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Buckling of rigid thin films on elastomer substrates underlies the fabrication foundation of stretchable
soft electronics. Here we demonstrate an optical approach to in situ characterize the buckling of
silicon microribbon driven by releasing the pre-stretched poly-dimethylsiloxane (PDMS) substrate at
a controllable strain rate. The method, based on quantitative differential interference microscopy,
directly captures the space-time evolution of the surface topography at a frame rate of 100 fps in
a large field of view of 50 x 195 pwm?. The nucleation, propagation and stabilization of the buckled
structure during the buckling and unbuckling processes are observed and quantified. Our experiment
reveals that a sequence of partially buckled patterns are energetically stable to bridge the unbuckled
and fully buckled states. This work opens a new experimental scheme for the research on stretchable
soft electronics and provides new evidence for the theoretical study of the buckling dynamics.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Micro-electro-mechanical systems (MEMS) play a profound
role in semiconductor and electronics industry for its wide appli-
cations in micro devices such as strain sensors [ 1-3], actuators [4,
5] and microrobotics [G]. The precision of structural design and
the deformability of the fabricated structure are critical to the
functionality and stability of MEMS devices, especially micro-
robotics [7,8] and biomedical devices [9,10]. Such demand on
precise structural formation arises dramatically in emerging fold-
able and stretchable soft electronics [8,11,12]. While there are
many methods to fabricate various delicate MEMS structures [11,
12], the quantitative characterization of the structure and defor-
mation of these micro devices is rare. Understanding how the
thin film structure deforms and propagates on the soft substrate
under various loading rates is not only essential for the devel-
opment and design of flexible electronics, but also governs the
deployment and usage of these devices in practice. By far, atomic
force microscopy (AFM) has been nearly the sole actor on this
stage [13-22]. As a scanning-based probe, one can conduct the
surface scans while holding and tuning the load step by step
to obtain the evolution of surface structures, but AFM cannot
measure how the flat micro-layers deform to their 3D functional
structures at different strain rates. Some time-resolved attempts
were made using optical microscope and fast scanning electron
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microscopy (SEM) under mechanical loading [23,24]. But those
methods cannot quantitatively resolve the topographic evolution.
If the surface deformation is highly periodic, then the topography
evolution can be quantified from the scattering between light and
periodic structures by the optical interferometer [25]. But when
the structure is very non-periodic, the intensity would be too
weak for an accurate structural reconstruction. From this point
of view, an in situ structural characterization in sub-micron to
millimeter length scale is urgently needed.

A recent advance in quantitative optics for full-field defor-
mation characterization [26,27] sheds light on in situ structural
characterization for MEMS. This method, based on differential
interference contrast microscope (DInM), characterizes a large
field of view in milliseconds, which breaks the bottleneck of
the scanning-based probes for in situ experiments. The topo-
graphical gradient of surface can be analytically derived from the
light path difference between two orthogonally polarized beams.
Based on the localization analysis of light, the beam-shear angles
can be precisely characterized [28], through which sub-micron
surface structural features can be resolved by highly coherent
blue LED light source [27]. Utilizing the programmable phase
tuning by liquid crystal retarders and algorithmically cooperating
digital image correlation, a dual beam-shear differential inter-
ference microscope (i.e. D-DInM) was designed and built for in
situ characterization of deformation processes in a crystalline
solid undergoing stress-induced phase transformation [27]. In
this letter, we utilize the same D-DInM system with beam-shear
vector (s1,s;) = (588,591) nm to study the dynamics of sili-
con (Si) microribbon buckling on a polydimethylsiloxane (PDMS)
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Fig. 1. (a) The fabrication process of Si microribbon on PDMS elastomer substrate. (b) Schematics of uniaxial loading setup for a buckled Si microribbion upon
releasing the PDMS elastomer. (c) Optics dual beam-shear configuration of the D-DInM. The blue and red circles denote the polarized light beams that are spatially
sheared along x;-axis by s; in BS1 mode and along x,-axis by s, in BS2 mode. (d) The buckled Si microribbon on PDMS captured by the D-DInM system.

substrate. For the dynamic measurement, we switched off one
of the beam-shear modes to achieve sufficiently high frame rate
such that the time-dependent structural parameters along the
loading direction can be quantified during pre-buckling, buckling
and post-buckling processes.

2. Optical and mechanical setup for thin film buckling exper-
iment

A free-standing Si thin film with dimension 2000 x 40 x
0.35 wm? was fabricated on a Si/SiO; (Silicon-On-Insulator) wafer,
shown in the top of Fig. 1(a). Similar to the manufacturing process
introduced in Ref. [20], a thin layer of polycrystalline silicon with
thickness 350 nm was deposited on the Si/SiO, substrate by low-
pressure chemical vapor deposition (ASM LB45 LPCVD Furnace).
Then we conducted photolithography to pattern a rectangular
photoresist ribbon of 2000 x 40 wm?. Finally, we use buffered
oxide etch solution to wash away the unmasked part and the part
beneath the Si ribbon. We use a prestretched PDMS elastomer
to transfer the Si microribbon from the wafer substrate, shown
in the middle of Fig. 1(a). Upon releasing, the thin and long
microribbon develops buckling pattern as shown in the bottom of
Fig. 1(a). The Si microribbon is strongly adhesive to the PDMS via
a UV assisted transfer process [29]. After transferring, the PDMS
is released gradually, and a sinusoidal wavy structure is deployed
in the Si microribbon, as shown in Fig. 1(d). We do not observe
any fractures, nor debonding between Si and the PDMS substrate.

The stretchable PDMS is mounted to a custom uniaxial load-
ing cell so that its releasing/stretching direction is aligned with
the longitudinal direction of the Si microribbon, in Fig. 1(b)-(c).
The optical probe of differential interference microscopy is set
so that the longitudinal direction of the Si microribbon aligns
with one of the beam-shear axes (x, axis), while the transverse
direction naturally aligns with another beam-shear axis (x; axis)
orthogonal to x,. The axial loading cell stretches and contracts the
PDMS to drive the buckling deformation in Si microribbon under
a displacement control.

The spatial topographic gradient of a surface (dx3/0xq,
0X3/0x;) can be analytically calculated from the intensity fields
7, and 7, measured by the differential interference microscope
under two different beam-shear modes (BS1 and BS2) [27]. As
shown in Fig. 1(c), the light beams with different polarization (i.e.

the red and blue circles) can be spatially sheared by the D-DInM
system in two directions. If they are sheared along x; axis by
the amount of s, we denote it as BS1 mode. If they are sheared
along x, axis by the amount of s,, we denote it as BS2 mode.
The shear parameters (s1, s;) are calibrated independently by the
localization analysis [28]. The intensity fields given by the two
beam-shear modes are calculated as
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BS1: 7y = Ty sin® (

BS2: 7, = T sin? ( (1)
where A = 460 nm is the wavelength of the coherent incident
light, (81, §2) is the programmable phase delays of the optical
system for the two beam-shear modes, and the constant Zj is
the reference intensity field that can be calibrated statically at
the beginning of the experiment. Direct inverse of functions in
(1) gives the surface gradient field (0x3/0xy, dx3/0xX2) in the de-
formed configuration. After the PDMS substrate is completely
released from a 1.5% prestretch, for a 40 x 250 wm? surface
domain on the Si microribbon (£2pj,v), the gradient distribution
along the longitudinal and transverse directions is characterized
in Fig. 2(a). The upper and lower bounds of the gradient compo-
nents are predetermined by the optical parameters. Ref. [27] gives
the expression of the range, that

8X3 [ (_8l) ! <ﬂ_81>]
— e |max | — ), min ,
3x; [si] [si]

fori = 1, 2, and [s;] = 2ms;/A. Substituting the optical parameters
of our D-DInM system, we obtain the range of measurement
[—0.23, 0.16], within which the trigonometric functions in Eq. (1)
are in a monotonic domain. For our experimental setting, this
range of measurable gradient components is sufficient for the
wavy profile in the Si microribbon. From Fig. 2(a), the gradient
component dx3/dx, is highly periodic along x, direction, while
the gradient component dx3/dx; exhibits a weak periodic effect.
In addition, the variation of the dx3/dx; component is much
smaller and less regular than that of the dx3/dx, component.
The boundary twist of thin ribbon visualized as the oblique blue
pattern is clearly revealed by the BS1 mode, while the domi-
nating sinusoidal geometry is captured by the BS2 mode. The
inhomogeneous distribution of the transverse dx3;/dx; may be

(2)



Z. Zeng, H. Yu and X. Chen

(a)

-0.2 -0.1 0 0.1 0.2
03 A B
ox;
0x3
aXZ

Height (um)

“60 80 100 120 140 160
Position (um)

Fig. 2. The static surface topography of the Si microribbon under D-DInM.
(a) The gradient fields dx3/dx; and dx3/dx,. (b) The reconstructed surface
topography and compared with AFM. (c) A detailed comparison between D-DInM
and AFM along the segment AB in (a) and (b).

caused by the misalignment between the loading direction and
the beam-shear direction of the D-DInM microscope.

Integrating the gradient field over the optical domain £2pum
gives the 3-dimensional surface topography x3(x1, x,) shown in
Fig. 2(b). Within £2p,v, we select a sub-domain £24 g to conduct
an atomic force microscopy (NanoScope Illa/Dimension 3100)
scan. Comparing the 3-dimensional profiles (Fig. 2(b)) and the 1-
dimensional profiles along the segment AB (Fig. 2(c)), the D-DInM
optical system provides sufficient precision up to an integration
constant. Particularly, the amplitude of the wavy structure is
characterized as 1.94 pm by AFM and 2.08 wm by D-DInM corre-
sponding to the wavelength of 66.42 um by AFM and 64.23 um
by D-DInM for the selected sub-domain §2,. Given the Young's
moduli 2.05 MPa (PDMS) and 160 GPa (Si) and the Poisson ratios
0.48 (PDMS) and 0.27 (Si), the predicted amplitude is 2.34 um
corresponding to the wavelength of 60.29 wm under 1.5% pre-
strain based on the finite deformation mechanics theory of buck-
led thin films [20]. Here we show that the static buckling config-
uration characterized by our D-DInM agrees well with what the
continuum theory predicts. Compared to AFM, our quantitative
optical method measures the surface topography for a 10 times
bigger domain within milliseconds time per frame, which enables
a time resolved study of the buckling.

3. Dynamics results and discussion

To demonstrate in situ characterization, we fabricate another
Si microribbon with the geometry of 2000 x 40 x0.3 wm? on
a PDMS substrate with 2% prestretch. We contract and stretch
the PDMS substrate to investigate the evolution of surface topog-
raphy on the Si microribbon in a 50 x 195 wm? field of view.
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Considering the thin ribbon buckling as a 1-dimensional behavior,
we use only the BS2 mode to track the evolution of dx3/dx; as the
representation of the time-dependent surface deformation. As a
result, a higher data acquisition speed, 100 frames per second, is
achieved.

Fig. 3 shows the evolution of centerline gradient during a com-
plete buckling and unbuckling process at different strain rates.
The time axis is labeled by the frame number. The strain rate
is calculated as £/£o where £o = 15 mm is the initial length of
prestretched PDMS substrate and ¢ = d¢/dt is the displacement
mobility controlled by a linear actuator (Physik Instrumente MA-
35 Micro Actuator) with a maximum displacement mobility of
1 mmy/s. In this experiment, we studied the buckling dynamics
for a series of strain rates between 0.1 and 5%/s. The size of
time windows in the plots is chosen to be inversely proportional
to the strain rate. As shown in Fig. 3, an interface between the
buckled and the flat structure propagates during the buckling
and unbuckling stages under each strain rate. Despite the strain
rate, the buckled structures in the Si microribbon are similar
with almost the same periodicity of about 49.7 pwm. Again, it is
comparable to the predicted wavelength of 51.4 pm using the
finite deformation mechanics theory of buckled thin films [20].
But the amplitude of gradient peaks varies at different strain
rates, and becomes less uniform at higher strain rates, especially
for those greater than 3%/s. At all strain rates and in all pairs
of neighboring positive and negative gradient peaks in the post-
buckling frames, the amplitude of the negative gradient peak
(~ —0.24) is larger than that of the positive gradient peak (~
0.15), indicating a certain level of asymmetry in the shape of the
buckled hills and valleys.

Fig. 4 illustrates the evolution of the centerline gradient during
the complete buckling and unbuckling process at the strain rate
0.1%/s by a sequence of snapshots of the centerline gradient
profile. Within the field of view, we chase the amplitude and
position of the firstly (blue in Fig. 4(a)) and secondly (green in
Fig. 4(a)) formed positive gradient peaks to explore the buckling
dynamics. Fig. 4(a) shows that the both peaks grow at a nonlinear
rate during the formation of the buckled structure. The nonlinear
growth curves fit well to an exponential function. Moreover,
only the first peak experiences an overshoot, that is the initial
value of dx3/0x; is higher than the stabilized value after the thin
film fully buckled. It suggests the existence of a barrier of the
buckling propagation from the flat state to the fully buckled state.
Only when the first peak accumulates sufficient contraction, the
whole flat structure loses its stability and bursts to the buckled
state. Finally, Fig. 4(c) shows that the two peaks move along
two almost parallel spatial trajectories during the whole process,
and such trajectories are symmetric between the buckling and
unbuckling stages. These phenomena are observed at all strain
rates. For the slowest and fastest strain rates, i.e. 0.1%/s and 5%/s,
the supplementary movies (S1 and S2) show the time-evolution
of 3-dimensional topography during the buckling and unbuckling
processes.

We define the buckling speed v as the speed of the peak move-
ment during the buckling stage as shown in Fig. 4(c). Besides, our
experiment manifests another characteristic speed, which reveals
a longitudinal propagation in the semi-buckled thin film. Here the
propagation speed is defined as

; (3)

where (t', x}) and (", x}) are the time and position of the first and
second peaks (Fig. 4(c)) reaching a threshold gradient dx3/dx; =
0.06 (Fig. 4(a)) respectively. It has been theorized that the growth
of the buckling amplitude follows the kinetic law A(t) = A(0)ef,
where the coefficient E in the exponent captures the viscoelastic
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Fig. 3. Evolution of the centerline gradient at different strain rates. Top row: unbuckling in a modulated time window; Bottom row: buckling in a modulated time

window; In all sub-figures, the frame rate is 100 frames per second.
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Fig. 4. In situ characterization of Si microribbon during buckling and unbuclking at strain rate 0.1%/s. The frame rate is 100 frames per second. (b) Evolution of the
centerline, and the evolution of the firstly (blue) and secondly (green) formed positive gradient peaks projected in (a) the time — dx3/9x, plane and (c) the time —
X, plane. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

effect in the elastomer. [30,31] Here, we also use the exponen-
tial function aef to fit the first gradient peak’s growth curve
(Fig. 4(a)). Fig. 5 plots the buckling speed v, the propagation speed
w and the fitting parameters « and 8 at various strain rates. The
error bars for v comes from changing the data range of linear
fitting. The error bars for w are the result of mildly alternating
the threshold gradient. Both speeds scale linearly with respect
to the strain rate, especially in the low strain rate regime. The
scaling coefficient for w is roughly 5 times as that for v. The
fitted value of « is mostly insensitive to the strain rate, while
the growth rate parameter § scales linearly with the strain rate.
Our result is among the seldom experimentally measured value
of the growth rate coefficient. Besides, although our exponential
fitting function is inspired from viscoelasticity models [30,31], the
linearity between 8 and the strain rate suggests that the elastic
response dominates in our experiments.

It is widely accepted that buckling is the result of a bifurcation
transition.[32-34] That is the system hops instantaneously from
a metastable state to an admissible stable state in the energy
landscape. However, the captured characteristic propagation in
Si thin film reveals that the flat state and the fully buckled state
are bridged by a sequence of partially buckled states. To confirm
that those partially buckled configurations are also stable in a
process of buckling, we captured the partially buckled states as
holding the displacement for a prolonged period. The centerline
gradient is indeed stabilized at a partially buckled state under

various strain rates as shown in Fig. 6. The theory behind this
physical phenomenon has not been established in the literature.
We conjecture that the spatial heterogeneity in the viscoelastic
substrate is responsible for the partially buckled stable state un-
der the displacement control. We observed that the longitudinal
propagation always occurs along the same spatial trajectory in
all conducted experiments. In addition, the unequally evolved
gradient peaks in Fig. 3 have the same spatial distribution under
different strain rates. Our experiments suggest that the existing
dynamics models should consider the strain heterogeneity for the
thin film buckling on the soft substrate.

Functional fatigue caused by the debonding between thin film
and soft substrate plays an important role in the fabrication
and post-fabricated dynamics of stretchable MEMS. In order to
study the fatigue and evolution of defects, we debond Si film
and PDMS at two small regions and conduct 15 consecutive
buckling/unbuckling cycles with 2% prestretch at strain rate 0.5%
per second. From the supplementary movie S3, we observe that
the buckled structure localized at the debonding regions, and the
defects grow as the number of cycles increasing.

4. Conclusion
In summary, D-DInM is a useful tool to investigate thin film

deflection quantitatively and in real-time at sub-micron to mil-
limeter length scale. In this Letter, we found: (i) the major
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Fig. 5. Strain rate dependency of (a) the buckling speed, (b) the propagation speed, the fitting parameters of the gradient peak’s growth curve: (c) « and (d) B.
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Fig. 6. Evolution of the centerline gradient from flat configuration to a partially buckled but stable configuration at strain rates of (a) 0.05% and (b) 0.5%, (c) 0.8%

and (d) 1.0%.

features of the stabilized buckled structure are independent of
strain rate between 0.1 and 5.0%/s; (ii) the buckled hills and
valleys do not appear/disappear synchronously during the buck-
ling/unbuckling process. Instead, the buckled/flat region propa-
gates at a finite speed; (iii) during buckling, the buckled structure
is pined at certain location and released after accumulating more
contraction; (iv) the growth curve of the gradient peak fits well
to an exponential formula, and the coefficient in the exponent is

experimentally measured, which scales linearly with the strain
rate; (v) both the buckling speed and the propagation speed are
proportional to the strain rate, while the latter is much faster than
the former. We conjecture that the local defects and the spatial
heterogeneity of the substrate and the film are responsible for
the longitudinal propagation during buckling. Only with real-time
topography characterization for a large field of view, would one
be able to capture such growth and propagation phenomena. The
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dynamics of buckling and other surface deformation is crucial for
soft electronic devices, not only for the fabrication stage but also
for the post-deployment usage. Several observations presented
in this paper cannot be fully explained by any of the existing
models [20,30-33]. This work opens a new experimental scheme
and provides new evidence for the theoretical study in this field.
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