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Abstract—Semiconductor nanowires represent unique materi-
als for exploring phenomena at the nanoscale. Developments in
nanowire growth have led to the demonstration of a wide range
of nanowire materials with precise control of composition, mor-
phology, and electrical properties, and it is believed that this ex-
cellent control together with small channel size could yield device
performance exceeding that obtained using top—down techniques.
Here, we review advances in chemically synthesized semicon-
ductor nanowires as nanoelectronic devices. We first introduce
basic nanowire field-effect transistor structures and review results
obtained from both p- and n-channel homogeneous composition
nanowires. Second, we describe nanowire heterostructures, show
that by using nanowire heterostructures, several limiting factors in
homogeneous nanowire devices can be mitigated, and demonstrate
that nanowire transistor performance can reach the ballistic limit
and exceed state-of-the-art planar devices. Third, we discuss basic
methods for organization of nanowires necessary for fabricating
arrays of device and circuits. Fourth, we introduce the concept
of crossbar nanowire circuits, discuss results for both transistor
and nonvolatile switch devices, and describe unique approaches
for multiplexing/demultiplexing enabled by synthetically coded
nanowire. Fifth, we discuss the unique application of thin-film
nanowire transistor arrays on low-cost substrates and illustrate
this with results for relatively high-frequency ring oscillators and
completely transparent device arrays. Finally, we describe 3-D het-
erogeneous integration that is uniquely enabled by multifunctional
nanowires within a bottom—up approach.

Index Terms—TFlexible and transparent electronics, heteroge-
neous integration, high-performance transistor scaling, nanoelec-
tronics, nanowire, 1-D heterostructure.

I. INTRODUCTION

N ANOWIRE field-effect transistors (NWFETSs) have been
proposed and now studied by many research groups
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around the world as a promising candidate to sustain the
relentless progress in scaling for CMOS devices (or MOSFETSs)
[1]. Several key factors have contributed to the boom of
nanowire research. First, semiconductor nanowires can be pre-
pared in high-yield with reproducible electronic properties as
required for large-scale integrated systems [2]-[4]. Second,
compared with “top—down” nanofabricated device struc-
tures, “bottom—up” synthesized nanowire materials offer well-
controlled size in at least one critical device dimension, channel
width, that is at or beyond the limits of lithography. In addition,
the crystalline structure, smooth surfaces and the ability to
produce radial and axial nanowire heterostructures can reduce
scattering and result in higher carrier mobility compared with
nanofabricated samples with similar size [5], [6]. Finally, since
the body thickness (diameter) of nanowires can be controlled
down to well below 10 nm [7], the electrical integrity of
nanowire-based electronics can be maintained even as the gate
length is aggressively scaled, a feat that has become increas-
ingly difficult to achieve in conventional MOSFETs.

The electrostatics of NWFETs can be discussed in analogy
to fully depleted silicon-on-insulator (SOI) MOSFETs. The
surface potential @ in the FET channel is described by a 1-D
modified Poisson equation in the following form [8], [9]:

*®p(z)  Op(x) = Py — Pri __ep(2) 0
0z A2 ey

Here, ®,; and ®y,; are the gate and built-in potentials,
respectively, p is the carrier density, €g; is the silicon di-
electric constant, and the channel is in the x-direction. A =
v/ (€si/€ox ) tsitox 18 termed the natural length [9] and provides a
measure of how effectively the gate potential ®,, modulates the
surface potential ® ¢; £,y and tg; are the gate oxide and channel
layer (body) thicknesses, respectively. In the case that the gate
length L is larger than five to ten times A, the second term
in (1) dominates, thus minimizing the short-channel effects
(SCEs). As a result, to maintain good electrostatic integrity
and suppress the SCE, A must be scaled along with the gate
length by reducing tg;, tox, and/or increasing oy through the
introduction of high-x dielectrics. In the case of NWFETs, tg;
is the diameter of the nanowire and can readily be reduced to a
few nanometers—a size scale that is challenging to obtain using
conventional lithography means. Furthermore, free-standing
nanowire structures enable straightforward implementation of
gate structures in semicylindrical or full-cylindrical (Fig. 1)
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Fig. 1. Schematic of NWFETS with (a) back gate, (b) semicylindrical top
gate, and (c) cylindrical gate-all-around configurations. The nanowire is dark
blue, gate-dielectric is light purple, and source (S), drain (D), and top-gate (G)
electrodes are gold. Insets show device cross section at midpoint between
source and drain.

geometries that can lead to a further decrease of A [8], [9] and,
thus, reduce the SCE and improve the drive current as desirable
for high-performance operation.

The most well-established method to produce nanowires em-
ploys nanocluster catalyzed vapor-liquid—solid (VLS) growth
process [3], [4] in which a nanocluster is used to define nu-
cleation and subsequent nanowire growth. The vapor phase
source material can be provided in a chemical vapor depo-
sition (CVD), chemical beam epitaxy (CBE), laser ablation,
or thermal evaporation reactor. Nanowire growth mechanisms
have been elaborated in several recent reviews [2], [3] and will
not be discussed in detail here. We want to emphasize that the
nanocluster-catalyzed VLS growth approach [2], [3], particu-
larly for CVD or CBE processes, offers the ability to fine tune
the diameter, morphology, and, critically, the electrical prop-
erties of the nanowires in a flexible and controllable fashion.
For example, modulation doping can be achieved by adjusting
the dopant concentration in situ during nanowire growth [10].
Radial and axial nanowire heterostructures that offer intriguing
electrical properties can be produced by switching on and off
different source materials during the VLS growth process [11].
The ability to control nanowire growth down to the atomic level
is one of the main factors leading to the great success that
nanowire research enjoys today.

II. HOMOGENEOUS NANOWIRE-BASED DEVICES

In the case of nanowires with homogeneous structure and
composition, silicon nanowires (SiNWs) have most extensively
been studied [12]. This is due partly to the dominance of Si in
the semiconductor industry, but also reflects the high-level of
control of structure and doping demonstrated in fundamental
SiNW growth studies [12], [13]. In addition, other nanowire
materials such as Ge, InAs, GaN, and metal oxides have also
received broad attention [14]-[17].

A. SiNWs, Early Days

Research on nanowires began to accelerate in 1998, when
SiNWs with diameters < 20 nm and lengths > 1 um were
demonstrated using a laser-ablation method [4], [18]. A key
concept introduced in this paper was that nanoscale clusters
could be used to nucleate and direct the growth of nanowires,
in contrast to previous VLS studies of silicon whiskers [19],
[20] where a lower limit was presumed to be on the order
of 0.1 um due to equilibrium thermodynamic constraints on
the liquid droplet sizes. The ability to prepare nanowires with
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diameters < 20 nm made it possible for the first time to pro-
duce devices that could approach a 1-D limit desirable for
high-performance FETs. Initial efforts led to demonstration
of NWFETs and basic devices configured using a crossed-
nanowire geometry, including p-n diodes and bipolar transistors
[21]-[23]. However, the electrical properties of nanowires in
these initial studies were far from optimal, for example, leading
to low apparent carrier mobilities and large sample to sample
variations. These studies thus underscored the importance of
growth of nanowires with controlled material and electrical
properties.

B. CVD Growth of SiNWs

The development of CVD-based nanowire growth has led
to much better control over the doping level and electrical
properties of SiNWs and, correspondingly, the realization of
high-performance p- and n-channel SiNW FETs, as shown in
Fig. 2 [12], [24]. In the most commonly used device geometry,
a SiNW is deposited on a SiOs/degenerately doped-Si substrate
with the Si substrate serving as the back gate. Metal electrodes
are fabricated through e-beam or photolithography and serve as
the source and drain electrodes that complete the FET struc-
ture [12] [Fig. 1(a)]. The improved control of doping during
growth ensures achieving the desired doping level and uniform
device performance. However, the use of metal S/D contacts
suggests that such NWFETs are effectively Schottky bar-
rier devices [25]—-[27], in contrast to conventional MOSFETs
having degenerately doped semiconductor source/drain con-
tacts. Typically, positive Schottky barriers are observed at the
metal/semiconductor interface due to the combined effect of
metal work function and Fermi level pinning by surface states
[28]. As aresult, the device performance is to a large degree af-
fected by contact properties [26], [27]. For example, annealing
can lead to the formation of effectively ohmic contacts and dra-
matically increase the on-current and the apparent field-effect
mobility g [12]. In a study on boron-doped Si nanowires, it
was found that the I-Vy5 curves became more linear and sym-
metric at low bias, and the transport behavior became more sta-
ble after annealing, with the measured conductance increasing
by threefold. In addition, the two-probe resistance decreased
260 fold from > 100 to 0.62 M(, and the measured field-
effect mobility i increased from 30 to 560 cm?/V - s [12].

The mobility of nanowire devices can be extracted from the
measured transconductance g,,, = dI/dV, using the following
equation for a long-channel FET at low Vy [28]:

uC
9m = ﬁvds (2)
where C' is the total gate capacitance and L is the gate length
of the device. On the other hand, the measured transconduc-
tance gox including the effects of finite source/drain contact
resistances is reduced from its intrinsic value g;, to [29]

_ Jin
1+ gnRs+ (Rs + Ry)/Rin

Gex 3
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(a)—(b) Transistor characteristics of p- and n-type nanowires. Insets show transfer characteristics of the back-gated devices. (c) CB oscillations

observed at 4.2 K in molecular-scale diameter SiNW; inset shows SEM image of the L ~ 400 nm device. (d) 81/0Vsq — Vg — Vg for a L ~ 50 nm device
at 4.2 K, where carriers are completely depleted (N = 0) for V; > 5.5 V. Adapted from [13], [31], and [27].

where R, and R4 are the source and drain contact resistance,
respectively, and R;, is the intrinsic resistance of the nanowire
channel. It is clear form (3) that contact resistances can greatly
influence the performance of NWFETs. For example, in the
extreme case when Rg > 1/gy,, the apparent transconductance
gex ~ 1/ R and can no longer be improved through improve-
ments in giy,.

This contact resistance effect has been observed in both
p- and n-type SiNWs [12], [13]. For example, when phospho-
rous doping was increased from Si:P growth ratios of 4000: 1 to
500: 1, the transconductance was found to increase although the
electron mobility is expected to decrease at higher doping levels
[13], [28]. This discrepancy can be explained by the fact that
Ohmiclike contacts with lower R, were obtained with heav-
ily doped nanowires compared with those with lightly doped
nanowires. Indeed, four-probe measurements show that contact
resistances to the lightly doped nanowires can be comparable
to the nanowire resistance Ry itself, while those to heavily
doped nanowires are negligible compared to Ryiye. After cor-
rection of the contact resistance effects the estimated intrinsic
mobility was found to decrease from 260 to 95 cm?/V - s as the
doping level increases, in good agreement with values reported
for bulk Si [30] assuming the doping concentration is deter-
mined by the reactant ratio used to synthesize the nanowires.
These results and analysis highlight the important and often
underappreciated role that contacts can play in determining
NWFEET carrier mobility.

The Schottky barriers at the contacts may function as tunnel
barriers, and have allowed the properties of SINW devices to
be further analyzed at low temperatures. In particular, stud-
ies have demonstrated Coulomb blockade (CB) and coherent
charge transport in SINWs with diameters down to 3—6 nm and
source—drain separations ranging from 100 to 400 nm [Fig. 2(c)
and (d)] [27]. Fig. 2(c) shows periodic /-Vgs oscillations con-
firming that the device essentially acts as a single quantum
dot with each current peak corresponding to the addition of

an elemental charge [27], [32]. The measured gate capacitance
C, from the CB oscillations was found to scale linearly with
source—drain separation and agrees well with that calculated
for the device geometry. These results showed that the quantum
dot is formed by the entire length of nanowire between S/D
contacts. Coherent charge transport through discrete quantum
states was further verified from transport and temperature de-
pendence measurements on devices with diameters down to
3 nm and S/D spacing of 100 nm. In addition, coherent charge
transport through a single quantum dot is maintained until
the last charge (hole) is depleted [Fig. 2(d)]. These observa-
tions are in stark contrast with Si nanowires fabricated by
top—down lithography approaches, in which low-temperature
studies have typically revealed serially connected quantum dots
arising from variations in the channel potential due to structural
and/or dopant fluctuations [33], [34] and, thus, corroborate with
the high-performance observed at room temperature for the
bottom—up nanowire transistors.

C. Germanium Nanowires (GeNWs)

GeNW FET devices have also been studied by several
groups [14], [35], [36] due to the higher electron and hole
mobilities compared with Si [28]. GeNWs have been syn-
thesized using the nanocluster-catalyzed VLS approach in a
CVD process at a relatively low temperature of ~275 °C [14],
although an initial nucleation step at 320 °C was found to
greatly improve the nanowire yield [35]. Compared to SINW
FETs, GeNW devices are expected to have smaller contact
effects because the smaller Ge bandgap will yield a lower
Schottky barrier at the metal/NW interface. For example, stud-
ies of p-type GeNW devices with Pd S/D contacts yielded a
hole mobility of 600 cm? /V - s [14]. In addition, complemen-
tary n- and p-type GeNW devices were demonstrated based
on a surface doping approach to prevent uncontrolled side-
wall deposition during the nanowire growth [35]. Prototype
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gate-all-around devices were also demonstrated by Zhang et al.
[36] using atomic-layer deposition and magnetron sputtering
to uniformly coat an AlyOs3 dielectric layer and an Al gate
layer. Compared with the back-gated GeNW devices, the gate-
all-around devices showed excellent subthreshold performance
and SCE control due to the improved electrostatics. The
ON-state performance of these latter devices was lower than
earlier studies due to the series resistance caused by the finite
positive (albeit small) Schottky barriers.

D. InAs Nanowires

InAs nanowires have widely been studied as a building block
for n-type FETs [37]-[41]. InAs is an attractive material for sev-
eral reasons. First, its small effective electron mass (0.023 my)
results in high electron mobility in bulk materials. Second, an
electron gas layer is known to form at the surface of planar InAs
due to Fermi level pinning in the conduction band at the surface.
Third, the formation of an electron gas combined with the small
band gap (0.35 eV) should relatively yield transparent contacts
to InAs nanowire devices.

InAs nanowires can be grown using the nanocluster catalyzed
process in which the reactant species are delivered by CBE [37],
[38] or metal-organic CVD [39]. Studies of InAs NW FETs
have yielded depletion-mode n-channel FETs with electron
mobilities on the order 3000 cm? /V - s [39], [40]. The epitaxial
growth of InAs nanowires have led to the demonstration of
vertical nanowire structures with a wrap-around gate with a
low saturation voltage of 0.15 V [41], a topic that will be
discussed in detail in Section IV. In addition, the clean electron
conduction channel has led to the demonstration of quantum
devices including single-electron transistors and quantum dots
in CBE grown InAs/InP nanowire axial heterostructures in
which the InP layers serve as tunnel barriers [40].

E. Metal Oxide Nanowires

Another class of nanowires that have widely been studied
are metal oxides including ZnO, SnOy and In,O3. A num-
ber of methods, including thermal evaporation/vapor trans-
port [42], [43], hydrothermal [44], metal-organic CVD [45],
[46], pulsed laser deposition [47], and molecular-beam epitaxy
[48] have been used to grow metal-oxide wires while thermal
evaporation/vapor transport deposition being the most popular
choice due to its low equipment and operation cost [49]. For
example, controlled Sb doping during SnOs nanowire growth
can tune the nanowire’s electric properties from nearly in-
trinsic to metallic (degenerately doped) [50]. Lightly doped
SnOs nanowires were found to be sensitive gas and UV sen-
sors, while moderately doped SnOy nanowires can be made
into transparent transistor devices with mobility values up to
550 cm?/V -s [50]. On the other hand, degenerately doped
SnOs and In,O3 nanowires exhibit metallic properties with
resistivities < 107* Q- cm [51], [52]. Such nanowires have
been studied in applications ranging from optoelectronics de-
vices [53]-[55], field-effect transistors [S6]—[58], ultrasensitive
nanoscale gas sensors [59]-[62], and field emitters [63], [64].
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Fig. 3. Nanowire heterostructure growth. (a) Preferential reactant incorpora-
tion at the nanocluster catalyst leads to 1-D axial growth. (b) Change in the
reactant leads to either (c) axial heterostructure growth or (d) radial heterostruc-
ture growth depending on whether the reactant is preferentially incorporated
(c) at the catalyst or (d) uniformly on the nanowire surface. Alternating
reactants will produce (e) axial superlattices or (f) core-multishell structures.
Adapted from [69].

III. HETEROSTRUCTURE DEVICES

The room temperature and low-temperature measurements
discussed above showed that metal S/D contacts yield Schottky-
barrier-type contacts in most homogenous nanowire devices.
Annealing can improve the contacts and lead to apparent ohmic
behavior, for example through the formation of NiSi/Si contacts
[65], although this method is still most effective for heavily
doped materials. Integrating heavily doped semiconductor S/D
contacts with lightly doped nanowire channels (i.e., MOSFET-
type devices) has remained challenging, although progress has
recently been made using both postgrowth treatment [66] and
in situ doping methods [10]. On the other hand, transparent
ohmic contacts with low contact resistance to lightly doped or
intrinsic channel may be achieved in heterostructure nanowire
devices through band-structure engineering, making it possible
to probe the ultimate performance of the nanowire-based
electronics.

A. Heterostructure Nanowire Growth

Perhaps one of the most unique aspects that set the
“bottom—up” nanowire system apart is the ability to ob-
tain nanowire heterostructures in a controlled fashion during
growth, including radial core/shell heterostructures and axial
superlattice heterostructures that are very challenging to match
or achieve by lithographic means. The growth of axial and
radial nanowire heterostructures are schematically shown in
Fig. 3 [11], [37], [67]-[69]. To understand the rational forma-
tion of nanowire heterostructures within the context of the VLS
method, consider the possible effects of changes in reactant
vapor once nanowire growth has been established (Fig. 3). If
vapor decomposition/adsorption exclusively continues at the
surface of the catalyst nanocluster site, crystalline growth of
the new semiconductor will continue along the axial direction
[Fig. 3(c)] and repeated changes of reactants in this regime
will lead to the formation of an axial nanowire superlattice
[Fig. 3(e)] [11], [37]. On the other hand, if the reactant de-
composition is favored on the surface of the semiconductor
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(a) Schematics of a cross section through the Ge/Si core/shell structure and band diagram. The dashed line indicates the position of the Fermi level, E'r,

which lies inside the Si band gap and below the Ge valance band edge. (b) Similar transport characteristics of a Ge/Si core/shell nanowire device measured by (red)
four-probe and (blue) two-probe techniques; circles are a fit using a model incorporating LO phonon scattering at high bias. (¢) (dI/dV’) — V plots recorded at
Vg4 = 0.8 to —3.5 V from bottom up in 50-mV steps with no offset applied (7" = 10 K). (d) Four-probe V-I data measured for a Ge/Si nanowire with Al contacts
at Vy; = —3.5 V and 60 mK. Black and red curves correspond to different current sweeping directions as indicated by arrows. The horizontal green arrows point
to the kink structures due to multiple Andreev reflections. Blue vertical arrows point to the positions of the critical current, /.. and the return current, I,-. Adapted

from [5], [6], and [77].

nanowire a shell of material will grow on the original nanowire
surface [Fig. 3(d)] and changing reactants in this radial-growth
regime will result in core-multishell radial structures, as shown
in Fig. 3(f) [67]. It is important to mention that there are
few constraints on the composition of the shell growth: Any
material suitable for planar film deposition can be deposited on
the surface of a nanowire, and crystalline radial heteroepitaxy
can routinely be achieved [67]. Axial nanowire heterostructures
have led to the demonstration of single-electron transistors
[68] and optical barcodes [11], [37]. In the following, we will
focus on high-performance electrical devices based on radial
nanowire heterostructures.

B. Ge/Si Core/Shell Heterostructure Nanowires

One technically important nanowire heterostructure is the
Ge/Si core/shell system [5], [6], in which a typically 3—5 nm
Si shell is epitaxially grown on top of a ~10-nm-diameter
Ge nanowire core. Due to the large, ~0.5-eV valence band
offset between Ge and Si, the Fermi level, pinned inside the
Si bandgap, is below the Ge valence band [Fig. 4(a)]. This band
line-up results in a negative Schottky barrier (i.e., Ohmic con-
tact) to the Ge channel and favors electrical injection of holes to
the Ge core from the contacts. As a result, a hole gas is formed
and confined inside the Ge core even when intrinsic core and

shell materials are used [5]. There are two key advantages of the
Ge/Si core/shell heterostructure compared with homogeneous
Si or Ge nanowires: First, the formation of transparent (negative
Schottky) contacts to the conduction channel and, second,
the elimination of dopant scattering. These two factors have
led to the successful demonstration of ultrahigh performance
transistor devices based on the Ge/Si system [5], [6], [70].

1) Transport Studies: Detailed transport studies have been
carried out to examine the Ge/Si nanowire system [5]. As shown
in Fig. 4(b), contacts to the hole gas remain transparent even at
low temperatures and when the device is close to fully depleted,
verifying the band line-up in Fig. 4(a). At 4.7 K, a conductance
plateau was observed in the dI /dVas — Vs curve at a dI /dVys
value close to 2e2 /h, consistent with predictions for ballistic
transport through a 1-D conductor with a single occupied 1-D
subband [71]. Furthermore, the basic shape of the dI/dVys —
Ves curve was preserved up to room temperature (300 K).
Increasing temperature yielded little change in the value of
the conductance although the slope became smeared at higher
temperatures. These observations imply that even at room
temperature only a single 1-D subband is occupied and that
transport through the Ge/Si nanowire remains ballistic; that is,
the mean free path exceeds the channel length of 170 nm for this
device. The results are consistent with the expected suppression
of acoustic phonon scattering in 1-D systems due to the reduced
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phase space for backscattering [72] and were confirmed
by calculations using the Fermi’s golden rule approach [5],
although a more detailed theoretical analysis including the con-
finement effects of phonon modes may be needed to quantify
the experimental data.

Multiple 1-D subbands in the Ge/Si nanowire system be-
comes accessible when the Fermi level inside the channel
crosses higher subbands at increased gate or S/D voltage
[Fig. 4(c)] [5], [73], [74]. In addition, many of the important
features first observed in clean GaAs/AlGaAs systems, includ-
ing the formation of half plateaus at high biases and the 0.7
structure at zero bias, were found in the Ge/Si system at rel-
atively high temperatures. To this regard, the heavier effective
mass of holes in the Ge/Si nanowire system will lead to a larger
interaction parameter [75], [76], this together with a strong and
uniform confinement potential along the channel and the ability
to reliably produce transparent contacts should make the Ge/Si
nanowire system an ideal platform to study the rich physics in
strongly interacting systems.

2) Quantum Devices: In one of these studies of devices
based on quantum coherence, the undoped Ge/Si core/shell
NW heterostructure was contacted by a pair of supercon-
ducting (SC) leads [77]. Like conventional Josephson junc-
tions in which a normal metal is sandwiched by two SC
leads, proximity-induced superconductivity was observed in
the SC/NW/SC device leading to a dissipationless supercur-
rent [Fig. 4(d)] [78]. Unlike conventional Josephson junctions,
however, the semiconducting NW channel allows the amplitude
of the supercurrent to be adjusted by a gate voltage through
tuning of the normal-state resistance [79]. In addition, the
devices are of such high quality that the ideal limits of electron
conduction predicted by theory are now within reach. For
example, the critical supercurrent I was found to correlate
well with the normal state conductance G,, of the nanowire
device, and I /G, was found to be only a factor of 3.6 away
from the theoretical limit [79]. Furthermore, due to quantum
confinement and the formation of quantized conductance in the
Ge nanowire channel, /¢ does not change continuously with
the gate voltage but in steps, with the step size Al also only a
factor of three away from the theoretical limit.

Besides the supercurrent branch, the high-quality devices
allow the observation of additional peaks due to coher-
ent backscattering of electron/hole pairs (Andreev reflection)
at the semiconductor/superconductor interface [80]. Multiple
Andreev reflection peaks up to order 25 were observed [77],
suggesting carriers can move freely through the devices up to
25 times without being backscattered inside the channel and
once again demonstrating the near-perfect nature of the Ge/Si
nanowire. The ability to create and control coherent SC ordered
states in semiconductor-superconductor hybrid nanostructures
further allows for new opportunities in the study of fundamental
low-dimensional superconductivity. For example, the supercur-
rent devices can be thought of as a type of transistor device
with strong nonlinear effects. In addition, new theoretical and
experimental studies are required to explain the non-“classical”
effects observed in the experiment such as the missing peaks
and the anomalously high-amplitude of the higher order
Andreev reflection peaks [77].
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In another remarkable demonstration of quantum devices
based on the Ge/Si core/shell nanowire system, coupled quan-
tum dots were electrostatically formed inside a Ge/Si nanowire
through a series of lithography-defined gates [81]. By tuning
the barrier height between the dots through a gate voltage,
coherent overlap of the charge (and spin) states in neighboring
dots was achieved in a controllable fashion. Significantly, the
charge states in the dots and the coupling between them were
detected in situ using an integrated charge sensor in the form
of a third quantum dot configured in another Ge/Si nanowire
located more than 1 pm away. Clear charge signals were
detected by the nanowire-based quantum dot detector even after
direct transport measurements could no longer be carried out
in the coupled dots [81]. The clean signals in this experiment
clearly illustrate the near-ideal performance of the quantum
dots defined in the nanowires and the excellent sensitivity of the
charge sensing setup. The demonstration of coupled quantum
dots and integrated sensing devices in turn paves the way
for future studies on quantum computing schemes using 1-D
systems like nanowires. In particular, compared to commonly
used III-V systems, the Ge/Si nanowire system offers potential
for longer spin coherence times due to the suppression of
hyperfine interactions and, thus, a clear advantage for quantum
devices based on a linear 1-D architecture.

3) Transistors—Performance and Scaling: The ability to
obtain clean conduction channels and transparent contacts al-
lows the fabrication of high-performance devices based on the
Ge/Si nanowires. In conjunction with high-«x gate dielectrics
(HfO5 or ZrO3) and metal top gate electrodes, we have shown
that these nanowire devices can indeed outperform state-of-the-
art CMOS devices and can operate within 90% of the ballistic
limit at room temperature [6], [70]. Representative I;—V;s data
obtained from a partially wrapped top-gate structure device
with a channel length L =1 pum [Fig. 5(a)] shows that the
NW-FET has a peak transconductance, g¢,, = dlq/dVgs, of
26 1S, and a maximum drain current I,,,x of 35 pA at'V, =
—2 V. Even better performance was achieved for a 190-nm
channel length with g,,, = 60 uS and I max = 91 pA. In order
to make a fair comparison with planar devices, the NWFET
performance metrics were defined following the benchmarking
method proposed by Intel [82], [83]. Specifically, I, and I,g
are defined as values at Vs (on) = Vp — 0.7 Vg and Vs (off) =
Vr + 0.3 Vqq, so that 30% of the Vs swing above the thresh-
old voltage Vr is allocated to turn the device off, while the
remaining 70% sets the operation range of the on state. Using
this convention, g,,, = 60 uS, Ion, = 37 uA(Vag = 1 V) were
obtained for the 190-nm channel length device. Using the total
nanowire diameter (18 nm) as the device width, these values
correspond to scaled g, and I,, values of 3.3 mS/um and
2.1 mA/pum, which are 3—4 times better than the values of
0.8 mS/pum and 0.71 mA/pm reported in state-of-the-art, sub-
100 nm silicon p-MOSFETs employing high-x dielectrics [84].

Recently, we have further demonstrated scaling of Ge/Si
nanowire devices in studies of devices with channel length
down to L =40 nm [70]. To suppress screening of the gate
fields by the microscale metal S/D leads in these sub-100-nm
devices, integrated nanoscale contacts were fabricated by con-
verting selected portions of the Ge/Si nanowire into metallic

Authorized licensed use limited to: IEEE Xplore. Downloaded on November 24, 2008 at 12:08 from IEEE Xplore. Restrictions apply.



LU et al.: NANOWIRE TRANSISTOR PERFORMANCE LIMITS AND APPLICATIONS

(a)
<
=
l!IIrllrlllll!i""""."" ".“”'“" .
b 5 "«:mmm}}“'}}} Ty Device B
e R RERRTRR) ‘l'n., . =
10 " vg=01v —
B | R R e
107 = vy =-10mv
10 8oL
< ' _e}
o . é
07 - o 40t
10-1° - 207 o
P -r“*""
o o
T 1] 1 1 | bt
10 - -1 Vo 1 2
]
Az gL\es
10 + 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I
10 0o 10 20
Vg V)
Fig. 5. I4-Vy data for (a) L = 1 mm and (b) L = 190 nm Ge/Si NWFETs,

where blue, red, and green data points correspond to Vg values of —1, —0.5,
and —0.01 V, respectively. Insets, linear scale plot of I versus V; measured at
Vas = —1 V. Adapted from [6].

NiGe,Si, alloy through solid-state reaction of Ni with Ge/Si
[Fig. 6(a)] [65], [70]. The excellent electrostatic integrity in
these sub-100-nm nanowire devices with nanoscale S/D leads
and ultrathin nanowire channel was confirmed with experimen-
tal results [Fig. 6(b)] and verified with EM simulations. For
example, the subthreshold slope S = [d(logyq I4)/dV,]™" was
measured to be 160 mV/dec for the L =40 nm NWFET at
Vas = —1 V. Furthermore, increasing Vg has little effect on the
threshold voltage and subthreshold slope indicating effective
suppression of the SCE. Notably, the scaled transconductance
and on-current values for a gate and drain bias voltage window
of 0.5 V were 6.2 mS/pm and 2.1 mA/um for the 40-nm
device and exceed the best reported values for planar Si and NW
p-type FETs.

The performance of the Ge/Si nanowire devices have also
been compared to planar Si devices using the intrinsic gate
delay benchmark [82], 7 = CV/I, where C'is the gate capac-
itance, V = Vg4, and I is the on current I,,. As defined, 7
is relatively insensitive to the gate dielectric and device width
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and, thus, represents an important parameter for comparing
different types of devices [85]. The Ge/Si nanowire FETs were
found to show clear speed advantage at a given L versus Si
p-MOSFETs over the entire range of devices studied [Fig. 6(c)].
For example, the 2-THz intrinsic speed (7 = 0.5 ps) indicated
for the 40-nm device represents the highest frequency among
nanowire FETs and p-MOSFETs [82] and is comparable to
the best value observed for carbon nanotube FETs [82], [86].
This observation is consistent with transport studies which
revealed a hole mobility = 730 cm?/V - s [6], more than a
factor of ten higher over that of Si pMOSFETs with HfO,
gate dielectric (50 ~ 60 cm?/V -s) [84] and also more than
twice that reported for Ge and strained SiGe heterostructure
PMOS devices [87], [88]. Moreover, the plots show that length
scaling of 7 is more favorable for the Ge/Si NW-FETs than Si
MOSFETs [6] with a slope of ~1.5 versus ~1.1, respectively.
Since a slope of two is expected for ideal constant-voltage
scaling, the nonideal performance can mostly be attributed to
reduced mobility due to surface scattering in planar devices
at high fields [85]. The relatively constant mobility observed
for Ge/Si NWFETs [6] suggests that the epitaxial cylindrical Si
shell results in excellent passivation that along with the smooth
nanowire surface suppresses surface scattering in these ultrathin
body devices.

The suggestion that scattering is suppressed in quasi-1-D
Ge/Si nanowires has been evaluated by determining how close
these FETs are to the scattering-free ballistic limit [70], [89],
[90]. Analysis of the transport behavior of Ge/Si nanowire
FETs using a semiclassical ballistic transport model coupled
with a sp3d®s* tight-binding model to describe the electronic
structure of Ge NW core [70], [89], [90] demonstrates that
the calculated and experimental 13—V, transfer characteristics
[Fig. 6(b)] show very close agreement. For drain voltages up
to —0.1 V, the sub-100-nm channel length devices deliver dc
current close to the ballistic limit, while even at a higher bias
of Vgs = —0.5 V, the simulation results suggest that the L =
40 nm devices operate at 90% of the ballistic limit at room
temperature.

C. n-Channel Heterostructure Nanowires

Analogous to the 1-D hole gas formed in the Ge/Si core/shell
nanowires, 1-D electron gases and high-performance n-channel
NWFETs were demonstrated in nanowire radial heterostruc-
tures by exploring the conduction band offset in selected mate-
rials. For example, undoped GaN/AIN/AlGaN radial nanowire
heterostructures show the formation of an electron gas inside
the GaN core [16] due to strong spontaneous and piezoelectric
polarization [91]. Precise control of both the shell thickness
and composition during MOCVD nanowire growth process
[16], [17], [92] allows fine tuning of the bandstructure and,
more importantly, the formation of near-ideal atomically sharp
interface between the core and shell layers [Fig. 7(a)]. In
addition, a precisely controlled 2-nm AIN interlayer was grown
between the GaN core and AlGaN outer shell to provide a
larger conduction band discontinuity for better confinement of
electrons and to reduce alloy scattering from the AlGaN outer
shell [93].
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+1.0 to —3.0 V. (d) Temperature-dependent electron mobility of an InAs/InP nanowire and highest room-temperature electron mobility values reported in other
1-D nanostructures. Adapted from [15] and [16].

Transport measurements carried out on the GaN/AIN/AlGaN
heterostructure nanowires and GaN nanowire control sam-
ples demonstrate the formation of an electron gas in the
undoped GaN/AIN/AlGaN nanowire heterostructures with sig-

nificant improvement in terms of carrier mobility and device
performance. For example, intrinsic electron mobilities of 3100
and 21000 cm?/V - s were obtained at room temperature and
5 K, respectively, for the heterostructure nanowire [Fig. 7(b)]
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[16]. Moreover, devices fabricated with ZrO, dielectrics and
metal top gates showed excellent n-FET performance with
scaled on-current and transconductance values of 500 mA/mm
and 420 mS/mm, respectively [16]. A near ideal subthreshold
slope of 68 mV/dec and an on/off current ratio of 107 were
obtained for the 1-pm-long device, demonstrating the excellent
interfacial properties and electrostatic control.

More recently, the rational design and synthesis of InAs/InP
core/shell NW heterostructures with quantum-confined high-
mobility electron channels have been reported [15]. InP is
an attractive shell material because the conduction band off-
set of ~0.52 eV provides a good confinement potential for
electrons, and because the type-I quantum well structure also
confines holes that may be thermally generated or resulted from
impact ionization in the channel [94]. Transmission electron
microscopy studies revealed single crystal InAs cores with
epitaxial InP shells 2—3 nm in thickness, and energy-dispersive
X-ray spectroscopy analysis further confirmed the composition
of the designed heterostructure. Room-temperature electrical
measurements on InAs/InP nanowire FETs showed significant
improvement in the on-current and transconductance com-
pared to InAs nanowire FETs fabricated in parallel. For ex-
ample, the transconductance values show an approximately
fivefold increase for InAs/InP (2.2 uS) versus InAs (0.45 uS),
which corresponds to a substantially enhanced electron
mobility.

The temperature-dependence of the field-effect electron mo-
bility [Fig. 7(d)] shows that the electron mobility of the
InAs/InP nanowire devices increases from 11500 cm?/Vs at
room temperature, and then saturates at 18 000 cm? /Vs for
T < 100 K. It is worth mentioning that contact resistance was
not taken into account in this analysis, and thus higher mobility
values could be achieved by subtracting this series resistance
term and/or optimization of contact transparency. Our data can
also be compared to recent electron mobility values reported
in other n-channel nanowire and carbon nanotube devices
[Fig. 7(d)] calculated using a consistent charge-control model.
The 11500 cm? /Vs room-temperature electron mobility in our
InAs/InP nanowire heterostructures, which represents a lower
bound value without contact resistance correction, is signif-
icantly higher than reported electron mobility data for these
other 1-D nanostructures and, thus, further substantiates the
promise of the radial core/shell approach for creating unique
nanoscale building blocks.

InAs/InP nanowire devices with a top metal gate structure
incorporating high-+ dielectric were fabricated to explore the
potential as high-performance FETs. The I;—V;, transfer curve
recorded at Vgg = 0.1 V exhibits a peak transconductance
of ~ 3.0 uS and a subthreshold slope of ~180 mV/dec for
a L =3 pm device. Representative transfer curves recorded
from L = 170 nm device show an on—off ratio (> 10°) and
S ~ 80 mV/dec for Vgs = 10 mV, although these values de-
creased/increased to 103/260 mV/dec as Vi increased to 0.5 V.
This trend indicates a nonnegligible SCE. Notably, the scaled
values of the on-current, 3.2 mA/um, and transconductance,
2.5 mS/um, are substantially higher than other n-channel
nanowire and nanotube FETs [16], [86] and exceed n-channel
Si MOSFETs [95].
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IV. INTEGRATION TECHNIQUES

To fulfill the potential of nanowires as building blocks for fu-
ture electronics, effective integration and assembly techniques
must be developed to transfer the nanowires from growth
substrates onto their respective device substrates, and to arrange
large numbers of nanowires into complex integrated circuits.
The requirements are twofold: First, methods are needed to as-
semble nanowires into highly integrated arrays with controlled
orientation and spatial position; second, approaches must be
devised to access NW device on multiple length scales and to
make interconnects between the nano-, micro- and macroscopic
subsystems.

Several methods have been developed to address the first
requirement to produce parallel nanowire arrays. In essence,
these approaches employ an external force to preferably align
the nanowires in a preselected direction during the assembly
process; for example, electrostatic force in the case of electric
field directed assembly [21] and shear force in the case of
fluid-assisted assembly [96], [97] processes. In fluid-assisted
assembly, the average NW surface coverage can be controlled
by the flow duration while the alignment can be improved by
increasing the flow rate due to higher shear force. The size of
the aligned nanowire array is limited only by the size of the
fluidic channel being used and can readily be extended to over
hundreds of micrometers. Furthermore, more complex crossed
NW structures can be obtained with the fluidic flow assembly
approach by alternated flow in orthogonal directions in a layer-
by-layer assembly process [97].

Two additional fluid-based methods have been demon-
strated to organize nanowire building blocks en masse: the
Langmuir-Blodgett (LB) technique at the centimeter level [31],
[98], [99] and the blown-bubble method at the wafer level
[100], [101]. In the LB process [102], a nanowire-surfactant
monolayer is uniaxially compressed on an aqueous subphase
thereby producing aligned nanowires with controlled spacing.
The compressed layer is then transferred in a single step to
a planar substrate to yield parallel NWs covering the entire
substrate surface [31]. The spacing of the transferred NWs
can be controlled from micrometer scale down to close-packed
structures during the compression process [31]. Fine tuning
of the nanowire spacing can be further achieved through the
use of sacrificial shell layers that are subsequently removed
after assembly into close-packed structures [31], [103], thereby
yielding nanowire arrays with variable density.

Analogous to the fluid flow assembly but using the shear
stress generated during the expansion of a film, aligned
nanowire films were demonstrated at the wafer scale or larger
using the blown bubble film (BBF) approach [100], [101]. The
BBF approach involves the preparation of a homogeneous so-
Iution containing dispersed nanowires or nanotubes, expansion
of a bubble from the nanomaterial solution at a controlled
direction and speed, and subsequent transfer of the bubble to
receiving device substrates. Nanowire films with density up
to 10° cm~2 have been demonstrated on 8-in wafers with the
angular spread less than 10° over the entire wafer. The nanowire
density was limited by aggregation in high-density solutions
and may be further improved through optimization of surface
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chemistry. Considering that every year several billion pounds
of polymers are processed into plastic products (e.g., bags,
films) by the blown film extrusion technique, the BBF approach
may provide a realistic route to produce large-scale NW-based
electronics at a reasonable cost.

In all of these approaches, repetition of the nanowire
alignment/transfer process one or more times can produce
crossed and more complex nanowire structures on virtually any
substrate from crystalline Si to flexible plastics. To this end,
another promising approach recently has been reported that in-
volves a dry deposition strategy on substrates up to wafer scale
[104], [105]. The overall process involves optimized growth of
designed nanowire material followed by transfer of nanowires
directly from the growth substrate to a second device substrate
via contact printing. Key features of this process include the
ability to print aligned NWs on a wafer scale and to control the
density of aligned NW through the transfer process. In addition,
similar to the solution-based assembly techniques, the transfer
method is readily adaptable to 3-D structures.

Distinct from the precise device control that can be achieved
in conventional top—down fabrication, bottom—up assembly
methods typically result in excellent pitch and orientation
control but little control of the end-to-end registry between
nanowires. This process variation, however, may not funda-
mentally limit the application of nanowire-based electronics.
For example, by adjusting the channel length to be less than
the average NW length, it is possible to minimize the number
of NWs that fail to bridge the S/D contacts. In addition, just
as the concept of integrated circuits greatly speeded up the
development of CMOS technology, the emergence of new
architectures, such as the crossbar structure that will be dis-
cussed in Section V, may maximize the opportunities offered
by the 1-D nanowire systems and lead to high-density high-
performance applications. Furthermore, the ability to create
aligned nanowire arrays on diverse substrates in turn makes
the bottom—up approach well-suited for applications based on
thin-film transistors (TFTs) such as flexible and/or transparent
electronics on plastic or glass substrates. The high-quality
crystalline nanowire channels in the nanowire-based TFTs offer
much improved device performance compared with conven-
tional approaches, a topic that will be discussed in Section V.
Compared with single-nanowire-based devices, the nanowire-
TFT devices consist of aligned arrays of nanowires thus effects
caused by assembly/integration process variations can be fur-
ther mitigated due to averaging effects.

Contrary to the solution-based or dry-transfer techniques,
nanowire integration can also be realized through direct growth
at selected sites, typically from an exposed (111) silicon surface
[106], [107] in the case of Si nanowires and on InAs (111)B
surfaces in the case of InAs nanowires [38]. The main advan-
tage of this “grow-in-place” method is the additional control of
the end-to-end registry. On the other hand, in these approaches
the growth substrate normally also serves as the device sub-
strate which poses limit on the possible choice of substrate
material, although device fabrication on diverse substrates
may be achieved through additional transfer processes while
maintaining the position registry [108]. Two types of growth
modes have been explored. In the vertical growth approach,
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nanowires are grown epitaxially from a suitable substrate and
form vertically aligned arrays. Using the growth substrate as the
source electrode and deposited thin-film drain and gate elec-
trodes, vertical nanowire-transistors (VNWFETSs) have been
demonstrated [41], [109], [110] and may offer increased on-
current due to the use of gate-all-around structure. By placing
the surround gate asymmetrically between a p-type drain and an
n-Si source, impact-ionization MOS operation was also demon-
strated on VNWFETs in which subthreshold slope as low as
5 mV/dec was obtained in the OFF-state [111]. In the horizontal
growth approach, nanowires are grown across prefabricated
trenches, which are also used as the source/drain electrodes
[107]. This approach has led to the demonstration of single-
crystalline nanowire bridges [107] and nanoelectromechanical
devices [112], [113].

There are also challenges for VNWFET devices where all
the transistors share a single source electrode (the growth
substrate), including the design and fabrication of high-
density integrated circuits, and the demonstration of effective
integration methods with existing planar structures. Likewise,
challenges remain for horizontal epitaxial growth, since little
control has been demonstrated in terms of the nanowire
position and density.

V. NANOWIRE CIRCUITS
A. NW Crossbar Circuits

One obvious approach to incorporate high-performance
nanowire devices is by replacing planar silicon elements in
conventional integrated CMOS circuits. Because this approach
requires the assembly of billions of nanowires with precise
positional registry at the single nanowire level, it remains
both a daunting task and one that does not necessarily take
advantage of the unique opportunities offered by the 1-D
nanomaterials. Specifically, the elongated nanowire structure
with aspect ratios well above 10% should offer new possibilities
for effective circuit integration at the nanoarchitecture level,
where large numbers of devices are linked with each other
and with external systems to perform certain memory and/or
logic functions, as well as at the system architecture level.
One interesting candidate architecture that can exploit the
unique properties of the 1-D nanowire structure is the crossbar
structure (Fig. 8) [114]-[120], where active devices are formed
at the intersection points of two sets of crossed nanowires. This
motif offers high device density and efficient interconnects
between individual devices and functional device arrays.
In addition, a reconfigurable crossbar structure allows for
effective incorporation of defect-tolerant computing schemes,
a necessity for bottom—up-based devices since traditional near
defect-free oriented processes will not likely be feasible at the
deep nanometer length scale [121].

In an earlier proof-of-concept study, we demonstrated
prototype logic circuits using crossed nanowire p-n junctions
and fluid-assisted alignment technique [21], [23]. For example,
a two-input two-output AND logic gate was assembled from
1(p-Si) x 3(n-GaN) multiple junction arrays in which the
crossed Si and GaN nanowires operate as p-n junctions.
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Microscale
wires

Fig. 8. (a) Crossbar nanowire architecture for computing. (b) SEM image of
patterned crossed nanowire arrays produced by LB method; scale bar is 10 pm.
Inset shows larger area optical image of the nanowire crossbar array; scale bar
is 100 pm. Adapted from [31] and [120].

Logic-0 is observed from this device when either one or both
of the inputs are low due to pull-down of the forward-biased
p-n junction and logic-1 is observed only when both inputs
are high. Multi-input FET-based NOR logic gates were also
demonstrated using a different configuration of assembled
1(p-Si) x 3(n-GaN) crossed NW-FET arrays in which the GaN
nanowires serve as gates of the Si NWFET [23]. The logic-0
is observed when either one or both of the inputs are high and
logic-1 state can only be achieved when both gated regions of
the Si NWFET are on; that is, both inputs are low. In addition,
analysis of the V,, — V; data demonstrates that these two-input
NOR gates routinely exhibit gains in excess of five, which is a
critical characteristic since it enables interconnection of arrays
of logic gates without signal restoration at each stage.

The nanowire crossbar motif offers a universal paradigm for
both logic and memory functions. For example, based on the
demonstrated NOR operation in crossed nanowire field-effect
devices [21], [23], DeHon [115] proposed that programmable-
logic arrays (PLAs) can be built using nanowire FET NOR
planes [Fig. 8(a)]. General logic computing can be achieved in
an array-based architecture such that the output from one array
forms the input of the other through crossbar interconnects
[115], [118]. Programming of the FET-based arrays will
likely be implemented during the fabrication stage through
controlling the threshold voltage Vr at selected transistor
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Fig. 9. (a) Hysteretic diodelike resistance-switching observed at a crosspoint.
The initial cycle is shown in red and subsequent cycles are in blue. Main
inset: schematic of the crossbar memory formed by (rows) metal wires and
(columns) core-shell nanowires made of c-Si/a-Si. (Top left) Schematic of a
single memory bit showing metal and c-Si electrodes sandwiching an a-Si shell.
(Top center) Formation of a metal filament inside the a-Si layer changes the
memory bit from the high to low resistance state. (Top right) TEM image of a
c-Si/a-Si core-shell nanowire. Dashed line indicates the interface between the
c-Si and a-Si. Scale bar, 5 nm. b, Left panel: SEM image of a 1 X 6 crossbar
array fabricated on a single nanowire with 30-nm metal linewidth and 150-nm
spacing. Right panel: SEM image of a 2-D crossbar memory with 100-nm pitch.
Adapted from [122].

regions, for example, by introducing modulation doping along
the nanowire or by modulation of the gate oxide thickness [10].

The hierarchical patterning of arrays of aligned and crossed
nanowires needed to realize such PLA architectures can be
implemented using the fluid-assisted or dry-transfer assembly
methods discussed earlier. For example, parallel arrays of
nanowires in which the average nanowire separation, array
dimensions, and array pitch have been controlled over entire
substrates by combination of the LB approach and conventional
photolithography [31]. Nanowire crossbar arrays have been
further obtained by the sequential transfer and patterning of a
second layer of nanowires in the orthogonal orientation [31],
[103]. An image of regularly patterned 10 x 10 pum square
arrays with a 25 pm array pitch is shown in Fig. 8(b) and
demonstrates that such a method provides ready and scalable
access to ordered arrays over large areas. The nanowire arrays
exhibits order on multiple length scales: 40-nm diameter NWs,
0.5-um NW spacing, 10-um array size, 25-pm array pitch
repeated over centimeters.

In addition to field-effect devices, nanowire core/shell
structures designed to function as reconfigurable diode switches
that can be used in memory and wired-OR operations have been
reported [117], [119]. For example, by growing nanowires with
p-type crystalline-silicon (c-Si) cores and amorphous-silicon
(a-Si) shells, we have recently observed hysteretic resistance
switching at c-Si/a-Si core/shell nanowire—metal nanowire
crosspoints in which the a-Si layer acts as the information
storage medium (Fig. 9) [122]. The resistance switching was
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attributed to metal filament formation (retraction) inside the
a-Si matrix to yield high (low) conductance ON (OFF) states
[123] [inset, Fig. 9(a)]. The a-Si/c-Si core/shell nanowire
system offers reliable resistance switching and ~100% yield
down to at least 20 x 20 nm (limited by the size of the
nanowire and lithography resolution), corresponding to a
potential device density better than 6 x 10'° bits/cm?. As a
nonvolatile memory device, this core/shell nanowire system
shows large ON/OFF ratio (> 104), low programming current
(~10 pA), fast programming speed (< 100 ns) and long
endurance cycles (10°). The retention time (~2 weeks) will
likely be improved as the devices are optimized as retention
> 2 years was observed in microscale planar nanoscale planar
p-Si/a-Si/metal structures [124]. Another interesting feature of
the devices is that they exhibit intrinsic rectification: the device
at ON state shows asymmetric -V resembling that of a diode
[Fig. 9(a)] rather than a resistor. The rectifying /-V at ON state
is desirable for crossbar-based circuits as it mitigates crosstalk
between elements [125], [126]. Indeed, the bits in multielement
1-D and 2-D crossbar arrays [Fig. 9(b)] can be written, read
and rewritten in a fully independent manner [122].

B. Bridging the Nano- and Micro-Worlds

In the crossbar circuit [Fig. 8(a)], address demultiplexers
serve as a needed interface that bridges the very large number of
nanowires used in each crossbar array with a limited number of
conventional, microscale control wires. By definition, address
demultiplexers are logic circuits that specifically select and
transmit signals to a single output wire based on each address
code. In principle, it only requires n pairs of address wires to
select and control 2" nanowires, e.g., ten pairs of address wires
can possibly control 1024 (2'°) nanowires. As a result, 20 pairs
of address wires might be sufficient to completely address a
1-Mb crossbar memory [115] through a pair of well-designed
address demultiplexers.

An address demultiplexer can be realized using the wired-
NOR operation in a “mixed” crossbar array formed by mi-
croscale control wires and the nanoscale signal nanowires.
Address selection can be achieved by coding the nanowires
in the mixed array (e.g., disabling certain cross-points through
modulation doping along the nanowire axis) such that the
desired nanowire can be activated (selected) only by the right
combination of the address inputs. Furthermore, it can be
shown that if the coded nanowires are chosen at random from
a sufficiently large population, a large fraction (> 99%) of
the selected nanowires will have unique addresses even with-
out knowledge of the specific locations of the coded regions
[116]. Such a stochastic decoding scheme is ideally suited
for nanowire crossbars formed via the bottom-up assembly
techniques, since during the assembly (fluid-assisted or dry-
transfer), the registry of the nanowires is generally lost, result-
ing in arrays of aligned albeit randomly positioned nanowires.

The first prototype nanowire demultiplexer was demon-
strated using crossed nanowires in which coding of the
nanowires were achieved through surface modification at se-
lected cross-points [127]. However, this method relied on
electron beam lithography to selectively functionalize desired
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Fig. 10. (a) Schematic of demultiplexer based on synthetically coded
nanowires (b) SGM images of nt — (n — nT)y nanowires where left-to-
right are N =3, N =6, N = 8, and N = 5 nanowire devices. The growth
times for the n/n™t regions of the N =3, 6 and 8 were 1/3, 1/1, and
0.5/0.5 min, respectively. The growth times for the n regions of the N =5
device are 0.5 min, and for the n sections are 0.5, 1, 2, and 4 min. Scale bars
are 1 pm. Adapted from [10] and [120].

cross-points. More recently, coding along a nanowire was
achieved via bottom—up synthesis alone without the assistance
of top—down lithography [10]. Coding was accomplished via
modulation doping of the nanowires such that only lightly
doped regions would be affected by the microscale con-
trol wires serving as gates, while the heavily doped regions
would be insensitive to the control signal. Scanning gate
microscopy (SGM) studies clearly verified that modulation
doping was achieved along the nanowire axis with full con-
trol of the size, spacing, and number of the modulated re-
gions during the growth process (Fig. 10). Functional mixed
nanowire/microscale wire demultiplexer arrays were in turn
demonstrated in which the only postgrowth lithographic steps
involved making external input and output contacts to the few
microscale control wires. The ability to encode information
in the nanowires in a controlled fashion during growth has
many analogies to biology where the information is encoded
in a replicated DNA molecule, and opens opportunities to
the ultimate integrated circuits—ultrahigh density nanocircuits
exclusively produced via bottom—up self-assembly without in-
volvement of top—down fabrication techniques.

C. Transparent and Flexible Electronics

Another potential application of nanowire-based electronics
is devices on noncrystalline substrates such as plastics and
glass. Devices made on these low-cost and lightweight sub-
strates serve as the basis for a large and rapidly growing class
of electronics applications, including flat-panel displays, smart
cards, and wearable electronics [128]—-[131]. However, due to
the low thermal tolerance of these substrates, conventional
TFTs are typically composed of amorphous materials such as
amorphous-silicon (a-Si) or organic semiconductors and have
low mobility (~0.1 —1 cm?/V -s) and speed (< kHz). In
the nanowire-TFT approach, high-quality crystalline nanowire
materials are transferred from the growth substrate to a sepa-
rate receiving device substrate, and high-performance devices
are fabricated with standard low-temperature processes on the
transferred crystalline materials (Fig. 11) resulting in much
higher mobility and device performance. Furthermore, although
comparable mobility may be obtained on polycrystalline silicon
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(a) Isq versus Vg for a NW transistor device measured when the substrate was (blue curve) flat and (red curve) bent to a radius of curvature of

0.3 cm. (Inset) A photograph of the device used for bending the flexible plastic chip and securing it during measurement. The chip is highlighted with a black
dashed line. (b) (Top) Schematics of the multinanowire inverter unit used in the ring oscillator. The dielectric is omitted in the perspective schematic for clarity.
(Middle) Optical images and circuit diagram of nanowire ring oscillators. Scale bar is 100 um. (Bottom) 11.7-MHz oscillation in a ring oscillator. (c) Digital
photograph of a 200-device array of nanowire TFTs fabricated on 500-um-thick glass. The logo of the University of Michigan can clearly be seen through the

nanowire array indicated by dashed square. Adapted from [58], [134], and [135].

devices, the additional steps and higher temperature processing
required to achieve high-quality polycrystalline silicon repre-
sent limitations in the implementation of polycrystalline silicon
transistors on large-scale glass and plastic substrates [131].

One key advantage of the nanowire TFT approach is the
ability to decouple the high-temperature material growth stage
from the low-temperature device fabrication stage. In the first
stage, the synthesis of nanowire building blocks is carried
out under conditions optimized to yield high-quality single-
crystalline materials, where the desired electronic and/or pho-
tonic functions are defined by material composition, structure,
and diameter. In the device fabrication stage, the nanowires
are transferred to a specified plastic or glass substrate using
solution- or dry-based transfer/alignment methods discussed
earlier, followed by device patterning at low temperatures only.
In this regard, nanowires offer the same processing advantages
as organic semiconductors [132], [133], while providing signif-
icantly improved device performance.

Following this approach, logic, memory, and photonic de-
vices on glass and plastic substrates have been demonstrated
using single-crystalline Si, SnOs, Ge/Si, and GaN nanowires
[58], [134], [135]. For example, TFTs based on Si nanowires
exhibited mobility values, 200-300 cm? /V - s, independent of
the substrate due to the clear separation of growth and device
fabrication stages. Notably, these values are two—three orders
better than that obtained in amorphous Si or organic devices
[136]-[138]. The performance of devices fabricated on a plastic
substrate shows little degradation when bent [134], verifying
the potential of nanowire-based devices in applications such
as flexible electronics [Fig. 11(a)]. In addition, treating aligned
nanowires as a thin-film material allows integrated circuits to be

fabricated using conventional techniques. For example, a three-
stage ring oscillator composed of more than 100 nanowires was
demonstrated with an oscillation frequency of circa 11 MHz
on Si substrate [Fig. 11(b)] [135]. Contrary to conventional pla-
nar devices, which exhibit degradation in device performance
when fabricated on noncrystalline substrates, the nanowire ring
oscillators exhibited higher operating frequencies on a glass
substrate. This observation can be attributed to the insensitivity
of carrier mobility in nanowire devices to substrates, and reduc-
tion of the stray capacitance on the insulating glass compared
to conducting Si substrates [135]. Using the same motif, the
Rogers group at University of Illinois at Urbana—Champaign
[139], [140] has demonstrated flexible circuits based on silicon
nanoribbons etched from SOI source substrates and transferred
onto stretchable polyimide device substrates. The array of
devices demonstrated so far includes inverters, differential am-
plifiers and ring oscillators with stable oscillation frequency up
to 3 MHz [140].

Recently, we have also reported fully transparent electronics
on glass substrates [58] using wide bandgap materials such
as SnOy nanowires as the TFT channel, along with sputtered
transparent ITO source/drain and gate electrodes. The trans-
parent TFTs show transmittance > 80%, field-effect mobilities
> 100 cm?/V - s and on/off ratios > 10° within a low 4 V bias
range. The high mobility in turn results in improved device
speed. Direct radio frequency measurements on the transparent
nanowire-TFTs using a two-port S-parameter setup show that
unity current gain cutoff frequency fr as high as 109 MHz, and
power gain cutoff frequency finax as high as 286 MHz can be
obtained [141]. These operation speeds are already significantly
higher compared with those obtained in other approaches to
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Fig. 12. (a) Distribution of the electrical fields in the cross section of a

nanowire TFT with 50% nanowire coverage obtained through electrostatic
simulation. (b) Gate capacitance of the nanowire TFT as a function of the
nanowire coverage in the channel region at different dielectric thicknesses.
The gate capacitance is normalized to the maximum value when the nanowire
coverage is 100%. Adapted from [58].

transparent electronics using organic semiconductors or con-
ventional transparent metal-oxide films, where operation speed
has been typically limited to the kilohertz range [142]-[144].

Device uniformity is a potential concern for systems based
on the bottom—up paradigm. The controlled growth and doping
of nanowires, which contrasts the current situation with carbon
nanotubes, can yield similar electrical properties for nanowire
samples [3], although variations in device uniformity can still
arise due to fluctuations of the nanowire density at different lo-
cations within the circuit. Experimental and simulation studies
on prototype nanowire TFTs show, however, that the device per-
formance is in fact insensitive to the nanowire density above a
certain threshold [58]. For example, for devices using 130-nm-
thick SiO, as the gate dielectric, the gate capacitance C,
reaches 90% of that expected for a continuous film if the
nanowire coverage is above 25% (Fig. 12). This observation
can be attributed to the fact that above a certain threshold
the nanowire array can effectively screen the field lines from
the gate and effectively act as a continuous film [Fig. 12(a)].
Since the TFT device parameters such as drain current (Iys)
and transconductance (g,,) are directly related to C,;, one can
conclude that for nanowire coverage above a certain threshold
fluctuations of the nanowire densities will have little effect on
the TFT performance: If 10% on-current variation is required,
22% nanowire density variation between devices is allowed for
a Tox = 100 nm when the nanowire coverage is ~25%. The
flexibility in density is tightened for thinner 75y but even for
Tox = 30 nm 23% nanowire density variation is permitted if
the nanowire coverage is ~50% [141]. These results show that
nanowire uniformity is sufficient for TFT-based electronics,
and suggest substantial opportunities for fabrication of more
complex and larger scale circuits.

D. 3-D Heterogeneous Integration

As discussed earlier, the solution-based or dry transfer and
assembly methods are readily adaptable to 3-D structures.
Specifically, repeating the transfer process has enabled up to ten
layers of active NW field-effect devices to be assembled, where
uniform device performance was demonstrated from layers 1
through 10 [104]. In addition, a flexible bilayer structure con-
sisting of logic in layer-1 and nonvolatile memory in layer —2
was demonstrated on a plastic substrate [104]. This capability
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and the ability to assemble virtually any nanowire material
at will offers one of the strongest arguments for bottom—up
approach in the future. For example, a multifunctional stand-
alone system that consists of highly sensitive nanowire-based
chemical or biological sensors at the top layer [145], integrated
high-performance logic and memory components to process
and store the data, and a nanowire-solar cell layer [146], [147]
at the bottom that directly powers the sensor and logic circuits
can be shown in Fig. 13. This type of 3-D heterogeneous system
could be fabricated on top of a conventional CMOS-based
circuit for added function, or on, for example, a flexible plastic
substrate as a versatile, self-powered nanoelectronic system.

VI. SUMMARY

Substantial progress has been made in defining the perfor-
mance limits and exploring applications based on NWFETs and
other nanowire-enabled devices prepared using the bottom—up
paradigm [2], [3], [21]-[23]. Several key factors have con-
tributed to this progress and heightened research interest in
nanowire devices. First, semiconductor nanowires can now be
prepared in high-yield with reproducible electronic properties
for a variety of material compositions as required for large-
scale integrated systems and different possible applications.
Second, studies have now shown that bottom—up nanowire
field-effect devices, which allow for better control of channel
dimensions at the deep nanometer regime, can out perform the
best devices made by top—down processing. Third, advances in
large-scale assembly methods have allowed for the fabrication
and testing of basic nanoelectronic circuits, the development
of new nanowire-TFT-based devices, and exploration of 3-D
multifunctional nanoelectronics.

Despite this encouraging progress, a continued focus of at
least part of our research effort on addressing fundamental
scientific questions will undoubtedly yield both expected and
unexpected advances as we move nanowire devices and arrays
from science to true technology. For example, advances in the
controlled assembly could benefit virtually any area proposed
for nanowire electronics. Yet, exploration of non-CMOS appli-
cations, such as flexible electronics, represents an area where
technology is much closer and that could benefit from work
pushing level of circuit sophistication and integration versus

Authorized licensed use limited to: IEEE Xplore. Downloaded on November 24, 2008 at 12:08 from IEEE Xplore. Restrictions apply.



LU et al.: NANOWIRE TRANSISTOR PERFORMANCE LIMITS AND APPLICATIONS

basic device properties. It is also possible that a next-generation
non-CMOS electronics, such as nonvolatile memory, could
still have substantial CMOS components in it: Built by hybrid
bottom—up/top—down structures at the physical device level,
and operated with crossbar/CMOS structures at the architecture
level.

As one looks further out to the future, we expect many op-
portunities to arise where the bottom—up approach could open
up unique science and technology from top—down approaches
for nanoelectronics. Such area includes the development of
3-D multifunctional nanoelectronics, where the capability of
assembling distinct nanowire building blocks in multiple active
layers is uniquely enabled by the bottom—up approach, as well
as hybrid nanoelectronic/biological systems, where the capabil-
ity of fabricating devices on flexible, biologically compatible
substrates could open up unique opportunities for the future.
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