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a  b  s  t  r  a  c  t

Three-dimensional  (3D) functional  systems  with  sizes  in  the  micro-  and  nanometer  regime  are  of  growing
importance  across  a wide  range  of electrical,  optical,  and  biological  contexts.  The  unique  functionalities  of
such platforms  follow  from  engineering  the  shapes,  geometries,  and  architectures  of materials  into  3D  lay-
outs.  The  main  challenges  are  in  developing  techniques/methods  with  sufficient  levels  of resolution  and
with broad  materials  compatibility.  The  most  successful  routes  include  (1)  top-down  schemes  that  involve
masking  and  selective  material  removal,  often  in repetitive  sequences,  (2) bottom-up  strategies  that  rely

on component  assembly  or materials  deposition,  (3)  two-dimensional  (2D)  to  3D  shape  transformations
triggered  by  internal  forces  or external  stimuli,  and  more  recently,  (4)  mechanically  guided  assembly
driven  by  substrate  deformations.  This  review  highlights  recent  progress  in  these  areas,  with a focus  on
techniques  with  demonstrated  capabilities  in  constructing  functional  3D  structures  and/or  devices  with
key  dimensions  in  the  nanoscopic  regime,  and  on their  demonstrated  or  potential  applications.
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relevant applications in energy systems, nanofluidic constructs,
 H. Zhao, Y. Lee, M. Han et al

ntroduction

Three-dimensional (3D) functional structures are of consider-
ble interest due to their potential utility in a broad range of
pplications, from macroscale devices with unconventional engi-
eering designs (e.g., foldable solar panels and retractable roofs)
o more challenging and sophisticated devices that incorporate

icro/nanoscale features [1–5] (e.g., light tracking photodetectors
6,7] and functional biosensors [8–12]). In these application exam-
les, the 3D architectures of the structures provide unique and

mportant types of functionality beyond those achievable with pla-
ar systems. Examples include optical devices that can sense and

nteract with electromagnetic waves in 3D space [6,13], energy
torage devices with high areal energy density arising from the
arge surface areas of 3D structures [14,15], and biomedical devices
hat interface seamlessly with intrinsically 3D biological systems
9,11,12].

Such complex 3D structures, especially those with nanoscale
imensions, are difficult to achieve through extensions of the types
f methods used in conventional two-dimensional (2D) microsys-
ems technologies, where fabrication occurs through a sequence
f layer-by-layer processing steps based on planar substrates. As

 result, different approaches must be developed to achieve 3D
orms in relevant materials with specific active or passive function.
elective patterning and material removal from bulk materials and
uided assembly of micro/nanoscale entities, sometimes referred
o as top-down and bottom-up approaches, respectively, represent
he most well studied approaches. A key distinction between top-
own and bottom-up approaches, as we define them here, is that
he former exploits deterministic schemes that operate based on
patially selective removal of material while the latter relies on
uided assembly, directed growth or controlled deposition.

In top-down approaches, the removal of selective regions typ-
cally occurs through holographic, phase-mask and multiphoton
ithography to pattern the application of dry and wet etching
rocesses. In each case, the lithography approach and/or etching
echnique match requirements set by the materials types and the
eometrical features. In this way, a wide range of materials includ-
ng silicon [16,17], metals [18,19], and polymers [20–22] can be
ransformed into sophisticated 3D nanostructures. In bottom-up
pproaches, guided assembly occurs through selective chemical
ffinity or functionalization among micro/nanoscale entities to
orm various 3D shapes such as micelles [23,24], DNA-based trusses
25], and metal helices [26].

As alternatives to these top-down and bottom-up approaches,
D nanostructures can be realized by assembly and transforma-
ion dictated by internal or external forces or by mechanically
irected processes mediated by a supporting substrate. The lat-
er typically involve release of residual stresses formed during
rowth/deposition [27–31], light induced actuation of materials
uch as trans-cis isomerization of azobenzene moieties [32] or
lass transitions of polymers [33], expansion/contraction caused
y changes in temperature [34,35], pH [36,37] or exchange
f surrounding solvents [38–42]. The results can initiate self-
olding/rolling deformations in engineered thin film materials
r structures, into desired 3D constructs. For example, internal
tress/strain in thin film material stacks can result in guided forma-
ion of cylinders, spirals, scrolls and other 3D structures, controlled
y the location and magnitude of the developed strain and the
elease geometry. The level of control and the range of 3D archi-
ectures can be expanded when applied to designs inspired by
oncepts in origami/kirigami [13,43–46] to yield advanced 3D

anostructures for various applications [47–52]. These approaches

nclude the formation of cuts in thin layers through patterning
nd folding/unfolding through external mechanical stimulation,
o Today 30 (2020) 100825

thereby providing versatile design options for responsive and tun-
able 3D structures.

More recent research demonstrates collections of techniques
that exploit mechanically guided processes where compressive
buckling induced by an elastomeric substrate [53–55] geometri-
cally transforms planar structures into complex 3D architectures
[56–59]. Such strategies can produce sophisticated 3D systems with
precisely engineered electrical [60–62], optical [63,64], and biolog-
ical [65,66] function in rigid, flexible, and even fully stretchable
configurations [67,68]. Additional progress expands the range of
constituent materials and device components with feature sizes
ranging from nanometers to centimeters, where options include
mechanical flexibility at the system level through designs that
avoid fracture or degradation in properties and that exploit unusual
engineering designs in nanoscale architectures [69,70].

This article reviews recent progress on the most advanced forms
of these techniques in the formation of 3D functional structures
with nanoscale features or with the clear potential to be scaled to
these size regimes. Sections 1 and 2 discuss direct fabrication routes
from thin film materials or multilayered stacks in various top-down
approaches, and the self-assembly of molecules or other small-
scale components as examples of bottom-up approaches. Next,
other types of 3D nanostructures formed via mechanical assembly
processes triggered by internally or externally derived forces, and
those associated with compressive buckling, appear in Section 3
and 4, respectively. The latter section additionally highlights exam-
ples of functional device integration, with examples that offer fully
reversible stretchability, as both a useful mechanical attribute and
a means to tune the properties of devices and systems. The paper
concludes with content in Section 5 that summarizes the current
status of the field and provides perspectives on trends for future
work.

Top-down techniques

Top-down techniques rely on methods such as lithographic pat-
terning and selective material removal to produce features with
desired shapes and sizes using schemes built on and adapted
from processes that form the foundations for manufacturing in the
semiconductor industry. An advantage of these strategies is that
they leverage well-established techniques to form 3D objects with
engineering control and precise placement, without the need for
additional assembly or manipulation steps. This section highlights
some of the most recent and advanced examples of 3D structures
that incorporate nanoscale features and result from combinations
of lithography, etching and/or conformal deposition, to guide the
addition or removal of materials in a sequential fashion.

A variety of 3D structures formed in this way  can be
useful in nanoelectronic circuits [71,72], photonic structures
[19,73,74], optoelectronic devices [75], microelectromechanical
systems (MEMS) [76], biomedical devices [77–79], and metama-
terials [80,81]. Well-developed approaches include but are not
limited to electron beam lithography [82], multiphoton lithography
[83], nanoimprint lithography [84] and holographic lithography
[85], each of which can be combined with etching [16,86,87] and/or
conformal deposition [88,89] techniques to expand the range of
accessible materials and structure dimensions. Comprehensive
reviews on 3D nanostructures based on these approaches appear
in other articles [90–98].

Many recent advances in lithography-based top-down tech-
niques focus on incorporating functional materials motivated by
biosensors and others. One example is in the fabrication of
3D nanostructured electrodes for batteries through holographic
lithography, also known as interference lithography. This type
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Fig. 1. Top-down approaches for the fabrication of functional 3D nanostructures. a) Schematic illustration (top) and SEM images (bottom) of 3D nanostructured anodes and
cathodes fabricated by holographic lithography. Adapted with permission from National Academy of Sciences [14]. b) Schematic illustration (top) and SEM images (bottom)
of  3D hierarchical photonic nanostructured surfaces fabricated by phase-mask lithography. Adapted with permission from Wiley-VCH [109] and American Chemical Society
[115], respectively. c) Schematic illustration (top) and SEM images (bottom) of 3D plasmonic surfaces fabricated by multiphoton lithography and nanoimprint. Adapted from
[125]. d) Schematic illustration (top) and SEM image (bottom) of 3D chiral structure arrays formed by FIB milling. Adapted from [141]. e) Schematic illustration (top) and
S nd fab
f on fab
f

o
o
s
t
s
s
c
p

EM  images (bottom) of a 3D structure with nanocavity in bulk single-crystal diamo
)  Schematic illustration (top) and SEM image (bottom) of a 3D nanostructure in silic
rom  IOP Publishing [155].

f technique can create 3D nanoscale features without the use
f complex optical systems, photomasks or multiple processing
equences. Here, an interference pattern generated by spatial and
emporal overlap of coherent light waves in 3D space exposes light-

ensitive materials that yield, upon development, corresponding
olid structures [99–101]. As an example, holographic lithography
an create 3D nanostructures in LiMnO2 and Ni-Sn for high-
erformance Li-ion microbatteries [14]. The fabrication process
ricated by angled dry etching. Adapted with permission from Springer Nature [17].
ricated by ion implantation and anisotropic wet etching. Adapted with permission

involves four interfering laser beams arranged in an umbrella
geometry [102] to create a 3D lattice structure in a photodefin-
able epoxy (SU-8) with a periodicity of ∼1 �m and a porosity of
∼40% (Fig. 1a, top part). Adjusting the polarization, intensity and

angle of each beam in this setup provides access to various nanos-
tructures with feature sizes down to ∼10 nm [103]. Resulting 3D
nanostructures in epoxy can serve as templates for further integra-
tion of functional materials as anodes and cathodes for lithium-ion
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icrobatteries. Specifically, electroplating thick layers of Ni can
ll the gaps in these types of 3D nanostructures. Removing the
poxy leaves 3D nanostructures in Ni, with inverted 3D geometries
Fig. 1a, middle part). Subsequent pulse electroplating of Ni-Sn and

nO2 on the surface of the Ni forms anodes and cathodes, respec-
ively. LiNO3/LiOH molten salt then lithiates the electrolytic MnO2.
canning electron microscope (SEM) images of 3D nanostructures
f LiMnO2 and Ni-Sn appear in Fig. 1a (bottom part). Li-ion micro-
atteries based on these materials exhibit high energy (6.5 �Wh
m−2 �m−1) and peak power (3600 �W cm−2 �m-1) densities, due
rimarily to the large surface areas of these systems. Holographic

ithography in this case not only provides routes to achieving such
ypes of anodes and cathodes, but also offers flexibility in tuning
he tortuosity and porosity of the structures, both of which have
mportant additional roles in defining the performance attributes
f the batteries [104,105]. In addition to energy storage devices
s highlighted in this example, other applications of 3D functional
anostructures formed by holographic lithography include opti-
al biosensors [106], microfluidics [107], and optical metamaterials
ith negative refractive index [108].

The creation of light interference in 3D space can alternatively be
ealized through the use of phase masks with features of relief that
ave dimensions comparable to those of the optical wavelength.
lacing such a mask into conformal contact with a photosensi-
ive layer followed by flood exposure leads to the generation of
omplex, but well-defined 3D patterns of light within the material.
ubsequent development yields 3D nanoscale features across large
reas in a simple process (Fig. 1b, top part) [85,109–111]. This form
f 3D nanoscale patterning, sometimes referred to as proximity-
eld nanopatterning, typically uses soft, elastomers for the phase
asks [109] or collections of colloidal nanospheres [112–114]. The

D structure geometries depend on the mask design, wavelength,
olarization and coherence of the exposure light, and the optical
roperties of the photosensitive material. This method can form a
ide variety of 3D periodic and quasi-periodic nanostructures such

s woodpile structures and quasicrystal systems, with feature sizes
s small as 50 nm.  3D nanopatterning using phase masks requires
uch simpler optical setups and reduced light coherence as com-

ared to multibeam holographic lithography. Demonstrated utility
f nanostructures fabricated by this method include biomimetic
ierarchical photonics (Fig. 1b, bottom part) [115], substrates for
aman analysis [116], stretchable electronics [117], and gas sens-

ng [118]. Additionally, 3D photopolymer nanostructures can serve
s templates for the coating of metal oxides or other materials for
pplications in nanofluidics [119], optical metamaterials [120], and
unctional nanocomposites [121].

Other light-based techniques such as multiphoton lithography
ith a scanning beam provide access to 3D structures with nearly

rbitrary shapes and feature sizes across a wide range of dimen-
ions down to tens of nanometers [80,122]. A key feature is that
he nonlinearity of the process allows patterning into the depth
f a photosensitive material by scanning the position of a tightly
ocused spot (Fig. 1c, top part). In many cases, 3D nanostruc-
ures formed in this way rely on specialized polymers with strong
wo-photon absorption cross sections, typically at infrared wave-
engths. Often these polymers serve as sacrificial templates for the
rowth or deposition of other materials, or as masters for mold-
ng or for imprinting. The latter operates in a parallel fashion over
arge areas [95] and is compatible with both rigid and flexible sub-
trates [123,124]. Fig. 1c (bottom part) shows an SEM image of a
D periodic nanostructure in epoxy coated with aluminum, formed
y imprinting using a master created by multiphoton lithography

125]. This particular type of nanostructure has applications in plas-

onics [126,127]. Moreover, incorporation of high-birefringence
iquid crystals in these nanostructures serves as the basis for an
nusual optical modulator with a full range of dynamically tun-
o Today 30 (2020) 100825

able color spanning the entire visible region of the spectrum, with
potential applications in filters, reflective displays, and other opti-
cal devices [128–131].

Most such techniques start with patterning of photosensitive
polymers into 3D nanostructures. Forming structures in metals,
ceramics and other materials occurs through conformal depo-
sition and selective removal of the polymer [88]. As described
above, these structures can also serve as templates for infill-
ing or imprinting to yield 3D systems with inverse geometries
in other materials [125,132,133]. Direct lithography can be per-
formed using photosensitive chemistries that contain functional
components or groups, such as metal-rich composite photoresists
[83,134,135], photoresists that embed piezoelectric nanoparticles
[77], and chalcogenides [136], to further broaden the classes of
materials, with demonstrated utility in 3D MEMS, battery elec-
trodes, cell scaffolds, and others [77,83,134]. While these and other
options are valuable, many classes of materials cannot be patterned
in this way due to temperature limitations, difficulties in crystal
growth or other constraints.

Etching-based techniques that selectively remove materials
serve as important alternatives in this context. Here, removal of
bulk or thin-film materials relies on exposure of materials to two
basic types of etchants: plasma-phase (dry etching) and liquid-
phase (wet etching). Fabricating 3D nanostructures in this manner
typically requires both nanoscale etching resolution and anisotropy
in the etching direction.

Dry etching occurs through either a physical or chemical pro-
cess. Ion milling, or sputter etching, is a physical process that is
well-suited for fabricating 3D nanostructures in various materials.
Ion milling typically employs a focused ion beam (FIB) typically
of gallium that removes material from the surface of a sample, to
a desired depth. A highly focused beam can support a resolution
down to 10 nm with large etching anisotropy in the direction of the
beam. Adjusting the angle of the beam with respect to the sample
surface enables milling in 3D space (Fig. 1d, top part), accompanied
by in-situ imaging capabilities using a separate electron beam in a
dual beam FIB configuration. This type of 3D nanomachining pro-
cess is effective with different classes of materials including metals
[137], semiconductors [138], dielectrics [139], and biomaterials
[140], largely due to the physical nature of its operation. Fig. 1d (bot-
tom part) shows an example of a 3D hole array structure formed in
a gold film by 3D ion milling [141]. Such metal-based sophisticated
3D photonic nanostructures could be useful as chiral metamate-
rials with large optical activity [142,143]. Despite the advantages
of ion milling in fabrication precision and applicability to differ-
ent materials, there are distinct drawbacks of this method such as
slow milling speeds, requirements for vacuum conditions, potential
surface damage and undesired implantation of ion impurities.

By contrast to this type of physical manipulation, chemical dry
etching processes involve reactions of materials with gas phase
species. Typical methods such as reactive ion etching generate
2D structures through an etching mask as a result of the verti-
cal etching directionality. When combined with angled chemical
dry etching, however, the results can yield 3D nanostructures in
functional materials [16,17,144]. For example, fabrication of the
3D nanostructure shown in Fig. 1e [17] first exploits electron beam
lithography and plasma etching techniques to yield an etching
mask in silica. Subsequent oxygen plasma etching of single-crystal
diamond at an oblique angle (∼50◦) yields a suspended racetrack
structure with nanocavities (∼500 nm in feature size). This system
forms a nanophotonic resonator with large optical quality factor
(>105) and operating wavelengths that span the visible and tele-

com regimes of the spectrum. Altering the layouts of the etching
masks and the etching directions provides access to other 3D nanos-
tructures such as nano-rings, straight and spiral nano-beams [144],
with potential applications in non-linear optics, chemical sensing,
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nd others. Additional advances in dry etching of 3D nanostructures
nclude simultaneous multi-directional plasma etching of single-
rystalline silicon as photonic crystals with high reflectance (> 95%)
nd low transmittance (<-15 dB) at optical communication wave-
engths [145].

Wet  etching, especially anisotropic wet etching, is a well-
stablished approach to fabricating 3D nanostructures in semicon-
uctor materials such as device-grade silicon and III-V compound
emiconductors, with wide applicability in microelectronics, opto-
lectronics and MEMS  [146,147]. Two common etchant systems
or anisotropic wet etching of silicon are ethylenediamine-
yrocatechol-water solutions [148,149], and inorganic alkaline
olutions such as KOH, NaOH, and tetramethylammonium hydrox-
de (TMAH) [150,151]. For both chemistries, the etching rates
epend on the doping levels [152–154]. A variety of 3D nanos-
ructures are, therefore, achievable through the use of selective
anoscale doping as masks for subsequent wet  etching. Results

n Fig. 1f exploit gallium ion implantation by FIB to yield doping
atterns in silicon with nanoscale resolution [155]. Specifically,
a-doped p+ silicon serves as an etch stop with a depth up to
everal microns during etching with TMAH [156]. Here, selective
issolution of (100) silicon in the preferential <111> plane, in com-
ination with spatial masking using ion implantation, can yield
ophisticated 3D nanostructures with overhanging features. To
void defects created by ion implantation, a combination of atomic
ayer deposition (ALD) and FIB milling can yield separate masks for
nisotropic wet etching [157]. The diversity of achievable geome-
ries in semiconductor materials with minimal damage to their
lectrical properties suggest opportunities for applications of such
anostructures in nanoelectronics and nanophotonics.

ottom-up techniques

The top-down methods described in the previous section pro-
ide exceptional levels of engineering control, but they require
omplex tools, multiple processing steps, and have narrow pro-
essing tolerances. Furthermore, these schemes do not typically
pply well to soft or chemically/thermally fragile materials such
s organic semiconductors, biomolecules, and living systems. As
lternatives, bottom-up strategies are appealing because they rely
n processes governed by thermodynamics or kinetics such as
elf-assembly, materials growth, chemical synthesis, and/or depo-
ition of atoms, molecules, or particles [158–160]. Although such
trategies typically provide modest levels of control over geometric
arameters, they can support high throughput due to the paral-

el, and sometimes volumetric, nature of the underlying operation.
urrent research focuses on means to adapt such processes for
odern manufacturing of functional 3D nanomaterials and nanos-

ructures. This section reviews some of the latest advances, with an
mphasis on functional structures and systems.

One of the most attractive bottom-up routes involves the
elf-assembly of nanoscale building blocks to form organized 3D
anostructures according to the rules of interactions among them-
elves, without external application of guiding forces. Such building
locks include colloids [161,162], DNA [163], domains in block
opolymers [164], and many others [165,166]. For example, the
elf-assembly of block copolymers provides a straightforward path
o 3D nanoscale objects [23,167,168]. Here, phase separation of
he copolymers into various morphologies depends on the polymer
rchitectures and their relative volume fractions [169], to yield con-
tructs that include lamallae, gyriods, cylinders, and spheres [170].

revious publications describe formation of 3D functional nanos-
ructures in this manner, with demonstrations in photovoltaics
171], electrochemistry [172], and optics [173]. Recent research
ocuses on the use of block copolymer templates to guide the for-
o Today 30 (2020) 100825 5

mation of other 3D nanostructures. For example, block copolymers
that have a crystallizable core-forming block can act as precursors
to form triblock comicelle building blocks in the forms of either H
(hydrophobic)-P (polar)-H or P-H-P comicelles, by the addition of
unimers to a solution of monodisperse cylindrical block copolymer
micelles (Fig. 2a, top part) [167]. These nanoscopic components can
form a wide variety of superstructures through end-to-end intermi-
cellar stacking, and the process is readily controllable by selecting
the comicelle architecture and the solvent used. Fig. 2a (bottom
part) presents a complex 3D network formed by adding decane to a
solution of P-H-P triblock comicelles. Such assemblies possess mul-
tiple levels of structural hierarchy and they can exist over length
scales of several microns. Other examples of block copolymer-
templated fabrication of functional materials include metal (e.g.
gold, nickel) for optical and photonic applications [174,175], iron
oxide for sensing [176], and silicon for optical anti-reflection [177].

As a form of molecular self-assembly, DNA-based techniques
offer additional routes to the formation of nanoscale 3D structures.
DNA is a unique building block material in this context because
of its well-defined chemistry, mechanical flexibility, and ability to
fold [178–181]. Base-pairing rules allow for deterministic design
of complex 3D nanostructures. DNA origami is the most promi-
nent example of this form of self-assembly, where a self-folding
process involving a long single-stranded piece of DNA transforms
into a prescribed 2D or 3D structure by short DNA oligonucleotides
complementary to specific regions of the scaffold DNA [182,183]
(Fig. 2b, top part). These 3D DNA origami constructs can serve as
templates for the growth of other materials in 3D forms.

A limitation is that such structures require high-ionic-strength
solutions to maintain their geometries, which results in sur-
face charging that can oppose the deposition of materials due
to electrostatic forces. A recently developed modification of the
Stöber method [184], a sol-gel process for preparing silica par-
ticles, allows for deposition of silica nanostructures on 3D DNA
origami templates [25]. The approach relies on optimizing the
synthesis conditions that lead to cluster formation of mineral
precursor molecules rather than deposition directly on the DNA
backbones. The cluster formation, promoted by an intermedi-
ate step for pre-hydrolysis, forms an inductive layer around the
DNA origami structures, facilitating subsequent silica deposition.
This strategy enables accurate 3D shape replication from DNA
origami templates to DNA-silica composites with a wide range of
shapes, with sizes spanning from 10 to 1,000 nm.  Fig. 2b (bottom
part) presents designed models and corresponding TEM images
of 3D DNA origami templates and deposited silica nanostructures
[25,185].

Other efforts are in the assembly of larger 3D DNA structures
through the assembly of DNA bricks consisting of four short bind-
ing domains for interlocking [186]. Recent progress in this direction
includes the assembly of complex, programmed 3D nanostructures
from tens of thousands of unique components, which is made pos-
sible by use of DNA bricks with longer, 13-nucleaotide binding
domains [187]. Even larger 3D DNA structures might be possible
with further optimization of the 3D assembly process, for potential
applications such as positioning functional components.

In addition to these and related assembly-based methods, liquid
and vapor-phase deposition techniques provide additional options
in direct access to 3D nanostructures, typically used in combina-
tion with material templating or patterning. Vapor-phase schemes
include chemical and physical vapor deposition (CVD and PVD,
respectively). CVD methods typically involve chemical reactions
of gaseous reactants activated by heat, light or plasma, resulting

in self-assembled growth at the molecular level in 1D or 2D for-
mats. Direct CVD growth of 3D structures is achievable, for example,
via local strain engineering. One example is the direct synthesis
of freeform 3D micro/nano carbon nanotube structures by locally
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Fig. 2. Bottom-up approaches for the fabrication of functional 3D nanostructures. a) Schematic illustration of the process for assembly of 3D superstructures through
stacking of triblock co-micelles (top) and TEM image of an irregular network of superstructures formed by this process (bottom). Adapted with permission from AAAS [167].
b)  Schematic illustration of DNA origami design strategies for 2D and 3D objects (top). Adapted with permission from Elsevier [182]; design models and corresponding TEM
images of DNA origami templates, and 3D silicification of diatom nanostructures (bottom). Adapted with permission from Springer Nature [25]. c) Fabrication illustration (top)
and  SEM image (bottom) of arrays of Ag:Cu alloy helices formed using physical vapor deposition at grazing incidence. Adapted with permission from Springer Nature [26].
d)  Schematic illustration of the volumetric deposition and shrinking process showing silver (blue) on top of gold nanoparticles within a hydrogel matrix (top); maximum-
intensity projection of a reflected light image of a 3D structure that follows from volumetric silver deposition prior to shrinking (bottom, left) and a fluorescent image of the
same  structure after shrinking (bottom, right). Adapted with permission from AAAS [198].
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odulating growth rates to induce curvature of the structures
188–190]. PVD methods involve vaporization of source materials
ith beams of electron, ions or photons followed by solidifica-

ion on target substrates. Glancing angle PVD provides quick and
fficient access to complex 3D nanostructures [191–194]. As an
xample, a glancing angle deposition (GLAD) process for fabri-
ating 3D nanocolloids starts with the formation of an array of
ucleation sites on a substrate, followed by deposition of a desired
aterial at a glancing angle (Fig. 2c, top part) [26]. The dimen-

ions and shapes depend on the patterns of nucleation sites, the
ubstrate tilt and rotation, and the deposition conditions. Achiev-
ble structures include columnar rods, zigzag structures, twisted
nd helical forms with feature sizes as small as 20 nm,  applica-
le to multiple functional materials including Ag, Cu, Ti, Ni, Si,
l2O3, and TiO2. Sequential deposition and co-deposition of mate-
ials enable hybrid and alloy nanostructures, respectively. Fig. 2c
bottom part) shows SEM and TEM (inset) images of 3D Ag:Cu alloy
elices grown on a wafer by co-deposition via GLAD from two  evap-
ration sources. Control over the shape and composition enables
heir use as plasmonic metamaterials, such as plasmonic chiral light
ntennas with tunable chiroptical properties [73,195,196]. Limi-
ations of this approach lie in the difficulty in forming complex
tructures such as those involving looped shapes, knots or branched
tructures, as well as the requirements for materials compatibility
ith vacuum conditions.

Deposition-based techniques combined with volumetric
hrinking support additional access to 3D materials at the
anoscale [197,198]. A recent example involves the direct assem-
ly of 3D nanomaterials in arbitrary geometries by volumetric
eposition in the liquid phase followed by controlled shrinkage
f the patterned scaffolds [198]. The process uses polyacrylate
ydrogel scaffolds formed using two-photon lithography, with
uorescein molecules attached to predefined locations in the gel
hrough reactions induced by two-photon excitation, to act as
nchors for the deposition of functional molecules and nanopar-
icles using conjugation chemistries. Subsequent shrinking of the
atterned and functionalized gel scaffold by a factor of 10–20
ields the desired nanoscale resolution, by using acid or divalent
ations to dehydrate the gel (Fig. 2d). The modular nature of the
ssembly process allows for a range of materials to be deposited,
ncluding metals, semiconductors, and biomolecules, although
orresponding aqueous deposition chemistries are necessary.
ndependent control over the geometry and composition of this

ethod suggests opportunities for the use of these 3D functional
tructures in nanophotonics, metamateirals, and plasmonics.

uided assembly

Recent work demonstrates that structures in 2D formats can be
eometrically transformed into 3D architectures by processes that
ccur within the structures themselves or through their supporting
ubstrates. Such processes enable the formation of 3D structures
ith nanoscale thickness or lateral dimensions. These processes

ffer significant design versatility, ranging from simple curved
tructures that result from relaxation of residual stresses in thin
lms to complex, hierarchical 3D platforms that support high per-

ormance electronic and optoelectronic devices [29,199,200]. This
ection classifies such methods according to the nature of the driv-
ng forces for 2D to 3D shape transformations: a) residual stresses,
) external stimuli, and c) substrate deformation.
ransformations driven by residual stresses

The release of thin films formed with gradients of residual
tress on planar substrates leads to the spontaneous formation of
o Today 30 (2020) 100825 7

deformed micro- and nanostructures with geometries determined
by the thicknesses of the films, the magnitudes of the stresses, and
the 2D geometries of the released areas [27,201,202]. Methods to
generate residual stresses in thin films for these purposes fall in two
main categories: intrinsic stresses created during thin film growth
or deposition, and other stress-inducing mechanisms such as lat-
tice mismatch, thermal stress, energetic deposition, and ion beam
irradiation [203,204]. Both mechanisms are often operative. The
following paragraphs discuss the methods and examples of their
use in 3D nanostructure formation.

Intrinsic stresses are related to the kinetic processes of thin
film growth or deposition, which occur under non-equilibrium
conditions. Compressive or tensile stresses may originate from
microstructure evolution such as insertion of atoms at grain bound-
aries and grain boundary growth [203]. The polarity and magnitude
depend on the deposition techniques and conditions. Common
methods include thermal and electron beam evaporation, CVD,
and ALD. A stack of sequentially deposited films with different
intrinsic stresses can roll up into curved or tubular structures once
released from substrates, typically through elimination of a sacri-
ficial layer (Fig. 3a, left) [205]. This stress-induced curling applies
to almost all types of thin film materials and deposition conditions,
including metals, semiconductors, and dielectrics. This versatility,
taken together with compatibility with planar lithographic pro-
cesses, can be exploited to allow for the creation of 3D functional
devices. Recent examples include 3D rolled-up nanomembranes
for energy storage devices [206], photodetectors [207], optical res-
onators [208], soft electronics [71], and gas sensors [209]. In many
cases, the 3D, multilayer tubular configuration provides advantages
over planar membranes, as exemplified by a 3D radio-frequency
transformer consisting of multiple layers of nanoscale membranes
to achieve large coupling coefficients and high maximum working
frequencies compared to those of devices that use planar designs
(Fig. 3a, middle) [210]. In addition to basic tubular structures, vari-
ous other self-rolling geometries are also achievable by patterning
the nanomembranes, including jagged ribbons, rings, and helices
(Fig. 3a, right) [28,211].

In addition to intrinsic stresses related to growth kinetics,
other mechanisms can also be relevant. For example, differences
in crystal structure or lattice parameters between crystalline thin
films and underlying materials may  give rise to residual stresses,
known as epitaxial stresses. Tensile strain develops when the
equilibrium lattice constant of the film is smaller than that of
the underlying material, and compressive strain develops for the
opposite case (Fig. 3b). Heteroepitaxial crystalline bilayers with
tensile strain in the top layer and compressive strain in the bot-
tom layer can bend upwards and form rolled-up structures upon
release. Typical examples of such heteroepitaxial bilayer materi-
als systems include GaAs/InAs [212], InGaAs/GaAs [213], SiGe [31],
AlN/GaN [214], and GeSn/Ge [215]. Recent progresses in lattice
mismatch-induced rolling include predictive engineering of mem-
brane geometry to achieve controlled, unidirectional roll-up [216]
and rolled-up nanomembranes as high electron mobility transis-
tors [217] and terahertz metamaterials [218].

Differences in the coefficient of thermal expansion (CTE) of the
film and the substrate can serve as another source of residual stress
in thin films. Such stresses have magnitudes that are proportional
to the change in temperature and the difference between the CTE
values of the thin film and the substrate [219,220]. Utilization of the
large thermal stresses enables the fabrication of nanoscrolls of vari-
ous functional materials including transition metal dichalcogenides
(TMDs) and TMD-based hybrids (Fig. 3c) [221]. As an example, the

cooling of monolayer TMD  flakes grown on SiO2/Si substrates at
high temperatures (> 700 ◦C) to room temperature introduces ther-
mal  stresses in the flakes. Subsequently, release of the thermal
stresses through the insertion of liquid between the TMD  flakes
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Fig. 3. Guided assembly of functional 3D nanostructures by internal forces. a) Rolling of a nanomembrane due to release of intrinsic stress after selective etching of a sacrificial
layer  (left). Adapted from [205]; SEM image of a self-rolled-up multilayer nanomembrane as a radio-frequency transformer (middle). Adapted with permission from Springer
Nature  [210]; SEM images of 3D diamond nanomembranes formed by internal strain-induced rolling and twisting (right). Adapted with permission from Wiley-VCH [28].
b)  Scheme showing built-in internal strain developed due to heteroepitaxial growth (left); c) Scheme (left) and SEM image (right) of MoS2 nanoscrolls on SiO2/Si substrates
f tration
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ormed by thermal stress-induced rolling. Adapted from [221]. d) Schematic illus
mages  of a spider web-like gold thin film structure after ion beam irradiation (mid
D  Si3N4/Au metasurface (right). Adapted with permission from American Chemica

nd the substrate leads to the out-of-plane curving of the mono-
ayer flakes into nanoscrolls. The 3D self-encapsulated structure
ives rise to optical and electronic properties that are more sta-
le and insensitive to ambient conditions, as compared to their 2D
ounterparts.

Ion beam irradiation is another means for inducing residual
tress in thin films, in a highly controlled manner. Here, FIB
rradiation creates local stresses or forces in thin film materials,
nabling complex deformations of films into 3D structures. The
tility for forming 3D nanostructures follows from this nanoscale
patial resolution of FIB and its applicability to various metals and
ielectric thin films [222]. In one example, irradiation of gallium

ons on gold films (∼ 20 nm thick) causes well defined distribu-

ions of residual stress, including tensile stresses near the film
urface due to gold grain coalescence and compressive stresses
nderneath the surface due to gallium ion implantation (Fig. 3d)
 of FIB-induced internal stress in gold thin films (left) Adapted from [223]; SEM
dapted with permission from AAAS [13]; SEM image of a multi-direction-tunable

ety [225].

[13,223,224]. These stress variations through the film thickness
can yield local bending or twisting, depending on the pattern and
constraints of the thin films. FIB irradiation at high doses can
cut through thin films. This local cutting process, in combination
with global ion irradiation, enables 3D nanoscale “kirigami” to
form rich varieties of 3D shape transformations such as upward
buckling, downward bending, complex rotation, and out-of-plane
twisting [13]. 3D helical or pinwheel-like structures formed by
this method exhibit large optical chirality [13]. Using a simi-
lar fabrication technique, metasurfaces composed of an array of
3D nano split-ring-resonators show reversible and large-range
changes of optical characteristics in infrared regime (Fig. 3e)
[225,226]. The process for forming each 3D split-ring-resonator

involves cutting and multiple steps of local irradiation-induced
bending.
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ransformations driven by external stimuli

In the previous section, the formation of 3D nanostructures
ainly occurs due to the release of residual stress of films

eveloped during or after deposition, or through ion irradiation.
lternatively, external stimuli associated with exposure to heat,

ight, liquids, or changes in pH can generate forces and cause
ocal deformation or assembly of materials to form 3D geometries,
hereby providing additional routes to triggering 2D to 3D shape
ransformations.

One example is capillary forces, which are particularly attractive
or triggering self-assembly of materials into 3D nanostructures
ecause of the favorable scaling effects at micro/nano dimensions.
apillary self-assembly provides a simple and scalable route to
orming 3D nanostructures, typically from 1D (e.g. wires, pillars)
r 2D planar structures. Fig. 4a illustrates this type of process
here micro/nanoscale photopolymer vertical pillars produced by

emtosecond laser polymerization assemble into 3D hierarchical
rchitectures by capillary forces [227]. The schemes start with
mmersing nanoscale pillars with arbitrary 2D patterns in a solvent.
vaporation of the solvent induces capillary forces, which bend pil-
ars into 3D configurations. Van der Waals forces at the areas of
ontact between bent pillars cause retention of the bent configu-
ations after solvent evaporation. By designing the 2D pattern and
ontrolling the evaporation process, diverse 3D micro- and nanos-
ructures in large arrays can be achieved. Demonstration of the use
f these 3D hierarchical micro- and nanostructures for selective
rapping and releasing of microparticles suggests their potential
pplications in microfluidic systems and biomedicine [228,229].

Another related driving force arises from surface tension associ-
ted with liquid evaporation [230] or material melting. In the latter
ontext, FIB is a commonly used source of highly localized heat for
elting of polymers [231,232] or metals [233]. Fig. 4b shows an

xample where surface tension forces generated by melting of a
olymer (poly(methyl methacrylate)) lead to folding of an origami-

nspired structure into a 3D nanocage geometry [232]. Localized
eat generation triggered by FIB irradiation raises the temperature
f the planar polymer hinges above their glass transition temper-
ture, generating surface tension forces toward the center of the
olymer hinges. These forces induce folding of the surrounding
anels. 3D cubic split-ring resonators with polymer hinges fabri-
ated by this method offer interesting opportunities in 3D optics
uch as metamaterials with negative index of refraction and signif-
cantly reduced losses in frequency spectrum over similar devices

ith metallic hinges.
Heating-induced shape change of thermally responsive materi-

ls is another commonly used strategy to trigger 3D self-assembly.
uch materials include certain hydrogels, shape memory poly-
ers, liquid crystal polymers, and composite materials containing

hermally responsive components. These materials can be incorpo-
ated into thin films to provide thermally-driven, 2D to 3D shape
ransformations to form structures with key dimensions in the
anoscale regime. Fig. 4c shows one such example where mono-

ayer graphene functionalized with thermoresponsive polymers
olds into 3D flower shapes upon heating to 45 ◦C from room tem-
erature, and unfolds upon cooling [234]. Functionalization of the
raphene starts with the surface, self-polymerization of dopamine
o form a thin layer of polydopamine, which allows the graft-
ng of a thermoresponsive polymer poly (N-isopropylacrylamide)
PNIPAM). Lithographic patterning of the functionalized graphene
efines the sizes and shapes of the 2D precursors. After release
rom a sacrificial layer and heating above the lower critical solu-

ion temperature of the PNIPAM, the 2D precursors self-fold into
ell controlled 3D microstructures with thicknesses of 5−10 nm.

his approach provides access to manipulation and folding of
hemically inert graphene sheets into 3D geometries via non-
o Today 30 (2020) 100825 9

covalent surface functionalization, without altering the intrinsic
properties of the graphene. Such systems can be used to encap-
sulate live cells and to form unusual classes of transistor devices
[234,235].

In addition to heat, other external stimuli such as those due
to changes in ion concentrations can also actuate the transforma-
tion of planar graphene sheets into 3D structures. For example, a
recent study describes the formation of various origami-inspired
3D structures using a bimorph composed of graphene and a 2 nm-
thick patterned layer of glass [236]. The graphene-glass bimorph
can bend in response to local electrolyte concentration due to
an ion exchange reaction within the glass, causing the glass to
swell relative to the graphene. This bending can be designed to
occur in specifically designed regions through the use of pat-
terns of photoresist on the bimorph to prevent bending beneath
them. The degree of local bending depends on the geometry of the
bimorph and the pH of the surrounding environment. The scheme
enables the fabrication of 3D microstructures including tetrahe-
drons (Fig. 4d), helices, cubes and others. These graphene-based
microscale structures can sense the environment and perform
shape morphing on time and length scales comparable with biolog-
ical organisms. Potential incorporation of electronic and photonic
devices into these 3D systems may  yield applications in microscale
robotics.

Transformations driven by substrate deformations

3D structures formed by the release of internal strain or
external stimuli are limited to basic shapes created by bend-
ing/folding/rolling in a specific direction largely depending on the
materials used. Therefore, the types of 3D geometries achievable
using these methods are limited. Moreover, the shape transforma-
tion mechanisms depend critically on material properties, thereby
significantly limiting their applicability to a broad range of func-
tional materials such as device-grade semiconductor materials. A
relatively recent set of mechanically guided compressive buck-
ling techniques [53,237] avoid these constraints, to offer broad
ranging material compatibility, fabrication scalability, design ver-
satility, and the high level of process control. These processes start
with patterning thin film materials in planar formats (referred
to as “2D precursors”) using any of the most advanced micro-
fabrication techniques, followed by defining specific regions on
these 2D precursors to bond with a pre-stretched elastomeric sub-
strate through patterned surface functionalization. Release of the
prestrain in the substrate imparts compressive forces to the 2D
precursors through the bonding sites, thereby transforming them
into well-controlled 3D structures through spatially dependent in-
and out-of-plane translational and rotational motions. The targeted
3D shapes can be controlled by the design of the 2D precursor,
the thickness and mechanical properties of the materials in the
2D layout, the size and shape of the bonding sites, and the pre-
stretching applied to the elastomeric substrate. The choices of these
parameters for targeted 3D shapes can be guided with high accu-
racy, by quantitative, finite element modeling [68,238–240]. Since
the assembly process follows from nonlinear buckling mechanics,
this method applies intrinsically to almost all types of materials
including metals, polymers, semiconductors, 2D materials, ther-
moelectric and piezoelectric materials [6,241–243]. The scaling of
the buckling mechanics also makes this method applicable to a
broad range of length scales, from nanometer to centimeter and
even meter scale dimensions [244]. Furthermore, various struc-
tural design strategies allow for the realization of complex 3D

architectures that are otherwise challenging to fabricate using
other methods, including origami- and kirigami-inspired struc-
tures [57,245], multilayer structures [246], morphable structures
[247], and out-of-plane chiral structures [248]. The following para-
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Fig. 4. Guided assembly of functional 3D nanostructures by external forces. a) Schematic illustration and SEM image of 3D nanopillars assembled by capillary forces. Adapted
with  permission from National Academy of Sciences [227]. b) SEM images of cubic resonators assembled by capillary forces during ion-induced localized polymer reflow.
Adapted with permission from American Chemical Society [232]. c) Optical image of heat-induced self-folding of functionalized graphene (top) and SU-8/graphene (bottom).
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raphs summarize some recent progress in constructing functional
D structures and devices using this method.

A relevant example is in the assembly of an array of pho-
odetectors comprising MoS2 and graphene as photoactive and
lectrode layers supported by a photodefinable epoxy (SU-8),
nto 3D hemispherical structures capable of real-time light imag-
ng with measurements of the direction, intensity and angular
ivergence properties [6]. Fig. 5a shows the key fabrication steps

nvolved in transforming the system from a 2D precursor into a 3D
emispherical shape. Removal of the precursor from a temporary
ubstrate and subsequent attachment to a pre-stretched elas-
omer substrate yields, upon release of the prestrain, the desired
D geometry, with high precision. Related geometries including
ctagonal prisms, octagonal prismoids, and hemispherical domes
re also possible. The maximum strain adopted by the active
ayers, graphene and MoS2 during the 2D to 3D shape transfor-

ation remain well below their fracture levels of 6% and 2%,
espectively [249–254]. Graphene electrode lines connect the MoS2
hotodetector, forming a photodetector unit cell on the 3D hemi-
pherical platform (Fig. 5b). The passage of a laser beam through
his transparent (∼87% transmittance at 550 nm)  system provides
nformation about the entry and exit, thereby allowing real-time

apping of the intensity and direction of the incident light (Fig. 5c).
uch capability follows uniquely and naturally from the 3D archi-
ecture, with no simple analog in conventional planar systems. Such
ystems can be formed simultaneously, in large arrays and with
imensions and levels of integration beyond those illustrated here.

3D micro- and mesostructures formed by this method can serve
s templates for the formation of functional nanostructures in 3D
rchitectures with unique optical and electronic properties. An

xample uses 3D Si-SiO2 structures for high-temperature tem-
lated growth of AgCl-KCl eutectics [65]. The process starts with
he formation of a 3D Si-epoxy cage structure using compressive
uckling, followed by transfer of the 3D structure onto quartz or
ade of graphene-glass bimorph by self-assembled folding in response to heat or
 after folding into a tetrahedron (right). Adapted with permission from National

Si substrates with a thin adhesive layer of polydimethylsiloxane
(PDMS). Next, conformal deposition of SiO2 (2 �m in thickness) and
subsequent high-temperature (600 ◦C) annealing in air removes the
polymer and converts the PDMS adhesive layer into SiO2. Melt-
ing a powder of AgCl-KCl on top of the cage results in flow of the
eutectic along the ribbons of the cage. As the temperature reaches
values below the eutectic temperature (∼319 ◦C), periodic lamellar
motifs (spacings of ∼400 nm)  form in guided structures along the
ribbons (Fig. 5d–f). This geometrically templated phase separation
in 3D space yields unique optical properties due to the periodic
variations in refractive index in the structure, suggesting opportu-
nities for optical metamaterials that operate in visible and infrared
wavelength regimes.

The compressive buckling approach can yield structures that
embed high-performance semiconductor devices, including those
that incorporate Si nanomembrane-based electronic devices, such
as n- and p-channel MOSFETs (nMOS and pMOS), and diodes into
complex 3D layouts [63]. An optical image of an array of nMOS
transistors configured in a 3D interconnected bridge structure
appears in Fig. 5d. Each device includes 300 nm Si, 100 nm SiO2,
and 5/200 nm Cr/Au layers, with a maximum bending strain of 0.2%
strain, which is much lower than the fracture strains of Si (∼1%) and
SiO2 (∼1.2%) [255–257]. An important point in this context is that
size-dependent mechanical properties of materials in the nanoscale
regime may  lead to buckling mechanics and fracture limits that
differ from those of the same materials in bulk forms [258]. For
instance, single crystalline silicon nanowires with diameters below
60 nm exhibit significantly increased fracture strength (> 10 GPa)
and strain (> 10%) [259,260]; amorphous materials such as SiO2
nanowires display a brittle-to-ductile transition when the struc-

ture diameter is below 18 nm [261]. These and other size related
effects may  provide additional design opportunities for compres-
sive buckling-based approaches to 3D functional nanostructures.
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Fig. 5. Guided assembly of functional 3D nanostructures by substrate deformation. a) Scheme illustrating the compressive buckling-induced transformation of a
MoS2/graphene photodetector array from a 2D layout to a 3D hemispherical configuration. b) Colorized SEM images of a 3D hemispherical structure consisting of 48
MoS2/graphene photodetecting units and interconnects. c) Real-time mapping of the intensity and light direction through 3D photodetector arrays. Panels a–c are adapted
from  [6]. d) Schematic illustration of the process of guided solidification of AgCl–KCl eutectic on 3D cage structures. e) Optical image of a 3D cage structure of Si-SiO2 bilayers.
f)  SEM images of a 3D ribbon covered with solidified AgCl–KCl eutectic material and corresponding high-magnification images at the top and bottom of the ribbon. Panels
d–f  are adapted from [65]. g) Optical image of a 3D nMOS transistor array based on silicon nanomembrane. Adapted with permission from American Chemical Society [63].
h)  SEM image of a 3D silicon ribbon structure at sub-micron scale. Adapted with permission from AAAS [56]. i) SEM images of an array of 3D nanostructures in gold formed
by  compressive buckling. Adapted with permission from American Chemical Society [262].
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Such straightforward 3D shape transformations are compatible
ith many other materials and device designs. Hence, achieving

hese 3D structures has direct implications in other areas of tech-
ology related to energy storage, photovoltaics, optoelectronics,
nd many others.

Mechanically guided assembly methods can directly form 3D
anostructures when the 2D precursors are patterned with key
imensions in the submicron regime. One such example is a 3D
ilicon starfish structure with struts that have widths of 800 nm
nd thicknesses of 100 nm (Fig. 5h) [56]. More recently, a metal-
ssisted transfer strategy applied to this compressive buckling
rocess enables formation of 3D gold nanostructures on elastic sub-
trates [262]. The introduction of a silver film between patterned
D nanostructures and silicon substrates facilitates the transfer
nto elastic substrates. By specially designing the 2D precursors
o include relatively large areas for improved adhesion to the elas-
ic substrates and narrow, smaller areas for buckling, wide-ranging
D structures can be achieved in a single-step process, including
D bridge features and pyramid arrays (Fig. 5i). These mechan-

cally assembled 3D structures can incorporate submicrometer
eatures by use of electron beam lithography methods for form-
ng the 2D precursors. Such types of 3D metallic nanostructures
ave implications for a variety of applications in nano-optics and
ptoelectronics.

onclusions

This review summarizes advances in techniques for fabrica-
ion and use of 3D nanoscale architectures in various functional
ystems. The approaches include top-down techniques for form-
ng nano-sized structures from bulk or thin film materials through
ithography and etching processes, bottom-up techniques based on
elf-assembly of molecules and particles, and assembly approaches
hat involve 2D to 3D shape transformations driven by inter-
al stress, external forces or substrate deformations with designs

nspired by origami and kirigami arts. A variety of materials ranging
rom high-performance inorganic semiconductors to 2D materi-
ls such as graphene and MoS2, can be incorporated into such 3D
anostructures, where the suitability of the approach depends on
he type of material, 3D design, and target function. The resulting 3D
ystems create interesting and unusual engineering design oppor-
unities in electronics, optoelectronics, photonics, bio-integrated
evices and others, as demonstrated by a variety of applica-
ion examples. Practical implementation of such 3D techniques
nvolves many significant engineering challenges, but success in
his endeavor will creates interesting frontiers for next-generation
evices with structures and functionalities that cannot be achieved
sing conventional 2D techniques.
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