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Reconfigurable field-effect transistors (R-FETs) that can dynami-
cally reconfigure the transistor polarity, from n-type to p-type
channel or vice versa, represent a promising new approach to
reduce the logic complexity and granularity of programmable
electronics. Although R-FETs have been successfully demonstrated
upon silicon nanowire (SiNW) channels, a pair of extra program
gates is still needed to control the source/drain (S/D) contacts. In
this work, we propose a rather simple single gate R-FET structure
with an asymmetric S/D electrode contact, where the FET channel
polarity can be altered by changing the sign of channel bias Vds.
These R-FETs were fabricated upon an orderly array of planar
SiNW channels, grown via in-plane solid-liquid-solid mechanism,
and contacted by Ti/Al and Pt/Au at the S/D electrodes, respec-
tively. Remarkably, this channel-bias-controlled R-FET strategy
has been successfully testified and implemented upon both p-type-
doped (with indium dopants) or n-type-doped (phosphorus) SiNW
channels, whereas the R-FET prototypes demonstrate an impres-
sive high Ion/off ratio of > 106 and a steep subthreshold swing of
79 mV/dec. These results indicate a rather simple, compact and
generic enough R-FET strategy for the construction of a new
generation of SiNW-based programmable and low-power
electronics.

Keywords: Catalytic Si nanowires, Asymmetric electrodes, Recon-
figure transistor
INTRODUCTION

Efficient p-type and n-type doping control in the channel of field-effect
transistors (FETs) provides the key basis for the implementation of
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complementary metal–oxide–semiconductor (CMOS) logics with
quasi-zero static power consumption, high integration density and sta-
bility1–5. Usually, this logic polarity of FETs is static and could be
determined by the dopant type in the channel. In pursuit of the recon-
figurability of more functional logic gates and designing the prototype
platforms, there have been increasing research interests and efforts
devoted to reconfigurable FET (R-FET) devices by using a wide range
of channel/contact materials, including planar polycrystalline silicon6,7,
one-dimensional (1D) nanowires (NWs)8–12, carbon nano-tubes
(CNTs)13,14, and two-dimensional thin film15–17. Actually, these R-
FET units can also be considered as the finest logic grain in program-
mable electronics, following the evolution line of field-programmable
gate array dated back to 198418. It has been envisioned that the capa-
bility of altering the n-/p-type polarity of FET at runtime, as illustrated
schematically in Fig. 1a, will bring in a new dimension for achieving
more diverse and flexible logic implementation, a higher function
density of integrated circuits, as well as a more convenient platform for
rapid testification and prototyping19–21.

The first R-FET device was demonstrated based on a silicon
nanowire (SiNW)-channel FET in 2011, with two separately controlled
independent gates located at the metal-semiconductor Schottky con-
tacts22. The following R-FET devices10,23 usually adopted two extra
program gates (PGs) that need to be fabricated and positioned exactly
over the Schottky-contact interfaces between the metal electrode and the
SiNW channels, in addition to the conventional center control gate, as
indicated in Fig. 1b. Although adding the role of the two PG electrodes
is critical to effectively tune the barrier profile and thickness of the
Schottky barrier (SBs), it will also increase the structural complexity of
R-FET manufacturing and require the precise alignment of PG elec-
trodes over the SB silicide /SiNW interface, which is typically formed
during silicide formation annealing, and this increases the processing
uncertainty or technical challenges.

So far, most of these pioneering R-FET devices have been proto-
typed upon catalytic SiNWs, which serve as ideal quasi-
1D semiconducting channels9,22–25, owing to their excellent electro-
static channel controls and the high-yield growth fabrication of ultrathin
high crystallinity 1D channels with diameter < 30 nm, as well as the
material compatibility to the mainstream Si technology. Whereas, in
view of scalable electronic device integration, there still remains a
technical challenge that all of these catalytic SiNWs are grown via a
vapor-liquid-solid (VLS) method26–28, which absorbs gaseous precur-
sor to produce vertical SiNWs. Then, these standing VLS SiNWs still
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Fig. 1 | Schematic diagram of reconfigurable FET (R-FET). a, The construction and mechanism of R-FET with ultrathin SiNW channels for programmable electronics.

b, The device configuration of R-FET devices, with conventional control gate (CG) and a pair of extra program gates (PGs), built upon catalytic SiNW channels, grown via
VLS procedure and then pick-and-transferred onto planar surface. c, The new single-gate R-FET structure, proposed in this work, achieved by adopting asymmetric
contacts at the source-drain electrodes with different metals, built upon an orderly array of planar SiNWs grown via IPSLS mode and self-positioned on the terrace steps on

slopes. Abbreviations: FET, field-effect transistor; IPSLS, in-plane solid-liquid-solid; SiNW, silicon nanowire; VLS, vapor-liquid-solid.
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need to be picked, transferred, and re-arranged onto the substrate
surface to serve as orderly 1D channels for device fabrication, which is
unfortunately not compatible to the planar electronic integration.

In this work, we propose a rather simple single-gate R-FET struc-
ture, where the FET polarity can be altered by simply changing the sign
of the channel bias of Vds. Specifically, the R-FET devices were
constructed upon orderly planar SiNW channels, grown via an in-plane
solid-liquid-solid (IPSLS) mechanism29–34 that allows for a precise
guided growth of SiNWs into pre-designed locations. Then, the SiNW
channels were connected to the source/drain (S/D) electrodes by
adopting different metals to form an asymmetric contact configuration,
with only a single gating electrode, as schematically illustrated in
Fig. 1c. This rather simple channel-bias-controlled R-FET strategy has
been successfully testified on both the p-type- or n-type-doped SiNW
channels, without the need of any PG electrodes, indicating a rather
convenient and generic approach to implement reconfiguration logics.
In comparison to the other dual-gate R-FETs22–24,35,36, this single-gate
configuration, based on self-aligned and scalable catalytic SiNW
channels, represents a more compact R-FET device design that can be
rather beneficial for seeking higher integration density.

RESULTS AND DISCUSSIONS

The R-FET devices were fabricated upon an n+-doped wafer substrate
coated with 500 nm SiO2. Fig. 2a–c depict schematically the guided
growth of parallel IPSLS SiNWs along the 3 mini-steps formed on
terrace slopes, which involves first the formation of a guiding terrace
with step height and width of ~120 nm and ~200 nm, respectively (see
Fig. 2a); After that, a stripe of catalyst indium (In) was patterned and
deposited at the ends of the guiding terrace, with an In stripe width of
6 μm width and nominal thickness of 5 nm (Fig. 2b); Subsequently, the
sample was loaded into a plasma-enhanced chemical vapor deposition
(PECVD) chamber to produce parallel crystalline SiNWs along the
guiding steps via the IPSLS growth mode, with a typical diameter of
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30–40 nm which is related to the size of the leading In droplets, as seen
for example in the SEM inset of Fig. 2c. It is worthy to note that the
diameter of the IPSLS SiNWs can be further reduced to < 20 nm with a
higher uniformity with the aids of sidewall or surface guiding
grooves37–39. More experimental details of the guiding terrace forma-
tion and the IPSLS growth of SiNWs are provided from our previous
works39–43. At the end of SiNW growth, the remnant a-Si precursor film
was selectively etched off, followed by a 10 min annealing process
@850 oC in dry O2 atmosphere to form a SiO2 layer of ~10 nm thick.

Prior to proceeding to the fabrication of R-FET, it is noteworthy that
the doping polarity of the as-grown SiNWs can be effectively controlled
to p-type or n-type, by using intrinsic or n-doped a-Si precursors,
respectively. It has been known and verified in our previous works that
the incorporation of In atoms into c-SiNW channels can serve as p-type
dopants, and thus give rise to p-type doping in the channels32,44, while
pre-doping in a-Si layer with phosphorus atoms can reverse the doping
polarity to n-type45. After contacting the planar SiNWs with a sym-
metric S/D metal electrode of Ti/Al for n-type SiNWs, or Pt/Au for p-
type SiNWs as illustrated in Fig. 2d, an Al2O3 dielectric layer of 25 nm
thickness was coated by atomic layer deposition (ALD). Note that the
contact metals of Ti and Pt are not supposed to form significant alloy
phase or inter-diffuse/mixing at 200 oC46,47, followed by patterning and
depositing 60 nm thick Al as the top gate (Fig. 2d–f), with the SEM
image of the typical S/D electrodes shown in Fig. 2g. In this junctionless
Schottky barrier FET configuration, both the phosphorus-doped N-type
channel and the indium-doped p-type channel FETs have been suc-
cessfully fabricated, with an Ion/off ratio of > 106 and subthreshold swing
(SS) of 165 mV/dec for the n-type FET, while Ion/off ratio > 106 and SS
~261 mV/dec for the p-type FET, as shown in Fig. 2h and Fig.
2i, respectively.

The R-FET device based on asymmetric S/D metal contact was first
testified on In-doped p-type SiNW channels, where as depicted in
Fig. 3a, Ti/Al and Pt/Au metals were evaporated and patterned at drain
and source electrodes, respectively, with a channel length of 2 μm. The
, L. Chip 3, 100098 (2024) 2 of 7
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Fig. 2 | IPSLS SiNW growth diagram and fabrication of complementary FETs. a–c, Illustrate the formation of guiding terrace, the deposition of catalyst In stripe and
the growth of IPSLS SiNWs, with corresponding SEM images in the insets. d–f, Depict the fabrication procedure of the SiNW FET, contacted by symmetric S/D electrode

with the same metal, whereas g shows the typical SEM image after the deposition of S/D electrodes upon 3 parallel SiNWs. h, i, present, respectively, the transfer
characteristics of the FETs, built upon phosphorus-doped n-type or indium-doped p-type SiNW channels. Abbreviations: FET, field-effect transistor; IPSLS, in-plane
solid-liquid-solid; SEM, scanning electron microscopy; SiNW, silicon nanowire; S/D, source/drain.
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typical Ids–Vds output characteristic of the SiNW R-FET is presented in
Fig. 3b, together with a schematic energy profile shown in the inset,
where due to the large work function difference between the Ti/Al
contact at ~4.3 eV and the p-type SiNW channel at ~5.1 eV, a relatively
large SB (~0.8 eV) was formed at the drain/SiNW contact. In com-
parison, the Pt/Au electrode has a deeper work function at ~5.15 eV
close to the valence band top of c-SiNW and thus forms a quasi-Ohmic
contact at the source electrode. Under positive channel bias, the trans-
port current can be turned on Vds > 3.8 V due to the exponential increase
of tunneling current through the thinning SB region, as indicated in the
inset of Fig. 3b.

Interestingly, with a positive channel bias of Vds > 0 V, a p-type
metal–oxide–semiconductor (PMOS)-like transfer characteristic has
been observed in the SiNW-FET, as shown in Fig. 3c. This can be
understood with the asymmetric band profile depicted in Fig. 3e, where
the hole carriers tend to inject from the Ti/Al drain electrode to the Pt/
Au source electrode, under a positive channel bias, by tunneling through
the triangle SB. When applying a negative gating voltage, the energy
band of the SiNW channel will not only be drawn up, leading to an
increase of the SB barrier height, but also make this triangle barrier
become thinner that greatly facilitates the hole tunneling. Note that,
considering that the large energy discrepancy of work function between
Pt/Au electrodes and the conduction band bottom is roughly > 1 eV, the
injection of minority electrons from the Pt/Au source electrodes into the
p-type SiNWs is strongly suppressed and negligible, under the situation
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as schematically depicted in Fig. 3e. On the contrary, when applying a
positive gating bias, it will lower the SB height but make it thicker, and
that will suppress the hole tunneling current. Therefore, when the charge
carrier of hole tends to flow from the drain to the source under a positive
channel bias, via a tunneling injection from the metal drain electrode,
the SiNW FET demonstrates a PMOS behavior as witnessed indeed in
the transfer characteristics shown in Fig. 3c.

When the channel bias is reversed to be negative, that is, Vds < 0 V,
the holes tend to be injected from the source electrode and thus need to
climb over the large SB, from the SiNW side into the drain electrode,
via a thermionic emission (instead of tunneling). In this situation, a
negative gating voltage will not only increase the SB height but also
push the hole in the SiNW channel further away from the SB junction,
which thus will suppress the thermionic emission, as depicted in Fig. 3f
by the purple-line band profile. On the contrary, when applying a
positive gating voltage, it will reduce the SB height, which is beneficial
for the thermal emission of holes over the SB and thus turn on the
transport current. So, under a negative channel bias, the SiNW FET will
behave as an n-type metal–oxide–semiconductor (NMOS) device, as
seen indeed from the transfer characteristics shown in Fig. 3d.

In addition, the threshold voltages in both the NMOS and PMOS
modes are found to shift under different channel biases of Vds, which is
similar to the drain-induced barrier-lowering (DIBL) effect in conven-
tional MOSFETs. However, the threshold shifting observed here is
related to the fact that the thickness of the SB can be reduced under
, L. Chip 3, 100098 (2024) 3 of 7
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Fig. 3 | Reconfigurable FET (R-FET) built on In-doped p-type SiNW channels. a, The SEM image and schematic diagram of the R-FET, with a p-type SiNW channel
contacted by asymmetric source-drain metal electrodes of Ti/Al@drain and Pt/Au@source (GND). b, A typical output characteristic of the R-FET with an energy band

diagram for Vds = 0 V and Vgs = 0 V. c, d, The transfer characteristics of the R-FET working in PMOS and NMOS modes under channel bias of Vds > 0 V and Vds < 0 V,
respectively, whereas e and f diagram the variations of the band-gap profiles, as well as the different hole carrier injection direction/mechanisms, under different gating
voltages, for the PMOS and NMOS modes, respectively. Abbreviations: FET, field-effect transistor; NMOS, n-type metal–oxide–semiconductor; PMOS, p-type

metal–oxide–semiconductor; SiNW, silicon nanowire.

Research Article DOI: 10.1016/j.chip.2024.100098
increased Vds bias, making it more transparent for the holes to tunnel
through, and thus leading to a right-shifting of threshold voltage as seen
for example in Fig. 3c. Despite of this slightly different underlying
mechanism, this phenomenon can also be regarded as a special kind of
DIBL effect, which will limit the scalability of the SB-FETs. A better
solution to this issue is to adopt a more advanced gate-all-around FET
configuration, which is known to offer the strongest electrostatic control
to counter the short-channel effect.

In comparison, the R-FETworking in PMOSmode (under Vds > 0 V)
demonstrates a higher on current of >10�8A, a higher Ion=off > 104 and a
steeper SS ~ 400 mV/dec than that achieved under NMOS-mode FET
(under Vds < 0 V), while both of them achieve a low off current down to
~pA. These different transfer behaviors could be assigned to the fact that
the tunneling injection through the triangle SB in PMOS mode is
exponentially dependent on the SB thickness, which can be efficiently
controlled and tuned by the applied gating voltage (Fig. 3e) in PMOS
mode, compared to the thermal emission injection in NMOS mode.

In order to further testify the potential or the universality of this
asymmetric contact strategy for building R-FET, the same asymmetric
source-drain electrodes have been fabricated upon a phosphorus-doped
n-type SiNW channel, with a channel length of approximately 460 nm
defined by using electron beam lithography, as shown in the SEM
image of Fig. 4a. Similarly, a large SB (~1 eV) is supposed to form
under the contact of Pt/Au to the n-type SiNW channel but now at the
conduction band for the majority carriers of electrons (in contrast to the
SB in valence band for holes in R-FET with p-type SiNW channel),
while the contact at Ti/Al electrode becomes quasi-Ohmic due to the
close alignment of the work functions of the source electrode with the n-
type SiNW. Asymmetric output characteristic is indeed obtained and
shown in Fig. 4b, with an energy band diagram shown in the insert.
When a negative channel bias was applied to Pt/Au, the transport cur-
rent can be turned on Vds < −2 V, which is also ascribed the exponential
increase of tunneling current through the sharper SB region.

In analogy to the previous analysis, when a positive channel bias Vds

> 0 V is applied, a PMOS-like transfer characteristic has been observed
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in the R-FET with n-type SiNW channel, as shown in Fig. 4c. However,
according to the asymmetric band profile depicted in Fig. 4e, it is the
major carrier of electrons that moved in the direction from source to
drain electrodes that need to climb over the large SB via a thermionic
emission process. So, in this situation, a positive gating voltage will
increase the SB height, propel the electrons away from the SB, and thus
suppress the thermionic emission current, as highlighted in Fig. 4e by
the band profile in blue. On the contrary, when a negative gating voltage
is applied, it will reduce the SB height, boost the thermionic emission,
and thus turn on the transport current of electrons. In this way, under a
positive channel bias, the SiNW FET will behave as a PMOS device, as
observed indeed from the transfer characteristics shown in Fig. 4c.

When the channel bias Vds is reversed to be negative, the electrons
tend to be injected from the drain electrode into the channel via a
tunneling through the thinning triangle SB region rather than the
thermionic emission. Under this situation, a negative gating voltage will
not only draw up the band of the whole SiNW channel, leading to a
decrease of the SB barrier height, but also make it thicker, and that will
suppress the electrons tunneling current. Reversely, a positive gating
bias now will make the energy band bend downward further, which will
not only increase the SB height but also make it much thinner to quickly
turn on the electrons tunneling current. Therefore, under this negative-
channel-bias situation, the SiNW FET demonstrates a NMOS-like
behavior, as shown in Fig. 4d.

Remarkably, the R-FET devices with n-type SiNW channels can
achieve a much higher on/off current modulation of > 106, two orders’
magnitude higher than that achieved in p-type SiNW channels, while the
off current is also reduced to approaching 0.1 pA. Similarly, the FET in
NMOS mode with tunneling electron injection demonstrates a better
performance than that in PMOS mode with thermionic injection; partic-
ularly, the NMOS-like device achieves an excellent on/off current ratio of
> 106 and a rather steep SS of ~79 mV/dec under channel bias Vds = −3 V.

It is also noteworthy that the on currents for these specific R-FETs
working in NMOS and PMOS modes are not always matched, partic-
ularly for the devices demonstrated in Fig. 3, which could be a critical
, L. Chip 3, 100098 (2024) 4 of 7
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Fig. 4 | Reconfigurable FET (R-FET) built on phosphorus-doped n-type SiNW channels. a, The false-colored SEM image of the R-FET, with an n-type SiNW channel
contacted by asymmetric source-drain metal electrodes of Ti/Al@Source (GND) and Pt/Au@Drain. b, A typical output characteristic of the R-FET with an energy band

diagram for Vds = 0 V & Vgs = 0 V. c, d, The transfer characteristics of the R-FET working in PMOS and NMOS modes under channel bias of Vds > 0 V and Vds < 0 V,
respectively, whereas e and f diagram the variations of the band gap profile, as well as the different electron carrier injection direction/mechanisms, under different gating
voltage, for the PMOS and NMOS modes, respectively. Abbreviations: FET, field-effect transistor; NMOS, n-type metal–oxide–semiconductor; PMOS, p-type

metal–oxide–semiconductor; SEM, scanning electron microscopy; SiNW, silicon nanowire.
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issue for the construction of CMOS logics. In principle, this issue can be
addressed via 1) a fine-tuning of the work function of the SiNW
channel, which is possible as a continuously tunable p-/n-doping control
has been demonstrated in our previous work45 or 2) the work function of
electrode contacts can also be modified by choosing different metal or
alloy S/D electrodes. Both of these approaches will allow one to
effectively adjust the SB heights at the S/D electrodes and thus balance
the injection and emission of the electron and hole carriers.
CONCLUSIONS

In summary, a rather simple asymmetric contact strategy has
been established to fabricate single-gate R-FET logic solely controlled
by altering the sign of the channel bias of Vds, without the need of
any extra PGs and high-precision gate-interface alignment, based on
orderly SiNW channels grown via an IPSLS mechanism. This channel-
bias-controlled R-FET strategy has been successfully testified on
both the p-type- or n-type-doped SiNW channels and demonstrate
an impressive high Ion/off ratio of > 106 and a steep SS of 79 mV/dec.
These results indicate a rather convenient and compact approach to
implement R-FETs based on the beneficial catalytic SiNW channels for
exploring a new generation of programmable and low-power logics
and memories.
METHODS

Substrate preparation and guided edges formation wafer
Substrates with 500 nm SiO2 were cleaned by using acetone, isopro-
panol, and deionized water in ultrasonic for 5, 5, and 3 min, respec-
tively. For oblique sidewall terrace formation, photoresistor (AZ5214)
stripes of 3 μm wide and 1.8 μm thickness were patterned upon the
substrates, followed by a cyclic plasma etching in inductively coupled
plasma (ICP) system that alternated anisotropic C4F8 plasma (1.8
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mTorr, 40 W, 50s) and isotropic O2 plasma (30.1 mTorr, 50 W, 80 s) for
3 times to form oblique sidewall terrace with of 3 mini-steps. The O2

plasma can erode the photoresistor to retreat and expose the underlying
oxide layer.

Guided growth of SiNWs along the terrace The samples were first
loaded into a PECVD system for H2 plasma treatment (100 sccm, 140
Pa, 40 W) to reduce the surface oxide layer of the In stripes @250 �C
(higher than the melting point of In, ~157 �C), and transferred them into
discrete In droplets. Then, after cooling the substrate to ~100 �C below
the melting point of In droplets, a thin film of a-Si precursor layer of ~15
nm thickness was coated by using silane plasma (10 sccm, 20 Pa, 20
W). Upon annealing at 350 �C in vacuum, the In droplets became
molten again and started to absorb the a-Si precursor layer and pre-
cipitate crystalline SiNWs along the guiding steps. At the end of the
SiNW growth, the remnant a-Si precursor film was selectively etched
off by using CF4 plasma (30 sccm, 4 Pa, 8 W) in reactive ion etching
(RIE) system, followed by an O2 plasma (10 sccm, 3 Pa, 40 W) to
remove the produced carbon-compound resultant.

N-doped a-Si precursor For the pre-doping in a-Si layer, a mixture
of PH3 (2% diluted in H2) and SiH4 gases was used to add phosphorus
atoms into the a-Si layer, which can reverse the doping polarity to n-
type. In this work, a mixture gas of PH3 (0.6 sccm, 20 Pa, 20 W) and
SiH4 (6 sccm, 20 Pa, 20 W) was used to deposit n-doped a-Si layer
@100 �C, and then produce the n-type SiNWs with phosphorus atoms
concentration of ~6 × 1019 cm−3.
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