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Peel-and-stick process, or water-assisted transfer printing (WTP), represents an emerging process for
transferring fully fabricated thin-film electronic devices with high yield and fidelity from a SiO,/Si wafer to
various non-Si based substrates, including papers, plastics and polymers. This study illustrates that the
fundamental working principle of the peel-and-stick process is based on the water-assisted subcritical
debonding, for which water reduces the critical adhesion energy of metal-SiO, interface by 70 ~ 80%,
leading to clean and high quality transfer of thin-film electronic devices. Water-assisted subcritical
debonding is applicable for a range of metal-SiO, interfaces, enabling the peel-and-stick process as a general
and tunable method for fabricating flexible/transparent thin-film electronic devices.

abrication of flexible/transparent thin-film electronic devices on non-Si based substrates faces the critical

mismatch challenge between device fabrication conditions and the tolerable conditions for non-Si based

substrates in terms of maximum temperature and chemical compatibility' . Such a challenge is mitigated by
transfer printing methods that pick up semiconducting micro/nanomaterials processed on a donor substrate and
place them onto a receiver substrate in a massive parallel and deterministic manner®~. Transfer printing methods
have enabled the fabrication of flexible/transparent electronic devices, ranging from bio-integrated conformal
sensors®’, curvilinear optoelectronics® to transient electronics’. Recent advances in transfer printing methods are
reviewed thoroughly in ref (3). A key requirement for successful transfer printing process is to weaken the
adhesion of the transferred materials to the donor substrate for their easy and defect-free separation®. Such
adhesion weakening is commonly achieved by chemical etching, which either creates undercuts underneath
the transferred materials to reduce the overall contact surface area or dissolves a sacrificial layer to lift-off the
transferred materials from the donor substrates”*'.

Recently, we demonstrated a new approach to control the adhesion between the transferred materials and the
donor substrates by using room temperature water. The method is named as the peel-and-stick process, or water-
assisted transfer printing (WTP) and it is capable of transferring fully fabricated electronic devices from a donor
substrate onto an arbitrary receiver substrate. The peel-and-stick process involves three steps (Fig. S1): I)
Fabricating thin-film electronic devices on a metal film (e.g., Ni, Cu) coated SiO,/Si wafer, 2) Peeling-off the
metal film together with the top electronic devices from the SiO,/Si wafer in water, and 3) Sticking the peeled
electronic devices onto an arbitrary receiver substrate by using commercial adhesive agents. With the peel-and-
stick process, we and other groups have successfully transferred a range of electronic devices, including nanowire
electronic devices'', amorphous Si thin-film solar cells'?, memory devices'® and magnetic nano-devices", to
diverse receiver substrates such as papers, glasses, rubbers, fabrics, plastics and even ultrathin polymer sheets
(<1 pm thick). All of these studies demonstrated that the peel-and-stick process can transfer functional thin-film
electronic devices with almost a 100% yield regardless of the feature size, thickness and shape without degrading
the device performance.

Broader applications of the peel-and-stick process requires the understanding of its fundamental mechanisms
in order to achieve customized, controllable and reproducible results for scalable manufacturing of diverse
flexible/transparent thin-film electronic devices. In this study, we investigate the fundamental mechanism of
the peel-and-stick process by measuring critical adhesion energies of various metal-SiO, interfaces in air and in
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water. The results show that the presence of water greatly reduces the
critical adhesion energies of the metal-SiO, interface, leading to facile
debonding of the metal film from SiO,/Si wafer in water. The effect of
water on the critical adhesion energies of the metal-SiO, interfaces is
further confirmed by our molecular dynamics (MD) simulations
using the ReaxFF reactive force field".

Results

We believe that the easy and clean debonding behavior of the metal-
SiO, interface in water used in the peel-and-stick process is closely
related to the environment-assisted subcritical debonding'®". The
environment-assisted subcritical debonding refers to interfacial frac-
ture that occurs at the debond driving energy (G) well below the
critical adhesion energy (G.), and it results from stress accelerated
chemical reactions between environmental species (e.g., H,O mole-
cules) and strained bonds (e.g., Si-O-Si) at the crack-tip'®. The sub-
critical debonding behavior has been observed for a wide range of
materials such as glasses'”'®, ceramics® and polymers> for several
decades and it is usually undesirable and responsible for the failure of
a range of thin-film structures. Instead, the peel-and-stick process
takes advantage of the environment-assisted subcritical debonding
to cleanly peel-off a Ni film, together with the thin-film electronic
devices fabricated on top, from the donor Si wafer.

In order to verify that the working principle of the peel-and-stick
process is indeed based on the environment-assisted subcritical
debonding, we measure the debond growth rates of the Ni-SiO,
interface in air and in water by the standard double-cantilever-beam
test**, which is equipped with a high-precision micromechanical test
system (Fig. S2a). The double-cantilever-beam test specimen con-
tains a 300 nm thick Ni film that is deposited by an electron beam
evaporation on a Si wafer (~525 pm thick) with a thermally grown
SiO, layer (300 nm), and the exposed Ni surface is capped with
another Si wafer using an epoxy (Fig. S2b). In Fig. 1, the measured
debond growth rate (da/dt) is plotted as a function of the applied
debond driving energy (G) for the Ni-SiO, interface in air with a 20%
relative humidity (red dotted line) and in water (blue dotted line) at
21°C. The end point of the da/dt curve corresponds to the interface
fracture point and the corresponding driving energy is the critical
adhesion energy (G.). The G, value of Ni-SiO, is about 0.31 J/m? in
water, which is around 80% lower than that in air (~1.37 J/m?),
confirming that water indeed significantly reduces the required
mechanical peel-oft forces for separating Ni film from SiO, surface
in the peel-and-stick process. As a comparison, the critical adhesion
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energy of the as-grown monolayer of graphene-Cu interface is
around 0.72 * 0.07 J/m> ** for which the interfacial bonding is
through the relative weak van der Waals forces. Therefore, the extre-
mely low critical adhesion energy of the Ni-SiO, interface in water is
the main reason for the easy and clean debonding of Ni film together
with thin-film electronic devices from the SiO, surface in the peel-
and-stick process. As shown in Fig. 1b, the SiO, surface is clean and
defect-free after the peel-off process of the Ni film in water, but it is
covered by visible Ni residue spots after peeling off the Ni film in air
owing to the higher mechanical stress.

The effect of water on the critical adhesion energy on the Ni-SiO,
interface is further studied by MD simulations using ReaxFF reactive
force field'>*>*%. The MD simulations investigate the interaction of
the Ni film and SiO, surface under three conditions: dry-air, low-
moist and high-moist environments (see the Method section for the
MD simulation details). The amount of moisture content is reflected
by the initial surface hydroxyl groups (-OH) covered on the Ni
surface and hydrogen terminated SiO, surface. The Ni film and
SiO, surface are initially placed near to each other and then gradually
pulled part by increasing their mass center distance in the MD simu-
lations (Supplementary Movies). Figure 2a plots the calculated sys-
tem potential energy (reference to the initial state) as the mass center
distance between the Ni film and SiO, surface is increased to 20 A.
The system potential energies in all three environments initially
increase and then decrease before relaxing to their final states as
the mass center distances approach to 204, indicating that the system
interfaces go through a series of chemical reactions causing by sig-
nificant rearrangement of the structure. Importantly, the peak sys-
tem potential energy values, which are related to the critical adhesion
energy, decrease in the order of dry-air (600 ~ 800 kcal/mol of Ni-O-
Si bond, blue dotted line), low-moist environment (500 ~ 600 kcal/
mol of Ni-O-Si bond, red dotted line), and high-moist environment
(300 ~ 400 kcal/mol of Ni-O-Si bond, green dotted line). The greatly
lowered potential energy barrier with moisture supports our double-
cantilever-beam tests (Fig. 1) in that water significantly reduces the
critical adhesion energy of Ni-SiO, interface. Finally, the snapshot
images during the MD simulations (Fig. 2b) clearly show that high
moisture leads to less interfacial bonding at the peak potential energy
state (P) and less Ni residues on SiO, surface at the final state (F),
agreeing well with the experimental observations in Fig. 1b.

Both double-cantilever-beam tests and MD simulations indicate
that the peel-and-stick process is controlled by the environment-, or
more precisely water-, assisted subcritical debonding that is caused
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Figure 1| Debond growth behaviors of the Ni-SiO, interface. (a) Debond growth rate (da/dt) as a function of the debond driving energy (G) for the Ni-
SiO, interface in water (blue squares) and in air with a 20% relative humidity (red triangles) at 21°C. Inset schematic shows the double-cantilever-beam
specimen geometry used for the measurements. (b) Optical inspection of defects for the delaminated surfaces after the debond test in water (left)

and in air (right).
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Figure 2 | Molecular Dynamics (MD) simulations of the peel-off process. (a) Comparison of the system potential energy as increasing the mass center
distance between Ni layer and SiO; layer in dry-air (blue dotted line), low-moist (red dotted line) and high-moist (green dotted line) environments.
(b) Snapshots corresponding to the peak state (P) and final state (F) in the three different environments, respectively.

by accelerated chemical reactions between the highly strained surface
bonds at the crack-tip (e.g., Si-O-Si) and the environmental species
(e.g., HO molecules)'®". Previous studies of the water-assisted sub-
critical debonding phenomenon on the bulk glass (SiO,/SiO, inter-
face) suggested that water has a strong polar interaction with the
strained Si-O-Si crack-tip bonds, leading to the rupture of the hydro-
gen bond in water and the formation of surface Si-O-H groups on
both sides of the fractured surfaces'”'. In the peel-and-stick process,
the Ni-O-Sibond is believed to form during the deposition of Ni film.
During the peel-off process in water, the applied mechanical peel-off
stress deforms the Ni-O-Si crack-tip bond that readily reacts with
H,O molecules to form Ni-O-H and Si-O-H on each side of the
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fractured surface (Fig. 3a). To verify this, we compare the surface
topography of two SiO, surfaces with/without going through the Ni
peel-off process in water. The left side of the atomic force microscopy
(AFM) image in Fig. 3b corresponds to the topography of the native
SiO, surface without going through the peel-and-stick process, and
the right circled area in Fig. 3b matches with the transformed SiO,
surface after a sequential deposition and peel-off in water of a circular
Ni disk (300 nm thickand 3 pm in diameter). It is clear that the right
circled SiO, surface is smoother than the native SiO, surface, indi-
cating that the surface is modified by the peel-and-stick process. It
should be noted that the circular wall in Fig. 3b corresponds to the Ni
residue at edges of the Ni disk after the peel-and-stick process and is
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Figure 3 | Associated molecular reaction mechanisms for the peel-and-stick process. (a) Reaction between a water molecule and a strained Si-O bond
at crack-tip. (b) An atomic force microscopy (AFM) image for corresponding SiO, surfaces without (left side) or with (right side) going through the
peel-and-stick process. (c) Average height differences (Ah) between the left side and right side of the SiO, surface in Fig. 3b. (d) Reaction between a
water molecule and a strained Si-O-Si bond located at the 2™ atomic layer from the top SiO, surface.
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used to locate the modified SiO, surface during the AFM measure-
ments. Figure 3c plots the differences of the average surface height
(Ah) between the native SiO, surface (left in Fig. 3b) and the modi-
fied SiO, surface (right in Fig. 3b) within a defined area (0.7 pm X
0.7 pm) for 16 different samples. The average surface height differ-
ences range from nearly 0 A to about —2.1 A with an average of —1.2
+ 0.5 A. The nearly zero height difference corresponds to the
mechanism described in Fig. 3a, (i.e., strained Ni-O-Si + H,O—
Ni-OH 4 Si-OH). Given that the Si-O bond length is about 1.65 A
(blue dotted line in Fig. 3c), the larger height difference in the two
SiO, surfaces indicates that water can also access and react with the
strained Si-O-Si bond located at the 2™ atomic layer from the top
surface of SiO, (Fig. 3d). Such interaction is especially prominent for
the surface area with convexed topography, leading to the smoothing
of the SiO, surface on the right side (Fig. 3b). In both cases (Fig. 3a
and 3d), the delaminated surfaces are terminated with hydroxyl (-
OH) groups and are hydrophilic, which facilitates the further adsorp-
tion of H,0 molecules and continuous reactions along the Ni-SiO,
interface.

With the understanding of the fundamental working principles,
we can improve the generality and controllability of the peel-and-
stick process to accommodate different transfer needs. The water-
assisted subcritical debonding should occur for different metal-SiO,
interfaces. In Fig. 4a, two other metal films of Ti (red) and Cu (green)
are tested respectively as a debonding layer on a thermally grown
SiO, surface in comparison to Ni (blue). The measured critical adhe-
sion energy for the Ti-SiO, interface in air with a relative humidity of
20%, due to its inherent strong interaction, is about three times
higher than those of the Ni-SiO, or Cu-SiO, interfaces®. More
importantly, for all three cases, the critical adhesion energies in water
are about 1/2 to 1/4 of those in air.

In addition to the various metal choices, the peel-and-stick process
is equally applicable to different types of SiO, surfaces. Figure 4b
shows the critical adhesion energies in air with a 20% relative humid-
ity and in water at 21°C between a 300 nm thick Ni film and different
types of SiO, surfaces, including spin-on-glass (red), soda-lime glass
(blue), native SiO, (green) and thermally grown SiO, (purple). The
commercial spin-on-glass (Futurrex®, IC1-200) has the highest crit-
ical adhesion energy in air (~3.6 J/m”) and in water (~1.5 J/m?) due
to its inherent strong adhesive properties. And thus, the delaminated
surfaces after the double-cantilever-beam test show clear signs of
defects (Fig. S3). The soda-lime glass (Fisher Scientific®) has slightly
higher adhesion energy in air, but significantly higher adhesion
energy in water in comparison to the native and thermally grown
SiO,. The smaller reduction of critical adhesion energy by water for
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the soda-lime glass is likely because it contains other chemical com-
positions in addition to SiO,, implying that SiO, is more susceptible
to the water reaction than other chemical compositions. The native
SiO, and thermally grown SiO, layers have similar low critical adhe-
sion energies both in air and in water, so these two SiO, surfaces are
most suitable for high quality peel-and-stick process. Importantly,
regardless of the metal-SiO, combinations, water clearly reduces the
critical adhesion energy (Fig. 4). It should be noted that the critical
adhesion energy can be further reduced by varying other envir-
onmental factors, such as temperatures, pH values, environmental
species, film thicknesses and residual stresses'®"”. Therefore, the peel-
and-stick process can be implemented with various combinations of
metal-SiO, interfaces and carried out under controlled envir-
onmental conditions to accommodate diverse transfer needs for
the fabrication of flexible/transparent thin-film electronic devices.
Finally, we demonstrate several important features of the peel-
and-stick process to illustrate its potential for manufacturing high-
performance thin-film electronic devices on flexible/transparent
substrates. First, the peel-and-stick process can transfer materials
and devices processed at high temperatures for high-performance
electronics, since both SiO, and metal (i.e., Ni has a melting temper-
ature of 1455°C) can sustain relatively high temperatures. To illus-
trate this, a thin poly-silicon (poly-Si) film is coated on a Ni-coated
SiO,/Si wafer by the solid phase recrystallization of amorphous Si at
620°C, and a flexible polyimide (10 pm) with maximum allowable
temperature of around 350°C is subsequently spin-coated on top of
the poly-Si film as a receiver substrate (Fig. 5a, schematic). Next, the
Ni film is peeled off manually from the SiO, surface in water and
chemically etched away for optical inspection. The optical image in
Fig. 5a shows that the delaminated poly-Si film appears clean and
defect-free. The critical adhesion energy of this particular Ni-SiO,
interface structure is also significantly lowered by water (Fig. 5b), and
its adhesion energy in water is 0.56 = 0.04 J/m* which is slightly
higher than the bare Ni-SiO, interface (0.35 = 0.11 J/m” as shown in
Fig. 4a). This difference results from the high temperature annealing
process of poly-Si film that induces additional residual stress on the
Ni film, increasing the critical adhesion energy*. Nonetheless, the
reduced critical adhesion energy in water is still low enough for
successful peel-and-stick process. Furthermore, the peel-and-stick
process is scalable for transferring large area thin-film electronic
devices because the water-assisted subcritical debonding is inde-
pendent of the surface area. For example, a 4-inch wafer-scale Ni
film is cleanly peeled off from a SiO,/Si wafer with the peel-and-stick
process (Fig. 5¢). It should be noted that the scalability of the peel-
and-stick process ultimately depends on the mechanical properties of
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Figure 4 | Critical adhesion energy (G,) in air with a 20% relative humidity and in water at 21 °C for (a) interface between thermally grown SiO, and Ti,
Ni and Cu, respectively and (b) interface between Ni and various SiO,, including spin-on-glass, soda-lime glass, native SiO, and thermal SiO,.
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Figure 5 | Important features of the peel-and-stick process. (a) A schematic (left) of the peel-and-stick process to transfer the poly-Si film processed at
620°C onto a flexible polyimide substrate directly deposited on top. An optical image (right) of the clean and defect-free surface of the poly-Si film after
the peel-and-stick process. (b) Critical adhesion energy (G.) of Ni-SiO, interface in air with a 20% relative humidity and in water at 21°C for the
particular case of transferring the poly-Si film. (c) An optical image of a 4-inch wafer-scale transferred Ni film from a SiO,/Si wafer onto a flexible plastic
substrate. (d) A SEM image of the transferred 6-layer-stacked thin-films from a SiO,/Si wafer to a flexible plastic substrate.

the transferred materials/devices since the possibility of mechanical
failure increases with increasing area. Such mechanical issues can be
alleviated by 1) designing the device structures to improve the overall
device flexibility**** or 2) minimizing the device layer deformation
during the water peel-off process with a rigid temporary holder.
The last important feature of the peel-and-stick process is that it
can transfer a stack of thin-films of different materials that are
commonly used for electronic devices. For example, thin-film tran-
sistors are consisted of different layers of gate metal contacts, dielec-
trics oxides, semiconductors and source/drain metal contacts.
Figure 5d shows a SEM image of 6-layer-stacked thin-films that
are successfully transferred together from a SiO,/Si wafer to a flexible
plastic substrate. Note that the delaminated Ni layer is shown on the
very top. The multiple layers used here consist of representative
materials for general electronic devices, such as metals (Ni, Al),
semiconductor (amorphous-Si), insulating oxides (SiO,) and poly-
mer (polyimide), and they are deposited by a range of techniques
including electron-beam evaporation, plasma-enhanced chemical
vapor deposition (PECVD) and spin-coating. Importantly, there is
no sign of any crack between the multiple layers because the Ni-SiO,
interface has the lowest interfacial adhesion energy in water. These
results show that the peel-and-stick process has the merits of high-
temperature compatibility, scalability and multiple-layer-transfer
capability.

Discussion

The present study reveals that the fundamental working principle of
the peel-and-stick process is based on the water-assisted subcritical
debonding between metal-SiO, interfaces. Both the double-can-
tilever-beam tests and MD simulations clearly show that water sig-
nificantly reduces the critical adhesion energy of the metal-SiO,
interface, which leads to the clean and defect-free transfer of

electronic devices from a donor Si substrate to any receiver substrate.
In addition, the water-assisted subcritical debonding is observed for a
range of metal-SiO, interfaces and the critical adhesion energy can
be further tuned by varying different environment conditions. As
such, we believe that the peel-and-stick process can be tailored and
applied for the scalable manufacturing of diverse flexible/transparent
thin-film electronics, ranging from organic light emitting diodes,
inorganic thin film transistors, to many emerging hybrid high-
performance thin-film electronic devices.

Methods

Molecular dynamics (MD) modeling. Three models are prepared for MD
simulations corresponding to the dry-air, low-moist and high-moist environments,
respectively. The Ni layer has a total of 216 Ni atoms with its (111) surface. The SiO,
layer is a 2-D expansion from a cristobalite unit cell structure containing 128 atoms
with one surface layer consisting of under coordinated oxygen atoms and another
surface layer of hydroxyl (-OH) terminated Si atoms. The two layers are initially
placed near each other with a mass center distance of 11 A. This value is chosen so that
the two layers can generate a proper initial contact. In low- and high-moist
environments, the Ni layer is covered with surface hydroxyl groups; the first layer of
under coordinated oxygen atoms in the SiO, layer is terminated with hydrogen
atoms. The two layers are placed in a similar fashion as that in dry-air environment.
The difference between low- and high-moist environments lies in the surface
coverage (0) of hydroxyl groups (0.5 and 0.75 for low- and high-moist environment,
respectively). All the systems are equilibrated for 2.5 ps in the isothermal-isobaric
ensemble at 300 K allowing for free volume adjustment. The mass center distance of
the two layers is then increased to 20 A in 5 ps in the canonical ensemble. The
temperature is controlled at 300K using the Berendsen thermostat with a damping
constant of 100 fs. The MD time step is 0.25 fs.
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