PHYSICAL REVIEW E 100, 052804 (2019)

Hierarchical crack patterns of metal films sputter deposited on soft elastic substrates
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Controlled cracks are useful in a wide range of applications, including stretchable electronics, microfluidics,
sensors, templates, biomimics, and surface engineering. Here we report on the spontaneous formation of
hierarchical crack patterns in metal (nickel) films sputter deposited on soft elastic polydimethylsiloxane (PDMS)
substrates. The experiment shows that the nickel film generates a high tensile stress during deposition, which is
relieved by the formation of disordered crack networks (called primary cracks). Due to the strong interfacial
adhesion and soft substrate, the cracks can penetrate into the PDMS substrate deeply. The width and depth of
the primary cracks both increase with increasing film thickness, whereas the crack spacing is insensitive to the
film thickness. The film pieces dividing by the primary cracks can fracture further when they are triggered by an
external disturbance due to the residual tensile stress, resulting in the formation of fine crack networks (called
secondary cracks). The width and spacing of the secondary cracks show different behaviors in comparison to
the primary cracks. The morphological characteristics, growth behaviors, and formation mechanisms of the
primary and secondary cracking modes have been discussed in detail. The report in this work could provide

better understanding of two distinct cracking modes with different sizes and morphologies.

DOI: 10.1103/PhysRevE.100.052804

I. INTRODUCTION

Fracture patterns can be widely observed in natural sys-
tems, including geological structures, rocks, drying mud, and
biological tissues [1-3]. They are also very common in ar-
tificial systems such as aged paints, coatings, films, and 2D
materials [4-6]. Although fractures are usually troublesome in
the fabrication and usage of functional devices, recent studies
also showed that controlled cracks can be beneficial for a va-
riety of technical applications including micro/nanofluidic de-
vices [7,8], stretchable transistors [9], conducting electrodes
[10,11], pressure sensors [12,13], selective surface adsorption
[14], controlled wettability [15], biological assays [16], etc.
The controllable formation of various crack arrays is intrinsic
and necessary to attain specified goals (or use in different
fields). For examples, the crack-assisted lithography needs
cracks with completely controlled propagation paths, which
can be regulated by prefabrication of notch structures (for
crack initiation) and free boundaries (for crack termination)
[8,17]. The crack-based microfluidics requires unidirectional
cracks (no strict requirement for crack period and propagation
path), which can be conveniently fabricated and tuned by uni-
axial stretching and releasing [7,8]. Both regular and random
crack arrays can be used as crack-based ultrasensitive sensors
[12,13]. Only randomly oriented crack arrays are needed
for crack-assisted templates (e.g., fabrication of transparent
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conducting electrodes) to minimize the Moiré effect problem
and decrease the fabrication cost [10,11].

Although the basic understanding of an isolated crack
propagation has been captured by a fracture mechanics ap-
proach, formation of fascinating patterns with appearance of
multiple cracks, i.e., wavy [18], spiral [19], starlike [20],
en passant [21], and so on, is still a challenging problem
even in 2D cases due to complex crack interactions. The
rich variety of crack patterns is more frequently generated in
film-substrate systems under residual tensile stress or mechan-
ical loading since it could be also influenced by mechanical
property of the substrate and the interface property between
film and substrate. There exist three distinct crack modes in
the film-substrate systems including cracks within the film,
cracks penetrating into the substrate, and cracks with interface
debonding [22-24]. For weak interfacial adhesion strength,
the cracks are susceptible to deflect into the interface, leading
to interface debonding or delamination [25,26]. If the fracture
toughness of film is much smaller than that of substrate, then
the cracks are usually limited within the film. The so-called
mud crack patterns observed in drying thin layers [27-30] or
in amorphous Si thin film electrodes during electrochemical
cycling [31] belong to this film cracking scenario.

Understanding characteristic size and hierarchy of these
crack patterns has been greatly improved [32—47]. Hexagonal
crack pattern can be viewed as a result of maximizing the
total energy releasing rate [35]. Anisotropic crack pattern
can be induced by directional drying [37]. There is temporal
hierarchy of crack patterns that depends on the cracking
history since the existing cracks regulate the elastic stress field
that governs formation of future cracks [32-34]. Selection rule
of ring or radial crack patterns observed in brittle coatings

©2019 American Physical Society


https://orcid.org/0000-0001-9411-6458
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.100.052804&domain=pdf&date_stamp=2019-11-19
https://doi.org/10.1103/PhysRevE.100.052804

YU, MA, HE, AND NI

PHYSICAL REVIEW E 100, 052804 (2019)

due to indentation has been established in a fracture mode
map in terms of two dimensionless parameters [36]. For the
characteristic size of these crack patterns, a common feature
is that it increases with increasing the film thickness as a
power-law of 2/3 or 1 [38—47]. When the delamination occurs
at the interface the power-law is 1, which can be understood
by a shear-lag analysis [39,40] or the concept of maximizing
energy release rate [26,41]. When the delamination is limited,
the power-law is 2/3, which can be explained as the result
of compromise between the energy cost of creating new sur-
faces and the elastic energy released during cracking [42—-46].
Interestingly, if the fracture toughness of substrate is not very
high or crystallographic substrates are applied, then the cracks
tend to penetrate into the substrate under high tensile stress. It
has been reported that the cracks in brittle films (Si3Ny, silica,
or manganite) can penetrate into crystallized substrates (Si
or scandate), leading to periodically oscillating crack paths
along specific orientations [17,48-50]. When a buffer layer
(Si0,) was intercalated into the interface between the film
and substrate, the cracks will terminate at the buffer layer
surface and the crack orientation vanishes [17,50]. The cracks
penetrating into the substrate are also frequently observed in
brittle films on ductile and compliant substrates such as brass,
polyethylene terephthalate (PET) and polydimethylsiloxane
(PDMS) [51-53].

Although various cracking phenomena in metal and inor-
ganic films on compliant substrates have been documented
in the previous literature [4,51-54], the understanding for
initiation, evolution, and thus control of the cracks (especially
those penetrating into the substrate) is still insufficient up to
now. In this work, we report on the spontaneous formation
of hierarchical crack patterns in nickel films sputter deposited
on soft PDMS substrates. Two distinct cracking modes with
different morphologies and formation mechanisms, namely
primary and secondary cracks, are observed in the experiment.
The primary cracks are caused by the high tensile stress in the
film during the sputtering process and they can penetrate into
the PDMS substrate deeply. Their width and depth increase
with increasing film thickness, while the number density is
almost unchanged during deposition. The secondary cracks
triggered by an external disturbance rarely penetrate into the
substrate, and the crack width is inversely proportional to
the crack number density. The results provide the ability to
generate controlled crack morphologies via regulating the film
thickness and mechanical loading.

II. EXPERIMENTAL DETAILS

A. Substrate preparation

Polydimethylsiloxane (PDMS, Dow Corning’s Sylgard
184) was adopted as soft elastic substrates in this study. The
gel and cross-linker were mixed with 10:1 weight ratio. After
degassing in a low-pressure chamber, the liquid PDMS was
spin-coated onto clean glass slides with about 10 x 10 mm?
in size. The rotation speed and time were fixed at 3500 rpm
(revolutions per minute) and 30 s, respectively. Then the sub-
strates were placed onto a hot plate with 80 °C for more than
3 hours, resulting in the transition from liquid PDMS to solid
PDMS. The thickness of the solidified PDMS layer was about
22 pm. The elastic modulus of PDMS (upon compression)

was about 2.7 MPa measuring by a material testing machine
(Instron 3367). The vacuum condition and heating treatment
(below 150 °C) have no obvious influence on the optical and
mechanical properties of the PDMS.

B. Film fabrication

The films were prepared by using direct current magnetron
sputtering at room temperature. The sputtering target was a
piece of nickel disk with the purity of 99.9%, the diameter
of 60 mm and the thickness of 3 mm. Before sputtering,
the gas pressure of the vacuum chamber was pumped below
2 x 107*Pa. Then the pure argon gas was filled into the
chamber with the fixed pressure of 0.5 Pa. During sputtering,
the electric current and voltage were about 0.2 A and 280 V,
corresponding to a sputtering power of 56 W. The deposition
rate of the film was calibrated to be about 0.25 nm/s. The
deposition time was controlled by a computer and was ranged
from 10 s to 20 min in this study. The elastic modulus of metal
nickel (material parameter) was about 200 GPa, which was
~10° larger than that of PDMS.

C. Characterization

An optical microscopy (Olympus BX41) was used to in-
vestigate the surface morphologies of the films. A scanning
electron microscopy (SEM, Zeiss Supra 55) was adopted to
detect the details of the sample surface in the crack region.
An atomic force microscopy (AFM, XE-100E, PSIA) was
used to scan the 3D information of the crack patterns. A
Vicker’s diamond indenter (HXS-1000AY) was performed
to investigate the influence of external loading on the crack
morphology. The peak load P was varied from 0.1 to 10 N.

III. RESULTS AND DISCUSSION

A. Primary cracks

The typical surface morphologies of nickel (Ni) films
sputter deposited on PDMS substrates with varied film
thicknesses are shown in Fig. 1. The surface morphology of
a thickness-gradient nickel film on the PDMS substrate can
refer to Supplemental Material Fig. S1 [55]. When the film
thickness is below a critical value (about 10 nm), the film sur-
face is homogenous and rough under the optical microscope
with small magnification, as shown in Fig. 1(a). In fact, the
rough film surface is composed of labyrinth wrinkles resulting
from isotropic residual compressive stress [see the inset of
Fig. 1(a)]. The wrinkle wavelength increases obviously with
increasing film thickness, as shown in Supplemental Material
Fig. S2 [55]. The evolution of the wrinkling patterns in
the thickness-gradient film can refer to our previous work
[56]. The thickness-dependent wrinkling phenomenon is in
agreement with many experimental observations [4,57-59]
and theoretical prediction [59-61]. For a stressed film de-
posited on substrates, the energy releasing rate for a crack
is proportional to the film thickness [22]. When the film
thickness is beyond the critical value, cracks (namely primary
cracks) start to form in the film, as shown in Fig. 1(b).
The wrinkles are always perpendicular to the cracks due to
the edge effect, as shown in Supplemental Material Fig. S3
[55]. The crack patterns become dominant while the surface

052804-2



HIERARCHICAL CRACK PATTERNS OF METAL FILMS ... PHYSICAL REVIEW E 100, 052804 (2019)

©

FIG. 1. Typical surface morphologies of Ni films sputter deposited on PDMS substrates with varied film thicknesses taken by the optical
microscopy. (a) h =7.5 nm; (b) A =10 nm; (c) A = 15 nm; (d) # =30 nm; (e) 2 = 90 nm; (f) # = 150 nm. Each image has a size of
1390 x 1040 um?. The inset of (a) shows the enlarged atomic force microscopy (AFM) image with the size of 20 x 20 um?2. The spacing
between neighboring cracks and the crack width are denoted as d and w, respectively.

wrinkles degenerate gradually with further increasing film  degrees, similar to the disordered crack networks observed in
thickness. The primary cracks are usually orthometric with  drying mud, sol-gel films and plasma-treated PDMS surfaces
each other and the intersection angles are almost equal to 90 [1,4,10,11,28,53].
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FIG. 2. (a), (b) Distributions of the spacing and width of primary cracks for the sample with # = 150 nm. The solid lines are fits to Gaussian
distributions. (c) Dependence of the average crack spacing d on the film thickness 4. The solid line represents an average value of ~ 270 um.
The inset shows the relation between normalized crack spacing d/h and film thickness &. (d) Dependence of the average crack width w on the
film thickness 4. The solid line is a linear fit to the experimental data for smaller film thickness.
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FIG. 3. Three-dimensional AFM images (top) and corresponding profiles (bottom) for the center (a) and side (b) of a primary crack.
The depth of the crack and the lifting height at the crack edge are denoted as A and 8, respectively. Both AFM images have the sizes of

45 x 45 um?. The scale bar can be applied to both images. & = 60 nm.

It should be noted here that the primary crack patterns in
each sample are uniform. The optical micrographs of two
samples with different film thicknesses are shown in Sup-
plemental Material Figs. S4 and S5 [55]. We have measured
a large number of spacing and width of primary cracks for
each sample, as shown in Supplemental Material Figs. S6
and S7 [55]. Here the crack spacing is the distance between
the two midpoints of opposite sides and the crack width is
equivalent to fracture aperture. Figures 2(a) and 2(b) show the
distributions of the spacing and width of primary cracks for
the sample with 2 = 150 nm. The experimental data in each
image fit well to a Gaussian distribution. Figures 2(c) and 2(d)
show the dependences of the average spacing d and average
width w on the film thickness /. We find that the crack spacing
is almost unchanged when the film thickness is beyond 10 nm
and its average value is about 270 pm. Near the critical point
at which the primary cracks start to form, the crack spacing
is much larger than the average value. On the other hand,
the crack width increases approximately linearly with A for
smaller film thickness. For large film thickness, however, the
experimental data deviate from linearity gradually. Similar
phenomenon that the crack width increases with the film
thickness has also been observed in the drying colloidal
systems and aged paintings [62].

To detect more structural details of the primary crack
patterns, 3D images and corresponding profiles were taken
by the AFM and the typical results are shown in Fig. 3.
The AFM images and profiles for the primary crack in a
thickness-gradient film can refer to Supplemental Material

Fig. S8 [55]. The statistical results (including crack width,
crack depth, etc.) for the primary crack in the thickness-
gradient film are shown in Supplemental Material Fig. S9
[55]. We find that the crack profile is “V” shaped. Each edge
of the crack has a peak due to the deformation of the soft
substrate, in consistent with the previous studies [4,52,63,64].
The crack zone collapses obviously compared to other film
surfaces, resulting in the formation of a neck of PDMS at the
crack. It can be seen from Fig. 1 that there exist three different
regions: a black central line, a bright thin line, and a shadow
region on each side. The black central line corresponds to
the primary crack, the bright thin line represents the peak at
crack edge and the shadow region is attributed to the uneven
film surface near the crack. As the magnifications of optical
micrographs increase, the shadow regions become obscure
and indistinguishable, as shown in Supplemental Material
Fig. S10 [55]. To detect whether or not the film delaminates
from the PDMS substrate near the crack, we have examined
the cross-sectional profiles of the film-substrate system, as
shown in Supplemental Material Figs. S11 and S12 [55]. All
the experimental measurements including optical microscopy,
AFM and SEM indicate that no obvious interfacial debonding
occurs near the crack. The depth of the primary crack (of the
order of 1 um) is much larger than the film thickness (tens
nanometers), indicating that the primary crack has penetrated
into the PDMS substrate deeply [17,48-53].

Figure 4(a) shows the dependence of the crack depth A on
the crack width w for varied film thicknesses. We find that the
crack depth increases approximately linearly with the crack
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FIG. 4. (a) Dependence of the crack depth A on the crack width
w for varied film thicknesses. (b) Dependence of the lifting height
8 on the crack depth A. The solid lines are linear fits to the
experimental data.

width, independent of the film thickness. This result indicates
that the aspect ratio of the crack can keep constant when
the crack size changes. Figure 4(b) shows the dependence
of the lifting height & at the crack edge on the crack depth
A. The lifting height also increases approximately linearly
with the crack depth. The film liftings at the two sides of
crack are caused by the combined necking and the Poisson’s
ratio effects. After cracks form, the necked region causes
the film surface near the crack edge downward while the
further stress releasing near the crack edge dominated by
local bending results in out-of-plane lifting. Actually, the
analogous phenomenon is also obtained in previous work both
by experimental observation and numerical simulation [52].
When the film thickness increases, the stress energy increases
accordingly (for details see the following description), result-
ing in the increase of the crack width w, crack depth A, and
lifting height §.

It is well known that the internal stress is composed of
intrinsic stress and thermal stress. For many film materials, the
intrinsic growth stress is initially compressive, then tensile and
then again compressive as the film thickness increases [65].
The residual stress in the film is further modified by thermal
expansion mismatch during heating or cooling. In our exper-
iment, the system temperature can increase obviously during
deposition owing to the particle bombardment and heat radia-
tion [53,56-59]. The average temperature of the film-substrate
system can rise ~2.2K/min during the film deposition

measuring by an infrared thermometer. The thermal stress of
the film can be calculated by oy, = “L9=9DAT "yhere E s

1—v
the elastic modulus of film, v is the Poissor{’s ratio of film, oy
is the thermal expansion coefficient of film, «; is the thermal
expansion coefficient of substrate, and AT is the temperature
variation [65]. For Ni/PDMS system, E; ~ 200 GPa, v, ~
03, oy *9x 10°K™!, oy~ 32 x 107K, AT ~ 44K
for 20 min deposition, and then the thermal stress of the
thickest film can be estimated to be about 4.0 GPa.

The stress energy increases with increasing deposition
time, i.e., film thickness. When the tensile stress is beyond
the breaking strength of the brittle Ni film, cracks start to
form in the film. The selection of the cracking modes is
mainly determined by the interfacial adhesion strength and
substrate rigidity [22,23]. In our experiment, the energy of the
sputtering particles is very large (about several electron-volts),
improving the interfacial adhesion strength greatly [53,58,59].
As a result, the interface debonding and interface sliding are
suppressed effectively. On the other hand, the PDMS substrate
is soft compared to a rigid substrate, and thus the film crack
can penetrate into the substrate easily [51-53]. Therefore, the
cracks penetrating into the substrate are the most frequently
observed mode in our experiment.

As shown in Fig. 1, a stable primary crack network has
formed at about 2 = 15 nm. When the film thickness further
increases, there are two mechanisms to release the increasing
stress energy: enlarging the already existed cracks or form-
ing new intersectional cracks. The former is favorable for
weak interfacial adhesion cases such as the tectonic plates
in geography or thin films floating on a liquid surface [66].
While the latter is favorable for strong interfacial adhesion
cases such as the ceramic paints or thin films deposited on
a rigid substrate [1,67]. In our experiment, the substrate is
soft elastic PDMS, falling in between the liquid substrate and
rigid substrate. As shown in Figs. 1 and 2, the stress energy
is mainly released by enlarging the already existed cracks.
Therefore, the primary crack number is almost unchanged
but the crack width increases obviously with increasing film
thickness.

B. Secondary cracks

Our experiment also shows that the film pieces surrounding
by the primary cracks can further fracture to form fine crack
networks (namely secondary cracking), as shown in Figs. 5(a)
and 5(b). The secondary cracks are usually observed in the
samples with larger film thickness (2 > 150nm). It can be
seen from Fig. 2(d) that as the film thickness increases, the pri-
mary crack width increases quickly first and then the growth
speed slows down gradually. It means that the residual tensile
stress stored in the film pieces may increase with increas-
ing film thickness. Therefore, the samples with larger film
thickness are susceptible to generating secondary cracking. It
should be noted here that the film pieces surrounding by the
primary cracks are metastable although they are suffered from
a large residual tensile stress. The spontaneous secondary
cracks are randomly distributed in the film pieces for each
sample.

The secondary cracks are quite different from the primary
cracks and their differences are listed as following. First, the
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FIG. 5. (a), (b) Spontaneous crack branching phenomenon (secondary cracking) in the film pieces dividing by the primary cracks. The
arrows denote the central points of crack nucleation. Each image has a size of 1390 x 1040 um?2. & = 150 nm. (c) Dependence of the crack
width w on the crack spacing d for the secondary cracking mode. The solid line is a linear fit to the experimental data. (d) Schematic diagram
of secondary cracks in the film-substrate system. The symbols L, d, w, h, H, and &, represent the substrate length, film island width, crack

width, film thickness, substrate thickness, and tensile strain, respectively.

morphologies for primary and secondary cracks are different.
The primary cracks are broad but their spacing is quite large,
while the secondary cracks are narrow but dense. Usually,
the larger crack spacing corresponds to a larger crack width.
Figure 5(c) shows the quantitative relationship between the
crack width w and the crack spacing d for the secondary
cracking mode. It shows that the crack width w increases
approximately linearly with the crack spacing d. The in-
tersection angles of primary and secondary cracks are also
quite different. The distributions of the intersection angles
for primary and secondary cracks are shown in Supplemental
Material Fig. S13 [55]. It shows that the angles between
the primary cracks are close to 90 degrees, corresponding to
the orthometric phenomenon of the primary cracks. However,
the angles between the secondary cracks are deviated from
90 degrees greatly and the mean value is about 52 degrees.
Second, the formation processes of primary and secondary
cracks are different. The primary cracks grow slowly and
gradually during the film deposition while the secondary
cracks propagate drastically and suddenly. The detailed struc-
tures for the primary and secondary cracks have been detected
by the SEM, as shown in Fig. 6. The optical micrographs of
the primary cracks with different magnifications are shown
in Supplemental Material Fig. S10 [55]. It is clear that the
secondary crack profile is comparatively smooth but the pri-
mary crack profile is much rough and step-like, indicating
that the enlargement of the primary crack is not successive

but step-by-step. During the film deposition, the tensile stress
increases gradually. The energy releasing rate for a crack
is proportional to the square of the tensile stress. When
the energy releasing rate is larger than the relevant fracture
resistance, the primary crack initiates and expands to a certain
width instantaneously. After that, the local stress energy is
released effectively and the crack expansion stops. Then the
metal atoms deposit on the film pieces and the crack regions
simultaneously, leading to the formation of a new continuous
film with small thickness in the crack groove. Meanwhile,
the tensile stress increases gradually and reaches the critical
value again. Because the stress tends to concentrate at film
imperfections and the thinner film possesses smaller breaking
strength, the next cracking always occurs in the crack region,
leading to the incremental expansion of the primary crack.
Therefore, the primary crack profile is rough and step-like,
showing multiple cracking traces. For secondary cracking
mode, the crack formation is within a very short time, and thus
the profile is comparatively smooth. It should be noted here
that the secondary cracks can form during or after the film
deposition. If the secondary cracks form during deposition,
then the subsequently deposited film in the crack groove
can undergo similar incremental expansion, leading to the
increase of the width of the secondary cracks, as shown in
Supplemental Material Fig. S14 [55].

Third, the driving factors for primary and secondary cracks
are different. The primary cracks are driven by the thermal
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FIG. 6. Scanning electron microscopy (SEM) images for the
primary (a) and secondary (b) cracks. 4 = 150 nm.

stress due to the temperature change during deposition, while
the secondary cracks are mainly triggered by an external
disturbance. As shown in Figs. 5(a) and 5(b), each secondary
crack pattern possesses a central point, corresponding to
the stress concentration and crack nucleation. Based on the
experimental observations, the central points are randomly
distributed on the film piece. They may be at the primary
crack [Fig. 5(b), left], near the primary crack edge [Fig. 5(b),
right], or close to the center of the film piece [Fig. 5(a)].
The secondary cracks propagate outwards from this central
point, mainly along the radial direction with many bifurca-
tions. During this process, triple-branched phenomena are fre-
quently observed, and thus the angles between the secondary
cracks are deviated from 90 degrees greatly. Similar branching
phenomena of cracks can be observed in ceramics and glass
plates shocked by heating or mechanical loading [68]. Due
to the fact that the stress in a homogeneous film is uniform
or equibiaxial, some crack segments along circumferential
direction between the radial cracks can also be observed.
Near the primary crack edges, the secondary cracks are all
perpendicular to the primary cracks due to the free edge effect
[1,4,52,53].

The secondary cracks shown in Fig. 5 are spontaneously
formed when the sample was taken from the vacuum chamber.
The driving factor for this pattern is not very clear, prob-
ably is due to the atmosphere pressure, film imperfection,
external impact, etc. To artificially generate the secondary
crack pattern, an un-cracked film piece was broken by a
sharp pin. The surface morphologies of the film piece before

and after breaking are shown in Fig. 7. It is clear that the
artificial cracks are similar to the spontaneous secondary
cracks shown in Fig. 5, although the crack number in Fig. 7 is
much smaller. Figure 8 shows the secondary cracks triggered
by an indentation with varied loads. We find that when the
load P increases, the destroyed region at the indenter center
enlarges gradually. The indentation-induced cracks are quite
similar to the star-shaped crack pattern of broken windows
when they are impacted locally [20]. The number of radial
cracks increases with increasing load P, in agreement with
the previous studies [20]. Again, all the radial cracks connect
with the primary cracks perpendicularly due to the free edge
effect [1,4,52,53]. Although the external loading can generate
secondary cracking, the morphological characteristics and
physical mechanisms of the spontaneous and indentation-
induced cracks are different. First, the ambient environments
are different. The spontaneous secondary cracks form during
or after film deposition, perhaps in the vacuum condition,
while the indentation-induced secondary cracks form in the
atmosphere condition. Second, the film stresses are different.
The indentation will introduce an additional stress field in
the film. The additional stress is anisotropic and position-
dependent, leading to a more complex stress distribution in
the film piece.

C. Theoretical analysis

The relationship between the crack spacing and film thick-
ness in film-substrate systems has been studied when the crack
is confined to the film, which reveals that crack spacing would
increase with increasing film thickness to minimize the total
elastic energy [23,39,69]. In this experiment it shows that the
crack depth A is in several micrometer range and the crack
spacing d is in the range of several hundreds of micrometers.
By contrast, the thickness of nickel film % is no more than
300 nm, which is far less than the crack spatial scales. So the
observed cracks apparently penetrate from the film into the
substrate. The cracks in the film are capable of penetrating
into the substrate which is possible when the substrate is very
soft. The optimal crack spacing is assumed to be the value of d
that maximizes the energy releasing rate of the film-substrate
system given the values of crack depth A, the residual tensile
strain &y, the film thickness and other parameters of the film
and substrate. According to the analysis for the cracking
pattern of penetrated periodic crack array of films on soft
substrates [54], the relationship between the average crack
spacing d and the film thickness % is usually very complex
as described in Eq. (1). It is only obtained numerically [54]:

d eEh Ty H
_:f a7ﬁ9 gy _f9_ ) (1)
h Iy Iy h
__ E/—E, _ E;(1—vp)(1=2v)—E,(1-v)(1-2v/)
where o = F3F, and B8 = A=) (1B 1) are

the Dundurs parameters of film and substrate system, E =
E /(1 — v?) with {Ef, vr} and {Ej, v} are the Young’s mod-
ulus and Poisson’s ratio of the film and substrate, respectively.
{T's, h} and {I's, H} are the fracture toughness and thickness
of film and substrate, respectively. In one limit case of cracks
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(@)

FIG. 7. Secondary cracking phenomenon of the Ni film triggered by a sharp pin. (a) Before breaking and (b) after breaking. Each image

has a size of 1080 x 880 um?. 1 = 150 nm.

confined in the film, such as channel cracks with or without
delamination, the optimal crack spacing is linearly dependent
on the film thickness. Equation (1) has the form [54]

d 2En\
S —s56(02S . 2)

h T,

In the case of channel crack 8(2) xhl, Eq. (2) thus recovers
the power law of d o h. It is consistent with the common
feature derived from shear-lag model [39,40] or the energy
balance for Griffith cracks [26]. In the other limit case of
cracks penetrating into an infinitely soft substrate, it is close to
cracking in a free-standing film. The optimal crack spacing is
determined by the energy balance between the elastic energy
releasing rate in the film e3E shd* and the crack resistance
of the film I'yhd. The resultant crack spacing is found to
be insensitive to the film thickness but decreases with the
increase of residual strain. In our experiments, the primary
cracks caused by the high tensile stress in the film during

P=0.1N

0.25N

2N 3N

the sputtering process penetrate into the PDMS soft substrate
deeply. Their width and depth increase with increasing film
thickness, while the number density is almost unchanged
during deposition, in good agreement with our estimation.
From the inset of Fig. 2(c) one can see that the normalized
spacing monotonously decreases with the increase of film
thickness, which is consistent with the numerical calculation
result in a previous study [54].

When the crack patterns have formed in the film-substrate
system, the crack width w is mainly balanced by the toughness
of substrate. For simplicity, the crack penetrated into substrate
is regarded as the mode I opening crack at the edge of an in-
finite semi-plane with the stress intensity factor K; o< o/ A,
where o is the stress in the substrate and A is the crack
depth. Besides, according fracture mechanics the opening

2
y the perpendicular distance from crack tip [see the profile in
Fig. 3(a)]. Then one can see that the crack width at the surface

displacement r of the mode I crack is r(y) = %‘ /£ with

05N 1N

&3

SN 10N

FIG. 8. Morphological evolution of the secondary cracks triggered by an indentation with varied loads P. Each image has a size of 695 x

520 um?. h = 150 nm.
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of substrate w = r(A) is proportional to the crack depth w
A, which is in a good agreement with the experiment result
as shown in Fig. 4(a). Meanwhile, because the film stress o
is proportional to the film thickness 4, the crack width w also
has an approximately linear relationship with film thickness
w  h, in agreement with the experimental result as shown in
Fig. 2(d).

The secondary cracks in Figs. 5-8 present radial crack
patterns and are perpendicular to the boundaries formed by
the primary cracks. It can be interpreted that the tensile
stress has been greatly released after the primary cracks form
and the film stress that perpendicular to the boundaries has
been released more by primary cracks. Then the stress paral-
leled to boundaries generates these radial secondary cracks.
Figure 6(b) shows that the crack width of secondary crack
is much larger than its depth. Penetration of the secondary
cracks into the substrate is limited due to the tensile stress
release by the primary cracks. Then to investigate the statistic
result in Fig. 5(c) on the relationship between crack width
and crack spacing, the cracked film-substrate system can be
simplified as a soft substrate covered by film islands as shown
in Fig. 5(d). We assume that there are N (N is relatively
large so N/(N 4+ 1) ~ 1) islands on the substrate of length
L, the length variation due to tensile stress of system with
and without covered film islands are defined as Ad and
Aw, and the corresponding strains are ¢ = Ad/d and &, =
Aw /w, respectively. Then the geometric constraints are L =
N(d + w), AL = N(Ad + Aw), and & = &1 + &, Where
gt = AL/L is the total strain. In this simplified model the
force for different zones in substrate is the same so the strains
€1 and &, satisfy eoHE; = g1 (HE; + hEy). From the above
assumptions we can obtain that

% - i, (3)

En—1

where & = ¢ /eior and n = (HE, + hEy)/HE,. The strain ¢
is equal to the critical fracture strain of the nickel film &¢ryck,
so & and 7 are both constants for the given cracked film-
substrate system. Thus, Eq. (3) qualitatively reveals that the
crack width w has a linear relationship with the crack spacing
d, which can be also verified by the experimental observation
in Fig. 5(c).

IV. CONCLUSIONS

In summary, metal nickel films have been sputter deposited
on soft PDMS substrates and the cracking behaviors are
described and discussed in detail. Two cracking modes, i.e.,
primary and secondary cracks, can be observed in the exper-
iment. The morphological characteristics, growth behaviors,
and formation mechanisms of these two cracking modes are
quite different. The primary cracks are driven by the thermal
stress during deposition and they can penetrate into the PDMS
substrate deeply. Their expansion is slow and step-by-step.
Therefore, the primary cracks grow sequentially and the sub-
sequent cracks usually meets the existing cracks at T-shaped
junctions. The width and depth of the primary cracks both
increase with increasing film thickness, while the spacing is
insensitive to the film thickness, totally different from that of
the previous mud crack patterns. The secondary cracks are
triggered by the external disturbance in the presence of the
primary cracks and they seldom penetrate into the substrate
due to the limit energy releasing rate. Their formation is
within a very short time and they are narrow but dense. The
width of secondary cracks is inversely proportional to the
crack number density. The different geometric features of both
primary and secondary cracks observed in experiment are in
good agreement with the theoretical predictions based on the
principle of fracture mechanics. The report in this work will
provide a deep insight into the cracking behaviors of brittle
films on soft elastic substrates. Furthermore, the experimental
technique can be developed to generate complex hierarchical
crack patterns, which may be beneficial for technique appli-
cations such as pressure sensors, templates, biomimics, and
surface engineering.
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