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Recent Progress on Flexible Silicon Nanomembranes for
Advanced Electronics and Optoelectronics

Ziyu Zhang, Yang Wang, Tianjun Cai, Binmin Wu,* Bofan Hu, Xing Li, Enming Song,
Gaoshan Huang, Ziao Tian, Zengfeng Di,* and Yongfeng Mei*

Silicon nanomembranes, an emerging material with ultrathin thickness,
combine the electrical properties of semiconductors with the flexibility that
bulk materials lack. These nanomembranes can impart enhanced functionality
to devices, supporting development needs for next-generation technologies
“more-than-Moore” Law. In recent years, as research of fabrication techniques
and fundamental principles have advanced, the focus of silicon
nanomembrane studies has evolved from material preparation and
component processing to functionalization and system-level integration. This
review begins with an overview of silicon nanomembrane preparation
methods and formation principles. In terms of device advancements and
applications, developments in optoelectronic devices, sensors, biomedicine,
energy harvesting, and integrated circuits are covered. Finally, the review
discusses the current challenges in silicon nanomembrane technology and
the potential of silicon nanomembrane devices and systems in future

However, as the demands for device
performance and functionality continue
to escalate, the traditional optimization
strategies for silicon-based devices face
challenges. The current trend of minia-
turizing integrated circuits is approaching
physical limits, exacerbating thermal man-
agement issues as integration density
increases.?l Additionally, quantum ef-
fects such as tunneling and short-channel
effects become more pronounced, under-
mining device stability and performance.l’’
Furthermore, the inherent rigidity and
lack of flexibility in bulk silicon materi-
als hinder their suitability for emerging
applications that require flexible and multi-
functional capabilities.[] These limitations

optoelectronics, biomedicine, energy harvesting, and advanced integrated

circuit architectures.

1. Introduction

Silicon, as one of the critical elements in the semiconductor
field, plays a pivotal role in the development of modern elec-
tronic technology, industrial products, and the global economy.[!!

constrain the application of traditional
silicon devices in future high-performance
and multifunctional electronic systems.

In recent years, the “more-than-Moore”
paradigm has emerged as a focal point
in integrated circuit (IC) technology development.®! This ap-
proach aims to enhance chip performance not only by fur-
ther scaling down transistor dimensions but also by intro-
ducing new materials, structures, and functionalities. For ex-
ample, silicon nanowires have emerged as a low-dimensional
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structure, with unique electrical and mechanical properties.[®!
When implemented in field-effect transistors, these nanoscale
structures enable superior gate control and carrier transport
characteristics,””) demonstrating the potential of novel materials
in extending device performance. Along with silicon nanowires,
the “more-than-Moore” strategy leverages other emerging tech-
nologies such as multifunctional and heterogeneous integration,
three-dimensional integrated circuits (3D ICs),®! photonic inte-
grated circuits (PICs),°! and micro-electro-mechanical systems
(MEMS)[1% to overcome the physical limitations of traditional
scaling and drive advancements in semiconductor technology to
meet diverse application needs.

Within this technological framework, silicon nanomembranes
(SiNMs) have become crucial solutions for the next generation
of devices.I'! Since the bending stiffness of a material is pro-
portional to the cube of its thickness, nanoscale thickness in
films results in remarkable flexibility and structural malleabil-
ity. At the same time, SiINMs can maintain excellent semicon-
ductor material properties('?! while enabling additional external
field coupling and detection functions.[** Notably, SiNMs, struc-
tured through self-rolling processes based on strain engineering,
and flexible SiNM devices fabricated using transfer printing tech-
niques, have contributed to advancements from a “more-than-
Moore” perspective. The self-rolling process exploits strain gra-
dients introduced during the epitaxial growth or deposition of
SiNMs, enabling the formation of microstructures through strain
release, and thereby achieving microstructure fabrication in a
single step.l¥ This process enhances device integration by in-
corporating additional functionalities through three-dimensional
space, which is critical in optoelectronics, MEMS, !5l and energy-
related applications.[® Conversely, the transfer printing process
allows for the transfer of strain-free SiNMs onto designated flex-
ible substrates, facilitating device fabrication with excellent bio-
compatibility and scalability, and novel physics mechanisms.!”]
Consequently, flexible SiNM-based electronic and energy devices
have garnered increasing attention in fields such as optoelectron-
ics, ICs, substance sensing, biomedicine, and energy harvest-
ing. Devices based on SiNMs will advance bulk planar silicon-
based semiconductor devices in three directions: 1) Thickness-
dependent physical properties. At different thicknesses, the vary-
ing dominance of interface states, quantum confinement ef-
fects, and bulk semiconductor silicon lead to differences in
the electrical, optical, and thermal properties of SiNM, 77218 in.
troducing new mechanisms from the material itself. 2) On-
demand functional integration. By utilizing three-dimensional
structures formed through external deformation or internal
strain, these devices offer customizable functionalities, including
stress measurement,['%1%] temperature sensing,?° and polariza-
tion detection.[1*+21] 3) In situ, real-time detection. The combina-
tion of flexibility of SiNMs with flexible substrates enhances the
accurate sensing of signals on complex surfaces, and their bend-
able and foldable characteristics will play a crucial role in device
miniaturization and portability.(2?!

In this review, we provide an overview of the fabrication pro-
cesses, physical properties, device applications, and future de-
velopments of SiNMs in the fields of electronic devices and en-
ergy harvesting. First, we discuss the principles and methods
of SiNM preparation, assembly, and transfer. Following this, we
delve into the applications and unique advantages of flexible
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SiNMs in optoelectronics, substance sensing, biomedicine, and
energy-related domains. Then, we explore the challenges and
breakthroughs associated with achieving large-area integration,
multidimensional sensing, and high-performance energy stor-
age using flexible SiNMs in next-generation electronic devices
and energy storage systems. At the end of the review, we analyzed
the bottlenecks faced by the further development of SiNMs from
the perspectives of materials, devices, and systems, highlighting
the research directions that require attention. We also explored
promising processing techniques. We believe that SiNM, as an
indispensable thin-film material, will continue to make contri-
butions in the fields of electronic and optoelectronic devices.

2. Preparation, Assembly, and Design of SiNMs

Since the first fabrication of SiNMs by peeling from the sub-
strate, the field has been developed over 20 years. With contin-
uous research and development, the process has evolved from
the inability to apply the films and the randomness of the peel-
ing procedure to the controllable fabrication of devices. In recent
years, SiNMs have advanced to the point where, through sophis-
ticated device structures and algorithm-software assistance, they
can achieve highly customized, system-level, multifunctional in-
tegration. SiNM technology has opened broader fields for the de-
sign and application of silicon semiconductor devices.

The strain state and origin of strain in SiNMs determine
their morphology, functionality, and application fields, and
can generally be classified into three categories: 1) Strain-free
SiNMs, typically used in high-integration devices on rigid sub-
strates or as conformal flexible devices after substrate removal
(Figure 1a—i);[1021221622¢23.2425.26] 2) SiNMs based on external
strain engineering, which lack internal stress upon substrate re-
lease but undergo deformation under intentionally applied exter-
nal strain, often for precisely designed microstructures and large-
deformation flexible devices (Figure 1j—q);!1*?7-32] 3) SiINMs with
intrinsic strain gradients, where strain originates from differ-
ences in thermal expansion coefficients or lattice mismatch
within the material system, leading to spontaneous deforma-
tion upon substrate release. These self-assembled microstruc-
tures show great potential in fields like optoelectronic detection
and energy harvesting (Figure 1r—y).[144:213336) When the SiNM
is subjected to minimal external strain, its inherent flexibility fa-
cilitates conformal attachment to target surfaces and in situ sig-
nal sensing. Compared to epitaxial SINMs, SiNMs fabricated via
etching silicon on insulator (SOI) wafers exhibit lower strain and
almost no strain gradient in the thickness direction. Therefore,
SOI wafers are typically used to fabricate strain-free SINM struc-
tures and devices.’”] Consequently, defining micro patterns,8!
especially micropores®®! within the SiNM and etching the sili-
con dioxide sacrificial layer on SOI, followed by adhesive peel-
ing with an elastic stamp, has become a common method for ob-
taining SiNMs (Figure 1a—d).[12223.2440] In addition, the efficient
transfer of SiNMs and their adhesion to a wide range of mate-
rial surfaces can be achieved through advancements in the opti-
mization and analysis of micro- and nano-structures.['’>#! The
biocompatibility and flexibility of SINMs make them one of the
promising candidates for wearable and implantable biomedical
devices and in-situ sensors (Figure le-g).l%#2>42] Their degrad-
able nature allows implanted devices to dissolve naturally after
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Figure 1. Schematic diagram of the development of SiNMs. a) Optical image of the released SiINM on a PI substrate. Panel (a) courtesy of Bofan
Hu. b) Optical image of flexible SINM TFT. Reproduced with permission.[?3] Copyright 2006, AIP Publishing. c) Released 260 nm SiNM, which is sus-
pended on two silicon bars.[?4] d) Optical image of SINM/Ge heterojunction. Reproduced with permission.['22] Copyright 2011, American Chemical
Society. e) Schematic illustration of a SINM monitor system for temperature and pressure. Reproduced with permission.!'%2] Copyright 2020, Springer
Nature. f) Schematic of integrated SiNM CMOS array on a brain model. Reproduced with permission.[?° Copyright 2019, National Academy of Sci-
ences. g) Photograph of a 15.6 cm x 15.6 cm bendable SiNM solar cell. Reproduced with permission.['8] Copyright 2023, Springer Nature. h) Optical
image of multifunctional flexible SINM sensor array. Reproduced with permission.[26] Copyright 2020, AAAS. i) Optical image of a unit of SiINM optical
cavity for miniaturized spectrometers. Reproduced with permission.[?2] Copyright 2024, AAAS. j) SEM images of buckled SiNMs. Reproduced with
permission.[2’] Copyright 2017, IEEE. Colored SEM images of buckled k) Photoresist (PR)/ SINM nanodisk and I) PR/SiNM microstructures. Repro-
duced with permission.!'#<l Copyright 2015, National Academy of Sciences. m) Optical image of buckled SiN, NM/SiNM stress sensor. Reproduced
with permission.[28] Copyright 2014, Elsevier. n) 3D buckled SiNM device on biomedical devices. Reproduced with permission.[?°l Copyright 2021, Na-
tional Academy of Sciences. o) Digital photograph and optical images of 6x6 SiINM wrinkle NIR photodetection array. Reproduced with permission.[30]
Copyright 2024, AAAS. p) Optical image of buckled SINM photodiode array. Reproduced with permission.[3'] Copyright 2018, American Chemical So-
ciety. q) FEM simulation of pre-strained and buckled 3D micromesh structures.3?] r) SEM image of rolled-up SiGe/SiNM structure. Reproduced with
permission.33] Copyright 2005, Wiley-VCH. s) SEM image of SiO, /Si tube as a microring resonator. Reproduced with permission.[34l Copyright 2007,
Elsevier. t) Optical image of a self-bended SiNM/Cr/Au photovoltaic device for energy harvesting. Reproduced with permission.[**] Copyright 2009,
National Academy of Sciences. u) SEM image of rolled-up SiNM as an anode in batteries. Reproduced with permission.[*¢] Copyright 2018, Wiley-VCH.
v) SEM image of SiNM microtube omnidirectional photodetector. Reproduced with permission.!#b] Copyright 2019, Wiley-VCH. w) SEM image of rolled-
up c-SiNM vis-NIR polarization photodetector. Reproduced with permission.['42] Copyright 2023, Wiley-VCH. x) Optical image of wafer-scale Gr/SiGe
NM/SiNM ultrafast VLC receiver. Reproduced with permission.[21] Copyright 2024, Wiley-VCH. y) Schematics of a DNN-based direction photodetection
via SINM/Cr with various structures. Panel (y) courtesy of Ziyu Zhang.
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their service life, eliminating the need for surgical removal.[*}]
Additionally, the inherent light absorption-to-thickness proper-
ties of SiNMs give them the potential to function as optical mi-
crocavities for detecting specific wavelengths (Figure 1h,i).[2244]
This approach enables wafer-scale delamination of single-crystal
SiNMs and their transfer to desired substrates for heterogeneous
integration, which has found widespread application in optoelec-
tronic detection, physiological signal sensing, and flexible wear-
able devices.[*]

When a strain gradient exists within the SiNM as it detaches
from the substrate or when an external strain is applied with-
out conformal attachment, the SiNM will release strain and un-
dergo out-of-plane deformation to achieve a stable state with
minimal elastic energy (Figure 1j).1“) Based on these character-
istics, the on-demand design of micro-scale 3D structures can
be realized under macroscopic or controllable parameter condi-
tions, enabling the integration of functional structures. When
both ends of the SiNM are fixed, and it is subjected to compres-
sive strain upon release, buckling or wrinkling typically occurs,
which enhances the optical absorption and mechanical proper-
ties of SiNMs (Figure 1j,0).23% Generally, when the stamp or
target substrate used for peeling SiNMs is highly stretchable,
pre-stretching before contact with the SiNM can induce com-
pressive strain upon release after delamination, leading to buck-
ling and the formation of periodic out-of-plane deformations
(Figure 1k-m).[**/] These buckled structures, often anchored at
multiple points on the substrate, are well-suited for MEMS.[27:48]
Due to the high precision of applying strain engineering to the
substrate, this approach is suitable for designing more complex
microstructures.

If a SiNM system exhibits a strain gradient in the thick-
ness direction, bending deformations will occur upon detach-
ment from the substrate due to strain release and redistribution
(Figure 1r).3**1 With appropriate pattern design and film depo-
sition processes, various three-dimensional structures such as
rings, arches, helices, cones, and tubes can be efficiently con-
structed in a single-ended fixed configuration.>®/ When com-
bined with electrodes or dielectric materials, SINMs can serve
as reliable solutions for “more-than-Moore” integration in opto-
electronic detection, energy storage, and electrical components
(Figure 1s—u).5! Therefore, SINMs can be designed using differ-
ent fabrication methods and processing techniques according to
practical requirements, offering new functionalities and perfor-
mance while maintaining compatibility with conventional silicon
semiconductor processes.[>?) The out-of-plane deformation and
spatial anisotropy of SiNM devices based on three-dimensional
structures will facilitate decoupling and response to external field
signals at the microscopic scale (Figure 1w—y).[1%05053] On the
macroscopic scale, they can further enhance energy harvesting
efficiency in the photovoltaic field.['*] Recently, the microstruc-
ture design of SiNMs can also be integrated with emerging ar-
tificial intelligence technologies, which not only enhances the
complexity and precision of designs, but also detects multidi-
mensional information from device responses (Figure 1y), ele-
vating the application of microstructured SiNM devices to new
heights.[325%] For SiNM, its thickness plays a critical role in de-
termining its physical properties.>>! From a mechanical perspec-
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tive, the relationship between its thickness and bending radius
can be expressed as:

r=— 1

7 1)
where t represents the thickness of the thin film and e denotes
the strain. This implies that, given the constant fracture strain
of silicon, its flexibility significantly increases as the thickness
decreases. Simultaneously, its bending stiffness:

Et
P=nu-w @)

where E is Young’s modulus, and v is Poisson ratio, decreases
cubically with reduced thickness, resulting in a pronounced en-
hancement in deformation under the same strain, thereby al-
lowing semiconductor materials to undergo micron-scale out-of-
plane deformation without damage (Figure 2a). When the thick-
ness of SINM is reduced to only a few nanometers, its effective
elastic modulus begins to change. Studies by Katiyar et al. re-
vealed that the elastic modulus of SiNM decreases significantly
with reduced thickness, as intrinsic surface stress, surface de-
fects, and surface oxide layers increasingly influence its mechan-
ical properties. When the thickness reaches 2 nm, the effective
elastic modulus of SiNM drops to 3.25 GPa, far below the 180 GPa
of bulk silicon (Figure 2b).I"®"] In terms of electronic transport,
when the thickness of SiNM is relatively large, its band struc-
ture retains the characteristics of bulk silicon. However, when
the thickness approaches the de Broglie wavelength of electrons,
the motion of electrons within the crystal becomes confined in
the thickness direction, leading to the manifestation of quantum
confinement effects. At this point, the traditional doping mecha-
nism becomes less obvious in influencing conductivity. Instead,
the interaction between surface-reconstructed electronic states
(such as the z and z* bands formed by Si(001) surface recon-
struction) and the bulk silicon energy bands determines the elec-
tronic transport properties (Figure 2¢).*®l As the thickness de-
creases, the electronic energy bands of SiNM exhibit a blue shift,
indicating that its optical absorption bandgap increases with re-
duced thickness, while the transmittance of the thin film signifi-
cantly improves.>”] Furthermore, surface roughness in ultrathin
SiNM has a pronounced impact on its performance. Surface ox-
ide layers and undulations significantly reduce the phonon mean
free path, thereby lowering the thermal conductivity.*®! Conse-
quently, SiNM with thicknesses ranging from tens to hundreds of
nanometers typically exhibits mechanical, electrical, and thermal
properties similar to those of bulk silicon. Such SiNM is primar-
ily utilized for the flexibilization or functional integration of de-
vices with conventional silicon semiconductor properties. When
SiNM approaches atomic-scale thickness, the quantum confine-
ment effects on energy bands and optical properties, as well as
the dominance of surface states, lead to devices with lower ab-
sorption rates, Young’s modulus, and thermal conductivity. This
introduces entirely new options for device design and fabrication
from the perspective of the physical properties of materials.

The initial preparation of SiNMs is important for subse-
quent device processing and large-scale production. Fabrication

© 2025 Wiley-VCH GmbH
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Figure 2. Physical properties of SiINM. a) Relationship between bending stiffness, bending radius, and thickness of silicon. b) Change of biaxial elastic
Young’s modulus in SiINM against different thickness. Reproduced with permission.!'8®] Copyright 2019, Royal Society of Chemistry. c) Energy band in
Si0, /SiNM/SiO, and SiO,/SiNM/vacuum. Reproduced with permission.l Copyright 2006, Springer Nature.

methods can be broadly classified into top-down and bottom-
up approaches. The top-down fabrication method for SiNMs pri-
marily involves thinning bulk silicon and selective etching with
masks. Ko et al.l’! reported a method that uses precisely con-
trolled RIE and metal masking to etch and protect silicon side-
walls. A specially designed RIE process creates periodic ripple
structures on the sidewalls of bulk silicon, while oblique elec-
tron beam evaporation deposits metal on the top and ripple sur-
faces to prevent subsequent etching. Selective KOH etching re-
moves silicon that is not protected by the metal mask, resulting
in a multilayer SINM structure where the masked regions form
NMs. This approach, while involving fewer steps and lower costs,
offers limited control over SiNM release and usage, posing chal-
lenges for large-area device fabrication. The bottom-up methods
include chemical vapor deposition (CVD), physical vapor depo-
sition (PVD), and molecular beam epitaxy (MBE). These tech-
niques involve the evaporation or chemical reaction of source
materials or precursors to form the desired SINM on various
substrates. However, achieving high crystalline quality with PVD
and CVD methods can be challenging, and the epitaxial growth
method requires a highly selective choice of substrate materials.
Moreover, there are three mainstream methods for fabricating
SiNMs on insulator films: separation by implantation of oxygen
(SIMOX), bonding and etch-back SOI (BESOI), and Smart-Cut
technology. 1) SIMOX involves implanting high-energy oxygen
ions into a silicon wafer, followed by high-temperature anneal-
ing to form a buried oxide layer beneath a thin surface silicon
layer, creating an SOI structure. 2) BESOI entails bonding a sil-
icon wafer with an oxide-treated silicon wafer, followed by thin-
ning the top silicon layer through grinding or chemical etching to
achieve precise film thickness control. 3) Smart-Cut introduces
hydrogen ions to a predetermined depth in the silicon wafer,
where high-temperature annealing causes hydrogen bubbles to
expand, splitting the silicon layer for transfer to another sub-
strate. Epitaxy and SOI processes are the most common methods
for preparing SiNMs, but they face challenges due to high costs,
which impact industrialization and practical application. Cur-
rently, Lee et al.[ have proposed a method based on intercon-
nected trench patterns, which enables the repeated generation of
high-area-density and thickness-controllable SiNM from a single-
parent silicon wafer. This method combines anisotropic wet etch-
ing and deep reactive ion etching techniques, achieving precise
control over film thickness (ranging from 300 nm to 13 pm) and
area density (up to 90%). It shows promise in addressing the
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high cost and single-use limitations of traditional silicon thin-
film transfer methods, such as SOI wafer transfer. In addition,
methods such as electron beam deposition and magnetron sput-
tering are commonly used to deposit sacrificial layers and SiNMs
onto substrates, enabling the rapid, large-scale production of re-
leasable SiNMs. However, films deposited through PVD typically
form amorphous or polycrystalline SiNMs,’%6!] which have rel-
atively poor chemical stability and numerous grain boundaries,
leading to suboptimal electrical performance. When considering
transfer and processing, the deposition method should be chosen
based on the specific requirements of the device.

Then, the fabrication methods of silicon nano-microstructures
form the foundation for the integration of SiNM devices and
systems. Among these, SOI transfer, selective etching and re-
lease (Undercut Etching), and metal-assisted chemical etching
(MACE) exhibit unique advantages and limitations, creating a
complementary and competitive technological landscape across
different application scenarios. 1) SOI transfer technology re-
leases the top silicon layer by selectively etching the intermedi-
ate oxide layer with hydrofluoric acid, which is then transferred
onto flexible or heterogeneous substrates.[20%3%62] The main ad-
vantage of this technique lies in the fully freestanding SiNM,
which can conform to both rigid and non-rigid surfaces and de-
grade within biological environments, making it an indispens-
able material property for fabricating flexible devices. At the same
time, it retains the excellent electrical and optical properties of
single-crystal silicon and requires only wet etching and stamp
transfer processes to transfer SiNM to the desired target sub-
strate. The van der Waals forces and interfacial capillary forces
at the thin-film-substrate interface allow SiNM to achieve sta-
ble adhesion on most substrates. However, the ultrathin thick-
ness makes the mechanical behavior of SiNM difficult to con-
trol, especially since the transfer process is still predominantly
manual. Imprecise operations may introduce cracks and wrin-
Kkles into the SiNM, thereby reducing its yield (Figure 3a,b). 2) Se-
lective etching of local regions of a patterned sacrificial layer, also
known as undercut etching, enables on-chip SiNM microstruc-
ture fabrication using conventional photolithography and deposi-
tion processes.['*>0.03] This method typically employs deposition
techniques to create a strain layer on the top of the SiNM, which
induces local out-of-plane deformation due to the strain gradient
along the thickness direction after etching. The fact that the SiNM
remains attached to the substrate means that on-chip process in-
tegration can be achieved before partial detachment, allowing for
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Figure 3. Preparation methods of SiNMs. a) Schematic diagram of SOI
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high design freedom for patterns required by pre-defined struc-
tures. After local etching, the SiNM, which remains connected to
the rigid substrate, is almost unaffected by the etching process,
supporting stable contact and electrical input/output. However,
in large-area fabrication, the edge non-uniformity of the strain
layer may affect the formation of structures, and the mechan-
ical fragility of the microstructures after etching does not sup-
port further photolithography definition, limiting its potential for
subsequent post-processing (Figure 3c,d). 3) MACE uses noble
metal catalysts (such as Au or Ag) in HF-oxidant solutions to in-
duce localized redox reactions, enabling the efficient fabrication

ACE etched SiNM, and iii) limitations of undercut etching SiINM.

of silicon nanostructures with high aspect ratios (depth-to-width
> 10:1).1% Since this method uses bulk silicon as the substrate,
the formation of structures depends only on the precision of the
metal mask, making it suitable for large-scale fabrication with-
out requiring dry etching devices such as reactive ion etching.
However, the strong oxidizing agents and hydrofluoric acid re-
quire precise proportional combinations, and the choice of cat-
alytic metals is limited to noble metals, which inevitably increases
the experimental and application costs. During the etching pro-
cess, the breakage or local defects of the metal mask may signif-
icantly alter the etching path of the pattern, imposing stringent

Adv. Funct. Mater. 2025, 35, 2502191 2502191 (6 of 45) © 2025 Wiley-VCH GmbH
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Figure 4. Application of different SiINM fabrication methods. Repro-
duced with permission.[>%74] Copyright 2012, American Chemical Society.
Courtesy of Bofan Hu and Binmin Wu.

requirements on the cleanliness and uniformity of the etched sur-
face (Figure 3e,f).

SiNM can be processed using the optimal method for specific
fields by leveraging the advantages and addressing the limita-
tions of the aforementioned three techniques (Figure 4). Notably,
devices within the same application category can adopt differ-
ent compatible processing approaches based on more specific
requirements, providing diversified technical support for the
development of next-generation electronic and optoelectronic
devices. The transfer technique preserves the excellent electrical
and optical properties of single-crystal silicon while imparting
flexibility.’7>%°! This makes it particularly suitable for applica-
tions such as flexible gas sensors,|®! field-effect transistors, ¢3¢
solar cells,**"] and in situ biosensors.?°*%8] On the other hand,
the undercut etching technique is mainly applied to on-chip
integration of complex three-dimensional microstructures,
making it ideal for highly integrated or multifunctional elec-
tronic/optoelectronic devices, such as cantilever waveguides!®!
and visible light communication (VLC) devices.?!l The re-
sulting three-dimensional structures can be tailored to meet
wavelength or polarization detection requirements, forming
optical microcavities!’?! and polarization detectors.'**] With its
high-precision microstructure fabrication capabilities, SiNM
enables efficient modulation and detection of optical signals.
MACE technology excels in fabricating high aspect ratio nanos-
tructures, addressing the needs of high specific surface area
devices in fields such as optoelectronics and biology, including
cell transfection,’!! metasurfaces,’?! and solar cells.”?] Cor-
respondingly, anisotropic SiNM nanostructures can effectively
couple with polarized electromagnetic waves. For battery anodes,
the transfer process facilitates large-area single-layer SiNM, the
curved SiNM formed by undercut etching increases ion sites
within the same area, and MACE can create SINM micropillars to
enhance the specific surface area. In photodetectors, transferred
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SiNM is typically used for flexible photodetectors, undercut
etching is suitable for multifunctional photodetectors, and
MACE technology is ideal for high-absorption photodetectors.
In summary, the cross-integration of these techniques in certain
fields further broadens the application scope of SiNM, offering
extensive technical support for the multi-functionalization
and high performance of next-generation electronic and
optoelectronic devices.

When it comes to the fabrication of SiNM devices, device pro-
cessing based on two-dimensional (2D) thin-film morphologies
is an important application direction. Therefore, studying the
mechanical behavior of freestanding SiNM during transfer and
undercut etching processes will provide a theoretical foundation
for the design of device structures. The SiNMs can be transferred
by stamps or deformed due to the intrinsic strain gradient. Un-
derstanding and analyzing the formation mechanisms of three-
dimensional structures in strain-engineered SiNMs is crucial in
their fabrication process. When fabricating out-of-plane buckled
SiNMs using flexible substrates, the model typically adheres to
the principles of elastic buckling (Figure 5a).*8) When utilizing
the intrinsic strain of SiNMs for three-dimensional microstruc-
ture fabrication, the underlying principle typically involves ex-
ploiting mismatch from the lattice constants of material inter-
faces (Figure 5b), and thermal expansion coefficients of differ-
ent NM layers (Figure 5¢).°°! When the SiNM is subjected to
compressive stress exceeding a certain critical value, it loses its
equilibrium in the flat state and undergoes sudden deformation.
Then, the SINM is prone to perform out-plane deformation to
reduce the strain energy (Figure 5d—f).>] This behavior allows
the film to transition from a high-energy equilibrium state to a
more stable low-energy equilibrium state. The critical stress at
which buckling occurs is generally calculated using the classical
Euler buckling theory.“?] In an ideal film model under uniaxial
loading with simply supported boundary conditions, the bend-
ing moment equals the critical stress, and the relationship can

be expressed as:[477]
dw(x) dw(x)
EI e -P " y

For an ideal buckling scenario with both ends fixed, the buck-
led shape typically takes the form of a sinusoidal function. The
displacement of the buckled film can be described by:

nrx ) (4)

w (x) = Asin (T

The characteristic equation for this buckling scenario, consid-
ering the sinusoidal displacement and boundary conditions, can
be derived as follows:

El(nx)?
P=—r o)

For a thin film with a rectangular cross-section, the moment
of inertia (second moment of area) about the axis perpendicular
to the plane of the film is given by:

2 bt
T E(%) _ 2B

] = — = =
12 ¢ 12 1212

(©)
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Figure 5. Fabrication of SiINM microstructures. a) Diagram of the formation of buckle SiNMs. b) Schematic of fabrication of rolled-up epitaxial SiNMs.
) Mechanism of 3D construction of rolled-up SINM microstructures. Reproduced with permission.[>%! Copyright 2024, Springer Nature. d) AFM im-
age and amplitude curve of a wrinkle SINM.I7®] e) Strain distribution in epitaxial SINM and SEM image of rolled-up c-Si microtube Reproduced with
permission.!14a] Copyright 2023, Wiley-VCH. f TEM image of cross-sectional SiO,/Si/Pd NM microtube. Reproduced with permission.l”¢] g) Strain dis-
tribution in attached SINM/PDMS, and suspended SiNM/PDMS. e,g) Reproduced with permission.[”>] Copyright 2013, American Institute of Physics.
h) Mechanism of strain gradient via the difference between thermal expansion coefficients: i) NMs deposited at T; ii) NMs cooled to T,. h) GPA analysis
of strain ¢,, in epitaxial SINM microtubes. i) Lattice constant of two layers of NMs; ii) NMs and strain gradient after epitaxy. i) Mechanism of strain

gradient via lattice mismatch of a; and a,.

Considering the boundary conditions with the effective length
factor k, the critical buckling stress can be expressed as:

_ 7*E
(kLY (1-12) )

O-CL'

After buckling deformation occurs (Figure 5g), the strain dis-
tribution in the thickness direction of the SiNM will also exhibit
periodic variation, which can be expressed as:

£y (y,2) =€) + %szz + %Ak2 cos (kx) z (8)
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The position of natural surface is:l”>7]

0 4 1p2p2
—5"*1# < 0, atthe crest,
P o)
—=— > 0,atthevalley, and cos(kx) = -1

and cos (kx) =1
z =

L Ag2
2Ak

In-situ preparation of SiNMs in conjunction with other NM
systems can be achieved through methods such as electron beam
evaporation and magnetron sputtering. During the deposition
process, both the substrate and the deposited material are typi-
cally at high temperatures. Upon cooling to room temperature,
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the substrate and material undergo contraction. Meanwhile, the
difference between deposition temperature and room tempera-
ture, coupled with the variance in thermal expansion coefficients
of the materials in each NM layer, leads to the formation of a
strain gradient across the layers upon cooling after deposition
(Figure 5i).5076)
Ae=(C,—C)) x(T,-T,) (10)

Here, C, and C, represent the thermal expansion coefficients
of the materials, while T, and T, correspond to the deposition
temperature and room temperature, respectively. This strain in-
troduction method is commonly employed in the fabrication of
self-rolling structures in amorphous SiNMs and silicon dioxide
films.3+76]

For single-crystalline SiNMs, the self-rolling behavior typically
derives from strain induced by lattice constant mismatches dur-
ing epitaxial growth with other film layers or from strain differ-
ence between regions near and far from the epitaxial interface
within the film (Figure 5h).[1*2] The resulting strain gradient is
expressed as:

a, — o

Ae = (11)

*

In typical SiNMs self-rolling processes, strain usually origi-
nates from both aforementioned factors simultaneously,!'#>79]
as the deposition of electrodes during device fabrication intro-
duces differences in temperature and material systems.

It is important to note that the deformation behavior of NMs
under strain is closely related to their boundary conditions.[®!
Beyond the commonly observed effects on out-of-plane deforma-
tion in cantilever and simply supported beam structures, the de-
formation state of a film in a single-ended supported condition is
also significantly influenced by the length of the unconstrained
film. Cendula et al.l**8!] investigated the theoretical deforma-
tion model of bilayer NMs and found that when the film under-
goes initial release—specifically at an etching depth of only 1-3
um—even under a small strain gradient, cantilevered NMs tend
to buckle and exhibit wrinkling (Figure 5j,k). In contrast, when
the NM begins to roll, a planar strain model is considered, where
the balance of forces and moments plays a critical role.[*%3:82]

YiZZ:L:lti (12)

In the plane-strain model, there are:

c,=0 (13)
1 0
=73 (62 - vax) +e =0 (14)

In uniform bending, the strain in the rolling direction is dis-
tributed linearly through the thickness:

Y=V

R (1)

=c+

Adv. Funct. Mater. 2025, 35, 2502191

2502191 (9 of 45)

www.afm-journal.de

y, is the neutral plane of bending. Combined with the stress-
strain relationship, we have:

E

o, = T— v [sx—(1+v)£0] (16)
ax=1fvz(+y—;"—(1+) ) (17)

After the self-rolling process, the forces in the multilayer NM
are balanced again. For the uniform strain:

n E;
2i=11—1)i2ti (c_

For the bending strain, the balance equation can be written as:

(1+0v,)€))=0 (18)

" Vi )
Z/ LZ(Y Yb)d —0 (19)
i=1 1_0 R

The balance in the bending moment is:

;Y} 1fiu§ (c+ % (1+v)e )(y y)dy=0  (20)
Solving Equations (12)—(14) together, we can get:
X te
c= —ZL E (21)
L (Y,+Yl 1)
b= 3= (22)

3 Zl—l 1— Uz i (YL + Yic1 th) (C - (1 + Ui) 8?)

l
R~ 2y Lt [y Y, = 3 (v v — )]

(23)

Based on the deformation description of SiNM systems from
the aforementioned formulas, researchers can use numerical
methods to design specific microstructures, providing a cost-
effective and efficient validation approach.®¥ Liu et al.l®*] ex-
plored the nonlinear buckling and delamination behavior be-
tween rigid SiNM systems and soft substrates based on interfa-
cial mechanics. By precisely designing the pre-strain of the elas-
tic substrate and the length of the SINM, complex 3D structures
can be generated from 2D planar patterns, with corresponding
phase diagrams analyzed. Model predictions of buckling and de-
lamination behavior in various geometrical structures offer ef-
fective strategies for applying SiNMs in fields such as MEMS,
photonic devices, and bio-integrated sensors (Figure 6a). Cheng
and colleagues(®!] proposed a method for achieving designated
3D film surfaces through microlattice design. This strategy con-
trols material “porosity” to adjust its effective stiffness via a bidi-
rectional design and modeling simulation feedback mechanism
based on machine learning and regulates pre-strain on preset
flexible substrates to achieve structural fabrication (Figure 6b).
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Figure 6. Numerical method and simulation of SINM microstructures design. a) Experimental results and FEM simulation results of different con-
struction modes in SiNM ribbons. Reproduced with permission.[#3] Copyright 2019, National Academy of Sciences. b) Diagram of forward and inverse
design of 3D microlattice NM mesosurfaces. Reproduced with permission.[*2] Copyright 2023, AAAS. c) Chemical reaction model of rolled-up NM:s.
d) Schematics Si/Cr NMs with different sizes. Reproduced with permission.[] Copyright 2024, Springer Nature.

This approach enables SiNM scaffolds to achieve customizable
conformal assembly according to target morphologies, holding
great potential in biomedical and microrobotics applications.
Therefore, in the fabrication of SiNM microtube structures, it
is common practice to utilize epitaxial layers or introduce ad-
ditional strained layers to achieve a greater strain gradient. It
is noteworthy that the formation of buckled structures and mi-
crotube structures depends not only on the minimization of the
elastic energy but also on the actual boundary conditions. Zhang
et al.’% used Si/Cr NMs as an example and investigated the fac-
tors influencing the forming process of NMs. This study pro-
posed an ideal model that considers the gradual change in bound-
aries during the sacrificial layer etching process, considering the
effects of the aspect ratio of the pattern and the penetration an-
gle of the etchant on self-rolling behavior. The orientation of
etchant penetration varies with different aspect ratios, leading
to the formation of various symmetrical and asymmetrical self-
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rolling structures. Under the influence of these factors, efficient
design of three-dimensional structures can be achieved by ad-
justing the aspect ratio of patterns and conducting finite element
pre-modeling (Figure 6¢,d). The analysis of the forming process
and mechanical theories of SiNMs will provide valuable guid-
ance for subsequent device functionality and mechanical perfor-
mance design, improving experimental efficiency while reducing
costs.

The strain in SiNMs is crucial for predicting and validat-
ing their mechanical,!®! electrical®® properties, and final form-
ing states. Current methods for characterizing strain in SiNMs
mainly include Raman spectroscopy, X-ray diffraction, and trans-
mission electron microscopy. Raman spectroscopy infers strain
by analyzing changes in the vibration frequency of Si-Si bonds
in the silicon lattice. Tensile strain in the film shifts the Raman
peak to lower frequencies, while compressive strain shifts it to
higher frequencies. The unstrained Si-Si bond Raman peak is
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located at 520 cm™!, and its displacement relation can be ex-
pressed as:[*¥7]

Aw = be (24)

where b represents the strain shift coefficient, allowing the cal-
culation of actual strain based on the displacement of the Ra-
man peak. This method can be applied to the characterization
of stretchable devices, wrinkled devices, and rolled devices using
SiNMs.[14a,57,88]

X-ray diffraction is also utilized to calculate the strain state by
analyzing the characteristic changes in the diffraction peak posi-
tion of the SiNM lattice.l®! When the € = 0, there is:

ni = 2d,sind (25)

when the € # 0, the shift of diffraction peak is nA = 2dy(1 +
€)sind’. Since the film strain is very small, the shift can be ap-
proximated as 8’ = 6(1 + €), with the corresponding change in
the diffraction angle is:

AB ~ Oe (26)

In X-ray diffraction (XRD), Reciprocal Space Mapping (RSM)
serves as an advanced characterization technique that performs
2D scans of the crystal in reciprocal space, using diffraction and
incident angles. This provides comprehensive information about
the sample in reciprocal space. Compared to XRD, RSM can also
reveal details about crystal quality, dislocation density, structural
defects, and lattice curvature, enabling detailed analysis of strain
along the thickness direction in SiNMs.[*”! However, XRD strug-
gles to analyze strain in amorphous SiNMs due to their highly
disordered structure, which nearly eliminates diffraction peaks.
Currently, transmission electron microscopy (TEM), a direct
method for stress—strain analysis, allows for detailed examination
of SiNMs through lattice fringe imaging. TEM can also analyze
the crystallinity of SiINMs (whether single-crystal, polycrystalline,
or amorphous) via diffraction patterns, with some research fo-
cusing on the strain in amorphous silicon-based nanofilms.l”¢1]
High-angle annular dark-field scanning TEM (HAADF-STEM)
offers higher-resolution atomic-level imaging compared to TEM,
enabling direct measurement of lattice spacing in SiNMs, mak-
ing it one of the most ideal techniques for morphology characteri-
zation and strain analysis.!1**5%] At present, researchers can select
appropriate characterization methods based on the crystal quality
and structural morphology of SiNMs, ensuring a good correlation
between experimental results and theoretical simulations.

3. SiNMs for Photodetection

In the field of photodetection, silicon is the most common mate-
rial used in mature device fabrication processes. However, con-
tinuous advancements in technology have imposed higher de-
mands on the performance and functionality of optoelectronic
devices, such as multidimensional optical information detection
(including angle, wavelength, and polarization), conformal de-
tection, and in situ detection. Traditional bulk silicon optoelec-
tronic devices typically rely on complex planar structure designs
or additional optical components to achieve multidimensional
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optical information detection,[®*92 while conformal detection is
hard to realize due to the high bending stiffness of bulk sili-
con, which makes adherence challenging. As an ideal solution,
SiNMs can compensate for the limitations of bulk silicon and pla-
nar photodetectors through their nearly non-degrading electri-
cal performance after desorption from the substrate. This can be
achieved via conformal light-sensitive arrays or microstructures
with anisotropic responses to external optical signals. Addition-
ally, SiNM offers a method to modulate the energy band of de-
vice via external forces or strain, thereby expanding the spectral
range of silicon semiconductor devices for detection. This pro-
vides a “more-than-Moore” approach to designing optoelectronic
devices, offering new possibilities (as shown in Table 1).[°%]

3.1. Self-Rolled and Tensile-Strained SiINM Optoelectronics

According to the Beer-Lambert absorption law, the light absorp-
tion of nanoscale planar SiNM photodetectors is significantly
weaker than that of bulk silicon, which has a critical impact on
the sensitivity of photodetectors. However, thin film under strain
engineering forms curved structures due to strain, enabling the
convergence and multiple reflections of incident light.'%] This
not only allows light to undergo multiple absorptions within the
cavities formed by the NM but also grants the capability to detect
additional information such as polarization and direction.[190>101]
SiNM-based photodetectors in microtube structures can achieve
near-all-angle detection of incident light on the detection sur-
face perpendicular to the tube axis. Xu et al.'! fabricated a
microtube photodetector using single-crystalline SiNMs on SOI
and Cr metal electrodes. In this device, the strain gradient was
formed due to the difference in thermal expansion coefficients
between the Cr layer and the SiNM, as well as the temperature
differential during cooling. The tube diameter could be tuned
by adjusting the thickness of the Cr layer. The rolled microtube
structure can act as a microcavity that captures incident light
and allows for multiple reflections, further enhancing the pho-
toresponse. Additionally, the increased surface states following
rolling help capture charges and reduce dark current, thereby
overall enhancing the photoconductive on-off ratio. Moreover, the
resulting microtube demonstrated an ultra-wide undistorted de-
tection angle of nearly 150°, significantly greater than the mere
60° angle achievable in planar devices. Wu et al.'*] developed
a microtube photodetector using SiNMs epitaxially grown on
Ge and Cr/Au electrodes, where the self-rolling strain primar-
ily originate from lattice mismatch in epitaxy (Figure 7a). This
device exhibited effective photoresponse from 400 to 1000 nm
(Figure 7b). In this microtube detector, the spatial anisotropy of
the microtube structure provided excellent detection capability
for incident polarized light, achieving a polarization detection ra-
tio of 1.42 at 830 nm, revealing potential for three-dimensional
micro-structured semiconductor photodetectors in multidimen-
sional optical information detection (Figure 7c). Zhang et al.>")
using a FEM-guided three-dimensional microstructure design
approach, designed multiple types of three-dimensional pho-
todetectors, including planar detectors, utilizing an amorphous
silicon/Cr NM system (Figure 7d). By enhancing the spatial
anisotropy of the structures, they achieved differential detec-
tion of the incident light angle (Figure 7e). This study collected
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Table 1. Comparison between SiNM photodetectors.

Device structure Wavelength [nm] Responsivity Response time Additional feature Refs.
3D tubular SiNM on insulator 780-1450 nm - - Wide-angle light incident [14b]
photodetector detection (20°-160°)
3D tubular epitaxial SINM 400-1100 nm 330 mAW-'@ 700 nm 370 ps (rise)/ 440 us Dichroic ratio of 1.24 @ 940 nm [14a]
photodetector (decay) and wide-angle light incident
detection over +75°
a-SiNM/Cr bilayer photodetectors 400-800 nm 60 mA W' ~100 ps Direction detection accuracy [50]
with a resolution of 10°
Biaxial strain SiNM photodetector SWIR 62.37 mA W~ '@980 nm - Enhanced photosensitivity under [44]
biaxial strain for SWIR
detection
ZnO nanowires 365-1100 nm - 11 ms (rise)/12 ms Wide-angle light incident [93b]
/honeycomb-structured SiINM (decay) detection over +75°with
flexibility
SiNM back-gate TFT 400-700 nm 52 AWT ~50 ps (rise)/~110 ps Stable responsivity with less than [94]
(decay) 5% variation under bending of
15 mm radius
n-channel SINM MOSFETs on 3D Visible - - Robustness under bending and [31]
architecture shearing conditions
Hemispherical focal plane array 543 nm; 594 nm; 9.49 mA W' @543 nm, - Conformal and wide-angle array [95]
with SiNM p-i-n photodiodes 633 nm 6.24 MAW™'@ 594 nm, photodetection
526 mMAW '@ 633 nm
crumpled Si SINM 405-1310 nm ~33mAW '@ 1310 nm - Strain-induced bandgap [30]
modulation for near-infrared
(NIR) detection.
CdSe/ZnS QD on Back-gate SiNM 585-605 nm ~0.1AW™! - Combination of photogating [96]
FET effect and photoconductive
gain from QD
Suspended SiNM LWIR M4 mAW @12.2um >10 kHz Low pixel pitch with high-speed [20b]
bolometer/cross-diabolo infrared response
antenna
NPN SiNM ribbon 450 nm 24.325 mA W' ~50 ms Large-scale production for SINM [38]
array
Nanoroughened SiNM 980 nm - - Dark current suppression with [18a]
photodetector current on/off ratio of 10*
SiNM/P3HT/PbS QDs 375 nm, 532 nm, - 15.1s Capable of brightness and color [97]
and 1342 nm perception
SiNM/ surface plasmon 1550 nm 7mAW-'@1550 nm - High on/off current ratio in the [98]
nanogroove negative photodetection
SiNM on optical fiber 633 nm - ms-level Conformal coverage on bending [99]

surface

responses from various structured photodetectors to incident
light from different directions and achieved incident light angle
detection accuracy rates of 83% and 71% using deep neural net-
works, thereby avoiding the complexity of traditional CMOS pro-
cess design (Figure 7f,g). In addition, although external strain-
based SiNM cannot induce uniform large deflections in the film,
its control methods typically offer variability and high precision.
Therefore, strain can be applied to the attached substrate ac-
cording to the actual optoelectronic detection requirements, en-
abling real-time, adjustable design of device performance. Kati-
yar et al.*¥l processed SiNMs through external strain engineer-
ing, where biaxial tensile strain narrowed the optical bandgap of
silicon, thereby extending its long-wave detection range. By ap-
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plying the tensile strain using a pneumatic chamber, the SINM
detection range was extended to 1550 nm under ~3.5% strain.
Additionally, spherical SiNMs adhered to a pneumatic chamber
can serve as hemispherical electronic eye arrays, offering new
insights for LiDAR sensing and imaging systems (Figure 7h,i).
In the future, the anisotropic characteristics of SiNM microtube
structures can be further enhanced by integrating polarization-
sensitive materials and plasmonic structures, thereby increas-
ing the information detection density across material, struc-
ture, and device levels. This approach offers a new paradigm
for next-generation visible/infrared photodetectors with ad-
vanced capabilities for wavelength, polarization, and direction
detection.
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Figure 7. Self-rolled and tensile-strained SINM photodetectors. a) SEM image of the rolled-up epitaxial SINM photodetector. b) Responsivity-wavelength
curve of rolled-up epitaxial SINM photodetector. c) Photocurrent of 830 nm linear polarization light via epitaxial SiINM photodetector. Reproduced with
permission.[43] Copyright 2023, Wiley-VCH. d) Multiple structures of Si/Cr NM photodetectors. e) Schematic of directional photodetection of Si/Cr
NM photodetectors. f) Diagram of neural network for direction identification via Si/Cr NM photodetectors. g) Angle identification of incident angle in
longitudinal and latitudinal directions via neural network. Reproduced with permission.[>%l Copyright 2024, Springer Nature. h) SEM image of the strained
SiNM photodetector array on a Pl substrate. i) Responsivity of the pressure-controlled SINM photodetector array in various wavelengths. Reproduced
with permission.[*4] Copyright 2020, AAAS.

3.2. Buckled and Strain-Free SiNM Optoelectronics strate. The introduction of a top silicon structure avoids the

obstruction of light by metal layers or other materials, and
SiNMs based on buckling or strain-free designs are primarily  the design of the detection layer enables sensitive detection
aimed at addressing challenges related to conformal attachment  across different wavelengths, achieving effective detection even
to complex surfaces and deformable sensing, which also ben-  under bending conditions (Figure 8a). Kim et al.*!l intro-
efit from the strong interaction of the SiNM interfaces.”®1%?)  duced a method for creating three-dimensional structures of
Wrinkling in SiNM microstructures allows the device to achieve =~ SiNM MOSFETs and diode arrays through a buckling tech-
a higher absorption area under the same illumination pro- nique on a stretched elastic substrate. The serpentine design
jection area and improves robustness against external forces.  of the buckled structure ensures that strain during bending
When combined with buckle structures, the SINM can re- and deformation is primarily absorbed by the buckled con-
lease energy through out-of-plane warping in response to in-  necting structures, preventing damage to the device while
plane compressive strain, minimizing impact on device per- maintaining consistent performance (Figure 8b,c). This design
formance. Seo et al.®l proposed a flexible phototransistor is suitable for integration in optoelectronics and biomedical
based on single-crystalline SiNMs, utilizing a flexible PET sub-  applications.
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Figure 8. Design and performance of SiINM buckled and flexible structure photodetectors. a) Photograph of bending SiNM phototransistor. Reproduced
with permission.[®#l Copyright 2016, Wiley-VCH. b) Schematic of an integration of SINM n-MOS and diodes on an un-buckled elastomer substrate.
c) FEA simulation of strain distribution of buckled SINM array on a bending and shearing elastomer substrate. Reproduced with permission.[31] Copyright
2018, American Chemical Society. d) Diagram and optical image of a SINM photodiodes unit in the electronic eyes. Reproduced with permission.[®®]
Copyright 2017, Springer Nature. ) Diagram of wrinkled SINM photodetectors.3%] Copyright 2024, AAAS. f) SEM image of SiNM-based micro-bridge
bolometer. Reproduced with permission.[2%] Copyright 2021, American Chemical Society.

Strain-free SINMs can also achieve the desired conformal cov-
erage functionality through the design of flexible substrates or
suspended structures.l'] Zhang et al.®®! presented a silicon-
based photodetector array for a hemispherical electronic eye sys-
tem, utilizing origami techniques. Compared to planar sensors,
this design offers advantages in wide field-of-view and low im-
age distortion. The electronic eye uses polygonal blocks as sen-
sor pixels, folding the silicon-based device into a truncated icosa-
hedral mesh, which is then folded into a hemisphere, enabling
the creation of a hemispherical focal plane array imaging sys-
tem without the need for complex external optical components
(Figure 8d). Wang et al.l®®%] achieved infrared light response
at a wavelength of 1310 nm by compressing SiNMs on SOI,
creating wrinkles and buckling that surpass the intrinsic ab-
sorption limits of silicon. The local strain within the wrinkled
structures led to bandgap modulation, extending the range of
light absorption. These wrinkled structures can be integrated
into focal plane imaging systems. SiNMs have also found exten-
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sive applications in the optical field due to their transferability
and process compatibility (Figure 8e). Chen et al. 2! designed
a SiNM-based micro-bridge bolometer for long-wave infrared
(LWIR) light detection. The micro-bridge structure significantly
reduces the thermal capacity of the device, enhancing the re-
sponse time of photodetection and operating frequency. The de-
vice incorporates a compact cross-antenna design, which further
improves infrared light absorption efficiency, with a pixel size of
just 6.2 ym X 6.2 um, and a thermal time constant (TTC) be-
low 16 ps, making it at least 500 times faster than commercial
amorphous silicon and vanadium oxide detectors (Figure 8f). Qu
etal.’® analyzed the adhesion energy between elastic stamps and
SiNM ribbons, designing specific rectangular stamps. Through
a repeated wet-etching-selective transfer process, they success-
fully achieved large-scale and reproducible SiNM ribbon assem-
bly. This stamp-based approach enables large-scale vertical junc-
tion device integration on SiNMs and other inorganic thin-film
systems.
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Surface roughness and textures of SiNMs can also significantly
impact their optoelectronic properties.®®1%] The goal of these
two processing methods is to fabricate micro-nanostructures
on SiNMs on rigid substrates, increasing the interfacial spe-
cific surface area, thereby altering the contact state and mod-
ulating thermal transport properties. Pan et al. achieved con-
trollable nanoscale roughening through metal mask chemi-
cal etching without significantly altering the thickness of the
SiNM. This treatment enhanced the Schottky barrier and re-
duced surface state recombination, thereby significantly lower-
ing the dark current and improving the on-off ratio of pho-
todetectors (Figure 9a,b).!%) Pennelli et al. introduced surface
roughness through nanoparticle doping and chemical etch-
ing, reducing thermal conductivity in primary heat transfer re-
gions while maintaining electrical conductivity. This is because
the rough surface of SINM scatters phonons to suppress ther-
mal conductivity without significantly affecting electron trans-
port, presenting new opportunities for thermoelectric device
development.[1%]
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SiNMs can also couple with planar photonic devices or con-
ventional optical signal processing systems to enable in-situ op-
tical modulation, detection, and selection.3*1%7] Song et al.[*’! de-
signed a flexible photodetector by wrapping SiNM around an op-
tical fiber to detect light leakage during fiber bending (Figure 9e).
This device can detect bending curvatures with light leakage as
high as 0.5 cm™! without obvious mechanical strain, overcoming
the limitations of traditional power meters that can only perform
non-in situ detection at the input and output ends. This offers an
effective method for performance monitoring in optical fibers,
flexible photonic devices, and chips (Figure 9b). Its ultrathin na-
ture allows it to function as a coupling element within optical
microcavities, while its intrinsic photoresponse properties can
serve as a benchmark for evaluating optical system performance.
SiNMs can also further reduce device footprints, enhance inte-
gration, and increase functionality within fabrication processes
compatible with photonic devices and systems. Wang et al.l*’]
formed a heterojunction by integrating SINM with lead sulfide
quantum dots (PbS QDs) and poly(3-hexylthiophene) (P3HT),
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achieving a broadband optical response from ultraviolet to near-
infrared (Figure 9c). In this system, photogenerated electrons
and holes are separated within the PbS QDs through the photo-
electric effect, where electrons are trapped in the quantum dots
while holes are transferred to the SiNM. This process modu-
lates channel conductivity, enabling synaptic behavior under op-
tical stimulation. The synaptic phototransistor not only senses
light intensity in real-time but also adjusts short-term and long-
term memory effects based on the intensity and frequency of
optical stimulation. This allows for integrated sensors, memory,
and computation under optical pulses, providing a new path-
way for neuromorphic visual systems. Additionally, large-scale
device fabrication is crucial for practical applications of SINM
devices (Figure 9d). Yang et al.[®®! developed a membrane re-
flector surface-emitting laser using transfer-printed SiNM lay-
ers and stamp-assisted transfer techniques. In this design, an
InGaAs quantum well, serving as the active region of the laser,
is sandwiched between two SiNM-based photonic crystal Fano
reflectors, significantly reducing the size and thickness of the
laser while overcoming the process incompatibilities of epitaxial
or bonding methods. By further reducing the lateral cavity size,
the pump threshold power at low temperatures was reduced to
8 mW, with a spectral linewidth as narrow as 0.6 nm. A multi-
wavelength array can be achieved by controlling the temperature,
providing a breakthrough technology for the development of in-
tegrated optoelectronic systems. Wei et al.l'%] fabricated an em-
bedded InAs/GaAs quantum dot laser directly grown on SOI us-
ing MBE, achieving monolithic coupling with silicon photonic
waveguides. Based on predefined laser grooves and waveguide
designs, the optical mode was directly coupled without additional
components, with a coupling efficiency of —6.7 dB. Their ap-
plication with the InAs/GaAs quantum dot laser demonstrates
the integration potential of SiNM in chip-level optical intercon-
nects, high-speed communications, and optical sensing. With the
advancement of silicon photonics, the next important direction
for SiNM photodetectors should focus on high-mobility, highly
chemically stable microfabrication processes. Techniques based
on Ge sacrificial layers or SiGeOlI are expected to enable the
integration of optical neural network systems, achieving post-
processing and storage that match the frequencies of photonic
systems.

4. SiNMs for Sensors

The ultra-thin characteristics of SiNMs enable them to overcome
the limitations of bulk silicon and planar devices in the field of
material sensing. In this domain, SiNMs are primarily applied
through two pathways: 1) Morphology or resistance changes due
to external stress or interaction with external substances.[261%]
These changes primarily originate from the conduction path-
ways within the SiNM, alterations in interfacial properties, and
strain-induced modulation of the energy band structure. 2) Serv-
ing as a readout layer to receive feedback from functional materi-
als placed above.[''%] In this approach, SiNM can function by de-
tecting changes in the resistance of functional materials or serve
as a light readout layer, responding to modulation in the trans-
mittance of the material. In addition, the sensitivity of SiNM in-
terface allows target substances to adjust the barrier height at the
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interface, significantly affecting the electrical performance of the
device and further enhancing sensor sensitivity.

4.1. SiNM Liquid Sensors

Since the components detected in liquids are relatively stable,
the primary design approach is to develop liquid sensors based
on SiNMs that are sensitive to potential or resistance changes.
Chen et al.[''! utilized a notch-assisted transfer technique to gen-
erate multifunctional nanocracks in SiNMs. By employing pho-
tolithography and reactive ion etching, micro-patterns were fabri-
cated on silicon wafers, and nanocracks were formed after trans-
fer and subsequent stretching. A 30-nm-thick gold layer was de-
posited on the nanocracks to serve as a SERS substrate, which,
in combination with a humidity-sensitive liquid bridge, enabled
the detection of resistance changes. This approach achieved a
current ratio of 10* and a rapid detection time of just 10 sec-
onds (Figure 10a—c). Chen et al."?] proposed a waterproof flexi-
ble FET fabricated using a single-crystalline SINM encapsulation
layer. This encapsulation, formed at high temperatures, creates a
high-density, low-defect waterproof structure, enabling the FET
to operate continuously and maintain stable performance in bio-
logical fluid environments. After 16 days in a 37 °C PBS solution,
the encapsulation layer thickness was reduced by only 1%. The
device utilizes Al,O, as a sensing layer combined with Si FET.
When detecting pH in a solution, the reaction of H* ions in the
solution with the surface of the sensing layer causes a change
in the surface potential, leading to a shift in gate-source voltage,
which in turn modulates the conductivity of the semiconductor
channel (Figure 10e). This device achieved high-sensitivity pH
detection (~58.5 mV pH™') and maintained excellent electrical
performance even after 1200 bending cycles, providing an inno-
vative strategy and integrated system for analytical chemistry as
well as applications in the food and medical fields (Figure 10f).
Dong and colleagues!'] fabricated a field-effect transistor by
combining single-crystal silicon with thermally grown SiO, NMs,
creating a material system that enables high-performance elec-
tronic signal transmission and a stable biofluid barrier structure
(Figure 10g). The device, when paired with ion-selective mem-
branes as gate electrodes, can detect corresponding biomarkers,
providing a new device design for disease diagnosis and neu-
ral engineering (Figure 10h). Teng et al.l''l constructed silicon
nanocones using the MACE method, with controllable height
and surface properties. The relative standard deviation (RSD) of
signal intensity point-to-point and between substrates was below
12.6%, and the detection limit reached as low as 1 fmol, enabling
broad applications in fields such as clinical diagnosis, drug anal-
ysis, and environmental monitoring. In the future, microfluidics
or optical liquid monitoring will become important development
directions. SiNM-based electrical signal conversion ports can of-
fer low-loss solutions for next-generation sensors (Figure 10i).

4.2. SiNM Gas Sensors
Gas sensing typically demands high performance in terms of de-

tection time and limit of detection. Therefore, SINM can pro-
vide a high specific surface area or offer sensitive interfacial
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Figure 10. Liquid sensors based on SiNMs. a) Schematic of transferred SiNM nanocrack sensors. b) Optical images of SINM nanocrack sensors. c) I-V
relationship of humidity sensing in different relative humidity. Reproduced with permission.["""] Copyright 2018, American Chemical Society. d) Device
structure of waterproof SiINM PH sensors. e) Schematic of the energy band of the interface between the solution and p-SiNM. f) Time response of
SiNM PH sensor in penicillin-penicillinase reaction with different enzyme concentrations. Reproduced with permission.['12] Copyright 2022, Elsevier.
g) Schematic of the potential of the ion-selective membrane (ISM). h) Optical image of SINM/ISM MOSFET. Reproduced with permission.l'*] Copyright
2022, Wiley-VCH. i) SEM image of Si nanocone arrays. Reproduced with permission.['1*] Copyright 2018, Elsevier.

responses for high specific surface area functional materials, en-
abling efficient gas detection. Cho et al.[%% optimized hydrogen
sensing using SiNMs by developing SiNM transistors function-
alized with Pd nanoparticles. The sensor, featuring a bottom-gate
structure, exhibits rapid response and recovery, as well as en-
hanced sensitivity. The responses to hydrogen concentrations of
0.1%, 0.3%, 0.5%, and 0.7% was 38%, 98%, 169%, and 250%, re-
spectively, under a gate bias of 0.3 V (Figure 11a,b). Li et al.l2¢]
developed a SiNM phototransistor with multifunctional sensing
applications in smart digital dust (Figure 11c,d). This sensor in-
tegrates photodetection (with an on-off ratio greater than 10°
and a response time of ~100 ps), hydrogen detection (with a
detection limit as low as 0.05%), and humidity detection (rang-
ing from 43% to 97% RH). It also enables dual-channel sens-
ing and multimodal sensing capabilities. Furthermore, the pro-
cess is compatible with large-scale wafer-level manufacturing,
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demonstrating the simplicity and efficiency of SiNM sensor fabri-
cation, thereby providing new insights and technological support
for the development of next-generation smart electronic devices.
Ko et al.ll introduced a NO, (NO and NO,) gas sensing sys-
tem using phosphorus-doped SiNMs and magnesium electrodes.
The interaction between NO, gases and the n-type semiconduc-
tor sensor surface induces changes in the surface depletion layer
of sensor, with a detection limit of ~20 ppb. The device showed a
response to NO and NO, that was 100 times higher than for other
substances and exhibited stable electrical performance during
multiple bending (with a bending radius of 3 mm) and stretch-
ing (up to 40% strain) tests. The silicon and magnesium-based
device system is fully degradable under physiological conditions
without producing harmful substances, making it suitable for
medical implants and environmental monitoring (Figure 11e).
Shin et al.% combined SiNMs with matrix-assisted laser
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Figure 11. Gaseous sensors based on SiNMs. a) Relationship between sensing current and concentration of hydrogen in a SINM sensor. b) Optical image
of Pd-doped SiNM hydrogen sensors. Reproduced with permission.[832] Copyright 2021, Wiley-VCH. c) Optical image of a SINM FET multifunctional
sensor. d) Current-time curves of a SINM sensor and reference sensor for hydrogen sensing. Reproduced with permission.[''3] Copyright 2020, AAAS.
€) Device structure of serpent SINM NO, sensing system. Reproduced with permission.[®5] Copyright 2020, Springer Nature.

desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS), enabling efficient detection of high-mass proteins
ranging from 0.001 to 2 MDa. The SiNM facilitated ion collisions
that emitted electrons, resulting in excellent detection efficiency.
Xiao et al."”] proposed a Schottky barrier field-effect transistor
activated by gold source-drain electrodes, which utilizes the cat-
alytic reaction between gold and NH; molecules. When NH; is
adsorbed onto the Au electrode surface, it is catalyzed into NH,*
ions and electrons. The electrons migrate to the Au/Si interface,
significantly lowering the Schottky barrier height. This sensor
can detect NH, concentrations as low as 120 ppb at room temper-
ature, demonstrating exceptional selectivity for other gases, and
can quickly restore its state within 200 s by applying a reverse bias
voltage. Guo et al.['®8] proposed a suspended SiNM structure for
CO, gas sensing using a micro-ring resonator. In this resonator,
over 80% of the waveguide mode energy was distributed in the
air, and Fano resonance was achieved through coupling between
TE, and TE,; modes, reaching a Q factor close to 10°. This design
offered a dynamic monitoring range from 0% to 100% concen-
tration, demonstrating the feasibility of SINM in planar optical
components. With advances in low-dimensional material modi-
fication and nanostructuring techniques, SiNMs can be custom-
developed for target analyte detection through optical coupling,
chemical adsorption, and electrical property modulation at inter-
faces with other materials.

5. SiNMs for Biomedicine

Due to the mechanical properties of biological skin, organs, and
tissues, as well as the need for real-time extraction of biological
signals, the application of high-stiffness electronic devices in the
biomedical field is significantly limited. Meanwhile, the biocom-

patibility of flexible organic semiconductors in implantable de-
vices has not been fully resolved. As a biocompatible material,
SiNM not only exhibits low stiffness, enabling integration with
flexible substrates, but also forms buckle structures under com-
pressive strain, which can further enhance force detection sen-
sitivity. The mechanical properties of SINMs are close to that of
the human epidermis, allowing them to conform closely to the
skin surface without imposing mechanical constraints on nat-
ural movements.''”! For implantable devices, SiNMs with ap-
propriate surface treatments and encapsulation exhibit excellent
biocompatibility, allowing long-term contact with human tissue
without triggering obvious immune responses. At the nanoscale,
they retain the electrical properties of silicon, ensuring stable op-
eration until the end of their designated degradation lifespan.
Their excellent biocompatibility enables SINM devices to adhere
tightly to the skin, internal organs, or microbes, %% facilitating
high-fidelity monitoring and precise therapeutic interventions.

5.1. Outplane SiNM Devices

Out-of-plane buckled SiNM systems are highly sensitive to ex-
ternal forces, making them ideal for fluid and strain analysis,
which is crucial for monitoring human respiration, movement,
and fluid circulation. When fluid flows, the resistance changes in
the SiNM, and metal electrodes can dynamically reflect changes
in the physiological indicators in the biological system. Kwon
et al.l'?!] proposed a battery-free, wireless implantable device de-
signed for real-time, continuous monitoring of vascular pressure,
flow rate, and temperature. This study utilized SiNMs to design
various types of strain gauges, incorporating out-of-plane buckled
structures, in-plane interdigital structures, and microcantilever
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Figure 12. Design and application of SiNM buckled microstructure biomedical devices. a) Fabrication process of stretchable SiINW. b) Photograph of
SiNW sensor on human skin. Reproduced with permission.[122] Copyright 2020, American Chemical Society. c) i) Design of SINM bioresorbable moni-
toring system, which consists of SiINM and SiMM, Mg substrate, and air-filled microcavity. i) Dissolution feature of SINM-SiMM system. Reproduced
with permission.l2>] Copyright 2020, Wiley-VCH. d) Optical image of SiINM pressure sensor with additional silicon cavity. e) FEM simulation results
of SiNM and Au layer of 3D pop-up pressure sensor at 0 kPa and 30 kPa.l'%] Copyright 2020, Springer Nature. f) Optical image of a fabricated SINM
effectively compliant layered substrates. g) Normalized average concentration of dendritic, elongated, and spherical cells on SINM/PDMS and bulk Si
substrates. Reproduced with permission.['24] Copyright 2020, American Chemical Society.

structures to develop sensors for intravascular flow rate, tem-
perature, and blood pressure monitoring. The device demon-
strated precision and sensitivity comparable to clinical tools in
pig and sheep models, with potential future applications in mon-
itoring the hemodynamic status of post-operative mobile pa-
tients. Huang et al."?? developed an ultra-miniaturized stretch-
able strain sensor based on a single silicon nanowire (SiNW)
for invisible electronic skin applications (Figure 12a). They em-
ployed a vapor-liquid-solid method assisted by a temperature gra-
dient to fabricate centimeter-long SiNWs, which were then con-
verted into stretchable forms through a pre-strained substrate,
achieving up to 50% stretchability and high durability over more
than 10 000 cycles (Figure 12b).

The buckle design of SiNM effectively utilizes the deformation
caused by the extra length between fixed ends to withstand exter-
nal forces, enabling cyclic elastic deformation. Yang et al.1?}] de-
signed a liquid barrier based on silicon micromembrane (SIMM)
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encapsulation and a strain sensor composed of SiNM. This sen-
sor demonstrated stable performance over three weeks in a rat
model, offering accuracy and reliability comparable to existing
clinical-standard devices. Additionally, the encapsulation design
allows the material to fully degrade within approximately four
weeks in physiological conditions, reducing the need for sub-
sequent handling or removal (Figure 12¢). Han et al.1%l trans-
formed traditional 2D structures into three-dimensional pop-up
platforms using compressive buckling techniques (Figure 12d).
This platform integrates sensors for temperature, pressure, and
electrophysiological signals, along with electrical and thermal ac-
tuators, enabling high-density spatiotemporal mapping of bio-
logical information. Moreover, it provided therapeutic functions
such as programmable electrical stimulation, radiofrequency ab-
lation, and irreversible electroporation (Figure 12e). Bai et al.l'?]
integrated SiNM-based devices, optical fibers, and multilayer op-
tical filters to develop a photonic device capable of continuously
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Figure 13. Wearable SiNM transient devices. a) Schematic of encapsulated Au-doped SiNM temperature sensors. b) Optical image of Au-doped
SiNM. Reproduced with permission.[292] Copyright 2021, Wiley-VCH. c) SiNM/2D TMD multifunctional probes on brain models. Reproduced with
permissionl®8] Copyright 2022, Wiley-VCH. d) Optical image of sensing area of SiINM ribbon. e) FEM simulation of strain distribution in SINM ribbon
under 0%, 5%, and 15% of stretching strain along the Y-axis. Reproduced with permission!] Copyright 2024, AAAS.

monitoring physiological parameters such as tissue oxygenation,
temperature, and neural activity at specific depths within the
body. This technology eliminates the need for secondary surgery
associated with traditional electronic implants, making it valu-
able for neuroscience research, pathological studies of diseases,
and postoperative recovery management. Abdul et al.l'**] intro-
duced the influence of the mechanical properties of SiNM on
flexible substrates on single-cell behavior. Their research found
that cells exhibited similar behavior on 220-nm-thick SiNMs
as on bulk silicon, while on 20-nm-thick SiNM, there was re-
duced fibroblast and adhesion plaque activity, regulating cell be-
havior, highlighting its potential applications in microbiology
(Figure 12f,g). In future research, microstructured SiNM devices
could also be combined with actuator materials and design con-
cepts, endowing the devices with multifunctional capabilities for
both sensing and actuation.

5.2. Structured SiNM Devices

For viscoelastic substrates and surfaces, their mechanical-strain
behavior is fundamentally different from that of linear elastic
substrates. Large strains caused by external forces do not result
in damage to viscoelastic materials, and the nonlinear stress-
strain behavior provides more possibilities for optimizing the
mechanical performance of SiNM/viscoelastic substrate systems.
The combination of serpentine and island structures enables
in-time and in-situ tactile and temperature feedback, provid-
ing prosthetics with sensory feedback and integration of rigid
components.[**12l Through mechanically optimized planar de-
signs, SiNMs can sensitively respond to strain states in biolog-
ical regions without external force, typically measured by resis-
tance changes in metal components. Additionally, component
structures that can withstand large deformations ensure that
SiNM devices remain attached to the target area during mon-
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itoring, preventing detachment. Sang et al.l?%! introduced an
ultra-high sensitivity wearable temperature sensor array based on
gold-doped SiNMs (Figure 13a,b). By controlling the gold dop-
ing concentration, the Fermi level and activation energy were
adjusted, significantly improving the temperature coefficient of
resistance (TCR) to —37 270.72 ppm °C~!, which is ~20 times
higher than that of similar metal-based temperature sensors. The
sensor exhibited a resistance change rate of 4% with a body sur-
face temperature variation of just 1.5 °C. Additionally, the sen-
sor array could provide high spatial resolution thermal imaging
and demonstrate potential for chip- and wafer-level integration.
Yang et al.l%] developed a biodegradable wireless neurochemical
system combining SiNMs, 2D transition metal dichalcogenides,
and nanoparticle systems. The integration of 2D materials pro-
vides additional active sites to enhance charge transfer, demon-
strating excellent sensitivity and selectivity in electrochemical de-
tection. Based on this system, the SiNM device enables multi-
parameter synchronous detection of pH, temperature, and elec-
trophysiological signals (Figure 13c). Kim et al.l'3 enhanced sil-
icon nanoribbon electronic skin by incorporating nanowire elec-
trodes to transmit electrical signals, effectively simulating the
sensory functions of natural skin. Additionally, these electrode
surfaces were coated with cerium dioxide nanoparticles to sup-
press inflammatory responses.'”] Meng et al.'?%] introduced a
SiNM temperature-bending strain sensor that achieves decou-
pling of temperature and strain signals through a fast Fourier
transform. Temperature signals are extracted in the frequency
range below 1 Hz, while pulse signals are extracted above 1 Hz.
Even within a wide temperature fluctuation range of 4 °C, the typ-
ical characteristic waves of the pulse can still be clearly detected.
Hu and colleagues!*®! arranged multiple silicon nanoribbons (Si-
NRs) in different orientations to form an octopus-shaped sen-
sor capable of omnidirectional detection of dynamic biomechan-
ical strain on soft tissue surfaces (Figure 13d,e). This device not
only monitors physiological signals such as human pulse and
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Figure 14. Mechanism and performance of implanted SiNM transient devices. a) Optical images of dissolution process of Mg encapsulated by thermal
SiO,, Al, 04 /parylene C, and bulk liquid crystal polymer in time order. Reproduced with permission.['*!] Copyright 2016, National Academy of Sciences.
b) Reaction-diffusion model in transient SINM devices. c) Design and performance of transient Mg/SiNM transistors.!3%] d) Optical image of thermal-
triggered SiNM transistor. e) Optical image of transient behavior in the SINM transistor after heating. f) Transient I-V behavior of the SiNM transistor.

Reproduced with permission.l'2%0] Copyright 2018, Wiley-VCH.

intraocular pressure but also detects pathological changes like
myocardial infarction in animal models, significantly expanding
the multifunctional applications of a single device. Currently,
planar-structured devices have achieved effective sensing and
stretching on attached objects. Future research will focus on ad-
hesion and effective sensing of compressive or shear states on
plastic surfaces.

5.3. Transient SiNM Devices

In biomedical applications, the stability duration of implanted
devices in the body is not always preferable to be as long as
possible. Aligning the lifespan of the device with the wound
healing and inflammation recovery cycle can help reduce po-
tential negative impacts on the body.'??! Benefit to the charac-
teristic of silicon to undergo slow degradation in biological flu-
ids, careful control of SINM thickness and external encapsula-
tion can allow the device to complete its monitoring tasks with-
out requiring surgical retrieval. Consequently, transient SiNM
devices have been proposed to create controllable, self-degrading
biomedical devices.*"! Fang et al.3!l investigated the hydroly-
sis kinetics of single-crystalline SiNMs in biological fluids and
various aqueous solutions, evaluating their dissolution behav-
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ior under different pH levels, ion concentrations, and tempera-
tures, providing a design paradigm for transient SINM devices
(Figure 14a). Understanding and researching the degradation
behavior of transient devices will greatly contribute to the con-
trollable design of device performance and lifespan.'*? Subse-
quently, Hwang et al.'?%?] utilized transfer printing, PVD, and
solution casting techniques to combine single-crystalline SiNMs,
magnesium (Mg) conductors, magnesium oxide (MgO) insulat-
ing layers, and silk substrates to fabricate implantable transient
MOSFETs (Figure 14c,d). These devices maintained normal op-
eration for at least 90 h in deionized water and fully dissolved
within ~3 weeks, producing harmless by-products, demonstrat-
ing the effectiveness of this technology for sterilization at sur-
gical sites. Shin et al.’** developed a bioresorbable pressure
sensor for monitoring chronic diseases and healing processes.
They employed thermally grown silicon dioxide (t-SiO,) as a bar-
rier against biological fluids and used amorphous silicon dioxide
formed through the pyrolysis of PDMS as an adhesive layer. The
sensor was fabricated by bonding a pair of SOI wafers, which ex-
tended the lifespan of the thermal oxide isolation layer to about
amonth. In in-vivo experiments with rats, the sensor was able to
stably and accurately monitor intracranial pressure for up to 25
days, with performance comparable to non-bioresorbable clinical
standard devices, providing a versatile platform for a wide range
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of bioresorbable electronic devices. Kang et al.[33 fabricated a
bioresorbable pressure sensor with a membrane composed of
poly(lactic-co-glycolic acid) (PLGA) with a thickness of 30 um,
supported by a nanoporous silicon or magnesium foil substrate
with a thickness of 60-80 um. The external miniaturized wire-
less potentiometer allows real-time and accurate data transmis-
sion from the sensor, although mobility is somewhat restricted.
Additionally, SiINM transient devices hold potential value in in-
formation security and early warning systems for extreme con-
ditions. Li et al.['?®! constructed a flexible transient phototran-
sistor using SiNM, incorporating thermally degradable poly(a-
methylstyrene) (PAMS) as a transient layer to achieve thermally
triggered device failure. At #300 °C, the PAMS layer fully depoly-
merizes into volatile products within 5 minutes, leading to the
structural breakdown of the phototransistor (Figure 14d—f). The
ultrathin nature of SiNMs facilitates permanent device failure
once trigger conditions are met, ensuring the security of sensi-
tive data. Currently, transient SINM devices still have two major
directions for development: 1) When the expected lifespan of the
device changes, it is necessary to explore whether SiNM degra-
dation can be slowed down through non-contact methods. 2) For
existing fast data transmission, the failure of transient devices
needs to reach the millisecond level to meet the requirements for
data security. The development of SiNM transient devices could
incorporate additional functional materials in the future to en-
able rapid degradation triggered by specific conditions, or to serve
as warning modules for transient device failure.[!3*]

5.4. Composited SiNM Devices

Benefiting the excellent chemical stability of SiNM, when inte-
grated into composite systems with low-dimensional materials
such as nanoparticles or nanowires, it can rapidly read or inject
the electrical signals of the modified materials without under-
going chemical reactions at the interface. This ensures the sta-
ble operation of low-dimensional materials in wearable and im-
plantable devices.!!3¢] Composite material systems, centered on
SiNM devices as a platform, can achieve breakthroughs in perfor-
mance and functionality, enabling customizable and specialized
detection tailored to specific biomedical needs.

Kim et al.1*] used direct printing of liquid metals to integrate
Ag NM-nanowire antennas with SiNMs and flexible substrates,
creating stretchable interconnect structures in contact lenses
while meeting wireless communication needs. By embedding
mechanical reinforcement rings in flexible regions to concen-
trate strain, they significantly enhanced the sensitivity of contact
lenses. Tests on rabbits and 10 human participants demonstrated
that the contact lens could safely and accurately provide quanti-
tative intraocular pressure. The strain sensor accurately detected
slight corneal deformations due to changes in IOP (x0.03% per
mmHg). Kim et al.'*”] developed a floating-gate memory system
based on gold nanoparticles, which were uniformly assembled
on a large-area silicon platform using the Langmuir-Blodgett
(LB) method. This design improves charge capture efficiency and
long-term data retention in memory devices. Atomic force mi-
croscopy techniques were employed to inject and read charges
into the nanocrystal floating gate (Figure 15a). The nanocrys-
talline monolayer assembled by the LB method exhibited high
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uniformity, and consistency was confirmed in a 22x22 mem-
ory array, providing a pathway for the realization of large-area
multiplexed wearable SiNM electronic devices (Figure 15b). Kim
etal.%] designed a flexible, transient electrochemical dopamine
sensor based on bioresorbable SINMs and iron-catalyst nanopar-
ticles (Figure 15c). The sensor was composed of heavily doped
SiNMs (~300 nm thick) coated with iron-decorated carboxylated
polypyrrole nanoparticles (Fe**-CPPy NPs) as the active sens-
ing element. The Fe3*-CPPy NPs could detect dopamine con-
centrations at picomolar levels, with performance comparable
to platinum-based catalysts, and they fully dissolved within a
few hours under physiological conditions, meeting biocompat-
ibility requirements (Figure 15d,e). Son et al.[}*] developed a
system for controlling drug release through thermal stimula-
tion. Gold nanoparticles (Au NPs) and TiO, layers in resistive
random-access memory (RRAM) served as electron traps and
resistive switches, respectively. The RRAM array was integrated
with SiNM strain sensors and resistive heaters to precisely mon-
itor tremor frequencies and adjust drug diffusion rates through
temperature control, offering the potential for monitoring neuro-
logical diseases such as Parkinson’s disease. Leveraging the ther-
moelectric, piezoelectric, and optoelectronic properties of low-
dimensional materials, SINM-based wearable and implantable
devices could provide additional wireless power solutions, re-
ducing reliance on external power sources. Nanomaterial-based
drugs with medical applications could also be integrated onto the
device surface, enabling in situ drug release and monitoring.!12%!

6. SiNMs for Energy Harvesting

In the field of energy harvesting, the low stiffness of SiINM can
make contributions at both macroscopic and microscopic levels.
In photovoltaic devices, their ultra-thin flexibility and excellent
biocompatibility make them crucial for portable and implantable
devices. In energy storage, the SINMs can mitigate the volume
changes and instability of the solid electrolyte interface that oc-
cur during ion insertion and extraction in batteries, thus pre-
venting performance degradation caused by electrode material
fracturing.[140]

6.1. Structured SiNMs for Energy Harvesting

The charge-discharge cycling process in ion batteries imposes
high demands on the structural stability, interfacial layer be-
havior, and activity of the electrode. The primary challenge pre-
venting the application of silicon as a high-capacity anode ma-
terial arises from stress concentration and lattice defect issues
in brittle silicon during volumetric expansion and contraction.
In freestanding SiNM, the insertion and extraction of ions can
be alleviated by deformation, making it possible to achieve low-
damage and long-lifespan silicon battery electrodes. Additionally,
the increased specific surface area contributes to higher capac-
ity and energy density, further improving battery performance.
Guo et al.3%] investigated a mechanical model based on plate the-
ory to determine the critical conditions for different 2D geome-
tries in surface tension and elastic film self-folding. Using capil-
lary force-driven self-assembly, they placed silicon foils with spe-
cific geometries, thicknesses, and sizes on a hydrophobic surface,
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Figure 15. Biomedical devices based on SiNM/low-dimensional material systems. a) Diagram of charge injection of AuNPs on SiNM via AFM tips (inset
device structure of a single charge trap floating gate memory unit). b) Optical image of a wearable charge trap floating gate memory array. Reproduced
with permission.[’37] Copyright 2016, AAAS. c) Exploded view of SINM/Fe3*-CPPy NPs neurotransmitter detector. d) UV-vis spectra of productions of

dopamine-o-quinone with various catalysts. e) Optical image of SINM/Fe*+-

CPPy NPs neurotransmitter detector dissolved after immersing in PBS (~pH

11, 37 °C) for 15 h. Reproduced with permission.['19] Copyright 2018, Wiley-VCH.

with a water droplet positioned at the center of the foil. As the
water droplet evaporated, the capillary forces caused the SiNM to
fold around the droplet into a predetermined 3D shape, success-
fully achieving the transition of monocrystalline SiNMs from 2D
to 3D structures (Figure 16a). Further processing led to the cre-
ation of 3D photovoltaic devices made of thin single-crystalline
SiNM foils (Figure 16b). This 3D architecture demonstrated ad-
vantages in light trapping and reduced reflection losses, result-
ing in 187% increase in energy conversion efficiency compared
to planar devices, providing new insights and technological sup-
port for developing low-cost, high-efficiency photovoltaic devices
in the future (Figure 16¢). In energy storage, Huang et al.3¢]
studied the performance of rolled amorphous SiNMs (a-SiNMs)
as anode materials for sodium-ion batteries. They aimed to ad-
dress the challenges posed by the large sodium ion radius, which
causes volume changes and slow Na* transport during sodia-
tion/desodiation, leading to low capacity and poor cycling sta-
bility (Figure 16d). The rolled a-Si structure provided sufficient
space to accommodate volume expansion, enhancing the me-
chanical stability of the anodes (Figure 16e). Electrochemical test-
ing showed that a-SiNM achieved an initial discharge capacity of
661.1 mAh g~! and an initial charge capacity 0of 283.4 mAh g~! ata
current density of 100 mA g='. After 50 cycles, the a-SiNM main-
tained a reversible capacity of 255 mAh g~!. The sodium stor-
age process of a-SiNM was primarily controlled by surface capac-
itive behavior, facilitating fast charge-discharge cycles and long
cycle life, demonstrating potential in high-performance, low-cost
sodium-ion batteries. Silicon is an ideal candidate for lithium-

Adv. Funct. Mater. 2025, 35, 2502191 2502191

ion battery anodes due to its highest theoretical specific capacity
(4200 mAh g™'). However, the volume change during lithium-ion
insertion and extraction (up to 400%) leads to electrode pulver-
ization, loss of electrical contact, and rapid capacity decay. Huang
etal.'*?l utilized PVD and strain-release rolling techniques to fab-
ricate TiO, /Si/TiO, NMs. The conductivity and amorphous struc-
ture of the TiO, layer further enhance the electrochemical perfor-
mance and structural stability of the anode material (Figure 16f).
Both the TiO, and Si layers were amorphous, with the TiO,
layer containing Ti** and oxygen vacancies that facilitated Li*
and electron transport. The 3D TiO,/Si/TiO, NMs, due to their
large surface area and low-stiffness structure, exhibited high me-
chanical tolerance and high loading density. When paired with a
commercial cathode to assemble a complete lithium-ion battery,
the TiO,/Si/TiO, NM anode demonstrated high energy density
(525 Wh kg™') and excellent cycling stability, retaining 92% of its
capacity after 50 cycles (Figure 16g). Thus, flexible SiINM batteries
will greatly enhance the energy storage and functionality of im-
plantable devices, providing convenience for their operation. Cur-
rently, SiINM battery electrodes are still arranged in a disordered
and loose manner. In the future, the ordered arrangement and
encapsulation of SINM microstructured electrodes could provide
more direct and shorter ion and electron transport pathways.
Meanwhile, the ordered current distribution would reduce the
formation of local hotspots or “dead zones,” thereby improving
electrode utilization and extending cycle life.

For buckled or strain-free SiNMs, their flexibility makes them
particularly suitable for integration with flexible energy storage

(23 of 45) © 2025 Wiley-VCH GmbH
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Figure 16. Energy storage principle and electrochemical performance of self-rolling SINMs. a) Optical image of the cylindrical rolled-up SiNM cell on
a cylindrical lens. b) Design of rolled-up SiNM solar cell. c) I-V relationship between flat SINM, rolled-up SiNM, and rolled-up SiNM with reflector.
Reproduced with permission.[3] Copyright 2009, National Academy of Sciences. d) lllustration and e) SEM image of a-SiNM electrode. Reproduced
with permission.[38] Copyright 2018, Wiley-VCH. f) Schematic of rolled-up TiO, /Si/TiO, NM structure for lithium storage. g) SEM image of TiO, /Si/TiO,

NM. Reproduced with permission.["1] Copyright 2018, Elsevier.

components in devices.['*] Yu et al.['*3] investigated the use of
flexible elastic substrates to relieve stress in lithium-ion battery
silicon anode materials. On a PDMS substrate, the stress gen-
erated by SINM during charge and discharge cycles is released
through its buckled form, preventing electrode fragmentation
and failure (Figure 17a). The half-cells assembled with SiNMs
on flexible substrates maintained 85% of their capacity after 500
cycles, exhibiting an extremely low-capacity decay rate (0.033%
per cycle), which is significantly better than traditional silicon
electrodes (Figure 17b-d). Lu et al.'**l explored the feasibility
of using biodegradable monocrystalline silicon photovoltaic mi-
crocells as a power source for temporary biomedical implants.
They proposed a fully degradable photovoltaic platform based on
monocrystalline silicon microcells, designed to operate LEDs at
wavelengths with deep tissue penetration (red and near-infrared
light). When placed under 4 mm thick pig skin and fat, the near-
infrared light generated 64 uW of power with a V,_ of 4.25 V.
In vivo experiments showed that a blue LED implanted subcu-
taneously in rats functioned normally for 3 days, and the photo-
voltaic system completely degraded after 4 months without caus-
ing an inflammatory response, making it a reliable option for
powering biomedical implants (Figure 17e). High-specific sur-
face area structures are an important technique for enhancing
light absorption and improving the performance of photovoltaic
devices. However, the dry etching process used in deep silicon
etching has stringent processing requirements, and the slow
etching of sidewalls cannot be ignored. Lin et al.l” utilized a
dual-layer Ag/Au catalyst to prepare high-quality silicon micropil-
lar arrays based on MACE. By controlling the thickness of the
metal catalyst, they effectively regulated the structural uniformity
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and flatness of the micropillars ranging from the nanoscale to
the microscale (Figure 17f,g). The high specific surface area of
the silicon micropillar arrays significantly reduced the surface
reflectance (%11%), enabling more efficient capture of incident
light compared to planar structures with reflectance exceeding
30%. After surface passivation, the performance of solar cells
is comparable to that of planar silicon wafers, achieving a car-
rier lifetime of 220 ps and a cell efficiency of 14.6%. This de-
sign also shows potential for applications in photoelectrochemi-
cal cells and other related fields.

6.2. Flexible SiNMs Solar Cells

Since Si-based solar cells and photovoltaic devices currently play
an important role in the photovoltaic industry, the flexibility of
SiNMs can extend their application boundaries to implantable
and portable devices. Compared to commonly used amorphous
or polycrystalline Si flexible solar cells, SiNM solar cells enable
the integration of single-crystal silicon into flexible energy har-
vesting systems. Building on existing flexible designs, they lever-
age the high crystalline quality of single-crystal silicon to further
enhance photoelectric conversion efficiency.

As flexible processes and transfer techniques continue to ma-
ture, research on SiNM-based flexible solar cells needs to shift
towards scalability and applicability of their photoelectric conver-
sion performance. Therefore, maintaining flexibility and good
crystal quality while using thicker SiNMs to enhance absorp-
tion is an important research direction. Lee et al.l®’] proposed
a highly integrable material platform by engineering photonic

© 2025 Wiley-VCH GmbH
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Figure 17. Charging and discharging principle and electrochemical performance of planar SiINM array. a) Schematic diagram of lithiation in
SiNM/elastomer substrate system. b) Assembly of SiNM-based battery cell. ) SEM image of SiNM after lithiation. d) Long-term cycling stability of
SiNM anode. Reproduced with permission.l'*3] Copyright 2012, Wiley-VCH. e) Optical image of biodegradable crystalline SiNM cells (inset: SINM cell
arrays for the operation of a bioresorbable LED). Reproduced with permission.[4] Copyright 2018, Wiley-VCH. f) Structure illustration of Si micropillar
solar cell. g) SEM image of n-Si micropillar. Reproduced with permission.l”32] Copyright 2019, American Chemical Society.

nanostructures to directly fabricate ultrathin silicon solar mi-
crocells from the silicon wafer, which is compatible with large-
scale assembly processes and reduces material costs (Figure 18a).
With the optimized design of antireflective coatings and back
reflectors, the printed ultrathin (~8 um) nanostructured silicon
solar cells achieved a solar-to-electric conversion efficiency of
12.4%, demonstrating the potential for flexible silicon solar cells
through optimized device and material design (Figure 18b,c). Lee
and colleagues!®! proposed a method for generating ultra-thin
SiNMs through multiple patterning and etching processes on
bulk silicon. This approach utilizes photolithography to define
interlocking and anchoring connections between microstrips,
creating high-fill-factor SiNMs (Figure 18d). By controlling the
etching depth, the thickness of the SiNM can be adjusted from
300 nm to 13 um (Figure 18e). The interlocking SiNM can
be used to fabricate centimeter-scale flexible solar cells, achiev-
ing a 7.9% conversion efficiency, and enabling low-cost, repro-
ducible production of SiNM solar cells (Figure 18f). Liu and
colleagues!'4?l proposed a strategy to improve the flexibility
of silicon wafers through edge passivation treatment, overcom-
ing the brittleness limitation of traditional monocrystalline sil-
icon wafers for large-scale applications. After HF; treatment,
the maximum stress during bending was significantly reduced,
lowering the risk of fracture (Figure 18gh). Their wafer-scale

Adv. Funct. Mater. 2025, 35, 2502191

2502191 (25 of 45)

(15.6 x 15.6 cm?) flexible solar cells based on passivated silicon
exhibited minimal performance loss under extreme temperature
cycles from —70 to 85 °C, with a photoelectric conversion effi-
ciency of 24.5%, far exceeding that of other commercial flexible
solar cell materials, thus achieving high-performance, low-cost
SiNM solar cells for commercial applications (Figure 18i-k). In
the future, SiNM solar cells are expected to combine with or-
ganic, perovskite, and other material systems, advancing toward
large-area, flexible tandem solar cells within composite material
systems.[146]

7.SiNM in ICs

With the continuous increase in demands for computational
speed and application scenarios of ICs, the traditional scaling
approach for semiconductor devices has reached its bottleneck.
Consequently, methods for achieving higher integration den-
sity of transistors and ICs in flexible technologies and heteroge-
neous integration have garnered attention.!'7+43>147] By integrat-
ing SiNM devices at the chip and IC levels, it is possible to com-
bine functions such as sensing, computation, and storage in a
compact package, elevating the application potential and scope
of SiNMs to new heights.

© 2025 Wiley-VCH GmbH
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Figure 18. Preparation and performance of flexible and large-scale SiNM solar cells. a) SEM images of flexible SINM microcells (inset: SINM with
nanopore structures). b) Flexible SINM solar cells on a bending PET surface. c) Calculation and experimental results of the maximum power density of
SiNM microcells. Reproduced with permission.[%7] Copyright 2014, American Chemical Society. d) Illustration of recyclable fabrication of SiNMs from
mother bulk Si. ) SEM image of interconnected SINM on mother Si substrate. f) Optical image of flexible Si solar cell prepared with interlocking SiNMs.
Reproduced with permission.!8%] Copyright 2023, Wiley-VCH. g) lllustrations and SEM images of crystalline SiNM wafer (left) and marginal-blunted SiNM
wafer (right). h) Colored HAADF-STEM image of the fracture surface of blunted-SiNM. i) Design of large-scale flexible SINM solar cells. j) Relationship
between collected power and incident angle in rigid and flexible SINM solar cells. k) Bending stability of 15.6 cm X 15.6 cm SiNM solar cells. Reproduced
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Adv. Funct. Mater. 2025, 35, 2502191 2502191 (26 of 45) © 2025 Wiley-VCH GmbH

85UB017 SUOWIWIOD 8A 118810 3|qeol dde 8y Aq pausenob ke Sapiie YO 8SN JO Sa|nJ 10} ARIq1T 8UIUO 8|1 UO (SUOTPUOO-PUR-SLUIBIALIOD A8 | 1M Afe.q1|Bu [UO//:SdY) SUOTIPUOD PUe Swie | 8y} 88S *[6Z02/TT/ST] Uo ARiqi]auliuo A8|im ‘AisieAlun uepnd Aq T6TZ0S20Z WiPe/Z00T OT/I0P/W0D A8 1M Aeq 1 pul|Uo’peoueApe//SAny Woj pepeo|umod 'S ‘5202 ‘82089T9T


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

b

100nm ps-Si

a 70nm Ti
&N

180pm thick

PET substrate 100" ITO

www.afm-journal.de

NT
N

Adhesive epoxy

PET

Figure 19. Design and frequency characteristics of SINM flexible transistors. a) Structure and morphology of flexible SiNM ribbons transistors. Repro-
duced with permission.[™8] Copyright 2005, AIP Publishing. b) Cross-sectional structure of a c-SiNM RF TFT. c) Optical image of a strained flexible
¢-SiNM RF TFT. Reproduced with permission.[®®] Copyright 2007, AIP Publishing. d) Optical image of flexible SINM synaptic transistor on human
hand. Reproduced with permission.[®2] Copyright 2025, Wiley-VCH. e) TEM image and illustration of graphene/ultrathin SiNM TFT. Reproduced with

permission.['73] Copyright 2013, American Chemical Society.

7.1. Flexible SiNM Devices for ICs

As one of the fundamental building blocks of ICs, the perfor-
mance of FET devices will determine the computational speed
and energy consumption of the whole system. Therefore, system-
level integration of SiINMs primarily focuses on the flexibility and
integration of logic computing devices and sensor components.

Menard et al.l'¥l introduced a method for fabricating
monocrystalline Si thin-film transistors on plastic substrates us-
ing dry transfer printing (Figure 19a). These devices exhibited an
effective electron mobility of ~#240 cm? V-1 57! in the linear mode
and a threshold voltage close to 0 V, while maintaining reliable
performance under external strains ranging from —1% to 1.5%.
This manufacturing technique allows the use of high-quality in-
organic semiconductor materials, such as monocrystalline sil-
icon, gallium arsenide (GaAs), and indium phosphide (InP),
in low-cost, large-area electronic systems. For example, recent
advances in flexible electronics have demonstrated remarkable
progress, with the development of ultraflexible monolithic three-
dimensional static random access memory (SRAM) achieving
unprecedented integration density and mechanical flexibility.[*!
Similarly, Yuan et al.l?3] designed monocrystalline SiNM tran-
sistors (TFTs) on flexible polymer substrates (Figure 19b,c). The
strained silicon TFTs demonstrated significantly enhanced elec-
trical performance compared to planar devices, including higher
mobility and transconductance. Building on this foundation, re-
cent research has achieved ultra-flexible high-linearity silicon
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NM synaptic transistor arrays that show exceptional potential
for mobile artificial intelligence applications and edge comput-
ing (Figure 19d).1?] With appropriate modifications, the maxi-
mum cutoff frequency and oscillation frequency of these devices
reached 7.8 GHz. The transistor arrays hold great potential for
RF applications in communications, remote sensing, and surveil-
lance, offering new ideas for developing high-performance, large-
area flexible RF systems.!'>%! Kim et al.l'3!] achieved the release of
single-crystal SINM MOSFETs from (111)-oriented silicon sub-
strates without the need for additional device fabrication on the
target substrate. The transferred SINM MOSFETs maintained a
high mobility of 370 cm? V~! s7! and an on/off ratio exceed-
ing >10°, overcoming the limitations of traditional SiNM trans-
fer processes in terms of fabrication challenges and functional
complexity on the target substrate. At the device level, the unique
optical properties and quantum effects of ultrathin SiNMs have
already been applied. Koo et al.l'74] studied the quantum confine-
ment effects of ultrathin SiNMs and their applications in flexi-
ble transparent devices, revealing their distinctive physical and
electronic properties. As the thickness of SiINMs decreases to the
nanoscale (particularly below 10 nm), their electronic and op-
tical properties undergo changes due to quantum confinement
effects, resulting in extremely high optical transparency in the
visible light range. Transistors based on ultrathin SiNMs exhibit
excellent electrical performance, including a high mobility of
200 cm? V-1 7! after flexing, a low subthreshold swing of less
than 90 mV dec™!, and a high on/off ratio of 10°. Currently,

© 2025 Wiley-VCH GmbH
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Figure 20. Design and array integration of SiNM flexible CMOS devices. a) SEM image of suspended c-SiNM MOSFET. b) Transferred c-SiNM MOSFET
array on a flexible substrate. c) Logical operation of NAND and NOR logic gates based on flexible c-SiNM MOSFETs. Reproduced with permission.[63]
Copyright 2011, Wiley-VCH. d) Optical image of stretchable serpent SINM CMOS inverter. ) FEM simulation of serpentine SINM CMOS inverter under
tensile strain of 100% and then recover to 0%. Reproduced with permission.!'33] Copyright 2009, Wiley-VCH.

flexible arrays of SiNMs are also advancing toward composite
material systems and industrially compatible processes, further
broadening their application potential (Figure 19e).[1>2]
SiNM-based CMOS devices have also been extensively studied,
laying a solid foundation for the development of flexible 1Cs.[*>*]
Chung et al.[¥l developed a method for fabricating CMOS in-
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verters and three-stage ring oscillators on PET substrates (Figure
20a,b). Under a supply voltage of 5 V, these CMOS inverters ex-
hibited good transfer characteristics, with a gain of ~150 and
noise margins of #3.9 V and 0.6 V for high and low levels, re-
spectively. When subjected to bending with radii between 25.5
and 4.5 mm, corresponding to surface strain values of 0.051%
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2024, Wiley-VCH.

to 0.29%, the results showed only slight deviations in maximum
gain and noise margins with varying input voltages (Figure 20c).
Building on this, Kim et al.’>}] proposed a method for in-
tegrating high-quality electronic materials, such as monocrys-
talline Si nanoribbons, with ultrathin plastic and elastomer sub-
strates to achieve high-performance n-type and p-type MOSFETs,
CMOS logic gates, ring oscillators, and differential amplifiers
(Figure 20d). FEM studies demonstrated that the circuit main-
tained its integrity even under compressive strains of —3.9%,
showing broad application prospects in smart surgical gloves and
electronic eye imaging devices (Figure 20e). Currently, ICs and
microprocessors based on metal oxides have already been stud-
ied, while the standardized transfer and flexible processing of
large-area SOI remain to be developed. These advancements are
expected to contribute to the industrialization of flexible high-
speed electronics.['*%]

7.2. 2D Material [SiINM Electronics

2D materials, as an emerging material system, are attracting
attention due to their high carrier mobility and unique band
structures.['*®) Das et al.l'*’¢l utilized a 12 nm-thick ultrathin
SiNM as the material for graphene-SiNM vertical field-effect tun-
neling transistors. Thanks to the atomic-scale thickness of SiNM,
current transport in the transistor is primarily dominated by
tunneling effects rather than thermally activated effects, ensur-
ing good stability over a temperature range of 125-300 K. Ad-
ditionally, the energy barrier of the ultrathin SiNM is only 87
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meV, which facilitates electron tunneling, making it an ideal ma-
terial for high-performance, low-power transistors. Combining
these materials with SiNMs, known for their high stability and
process maturity, offers transformative opportunities for “more-
than-Moore” Law device designs. Yuan et al.['*”] developed a ver-
tical stacked FET (VSFET) based on graphene/silicon heterojunc-
tions, using graphene as the drain material. The gate voltage en-
hances the electric field at the drain, triggering avalanche ioniza-
tion in the depletion region and creating electron-hole pairs. This
reduces the barrier height through a positive feedback mecha-
nism, enabling steep switching behavior. The VSFET achieves
an average subthreshold swing of 16 uV dec™! at a low operating
voltage of 0.4 V, significantly outperforming the thermodynamic
limit of 60 mV dec™! in conventional MOSFETs, which is critical
for power-efficient high-integration devices (Figure 21a). Deng
et al.1%8] proposed a phototransistor using a MoS,/HfO, /SOI
structure where photogating effects are simultaneously formed
in the top MoS, gate and the substrate Si gate. These effects
modulate the channel current, enabling tunable bipolar photore-
sponsivity ranging from +7000 A W= (Si gate-dominated) to 0
AW (balanced) and —8000 A W~! (MoS, gate-dominated). The
top gate voltage corresponding to zero responsivity shifts with
incident wavelength at a resolution as high as 2 nm, enabling
filter-free color imaging and advanced high-dimensional opto-
electronic sensing (Figure 21b). Xiao et al.'>! designed a 2T-
eDRAM structure combining Si transistors for read operations
and MoS, transistors for write operations. MoS,, with its wide
bandgap and atomic-layer thickness, suppresses short-channel
effects and reduces off-state current, achieving static power
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Figure 22. Systematical design of SiINM flexible devices and miniatured spectrometers. a) Schematic diagram of foldable SiNM digital dust: i) key part
of an integrated smart digital dust, ii) miniatured integration of digital dust via flexible folding, and iii) system-level design of SiNM digital dust with
encapsulation and external power. Reproduced with permission.['®4] Copyright 2022, Elsevier. b) Exploded-view of SINM miniaturized spectrometers.
c) Optical image of a SINM miniaturized spectrometer unit (Inset: 2-inch wafer of SINM miniaturized spectrometers). d) Performance comparison
between miniaturized SiNM spectrometer and commercial spectrometer in monochromatic spectra reconstruction. Reproduced with permission.[22¢]

Copyright 2024, National Academy of Sciences.

consumption five orders of magnitude lower than traditional
DRAM (Figure 21c). It offers ultra-long data retention times
(6000 s), while the Si transistor provides high on-current and
sensitivity of 35 pA pum='. Tong et al.’®! introduced a verti-
cally stacked CFET structure combining p-type SOI FETs with
n-type MoS,-based FETs. The three-layer MoS, serves as the n-
type channel, and a stacked metal gate ensures mobility match-
ing. The CFET inverter achieves a voltage gain of 142.3 at
3 V supply voltage and 1.2 at 100 mV supply, with power con-
sumption as low as 64 pW. Its scalable fabrication on four-inch
wafers demonstrates the feasibility of 2D materials/SiNM in-
tegration for production lines. Zhang et al.?!l utilized strain
engineering to fabricate self-rolled graphene/SiGe/SiNM mi-
crotube photodetectors. Graphene enhances charge transport
and readout efficiency, while the semiconductor NM compen-
sates for the low absorption in graphene. The 3D microtube
structure facilitates multiple light reflections and focuses light
within the cavity. Coupled with the polarization sensitivity of
graphene, the device achieves a high linear polarization detec-
tion ratio of 16.09 and a communication rate of 778 Mbps,
making it promising for [oT and information security applica-
tions (Figure 21d). With the growing research on advanced mate-
rial systems such as 2D semiconductors,[!®!] perovskites,[1462:162]
and MXenes,!1%] their synergistic integration with SiNMs is ex-
pected to open new directions for advanced functional devices,
offering breakthroughs in optoelectronics, sensing, and energy
applications (Figure 21a-d).
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7.3. Integrated On-Chip SiNM Systems

Currently, most electronic and optoelectronic systems are cen-
tered around semiconductor electronic devices, which gives
SiNM an advantage in terms of maturity for systematic inte-
gration processes. At the same time, thin-film optical systems
composed of SiNM with low optical absorption can eliminate
the bulky volume caused by complex optical paths or opti-
cal components. The low power consumption characteristics of
SiNMs enable effective power management in high-density in-
tegration, reducing volume and providing an innovative design
route for miniaturized, cost-effective semiconductor products.
You et al."*] proposed a micro multifunctional sensor based on
folded circuits, which can be integrated into a miniature sensor
platform with data acquisition, signal processing, and commu-
nication capabilities (Figure 22a). The smart digital dust, with a
volume of less than 1 cm? after folded encapsulation, allows for
visualization, storage, and analysis of the detected environmental
information through a corresponding system and GUI, provid-
ing new technological support and broad application prospects
for future IoT applications (Figure 22b). Moreover, they!?*! also
designed a CMOS-compatible integrated Fabry-Perot resonator
based on a SiNM system. Through the efficient fabrication of res-
onator structures with varying thicknesses, the device can achieve
self-referencing for multiple wavelength bands of incident light
(Figure 22c). Additionally, a high-precision spectral reconstruc-
tion was achieved through an adaptive algorithm, eliminating
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the need for manual parameter adjustments common in tradi-
tional methods. The SiNM-based miniaturized spectrometer can
be manufactured at the wafer scale, with a resolution and mea-
surement range comparable to commercial fiber spectrometers,
showcasing the potential of SiNM in chip-level manufacturing
and applications (Figure 22d).12%!

8. Summary and Outlook

SiNMs and their microstructures exhibit promising applications
in optoelectronic detection, material sensing, biological diagnos-
tics, and energy storage. The preparation of materials fundamen-
tally determines their mechanical, electrical, and thermal proper-
ties, while material uniformity and stability are critical for device
array formation and yield in wafer-scale production. At the de-
vice level, the SINM is engineered to achieve specific function-
alities. The aim is to attain the desired performance in SiNM
through appropriate design and fabrication processes, reducing
most adverse effects on material properties during processing.
Through coordinated functionality and integration at the sys-
tem level, SINM devices work in synergy to truly meet applica-
tion demands. Compatibility with existing standards and pro-
duction line processes is a key prerequisite for the usability of
SiNM-based products. Consequently, research and optimization
of these critical nodes will greatly advance the practical imple-
mentation of SiNMs (Table 2).

In the field of electronics and optoelectronics based on thin-
film materials, especially flexible devices, various material sys-
tems beyond SiNM have also demonstrated unique proper-
ties and application potential, attracting widespread attention
(Figure 23 and Table 3). III-V semiconductor materials (e.g., InP,
GaAs) are renowned for their excellent carrier mobility and high-
frequency performance, making them widely used in high-speed
electronic devices, optical communications, and lasers.!'®’] Their
high mobility positions them prominently in high-frequency am-
plifiers and photodetectors. However, the epitaxy-based material
preparation and complex quantum well designs pose cost chal-
lenges for widespread application, and their relatively weak resis-
tance to oxidative acids hinders the advancement of flexible pro-
cesses. Metal oxides (e.g., ZnO, IGZO) exhibit high transparency,
showing tremendous potential in transparent flexible electronic
devices and display technologies.!1%¢] Preparation processes such
as roll-to-roll techniques are relatively mature, enabling continu-
ous, large-area production at low costs. However, the band struc-
ture of such materials inherently limits their carrier mobility, re-
stricting their performance in high-speed devices. 2D materials
(e.g., graphene, MoS,) offer exceptional electrical properties and
thermal conductivity due to their unique layered structures.!*®’]
Furthermore, their atomic-scale thickness results in negligible
bending rigidity, making them highly suitable for coupling with
flexible substrates or surfaces. Although wafer-scale preparation
and flexible integration of 2D materials have been achieved, there
is still room for improvement in their compatibility with exist-
ing semiconductor processes and material uniformity. Perovskite
materials (e.g., MAPbX;, CSPbX,) have garnered attention in
photovoltaics and photodetection due to their excellent photo-
electric conversion efficiency and low-cost solution synthesis and
spin-coating preparation processes.!'®! Their tunable bandgap
and high light absorption capability make them suitable for flex-
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ible solar cells and photodetectors. Organic semiconductors, as
emerging flexible electronic materials, can mostly be used to fab-
ricate devices through solution-based spin coating or vacuum fil-
tration methods.['®! These methods are friendly to flexible in-
tegration, and their electrical performance can rival that of tradi-
tional semiconductor materials. However, the potential toxicity of
organic components and solvents in flexible applications, as well
as the relatively high cost of raw materials, still fall short of meet-
ing the requirements for large-scale applications. However, these
materials exhibit relatively weak chemical and thermal stability,
particularly prone to degradation under high humidity and high-
temperature conditions, which significantly limits their applica-
tions in atmospheric environments or high-power devices. SiNM,
as an ultrathin semiconductor material, combines the electrical
and chemical properties of silicon, its compatibility with estab-
lished fabrication processes, and the low rigidity required for flex-
ible devices. Additionally, SINM exhibits chemical and thermal
stability comparable to bulk silicon, sufficient to maintain de-
vice performance after flexible processing. It also benefits from
a well-established foundation in material preparation. Although
material systems such as 2D materials and metal oxides offer ir-
replaceable advantages in ultrafast optoelectronic device perfor-
mance and large-scale flexible devices, SINM and SiNM-based in-
tegrated material systems are expected to play a key role in the
flexible electronics and optoelectronics field in the future, partic-
ularly in the flexible adaptation of traditional planar semiconduc-
tor components and the design and standardized fabrication of
novel semiconductor MEMS (Figure 24).

For different types of SiNM device systems, variations in their
advantages and limitations also determine the focus areas for fu-
ture research (Table 2). For planar high-performance SOI devices,
high losses in photonics and chip coupling, as well as power con-
sumption and thermal effects in electronics, are currently the
bottlenecks limiting their performance development. For flexible
devices, Current research on SiNM devices is particularly lim-
ited in terms of high-throughput manufacturing and standard-
ized transfer processes, with SOI delamination still being per-
formed manually. At present, there is no semi-automated or au-
tomated process dominated by processing equipment for the de-
lamination of SOL. Especially for ultra-thin SiNMs, their ultra-low
bending stiffness and equivalent Young’s modulus also indicate
their vulnerability to external forces and fragility. During transfer
and self-assembly processes, they are also sensitive to surface ten-
sion, leading to film fracture or structural collapse. In ultrathin
SiNMs, conventional ion implantation and etching processes be-
come challenging to implement, as the thickness-dependent pro-
cessing precision must be controlled to the nanometer or even
sub-nanometer scale, which is far smaller than the cutoff depth
of implanted ions. Additionally, the dominance of interface states
necessitates timely encapsulation or deposition to prevent oxi-
dation of SiNM at the interface with the atmosphere. Addition-
ally, the corresponding systems for flexible SINM devices still fall
short of integration needs. Most energy storage, signal process-
ing, and data transmission modules require wired connections
or have not yet achieved the necessary flexibility, failing to meet
the demands of portable devices and in situ biomedical moni-
toring. In most systems, SiNM devices only achieve standalone
sensing or computing functions and are unable to complete the
full signal reception-processing-feedback loop. Moreover, most
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Figure 23. Comparison of material performance and scalability between
SiNM, I11-V semiconductor, metal oxide, 2D material, perovskite, and or-
ganic semiconductor.

flexible SiNM devices are fabricated on SOI wafers, which are
significantly more expensive than bulk silicon.

In the case of self-rolled SiNM devices, several major chal-
lenges exist: First, the three-dimensional structures on rigid
substrates are extremely fragile under external forces, and de-
vice movement or environmental vibrations can significantly
compromise their stability. Moreover, the formation of three-
dimensional structures typically relies on the deposition of strain
layers and wet etching processes for sacrificial layers, which im-
pose strict requirements on the uniformity of the device and the
chemical stability of the etching process. The integration of a
greater variety of materials in the device layer further reduces
the options available for sacrificial layer materials. Currently, the
self-rolled SiNM is still predominantly metal-Si-metal, lacking
gate-controlled device designs that offer lower energy consump-
tion and higher speed. There is limited experience in develop-

www.afm-journal.de

ing array structures, subsequent encapsulation, and chip-level
designs. Additionally, application scenarios beyond photodetec-
tors remain relatively limited (Figure 24).

SiNM with MACE techniques can directly serve as device struc-
tures. However, the strong corrosiveness of the etching solution
and the inability to detach from the bulk silicon substrate mean
that hetero-integration with other thin-film materials is nearly
impossible. Moreover, the primary focus of this process is to en-
hance intrinsic properties such as absorption rate and specific
surface area, while it contributes little to introducing new func-
tionalities for system applications.

1) At the material level, finding an economical and efficient
method to fabricate single-crystal SiNM is crucial. Currently,
the price of SOI remains at least 10 times higher than that
of monocrystalline silicon of the same size.['] The primary
research and development directions should focus on repeat-
able SOI processing methods and equipment-driven semi-
automated or automated transfer processes, aiming to reduce
costs from the two main steps of flexible device fabrication.[%]
The development of transfer stamp materials or target sub-
strates aimed at transfer processes will also help improve the
efficiency and stability of large-scale SiNM production.!*!]
By utilizing the physical and chemical properties of the sur-
face energy and surface states of SiNM itself, techniques
for the transfer and modification of ultra-thin SiNM can be
developed, enabling fabrication schemes with nanometer-
level precision.?®°>12] Developing a flexible substrate trans-
fer method that enables simultaneous separation and bond-
ing of SiNM onto substrates would help achieve lower-cost
self-assembly.1?3] Moreover, strain SOI or advanced epitax-
ial methods based on material lattice mismatch can address
issues such as crystal quality and defects in SiNM.['** In
the future, it is also expected that thinned SOI substrates
could be introduced into roll-to-roll processing systems,

Table 3. Comparison of the characteristics and perspectives of SiNMs via different methods.

Type Advantages

Applications

Challenges Development route

Strain-free SINM on
rigid substrate

High mechanical stability; Mature
process; large-scale fabrication;
Maintains crystalline quality

components

Strain-free SINM on
flexible substrate

Adapts to non-planar surfaces;
Lightweight and highly portable;
Implantable with good
biocompatibility

Self-rolled SINM with

intrinsic strain

Simple process; functional
integration; Good control

gradient Drug delivery and
microfluidic components

Buckled SiNM with
external strain

Structural stability; Tunable strain

engineering
MACE SiNM High aspect ratio; Free to dry Solar cells; Metasurfaces
structures etching

Optoelectronic devices;
Large-scale ICs;
Precision optical

Physiological monitoring
devices; Flexible
displays; In-situ sensors

MEMS; Multi-dimensional
optoelectronic detectors;

Wearable/implantable
sensors; Photodetectors

Non-stretchable; Difficult to
miniaturize; Poor

3D ICs; Photonic and
optoelectronic systems
biocompatibility

Complex fabrication processes; High-stability, high-sensitivity

Limited reliability; Poor cycle

durability; Lack of standardized

devices; Large-area transfer;
High-precision alignment
technology

Relatively poor performance Large-area microstructured device

consistency; Structural design fabrication; Developing
time-consuming; Encapsulation encapsulation and integration
processes for microstructures;

Strengthening theoretical

and integration

models to guide design

Complex processing and design;
Limited range of material

Identifying and integrating
functional material systems;
Developing reconfigurable
devices

Incompatible to most material; Buffer layer structure; Alternative

Unable to release metal mask
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Figure 24. Key issues and development strategies for integration and application of SiNMs.

enabling the streamlined production of desired SiNM compo-
nents through large-scale, high-yield transfer. SiINM process-
ing based on thinning methods bypasses the transfer step,
achieving flexibility while remaining on the substrate. By im-
proving these material fabrication techniques, the overall cost
and efficiency of SiNM film production can be enhanced.
When the cost of SOI-based wafers is reduced to 30%-50%
of the current level, SINM flexible devices can be applied in a
wider range of fields.

2) Atthe device level, the exploration of SiNM in multifunctional
applications and emerging silicon-based fields (e.g., silicon
photonics and three-dimensional FET structures) remains
limited, posing new requirements for the coupling of non-
destructive device fabrication processes with the latest mate-
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rial systems. Relying solely on the electrical properties of sili-
con itself, devices will be insufficient to meet the performance
requirements of current advanced applications. By employing
advanced XeF,/HF etching and common gas-phase etching
techniques, it is possible to effectively etch conventional ox-
ides, nitrides, and metallic materials without causing dam-
age to SiINM.['%] Currently, SINM faces challenges in adapt-
ing to small curvature or highly plastic surfaces in flexible ap-
plications, which can be addressed by optimizing metamate-
rial structures. Such structures, with negative Poisson’s ratios,
can exhibit remarkable stretchability and compression sens-
ing capabilities in nonlinear elastic materials.®®) Meanwhile,
in situ coupling with ferroelectric and 2D materials enables
the integration of sensing, storage, and computation within a

© 2025 Wiley-VCH GmbH
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single SiNM-based device, granting SiNM devices the poten-
tial to transcend traditional architectures. Transfer techniques
allow the vertical position of SiNM in three-dimensional de-
vice structures to be freely determined. Controlling strain gra-
dients is crucial to ensuring uniform performance in buck-
led and self-rolled SiNM devices. For buckled SiNM, theo-
retical modeling and finite element analysis methods need
to be established to guide the formation of buckled struc-
tures, enabling precise control over the amplitude, period-
icity, and other morphological details of the buckles.*2! The
complex optical propagation along the in-plane direction of
thin films in out-of-plane structures can also provide new
momentum for the development of optical neural networks,
with particular attention to modules involving randomization
and loss functions. For SiNM structures fabricated using the
MACE process, the development of thick silicon substrates
with buffer layers and low-cost metal masks will help mitigate
application constraints. Therefore, the pursuit of low-damage
processes and the application of new mechanical, optical, and
electrical models will be key objectives for SINM devices.

3) Atthe system integration level, compared with the mature pla-
nar CMOS process, the scaling technology and energy con-
sumption of SiNM systems have not yet been fully addressed
and remain at the stage of feasibility verification. To advance
toward system and product-level applications, it is necessary
to evaluate component quality within the system using quan-
titative metrics such as yield, mobility, and threshold voltage.
Additionally, the introduction of physical models and device
simulations at the ICs scale for SiNMs, with the considera-
tion of flexibility or microstructures as coupling factors, is es-
sential to enable the application of carrier transport mecha-
nisms in SiNM-based systems.[!”l While exploring compati-
bility with existing semiconductor production lines, it is cru-
cial to design macroscopic encapsulation modules that ensure
signal integrity. The development of linear arrays based on
identical microtubes and focal plane arrays with multiple mi-
crotubes holds great potential, as they offer a wide field of view
without requiring additional optical components.[1*! Encap-
sulation technologies that do not conflict with 3D structures
and their functionalities should be considered.['°] Traditional
encapsulation methods, such as flip-chip bonding and resin
encapsulation, may not be suitable for self-rolled devices. A
promising approach is to use ALD to deposit Al, O, thin films
to stabilize the structures and isolate them from the exter-
nal environment, followed by wire bonding to connect the
chip to an external framework. In MEMS applications, SOI
substrates with pre-designed sacrificial layers or microcavities
can be used for fabrication, eliminating the cost of additional
exposure and etching in subsequent processes. Research is
also needed to develop SiNM devices that integrate compo-
nents such as capacitors, inductors, and resistors into ICs, en-
abling efficient fabrication of multiple components on a sin-
gle chip while maintaining compatibility with most existing
silicon process production lines.?®)l Meanwhile, the introduc-
tion of 3D architectures can further enhance the integration
density of SiNM, and on this basis, modularization with inter-
faces can be conveniently integrated into any required scenar-
ios. It should be noted that SINM systems cannot fully replace
existing ICs; instead, they are more inclined to serve as opti-
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mized options in specific application scenarios. However, to
realize this vision, it is essential to accelerate the industrial-
ization and practical application of SiNM systems.

In summary, SiNMs represent an emerging class of semi-
conductor materials that offer compatibility with most tradi-
tional silicon semiconductor processes and mature device de-
sign, while their nanoscale thickness imparts low bending stiff-
ness and remarkable deformation capabilities. Their quasi-2D
nature bridges the gap between nanoscale and macroscale struc-
tures. To date, many traditional semiconductor functional devices
have been successfully fabricated using SiNMs. The preparation
of SiNMs has been extensively studied, including bottom-up de-
position methods and top-down etching techniques, with corre-
sponding processes developed to produce strain-free or specif-
ically strain-graded SiNMs. Building on the above foundation,
SiNMs can be designed and fabricated into flexible devices, buck-
led microstructures, rolled microstructures, and high aspect ra-
tio structures, overcoming the integration and functional limita-
tions of planar silicon devices, and elevating the application value
and potential of silicon semiconductor devices to new heights.
Currently, efforts are being directed toward the development of
complete systems and products. Although challenges remain in
large-scale integrated manufacturing, process costs, and practi-
cality, clear development roadmaps and promising technologies
currently exist to address these issues. The unique material and
structural properties of SiNMs have already demonstrated their
value in fields such as optoelectronics, biomedicine, energy, and
material sensing. We believe that in the coming decades, SiNM
materials and technologies will become an indispensable aspect
of the ICs field.
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