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BUJIOBE TPAH3UCTOPU C HAHOPA3SMEPEH
MPOBOJISII KAHAJ

MAPUA CITACOBA, TEOPI'M AHI'EJIOB, MAPUH XPUCTOB

Pe3iome: Hanpasen e amanuz na munoseme MOSFET mpanzucmopu ¢ Hanopazmepex
nposodsw kauar. Tozu mun mpaHzucmopu umam 20JsmM HOMEHYUal 3a NOLYNPO8OOHUKOBAMA
uHoyCcmpus u Mukpoerekmpounume cucmemu. Cmamusma e QOKycupana 6wvpxy munose
MPAH3UCTNOPU ¢ HAHOPAZMEPEH NPOBOOsiuy KaHal om eveiepoona Hanompvoa (CNT), cunuyuu
(Si), yunxos oxcuo (ZnQ0), unoues apcenuo (InAs), 08yunoues mpuoxcuo (In203), eanues
anmumonuo (GaSb) u eanues numpuo (GaN). Pasenedana e cmpykmypama u mexHoio2usma Ha
PpaznuyHume 8UO0Ge.

Ki104oBM 1yMH: TpaH3uCTOp C BBIIICPOIHA HAHOTPHOA, HAHOTPHOA, HAHOTIPOBOTHHK

OVERVIEW OF NANOWIRE FIELD-EFFECT
TRANSISTORS

MARIYA SPASOVA, GEORGE ANGELOV, MARIN HRISTOV

Abstract: An overview of the different types of nanowire MOSFETSs which have large potential
to semiconductor industry and microelectronic systems is presented. The present paper is
Jfocused on the type of nanowire FETs with carbon nanotube (CNT), Silicon (Si), Zinc Oxide
(Zn0), Indium Arsenide (InAs), Indium Oxide (In203), Gallium Antimonide (GaSbh), Gallium
Nitride (GaN) channel. The current paper presents the structure and technology of the various

types of Nano Wire MOSFET.
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1. Introduction

With their unique electrical and optical
properties, semiconducting nanowires  offer
interesting perspectives for basic research as well as
for technology. Device scaling is critical for
continuing trend of more functionality in a chip. As
the scaling of Si MOSFET approaches towards its
limiting value, new alternatives are coming up to
overcome these limitations.  Many types of
transistors with nanomaterials in the channel are
studied so far, e.g. Carbon NanoTube Field-Effect
Transistor, Silicon (Si) nanowire transistors,
Gallium Antimonite (GaSb) nanowire transistors,
Gallium Nitride (GN) nanowire transistors, Zinc

Oxide (ZnO) nanowire transistor, Indium Oxide
(In203), Indium Arsenide (InAs), etc.
2. Carbon nanotube Field Effect
Transistors - CNTFETSs
The carbon nanotubes (CNT) are one of the
most important new materials with excellent
mechanical and electrical properties. The main
advantage of a MOSFET with graphene channel is
its high carrier mobility. CNTFET so far can be
classified into: Back-gated CNTFET’s [1], [5], Top-
gate CNTFET’s [11], [10], Wrap-around gate
CNTFET’s [2], Multi-Wall CNTFET [13], Vertical
CNTFET [6], Local gated CNT FET devices [14],
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[15], multichannel Carbon nanotube FET [3]. One
device fabricated with CNTs that has been highly
examined is the carbon nanotube field-effect
transistor, comprised of single-wall CNTs
(SWCNTs) as the active element between two metal
source and drain contacts. There are many
advantages to the CNTFET, such as size, high sub-
threshold slope, and low power consumption. There
are two main methods for CNT creation: CVD
Growth u CNT Solution Deposition.

3. Silicon NanoWire Transistors

Type 1. Silicon nanowires can be prepared
with single-crystal structures, diameters as small as
several nanometers and controllable hole and
electron doping, and thus represent powerful
building blocks for nanoelectronics devices such as
field effect transistors. Thermal annealing and
passivation of oxide defects using chemical
modification were found to increase the average
transconductance from 45 to 800 ns and average
mobility from 30 to 560 cm?/V-s with peak values
of 2000 ns and 1350 cm?/V-s, respectively. Figure 1
shows schematic of a SINW FET showing metal
source and drain electrodes with the NW and
contacts on the surface of SiO,/Si substrate. High-
resolution transmission electron micrograph of a 5
nm diameter SINW; the scale bar is 5 nm. Figure 1
(B) shows scanning electron micrograph of a SINW
FET device; the scale bar is 500 nm. Thermal
annealing and passivation of oxide defects by
chemical modification were found to increase the
average transconductance from 45 to 800 ns and
average mobility from 30 to 560 cm” /V-s with peak
values from 2000 ns and 1350 cm?*/V-s,
respectively. Comparison of these results and other
key parameters with state-of-the-art planar silicon
devices shows substantial advantages for the SINWs
as building blocks [4].

Fig. 1. Schematiclofa SINW FET [4].

Type 2. Here is demonstrated an atomic
force microscopy lithography that enables the
reproducible fabrication of complex single-
crystalline silicon nanowire field-effect transistors
with a high electrical performance. The nanowires
have been carved from a silicon-on-insulator wafer
by a combination of local oxidation processes with

a force microscope and etching steps. The silicon
nanowire transistor is fabricated with a channel
width of 4 nm. Fig. 2 shows images of a multiple-
level SiNWs transistor. The device is formed by
two perpendicular SiNW. Fig. 2 (a) shows
amplitude modulation AFM image of the local
oxide mask fabricated with the AFM. Fig. 2 (b)
shows amplitude modulation AFM image of two
perpendicular SiNWs (A-B and C-D) obtained after
etching with KOH. Fig. 2 (c) shows optical image
of the final device [12].

{a)
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Fig 2. Images of a multiple-level SINWs
transistor[12].

Type 3. Here is demonstrated vertical
surround-gate  field-effect transistor VS-FET.
Exemplarily, Si nanowires are used and present a
first electrical characterization proving the
feasibility of the process developed and the basic
functionality of this device [17].

Fig. 3. a) TEM of a silicon nanowire VS-FET)
. b) Colored TEM image (green: silicon, blue:
aluminum)[17]

Type 4. This type presents the first attempt
to fabricate two transistors on a single vertical
silicon nanowire (Fig.4) realizing true 3-D
integration. The fabricated device architecture,
having two independently controlled MOSFETs
connected in series, does not occupy any additional
planar area except an extra gate contact.
Consequently, compared with the single vertical
nanowire transistor, the stacked MOSFETs
provided the two input AND gate functionality with
50% area savings. The drain current Ip could be
modulated by either of the gate biases without
impacting the V1 of the other transistor in the stack.
Furthermore, the tunability of the separation
between the two gates, which is 7 nm in the current
demonstration, makes the presented device
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architecture promising for implementing electrically
doped tunneling FET (TFET) and stacked SONOS
memory cells [14].

Dielectric
isolatingtwo |
gates

Fig. 4. Schematic showing the 3-D view of the
stacked vertical twin-gate nanowire MOSFET [14].

4. ZnO Nano Wire Transistors

Type 1. This type demonstrates all solution
processed, low-temperature ZnO NW transistor
fabrication processes on polymer substrates by
combining two different NP (Au and ZnO) based
solution processes - Au NP direct nano imprinting
and the ZnO NW synthesis on ZnO NP seeds. The
ZnO NW network transistor (NWNT) fabrication
process consists of two main steps: (1) source-drain
electrode fabrication by the direct nanoimprinting of
Au NPs and (2) hydrothermal ZnO NW growth
from ZnO NP seeds in aqueous ZnO precursors.
Both steps are low-temperature (Tmax < 140°C),
NP based solution processes. These characteristics
make this technique directly applicable to low-cost,
solution processed electronics on inexpensive
polymer substrates (Fig. 5) [16].

Au NP solution
s *-,.a%‘ar ,

Fig. 5. Schematic illustration of the ZnO NW
network FET fabrication process [16].

5. InAs Nano Wire Transistors
Type 1. InAs NWs are synthesized on
Si/SiO, substrates by a physical vapor transport
method using Ni nanoparticles as the catalyst. The

grown InAs NWs were over 10 um long with a
radius range of 7-20 nm. The NWs are single
crystalline with a native oxide thickness of 2-2.5
nm. Energy dispersion spectrometry (EDS)
indicates that the chemical composition of In:As is
close to 1:1. Field-effect transistors in a back-gated
configuration were fabricated, for the electrical
transport measurements (Figure 6, panels a-b) [7].
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Fig. 6. (a) A top-view schematic of a global back-

gated NW FET, used for the I-V characterization.

(b) SEM image of a representative back-gated NW
FET[7].

6. In,O; Nano Wire Transistors

Type 1. In this study, the channel length was
altered by placing a conducting atomic force
microscopy (CAFM) tip at various positions along
an In,O; nanowire. The In,O; nanowires were
prepared by carbothermal reduction followed by a
catalyst-mediated heteroepitaxial growth technique.
A detailed description of the synthesis of In,Os
nanowires has been reported elsewhere. Fig. 7(a)
shows a typical field-emission scanning electron
microscopy (FE-SEM) image of In,O; nanowires
grown on the Si/SiO, substrate. Note that the
highresolution TEM (HRTEM) image shown in fig.
7(b) indicates that the In,O; nanowire is a single
crystalline material with an interplanar spacing of
0.5 nm in the (100) direction. The -electron
diffraction pattern was recorded along the (001)
zone axis, as shown in the inset of fig. 7(b). Figure
7 (c) shows schematic of the CAFM setup for
characterizing an In,O; nanowire FET. The channel
length of the In,O; nanowire FET was varied from 1
pum to 20 nm. Figure 7(d) shows the AFM image of
the In,O; nanowire FET device with diameter of 25
nm. The CAFM tip was positioned on the nanowire
at specific locations (a=1 pm, b=500 nm, ¢=200
nm, d=50 nm, and e=20 nm). Note that the AFM
image (Fig. 7(d)) was obtained after the completion
of the CAFM experiments in order to avoid
potential damage to the nanowire by the CAFM tip

[8].
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Fig. 7. (a) FE-SEM image of In,O; nanowires. (b)
HRTEM image of an In;O; nanowire. (c)Schematic
of the CAFM setup for characterizing an In,O;
nanowire FET. (d) AFM image of the In,O;
nanowire FET device characterized [8].

7. ZnO Nano Wire Transistors

Type 1. ZnO nanowire field-effect
transistors (FETs) were fabricated and studied in
vacuum. In air, these n-type nanowire transistors
have some of the highest mobilities yet reported for
ZnO FETs (pe = 13 F 5 cm® V' s™), with carrier
concentrations averaging 5.2 F 2.5 x 1017 cm™ and
on-off current ratios ranging from 105 to 107. Four
probe measurements show that the resistivity of the
Ti/Au-ZnO contacts is 0.002-0.02 Qxcm. Figure 8
is a scanning electron microscope (SEM) image of a
typical ZnO nanowire FET [9].

Fig. 8. SEM micrograph of a 101 nm diameter ZnO
nanowire device [9].

8. GaSb Nano Wire Transistors

Type 1. Single GaSb Nanowire Field Effect
Transistors (NWFETs) were fabricated (fig. 9).
Among [II-V compound semiconductors, GaSb has
the potential to be a promising candidate for high
speed electronic and photonic applications in the
mid-infrared region. This is due to its high hole
mobility of GaSb (850cm”/Vs) and wide range of
band gaps available for GaSb-based alloys with
spectra range from ~0.3 to 1.58eV (0.8-4.3um). The
synthesis of GaSb nanowires has been studied and
the one-dimensional (1D) geometry of nanowires is
ideal building block for transistor devices [20].

Fig. 9. Typical SEM image of one nanowire
device. The gap between the electrodes is lum [20].

The crystalline GaSb nanowires
characterized in this work are synthesized using the
self-catalyzed vapor-liquidsolid approach. Pools of
gallium supported on amorphous quartz substrates
are employed for this purpose. Antimony is
supplied through the vapor phase from a solid
antimony source by using 10% hydrogen in argon
as the carrier gas. The dissolution and subsequent
supersaturation of the molten gallium droplets
formed on the substrate with antimony lead to the
multiple nucleation and growth of GaSb nanowires.
Following growth, the nanowires are removed from
the growth substrates and suspended in isoproponal
solution. The so grown GaSb nanowries were then
drop cast from isoproponal dispersion onto an
oxidized silicon substrate. 200nm SiO, is thermally
oxidized on top of a heavily p-doped silicon
substrate, which serves as a global back gate. Cr/Au
electrodes were patterned on top of each individual
nanowire using JEOL 6000 FS Electron Beam
Lithography to define the features in a 600nm thick
polymethylmethacrylate (PMMA) layer spun on the
surface of the substrate. The patterned PMMA films
were metalized by thermally evaporating 15nm Cr
and 200nm Au. After lift-off procedure, the as-
fabricated devices were annealed under forming gas
environment (Nitrogen 95%, Hydrogen 5%) at
3000C for 30 minutes [20].
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9. GaN Nano Wire Transistors

Type 1. The focus of this research was to
demonstrate the use of gallium nitride (GaN)
nanowires to fabricate a CMOSFET using the
nanowire as the conducting channel (fig. 10.).
Fabrication of the nanoFET was initiated with a low
resistant, highly doped silicon (Si) wafer, which
was cut into two one-inch-pieces. These Si wafers
were then thermally oxidized in a quartz furnace at
1100°C to form a layer of silicon dioxide (SiO,),
which will be used as the gate dielectric. SiO, layers
of thickness between 275-300 nm were used. To
form the gate contact, a 150 nm thick aluminium
(Al) ohmic contact layer was deposited onto the
backside of the Si wafer by electron beam
evaporation. To protect the layer during subsequent
fabrication processes, a layer of photoresist was
spun onto the surface and baked for 30 min.
Employing photolithography, the source and drain
electrodes for the nanoFET were defined atop the
Si0O, layer. We then evaporated 150 nm of Al, or
gold (Au), over this surface. A liftoff process was
then used to form the source drain contacts. The
mask used in this work was specifically designed to
maximize the probablity of getting nanowires across
the source and drain. The GaN nanowires used were
grown in house and measured roughly 50 nm in
diameter and 10-100 pm in length [18].
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Fig. 10. GaN Nanowire Transistors [18].
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Fig. 11. Scanning electron microscope [18]

The solvent was allowed to evaporate, and
the sample was then examined under an optical
microscope and a scanning electron microscope to

confirm nanowire placement on the source-drain
contacts (Fig. 11) [18].

10. Conclusion

This paper presented an overview of the
Nanowire Field Effect Transistors structures
depending on the type of nanowire and device
architecture. The present stady was focused on the
type of nanowire FETs with Carbon Nanotube
(CNT), Silicon (Si), Zinc Oxide (Zn0O), Indium
Arsenide (InAs), Indium Oxide (In203), Gallium
Antimonide (GaSb), Gallium Nitride (GaN)
channel. Nanowire MOSFETs are viewed as the
most promising material for the upcoming
nanoelectronic transistors. However, the Nanowire
MOSFETs field is still in an early stage of
development.
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