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he growing research in silicon

nanowires (SiNWs) for nanoelectron-

ics applications has resulted in sev-
eral NW-based devices, such as p—n
junctions,'? inversion- or accumulation-
mode field-effect transistors (FETs),>~7 and
tunneling FETs.2 Top-gated FET geometries,
in particular, are crucial to probe the electri-
cal properties of SINWs because they allow
stronger gate coupling when compared to
back-gated devices.?’ " However, pattern-
ing metal electrodes as FET terminals
(source, drain, and gate) on top of a SINW
inevitably requires two lithography steps.
After the preparation of source and drain
leads, a suitable dielectric must be depos-
ited on the exposed NW channel before a
top-gate can be implemented.281%1213 The
alignment of the second lithographic pat-
tern is increasingly challenging for decreas-
ing device size. Even small errors in defining
the top-gate position can generate struc-
tural asymmetries and alter device behav-
ior. Thus, most reports on top-gated SINW
FETs focus on channel lengths well above 1
Mm.2,7,9,10,12716

An alternative process flow first pro-

duces an insulating shell around as-grown
NWs, to serve as gate oxide, then fabricates
the metal leads.>"'*'6 Such an oxide shell
can be (a) conformally deposited by atomic
layer deposition or sputtering;® (b) grown
by postsynthesis thermal or wet
oxidation;'"% and (c) formed during the
growth process itself.' The latter is the
most coherent solution within the
bottom-up approach, where complex nano-
components self-assemble with as limited
intervention as possible from the macro-
scopic world. However, to ensure that
source and drain terminals connect with
the crystalline SINW core, the insulating
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ABSTRACT Top-gated silicon nanowire transistors are fabricated by preparing all terminals (source, drain,

and gate) on top of the nanowire in a single step via dose-modulated e-beam lithography. This outperforms other

time-consuming approaches requiring alignment of multiple patterns, where alignment tolerances impose a

limit on device scaling. We use as gate dielectric the 10— 15 nm Si0, shell naturally formed during vapor-transport

growth of Si nanowires, so the wires can be implemented into devices after synthesis without additional

processing. This natural oxide shell has negligible leakage over the operating range. Our single-step patterning

is a most practical route for realization of short-channel nanowire transistors and can be applied to a number of

nanodevice geometries requiring nonequivalent electrodes.
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shell must be locally etched away. The gate
electrode cannot thus be patterned in the
same step as source and drain, but must be
aligned and fabricated via a separate
process.

Here, we show that top-gated SiNWs
FETs can be achieved in a single patterning
step by means of “grayscale” lithography,
which exploits a dose-modulated exposure
to control the speed of resist
development."”~2° This outperforms time-
consuming approaches based on multiple
patterns alignment, because downscaling
device dimensions does not impose an in-
creased fabrication effort. We use SiNWs
with a self-formed oxide shell up to 10—15
nm in thickness, thus ensuring these can be
implemented into devices after synthesis
without additional processing. The natural
oxide shell proves a suitable gate dielectric
with negligible leakage over the operating
range.

RESULTS AND DISCUSSION

Our detailed process flow to simulta-
neously fabricate source, drain, and gate
terminals on a SiNW via single-pattern
e-beam exposure is schematically
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Figure 1. (a—f) Process to simultaneously fabricate source,
drain, and gate terminals on a SiNW via single-pattern
e-beam exposure. (g) SEM image of a long-channel (3 pm)
top-gated SiNW FET. Scalebar: 1 pum. (h) SEM image of a
short-channel (400 nm) top-gated SiNW FET. Scalebar: 200
nm.

illustrated in Figure 1. A 500 nm thick polymethyl meth-
acrylate (PMMA) resist layer is spun on top of as-
dispersed core—shell SiINWs (Figure 1a) and exposed
under the electron beam using two different doses (Fig-
ure 1b). A dose of 1.15 mC/cm? (high-dose, HD) is used
to define the contacts (source and drain), while a dose
of 0.7 mC/cm? (low-dose, LD) is used to define the top-
gate terminal in between. Samples are then developed
in a methyl-isobutyl-ketone/2-propanol (MIBK/IPA) 1:3
solution for 20 s. These conditions ensure the HD pat-
tern is fully developed, while the LD features are left
partially undeveloped (Figure 1c). As a consequence, a
residual resist layer protects the LD pattern from the
10 s etch in buffered HF (buffered oxide etching, BOE),
which is used to strip away the oxide shell on the con-
tact regions (Figure 1d). Then, a more aggressive solu-
tion (MIBK/IPA 1:1) is used to fully develop the LD fea-
tures (Figure 1e). Finally, Ni is evaporated at the same
time on the SINW core, to form the source and drain
contacts, and on the SiNW oxide shell, to yield a self-

aligned top-gate terminal (Figure 1f). The plan-view
scanning electron microscopy (SEM) images in Figure
1g,h show two resulting top-gated SiNW FETs with to-
tal channel lengths of 3 wm (long-channel) and 400 nm
(short-channel), respectively. Note that the metal-
covered NW section below the gate electrode is slightly
thicker compared to those below the neighboring con-
tacts, because the original oxide shell is still present at
the gate in order to isolate the NW from the metal lead.

The process flow described in Figure 1 yields work-
ing devices. However, they have a high contact resis-
tance limiting the FET ON current to about 1 nA. This
may arise because of ambient reoxidation of the SINW
core after HF etching or because the fresh SINW crystal-
line surface is prone to contamination by the aggres-
sive developer solution. We find that, between steps (e)
and (f) in Figure 1, a further 2 s BOE etch is effective in
restoring a clean Si surface on the HD NW sections prior
to metallization, while no significant damage is caused
to the >10 nm thick gate oxide on the LD pattern. Our
BOE etch calibrations® indicate a thinning of the gate
oxide of max 2—3 nm. We thus adopt this procedure in
the following.

For bottom-gated, Schottky-barrier FETs made of
SiNWs synthesized by vapor-transport and contacted
with Ni leads, a back-gate sweep generally produces
ambipolar transfer characteristics.>'"?' Dual-gate FET
geometries fabricated with our process (with a top-gate
electrode on the NW and the substrate used as bottom-
gate) allow a more extensive electrical characterization
due to the various combinations offered by the inter-
play of the gate potentials."'> Figure 2 plots transfer
curves (drain current Ip, as a function of gate voltage) re-
corded by sweeping the bottom-gate voltage (Vgg),
with the top-gate (V1g) kept between 0.25 and 1.75 V.
In all cases, the source-drain voltage (Vps) is set to 1 V.
As a convention, we consider the grounded terminal as
source and the biased terminal as drain so that Vps rep-
resents the drain potential.

Figure 2 shows that we can choose a Vi to selec-
tively suppress hole or electron conduction, transform-
ing a back-gated ambipolar FET in a unipolar n-type or
p-type FET, respectively. The insets in Figure 2 schema-
tize the band diagrams corresponding to the ON and
OFF states for the highest and lowest V;¢. The band pin-
ning at the Schottky contacts due to the back-gate
sweep is sufficient to inject either holes or electrons
into the NW>'"1521 (see cyan curve, for example), but if
Vg is too high (low), a barrier is formed in the center of
the NW that hinders the transmission of holes (elec-
trons). A similar trend is reported in ref 15 for SINW
channels fabricated via top-down processing, thus
showing the ease of our method in producing effec-
tive dual-gated FETs from SiNWs grown by chemical
methods.

In Figure 3a,b we plot several output curves (Ip vs
Vps) for the FET assessed in Figure 2. In particular, we
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consider the ON state for holes (Figure 3a, Vg - N
= —40V) and electrons (Figure 3b, Vg = +40 @) Top-Gate (i2) Top-Gate
V) and investigate the Ip response to the applied — —
bias as a function of the top-gate potential. Note
that the fabrication of Schottky contacts on in-
trinsic SINWs leads to nonlinear output
characteristics.?2% Therefore, it is not surprising
that in Figure 3 Ip increases exponentially with
Vps in the proximity of the origin. However, we I
note that output curves are strongly nonsym- Bottom-Gate \ Bottom-Gate
metric when reversing Vps. In Figure 3a, for ex- 5 )

ample, there is almost no conduction for nega- 10 T T T T T T
tive Vps if the top-gate voltage is set to 0.1—0.3 /

V. A similar effect occurs in Figure 3b for positive 21
Vps as Vig is kept at 0.7—0.9 V. This can be under- 10 3
stood by considering the schematic band dia- -
grams for Vps < 0 and Vps > 0, as shown in the
insets of Figure 3. A local band shift occurs where
an electric field is applied along the channel. In
fact, the band bending induced by the bottom-
gate field affects the whole NW. The additional
shift (or countershift, to build up a barrier) in-
duced by the top-gate is restricted to the cen-
tral part of the channel and is thus a function of
the relative potential difference between the
top-gate and the underlying SiNW section. As
Vps varies from +1 to —1V for fixed Vrg, the po- 10 ' #dl.g),//\ M 0.50 '
tential at the NW center (Vcw) changes as well, re- r .._4V 025 ]
inforcing or compensating for the top-gate field a2 y", / ’ 1
and, therefore, resulting in a different barrier 10 | . 1 | 1 3

height (A = f(Vrg — Vcw)). As a consequence, car- ( -40 -20 0 20 40
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tion only. This effect fades as Vg becomes strong G g ( )

enough (lower than 0V in (a) and higher than
1.0 Vin (b)) to lower the barrier below the Fermi (i3) Top-Gate (i4) Top-Gate
level, irrespective of Vqw, so conduction resumes —
in both directions. We thus conclude that, by
choosing a proper combination of Vg and Vg,
an individual SINW device can be operated as a
diode of controllable and reversible polarity.

As an alternative to Figure 2, it is more desir- h

able during operation to switch the FET using
| |
the top-gate, as the better coupling ensures Bottom-Gate Bottom-Gate

lower threshold voltages and steeper sub- .

threshold s| In thi f tion it is al Figure 2. Bottom-gate transfer curves (Ip vs V) recorded for Vi from 0.25 to

) reshold slopes. In .'S con gu.ra on 'S.a o 1.75 V, showing a progressive enhancement (suppression) of electron (hole) con-
important to emphasize small differences in duction. Insets (i1—i4): band diagrams corresponding to ON and OFF states for

electrical behavior due to device scaling. Figure ~ highest and lowest Vrg. Channel length = 3 pm. Vps = 1V.
4a,b plot transfer curves (Ip vs gate voltage) re-
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corded by sweeping Vi, while Vg is kept at —40 V slight ambipolar behavior in Figure 4a,b, coupled with
and +40 V, respectively. In all cases, Vps is set to 1 V. higher OFF currents and a degradation of the p-type
Both long- and short-channel devices behave as p-type subthreshold slope in Figure 4a.

FETs in Figure 4a and as n-type FETs in Figure 4b. For In Figure 4, the fixed bottom-gate voltage controls

long-channels, the corresponding inverse subthreshold  the type of carriers injected at the contacts'"'* and can
slopes [dV;e/d(Log Ip)] for hole and electron accumula-  thus transform on-demand the same device either to a

tion are 135 and 230 mV/deg, respectively. These are hole- or electron-conducting FET. For long-channels
comparable to the best top-gated NW FETs to (>1 pm), if a top-gate is implemented midchannel, as
date.” 216 For short-channel devices, we observe a in Figure 1g, this has negligible effect on the Schottky
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Figure 3. Output curves (Ip vs Vps) recorded for fixed Vg of (a) —40 V and

(b) +40 V. The top-gate voltage is varied between —0.5 and 0.3 V in (a) and
from 0.7 to 1.5 V in (b). The insets show the band diagrams corresponding to
the maximum and minimum Vi for both positive and negative Vps. Chan-
nel length = 3 pm.

barriers but only controls charge accumulation/deple-
tion in the central portion of the NW. However, if the
separation between top-gate and contacts becomes
too narrow (as, e.g., 100 nm in our short-channel FET
in Figure 1h), the top-gate effect on the contacts may
be no longer negligible. This is known to yield higher
OFF currents and ambipolar behavior2 as in Figure 4.
The reason for the lower p-type subthreshold slope
(Figure 2a), which also leads to a lower ON current, re-
mains unclear. Scaling down device dimensions is likely
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Figure 4. Top-gate transfer curves (Ip vs Vrc) for a fixed Vig
of (a) —40 V and (b) +40 V. In all cases, Vps = 1 V. Both long-
and short-channel devices behave as p-type FETs in (a) and
as n-type in (b).

to result in enhanced mutual screening between termi-
nals, affecting field penetration?* and making a direct
comparison with long-channel SINW FETs more
difficult.

In Figure 5 we investigate the breakdown strength
of our SiO, dielectric by measuring the leakage current
between a gate terminal and a contact (Figure 5a). In
such a configuration, our circuit can be seen as a series
of three resistors: the oxide gate barrier (Rox), the NW it-
self (Ryw) and the NW-contact junction (Rc; Figure 5b).
To ensure the whole potential drops across Roy, we
switch ON the NW channel by applying a large voltage
(=50 V) to the bottom-gate. This ensures that Ry + Rc
<< Roy, no matter if conduction is via holes or elec-
trons.?* Statistically, we note that our SiO, gate dielec-
tric can exhibit two different responses. In one case (de-
vice 1 in Figure 5¢), the leakage current (/g) increases
continuously and reversibly, roughly following an expo-
nential law, to reach values of several tens of nA when
up to 20 V are applied between the terminals. Alterna-
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Figure 5. (a) SEM image of a gate-contact NW device used
for breakdown measurements. Scalebar: 400 nm. (b) Sche-
matic of the circuit. (c) Breakdown characteristics of the
SiNW oxide shell used as gate dielectric. Statistically, leak-
age through the gate oxide can occur either via a progres-
sive and reversible current ramp (device 1) or via ca-
tastrophic, irreversible breakdown (device 2, compliance
set to 1077 A). In the FET operational range (yellow bar), the
leakage current remains steadily below 100 pA.

tively, some devices (labeled 2 in Figure 5¢) initially
show a higher resistance but reach breakdown when a
critical voltage (>8 V) is exceeded. We, thus, see that, in
our operational range (—3 V < V4g < 3V, highlighted
in Figure 5c by the yellow bar), no gate breakdown oc-
curs and the leakage current always remains below 100
pPA.

EXPERIMENTAL SECTION

We grow SiNWs by Au-catalyzed vapor-transport as de-
scribed in ref 22. These samples were thoroughly investigated
before, as reported in refs 5,21, 22, 29, and 30. This method natu-
rally results in Si/SiO, core/shell NWs with a ratio of roughly 1:1
between the crystalline core radius (rc) and the oxide shell thick-
ness (tox).>?>3' Unlike SINWs grown by chemical-vapor deposi-
tion, where a ~1—2 nm thick native oxide layer is formed upon
exposure to atmosphere,??3? our thick oxide shell arises from
phase-separation of SiO into Si and SiO, when the precursor va-
por condenses to form SiNWs at temperatures around 800 °C.2%3
In this study, we use SINWs with rc = tox = 10— 15 nm.® The over-
all NW diameter is thus in the 40—60 nm range, as can be de-
duced from the SEM image in Figure Th. Figure 6 is a represen-
tative high-resolution transmission electron microscopy (TEM)
micrograph showing the core/shell Si/SiO, structure of our
SiNWSs. After synthesis, SINWs are mechanically transferred?'33
onto a 200 nm thick SiO, layer thermally grown on top of a
heavily doped Si wafer, used as bottom gate. FET terminals are
then defined on top of individual SiINWs by e-beam
lithography, followed by evaporation of 70 nm of Ni. Electrical

www.acsnano.org

The good electrical properties shown in Figures 4
and 5 indicate the feasibility of using our self-formed
SiO, shell as the gate oxide, avoiding the necessity for
oxide fabrication by conventional methods,?'""'® yet
achieving comparable dielectric performances. Note
that when ref 14 used the Ga,0s; amorphous shell sur-
rounding as-grown GaP NWs as a gate dielectric for FET
applications, they found a rectifying behavior between
gate-source terminals with a leakage current of several
nA for a forward bias of 2—3 V.'* This is not seen for our
Si/SiO, core/shell NWs, because a bias sweep toward
negative voltages produces a symmetric response (Fig-
ure 5¢, device 1). We also note that, for a shell thickness
of ~10 nm, an ~8 V breakdown voltage corresponds
to a field of ~8 X 10° V/cm. This is close to the stan-
dard breakdown field reported for SiO, (~107 V/cm %),
indicating the high-quality of our intrinsic oxide
shell.

CONCLUSIONS

We have shown how to fabricate top-gated SiINW
FETs with simple and minimal processing. This is
achieved by using as gate dielectric the SiO, shell natu-
rally formed during the vapor-transport growth of
SiNWSs and preparing all FET terminals in a single pat-
terning step via dose-modulated e-beam lithography.
Our results demonstrate that this approach does not in-
troduce fundamental drawbacks in terms of device per-
formance and, thus, represents a most practical strat-
egy toward large-scale and high-throughput fabrication
of short-channel SiNW devices. Our single-step pattern-
ing could be generalized to several nanodevice geom-
etries requiring nonequivalent electrodes, including ra-
dial NW heterostructures?®?” or more advanced FET
configurations with, for instance, high-k or polymer-
based gate dielectrics.®?®

measurements are taken with a Cascade Microtech probe sta-
tion coupled to an Agilent B1500A device analyzer.

Our devices are annealed at 400 °C in forming gas for 4 min
prior to measurements. References 11 and 23 pointed out that
upon annealing Ni can diffuse in the SINW to form silicide con-
tacts. Even if ref 11 reported that this effect is significant for an-
nealing temperatures as low as 290 °C, we have evidence (see
Supporting Information) that no exposed section of our NW is
converted to nickel silicide at 400 °C. We do detect silicidation
at470 °Cinstead, as for ref 23. Consequently, in the present work,
any improvement to the contact quality as a result of annealing
is therefore restricted to the metallurgical interface. Yet, the for-
mation of silicide contacts of controllable length may be an ef-
fective strategy to allow superposition of the contacts with the
top-gate terminal. Coupling between top-gate and contact bar-
riers can also be achieved with small (<100 nm) gaps between
the terminals, as seen in Figure 4 for short-channel devices.
Hence, the fact that our one-step fabrication strategy does not
allow a physical superposition of the metal leads is not a funda-
mental limitation. One or more top-gates can effectively operate
the NW device without need for a bottom-gate, which is
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Figure 6. High-resolution TEM micrograph of a SINW show-
ing the crystalline core and the thick amorphous shell. Scale-
baris 10 nm.

convenient for basic electrical characterization but unpractical
for scaled-up device applications.
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