is in agreement with a previous
report!!®) Figure 6(b) indicates that the SiC NWTFT has the
following characteristics: (1) the SiC NWs are n-type semicon-
ductors; (2) the SiC NWTEFT has a weak gate-effect, which is
similar to previous reports!® 12131 The weak gate-effect indi-
cates a high carrier concentration. This high n-type character
of SiC NWs is attributed to the high density of donor states re-
sulting from N, entering into the reactor unintentionally and
stacking faults!'?]. In addition, the thick SiO, layer is another
reason for the weak gate-effect. The gate-effect reported in this
paper is a little better than that in the reports!®> 12- 131, for which
a possible reason is that contacts between electrodes and SiC
NWs are Schottky contacts, as compared with the ohmic con-
tacts reported in other papers[® 19-12-13] The on/off current ra-
tio is estimated to be ~20 at a Vpg of 4 V, in which Ipg at a
Vi of =20 V is roughly regard as a minimum at the depletion
region. The threshold voltage for the device is estimated to be
-19.5V.

The electron field-effect mobility of the SiC NWTFTs is

estimated using the equation[>°]
gm L?
_ ’ 4
Mfe Cg VDS ( )

where g, = dl4s/d V5 is the linear-region transconductance (g,
is estimated to be 9.2 x 107 A/V ata Vpg of 4 V), and L =
5 um is the NWTFT channel length. Cy is the total gate capac-

Fig. 6. (a) The drain current /pg versus the drain—source voltage Vps
curves of SiC NWFETs at different gate voltages and (b) the drain cur-
rent Ipg versus the gate voltage Vg curves of SiC NWTFT at different
drain—source voltages Vps.

itance of the NWTFT, which can be estimated by the equation
C, = Co(WL), 5)

where W = 100 um is the device width, Cj is the capacitance
per unit area. Cy can be calculated using a parallel plate model,
by which the introduced error is less than 5%!!]. With the par-
allel plate model, Cy is given as

Co = 8Si02/da (6)

where ggio, = 3.9¢ is the real permittivity of SiO,, and d =
400 nm is the thickness of SiO,. Cy is estimated to be 8.63 x
1075 F, and then C, is estimated to be 4.31 x 107! F. So the
electron field-effect mobility is estimated to be 13.4 cm?/(V-s).
This estimated mobility is low compared with that of bulk SiC,
which is attributed to lots of fixed charge and interface trapped
charge at the SiC NWs/SiO, interfacel!2].

4. Conclusion

The SiC NWs thin films were obtained by using a dielec-
trophoresis method. It was found that the density of aligned
SiC NWs increased with the concentration of SiC NW sus-
pension rising. The interaction effects of SiC NWs increase in
highly concentrated SiC NWs suspensions, which is respon-
sible for the order getting weak. From the viewpoints of di-
electrophoresis force and torque, volatility, as well as toxicity,
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IPA is a proper solvent for SiC NWS. The TFT based on a thin
film of aligned SiC NWs has a weak gate-effect, for which the
high n-type character of SiC NWs and thick SiO; layer are re-
sponsible. The on/off current ratio of the TFT is ~ 20 ata Vpg
of 4V, and the threshold voltage is estimate to be —19.5 V for
the device. The electron field-effect mobility is 13.4 cm?/(V-s),
and lots of fixed charge and interface trapped charge at SiC
NWs/SiO; interface lead to the low mobility.
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