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1.1
Introduction

The origins of nanoscience and nanotechnology can be traced in large part, at
least from the standpoint of material sciences, to seminal research on cadmium
selenide nanocrystals [1] and spherical fullerenes [2]. Studies of these and other
related zero-dimensional (0D) materials soon expanded to one-dimensional
(1D) nanostructures, such as nanowires and nanotubes [3–5]. Although such
1D nanostructures are comparatively easy to manipulate and to interface with
contact metallization, building general classes of semiconductor devices at inter-
esting levels of integration with individual wires and tubes is challenging, perhaps
prohibitively so, due to lack of means for uniform synthesis and assembly. More
recent activities in electronic nanomaterials explore, as an alternative, ultrathin
membranes or two-dimensional (2D) layers of semiconductors, sometimes
referred to generically as semiconductor nanomembranes (NMs) [6–14]. The
2D, planar geometries facilitate integration into device systems with realistic
pathways to manufacturing; they also afford easy formation of electrical contacts
and natural compatibility with well-developed thin-film growth and processing
technologies.
Many classes of advanced materials can be physically isolated or chemically

synthesized in the form of NMs, including organics such as graphene and
2D polymers, and inorganics such as silicon, germanium, gallium arsenide
(GaAs), gallium nitride, and transition-metal dichalcogenides [6–14]. Existing
transfer-printing approaches allow the manipulation of NMs with thicknesses
down to the atomic level and with lateral dimensions of up to dozens of
inches [7, 11–13]. Recent research efforts establish strategies for deforming
NMs into complex, three-dimensional (3D) configurations, conforming them
onto tissue-like curvilinear surfaces, and deterministic assembly of them onto
substrates of interest with high fidelity in positions and orientations [12, 13].
Many NM-based advanced functional device systems have been realized, demon-
strating high operating performance, unique stretchability and flexibility, 3D
layouts, physical disappearance at programmed rates, and many other attractive
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features, which are hardly achievable in their related bulk counterparts, or with
0D and 1D nanomaterials [12, 13].
Single-crystal silicon NMs are particularly appealing because of capabilities

in high-quality synthesis over large areas and with precise thicknesses at rel-
atively low cost in the nanometer regime; they are also naturally compatible
with conventional fabrication techniques and can be fully exploited in unique,
high-performance electronic, and optoelectronic systems [12, 13]. In addition,
the nanoscale thicknesses of silicon NMs enable many attractive features, which
are unavailable in their bulk counterparts, such as high flexibility due to the
linear decrease of bending strains with thicknesses, fast dissolution in biofluids
because of their nanoscale geometries, splitting of the conduction band valleys
induced by electronic confinement effects, and manipulation of heat flow allowed
by phonon confinement effects [13]. The following sections describe recent
research advancements in silicon NMs including synthesis, assembly, and device
integration.

1.2
Strategies for Forming Silicon Nanomembranes

Development of methods to synthesize high-quality silicon NMs with precise
thicknesses and lateral dimensions is crucial for creating high-performance, reli-
able electronic devices. An attractive approach is to exploit single-crystal silicon
wafers, which are already well-developed commodity items that have exceptional
levels of purity and doping control, with smooth surfaces and high carrier
mobilities. Thus, silicon NMs isolated from wafers naturally adopt similarly
high material quality, to enable high-performance electronic and optoelectronic
devices. The following sections highlight two strategies that exploit wet-chemical
etching techniques and conventional lithographic processing.

1.2.1
Selective Etching to Release Nanomembranes from Layered Assemblies

The most straightforward approach involves the selective etching of buried sac-
rificial layers from multilayered silicon wafers [11–14]. As shown in the scheme
of Figure 1.1a, the selective removal of silicon dioxide (SiO2) from a silicon-on-
insulator (SOI) wafer by immersion in hydrofluoric acid (HF) releases the top sili-
con layer as an NM.The optical image on the right shows a silicon NM (∼50 nm in
thickness) formed in this manner. After transfer onto a new host, the wrinkles on
silicon NMs can flatten [13] or they can be used to advantage in stretchable elec-
tronics, as described subsequently. NMs with thicknesses as small as 20 nm can
be synthesized directly from commercially available SOI wafers. Further reduc-
tions in thickness to values down to ∼2 nm are possible via multiple cycles of
thermal oxidation followed by HF etching [17]. Patterning steps based on conven-
tional photolithography and electron beam lithography or on soft lithography and
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Figure 1.1 Representative routes for mak-
ing single-crystal silicon NMs. (a) Release of
a silicon NM from an SOI wafer by selec-
tive removal of SiO2 in hydrofluoric acid.
The optical image on right shows a single-
crystal silicon NM (∼50 nm in thickness)
formed by this manner. After transfer onto
a new host, the wrinkles in the silicon
NM can flatten. (Reproduced from Rogers
et al. [13], with permission of Nature Pub-
lishing.) (b) Fabrication of silicon NMs by
anisotropic wet-chemistry etching of bulk
silicon (111) wafers. The frame on the top
right is an SEM image of partially under-
cut silicon NMs. The frame on the bottom
right is an SEM image of released silicon

NMs. Left frame: Reproduced from Baca
et al. [15], with permission of Wiley. Right
frame: Reproduced from Mack et al. [16],
with permission of AIP. (c) Generating multi-
layer stacks of silicon NMs from bulk sili-
con (111) wafers by anisotropic etching. The
processes exploit trenches with sculpted
sidewalls, angled electron beam evapora-
tion of gold, and anisotropic wet chemical
etching. The cross-sectional SEM images on
the right show two intermediate stages of
forming stacks of silicon NMs (∼100 nm in
thickness) in this manner. (Reproduced from
Rogers et al. [13], with permission of Nature
Publishing.)
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nanoimprint lithography can yield wide ranging geometries and spatial layouts
of silicon NMs created in this way [12]. With careful control, lateral dimensions
down to ∼17 nm are possible [12].
Other semiconductor NMs can also be released from other layered assemblies

on wafers, such as stacks of GaAs separated by aluminum gallium arsenide
(AlGaAs), germanium (Ge), or silicon-germanium (SiGe) on insulators, and
many other III–V semiconductors and their combinations [12, 13, 18, 19].
Moreover, nanotubes or other unusual structures can be fabricated when certain
constituent layers are grown/deposited with controlled levels of residual stress
[20–22]. The diameters of tubes created in this way follow from the thicknesses
of the layers and their stresses [20].

1.2.2
Anisotropic Etching to Release Silicon Nanomembranes from Bulk SiliconWafers

Although release of silicon NMs from SOI wafers is simple, the high cost of such
substrates can be a drawback for certain applications. Anisotropic etching along
certain crystalline planes provides an alternative, capable of generating large
quantities of silicon NMs from bulk silicon wafers at low cost [12, 13, 15, 16, 23].
Figure 1.1b depicts the fabrication procedures, starting with bulk silicon

(111) wafers [16]. The first step involves defining trenches perpendicular to
the (110) plane by photolithography and reactive ion etching (RIE). Depositing
SiO2, Si3N4, and Au, in sequence, passivates the top surfaces and side walls of
the resulting wafer. Anisotropic etching induced by immersion in a solution
of potassium hydroxide (KOH), an etchant that shows high etching selectivity
along the (110) planes, yields high-quality silicon NMs. Appropriate control
of etching parameters enables thicknesses of NMs between several tens and
several hundreds of nanometers. The initial photolithography step defines the
lateral dimensions, from tens of nanometers to the sizes of entire wafers. The
top right of Figure 1.1b presents a scanning electron microscope (SEM) image of
partially undercut silicon NMs; the bottom right shows similar structures after
complete undercut. As-fabricated NMs have surface roughness of ∼0.5 nm, as
measured by atomic force microscopy (AFM) [12]. The major drawback of KOH
is that mobile ions introduced during the etching process can be detrimental to
electronic applications. Consequently, CMOS-compatible wet etchants, such as
tetramethylammonium hydroxide (TMAH), are preferred [15].
Large quantities of silicon NMs can be generated either by repeated applica-

tion of the aforementioned procedures or by alternative techniques illustrated in
Figure 1.1c. Such a strategy combines trenches with sculpted sidewalls, angled
electron beam evaporation of gold resists, and anisotropic wet chemical etching
using KOH [23]. The first step defines trenches on the bulk silicon wafers with
(111) orientations, as before. The trench etching then proceeds using an induc-
tively coupled plasma-RIE etching process that sculpts ripples, with engineer-
ing control, onto the side walls. Depositing gold at an angle onto these ripples
yields isolated strips that serve as masks for anisotropic etching along the (110)
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directions by KOH. The cross-sectional SEM images on the right of Figure 1.1c
show two intermediate stages of making stacked silicon NMs (∼100 nm in thick-
ness) in this manner. Bulk-like quantities of silicon NMs can then be released for
integration into devices.
As with the SOI based approach, this scheme enables precisely controlled

dimensions, crystallinity, and doping levels of the silicon NMs. Lithographically
defined lateral dimensions and spatial positions render them naturally compatible
with strategies of deterministic assembly based on transfer printing for hetero-
geneous integration and approaches in compressive buckling for stretchable
devices, as described in the following sections.

1.3
Transfer Printing for Deterministic Assembly

1.3.1
Introduction

A general challenge for integrating fragile building elements of silicon NMs into
functional devices lies in guiding them into well-defined layouts with extreme
accuracy in position and orientation, and high throughput. Transfer printing
with soft, elastomeric stamps is the most well-developed approach, which allows
the precise, nondestructive manipulation of silicon NMs for the assembly onto
diverse substrates of interest [24–33]. Transfer printing maintains mechanical
contact to the silicon NMs throughout the process, and is therefore determin-
istic, enabling high-transfer yields and minimal levels of positional/directional
disorders.
Figure 1.2a outlines the transfer printing strategy for siliconNMs [30]. To begin,

a soft elastomeric stamp brought into physical contact with silicon NMs forms
a robust adhesive interface based on van der Waals interactions (step i). These
NMs, regarded as “inks” on a “donor” substrate, result from processes like those
described in Figure 1.1, and serve as basic building blocks for semiconductor
devices. The stamp may contact all NMs (e.g., using a flat stamp) or a selected
fraction of them determined by the spatial features of relief on the surface of the
stamp [29]. Peeling the stamp away from the donor at a high rate lifts the NMs
onto the surface of the stamp (step ii). The stamp, “inked” in this manner, is then
contacted with a receiving substrate (step iii). Slow removal of the stamp ensures
high yield “printing,” or transfer, of the NMs from the surface of the stamp
to the receiving substrate (step iv). This approach allows integration of silicon
NMs onto nearly any type of substrate, and is fully compatible with device grade
silicon derived from wafer-scale sources of material. A key feature of this process
is that it separates the conditions for growth (e.g., high temperature) from the
constraints associated with the final device substrate (e.g., low glass-transition
temperature plastics or elastomers).
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Figure 1.2 (a) Schematic illustration of the
process for a transfer-printing approach that
uses a rubber stamp to retrieve solid nano-
/microstructures of silicon NMs, which can be
regarded as “inks,” and to deliver them onto
device substrates, as a form of determinis-
tic materials assembly. (b) Schematic dia-
gram of critical energy release rates for the

ink/receiver interface and for the stamp/ink
interface. The horizontal lines at the top
and the bottom represent weak and strong
ink/receiver interfaces, respectively, cor-
responding to conditions for which only
retrieval or printing can be realized. (Repro-
duced from Feng et al. [30], with permission
of American Chemical Society.)
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1.3.2
Mechanics of Transfer Printing

Effective transfer relies, fundamentally, on control of adhesion between
the ink/donor, the stamp/ink, and the ink/receiver interfaces. The separa-
tion/delamination process demonstrated in Figure 1.2a can be regarded as the
initiation and propagation of interfacial cracks, viewed as the competing fracture
of two interfaces. During the retrieval process of steps (i) and (ii) in Figure 1.2a,
release occurs at the ink/donor interface, which must preferentially fail for proper
operation of the process. Similarly, printing of inks onto the receiver substrate
follows the propagation of cracks at the stamp/ink interface.
Kinetically switchable adhesion is a powerful and widely exploited strategy in

transfer printing. This scheme utilizes the viscoelastic nature of soft elastomeric
stamps, such as those made of poly(dimethylsioxane) (PDMS) [24, 30]. Here, the
adhesive strength changes systematically with velocity of separation of the PDMS
stamp from the donor or receiver surface: higher separation velocities yield pro-
portionally stronger adhesion. As a result, a critical separation velocity can be
established, above which separation occurs between the ink and the donor sub-
strate (i.e., retrieval) and below which separation occurs between the ink and the
stamp (i.e., release). For this purpose, a general steady-state energy release rate G
is given by

G = F∕W (1.1)

where W is the width and F is the force applied to the PDMS stamp in the normal
direction.
The critical energy release rate for the ink/receiver interface, Gc

ink/receiver, is
approximately independent of separation velocity due to the insignificant vis-
coelastic response of the Si NM ink and the receiver [30]. By contrast, the critical
energy release rate for the stamp/ink interface, Gc

stamp/ink (𝜈), depends on peeling
velocity, 𝜈, due to viscoelasticity in the PDMS [30]. Separation either occurs at
the stamp/ink or at the ink/receiver interface, respectively, corresponding to
Gc

stamp/ink less than or greater than Gc
ink/receiver. At a critical separation velocity,

𝜈c, the energy release rates for both interfaces are equal, marking a transition
from a retrieval to a printing regime, as shown in Figure 1.2b [30]. For the
particular systems described in [24], retrieval and printing occurs efficiently at
separation velocities on the order of 10 cm/s or greater, and a few mm/s or less,
respectively.
A number of additional concepts can further enhance the efficacy of the

transfer-printing approach; these include shear loading methods to give different
values of G for the same peeling force [31], engineered stamp surface structures
for modulating the contact areas between the stamp and ink [26], pulsed lasers
to initiate thermal delamination of the stamp/ink interface [32], and near surface
reservoirs and microchannels for tuning of the geometry of interfaces [33].
The first two improvements (i.e., shear loading and surface structures) prove
to be particularly valuable. Shear-assisted transfer printing can induce strong
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Figure 1.3 (a) Colorized SEM images of elas-
tomeric stamps (blue) bearing soft, pyramidal
relief features. Control of the applied pres-
sure provides strong adhesion in a collapsed
state (ON, top panel) and weak adhesion

in a retracted state (OFF, bottom panel). (b)
Measured adhesion strength as a function of
peeling velocity in the ON and OFF states.
(Reproduced from Kim et al. [26], Copyright
(2010) National Academy of Sciences, U.S.A.)

interfacial moments between the stamp/ink interface to weaken the adhesion
[31]. Increasing the magnitudes of these shear strains improves the efficiency
of printing, especially onto challenging (e.g., rough) substrates, by reducing the
adhesion of the ink to the stamp to negligible levels. As an advanced example
of the use of stamp surface structures, Figure 1.3a shows colorized SEM images
of a PMDS stamp (blue) with pyramidal microtips at its four corners. This
structure allows pressure-induced modulation of the contact areas, thereby
switching between states of strong adhesion (ON) and weak adhesion (OFF), for
high-efficiency retrieval and release of silicon NMs (green) [26]. Quantitative
data in Figure 1.3b reveal high-contrast switching due to combined geometric
and viscoelastic effects [26].

1.3.3
Transfer Printing for Single- and Multilayer Deterministic Assembly

The transfer-printing approaches outlined in Figures 1.2 and 1.3 enable assembly
of nano-/microstructured forms of silicon NMs, and many other classes of mate-
rials, onto nearly any type of substrate at room temperature and in a rapid, parallel
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fashion. Repetitive cycles of printing can yield single- and multilayer assemblies
of silicon NMs over small or large areas, with two or three-dimensional layouts
and even heterogeneously integrated with other functional materials.
Figure 1.4a shows an example of organized collections of GaAs NMs retrieved

from a donor wafer and printed onto a flat glass plate (the main optical image)
and a bent plastic substrate (the inset optical image) using repetitive transfer
printing as demonstrated in the schematic illustration (the left frame) [34]. This
process can create dense or sparse arrays of semiconductor nanomaterials onto
target substrates that are even larger than the mother wafer. Another example
for the selective transfer and accurate registration appears in the left frame
of Figure 1.4b. Here, a pattern of printed silicon NMs form the text “DARPA
MacroE” on a flexible polyethylene terephthalate (PET) substrate [25]. The
enlarged image of the letter “A” demonstrates the high fidelity of the transfer. As
an example of three-dimensional hybrid structures, the right frame in Figure 1.4b
shows a cross-sectional SEM image of an eight-layer stack of silicon NMs, each
separated by a transparent polymer film [13]. Such structures can be useful in
multilayer optoelectronic devices for phase-controlled beam steering. Multilevel
flexible electronic devices are also possible, by integrating silicon, gallium nitride,
and single-walled carbon nanotubes into three-dimensional heterogeneous
structures on polyimide substrates [35]. Recent progress even allows transfer
printing of rolled-up NMs [36].
For many simple operations, transfer printing can be manually performed.

Precise control can be accomplished with fully automated tools as shown in
Figure 1.4c [29, 34]. Such tools have x-, y-, and z-axis linear stages with additional
tilt and rotation stages for the precise manipulation of elastomer stamps relative
to the donor and receiving substrates at controllable and reproducible speeds. In
this case, a composite stamp, consisting of a thin elastomer with a high-modulus
backing layer, holds dimensional tolerances to avoid unwanted distortions [29].
Depending on the layouts and sizes, transfer printing rates can be up to millions
of NMs per hour [13]. Registration accuracy is better than 1 μm and yields can
reach nearly 100% [13]. Such tools represent an important engineering step
toward machines for performing high-throughput transfer printing in industrial
settings [29].

1.4
Compressive Buckling for Deterministic Assembly

1.4.1
Introduction

The traditional focus of development efforts in electronics is to increase circuit
integration densities and operating speeds, to reduce the power consumption and,
for display systems, to enable large-area coverage [37]. A more recent direction
seeks to develop mechanically flexible and even stretchable forms of electronics
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Figure 1.4 (a) Schematic illustration of trans-
fer printing for the deterministic assembly
of GaAs NMs (gray) onto a target substrate.
The right frames provide optical images of
GaAs NMs (small black squares) printed onto
a glass substrate (main image) and a bent
sheet of plastic (inset). Left frame: Repro-
duced from Park et al. [34], with permis-
sion of AAAS. Right frame: Reproduced from
Rogers et al. [13], with permission of Nature
Publishing. (b) The left panel is an optical
image of printed patterned patches of sil-
icon NMs on a PET sheet. The right panel

is a cross-sectional SEM image of an eight-
layer stack of silicon NMs (∼340 nm in thick-
ness) separated by transparent layers of poly-
mer. The inset is a schematic illustration; the
cross-section shown in the main image is
outlined by the red box. Left frame: Repro-
duced from Lee et al. [25], with permission of
Wiley. Right frame: Reproduced from Rogers
et al. [13], with permission of Nature Publish-
ing. (c) Picture of a high-throughput, auto-
mated transfer-printing tool [29]. (Repro-
duced from Carlson et al. [29], with permis-
sion of Wiley.)
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to allow applications that are impossible to address using conventionally hard,
planar integrated circuits [38]. Examples include sensory circuits for human
organs, devices with bioinspired designs (i.e., electronic eye cameras, active cam-
ouflage) and wearable communication devices. Such devices demand lightweight
construction and ability to conform to complex, curvilinear substrates, or
biological tissues, while maintaining high performance and reliable operation.
The synthesis and assembly techniques described in previous sections offer

powerful capabilities for exploiting silicon NMs in many types of devices. NMs
are naturally flexible because the bending strains and stiffnesses decrease linearly
and cubically with thickness, respectively. Stretchable devices must not only
be bendable but also be compatible with large strain deformations. This type
of mechanics can be achieved in two conceptually different ways, either by
using new materials such as graphene and carbon nanotube composites, or by
using new structural layouts with existing silicon NMs [38]. The latter strategy
is naturally compatible with well-developed semiconductor techniques, and
represents a key advantage that follows from use of unusual structures rather
than unusual materials.
Buckling, also called wrinkling, is ubiquitously observed in many aspects

of daily life, from the aging of human skin or the dehydration of apples [39].
Buckling has historically been viewed as a mechanism for structural failure
[39]. The pioneering work of Whitesides et al. in the late 1990s showed that
this behavior can be controlled to generate interesting, well-defined, micro- and
nanoscale geometries in thin metal films evaporated directly onto elastomer
substrates [40]. The controlled buckling of silicon NMs on compliant substrates
can form complex, three-dimensional structural layouts of utility in stretchable
electronics. Such architectures of silicon NMs can provide electrical properties
comparable to conventional, rigid integrated circuits made of wafer-based
single-crystal silicon, while allowing stretching, folding, compressing, twisting,
and other demanding modes of deformation without inducing damage or fatigue
in circuit elements [37, 41–46]. The following section introduces three different
strategies for using buckling phenomena to advantage: buckling on compliant
substrates for wavy layouts [37, 41–44], controlled delamination buckling for
wavy layouts [45], and deterministic assembly of complex, three-dimensional
architectures by compressive buckling [46].

1.4.2
Buckling on Compliant Substrates for Wavy Layouts

The strategy to render silicon NMs in stretchable formats is remarkably straight-
forward: “wavy” layouts formed by controlled compressive buckling on compliant
substrates offer stretchability with a mechanics similar to that of an accordion
bellows [37]. The fabrication sequence appears in the left frames of Figure 1.5
[37]. The process starts with the generation of single-crystal silicon ribbons on
SOI wafers (top panel) using the top-down, wet-etching approach described in
Figure 1.1. In the next step (middle panel), a prestrained, flat elastomeric substrate
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Figure 1.5 Schematic illustration of the steps
involved in fabricating “wavy” silicon lay-
outs by controlled uniaxial buckling (left
frames). Optical (top), SEM (middle), and AFM
(bottom) images of wavy silicon structures

(right frames). Left frame: Reproduced from
Khang et al. [37], with permission of AAAS.
Right frame: Reproduced from Jiang et al.
[42], Copyright (2007) National Academy of
Sciences, U.S.A.

(1–3mm thick PDMS), conformally contacts the silicon ribbons to form Si–O–Si
covalent bonds by condensation reactions of surface hydroxyl groups. Peeling the
PDMS away transfers the ribbons onto the surface of the PDMS substrate. Releas-
ing the prestrain leads to compressive stresses on the silicon ribbons that gener-
ate well-defined wavy layouts on PDMS surfaces through initiation of a buckling
instability (bottom panel).
The right frames in Figure 1.5 are optical (top panel), SEM (middle panel), and

AFM (bottom panel) images, indicating intimate mechanical coupling between
silicon and PDMS at all points at the interface [42]. Wavy layouts formed in
this manner are highly sinusoidal and have excellent uniformity in amplitudes
(<±5%) and wavelengths (<±3%) [42].The resulting silicon/PDMS structures can
be reversibly stretched and compressed. Mechanical modeling reveals that wavy
silicon behaves mechanically as an accordion bellows and can accommodate



1.4 Compressive Buckling for Deterministic Assembly 15

(a)

(b)

L

L

50 μm

30 μm

300 μm

0.5 mm

Edge Central

Ledge

λ

λ
2A2

2π/k2

2π/k1

x1

x2
θ

Figure 1.6 (a) Schematic illustration of con-
trolled biaxial buckling of silicon NMs (left
frames). Buckled, stretchable silicon NMs
(∼100 nm in thickness) in a wavy herring-
bone layout bonded to an underlying PDMS
substrate, presented in optical (top) and AFM
(bottom) images (right frames). Left frame:
Reproduced from Choi et al. [43], with per-
mission of American Chemical Society. Right

frame: Reproduced from Rogers et al. [38],
with permission of AAAS. (b) Fully stretch-
able integrated silicon circuit in a wavy
geometry, compressed at its center by a
glass capillary tube (main) and wavy logic
gate built with two transistors (top right
inset) [38]. (Reproduced from Rogers et al.
[38], with permission of AAAS.)

applied strains through changes in amplitudes and wavelengths [42]. As a result,
the peak strains in the wavy silicon layouts can be 10–20 times smaller than the
applied strains, corresponding to a stretchable mechanics that is 10–20 times
higher than the intrinsic fracture limits of the silicon [37, 42].
2D wavy geometries can also be formed in silicon NMs by use of biaxially

prestrained PDMS substrates as shown in left frames of Figure 1.6a [43]. Here,
large NMs are released from SOI wafers with the aid of arrays of small holes
to allow access of HF etchant to the buried oxide layer. Optical (top) and AFM
(bottom) images of as-fabricated silicon wavy structures are in the right frames
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of Figure 1.6a, demonstrating that the NMs form into waves with a herringbone
configuration during the biaxial buckling process. Strains applied in any direction
can be accommodated by corresponding changes in amplitudes, wavelengths, and
spatial layouts of the wavy structures, withmaximum strain levels at 10–20% [43].
The buckling strategies described here only depend on relatively simple, lin-

ear elastic mechanical responses, and can be applied to wide ranging classes of
materials in various geometries, from inorganic nanoribbons, nanomembranes,
to carbon monolayers and nanotubes [39, 44, 47–50]. Buckling has also been
exploited to yield advanced, stretchable, integrated circuit systems using silicon
in wavy layouts on ultrathin plastic substrates, as shown in Figure 1.6b [51]. This
example includes an array of silicon transistors, logic gates, and ring oscillators.
The “soft” elastic nature is demonstrated by the main image in Figure 1.6b, show-
ing the circuit deformed in the center with a glass pipette [38]. The upper inset
shows a pair of transistors in an inverter, indicatingmore complexwavy configura-
tions than those simple sinusoidal and herringbone geometries in Figures 1.5 and
1.6a due to the influences of material and thickness heterogeneity.Themechanics
principles are, however, similar: the wavelengths, amplitudes, and spatial layouts
change to accommodate applied strains in a manner that avoids mechanical frac-
ture of the constituent materials. Systems with this design represent realistic and
scalable pathways to stretchable electronics by the approach of controlled com-
pressive buckling [38].

1.4.3
Patterned Adhesion for Controlled, Large-Scale Buckling

A limitation of the strategy outlined in Figures 1.5 and 1.6 is that the patterns of
buckling arise spontaneously, as dictated by the underlying physics, and themate-
rials and circuit layouts; they are often nonoptimal for achieving high stretchabil-
ity. Introduction of lithographically patterned surface chemistry into the overall
process flow enables precise spatial control over adhesion sites on either PDMS
or silicon surfaces. The result is an ability to engineer the buckling geometries to
advantage in the overall stretchability [45]. Periodic or aperiodic wavy configura-
tions can be created with deterministic control over the entire geometries of the
silicon NMs [45].
Figure 1.7a (left frame) illustrates the fabrication process [45]. To begin with,

PDMS substrates are selectively oxidized in lithographically patterned areas by
UV/ozone exposure or oxygen plasma treatment. These treatments cover the
PDMS surface with hydroxyl termination by removing methyl groups, thereby
enabling interfacial chemical reactions between PDMS and silicon to form
Si–O–Si bonds. Relaxing the prestrain leads to the formation of buckled wavy
structures that, at sufficient levels of prestrain, involves complete delamination
of the silicon from untreated, native PDMS surfaces where the adhesion is
due only to van der Waals interactions. The SEM image in Figure 1.7a (right)
shows buckled silicon nanoribbons in wave structures (∼290 nm in thickness,
∼50 μm in width), formed on a PDMS substrate patterned to yield variations of
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Figure 1.7 (a) Schematic illustration for
delamination buckling of silicon on an elas-
tomeric substrate with lithographically pat-
terned surface adhesion sites (left). SEM
image of the buckled silicon with varia-
tions in wavelengths and amplitudes (right).
(Reproduced from Sun et al. [45], with per-
mission of Nature Publishing.) (b) Moder-
ate (left) and high-resolution (right) SEM
images of silicon NMs (∼100 nm in thickness)

patterned into an open-mesh, arch-shaped,
buckled layouts onto a rubber substrate.
(Reproduced from Rogers et al. [38], with
permission of AAAS.) (c) Stretchable silicon
circuits with an open-mesh design, wrapped
onto a figure tip model, demonstrated in low
(left), moderate (middle), and high (right)
magnification optical images. (Reproduced
from Rogers et al. [38], with permission
of AAAS.)

wavelengths and amplitudes [45]. In such layouts, the maximum tensile strain
applied to the PDMS during the process (i.e., peak strain) is about 100 times
larger than the intrinsic silicon fracture limit, and is significantly larger than
that achieved in fully bonded wavy geometries in Figures 1.5 and 1.6 [45]. By
the deposition of thin films of silicon dioxide to yield the appropriate surface
chemistry, this same approach also can be used for the controlled delamination
buckling of other functional materials such as GaAs [39, 41, 45]. Interestingly, the
buckling amplitudes and wavelengths are approximately independent of material
properties (i.e., Young’s modulus and thickness), and are determined only by the
spatial geometry of PDMS surface treatments and the applied prestrain [45].
The strategy described here can also be used for the deterministic assembly of

open-mesh layouts on elastomer substrates for stretchable electronics, as shown
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in Figure 1.7b [38]. Such buckled, arch-shaped interconnecting structures can
accommodate applied strains of 100% or more [38]. An advanced circuit example
is presented in Figure 1.7c, with arc-shaped cables of metal and plastic in neu-
tral mechanical layouts and silicon devices located on the notes of the mesh. As
shown in Figure 1.7c, this circuit system, which includes 1404 silicon vias and 702
metal lines, can be conformally integrated onto a fingertip model, providing clear
evidence of the scalability of these approaches to active stretchable electronics for
various applications [52].

1.4.4
Deterministic Assembly of Complex, Three-Dimensional Architectures by Compressive
Buckling

Complex, 3D architectures appear in all biological systems, providing sophisti-
cated, essential functions in even the most basic forms of life [53–55]. Inspired
by biological systems, 3D mesostructures of functional materials have broad
envisioned applications frombiomedical devices tomicroelectromechanical com-
ponents, metamaterials, sensors, electronics, and others [46, 56–59]. Existing
approaches such as volumetric optical exposures [60], colloidal self-assembly [61],
residual stress-induced bending [36], and template growth [62] have achieved
great success in making certain class of 3D structures using selective functional
materials, but with various key limitations. Extensions of the controlled buckling
strategies described in Figures 1.5–1.7 can create additional design opportuni-
ties, through compression-induced assembly of micro/nanostructured silicon
NMs on elastomeric substrates. The process involves geometric transformation
of lithographically fabricated 2D silicon NM precursors into sophisticated, 3D
layouts [46]. The process begins with the micro/nanofabrication of 2D silicon
precursors on SOI wafers using the strategy described in Figure 1.1. In the
next step, precisely controlled bonding sites are created at strategic locations
by lithographically defined exposure to UV ozone for the formation of surface
hydroxyl termination (red dots in Figures 1.8a–c). A soft silicone substrate,
which serves as a platform for deterministic assembly, is uniaxially or biaxially
stretched to a large level of prestrain and exposed to UV ozone to generate
spatially uniform hydroxyl groups. Transfer printing (Figure 1.2) allows retrieval
of 2D silicon precursors from SOI wafers and their delivery onto prestrained
silicone surfaces, leading to strong, spatially selective bonding (work of adhesion
>8 J/m2) via covalent linkages due to condensation reactions at the regions
of silicon with hydroxyl groups [46]. By contrast, weak van der Waals forces
dominate interfacial adhesions at all other locations (work of adhesion ∼0.2 J/m2)
[46]. Relaxing the silicone substrates induces large compressive forces on 2D
silicon precursors, which lift the weakly bonded regions of 2D precursors and
deform them into complex, 3D architectures by combined motions of twisting,
bending, and translating. Buckled 3D layouts of silicon NMs are governed by (i)
the 2D layouts of silicon precursors, (ii) the strategic locations of bonding sites,
and (iii) the nature and magnitude of the prestrain in the assembly platform.
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Figure 1.8 (a) Schematic illustration of a
2D silicon precursor with bonding sites
(red; top), SEM image of a single helical
coil formed from this precursor (left), and
corresponding FEA prediction (right). Similar
results for a double helical coil (b), and a
nested, coaxial pair of connected helical
coils (c). (d) SEM image with overlaid FEA
prediction of helical coils with right- and
left-handed chirality, on the left and right
sides of the dashed red line, respectively. (e)
SEM image with overlaid FEA prediction of

structures whose chirality changes abruptly
at the location defined by the dashed red
line. (f ) SEM images and FEA prediction of a
complex 3D mesostructure formed from a 2D
precursor that consists of closed-loop circular
filamentary serpentines and radially oriented
ribbons, selectively bonded to a biaxially
stretched silicone substrate. In all cases, the
color in the FEA results corresponds to the
maximum principal strains. The scale bars in
all images are 400 μm. (Reproduced from Xu
et al. [46], with permission of AAAS.)
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Figure 1.8a highlights a simple case: a uniform, single helical coil buckled from
a 2D silicon serpentine ribbon (2 μm thick, 50 wide) starting with a uniaxial
prestrain of ∼90%. Experimental results (the left SEM image) are in quantitative
agreement with finite element analyses (FEA) with the relative differences below
8.5%. Modifying the patterns of the 2D precursors and the distributions of
bonding sites allows access to dual helices (Figure 1.8b), nested architectures
(Figure 1.8c), helices with different chirality (Figure 1.8d), and even helices with
abrupt changes of chirality at selected locations (Figure 1.8e). A complex, 3D
silicon mesostructure, consisting of a concentric pair of toroids and a sepa-
rate hemispherical “cage” appears in Figure 1.8f. This structure follows from
closed-form circular 2D silicon precursors on equal-biaxially stretched assembly
platforms. The remarkably good agreement between experimental results and
FEA prediction further demonstrates that this strategy represents a deterministic
route for making 3D silicon mesostructures with high fidelity and accuracy. In all
examples of Figure 1.8, the peak strains (from∼0.34% to 0.90%) occur at locations
of large changes in curvature, less than the intrinsic strain limit of silicon (∼1%).
Repeating, mixing, and nesting some basic building blocks can yield large-scale,

interconnected 3D mesoscale networks as shown in Figures 1.9a,b. Figure 1.9a
shows an 8× 8 array of the double-floor helix structure that consists of eight evenly
spaced helices on the first floor, and another eight helices, with the axial direction

8×8 network of double-floor helices

(c)

(a)

Mixed array of tents and tables

(b)

Figure 1.9 (a) Distributed 3D mesoscale
network comprising an 8× 8 network of
double-floor helices, FEA predication (left)
and optical image (right). (b) 3D mesostruc-
tures composed of a mixed array of tents
and tables. The scale bars in (a) and (b) are

400 μm. (c) 3D mesostructures of silicon with
lateral dimensions and thicknesses in the
submicron regime, with overlaid FEA predic-
tions. The scale bars in (c) are 5 μm. (Repro-
duced from Xu et al. [46], with permission of
AAAS.)
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rotated by 90∘ on the second floor. The example in Figure 1.9b corresponds to
a mixed array consisting of four regular table structures, four tilted tables, four
tents, and one double-floor tent at the center. Submicron features are also possi-
ble, as demonstrated in a “starfish” framework that incorporates silicon ribbons
with widths of 800 nm and thicknesses of 100 nm (Figure 1.9c). This same assem-
bly approach can also be used in additional classes of materials, such as metals
(e.g., nickel), dielectrics (e.g., polyimide and epoxy), and patterned combinations
of these, in single crystalline, polycrystalline, and amorphous forms [46].

1.5
Functional Devices Made from Silicon Nanomembranes

Silicon NMs open up device opportunities that would be unachievable with con-
ventional semiconductor technologies. Dissolution of ultrathin silicon in biofluids
leads to the idea of “transient electronics,” where implanted devices are completely
resorbable by the body after a service period to avoid the need for surgical retrieval
[63–65]. Mechanical flexibility in silicon NMs, combined with transfer printing
and compressive buckling strategies, enables integration with biological systems
in an intimate and noninvasive way [66–68]. Examples include electronic sys-
tems assembled on thin, elastomeric sheets that establish conformal contact with
the uneven surfaces of organs, such as the skin, heart, and brain, to perform pre-
cise spatiotemporal measurements [66–68]. When downsized to the dimensions
of individual cells, these semiconductor devices can be implanted in the vicinity
of the cells to realize close-range cellular stimuli and monitoring [69]. Further-
more, bending, stretching of silicon NM-based building blocks to form nonplanar
geometries can be exploited in devising bioinspired devices, such as arthropod eye
cameras and artificial camouflage skins [70, 71]. The following sections describe
examples of such unusual systems in some detail.

1.5.1
Physically Transient Electronics

The stable, long-lived operation of modern electronics becomes a drawback when
one considers implantable biomedical devices that need to function only during
a transient body process such as wound healing. Retrieval of conventional elec-
tronic implants would require surgical intervention, which not only delays patient
recovery, but also poses additional risks. One solution is to take advantage of the
ability of silicon NMs to dissolve by hydrolysis in biofluids, and use them to build
completely soluble electronic circuits on silk substrates with metals such as Mg,
Fe, Zn, and dielectrics such as MgO and SiO2 [63–65].
Figure 1.10a presents a simple prototype of a physically transient circuit

of this type [63]. This example includes various electronic components such
as inductors, transistors, capacitors, and so on, formed on a silk substrate.
Fabrication exploits transfer printing of doped silicon NMs as semiconductors,
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Figure 1.10 (a) Image of a transient elec-
tronic system that incorporates inductors,
capacitors, resistors, diodes, transistors, and
interconnects all on a silk substrate (top left).
Tilted exploded view of the device show-
ing structures of individual components
(top right). The inset shows the top view
of the overall device. The bottom frames
show the time sequence of the dissolution
in DI water. (Reproduced from Hwang et al.
[63], with permission of AAAS.) (b) Exploded
view of an experimental setting to study the
in vitro cytotoxicity and dissolution of sil-
icon NMs (top left). Plot of average height

of silicon NMs as a function of elapsed time,
showing the constant dissolution of silicon
(top right). Fluorescent images of stained
cells after 1, 5, and 10 days of culturing
used for live and dead cell counts (bottom
left). Plot of live (green squares) and dead
(red triangles) cell counts as a function of
elapsed time showing the growth of pop-
ulation (bottom right). The inset shows a
fairly consistent cell viability after 1, 5, and
10 days. (Reproduced from Hwang et al.
[65], with permission of American Chemical
Society.)
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patterned physical vapor deposition of Mg, MgO, and SiO2 as electrical contacts
and dielectrics, respectively, and solution-casting of silk as the global substrate.
Assembling individual parts and applying ultrathin Ti layers to selective regions
as adhesion promoters completes the fabrication. The NM geometries of the
silicon and the thin film nature of the other layers are crucial in this context
because they improve solubility by shrinking material dimensions and maximiz-
ing area-to-volume ratios. At the same time, these same features offer mechanics
that favor integration onto biodegradable, elastomeric substrates, which in turn
creates a system with sufficient flexibility to make intimate contact with the body.
In this example, the silk disintegrates after full immersion in deionized water
for ∼15min (bottom panels of Figure 1.10a). The dissolution time can be tuned
(from couple of seconds up to several months) by adjusting the properties of the
substrate and encapsulation layers, thereby expanding the versatility of transient
electronics from short-term, diagnostic uses to long-term, monitoring purposes
[63].
Biocompatibility of transient electronics represents a critically important con-

sideration for all biomedical applications [65]. In vitro evaluations of the cytotox-
icity and dissolution use an experimental setup shown in Figure 1.10b. Metastatic
breast cancer cells cultured on a substrate with an array of siliconNMs allow rapid
evaluation. The average height of the silicon NMs can be measured as a function
of the elapsed time (top right panel of Figure 1.10b). Fluorescent images of stained
cells (bottom left panel of Figure 1.10b) allow determination of live and dead cell
counts (bottom right panel of Figure 1.10b). The data clearly indicate cell viability
during and after the consumption of silicon NMs, indicating a lack of any measur-
able toxicity [65].

1.5.2
Injectable, Cellular-Scale Optoelectronic Devices for the Brain

Optogenetics is a relatively recent technique in neuroscience research that
exploits light to control neural activity. In the conventional embodiment of this
method, fiber-optic probes that pierce into the depth of the brain deliver light
pulses for stimulation/inhibition. External systems provide the light source,
the power supply, and control. The fiber optic tether not only constrains the
mobility of the animal subjects of optogenetics studies, but also increases the
likelihood for undesirable tissue lesion, irritation, and immune response. A silicon
NM-based optogenetic device design, as shown in Figure 1.11, can avoid these
drawbacks [69].
Figure 1.11a displays the layout of devices that consists of arrays of GaN

microscale inorganic light-emitting diodes (μ-ILEDs) sandwiched between
microscale inorganic photodiodes (μ-IPDs) built using Si NMs, thermal and
electrophysiological sensors, and actuators [69]. These components mount on
a ∼20 μm thick microneedle to facilitate penetration into the brain. Here, the
device and the microneedle adhere together with purified silk fibroin, which is
bioresorbable upon contact with cerebrospinal fluid, thereby releasing the device
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Figure 1.11 (a) Exploded view of an
injectable optoelectronic device. From top
to bottom: a Pt microelectrode for electro-
physiological measurements, a silicon μ-IPD
for optical measurements, a μ-ILED array for
optical stimulation, and a Pt serpentine wire
for temperature measurements and ther-
mal stimulations. The system is mounted
on a microneedle for injection. (b) Process
of device injection. Cerebrospinal fluid dis-
solves the binding silk fibroin, releasing the
device from microneedle. (c) Photograph
of freely moving mice wearing lightweight,

flexible wireless modules. (d) Y-maze setup
to study the effectiveness of the device. The
red arrow indicates the presence of a mouse
wearing the device. (e) Heat map of activity
showing the absence of location preference
in untrained mice (left frame). Map showing
the development of robust location prefer-
ence of trained mice by optical stimulation
(right frame). Panel (d): Reproduced from
Rogers [66], with permission of MRS. Panels
(a), (c), and (e): Reproduced from Kim et al.
[69], with permission of AAAS.
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(Figure 1.11b).The exposed end of the device electrically connects to a lightweight
(∼2.0 g), miniaturized wireless powering module. This construct allows natural
motion, without tether constraints, as is evident in Figure 1.11c [69]. A notable
additional advantage is the capability for delivering light in the direct vicinity of
targeted neurons, while causing negligible local temperature rise. Other features
include extreme mechanical compliance and minimal volume to reduce adverse
effects of implantation, such as neuronal loss, gliosis, and immune responses [69].
The effectiveness of the device can be demonstrated in classical optogenetics

studies, which involve mice in a Y-shaped maze (Figures 1.11d,e). Here, the mice
are free to explore the maze, but receive wirelessly controlled light exposure from
the implanted μ-LEDs only when they enter the bottom right corner. Upon opti-
cal stimulation, dopaminergic neurons that include a channel rhodopsin (a protein
which provides light-activated ions) generate salient stimuli sufficient for behav-
ioral conditioning. As a result, trained mice develop a locational preference after
5 days of exposure, absent any physical reward; the untrained mice, on the other
hand, exhibit no such preference (Figure 1.11e).

1.5.3
Three-Dimensional Integumentary Membranes for Spatiotemporal Cardiac
Measurements

An interesting area of application for stretchable electronics is in conformal
integration with human organs for physiological measurements. For cardiac
mapping, an ideal strategy involves wrapping the heart with an “electronic mem-
brane” that includes various sensors, to perform 3D, close-range measurements.
Such an integumentary circuit can be realized using the design depicted in
Figure 1.12a [67]. Semiconductor sensors with various relevant functionalities
can be constructed using standard planar fabrication processing, and then
subsequently transferred onto a thin elastomeric substrate. Attaching this sheet
onto a solid replica of the heart, followed by casting and curing of another silicone
elastomeric layer and carefully peeling the layers off the replica renders the final
3D device system.
Figure 1.12b shows various components, including gold electrodes for electro-

cardiography (ECG) and stimulation, silicon NM strain gauges for monitoring the
motion of the heart, InGaN μ-ILEDs for optical mapping, iridium oxide pads for
pH detection, and gold serpentine resistors for thermal sensing and stimulation.
Each component works independently and in a complementary fashion to yield
complete information about the heart [67].
Due to its conformal integration with entire epicardial surface, this type of

integumentary circuit enables 3D, spatiotemporal mapping of various parameters
that are otherwise expensive or cumbersome to determine with conventional
cardiac measuring techniques. 3D electrophysiological mapping of the heart
can be constructed using electrical signals recorded by the gold electrodes, as
shown in Figure 1.12c. Incorporating a variety of sensors also greatly expands the
functionality of the device. For instance, pH mapping provides key information
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Figure 1.12 (a) Anterior view of a device
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the posterior view. The scale bars are 6mm.
(b) Enlarged views of the metrical compo-
nents. The scale bars are 500 μm. (c) Various
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monitoring of the heart during cold perfu-
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from Xu et al. [67], with permission of Nature
Publishing.)
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on the cardiac metabolic state, while pressure and temperature mapping help
identify abnormal behaviors (Figure 1.12c). The sensors can be inverted by
passing currents to enable thermal or electrical stimulation for therapeutic
intervention. These features define a promising clinical approach for diagnosing
and treating heart diseases through the application of a noninvasive, conformal
thin-sheet device [67].

1.5.4
Arthropod Eyes Inspired Digital Camera

There is long-standing interest in the development of imaging devices that resem-
ble the eyes of arthropods, due to distinct advantages in a wide-angle field of view,
infinite depth of field, low aberrations, and acute sensitivity to motion. However,
the hemispherical layout of a compound eye lies outside of the realm of possi-
bilities afforded by conventional planar semiconductor technologies. Arrays of
photodetectors constructed with silicon NMs and interconnected using buckling
concepts described previously can be rendered into the appropriate geometry as
shown in Figure 1.13 to form a bioinspired imaging system that fully adopts a
hemispherical shape [70].
For the fabrication, arrays of microlenses (made of elastomeric PDMS and

supported by cylindrical posts) are precisely aligned with the photodetectors
to allow optimal focusing (Figure 1.13a). Each photodetector is interconnected
using serpentine metal wires for signal retrieval. To complete the camera, the
assembled devices are integrated with a black matrix to eliminate the optical
crosstalk (Figure 1.13b). Key requirements in the fabrication include maintaining
the exact optical alignment and avoiding fracture of critical components during
deformation. These outcomes are partly achieved through chemical modifica-
tions of adhesion between the optical and the electrical layers to allow selective
bonding only at the locations of the microlens and photodetectors, using surface
chemistries described previously. Consequently, the freely moving, serpentine
metal interconnects have negligible contribution to the overall mechanics. The
whole device structure then behaves mechanically much more like the PDMS
used for the optical layer than like the hard materials used for the electrical layer.
This response is supported by both micro-XCT and finite element modeling
(FEM), where the effective modulus of the device is shown to be ∼1.9MPa, and
the maximum strain can reach 50% in equibiaxial tension before fracture of the
electrical components (Figure 1.13c) [70].
The camera operation involves focusing of light onto each photodetector via a

correspondingmicrolens, with omnidirectional identical fidelity and an image res-
olution defined by the total number of photodetectors. Images collected at differ-
ent angular directions of the camera can be combined to improve the resolution,
a process adopted in arthropods through eye movements. Figure 1.13d (top) dis-
plays images of a soccer ball captured at a polar angle of −50∘, 0∘, and 50∘ rela-
tive to the camera; Figure 1.13d (bottom) shows images of a triangle and a circle
placed at different distances relative to the camera.The invariant image resolution
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suggests wide-angle field of view and infinite depth of field [70]. Such cameras can
be useful in surveillance, endoscopy, and landscape photography.

1.5.5
Cephalopod Skins Inspired Optoelectronic Camouflage Systems

The last example is related to the application of silicon NMs in adaptive camou-
flage systems inspired by the skins of certain cephalopods. A representative system
is shown in Figure 1.14a.The top artificial chromatophore (ac) layer incorporates a
matrix of microencapsulated, composite dye materials that switch between black
and white when heated below and above 47 ∘C [71]. A highly reflective silver layer
serves as an artificial leucophore (al). Subsequent layers consist of arrays of actua-
tors and photodetectors derived from silicon NMs.The former acts as an artificial
muscle (am) to enable pixelated color change in the artificial chromatophore layer
through controlled Joule heating; the latter functions as an artificial opsin (ao) for
light detection.The as-fabricated structure can be bent and stretched without any
functional degradation (Figure 1.14b).
During operation, each photodetector senses illumination above (or below) its

associated pixel, and sends electrical signals if a threshold value is exceeded. Exter-
nal control electronics then routes current to the co-located actuators, to heat the
topmost dye pixels and induce a color change that matches, in a binary sense, the
environmental brightness [71]. An experimental setup that involves a patterned
background can be used to demonstrate the effectiveness of this type of artificial
camouflage system. Figure 1.14c shows screenshots from a movie (extracted time
in the lower right), indicating adaptive patterns subject to a continuously varying
background.

1.6
Conclusions and Outlook

As outlined in this chapter, high-quality silicon NMs with precisely controlled
thicknesses and lateral dimensions can be fabricated from single-crystalline

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 1.13 (a) Photograph of a compound,
hemispherical imaging system, with the inset
showing top magnified view of one pair of
aligned microlens and photodetector. (b)
Photograph of the completed apposition
camera. (c) Micro X-ray computed tomog-
raphy (XCT) and finite element modeling
(FEM) results showing strain distribution after
full development into hemispherical shape.
The inset illustrates that maximum strains
developed in critical components such as
the microlens (∼2.0%) and the photodetec-
tors (∼0.4%) are much smaller than those

in the PDMS base (∼50%). (d) Pictures of a
soccer ball captured at three polar angles
relative to the center of the camera: −50∘
(left), 0∘ (center), and 50∘ (right), to illustrate
the wide-angle field of view (top). Pictures
of a circle and a triangle, where the circle
is placed at different distances to demon-
strate the infinite depth of field (bottom).
Panel (c): Reproduced from Rogers [66] with
permission of MRS. Panels (a), (b), and (d):
Reproduced from Song et al. [70], with per-
mission of Nature Publishing.
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Figure 1.14 (a) Exploded view of an adaptive
camouflage skin. Layer components from top
to bottom are the artificial chromatophore
(ac) made of microencapsulated dye, the arti-
ficial leucodye (al) made of silver deposition,
the artificial muscles (am) made of silicon
actuator arrays, the PDMS intermediate layer,
and the artificial opsins (ao) made of silicon

photodetectors. (b) Photograph of the bent
and stretched device. (c) Screenshots from
a movie (extracted time in the lower right)
indicating adaptive patterns subject to a
continuously varying background. (Repro-
duced from Yu et al. [71], Copyright (2014)
National Academy of Sciences, U.S.A.)

silicon wafers in large quantities using selective or anisotropic wet-chemistry
etching methods. Well-developed transfer-printing techniques can be used to
nondestructively integrate micro/nano-structured NMs into advanced electronic
circuits on substrates of interest, with high transfer yields and minimal levels of
positional/orientational disorder. Controlled buckling strategies enable the deter-
ministic assembly of micro/nanostructured NMs onto compliant substrates to
form sophisticated, 3D architectures. Such structural designs facilitate the utility
of silicon NMs in stretchable electronics by not only rivaling electrical properties
of those of rigid, planar silicon-based integrated circuits, but also embodying
mechanical flexibility and stretchability without damaging or fatiguing the silicon.
These and other advanced synthetic and assembly concepts for siliconNMs create
new possibilities in device designs with broad societal value. A variety of silicon
NM-based advanced functional device systems have been achieved, including
physically transient circuits, injectable systems, and cellular-scale optoelectronic
devices for the brain, 3D integumentary membranes for spatiotemporal cardiac
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measurements, arthropod eye-inspired digital cameras, and artificial cephalopod
skins as optoelectronic camouflage systems.
Future fundamental research efforts on silicon NMs will likely focus on the

further developments of efficient and cost-effective approaches to fabricate bulk
quantities of high-quality NMs with precise geometries; to stack NMs hetero-
geneously with well-controlled surface/interfacial properties; and to nondestruc-
tively deform NMs into unusual, stretchable 3D configurations to match biologi-
cal tissues for advanced biointegrated device systems. Other basic scientific chal-
lenges are to modulate the band gap properties of NMs by engineering strain
distributions, and to reveal and modify fundamental features of NMs induced by
nanoscale geometries [13].
The most compelling engineering possibilities for silicon NMs include further

developments in NM-based biointegratable/bioinspired circuits to address
important issues in human health. The future goal lies in the realization of
sophisticated electronic systems, which can wrap onto the complex surfaces of
biotissues, dissolve at programmed rates in biofluids, communicate and charge
wirelessly inside the human body, and provide integrated functions in living
systems [13]. In addition, silicon NM-based stretchable electronics also have
utility in active antennas for communications, conformal sensors for structural
health monitoring of aircraft, and even perhaps for bendable and stretchable
cellphones [38].
The exciting fundamental challenges and the diverse engineering topics with

broad societal impacts foreshadow a promising future for this field of NMs
research.
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