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ABSTRACT: The development of methods to synthesize
and physically manipulate extremely thin, single-crystal-
line inorganic semiconductor materials, so-called nano-
membranes, has led to an almost explosive growth of
research worldwide into uniquely enabled opportunities
for their use in new “soft” and other unconventional form
factors for high-performance electronics. The unique
properties that nanomembranes afford, such as their
flexibility and lightweight characteristics, allow them to be
integrated into electronic and optoelectronic devices that,
in turn, adopt these unique attributes. For example,
nanomembrane devices are able to make conformal
contact to curvilinear surfaces and manipulate strain to
induce the self-assembly of various 3D nano/micro device
architectures. Further, thin semiconductor materials (e.g,,
Si-nanomembranes, transition metal dichalcogenides, and
phosphorene) are subject to the impacts of quantum and
other size-dependent effects that in turn enable the
manipulation of their bandgaps and the properties of
electronic and optoelectronic devices fabricated from
them. In this Perspective, nanomembrane synthesis
techniques and exemplary applications of their use are
examined. We specifically describe nanomembrane
chemistry exploiting high-performance materials, along
with precise/high-throughput techniques for their manip-
ulation that exemplify their growing capacities to shape
outcomes in technology. Prominent challenges in the
chemistry of these materials are presented along with
future directions that might guide the development of next
generation nanomembrane-based devices.

1. INTRODUCTION

Advances in electronics technology traditionally focus on the
miniaturization of circuitry to afford faster, more efficient
devices. These advances increasingly exploit active materials in
complex thin-film forms while relying on larger device-level
structural components to both support and integrate them.' ™
By reducing not only the lateral dimensions but also
thicknesses of full devices, new forms of function can be
realized that would otherwise not be possible with bulk
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materials. Semiconductor nanomembranes (NMs) embody a
class of materials that enable such new forms of functionality
including capacities for flexure,”” transient construction with
tunable paths of degradation,”” transparency,” "' strain-
engineering from lattice mismatch,'>~'® and tunable bandgaps
via quantum confinement effects.'”””' The term NM
encompasses here not only a class of materials rigorously
defined by nanoscale thickness but also ranges from atomically
thin films to continuous, self-supporting films that have
properties independent of their supporting substrates. These
functionalities can be exploited to fabricate unique electronic
and optoelectronic devices that provide pathways into next-
generation electronics.

One important aspect of semiconductor NMs is that they
make it possible to use single-crystalline inorganic materials as
are generally necessary for high-performance electrical proper-
ties while affording unique attributes, such as that of
flexure."” Alternative materials as might be used for flexible
electronics (e.g, molecular and polymeric organic semi-
conductors) are generally characterized by carrier mobilities
that greatly limit device-level performance characteristics.””" In
this Perspective, we highlight progress being made in the
chemistry of inorganic NM materials as a distinct class of
unconventional solid thin films that harbor a potential for
applications within high-performance devices. NMs fabricated
using wafer-sourced electronic grade semiconductors, silicon
(Si) and III-V compound semiconductors such as GaAs as
exemplars, are discussed and compared with more recently
emerging 2D NM materials (i.e., atomic thicknesses) as
exemplified by the transition metal dichalcogenides
(TMDs)," """ black phosphorus (BP),'”** and silicene.”**
The former comprises materials that are used in thin film forms
that are thicker than a 2D homologue. They exemplify
functional materials that have been well-studied and for which
established processing techniques can be utilized to both
fabricate and integrate them within devices, with understood
pathways for optimization and potential for large scale
manufacturing. In comparison, 2D NMs are a relatively new
class of atomically thin, layered material that have attracted
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Figure 1. Methods of fabrication for 2D materials. (a) ME schematic of a ML of material and (b) corresponding AFM image of an exfoliated MoS,
ML.” (¢) LPE schematic via sonication (top) and Li* ion intercalation (bottom) and (d) corresponding TEM image of a MoS, flake exfoliated via
sonication.'”" (e) Schematic of a CVD process to prepare MoS, sheets. (f) Optical image of MoSe,/WSe, heterostructure (top left) and
photoluminescence maps of MoSe, (red, bottom right), WSe, (green, bottom left), and the MoSe,/WSe, heterostructure (top right). Scale bars, 10
um."* (g) GaN synthesis schematic (left) and HAADF-STEM cross-section of 2D GaN (right).157 (h) Schematic of thermal evaporation of
silicene (left) and evolving structures (right).162 Reproduced from ref 70, 162 with permission from ACS, ref 101 from AAAS, ref 147, 157 from

Springer Nature.

considerable attention in consequence of the new possibilities
for functional properties they engender, albeit with major
requirements remaining for improved methods for their use
within devices. It is now well appreciated that NM materials
enable new figures of merit for functional performance that are
of interest for wearable electronics,” >’ flexible displays,”**’
low-cost high-mobility transistors,””*' nanoelectronics,**~%°
and 3D scaffolds for integration of cellular tissues.*~* Of
most note is that, with suitable methods of synthesis and
processing, such functionalities can be developed in ultrathin
materials while retaining the superior qualities associated with
electronic and optoelectronic grade source materials.

The following sections highlight recent progress made in the
fabrication/synthesis, chemical modification, and application of
emerging classes of NM materials in advanced devices: a
discussion highlighting the unique attributes of structure and
function that their properties facilitate. We first describe the
synthesis of 2D NMs, and follow with an overview of methods
used for more extended thin film forms, as exemplified by
those composed by Si and epitaxial/compound NMs. We
follow this with an overview of the construction of devices
embracing both 2D and 3D design rules. We conclude with
thoughts regarding the current development of the field and
suggest important challenges and opportunities for progress
that remain to be addressed in research.

2. FABRICATION STRATEGIES FOR SEMICONDUCTOR
NANOMEMBRANES

There has been significant attention given to the chemistry of
ultrathin and 2D nanomaterials (examples of which are shown
in Figures 1 and 2) and procedures for their fabrication and
characterization have been extensively re-
viewed. ! ~>S1L1S17,19,21,23,24,44=50 1, general terms, three
distinct, yet variously interrelated, approaches exist for the
preparation of NM materials. The most frequently exploited of
these methods for 2D NMs follows inspirations afforded by
graphene, where an intrinsically layered bulk material (graphite
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in the case of graphene) is subjected to physical/chemical
processing steps to separate discrete NM thin films.
Mechanical and chemical exfoliation are the most common
methods exploited to do so.'""”'**"** The second conceptual
approach is based on direct chemical growth of the NM
material using a supporting substrate from which it can be
subsequently separated. This latter approach has been
perfected and scaled in industrially relevant processes to
produce rolls of graphene on the meter scale. The most
advanced method uses Cu foil substrates, providing a fully
scalable source for high-quality §raphene films reaching to
hundreds of meters in length.”*~ Direct growth of other 2D
NDMs, however, remains less well developed and restricted to
the use of rigid/expensive substrates. In a third conceptual
approach, physicochemical processing steps are used to reduce
the thicknesses of/or section single-crystalline materials down
to very low limiting values: etching, polishing, and selective
cutting comprise relevant processing methods used to this
end S90—62

The synthetic method of choice for use in a specific
application depends in large measure on the requirements for
performance. The use of extractive processing is particularly
beneficial for high-performance electronics when single-
crystalline wafer sources are readily available along with
processing methods for their conversion to NM forms that
allow new functionalities, such as extreme mechanical
flexibility, and useful approaches to heterogeneous integra-
tion, 531486365

Layered Materials as Precursors for 2D NMs.
Crystalline compounds composed of inherently layered
structures are nearly ideal source materials for 2D NMs.
These materials consist of strong in-plane covalent bonds, with
adjacent layers held together by weaker van der Waals (VDW)
forces. Many of these so-called graphene-like materials
(GLMs) can be exfoliated while maintaining their in-plane
crystalline structures. Electrons are generally confined within
the 2D atomic planes of these materials and for this reason
afford interesting alternatives to single-crystalline materials
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whose ultrathin structures would otherwise be terminated by
dangling bonds.*> Here, much attention has been given to
TMDs with compositions in the form of MX, (where M is a
transition metal from groups 4—10 and X is a chalcogenide
such as S, Se, or Te), that have bandgaps ranging from ~1.1 to
2.5 eV.'""? Growing consideration also has been given to the
chemistry of black phosphorus (BP), whose layered poly-
morphic structures give this element’s most thermodynamically
stable allotrope a tunable direct bandgap (~0.3 to 2.0 €V),
suitable for use in optoelectronics.'”*¥°¢~

Depending on the conditions used in their synthesis (and
the specific materials composition involved), monolayer (ML)
sheets and flakes can be peeled from a bulk sample via
mechanical exfoliation (ME). A schematic depiction of this
process is given in Figure la, where an adhesive tape is used to
peel back a ML of material for transfer to a supporting
substrate. An image of a transferred MoS, NM is shown in
Figure 1b.”" This approach makes it possible to explore TMD
and BP NM devices and there now exist many reports of high-
performance optoelectronic devices’*™** and transistors (with
mobilities on the order of ~200 cm® V™! s7') utilizing them as
an active electrical material.*>~”* ME remains the simplest
approach to obtain high quality samples, although with
challenges to both yields and scaling. Specifically, fabrication
methods suitable for use with BP remain an area of need even
as research continues to build better understandings of its
electronic and structural properties, and explores means to
stabilize it against decomposition.”>”*~"%

While the simplicity of ME has yielded high-performance
materials suitable for use within a laboratory setting, its utility
for broad scale adoption in technology remains limited. Liquid-
phase exfoliation (LPE, a process shown in Figure 1c) provides
a promising alternative means of preparing high quality 2D
NMs from intrinsically layered solid materials. To exfoliate thin
films in this way, a solvent (or surfactant) must be able to
overcome the VDW forces between the material layers and
prevent aggregation of the separated sheets. With suitable
choices, relatively large single sheets (such as the MoS, films
shown in Figure 1d) can be prepared.'”’ Coleman and co-
workers have studied the solution phase processing of TMD
materials and have identified solvent properties (e.g,, surface
tension of ~40 mJ m™2) that permit production of single- and
few-layer sheets'”' in a manner analogous to processes used
with graphene.'””'” A number of organic solvents have been
shown to be promising for exfoliation of TMD sheets that yield
large area (>100 nm) flakes in useful quantities.'*"'**~"%
Efforts using similar solvents are being used to exfoliate BP,
although with limited success in consequence of its
stability.'”’~""" The LPE of TMDs in aqueous media is also
of significant interest, where (given water’s surface tension of
72 mJ m~2) the addition of surfactants is required to maintain
stable dispersions. For example, Smith and co-workers were
able to exfoliate thin sheets of multiple TMD materials
including MoS,, BN, WS,, TaSe,, MoTe,, MoSe,, and NbSe,
using sodium cholate as a dispersant.''”

Chemical intercalants can also be used. The insertion of
lithium ions between adjacent TMD layers using n-butyl
lithium'”""*"'* and sonicating either during lithium inser-
tion'"” or after''®™"" illustrates this chemistry, yielding
materials with properties useful for applications spanning
from electrocatalysis to electronic/optoelectronic devi-
ces,! 10001207122 The jntercalation of Li can also be driven
electrochemically to accelerate its uptake,''®~"'!2*7124
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Direct Chemical Synthesis of 2D NMs. In concept, a
direct pathway to synthesize 2D NM materials would proffer
advantages over alternative methods based on either ME or
LPE. A bottom-up fabrication technique of this form would
require capacities to select forms of growth (specific
polymorphs, etc.), support substrates, and, for full generality,
the possibility of effecting physical transfers post growth.
Toward this end, chemical vapor deposition (CVD) and other
thermolytic processing methods have been examined as routes
to NMs, both for cases based on intrinsically bulk layered
structures as well for very thin layers of otherwise extended
bulk solids. Examples here include the growth of TMDs as well
as extreme terminations of bulk semiconductor structures such
as silicene (single-layer Si) and 2D GaN.

A well-studied bottom-up synthesis is that of the CVD
growth of the TMD material MoS,."”*7"*¢ Procedures to
deposit thin layers of MoS, can be translated to other TMD
materials (e.g., MoSe,, WS,, WSe,, etc.)>”7"** and so well
represent strategies for the broader class. The schematic in
Figure le outlines a prototypical CVD process, one in which
MoOj; and sulfur are used as the elementary Mo and S sources,
respectively. The deposition is carried out at high temperatures
(650 °C) under Nj(g) flow in order to induce the reduction of
MoO; by the S vapor to the volatile suboxide MoO;_,, which
then reacts further with the S vapor on the substrate surface to
form MoS,:'**

MoO; + x/2S - MoO,_, + x/250, (1)

MoO,_, + (7 — x)/28 = MoS, + (3 — x)/2S0,  (2)

This film growth is not inherent on the supporting substrate
and a seed layer (i.e, reduced graphene oxide, perylene-
3,4,9,10-tetracarboxylic acid tetrapotassium salt, or 5perylene—
3,4,9,10-tetracarboxylic dianhydride) must be used.'*> With an
optimized seed layer, the dimensions of the NMs can be
improved. Alternative precursors include a thin Mo film
(deposited on the substrate and subsequently reacted with S
vapor to produce MoS,)"*” and (NH,),MoS,,"**"*” where the
thermolysis reaction proceeds as follows:

(NH,),MoS, + H, — 2NH, + 2H,S + MoS, (3)
A second annealing step in the presence of S vapor at 1000
°C is required in order to increase domain sizes and improve
crystallinity. There now exists a rich and growing literature
discussing the growth of TMD NMs and the impacts that
precursor chemistry, seed layers, substrates, and growth
dynamics have on properties important for their use in
electronic and optoelectronic devices.'>*'*7'**
Heteroepitaxial structures of TMD and BP materials can be
pr?ared by CVD.'"™"' Both vertical**'* and later-
SIS0 heterostructures have been reported with
superior properties as compared to stacked NMs adhering
via VDW interactions. Materials with large lattice mismatches
(e.g, WS, and WSe,, 4% mismatch) can be grown with lattice
coherence and specific supercell dimensions.'** Figure 1f
shows an optical image and photoluminescence intensity maps
of a MoSe,/WSe, heterostructure grown in a one-pot synthesis
by simply controlling the gas composition within the reaction
chamber,'*” a process extendable to other MoX, and WX,
heterostructures.'*”'*® In situ growth of the TMDs provides
pristine junctions between the two materials as well as allowing
distinct control over domain sizes. Electrical characterization of
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Table 1. Electronic Properties of 2D NM Materials

Electron mobility Hole mobili On/Off
2D NM  Synthesis (em? V7! s7h) (em? V7! s_g Ratio Reference Comments
TMD ME 25-30, 100—200 180%—-350 10*—10% 83, 84, 86—89* *NO, doped
TMD CVD 0.02—80 - 103-10°, 85, 125, 127, 132, 139, *HfO, dielectric
10%* 209%-213
TMD LPE 0.117/162—195* - 3—4 105 *corrected values
BP ME 10 10—300; 984;* 103-10° 92,93%-96, 99, 100%* #10 layers
1,350%* #*hBN-BP-hBN heterostructure
a-BP CVD* - 0.5 10*-10* 152,153 *CVD of red P, then converted to BP
with pressure
BP LPE - <50 10° 109
a-BP PLD* - 14 10* 154 *Pulsed laser deposition
Silicene Evap. 114 72 10 160

the heterojunctions displays the typical rectifying behavior of
well-defined p—n junctions.'*’

BP NM films can be grown on Si/SiO, substrates at high
pressure using amorphic red phosphorus as a precursor; the
electrical properties of the materials produced have been
explored in model FETs."””'*® It also has been suggested
recently that the amorphous form of BP (a-BP) might be of
interest for use in electronics in a manner similar to amorphous
silicon, although the performance levels of FET's using it as an
active semiconductor (mobilities of 14 cm® V™' s™"' and on/off
ratio of 10?) remain modest.">*

Recent literature describes the chemical synthesis of single-
and few-layer 2D GaN and silicene. While 2D hexagonal boron
nitride (hBN) NMs have been studied extensively,lss’156
studies of other nitride materials remain limited due to their
general adoption of nonlayered bulk structures. For example,
wurtzite GaN is tetrahedrally coordinated and unsaturated
dangling bonds significantly impact its properties at the
nanoscale. A recent report describes a method to passivate
these dangling bonds and grow 2D GaN films through
migration-enhanced encapsulation growth (MEEG, Figure
1g)."”” Here, an epitaxial graphene layer is first formed via
sublimation from a SiC(0001) substrate followed by hydro-
genation (Figure lg, steps 1 and 2). Trimethylgallium is then
decomposed on the graphene/SiC(0001) surface, where
gallium adatoms penetrate the graphene capping layer (steps
3—5) and then converted to GaN via ammonolysis (step 6)."’
A high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) cross-sectional image of the
encapsulated 2D film is shown in Figure 1h.

Perhaps the most interesting NMs are those composed of Si,
materials we treat at some length in the sections that follow.
Silicene, as a limiting case, has been treated in theoretical
studies in considerable depth since the discovery of
graphene.””"*® In a manner analogous to graphene, silicene
exhibits a Dirac bandstructure and as a result of its buckled
structure, exhibits a discrete bandgap due to its lowered
symmetry.”*"**'°* Unlike graphene, which is sp? hybridized,
silicene exhibits a mixed sp”’sp* hybridization due to its larger
ionic radius,”*'®" a perturbation that drives its nonplanar
structure. It is only recently that supported silicene sheets have
been grown experimentally (via thermal evaporation), as
shown schematically and in the microscopy images shown in
Figure 1ij, respectively.'>'** Silicene nanoribbons form on Ag
(110) surfaces,'**™'%" which mediates growth via adatom
diffusion along the [110] direction of the substrate.'** Silicene
sheets grown on Ag(111) surfaces exhibit the expected
buckling structure.' > %1% Several superstructures of silicene
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have also been identified whose nature depends strongly on
substrate temperature and deposition rate (Figure 1j).'*>'*>1¢
On average, single layer domains of silicene remain limited in
size (ca. 100 nm*) and are not generally amenable for release
from their growth substrates; ' 6%162163,168,169 §rowth on other
substrates has been explored in this regard.'”""”!

Table 1 provides a summary of the electronic properties of
2D NMs prepared in various ways. Notable differences are
clearly evidenced between ME and CVD sourced materials. A
challenge for CVD-grown materials, and bottom-up growth in
general, is obtaining highly crystalline sheets. Subsequent steps
(e.g, thermal processing) are generally needed to improve the
material’s electronic properties. A further challenge is the
ability to control the number of 2D layers that are deposited
while maintaining electronic and optoelectronic properties
superior to those obtained by exfoliation. Unquestionably,
however, the sourcing of NMs directly from electronic grade
wafer/bulk semiconductor sources (e.g., Si and III-V materials)
remains perhaps the most attractive approach for realizing
scalable approaches for applications in technology (an idea we
illustrate with examples taken from the recent literature in the
sections that follow).

Synthesis of Single-Crystalline NMs. The use of single-
crystalline semiconductors remains a central materials require-
ment for high-performance electronics. The breadth of
knowledge in Si processing has enabled the fabrication of
new classes of devices using them in flexible and transient
electronics among a range of form factors that variously exploit
wafer-scale processes to extract thin films from bulk-like
sources.”””~**!7* Related strategies have also been developed
for use with III-V semiconductors for applications where direct
bandgap materials are required. The preparation of thin single-
crystalline NMs exploits approaches outlined below. These
strategies employ precise top-down etching capabilities as well
as epitaxially grown films that accommodate lattice mismatch
in interesting ways to create novel materials sets. Recent
advances in top-down approaches provide access to Si NMs on
a large scale and further allow doping, as well as integration of
the dielectrics (e.g., Si0,), device components, and barriers/
encapsulating structures required. Selective etching (Figure
2a—c) is commonly used to obtain Si NMs, particularly
anisotropic etching,°”'”*~""* which utilizes the selectivity of
specific etchants toward the impacts of electronic structure on
the bonding of Si atoms within specific high-symmetry, low-
index crystalline planes. Close-packed {111} planes have
comparatively slow etching rates, followed in order by {100}
and {110} planes, which progressively etch more rapidly.
These rate-structure sensitivities can be utilized to produce
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Figure 2. Silicon NM synthesis. (a—c) Schematic illustrations of
fabrication processes and of Si NMs, including (a) anisotropic
etching, (b) etching of the buried oxide, and (c) back etching. (d—f)
Images of Si NMs prepared from (d) anisotropic etching,'” (e)
etching of the buried oxide,' and (f) back etching.61 (g) SEM images
of multilayer Si NMs.® (h) SEM and TEM images of ultrathin Si
NMs.® Reproduced from ref 1 with permission from Springer Nature,
ref 8 from ACS, ref 61 from PNAS, and ref 173 from AIP Publishing.

specific structural features depending on the orientation of the
wafer.'7°71%% In Figure 2a, an anisotropic etching process is
illustrated in which trenches are first defined on Si (111)
wafers through patterned reactive ion etching (RIE) to expose
the {110} planes. Selectively patterned SiO, and evaporated
metal passivate the top and sidewalls of Si and an anisotropic
etch in KOH undercuts the Si along the (110) directions,
thereby forming Si NM:s after release. The general form of the
net chemical reaction in this case is given by the following:

Si + 20H™ + 2H,0 — Si(OH),0,*” + 2H, (4)

which is consistent with the observed production of
Si(OH),0,>” and two hydrogen molecules per Si
atom."””*8! Figure 2d shows an SEM image of released,
mechanically flexible Si nanoribbons.'”? Other forms of Si
NMs are also possible using a similar anisotropic etchin%
strategy. One example generates Si NMs in multilayer stacks,’
exploiting the rippled sidewall structure that results from a
deep inductively coupled plasma (ICP) RIE in the Bosch
process.'®” Angled evaporation of metals and anisotropic KOH
etching of Si yield multilayer Si NMs that can be readily
released or transfer printed, as shown in the left and middle
frames of Figure 2g, or released in bulk quantities, as shown on
the right in Figure 2g. This high-throughput processing
technique efficiently utilizes a large volume of the bulk source
wafer.
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An alternative way of making Si NMs exploits selective
etching of a buried oxide layer using a silicon-on-insulator
(SOI) wafer, where a thin single-crystalline layer of Si is
bonded atop a base handle wafer by a sacrificial layer of SiO,
(Figure 2b). Hydrofluoric acid is used to etch away the buried
oxide layer. The top Si device layer can then be released or
transferred to another substrate. Figure 2e shows an image of a
Si NM with a thickness of ~50 nm that was so prepared.’

A recent development also begins with the use of SOI
wafers, but replaces the wet etching of the oxide layer with dry
etching of the back Si handle wafer, as in Figure 2¢c. Removal of
the backside of the Si wafer typically involves grinding of the
backside, followed by a series of RIE steps to completely
remove the Si on the back side. Si NMs formed in this way
keep the buried SiO, layer, which can serve as protective
barriers for biointegrated electronic systems (vide infra).61 The
optical image in Figure 2f presents a Si transistor array in
which the Si NMs were so encapsulated by SiO,.

It is possible to prepare ultrathin Si NMs (1.4 to 10 nm)
using cycles of thermal oxidation and etching.”'®* This process
uses similar etching strategies as for SOI wafers but first thins a
portion of the top Si device layer by thermally oxidizing and
subsequently etching it. This process reduces the thickness of
top Si device layer to ~16 nm. The second thinning process
exploits repetitive ultraviolet-ozone (UVO) oxidation and
removal of SiO,, which controls the oxidation/etches more
precisely to ~0.74 nm of Si each cycle.” Figure 2h presents an
SEM image (left), a high-resolution TEM image (middle), and
a TEM side view (right) of an ultrathin Si NM so prepared.
These NMs exhibit quantum confinement effects as well as
high flexural compliance and optical transparency— distin-
guishing functional attributes for devices as are described
below.

The release of III-V NMs is best achieved via selective
etching of a buried sacrificial lagrer. This layer can be included
in a repeated epitaxial stack®>'®* that is either lattice matched
or otherwise accommodative so as to not produce defect
inducing strains and selected to etch at significantly higher
rates than the device layer. This allows substantial latitude for
processing and fabrication steps prior to lift-off and proves
most beneficial when the receiving substrate (e.g.,, an organic
polymer) cannot accommodate the harsh processing con-
ditions as might be required (i.e., corrosive etchants, etc.).

An example of an epitaxial stack is shown in Figure 3a, where
an alternating structure of GaAs (the device layer) and AlAs
(the sacrificial layer) is built up by an MOCVD process in a
stack that allows the release of large quantities of GaAs NMs
(Figure 3b)'** as well as thin, flexible devices (Figure 3c). 1
This approach, called epitaxial lift-off, has been developed
extensively®™' 5157190 and has greatly reduced the cost of
GaAs and other III-V semiconductors, enabling their wide-
spread use as high efficiency electronic and optoelectronic
devices. Epitaxial lift-off encompasses the single-crystalline
quality of an epitaxially grown film as well as the ability to
reuse the support wafer for the growth of new epilayers. To
etch Al,Ga,_,As, hydrofluoric acid is used due to the selectivity
afforded by an etch rate that increases markedly with the
aluminum fraction. For example, etch rates of Al,Ga;_,As (x >
0.6) are >10° times faster than that of GaAs in hydrofluoric
acid."”® Typically, AlAs is used as a sacrificial layer as it
demonstrates the highest selectivity for the system. The
chemical reaction between aqueous HF and AlAs produces a
complicated speciation of products that includes aluminum
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Figure 3. Synthesis of epitaxial NMs. (a) GaAs epitaxial structure. (b) Multiple GaAs PV devices prepared from epitaxial lift-off. Scale bar (inset),
200 pm."** () Flexible GaAs PV array.'™ (d) Schematic of NM self-rolling'® and (e) InAs/GaAs NM self-rolled tube.'** (f) Si/SiGe NM self-
rolled tubes directing cell growth. Scale bar, 100 gm."" (g) Schematic of strained SiGe NM preparation and (h) image of a strained SiGe transistor
array.'”’ (i) SEM of a double QD structure on a Si/SiGe NM.*> Reproduced from ref 16, 32 with permission from IOP Publishing, ref 41 from
ACS, ref 184, 197 from Springer Nature, ref 185 from Cambridge University Press, and ref 194 from Elsevier.

fluoride, arsine gas, and oxygenated species (AsO*, AsOH",
and AsO,"). The overall reaction (which neglects some of this
complexity) can be written as

AlAs + 3HF + 6H,0—

AsH, + [AIE,-(H,0),_,1°™* + (3 — n)F™ + nH,0

()
where n =0, 1, 2, 3."°%'"! Even though the etch rates are very
fast, mass transfer effects can limit the etching processes as the
sacrificial layers are very thin and species must diffuse in and
out of the crevices created by the dissolution of material. To
combat this, techniques have been developed that slowly peel
back the device layer as etching proceeds in order to better
expose the active area of the sacrificial layer,"**'*” as well as to
infuse gases such as oxygen to inhibit As deposition (from
AsH,, which acts as a barrier for further etching).'”"'**

Other compound semiconductors can use epitaxial lift-off
processes to fabricate NMs. For example, AlGaSb can be used
as a sacrificial layer in the fabrication of InAs or InGaSb
NMs.***"%* The scope of the inorganic NMs that can be so
fabricated is quite broad, with many choices for the sacrificial
layers, etchants, and strategies to mitigate lattice strains that
would otherwise induce defects.

Sacrificial layers are typically chosen to minimize strains
within the device layer. Such strain can be utilized, however, to
induce shape transformations. In cases where the NM
materials are grown on substrates with significantly larger (or
smaller) lattice constants, the released NMs can curl up into
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precise tubular shapes.'”'® This concept is shown schemati-
cally in Figure 3d. The InAs epilayer shown has a larger lattice
constant than the base substrate and is compressively strained;
the top GaAs epilayer is under tensile strain.'® Upon selective
etching of the AlAs sacrificial layer, the InAs layer tends to
expand while the GaAs layer compresses. These opposing
forces, F; and F,, result in a net momentum, M, that induces
the NM to roll up.'®'”® This makes it possible to prepare
tubes, rings, coils, and a host of other geometries. An example
of a InGaAs/GaAs tube is shown in Figure 3e, balancing on a
thin sacrificial layer of Alj4Gay,As."”* Depending on the
orientation of the lithographically patterned stripes, the NMs
can be rolled into tubes, flowers, and coils."**

In addition to III-V materials, strain-driven assembly is
applicable to other lattice mismatched films such as Si
epitaxially grown on SiGe-on-insulator (SGOI) wafers.'”
The applications for Si-based materials are quite different
and can include biological studies, as shown in Figure 3
Here, Si/SiGe nanotubes are utilized as a biologically viable
substrate providing cues for outgrowth of primary cortical
neurons and selectively allowing single axon growth inside of
the tubes when tube diameters are on the order of 4 ym. The
tube diameter can be accurately controlled via the Ge
concentration in the Sij_,Ge, alloy and the thicknesses of
the Si and SiGe layers. Using semiconductor structures as 3D
scaffolds for tissue growth provides a general strategy for

defining neuronal networks that can also be electrically
probed."'%¢
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The strains induced by lattice mismatch can be utilized to
prepare strained-Si and -SiGe NMs for applications in
quantum electronics and fast flexible electronics. The
application of strain is known to change the electronic band
structure of materials and specifically Si shows an increase in
carrier mobility with strain.'>'?”'*® The fabrication of
strained-Si is limited, however, by techniques that grow Si
on compositionally graded Si;_,Ge, substrates. These films
tend to exhibit misfit dislocations and lack the structural
uniformity imperative for quantum electronics.'>'”® Figure 3g
illustrates an alternative technique in which Si/SiGe/Si NM
trilayers are used to fabricate strained-Si NMs and Si/SiGe/Si
quantum well structures.'”” A SiGe layer is epitaxially grown
on an SOI wafer and a Si capping layer is then epitaxially
grown on top. The lattice mismatch induces a compressive
strain in the SiGe layer, which is then partially released via
strain sharing with the Si layers, now tensilely strained after lift-
off in hydrofluoric acid. Using this strategy, Zhou and co-
workers fabricated a flexible thin film transistor (TFT, Figure
3h) demonstrating a 47.3% enhancement in effective
mobility.197 An alternative structure, SiGe/Si/SiGe, can be
fabricated where a strained-Si quantum well is grown on an
elastically relaxed SiGe NM,”” providing a gate-defined double
quantum dot in the Si/SiGe NM (Figure 3i) that can be tuned
by a magnetic field.”> Quantum-well infrared emitters and
photodetectors can be fabricated similarly.'*'"

The most promising routes for preparation of NM materials
are high-throughput techniques that preserve the high
electronic quality afforded by their bulk counterparts. The
approaches outlined above take on these demanding
objectives. The progress made includes next-generation devices
that enable high performance in regimes that have classically
been difficult to realize. Exemplary demonstrations in these
fields for 2D-, Si-, and epitaxial-NMs are discussed below.

3. ELECTRONIC AND OPTOELECTRONIC
NANOMEMBRANE DEVICE APPLICATIONS

2D NM Transistors and Optoelectronic Devices. When
bulk materials are thinned to atomic dimensions, quantum
confinement effects can be exploited to provide new forms of
functionality for electronic and optoelectronic devices. For
example, TMDs can have an indirect bandgap as bulk materials
(e.g, MoS, and WS,), yet exhibit a direct bandgap below a
specific number of layers.'”"” This transition engenders an
enhanced photoluminescence that can be utilized in unique
ways, including as optoelectronic materials for light-emitting
diodes (LEDs). Theoretical investigations also suggest that 2D
materials would be useful in spintronic and valleytronic
technologies due to strong spin—orbit and spin—valle
coupling in silicene and group VI TMDs, respectively.'”**>*
Single-layer BP has been shown to exhibit anisotropic electrical
behaviors as a result of the unique features of its crystalline
structure.””***1 2% Such properties suggest prospects for
electronic devices employing 2D materials with useful features
that would not be possible with bulk materials.

One of the most persuasive arguments for continued efforts
in research of 2D materials is provided by the transistor. In
accordance with Moore’s Law, technology has minimized the
critical feature sizes in transistors to deliver faster and more
efficient devices. In moving forward, short-channel effects
(such as current leakage between the source and drain)
become extremely problematic. Field-effect transistors (FETs)
made from 2D materials (where electrons are strongly
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confined in the atomic layer) are less significantly impacted.
Ideally, 2D channel materials would be compatible with
complementary metal oxide semiconductor (CMOS) process-
ing and therefore, silicene has been imagined as the
quintessential 2D channel material. Initially, most research
on this material was theoretical®**%!6110%169200206 1,4
recently Tao and co-workers have reported a method to
delaminate and encapsulate a silicene NM for subsequent
integration into a working FET (Figure 4a)."° This device
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Figure 4. 2D NM electronic and optoelectronic devices. (a)
Schematic of the method to prepare a silicene FET.'® (b) Schematic
of a MoS, FET with HfO, dielectric layer (left) and its transfer
characteristics (right).83 (c) Schematic of a gated WSe, LED (left),
electroluminescence image (middle, scale bar, 2 ym) and spectrum
(right).71 (d) SEM (left) of a 3D SU-8 structure (dark gray) with
MoS, photodetectors (green) interconnected with graphene (light
gray) and its angular photodetection as compared to a protractor
(right).”** (e) BP photodiode with a ring electrode (left), photo-
current microscopy images at 0°, 30°, 60°, and 90° polarization angles
(middle), and photoresponsivity at 0° and 90° (right).69 Reproduced
from ref 69, 71, 83, 160, 225 with permission from Springer Nature.

displayed a current on/off ratio of only 10, but average
electron and hole mobilities of 114 and 72 cm?® V! s7),
respectively. The low current on/off ratio is an indication of
the small bandgap of silicene (~210 meV).'®” This form of
silicene was used to fabricate a self-switching diode (SSD),*"”
permitting modulation of conductance.

FETs based on semiconducting TMD materials have
witnessed marked improvements in carrier mobilities in part
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buckling of Si nanoribbons (middle),”** and arc-shaped open-mesh structures buckled in two dimension (right).239 (b) Schematic illustration of

the deterministic assembly of 3D mesostructures.*® (c) SEM images of representative 3D mesostructures made of Si. Scale bars, 200 ym.

65,240—242

(d) Assembled 3D structures that span from submicron scale to meter scale.*® Reproduced from ref 64, 240, 242 with permission from AAAS, ref
48 from Elsevier, ref 50, 238 from Springer Nature, ref 65 from John Wiley & Sons, and ref 239, 241 from PNAS.

through the incorporation of high-x gate dielectric materials
(e.g,, HfO,). A schematic depiction of an exemplary device and
its transfer characteristics are shown in Figure 4b.*’ The
measured mobilities surpass prior limiting values for MoS,
FETs (0.1-10 cm® V™! s7'), reaching 217 cm?® V! §71%15¢
This strategy was used to fabricate four different integrated
logic circuits including an inverter, a NAND gate, a static
random access memory (SRAM) cell, and a five-stage ring
oscillator,”” results suggesting a very promising future for
TMD and other 2D NM-based devices, if challenges to device
performance and stability can be solved, including: contact
resistance;84’89’92'209 encapsulation/stabilization against oxida-
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84,92,94—96,99,100 dopin .11,85-89,92,94,96,99,139,210 and im-

tion;
proved carrier mobilities.

For 2D materials possessing direct bandgaps, use as an active
material for LEDs with large photo- and electroluminescence
intensities has been explored. BP films have a direct bandgap
(0.3 eV) suitable for near-infrared (NIR) and infrared (IR)
detection and emission.'” The high absorptivity values for 2D
materials (e.g,, >10° for TMD materials)*" further provides
interesting prospects for thin film photovoltaic devices.

For most optoelectronic devices, it is beneficial to create a
p—n junction that effectively separates electron—hole pairs.
Photovoltaic and electroluminescent efficiencies have been

)
19,93,125,127,132,211—214
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shown to greatly benefit from this.””*>*'® Schottky barriers at

the semiconductor/metal interface can be exploited to separate
e—h pairs in consequence of the built-in potential present at
the junction.*”*'”*'¥ Additionally, electrostatic doping via an
applied voltage at the gate electrode using either a
metal” 7882219722 61 graphene’®?*>?% electrode, or more
recently a triboelectric nanogenerator’>* can be utilized for
that purpose. An example of such an electrostatically doped
device using a Pd electrode is shown in Figure 4c. Here, the
back 7gates are separated from the TMD material, WSe,, by
hBN.”" When the Pd back gates are biased to form the p—n
junction, bright electroluminescence is observed (Figure 4c,
middle) at a low current of only S nA. The spectrum on the
right in Figure 4c shows this electroluminescence in blue along
with the corresponding photoluminescence in red. The
similarity in each spectrum suggests that the electrolumines-
cence is derived from similar mechanisms as photolumines-
cence in which direct-gap excitons recombine radia-
tively.”””’® This is an important observation as photo-
luminescence experiments have confirmed that excitons form
in the +K valleys, suggesting that excitons from electro-
luminescence do so as well. TMDs are unique in that they have
two inequivalent momentum valleys, +K and —K, that are
required to have opposite spin due to time-reversal symmetry.
This enables spin-valley coupling, in which spin- and valley-
LEDs might produce polarized emission from spin-polarized
injection via ferromagnetic contacts.””"

Promising schemes for achieving p—n junctions in TMDs
also include utilizing ionic liquids to replace the gate dielectric
in WS, FETs,”® plasma-doping MoS, flakes,* and band-
structure engineering.77 Heterojunctions between 2D materials
can also be utilized to create p—n junctions for optoelectronic
devices. BP, for example, is a predominately p-type material
with exceptional hole mobilities, and its integration with MoS,
provides a gate-tunable p—n diode®” with promise for high
efficiency thin film solar cells.*®

Figure 4d shows an extension of 2D optoelectronic devices,
one exploiting a strain-driven 3D assembly process (detailed
below).225 A photoresist, SU-8, acts as the scaffold material
supporting out-of-plane bending, enabling affixed MoS,
photodetectors to be driven upward for three-dimensional
photodetection. This structure is shown on the left in Figure
4d, with an example of its angular detection on the right. The
response of the photodetector array is unique in its ability to
detect light at two locations, the entry (P;) and exit (P,), due
to its optical transparency. This allows for detection of both
the position and intensity of the incident light, as
demonstrated on the right in Figure 4d.”** Related designs
for MoS,—graphene heterostructures offer optical signal
detection as well as programmed electrical stimulation
capabilities for use in soft retinal prosthesis.”*

The optical anisotropy of BP gives rise to linear dichroism
within the material®®* and because of this phenomenon,
polarization-dependent photodetectors in the IR re§ion have
been explored. Figure 4e shows a BP photodetector” using a
ring-shaped metal contact to suppress influences of the metal
electrode edge on specific polarizations, allowing the photo-
generated hot carriers to be collected isotropically. As seen in
the photocurrent microscopy images in the middle of Figure
4e, the photoresponsivity exhibits distinct polarization
sensitivity, and the spectra on the right in Figure 4e
demonstrate consistently higher (~3.5X) photoresponsivity
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for light polarized at 0° (the armchair direction) than light
polarized at 90° (the zigzag direction).

The intrinsic electrical anisotropy of BP has also been
explored in 2D-NM junctions in terms of thermoelectric
properties,”*>*% although the figures of merit (ZT) measured
to date are modest.”’ %

Constructs of Single-Crystalline NMs That Enable
Transient, Flexible, and Other Novel Applications. The
quality of many 2D materials remains a major challenge in
research. For established materials, such as Si and various
epitaxially grown semiconductor materials, quality is not an
issue as they are derived from electronic grade, single-
crystalline source wafers. Here, we discuss new approaches
to 3D device form factors, micro- and macro-scale buckled Si
structures, and Si NMs as employed in so-called transient
electronics for biological/biomedical applications. As direct
bandgap materials are better suited for optoelectronic devices,
epitaxial and III-V materials are typically utilized for these
constructs. The cost of these materials can be greatly mitigated
using the NM fabrication procedures discussed above,
particularly epitaxial lift-off conjoined with transfer printing.
The capabilities of transfer printing are reviewed else-
where,”'~**7 but these methodologies allow the preparation
of complex integrated systems from device quality single-
crystalline semiconductors on substrates that allow otherwise
difficult to realize attributes of performance (e.g., flexible and
transient electronics). We describe exemplary integrated
devices in the sections that follow.

The 3D assembly of Si NMs exploits interactions between
itself and a stretchable elastomer. Here, Si NMs are transferred
to a prestretched elastomer,”* where release of the prestrain
drives a predetermined assembly of what can be highly
complex 3D shapes. The most elementary case is shown on the
left in Figure Sa. These geometries can be slightly altered by
adjusting the thickness of the Si NM, changing the amplitude
and wavelength of the wavy structure.

A similar approach uses lithography to add complexity in
which adhesion sites are selectively defined on a prestretched
silicone elastomer, enabling strategic control over the local
displacements of Si NMs.”*” Selective UVO treatment of the
silicone elastomer defines adhesion sites that form strong
bonds to the Si ribbon. Upon release of the prestrain, areas of
the Si NMs in contact with the patterned adhesion sites are
tethered to the elastomer while other weakly bonded areas
delaminate to adopt deterministic forms of out-of-plane
bending (Figure Sa, middle). These geometries are accom-
plished via uniaxial prestrain, but by incorporating biaxial
prestrains in the silicone elastomer the attainable geometries
are expanded to arc-shaped open-mesh structures (Figure Sa,
right). 2%

Compelling opportunities lie in the deterministic assembly
of Si NMs into complex, programmable 3D shapes, including
ones inspired by ubiquitous 3D mesostructures found in
biology. Extended mechanically guided 3D assembly provides
possibilities to access such diverse geometries including open
filamentary frameworks, mixed structures of membranes/
filaments, folded constructs, and overlapping, nested and
entangled networks."**”%>**972*> A5 shown in Figure b, the
process begins with patterning 2D precursors of Si NMs, or
other materials, using lithographic techniques. A second
photolithography step defines bonding sites on the 2D
precursors rather than on the elastomer. The preforms are
then transfer printed onto a carrier (a water-soluble tape) and
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Figure 6. Bioresorbable electronics based on Si NMs. (a) i. Schematic of a pressure sensor. ii. Optical image of the sensor implanted in a rat. iii.
Measurement of pressure in the brain. iv. Optical images of the sensor after immersion in aqueous buffer solution.”*” (b) Images of an actively
multiplexed array before (i) and after (ii) implantation. iii. Representative delay map for the epileptic spike activity. iv. Optical images of the device
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encapsulation at 70 °C. iii. Molecular dynamics simulation of the hydrolysis of SiO,. iv. SEM images of $iO, when immersed at 96 °C in PBS.%'
Reproduced from ref 247, 248 with permission from Springer Nature, and ref 61 from PNAS.

finally onto a prestretched silicone elastomer. In this case,
releasing the prestrain in the elastomer leads to large
compressive forces on the 2D precursors, delaminating and
deforming the regions with a smaller work of adhesion into an
explicit design-directed 3D architecture.

Representative examples of open filamentary frameworks of
Si include a mixed array of tables and tents, a network of
double floor helices, and circular filamentary serpentines with
radially oriented ribbons, as shown in Figure 5c.i—iii.”** Thin
filaments can also be merged with larger membrane segments

to form the complex structures shown in Figure Sc.iv—vi.**!
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Other examples shown in the figure incorporate folded
constructs of Si (Figure Sc.viiviii),*> overlapping and nested
networks of Si (Figure 5c.ixx),”** and integration of assembled
Si mesostructures (colorized in gray) with other materials such
as a photodefinable epoxy (SU-8, colorized in yellow), as
shown in Figure Sexixii

One key advantage of this deterministic assembly approach
is its compatibility with conventional 2D manufacturing
techniques, enabling 3D structures with many different scales
(Figure 5d). The smallest case exploits Si NMs (100 nm thick)
patterned through deep-UV photolithography with feature
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sizes around 800 nm to generate a 3D starfish-like structure at
the submicron scale, a size that is comparable to human red
blood cells. Thin film materials beyond Si NMs are also
possible using 2D manufacturing techniques. Examples include
3D structures of polyimide, bilayers of copper and polyimide,
polyester, and polyvinyl chloride films that span orders of
magnitude in size dependent on the chosen materials set.**%
Demonstrated applications of these NMs in 3D formats range
from multidirectional optoelectronic devices,”*>** to scaffolds
for cells/tissue engineering,l%’244 micro/nanoscale robotics,”**
stretchable electronics,”** and morphable electronics.”*®

In addition to flexibility, Si NMs enable rapid time scales for
dissolution in water and aqueous biofluids. Controlling the
temperature, pH, ionic contents, and dopant type/level of the
Si can further adjust the dissolution rate.” In combination with
other biodegradable materials (e.g, Mo electrodes, MgO
dielectric layers, etc.), it is possible to construct full
bioresorbable electronic systems.”**” The oxidative/hydrolytic
degradation mechanisms of these materials can be explained
using the equations below:

Si + 4H,0 — Si(OH), + 2H, (7)
2Mo + 2H,0 + 30, — 2H,Mo0, (8)
S$iO, + 2H,0 — Si(OH), 9)
MgO + H,0 — Mg(OH), (10)

A recent example of this type of transient electronic device is
the bioresorbable Si NM pressure sensor shown in Figure
6a.”"” The device consists of a Si NM utilized as a
piezoresistive strain gauge, a nanoporous Si or Mg bioresorb-
able substrate with an air cavity sealed by poly(lactic-co-
glycolic acid) (PLGA), and a layer of SiO, for encapsulation
(Figure 6a.i). A change in the external pressure deflects the
membrane which is read as a change in resistance. Implanted
into the brain of a rat enables pressure to be monitored via
controlled penetration of the device (Figure 6a.ii). Figure 6a.iii
compares data from this bioresorbable sensor to a commercial
pressure sensor showing the consistency and accuracy of the Si
NM device. Additionally, the frames in Figure 6a.iv show the
progression of an accelerated oxidative hydrolysis process for a
device immersed in a pH 12 buffer solution at room
temperature. Under these conditions, the Si NM and SiO,
both dissolve in the solution within 15 h, leaving a nanoporous
Si substrate that completely dissolves within 30 h.

Figure 6b highlights another example of a transient device
that exploits Si NMs for an active multiplexed sensor array.”**
The Si NMs serve as the active material for an 8 X 8 transistor
array, as shown in Figure 6b.i. Implanting the device into the
brain of a rat allows in vivo microscale electrocorticography
measurements (Figure 6b.ii). The relative delay map in Figure
6b.ii demonstrates a clockwise spiral during an induced
seizure. Similar to the Si NM pressure sensor above, this
actively multiplexed transistor array is also dissolvable in vivo.
Under simulated conditions (i.e., aqueous buffer solution at
pH 12 and 37 °C), the Si NM (300 nm thick), as well as other
bioresorbable circuitry materials such as SiO,, Si;N,, Mo, and
PLGA, dissolve gradually (Figure 6b.iv) and (under more
medically relevant conditions) completely disappear in a
biofluid medium after 6 months.

Transient electronics with complex, state-of-the-art, ultrathin
Si CMOS devices are also possible through release and transfer

9011

printing of foundry-produced components, including a CMOS
inverter, digital logic gates, and analog amplifiers.”*”*>°

Thermally grown SiO, does not dissolve as quickly as the Si
NM and circuitry components mentioned above, and as such
SiO, can be used as a biofluid barrier to not only prevent Si
NM electronic devices from dissolving, but also to effectively
avoid penetration of biofluids into the implanted devices,
making these devices suitable for potential applications in long-
term electrophysiology studies.”>" Simulation results show that
thermally grown SiO, has the capability to serve as a robust
barrier for over 70 years when immersed under biological
conditions (i.e., pH 7.4 and 37 °C).%! Figure 6c.i shows an
array of Si transistors on a polyimide substrate encapsulated
with thermally grown SiO, and Figure 6c.ii shows the excellent
yield (defined as the number of working transistors divided by
the total number of transistors) after extended immersion in a
PBS buffer at 70 °C. Molecular dynamics simulations reveal
important features of the dissolution chemistry (Figure 6c.iii).
The steps include: a water molecule, wl, adsorbing and
reacting at a —OSiH— site on the surface to hydroxylate the Si
atom, forming H, in the process; a second water molecule, w2,
further reacting with the —OSiOH— group; and the soluble
Si(OH),*" complex desorbing to form silicic acid, Si(OH),, in
solution. Slow dissolution processes are vital for high quality
electrical performance over time scales of days and lifetimes
can be predicted using thermally accelerated tests of the
dissolution rate (i.e., at 96 °C). The reduction in the thickness
of a thermal oxide from 0 to 7 days in such a test is evidenced
in the SEM images presented in Figure 6¢c.iv. The data show
that the initial oxide thickness is linearly correlated with
lifetime measurements of the Si NM array.

Epitaxial NMs for High-Performance Optoelectronic
Devices. Optoelectronic devices are enabled by transfer
printing direct bandgap III-V materials. Figure 7a shows an
example of such device technologies. Ultrathin AllnGaP LED
structures are epitaxially grown on a GaAs substrate with an
AlAs sacrificial layer and are released via an etch in
hydrofluoric acid.”” The AllnGaP LEDs are then transfer
printed onto a substrate such as glass or a polymer. The
example shown in Figure 7a was generated using methods
analogous to those used to fabricate the buckled Si structures
shown in Figure 6a. When the prestrain of the PDMS substrate
is released, the metal interconnects distribute the strain within
a wavy structure as is shown in the figure, with negligible
impacts on the emission characteristics of the LED from the
flat state (~0.3 nm for a 24% induced strain).”® This work,
among others,”******7>%* jllustrates the considerable poten-
tial of transfer printing in the fabrication of 3D device form
factors.

The thinness of NM materials makes them ideal for
applications that exploit features other than capacities for
flexure as well. Notable examples are illustrated in recently
reported designs for applications in photovol-
taics.O>!7H1718HI97262 Bor materials with high optical
absorptivity, such as is the case for direct band gap III-V
semiconductors, thin devices can reduce costs and improve
commercial viability without compromising power conversion
efficiencies. There has been extensive work directed toward
improving light management in these thin solar cells, with
promising potential for future developments in technol-

[184295,257,2617266 gyich structures can also be shaped to
adopt curvilinear forms™’ to improve capacities for light
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Figure 7. Epitaxial optoelectronic devices. (a) Array of AllnGaP
LEDs.” (b) Image of 4] microcell, (left) schematic (top right), and
its efficiency (bottom right).260 (c) Strained SiGe QWIP (left) and its
response (right)."”” (d) InGaAsP quantum well on a Si photonic
crystal cavity (top) and its lasing output at 180 K (bottom).””* (e)
AFM (top) and TEM (bottom) of a InGaSb NM on Si.*' (f) SEM of
neurite growth on InAlGaAs/GaAs NM tubes (left, scale bar, 1 ym),
intensity line plot (top right) of growth shown schematically (bottom
left) and in the confocal image (bottom right, scale bar, 20 um).>’
Reproduced from ref 29 with permission from AAAS, ref 31, 199 from
ACS, ref 260, 272 from Springer Nature, and ref 276 from John Wiley
& Sons.

management264 and extend the capabilities of light-concen-
trating photovoltaics (CPV).**%?¢%2¢7

Multijunction (MJ) solar cells have provided the highest
efficiencies for solar energy conversion with record monolithic
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four-junction cells (4]) achieving power conversion efficiencies
(PCEs) of 34.4% at 1 sun irradiance.”® In principle,
monolithic MJ cells can be extended to include additional
band gaps to better utilize the solar spectrum and enhance
performance through the minimization of thermalization
losses.”*®?* In practice, however, MJ cells are burdened by
difficulties beyond those of epitaxy:****®* most notably,
current matching limitations that make integration of solar
cells that absorb different parts of the solar spectrum difficult
due to their varying current outputs. Mechanical stacking of
NM-PV cells provides a means to overcome this difficulty, as
recently demonstrated in a study of the fabrication of 4-
terminal 4] microcells by stacking three junction (3]) cells atop
supporting Ge base cells through the use of As,Se; as the
interface between them (Figure 7b).”*° The Ge cell improves
the efficiency from 33.2% to 33.9% under 1 sun and further
improves efficiency from 42.1% to 43.9% under ~1000 suns
(Figure 7b, right). Utilizing advanced designs for concentration
optics,260 the addition of broadband, angle and polarization
insensitive antireflection coatings (ARCs) via a solution based
assembly process”’’ provides even greater enhancements of
performance and establishes a viable approach to constructing
currently unrealized 5J and 6] cell designs.

In addition to III-V epitaxially grown structures, Si/SiGe and
Ge NMs also find application in optoelectronics, particularly
for use in the infrared."**>'*”*”! The fabrication processes
described above can be utilized here to prepare Si/SiGe
heterostructures without generating misfit dislocations that
limit high-performance capabilities. Figure 7c¢ shows an
example of a Si/SiGe quantum well heterostructure that
exhibits intersubband transitions in the infrared.'”” A Si/SiGe
NM stack is epitaxially grown on an SOI wafer and
subsequently released and transferred onto a p-doped Si
substrate. This device utilizes elastically relaxed Si/SiGe NMs
to epitaxially grow multiple Si/SiGe layers, whereas hetero-
structures grown on traditional substrates are limited as to the
number of layers due to the defects that are induced by
inelastic strain relaxation. The Si/SiGe quantum-well infrared
photodetector (QWIP) in Figure 7c displays two characteristic
peaks, as shown on the right in Figure 7c. These peaks are
associated with the intersubband transition and a bound-to-
continuum transition in which the intersubband transition (i.e.,
ground-state subband to first excited-state subband, HHI-
HH2) can only couple to TM-polarized light as designated by
the polarization selection rules for such absorption. This can be
seen in the inset of the spectrum in Figure 7c, where the
HH1-HH2 peak disappears under TE-polarized irradiance.
The resulting device exhibits a responsivity at 80 K of 73 mA
WL over twice the responsivity of a device epitaxiallgr grown
and uncompensated for the lattice mismatch strain.'”

One interesting application of epitaxial III-V NM:s is found
in their integration onto Si devices’**"0¥?3927%273 The
heterogeneous integration of compound semiconductors can
benefit Si-based lasers, as their direct bandgap provides a route
to higher achievable efficiencies. For example, InGaAsP was
utilized as the active region in a photonic crystal bandedge
laser (Figure 7d), where an InGaAsP multiquantum well NM
was transfer printed onto a Si photonic crystal cavity.272 Here,
two photonic crystal surface-emitting lasers (PCSELs) were
fabricated, optimized for operation at 25 and 180 K. Their
operation displayed single mode lasing with spectral linewidths
of 0.7 and 0.6 nm above the threshold pumping power,
respectively (Figure 7d, bottom).””

DOI: 10.1021/jacs.8b04225
J. Am. Chem. Soc. 2018, 140, 9001—-9019
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The use of epitaxial NMs III-V materials can improve Si-
based transistors through their use as high mobility channel
materials to reduce operating voltages; the large lattice
mismatch, however, has prevented their integration. NMs
circumvent this issue and provide a direct means for their
integration within Si devices. InGaSb and InAs NMs, for
example, have been transfer printed onto Si/SiO, substrates for
use as channel materials in a p-metal-oxide-semiconductor
field-effect transistors (p-MOSFETs) and n-MOSFETS,
respectively.””>" A schematic of such a design is shown in
Figure 7e where a 20 nm thick InAs/InGaSb/InAs NM forms
the active channel material of a p-type FET.”' The TEM image
at the bottom of Figure 7e shows the single-crystalline quality
of the printed NM retained upon transfer. This device
demonstrates a high hole mobility of 820 cm® V™' s7,
comparable to that of strained Ge NM p-FETs”"* and strained
buried InGaSb NM p—FETs,275 which both have hole
mobilities of around 1000 cm®* V™' s7'. The hole mobility
for this device is also ~5X higher than that of conventional Si
p-MOSFETs,"'1 and n-FETs prepared in a similar way also
outperform conventional Si --MOSFETs.””?

Applications of NM arrays for directed cellular growth have
been intensively studied,”'™***7°">"® and further electrical
studies of action potentials for neuronal networks typically
incorporate arrays of microelectrodes.*”*”*~**" An alternative
optical detection method with much improved signal-to-noise
ratios has been described by Koitmée and co-workers;”’® using
a heterostructure of GaAs/InAlGaAs self-rolled as a nanotube
with an optically active GaAs QW region.””® Encapsulated with
PDMS and parylene-C to prevent cell toxicity,” cerebellar
granule neurons were selectively plated to regions patterned
with poly-L-lysine (PLL), showing chemical and geometric
cues for neurite outgrowth around and inside of the nanotubes
(Figure 7f). The growth can then be monitored optically via
confocal microscopy, as seen on the right in Figure 7f, where
the thinness of the nanotubes allows sufficient transparency to
monitor cell dynamics within the tubes. In this way, axons
growing on the outside of the tubes (shown in red), axons
growing inside of the tube (shown in blue), and empty tubes
(shown in black) can be easily discriminated. A very recent
paper has shown direct neurophysiology studies being carried
out on NM microcellular frameworks that were used to
support and reassemble multicellular tissue mimetic organ-
izations of dorsal root ganglia.'”® Schemes for geometrical and
chemical cues for directed growth of cellular networks can be
extended very broadly to other material sets and other cell
types as well, results that show an emerging area of opportunity

for the use and integration of NMs with living
tissue, 42244282287

4. CONCLUSION

In this Perspective, we have discussed strategies that embody
unique frameworks for next-generation electronic and
optoelectronic devices. The use of semiconductor NMs
facilitates these unique frameworks in such a way that utilizes
the knowledge base from years of processing optimization and
builds upon it, expanding device applications to stretchable and
flexible electronics, spintronic and valleytronic electronics,
transient devices, etc. Applications have taken inspiration from
biology, compressively buckling Si NMs into a variety of
unique architectures that still retain electrical performance
characteristics rivaling that of rigid and planar integrated
circuits. Further, NMs have been incorporated into biological
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studies in which electrical devices are implanted and dissolve
over controlled time scales, or into studies that utilize the
unique rolled-up architectures of semiconductor NMs to direct
growth of cellular and neuronal networks. Atomically thin
materials are relatively new as compared to NMs prepared via
traditional patterning and etching techniques, but a sufficient
amount of progress has been made on synthesis and
passivation techniques that improve mobilities and the physical
lifetime of the material prior to degradation. The transparency
of ML materials is attractive for a variety of applications and
moreover, is impressive when the absorptivity of the materials
is considered. Transparent photovoltaics and LEDs could be
possible with MoS,, for example. These results foreshadow a
future for soft electronics with characteristics and features that
are profoundly different from those existing ones and thus offer
broad societal implications.

These aspects of semiconductor NMs are quite promising
for future electronic and optoelectronic devices, but future
work on synthesis of high quality, high-throughput NMs is
needed prior to large-scale fabrication for industrial applica-
tions. In particular, the synthesis of 2D materials largely
focuses on exfoliation techniques to produce the highest
quality material; however, when attempting large-scale vapor-
or liquid-based synthesis techniques, the device performance
suffers. With these improvements, NMs provide opportunities
for unique forms of function that exploit the NM figures of
merit. These opportunities include flexible, wearable elec-
tronics, bioelectronic integration, spintronic and quantum
devices, transparent optoelectronics, and nanoelectronics that
could not be realized with their bulk counterparts.
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