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ABSTRACT

The production of flexible monocrystalline semiconductor thin films with less than a few tens of
micrometers in thickness is currently receiving huge interest in various emerging applications such
as mobile healthcare (mHealth), wearable devices, smart cities, and internet of things (IoT).
However, conventional techniques fail to produce wafer-scale monocrystalline thin films without
the use of sophisticated equipment. Recently, controlled cracking method has shown promise as a
facile and scalable method to produce monocrystalline inorganic semiconductor thin films such as
Si, Ge, III-V, and III-N materials. In this method, a crystalline semiconductor thin film can be
exfoliated from its thick donor substrate via sub-surface crack propagation. The cracking based
layer transfer approach does not require expensive processing equipment and enable the
production of multiple thin films from the same donor substrate. In this focused review article, we
present the working principles, recent progress, and future prospects of this emerging crack-
assisted layer transfer technology. The unique advantages of this technology for the state-of-the-
art flexible (opto)electronics are also highlighted. This article offers insights for the fabrication of
large-scale flexible monocrystalline semiconductors, which is crucial for the development of next-

generation (opto)electronics.



1. Introduction

Over the last several years, flexible (opto)electronic devices have been touted as a solution to
fulfil emerging applications such as mobile healthcare (mHealth), wearable systems, smart cities,
and internet of things (IoT).! However, the realization of flexible (opto)electronic devices involves
significant paradigm shift from conventional thick semiconductor wafer-based technology to a thin
film based one, which offers the required mechanical flexibility. Significant attention has been
paid to organic materials that allow low temperature fabrication to achieve thin film flexible
devices.? However, organic devices still suffer from several drawbacks such as insufficient
electronic performance, thermal/chemical instability, and non-compatibility with the current

complementary metal oxide semiconductor (CMOS) processes.

Different strategies have been applied to realize flexible (opto)electronic devices with high
performance using monocrystalline inorganic semiconductors in the form of thin films. The
mainstream approach consists of the fabrication of full device structure on conventional thick
semiconductor wafers and separation of the top device layers from the thick wafers. Subsequently,
the separated thin film devices can be integrated on flexible substrates such as plastic, paper, fabric,
and thin metal film, which provide better flexibility than the conventional thick wafer based
devices. This strategy, called layer transfer process, enables flexibility to these monocrystalline

inorganic semiconductors and has found some success in the past decade.

The layer transfer methods developed on inorganic monocrystalline semiconductors for flexible
and high performance (opto)electronic devices can be categorized into two types: chemical lift-off
and laser lift-off. In chemical lift-off process, a lattice-matched sacrificial layer and the desired

device layer are grown in sequence on a growth substrate via epitaxial growth technique.’



Subsequently, the sacrificial layer is selectively etched away by a wet-etching process to release
the top device layer from the growth substrate. For instance, lattice-matched AlAs and GaAs can
be sequentially grown on GaAs growth substrate via metal-organic vapor deposition (MOCVD)
or molecular beam epitaxy (MBE). The intermediate AlAs layer (~10 nm) can be selectively
removed by immersing in HF acid solution while maintaining the GaAs layer intact with negligible
etch due to an extremely high etching selectivity of AlAs to GaAs (~10%:1).* After fully removing
the AlAs layer, the top GaAs layer can be released from the GaAs growth substrate. The chemical
lift-off process has been shown on wafer-scale (2 inch) and successfully demonstrated for various
(opto)electronic devices.>® However, this approach is limited by the requirement of an expensive
epitaxial growth equipment and low throughput with tedious wet-etching process in hazardous

chemical solutions.

Laser lift-off process is another layer transfer technique demonstrated for separating epitaxial
GaN layer from its transparent growth substrate (e.g., sapphire or SiC) by laser induced
photothermal reaction.””® To separate a GaN epilayer, an excimer laser is used to expose the GaN
epilayer through the rear side of the transparent growth substrate. The GaN layer at the interface
with the growth substrate absorbs the irradiated laser light and undergoes decomposition into Ga
and N». As a result, the GaN layer can be delaminated from its growth substrate. The laser lift-off
process shows relatively high throughput and has been demonstrated for light-emitting diodes
(LED) within the industrial settings. However, this approach still requires expensive laser

equipment and is limited only to specific material systems.

Recently, intended cracking on brittle semiconductor substrates has been introduced as a cost-
and time-efficient approach for realizing flexible devices. Although uncontrolled cracking in

brittle semiconductors can cause catastrophic failure during conventional semiconductor



fabrication process, it has been shown that an exquisitely controlled cracking method could
function as a wafer-scale and facile layer transfer technique. In particular, crack-assisted layer
transfer technique has several advantages compared with the above-mentioned conventional lift-
off methods. First, this approach is applicable to a variety of brittle semiconductor substrates (e.g.,
Si, Ge, III-V, and III-N). Second, crack-assisted layer transfer process can exfoliate semiconductor
thin films with various material structures (e.g., bulk substrate, atomic 2D layer, and nanowire).
Finally, the crack depth, which determines the thickness of an exfoliated semiconductor film, can
be easily controlled by simply tuning the process parameters. Finally, this facile wafer-scale

process enables high throughput without the need for sophisticated equipment.

Herein, we provide a focused review of the recent advancements of crack-assisted layer transfer
technology. This review is divided into four main categories: 1) working principles of crack-
assisted layer transfer technology, i1) application of this technology to various semiconductor
structures including bulk substrates, 2D materials, and nanowires, iii) engineering the interfacial
fracture toughness, and iv) applications of the transferred films. We also discuss current limitations
of this technique and opportunities it provides for future advancement. Finally, we summarize the
current challenges and future research directions for crack-assisted layer transfer method, with an

emphasis on both lab-scale demonstrations and large-scale implementation.

2. Working Principles of the Crack-Assisted Layer Transfer Technology

2.1 Fundamentals of Spalling Mode Fracture

Cracking in a material can be defined as the physical breaking of adjacent atomic bonding

resulting in the formation of a new surface. Cracking occurs when the energy release rate G, or



stress intensity factor K, induced by an applied mechanical force exceeds the ability of a material
containing a crack to resist fracture, known as toughness G., or fracture toughness K.’ In a thin
film/substrate double-layered system, the thin film generates a residual stress its deposition on the
substrate. If the crack growth criterion (G > G. or K > K¢) is met due to the residual stress generated
in the thin film, it makes the crack grow in the thin film, substrate, or at the film-substrate interface.
The most commonly observed cracking patterns in thin film/substrate systems include thin film

cracking, delamination, buckling, and substrate spalling.'®!!

These cracking patterns are
determined by the sign of the residual stress, ductility, elastic moduli, and adhesion force between
the thin film and substrate. Among them, spalling mode fracture which is the desired phenomenon
to exfoliate a thin film from its substrate occurs when the following three requirements are

satisfied: tensile stressed thin film, sufficient adhesive bonding force between the thin film and the

substrate, and brittle substrate.
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Figure 1. Spalling mode fracture for crack-assisted layer transfer technology. Schematic
illustration of spalling mode fracture of brittle bulk substrates with a tensile stressed thin film. The
stress at crack tip exists as two different stress components: opening stress (red solid line) and

shearing stress (blue solid line).



Although the cracking phenomenon has been considered as a significant issue in conventional
semiconductor fabrication process, the spalling mode fracture has recently been adopted as a facile
layer transfer technology. The driving force of the spalling mode fracture is the tensile stress
generated by a stressor layer deposited on top of a substrate. The stress originated from the stressor
layer can be divided into two stress components with different directions near the crack tip: (i)
tensile stress acting perpendicular to the crack plane and (ii) shear stress acting along the crack
plane and normal to the crack front. In fracture mechanics, the fracture with tensile stress
component is defined as mode I fracture (opening mode) while the fracture with shear stress
component is defined as mode II fracture (shearing mode). Figure 1 illustrates these fracture
modes. The crack growth occurs through mode I fracture. As discussed above, the tensile stress
from the stressor layer induces a concentrated stress field near the crack tip, which can grow when
G induced by the stress components exceeds G. of the substrate. G of the bilayer system is
proportional to the product of the stressor layer thickness, 4 and square of the tensile stress, o of

the stressor layer:!?

G x ho? (1)

The crack growth location is determined by the mode II fracture. The shear stress induced by
the stressor layer exists in the substrate in out-of-plane direction. The position where the shear
component is minimized is called the neutral axis.'* The crack growth direction tends to follow
the trajectory of the neutral axis, which is determined by the elastic and dimensional parameters
of the stressor layer and substrate (e.g., thickness and modulus).!> '* By propagating the crack to

the opposite edge position of the initial crack as shown in Figure 1, the top surface layer can be



exfoliated from the substrate. The crack depth can be calculated as a function of the elastic and

dimensional parameters using theoretical models reported in the literature.!> 1

2.2. Tensile Stressed Stressor Layer

As mentioned earlier, the stressor layer plays an important role in determining the crack growth
and depth during spalling mode fracture. In addition, it can be useful as a handling layer to prevent
the undesired breaking of the fragile thin film after the transfer process. It can also function as a
bottom metal contact layer in a vertical device structure if the stressor layer is a metallic layer. For
these reasons, the selection of the appropriate stressor layer material is vital in spalling. The
following are the important requirements of a stressor layer: (i) high fracture toughness, (ii) facile
controllability of stress level, (iii) strong adhesion with target substrates, and (iv) cost-

effectiveness.

Ni has been shown to be an appropriate candidate material for stressor layer due to its high
fracture toughness (145-222 MPavm) and facile controllability of stress level deposited via
sputtering or electrodeposition.'® The stress in the Ni thin film deposited by sputtering process can
be modified by controlling the Ar working pressure.!” For instance, deposition at low Ar pressure
induces compressive stress in the Ni film due to atomic peening effect, while tensile stress is
induced at high Ar pressure. By adjusting the sputtering pressure from a few mTorr to tens of
mTorr, the stress could be tuned between 300 and 700 MPa.!® Ni stressor layer can also be
deposited by electrodeposition method which is both cost-effective and high throughput compared
with the sputtering technique. In addition, nanocrystalline Ni stressor layer deposited by
electrodeposition process has a higher mechanical hardness than micro-crystalline Ni.!° The

residual stress of Ni stressor layer deposited by electrodeposition process is highly affected by the



chemical composition in the electrolyte and the deposition current density. For instance, Luo et al.
showed that the intrinsic stress in electrodeposited Ni films can be changed from compressive
stress at low deposition current density (< 15mA/cm?) to tensile stress at higher current density.?°
The presence of phosphorus ions in the electrolyte solution can also enhance the tensile stress of
the Ni film.?! Tensile stress in electrodeposited Ni film was increased from 112 to 290 MPa as the
phosphorus ion concentration was increased from 0 to 0.01 M. However, the tensile stress of the
Ni film decreased when the phosphorus ion concentration was increased above 0.015 M due to the

generation of micro-cracks in the film.

As mentioned above, the stressor layer should form sufficient adhesion with the donor substrate.
Physical vapor deposition (PVD) techniques such as thermal or e-beam evaporators are frequently
used to deposit Ti thin film on donor substrates which provides strong adhesion for the subsequent
thick stressor layer formation. However, the Ti layer deposition via the vacuum processing is
regarded as a factor for increased process costs. Yang et al. demonstrated a solution-processed
nanohole structure on donor substrate and autocatalytic electroless deposition of Ni seed layer to
enhance the adhesion of electrodeposited Ni stressor layer on Si donor substrate without using any
vacuum processing.?? These approaches that do not rely on the usage of costly and time consuming
equipment are crucial to realize cost-effective crack-assisted layer transfer technology for

industrial implementation.

For photovoltaic applications, stressor layer deposition was investigated on Si target substrates
with Al and Ag paste by screen-printing method.?*>* The screen printing method provides an
advantage of compatibility with conventional photovoltaic device fabrication. However, a high
temperature (>700 °C) annealing process was needed to generate sufficient thermal misfit stress

for crack growth in the Si substrate. The high temperature annealing process on metal stressor



layer/Si substrate induces undesired metal impurity diffusion into the Si substrate and unintended
thin oxide layer formation at metal stressor layer/Si interface that has to be removed to obtain high
performance photovoltaic devices. In addition, the fracture at temperatures more than the brittle to
ductile temperature (BDTT, 545°C for bulk Si) induces nucleation of a huge amount of dislocations

at/near the crack tip.?

To avoid the above-mentioned disadvantages, thermosetting polymer based thin film can be used
as a stressor layer.?®?® The polymer layer can be easily deposited by drop-casting or spin coating
on a target substrate. In addition, the large difference in thermal expansion coefficients of the
polymer layer and semiconductor allows a significant reduction in the annealing temperature to
below 150 °C to induce sufficient thermal misfit stress for crack growth. Martini ef al. showed the
polymer based layer has a strong interface adhesion force with a Si substrate, and a 400 um-thick
polymer layer enables spalling mode fracture to produce ~100 pm-thick Si.?® However, a high
variation of exfoliated Si thickness due to the lack of uniformity of the polymer based stressor

layer thickness remains a problem to be addressed.

2.3. Crack Propagation

After the deposition of a tensile stressed stressor layer on a semiconductor target substrate, the
crack growth criterion (G > G¢) has to be satisfied for spalling mode fracture. One of the simplest
ways to realize spalling mode fracture is through the deposition of a stressor layer above the critical
thickness where G is greater than G. (see equation 1).2!"22 Another approach to increase tensile
stress in the stressor layer is by using thermal misfit stress. As discussed earlier, annealing the
stressor layer/substrate system can induce thermal misfit stress due to the difference in thermal

expansion coefficients of the stressor layer and substrate. For instance, a metal stressor layer such
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as Ni has a higher thermal expansion coefficient compared to the semiconductor substrate (e.g.,
13 ppm/°C for Ni and 2.6 ppm/°C for Si),?’ and a thermal misfit stress can be generated during the
cooling step in the annealing process. Laser ablation method can also be used for the formation of
a lateral notch working as an initial crack at the substrate edge to determine the crack propagation

direction.’%3!

In 2012, Bedell et al. reported a novel spalling strategy, called controlled spalling process.*? This
approach shows that an external force can be used as the driving force for crack propagation in the
spalling mode fracture. Figure 2a schematically illustrates the controlled spalling process. It starts
with the deposition of a Ni stressor layer on a target substrate, and the thickness and residual stress
of the Ni stressor layer are well controlled to sub-spontaneous spalling regime (blue dot of Figure
2b). Subsequently, a flexible tape is bonded to one edge of the Ni stressor layer. An external force
is applied by the way of pulling the flexible tape up, inducing crack initiation at the edge of the Ni
stressor layer and sub-surface crack propagation across to the opposite edge position of the initial
crack to fully exfoliate the top semiconductor layer as a thin film without destruction of nanometer-
scale CMOS device (Figure2 c-d). This approach provides controllability of the crack initiation
position, crack propagation direction, and a facile crack propagation through the application of an
external force. In addition, this process can be conducted at room temperature without the need for

any sophisticated crack initiation equipment such as laser ablation.

3. Crack-Assisted Layer Transfer of Various Semiconductors.

3.1. Bulk Semiconductor Substrates: Si, Ge, III-V, and III-N

11



A strong advantage of crack-assisted layer transfer technology is its wide applicability to
numerous semiconductors (e.g., Si, Ge, III-V, and III-N) as well as various material structures
(e.g., bulk substrates, 2D materials, and nanowires). A critical factor that determines the feasibility
of crack-assisted layer transfer technology on a target semiconductor substrate is its fracture
toughness, which governs the crack growth criteria. Depending on the fracture toughness, the
stress level and thickness of the stressor layer have to be carefully optimized. Table 1 shows a

summary of the fracture toughness values of various key semiconductor materials.
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Figure 2. Spalling mode fracture activated by an external force. (a) Schematic illustration of
the procedure for controlled spalling process. (b) Process window for spalling process of (100) Ge
bulk substrate using tensile stressed Ni based stressor layer. (¢) Wafer-scale (100 mm diameter)

flexible Si based CMOS circuits produced via controlled spalling process. (d) Cross-sectional
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transmission electron microscope (X-TEM) image of the flexible Si based CMOS circuit with the

stressor layer. Reprinted with permission from ref.!8. Copyright 2013, IOP Publishing Ltd.
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Table 1. Fracture toughness Kic of various brittle semiconductor materials

Material Surface Fracture toughness Crystal Measurement Ref.
orientation Kic (MPavm) structure method

Si (100) 0.91 Diamond Indentation 3
(Vickers tip)

Si (110) 0.94 Diamond Indentation 3
(Vickers tip)

Si (111) 0.83 Diamond Indentation 3
(Vickers tip)

Ge (111) 0.61 Diamond Indentation 3
(Vickers tip)

GaAs (100) 0.43 Zinc-blended Micro-indentation 33-34

(Vickers tip)

GaAs (110) 0.31 Zinc-blended Micro-indentation 34
(Vickers tip)

GaAs (111) 0.45 Zinc-blended Micro-indentation 34
(Vickers tip)

InP (100) 0.42-0.51 Zinc-blended Indentation 33
(Vickers tip)

GaN m-plane 1.55 Waurtzite Nano-indentation 3
(Berovich tip)

GaN a-plane 1.59 Wurtzite Nano-indentation 33
(Berovich tip)

GaN c-plane 2.12 Wurtzite Nano-indentation 33
(Berovich tip)

SiC N/A 2.5-6.4 N/A Micro-indentation 36
(Vickers tip)

a-A1203 c-plane 1.63 Hexagonal Nano-indentation 37

(Vickers tip)

Si is the most extensively used semiconductor material in the electronics and photovoltaics

industries. Many approaches have been demonstrated to obtain wafer-scale (4 inch) crystalline Si

based flexible electronic and photovoltaic devices. Figure 3a shows a sub-50 um-thick crystalline

Si thin film exfoliated from a 500 um-thick Si donor substrate (Figure 3b) with a smooth fracture
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surface (Figure 3c).*® Free-standing Si thin film is mechanically weak, however, the Si thin
film/metal stressor bi-layer system produced by crack-assisted layer transfer process is
mechanically robust. In addition, the crack-assisted layer transfer process does not lead to any
material loss while the commercial wafer sawing technology (i.e., multi-wire sawing method)
results in a significant material loss (e.g., >40% loss for 180 um-thick Si wafer), called kerf-loss.*
The dramatically reduced kerf-loss is also a considerable benefit in crack-assisted layer transfer,
especially for photovoltaic industry where cost is an important issue. The production of multiple
Si thin films via consecutive crack-assisted layer transfers has also been experimentally
demonstrated. Figure 3d shows the sequentially produced Si thin films from a single Si donor
substrate via crack-assisted layer transfer process. Although the surface roughness gradually
increased from 312 to 459 nm after the third production, the values are still very low compared
with the one fabricated by conventional wafer sawing technology. As mentioned earlier, crack-
assisted layer transfer process enables thickness control of the exfoliated semiconductors via a
simple adjustment of stressor layer thickness. Figure 3e shows the exfoliated Si thin films with
different thicknesses from 5.6 to 45 um produced by varying the Ni stressor layer thickness.
Thickness of the exfoliated films has to be carefully optimized towards device applications since
different semiconductors present different optical absorption depth based on their bandgap

properties and absorption coefficients (see Figure 3f).

Ge has been frequently used as a growth substrate for compound semiconductors such as GaAs
and InGaP due to its identical lattice constant and relatively low-cost. For crack-assisted layer
transfer of compound semiconductors, Ge is often used as the medium for crack propagation to
separate the epitaxially grown III-V device layers on Ge growth substrates. Shahrjerid et al.

demonstrated flexible InGaP/(In)GaAs tandem junction solar cell using epitaxial growth followed
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by the controlled spalling process.*” The spalled InGaP/(In)GaAs device layer analyzed using
TEM showed no visible crystalline defects. The final tandem solar cell exhibited a power

conversion efficiency of 28.1% with lightweight and high flexibility.
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Figure 3. Crack-assisted layer transfer of bulk semiconductor substrates. (a) Spalled 1 inch
diameter Si thin film (< 50 um) with a stressor layer and (b) the left-over (100) orientation Si donor
substrate. (c) Tilted-view scanning electron microscopy (SEM) image of the fracture surface of
the Si donor substrate in (b). (d) Photograph of the multiple spalled Si/stressor layers obtained via
consecutive crack-assisted layer transfers. (e) Cross-sectional SEM images of the spalled Si thin
film with various thicknesses after stressor layer removal. The Si thickness (5.6 — 45 um) was

controlled by modification of the stressor layer thickness (10 — 25 pm). (f) Absorption property of
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the spalled Si thin film as a function of its thickness. Reprinted with permission from ref.’®.

Copyright 2018, American Chemical Society.

InP is one of the promising candidates among III-V compound semiconductors for
optoelectronic applications due to its direct bandgap, high electron mobility (5400 cm?/V-s), and
low surface recombination velocity (10* cm/s for n-type, 10° cm/s for p-type).*!"*? Recently, we
have shown crack-assisted InP layer transfer on zinc-blende InP substrate. The fracture surface
morphology of InP is found to be highly dependent on the crystal orientation of InP donor substrate
(see Figure 4).* It is well known that {110} plane is a preferred cleavage plane in zinc-blende III-
V semiconductors due to its low fracture toughness compared to other prime planes.** Therefore,
the crack tends to follow the {110} planes and it yields an extremely smooth surface on the fracture
surface of (110) InP while a triangle shaped periodic grating structure is obtained on (100) InP
(see Figure 4a-d). It is noted that the surface roughness of the exfoliated (110) InP thin film was
found to be ~100 pm, which is extremely low, surpassing mirror-polished InP reference surface
(~550 pm) achieved using a costly chemical mechanical polishing process. It is noteworthy that
the extremely low surface roughness of the exfoliated (110) InP thin film can be beneficial for
lateral wafer bonding process to produce heterojunction devices (e.g., III-V on Si). We also
showed controllability of the magnitude of the periodic grating structure by modification of the
stressor layer thickness (see Figure 4f). The triangular grating structure shows a much reduced
optical reflection in the visible wavelength range (300 — 900 nm, Figure 4g). This approach shows
the feasibility for the formation of a periodic grating structure on exfoliated semiconductor thin
film without the need of any additional etching process, which is a unique advantage of the crack-

assisted layer transfer process compared to other layer transfer methods. The characterized
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material properties such as minority carrier lifetime show almost identical values compared to the
reference substrate. It is noteworthy that this method enables the fabrication of micro-structures

without any defect formation which is an issue in conventional micro/nano structure fabrication

methods such as wet/dry etching process.
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Figure 4. Periodic grating structure formation via crack-assisted layer transfer technology.
Cross-sectional and top-view SEM images of the spalled InP thin film produced from (a-b) (110)
and (c-d) (100) InP donor substrates. (¢) Schematic illustration of the atomic arrangement of
monocrystalline zinc-blende InP donor substrate with (110) and (100) orientation. (f) The
magnitude of the periodic grating structure of spalled InP film with (100) orientation as a function
of the stressor layer thickness. (g) optical reflection of the spalled (110) and (100) InP thin film
with flat surface and grating structure as shown in (a-d), respectively. Reprinted with permission

from ref.*3. Copyright 2020, American Chemical Society.
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GaAs is a mainstream III-V semiconductor having a direct bandgap of 1.42 eV, making it the
highest efficiency single-junction photovoltaic device. Zinc-blende GaAs also shows a similar
fracture tendency of InP yielding smooth surface for (110) orientation GaAs and periodic
triangular grating structure for (100) orientation GaAs.>> * Lee et al. showed that fracture
morphology can be useful for photoelectrochemical hydrogen evolution which benefits from the
triangular grating structure for reduced optical reflection and enhanced catalytic surface area.’® In
addition, the sub-20 um-thick GaAs thin film photocathode, which was fabricated by the crack-
assisted exfoliation from (100) orientation GaAs substrate, showed a photocurrent density of 22.4
mA/cm?, which is identical to that of 350 um-thick GaAs photocathode despite a dramatically

reduced thickness.

GaN is a wide bandgap (3.4 eV) semiconductor widely used in LEDs, power electronics and
photoelectrodes. It has a wurtzite crystal structure and strong ionic bond in contrast with the
covalent bonding present in GaAs and InP. The strong ionic bonding makes GaN more tolerant to
structural defects and high stability in acidic solutions.*® Bedell et al. demonstrated 2-inch GaN
thin film with ~20 um thickness from [0001] oriented GaN substrate via controlled spalling
process.*’” The fracture surface morphology of GaN shows an amplitude variation within a few
micrometers over a length scale of several millimeters. Due to the m- and a-plane being the more
appropriate cleavage planes than the [0001] plane, we anticipate that there is room to improve
surface roughness on the fracture surface by applying crack-assisted layer transfer on these desired
cleavage planes.*® The TEM analysis of the fracture surface of exfoliated GaN thin film and GaN
substrate exhibits no observable dislocations on both the surfaces indicating that the material

quality remains the same as the reference bulk GaN substrate. The GaN thin film transfer via crack-
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assisted layer transfer enables facile exfoliation and reduced surface defects compare to that
obtained via laser-lift off and ion-cut process.*->* The GaN/sapphire substrate is also a commonly
used device structure in LED applications. However, the high fracture toughness (1.63 MPaVm)

of sapphire limits the use of crack-assisted layer transfer in this material.’’

An epitaxially grown
thick GaN buffer layer under the desired device layer can be used as a medium for crack

propagation to exfoliate GaN based device layers from sapphire substrates.>!
3.2. 2D Materials
3.2.1. Graphene

Two-dimensional (2D) materials have attracted huge attention from the global research
community since their discovery. They show outstanding properties such as extremely high
conductivity and mechanical strength compared with conventional bulk materials. 2D materials
have an atomic thickness of several angstroms and high strength along the in-plane direction while
weak interaction in the out-of-plane direction. One of the key requirements for the realization of
2D materials for practical device applications is the transfer of 2D materials from growth templates
to target substrates without undesired defects such as wrinkles and tearing. Atomic-scale crack-
assisted layer transfer process has been utilized to exfoliate 2D material from the growth templates

such as silicon carbide (SiC) and copper substrates.

Typically, the transfer of graphene from its growth template consists of the deposition of a
handling layer, followed by exfoliation of the graphene layers by applying mechanical force which
is similar to the above-mentioned spalling mode fracture in bulk substrates. In this process, the

most important parameter for designing atomic-scale crack-assisted layer transfer is the interfacial
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adhesion energy (e.g., interfaces of 2D/2D materials, 2D material/growth template, and 2D

material/handling layer).

Unarunotai et al. showed a selective transfer of the uppermost graphene monolayer from a
multilayer graphene film on a SiC substrate.”> Palladium (Pd) and polyimide layers were
sequentially deposited on a multilayered graphene/SiC substrate. Then, an external force was
applied with the help of a thermal adhesive tape attached on polyimide layer to propagate an edge
crack at the interface between the uppermost graphene layer and the remaining graphene layers
bonded to it. The crack propagation occurs at graphene/graphene interface due to its low adhesion
energy. This process enabled single graphene monolayer transfer up to six times, with an area yield
of almost 100% in the first two or three exfoliations. However, the exfoliation of the graphene
layer from the SiC substrate was found to be more difficult due to the high adhesive energy
between graphene and SiC substrate. Kim et al. showed the exfoliation of one or two graphene
monolayers directly from SiC substrate.>> Due to a higher difference in the binding energies per
atom between graphene and Ni (~140 meV) compared to the one between graphene and SiC (~106
meV), graphene layer can be exfoliated from the SiC substrate via crack-assisted layer transfer. In
addition, the authors showed that the excess graphene, known as narrow stripes formed by
graphene growth on SiC, can be selectively removed with a second exfoliation process with Au
film having moderate adhesion energy (~60 meV) with graphene layer. As a result, pure single
graphene layers can be realized by making use of the adhesion property based on carefully

designed metal thin film/graphene and repeated crack-assisted layer transfer processes.

Another noteworthy approach to transfer graphene from the growth template is the
electrochemical delamination (or bubbling peel-off) method.’*>°> Wang et al. showed graphene

layer delamination from a copper growth template by bubbling induced crack
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formation/propagation at the interface of graphene and copper substrate. In this process, the
polyimide film working as a handling layer was coated on the top surface of graphene. The copper
foil used as a graphene growth template serves as a cathode in an electrochemical cell, and
hydrogen bubbles were generated at the copper foil surface when an electrical voltage was applied
using Pt as a counter electrode. The generated hydrogen bubbles at the copper foil surface induce

the delamination of the graphene/polyimide layer from the copper surface.

3.2.2. Other 2D Materials

A more universal approach has been recently reported to exfoliate various 2D materials such as
hexagonal boron nitride (h-BN), WS,, WSe>, MoS,, and MoSe, at wafer-scale. Shim et al.
demonstrated various 2D monolayer exfoliation from 2D multilayers grown on sapphire substrates
(Figure 5).%% In this process, Ni layer was deposited on the top surface of 2D multilayer on sapphire
substrate followed by spalling mode fracture. Due to a lowest interface toughness of 2D
layer/sapphire (0.26 J/m?) compared to the Ni/2D layer (1.4 J/m?) and 2D layer/2D layer (0.45
J/m?), the edge crack propagates at the 2D layer/sapphire interface. Subsequently, another Ni layer
was deposited on the exposed surface of the 2D multi-layer film, followed by an additional spalling
mode fracture process. In the second spalling step, edge crack propagates at the 2D/2D layer
interface (Figure 5b), and as a result, only a single 2D monolayer is exfoliated onto the deposited
Ni layer. Figure 5c shows the transferred wafer-scale (5 cm diameter) WS, monolayer from the
SiC growth substrate onto an oxidized Si wafer. This approach has also been demonstrated for the
transfer of other 2D materials such as h-BN, WS,, WSez, MoS,, and MoSe; via an identical crack-

assisted layer transfer process.
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Figure 5. Crack-assisted atomic-scale 2D layer transfer. (a) Schematic illustration of crack-
assisted 2D layer transfer from multiple graphene layers grown on sapphire template. (b)
Schematic illustration of crack propagation mechanism for initial exfoliation of 2D materials from
a sapphire growth template (left) and exfoliation of the bottom 2D material (right). (c) Optical
image of the transferred WSz monolayer with 5 cm diameter on an oxidized Si wafer. Reprinted
with permission from ref.®. Copyright 2018, American Association for the Advancement of

Science (AAAS).

3.2.3. Nanowires
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Semiconductor nanowires are attractive for their unique geometry-related optical and electrical
properties. Generally, fracture toughness of nanowire semiconductor is higher than bulk substrates
due to the reduced number of crack initiating defects in a given volume. For instance, Gordon et
al. showed an enhancement of fracture toughness from 0.03 GPa in Si bulk substrate to 2-4 GPa
in Si nanowires with a diameter between 100 — 700 nm.>’ In addition, the fracture toughness of Si
nanowires was increased when the Si nanowire diameter was reduced in the diameter range of 300
— 940 nm.>® Therefore, a higher pulling force has to be applied to exfoliate nanowire structured
semiconductors compare to the bulk materials. In the crack-assisted nanowire transfer methods,
however, nanowire structure gives more design freedom compared with bulk and 2D materials.
For instance, the vertical surface of nanowires can be exposed providing opportunities for the
formation of stress concentration structure, which can serve as the intended crack propagation
position. Many research groups demonstrated Si nanowire transfer using polymer layer coating
followed by a peel-off process. Plass et al. showed the Si nanowire transfer process from the (111)
Si donor substrate.® A polymer layer was deposited and cured on the Si nanowire with a height of
100 um. By pulling the cured polymer layer, the embedded Si nanowires were exfoliated from the
Si substrate by crack initiation and propagation at the bottom side of the Si nanowires. In this
process, the transfer yield of the Si nanowires is highly dependent on the adhesion force between

the polymer layer and Si nanowires.*

Kim et al. developed a Si nanowire exfoliation method using an elastomeric substrate for Si
nanoneedle templates.®' Figure 6 shows the entire Si nanowire transfer process involving tapered
undercut formation and elastomer swelling process. The authors showed Si nanowire formation
with a tapered undercut at the bottom of the Si nanowire (Figure 6a). Subsequently, the pre-cured

elastomer layer was bonded with the Si nanowires, and the top area of Si nanowires was embedded
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in the elastomer layer (Figure 6b). Immersion of the entire structure in a specific solution (i.e.,
hexane and dichloromethane) makes the elastomer layer swell or expand. The elastomer layer
swelling induces mechanical stress on the Si nanowire, which is concentrated mainly at the tapered
undercut position (Figure 6¢). Therefore, a crack is propagated at the tapered undercut position,
and finally the Si nanowires can be exfoliated from the undercut position (Figure 6d and e). Si
nanowire patch with a conformal elastomer substrate formed by this method is highly attractive

for use in clinical applications.

c

f
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Figure 6. Crack-assisted nanowire transfer. (a) SEM images of Si micro/nanowire with a

passivation layer, localized undercut, and tapered undercut (from left to right). The scale bar is 1
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um. (b) Schematic illustration of Si nanowire transfer with applied stress through PDMS swelling.
(c) Finite element analysis results of principal strain distribution along a single Si nanowire during
the swelling of PDMS. (d) Optical and (¢) SEM images of an exfoliated Si nanowire with PDMS.
Scale bar are 1.5 cm in (d) and 20 pm and 600 nm (inset) in (e). Reprinted with permission from

ref.®!. Copyright 2018, American Association for the Advancement of Science (AAAS).

Weisse et al. reported a Si nanowire transfer method with a porous sacrificial layer.%? The authors
showed that the formation of a sacrificial porous Si layer underneath the Si nanowire array by
electro-assisted etching process, followed by a separation of the porous Si layer with Si nanowires
from the donor Si substrate. The group also reported another Si nanowire transfer process, which
shows controllable crack propagation position within Si nanowires.®® The transfer process involves
the formation of Si nanowires by Ag assisted electroless etching method. Next, a water soaking
process is conducted to achieve a lateral direction etching of the Si nanowires to form a horizontal
notch. Subsequently, an additional electroless vertical etching process, which is identical to the
first step of forming nanowires, is carried out to form deep Si nanowires. Consequently, the entire
process enables the formation of the Si nanowires embedded with a horizontal notch at the middle
of the nanowire structure. When polymer deposition and peel-off process are conducted, the stress
is concentrated at the lateral notch and therefore a crack expands in the lateral direction from the
notch. This approach presents a facile strategy to determine the crack propagation position in Si
nanowires, and external force for crack expansion can be dramatically reduced compared with the

conventional approaches.
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4. Crack-Assisted Layer Transfer with Interfacial Fracture Toughness Engineering

Although, crack-assisted layer transfer technology have seen many advances in the last decade,
there still remains some limitations that need to be addressed. One important limitation of crack-
assisted layer transfer is the undesired parasitic crack propagation, especially on bulk substrates,
which leads to a relatively high surface roughness on the fracture surface compared to other layer
transfer processes. For instance, Wallner line, which is created by the interaction between the crack
propagation and the stress wave reflection at the crack front, is frequently observed in the fracture
surface.’! In addition, twist hackle pattern formed by the undesired mode III fracture due to edge
boundary effect also appears in the edge area.®* Therefore, further theoretical studies on parasitic
crack propagation and development of practical approaches to eliminate parasitic cracks are
needed. To solve this issue, various crack-assisted layer transfer methods have been reported that
utilize interfacial fracture toughness engineering. The crack can be neatly extended to the intended
location with minimized parasitic crack propagation by reducing the fracture toughness on a
specific interface. Interfacial facture toughness engineering can be implemented in many different
ways including changing the crystal structure, forming a mechanically weak structure beneath the
top device layer, conducting a chemical reaction in a liquid solution, and utilizing remote epitaxy

on slippery 2D materials.

4.1. Physical Lift-Off with a Modified Mo Layer

Figure 7a shows crack-assisted layer transfer via interfacial fracture toughness modification of
Mo, referred to as Mo-based interfacial physical lift-off (IPLO) transfer method.%® The sputter-
deposited Mo layer shows that Mo crystal structure at the top surface can be transformed from an

intrinsic body-centered cubic (BCC) to face-centered cubic (FCC) structure with high strain
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induced by an SiO» capping layer and additional heat treatment. Density functional theory (DFT)
calculations show that the FCC structure is more stable than BCC structure under specific uniaxial
tensile stress, and the interfacial fracture toughness at FCC/BCC has the lowest value of 1.56 J/m?
while the fracture toughness of BCC and FCC structured are 2.37 and 2.44 J/m?, respectively. Due
to the lowest fracture toughness at the interface of FCC/BCC, the edge crack is propagated at the
interface position when the physical lift-off process is conducted. The authors demonstrated
flexible phase-change random access memory (f-PRAM) devices by pre-fabricated PRAM device
layers on Mo and transfer onto flexible plastic films (polyethylene terephthalate) without

significant degradation.
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Figure 7. Crack-assisted layer transfer via interface fracture toughness engineering. (a)
Schematic illustration of layer transfer via physical lift-off with a modified Mo layer. Reprinted
with permission from ref.”. Copyright 2019, Elsevier. (b) Schematic illustration of layer transfer
process based on a Si-on-Nothing (SON) structure. Reprinted with permission from ref.®.
Copyright 2016, American Chemical Society. (¢) Schematic illustrations of water-assisted thin
film delamination process. Reprinted with permission from ref.®’. Copyright 2018, National
Academy of Sciences. (d) Schematic representation of the 2D material based layer transfer (2DLT)

technique. Reprinted with permission from ref.®3. Copyright 2019, John Wiley and Sons.

4.2. Layer Transfer using a Sacrificial Porous Layer

The formation of a mechanically weak layer such as a sacrificial porous layer on a donor
substrate provides an appropriate approach compatible with the conventional semiconductor
fabrication process. Figure 7b illustrates the layer transfer process involving crack propagation in
the pre-defined sacrificial porous layer, called Si-on-Nothing (SON) technology.®® In this
approach, Si nanowires with a sufficiently high aspect ratio are first developed on a Si substrate.
Subsequently, implementation of high temperature (~1100°C) annealing process in hydrogen
atmosphere leads to reorganization of the Si nanowires, driven by surface energy minimization
process, resulting in a thin crystalline Si layer (330 — 470 nm thickness) suspended on a void layer.
The adhesive polymer layer is then bonded to the top Si layer, and the edge crack propagation
occurs in the porous layer when mechanical peel-off process is initiated. Finally, the thin
crystalline Si layer can be detached from the Si substrate. One of the strengths of this method is

that it can utilize an epitaxial growth method, which typically requires high temperature process,
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to demonstrate monocrystalline semiconductor thin films and devices. The epitaxial Si (i.e., epi-
Si) growth on porous Si layer and separation of the epi-Si by cleaving the porous Si, referred to as
Epitaxial Layer TRANsfer (ELTRAN), enables high-efficiency (>22%) photovoltaic devices at
industrial scale.®*”7° For the high yield detachment of the epitaxial Si thin film from the donor
substrate, the density and dimensions of the pillars in the sacrificial porous layer have to
optimized.”! Recently, Ge-on-nothing (GON) technology was also developed using the same
strategy.”? Smooth, uniform and defect-free Ge layers with ~300 nm thickness on voids were
demonstrated by optimizing the initial pore geometry and suppressing the surface oxidation during
the annealing process in hydrogen atmosphere. Due to an excellent surface uniformity (Rms 5.7
nm) and high crystallinity of the suspended Ge layer, the epitaxially grown GaAs photovoltaic
devices on the suspended Ge layer show almost identical performance compared to the one
fabricated on reference Ge substrate. The authors showed the pre-fabricated GaAs photovoltaic
device can be readily separated from its donor substrate by crack propagation on the Ge pillar from
the edge using a UV adhesive and glass substrate as bonding material and handling substrate,
respectively. This approach is highly interesting to significantly reduce the cost of the final device

by reusing the expensive semiconductor substrate after the transfer process.

4.3. Water-Assisted Thin Film Delamination

Lee and coworkers reported a novel thin film transfer method by immersing metal thin film
coated SiO,/Si substrate in water solutions at room temperature.”> When a Ni/SiO,/Si substrate is
immersed into water solution, the water molecules react with Ni-O-Si bonds formed at the Ni/SiO»
interface, transforming it into Ni-O-H and Si-O-H bonds, respectively, on each side. The chemical
reactions at the Ni/SiOz interface induce a reduction of the critical adhesion energy from 1.37 J/m?

in air to 0.31 J/m? in water solution.”* In addition, Ti and Cu thin films also show dramatically
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reduced critical adhesion energy in water solution. As a result, the crack can easily propagate at
the Ni/Si0» interface in water solution than in atmosphere when the peel-off process is conducted.
A theoretical study of the water-assisted thin film delamination showed that it is feasible to conduct
wafer-scale layer transfer with almost 100% yield without any significant performance degradation
of the exfoliated devices.” In the past decade, a range of devices including amorphous Si thin film

1,73 nanowire electronic devices,’® resistive random access memory (RRAM),”” magnetic

solar cel
nano-devices,’® solar absorbers for solar thermal energy conversion,’”” and super-capacitors®® have
been developed via water-assisted thin film delamination method. Wie et al. showed the
integration of various nanomaterials (e.g., silver nanowire, crystalline Si nanomembranes, MoS>)
on Ni/Si0,/Si substrate for the development of various functional devices, and separation of the
fabricated device layer via water-assisted thin film delamination method.®’ The authors showed
complex system-level demonstrations including a light emitting diode array controller with Si
nanomembranes based metal-oxide-semiconductor field-effect transistors (MOSFETs),
temperature sensors, and photodetectors. This approach not only shows the wafer-scale
compatibility (4 inch), but also the ability to maintain the device performances intact after
exfoliation. Similarly, graphene monolayer can be separated from the copper foil used as the
growth substrate, by roll-to-roll mechanical delamination process in hot water (~50°C).8! Recently,
Magginetti et al. reported that CdS/CdTe thin films can also be readily lifted-off from Si0/Si
substrates via water-assisted thin film delamination method due to the Te-rich layer at SiO»
surface.®? This approach makes it possible to use the conventional fabrication process such as high

temperature annealing, which is otherwise not possible on flexible substrates such as plastic foil,

by utilizing metal/SiO»/Si substrate system. It also allows the transfer of fully fabricated device
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layers without needing any hazardous chemical etchants. Moreover, there is room for cost

reduction by reusing the SiO,/Si templates.

4.4. 2D Material-based Layer Transfer

Recently, a layer transfer technology utilizing remote epitaxy on a slippery graphene/growth
template, called 2D material-based layer transfer (2DLT), has been developed (see Figure 7d).%*
8% The 2D material-based layer transfer technology consists of three main steps. First, remote
epitaxial growth of a non-polar graphene layer is carried out on a crystalline growth substrate. This
remote epitaxy method enables the growth of an epitaxial layer with identical crystal structure and
orientation to that of the underlying growth substrate across the graphene layer. Second, a stressor
layer is deposited on top of the as-grown epitaxial layer. Finally, the spalling mode fracture is
applied to separate the epitaxial layer from the graphene/growth substrate. Due to the weak
bonding between the epitaxial overlayer and slippery graphene, the crack readily propagates
between the epitaxial layer and the graphene layer with the spalling mode fracture process. This
method enables the transfer of epitaxial layer with high crystallinity, leaving the remaining surface
of the graphene/growth substrate very clean without residues. Therefore the graphene/growth
substrate can be re-used to produce another desired epitaxial layer without any additional
treatment, which makes it a cost-effective approach. This approaches has been demonstrated on
many single-crystalline materials from III-V semiconductors (e.g., GaAs, InP, GaP, and GaN) to
complex metal oxides (e.g., SrTiOz, BaTiOs;, CoFexO4, Y3FesOi2, Pb(Mgi3Nb23)O3, and
PbTi03).8% Furthermore, other 2D materials such as BN also can be used as interlayers for 2D

material based transfer techniques.®* %’
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5. Device Applications

Semiconductor thin films fabricated by crack-assisted layer technology can offer many
advantages such as mechanical flexibility, lightweight, and low-cost. With these advantages, these
semiconductor thin films have been applied in various (opto)electronic devices such as data
processing or storage unit, energy harvesting devices, sensing units, 3D heterojunction device, and
biomedical applications. Depending on the type of application, the requirements of crack-assisted

layer transfer process also vary, which are described in detail as below.

5.1. Electronic devices

As mentioned above, semiconductor thin films produced by crack-assisted layer transfer process
are sufficiently thin with high flexibility, which is a primary requirement for wearable applications.
In addition, the stressor layer used for crack-assisted layer transfer process can be utilized as a
mechanical backing layer. Therefore, the semiconductor thin film/stressor layer template presents
an appropriate approach for flexible electronic devices. Crack-assisted layer transfer process has
been demonstrated on conventional Si substrates, therefore the approach shows high compatibility
with the existing CMOS technology and offers the potential as a cost-effective approach compared
with the silicon on insulator (SOI) substrate-based layer transfer process. Zhai et al. demonstrated
a wafer-scale flexible thin film transistor (e.g., p-MOSFETs and n-MOSFETs) fabricated by a
standard 0.13 um CMOS process from Si substrate using the crack-assisted layer transfer process
(Figure 8a).%® A flexible transistor circuit was demonstrated by fabricating a CMOS device layer
on a conventional thick Si substrate followed by the exfoliation of the pre-fabricated device layer
with a thicknesses of 25 -30 um using the spalling process. This crack-assisted layer transfer

process showed no significant degradation of transistor characteristics. For instance, the electron
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mobility in n-MOSFET before and after exfoliation was found to be 261 and 252 cm?/(Vs),
respectively. The spalling process was successfully carried out on 8 inch wafer diameter, which is
sufficient for industrial use, and the electrical performance of the exfoliated MOSFET device was
similar compared with the one before the transfer process. Shahrjerdi et al. also showed an ultra-
flexible Si integrated circuits by utilizing the spalling process and an ultrathin body Si on insulator
(UTB-SOI) with a Si body thickness of 60 A (Figure 8b).*’ In the spalling process, a ~10 pm-thick
Si was exfoliated from the donor Si substrate, and the undesired Si was appropriately removed to
maximize flexibility of the exfoliated electronic devices. As a result, ultra-thin Si device layers
were demonstrated. This structure has a high potential for future applications with extreme

mechanical bendability.

The flexible electronic devices fabricated by crack-assisted layer transfer process have been
successfully demonstrated for micro-scale transistors without significant performance
degradation. However, there are a few things to consider with crack-assisted layer transfer. A
stressor layer is generally used for spalling mode fracture which induces mechanical strain in the
exfoliated semiconductor thin film.'® This phenomenon was even observed in the transferred
semiconductor thin film on a foreign substrate even after the stressor layer has been removed.*
Due to the mechanical strain in the stressor layer, the exfoliated thin film/stressor layer shows
outward bending when an appropriate vacuum chuck or pressure-sensitive tape is not used.'® The
high curvature of the exfoliated semiconductor thin films with stressor layer limits minute
alignment with micro/nano patterning for additional fabrication processes. Therefore, micro/nano
patterning related processing has to be conducted before the crack-assisted layer transfer process.

The mechanical strain also causes a crystal structure symmetry modification, induces changes to
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energy bands and carrier mobility.?’ These issues need to be carefully considered for use in various

electronic devices.
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Figure 8. Representative flexible electronic devices. (a) Photographs of the flexible spalled Si
with a CMOS unit (left). Cross-sectional TEM image of the exfoliated Si without significant
damages (upper right). Measured MOSFET device characteristics before and after exfoliation
(bottom right). Reprinted with permission from ref.®®. Copyright 2012, American Chemical
Society. (b) Photograph of the electronic device transferred to flexible plastic film via spalling
process (left). Cross-sectional TEM image of spalled Si with nanoscale FET units (upper right).
The n- and p-FET device performances before and after spalling process. Reprinted with

permission from ref.*’. Copyright 2013, American Chemical Society.

5.2. Photovoltaics

In the photovoltaic industry, Si is the most important material due to its good efficiency and

cost-effectiveness. The cost of monocrystalline Si accounts for ~40% of the photovoltaic module
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system costs.”* One of the main reasons for the high cost is the significant kerf-loss in the
conventional wafering process, which is a wafer production process from Si ingots via slicing. For
this reason, many attempts have been made to reduce the kerf-loss. The crack-assisted layer
transfer method does not generate any material loss when exfoliating monocrystalline Si from the
donor substrate, therefore this crack based wafering process provides a huge potential as to further
reduce the cost of Si photovoltaics. Saha et al. demonstrated 25 pm-thick heterojunction Si solar
cells with doped amorphous Si (a-Si) fabricated by the crack-assisted layer transfer process.”® The
bulk lifetime and implied open-circuit voltage of the spalled Si show similar values compared to a
500 um-thick reference substrate despite the dramatically reduced thickness. The final
heterojunction solar cell fabricated by spalled Si shows an open-circuit voltage, a short circuit
current density, and a power conversion efficiency of 580 mV, 33.6 mA/cm? and 14.9%,
respectively. Although the efficiency of the spalled Si based solar cell is relatively low compared
to the industrial standard Si solar cell due to the non-optimized device fabrication, it shows the
feasibility of obtaining moderate performance with a 25 pm-thick Si solar cell with high flexibility.
It is noted that the crack-assisted layer transfer method may induce defects on the newly formed
fracture surface of the spalled Si and donor substrate. Characterization of the fractured surface of
the as-exfoliated Si via electron spin resonance (ESR) and photoluminescence (PL) imaging shows
the defects cause significant reduction in the minority carrier lifetime.?® The defects at the fracture
surface can be appropriately removed by etching away a few micrometer thick Si from the fracture

surface via wet-etching process.®

Another approach to demonstrate cost-effective heterojunction solar cells is through the
utilization of 2D materials. Ahn ef al. reported flexible graphene/Al,O3/Si heterojunction solar

cells with 35 um-thick Si.’! It is noted that the reduced thickness results in insufficient light
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absorption at long wavelengths due to the indirect bandgap of Si. Appropriate light-trapping
structures such as nano-scale inverted pyramids can enhance the optical path length and thus
photon-to-current conversion efficiency can be enhanced.”? In addition, the Si solar cell with

reduced thickness can improve the open-circuit voltages with superior surface passivation.”?

III-V semiconductors provide an excellent material platform to optimally convert sunlight to
electricity. For instance, multi-junction solar cells based on III-V semiconductor show the highest
efficiency among various material systems. However, the high cost of growth substrates, which
accounts for more than 80% of the total cost of a GaAs solar cell, limits its practical application.’*
The crack-assisted layer transfer process can exfoliate the as-grown multi-junction solar cells from
the costly growth substrates, and allows the reuse of the growth substrates after an appropriate
post-treatment such as chemical-mechanical polishing, which offers a strong potential for cost-
reduction of III-V based solar cells. Techno-economic analysis of III-V solar cells with the crack-
assisted layer transfer process shows significant cost reduction of GaAs solar cells to around 1/10
from the conventional approaches.’® For the crack-assisted layer transfer with I1I-V solar cells, the
appropriate growth substrate, which is lattice-matched with the desired solar cell active layers (e.g.,
GaAs, InGaP, and InGaAs), has to be considered. Sweet et al. showed the exfoliation of epitaxially
grown single-junction GaAs solar cell from (100) orientation GaAs substrate by the crack-assisted
layer transfer.*> The GaAs solar cell showed a power conversion efficiency of 18.4%, without any
significant performance degradation compared to reference solar cells. However, the grating
structure formed on the fracture surface of the (100) orientation GaAs thin film and the donor
substrate, has to be removed to allow additional epitaxial growth and exfoliation. This requires
additional processing that results in an increased material-loss, which has to be minimized. This

problem can be addressed by using Ge substrates for epitaxial growth and exfoliation with
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minimized additional processing and material-loss due to the relatively smooth fracture surface on
Ge wafers after the crack-assisted layer transfer process. The epitaxially grown InGaP/(In)GaAs
dual-junction solar cell showing an efficiency of ~28.1% was exfoliated from the Ge donor
substrate without signification degradation in material properties (Figure 9).%° This III-V solar cell
exfoliated from rigid Ge donor substrate shows high flexibility as well as high specific power

which is highly sought for air/space applications.
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Figure 9. Representative flexible photovoltaic devices demonstrated by controlled cracking
method. (a) Exfoliation of the epitaxially grown InGaP/(In)GaAs solar cell structure from a Ge
donor substrate via controlled spalling process. (b) Schematic illustration of an InGaP/(In)GaAs
solar cell arrays. (c) Photograph of the flexible the 100 mm diameter InGaP/(In)GaAs tandem solar
cell arrays on a plastic carrier. (d) Light current-density vs voltage curve of the spalled InGaP/(In)

GaAs tandem solar cell on a flexible plastic substrate (red solid line) and on a rigid Si wafer (black
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dotted line) under AM 1.5G illumination. Reprinted with permission from ref.”®. Copyright 2013,

John Wiley and Sons.

5.3. Photoelectrochemical water splitting

Photoelectrochemical (PEC) water splitting enables direct splitting of water into Hz and Oz, to
produce a carbon-free energy fuel, using sunlight. Various semiconductor materials have been
investigated as solar absorbers and monocrystalline semiconductors such as Si, III-V, and III-N,
show high solar-to-hydrogen efficiencies compared to other amorphous materials. Similar to
photovoltaic devices, the material cost is an important issue to address for industrial-scale
manufacture of PEC water splitting devices. Therefore, crack-assisted layer transfer process has
been used to demonstrate thin monocrystalline semiconductor based PEC devices without material

loss as discussed above.

Lee et al. demonstrated spalled Si for photoelectrochemical cell applications.*® Pt nanoparticle
coated 16 pum-thick spalled Si photocathodes with np* rear junction shows a photocurrent density
of 20.1 mA/cm? at 0 V (vs reversible hydrogen electrode, RHE) and an onset potential of 332 mV
(vs RHE) in acid electrolyte. Although the crack-assisted layer transfer process produced high
quality thin Si, the indirect bandgap of Si resulted in low optical absorption. The measured light
absorption property of spalled Si rapidly decreased with reduced Si thickness at long wavelength
(600 — 1000 nm). Therefore, an appropriate light-trapping structure has to be accompanied with
the exfoliated Si thin film towards realizing high performance for sunlight absorption. III-V
semiconductors such as GaAs and InP have direct bandgaps, therefore only a few micrometer
thicknesses is enough to absorb solar irradiated light. In addition, the fracture plane in zinc-blende

III-V semiconductors is confined on (100) plane, which has the lowest fracture toughness
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compared with the other primary planes. Therefore, micro-scale period grating structure can be
readily formed on (100) orientation GaAs and InP substrate using the crack-assisted layer transfer
process without the need for additional etching process. The grating structure on the fracture
surface can reduce optical reflection as well as increasing the surface area, which can improve
chemical reactions in water splitting photoelectrodes. Using this approach, a sub-20 pm-thick
spalled p-GaAs photocathode was shown to have similar performance to that of the 350 pm-thick
p-GaAs photocathode.’® Zho et al. showed a new approach to demonstrate ultrathin BiVO4
photoanode film with 80 nm thickness transferred from planar substrate to textured PDMS
substrate via water-assisted thin film delamination method.”” The authors demonstrated that the
photo-current density of BiVO4 photoanode can be enhanced by utilizing a patterned bottom

substrate with an appropriate light-trapping structure compared to the planar substrate.

5.4. Light-emitting diode

Light-emitting diodes (LEDs) usually require multi-quantum-well (MQW) structure developed
using epitaxial growth techniques for efficient light-emitting properties. There have been many
attempts to exfoliate epitaxially grown MQW layers from the growth substrates using controlled
crack propagation at the interface. The exfoliated MQW based LEDs can then be assembled into
a vertical-type LED device structure with contact layers at the top and bottom position of the
device, which help to achieve efficient heat dissipation. Bedell et al. demonstrated the exfoliation
of a 3 um-thick InGaN/GaN epitaxial MQW LED Ilayer from a 50 mm diameter sapphire growth
template using the crack-assisted layer transfer.’! Due to the high fracture toughness of sapphire,
epitaxially grown GaN buffer layer under the LED device layer was used as a medium for crack
propagation. Subsequently, the exfoliated GaN LEDs were transferred to other inexpensive foreign

substrates to demonstrate vertical-type LED. The demonstrated vertical LED presented a relatively
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high turn-on voltage (~200 mV) compared to the reference sample due to a non-optimized
metallization process, however it shows the feasibility of wafer-scale demonstration of vertical-
type LED via crack-assisted layer transfer technology. As mentioned earlier, 2D materials can also
be used as a growth template and release layer. Chung et al. reported the growth of InGaN/GaN
MQW LED structure on high-density ZnO nanowalls/graphene layer/substrate and its exfoliation
from the graphene layer by crack propagation at the interface of graphene and substrate (Figure 10
a-b).”® In addition, the graphene layer was also utilized as the bottom electrode. However, the
slightly higher turn-on voltage due to unoptimized energy barriers at the junction of
GaN/ZnO/graphene remains a challenge to be addressed. Similar to graphene, h-BN can be used
as a release layer. In addition, the h-BN itself is a nitride semiconductor on which GaN based
layers can be directly grown uniformly. Kobayahi et al. demonstrated the growth of GaN based
LED layer on h-BN/sapphire substrate and exfoliation of the GaN based LED Ilayer by crack
propagation from the 3 nm-thick h-BN layer.”” The authors proved that the crack-assisted layer
transfer process does not result in any material quality degradation in the transferred GaN based
LED, with an extremely low surface roughness of < 1 nm on the fractured surface, which is
considerably lower than the one obtained by the conventional laser lift-off process. Recently, Jeong
et al. demonstrated vertical-type micro-rod GaN LEDs which offers an ideal geometry for flexible
devices via 2DLT technique (Figure 10c-¢).!% The exfoliated micro-rod GaN LEDs show superior

mechanical stability on device damages such as partial edge cutting as shown in Figure 10e.
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Figure 10. Representative flexible light-emitting diodes (LEDs) from the crack-assisted
transfer process. (a) Schematic illustration of the crack-assisted transfer process for GaN multi-
quantum-well (MQW) LEDs grown on graphene/sapphire substrate. (b) Photographs of light
emission from the as-fabricated GaN MQW LED on the original graphene/sapphire substrate and
after the transfer process on various foreign substrates such as metal, glass, and plastics. Reprinted
with permission from ref.®. Copyright 2010, American Association for the Advancement of
Science (AAAS). (¢) Schematic illustration of the fabrication process for micro-rod LEDs grown
on graphene/sapphire substrate. (d) Photographs of the micro-rod LEDs deformed in various
shapes and (e) attached to a minifigure after partial cutting. Reprinted with permission from ref.!%,

Copyright 2020, American Association for the Advancement of Science (AAAS).
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5.5. Sensors

Wearable tactile sensors can acquire human physiological and activity information and this data
can be utilized in a wide range of applications such as healthcare monitoring, entertainment, and
security. In a tactile sensor, single crystalline semiconductor materials such as Si show several
advantages such as high sensitivity, low hysteresis, long-term stability, good uniformity, and
compatibility with the conventional CMOS based readout circuitry.'®! Sakuma et al. showed a 40
um-thick strain/force sensor using a bar-shaped spalled Si. The strain/force sensor exhibits a force
sensitivity of around 0.6%/N under a perpendicular applied force in a three-point bending test.'%?
Li et al. reported an advanced crack-assisted layer transfer, referred to as 3D spalling process, and
the demonstration of a tactile sensor with a serpentine piezoresistor using an exfoliated Si thin
film.'% By utilizing patterning and modification of the stressor layer thickness, the spalling process
exhibits 3D control over the shape and thickness of the exfoliated semiconductor thin films. The
tactile sensor made using the exfoliated Si thin film exhibits satisfactory strain sensitivity by

showing a gauge factor of 60 with various bending radii.

The spalled Si thin film template can also be used as light and temperature measurement sensors,
which are essential for artificial skin applications. The light sensor configured into a Wheastone
bridge network using the spalled Si thin film shows a decreased resistance with increasing
illumination intensity due to an increase in carriers generated by the incident light.!®® The
exfoliated Si thin film based temperature sensor exhibited a temperature coefficient of -0.44%/°C

in the range of 34 to 50 °C which covers the temperature range of a human body (36.5 —37.5°C).1%2

5.6. Optical filters
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In 2011, Seo et al. reported the successful demonstration of multi-color generation with vertical
Si nanowire array by utilizing their optical resonances.'® The resonant wavelength of Si nanowire
arrays can be tuned by controlling the geometrical parameters such as its size, shape, and period.
Since then, optical filters based on Si nanowires have attracted huge interest in various optical
applications such as image sensor devices. One of the dominant approaches involves the
exfoliation of pre-fabricated Si nanowires on a Si donor substrate by making use of a transparent
polymer substrate. Park ef al. demonstrated that PDMS-embedded vertical Si nanowires as a color
filter that shows tunability of optical reflection and transmission when the diameter of vertical Si
nanowires is modified.!® The authors showed the Si nanowire-based color filter with an image
sensor can be efficiently used in a multi-spectral imaging system. PDMS embedded with a Si
nanowire-based color filter can exhibit enhanced tunability of the generated color when additional
bottom optical resonators such as amorphous Si/metal or metal/insulator/metal structure are
incorporated.!%-1%7 Recently, Lee et al. demonstrated tunable multiple band optical filters by
stacking multiple PDMS layers containing Si nanowires with different diameters. The multi-band
optical filter shows efficient screening of the undesired wavelength for elaborate fluorescence

tissue imaging.'%®

5.7. Biomedical applications

Nanowires have attracted huge interest in drug delivery applications, however, the rigid bulk
materials beneath the nanowires limits their wider usage in biomedical applications, which require
flexibility and stretchability. Nanowires transfer from a rigid donor substrate by the crack-assisted
layer transfer process could solve this problem. Mumm ef a/. demonstrated a low-cost, disposable,
and cell-culture compatible impalefection device with copper oxide (CuO) nanowires.!”” The

detached CuO nanowires from a Cu substrate were transferred to transparent substrates such as
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glass. The fabricated CuO nanowires template was used to study cargo delivery and detailed cell-
nanowire interfaction. Kim et al. showed the transfer of Si nano-needles structure using crack-
assisted layer transfer with mechanical stress concentration at pre-defined fracture points.®! Using
the pre-defined fracture points, Si nanowires can be readily detached with uniform depth. The
fabricated Si nano-needles transferred from rigid Si substrates to stretchable elastomer layers
provide the ability to intimately contact the cells and living biological tissues, which is a useful
function in intradermal and intramuscular delivery of biomolecules. The demonstrated Si
nanoneedles embedded in an elastomer layer enables efficient injection of biomolecules as well as
facile observation of cells during their interactions with Si nanoneedles. Recently, an identical Si
needles patch has been developed with water-soluble medical films such as poly(vinyl alcohol)
(PVA) instead of the PDMS layer (Figure 11). The bioresorbable materials based on Si nanoneedle
patches show the advantages of unobtrusive topical delivery as well as facile removal of the used

tools, thereby inducing minimal side effects.'!”

Nanopores Water- Soiuble Film
Undercut

N

-

"

Air Gap

Fabrication of Thin Lamination of Controlled Peeling
p-Si Needles Water-Soluble Film of Water-Soluble Film

45



Figure 11. Representative flexible Si nanonedles with nanopores utilized for chemotherapy.
(a) Schematic illustration of the fabrication process of Si nanoneedles on a water-soluble film. (b)
Photograph and (c) SEM images of the transferred Si nanoneedles on water-soluble film. (d) SEM
image of the side walls of silicon nanoneedles showing the nanopores. Reprinted with permission

from ref.!'°. Copyright 2020, American Chemical Society.

Conclusions and Future Perspective

Remarkable advancements have been made in the development of various crack-assisted layer
transfer technologies for numerous emerging applications such as mHealth, smart cities, [oT, and
wearable (opto)electronic devices. In this review paper, we briefly explain the crack-assisted layer
transfer process which provides a simple way to exfoliate thin crystalline semiconductors with
various morphologies (e.g., thin films, 2D layers, and nanowires) from their donor substrates by
controlling the crack propagation direction. Crack-assisted layer transfer process does not require
costly equipment and complex fabrication steps. In addition, it shows feasibility for wafer-scale
(> 4 inch) exfoliation, compatibility with conventional CMOS technology, and universality on

various brittle semiconductor materials.

There are many opportunities to broaden the application of crack-assisted layer transfer
technique in (opto)electronic industry with a further scope for cleverly designed approaches.
Further work is needed to realize industrial-scale demonstrations with high throughput. The
stressor layer deposition on the target semiconductor substrate can be conducted by industrial-
friendly approaches such as spin-coating, screen printing, and slot-die coating method. The

adhesion force between the stressor layer and the target substrate should also be carefully
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controlled. Laser ablation method can be used to form the initial crack near the stressor layer. The
controlled cracking process can be developed as an automated roll-to-roll transfer printing with
the stressor layer deposited target substrate bonded with an adhesive tape which can be
mechanically lifted-off by applying an external force for sub-surface crack propagation.
Innovation in equipment design, process recipe, thin film handing, and system optimization is

needed to industrialize this technology.

Despite the significant progress achieved in the field of crack-assisted layer transfer technology,
many key challenges remain to be addressed. In the process of the sub-surface cracking, parasitic
crack propagation is frequently observed which induces high surface roughness and undesired
surface structure formation on the fractured surface. Further efforts should be made to minimize
these undesired results. It also requires an in-depth study of the fracture surface morphology under
different crack propagation conditions (e.g., crack propagation velocity). For light
emitting/absorbing device, surface texturing is one of the powerful approaches to enhance their
performance. However, the surface structure formation on a semiconductor thin film may
introduce stress concentration regions. This induces an undesired breaking of the semiconductor
thin film causing a dramatic reduction of the device lifetime in flexible device applications. In
addition, structural defects located at the edge of an exfoliated semiconductor thin film can also
act as stress concentration points. Therefore, an appropriate design of the surface structure and
minimization of edge defects are required to avoid these problems. While great attention has been
paid to demonstrate ultrathin semiconductor thin films for device applications, stress induced
effect on the electronic properties (e.g., carrier mobility, energy bandgap, etc.) of the
semiconductor thin film devices fabricated by crack-assisted transfer has yet to be studied in detail.

The variation of the electronic properties of semiconductor thin films induced by external stress
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due to bending poses challenges to the utilization of complex and sensitive electronic devices such

as state-of-art CMOS based circuits.

Although there remains many challenges yet to be addressed, the above considerations suggest
that the field of crack-assisted layer transfer is highly promising with newly emerging fabrication
methods in brittle semiconductor materials. We speculate that, eventually, widespread flexible
(opto)electronic devices with high performance and reduced production costs will be realized,

supported by continuous innovations in the crack-assisted layer transfer process in the near future.
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