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Abstract: Poly (methyl methacrylate) (PMMA) possesses the excellent optical
properties and thermal stabilities, its shape memory effect can be triggered by heating or
solvent absorption. Zinc oxide (ZnO) films, the most common semiconductor materials,
were usually deposited on polymer substrates as a transparent conductive element for
applications to electro-optical devices. In this paper, ZnO films with different
thicknesses were deposited on PMMA substrates with different pre-strains. The

influences of the shape memory effect (SME), thermal expansion mismatch, and ethanol
soaking on the evolutions of surface topographies were systematically investigated.
Results revealed that the isotropic wrinkles without any preferential orientation were
induced by the thermal expansion coefficient mismatch between ZnO film and PMMA
substrate during annealing. The well-aligned wrinkles perpendicular to the direction of
pre-strain resulted from the SME of PMMA triggered by heating. In addition, cracks
appeared instead of wrinkles since the isotropic swelling of PMMA upon soaking in
ethanol.
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1. Introduction

Surface patterns induced by depositing a stiff film on the top of a compliant substrate
have been extensively investigated for their potential applications in electronic devices,
sensors, optical devices and actuators [1-5]. The mechanisms for producing surface
patterns include wrinkling, creasing, cracking, and buckling [6-11]. Wrinkling is one of
the surface buckling phenomena, which is conventionally generated in bi-layer
structures consisted of a thin metallic layer and a polymer substrate. Wrinkle structures
have a wide range of applications including switchable wettability, erasable systems and
flexible electronics, because their significantly influences on the wettability, roughness
and adhesion of the surface [3, 12-15].

Shape memory polymers (SMPs), a kind of stimulus responsive materials, have been
widely studied in the past decades due to their shape memory effect (SME) [16-21].
Such smart materials are capable of fixing the pre-deformed shape under appropriate
conditions, and then return from the temporary shape to the original shape under a right
stimulus, such as electricity, light, heat and solvent [22-30]. Specifically, a bi-layer
structure, which is composed of a mental layer and a thermally-induced, pre-stretched
SMP substrate, could form complex wrinkling patterns. When it is heated and then cool
down, the SME-induced compressive stress field inside the film can result in wrinkle
patterns [31-33].
Compared with other kinds of SMPs, poly (methyl methacrylate) (PMMA) as a kind
of physically cross-linked polymers, provide the excellent optical properties and thermal
stability. Such attractive features enable its applications in solar, sensor, battery
electrolytes, optical, and conductive devices [34-37]. The SME of PMMA triggered by
heating or solvent absorption in small strain condition has been previously reported
[38-40]. Recently, various metal and oxide films have been deposited on the PMMA
substrate to achieve different functional properties (for example, optical, and electrical),
and a variety of surface patterns are generated by using the SME or thermal expansion
mismatch [41]. Zinc oxide (ZnO) is one of the most common semiconductor materials
for applications to sensors and light emitting diodes (LEDs) [42-45]. ZnO films were
usually deposited on polymer substrates as a transparent conductive element for
applications such as electromagnetic shielding materials and electro-optical devices [46,
47].

ZnO film (and aluminum doped ZnO) has been frequently deposited onto PMMA to
form transparent electrode. In application, electro-thermal effect would be generated on
these ZnO transparent electrodes, and could trigger shape memory effect in the PMMA.
Deposition of ZnO films onto PMMA could easily generate wrinkle patterns on the
surface. By adjusting the film thickness or film stress appropriately, such wrinkle
patterns could be significantly changed. In that case, the properties of the ZnO devices
could be adjustable. In this paper, various surface wrinkling patterns were generated by
coating different thicknesses of ZnO films onto pre-stretched PMMA substrates. The
influences of pre-strain, post-annealing and ethanol soaking on the evolutions of surface
topographies of ZnO coated on PMMA were systematically investigated.

2. Experimental procedure

PMMA sheets obtained from Ying Kwang Acrylic, Singapore, with thickness of 1
mm and glass transition temperature ( Tg ) of about 110°C, were used in this study.
PMMA sheets were cut using a laser beam into the designed shape as shown in Fig. 1.
The gauge length of the samples was set as 20 mm. The samples were uniformly
pre-stretched by using the customized tensile vise into different predetermined strains
(0%, 1%, 5%) at high temperature of 120°C. And then, strain was kept until it cools
down to the room temperature (about 22°C), the cooling rate is 5°C/min. Subsequently,
ZnO films were deposited on one side of PMMA using a magnetron sputtering
equipment. Zn (99.99%) target was used during sputtering, with a DC power of 200 W
and an Ar/O2 flow ratio of 50/50 SCCM (standard cubic centimeter per minute) at a gas

pressure of ~5 mTorr. In order to investigate the influence of film thicknesses on the
surface morphologies, ZnO films with thicknesses varying from 5 nm to 65 nm were
deposited on PMMA substrate. The thicknesses of ZnO films were tuned by changing
the deposition time, and measured by a quartz crystal microbalance (QCM).
These samples of PMMA coated with ZnO film were heated to 120°C (above Tg of
PMMA substrate) at a heating rate of 5°C/min and kept for 5 minutes, followed by
cooling down to room temperature. Therefore, the PMMA could recovery to its original
shape completely and formed surface patterns. Surface morphologies of ZnO coated on
PMMA substrate were characterized using an optical microscope. The heated samples
were further soaked in ethanol for different durations to study the effects of
solvent-induced relaxation on the surface morphology of ZnO coated on PMMA. The
pre-strains of PMMA substrates and the thicknesses of ZnO films for the samples are
summarized in table 1.

3. Results and discussion

3.1. Surface morphologies

Figures 2-5 show the surface morphologies of the samples with different pre-strains
(0%, 1% and 5%) and various thicknesses of ZnO film (5 nm, 15 nm, 30 nm and 45 nm),
respectively. It can be found that the surface morphologies of ZnO film deposited on
PMMA substrate are dependent on the thickness of ZnO film, pre-strain and heating.
Before annealing, when the film thickness is small (5 nm), no apparent wrinkles can
be seen in the surface of the sample 3 (Fig. 2 (a)). Similarly, same weak surface features

could also be found on the surface of sample 1 and sample 2. The film stress in the ZnO
thin layer during deposition causes the formation of these weak patterns. If the thickness
of ZnO film is increased to 15 nm, sample 4 forms irregular and weak wrinkles on the
surface (as shown in Fig. 3 (a)). Similarly, sample 5 and sample 6 show the same
shallow wrinkles, and no significant differences appear on their surfaces, which indicate
that small pre-strain has little effect on the surface topographies after film deposition at
room temperature. For the samples with the film thickness of 45 nm, as illustrated in Fig.
5 (a1), it shows a large number of irregular cracks before annealing. These cracks divide
the surface into several closed domains. For sample 11 (Fig. 5 (b1)), there are
considerable cracks that slightly elongate along the pre-stretched direction. As shown in
Fig. 5 (c1), for sample 12, there are a majority of cracks aligned along the direction of
pre-strain.

In these samples, pre-strain significantly influences the surface

morphologies.
After annealing, many weak wrinkles perpendicular to the direction of pre-strain can
be observed on the surface of sample 3 (Fig. 2 (b), thickness of ZnO film is 5 nm). For
sample 1 and sample 2, the surface morphologies have very weak wrinkles after
annealing. It indicated that the pre-strain has little effect on the surface pattern when the
film thickness is small. From Fig. 3 (b), we can see that the disordered (isotropic)
wrinkles emerge on the surface of sample 4 with the film thickness of 15 nm. The
surfaces of sample 5 and sample 6 are occupied by wrinkles which are well-aligned to
the perpendicular direction of the pre-strain, as shown in Fig. 3 (c) and 3 (d).

Comparing Fig. 3 (b), 3 (c) and 3 (d), it can be found that wrinkles become increasingly
directional with the increase of pre-strains.
When the film thickness is increased to 30 nm, the disordered cracks emerge on the
surface of sample 7 after annealing (Fig. 4 (a)), and some wrinkles scatter around the
cracks. In comparison to Fig. 2 (b) and Fig. 3 (b), it can be inferred that there is a
critical value (the thickness of 30 nm) at which the cracks begin to generate. For sample
8 and sample 9 after annealing (Fig. 4 (b) and 4 (c)), wrinkles are gradually
disappearing, leaving only cracks along the pre-strain direction and perpendicular to the
direction of the pre-strain in the surfaces.
Fig. 5 (2) represent the evolution of surface cracks as the pre-strain increased. As
illustrated in Fig. 5 (a2), after annealing, sample 10 no longer shows clear wrinkles and
only a large number of irregular cracks can be seen. Compared with Fig. 3 (b) and Fig.
4 (a), plenty of irregular cracks divide the surface into several closed domains when the
thickness of ZnO film is beyond the critical value, 30 nm (mentioned above). With the
pre-strain increased to 5%, the cracks are aligned along the direction of pre-strain
increasingly. It can be concluded that initiation and evolution of the cracks depends not
only on the film thickness but also on the pre-strain.

3.2. Mechanisms of the surface formation

3.2.1.

Samples without pre-strain

During the deposition, plasma treatment and particle bombardment heat the surface of
PMMA substrate. The difference in the thermal expansion coefficients of ZnO film and

PMMA substrate brings about a two-dimensional isotropic tensile stress in the ZnO
film. This tensile stress increases as the increase of the deposition time, the thickness of
ZnO film increases simultaneously. After deposition, ZnO film contracts with PMMA
substrate during the samples cooling down to the room temperature, resulting in an
isotropic compressive stress in the ZnO film. If the film thickness is small (5 nm and 15
nm), this tensile stress and compressive stress are too small to form visible wrinkles.
Thus sample 4 forms irregular and weak wrinkles on the surface (Fig. 3 (a)). As the
thickness of ZnO film increase to 45 nm, this tensile stress exceeds the fracture strength
of ZnO film, and the disordered cracks emerge on the surface (as seen in Fig. 5 (a1) ).
During annealing, PMMA substrate thermally expands more than ZnO film
considering that PMMA substrate has a higher thermal expansion coefficient than ZnO
film. Therefore, isotropic tensile stress produces in the ZnO film upon heating, and this
stress evaluates with the increasing thickness of ZnO film. Therefore, ZnO film is in a
two-dimensional isotropic compressive stress field when the temperature is cooled
down to the room temperature. Subsequently, the resulting wrinkles are randomly
distributed (as shown in Fig. 3 (b)) [11, 41, 48, 49]. The wrinkling mechanism owing to
thermal expansion mismatch between ZnO film and PMMA substrate is illustrated in
Fig. 6.
For the stiff film buckling on a compliant substrate under isotropic compressive stress
filed, the critical wavelength of wrinkles ( c ), the critical stress (  c ) and the critical
strain (  c ) can be expressed as [41, 48-51]
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and  f are Young’s modulus and Poisson’s ratio of ZnO film,

respectively. Es and  s are Young’s modulus and Poisson’s ratio of PMMA substrate,
respectively. t f is the thickness of ZnO film. In this work, we choose the moduli of
ZnO film as E f =104 GPa ,  f =0.3 and PMMA substrate as Es =4.85 MPa ,

s =0.43 (at a full relaxation state) [41, 42, 52], respectively. The isotropic
compressive stress induced by thermal expansion mismatch between the ZnO film and
PMMA substrate during the annealing and cooling process result in the randomly
distributed wrinkles (Fig. 3 (b)). The critical parameters of c ,  c and  c can be
deduced by Equations 1-3. Consequently, c =1.8155  m ,  c  82.8652 MPa and

 c  0.0674% .
According to Fig. 2 (b), 3 (b) and 4 (a), there is a critical thickness of ZnO films (30
nm) to start to form cracks. The disordered cracks appear on the surface of sample 7
when the tensile stress induced by the thermal expansion mismatch between the
substrate and film exceeds the fracture strength of ZnO film during annealing. This
isotropic tensile stress is released by cooling after annealing, and the compression stress

forms in the ZnO film. Subsequently, wrinkles without direction scattered around the
cracks. The presence of cracks alleviates this compressive stress to a certain extent and
changes the stress field near the cracks. In the vicinity of the crack, the isotropic
compressive stress is converted to a uniaxial compressive stress parallel to the edge of
the crack [53, 54]. Consequently, some wrinkles are perpendicular to the edge of the
crack near the cracks (as shown in Fig. 4(a)).
As the film thickness further increases to 45 nm, cracks spread over the entire surface
and wrinkles no longer appear. During annealing, isotropic tensile stress produces in the
ZnO film due to the different thermal expansion coefficients of ZnO film and PMMA
substrate. The thicker the ZnO film, the greater the tensile stress. It is the reason for the
increase of cracks intensity as film thickness increased. These cracks release the
compressive stress in ZnO film induced by cooling, resulting in the absence of the
wrinkles (similar to the wrinkles in the Fig. 4 (a)).

3.2.2. Samples with pre-strain

Since PMMA substrate is in-plain pre-stretched along one direction in this
experiment, shape recovery occurs during annealing and the stored strain energy is
released in the PMMA substrate. Therefore, uniaxial compressive stress along the
pre-stretched direction appears in the ZnO film, resulting in the wrinkles perpendicular
to the pre-stretched direction. Fig. 7 shows the mechanism of wrinkles induced by shape
recovery, it illustrates that the wrinkles induced by SME perpendicular to the
pre-stretched direction. In addition, the thicknesses of ZnO film and annealing have

significant effects on the surface morphologies of ZnO coated on PMMA by comparing
the results of PMMA coated with 5 nm and 15 nm thickness of ZnO film. It can be
summarized that small pre-strain also have an impact on wrinkles, and wrinkles become
increasingly directional with the increase of pre-strain.
For the pre-stretched samples, well-aligned wrinkles (Fig. 3(c) and 3(d)) result from
uniaxial compressive stress along the pre-stretched direction in the ZnO film caused by
releasing the pre-strain during the shape recovery. The critical conditions in the stiff
film buckling on a compliant substrate under uniaxial compressive stress filed can also
be predicted by Equations 1-3. However, Equation (1) neglects the effect of Poisson’s
ratio, and it does not consider the influences of pre-strain. The theory considering the
effect of pre-strain was established to predict the buckling of a stiff film coating on an
elastic substrate at the condition of finite deformation. It was given by [12, 55]
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The average wavelength was calculated by equation (4) and experimental data,
separately. The average wavelength versus the applied pre-strain is shown in Fig. 8. It
indicates that the average wavelength is decreased with the pre-strain increasing.
The cracks generated in this experiment result from the thermal stress during the
annealing. The pre-strain leads to cracks aligned in the direction of pre-stretching. More
importantly, the larger pre-strain is, the more regular cracks are. After annealing, the
number of cracks increases, and the sizes of the closed domains decreases. It can be

attributed to thermal expansion and pre-strain release of the PMMA substrate during
annealing. The average length of the closed domains ( L ) and the average width of the
closed domains ( W ) are shown in the Fig. 5 (a1). The aspect ratio ( R  L / W ) of closed
domains on the surfaces of sample 10, sample 11 and sample 12 before annealing are
measured and shown in Fig. 9. It reveals that the aspect ratio of closed domains is about
linearly proportional to the pre-strain. The fitting lines are Rbefore  1.16  107.57 and
Rafter  0.95  99.33 for samples with 45 nm ZnO film before and after annealing,

respectively. The length-width ratio of closed domains increases with the increase of
pre-strain. After annealing, the slope of the fitting line decreases.

3.3. Soaking in ethanol

Fig. 10 shows the evolution of surface morphologies of sample 3, after annealing, and
after soaking in ethanol for different times. The wrinkles on the surface induced by
annealing (Fig. 2 (b)) become shallower after soaking for 2 hours. As the soaking time
increases to 36 hours, wrinkles are less distinct and the cracks appear. It can be
explained that swelling behavior caused by absorption of ethanol is isotropic, which
produces tensile stress in arbitrary direction in the ZnO film. Thus, wrinkles disappear
and cracks appear with the increase of soaking time.
Fig. 11 shows the evolution of surface morphologies of sample 4 and sample 6, after
annealing, and after soaking in ethanol. Compare Fig. 11 (a) and Fig. 3 (b), it can be
seen that the wrinkles of heated samples disappear, while a large number of disordered
cracks emerge after soaking these samples in ethanol. Compare Fig. 11 (b) and Fig. 3

(d), it can be observed that many cracks perpendicular to the pre-strain instead of striped
wrinkles. As the soak times increases, the width of cracks increases. It is attributed to
the isotropic tensile stress produces in the ZnO film by uniform swelling of PMMA
immersing in ethanol. PMMA absorbs more ethanol with the extension of soaking time.
It strengthens the phenomenon of swelling and cracks become much more obvious.

Fig. 12 shows the evolution of surface morphologies of sample 10, sample 11 and
sample 12, after annealing, and after soaking in ethanol. After soaking in ethanol, the
difference between sample 10, sample 11 and sample 12 become obvious. The surface
of sample 10 does not peel-off at all, slightly peel-off in the surface of sample 11, and
seriously peel-off in the surface of sample 12. The reasons contributed to such results
can be summarized two aspects. Firstly, the combined-energy-barriers between ZnO
film and PMMA substrate have been significantly increased after the PMMA substrate
is pre-stretched, while energy lose leads to ZnO film peel-off after soaking in ethanol.
Secondly, more irregular patterns generated due to the osmotic effect, which means that
for 5% pre-stretched samples, more ethanol infiltrates into the crevice between ZnO
film and PMMA substrate than 0% pre-stretched samples.

4. Conclusions

In this study, we investigate the influences of the SME, thermal expansion mismatch,
and ethanol soaking on the evolution of surface topographies generated by depositing
the ZnO film on top of PMMA. Firstly, owing to the thermal expansion coefficients
mismatch between the ZnO film and PMMA substrate, the isotropic compressive stress

generated in the ZnO film and the isotropic wrinkles formed during annealing.
Furthermore, the uniaxial compressive stress produced in the ZnO film because of the
SME of PMMA triggered by heating, resulting in the wrinkles perpendicular to the
direction of pre-stretch. Moreover, the thicknesses of ZnO film had a significant effect
on the surface morphologies, and the 30 nm was a critical thickness of ZnO film for
cracking phenomenon. Finally, cracks emerged due to the isotropic tensile stress in the
ZnO film induced by swelling of PMMA upon soaking in ethanol.
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Figures (Fig. 1-Fig. 12):

Fig. 1. Dimensions of sample of PMMA substrate.

Fig. 2. Optical micrographs of sample 3 (a) before annealing; (b) after annealing.

Fig. 3. Optical micrographs of (a) sample 4 before annealing; (b) sample 4 after
annealing; (c) sample 5 after annealing; (d) sample 6 after annealing.

Fig. 4. Optical micrographs of (a) sample 7; (b) sample 8; (c) sample 9; after annealing.

Fig. 5. Optical micrographs of (a) sample 10; (b) sample 11; (c) sample 12; (1) before
annealing and (2) after annealing.

Fig. 6. Wrinkle generated on un-stretched samples by the thermal expansion mismatch.

Fig. 7. Wrinkle formed in pre-stretched samples by the SME.

Fig. 8. The average wavelength versus the applied pre-strain.

Fig. 9. The aspect ratio of closed domains in ZnO film occurred before and after
annealing.

Fig. 10. Evolution of surface morphologies of sample 3 after soaking in ethanol for (a) 2
hours; (b) 36 hours.

Fig. 11. Evolution of surface morphologies of (a) sample 4; (b) sample 6; after soaking
in ethanol for (1) 2 hours; (2) 36 hours.

Fig. 12. Evolution of surface morphologies of (a) sample 10; (b) sample 11; (c) sample
12; after soaking in ethanol for (1) 2 hours; (2) 36 hours.

Table:

Table 1. Pre-strain and thickness of ZnO film of the samples.
Thickness of
Number

Pre-strain (%)

Thickness of

Pre-strain

ZnO film (nm)

(%)

Number

ZnO film (nm)

sample 1

5

0

sample 7

30

0

sample 2

5

1

sample 8

30

1

sample 3

5

5

sample 9

30

5

sample 4

15

0

sample 10

45

0

sample 5

15

1

sample 11

45

1

sample 6

15

5

sample 12

45

5

