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Reconfigurable Submicron Electromechanical Switch with
Volatile/Non-Volatile Conversion for Radiation-Hardened
Electronics

Dianlun Li, Junchang Chen, Junchang Yang, Shiqian Hu, Lei Wu, Wei Liao,
Xianhong Meng, Junzhuan Wang, Shuao Wang, Zhaoguo Xue,* and Linwei Yu*

Micro- and nanoelectromechanical (MEM/NEM) switches, capable of reliable
operation in high-radiation environments, hold great potential for applications
in nuclear and space industries. However, a MEM/NEM computational
system typically requires both volatile switches for logic computing and
non-volatile switches for memory. To date, a single MEM/NEM switch that
can operate in both of these two function modes has not been demonstrated.
Here, a reconfigurable submicron electromechanical switch is reported with
on-demand volatile/non-volatile conversion, enabled by a well-engineered
nanowire (NW) cantilever. Under an applied magnetic field, the NW-switch
can be selectively operated in either volatile or non-volatile mode by simply
choosing a suitable ON-state bias current, leveraging bidirectional Lorentz
forces. Furthermore, the reset operation for the non-volatile mode is achieved
by applying a reverse driving current, which effectively modulates the balance
among the vectorial Lorentz, mechanical restoring, and adhesive forces. For
the first time, the radiation-hard performance of this switch has been tested
experimentally in 10 Mrad 60Co gamma irradiation, and demonstrates no
performance degradation, far exceeding the radiation tolerance limit of silicon-
based transistors (1Mrad). The NW-based electromechanical switch provides
possibilities for unified integration of logic and memory in radiation-hardened
electronics, enabling reduced data transfer time and lower power consumption.
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1. Introduction

Micro- and nanoelectromechanical
(MEM/NEM) devices have emerged
as a promising technology in recent
years, leveraging the unique mechani-
cal properties of nanomaterials to en-
able a wide range of applications, in-
cluding sensing,[1–5] actuation,[6–11] and
computing.[12–16] MEM/NEM devices, par-
ticularly MEM/NEM switches, are gaining
attention for their potential to overcome
the limitations of conventional electronic
components. One of the key advantages
of MEM/NEM switches is their inher-
ent robustness against radiation,[17,18]

ideally zero leakage current,[19–21] and
perfectly abrupt switching behavior,[22–25]

making them especially suitable for ex-
treme environments, such as those found
in outer space or nuclear power plants.
Radiation exposure can severely degrade

both the semiconducting channel and
the gate insulator in conventional field-
effect transistors (FETs), ultimately leading
to device malfunction.[26,27] Addressing

this challenge has driven continuous progress in radiation-
hardening strategies, which are essential for maintaining the
stable operation of electronic systems deployed in radiation-
intensive environments.[28–32] In contrast with FETs, MEM/NEM
switches can be operated mechanically through physical con-
tact and separation between two electrodes, inherently endowing
them with superior radiation-hardness.[33–36] Due to these char-
acteristics, MEM/NEM switches have emerged as a promising
alternative to FETs in radiation-hardening electronics.
A typical electrostatically-actuated MEM/NEM switch con-

sists of a deformable cantilever, which relies on the electro-
static force caused by an actuation electrode to move and con-
tact the stationary electrode, switching the device to the ON-
state.[37–40] To achieve general-purpose computing architectures
based on MEM/NEM switches, both logic and memory units
are required,[41,42] as illustrated in Figure 1a. Logic operations
are generally performed using volatile MEM/NEM switches,
which recover contact to the OFF-state upon removal of the ac-
tuation voltage.[12,43–46] In contrast, memory functions require
non-volatile MEM/NEM switches, which maintain the ON-state
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Figure 1. Architectural and operational principles of the volatility conversion submicron electromechanical switch (VCSES). a) Illustration of the uni-
fied logic-memory architecture of a MEM/NEM computing system. b) Schematic illustration of the Lorentz force-actuated reconfigurable VCSES. The
right panels provide the dimensional details of the designed VCSES. c) Conceptual illustration of the volatile operation mode: Lorentz force actuation
establishes temporary contact, enabling logic-state reset upon voltage removal. d) Conceptual illustration of the non-volatile operation mode: Joule
heating-modulated adhesion maintains persistent contact, enabling ON-state retention.

even after the applied voltage is turned off.[18,47–53] However,
these typical electrostatically-actuated MEM/NEM switches re-
ported for volatile and non-volatile operations have distinct de-
sign strategies. For volatile operation, the restoring force (Fr)
of the bent cantilever is designed to be larger than the adhe-
sion force (Fadh) between the bent cantilever and the station-
ary electrode. Conversely, the non-volatile operation requires Fr
< Fadh, which is incompatible with a volatile operation. These
opposing mechanical requirements have necessitated separate
device designs, complicating system integration. Thus, devel-
oping a single MEM/NEM switch device that presents both

volatile and non-volatile behaviors remains a significant chal-
lenge. Recent efforts are devoted to unifying these functions in
a single device. For example, Lee et al.[54] demonstrated the re-
versible switching mode and the one-time programmable (OTP)
memorymode in an electro-thermomechanical-actuatedmetallic
nanobridge by modulating adhesion via Joule heating. However,
OTP devices lack reprogrammability, a critical requirement for
computational memory.[55] Despite these advancements, the si-
multaneous integration of both volatile and non-volatile modes
within a single MEM/NEM switch device has not yet been
demonstrated.
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In this work, we present a Lorentz force-actuated reconfig-
urable volatility conversion submicron electromechanical switch
(VCSES) device based on precisely engineered in-plane silicon
nanowires (SiNWs) coated by functional nanoscale metal layers,
including a 50 nm silver (Ag) layer as the conductive layer, a 50
nm gold (Au) layer for radiation hardening, and a 10 nm tung-
sten (W) layer serving as the contact interface, as illustrated in
Figure 1b. This device offers the unique capability to dynami-
cally switch between volatile and non-volatile operation modes
on-demand, by adjusting the ON-state bias current under an
applied magnetic field, leveraging bidirectional Lorentz forces
for precise actuation. In addition, the device can be reliably re-
set to its initial state in non-volatile mode using a reverse driv-
ing current, which finely balances Lorentz, mechanical restor-
ing, and adhesive forces to ensure consistent reconfiguration.
As a result, this NW-based switch provides both volatile and
non-volatile modes operating at an ultra-low operation voltage
(≈0.2 V) with an exceptionally steep subthreshold swing (< 5 mV
dec−1). This dual-mode behavior is enabled by Lorentz-force ac-
tuation, which supports reliable low-voltage operation and steep
subthreshold switching characteristics, and enables the first inte-
gration of reconfigurable volatile and non-volatilemodes within a
single electromechanical switch. Significantly, experimental vali-
dation demonstrates that this device can withstand up to 10Mrad
of 60Co gamma-ray (𝛾-ray) irradiationwith no performance degra-
dation, achieving an order-of-magnitude higher tolerance than
conventional silicon-based transistors (≈1Mrad). By reconciling
the traditionally conflicting requirements of logic and memory
operations in a single device, our device enables a seamless tran-
sition between computational processing and data storage. This
advancement offers a promising pathway toward compact, ef-
ficient, and radiation-hardened computing platforms in future
MEM/NEM-based electronics.

2. Results and Discussions

2.1. Conceptual Illustration of the VCSES

Figure 1b provides a schematic illustration of the proposed VC-
SES device featuring an out-of-plane three-terminal electrode
configuration. TheNWcantilever spanning between two top elec-
trodes (gate and source) is designed to effectively overcome the
van der Waals force (FvdW) at the bottom electrode in the absence
of contact point current (IDS = 0). The schematic also depicts
the turn-on operation of VCSES: under a background magnetic
field By, applying a voltage between the gate and source elec-
trodes induces a Lorentz force that deflects the cantilever verti-
cally, bringing it into contact with the bottom electrode and es-
tablishing a conductive path from the drain to the source via the
contact interface (IDS). The simplified equivalent circuit of the
reconfigurable volatility conversion switch device is depicted in
Figure S1 (Supporting Information), where RNW1 and RNW2 de-
note the resistances of the two segments of the cantilever di-
vided at the central contact point, while Rc denotes the equiva-
lently modeled contact resistance between the cantilever and the
drain electrode, contributing to Joule heating during the current
IDS flowing through the contact interface. Once the IDS begins to
flow from the drain electrode to the source electrode, the mag-
nitude of the IDS plays a key role in determining the operation

mode: volatile and non-volatile. If the IDS is low (e.g., 10−9 A), the
switch device demonstrates the volatile behavior without exhibit-
ing contact stiction phenomenon, as illustrated in Figure 1c. In
contrast, if a higher IDS (e.g., 10

−7 A) is permitted to flow through
the contacting point, the NW cantilever and bottom electrode are
bonded together, and the device operates in non-volatility mode,
as depicted in Figure 1d.
Figure 2a presents the simplified fabrication process (see the

experimental section for details). The fabrication process be-
gins with the tailored growth of ultrathin SiNWs via an in-plane
solid-liquid-solid (IPSLS) method.[56–59] Specifically, indium (In)
droplets, serving as catalysts, absorb the pre-coated hydrogenated
amorphous silicon (a-Si:H) precursor layer and guide the growth
of crystalline in-plane SiNW along patterned step edges on a sil-
icon wafer substrate,[60,61] as illustrated in Figure 2a-i. As shown
in Figure 2b, the scanning electron microscope (SEM) images
conform to the uniform growth of the SiNW with a diameter
of ≈150 nm. The extraneous portions of the NWs are removed
via selective etching, leaving only the desired NW cantilever seg-
ments to be picked up and detached from the growth substrate
using a sharp optical fiber, as shown in Figure 2a-ii. The SiNW is
then transferred onto a pair of top electrodes (See Figure S2,a,b,
Supporting Information for a detailed manufacturing process
and SEM image), which are electrically insulated from the bot-
tom electrode, with an electrode spacing of 60 μm. Both ends of
SiNW cantilevers are anchored to the top electrodes through in-
terlocking hook structures and micropillars, resulting in a sus-
pended cantilever structure, as depicted in the SEM image and
the schematic illustration in Figure S2c (Supporting Informa-
tion). The introduction of the interlocking design facilitates pre-
cise installation and secure fixation of the SiNW cantilevers. Sub-
sequently, a multi-layer deposition process is performed, starting
with the sputtering of a 50 nm Ag layer as the conductive layer,
followed by a 50 nm Au layer for radiation hardening, and a 10
nm W layer as the contact layer on the outermost surface, as de-
picted in Figure 2a-iii.
Figure 2c,d show the fabricated device in the OFF-state and

ON-state, respectively. The magnified inset in Figure 2c reveals
that the metal-coated NW cantilever has a thickness of ≈370 nm.
The enlarged inset in Figure 2d indicates that the NW cantilever
forms a conformal contact with the bottom electrode in the ON-
state. The dimension information of the optimally designed VC-
SES is shown in Figure 1b. The protrusive cantilever structure
has dimensions of 15 μm (length) by 11 μm (width) by 370 nm
(thickness), and the indented structure (a = 4 μm), which has
been demonstrated to effectively reduce the turn-on voltage and
enhance the durability of the cantilever,[62] is used as optimiza-
tion. The micron-scale air gap (dgap = 4.5 μm) between the top
and bottom electrodes enables a sufficiently large restoring force
of the bent cantilever, and the protrusive cantilever is devised for
a Lorentz-force-actuated operation.

2.2. Electrical Performance and Volatile/Non-Volatile Switching
of the VCSES

We experimentally investigated the representative electrical char-
acteristics of the fabricated VCSES for the two operation modes.
The schematic of the experimental configuration is shown in
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Figure 2. Device fabrication and characterization. a) Schematic illustration of the VCSES device fabrication process. b) SEM images of an as-grown
in-plane SiNW cantilever along the designed guiding track on the substrate, where the enlarged SEM images show the details of this SiNW (scale bars:
400 nm). c) Tilted-view SEM image of the suspended VCSES in OFF-state, showing a magnified SEM image of the NW at the edge of the top electrode
in the inset (scale bar: 400 nm). d) Tilted-view SEM image of the VCSES in ON-state, where the NW is in contact with the bottom electrode (inset, scale
bar: 400 nm).

Figure 1b, Figure S1 (Supporting Information). All devices in
this work were operated within a constant magnetic field of By =
0.3 T. While this magnetic field strength is relatively high, it has
minimal impact on Si-based components and can be mitigated
through circuit-level design.
Figure 3a presents the typical IDS–VGS dual sweep character-

istics of the VCSES with a bias VDS = 1 V for the two opera-
tion modes, which correspond to a non-volatile operation (black)
and a volatile operation (red). Note that to achieve non-volatile
and volatile operation modes, the IDS was respectively limited

under 10−7 and 10−9 A. Thanks to the excellent electrical insula-
tion between the top and bottom electrodes, zero OFF-state leak-
age current is consistently observed, as expected. During the for-
ward sweep of VGS, the NW-based switch device exhibited a sta-
ble and notably low turn-on voltage (VON) of ≈0.2 V in both two
operation modes, which is significantly lower than previously re-
ported values for MEM/NEM switches using electrostatic actua-
tion. This ultra-low operation voltage is attributed to the unique
nanoscale design of the SiNW cantilever and its functional
metal coatings, which significantly reduce the required actuation
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Figure 3. Dual-mode operation characteristics of reconfigurable VCSES. a) IDS–VGS dual sweep curves for the non-volatile operation (the dashed black
line) and volatile operation (the solid red line) modes under VDS = 1 V. b) Comparison of IDS–VGS reverse-sweep curves during the reset operation for
On-state current IDS of 10

−7,10−5 and 10−3 A. The inset illustrates the NW cantilever subjected to an upward Lorentz force for the reset operation. c,
d) Optical microscopy images demonstrating the device working behavior of c) the volatile (blue arrow) and d) the non-volatile (red arrow) modes,
respectively.

voltage. Notably, this value is substantially lower than those pre-
viously reported for MEM/NEM switches utilizing electrostatic
actuation.[18,38,45] The calculated subthreshold swing was less
than 5mVdec−1, which was much smaller than the theoretical
limit of the typical semiconductor FETs (60mVdec−1). When the
VGS exceeded the threshold, the device exhibited an abrupt elec-
trical switching characteristic, indicating that mechanical contact
was made between the NW cantilever and the bottom electrode.
Since the VCSES is actuated by the Lorentz force, the cantilever
almost does not exhibit the pull-in behavior typically caused by
the electrostatic force.
In the reverse sweep of VGS, the VCSES device can deter-

mine operationmodes by controlling the bias IDS. If a sufficiently
high IDS of 10

−7 A was allowed to flow through the contacting
point, the device operated in non-volatile mode and traced a clear
hysteresis curve. The Joule heating induced by the current sub-
stantively elevates the local temperature at the physical contact

point. The local heating can promote contact materials nano-
welding,[63,64] consequently bonding theNWcantilever to the bot-
tom electrode. Notably, the initial contact area is confined to the
nanoscale region, resulting in a current density at the junction
that significantly exceeds that on the nanowire surface. This leads
to pronounced local Joule heating and a rise in temperature at the
contact area. As the nano-welding process proceeds, the contact
area between the nanowire and the drain electrode gradually ex-
pands, which reduces the local current density and the contact
temperature, eventually reaching thermal equilibrium.
When the adhesion force caused by strong binding exceeds the

restoring force of theNWcantilever structure, the device does not
return to the initial state even after the VGS is removed. For the
reset operation, a reverse voltage was applied to the programmed
device to generate a sufficiently large upward Lorentz force for
the NW cantilever, overcoming the adhesive force, as illustrated
in the inset in Figure 3b. Unlike the conventional electrostatic or
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electrothermal strategies, the Lorentz force turn-off operation re-
sets the non-volatile device without additional actuation electrode
or terminal configuration. As mentioned above, the turn-off volt-
age (VOFF) for the non-volatile mode shows a strong dependence
on the adhesive force, with greater adhesive force experiencing a
higher turn-off voltage.
To further investigate the effect of Joule heating on the adhe-

sive force, we observed a change in the IDS-VDS curves with re-
spect to the ON-state current, as shown in Figure 3b, Figure S3
(Supporting Information). When a larger current flowed through
the contact point, additional Joule heating was generated. Conse-
quently, the turn-off voltage subsequently increased as the ON-
state current increased, indicating an increase in the adhesive
force of the contact point owing to the increase in the Joule heat-
ing. In contrast, if IDS was limited under 10−9 A, the device exhib-
ited the volatilemode operationwithout forming a strong contact,
and completely turned off at a VGS of 0.12 V (VOFF). Notably, in a
volatile MEM/NEM switch such as this VCSES without a pull-in
instability, the difference between turn-on and turn-off voltages
is related to the contact adhesion force.[43,45,65]

Figure 3c,d presents in situ optical microscopy images of a sin-
gle VCSES device working between the volatile and non-volatile
operation modes. The visible deformation of the cantilever ex-
hibits a micrometer-scale motion, making it easy to distinguish
each state to evaluate the mechanical behavior of the VCSES
without requiring high-resolution observation techniques. In the
volatile mode, the NW-based cantilever demonstrates clear defo-
cusing during the ON-state, as it bends significantly. Upon dis-
connection of the gate-source voltage (VGS), the cantilever returns
to its original position, switching back to the OFF-state. In non-
volatile mode, the cantilever remains permanently adhered to the
bottom electrode in the programmed state until an erase opera-
tion. These observations provide compelling visual evidence that
the VCSES device operates successfully according to the two pro-
posed modes—volatile and non-volatile—validating their theo-
retical underpinnings.
Despite the successful demonstration of both switching

modes, some limitations remain in volatile-mode operation.
Specifically, in this mode, the VCSES exhibits a continuous
gate-to-source current during the ON state, resulting in addi-
tional static power consumption compared to electrostatically-
actuated switches, which primarily consume energy during state
transitions.[66] Moreover, the control voltage applied to the gate
may interfere with the drain voltage used for signal readout,
potentially leading to signal integrity challenges in system-level
integration.[67] In addition, while the concept of a reconfigurable
MEM/NEM switch supporting both volatile and non-volatile op-
erations presents opportunities to unify logic and memory func-
tions within a single device, the practical deployment will require
further improvements in reliability, repeatability, speed, device
size, and integration density. These are essential metrics that
may be affected if dual-mode functionality introduces more com-
plex control protocols or additional peripheral circuitry. As such,
this study serves as a proof-of-concept demonstration of recon-
figurable switching behavior, establishing the feasibility of logic-
memory integration at the device level, while full system-level op-
timization remains an important focus for future research.
Additionally, we have investigated the frequency response

of the VCSES both experimentally and via simulation. As

shown in Figure S4 (Supporting Information), the resonance fre-
quency measured by optical characterization (≈244 kHz) closely
matches the FEA simulation result (≈237 kHz), indicating con-
sistent dynamic behavior. This suggests that the device can
operate reliably at frequencies well below 244 kHz. However,
operating near the resonance frequency could induce unin-
tended oscillations, potentially causing short circuits between
the nanowire cantilever and the drain. While these results of-
fer initial insight into the switching dynamics, further studies
are required to establish a definitive relationship between res-
onance behavior and switching speed in Lorentz-force-actuated
devices.

2.3. Influence of Contact Material and Thickness on VCSES
Switching Behavior

Figure 4a illustrates the critical role of contact metal selection in
governing the operational modality of the device. The dual sweep
curves suggest that the operationmode remains non-volatile with
a low IDS of 10

−9 A passing through the contact of silver or gold.
This indicates that, despite low Joule heating conditions, the rel-
atively low melting points of silver (962 °C) and gold (1064 °C)
induce strong welding effects at the contact interface, prevent-
ing the switch from transitioning to the volatile mode. Conse-
quently, tungsten (melting point 3422 °C) was selected as the
contact material for the VCSES. The strong adhesion force at
the contact interfaces is further validated by the reverse sweep of
the IDS –VGS curves. The device with gold-gold contact exhibits
a VOFF of −0.23 V, whereas turn-off behavior is absent in the
device with silver-silver contact within the range of 0 to −0.3
V. Although the underlying mechanisms require further explo-
ration, this phenomenon holds significant application potential.
For example, the close coupling between the Lorentz force and
Joule heating could enable high-precision, controllable welding
of metallic nanostructures, representing a promising avenue for
future systematic research.
The VCSES was also designed to have high stability in am-

bient temperature. The displacement of the NW cantilever in-
duced by ambient temperature fluctuations is on the nanome-
ter scale,[18,21,68] which is negligible compared to the micrometer-
scale actuation gap. As a result, the turn-on voltage is expected
to remain virtually unaffected. Moreover, previous studies have
shown that the local temperature required to induce welding-
like adhesion at tungsten contacts via Joule heating exceeds 1400
K,[54] indicating that unintentional adhesion due to environmen-
tal temperature variations is highly unlikely.
Figure 4b,c, and Figure S5 (Supporting Information) show

IDS –VGS curves for different tungsten layer thicknesses for each
of the VCSES devices. Clearly, the increase in VON is progres-
sively prominent in 30 and 50 nm tungsten compared with 10
nm tungsten (Figure 3a) for all VCSES devices, originating from
the influence of the relatively high elastic modulus of tungsten
and increasing diameter on the stiffness of the NW cantilever. As
shown in Figure 4d, the stiffness of the NW cantilevers with dif-
ferent tungsten layer thicknesses is estimated using an analytical
stiffness model and finite element analysis (FEA) simulation, re-
spectively (see Note S1 and Figure S6, Supporting Information).
The calculated stiffness values closely align with the results ob-
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Figure 4. Influence of contact material and thickness on device performance. a) Comparison of IDS–VGS dual-sweep curves of devices with the contact
point of silver-silver and gold-gold at VDS = 0.5 V. b, c) IDS–VGS dual sweep curves of VCSES devices with a tungsten contact layer of b) 30 nm and c) 50
nm at VDS = 1 V were applied. d) Comparison of theoretical model calculation and FEA results of the stiffness of the NW cantilever as a function of the
tungsten layer thickness. The inset shows a cross-sectional schematic of the multi-layer core-shell NW.

tained from 3D FEA simulations. Both methods indicate that the
NW cantilever stiffness increases with the tungsten layer thick-
ness, consistent with the experimentally observed rise in turn-on
voltage. Notably, the difference between VON and VOFF in volatile
mode remains consistently ≈0.1 V across different VCSES de-
vices, indicating similar adhesion forces in their contact inter-
faces.
The mechanical contact stability and durability of the VCSES

were experimentally evaluated through repeated switching tests,
as shown in Figure S7 (Supporting Information). In both volatile
and non-volatile modes, the IDS-VGS characteristics exhibit a sta-
ble turn-on voltage over 1,000 cycles, demonstrating the reliable
mechanical actuation of the nanowire cantilever. However, in
the non-volatile mode, the turn-off voltage gradually shifts from
−0.08 to −0.19 V, which may indicate gradual contact wear or
material rearrangement at the interface due to Joule heating. This
performance drift highlights the need for further optimization of

contact materials and geometries to improve long-term reliability
in future device iterations.
Furthermore, exposure to mechanical shocks and vibrations

can potentially impact the stability and reliability of MEM/NEM
switches, leading to issues such as unintended contact disen-
gagement, resonance-induced switching, or shifts in operational
voltages.[69–71] Therefore, a comprehensive evaluation of the sen-
sitivity of VCSES to mechanical vibrations will be essential and
should be addressed systematically in future investigations.

2.4. Radiation-Hardened Performance of the VCSES

Although high–atomic-number metals such as tungsten, gold,
and lead are well established as radiation-tolerant shielding
materials, the radiation hardness of MEM/NEM incorporat-
ing nanoscale metal coatings remains insufficiently explored—
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Figure 5. Radiation robustness of the VCSES devices. a-c) IDS–VGS curves (at VDS = 1 V) of VCSES devices with tungsten contact layer of a) 10 nm, b) 30
nm, and c) 50 nm, respectively, measured both before and after exposure to 10Mrad 𝛾-ray irradiation. d) Performance comparison of radiation-hardened
devices demonstrated in this work with those reported in previous works.

particularly under high-dose gamma irradiation (e.g., 10 Mrad).
To address this, we conducted a comprehensive electrical char-
acterization of the VCSES devices before and after gamma ex-
posure to assess the effects of a high total ionizing dose (10
Mrad) on device performance and functionality. The VCSES de-
vice demonstrates excellent stability under high-energy radiation.
This resilience benefits from its unique electromechanical de-
sign, where a suspended nanowire cantilever operates as the core
switching element. In addition, the cantilever is coated with ro-
bustmetal layers, providing bothmechanical robustness and pro-
tection against radiation-induced damage. To assess the radiation
tolerance, the VCSES devices with different tungsten layer thick-
nesses (10–50 nm) were subjected to the exposure of 10 Mrad
60Co 𝛾-ray irradiation at a dose rate of 30 rad s−1. This irradia-
tion level (≈25 years of exposure in outer space[30]) surpasses the
tolerance of conventional radiation-hardened silicon-based elec-
tronics (1 Mrad). As shown in Figures 5a–c and S8 (Supporting
Information), all VCSES devices retained their key characteris-

tics after radiation, namely, ultra-low operating voltage, steep sub-
threshold swing, quasi-zero leakage current, and dual operation
modes, compared to those of the devices before radiation.
As the reference samples, the commercial Si-based N-channel

trench metal–oxide–semiconductor (MOS) FETs and in-plane
SiNW FET both experienced a significant shift in their IDS –VGS
characteristics after 10 Mrad 60Co 𝛾-ray exposure. As shown in
Figure S9 (Supporting Information), the commercial Si-based
MOSFETs exhibited a negative voltage shift of ≈2 V, while the
in-plane SiNW FET showed a positive voltage shift of ≈1 V, both
attributed to irradiation-induced charge trapping in the gate di-
electric.
To further evaluate the radiation tolerance of our VCSES

device, we compared its performance with a range of pre-
viously reported radiation-hardened devices, as summarized
in Figure 5d. The comparison includes fully depleted (FD)
SOI FET,[72] FinFET,[73] gate-all-around (GAA) FET,[74] carbon
nanotube (CNT) FETs,[30,75] nanoelectromechanical non-volatile

Small 2025, 21, e03172 © 2025 Wiley-VCH GmbHe03172 (8 of 11)
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Table 1. Comparison of the radiation properties of different published devices.

Device type Radiation source Total radiation dose(Mrad) Threshold voltage shift[V] Refs.

FDSOI MOSFET 10-keV X-ray 0.5 0.33 [72]

FinFET 10-keV X-ray 0.5 0.06 [73]

GAA FET Co-60 𝛾-ray 5 0.1 [74]

CNT-FET
(ion gel gate)

Co-60 𝛾-ray 4 0.14 [30]

CNT-MOSFET Co-60 𝛾-ray 2 0.3 [75]

NVCT Co-60 𝛾-ray 5 0.22 [76]

NEM-NVM Co-60 𝛾-ray 1 0.24 [18]

Commercial trench
MOSFET

Co-60 𝛾-ray 10 2 Reference sample
for this work

In-plane SiNW FET Co-60 𝛾-ray 10 1 Reference sample
for this work

VCSES Co-60 𝛾-ray 10 0.02 This work

memory (NEM-NVM),[18] nanoscale vacuum channel transistor
(NVCT),[76] commercial trench MOS FETs, and in-plane SiNW
FET. The radiation source, total radiation dose, irradiation en-
vironment, and corresponding threshold voltage shift for each
device are detailed in Table 1, providing a comprehensive ref-
erence for performance benchmarking. Notably, our VCSES de-
vice exhibits a substantially smaller threshold voltage shift (≈20
mV) even after exposure to a much higher irradiation dose level
(10Mrad), significantly outperforming previously reported de-
vices. This exceptional radiation tolerance is attributed to the in-
novative MEM/NEM architecture, which integrates mechanical
and electrical operations to provide inherent resilience against ra-
diation effects. In addition, the robust metal layers further shield
the device from ionizing radiation, enhancing overall durability
in extreme environments

3. Conclusion

In summary, we have developed a reconfigurable radiation-
hardened VCSES based on a suspended NW cantilever structure,
capable of seamless operation in both volatile and non-volatile op-
eration modes in a single submicron electromechanical device.
By adjusting the ON-state bias current under an applied mag-
netic field, the device can dynamically switch between these two
functionalmodes, leveraging bidirectional Lorentz forces for pre-
cise control. In addition, the non-volatile mode can be reliably re-
set by applying a reverse driving current, effectively rebalancing
the vectorial Lorentz forces, mechanical restoring, and adhesive
forces to ensure consistent reconfiguration. This device operates
at an ultra-low operation voltage (< 0.5 V) with an exceptionally
steep subthreshold swing (< 5 mV dec−1), making it highly ef-
ficient in both switching modes. Significantly, the mechanical
switching mechanism exhibits inherent immunity to radiation
damage, maintaining stable performance even after exposure to
10 Mrad 60Co 𝛾-ray irradiation, which surpasses the radiation tol-
erance of silicon-based transistors by nearly an order of magni-
tude. These results demonstrate a feasible pathway toward uni-
fied logic-memory integration in radiation-hardened electronics,
with broad potential for applications in nuclear reactor control

systems, deep-space exploration hardware, and other electronics
designed for extreme environments.

4. Experimental Section
Guided Growth of In-Plane SiNWs: The in-plane SiNWs were guided

to grow along the designed guiding tracks on thermally oxidized silicon
substrates via an in-plane solid-liquid-solid (IPSLS) growth mechanism.
As illustrated in Figure S10 (Supporting Information), the procedure be-
gan with the photolithographic patterning of predefined cantilever profiles
onto the thermally oxidized silicon substrates, followed by 180-nm-depth
silicon dioxide etching using an inductively coupled plasma (ICP) etch-
ing equipment at 400 W RF power with C4F8 gas. Next, 60 nm-thick in-
dium (In) stripes were deposited at the initiation region of the guiding
tracks via electron beam evaporation and photolithographic patterning.
The sample was then subjected to H2 plasma pretreatment in a plasma-
enhanced chemical vapor deposition (PECVD) system at 250 °C for 8 min
to remove the surface natural oxide and form discrete In catalyst droplets,
with a gas flow rate of 15 SCCM and a chamber pressure of 140 Pa. Sub-
sequently, a 30 nm-thick hydrogenated amorphous silicon (a-Si:H) thin
film was deposited at 100 °C (below In melting point of 156.6°C) under 5
SCCMpure SiH4 plasma and a chamber pressure of 20 Pa. Finally, the sub-
strate temperature was increased to 350 °C, followed by vacuum anneal-
ing for 60 min. During this process, molten In catalyst droplets exhibited
directional migration along the etched contours through a self-limiting
atomic absorption-redeposition mechanism while absorbing the a-Si film,
leading to the formation of crystalline SiNW along their movement
tracks.

Top Electrode Fabrication: The fabrication process began with the etch-
ing of paired anchor micropillars on a silicon-on-insulator (SOI) substrate
(featuring a 1 μm-thick buried oxide layer and a 4 μm-thick top silicon layer)
using the Bosch process. This process alternates between C4F8 and SF6
plasma etching, as illustrated in Figure S2a-i (Supporting Information), re-
sulting in anchor micropillars with a height of 500 nm. It was followed by
photolithography to define the paired top electrode patterns with an edge-
to-edge spacing of 60 μm. Next, ICP etching was applied to the top silicon
layer using the Bosch process until the buried oxide layer was exposed,
as depicted in Figure S2a-ii (Supporting Information). Finally, hydrofluo-
ric acid (HF) wet etching was performed to selectively remove the buried
oxide layer, forming an undercut trench beneath the top electrodes, as il-
lustrated in Figure S2a-iii (Supporting Information) and the inset of Figure
S2b (Supporting Information).

Assembling of the Suspended NW Switch Devices: A fiber optic probe
with a tip diameter of 200 nm was mounted on a manually controlled XYZ
micromanipulator to facilitate the precise pick-up of as-grown SiNWs, as il-
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lustrated in Figure S11 (Supporting Information). These SiNWs were then
transferred and positioned onto the anchor micropillars of the paired top
electrodes, thereby forming a suspended NW switch structure. To com-
plete the fabrication of the device, a series of metal materials were de-
posited in sequence. First, a 50 nm silver layer was sputtered using mag-
netron sputtering to establish a highly conductive interface. Next, a 50 nm
gold layer was sputtered to provide radiation resistance. Finally, a 10 nm
tungsten layer was sputtered as a contact interface. Thesemeticulously de-
posited metal layers not only fulfilled their primary functions—enhancing
conductivity, offering protection from radiation-induced degradation, and
establishing a tunable contact interface—but also played an indispensable
role in anchoring the transferred SiNW cantilevers to the top electrode sur-
face, thereby finalizing the device’s assembly.

Radiation Exposure Experiments and Electrical Measurements: The 60Co
𝛾-ray irradiation source was performed at the Shanghai Institute of Ap-
plied Physics, Chinese Academy of Sciences. For the radiation proce-
dure, the VCSES devices, along with the reference devices (commercial
Trench MOSFETs and SiNW FETs), were placed at particular locations un-
der ambient conditions. During the radiation procedure, the polymethyl
methacrylate dose tablet was used to determine the absorbed dose. These
devices were exposed to 60Co 𝛾-ray radiation with a total dose of 10 Mrad,
with an irradiation rate of 30 rad s−1. After irradiation, the fabricated VC-
SES devices and reference devices were characterized with the current-
voltagemeasurements using the Keithley 2636B sourcemeter under atmo-
spheric conditions. The electrical performance measurements were con-
ducted within 1 h after the irradiation.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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