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ABSTRACT: The growth and integration of position-controlled, morphology-programmable silicon nanowires (SiNWs), directly
upon low-cost polymer substrates instead of postgrowth transferring, is attractive for developing advanced flexible sensors and logics.
In this work, a low temperature growth of SINWs at only 200 °C has been demonstrated, for the first time, upon flexible polyimide
(PI) films, via a planar solid—liquid—solid (IPSLS) growth mechanism. The SiNWs with diameter of ~146 nm can be grown into
precise locations on PI as orderly array and with preferred elastic geometry. Strain sensor array, built upon these spring-shape SiINWs
integrated on PI, achieves a gauge factor (GF) of ~90, sustains large stretching strains up to 3.3% (with 1.5 mm radius) and endures
over 30,000 cycles. Strain sensors attached to the finger to monitor movements are also successfully demonstrated, showing high
sensitivity and superior mechanical reliability, particularly suited for wearable health applications.
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ith the rapid development of wearable technology and

flexible electronics, the demand for high-performance,
reliable sensors is growing.,'~* This is especially true in the
fields of health monitoring, environmental surveillance, and
intelligent living.”” Particularly noteworthy are electronic
skins (E-skins) that integrate various miniaturized devices on
flexible/stretchable substrates for detecting ultrasmall
strains.*”'" These E-skins can conform closely to the
epidermis, minimizing discomfort to the user, and have
attracted widespread attention in recent years."" Flexible strain
sensors are key components of E-skins.'”'> On the one hand,
skin deformation can reflect useful information about human
movements and emotions, such as finger bending, swallowing,
and heartbeats."*™'” Real-time monitoring of strain distribu-
tion in E-skins can calibrate devices whose output signals may
be significantly affected by strain. Developing reliable E-skins
capable of detecting ultrasmall strains has significant research
value. Organic thin films, commonly used for flexible strain
sensing, are prepared by spin-coating or printing but often have
lower stability compared to inorganic materials and require
additional encapsulation layers for protection.'®™*’
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Meanwhile, nanowire structures, such as metal or alloy
nanowires, are widely used in flexible/stretchable strain sensing
applications due to high flexibility and macroscopic
lengths.”' ~** However, they typically have macroscopic widths
or diameters, which limit their integration and application in
ultrasmall strain sensing. Ideally, the sensing materials required
in electronic skins should be as small as possible and preferably
have a specific morphological structure to adapt to the changes
in flexible substrates, meeting the requirements of high
flexibility and high integration density. Additionally, inorganic
silicon nanowires (SiNWs) structure is widely applied in
flexible sensing areas due to high crystallinity, excellent
mechanical properties, and superior electrical performance,
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(a) Elastic shape engineering of planar SiNWs directly grown on polyimide (PI) film (b) Flexible SINWs strain sensors on translation stage
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Figure 1. (a) Schematics of straight and spring-shaped SiNWs on a flexible PI substrate. (b) Spring-shaped sensor setup on a custom stretch
platform. (c-d) Stress distribution in straight and spring-shaped SiNWs. (e) Conversion from convex bending to surface tensile strain, showing an
equivalent stretch of 3.3%. (f-g) Stress distribution along the bottom and top of straight and spring NWs constrained by the PI film. (h) Max von
Mises stress vs strain, highlighting the higher stress and earlier fracture risk in straight NWs compared to spring-shaped ones.
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Figure 2. (a-d) Typical process for fabricating self-aligned spring-shaped SiNW arrays strain sensors on a flexible PI substrate. (e-g) SEM of spring-
shaped NWs growing along step edges. (h) Diameter statistics. (i-j) Images of the flexible SINW strain sensor array on a PI film attached to a
human finger. Optical microscope images of the array are shown in (k-1).
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Figure 3. (a) Physical picture for the flexible SINW strain sensor on a stretching platform. (b) Electrical characteristics during straining. inset:
sensor schematic. (c) Time-dependent current changes under various strains at 0.1 V bias. (d) AR/R, vs strain, with GF extracted for 0—0.8% and
0.8—3.3% strain ranges. (e) Current and resistance changes for 15 flexible strain sensors.

resulting in outstanding stability and robustness.”*™** For

example, flexible strain sensors prepared by transferring
centimeter-long SINW to a flexible substrate have achieved a
strain sensitivity as high as 52.” Utilizing the contraction of
elastic polymer substrates to force the attached SINW into out-
of-plane bending, forming stretchable SiNWs capable of
enduring more than 45% strain and over 10,000 stretching
cycles."”” However, these SINWs are typically grown by using
traditional vapor—liquid—solid (VLS) methods and then
transferred to flexible/stretchable substrates, which is difficult
to precisely design the morphology and position of the NWs
and to scale up the integration of flexible strain sensors.

To directly grow morphology-programmable and orderly
SiNW on a flexible substrate, we developed a novel in-plane
solid—liquid—solid (IPSLS) growth mechanism.>* ¢ While
highly ordered SiNWs have been demonstrated on hard
substrates, their direct growth on a soft polyimide (PI)
substrate and integration into high-performance strain sensor
arrays have not been studied. In this work, we designed two
types of the NWs (Figure 1a). Finite element analysis (FEA)
simulations validated that spring-shaped NWs can withstand
significant strain without breaking. The schematic of the
flexible strain sensor fixed on a translation platform is shown in
Figure 1b. The SiNWs experienced an equivalent tensile strain
of 3.3% (Figure le). Stress simulations (Figure lc-d) show
higher stress at the bottom of straight-shaped NWs and at the
peaks/troughs of spring-shaped NWs. Stress values (Figure 1f-
g) reveal that straight NWs exhibit extremely high stress (up to
9 GPa) at the bottom edges, while spring-shaped NWs show
stress spikes (~1.5 GPa) at the bottom edges, peaking at the
bending points. The straight-shaped NWs consistently exhibit
higher stress than spring-shaped NWs (Figure 1h). Within the
fracture strength limit of silicon (>2 GPa),”” ™ straight-
shaped NWs may break under small strains (~0.8%). This
work reports a flexible strain sensor array based on spring-
shaped NWs, with a maximum strain range of 3.3%, over
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30,000 cycles, achieving a high gauge factor (GF) close to 90
(at 0.8% strain) and minimal hysteresis, providing a foundation
for advanced flexible sensing and wearable electronics.

B RESULTS AND DISCUSSION

As depicted in Figures 2a-d, spring-shaped SiNWs were grown
on PI substrate, and fabricated into flexible strain sensors.
Indium (In) stripes were defined and evaporated (Figure 2a).
The sample was then loaded into a plasma-enhanced chemical
vapor deposition (PECVD) system for hydrogen (H,) plasma
treatment. A film of a-Si precursor was deposited (Figure 2b),
followed by a vacuum annealing at 200 °C that activates the In
droplets to absorb the nearby a-Si and produces aligned SiNWs
along the guiding edges (Figure 2c), Finally, the residual a-Si
layer was selectively etched. Metal electrodes of Pt/Au were
fabricated via electron beam evaporation (EBE) and lift-off
procedure. Detailed experimental and growth mechanisms
(Figure S1) were provided in the Supporting Information.
Figures 2e-g show typical field emission scanning electron
microscopy (SEM) images of SiNWs grown along predefined
spring morphological step edges on a PI substrate. The density
of SiNWs at specified positions is extremely high. Magnified
SEM images, colored green for clarity, reveal precisely oriented
spring-shaped NWs with a diameter of D, = 146 + 11 nm, as
shown in the statistical data in Figure 2h. Figures 2i-j
demonstrate a flexible SINW strain sensor array attached to a
human finger, showing that the device can conformally adhere
to soft skin and remain intact even under arbitrary bending and
squeezing. Optical microscope images in Figure 2k show an
array of device units on a flexible PI substrate maintaining
structural integrity without microcracks. The detailed device
configuration, highlighted by the red dashed box in the
enlarged view of Figure 2l, reveals electrodes and a channel
region of Ly ~ 3 pum. Additionally, straight-shaped SiNW
arrays can also grow on a flexible PI substrate, as shown in
SEM images in Figure S2a-b, with a diameter of D, = 142 + 9
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Figure 4. (a) Resistance changes vs strain (0—0.7%) plot and hysteresis curve. (b-d) SINW wearable strain sensor for detecting human joint motion
and balloon strain: (b) Electrical response to balloon motion; (c) Current response to finger joint motion; (d) Normalized current mapping of a 3
X 3 SiNW sensor matrix under different stretches. (e) Real-time variation of the flexible strain sensor, inset shows the touch and release action.

nm, as statistically presented in Figure S2c. The structural
property of SiNW was analyzed by using high resolution
transmission electron microscopy (HR-TEM) in Figure S3,
where the lattice fringes show an atomic spacing of
approximately 3.14 A, consistent with the standard atomic
spacing among Si[111] planes.

Figure 3a shows a series of photographs of the flexible strain
sensor, mounted on a stretching platform, under increasing
stretching from initial state up to 3.3% strain. spring-shaped
SiNWs can withstand up to 3.3% strain without significant
fracture and maintain good electrical contact. Figure 3b
presents the electrical characteristics curve of the sensor during
the straining process. The In atom concentration dissolved in
the SINW grown by the IPSLS mechanism can reach up to
~10" cm™."" When the SiNWs form an Ohmic contact with
Pt/Au, the current gradually decreases as the strain increases.
This is a characteristic result of the tensile stress-induced
changes in p-type SiNWs.*' As the strain increases gradually
from 0% to 3.3%, the conductivity decreases from 0.98 S/cm
to 0.08 S/cm (Figure S4). Under tensile stress, the length of
the spring-shaped SINWs increases, which leads to a significant
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increase in resistance. Tensile stress changes the lattice
constant, distorts the band structure, and increases the effective
mass of holes, all of which contribute to further increasing
resistance. Additionally, tensile stress increases the defect
density, creating more scattering centers that hinder hole
transport.”*’ Figure 3c shows that the current gradually
decreases as the strain increases. In comparison, the straight-
shaped SiNWs strain sensor fails, as illustrated in Figure S 2d,
once the strain reaches 1%, owing to the fracture of the NWs
(Figure SS).

Then, we investigated the sensitivity of the device. The
gauge factor (GF), which represents the strain sensitivity, is
defined as the ratio of the change in resistance to the change in
length. GF = (AR/R,)/(AL/L,) = (AR/R,)/e. AR and R are
resistance change and original resistance, respectively. AL and
L are length change and original length, respectively. € is the
applied strain.'® Figure 3d illustrates the change in resistance
variation from fast to slow as the strain gradually increases.
After extracting the GF values, it was found that under smaller
strains (0—0.8%), the resistance change exhibits a clear linear
relationship, with a GF value as high as 86.3. This is
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significantly higher than the GF for bulk silicon, indicating
better strain sensitivity. The GF values in this range are also
higher than those reported for other SiNWs, nanoribbons, and
nanorods.'>?7#4746 However, as the strain increases to 3.3%,
the GF value drops to 9.1. This variation is primarily due to
elastic deformation before 0.8% strain, followed by plastic
deformation (0.8%—3.3%). We tested and statistically analyzed
15 devices from their initial state up to 0.5% strain, indicating
good uniformity and reliability. Similar trends were observed in
flexible strain sensors made from spring-shaped NWs with finer
diameters (~80 nm), as shown in Figure S6. The resistance
changes in the 0—0.5% strain range show a good linear
relationship, with a GF value reaching 91.2, validating the high
strain sensitivity of the sensors.

Furthermore, during the strain process up to 0.7%, almost
no hysteresis was observed in the forward and reverse scans of
resistance change, as shown in Figure 4a, demonstrating the
excellent stability and reliability of the flexible strain sensor. To
demonstrate the application on a complex surface, the sensor
was attached to a balloon and connected to a source meter via
copper wires. As the balloon’s curvature radius changed from
~10 cm (0.05% strain) to S cm (0.1% strain), the electrical
signals in Figure 4b show a gradual decrease, indicating reliable
operation on complex surfaces. Additionally, the SINWs were
used as wearable sensors by attaching the strain sensor to a
finger, with copper wires bonded to the electrodes and
connected externally with alligator clips, creating a wearable
finger joint motion sensor (Figure 4c). The sensor exhibits
excellent flexibility, high sensitivity, and outstanding repeat-
ability in response to finger joint movements, corresponding to
strains of 0—0.7%. To illustrate the effect of strain on current
changes, we plotted a 3 X 3 matrix under varying strains
(Figure 4d). With increasing strain, the color indicative of
current changes became more intense, and the array
demonstrated reversible behavior upon returning the strain
to its initial state. Figure 4e shows the real-time current
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variation during continuous touching and releasing of the
sensor by a finger, illustrating excellent flexibility. The
simulation data (Figure S7) showed excellent linearity for
strains between 0 and 0.8% and a broad detection range from 0
to 490 MPa, which is significantly wider compared to similar
flexible silicon-based strain sensors (typically up to several
kPa).

In addition, the durability of the strain sensor was
investigated within the strain range of 0% to 0.2%. Figure Sa
shows the real-time current response over 58 cycles at 0.2%
strain, with the inset providing an enlarged view of 5 cycles,
demonstrating excellent recovery. After 30,000 cycles at 0.2%
strain, the device still exhibits high stability and repeatability.
As shown in Figure 5b, the electrical performance of the device
from 0% to 0.5% strain after 30,000 cycles remains comparable
to its initial state, as depicted in Figure 3c. To further examine
the current response and repeatability of the sensor under high
strain, we conducted a single tensile cycle from 0% to 3% and
back to 0%. The real-time current change curve is recorded in
Figure Sc. The results indicate that under high strain, the
device almost fails to return to its initial current state but still
maintains good electrical contact, as explained by the elastic
and plastic deformation,” as shown in Figure 5d. The SiNWs
typically exhibit a significant piezoresistive effect under stress.
In contrast to bulk silicon, which usually exhibits brittleness at
room temperature due to the high Peierls stress required for
dislocation nucleation and/or motion, only at a considerable
fraction of their melting point can dislocations be activated,
allowing the material to become ductile. It has been reported
that the necessary temperature for triggering plastic deforma-
tion in bulk silicon under stress is at least 400 °C.** This
means that bulk silicon hardly undergoes plastic deformation at
room temperature. However, when the material size is reduced
to the nanoscale, nanomaterials can withstand high fracture
stresses, which may eventually allow them to overcome the

https://doi.org/10.1021/acs.nanolett.4c05553
Nano Lett. 2025, 25, 2290-2297


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c05553/suppl_file/nl4c05553_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.4c05553/suppl_file/nl4c05553_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05553?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05553?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05553?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.4c05553?fig=fig5&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.4c05553?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

Table 1. Comparison of the SINW Strain Sensors to the Other Flexible/Stretchable Sensors

Fabrication Channel Length (L) Substrate
Materials strategies and Width (W) materials
(PU-PDMS) Electrospinning and L=3mm PDMS
nanomeshes Transfer W =8 mm 200 ym
Pil2T-Si thin film Solution and Spin- L =40 ym PI
polymer coating W ~ 12 mm 12 ym
Pt-coated polymeric ~ Solution etching L=4cm PDMS
nanofibres and Transfer W=5cm 500 pum
i in- L =100 PI
PDMS/CNT Film Solutlgn and Spin pm
coating W = 100 ym 50 ym
L ~3cm”
Graphene Solution om PDMS
Nanosheets W~ 3 cm”
A . Solution and Spin- L ~ 100 pm® PDMS
g Nanowire X “
coating W ~ 1 mm 100 pm
Galinstan-Nickle Solution and L ~ 100 ym* PDMS
composite Printing W ~ 1 mm*“ 1000 pm
Silicon SOI etching and L ~ 500 pym® P
nanomembrane Transfer W ~ 1 mm“ 1.2 ym
i L =200 PI
Silicon Nanoribbons SOI etching and pm
Transfer W = 20 ym 75 pym
o L=16
Silicon nanorod MACE etching i PI/PDMS
arrays W =16 mm
. . L = ~5 mm* PDMS
Single SINW VLS and Transfer
W ~ 500 nm 100 ym
. . L=2cm
Single SINW VLS& Transfer PET
W ~ 500 nm
_ali i L=3 PI
Self: a'hgned SiNWs/ IPSLS growth 1“:1
Spring W ~ 10°—150 nm 100 pm

“Values estimated from the plots or graphs in the references.

Equal tensile Gauge Detection
range (%) factor range Stability (cycle) refs.
60% strain for
0-60 463 5000 eyeles 18
0—8 KPa 15000 20
0-2 11. 45 5—1.5 KPa 10000 53
0-03 ~3333  10-100 Kpa 100 KPafor1000 g,
cycles
0-3.4 KPa 10000 SS
0-50 ~0.04 0—100 KPa 10000 23
0-200 ~16.15 56
0-1S5 0.5 45
1 43 1000 46
0—-3 KPa
~4S 1000 44
3—-170 KPa
0-0.22 ~1 >10000 13
0-0.08 52 100 33
Strain 0.2% for This
0-0.8 86.3 0—490 MPa 30000 cycles work

critical resolved shear stress and nucleate ductile dislocations
or make these dislocations mobile."’

When SiNWs are subjected to tensile stress below their
elastic limit, they undergo elastic deformation, with the crystal
structure remaining intact and atoms experiencing minor
displacements. Upon removing the external force, the atoms
return to their original positions, allowing the nanowire to fully
recover. This makes SINWs exhibit good elasticity under small
strains (0% to 0.8%). For even larger stretching, the spring-
shaped SiNW sensors already demonstrate some kind of
plasticity, as seen in Figure Sc, due to most likely the
irreversible damage caused in the SiNW channels which are
grounded on, and thus subject to the constraint of, the much
harder PI foil surface.” ™' Note that, the spring-shaped
SiNWs alone are supposed to be able to accommodate much
larger stretching, if they are not constrained by touch ground
surface, as witnessed in our previous works.”>>>
significantly larger detection range under stretching, the
SiNWs can be released from the substrate surface and
suspended above it, supported by two source/drain (S/D)
electrode pads. We anticipate demonstrating large-strain

To achieve a

sensors in our future work.

The performance of strain sensors made from spring-shaped
SiNWs was compared with those materials (Table 1). These
morphology-programmable SiNW strain sensors exhibit
superior performance, operating stably under 0—0.8% strain
with a high GF (~90) and a broad detection range (0—740
MPa), alongside excellent durability (30,000 cycles). Impor-
tantly, they can be batch-produced at low temperatures on
flexible substrates.
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B CONCLUSIONS

In this work, we demonstrate a reliable integration of high
performance flexible SINW strain sensor, where morphology-
programmed SiNWs are directly grown on PI substrate and at
predesigned locations via IPSLS mechanism. The SINW sensor
exhibits a high GF of ~90, withstanding large tensile strains up
to 3.3% for more than 30,000 cycles. These results indicate
that high-performance c¢-Si nanoelectronic devices can be
directly grown and integrated upon soft polymer substrates,
enabling the development of a new generation of wearable/
stretchable electronics, sensors, and displays with minimal
manufacturing costs and excellent mechanical and electronic
stability.
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Schematic of the SiNW fabrication procedures and the
IPSLS growth mechanism, SEM images of straight-
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conditions, SEM image of straight-shaped NW fracturing
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