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ABSTRACT: The capillary force can peel off a substrate-attached
film if the adhesion energy (G,,) is low. Capillary peeling has been
used as a convenient, rapid, and nondestructive method for
fabricating free-standing thin films. However, the critical value of
G,, which leads to the transition between peeling and sticking,
remains largely unknown. As a result, capillary peeling remains
empirical and applicable to a limited set of materials. Here, we
investigate the critical value of G, and experimentally show the
critical adhesion (G, ) to scale with the water—film interfacial
energy (~0.7yg,), which corresponds well with our theoretical
prediction of G, = y,. Based on the critical adhesion, we propose
quantitative thermodynamic guidelines for designing thin film
interfaces that enable successful capillary peeling. The outcomes of
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this work present a powerful technique for thin film transfer and advanced nanofabrication in flexible photovoltaics, battery materials,

biosensing, translational medicine, and stretchable bioelectronics.
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C apillary peeling is a phenomenon that occurs when a
substrate-attached film detaches by the capillary force
when the film—substrate interface contacts water." Capillary
peeling has been reported as a rapid and nondestructive method
for fabricating free-standing thin films, including polymers,” >
biofilms,® metallic films,”® or atomically thin two-dimensional
(2D) materials.”'® The free-standing films not only can be
utilized to study material properties such as elasticity,*®
rheology™>® or stress® but also can be applied in the fields of
electronics” and biomedical devices® by transferrin% the films
from the host substrate to other surfaces of interest. '

Despite many applications of capillary peeling, few have
systematically examined the effect of the film—substrate
adhesion (G,,), or in general, the surface thermodynamic
requirements to ensure peeling success. In this work, we use
well-controlled surface chemistries and adhesions to exper-
imentally determine that successful peeling occurs consistently
among a variety of substrates and film materials when G, <
0.774. where ¥, is the film—water interfacial energy. This result
agrees with our theoretical predictions of G, < y,. Realizing that
the success of capillary peeling relies on other factors such as the
film elasticity”'"'* and swelling stress,'* we carefully design
experiments where these forces are at least 10° times weaker
than the surface tension of water, to focus on surface
thermodynamics.

To study capillary peelin% we utilized a commonly used
sample dipping apparatus”'' that slowly dips a vertically
oriented thin film-coated surface into a quiescent water bath

© 2021 American Chemical Society

7 ACS Publications 9983

(Figure 1a). We took images of the sample from the side using a
DSLR camera or a high-speed camera (see details of the
experimental setup at Supplemental Section S1). To benchmark
the peeling process, we used a 59 nm thick Teflon-AF
amorphous copolymer (Teflon AF-2400, DuPont) as a model
film material that was spun-cast on 1 cm X 2 cm smooth sapphire
wafer (c-m plane, University Wafer). Prior to the experiment, we
cleave the bottom end of the sample (the one that contacts
water) by ~1 mm using a diamond cutter to prevent excessive
polymer warping the edge of the wafer after spin-coating and to
ensure that the film—substrate interface is exposed to water
during the experiment. If the film is conformal and the
boundaries are cleaved, we always obtain a continuous peeled
layer.

Our experiment reveals that successful peeling has three
stages as shown in Figure 1b. The first stage initiates the contact
between the sample and water surface. At this stage, the dipping
speed Uj approaches zero, enabling us to exclude the
contribution of water viscous dissipation. In our experiments,
U; was controlled manually to ensure that U; < 0.1 mm/s
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Figure 1. Initiation of capillary peeling. (a) Schematic diagram of the capillary peeling process (diagram not to scale). Water exhibits a split-injection
flow pattern as observed by previous work." (b) High-speed time-lapse optical images of the three stages of capillary peeling, including contact
initiation (Stage I, £ = 0), spontaneous initiation of peeling (Stage II, t = 0 to 390 ms), and steady-state peeling (Stage III, t;; = 0 to 24 s). Time t =0
represents the time immediately after contact (3 ms), and f;;; = O represents the time immediately after dipping the sample into water at a constant
rate. (c) Time evolution of the meniscus height (H) during peeling initiation (stage II). (d) The time evolution of the meniscus height (H, left red axis)
and sample dipping depth (d, right blue axis) during steady-state peeling (stage III). The uncertainty in length measurement was less than 0.1 mm and
arises from uncertainty in the pixel location (43 pixels) within the high-speed imaging experiment. Error bars in (c) and (d) are smaller than the
symbol size and are not shown for clarity.
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Figure 2. Modeling of the capillary peeling process. (a) Schematic diagram illustrating the two states of water before and after peeling. Schematic not to
scale. The black dashed box labels the water plate before capillary peeling. (b) Comparison between experimental (solid dots) and theoretical modeling
(dashed lines) of the film meniscus profile. Inset: photograph of the cross-section of the water meniscus. (c) Free energy change per unit film length
(AG) as a function of wet adhesion (G,) and film—water interfacial energy (z,). (d) Free energy change per unit film length as a function of
normalized wet adhesion (G,/y,). The free energy change per unit film length is always negative when G,, < ¥4,. Error bars in (b) are 0.05 mm (+$
pixels) and are smaller than the symbol size, hence are not shown for clarity.
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(measured to be 0.07 + 0.04 mm/s, see Supplemental Video
V1), which results in negligible viscous energy dissipation (see
Supplemental Sections S3 and S4). After the interface contacts
the water, the second stage spontaneously initiates water flow
into the film—substrate interface and forms a dual-section water
meniscus. The first section of the water meniscus near the
substrate was covered by the peeled free-standing film, while the
second section consists of a water meniscus having water—air
interface. The time evolution of the peeling height is shown in
Figure 1c, demonstrating a characteristic flow speed of Uy ~ 10
mm/s. The flow during stage II is not continuous as indicated by
Figure lc and Supplemental Video V1. Detailed numerical
investigations are needed to fully understand and resolve the
complex flow hydrodynamics. Within 0.5 s, the meniscus height
reached at an equilibrium position at H &% 3 mm. After the
meniscus forms, the sample was manually dipped into the water
bath at a speed of Uy & 0.6 mm/s (stage 1II) and the film was
peeled at a constant rate. Although we did not systemically study
how Uy affects steady peeling, we did observe that once the
initial meniscus is formed, steady peeling can be maintained
even when Uy is as high as 20 mm/s (the speed limitation of our
experimental system, see Supplemental Video V2). The depth of
the sample and the stabilized meniscus height shown in Figure
1d indicate that the peeling is now in a quasi-equilibrium state.
Because Uj in our experiment is negligible when compared to
Uy, the substrate can be approximated to be stationary during
peeling initiation (stage II). This demonstrates that peeling can
be spontaneous even when kinetic factors, such as sample
dipping velocity, are absent. Therefore, revealing the role of
surface thermodynamics is key to understanding the criterion
governing successful capillary peeling.

We study the thermodynamic criterion of capillary peeling by
analyzing the change in Gibbs free energy, AG, between the
beginning and the end of stage II, and a negative AG indicates
that peeling is spontaneous. Note that we mainly consider
hydrophobic films here; otherwise, the system free energy can
also decrease via formation of a water meniscus on the film. Extra
considerations for hydrophilic films are included in Supple-
mental Section S6. Also note that free energy analysis should be
performed in a thermodynamically closed system. As the viscous
flow of water during stages I or II bring irreversible energy
dissipation, we ignore this dissipation in the initial free energy
analysis, later treating it as a correction factor.

We study the energy change in the x—y plane (Figure 2a) and
assume the meniscus profile does not vary in the z-axis (2D
approximation). Our assumption is deemed appropriate as
forces arising from gravity, capillarity, or film stretching do not
have z-components. Additional experiments observing the
uniformity of both the thin film edge (before peeling) and the
peeling front propagation (after peeling) verified this
assumption (Supplemental Section SS). In our model, the
peeling process is described by a water plate having thickness &
and length L that will be deformed to form a dual-section water
meniscus (Figure 2a). The Gibbs free energy change comprises
of three reversible energy components: (1) the work of adhesion
overcome at the interface between the substrate and the film, (2)
the capillary force that stretches the end of the film, and (3) the
change in gravitational potential:

AG =G (H - 6) + }/1(51 - L)+ pg(SL(yc,m - ycyp)

(1)

The position y = 0 is the water level where x = L. Here, H is the
equilibrium meniscus height, S is the arc length of the water
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meniscus having a water—air interface, p is water’s density, g is
the gravitational acceleration, y; &% 72 mN/m is the liquid—vapor
surface tension of water at room temperature, and y., and y.,
are the centroids of the water before and after peeling,
respectively.

Deformation of the film brings extra elastic energy stored in
the film, including bending and stretching energy, which relate
to thin film thickness, Young’s modulus, and Poisson’s ratio.
However, bending and stretching can be neglected here as most
thin polymeric and metallic films (films are thinner than 10 m)
or 2D materials store negligible (<1%) elastic energy when
compared to the work done by the capillary force (see
Supplemental Section S4 for discussions regarding the threshold
of thin film thickness and elasticity). Directly incorporating
these terms in our model is beyond the scope of our work, and
future work is needed to further understand the threshold film
thickness and effect of elasticity to the capillary peeling criterion.
Here, our experiments are performed with polymer films that are
relatively soft (E ~ 1 GPa) and thin (h ~ 100 nm). Under these
circumstances, the energy-per-meniscus width contributed by
the surface tension of water and gravatational potential are both
~107*J/m, with negligible contributions from thin film bending
(~107"" J/m) and stretching (~1077 J/m). See Supplemental
Section S4 for detailed calculations.

To calculate AG, the geometric profile of the dual-section
meniscus is required. For the water meniscus having the water—
air interface (devoid of the polymer film floating on water, S,
Figure 2a), the meniscus profile is described by the balance
between the gravitational force and Laplace pressure and takes
the form of the equation'?

)

For the thin film meniscus (S; Figure 2a), recent work
assumed that eq 2 remains valid with the shape of the meniscus
not affected by the film."" However, we found that the profile of
the free water surface meniscus (S, Figure 2a) deviates for
varying polymeric films, including a 59 nm Teflon-AF film, a 199
nm polystyrene (PS) film, and a 170 nm polymethyl
methacrylate (PMMA) film. The thicknesses of the films are
measured by ellipsometry. Young’s modulus of the Teflon-AF
film is measured using the capillary wrinkling technique, which
yields Eregon = 0.67 £ 0.04 GPa (Supplemental Section S7).
Young’s modulus of commonly used PS and PMMA films are
obtained from the literature,'* both spanning 1-5 GPa.
Therefore, the thin film elasticity can be ignored here.

The measured profile of each meniscus is shown in Figure 2b,
which indicates that the shape of meniscus can indeed be
affected by the change in interfacial tension. Therefore, we
replace 7, in eq 2 with the film—water interfacial tension yg,. To
examine whether modified eq 2 accurately describes the
meniscus profile, ¥, must be known. Direct measurements of
solid—liquid interfacial tension is challenging due to the
presence of material deformation at very small length scales:
y/E ~ 1 A."® Here, yy, is approximated using the known solid—
liquid interfacial energy, which we measured using the Owens—
Wendt method with the apparent contact angle of water and
diiodomethane droplets deposited on the film surfaces.'®'” We
emphasize that although the terms “interfacial energy” and
“interfacial tension” are usually numerically equivalent for liquid

https://doi.org/10.1021/acs.nanolett.1c03494
Nano Lett. 2021, 21, 9983—-9989



Nano Letters

pubs.acs.org/NanoLett

% 2 mm

Convex
water
meniscus

meniscus

Dual section

© o ¢

0.0

400 800 1200 1600

2000

Unsuccessful peelin:

1 o
©
o

[22]
o
1

30+

o__-
B
0 ‘Gw=0.7\(w« %

Wet adhesion, G, [mJ/m

-304 Successful peelings

gs

0 15

30

45

60

TiO, UV treament time, £ [s]

Film-water interfacial energy, Viw [mJ/m?]

e oooononooooono

PMMA-TiO2
PMMA-SiO2
PS-TiO2
Teflon-TiO2
Teflon-FDTS
Graphene-TiO2
Graphene-SiO2
Graphene-Sapphire
PMMA-Sapphire
PS-Sapphire
PS-Si02
Teflon-Sapphire
Teflon-Si02
MoS2-Sapphire [9]
MoS2-Si02 [22]
PS-Mica [3]
PDMS-SiO2 [4]

Figure 3. Experimental validation of the peeling criterion (G, < 74,). (a) Ratio of G, and 74, of a Teflon-AF/TiO, sample as a function of UV exposure
time of the TiO, prior to Teflon-AF deposition. The results demonstrate that successful peeling occurs when G,, < 0.77;,. (b) Validation of the peeling
criterion (G,, < 0.7y;,) for a variety of films and substrates. Unsuccessful peeling, successful peeling, and peeling mentioned in literature are shown by
hollow squares, solid circles, and solid stars, respectively. The light blue shaded region represents peeling, while the red shaded region represents no

peeling.

interfaces and differ for solid interfaces,'® recent studies have
shown that for amorphous polymeric solids, the molecules on
the solid surface can have local mobility which allows them to
show liquid-like behavior. Thus, the interfacial energy and
tension are numerically close for these materials.'” We further
clarify that “interfacial tension” used herein does not represent
“interface stress”.”” Interfacial tension describes the new surface
formed by the movement of molecules from the bulk of the
material to its surface and interface stress describes a surface
having constrained surface molecules that has been elastically
stretched to increase its surface area. Using the interfacial
energies between water and PS (yz,= 54.3 + 2.2 mJ/m?), Teflon-
AF (yg= 45.1 + 4.1 mJ/m2), and PMMA (74,= 18.5 + 1.1 mJ/
m?®), we found that modified eq 2 agrees well with our
experimental measurements.

It is also important to model the equilibrium angle 8, formed
between the film and substrate at the peeling tip immediately
after stage 1I (Figure 2a), as it represents one of the two
boundary conditions required to solve eq 2 (y' = cot fp at x = 0,
and y — 0 as x > o0). Since local stresses from film stretching
and bending can be ignored, the force balance at the peeling tip
only involves three interfacial energy terms between the film,
substrate, and water: ¥, + ¥, €0s 0, = 7y where y,, and y are
the interfacial energies between substrate—water and substrate—
film, respectively. Combining this formulation with the
definition of wet adhesion, G, = ¥, + ¥, — ¥ We obtain

— _ W
cos9P—1

(€©))

The combination of eqs 1—3 enables us to fully describe the
shape of the dual-section water meniscus and to compute AG. It
is noticeable that both the meniscus shape and free energy are
governed only by G, and yg,. Therefore, we expect the peeling
criterion to take the simple form of G, < f(7,,) for AG < 0.
Specifically, eq 3 represents an upper bound of the critical
adhesion that yields peeling: G,, < yg,. If G, > ¥4, the peeling
angle ¢, > 90° makes it physically impossible to open the film—
substrate interface. We numerically computed AG for a range of
G,, and yg,, with the results summarized in Figure 2¢,d. The
results indicate that capillary peeling is always a thermodynami-
cally favored process when G,, < y4,, showing that y, represents
not only an upper bound of the critical adhesion but also the

Yew
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exact value of it. Details of the computation of the meniscus
profile and AG calculations are included in Supplemental
Section S2.

To test our framework, we studied the peeling process using a
59 nm thick Teflon-AF film deposited on a smooth TiO, surface.
A 20 nm thick TiO, layer was deposited on a polished Si wafer by
atomic layer deposition (Savannah S100 system, Cambridge
Nanotech). We used Teflon-AF film as the film materials
because of its hydrophobicity and its resistance to swelling,
which minimized swelling-induced stress. Furthermore, Teflon-
AF has weak polar interaction (polar surface energy component
¥p <0.5m]J/ m?); hence it is not expected to form covalent bonds
with TiO,. In our experimental system, we measure the work of
adhesion that only involves van der Waals forces and hydrogen
bonds using the Owens—Wendt method.'®'” The elimination of
covalent bonds enables us to approximate the actual wet
adhesion from the measured work of adhesion.

The selection of TiO, substrate material was rationally done
because its surface energy can be tuned with ultraviolet (UV)
light exposure.”’ The surface energy of TiO, was controlled with
the following steps: immediately after (<1 min) deposition of
TiO, on a polished Si wafer, samples were stored in a sealed
polypropylene wafer carrier for at least 4 days prior to
conducting peeling experiments. The air trapped inside the
wafer carrier contains volatile organic compounds (VOCs) that
can adsorb on the TiO, surface, lowering its surface energy.22
The VOC absorption saturated after 4 days as evidenced by the
saturation of the advancing contact angle of DI water on the
surfaces (70  5° on S samples stored for 4 days and another $
samples stored for 114 days). Next, the TiO, surfaces were
exposed to UV light (265 nm wavelength, Fisher Scientific UV-
Cross-linker FB-UVXL-1000) at a power of 10 mW/cm? for 1—
30 min to increase their surface energy. Contact angle
measurements were performed using DI water and diiodo-
methane to measure the surface energy, which showed that the
surface energy increased from 47 to 75 mJ/ m? after 15 min of
UV treatment. The Teflon-AF film was then spun-coated on the
TiO, surfaces. The surface energies, interfacial energies, and
adhesion measurements are summarized in Supplemental
Section S8.

As shown in Figure 3a, peeling occurs on TiO, surfaces
cleaned by UV exposure for more than 10 min (blue circle data
points), where G, /yg, < 0.59 + 0.08. Peeling was not observed

https://doi.org/10.1021/acs.nanolett.1c03494
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Figure 4. Regime map for successful peeling with respect to film surface energies on smooth thermal SiO, and sapphire. Contour map of G,,/7;, as a
function of the film surface energies on (a) polished thermal SiO, and (b) polished sapphire wafers. Red regions represent no peeing, while blue regions

represent successful peeling.

for G, /74 > 0.74 £ 0.09 (red square data points). Hence, the
peeling criterion indicated by the experimental results can be
approximated by G,, & 0.7y,, which corresponds well with our
developed model (eq 3).

We hypothesize that the 30% deviation originates from the
viscous energy dissipation from the flow of water at stage II. To
demonstrate this, the role of sample dipping velocity and viscous
dissipation was systematically studied and is included in
Supplemental Section S3. We found that the sample dipping
velocity at stage I (U} < 0.1 mm/s) is not large enough to create
significant viscous flow (viscous force <1% of capillary force).
However, the unavoidable spontaneous flow during stage II (Uy,
~ 10 mm/s) creates viscous forces that are roughly 15% of the
capillary force, which explains where the deviation in G,, arises
from.

To further test our developed criteria, we tested many other
thin films, including Teflon-AF, PS, PMMA, and graphene
sheets on different substrates including TiO,, air plasma-cleaned
thermal SiO,/Si, air plasma-cleaned sapphire wafers, and a
fluorinated silicon wafer coated with perfluorodecyltrichlor-
osilane (FDTS). All the surfaces used here were scanned by
atomic force microscopy to ensure that the surfaces are smooth
enough (roughness ratio <1.01) for contact angle measurement.
We found our experimental criterion predicts peeling for most
samples (Figure 3b), and the criterion is also appliable to a
variety of other test liquids including alcohols and alkanes (see
Supplemental Section S9). Other than samples with measured
G,, and ¥, we also found that peeling cases reported in the
literature can be predicted with our criterion, including MoS, on
sapphire’ and SiO,,”* PS on mica,” and polydimethylsiloxane
(PDMS) on SiO,,* which are also shown in Figure 3b. Our
experiments demonstrate that the film adhesion requirement
represents a fundamental thermodynamic aspect to the success
of capillary peeling.

With our developed understanding of the peeling criterion, we
next look to provide design guidelines for the development of
films that enables successful capillary peeling on specific
substrate materials (Figure 4). Detailed calculation of G,, and
Vs with respect to the surface energies of the coatings and
substrates are included in Supplemental Section S8. Substrate
materials are characterized by two surface energy components,
the dispersive component y, that interacts with other materials
by van der Waals forces and the polar component y, that
interacts with other materials by polar forces such as hydrogen
bonding.”* Here, two substrates were considered: thermal SiO,
on silicon wafer as a commonly used canonical material (Figure

9987

4a) and an air plasma-cleaned sapphire wafer (Figure 4b), which
has the highest surface energy (~100 mJ/m?) among all surfaces
considered here. Figure 4 shows the calculated contour map of
G,./7gy as a function of film surface energies. Peeling will not
occur in the red shaded region where G,, > 0.7y4,. There are two
distinct cases where peeling can generally occur. The first is
when we use a low-surface-energy polymers (y4 < 30 mJ/m?, ¥p <
30 mJ/m?), including PMMA, PS, and Teflon, where G, is
relatively low. The second case is with the use of materials that
have high film surface energy (74 > 50 mJ/m?* ory, > 50 mJ/m?),
where ¥y, is relatively high. This criterion helps to explain why
thin metallic films deposited on SiO, can delaminate by water
exposure. Previous work attributes peeling to the hydrolysis
reaction in water with the covalent Si—O—metal bond.”® Here,
we show that van der Waals forces and hydrogen bonding alone
may provide a large-enough force for peeling.

In summary, we propose a mechanistic understanding for the
design of interfaces for effective capillary peeling from both the
aspects of thermodynamics and kinetics. Effective capillary
peeling has the potential to advance state-of-the-art nano-
fabrication techniques. Two main approaches for nano-
fabrication exist: “top-down”>® which fabricates layers and
patterns them in-place (i.e, nanolithography) and “bottom-
up”*® which assembles basic units into more elaborate
structures. Capillary peeling provides the possibility of combing
the merits of both established approaches where layer structures
fabricated by the top-down approach can be peeled and act as
basic units to be deformed or assembled layer-by-layer into
functional composites. For example, coupling of semiconductors
and metallic films with biofilms and tissues can engineer a variety
of bioelectronics interfaces for biosensing,”’ >’ tissue engineer-
ing,30 and translational medicine.>* The rapid, low-cost, scalable,
and nondestructive capillary peeling technique studied here has
potential for use in a wide range of applications.
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