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WANG, YU (Ph.D., Mechanical Engineering)
SMART SURFACE WRINKLING ENABLED BY SHAPE MEMORY POLYMERS

Thesis directed by Prof. Jianliang Xiao

In this dissertation, we demonstrate self-assembly fabrication methods for programmable
global and localized surface wrinkling by utilizing the shape memory effects of shape memory
polymers (SMPs). Heat responsive SMPs, due to their capability of memorizing and recovering
different shapes, can provide unique opportunities to realize smart surface wrinkling, and therefore
were used as smart substrates or films. To build the bilayer film-substrate system, thin films, such
as Si ribbons and aluminum films, were transferred or deposited on the surface of programmed SMP
substrates. In the Si ribbon-SMP system, time and temperature dependent wrinkling formation
and evolution were observed and systematically studied. For the localized heating cases, such as
line and point heating, aluminum thin films were deposited on the programmed SMP substrates
and heating wires were used to achieve heating the samples locally. The wrinkling patterns by
line heating showed good sinusoidal profiles, with wavelength and amplitude decreasing gradually
with the distance from the heating source. The area of wrinkling can also be tuned with large
range. For the systems heated by point heat sources, hierarchical wrinkling patterns were achieved.
Two distinct wrinkling patterns, spoke and ring patterns, formed in a circular area around the
heat source. Spoke patterns appeared around the point heat sources due to the free boundary
conditions in the radial direction, and ring patterns appeared at the periphery due to the constraint
from the outside SMP. We have also demonstrated the method to reversibly control the formation
and disappearance of the wrinkling through SMP film-elastomer substrate system. In addition,
fabrication of three-dimensional hierarchical structures through sequential wrinkling is presented.
These results in this dissertation offer simple methods to fabricate different types of programmable
surface wrinkling pattern, with potential applications in stretchable electronics, optical gratings,

surface engineering, advanced manufacturing, and other demanding applications.



Dedication

To my family.



Acknowledgements

Firstly, I would like to express my gratitude to my advisor Prof. Jianliang Xiao for the
guidance and support in my Ph.D. study and research. During the beginning of my Ph.D. study,
he is patient to give me sufficient time to learn new knowledge and technology. In the research,
he has given me the freedom to pursue various projects and encouraged me to solve the problem
independently. His immense knowledge and insightful comments helped me throughout my research.
I appreciate the help forever.

I thank Prof. Jerry Qi for the assistance in the first year. I would like to thank Prof. Yifu
Ding, Prof. Rong Long, Prof. Jae-Woong Jeong, Prof. Franck Vernerey, and Dr. Frank Delrio
for the brilliant comments and suggestions in my comprehensive exam. I am grateful for Prof.
Yung-Cheng Lee for serving as my committee member.

I would like to thank my labmates Zhengwei Li, Zhanan Zou, and Andres Villada for the
fruitful discussion and generous support. I appreciate the experimental assistance from Kai Yu, Qi
Ge, Liang Wang, Xiaoming Mu, Lewis Cox, Sajjad Maruf, Blake Wiehe, Tzu-min Ou, Ryan Brow,
Yao Zhai, Sabrina David, and Jacob Carson.

I thank my parents, parents in law, sister, and brother for supporting me all the time. I
would like to express my special appreciation to my wife, Meng Jiang, for her unconditional love
and encouragement through my ups and downs. I am so lucky to have found my best friend and
soulmate, who loves and respects me, and sticks by my side. I’d like to thank my daughter Amelia,

who was born in last October. I enjoy the happiness she brings to me and the family.



Contents

Chapter

(1 _Introduction|

[1.1  Background| . . . . . . . . .. e

1.2 Fabrication of surtace wrinkling{ . . . . . . . .. ... ... 0oL

[1.2.1  Wrinkles through thermal mismatchl . . . . .. ... ... ... ... ... ..

[1.2.2  Wrinkles through mechanical strain mismatch|. . . . . . . .. ... ... ...

[1.2.3  Wrinkles through other methods| . . . . . . ... ... ... ... .......

1.3 Application of thin film wrinkling | . . . . ... ... ... oo 0.

[1.4.1  Small deformation theory| . . . . . . . . .. ... oo o

[1.4.2  Finite deformation theory| . . . . . . . . . . . .. ... L

[2

Time and temperature dependent wrinkling of stift thin films on shape memory polymers|

vi

19



umimar

[ Bibliography|

vii

33

37

46

47

47

48

50

61

62

62

62

63

76

80

81

83

92

93

95



Figures

viii

Figure

1.1 Wrinkling of metal thin film by thermal strain mismatch|. . . . . .. .. .. ... .. 4
[1.2 1D and 2D surface wrinkling by mechanial strain| . . . . . . ... ... ... ... .. 6
[1.3  Tunable optical grating and precision metrology enabled by thin films wrinkling|. . . 10
[1.4  Strechable electronics based on thin film wrinklingl . . . . ... ... ... ... ... 12
1.5 Mechanics of thin film wrinkling based on small deformation theoryl . . . . .. . .. 14
1.6 Mechanics of thin film wrinkling based on finite deformation theoryl. . . . . . . . .. 16
[2.1 Fabrication of Si ribbon from SOI water by photolithography and etching process| . . 21
[2.2 " Process for fabricating the wave form of 5i ribbon on SMP substratel . . . . . . . .. 23
[2.3  Images of Si ribbon wrinkling on SMP substrate] . . . .. .. ... ... ... .... 24
2.4  Profiles of buckled Si ribbonl. . . . . . . ..o oo 25
[2.5  Time sequence ot wrinkling profiles of 25 °C and 40 °C samples| . . . .. ... .. .. 27
2.6  Wavelengths comparison between experiment and simulation results| . . . . . . . .. 28
[2.7  Shift of evolution of the wavelength by time-temperature superposition principle |

(TTSP)| . . o o e 29
[3.1  Thermomechanical history of general wrinkling cycle (wrinkling cycle I)] . . . . . . . 34
[3.2  Thermomechanical history of wrinkling cycle with two prestrain recovery steps (wrin- |

kling cycle IL)[ . . . . . . . . o 35




X

13.3  Thermomechanical history of wrinkling cycle with prestrain recover and compression |

(wrinkling cycle IID)[ . . . . . . . .. L 36
3.4 Optical microscope images of SMP thin film in wrinkling cycle Il . . . . . ... ... 39
3.0 Profiles of SMP thin films . . . . . .. ..o oo 40
[3.6  Parameter study of SMP thin films wrinklingl . . . . . ... ... ... ... ..... 42
[3.7  Profiles of the wrinkled SMP film in wrinkling cycle I} . . . . .. ... ... ... .. 43
13.8  Profiles of wrinkled SMP film before and after heating in wrinkling cycle I1I . . . . . 45
4.1 Method to produce localized wrinkling| . . . . . .. ... ... ... ... ....... 49
4.2 Images of wrinkling pattern and the profiles in the center areal. . . . . . . ... ... 51
4.3 Optical image of localized wrinkling area and its boundary| . . ... ... ... ... 52
4.4 Relationship between width and time of wrinkling areal. . . . . . . .. ... ... .. 54
4.5  Profiles of wrinkling in different locations| . . . . . . .. . .. ... 0oL 56
4.6 Profiles in the boundary of wrinkling area| . . . . . . .. ... ... 000 58
4.7 Wrinkling wavelength and amplitude in difterent locations| . . . . . . . . .. ... .. 59
4.8  Peak wavelength and intensity of wrinkling surface in different locations| . . . . . . . 60
5.1 Process to make SMP sample for point heatingl . . . . ... ... ... . ....... 64

5.2 Schematic of the experimental set-up for fabrication ot wrinkling pattern on SMP |

substrate by point heat source|l. . . . . . . . ... oL 65
5.3 Wrinkling pattern and its boundary by point heating| . . . . . . . .. ... ... ... 67
5.4 Profiles of wrinkling patterns| . . . . . . . .. ... oo oo 68
5.5  Wavelength and amplitude distribution of spoke wrinkling pattern| . . . . . .. . .. 69
[5.6  Wavelength and amplitude distribution of ring pattern| . . . . . . . . ... ... ... 70
[5.7 Time sequence of the wrinkling pattern| . . . . ... .. ... .. ... ... ..... 72
5.8 Wrinkling pattern and its boundary of the sample with 12 s heating| . . . . . . . .. 74
5.9  Formation of the wrinkling pattern| . . . . . . . .. ... ... ... .. 75

[5.10 Profiles of wrinkling pattern in different locations|. . . . . . . . . ... ... .. ... 77




[5.11 Distribution of wavelength and amplitude in horizontal and vertical directions|. . . . 78
6.1  Methods to fabricate three-dimensional hierarchical structure through sequential
wrinkling] . . . .. L 82
[6.2  AFM images and profile of the wrinkled aluminum film after deposition (20% pretrain)| 84
|6.3  Microscope image and profile of wrinkled PDMS film| . . . . . . . ... ... ... .. 85
6.4 Patterns in different locations after strain recoverl . . . . . ... ... ... ... ... 87
6.5 Profiles in different locations after strain recover! . . . . .. ... ... ... ... .. 88
6.6 Validation of the new order wrinklel. . . . . . .. ... ... ... ... .. ... ... 90
[6.7  Fold structure induced by 30% prestrain| . . . . . . . . . .. ... ... ... ... 91




Chapter 1

Introduction

1.1 Background

Thin film materials have many advantages over their bulk counterparts, in terms of properties,
applications and economical considerations. One example is mechanical flexibility, i.e. bendability,
when they are in freestanding forms or integrated with other thin film materials. Mechanics theory
indicates that the strain in the thin film caused by bending is proportional to its thickness and
the bending curvature [1]. For example, when a 100 nm thick Si thin film is integrated with a
20 pm thick plastic substrate and bended to a radius of curvature 10 mm, the maximum strain
in the Si film is only 0.1%, which is 10 times smaller than its fracture strain (~ 1%) [2,3]. This
type of mechanical robustness has enabled many applications, such as flexible electronics, and
micro/nanoelectromechanical systems (M/NEMS) [4,5].

However, the mechanical flexibility provided by thin film materials cannot meet the much
more critical challenges posed by novel applications that require very large stretchability [6,7]. Ex-
amples range from stretchable electronics and tunable optical gratings, to biomedical implants and
stretchable energy harvesting and storage devices [8-13]. These applications require thin films to
be extremely soft and stretchable, like a rubber band. The mechanical strains introduced in these
applications can be as large as 100%, way beyond the failure strains of most thin film materials
(typically ~ 1%) [3]. To conquer this challenge, a lot of research efforts have been invested in the
last two and half decades. Different strategies have been utilized to realize mechanically stretchable

thin films without affecting their intrinsic functionalities, such as semiconducting properties, elec-



trical conductance and piezoelectricity [7,14-19]. All these strategies take advantage of nonlinear
mechanics associated with novel geometrical patterns and layouts to enable huge stretchabilities in
otherwise inextensible thin film materials [1,|14-19]. One feasible way to realize stretchable thin
films is by transforming thin film materials into wavy structure through nonlinear buckling of thin
films on soft substrates. The underlying mechanism is analogous to a spring, an extensible structure
made of inextensible material. Film wrinkling is a common phenomenon in nature world, such as
these on aging human skin [20]. For the first time, Bowden and co-workers obtained highly ordered
wrinkling patterns with distinctive features in laboratory in 1998 [21]. Since then, wrinkled, wavy
patterns have been realized on various thin film materials, such as metals [8}21], semiconductor
materials [18,/19,22], and polymers [23,24].

The purpose of this chapter is to review fabrication, application and mechanics of thin film
wrinkling. Different fabrication methods and processes to induce thin film wrinkling and realize
mechanically stretchable thin film materials will be introduced. Interesting and novel applications
enabled by thin film wrinkling will be summarized, such as stretchable and tunable optical grat-
ings, precision metrology, tunable surface properties, and stretchable electronics. The underlying

mechanics of thin film wrinkling will also be discussed.

1.2 Fabrication of surface wrinkling

Different strategies have been utilized to induce buckling in thin films on soft substrates,
such as thermal mismatch, mechanical strain, surface treatment by Ultraviolet/Ozone (UVO), and
focused ion beam [21}25-34]. Although these strategies are convenient and effective in making wavy,
stretchable thin films, they share some common drawbacks. The wavy structures of the thin films,
which determine the stretchability, are defined by the material and geometric properties of the thin
films and the substrates [35]. This gives little freedom in designing the wavy structures once the thin
films and substrates are specified. Two different methods were then introduced to resolve this issue:
controlled buckling and prefabricated wavy thin films [18,35]. On the other hand, mesh layouts

that combine rigid islands and stretchable interconnectors were also widely used in stretchable



electronics. This strategy leaves the functional electronic elements in their flat, microscale formats,
but transforms the metal interconnectors into wavy, stretchable forms, in order to comply with the

established manufacturing processes in semiconductor industry [1,[3}4,6,/12-16,[36/-46].

1.2.1 Wrinkles through thermal mismatch

This method was first introduced by Bowden et al. in 1998 [21]. In this study, a thin layer of
gold film is deposited onto polydimethylsiloxane (PDMS) by electron beam evaporation, as shown
in Fig. [21]. In the film deposition process, PDMS is heated by metal source, which leads to its
volume expansion. Because the coeflicient of thermal expansion of PDMS is much larger than that
of gold, after the film-substrate system cools down, the film is compressed by the substrate, leading
to wrinkled, wavy pattern on the surface. Figures and ¢ show wrinkling patterns induced by
this method. Many other researchers have also realized wrinkling of different metal films, such as
nickel, aluminum, titanium and chromium, by adopting similar approaches [21}31].

Surface treatment using plasma or ozone is also a common approach to form stiff thin films on
PDMS substrates for creating wrinkle patterns [25,28-33|. It leads to substitution of carbon atoms
by oxygen atoms at the surface of PDMS, which produces a thin and stiff silica-like layer [28-30,47].
When the system cools down, thermal mismatch introduces compression into the stiff thin film,
leading to thin film wrinkling at the surface.

The wrinkle patterns on the surface is also controllable. When a continuous, uniform stiff
thin film is deposited, and the substrate is also heated uniformly, equi-biaxial thermal mismatch
strain induces 2D, herringbone wrinkle patterns (Fig. ) [21]. When ridges are introduced with
appropriate spacing, guided 1D sinusoidal wrinkle patterns can be realized (Fig. ) [21]. When
very narrow thin films are deposited on the surface, the transfer of shear strain at the interface
between thin films and substrate is only effective along the length direction, and hence only 1D
sinusoidal wrinkle patterns show up [48|. Similar phenomenon can also be seen at the edges of 2D

herringbone patterns [49].
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Figure 1.1: Wrinkling of metal thin film by thermal strain mismatch. (a) Fabrication processes of
wrinkling of metal thin film on PDMS substrate via thermal strain mismatch, (b) and (c) Optical
microscope images of wrinkling patterns produced from (a). (Reproduced with permission from

Ref. [21], © Macmillan Publishers Ltd)



1.2.2 Wrinkles through mechanical strain mismatch

In thermal mismatch induced wrinkling as discussed above, the strain and its rate is difficult
to control and the wrinkling pattern is usually anisotropic, except when the substrate surfaces are
fabricated with steps [21,130]. Especially, when large strain mismatch is desired, thermal mismatch
is not a viable approach. By applying mechanical strains to the substrates, strain mismatch between
the thin film and substrate can be applied with precise control and with desired rate [32]. Mechanical
strains can be applied on either substrate only or the bilayer system. For example, tensile strain
can be applied to the compliant substrate, then the thin film is introduced to the substrate surface.
Releasing the strain in the substrate leads to wrinkling of the thin film if the compressive strain
exceeds a critical value. Compressive strain can also be applied to the bilayer system directly to
induce surface wrinkling |50]. However, this method may induce global system buckling instead of
thin film wrinkling on the surface, depending on the material properties of the film and substrate,
and the ratio of their thicknesses [51].

Uniaxial and biaxial mechanical strains induce 1D and 2D wrinkling patterns, respectively.
Figure shows the fabrication processes of 1D wrinkling by uniaxial mechanical strain mis-
match |19]. In this example, thin Si ribbons are fabricated from silicon on insulator (SOI) wafer
by photolithography and etching processes. After etching away the bonding layer of SiOs, Si rib-
bons are supported by, but not bonded to the mother wafer. Then Si ribbons are transferred to
prestretched PDMS substrate. Releasing the prestretch in the PDMS substrate induces 1D wrin-
kling of the Si ribbons. As shown in Fig. [I.2b, wrinkled Si ribbons show uniform wavy patterns.
Inspired by this method, researchers fabricated stretchable electronics and curvilinear electronics
systems [81|22,38H45,52].

Similar to the processes of realizing 1D Si ribbon wrinkling patterns in Fig. [I.2h, Choi et al.
produced 2D wrinkling in Si nanomembranes on PDMS substrates to provide biaxial stretchability
for the electronics [53]. Fabrication processes are shown in Fig. [49./53]. The difference from 1D

wrinkling is that the PDMS substrate is biaxially stretched before transferring Si nanomembranes.
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Figure 1.2: 1D and 2D surface wrinkling by mechanial strain. (a) Processes to fabricate stretchable
single crystalline Si ribbons on elastomeric substrates, (b) Scanning electron microscope image of
wrinkled Si ribbons on PDMS substrate, (Reproduced with permission from Ref. , (© American
Association for the Advancement of Science) (c¢) Schematic illustration of the fabrication processes
for two-dimensional wavy Si nanomembranes on PDMS substrate, (d) Optical microscope image
(left) and AFM image (right) of wrinkled Si nanomembrane. (Reproduced with permission from
Ref. [49], © 2008 American Institute of Physics)



Optical and AFM images are shown in the left and right frames of Fig. [I.2l, respectively. At
different locations, the wrinkling shows different patterns. For example, 1D wrinkling is observed
at the edges, and 2D herringbone patterns are present at the inner region.

2D wrinkling can also be obtained on PDMS substrates with surfaces treated by plasma or
UV [29-33]. Lin et al. used a square-shaped PDMS strip, clamped and stretched equally in both
directions [32]. Plasma treatment is performed on the surface of the stretched sample. Highly
ordered zigzag herringbone patterns are observed when the strain in X direction is released before
strain release in Y direction. They also observed disordered zigzag herringbone patterns form when

the sample is stretched and released simultaneously in both directions with equal strains.

1.2.3 Wrinkles through other methods

In the previous discussion, wrinkling forms in the whole film simultaneously. Meanwhile,
some researchers have used different methods, such as focused ion beam or laser treatment, to
modify the surface of substrate or the film in designed paths to induce surface wrinkling in desired
areas [34,54]. The material used here is a flat PDMS sheet. Upon exposing the surface to a focused
ion beam (FIB) of Ga+ ions, wrinkling forms in desired paths. The resolution of this method is
high and can produce complex wrinkling patterns with various widths by controlling movement of
the sample.

Ohzono and coworkers combined lithography and self-organization to fabricate micro-wrinkle
structures [55]. In this approach, wrinkling patterns strongly depend on the sizes of the micro-
spheres. Swelling is another approach to introduce strain mismatch and thus to induce surface
wrinkling in bilayer systems [56]. When UVO treated PDMS is exposed to ethanol, the stiff top
layer swells much more than the substrate [56]. This mismatch leads to an anisotropic stress field in
the film and induces the formation of surface wrinkling patterns. With the same approach, Chung
and coworkers fabricated diffusion-controlled and self-organized symmetric wrinkling patterns on
UVO treated polystyrene (PS) film [24]. The exposure time is critical for the surface morphologies.

Different exposure time leads to different patterns, including spoke and target patterns. A possible



mechanism for the symmetric patterns is the defects in the film.

The approaches discussed above demonstrated effective methods to create ordered wrinkling
patterns in bilayer systems, however, it is difficult to control the geometries of the patterns directly
once the thin films and substrates are selected, which limits the freedom in designing the wavy
structures for applications. More recently, Xu and coworkers extended this method to assemble
the micro/nanomaterials, including device-grade silicon, into three-dimensional architectures by
mechanical compressive bulking [40]. 2D planar filamentary serpentine silicon ribbons are treated
by UV light to create precisely controlled patterns of surface hydroxyl terminations at desired
locations. This method offers many possibilities for the fabrication of complicated 3D electronics
and devices.

Prefabricated wavy patterns can also provide an effective method to fabricate wavy thin
films with controlled geometries. To fabricate a wavy substrate, a series of molding and smoothing
processes from a rigid silicon template are involved [35]. The thin film obtained through this method
offers both high stretchability and compressibility for the thin films because of the initial wavy
shape. Furthermore, the surface wavy geometries can be easily controlled by designing different
surface relief features.

Mesh layouts that combine rigid islands and stretchable interconnectors offers extremely
high compressibility and stretchability, and therefore are widely used in stretchable electronics
[15,[39 41,144, 46]. When the system is compressed or stretched, noncoplanar movement of the
bridges absorbs most of the strains, due to their narrow and thin geometries that can easily bend
and twist. This form of circuit can be stretched or compressed to strain level as high as 100%.
More advanced designs utilize serpentine interconnectors and fractal designs, to offer improved

compressibility and stretchability to the system [57].

1.3 Application of thin film wrinkling

Thin film wrinkles on soft substrate have many potential applications. For example, optical

grating based on thin film wrinkling, as shown in Fig.

9]. Prestretched PDMS is treated by



oxygen plasma and then an ultrathin gold and palladium film is sputtered on top of the surface.
When the strain in PDMS is released, sinusoidal wrinkling forms with submicron period, which can
provide grating effect to light, as shown in Fig. [[.3p. As the system is stretched, the period of the
sinusoidal wrinkles increases, leading to the shift of the peak wavelength. Stretch of the system also
causes decrease of the amplitude of the wrinkles, resulting in decrease of the diffraction intensity
(Fig. ) This optical grating based on thin film buckling has also been used to amplify small
strain signals to orders of magnitude larger signals of change in diffraction angles, for measurement
of very small strains [58].

Thin film wrinkling has shown applications in precision metrology, for example, measurement
of elastic moduli of polymeric thin film and micro-strain sensing, due to the strong correlation
between the wrinkle formation and the mechanical properties of the bilayer system [23]. Stafford
and coworkers developed an efficient method for the measurement of moduli of nanoscale polymer
films (Fig. [1.3d) [23,[59]. In this method, thin polymer films wrinkle on PDMS substrate with
wavy, sinusoidal profiles (Fig. ) According to thin film bulking theory, the modulus of the film
can be precisely determined once the wavelength of the wrinkling, the thickness of the film and the
modulus of the substrate are known.

Surface roughness and chemistry determine the adhesion between two surfaces 33,60, 61].
Lin et al. developed a new method to regulate adhesion by varying the strain applied to the
wrinkled film, which leads to the change of the surface roughness |33]. Wrinkle pattern is produced
on UV treated PDMS sample by releasing tensile prestrain and completely disappears after the
system is stretched to the same magnitude of prestrain. Surface roughness increases as wrinkle
amplitude increases due to the increase of applied prestrain, which leads to monotonic decrease of
adhesion. The pull-off force drops by more than 10 times from flat surface to a wrinkled surface
due to applied prestrain of 22.4%. Another study, however, demonstrated that wrinkled surface
could lead to increase in adhesion, due to increasing contact perimeters [62]. The wrinkle pattern
shows 2D, short features in this study. When in contact with a flat test probe, the interface forms

small enclosed perimeters, which is different with that in Lin et al.’s study.
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Figure 1.3: Tunable optical grating and metrology enabled by thin films wrinkling. (a) Schematic
illustration of the fabrication of tunable optical gratings, (b) Light wavelength shift with the change
of the prestrain, (c) Peak wavelength and intensity as a function of applied strain. (Reprinted
with permission from Ref. [9], (© 2007 American Institute of Physics) (d) Experimental setup
for measuring elastic modulus of thin films via buckling, (e) AFM image of buckled thin film.
(Reprinted with permission from Ref. [23], (©) 2004 Nature Publishing Group)
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In addition to the previous applications, thin film winkling induced by strain mismatch is
a promising way to realize stretchable thin films that can be used in stretchable electronics and
optoelectronic systems. The approach of mechanical strain mismatch allows application of desired
strain levels to the bilayer system to induce desired surface patterns. Wrinkled nanoribbons and
nanomembranes on PDMS offers stretchibility to the brittle, inextensible semiconductor materials.
Based on this method, stretchable electronics and optoelectronic systems are realized [6,|16},18.|19,
38-45|52,63-70]. For example, silicon based integrated circuit that is stretchable, twistable and

foldable, as shown in Fig.

16]. In this study, a thin layer of silicon circuit covered by PI film is
transferred onto PDMS substrate to form wrinkled, wavy structures of logic gates, ring oscillators
and differential amplifiers. This form of silicon circuit offers good strechibility and foldability.

To further improve strechibility, serpentine and self-similar designs of interconnects were also
developed. An epidermal electronic system (EES) that can be mounted on human skin is developed
based on such design [11], as shown in Fig. and e. This system works well even under large

deformation, such as compression and stretching.

1.4 Mechanics of wrinkled thin films

The pattern of thin film wrinkling is determined by the material properties of the thin film
and the substrate, as well as the thickness of the film. Long wavelength is preferred for the stiff
film, while substrate favors short wavelength [20]. Formation of wrinkling is the process to balance
the bending energy of the film and the deformation energy of the substrate |71]. Total system
energy is minimized in the form of wrinkling with specific wavelength and amplitude [71].

In this section, mechanics of 1D wrinkling, including small deformation and finite deformation

theory are briefly reviewed.

1.4.1 Small deformation theory

Based on plane strain, small deformation theory, energy method was used to determine the

buckling geometry of the thin film with 1D sinusoidal profile [19,/49(72]. In a bilayer system, a stiff
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Figure 1.4: Strechable electronics based on thin film wrinkling. (a) Si-CMOS circuit under twisting
and bending (bottom inset), Optical microscope images of functional units at the center (b) and edge
(c) of the circuit sample in the twisted configuration. (Reprinted with permission from Ref. [16], ©
American Association for the Advancement of Science) Epidermal electronics under (d) compressed
and (e) stretched status. (Reprinted with permission from Ref. [11], (© American Association for
the Advancement of Science)
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thin film with thickness hy, Poisson’s ratio vy and elastic modulus Ey is attached to a prestretched
thick compliant substrate with Young’s modulus FEg, and Poisson’s ratio vs;. The substrate is
assumed to be much more compliant than the thin film, thus E; < E;. Upon release of the
prestrain €pe, the thin film wrinkles with wavelength Ao and amplitude Ag. Figure shows
an optical microscope image of wrinkled Si nanoribbons on PDMS [19]. The wrinkle profile can
be fitted very well by a sinusoidal function, as demonstrated in Fig. [19]. The out-of-plane

displacement of the wrinkled film can be expressed as

2mxy

w = Ag cos(kxz1) = Ag cos(

), (1.1)

0

where x; is the coordinate along the film length direction. The total energy per unit length of the
film-substrate system consists of three parts, the membrane energy U, and bending energy U, in
the thin film, and the strain energy U, in the substrate, and is obtained as

7 Ephd A3

Uit =Up+ Uy, + Us =
tot b+ + 3)‘61

1_- w2 A2 2 T -
+ 2thf( 0 _ 5pre> + —ESA(Z), (1.2)

)\g 4
where Ef = Ef/<1 — V?) and B, = ES/(l — 1/3) are the plane strain moduli of the film and

substrate, respectively. Minimizing the total energy with respect to buckling amplitude and wave-

length, i.e. OUyo/0Ag = OUyor/ONo = 0 , gives buckling wavelength Ay and amplitude Ay as [72]

E\Y? €
A0:27rhf<3Ef> Ao =hyy [ 1, (1.3)
S C

1

where ¢, = 1<3E5

Ey

>2/3 is the critical buckling strain. If the prestrain applied to the substrate is
smaller than e, , buckling doesn’t occur. The buckling amplitude and wavelength of a Si thin film
given by Eq. versus Si film thickness are presented in the top and bottom frames of Fig. [[.5k,
respectively [19]. Both show good agreement with experiment.

For small deformation buckling theory, the membrane strain €, = —¢. and bending strain
gp = 2772Ahf / A? keeps constant after buckling, and the maximum bending strain increases with
the deformation of the system. When the film is much stiffer than the substrate (£ > Ej), the

membrane strain (i.e. the critical buckling strain) is negligibly small. Then the peak strain in the
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Figure 1.5: Mechanics of thin film wrinkling based on small deformation theory. (a) Optical image
of wrinkled Si ribbons on PDMS, (b) The profile of a wrinkled Si ribbon in (a), (c¢) Wrinkling
wavelength and amplitude versus Si ribbon thickness. (Reprinted with permission from Ref. ,
(© American Association for the Advancement of Science)
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thin film is approximately obtained as

Epeak ~ 2\/ Epre€e- (14)

For a Si film-PDMS substrate system, with material properties £;=130 GPa, E,= 1.8 M Pa,
vy = 0.27, and v, = 0.48 |73, the critical buckling strain is 0.034%. The prestrain can be as high
as 23.8% before the peak strain in Si film reaches the fracture value 1.8% [74]. This means the
stretchability of the bilayer system can reach 25.6%, which is 14.2 times of the fracture strain of Si.

The small deformation theory of thin film wrinkling has also been extended to study buckling
of carbon nanotubes and nanowires on elastomeric substrates |75-78|. These studies are helpful for
understanding of the mechanical behaviors of nanowires and nanotubes, and can provide theoretical
basis for designing nanowire/nanotube-based stretchable devices. To account for the viscoelastic
behavior of the elastomeric substrate, Huang and Suo have also studied wrinkling mechanics of
thin films on viscos and viscoelastic substrates |[79-82]. The kinetics of the wrinkle formation and

growth are illustrated.

1.4.2 Finite deformation theory

In the above theoretical model based on small deformation theory, buckling wavelength is
independent of the prestrain. However, when large strains are applied, experiments show that
the wavelength decreases with the prestrain [83,84], as shown in Fig. . To understand this
phenomenon, a finite deformation thin film wrinkling theory was established [83,84]. By using

energy method, the buckling wavelength and amplitude can be obtained as

)\0 A= Ao
(I epre) A+ TH epre(1 4+ 6V
pre pre

where Ao and Ag are the wavelength and amplitude in Eq. and & = bepre(l + €pre)/32. As

A=

(1.5)

shown in Fig. [L.6p, both amplitude and wavelength show good agreement with experimental

results [83]. For a very stiff thin film on a compliant substrate, the membrane strain is negligibly



16

< ; O, .
\ 1 -
N .~y 151 —~—
-~ ~ RS =3 —
EESUS el H E
| 1 < 10_ L2 =
. B ;
- \ 4 < ie]
‘Q\‘\\\‘; % 5 = Experiment L1 §
\\ ~ : % Finite-Deform. g—
o ! = Previous Model <
Q'\ ; Accordion Model
s AL 0 T T T 0
=, &ﬁ 0 10 20 30 40
1
-~ ! Prestraine__ (%)
. :
1
v O)—e
' =15+ .
! £ T 2 E
: < =
: £ 10 5
- o 10 )
-~ 15 E
: % = = Experiment 18
1 = 54 Finite-Deform. g
. @ | e Previous Model
¥ o Accordion Model
i 0 T T T 0
0 5 10 15
Applied strain € opled (%)

Figure 1.6: Mechanics of thin film wrinkling based on finite deformation theory. (a) AFM images
of wrinkled Si ribbons induced by different prestrains, green and red triangle mark the change
of wavelength, (b) Wavelength and amplitude of buckled Si ribbons with 100 nm thickness on
PDMS substrate versus the prestrain, (¢) Wavelength and amplitude of the same system to (b) as
a function of the applied strain. (Reprinted with permission from Ref. )
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small [83]. The peak strain in the thin film can be approximate obtained as

1+

€ 2\ Eprebe——m———. 1.6
peak pre cm ( )

When an external strain €,ppiieq is applied to the wrinkled system, the wavelength and amplitude

becomes
N — Ao(1+ €applied) A= h\/(epre - 5applz‘ed)/5c -1 (1.7)
(1 + Epre)(l + Eapplied + C)l/g \ 1 + Epre(]- + 5applied + 4)1/3

where ¢ = 5(pre — €applied) (1 + €pre)/32. The peak strain of the film is

1/3

(1 + Eapplied + C)

Epeak = 2\/(5177'6 - 6applied)<°:6 m

(1.8)

Figure shows that the theoretically predicted wavelength and amplitude agree very well
with experiment, for a wrinkled Si thin film on PDMS substrate with prestrain 16.2% [83].

When 2D strain mismatch is introduced to the bilayer system, stiff thin films wrinkle with 2D
patterns, which are much more complex than the 1D sinusoidal patterns observed in 1D wrinkling.
Typically, three types of surface morphological patterns can show up, i.e. 1D sinusoidal wavy
pattern, checkerboard pattern and herringbone pattern. To study 2D wrinkling of stiff thin films
on compliant substrates, Huang et al. adopted spectral method and demonstrated that the surface
morphology shows checkerboard pattern when the prestrain is slightly above the critical buckling
strain, and evolves to herringbone pattern as the prestrain increases [85]. Chen and Hutchinson
developed a finite element model to study energetics of 2D wrinkling, and the results showed
that the herringbone pattern has the lowest energy [86,[87]. Using energy method, Song et al.
systematically investigated the 1D, checkerboard and herringbone buckling modes for 2D wrinkling

[49,[53]. Analytical solutions for all three modes were obtained for biaxial prestrains £ and eb5°.

1.5 Conclusions

We have reviewed fabrication, application and mechanics of thin film wrinkling on compliant
substrates. Different approaches and strategies can be utilized, including wrinkling induced by

thermal strain, mechanical strain and swelling, controlled buckling. Thin film wrinkling has been
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shown to have promising applications in optical gratings, precision metrology, smart adhesion,
and stretchable electronics. Mechanics has been playing a central role in the development of thin
film wrinkling. Results from mechanics analyses provide important information to relate the wavy
morphologies and stretchability to the material and geometrical properties of the system. These

results offer important tools for guiding system prediction, design and optimization.



Chapter 2

Time and temperature dependent wrinkling of stiff thin films on shape memory

polymers

2.1 Research statement

In recent years, shape memory polymers (SMPs) become attractive for using as substrate in
surface wrinkling fabrication because of their shape memory effect (SME), low cost, and convenience
in processing [88-92]. As a kind of smart material, SMPs can fully recover its original shape after
a severe deformation in the presence of the right stimuli [93], such as temperature, light, magnetic
or humidity [94-98|. The recoverable strain of SMPs is on the order of 100%, while the recovery
stress is low [99]. Thermal triggered SMPs (the stimulus for triggering the shape recovery is heat)
is the most widely studied class in literature [100] and it is also used in present study. For such
class SMPs, there are two steps in a shape memory cycle: programming step and recover step |100].
In programming step, the SMPs reqiured to be deformed at temperature above its glass transition
temperature (7,) and then cooled down to temperature below T} to fix the deformed shape without
constraint. Shape recovery is achieved in recovery step by heating the sample to temperature above
Ty,. When SMPs is used as substrate, shape recovery support a way to compress thin film without
external force, which leads to wrinkling occurs automatically.

In this chapter, using SME of SMPs, we present a method to build wrinkling of single-crystal
silicon thin film atop SMPs and investigate the evolution of wavelength and amplitude with time
and temperature in substrate recovery process. This form of Si ribbon have potential application

in stretchable and smart electronics.
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2.2 Methods and materials

Si ribbons were obtained from Si-on-insulator (SOI) wafer by photolithography and etching
process (Fig. . The top silicon layer of the SOI wafer is < 100 >, N-type with thickness 2.5
um and is attached to the substrate silicon layer by a 1 um thick silicon dioxide layer. The first
step is to define a resist layer of ribbon array pattern on a SOI wafer by photolithography. And
then the exposed part of top Si was etched. Cleaning the wafer with acetone to remove the resist
layer and then etching the buried silicon dioxide layer with concentrated hydrofluoric acid (49%).
Cleaning the wafer with de-ionized (DI) water after the silicon dioxide layer was etched completely.
To prevent the ribbons from washing away in the etching and washing process, the ends of them
were connected with the wafer [19]. After these process, Si ribbons were released and supported
by the substrate Si layer, as shown in Fig. The thickness of Si ribbon is determined by the
thickness of top Si layer of SOI wafer, which is 2.5 pum in present study. And the size of the ribbon
(20 mmx50 pm) was defined by the resist pattern on the mask.

To synthesize SMP, the monomer tert-butyl acrylate (¢tBA) and crosslinker poly(ethylene
glycol) dimethacrylate (PEGDMA) were mixed with a ratio 4:1 in weight, and 2, 2-dimethoxy-2-
phenylacetophenone was added as the photoinitiator. The polymer solution was injected into a
mold, which was made by glass slides. The mold with polymer solution was then placed under
UV lamp for 5 minutes for polymerization and then placed into oven for 1 hour at 80 °C for post-
curing [101,{102]. Upon the completion of synthesis, the SMP materials was demolded and cut into
rectangular shapes with the dimension of 25x8x2 mm. For SMP material used in present study,
T,=42 °C.

Uniaxial stretching of SMP samples were conducted at 60 °C (>7}) using Dynamic Mechanical
Analysis (DMA) tester (TA Instruments, DMA Q800). To fix the deformation strain, SMP samples
were quenched to 25 °C with constraint. After these procedures, the constraint was removed and
SMP samples with temporary shape were ready to be used as substrate of film-substrate system.

In the next step, Si ribbons were transfered on top of SMP substrate (Fig. [2.2)). Strain
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Figure 2.1: Fabrication of Si ribbon from SOI wafer by photolithography and etching process.
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recovery of the Si-SMP system was conducted in an oven at different temperature under constraint
free condition. According to the difference of strain recovery temperature, Si-SMP samples were
divided into three types: (i) 60 °C sample: recovering Si-SMP samples at 60 °C for 5 minutes and
then they were quenched to 25 °C; (ii) 40 °C sample: recovering Si-SMP samples at 40 °C for 5
minutes and then they were quenched to 25 °C; (iii) 25 °C sample: Si-SMP samples were kept
in a water tank at constant temperature 25 °C. After 60 °C and 40 °C sample were cooled down,
both of them were kept in the tank at constant temperature 25 °C too. Upon recovery of the SMP

substrate, wrinkling formed on the Si ribbon due to compression from substrate (Fig. Bottom).

2.3 Results and discussions

Fig. shows the images and profiles of Si ribbon wrinkling on SMP substrate of 60 °C
sample. These images and profile were taken after the sample was cooled to 25 °C. Fig. and b
are optical microscope and scanning electron microscope (SEM) images, respectively. It is clearly
from these images that the uniform waves were formed due to the deformation from recovering the
strain of the substrate. The direction of the waves is perpendicular to that of the prestrain (Fig.
2.3p). Black solid line in Fig. is the profile of buckled Si ribbon in the experiment and red dot
line is sinusoidal fit. The sinusoidal wave matches the profile very well, which demonstrates that
the profile of the buckled Si ribbon surface is sinusoidal with wavelength 211.5 pum and amplitude
4.7 um. It is clear that over a long range both of wavelengths and amplitudes are uniform.

The wrinkling of thin film occurs when the stiff film supported by soft substrate is compressed
beyond a critical strain [89]. According to classic linear elastic buckling theory (Eq. , critical
strain is only determined by the moduli ratio of the substrate and film [59]. In our experiment, when
the Si film-SMP substrate sample was heated to 60 °C, prestrain on SMP substrate fully recovered
in a short time and the compression strain on the film reaches critical value of the system, which
leads to Si ribbon wrinkles on the surface of SMP substrate. Both the wavelength and amplitude
are uniform, due to the isotropic properties of the substrate.

The wrinkling profiles of 40 °C and 25 °C samples at different time are shown in Fig. For
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Figure 2.2: Process for fabricating the wave form of Si ribbon on SMP substrate.
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Figure 2.3: Images of Si ribbon wrinkling on SMP substrate. (a) Opitical microscope and (b) SEM
image of Si ribbon wrinkling on SMP (Recovering the strain in the SMP at 60 °C).
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40 °C sample, timing began at the sample was heated up to 40 °C and for 25 °C sample, it began
at the sample was kept in a water tank at constant temperature 25 °C. The wavelengths, as well
as the amplitudes, of two samples increase with time. For 25 °C sample, the wavelength increases
from 128 pum at t=2.4 h to 168 wm at t=70 h. While for 40 °C sample, it increases from 145 um
at t=2.5 h to 170 um at t=9.6 h. Fig. and d are the first measurements of 25 °C and 40 °C
sample, respectively. The time of this measurements are almost the same (with 360 s difference).
Clearly, the wavelength of 40 °C sample is larger than that of 25 °C one at the same time point.

Simulation was also performed using finite element software package ABAQUS (Simulia,
Providence, RI) in present study. Both procedure and sample size in the simulation are the same
as that in the experiment. To describe the mechanical behaviors of SMP substrate, the constitutive
model in the literature [100] was implemented in ABAQUS as a user material subroutine (UMAT).
The paremeters in the constitutive model is the same as that in the literature [100]. Young’s
modulus and Poisson’s ratio of Si are Eg;=130 GPa and v=0.27, respectively [74].

Fig. [2.6] presents the wavelengths comparison between experiment and simulation results of
each sample. Simulation results show good consistency with the experiment data. The results
reveal that the higher temperature for SMP substrate recovery, the earlier the wave forms. And at
the same time point, the wavelength of the sample with higher recovering temperature is larger than
that of the sample with lower one. In the substrate recovery process, the difference of wavelegths
between each type of samples decrease with time. In the simulation, the wavelengths of each sample
converge to approximate 212 pum after the substrate was completely recovered. The experiment
results also shown the same trend (Fig. [2.6)).

Linear buckling theory shows that the wavelength is independent with the prestrain and am-
plitude increase nonlinearly with prestrain (Egs. and . According to finite deformation
theory, wavelength decreases with prestrain and amplitude increase with prestrain. However, in
current study, with the prestrain recovery of the SMP substrate, both wavelength and amplitude
increase. This phenomenon is due to the viscoelasticity of SMP substrate. For material with vis-

coelasticity, the stress needed to hold a fixed strain decreases with time. Equivalently, the effective
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modulus decreases. Decreased modulus leads to increasing of both wavelength and amplitude.

The evolution of each sample will not stop until the system reaches equilibrium state, which
is completion of recovering prestrain of substrate. Recovery of SMP strongly depends on recovery
temperature [100]. The higher the recovery temperature, the shorter the process. As recovery tem-
perature changes, the recovery time scale changes significantly. The time for completing recovery
for 25 °C, 40 °C, and 60 °C samples decrease gradually. Before reaching the equilibrium state, both
wavelength and amplitude keep increasing. With the highest recovery temperature, 60 °C sample
complete the process in the shortest time (~500 s) and its wavelength reached equilibrium state in
this time and then kept for this state. Wavelength of the sample with high recovery temperature
is larger than that of the sample with low recovery temperature at the same time point. Finally
they all converge to the value in equilibrium state. These results reveal the wrinkling of stiff thin
films on thermal triggered SMP substrate is time and temperature dependent.

According to Time-Temperature Superposition Principle (TTSP), polymer behaviors between
short-time range at high temperature is equivalent to long-time range at low temperature. Thus,
the wavelength evaluation in different temperature can be shifted to the reference one. As shown
in Fig. the experiment results are shifted to the results of 40 °C sample. The results show
good agreement. Once the evolution process at any temperature is known, the process at different

temperature can be obtained according to TTSP.

2.4 Conclusions

Using SME of SMPs, time and temperature dependent wrinkling of stiff thin films on such
substrate was investigated. By applying prestrain on SMP substrate, a compressive stress field
was created in the thin film when the film-substrate system was heated. And as a result, uniform
sinusoidal wave was formed on the surface of the substrate. Experiments on samples with different
recovery temperature shows the wavelengths and amplitudes of each sample increase with time
before the substrate is fully recovered. And the higher temperature for strain recover, the larger

of the wavelength at the same time point. The simulation results shows good agreement with
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experiment results and it reveals the wavelengths of each sample converge to approximate 212 pym
after the completion of recovery. Both results indicate both wavelength and amplitudes of such

wrinkling atop SMP substrate is time and temperature dependent.



Chapter 3

Reversible surface wrinkling of shape memory polymer thin film atop

elastomeric substrate

3.1 Research statement

In the previous chapter, programmable Si film-SMP substrate system was built to investigate
the evolution of thin film wrinkling. When SMP is used as thin film on top of elastomeric substrate,
its shape memory effect with mechanical strain makes the formation of wrinkling controllable,
programmable, and reversible. Such system has potential applications in tunable optical gratings,
surface engineering, and stretchable electronics.

The system are fabricated by using thermal responsive SMP as thin film and polydimethyl-
siloxane (PDMS) as substrate. Typical wavy wrinkling pattern with good sinusoidal shape formed
spontaneously when prestrain of the substrate is recovered. Both wrinkling amplitude and wave-
length increase linearly with the film thickness. Amplitude increase nonlinearly with the prestrain
and wavelength shows weak dependence with the prestrain. When the system is heated above
glass transition temperature (7,) of SMP, the film recovers to its original length, which leads to
disappearance of the wrinkling. By adjusting the prestrain recovery of the substrate and system
temperature, formation and disappearance of the wrinkling pattern can be controlled. Present
study is expected to give a simple way to fabricate unidirectional wavy pattern and control its
formation and disappearance. In this chapter, three types of reversible wrinkling cycles were inves-
tigated, which are general wrinkling cycle (wrinkling cycle I), wrinkling cycle with two prestrain

recovery steps (wrinkling cycle IT), and wrinkling cycle with prestrain and compression (wrinkling
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cycle III).

3.2 Methods and materials

PDMS substrate was made from Sylgard 184 elastomer kit (Dow Corning) using a 20: 1
prepolymer-crosslinker ratio by weight. Degassing the mixture for 2 hours to allow air bubbles to
escape. Then the mixture was placed in oven at 80 °C for 2 hours for curing. Slabs were cut from
the cured PDMS sheet with dimension 20x10x5 mm.

The method to synthesize SMPs is the same as that in chapter 2, the monomer tert-butyl
acrylate (tBA) and crosslinker poly(ethylene glycol) dimethacrylate (PEGDMA) were mixed with
a ratio 4:1 in weight, and 2, 2-dimethoxy-2-phenylacetophenone was added as the photoinitiator.
Polymer solution was injected into a mold, which was made by two glass slides with shims between
them. Thickness of SMP thin film was determined by the shim. The mold with polymer solution
was then placed under UV lamp for 5 minutes for polymerization followed by post-curing in oven
at 80 °C for 1 hour [101},/102]. And then SMP sheet was demolded and cut into rectangular shapes
with dimension of 15x5 mm. Film thickness is 5~15 pym. The last step before proceeding wrinkling
cycle was to transfer SMP films on top of PDMS slabs in room temperature. Thickness of SMP
films were measured by profilemeter before transfer.

Wrinkling cycle I Process of this wrinkling cycle is illustrated in Fig. It started from
permanent shape in room temperature. Film-substrate system was heated to 60 °C firstly, which
is higher than T, of SMP. And then PDMS substrate was stretched with desired strain. SMP film
was stretched with the same prestrain simultaneously due to the bonding between the film and
substrate. To keep this shape, system with constraint was cooled to room temperature. At this
time, temporary shape of SMP film can be kept even it is not supported by the substrate. After
the strain in PDMS was recovered in room temperature, SMP film wrinkled on top of the PDMS
substrate. When the system was heated again, strain in SMP film was recovered and the wrinkling
disappeared. Both film and substrate backed to original shape eventually and were ready for new

cycle. This wrinkling cycle can be repeated for many times.
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Figure 3.2: Thermomechanical history of wrinkling cycle with two prestrain recovery steps (wrin-

kling cycle II).



36

Temperature
A
L,
- Heat upT
g Recover strain of | Cool down
PDMS and apply J

4@ compression

L, L,

System with L,<L
prestrain Recover the
Back to the original shape  Strain of PDMS

o
<

Figure 3.3: Thermomechanical history of wrinkling cycle with prestrain recover and compression
(wrinkling cycle III).



37

Both following two types of wrinkling cycles started from the stretched system, as shown in
the dashed box in Fig. [3.1} The stretching procedure is the same as that in wrinkling cycle I (Fig.
. At this point, film and substrate have the same prestrain.

Wrinkling cycle II In this cycle, strain in PDMS was recovered in two steps, which made
film wrinkling forms and disappears twice. Procedure of this cycle is shown in Fig. In room
temperature, when partial prestrain of PDMS substrate was recovered, SMP film wrinkled for the
first time (step 1 in Fig. |3.2). Wrinkling disappeared when system was heated to temperature
above T, due to strain recovery of the film. At this time, strain of the film equals to that of the
substrate. After the system was cooled and rest strain of PDMS substrate was recovered, the film
wrinkled again (step 2 in Fig. [3.2). Subsequently, the system was heated above Ty, the wrinkling
disappeared and both film and substrate backed to their original length and were ready for next
wrinkling cycle. This wrinkling cycle is repeatable too. Inspired by two times wrinkling in this
cycle, we could obtain wrinkling multiple times by recovering prestrain in multiple steps.

Wrinkling cycle III Different from the previous two cycles, in this wrinkling cycle, com-
pression was applied to PDMS after prestrain was recovered. Fig. [3.3] shows procedure of this
cycle. The thickness of PDMS substrate is about 10 mm. Wrinkling before heating was produced
by prestrain and compression strain in PDMS. After the system was heated, amplitude of wrinkling
decreased instead of disappearing due to the film was still under compression, even the prestrain
in the film was totally recovered. When the system was cooled, the wrinkling was still there and it

disappeared after compression strain was removed. This wrinkling cycle is also repeatable.

3.3 Results and discussions

Fig. shows optical microscope images and profiles of film surface in wrinkling cycle I. In
this case, film thickness is 5.1 um and prestrain is 10%. Fig. represents the typical morphology
of the patterns in three types of wrinkling cycles. Bright lines in this figure are peak or valley of
the wrinkled wavy pattern. Profiles of such pattern is shown in Fig. in blue line. Red dot line

in this figure is sinusoidal fitting. As we can see the wrinkling pattern shows good sinusoidal shape
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with wavelength A=303.7 pm (min. 286.8 pm, max. 315.1 um) and amplitude =27.1 pm (min.
25.5 um, max. 29.7 pm). After the system was heated above Ty, the film became flat. Fig. (3.4
shows optical microscope image of SMP film after heating and its profile is shown in Fig. in red
solid line. The profile of the film after heating is close to a straight line, which reveals the surface
is almost flat after heating.

In the beginning of this wrinkling cycle, SMP was stretched with PDMS in temperature above
Ty due to the adhesion between two layers. The temporary shape of the film was kept after the
system was cooled. Upon lateral compression strain of the system beyond a critical value, wrinkling
formed. According to the linear elastic buckling theory, the critical strain (e.), wavelength A, and
amplitude A of the wrinkling pattern are commonly derived as Eqgs. and In room
temperature, Young’s modulus of SMP is ~2 GPa and that of PDMS is ~1 M Pa. With vy=0.4
and v4=0.49, the critical strain of this system can be calculated to be 0.0035, which is very small
compare to the prestrain in the experiment. The film wrinkles once applied strain beyond this
critical value.

Quantitative correlations in this system were also investigated. A group of samples with same
film thickness (7 um) were applied different prestrain. The results show that amplitude increase
with prestrain nonlinearly (Fig. [3.6a) and no significant relationship is found between wavelength
and prestrain (Fig. |3.6b), which are consistent with the prediction from Eq. and Equation
[I.2] implies that constant wavelength is independent on the prestrain in small deformation range.
The experiment results of SMP-PDMS system show the same independent relationship. In metal-
SMP system, there is no significant relationship between wavelength and prestrain either (small
deformation range) [92]. With considering influence of the prestrain, Jiang et al. updated the elastic
theory based on single-crystal silicon film and elastomer substrate system [83]. They predicted that
wavelength decrease with the prestrain in a large strain range (0-30%), which showed very good
agreement with their experiment data. However, this theory may not validate in the system due
to the special material property of the SMP [92]. We believe a model taking account of thermal

mechanical property of SMP film-PDMS substrate system needs to be developed to characterize the
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(b)

Figure 3.4: Optical microscope images of SMP thin film in wrinkling cycle I. (a) Microscope image
of wrinkling after prestrain recover, (b) Microscope image of the sample after heating.
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quantitative correlations in such system. This model should be validate to predict amplitude and
wavelength of the wrinkling pattern over a large prestrain range. Once the quantitative correlations
are predicted, the wavelength can be tuned by film thickness, as well as the prestrain, which is
significant when the system is used as tunable optical diffraction grating [9] and other demanding
applications.

The other group of samples with different film thickness were applied same prestrain (~4.7%).
Wavelength and amplitude versus film thickness are plotted in Fig. and d, respectively. Ex-
periment results show wavelength and amplitude increase linearly with film thickness, which is
consistent with the trend from the theory. However, there is some variance between experiment
data and theory calculation. Since thermal responsive SMP cannot be simply treated as elastic
material. Some variance may be introduced by using the elastic theory to predict the quantitative
correlations of the system with SMP. Both experiment and theory indicate that with constant pre-
strain, wavelength and amplitude can be tuned by thickness of the film. When a SMP thin film
with gradient thickness is transferred on top of PDMS substrate, surface pattern with gradient
wavelength and amplitude will be produced. This pattern can be used to separate polydisperse
particles into aligned monodisperse ones [25].

Profiles of wrinkling pattern in wrinkling cycle 1T (Fig. are plotted in Fig. In this
case, film thickness is 11.2 um. In the first step, ~3.7% prestrain was recovered and that for step 2
was ~1.7%, which led to different amplitude. Wavelength of the pattern in different steps changes
little. After part of the prestrain in PDMS was recovered in room temperature in step 1, the strain
stored in the SMP film was not recovered yet. So the film was compressed by the substrate which
induced the wrinkling spontaneously. After the system was heated, the mismatched strain in the
film was recovered and the system reached to an equivalent strain state. In this heating process, the
amplitude decreased with the strain recover in SMP and made surface became flat. At this time,
rest strain in the film and substrate were equal. If the rest strain in the substrate was recovered in
temperature above Ty, due to property of SMP, the film will be recovered simultaneously and no

wrinkling will be observed. In order to make the surface wrinkle again, the rest strain in the PDMS
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was recovered after the system was cooled. In room temperature, SMP shows glassy property and it
was compressed by the substrate and wrinkled again. When the system was heated again, rubbery
state SMP recovered and the surface became flat. At this time, there was no mechanical strain in
the system and their length equal to the original ones and a new cycle was ready to be launched. In
this cycle, prestrain was recovered in two steps, which made wrinkling formed and disappeared for
two times. In fact, prestrain can be recovered in multiple steps to induce film wrinkle for multiple
times. When the system is used as optical grating, the formation of period and amplitude can be
tuned by strain recovery and system temperature.

Fig. shows profile of the pattern after compressive strain was applied in room tem-
perature in wrinkling cycle III and Fig. shows profile after heating in this cycle. Here, film
thickness is 6.7 pm. When prestrain (5.3%) in the substrate was recovered and compressive strain
(0.02%) was applied in room temperature, strain mismatch between film and substrate is the sum-
mation of prestrain and compressive strain. After the system was heated, prestrain in SMP was
recovered and it backed to the original length. However, the film was still compressed by PDMS
due to the compression in the substrate. Amplitude decreased in heating process. But it did not
decrease to zero due to the compression from the substrate. When the compression constraint
was removed, the system was in the strain free state and wrinkling disappeared. The difference
between the amplitude before and after heating is result from the strain difference in two stages.
Before heating, wrinkling with amplitude A=31.2 pum was the result of prestrain and compressive
strain combined action. After heating, the amplitude decreased to 1.7 um, which was produced by
compressive strain only. Wavelength of wrinkling before and after heating are close. It is 416.7 um
before heating and 415.7 um after heating.

Wrinkling cycles discussed above are all programmable, controllable, and reversible. Control-
ling of appearance of wrinkling also gives an idea to tune surface properties in application of smart
adhesion. Since surface pattern can affect adhesive properties of the interface significantly [611/62].
Formation and disappearance of the wrinkling pattern leads to a total different adhesion state of

the interface.
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Ebata et al. found delamination in the wrinkling of bilayer system is preferred for the film
with large thickness [103]. In the experiment we also observed delamination in the system when
the film is thick. The reason for this phenomenon is the adhesion between film and substrate is not
strong enough to support the wrinkling. To avoid this problem, one way is to use a type of SMP

which has strong bonding with PDMS and the other way is to reduce the thickness of the film.

3.4 Conclusions

In this chapter, we built a film-substrate system with SMP as thin film and PDMS as sub-
strate. Involving shape memory effect, three types of wrinkling cycle using such system were
demonstrated. When the substrate was prestretched in temperature above Ty, SMP film was
stretched simultaneously with same prestrain as the substrate. Wrinkling with good sinusoidal
shape formed in the perpendicular direction of the programming strain when prestrain in the sub-
strate was recovered in room temperature. Wavelength increases with film thickness linearly but
has weak relationship with prestrain. Amplitude has a linear relationship with film thickness and
increases nonlinearly with prestrain. Formation of wrinkling is controllable in all three types of
wrinkling cycles by adjusting the prestrain recovery of the substrate and system temperature. When
prestrain was recovered in multiple steps, with controlling the system temperature, wrinkling forms
and disappears for multiple times (Fig. [3.2)). These special features are significant in potential ap-
plications of surface wrinkling, such as optical grating, smart adhesion, and stretchable electronics.
We expect this study can offer a simple method to fabricate unidirectional wavy pattern and control

its formation and disappearance.



Chapter 4

Programmable localized wrinkling of thin film on shape memory polymer

substrate

4.1 Research statement

In previous chapters, wrinkle forms all over the film surface. Here, SMP substrate will be
heated locally to obtain localized wrinkling area. Different from wrinkling forms in the whole film
in most literatures, some researchers have used some methods, such as focused ion beam or laser
treatment to obtain surface wrinkling in desired areas [34,/54]. Such form of wrinkling allow us to
generate wrinkling pattern in a desired location and it has potential applications in programmable
optical gratings, controlled patterning for tunable adhesion, tissue engineering and biology, and
other demanding applications.

Using pre-programmed thermal responsive SMP as substrate, we demonstrate a new self-
assembly fabrication method for localized surface wrinkling. Heating the thin film-substrate system
locally leads to localized recovery of SMP substrate and thus induces localized thin film wrinkling.
The wrinkle pattern shows good sinusoidal profile, with wavelength and amplitude decrease grad-
ually with the distance from the heating source. The size of wrinkling area can be tuned by
controlling heat input. In addition, the spectrum test was also performed, which shows peak shift
of the spectrum with location due to the change of wavelength and amplitude. This study can offer

a simple and programmable method to fabricate localized wrinkling pattern.
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4.2 Methods and materials

Heating wire Heating wires were made from aluminum film on polyimide film (PI, thickness
25 pm, DuPont Kapton) by photolithography. A 150 nm layer of aluminum film was deposited on
PI film by thermal evaporator. Then a thin layer of photoresist was spin coated on top of aluminum
film. The next step is exposure with heating wire mask. Size of heating wire pattern is 30 mmx200
um. After exposure, a photoresist layer of heating wire pattern array was defined on the structure.
In order to make a good connection with the external circuit, 3x6 mm pad was designed in each
end of the heating wire. To remove the exposed part of aluminum film, the structure was immerged
into aluminum etchant type A at 50 °C for 15 seconds. The heating wire part was protected by
photoresist from etching. Then sample was washed with de-ionized (DI) water for 2 minutes to
clean the etchant. Next cleaning the sample with acetone to remove the resist layer and then the
heating wire was cut from the PI film. According to the measurement, resistivity of such heating
wire is ~5x 1078 Q-m.

SMP substrate SMP solution is the same as that in chapter 2 and 3. Mixed solution was
injected into a mold (30 mm in length and 8 mm in width), which was made by glass slides.
Polymer solution was cured under UV lamp for 5 minutes followed by post-curing in the oven at
80 °C for 1 hour |101,102|. After SMP sample was cured, it was demolded carefully. Heating wire
was located in the center of the mode cavity and parallel to its upper and lower surface. The equal
distance from heating wire to upper and lower surface made the sample was heated symmetrically.
The mold determines the thickness of SMP substrate, which is about 2 mm. Uniaxial stretching
of SMP samples were conducted at 60 °C (>7,) using Dynamic Mechanical Analysis (DMA) tester
(TA Instruments, DMA Q800). To fix the temporary shape, SMP samples were quenched to 25 °C
with constraint in the furnace of DMA. And then a layer of aluminum with thickness of 150 nm was
deposited on prestretched SMP sample using thermal evaporator. In the deposition process, the
heating wire was covered to avoid the aluminum particles. Fabrication of the aluminum film-SMP

substrate system was completed in this step. To avoid the recovery of the SMP due to the thermal
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effect in the deposition process, SMP sample was clamped in both ends during deposition. After
this process, SMP sample was cooled for 1 hour in the chamber and then removed from the clamp.

Anisotropic conductive films (ACF, Elform Heat Seal Connectors) were used to connect the
heating wire with external circuit. DC power supply in current mode was used for supplying the
power. This mode allows us to set output current to a desired value, which is very convenient in
present study.

Fig. shows the process to fabricate the localized surface wrinkling. SMP sample with
heating wire in the center was programmed with 6% prestrain at 60 °C, which is higher than its Tj,.
The second step is to deposited a 150 nm thick aluminum thin film on top of the SMP substrate.
And then connecting the heating wire with DC power supply. After the current was turned on,
SMP sample was heated locally by heating wire with desired current and time and recovered in this
area to induce localized wrinkling. Wrinkling area can be tuned by changing input heating energy,

for example, the input power or the heating time.

4.3 Results and discussions

Firstly, with current /=0.1 A, SMP sample was heated for 25 minutes. Results of this case
is shown in Fig. Fig. is optical microscope image showing the wrinkling area just above
the heating wire. Bright lines in this figure is peak or valley of the wavy shape. Fig. and d are
2D and 3D AFM image, respectively. Profile of this wrinkling pattern is shown in Fig. in blue
line and red line in this figure is sinusoidal fitting. From Fig. 4.2b and d, we can see the typical
profile shows good sinusoidal shape in perpendicular direction of the prestrain. Wrinkling pattern
shown in this figure represent the typical morphology in current study. Width of wrinkling area is
about 16 mm when the sample was heated for 25 minutes. We can also obtain a narrow wrinkling
area by heating for a shorter time, for example 1 minute. Fig. shows wrinkling area with ~1
mm width after heating for 1 minute. The boundary of wrinkling is a transition area instead of a
clear line. Wrinkling disappears gradually in the transition area. Beyond the transition area, the

surface is still flat.
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Figure 4.3: Optical image of localized wrinkling area and its boundary (Heating time 1 minute).
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In the heating process, area near the heating wire was heated firstly. Prestrain of SMP in this
local area was recovered due to shape memory effect. The metal film above this area is subjected
to compression and introduces the wrinkling in the film once the strain beyond the critical value.
According to the linear elastic buckling theory, the critical strain (e.), wavelength A\, and amplitude
A of the wrinkling pattern are commonly derived as Eqgs. and

At 60 °C, Young’s modulus of SMP is ~2 M Pa and that of aluminum is ~69 GPa. With
vy=0.33 and vs=0.4, the critical strain of this system can be calculated to be 0.0005, which is
very small compare to the prestrain in the experiment. The film wrinkles once compression strain
beyond the critical value.

Unlike global wrinkling in most of the literature, localized heating by heating wire induced
localized wrinkling in current study. Heating gradient from heating wire made wrinkling disappears
gradually in the transition area. In the area without wrinkling, heating energy is not sufficient to
make recovery of the prestrain beyond the critical value. In Fig. [£.3] wrinkling area with 1 mm
width was obtained without affecting adjacent area. Therefore, we can control the formation of
surface wrinkling by embedding heating wires in desired area and heating the sample selectively.

Surface wrinkling morphology due to localized heating in current study is the same as that
in global heating using the same system in the literature [92|. Chen et al. used aluminum film-
SMP substrate system with film thickness 30 nm to produce surface wrinkling [92]. Programmed
SMP is recovered globally in the temperature above Ty leads to film wrinkling forms all over the
surface. Besides the wavy shape pattern, they also observed cracks orthogonal to the wrinkling.
They believed during shape recovery of SMP substrate, tensile stress in orthogonal direction of
prestrain is developed in the thin film due to Poisson’s effect. The tensile stress along the direction
perpendicular to the prestrain resulting in cracks. In our experiment, there is no crack was found
in samples with 150 nm aluminum thin film. We observed the cracks on the sample with aluminum
film thickness 8 nm. The other possible reason for crack is the strain recovery rate, the higher
the rate, the denser of the crack [25,[89]. However, it is not easy to measure the strain rate in the

localized heating process.
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Size of wrinkling area depends on the heating energy. In order to control the wrinkling size
accurately, relationship between size of wrinkling area and input energy is studied. With this
relationship, we may obtain desired width of the wrinkling area by adjusting the heating time. The
boundary of the wrinkling is not a clear line. Therefore, we defined an area with certain roughness
range to be boundary according to the roughness of un-wrinkled aluminum film. Profiles of SMP
substrate before deposition and un-wrinkled aluminum film are shown in red and blue curve in
Fig. [.4h, respectively. From this figure, we can see that the roughness of the SMP substrate
and film are about 9 nm and 20 nm, respectively. We define the area, roughness of which is two
and half times of that of the un-wrinkled film, to be the boundary. According to the calculation,
the roughness of the boundary is 50 nm. With this criterion, width of samples with same current
and different heating time was measured and shown in Fig. [{.4p. In this figure, /=0.1 A. Width
increases dramatically in the first 5 minutes. The width doesn’t increase after 25 minutes. The
possible reason for this phenomenon is that the system reaches a heating energy balance state.
Under this condition, the energy input equals to the heat loss. This makes the heat cannot be
delivered to the further area.

With a constant resistance, heating energy can be tuned by heating time and current. One
can obtain the same heating energy by different combination of time and current. It is possible
to achieve this goal by using higher current and shorter time. However, higher current (>0.2 A)
in present study burns the heating wire (PI film with aluminum film). The heating wire that can
bear higher current should be used in this case, which was not performed here. The advantage of
this method is that it allows us to design heating wire patterns to produce corresponding wrinkling
area. With specific heating wire pattern, wrinkling can be generated along the paths with desired
width by controlling the heat input. In this research, we used the simplest heating wire pattern,
which is the line shape. Different from the methods with surface treatment by ion beam or laser
in desired path [34.54], present study offers a new approach to produce localized surface wrinkling
along desired path, which is easy and programmable.

Profiles of samples with 25 minutes heating in different location are shown in Fig. We
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defined the area right above the heating wire is the center. Locations with 2 mm interval from the
center were scanned. From this figure, we can see that wrinkling in range of 6 mm from the center
show good sinusoidal shape. It is interesting that the wavelength and amplitude decrease with the
distance from the center. Profiles in transition area were also obtained, which are shown in Fig.
At 8 mm, the profile still shows the wavy shape with amplitude ~60 nm. The amplitude decreases
with the distance and profile approach the roughness of the film surface without wrinkling. At 8.5
mm and 9 mm, the roughness are ~50 nm and 40 nm, respectively. The area 8.5 mm away from
the center can be treated as the boundary according to our criterion. Amplitude and wavelength
in different locations are summarized in Fig. [£.7in blue rhombus and red square, respectively. The
schematic of corresponding positions is also shown in this figure. Both wavelength and amplitude
show good symmetry about the center and decrease gradually from center to both sides.

The material property of SMP changes dramatically with the temperature. From room
temperature to the temperature above its T, Young’s modulus decreases three order of magnitude.
In localized heating samples, the temperature decreases with the distance from heating source.
The temperature in the center is the highest and decreases gradually to both sides. Therefore,
the material in the center is the softest and become stiffer in both sides. According to the linear
elastic buckling theory (Eq. , wavelength depends on the Young’s moduli ratio of film and
substrate when the film thickness is a constant. The higher the ratio, the larger the wavelength
and amplitude, which leads to the largest wavelength and amplitude forms in the center and
decrease in both sides and finally disappears. Similarly, higher temperature brings higher prestrain
recovery percentage. Once the prestrain recovered beyond the critical value, wrinkling forms. In
the wrinkling area, the prestrain recovered beyond the critical value and it is lower than that in the
area without wrinkling. While in the transition area, the prestrain recovered is around the critical
value. Although the assumption of linear elasticity may not be valid for the film-SMP substrate
system due to SMP cannot be treated simply as elastic material, the temperature distribution does
offer a qualitative explanation.

Chirped grating with varies period is a common device used in optical communication sys-
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tems [104]. Electron beam lithography is the conventional method to manufacture grating with
non-uniform period. The low efficiency and high cost of this method makes the chirped grating fab-
rication is still a challenge [105]. Inspired by the localized wrinkling with non-uniform wavelength,
one can use this simple and low cost method to fabricate the chirped grating. In order to obtain
wrinkling wavelength comparable to that of visible light, 8 nm aluminum was deposited on SMP
sample. Size of heating wire and prestrain are the same as those in the previous experiments. After
the sample was heated for 10 minutes, reflection spectrum test was performed on the wrinkling
surface. The diameter of incidence light spot is 92+2um, which is large enough compare with the
wrinkling wavelength. The peak wavelength and intensity of reflective light in different locations is
illustrated in Fig. Location of center in this figure is the same as that in Fig. [£.7] Both peak
wavelength and intensity are strongest in the center and decrease away the center. Reflective peak
wavelength shift from the center to both sides due to the decrease of wrinkling wavelength with
the distance from the center. From the center to both sides, the amplitude of the wrinkling profile
also decreases, which leads to the decrease of the reflective intensity [9]. Chirped grating made in
this way is simple, cheap, and programmable. It is a promising method to overcome the challenge

of chirped grating fabrication.

4.4 Conclusions

In summary, we built a programmed metal film-SMP substrate system with heating wire.
Upon the system was heated locally by the heating wire, localized wrinkling formed with good
sinusoidal shape. The wrinkling area can be tuned by adjusting heating energy input. Both
wavelength and amplitude decrease with the distance from the heating source. By decreasing the
thickness of aluminum film, one can induce the localized wrinkling with non-uniform wavelength
comparable to visible light, which can be used as chirped grating. This study support a method
to produce wrinkling pattern along desired path. It has advantages of low cost and simple process

for fabrication of wavy shape microstructures.



Chapter 5

Self-assembled formation of surface wrinkling with two distinct morphologies

5.1 Research statement

Using line heating in last chapter, localized 1D wrinkle was fabricated. In order to obtain
2D localized wrinkling, in this chapter, we use point heating source to heat the sample. System is
built by deposit a thin layer of aluminum thin film on top of prestretched shape memory polymer
(SMP) substrate. After the system is heated by a point heat source, two distinct wrinkling pattern
formed in a circular area around the heat source. Two wrinkling morphologies are spoke and ring
patterns, which distribute in the inner and outer of the circular area, respectively. Size of the
wrinkling area can be tuned by the heat input. With 12 seconds heating, the wrinkling reaches to
the width boundary of SMP sample. The formation of the wrinkling pattern with different heating
time are captured by digital camera. This study can offer an easy and programmable method to
fabricate spoke and ring patterns in micro-scale and support guidelines in potential applications,

such as stretchable electronics, surface property control, and other demanding applications.

5.2 Methods and materials

Fig. shows the process to make SMP sample. Here, a mold made of polydimethylsiloxane
(PDMS) and glass slides was used to make SMP sample with a small hole. After SMP is unmolded, a
piece of heating wire (FeCrAl Alloy, Diameter 127 pum, Resistance Range: 32.1 to 37.7 ohms/foot)
is inserted in the hole. The bottom of the mold in this figure is PDMS with a needle inserted

inside. PDMS was made from Sylgard 184 elastomer kit (Dow Corning) using a 10: 1 prepolymer-
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crosslinker ratio by weight. After degassing and curing in the oven, PDMS slabs were cut with
dimension 10x10x5 mm. The needle was inserted in PDMS in direction perpendicular to the
surface of PDMS. The length of the needle outside PDMS is 2 mm, which equals to the thickness
of SMP sample. To control the thickness of SMP sample, two glass spacers with 2 mm thickness
was put on the surface of PDMS. The distance between the spacers is about 8 mm, which equals
to the width of SMP sample. The needle was located in the center of two spacers. A piece of glass
slide was assembled on the top of spacers with a good contact with the tip of the needle. The size
of SMP sample was defined by the cavity of the mold. The needle in the mold leads to a through
hole in the center of SMP sample.

Next step is to inject SMP solution into the mold. SMP solution synthesis and curing process
are the same as that used in the previous chapters. When SMP sample was fully cured, it was
unmolded and a piece of heating wire about 20 mm long is injected through the hole on it.

Fig. depicts the fabrication process of film-substrate system and the method to produce
the wrinkling by point heat source. With heating wire, SMP sample was prestreched uniaxially
with 6% strain at 60 °C using Dynamic Mechanical Analysis (DMA) tester (TA Instruments, DMA
Q800). After the sample was quenched to 25 °C with constraint, the prestretched temporary shape
was kept. Using thermal evaporator, a layer of aluminum thin film with thickness 150 nm was
deposited on the surface of prestretched SMP sample. To heat the sample, heating wire was
connected with DC power supply. In the heating process, heating wire kept in vertical direction,
which is perpendicular to SMP sample. After the current was turned on, SMP sample was heated
by a point heat source with desired power and time. Such point heat source induced two distinct

wrinkling pattern in a circular area.

5.3 Results and discussions

The first group of film-SMP substrate samples was heated for 2 seconds with current 1 A.
Fig. [5.3] is optical microscope image that shows the wrinkling area after heating. In this figure,

prestrain was applied in horizontal direction. The hole in the center of the pattern is for inserting
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Figure 5.2: Schematic of the experimental set-up for fabrication of wrinkling pattern on SMP

substrate by point heat source.
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heating wire. In the heating process, heating wire kept straight and perpendicular to the upper
and lower surface of SMP substrate. Such perpendicular position leads to uniform heat gradient
distribution through the thickness direction. Wrinkling pattern in Fig. shows two distinct
wrinkling morphologies. Spoke pattern located in the inner of the circular area around the hole
and ring pattern in the outer. Fig. [5.3p-e shows the top, bottom, left, and right boundary of
the circular wrinkling area in Fig. [5.3h, respectively. These figures shows that outside of the ring
wrinkling pattern, aluminum film is still flat, which implies the area outside of the wrinkling area
is not affected by the point heat source.

Profiles from AFM of two wrinkling patterns is plotted in Fig. [5.4. With origin coincides
with the center of the hole, 0°, 90°, 180°, and 270° in this figure represents right, top, left, and
bottom of the circular wrinkling area, respectively. Hence, 0° and 180° are in prestrain direction,
which is the horizontal direction. The distance from heat source to the scanned spots is 600 pm
for the spoke wrinkling pattern and 1 mm for the ring pattern. Fig. illustrates the profile of
spoke wrinkling pattern in four directions. Blue curve in these figures are profiles obtained in the
experiment and the red dot curve are sinusoidal fitting. It reveals that profiles of spoke pattern
show good sinusoidal shape in four directions. The wavelength and amplitude of the wavy shape
show good consistent in four directions. Fig. shows the profiles of the ring pattern. From
the figures, we can see the profiles show sawtooth shape. There is no significant different between
the wavelength in four direction. However, the amplitude shows good consistent and symmetry in
horizontal and vertical direction, respectively. It is ~100 nm in vertical direction, which is only half
of that in horizontal direction. With the same distance from the heat source, these spot received
the same heat energy. The only different between vertical and horizontal direction is the stress
field, which due to the uniaxial prestrain in horizontal direction.

Fig. and plots the wavelength and amplitude of two types of wrinkling patterns in
different locations. Definition of 0°, 90°, 180°, and 270° are the same as we discussed before. For
the spoke wrinkling pattern, the wavelength increase with the distance from the center firstly and

then decreases in the end. Wavelength in four directions reaches to the maximum value in the
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Figure 5.3: Wrinkling pattern and its boundary by point heating. (a) Overall view of the wrinkling
pattern, (b) top, (c)bottom, (d)left, and (e)right boundary of the wrinkling pattern.
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Figure 5.4: Profiles of wrinkling patterns in different locations (I=1 A, T=2 s). (a)-(d) Profile of
spoke pattern, 0.6 mm away from the center, (e)-(h) Profile of ring pattern, 1 mm away from the

center.
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position of 700 um. Except for this position, wavelength of the pattern in horizontal direction (0°
and 180°) is larger than that in vertical direction (90° and 270°). In addition, due to the symmetry
of the structure and heat field, wavelength in both horizontal and vertical directions also show good
symmetry. Amplitude of this pattern increases from 300 to 500 um and that in vertical direction
is larger than that in horizontal direction. There is no significant difference was found in the end
of the spoke pattern (700-800 pm). Area with distance from 850 to 1150 pm is the ring pattern
(Fig. ) Wavelength of this pattern decrease from the inner to the outer. While the amplitude
in the center of the ring pattern (1000 pm) is the largest. Both wavelength and amplitude in
horizontal direction is larger than that in vertical direction. Wavelength and amplitude also show
good symmetry in both horizontal and vertical direction.

The heating process was captured by the microscope with digital camera. Patterns in different
time are shown in Fig. Figure shows the surface with the hole before heating. After the
current is turned on, the ring pattern forms in a ring range. It propagates and looks like shock wave.
At 2 seconds, the current was turned off and the size changes little after heating. It is interesting
that there is no spoke pattern in the heating process. After the current was turned off, the spoke
pattern forms around the hole. It kept extending to the final wrinkling state with spoke inside and
ring outside at 6 seconds. In the heating process, the size of the wrinkling area increase with the
heating time. The radius of the whole circular wrinkling area, which equals to that of the outer
boundary of ring pattern is about 450 um at 1 second and 1400 pum at 2 seconds. After heating
stops, the size of ring pattern increases little and the spoke pattern begins to form and extend.

In the prestretch step, SMP substrate was applied uniaxial prestrain in length direction, which
is identical with horizontal direction discussed above. The formation of the wrinkling pattern is
combined effect of thermal expansion and recovery of the prestrain. When the sample is heated by
the heating wire from the center, the heat energy spreads away from the center. Thermal effect
brings expansion of substrate in the radial direction and this is the reason for ring pattern. The
hole itself is traction free with circumferential strain only. Around the hole, only spoke pattern

forms. Recover of the substrate around the hole leads to compression strain in horizontal direction.



Figure 5.7: Time sequence of the wrinkling pattern (I=1A, t=2s, Scale bar 400 pum).
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Such strain results in higher amplitude in horizontal direction for spoke pattern (Fig. |5.5). For
ring pattern, amplitude is higher than that in vertical direction due to the strain recovery in the
horizontal direction (Fig. [5.6]).

Wrinkling area can be tuned by heat input. Fig. are optical microscope images of the
sample with heating time =12 s and current /=1 A. Fig. shows the wrinkling area round
the hole and its boundary in four directions are shown in Fig. [5.7p-e. The whole wrinkling area
shows oval shape with the hole as the center and minor axis along the horizontal direction, which is
identical with the direction of prestrain. The wrinkling pattern extended to the boundary of SMP
sample in vertical direction (Fig. and c). Spoke wrinkling pattern dominates the center area in
the vertical direction of SMP sample (Fig. |5.7h). Spoke wrinkling pattern in 90° and 270° changed
their direction to approach to perpendicular to prestrain direction due to the strain recovery. In
the horizontal direction, spoke wrinkling pattern forms around the hole in a narrow area (about
400 pm in width). However, it is not as clear as that on the sample with heating time t=2 s. Out
of the spoke pattern in horizontal direction is ring wrinkling pattern. With the distance from the
center, ring pattern approaches 1D wrinkling pattern in vertical direction (Fig. and e). The
film outside the wrinkling area is still flat.

Formation of wrinkling pattern with heating time t=12 s are demonstrated in Fig. The
pattern in the heating process is similar to that on the sample with 2 s heating time. Ring pattern
forms firstly and was pushed away and the radius becomes larger and larger. Before the current
was turned off, there is no spoke pattern formed (Fig. [5.9d). After the heating stopped, the spoke
wrinkling pattern began to form and extended. In horizontal direction, the spoke pattern extended
only ~400 pm. While it extended to the width boundary of the SMP sample in vertical direction
(Fig. .8b and c).

In the 12 s heating case, the wrinkling forms throughout the sample in vertical direction.
Prestrain in horizontal direction is recovered and induced wrinkling in this area. Under this con-
dition, the wrinkling area was not confined all around by the SMP sample. SMP sample shrunk

locally in the vertical direction. This is different with the sample with 2 s heating, the wrinkling
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Figure 5.8: Wrinkling pattern and its boundary by point heating with 12 s heating. (a) Overall
view of the wrinkling pattern, (b) top, (c¢)bottom, (d)left, and (e)right boundary of the wrinkling
pattern.



Figure 5.9:

Formation of the wrinkling pattern (I=1 A, t=12 s, scale bar 400 um).
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area of which is confined by SMP sample all around. After uniaxial prestrain was applied on the
sample, circumferential strain dominates the surface of the hole. It was recovered in the heating
process and induced spoke wrinkling pattern around the hole. Far away from the center, effect of
the hole vanishes gradually and leads to a horizontal strain state, which formed 1D wrinkling in
direction perpendicular to that of the prestrain (Fig. —e).

Profiles plotted in Fig. [5.10| represents the typical profile in 12 s heating case, which show
good sinusoidal shape. The locations of these profiles are 1.5 mm away from the center. The
distribution of wavelength and amplitude in horizontal and vertical direction are shown in Fig.
and b, respectively. Overall, distributions of wavelength and amplitude show good symmetry
in both horizontal and vertical direction, respectively. And they decrease with the distance from
the center. In Fig. [5.11k, rang from 1 to 2 mm away from the center represents the area of ring
pattern in horizontal direction. Outside 2 mm the wrinkling disappears gradually. Wavelength
and amplitude in Fig. represents the spoke wrinkling pattern in vertical direction. The
material property of SMP changes dramatically with the temperature. From room temperature
to the temperature above its Ty, Young’s modulus of SMP decreases three order of magnitude.
In the heating process, Young’s modulus decreases with the distance away from the heat source
due to the heat gradient around the center. According to linear elastic buckling theory, with a
constant film thickness, wavelength and amplitude increases with the Young’s modulus ratio of
film and substrate. Away from the center, increase of Young’s modulus of SMP substrate induces

the decrease of the wavelength and amplitude away from the center.

5.4 Conclusions

We construct a localized wrinkling pattern with two distinct morphologies, which are spoke
and ring pattern on aluminum film-SMP substrate system. Involving shape memory effect, SMP
sample with a small hole in the center was programmed with uniaxial strain. With I=1 A, the
sample was heated by point heat source in the small hole. The wrinkling area can be tuned by

heating time. With 2 seconds heating, the wrinkling area is circular and it reaches to the boundary
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of SMP sample after the sample was heated for 12 seconds. We observed the ring wrinkling pattern
forms firstly and spoke wrinkling pattern around the hole begin to form after heating stops. The
small hole in the center plays an important role in the formation of spoke and ring patterns. This
study is expected to offer a simple method to fabricate micro-scale spoke and ring patterns, and

provide guidelines in their potential applications.



Chapter 6

Fabrication of three-dimensional hierarchical structure through sequential

wrinkling

6.1 Research statement

In previous chapters, methods to fabricate global and localized surface wrinkling were demon-
strated. These structures are based on one layer thin film and substrate system. Using multilayer
thin film-substrate system, hierarchical structure can be fabricated. Multiscale hierarchical struc-
tures hold great promise for important potential applications in reversible adhesion, controllable
wetting, and selective filtration [106,/107]. For example, in nature, gecko feet hair exhibits reversible
adhesive property and lotus leaf with superhydrophobic surface shows the ability of self-cleaning.
Inspired by these phenomena, numerous methods for creating hierarchical have been developed
by researchers, such as lithography, plasma etching, and nanoimprint [106-108|. Recently, surface
wrinkling is emerging as a powerful method to induce patterns over an entire surface. It is a simple
and low cost approach for fabrication of surface patterns. Some researchers use combined methods,
such as nanoimprint and mechanical strain induced surface wrinkling to fabricate the hierarchical
structures. However, these approaches require multistep operations and making multiscale surface
features over large area is not easy [108]. In 2015, Lee et al. [108] reported a multi-cycle plasma
treatment method to generate hierarchical structure in large area. Multi-generation wrinkling pat-
tern was obtained by this method. However, the thickness and mechanical properties of the skin
layer are unknown, since plasma treatment bring depth-heterogeneous structure.

In this chapter, we demonstrate a facile fabrication method that combines surface wrinkling
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induced by thermal expansion and mechanical strain. This is a three layers structure with aluminum
film on top, stiff PDMS film in the center and prestretched soft PDMS substrate in the bottom.
Deposition of aluminum film induce first order 2D wrinkling by thermal expansion and recovering
the prestrain of the substrate leads to second and third order wrinkling. The hierarchical structure
fabricated in this study can be tuned by changing the thickness of the film, mechanical strain, and

material properties.

6.2 Methods and materials

PDMS substrate PDMS substrate was made from Sylgard 184 elastomer kit (Dow Corn-
ing), the same as that in previous chapters. Here, prepolymer-crosslinker ratio is 40: 1 in weight.
Following degassing and curing process are the same as that discussed in previous chapters. Cured
PDMS sheet was cut into slabs with dimension 30x15x5 mm.

PDMS film PDMS film was made by spin coating of uncured degassed PDMS (prepolymer-
crosslinker ratio is 5: 1) on glass slides. The thickness of the PDMS film depends on the speed and
time of spin coating. The thickness will be measured before using. Glass slides with PDMS film
was placed in oven at 80 °C for 2 hours for curing. Cured film was cut into sheet with dimension
20x5 mm.

To fabricate the hierarchical structure, three layers system was made, which includes PDMS
substrate in the bottom, PDMS thin film in the center, and aluminum film on the top. Figure [6.1
illustrates the fabrication process. Soft PDMS substrate was prestretched with 20% or 30% strain
by a homemade stretching system. In next step, stiff PDMS film was transferred on top of PDMS
substrate. To build multiple layer structure, 20 nm aluminum film was deposited on PDMS film by
DC sputter system. In this step, both PDMS film and substrate were heated by the thermal effect,
which leads to volume expansion. Upon cooling of the system, shrinkage of PDMS film compress
the aluminum film, which induced 2D surface wrinkling. The last step is to recover the prestrain
in bottom PDMS layer. Middle layer PDMS film with aluminum was compressed by bottom layer

PDMS and leads to 1D wrinkling.
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Figure 6.1: Methods to fabricate three-dimensional hierarchical structure through sequential wrin-
kling.
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The wrinkling morphology after strain recover is highly depends on the prestrain level. Low
prestrain (<30%) induces sinusoidal profile and higher one leads to folded structure.

Characterization Thickness of PDMS film and profile of large scale wrinkling were measured
using BNC DEKATAK 3030 Stylus Profilemeter. Atomic Force Microscope (AFM) images were

scanned using VEECO Dimension 3100 in tapping mode under ambient condition.

6.3 Results and discussions

Fig. shows 2D wrinkling pattern on aluminum thin film after deposition. Figures and
b are 2D and 3D AFM images, respectively. The profiles in horizontal and vertical are depicted
in Fig. and d, respectively. From these images, we can see that the wrinkling in vertical
and horizontal directions are uniform with wavelength ~1.1 um and amplitude ~71 nm. Both
wavelength and amplitude are dependent on the material properties and the thickness of the film.
Therefore, both quantities can be tuned by changing material or film thickness.

In the film deposition step, thermal expansion induces 2D wrinkling. In next step, after the
prestrain applied on the PDMS substrate was recovered, PDMS film with aluminum film on top
wrinkles, which is shown in Fig. [6.3h. The bright lines in this figure are peaks of the wave pattern.
Cracks on the peaks are due to the Poisson’s effect. The profile of wrinkle is shown in Fig. [6.3p,
which is uniform sinusoidal profile with amplitude 22 um and wavelength 380 pum. Thickness of
the PDMS film is 39 um.

Figure shows an enlarged microscope image of the wrinkled surface in Fig. In this
figure, center is a valley and areas beside it are peaks. Morphologies in different locations are
scanned using AFM. Figures[6.4b-d are 3D AFM images of the peak, valley, and the area between
peak and valley, respectively. It shows 2D wrinkling pattern in the peak, which is the first order
2D pattern formed by aluminum film. 2D patterns also appears in the area in between peak and
valley. In the valley, we found 1D wrinkle, which is named as the second order wrinkle due to the
size of the wavelength and amplitude. The wrinkle of PDMS thin film formed in strain recover step

is named the third order wrinkle, which has the largest wavelength and amplitude. In addition, on
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Figure 6.2: AFM images and profile of the wrinkled aluminum film after deposition (20% pretrain).
(a) 2D and (b) 3D AFM image of wrinkled aluminum film surface after deposition, (c) Profiles of
the wrinkled aluminum film surface in horizontal direction and (d) vertical direction.
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this 1D profile surface, the first order wrinkle is still there. The profiles in these positions are list
in Fig. Second row shows the profiles in horizontal direction and that in vertical direction is
shown in the third row. The size of scanning is 15 gm, which is much smaller than the wavelength
of the third order wrinkling pattern (380 um). Wavelength and amplitude of 2D wrinkles in peak
and in area in between are similar and no significant difference was found. In the valley, the second
order wrinkle shows uniform pattern with wavelength ~5 um and amplitude ~600 nm. In vertical
direction, the profile shows similar pattern with that in other areas.

We have obtained three orders surface wrinkling with different wavelength and amplitude,
which are the first order 2D aluminum film wrinkling, second order 1D wrinkling in the valley of the
third order wrinkle, and third order 1D wrinkling of the PDMS film. It implies that a new layer of
film is formed in the experiment and this layer is the requirement to form the second order wrinkle.
Back to the process of deposition, argon plasma is used to deposit aluminum film in this step. In
this process, the surface layer of PDMS was modified into a SiOs like material with nonuniform
thickness by argon plasma [109]. This layer serves as rigid film in the formation of second order
wrinkle.

The first order 2D aluminum film wrinkling is similar with that in previous research [21]. In
the deposition process, substrate is heated up and induce thermal expansion of PDMS substrate.
PDMS substrate shrinks upon cooling and brings compression on aluminum film in all directions,
which forms the 2D wrinkling pattern on modified PDMS layer. The wavelength of the wave shape
is about 1.1 um. According to the relationship between wavelength and materials’ properties
(E41=69 GPa) [21], the effective modulus of the modified layer can be estimated to be 30 M Pa,
which is higher than that of PDMS (5:1) (3.6 M Pa) and lower than that of SiOy (66 GPa). The
thickness of the Si05 layer is not uniform. To estimate the thickness of this effective layer, effective
modulus, wavelength of second order, and materials properties are substituted into Eq. and
yields the thickness to be 700 nm. For the third order wrinkle, with the amplitude and wavelength

. . . . 2
known, the maximum bending strain (maximum curvaturex hy/2, €pending = 2”/\2}“4) and membrane

strain (Emembrane = (1+7;2A§ 5~ 1 ii: ) in the wrinkled film are 0.12 and -0.14, respectively [74].
pre Te
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Figure 6.4: Patterns in different locations after strain recover. (a) Enlarged optical microscope
image of Fig. , (b) 3D AFM image of the pattern in the peak area of the third order wrinkle,
(c) 3D AFM image of the pattern in the valley area, (d) 3D AFM image of the pattern in the area
between peak and valley.
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thus, the strain in the peak of the third order wrinkle is -0.02 and that in the valley is -0.26. the
compression strain in the valley is the reason to form the wrinkle of the second order.

The second and third order wrinkling forms simultaneously upon the recovery of the prestrain.
The middle PDMS film serves as film and substrate. As thin film, it was compressed by PDMS
substrate in the strain recovery step, and as substrate, its deformation affects the pattern on its
surface. For formation of the second order wrinkle, deformation of the PDMS film offers strain
mismatch in the valley.

As we discussed previously, a new SiOy layer forms in the deposition step and this layer
serves as thin film in the second order wrinkle. To verify, 20 nm aluminum thin film is deposited
on prestretched 5:1 PDMS (25% strain) substrate under the same parameters setting, as shown in
Fig. . After deposition, 2D wrinkling forms (Fig. and c) and no significant difference was
found comparing with the previous results. After prestrain was recovered, new order 1D wrinkling
forms with first order 2D wrinkle on it, as shown in Fig. [6.6d. Fig. [6.6¢ shows the profile of such
1D wrinkle in horizontal and vertical direction. The wavelength in horizontal direction is about 5
wm and amplitude is about 600 nm, which are comparable with that of the wrinkling form in the
valley in previous experiment.

Prestrain in the samples discussed above is 20%, which leads to wrinkle of the second and
third order. In addition, we investigated the effect of higher level prestrain, such as 30%, on
the morphology of the surface. The thickness of the PDMS here is 61 um. Following the same
procedure, 20 nm aluminum film was deposited on PDMS film-PDMS substrate system (Fig. [6.7p).
Upon cooling, aluminum film wrinkles on PDMS film surface, as shown in Fig. [6.7b. Its profile is
shown in Fig. [6.7c. From the figure, we can see that 2D wrinkling pattern formed on the surface.
Comparing with previous samples (Fig. , no significant difference was found. This pattern
can be considered as uniform, which implies that effect of prestrain on the first order wrinkling is
negligible. After 30% prestrain was recovered, PDMS film folds instead of forming wavy shape.
Fig. is optical microscope image of the folded film surface. There are two narrow valleys that

located in the left and right side of the image, which are marked as fold. Center in this figure is
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peak region. Horizontal lines in this region are cracks due to Poisson’s effect. The profile of the
surface is shown in Fig. [6.7, which has period about 1250 pum and distance from valley to peak
about 290 pm. For the thin film-substrate system, folding is a type of strain localization, which
occurs when compressive strain applied increases beyond a critical value [103]. The reason behind
this phenomenon is the instability associated with a geometric non-linearity |110]. Figure is 3D
AFM images showing the surface of the peak region. Similarly, 1D wrinkle forms with 2D wrinkle
on top of it. The profile of 1D wrinkle is shown in Fig. [6.7k. The wavy shape of the 1D wrinkle
has wavelength ~4.7 ym and amplitude ~420 nm, which are in the same level with that in the

first sample.

6.4 Conclusions

In this chapter, a simple and low cost two steps method to fabricate three-dimensional hierar-
chical structure was presented. PDMS substrate with different prestrain were studied. The results
show that low prestrain induces wrinkling pattern with sinusoidal profile, while higher prestrain
leads to folding structure after strain recover. The hierarchical structure can be tuned by changing
the prestrain level. In both cases, no significant difference was found in the first order 2D wrinkling
induced by thermal expansion. Such structure has promising potential in tunable surface property,

optical gratings, and cell alignment.



Chapter 7

Summary

In summary, we demonstrate the process to fabricate smart surface wrinkling based on thin
film-substrate bilayer and multiple layer system. Wrinkling on the whole film surface and localized
area are investigated and three-dimensional hierarchical structure is also studied.

Si ribbon-SMP substrates system is used for studying the evolution of wrinkling pattern with
the recovery of the substrate under different temperature. We observed Si ribbon wrinkles with
uniform sinusoidal wavy profile. With the recovery of SMP substrate, wavelengths and amplitudes
of the wrinkled Si ribbon increase with time. The higher the recovery temperature, the shorter
time it uses to achieve equilibrium state. Results reveal that the wrinkling of stiff thin films on
thermal triggered SMP substrate is time and temperature dependent. This study is helpful for the
design of such structure and its applications.

Based on SMP thin film-PDMS substrate system, we built a controllable, programmable,
and reversible form of wrinkling. Totally three types of wrinkling cycles were investigated. By
adjusting the prestrain recovery of the substrate and system temperature, formation and disap-
pearance of the wrinkling pattern can be controlled in all of the cycles. Such system has potential
application in tunable optical gratings, surface engineering, and stretchable electronics. This study
is expected to offer a simple way to fabricate unidirectional wavy pattern and control its formation
and disappearance.

Using aluminum thin film-SMP substrate system, we demonstrate a self-assembly fabrication

method for programmable localized surface wrinkling by heat the sample locally, such as line
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heating and point heating. By controlling heat input, the size of surface wrinkling area can be
tuned. In line heating case, the localized wrinkle pattern shows good sinusoidal profile, with
wavelength and amplitude decreasing gradually away the heating source. For the point heating
case, two distinct wrinkling pattern formed in a circular area around the heat source with spoke
in the inner area and ring patterns in the outer of the circular area. This study provide an
easy and programmable approach to fabricate micro-scale localized wrinkling pattern and support
guidelines in potential applications, such as stretchable electronics, surface property control, and
other demanding applications.

We also developed a facile fabrication method that combines surface wrinkling induced by
thermal expansion and mechanical strain. The system used in this approach is a three layers
structure with aluminum film on top, stiff PDMS film in the center and pre-stretched soft PDMS
substrate in the bottom. Deposition of aluminum film induce first order 2D wrinkling by thermal
expansion. Recover of the prestrain of the substrate leads to second and third order wrinkling.
Interestingly, 1D wrinkle forms in the valley area of the second order wrinkle. Changing the
thickness of the film, mechanical strain, and materials can tune the size of the feature in the
hierarchical structure.

These results in this dissertation offer simple methods to fabricate different types of pro-
grammable surface wrinkling pattern, with potential applications in stretchable electronics, optical

gratings, surface engineering, advanced manufacturing, and other demanding applications.
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