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Received 12 December 2017 Silicon (Si) and/or germanium (Ge) nanomembranes (NMs) play crucial roles in various applications,
Received in revised form 3 February 2018 including conventional microelectronics, as well as recently emerging high-performance flexible/
Accepted 15 February 2018 stretchable electronics. Because of their superior mechanical properties, such as flexibility, strain-ability,
Available online xxx and bond-ability, Si/GeNMs can be strain-engineered, functionalized, and assembled into two/three-
dimensional (2D/3D) micro/nano-architectures and devices. These features offer significant oppor-
Kf?}"WOTdSI ) tunities in nanoscience and for the development of nanotechnology. Strain engineering of semiconductor
Silicon/germanium nanomembranes NMs enables the modification of their physical properties, in particular those of Si and Ge (e.g., carrier
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mobility, band structure), thus creating enormous potential for use in high-speed rigid/flexible
electronics, optoelectronics, and nanophotonics. The mechanical properties of NMs allow large
deformations at the micro/nano-scale, via self-assembly or guided self-assembly, leading to 3D micro/
nano-architectures, including tubes, wrinkles, buckles, and mesostructures. The transformation from 2D
planar NMs to 3D micro/nano-architectures again strongly influences physical properties (e.g.,
mechanics, optics, and electronics), providing fascinating applications in sensing, energy harvesting,
bio-integration, and flexible/stretchable electronics. In this Review, the recent progress in strain
engineering and mechanical assembly of Si/GeNMs is reviewed, ranging from fundamental principles to
device applications.
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Fig.1. Main features of single-crystalline Si/GeNMs: (i) shapeable: geometry transformation from 2D planar NMs to 3D micro/nano-architectures, including wrinkles/buckles
[15], rolled-up tubes/helixes [13], and pop-up origami mesostructures [14]; (ii) strain engineerable: tuning the physical properties of Si/GeNMs under tensile uniaxial or
biaxial strain for enhanced charge-carrier mobility of Si [12,19,22,23], or energy-band engineering of Ge [20,21]; (iii) transferrable: integration onto either flexible or rigid
(including transparent) substrate [ 18], depending on intended application; a demonstration of a SINM-based array on a double-convex polycarbonate magnifying glass [18],
which demonstrates potential for applications in transparent electronics; (iv) patternable: Si/GeNMs processed into wires [10], ribbons [24], open meshes [12], and other
complex structures.
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1. Introduction

The enormous success in microelectronics or solid-state
electronics demonstrated by group IV materials, especially silicon
(Si), has led to considerable efforts by both academic and industrial
researchers to expand understanding and technical applications.
For microelectronics, Moore’s law [1], first articulated in 1965, has
been regarded as the paradigm that guides advancements in
semiconductor technology. In the past decades, the Si-based
microelectronics industry has gradually implemented several
generations of technology nodes, continuing to extend Moore’s
law, including the most recent features, such as SOI (silicon-on-
insulator) technology, strain engineering, and high-dielectric-
constant (high-k) technology. Each node has exhibited not only
economical new fabrication processes, but also improved transis-
tor performance, including higher speeds and integration levels
(i.e., field-effect transistors [FET] with smaller channel lengths),
and lower power demands. However, as the channel length
shrinks, the physical limits of pure Si are becoming significant
problems. As a result, non-Si materials with high carrier mobility
are being considered to replace or complement Si-transistor
channels. To that end, germanium (Ge), which had already been
considered and investigated when the first transistors were
developed, is now being rediscovered because of its tremendous
potential to operate at high speeds with low power requirements.
Ge or SiGe alloys may become attractive options for future
semiconductor technology not based on pure Si [2].

(a) Thick p-doped Si
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The remarkable development of the worldwide solid-state
semiconductor industry has so far always been able to fulfill the
demands of software developers and consumers regarding
computational capabilities and desired new commercial devices.
Even so, it is recognized that the unavoidable heat generated by the
extremely dense integration of circuitry, plus other problems
associated with high integration, will soon cause the collapse of the
Moore’s Law miracle. Many complementary or alternative
approaches using novel designs and devices are therefore being
implemented to expand the range of applications for the
traditional group IV materials (e.g., Si and Ge). These approaches
include property modifications through strain engineering, 3D
micro/nano-architectures, and flexible/stretchable electronics,
among others [3-9].

A significant platform for boosting this evolution is the single-
crystalline Si, Ge, or SiGe alloy nanomembrane (NM, a thin sheet
with nanometer to sub-micrometer thickness, free of substrate
constraints at some stage in its life). The NM offers many superior
features, including shapeability, strain-engineerability, transferr-
ability, and patternability [3-23], as summarized in Fig. 1. Because
of their compatibility with existing conventional complementary
metal-oxide-semiconductor manufacturing technology, Si/GeNMs
can be processed like a bulk wafer and shaped into any desired
structure, such as micro/nano-wires [10], ribbons [11,24], open
meshes [12], or other complex structures. Moreover, owing to their
nanoscale thickness, which allows them to be pliable, rollable, and
shapeable, Si/GeNMs can be assembled into three-dimensional
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Fig. 2. Band structure effects in Si/GeNMs: (a) schematic diagrams of band alignments in bulk Si, ultra-thin SINMs terminated by oxide layers, and clean ultra-thin Si with a Si/
vacuum interface reconstructed into a (2 x 1) structure [4]; (b) schematic diagram of the band structure of bulk Ge at room temperature [30]; (c) thickness effect on band-

gaps of amorphous-GeNMs [31].
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architectures, including tubes [13], 3D origami mesostructures
[14], and wrinkles and buckles [15], through proper strain
engineering. These features can be exploited for recently emergent
inorganic flexible/stretchable electronics [16,17].

It is thus evident, as NMs can be easily transferred and
integrated onto flexible, rigid, or transparent substrates of nearly
any material, that many opportunities exist in the fields of
inorganic flexible/stretchable devices, epitaxy-free hetero-inte-
gration, and transparent electronics [18]. In addition to the state-
of-the-art doping of Si/GeNMs, their physical properties, especially
band structure and charge carrier mobility, are tunable via strain
engineering [12,19-23].

Below, we will review the basic properties of single-crystalline
Si/GeNMs in Section 2; their synthesis and assembly strategies will
be discussed in Section 3; in Section 4, the strain engineering of Si/
GeNMs will be comprehensively reviewed, including the technical
relevance, strained-Si technology, and tensilely strained Ge;
mechanical assembly methods, mechanical principles, and the
novel physical properties of 3D Si/GeNM-based micro/nano-
architectures will be described in Section 5; in Section 6, various
potential applications in sensors and transducers, bio-platforms,
optoelectronics, energy harvesting, and flexible/stretchable elec-
tronics will be discussed; we will conclude with a brief summary
and assessment of potential future developments and challenges.

2. Properties of Si/GeNMs
2.1. Energy band structures

Unlike in bulk materials, where large numbers of atoms
contribute to the energy band structure, quantum confinement
effects are induced in any semiconductor material that is
sufficiently thin [25,26], with important implications for that
material’s energy band structure. For instance, the energy bands in
SiNMs can be quite different from those of bulk Si because of the
influence of interface and/or surface states [4,27-29]. For a sheet of
p-doped Si thicker than 100 nm, for example, the bulk arrange-
ment of atoms contributes more to the corresponding band
structure than do the interface and surface states, and the band
structure is quite similar to that of bulk Si [4], as shown in the left
panel of Fig. 2(a). If the thickness of the SINM decreases to less than
20 nm, the interface states of the oxide layer to which the SiNM is
bonded will play a dominant role in trapping charges, and deplete
the thin SiNM. Thus, the Fermi level (Eg) is pulled closed to the mid-
gap, like intrinsic Si [4], as illustrated in the middle panel of
Fig. 2(a). The situation will be far different if the SINM is exposed to
the vacuum, and the surface will reconstruct into a (2 x1)
structure to minimize the dangling bonds [27]. Calculated results
indicate that surface 7 and 7* bands are also formed due to the
charge transfer in tilted dimers, as sketched in the right panel of
Fig. 2(a). Also, the Fermi level is pulled down close to the bulk
valence band to balance the charges.

Thickness effects on band structures can also be observed in
GeNMs. Fig. 2(b) shows, for example, the band alignment of
crystalline bulk Ge, which clearly reveals an indirect band-gap
feature [30]. The band-gap from the conduction-band minimum to
the valence-band maximum is about 0.66 eV. For GeNMs deposited
by electron-beam evaporation, thickness has been theoretically
and experimentally demonstrated to have a significant influence
on the bandgap, as illustrated in Fig. 2(c) [31], a result that to us
seems rather puzzling and challenging. The bandgap of deposited
Ge films increases as the thickness decreases, and it is much larger
than that of the bulk crystal if the thickness is less than 10 nm. The
thickness dependence of the band-gap can be attributed to the
one-dimensional quantum confinement effect and the amorphous
effect in GeNMs [31].
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Fig. 3. The calculated thickness dependence of the sheet resistances for SINMs with
different bounding layers, with a comparison to an experiment for one case [27].
The diagrams show the respective bounding layers. The red curve assumes the band
diagram shown in the right panel of Fig. 2(a), with a (2 x 1) surface reconstruction.
The oxide/Si interface states are assumed to be the same for both curves. The reason
the sheet resistance is so much lower for the red curve is that its charges can be
easily transferred from the “bulk” valence band to the surface conduction band,
creating mobile charges in the bulk valence band. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

2.2. Electrical conductivity

The electronic transport properties of NMs tend to be
significantly different from those of bulk material, for several
reasons. We use Si to illustrate the mechanisms influencing the
transport properties of NMs. Fig. 3 shows the sheet resistances of
SiNMs for two conditions: one for which the SiNM is sandwiched
by two oxide layers (upper curve, right inset structure) and the
other for which the SiNM is directly exposed on one side to
vacuum, with a clean reconstructed Si(001) surface (lower curve,
left inset structure) [27]. The most fundamental aspect is that as
the thickness of the NM decreases, the total number of dopants
existing per unit area becomes smaller and smaller. Therefore, the
sheet resistance increases with the decrease of thickness for both
situations, as shown in Fig. 3.

That alone does not explain the difference between the blue and
red curves. That difference depends on the surface and interface
states and the possible existence of a surface band structure that is
distinct from that of the bulk form. As a NM becomes thinner,
surface and/or interface states will gradually come to play the
dominant role in the NM conductivity [27-29,32-34]. For instance,
for a typical doping level of 10'> cm~3, the density of dopants for a
100 nm-thick SiNM is only 10'cm~2. In contrast, at a Si/oxide
interface, the density of interface states, in forms of Si dangling
bonds, is about 10'! cm~2[4,27]. Such states can trap charges at the
interface, preventing their participation in conduction. As a result,
the SiNM becomes depleted, with the sheet resistance rapidly
increasing as the NM gets thin enough, approaching that of
intrinsic Si, which indicates that the Fermi level is pinned close to
the mid-gap (Fig. 2(a)). Thus, the electrical conductivities of thin
oxide covered SiNMs are dependent on the competition between
interface traps and dopants.

The electrical conductivity of a NM can therefore be modified by
manipulating the interface conditions. In the case used for
illustration here, the oxide layer is removed from one side to
form a clean surface. For a Si (001) NM with a clean surface, a
(2 x 1) reconstruction forms to minimize the dangling bonds on
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the surface [4,27,29]. This re-bonding forms surface m and w*
bands, which are positioned such that the bandgap between the
surface 7* band and the maximum of the “bulk” Si valence band is
about 0.35-0.6 eV, which is much less than the bandgap of bulk Si
(1.1 eV). Thus, thermally excited electrons can cross this gap much
more easily than the bulk band gap, as would be required for the
SiNM covered by oxide layers, even though one oxide layer is
assumed to be identical in both situations. This excitation of
charges from the “bulk” valence band of Si to the surface band,
termed “surface transfer doping” shown in the right panel of
Fig. 2(a), creates mobile holes in the “bulk” valence band; and the
conductivity increases markedly, even if the charges transferred to
the surface remain immobile [27,34]. The red curve in Fig. 3 shows
the effect on conductivity of introducing a surface band into which
charges can be transferred easily. Such surface bands exist in many
NM materials or can be introduced artificially via surface
modification to manipulate the corresponding electrical conduc-
tivities of the thin sheet [34].

2.3. Opto electronic properties

Recently, a gate-controlled photovoltaic effect and negative
transconductance in ultra-thin SiNM-based Schottky transistors
with both asymmetric and symmetric contacts were demonstrated
[35,36]. The device was built on a SOI material, with a Si substrate
serving as the back gate; an ultra-thin SiNM top with a thickness
down to 27 nm was the active channel. The source and drain
electrodes, asymmetric (Ti and Cr/Au) and symmetric (Cr/Au and
Cr/Au) contacts, were realized by electron-beam evaporation and
liftoff. A typical device with asymmetric contacts is sketched in
Fig. 4(a).Fig. 4(b) and (¢) show currents through the channel versus
gate voltage at a fixed drain voltage (—0.1V) for both types of
transistors. Without light illumination, both transistors behaved
like Schottky barrier-dominated source and/or drain contacts with
ambipolar characteristics. When the middle of the SINM channel
was illuminated with a focused laser spot, unusual current-voltage
curves with negative transconductance behaviors were observed
for both transistors. As the gate voltage increased, the current
firstly increased to a high level, and then decreased before rising
again moderately. This unusual negative transconductance can be

(a)

Laser spot

attributed to the photovoltaic effect in both transistors, which is
extremely sensitive to the Schottky barriers at the source and
drain, thickness, and strain fluctuations in ultra-thin SiNM tops
(27 nm). Moreover, Schottky barriers can be strongly affected by
light illumination and surface states when the SiNM is extremely
thin (e.g., 10 nm) [37].

Other novel optoelectronic properties can be achieved in rough
SiNM-based transistors, such as giant persistent photoconductivity
(GPPC) [38]. The SiNMs were roughened by chemical etching in
KOH solution with a Cr layer as the mask. A typical atomic force
microscope (AFM) image (Fig. 4(d) inset) demonstrates that the
roughening treatment can produce ridges and valleys on the NM
surface. The currents (Ips) varying with the voltage (Vps) of the
transistors were measured with and without light, and the gate
voltage was set at 0 V. In the dark, when the device was biased at a
positive voltage, the rough surfaces suppressed carrier transport,
inducing extremely low currents (~0.03 wA/pwm) compared to
those induced when it was biased at a negative voltage (-20V,
10.3 pA/pm). However, this suppression was dramatically over-
come by illumination, as demonstrated in Fig. 4(d). Additionally,
the highly conductive state in a rough SiNM, activated by the light,
is able to persist for an extremely long time after the light is
removed (more than one day), as shown in Fig. 4(e). This
exceptional phenomenon in rough SiNMs is called GPPC. The
same tests were performed on smooth SiNMs for comparison;
however, no GPPC effect was observed, as shown in Fig. 4(e) (inset).
It is thought that the presence of the large amount of ridges and
valleys generates barriers for carriers, and localizes them in rough
SiNMs. Light can activate the immobilized carriers and thus
inducing the GPPC effect [38]. These experimental studies and
theoretical investigations may pave the way for fabricating novel
Si/GeNM-based optoelectronic devices.

2.4. Thermal conductivities and thermoelectric properties

The extreme thinness of Si/GeNMs also strongly influences the
thermal conductivity and thermoelectric properties. In order to
investigate the thickness effect on the thermal conductivities,
suspended SiNMs with different thicknesses were fabricated by
back etching a SOI substrate [39], as schematically illustrated in
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Fig. 4. (a) Schematic diagrams of a representative SiNM-based transistor with asymmetric contacts. A laser spot with tunable power and position was utilized to illuminate
the SiNM channel. Ips-V properties of SiNM based transistors with asymmetric (b) and symmetric (c) contacts. Both devices were measured with and without laser
irradiation [36]. (d) Ips-Vps properties of a rough SiNM-based transistor in the dark and under light. The inset shows a typical AFM image of a rough SiNM. (e) Typical GPPC
results for a rough SiNM-based transistor at Vps=20V and Vg =2V. The inset shows the normal photoresponse of a smooth SiNM [38].
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Fig. 5. (a) Schematic diagram of a suspended SiNM fabricated by back etching a SOI substrate, and the measurement configuration consisting of an incident laser (514.5 nm
wavelength) and power meters (Pg, Py, Pr). (b) Optical-microscopy image of a representative suspended SiNM. (c¢) HR-TEM image of a representative single-crystalline SINM.
(d) Thermal conductivities of SINM normalized to the bulk Si value (k/kpu) varying with thickness (solid red balls). The theoretical prediction using the Fuchs-Sonheimer
model (gray dashed line), and the experimental results of SOl and membranes are shown for comparison. (For the references in Fig. 5d about the experimental results of SOI
and membranes, the reader is referred to Ref. [43] and finds the cited literatures.) (a-d) reprinted from Ref. [39]. (e) The thermoelectric figure of merit, ZT, of SiNMs as a
function of the carrier concentration at 300 K [43]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5(a). The thicknesses of the SiNM were controlled by gradual
thermal oxidation, followed by removal of the oxide layer. Fig. 5(b)
shows the optical-microscopy image of a representative as-
fabricated suspended SiNM. The wrinkling of the NM results from
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the release of compressive strain that was created during the
thermal-oxidization process. Fig. 5(c) shows a typical high-
resolution transmission electron microscopy (HR-TEM) image of
the suspended SiNM, which confirms the single-crystalline nature.
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Fig. 6. (a) Calculated results of critical bending radii for different Si films with thicknesses ranging from 1 nm to 500 pwm. (b) Calculated results of flexural rigidities and energy
release rates for SiNMs varying with thickness [3]. (c) Digital image of a Si wafer with a thickness of 500 pwm. (d) 200 nm-thick Si membrane on PDMS substrate. (e) SEM image
of 2 nm-thick SiNM, showing extreme bendability without fracturing [3].
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A series of SiNMs with thicknesses ranging from 9 nm to 1.5 um
were measured by Raman thermometry, a novel contactless
technique, to reveal the relationship between the Raman shift and
the absorbed power. The thermal conductivity can be extracted
from the absorbed power and temperature rise at the spot by
solving the 2D heat equation [40,41]. Fig. 5(d) shows the
normalized in-plane thermal conductivities (k/kgux) of SiNMs
with various thicknesses. As the thickness decreases, the thermal
conductivity correspondingly decreases, which agrees well with
the theoretical model if the shortening of the mean phonon free
path caused by phonon scattering at the boundaries is considered.
When the thickness decreases to 9 nm, the corresponding thermal
conductivity (~9 W/mK) exhibits a 16-fold reduction with respect
to the bulk value (~150 W/mK) [42].

The interfaces between NMs and their supporting substrates
also strongly affect their thermal conductivities. As shown in

(a) Release
Sio,
—
Etch in HF
(b) Mask

sio,

—
Etchin KOH

tch in KOH

Fig. 5(d), the thermal conductivities of SOI are consistently larger
than those of suspended SiNMs with the same thickness [43]. D. P.
Schroeder et al. indicated that the mechanically van der Waals-
bonded interfaces of transferred NMs had extremely low
interfacial thermal resistance [44]. Moreover, the surface con-
ditions of mechanically created interfaces between like materials
can affect the interfacial thermal resistance up to 300%. By
introducing nanoscale surface engineering, including nanostruc-
turing [45], morphology (rough or smooth) and composition
(with/without a native oxide layer) [46], the thermal conductivi-
ties of NMs can be effectively tuned over 1-2 orders of magnitude.
In addition, thermal conduction is also strongly determined by
surface orientation and exhibits remarkable in-plane and out-of-
plane anisotropy, which are induced by the interplay between
boundary scattering and the anisotropy of phonon dispersions
[47].

(d)
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' N ' Si
gSioz
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Fig.7. (a)Release of a SiINM from a SOI wafer by selective etching of the underlying SiO, layer with HF. Optical-microscopy image of a typical released SiNM with large area [3].
(b) Release of a SINM from a SOI wafer by back etching of the Si substrate with KOH. Optical-interferometry image of a released 100 nm-thick Si membrane made by back-side
etching [59]. (c) Generating multilayer stacks of SiNMs from bulk wafers by anisotropic etching in KOH. The cross-sectional SEM images show two stages of the fabrication of
multilayer stacks of SINMs: etched in KOH for 2 min (left) and 5 min. (middle). SEM image of SiNMs generated from bulk wafer [62]. (d) Controlled spalling to exfoliate pre-
fabricated devices and circuit from the rigid SOI wafer. A digital image of a 4-inch flexible ultra-thin-body, Si-on-insulator (UTB-SOI) circuit, prepared by this strategy, is also
presented [63]. (e) Release of flexible Ge membranes by smart-cut process using a polyimide support [64].
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One of the most promising applications for tuning the thermal
conductivity of NMs is thermal management, which is critical in
thermoelectric problems, energy harvesting, and the cooling of
integrated circuits, as electronic device dimensions continue to
shrink [44,48]. To obtain a high thermoelectric figure of merit (ZT),
two strategies can be followed: (1) reducing the thermal
conductivity, and (2) increasing the electronic power factor. The
work described above indicates that the thermal conductivity can
be remarkably reduced by thinning a Si film into a NM, as well as
surface engineering. Fig. 5(e) summarizes the theoretical pre-
dictions of the thermoelectric properties of SiNMs with a native
oxide layer of various thicknesses and doping levels [43].
Remarkably, the highest ZT, a value of 0.2 (50 times larger than
the bulk value), is achieved for 6.4 nm SiNMs with a high doping
level (~3 x 10'®). Further reducing or increasing the thickness (or
doping level) does not improve the thermoelectric performance.
Another approach for improving the thermoelectric performance
is enhancing the electronic power factor. H. J. Ryu et al. presented a
method for measuring the thermoelectric properties of a Si
nanoribbon, and obtained a significantly enhanced power factor
for nanoribbons by increasing the carrier density with an
integrated back gate [49]. In a practical system, however, carriers
can be provided by surface-transfer doping [28,50], which replaces
either bulk doping or a metallic gate.

2.5. Mechanical properties

Anything thin enough can be flexible. It is difficult to bend
conventional Si/Ge wafers (see digital Si wafer image in Fig. 6(c)) or
exploit them for applications in flexible/stretchable electronics,
because of their rigidity and brittleness. A reduction in thickness
creates the possibility for these brittle wafers to become pliable. In
particular, the critical bending radius (R.), defined as the bending
radius at which a material starts to fracture, can be estimated by
Rc=t/(2%€fracture) [51], where t is the thickness, and &pqacure 1S the
fracture strain. Values for critical strain vary (up to a theoretical
elastic limit of 17-20% [52]). If one uses conservatively 1% for Si
[15], the critical bending radii for films with different thicknesses
can be calculated, and the results are summarized in Fig. 6(a). The
critical bending radius decreases linearly as the thickness shrinks.
For a NM with a thickness of 200 nm, as shown in Fig. 6(d), for
example, the critical bending radius is calculated to be 10 pm,
which is far less than the diameter of a human hair (~100 pm). For
conventional bulk wafers, however, the value of R. approaches
0.1 m, which means they are hard to bend. Fig. 6(e) shows a typical
scanning electron microscope (SEM) image of SiNMs (2 nm in
thickness) exhibiting exceptional pliability [3]. As a corollary to the
critical bending radius, the flexural rigidities of extremely thin
NMs (down to 2 nm) can be more than fifteen orders of magnitude
smaller than those of bulk wafers (~500 wm in thickness) [3], as
shown in Fig. 6(b).

Moreover, the energy release rates, also taken as separation
energies for opening of interfaces between NMs and their
supporting substrates, a process which plays a dominant role in
conformal multilayer stacking by transfer printing, decrease
linearly with the thickness of the NM, as shown in Fig. 6(b) [3].
Transfer printed conformal multilayer stacks of Si/SiO are realized
by multiple steps of SiNM transfer printing and thermal oxidation
[53]. Such stacks can be exploited for photonic components (e.g.,
distributed Bragg reflectors, DBRs). The combination of decreased
critical bending radii, flexural rigidities, and energy release rates
for NMs (here specifically SiNMs) provides various possibilities,
such as assembly into diverse non-planar 3D micro/nano-
architectures, or stacking into multilayer assemblies on surfaces,
that cannot be achieved by wafer-bonding techniques or epitaxy
systems. Such non-planar constructions and stacks enable

emergent unconventional applications, especially in flexible/
stretchable electronics [6,54].

3. Strategies to synthesize and assemble Si and GeNMs

The development of approaches to create Si, Ge, or SiGeNMs
with precisely controlled thickness, lateral dimension, and doping
type/concentration is crucial for their applications in high-
performance and reliable electronic and optoelectronic devices.
In a route similar to the synthesis of graphene or other 2D materials
exfoliated from solids with layered structures, Si/GeNMs can be
formed by chemical or mechanical release from bulk materials
(e.g., Si from SOI, Ge from GOI (GOI: germanium-on-insulator)).
The NMs thus obtained naturally keep the properties of the bulk
material, such as crystallinity and doping type/concentration. In
order to integrate them into functional devices, as-fabricated free-
standing Si/GeNMs should be assembled onto supporting sub-
strates. In the following parts of this paper, various strategies for
synthesizing and assembling Si/GeNMs are described in detail.

3.1. Synthesis methods

SOI/GOI materials, with unique sandwich structures (i.e., Si/Ge
top, oxide middle, and Si substrate), provide ideal platforms for
synthesizing Si/GeNMs by the selective removal of the buried SiO,
layer with hydrofluoric (HF) acid, as shown in Fig. 7(a) [3]. By
utilizing photolithography and reactive ion etching (RIE), the top
Si/GeNMs can be patterned into various geometries, such as
ribbons, wires, etc. It should be noted that to fully undercut or
accelerate the etching process of the sacrificial layer, small “etching
window” arrays, shown in the right panel of Fig. 7(a), are usually
employed. The back side etching of handle wafers (Si substrates)
provides an alternative approach for synthesizing larger-area,
continuous Si/GeNMs, as displayed in Fig. 7(b). The handle wafer
can be selectively removed either by wet chemical etchants (e.g.,
KOH) [55-59], or by a dry RIE process [60,61], where the buried
oxide layer (BOX) acts as an etch-stop for both cases, resulting in
the formation of larger-area, continuous Si/GeNMs. The shape and
size of the released NMs are determined by the pre-designed
etching mask. The right panel of Fig. 7(b) shows a typical released
SiNM with a size of 1.8 mm x 2.4 mm from SOI [59]. The most
remarkable advantage of the two methods just given is that the
properties of the achieved Si/GeNMs, such as thickness, doping
level, crystalline quality, etc., are completely determined by the
donor sources, i.e., the SOl and/or GOl materials. Therefore, one can
obtain Si/GeNMs on demand by choosing the appropriate SOI/GOI
source.

Although release of Si/GeNMs from SOI/GOI materials is simple
and convenient, the high cost of such sandwiched donor sources
may become a drawback for further applications. A synthetic
strategy that involves exfoliating Si/GeNMs from bulk wafers could
provide additional choices. For example, defining trenches on bulk
(111) Si wafers with sculpted sidewalls, then selectively depositing
gold resist on the sidewall by angled electron beam evaporation
provides a starting point for an isotropic etching along the (110)
directions by utilizing KOH. Large quantities of SiNMs can be
produced by this strategy, as demonstrated by the SEM image in
the right panel of Fig. 7(c) [62]. Single-crystalline GeNMs can also
be generated by exfoliating from bulk Ge wafers with another
approach [64]. By combining the ion-implantation-based [65-68]
smart-cut process and adhesive wafer bonding, a large-area Ge
membrane can be transferred onto a flexible polyimide substrate,
as shown in the digital image in Fig. 7(e). This combination can be
exploited for further applications in flexible Ge-based photo-
detectors [64]. Because the surface morphologies of transferred
GeNMs are extremely rough after splitting, the surface needs to be
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polished chemically and mechanically prior to any subsequent
device fabrication. Although the smart-cut process could provide a
possible alternative approach for fabricating GeNMs on flexible
substrate, post-polishing GeNMs on a flexible substrate can be
extremely difficult because of delamination between GeNMs and
the flexible substrate. This situation can be significantly improved
when the smart-cut GeNMs are transferred and bonded to a rigid
substrate (e.g., a SiO,/Si wafer) in a manner similar to the Smart-
Cut™ technology [69]. The bonding strength between GeNMs and
the SiO,/Si substrate is sufficient to sustain the mechanical stress
during the polishing process, and eventually a wafer-scale GeNM-
on-Si0,/Si substrate (i.e., a GOI wafer) with a smooth surface is
realized [70]. In addition to Si/GeNMs that can be released or
exfoliated from bulk wafers, their corresponding devices and
circuits can also be transferred from a brittle substrate and
assembled onto a flexible substrate by a controlled spalling
technique, as shown in Fig. 7(d) [63]. The process begins with
depositing a thick nickel stressor layer on a rigid wafer with pre-
fabricated complementary metal-oxide-semiconductor (CMOS)
integrated circuits. The intrinsic stress level and thickness of the
stressor layer should satisfy the conditions for the spalling process.
As a result, a single spalling-mode fracture can be mechanically
guided across the wafer by applying a polyimide (PI) tape onto the
surface, which leads to an extremely flexible UTB-SOI circuit.
Because the thickness of Si/GeNMs plays a crucial role in their
electronic/optoelectronic properties, various advanced thickness-
control techniques have been explored for use with Si. For example,
the Y. Cui group utilized a chemical etching method to thin a Si
wafer into free-standing ultra-thin single-crystalline flexible Si by
KOH, with uniform and controllable thicknesses ranging from 10 to
sub-2 wm [71]. Because SiNMs can be conveniently released from
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SOI materials, as discussed above, researchers also pursuited
efforts to thin the top Si layers of SOI, then release them if needed.
In order to obtain SiNMs with desired thickness, the wet-chemical-
clean [33], plasma etching [33], or oxidation-selective etching
processes [51] are recommended, because of their controllable and
stable etching rate. Utilizing a cyclic wet-chemical-clean process in
piranha (H,SO4+ H,0;), AHP (NH40OH + H;0,, 80 °C), and diluted HF
(12%), Chen et al. fabricated SiNMs as thin as 1.3 nm [33].
Combining oxidation and selective etching processes, ]. A. Rogers
and J.-H. Ahn produced larger-area single-crystalline SiNMs with
controllable thicknesses ranging from 1.4 to 10 nm [51]. By using
the above approach, the A. Javey group successfully thinned a
70 nm SiNM of SOI down to 3.5nm, and constructed chemical-
sensitive 3.5-nm-thin Si transistors for applications in low-power,
sensitive, and selective multiplexed gas-sensing technology [72].
Moreover, ultra-thin SiNM-based transistors can be exploited for
mimicking biological synapses [73,74] and used in implantable
flexible devices [75,76]. These potential for applications are
promising for building neuromorphic and other bio-medical
systems.

3.2. Assembly approaches

Further applications of synthesized free-standing Si/GeNMs are
severely challenged by the difficulty of integrating them onto
appropriate substrates, depending on the intended use. Various
assembly strategies have been developed; these are divided into
primarily two categories: wet transfer [5,9] and dry transfer (i.e.,
transfer printing) [18,77,78]. After selective removal of the buried
oxide layer from SOI/GOI, the top Si/GeNMs float to the surface of
the solution when slightly agitated, as shown in Fig. 8(a). Then they

iii.Printing

Stamp

Fig. 8. (a) Wet-transfer process involves NM floating on the surface of the solution and being transferred to a new host surface [9]. (b) Schematic illustration of the process

flow of the dry-transfer technique (also known as transfer printing) [18]. (

c) Schematic illustration of the rolling-transfer technique for roll-to-roll production of flexible

functional devices [81]. (d) Deterministic assembly of Si/GeNM array by * photoresnst anchor”. The bottom shows an optical-microscopy image of a transferred SiNM array on a
PDMS substrate [82]. (e) Deterministic assembly of Si/GeNM array by “edge-cutting transfer”. An optical-microscopy image of a Si (or Ge) nanoribbon array on a PDMS
substrate is shown at the bottom; the width of each transferred nanoribbon is in the range of 500-1000 nm [83]. (f) Deterministic assembly of NMs by micro-structured
elastomeric surfaces with reversible adhesion. The bottom displays a SEM image of multilayer configurations of SINMs with small incremental rotations and translations [84].
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can be transferred out of the solution by contacting them with a
host substrate. Although the uncontrollable alignment and surface
morphology may be negative features, this wet-transfer technique
offers a simple and rapid strategy for the transfer and integration of
NMs as well as 2D materials, such as graphene [79] and MoS; [80].

Another strategy, the dry-transfer technique, is proposed to
integrate Si/GeNMs onto various substrates in a conformal and
controllable manner, as sketched in Fig. 8(b) [18]. The released Si/
GeNM array is fast picked up by a polydimethylsiloxane (PDMS)
rubber stamp. Then it is integrated on the host substrate by
conformal contact and slow peeling-off of the PDMS. The as-
proposed adhesion forces between the interfaces of the PDMS/NM
and NM/donor, which enable the transfer or printing process, are
kinetically controllable by the peeling rate of the stamp. Peeling
the stamp off rapidly induces the NM to separate from the donor
substrate and transfer onto the PDMS stamp. Peeling it off slowly,
however, causes the NM to be released onto the receiving
substrate.

One of the best features of dry transfer is that, because of the
van der Waals force, the released NMs can preserve the original
alignment to a great extent. However, the spatial order may still
have a slight shift, on the micro/nanoscale, that could significantly
limit further high-precision-device fabrication. In order to
deterministically assemble the released Si/GeNM-based array,
investigations to modify the transfer-printing technique have been
under way, such as a “photoresist anchor” to fix the released array
[82], or an “edge-cutting transfer” to transfer flexible Si/Ge
nanoribbons [83], as shown in Fig. 8(d) and (e), respectively. Both
strategies involve fixing the released Si/GeNMs by pre-designed
anchors to exactly preserve the spatial order before and after the
transfer-printing process. For the former one, the fixing structure is
a photoresist underneath the suspended NM which can anchor it
over a large area (up to 10.8 mm x 10.8 mm) [82]. As for the “edge-
cutting transfer”, the partly etched buried oxide layer’s edges serve
as the anchors for Si/GeNMs with extremely small widths (down to
500 nm) [83]. Other transfer-printing strategies, such as “rolling
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Fig. 9. Various strain engineering strategies for Si/GeNMs: (a) strained epitaxial layers of Si/GeNMs resulting from lattice or thermal-expansion mismatches: left:
heteroepitaxy; right: thermal expansion mismatch results in bending for thin bilayers. (b) schematic illustration of elastic strain-shearing [91]: left: trilayer heteroepitaxy;
right: release causing strain sharing and transfer/bonding to new host. (c) several external mechanical techniques for generating strained Si/GeNMs: (i) external stressor: the
suspended GeNM can be stretched by the Si3N, stressor tying on both sides [21]; (ii) strain concentration by relaxation: strain initially existing in the larger-area pads can be
concentrated into the center nano-strip through relaxation [92]; and (iii) external mechanical stress: mechanical bend of the Ge nanowires (up) and expansion of GeNMs

(bottom) could induce uniaxial and biaxial tensile strain [20,93], respectively.
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transfer”, are proposed to transfer released NMs in a fast and
controllable manner by a roller-type stamp (Fig. 8(c)), which can be
exploited for roll-to-roll mass production [81,85]. ]. A. Rogers and
his collaborators presented a special micro-structured elastomeric
stamp for tuning the adhesion force between Si membranes and
PDMS in a reversible manner, which enables control of the transfer
and printing processes, as shown in Fig. 8(f) [84]. H. Ko and his
collaborators, inspired by the octopus, demonstrated smart
adhesive pads with thermoresponsive actuation of a hydrogel
layer on elastomeric microcavity pads, thus inducing switchable
adhesion by thermal stimulus [86]. These advanced assembly
strategies allow wide possibilities to exploit Si/GeNMs in
unconventional flexible/stretchable electronics, 3D stacked het-
ero-integration, and complex 3D micro/nano-architectonics.

4. Strain engineering of Si/GeNMs

A significant feature of Si/GeNMs is that they can be strain-
engineered with the proper stress methods. Two classes of
deformation can be realized: (i) in-plane deformation that increases
or decreases the lattice constant; (ii) out-of-plane deformation that
transforms the geometry from 2D membranes into 3D micro/nano-
architectures. Coexistence can be found within these two types of
strain engineering.

4.1. Strain engineering of 2D Si/GeNMs

Some physical properties of Si/GeNMs, including band
structure, conductivity effective mass, and scattering rate, can
be altered by modifying the lattice constant with proper strain
engineering. A variety of strain engineering strategies for
modifying the lattice constant has been developed, such as
heteroepitaxy, defect-free strain sharing, and external mechani-
cal stressors, as summarized in Fig. 9. For example, tensilely
strained Si (or Ge) can be grown heteroepitaxially on a Si; xGey
(InyGa;_xAs) buffer layer [87-89], where the strain value can be
tuned by changing the Ge (or In) content. Thermal-expansion
mismatch can also be effectively used to create strain. These
approaches are shown schematically in Fig. 9(a) and (b). The
significant advantage of heteroepitaxy for achieving strained Si/
GeNMs is that the sign and magnitude of the strain value can be
controlled by changing substrate composition, thickness ratio of
the buffer and epitaxial layers (once the NM is released),
annealing conditions, and growth conditions. For example, a
somewhat tensilely strained layer of Ge can be realized by ultra-
high vacuum chemical vapor deposition, where the strain can be
adjusted by growing it at different temperatures [90].

Heteroepitaxy by itself has limitations, however, in that the
thickness of the film that can be grown before the formation of
dislocations is limited. In order to eliminate this problem, the
elastic strain-sharing technique was introduced [5,12,91,94], as
shown schematically in Fig. 9(b). During growth, the starting
balancing layer is held rigidly at its bulk lattice constant by the
balancing NM/release layer interface. Therefore, the epitaxial
growth of the stressor layer produces a compressively strained film
in registry with the underneath balancing layer, if the correspond-
ing lattice constant is larger than that of the balancing layer (or a
tensilely strained film if the lattice constant is smaller). Subsequent
growth of the same top balancing layer is therefore without strain.
Once the sacrificial release layer is removed, the compressive
strain will partially transfer into the balancing layers, leading to
tensile strain in the top epitaxial layer by elastic strain-sharing (or
vice versa if the middle layer is tensilely strained). The strain value
is determined by the lattice constant difference and the thickness
of the stressor layer, which should be less than its critical thickness
to avoid undesirable dislocation defects [5].

In addition to the above two methods, several methods for
strain engineering of Si/GeNMs through external mechanical
stress/stressors have been developed recently, as summarized in
Fig. 9(c). Because no heteroepitaxy is involved, the starting Si/
GeNMs can be single-crystalline and defect-free. For example, by
stretching a fully released single-crystalline GeNM from a GOI
wafer with a suitable SisN,4 stressor deposited on it, both uniaxially
and biaxially tensile-strained GeNMs with enhanced light emis-
sion were achieved [21]. Through pre-designed “micro-bridge
structures”, strain applied to Si/GeNMs can be concentrated to
obtain high strain values [19,92,95]. The approach starts with
patterning and under-etching pre-designed micro-bridge struc-
tures from a biaxially strained SOI/GOI wafer, as shown in the
middle panel of Fig. 9(c). As the releasing process proceeds, strain
will be re-distributed and concentrated in the middle of the micro-
bridges, while decrease close to the pads. Under such a strain-
concentration approach, the strain (uniaxial) value can reach up to
3.1% and 4.5-4.6% for Ge [92] and SiNMs [19,95], respectively.
External mechanical stress induced by bending [93,96] and high-
pressure expansion [20] are also utilized to generate controllable
uniaxial [93] and equi-biaxial [20] strain in Si/GeNMs, leading to
substantial alterations of the physical properties.

All the above techniques have their respective advantages in
producing strained Si or GeNMs. For the external-mechanical
stress/stressors technique, tensilely strained Si/GeNMs can be
conveniently generated without introducing any defects, where
the strain value can be simply tuned through the geometry design
of the stressors. This technique could be carried out on almost any
materials to produce tensile strains, such as, but not limited to,
graphene [97-99], MoS, [100], ZnO [101], and GaAs [102].
However, the produced tensile strain by most external stressor
methods is uniaxial or only a small biaxial strain. In addition, it is
really difficult to create compressive strain in NMs and keep the
NMs flat and not rippled by this technique. Although tensilely
strained GeNMs in which the strain is induced by external
mechanical stress provide ideal platforms for fundamental studies
of tensile strain and optical properties of GeNMs, exploiting this
approach for device applications in a simple and convenient
manner is still quite challenging, because the complex setups to
create tensile strain in GeNMs are difficult to make completely
compatible with current device fabrication processes. Hetero-
epitaxy can provide complementary advantages, especially in the
ability to create either tensile or compressive strains in Si/GeNMs.
By utilizing a selective epitaxy of SiGe embedded into Si or a silicon
nitride stressor on the top of Si channels, uniaxial compressive or
tensile strain, albeit with small value, can be introduced into Si
channels, which enables high-performance PMOS or NMOS due to
enhanced hole or electron mobility [103]. Though the defects in
NMs originating from lattice mismatch may affect the subsequent
device performances, this can be significantly improved by the
epitaxy-based strain sharing methods.

4.2. Strained-Si technology

One of the great challenges to the further scaling-down of Si-
based metal-oxide semiconductor field-effect transistors (MOS-
FETs) involves enhancing carrier mobility while maintaining
electrostatic integrity [19]. Mobility enhancement in Si can be
realized by strain-induced band-structure modification, which
further modulates the corresponding effective masses and phonon
scattering [5,88]. For an unstrained-Si conduction band, the 6-fold
degenerate valleys feature ellipsoidal constant-energy surfaces.
The electron effective mass is consequently anisotropic. These sub-
bands will be shifted and split under external stress. For example,
in Si (001) uniaxial tension along (110) induces shifting down the
A2 energy band and shifting up the A4 energy band. Electrons will
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repopulate from the A4 valley to the A2 valley, which causes an
average effective mass decrease and a carrier mobility increase.

For the unstrained-Si (001)-valence band, the heavy-hole and
light-hole bands are degenerate [88]. Under (110) uniaxial
compression, for example, the degeneracy is lifted, and band
warping occurs. At room temperature, this band warping will
induce effective-mass reduction, which is the dominant factor for
mobility enhancement in p-type Si, as the splitting energy under
uniaxial stress is small compared with the Si optical-phonon
energy. Studies have confirmed both experimentally and theoreti-
cally that strain enables mobility enhancement of about 4.5 times
in Si-based pMOSFETs, and of about 2 times in nMOSFETs without a
significant leakage current increase [104,105].

Based on the above analysis, Ma’s group developed a flexible
strained-SiNM-based device array [23], as shown in Fig. 10(a). The
fabrication of strained-SiNM-based flexible electronic devices is
complicated by the need to maintain the strain existing in a
transferred SiNM after it is fully released from the rigid substrate.
As aresult, an alternative strategy that creates biaxial compressive
strain in SiNMs on a polyimide film has been demonstrated [106].
Because the compressively strain is known to enable the hole
mobility enhancement in Si, the ability to fabricate compressive
strained SiNMs will broaden the possibilities of flexible electronics,
especially for gaining high-performance flexible PMOS devices.
Namely, SiNMs transferred on a polyimide substrate were
processed successively with heating, annealing, and cooling
treatments. The strain in SiNMs transformed from tensile to
compressive states, and eventually reached a stable biaxial
compressive state, where the compressive strain values (up to
0.54%) can be varied by controlling the thermal annealing
temperatures. Another approach that involves a strain-sharing
technique [5,12,91,94] was chosen to create self-sustained strain in
the SiNMs. By strain-sharing, tuning the thickness ratio of different
layers, and adjusting the Ge composition of the alloy layer, about
0.35% biaxial tensile strain is introduced into SiNMs [23]. The
typical construction of a transistor is revealed by the optical-
microscopy image shown in Fig. 10(b). The transfer curves and
calculated transconductance (g,,;) characteristics of unstrained and
strained flexible SINM-based devices are summarized in Fig. 10(c).
By utilizing strained-SiNMs as channels, about 47.3% enhancement
in carrier mobility and transconductance can be achieved
compared with unstrained devices.

4.3. Tensilely strained Ge

4.3.1. Energy band structures versus strain

Ge, which exhibits a pseudo-direct bandgap behavior due to the
small energy (136 meV) difference between indirect and direct
bandgaps [107], has been playing a critical role in Si-based
photonics. Unstrained Ge is known to have an indirect bandgap of
0.664 eV at the L valley, and a direct bandgap of 0.8 eV at the I
valley, as shown in Fig. 11(a) [108]. When tensile stress is applied,

() (b)

the band structure can be engineered to reduce the difference
between the indirect and direct bandgaps, and Ge is transformed
into a direct-gap semiconductor with sufficiently large tensile
strain. Theoretical predictions indicate that uniform expansion in
all directions could induce the direct bandgap behavior transition
at a small strain of about 0.8% [30]. In practical terms, however,
tensile strain in a crystal can be generated only uniaxially (along
one crystallographic direction) or biaxially (isotropically in a
plane). As a result, the corresponding critical strain values for a
direct-bandgap transition vary according to the applied strain
direction. For example, about a 2% biaxial strain in a {100} plane is
expected to realize the transition [107,109]. For uniaxial stress,
however, the required strain for a direct bandgap transition is
calculated to be more than 4% [30].

The band structure varying with the strain existing in Ge
directly determines the light-emission properties, which can be
investigated via photoluminescence (PL) characteristics. Fig. 11(b)
exhibits the typical room-temperature PL spectra obtained from a
40-nm GeNM under different biaxial strains [20]. As the applied
strain is raised, the emitted wavelengths display a significant red-
shift with increased integrated intensity, indicating enhanced
light-emission efficiency. This behavior can be explained by
theoretical predictions about lowering the direct bandgap with
increased tensile strain. As shown in Fig. 11(c), the calculated direct
and indirect conduction-to-heavy-hole and conduction-to-light-
hole bandgaps (solid lines) versus strain agree well with the peak
emission energies (symbols). It is obvious that both the cI'-1h and
cL-lh bandgap energies decrease with the increase of applied
strain. However, the shrinkage rate of the direct bandgap is much
faster than that of the indirect bandgap. As a result, when the
biaxial strain reaches 1.9%, a GeNM will change from indirect to
direct bandgap behavior.

In general, all four transitions can participate in the light
emission process, as shown by the symbols in Fig. 11(c). When the
applied strain is small or zero, the hh and lh band edges are nearly
degenerate; therefore the direct and indirect transitions can
contribute to light emissions. At the intermediate strain values,
e.g., 0.75%, both the direct and indirect transitions into both
valence bands will simultaneously appear. At high strains,
however, indirect transitions will be suppressed due to the
decreased number of electrons in the L valleys. Therefore, only
direct transitions into both valence bands will appear.

4.3.2. Optoelectronic applications

Device integration enables a particular characteristic of strain
engineering based on tensilely strained GeNMs. Under strain
conditions, the bandgap energy of Ge red-shifts into the mid-
infrared spectral range, which is critical for the development of
efficient mid-IR light sources that can be monolithically integrated
with CMOS electronics [110]. Fig. 12(a) shows a schematic cross-
section of a strained Ge PN-junction-based photodetector. The
strain in the suspended Ge is provided by the back side stressor, i.e.,

©)

10" ey 500
—10 Strained
<, = Unstrained 400
E ‘10»5 .
@ 10 3002
107 =
5 1 E
O 10 . ,.1200 00
pt -
.a 109 ‘-",
L0 4100

L] SR " P

4 3 2 -1 0 1 2 3 4

Gate Voltage (V)
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tungsten [111]. An un-doped Ge layer and n*-Ge are grown
epitaxially without a subsequent annealing to avoid phosphorous
dopant diffusion. Dry etching was utilized to form a high mesa,
exposing p-type Ge as the supporting layer. After the Si substrate
was selectively removed and the tungsten layer was deposited
(serving as the stressor layer), both n and p-type contacts were
created to form the final device, as revealed by optical-microscopy
in the right panel of Fig. 12(a). Based on the normalized
photocurrent spectra from different samples under varying strain
values (not shown), distinct red-shift behaviors can be observed in
the response wavelengths, which can be attributed to the direct
bandgap reductions in Ge resulting in enhanced absorption of the
longer wavelengths.

In addition to the photoluminescent properties, electrolumi-
nescent devices were also demonstrated based on tensilely
strained GeNMs [112]. As exhibited in Fig. 12(b), n-doped Ge
layers were directly grown on an n-doped GaAs substrate to form a
heterojunction at the Ge/GaAs interface that allowed electron
injection and carrier confinement in the Ge layer. The Ge layer was
patterned into a 9 wum-diameter disk, with a 6 um-diameter disk-
shaped aluminum contact on the top. An annular-shaped Si-nitride
layer was introduced to serve as the stressor layer, inducing a
tensile strain in the GeNMs underneath. Notably, a 1.5 nm-thick
Al,O3 layer was deposited prior to the aluminum deposition to
passivate the interfacial states between Ge and metals, thus
leading to significant enhancements in carrier injection and
electroluminescent efficiency [113]. According to the room-
temperature electroluminescent properties of both unstrained
and strained-Ge devices (not shown, and characterized with
minimal current injection to avoid thermal heating), a spectral red-
shift toward near-infrared light was clearly observed in the strain-
engineered devices. The total red-shift was estimated to be 90 nm,

corresponding to an energy reduction of 43 meV, which
corresponds to an equivalent transferred biaxial strain of about
0.55%.

Although room temperature photoluminescence [114], electro-
luminescence [112,113,115], and optical gain [116] have been
realized from tensile-strain-engineered GeNMs, the most remark-
able potential application for tensilely strained GeNMs could be a
GeNM-based laser operating at room temperature for Si photonics.
Liu et al. experimentally demonstrated room temperature lasing
from a Ge-on-Si laser using an edge-emitting waveguide device
[117]. It should be noted that only a 0.24% tensile strain can be
thermally introduced into Ge when grown on Si, which shrinks the
band gap but still cannot directly reach a direct band gap in Ge. In
situ n-doping is therefore carried out to further compensate the
energy difference between direct and indirect conduction valleys
and enhance the light emission. Fabricated from tensile-strained
n*-Ge, the device consisted of trench-grown multimode Ge
waveguides with mirror-polished facets, monolithically integrated
on a Si wafer. A typical cross-sectional construction is revealed by
SEM, as shown in Fig. 12(c) (inset). Once excited by a 1064 nm Q-
switched laser with 1.5 ns pulse duration, pulsed edge emission
was observed from the Ge waveguides. With a 1.5 pJ/pulse, the
emission displayed a broad band with a maximum of about
1600 nm. When the excitation power increased up to 6.0 pJ/pulse,
emission peaks emerged at 1559, 1606, and 1612 nm, with a
shoulder appearing at 1594 nm. As the pump power reached
50.0 pJ/pulse, the widths of the emission peaks decreased
significantly. Notably, the polarization evolved from a mixed
transverse magnetic/transverse electric (TM/TE) mode to a
predominantly TE mode due to the increase of optical gain, which
was expected as a typical lasing behavior. A high-resolution scan of
the emission line was performed at 1593.6 nm, as shown in the
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right panel of Fig. 12(c). Periodic peaks corresponding to
longitudinal Fabry-Perot modes were clearly observed, which is
consistent with related works on III-V semiconductor lasers
[118,119]. The inset with a linear fit indicates a longitudinal mode
spacing of 0.060 + 0.003 nm, agreeing well with the calculated
mode spacing of 0.063 nm. Considering Ge has been widely
exploited in Si-based CMOS electronics and integrated photonic
devices, tensile-strained-GeNMs are surely desirable for high-
performance optoelectronic devices.

5. 3D assembly by strain engineering

In the last section, we reviewed strategies and applications for
strain-engineered 2D Si/GeNMs, which involve in-plane deforma-
tion induced by lattice constant variations. In this section, we
discuss another type of strain engineering of Si/GeNMs, called out-
of-plane deformation, which leads to a geometric transformation
from 2D NMs into 3D micro/nano-structures. It is possible to force
a NM to deflect vertically if the boundary conditions limit its lateral
deformation. The driving force for geometry transformation can be
provided from either internal strains existing in multilayers of NMs

or external mechanical stress. The release of the internal strains or
external stress under certain conditions will induce bending,
rolling, wrinkling, folding, or buckling of these flexible Si/GeNMs,
thus forming shape-controllable 3D micro/nano-architectures.
Driven by the release of internal strains, 2D Si/GeNMs can, for
example, be shaped into 3D micro/nano-tubes, helixes, or
wrinkles, which may be referred to as rolled-up [120-122] or
wrinkled-up [123], depending on the geometry, orientation, and
thickness of the bi/multi-layers [124-127]. In addition, after
integrating unstressed Si/GeNMs with pre-stressed flexible elastic
support substrates, NM-based 3D micro/nano-architectures, in-
cluding wrinkles [15,81,128], buckles [16,17], and mesostructures
[14], can be achieved by releasing the external stress of the
substrates. The principles and controllability for shaping planar
NMs into micro/nano-structures will provide great opportunities
for the development of nanoscience and nanotechnology.

5.1. Rolled-up nanotechnology

Rolled-up nanotechnology has proven to be a convenient and
controllable approach for rearranging NMs into micro/nanoscale
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Fig. 13. (a) Schematic diagram of rolled-up nanotechnology. State-of-the-art Si/GeNM-based 3D micro/nano-architectures realized via rolled-up nanotechnology. SEM
images from Refs. [140,143,144,135,153]. (b) Schematic diagram of the rolling-up process of a NM on a polymer sacrificial layer. Optical images of rolled-up microtubes made of
Pt, Pd/Fe/Pd, TiO,, ZnO, Al,O3, SixNy, SixNy/Ag, and diamond-like carbon NMs, respectively [13].

tubes, helices or other complex structures [120-122]. In order to
obtain rolled-up micro/nano-tubes or -helices, it is necessary to
build a strain gradient perpendicular to the NM. As shown by the
schematic diagram in Fig. 13(a) [129], a pre-strained bi-layer with
opposing strain direction (top, tensile; bottom, compressive) is
grown on a sacrificial layer. Selective etching of the sacrificial layer
will release the pre-strained bi-layer. Driven by the built-in forces,
the released part of the bi-layer will self-roll into a tubular
structure. For Si/GeNMs, the strain gradient can be generated by
utilizing a lattice mismatch in the epitaxial bi-/multi-layers
[124,130-135], or by introducing another stressor layer on the
top, e.g., chromium (Cr) [134-141], or tungsten (W) [142]. The
strain gradient is tunable by the experimental parameters during
deposition, i.e., composition, thickness, rate, temperature, etc. As a
result, the diameter of the tubes can be manipulated. By
constructing a bi/multi-layer with the proper strain gradient,
single-crystalline Ge tubes [140], Si tubes [143], and their
composite (SiGe) tubes [144] have been demonstrated, as shown
by the SEM images in Fig. 13(a).

Recently, researchers further developed roll-up nanotechnolo-
gy by exploring a versatile approach for fabricating rolled-up
micro/nano-tubes consisting of a number of inorganic materials
and their combinations, ranging from conductors and semi-
conductors to insulators. As exhibited in Fig. 13(b), a pre-stressed
NM was deposited on a photoresist sacrificial layer. Notably, the
pre-stress in deposited NMs could be introduced and influenced by
thermal expansion mismatch between NMs and sacrificial layers,

deposition rate, and stress evolution during deposition [13]. After
selective removal of the sacrificial layer with acetone or other
organic solvent, the pre-stressed NM released and rolled up to
form tubular structures [13]. The significant advantage here is that
the sacrificial photoresist layer can be removed by acetone over any
inorganic NM with a selectivity of almost 100%. Therefore, various
inorganic-material-based micro/nano-tubes can be realized by this
versatile roll-up approach, for example, Pt, Pd/Fe/Pd, TiO,, ZnO,
Al,03, SixNy, SixNy/Ag, and diamond-like carbon, as demonstrated
in Fig. 13(b). In addition, the patterning of photoresist can be
performed with conventional photolithography to provide conve-
nience in the geometric design of precursors (here: pre-stressed
NMs) and module integration on a single chip [13]. This universal
approach can also be exploited for fabricating Si/GeNM-based
tubular structures [145,146]. For instance, Yan et al. constructed
hybrid multilayer Ge/Ti NMs on a photoresist sacrificial layer
where the Ti acted as the stressor [146]. Removal of the polymer
layer in acetone induced self-rolling of the hybrid multilayer, thus
forming GeNM-based tubes, which were further explored for
highly efficient lithium-ion batteries. Other recently emerging
materials/structures, such as graphene [147,148], diamond [149],
rocket-inspired tube [150], and 2D transition-metal dichalcoge-
nide (e.g., MoS;, WS,_4, and WSe,_) [151,152] based nanotubes
have also been theoretically and experimentally demonstrated by
rolled-up nanotechnology.

It is worth noting that the features of rolled-up micro/nano-
structures are strongly determined by the dimensions and/or
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orientations of the pre-stressed layers [124-127]. Si and GeNMs,
having cubic crystal structures, will self-roll along the (100)
direction where the Young’s modulus is small [135,140]. Taking
advantage of the crystalline-orientation dependence and geomet-
ric-aspect ratio, various complex rolled-up nanostructures like
tubes, rings, helixes, and spirals can be realized by tailoring the
shapes and alignment relative to the (100) direction of the pre-
stressed precursors [125]. For instance, if the pre-stressed Si/
GeNMs are shaped into strips along the compliant (100) direction,
micro/nano-rings or tubes will be formed by rolling-up [124,140].
However, if the shaped strips are misaligned with the (100)
direction, the NM will form helical structures, as shown in the right
panel of Fig. 13(a). This rolling principle can break down when the
width of the shaped strips is sufficiently small. Zhang et al. have
developed a theoretical model to predict the rolling direction
depending on strip line or compliant orientation in SiGe/Si/Cr and
SiGe/Si systems [135]. It is known that part of the stress existing in
strained strips will relax at the edges [154]. Due to this relaxation
effect, strips with isotropic pre-strain that are narrow enough can
be considered uniaxially strained along the longitudinal axis.
Therefore, the stress along the longitudinal axis will become
dominant, with the rolling direction near the strip longitudinal
axis instead of the (100) direction, as depicted in middle-bottom
panel in Fig. 13(a) with the initial wagon-wheel pattern [135].

5.2. Wrinkled-up nanotechnology

By properly designing the strain gradient, average strain value,
and the etching depth for the selective release of pre-stressed NMs,
another type of 3D micro/nano-structures can be realized, i.e.,
wrinkles [155-157]. This approach is here termed as “wrinkled-up
nanotechnology,” and consists of partial release, wrinkling, and
bonding back onto the substrate surface [123], as schematically
demonstrated in the top panel of Fig. 14(a). After the selective
removal of the sacrificial layer in a proper chemical solvent,
morphological variations observed in the pre-stressed NMs can be
attributed to liquid surface tension-driven bonding-back effects
during the drying process. As a demonstration, the surface of SiGe
on a Si0,-Si (001) substrate was exposed to hydrofluoric acid. The
oxide layer was partially removed through pre-defined trenches
until a certain lateral distance was reached. Driven by compressive
strain, the SiGe layer detached from the substrate, wrinkled, and
finally formed into a linear nanochannel network. A typical optical-
microscopy image of this is shown in the bottom panel of Fig. 14(a).
Moreover, the size of SiGe wrinkles is easily scalable to form
nanoscale channel networks, which have been demonstrated to act
as efficient fluid suppliers and injectors [123]. Wrinkled Si;_xGex
bilayer NMs can also be realized on Si substrates [158-161], where
the Si buffer layer is selectively removed by a standard
semiconductor process.

It is known that for a given SiGeNM, the size (e.g., wavelength
and amplitude) of the strain-induced wrinkle is determined by the
initial strain value and lateral length [162]. An initial biaxial
compressive strain in SiGeNMs can be tuned by the Ge content
during growth, while the lateral length can be controlled by the
etching time. Increasing the lateral length of the NM increases both
wavelength and amplitude due to the increase of the total strain
energy. Increasing the initial strain in the NM, however, decreases
the wavelength and increases the amplitude for a fixed lateral
length.

In addition to dimensions, the order and position of wrinkled-up
structures can be deterministically assembled. By specially designed
patterns of pre-stressed NMs, the etching front can be started at pre-
determined points to lead to designed wrinkling behavior. As
demonstrated in the top panel of Fig. 14(b), the number of wrinkles
formed in circular networks is set by well-defined patterns in pre-
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Fig. 14. (a) Schematic illustration of the formation of the wrinkle/nanochannel
structure by selective removal of the sacrificial layer [123]. A typical optical-
microscopy image of a SiGeNM-based linear nanochannel network is displayed at
the bottom [123]. (b) Top panel: optical images of circular networks with 2-6 well-
positioned branch channels. They are transformed from lithographically defined
patterns from left to right: short line, triangle, square, and five- and six-pointed
stars [123]. Bottom: large-area wrinkle-based nanochannel networks [163].

stressed NMs, such as short line, triangle, square, and five- and six-
pointed stars[123]. Accordingly, the position of the wrinkle is exactly
confined to the corners of the initial shapes. Based on this concept,
large-area wrinkle-based nanochannel networks with uniform
spatial arrangements are created by introducing small squares into
pre-stressed NMs [163], as shown in the bottom panel of Fig. 14(b).
Besides Si, Ge, and SiGe-alloy NMs, this wrinkled-up nanotechnology
can also be used to fabricate other inorganic-semiconductor NM-
based wrinkles, especially for III-V materials, as the in-plane strain
value and thickness can be easily tuned during the deposition [164].
As a demonstration of the power of wrinkling to influence useful
properties, a quantum well of InGaAs NMs sandwiched between two
GaAs barrier layers was released and formed into wrinkled nano-
structures, with significant light-emission enhancement [165].

5.3. Principles of rolling or wrinkling?

As we discussed in last two subsections, both rolled-up and
wrinkled-up micro/nano-structures can be realized according to
pre-defined strain engineering, which involves the releasing and
self-assembly of pre-stressed NMs. The built-in strain gradient
across the NM vertical direction sensitively determines whether a
NM rolls up or wrinkles up [127]. In general, if the strain gradient is
large, the NM initially bends and finally forms into a rolled-up tube.
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For small or zero strain gradients, however, wrinkled-up structures
are prone to form. The particular shapes formed by releasing pre-
stressed NMs by minimizing the total strain energy, can be
theoretically predicted. An equilibrium-phase diagram for the
shape as a function of etching depth (h) and strain gradient (Ag)
has been developed and shown in Fig. 15 [127]. For a small strain
gradient of 0.2% and average strain (¢) of —0.36%, bending is only
favored until the etching depth (h) reaches 700 nm. Further
increasing the etching depth makes wrinkling dominant in the
releasing process. In large average-strain conditions, e.g., € = —1%,
the boundary between bending and wrinkling will move upwards,
leading to an enlarged wrinkling area. Additionally, the radius of
the curved shape decreases when the strain gradient increases; no
obvious relationship with the etching depth can be found. The
opposite conclusion can be found with wrinkling regions, where
the wavelength of the wrinkles can be significantly affected only by
the etching depth.

In fact, the rolled-up and wrinkled-up states of pre-strained
semiconductor NMs after their elastic relaxation may be indepen-
dent as mentioned above, or also correlated. More recently, the
coexistence of rolled-up and wrinkled-up morphologies has been
achieved in semiconductor NMs with proper strain engineering
[164]. Additionally, preferential rolling directions of strain-relaxed
NMs with initially designed wrinkles have been demonstrated to
be strongly dependent on the wrinkle geometry (e.g., amplitude)
and strain gradient [166]. In brief, by utilizing the rolled-up or
wrinkled-up nanotechnologies that involve the strain relaxation of
pre-stressed Si/GeNMs, various micro/nano-architectures, such as
tubes [130-132,138,139,167], rings [137,167,168], coils [124,133],
springs [169], helices [134,136,153,167,170], wrinkles [123,155,165],
and wrinkle-based nanochannels [163], can be achieved. Com-
pared with their initial 2D forms, 3D NMs possess remarkable
mechanical, electrical, optical, and thermal conductivity proper-
ties, which will be reviewed later.

5.4. Compressive Wrinkling/Buckling
As we discussed in the last three subsections, Si/GeNMs can

form into 3D micro/nano-architectures by rolled-up or wrinkled-
up nanotechnology, which is driven by the releasing of built-in
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Fig. 15. Phase diagram of favored shapes based on energy comparisons between
bent and wrinkled structures. The radius R.q and wavelength A are shown for rolled-
up and wrinkled-up structures, respectively. Solid and dashed curves show the
phase boundaries between bending and wrinkling under different average-strain
conditions. Reprinted from Ref. [127].

strain. In the following subsections, 3D Si/GeNM-based structures
induced by external mechanical compressive stress will be
reviewed. Owing to their superior flexibility, as we discussed in
Subsection 2.5, Si/GeNMs can be shaped into wrinkles or wavy
structures [15,81,128], buckles [16,17,171], and mesostructures
[14,172,173], by external mechanical compressive stress, mainly
generated by the releasing of the pre-stressed flexible substrate.
The primary motivation for developing compressive 3D buckles
based on Si/GeNMs is to enable and extend the flexibility of
electrical devices and systems from bendable to stretchable
[54,174]. These buckled or wrinkled structures occur to accommo-
date the external compressive or tensile strain through changing
buckle or wrinkle wavelengths or amplitudes [6,175].

As shown in Fig. 16(a), the top Si (or Ge) NM of a SOI (GOI)
mother wafer is defined, patterned and released by photolithog-
raphy, RIE, and selective chemical wet etching, respectively [15].
Then a tensilely pre-stressed elastomeric substrate (e.g., PDMS) is
put onto the top of the released Si (Ge) NM to form intimate
contact. Rapidly peeling back the elastomer will induce the
detachment of NMs from the mother wafer, and transfer them onto
a pre-stressed elastomeric substrate. Finally, 3D wrinkled Si/
GeNMs are formed by releasing the substrate, as exhibited in the
bottom panel of Fig. 16(a) (sketched) and 16(b) (SEM image).

One can see from the schematic diagram in Fig. 16(a), the
elastomeric substrate is uniaxially pre-stressed; therefore, the Si/
GeNMs uniaxially wrinkle along the stress direction of the
substrate. Another stretchable form of large-area Si/GeNMs (e.g.,
3-5mm square) that consists of two-dimensional buckles or
wrinkles on elastomeric supports is achieved [176], as demon-
strated in Fig. 16(c). Unlike the aforementioned one-dimensional
wrinkling geometry, the two-dimensional wrinkling geometry
discussed here can provide full 2D stretchability. In addition, large-
area 2D Si/GeNMs can be pre-designed with specific patterns, and
then transferred onto pre-stressed elastomeric substrates to form
controllable and uniform 3D structures. As proven in Fig. 16(d),
uniformly distributed buckles are localized and interconnected in a
near-checker board SiNM-based pattern [177], which was achieved
by pre-designing and releasing.

One of the most prominent advantages of the compressive
buckling technique in fabricating 3D Si/GeNM-based wavy
structures (with a fixed thickness) is that the dimensions (e.g.,
wavelength and amplitude) can be specified simply by changing
the original strain values of the elastomeric substrates, which can
be realized by thermal stretching [176,178], mechanical stretching
[179-183], swelling [177], or electrical stimulation [184]. Other
materials, such as dielectric elastomers [185], or polystyrene, can
also serve as the substrates for the formation of wrinkles. Taking
polystyrene film as an example, when the temperature increases
beyond the glass transition point (95 °C) but below the melting
temperature (240 °C), its dimensions will shrink, except for the
thickness, which increases [156]. Therefore, a variety of wrinkles
can be directly generated by depositing electronic thin films on
polystyrene substrates [186-188].

Of course, this compressive buckling technique is not limited to
fabrication with Si/Ge-based NMs. Other materials, either in 1D
wire form or 2D planar thin films with flexibility can also be shaped
into wrinkled or buckled structures, including conductors, semi-
conductors, and dielectrics, such as 1D Si nanowires [189,190] or
carbon nanotubes [191,192]; 2D planar ultra-thin membranes of
GaAs [102], InGaAs [193], ZnO [194,195], ReSe, [196], lead
zirconatetitanate (PZT) [197], indium-tin-oxide (ITO) [198], Au
[184,199], Ag [200], Pt [201], and Al,05 [202]. In addition, recently
burgeoning 2D layered materials such as graphene [203-206] and
MoS,/WS, [190,207] have also been shaped into wrinkles, which
exhibit great potential for applications in strain sensors, optoelec-
tronics, and band structure strain engineering [208].
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Fig.16. (a) Schematic illustration of the fabrication process for stretchable single-crystalline Si devices on elastomeric substrates [15]. (b) SEM image of four uniaxial wavy Si
ribbons with highly uniform wavelengths and amplitudes [15]. (c) SEM images of biaxial wavy SiNMs on PDMS. The thickness of the NMs and the pre-strain of the PDMS are
100 nm and 3.8%, respectively [176]. (d) SEM image of the delaminated buckle array interconnected in a near-checker board pattern [177].

5.5. Popped-up mesostructures

For the conventional compressive wrinkling/buckling process,
the vertical deformations are normally in a bending manner (e.g.,
wrinkles or buckles in Subsection 5.4), and the deformation
dimensions are generally within several or tens of micrometers.
Recently, Si micro/nanomembrane-based complex architectures
with more tri-dimensional geometries, regarded as popped-up
mesostructures, have been widely developed [14,172,209-216]. As
shown in Fig. 17(a), the popping-up process begins with
integrating 2D serpentine-shaped Si membranes onto an extreme-
ly stretched silicone substrate (e.g., Dragon Skin; Smooth-On,
Easton, PA; the pre-strain of silicone is about 70%for the case
shown here). Except for the bonding sites that involve strong,
spatially selective bonding via covalent linkages, the interactions at
all other locations are dominated by weak van der Waals forces.
Once the substrate returns to its original length, a large
compressive strain will be induced and applied to the serpentine
precursors. Therefore, a controlled popping-up process that lifts
the weakly bonded regions of the serpentine SiNM off contact with
the surface will be initiated, leading to spatially dependent
twisting/bending deformations and in-/out-of-plane translations
[14]. A representative example of a popped-up helical mesostruc-
ture is presented at the lower right of Fig. 17(a).

In principle, the mechanically guided, deterministic popping-
up process that involves geometric transformations from 2D to 3D
is dominated by (i) the 2D layout dimensions and mechanical
properties of the precursor materials; (ii) the locations of the

covalent bonding sites; and (iii) the nature and magnitude of the
pre-strain in the elastic target substrate [14]. With this scheme,
widely ranging feature sizes (from sub-micrometer to meter
scales) and diverse 3D mesostructures can be realized by designing
the 2D precursor geometries, bonding sites, and stretching
configurations. Several examples of interconnected 3D mesoscale
networks are shown in Fig. 17(b), which may be referred to as an
array of tents with a spatial gradient in the height, mixed array of
tents and tables, double-floor helixes, and three-layer flower, from
top to bottom.

Recently, ]J. A. Rogers, Y. G. Huang and their collaborators
pointed out that these 3D mesostructures induced by releasing the
stress of pre-strained elastomer substrates can be regarded as pop-
up origamis, possessing some similarities to the mechanisms in
pop-up books [210]. The classes of 3D mesostructures can be
further broadened by patterning the 2D precursor in a form of
kirigami, an ancient aesthetic pursuit that involves strategically
designed shapes and patterns of cuts to guide the pop-up process
[209]. In particular, the use of multilayer 2D precursors gives more
possibilities for obtaining complex 3D multilayer mesostructures
[213]. Other strategies for the guided assembly of complex 3D
mesostructures have been pursued, including varying the thick-
ness of the 2D precursors [212], spatially and non-uniformly
popping-up processes [217], residual stress-assisted deterministic
assemblies [218], pre-patterned 1D or 2D elastomer substrates
[171,219], and the capillary-driven self-folding of single-crystalline
Si membranes [220]. Owing to the material’s unique physical and
chemical properties, Si/Ge micro/nanomembrane-based 3D
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

origami/kirigami can be pursued to make building blocks for
applications in actuators, sensors, energy storage, light manipula-
tion, flexible/stretchable electronics, bio-platforms, and biomedi-
cal devices.

6. Properties and applications for 3D strain-engineered Si/
GeNMs

6.1. Properties

Si/GeNMs in 3D strain-engineered micro/nano-architectures,
induced by the release of internal strain or external stress, offer
opportunities in both basic science and advanced applications,
owing to their unique and engineerable features, which are
unavailable with 2D planar geometries. Fig. 18 summarizes
representative examples of the physical properties of 3D rolled-up
Si/GeNMs in mechanics, thermoelectrics, electronics, and optics.
For instance, a mechanical property of a SiGe/Si/Cr nanohelix is
estimated by stretching it between an AFM tip and a tungsten
probe. The sequential elastic deformation and recovery processes
under tensile loading and unloading are captured by SEM.
Corresponding micrograph illustrations are found in Fig. 18(a)
[153]. The nanohelix can be elongated to more than 170% of its
initial length without any plastic deformation, as demonstrated by
the recovery process. The dependence of the elongation of a
nanohelix on the tensile load is investigated experimentally and
theoretically, as shown in the top right panel of Fig. 18(a). The
linear relation between the load and elongation can still be
observed as the helix is stretched to approximately 189%,
indicating the superior elastic properties of the 3D nanohelix,
which is unavailable for its 2D planar precursor. The spring

constant versus elongation within the entire stretching region of
the nanohelix is calculated and shown in the bottom right panel of
Fig. 18(a), in which the spring constant k is a constant in the linear
region with the average value of 5.5 x 107> N/m, and reaching a
critical value of 1.4 x 107! N/m in the high-loading region before
fracture.

3D rolled-up microtubes offer distinct advantages in fabricating
3D stacked multilayer systems by the mechanical compression
technique [223], which involves vertical pressing on the rolled-up
tube, leading to the formation of a 3D stacked superlattice. Its
mechanical interfaces have weak bonding and imperfect contact;
therefore, the thermal conductivity is distinctly affected [224]. For
a Si superlattice formed by pressing back the rolled-up SiNM, a
visible reduction in thermal transport of more than 2 orders of
magnitude can be observed compared with either the handle wafer
(bulk Si) or planar NMs (unreleased single layers of Si), as
demonstrated in Fig. 18(b) [221]. This technique allows the
convenient integration of single layers of Si/Ge into 3D stacked
superlattice constructions, which could exhibit significant poten-
tial for thermoelectric generators.

The geometry transformations from 2D NMs to 3D rolled-up
tubular structures also strongly affect their electronic properties,
as shown in Fig. 18(c) [141]. In contrast to unreleased Si/GeNMs,
where the bottom surfaces are passivated by the sacrificial layer, a
high density of surface states will be formed at both the outer and
inner surfaces of the tube wall after releasing [131,141]. Therefore,
the effective conducting layer will shrink due to surface-charge
trapping, resulting in decreased electrical conductivity. In addition,
the unique tubular structure is expected to be an optically resonant
microcavity, where light efficiently couples out perpendicular to
the substrate surface [222,225-227].Taking rolled-up SiO/SiO,
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Fig.18. Unique physical properties of Si/GeNMs in rolled-up 3D structures: (a) mechanical property of a SiGe/Si/Cr nanohelix between an AFM cantilever and tungsten probe
[153]; (b) time-domain thermoreflectance (TDTR) maps of a Si superlattice obtained by applying vertical pressure onto a rolled-up Si tube [221]; (c) electrical characteristics
of unreleased GeNMs and released Ge tubular resistors [ 141]; (d) optical-microscopy and SEM (inset) images of ordered Si-based (SiO/SiO, NMs) microtubes, and the intensity

pattern of the electric field for a typical rolled-up tube in the mode M =30 [222].

microtubes as an example, the electric field intensity pattern for a
representative mode (M=30) is shown in Fig. 18(d) [222],
indicating the strong localization of light in the tube wall as
whisper gallery modes (WGM) [228-231]. The superior optical
properties of rolled-up Si/GeNM-based tubular microcavities
[232], which are tunable by the geometries, rotations, thicknesses,
and materials, offer opportunities for applications in the areas of
optofluidics [233] and nanophotonics [234], as well as bio/chem-
sensotics [226].

3D Si/GeNM-based micro/nano-architectures (wrinkles,
buckles, and popped-up mesostructures), induced by external
mechanical compression, possess remarkable features such as
being strain-engineerable, stretchable, and tunable by light
manipulation, as summarized in Fig. 19. Because 3D micro/
nano-architectures, transformed from 2D planar precursors,
experience the movements of bending, twisting, and/or folding,
it is obvious that strain can be engineered into them in a self-
assembly manner due to the general bending effect [235,236]. As a
demonstration, Fig. 19(a) shows the color-coded Raman-peak
positions (Si-Si TO phonons) extracted from the mapping
measurements of a Si wrinkle with two different excitation lasers
(514nm and 325nm in wavelength) [81]. The peak positions
exhibit periodic alternation (equal with the wavelength of the
wrinkle) along the x direction while keeping constant along the y
direction, which indicates that a periodic strain distribution was
engineered into them. Similar results are also demonstrated in
rolled-up Ge tubes [140], IlI-V semiconductors [237-239], and

wrinkled III-V NMs [102,165], where the engineered strains are
recorded by polarized Raman scattering spectroscopy, x-ray micro
diffraction, or photoluminescence.

A remarkable feature of wrinkled NMs (including, but not
limited to, Si/Ge) is mechanical stretchability, which accommo-
dates external compression and tensile strain through changing
wavelengths and amplitudes [180,240]. Fig. 19(b) provides
experimental results and theoretical predictions for the relation-
ships between the geometry (including wavelength and ampli-
tude) and the applied strain for a buckled Si-membrane/PDMS
system. Increasing the applied strain increases the wavelength. In
contrast, the amplitude decreases, even reaching zero once the
applied strain reaches a critical value (here 16.2%, equal with the
pre-strain for fabricating Si buckles) [180]. Continuously increasing
the tension in SiNMs will result in fracture, typically at about the
1%-level for active materials under bending [15]. Therefore, the
superior stretchability of 3D Si/Ge wrinkles/buckles, which is
unavailable to the 2D planar forms, can be exploited as building
blocks for applications in flexible/stretchable electronics.

The wrinkled/buckled geometry also strongly influences and
manipulates light absorption in the NM, enhancing the light-
extraction efficiency [241] or reducing reflectivity by light-
trapping [242] or scattering effects [243]. Light absorption in
GeNMs and wrinkles, for example, can be simulated by the finite
element method [128]. Fig. 19(c) shows a cross-sectional view of
the electric-field distributions in a 2D flat GeNM and a 3D Ge
wrinkle on a PDMS substrate. Typical scattering is demonstrated
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Fig.19. (a) Investigation of strain engineering into wrinkled SiNMs through micro-Raman mapping. Raman-peak position distributions obtained by two excitation lasers with
different wavelengths (top: 514 nm; bottom: 325 nm) [81]. (b) Experimental and theoretical results for the post-buckling behavior of wrinkled SiNMs exhibited by the
geometries (wavelength and amplitude of the wrinkles), varying with the applied strain values [180]. (c) Simulated results of the electric field distributions for planar and

wrinkled GeNMs [128].

by the Ge wrinkle, which can be attributed to the wavy surface,
thus inducing significant changes in the propagation directions of
the light [128,243]. Therefore, the light path in the wrinkles’ active
material is extended, leading to more light absorption than the
planar NM.

6.2. Applications

3D strain-engineered Si/GeNMs open up opportunities for
practical applications that would be unavailable with conventional
2D planar Si/GeNMs. The unique 3D geometries, coupled with their
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Fig. 20. (a) Schematic diagram of a rolled-up tubular structure in liquid. The bottom-right inset illustrates the multilayer structure of the tube wall; the top-left and bottom-
left insets show the optical-microscope and SEM images of the rolled-up tube. On the right, the PL spectra are shown of a rolled-up microcavity in different surrounding
conditions, including air, water, ethanol, and a water/ethanol mixture (1:1 in volume). Reprinted from Ref. [248]. (b) Optical images of a rolled-up tube with different acetone-
evaporation periods and acetone wetting lengths. L, inside the tube, and the tube opening gap . Scale bar is 10 pm. Reprinted from Ref.[132]. (c) Left: SEM images and finite
element analysis (FEA) simulations of popped-up cage mesostructures comprised of SU-8 photoresist, SU-8/Si bilayer, and Si. Two vibrational modes of left-right and up-
down are inserted in the bottom. Scale bar is 500 wm. Middle and right: amplitude-frequency responses in two types of vibrational modes (i.e., left-right and up-down) for
popped-up cage mesostructures with various combinations of SU8 and Si thicknesses. All scale bars are 500 wm. Reprinted from Ref.[216].
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superior mechanical, electrical, and optical properties, provided by
Si/Ge-based micro/nano-architectures, imply potential for dra-
matic areas of application in various fields. Therefore, various
demonstrations of advanced devices have been reported in the
format of 3D NMs. In the following parts, we will summarize the
most intriguing application areas of 3D Si/Ge micro/nano-
architectures.

6.2.1. Sensors and transducers

Emerging applications available to 3D Si/Ge micro/nano-
architectures are as sensors and transducers, in which their
responses to changes in surrounding conditions are demonstrated
by changes in the architecture/topography or properties of the NM
that can be measured. The capability of an optofluidics sensor to
distinguish the fluids inside a tubular microchannel according to
the optical resonance spectral-peak position shifts [244-247] is
shown schematically in Fig. 20(a) [248]. Si-based tubular optical
microcavities were fabricated via the rolled-up technique, coated
with an additional oxide layer on both the inner and outer surfaces,
and immersed in liquid. Their PL spectra were obtained under
different ambient-liquid conditions, including air, water, ethanol,
and a water/ethanol mixture (1:1 in volume). The respective
results are summarized in the right panel of Fig. 20(a), indicating
obvious whispering-gallery mode (WGM) behavior. The spectrum
of the microcavity in air reveals two peaks, which are identified as
the TM and TE modes [249], respectively. When the optical
microcavity is immersed in liquids with different refractive indices,
however, light loss is observed for both the TM and TE modes.
Moreover, the loss for the TE mode is more prominent than that of
TM, making the TE mode disappear in the liquids. In addition, the
mode positions in different liquids exhibit remarkable shifts,
which make them especially suitable as a reflectometer.

The chemical sensing capability of rolled-up tubes is also
evidenced by their mechanical response to the surrounding
conditions. Particularly interesting efforts were pursued via a
rolled-up tube that was partially open [132]. Elastic deformation
can be observed from these 3D rolled-up tubes under even a small
load, due to their ultra-elastic mechanical properties. Fig. 20(b)
shows a time-lapse sequence of a partly closed Si/SiGe tube
opening and closing, where a changing surface-tension load on the
tube was provided by acetone evaporation. It is obvious that
acetone underneath the tube has a slower evaporation rate than
when it is inside the tube. As the acetone inside the tube
evaporates (wetting length L decreases), the tube opens more and
more until the gap is adequately open. After a threshold is reached,
the tube begins to close, finally returning to its original shape. Such
partially open tubes can be implanted for applications in remote
chemical sensing through absorbing and desorbing molecules,
where the selectivity can be achieved by chemical reactions with
specific chemicals.

The three-dimensional geometries, coupled with the superior
mechanical flexibility of 3D Si-based mesostructures made by the
popped-up method, offer promising opportunities in complex
microelectromechanical systems (MEMS), like multiscale vibration
transducers able to operate in 3D space. Recently, a SINM-based 3D
vibrational microplatform that was tunable, multiscale, and
multistable was demonstrated [216]. As shown in the left panel
of Fig. 20(c), cage-like mesostructures with different material
compositions (pure SU-8 photoresist, a SU-8/Si composite, and
pure Si, from left to right) were generated by the popped-up
technique [216]. Two representative vibrational modes of the cage
structures, i.e., left-right and up-down, were obtained by FEA. The
structures were excited by a 3D-printing testing stage with
integrated piezoelectric actuators. A laser measurement system
that captured the time dependence of light scattering was utilized
to monitor the dynamic behavior of the 3D structures. The middle

and right panels of Fig. 20(c) presents the obtained amplitude-
frequency responses of several cage structures (distinguished by
the thickness ratios of the SU-8 and Si bilayers) under the two
vibrational modes. Because Si has a much higher modulus
(130 GPa) than SU-8 (4.02 GPa), the 3D cage structure composed
of a bilayer of SU-8 (8.5 wm) and Si (1.5 wm) has a much higher
resonant frequency than the pure SU-8 (10 p.m) one. This modulus
dependence of the resonant frequency becomes more pronounced
for the cage structure made of a single layer of Si, which exhibits
the largest resonant frequency of a pure SiNM-based 3D cage
structure. From the experimental results displayed in Fig. 20(c), it
is concluded that the detection limits for mass sensing by the
proposed multiscale vibration transducers can be improved by
tuning the lateral dimension and ribbon stiffness. 3D popped-up
mesostructures provide a new concept in 3D MEMS with
capabilities that could be exploited for applications in mechanical
sensing, bio/chem-sensing, and other fields.

6.2.2. Micro/nanorobotics

One of the most promising applications for 3D thin films
especially with tubular structures is micro/nanorobotics. This field
of research provides enormous opportunities for environmental
science, biomedicine, and biosensors [250-254]. Rolled-up nano-
technology, as discussed in Section 5.1, has the advantage of being
able to tune the size and component shape of the tubular
structures, thus offering the most convenient strategies to
fabricate micro/nanorobots. For example, B. J. Nelson et al,,
inspired by the monotrichous bacteria flagella, demonstrated
helical artificial bacterial flagella (ABF) by rolled-up nanotechnol-
ogy, where the swimming behaviors in solutions can be precisely
controlled [255,256]. Typically, an ABF consists of two parts: a
helical tail and a soft-magnetic metal head, which is driven and
controlled by electromagnetic fields. Facilitated by the unique
rolled-up helical structures, an ABF can convert rotary motion to
linear motion, and forward or backward motion can be simply
realized by reversing the rotation direction, i.e., rotating the
magnetic field clockwise [255].

On the other hand, rolled-up micro/nanorobots can be activated
in a self-driven manner via a catalytic reaction of a fuel solution
(e.g., H,05). By incorporating catalytic materials (such as Ag or Pt
that can decompose H,0, into O, and H,0) on the inner wall of a
microtube, O, will be produced inside the cavity of the microtube
when is put into the H,0, fuel. Then, the accumulated O, will form
into bubbles and eject from a much larger end of a tube, causing the
propulsion of the tube in the opposite direction. Based on the
above self-driving principles, micro/nanorobots composed of
various materials and their combinations, including metals
[253], oxides [257], semiconductors [258] and organics
[259,260] have been realized.To achieve a Si based catalytic
microjet, Harazim et al. demonstrated SiO/SiO, microtubes coated
with a thin Au layer via rolled-up nanotechnology. These tubes
acquired a speed of about 150 wm/s when immersed in 2% H,0,
and 0.05% sodium dodecyl sulfate (SDS) [261].

Using Si/Ge based materials in micro/nanorobotics may provide
several advantages, which are summarized in the three following
aspects, i) compatibility: Si/GeNMs are completely compatible
with current Si-based fabrication and can thus be conveniently
processed into the as-designed geometries and components for
micro/nanorobots; also, the superior bio-compatibilities of Si/Ge
would offer great potentials in various bio-applications. ii) Ease of
surface bio-functionalization: Si/Ge or their oxide materials can be
modified with various functionalities [262,263], providing a strong
capability of cargo loading or physical adsorption which is suitable
for fundamental studies or biosensing applications [261,264]. iii)
Biodegradability: Si/Ge or their alloy materials are demonstrated
as biodegradable materials that provide a transient feature
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[265,266], which can disappear when no longer needed. Consid-
ering all the above positive attributes, greater efforts are needed to
create and fabricate Si/GeNM based micro/nanorobotics either for
fundamental studies or for bioapplications.

6.2.3. Bio-Platforms

The 3D Si/Ge-based micro/nano-architectures, which are
naturally closed, as well as well-positioned arrays, for example,
rolled-up tubes or compressive buckles, provide ideal bio-plat-
forms for the three-dimensional confinement of controlled cell
cultures [267], neurite outgrowths [268,269], and drug delivery by
tubular micro/nano-engines [270]. For instance, a rolled-up SiO/
SiO, microtube with optical transparency has been investigated as
a two-dimensional confined culture scaffold for yeast cells [267],
as shown in Fig. 21(a). If the mother cell occupies a spacious rolled-
up microtube with a diameter larger than itself, the grown
offspring yeast cells will reach a zigzag arrangement in the tube,
due to the confinement of the tubular channel. When the tube
diameter is similar to or smaller than the mother cell size, however,
the mother and/or daughter cells are more restricted in movement
and align parallel to the tube axis. Such rolled-up microtubes can
also be exploited as ideal culturing capsules for larger-size cells like
neuron cells. As schematically described in Fig. 21(b), three-
dimensional confinement for controlled neurite outgrowth,
resulting in single-axon outgrowth through rolled-up Si/SiGe
microtubes, is realized by selectively seeding individual neurons
[268]. Because of the good compatibility with Si-based CMOS
fabrication technology, well-designed arrays of microtubes can
easily be made to guide neurites, thus forming predefined neuronal
networks. Similar bio-platforms involving strong guidance for
neurite outgrowth have also been demonstrated in a SiNM-based
compression-buckled structure [269], where the microchannel is
formed by buckled SiNMs and the PDMS substrate, as shown in
Fig. 21(c).

Compared with conventional cell-culturing techniques, which
largely take place in vitro on 2D tissue-culture plates, Petri dishes,
or slides [271], these 3D bio-platforms based on strain-engineered
3D Si/Ge micro/nano-architectures offer several exciting

advantages, including: 1) small enough to confine a single cell
for picking up isolated signals [268]; 2) able to supply controllable
and orderable cell growth behaviors by state-of-the-art CMOS
fabrication technology [267]; 3) able to provide a physiological
microenvironment that mimics the natural extracellular matrix in
vivo [272]; 4) able to add electrical or optical functionalities to the
Si/Ge-based bio-platforms for stimulation or physiological mea-
surement [269]; 5) convenient for modifying the surfaces of the
bio-platforms, to tune the surface resistance or capacitance for
optimized neuronal signaling [268]. With these unique features,
3D Si/GeNM-based micro/nano-architectures show themselves to
be emerging bio-platforms for controllable cell culturing, hybrid
neural-electronic systems, and bio-analysis.

6.2.4. Optoelectronic devices

Owing to their superior electronic and optical properties, Si
and GeNMs have attracted considerable attention for applica-
tions in optoelectronic devices, for example photodetectors
[273-275], solar cells [276], lasers [277], and light emitting
diodes [278]. However, such benefits are compromised by lower
efficiencies due to limited light-absorption thickness [273].
Among the various strategies for achieving efficient optical
absorption, 3D architectures may provide a practical and
convenient design. Fig. 22 illustrates an example of a 3D Si-
based solar cell [220] whose fabrication begins with the
formation of a flower-shaped planar PN-junction device. After
releasing the flower-shaped planar device layer by selective
etching of the buried oxide layer, a spherical Si shell can be
formed by a capillary-driven, self-assembly method [220]. Then,
a direct-writing-assisted metallization process utilized to make
silver electrodes finishes the 3D spherical Si-based solar-cell
fabrication, as displayed in Fig. 22(b) and (c). Current density-
voltage characteristics recorded from a typical spherical solar
cell are exhibited in Fig. 22(d). One can conclude that by adding a
thin metal layer (aluminum) as a diffuse white reflector, the
performances of the short-current density, open-circuit voltage,
fill factor, as well as the conversion efficiency for spherical
devices, are significantly improved.

Fig. 21. (a) Left: SEM image of a typical rolled-up microtube. Right: optical images and schematic diagrams explaining different yeast-cell arrangements in a large microtube
and a small microtube. Reprinted from Ref. [267]. (b) Schematic diagram of cortical neurons cultured in rolled-up Si/SiGe tubes [268]. (c) Left: optical image of microchannel
array formed by the closed space between buckled SiNMs and a PDMS substrate. Right: confocal-fluorescent-microscopy image of strongly guided neuronal outgrowths
within buckle delaminated microchannel array. All scale bars are 50 wm. Reprinted from Ref. [269].
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Fig. 22. (a) Schematic diagrams of the steps for fabricating a 3D Si membrane-based spherical solar cell. (b-c) Optical images of a complete 3D solar cell consisting of spherical
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diffuse reflector. Reprinted from Ref. [220]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The spherical structures for optoelectronic devices (here, a solar
cell) are extremely attractive, because of their intrinsic light-
trapping enhancement [279]. Light-trapping behavior, which
facilitates the performance of 3D optoelectronic devices, has also
been demonstrated in 3D wrinkles [128,205,243], and tubular and
cylindrical structures [220,280,281]. In addition, these 3D optical
structures enable efficient light absorption when irradiated from a
wide range of incident directions. With these superior advantages,
extensions can be made to other exemplary forms of 3D
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optoelectronics, electronic and photonic devices including photo-
detectors [128,280], lasers [282,283], transistors [284], inductors
[285,286], resonators[233,287], and optical couplers [288], which
are not limited to Si/GeNMs.
6.2.5. Energy harvesting

It is well known that Si and Ge are promising anode materials

for the next-generation lithium-ion batteries (LIBs), holding high
energy and power densities (about 4200 mAh/g for Si, and 1600
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Fig. 23. (a) Schematic illustration of the rolled-up bilayer Ge/Ti tubular lithium-ion storage device, where the middle Ti layer is utilized for charge storage and delivery due to
its high electrical conductivity. (b) SEM images of the hybrid bilayer Ge/Ti microtubes (left panel) and a magnified single Ge/Ti microtube with a cylindrical hollow structure
composed of multilayer stacks (right). Scale bars: 10 wm (left); 2 wm (right). (c) Cycling performance of the discharge capacity for the hybrid Ge/Ti and Ge tubular lithium-ion

batteries. Reprinted from Ref. [146].
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mAh/g for Ge) [289,290]. However, these high-capacity electrode
materials experience drastic volume changes (~280% for Li;5Sig,
and 250% for Li;sGey [291]) during the lithiation/de-lithiation
processes, leading to enormous mechanical stress, rapid cracking,
electrode pulverization, and damage in the solid-electrolyte
interphase [292-296]. Therefore, Si/Ge anodes degrade during
the performance cycle. As researchers have addressed these critical
issues, various Si/Ge nanostructures, such as nanoparticles, nano-
wires, nanotubes, and nanosheets, have shown greatly improved
performance, which can be attributed to facile strain accommo-
dation and accelerated electron and Li-ion diffusion kinetics
[289,290].

An alternative strategy for LIBs that utilizes 3D tubular Si/
GeNMs made by the rolled-up technique and full relaxation of
strain energy offers promise for accommodating the stresses
induced by Li-ion insertion/extraction [146,297,298] and for
preventing pulverization of the electrodes. In addition, projected
areas of tubular LIBs can reach almost two orders smaller than
their planar counterparts, thus leading to a highly integrated
energy-storage system [7,299]. Yan et al. [146] utilized strain-
released, hybrid bilayer Ge/Ti NMs to fabricate a 3D tubular Ge-
based LIB by the rolled-up technique, as schematically illustrated
in Fig. 23(a). Because Ti has outstanding electrical conductivity
[300], it can act as electron “superhighways” for charge storage and
delivery. It should be noted that gaps between adjacent bilayers
(sketched in Fig. 23(a)), which are induced by the natural
roughness of the deposited films as well as the imperfect roll-
up process, have several advantages: (1) providing hollow channels
for electrochemical reactions; (2) facilitating fast diffusion rates for
Li ions; and (3) possessing good tolerance for volume variations.
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Fig. 23(b) shows SEM images of the rolled-up microtubes, featuring
two open ends, a smooth surface, and a cylindrical hollow
structure composed of multilayer stacks.

The discharging and charging capacities of the hybrid Ge/Ti
tubular LIBs have been evaluated to be 1753 mAh/g and 1490 mAh/
g (Fig. 23(c)), respectively, for the first-cycle at a rate of C/16.
Compared with other Ge nanostructure-based anodes, the rolled-
up tubular Ge/Ti NMs reveal outstanding coulombic efficiencies
(85%), much higher than those for Ge-based nanowire arrays (33%)
[301], nanotubes (76%) [302], or composites with graphene (52%)
[303]. In addition, the hybrid Ge/Ti microtube electrode shows a
straightforwardly higher capacity than a pure Ge microtube does
for all investigated current densities, which can be attribut