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Abstract: The wrinkling structures, which can greatly improve the stretchability of the metallic
thin films, have been widely used in the preparation of stretchable devices. However, the artificial
wrinkling structures are often accompanied by the generation of microcracks, which seriously affect
the performance of the devices. In this work, by establishing the corresponding model, the transverse
strain of the longitudinally prestrained continuous film and the strip film is mechanically analyzed,
which is verified by experimental results; for the strain of blank substrate, the error of the model
was about 3.7%. It is difficult to avoid the generation of microcracks with continuous films, but
strip films can avoid the generation of microcracks to a certain extent. The experimental results
illustrate the various factors affecting the generation of microcracks. The transverse strain of the film
is proportional to the substrate’s Young’s modulus, Poisson’s ratio, thickness, and prestrain and is
basically inversely proportional to the strip film’s Young’s modulus, thickness, and strip interval.
Our results provide deeper knowledge for choosing proper metallic materials to fabricate stretchable
wrinkled devices.

Keywords: stretchable; wrinkle; microcrack; prestrain

1. Introduction

With the development of the application of wearable equipment, stretchable electronic
devices have attracted wide attention [1-3]. They have a wide range of applications in-
cluding disposable electronics, electronic skins, and flexible displays, due to their reliable
portability, excellent stretchability and bendability, fit to the human body, elastic deforma-
tion, etc. [4-10]. Presently, stretchable devices are mainly composed of polymer substrates
and functional layers directly coated or multi-step transferred onto them. However, the
elasticity of functional layers and polymer substrates is significantly different: for materials
with a certain tensile capacity, such as carbon nanotubes and Ag nanowire, the functional
layer can be stretched [11,12] and bent [13] to a certain extent. However, for many func-
tional materials, such as metallic thin films, are almost non-stretchable [14-16], and will
crack under a very small tensile strain, thus making the device unusable.

In recent years, wrinkling structures, which can greatly improve the stretchability of
the thin films, have been widely used in the preparation of stretchable supercapacitors, field-
effect transistor, spin valve, diodes, integrated circuits, etc. [9-12,17-25]. Khang et al. [23]
used chemical bonds to bond monocrystal strips to the prestrain (epre) polydimethylsiloxane
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(PDMS) and released the prestrain strips to form regular and controllable monocrystal
wrinkled strips. The metal oxide semiconductor field-effect transistor and diodes prepared
on this basis can maintain their properties when compressed or stretched to the prestrain
range. Jiang et al. [24] analyzed the influence of prestrain and mechanical properties of the
film and substrate on the wavelength and amplitude of the wrinkled structure in detail.
Based on the principle of the lowest energy of the film—substrate system after release, the
formula of wavelength and amplitude was optimized, and the influence of tensile amount
on the wavelength and amplitude of the wrinkled film was further deduced when the film
was stretched again. Recently, we prepared a wrinkled spin-valve through prestrain PDMS,
and the device could maintain good sensitivity with a large magnetoresistance effect in
the device [25]. However, the wrinkled metallic thin films are often accompanied by many
microcracks parallel to the prestrain direction, which will affect the performance of the
device. At present, there is no systematic study on the formation of microcracks, so it is
difficult to determine how various factors affect the generation of microcracks, and what
the main and secondary factors are; understanding these can better prevent the generation
of microcracks. In this work, by preparing wrinkled a structure with different prestrains
and different strip intervalss of metallic thin films, we explored the factors influencing the
formation of microcracks in wrinkled metallic thin films. The transverse strain caused by
Poisson effect of film is the cause of microcracks, and the formula of transverse strain of the
film was obtained through mechanical analysis, which was verified by experimental results
in different wrinkled metallic thin films. The analysis and conclusions are very important
for the preparation of stretchable wrinkled metallic thin films with good properties.

2. Materials and Methods

Several metallic thin films, including Ta (2.5 nm)/CoFeB (20 nm)/Ta (2.5 nm) film, Ta
(2.5 nm)/Co (20 nm)/Ta (2.5 nm) film, Ta (2.5 nm)/Pt (20 nm)/Ta (2.5 nm) film, and Ta
(25 nm) film, were chosen and sputtering-deposited on PDMS substrates with different
uniaxial tensile prestrains. The PDMS resin and the curing agent were proportioned in a
ratio of 10:1, and the PDMS was evenly distributed by spin-coating at 100 rpm/min for
20 s. After spin-coating at 250 rpm/min for 120 s, it was cured at 80 °C for 120 min. The
thickness of film and PDMS was measured by step profiler (Bruker, DEKTAK XT, Billerica,
MA, USA). The surface morphology of the films was observed by optical microscope and
atomic force microscopy (AFM, Bruker Dimension ICON, Billerica, MA, USA).

3. Results
3.1. The Cause of Microcrack Formation in Wrinkled Metallic Thin Films

As shown in Figure 1, in an ideal state, when the elastic substrate PDMS with length L
and width W is stretched horizontally to L(1 + ¢pre), due to the Poisson effect (Poisson’s
ratio v), the width in the vertical direction shrinks to w(W(1 — vépre)). Then, metallic thin
films are deposited on the surface of the stretched substrate. After releasing the prestrain,
the horizontal direction of the substrate shrinks from L(1 + épre) to L, and the thin film is
uniformly compressed in this direction to form an ordered wrinkled nanostructure. In the
vertical direction, the substrate will try to expand from w to W but can only be expanded
to (w + x) due to the clamping of the metallic thin films, and the tensile strain (x/w) of
metallic thin films in the vertical direction may produce microcracks. On the other hand,
the upper surface of the substrate is bound by the film, while the lower surface is free to
relax, which leads to the bending of the substrate.
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Figure 1. Schematic diagram of microcrack formation in wrinkled metallic thin films prepared by
the prestrain method; the transverse strain leads to the formation of microcracks after releasing

the prestrain.

When the prestrain is large, there are many microcracks in the wrinkled film after
releasing the prestrain. Figure 2a shows the optical image of a 30% prestrain wrinkled
Ta/CoFeB/Ta film with many microcracks, which can also be observed in the AFM image
(Figure 2b). When the prestrain is small, about 4% prestrain of CoFeB film and 10% prestrain
of Pt film, the film will not form microcracks after releasing the prestrain. Figure 2c shows
a 10% prestrain Pt film, which is curved and has no microcracks on the surface (Figure 2e),
but after the film is flattened (Figure 2d), microcracks will occur as shown in Figure 2f.

Figure 2. (a) Optical image of microcracks in 30% prestrain CoFeB film. (b) AFM image of a microcrack in 30% prestrain
CoFeB film. (c) Pt film with 10% prestrain, the film is curved. (d) Film in Figure 2c after being flattened. (e) Optical image of
Pt film with 10% prestrain, no microcrack. (f) Optical image of flatten film in Figure 2d, many microcracks appear.
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3.2. Transverse Strain of the Metallic Thin Films

How do the parameters of film and substrate, such as thickness, Young’s modulus,
Poisson’s ratio, and prestrain, affect the formation of microcracks in wrinkled metallic
thin films? Intuitively speaking, microcracks are caused by the transverse tensile strain of
the film. When the strain exceeds a certain critical value, the film will break and produce
microcracks. For the convenience of calculation, we equate the curved cross-section at red
dotted line in Figure 1 to the horizontal section and shift the strain on the lower surface of
the substrate to one side, as shown in Figure 3a. The thickness of the film is much thinner
than the substrate, and the Young’s modulus of film is very large, so the shape variables of
the upper and lower surfaces of thin film are considered equal. That is, if the width of the
film changes from w to w + x, then the strain of the film (¢) is:

sf:x/w 1)

SO
X =epw 2)

. Release

Figure 3. (a) For the convenience of calculation, the bending film is equivalent to the flattened film; w is the width of the

substrate under prestrain, w + x is the width of the film after releasing the prestrain, W is the width of the lower surface of

the substrate after releasing the prestrain. (b) Strain variation of substrate from the top surface to bottom surface; d is the

thickness of the substrate. (c) Optical image of bent film under vertical light source. (d) Schematic representation of the
bright and dark areas of the film. (e) The relationship between the width of bright areas and the curvature radius of thin
films; L is the width of the bright area of the curved film, R is the corresponding curvature radius.

If the width of the upper surface of the substrate changes from the original W to w + x,
then the upper surface strain is:

W—-w-—x

A )

The width of the lower surface of the substrate is restored to the original W, and the

strain is 0. As the substrate is relatively thin, it can be considered that the expansion from

the upper surface to the lower surface is linear, as shown in Figure 3b. The average strain

of the substrate can be calculated by dividing the strain integral by the substrate thickness:

W—-—w-—x W—w—sfw

&= Tow oW @
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The force balance between the film and the substrate:

W—w-—¢ Fw
efEfhel = EshsLW (5)
W —w)Esh
ey = ¥ —W)Eshs (6)
ZWthf + wEshg
Divide the numerator and the denominator by W:

VEpreEshs @)

T 2Efhy + Eis(1 — vepre)

where Ey and Es is the Young’s modulus of film and substrate, respectively, i and hs is
the thickness of the film and the substrate, respectively. Eshs(1 — vepre) is one order of
magnitude less than 2E¢y, and can be ignored for convenience of calculation:

®)

After the prestrain is released, due to the bend of the substrate, we cannot directly
measure the length change in the vertical direction and calculate the strain of the film.
However, we find that the middle part of the curved sample is bright and the edge is dark,
as shown in Figure 3c. The light irradiates the surface of the sample vertically, and the
curved surface reflects the light with the radius as normal. The inclination of the two sides
of the sample is large, so the reflected light cannot enter the microscope lens, while the
reflected light from the relatively flat middle areas can, so there are dark areas on both
sides and bright areas in the middle. The width of the bright region is independent of
the sample size but is determined by the inclination of the sample (Figure 3d). For this
microscope, the inclination is a fixed value; that is, the bright areas are arcs with a radian of
0 (Figure 3e). If the width of the bright area is L, the corresponding curvature radius is:

R= ©
2sin 5
so the actual width of the bright film is R, and the actual width of the lower surface of the
substrate is (R + d)f. When the prestrain is very small, it can be considered that the lower
surface of the substrate can recover to its original width, then the prestrain is the width of
the substrate and the film is:
(R4+d)0(1 — vepre) (10)

Before releasing the prestrain, the width of the film is (R + d)0(1 — vepr), and after
releasing the prestrain, the width of the film is R, so the strain of the film is:

RO~ (R+4)0(1 — vepr) Vepre(R+d) —d

T RO —vepe) R+ )1 vepe) (11)

Plugging this into Formula (7), we get:

1 —vepre 14 Eshs

R=d Vspre Zthf

) (12)

By flattening the substrate over the glass and gradually raising one end of the glass,
the bright surface will suddenly become dark at a certain angle, just like the dark sides of
the curved substrate. The slant angle of the glass slice at this time is the same as the bend
angle at the bright and dark junction of the bending sample, and the slant angle of the glass
sheet is measured to be about 10° at this time. Then, according to the width of the bright
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area measured by the optical microscope, the curvature radius R of the bending film can
be calculated.

3.3. Strain of Continuous Metallic Film

In order to ensure the accuracy of the calculation results, the mechanical properties
of PDMS substrate and PDMS with Ta/CoFeB/Ta thin films were measured. Figure 4a
shows the measurement method of Poisson’s ratio of PDMS. PDMS was first stretched to
a certain tensile strain, then a marker was made along the stretch direction, and finally,
the PDMS was gradually released to the original length and the width of the marker was
measured step by step. Thus, the width of the marker under different tensile strains can
be obtained, and the transverse strain of PDMS below the markers under different tensile
strains can be calculated. In Figure 4b, the red point is the experimental data of PDMS
transverse strain, and the green curve is the theoretical fitting value. When v = 0.4, the
theoretical value is in good agreement with the experimental value, so v = 0.4 is taken for
calculation. Figure 4c shows the stress—strain curve of PDMS within the elastic range of
0-50%, the Young’s modulus of PDMS was obtained by fitting Es = 1.14 MPa. For the film
on PDMS substrate, the mechanical properties of the film may be different from those of
the bulk material, so it is necessary to measure the mechanical properties of the films. The
PDMS was cut into long strips (about 30 mm x 6 mm), and the strip metallic CoFeB film
was prepared along the transverse direction and covered with them (the strip film was
about 6 mm long), as shown in Figure 4d. The PDMS substrate is slowly stretched along
the length direction, and the tension received at the strip is equal to that received at the
blank substrate:

(thf + Eshs)ff = Eghges (13)

where ¢; is the strain of blank substrate. E¢ of CoFeB film is about 84 GPa by calculation.

Strain
marker

(a) PDMS
25
- 71 0.6 Strain
----- Xp. 4|
20F —— Theo L
315} / S04t
w” / a r
10¢ e o
i 0.2
S5t ,/ b
p L
C
0 . . . ) (®) 0.0 L ) ( |) Strain
0 10 20 30 40 50 50

Prestrain g, (%)

25
£ (%)

Figure 4. (a) Poisson’s ratio (v) of polydimethylsiloxane (PDMS) substrate is calculated by measuring the change of marker
width on PDMS when releasing prestrain. (b) PDMS substrate Poisson’s ratio test results: the red point is the experimental

data, the green curve is the theoretical fitting value when v = 0.4. (c) PDMS tensile curve; when the tensile amount is 0-50%,

the Young’s modulus is 1.14 MPa by fitting, and the red curve is the theoretical fitting. (d) The mechanical properties of the

Ta/CoFeB/Ta thin films are calculated by measuring the strain of the film during the tensile process.

In order to verify the above analysis, films of different metallic materials under
different prestrains are prepared. When the prestrain of a metallic film reaches a certain
value, microcracks will appear on the bending film, and the strain value and curvature
radius of the film will increase rapidly due to its influence. Therefore, when microcracks
appear in the film, the amount of prestrain will not increase in the experiment, and the
last point of each kind of film corresponds to the amount of prestrain that microcracks just
appear, as shown in Figure 5a. The critical prestrain for microcracks in most metallic films is
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very small, 4-6%, and only Ta/Pt/Ta reaches 10% in this experiment. Therefore, for metallic
films, the critical prestrain cannot be greatly improved by adjusting the parameters of the
film and substrate. In addition, after the film is flattened, a large number of microcracks
appear in the film under small prestrain, so it is difficult to avoid microcracks in continuous
metallic films. Furthermore, the theoretical value of the film strain is quite different from
the experimental value. When the prestrain is small, the experimental value of the film
strain is negative, which is obviously contrary to reality. However, with the increase in
the prestrain, the film strain value increases rapidly and exceeds the theoretical value,
which is also reflected in Figure 5b. Figure 5b shows the corresponding radius of curvature:
when the prestrain is small, the experimental calculated value of the curvature radius of
the film is smaller than the theoretical value, and with the increase of the prestrain, the
experimental value gradually becomes larger than the theoretical value, which is the same
as the trend of the film strain. The reason for this phenomenon is that the order of error
in the experimental calculation is larger than the order of the film strain. The sources of
errors are as follows: the measurement of the bright area width of the bending film, the
measurement of the edge angle of the bright area, the fact that the film substrate cannot be
bent to an ideal extent due to the influence of gravity and other factors, and so on. These
errors add up to orders of magnitude (~1%) much larger than those of the thin film strain
(~0.1%), so it is difficult to determine the film strain and curvature radius quantitatively;
only qualitative analysis of its trend changes is possible, but its accuracy of theoretical
analysis cannot be verified through experiments. Therefore, the striped films are prepared
for further analysis.

25 -
L5p Exp. Theo.
[ Ta/CoFeB/Ta i Exp. Theo.
. Ta/Pt/Ta 20F s —— Ta/CoFeB/Ta
1.0} Ta ¢ —— TaPt/Ta
A Ta/Co/Ta * _ Ta
(ox n 513' A —— Ta/Co/Ta
= 05t =
) / 10}
0.0 H st
_05 s r'S . L L s L 0 L 1 1 | L ! ! 1
0O 2 4 6 8 10 12 14 0 2 4 6 & 10 12 14 16
Prestrain g, (%) Prestrain &, (“o)
(a) (b)

Figure 5. (a) Strain of different materials (25 nm thickness) on PDMS after releasing the prestrain as a
function of the prestrain. (b) Radius of curvature of different materials (25 nm thickness) on PDMS as
a function of the prestrain. The line is the theoretical value, and the point is the experimental value.

3.4. Strain of Strip Metallic Films

Like continuous films, strip films also appear curved, and two curved strips make
the blank substrate in the middle appear upward curved. In practice, the substrate can be
equivalent to a complementary trapezoidal link due to the small width and small curvature
of the strip film, as shown in Figure 6a. Therefore, the film will not only be subjected
to stress from the underlying substrate, but also from the adjacent blank substrate. The
proportion of the strip film before releasing the prestrain is y, and the proportion of the
blank strip substrate is (1 — y), so the relationship in Figure 6b can be obtained:

m= wl;y (14)

M=wi=Y (15)
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in the same way as the analysis of continuous film, and the strain of strip film can be ob-
tained:
ef = x/w (16)

The strain of substrate under the film is:

W—w—x W-w—¢gmw
€s1 W W (17)

The strain of blank substrate is:

W—w—x y W-w-—egmw

p— pr— 1
£s2 2L 1-y 2w (18)
The force balance between the film and the substrate:
e Bl = Bl O Y, Yy (19)
FRFRfR T e 2W 1—y
B (W — w)Eshs
= 2W(1 —y)Eshs + wEsh, 20)
Dividing the numerator and the denominator by W,
vepreEshs
€r = 21
S 21— y)Efhy + Eshs(1 — vepre) @1
The strain of the blank substrate is:
Eshs+ Eshg(1 — ve
£or Vﬁpre frf s s( pre) (22)

1 Vepre 2(1 — y)thf + Eshs(1 — vepre)

The 100 um width CoFeB films with different interval widths were prepared, and
compared with the continuous film in Figure 5a, the error between the theoretical value
and the experimental value of the strip film strain is reduced but was still around 100%, as
shown in Figure 6¢. The main source of error is the measurement error of the transverse
strain of the strip film, which is in the same order of magnitude as the strip film strain, so it
can only be analyzed qualitatively. It is the same with the theoretical calculation that the
transverse strain of the strip film varies linearly with the prestrain, and the larger the strip
film spacing is, the smaller the transverse strain is. The critical prestrain of the strip film
is much larger than that of the continuous film. The strip films with intervals of 75 um
show microcracks when the prestrain exceeds 10%, while the strip films with interval of
135, 180, and 270 um show microcracks when the prestrain is about 40%, which are circled
in black in Figure 6¢c. Among them, we first obtained that the 135 pm spaced strip films
produced microcracks at 37% prestrain, based on the fact that the critical transverse strain
of all types of strip films was the same when microcracks occurred. According to formula
(21), it is deduced that the strip with interval of 180 um will produce microcracks under
42% prestrain, and the strip with interval of 270 um will produce microcracks under 45%
prestrain. This is similar to the experimental data (42 and 46%) in Figure 6c, so the formula
can predict the prestrain range of microcracks formation in strip films well. Figure 6d
shows a blank interval substrate strain with different widths, and the experimental values
coincide well with the theoretical value when there is no microcrack. As shown in Table 1,
among the 15 groups of blank substrate strain data, only four groups of theoretical values
exceed the range of experimental values, which are marked in red. In addition, all errors
between theoretical values and experimental values are less than 10%, and the average
error is about 3.7%, which is far less than the error of the strip film (~100%). Considering
the errors in the width measurement and prestrain measurement, the theoretical formula
of blank substrate strain predicts the actual situation well. The film strain formula and the
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blank substrate strain formula can be derived from each other; thus, verifying the accuracy
of the blank substrate strain formula also indicates that the thin film strain formula is
accurate, and the process and result of formula derivation are correct. When the strip films
show microcracks, which are circled in black in Figure 6d, the tensile stress of the blank
substrate from the strip film decreases, so the substrate strain decreases, which is obviously
less than the theoretical value.

gy substrate
cubstrate

‘ [flatten

I3y substrate substrate

w — m Release Wt x
(b) E w E M 5

6

Exp.  Theo. s @ Exp. Theo < /
5 A l.rmn , 30} " 1180 pm )
-y 35um s v — pm
. ~——— 180 um - ~z | . 270 pm /
4F == 270 um ® @ 25 L] — 360 pm 7 @
—_ ST o5 / -
8 T S} .
S 3 - ‘! v z
W' R , w15} ] /
21 ",' S //
o A W g
T * 51(d)
0 L L . 0 s L . L
10 20 40 50 0 10 20 30 40 50

Prestrain €__ (%)

pre Prestrain € (%)

pre

Figure 6. Ta (2.5 nm)/CoFeB (20 nm)/Ta (2.5 nm) film. (a) The cross-section of the prestrain strip
film. (b) Analysis of single strip film. (c) Strain of 100 pm strip films with different spacing under
different prestrains. (d) Strain of blank substrates with different widths under different prestrains.
The lines are the theoretical values and the points are the experimental values.

Table 1. Comparison of experimental and theoretical values of transverse strain of blank strip
substrate in Figure 6d.

Blank Strip Experiment Strain
Substrate Width Prestrain (%) P (%) Theory Strain (%)

(um) ’
1.1 82+03 8.0

135 19.3 148+ 13 145
26.0 19.9 + 0.8 20.0
1.1 73405 7.2
19.2 139+ 1.1 12.8

180 26.0 194+18 179
36.4 25405 26.3
12.55 73+ 04 7.6
20.0 132405 12.7

270 24.9 159 + 0.2 16.1
34.1 24403 23.0
12.1 72+ 0.1 6.6
20.1 115403 113

360 31.0 183+ 0.8 182
36.8 208+ 02 22




Metals 2021, 11, 427

10 of 11

The parameters can be adjusted according to the formula when preparing stretchable
wrinkled films without microcracks for wearable devices. The maximum stretching amount
of human skin can reach 50% [26], so the prestrain should be more than 50%; in this case,
the thickness of the films becomes the main factor affecting the wavelength and amplitude
of the wrinkled structure [23], which will affect properties of the devices [10]. Therefore,
the thickness of the films has an optimal range to ensure the properties of the device,
which may be 30 or 50 nm. The remaining parameters that are most easily changed are the
thickness of the substrate and the width and interval of the strip films. They can be adjusted
flexibly according to different experimental conditions. For example, for 30 nm thick and
100 pm wide wrinkled strip film with 50% prestrain and 200 um thick substrate, the strip
interval of 200-300 pm can prevent the generation of microcracks, which is consistent with
our previous work [25]. However, the model we established is still relatively simple, and
many factors have been simplified. For example, the strain of the substrate under the strip
film is approximately linear (Figure 6a), which is more complicated in practice. The stress—
strain curve of the striped film is not a simple linear relationship, because elastic-plastic
deformation will occur when the strain of the film is large. Therefore, the average modulus
of the film in the strain process is experimentally calculated to reduce the error in Figure 4d.
In addition, there will always be some impurities in the strip films, where microcracks are
more likely to occur, which is where we simplify. Generally speaking, our model needs
further research and optimization, which is also the direction of our future research.

4. Conclusions

This work focuses on the formation of microcracks in prestrained wrinkled metallic
thin films; the causes of microcrack formation are studied and analyzed in detail. When the
longitudinal prestrain is released, the Poisson effect leads to the transverse stretching of the
film and thus microcracks appear. Through mechanical analysis, the formula of transverse
strain of the film produced by prestrain is obtained, which is verified by experimental
results in several wrinkled metallic thin films. For the strain of blank substrate, the average
error of the formula is about 3.7%. The transverse strain of the film increases with the
increase of the substrate’s Young’s modulus, Poisson’s ratio, thickness, and prestrain and
decreases with the increase of the strip film’s Young’s modulus, thickness, and strip interval.
According to the experimental results, microcracks can be mostly avoided when the 100 pm
wide strip film is spaced at 200-300 um, and the specific parameters can be adjusted more
conveniently according to the formulas to meet the performance requirements. The analysis
and conclusion are very important for the preparation of stretchable wrinkled metallic
films with good properties, but our model needs further research and improvement in
the future.
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