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Amorphous carbon films grown by ion beam deposition from hydrocarbon precursors on
compliant polymer substrates are shown here to undergo spontaneous self-assembled
folding during growth. When deposited up to 30 min, the deposition-induced stretch strain
of an amorphous carbon film on poly(dimethylsiloxane) (PDMS) with a Young’s modulus of
1-2 MPa reached more than 50%, which is much higher than usually observed compressive
mismatch strains of approximately 1-2% on silicon. During deposition of the carbon film,
compliant PDMS substrates allowed large amplitude film buckling to let in lateral growth
of the film with the significant compressive mismatch strain. The film wrinkled at a low
strain of approximately 1% at an early stage of deposition. Then, the wrinkled film was
observed to transform its configuration through two different nonlinear modes; formations
of ridges and asymmetric localized folds. Due to the biaxial nature of the deposited thin
film, the wrinkled film showed herringbone or labyrinth patterns for strains less than
10%, while the folds were made in random orientations to create asymmetric disordered
tessellation for strains more than 30%.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction corrugated surface patterns have been created by applying

equi-biaxial stresses, e.g. thermal stresses, to pre-deposited

Surface instabilities like wrinkling, crumpling or folding have
recently been investigated in many areas of research such as
biology, physics and mechanics of soft matters, and more
recently, electronics with flexible substrates [1-5]. Regarding
such instabilities, residually compressed thin films on thick
hard substrates may delaminate and buckle as the strain
energy of the film exceeds the interfacial fracture toughness
[6]; in contrast, hard films on soft or compliant substrates
under compressive strain have shown wrinkled or folded pat-
terns caused by attached buckling of the films [7-9]. These
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thin films or ion-beam irradiated polymer skin layers [9,10].
Typical instability-induced surface patterns include two-
dimensional morphologies of square, hexagonal (or
triangular), kagome, herringbone or labyrinth wrinkle pat-
terns in a single or multiple scale(s), depending on biaxiality
and level of the mismatch strain between the film and the
substrate. Such corrugated configurations have been reported
to play an important role in the blood vessels, lungs and
brains of humans [11,12]. In several artificial systems, folding
was observed under a high compressive strain of shrinking
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more than one-third the original length. Recent reports have
indicated that the wrinkle patterns of stiffer layers on compli-
ant substrates can be adopted for bio-cell motion guidance
templates, nano-channels for protein condensation or optical
grating devices [13-16].

The linear stability of wrinkling of a compressed thin film
on a compliant substrate has been extensively analyzed to
obtain the critical compressive strain and the wavelength of
the wrinkle bifurcation [17-20]. Further studies on post-bifur-
cation behavior of wrinkles have revealed that the amplitude
growth of the wrinkle leads to period or frequency multiplica-
tions followed by wrinkle localizations. The wrinkle localiza-
tions often form ridges, i.e. localized bulge of the film, or
crease-like folds, i.e. inter-touches of neighboring film bulges,
depending on the pre-stretch and the biaxiality of compres-
sion. For example, uniaxial plane strain compression of a stiff
film on a soft substrate often folds after period quadrupling
when the strain exceeds approximately 30% [20]. Such uniax-
ial folding is sensitive to the boundary conditions of far-field
compression as well as asymmetries in the microstructure
of the film and non linear deformation characteristics of the
substrate [20-23]. While much of analysis has been focused
on uniaxial folding, some fold patterns in natural systems,
such as sulcus in the brain, are formed with nearly equi-biax-
ial strain conditions. Regarding formation of surface patterns
under biaxial compression, analysis has been so far limited to
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small amplitude patterns, not large amplitude patterns cre-
ated by folding [24].

Here, we firstly report the evolution of the two-dimensional
self-assembled folding of a thin hard carbon film deposited on
a non-prestretched compliant polymer, caused by deposition-
induced mismatch strain of the film with respect to the sub-
strate. The strain was induced by lateral growth of a dia-
mond-like carbon (DLC) film during deposition of amorphous
carbon on a poly(dimethylsiloxane) (PDMS) substrate using
an ion beam bombardment method. When a thin film with a
residual growth strain is deposited on a compliant substrate,
as shown in the schematic in Fig. 1a, the film is susceptible
to wrinkling, particularly pronounced for a large difference
between the elastic moduli of the film and substrate
(Fig. 1b). During the continuous deposition process of the thin
film, the amplitude of the wrinkle abnormally increased as
shown in Fig. 1c and d. The configuration of the film is similar
to a crumpled sheet reported in the literature [25-27]. For fur-
ther deposition over 30 min, a post-buckling configuration of
folding in film appeared in Fig. 1c. Unlike a thin film deposited
on a hard substrate, lateral growth of the deposited thin film is
endorsed by the high compliance of the substrate, allowing
highly curved growth configuration of the film with insignifi-
cant increase in substrate strain energy.

An amorphous carbon film was deposited on PDMS with
an acetylene (C,H,) precursor gas using an ion beam system.

Fig. 1 - (a) A schematic of amorphous carbon deposition on PDMS; SEM micrographs of the wrinkle patterns on PDMS
substrates with different amorphous carbon deposition times, (b) 30 s, (c) 5 min, and (d) 30 min. Scale bars are 3 pm (1 pm for

insets). (A colour version of this figure can be viewed online.)
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If deposited on hard substrates (i.e., silicon or glass) the amor-
phous carbon films would be typically subjected to high resid-
ual compression (1-4 GPa) and have high elastic modulus
(100-300 GPa), causing the films to be susceptible to buckle
delamination. The compressive strain would be relatively
small, i.e., 1-2% [6,28,29]; however, if deposited on a compli-
ant substrate wrinkles would form in the hard film [30-34].
We explored the morphological evolution of the surface con-
figuration of amorphous carbon films deposited onto nomi-
nally flat compliant polymer substrates by varying the
deposition duration, the deposition ion energy and curing
composition of the substrate. We also conducted an assess-
ment of the associated mechanics for nonlinear configurations
of wrinkling and folding in films. Our chemical analysis shows
that the density of the deposited amorphous carbon films on a
compliant substrate is different from those on a hard sub-
strate. The basic mechanism of thin film growth on a compli-
ant substrate will be discussed in comparison with that on a
rigid substrate. This work also discusses the potential mecha-
nisms of nonlinear folding pattern formation in this system.

2. Experimental details

Amorphous carbon films were prepared on PDMS and Si(100)
substrates using a hybrid ion beam deposition technique.
PDMS substrates were prepared from a mixture of elastomer
and cross-linker at a mass ratio of 10:1 (Sylgard-184, Dow
Corning, MI, USA). The mixture was placed in a vacuum
chamber to remove trapped air bubbles and then cured at
80 °C for 2 h, resulting in a cross-linked PDMS network. The
network was cut into pieces with dimensions of
20 mm x 20 mm x 3 mm for the experiments. Amorphous car-
bon films were deposited in an end-hall type ion gun (DC
3kV/6 kW, EN Technologies) [29,35]. The sample pieces were
placed in the ion beam chamber, and the chamber was evac-
uated to a base pressure of 2x 107> mbar. The distance
between the ion source and the substrate holder was approx-
imately 15 cm. Acetylene gas was introduced into the end-
hall type ion gun to obtain a hydrocarbon ion with a flow rate
of 8 standard cubic centimeters per minute (sccm). The anode
voltage was kept at a constant value of 520 volts with a cur-
rent density of 30 pA/cm?. Radio frequency (r.f.) bias voltage
was applied to the substrate holder at a bias voltage of
—200 V. The amorphous carbon films were deposited by vary-
ing the deposition time from 15 s to 30 min, which resulted in
amorphous carbon films with thicknesses of 1-30nm as
determined from cross-sectional images measured by a
focused ion beam (FIB, Nova 600, FEI) and a high resolution
transmission electron microscope (HRTEM). The surface mor-
phologies of the deposited films with various thicknesses
were measured with a scanning electron microscope (SEM,
NanoSEM, FEI Company). The Young’s moduli of the amor-
phous carbon films were calculated using the simple theory
for wrinkled thin films on PDMS substrates. Raman spectros-
copy analyses were performed on the deformed amorphous
carbon surfaces to investigate the ion-induced structural
changes in chemical bonds. The Raman measurements were
made in a back-scattering geometry with a Raman spectrom-
eter (LabRAM HR, HORIBA Jobin-Yvon Inc.) filled with a

liquid-nitrogen-cooled charge-coupled device detector. The
spectra were collected for 120 s under ambient conditions
using a 514.5 nm argon-ion laser with a power of 0.5 mW.

3. Results and discussion

The morphology of an amorphous carbon film depended on
the deposition duration. Deposition duration was varied from
30 s to 30 min, as shown in Fig. 1b-d. Under nearly equi-biax-
ial stress conditions, the configuration of the wrinkle in the
film was close to a herringbone shape for the short duration
of 30s, as shown in Fig. 1b. As we increased the deposition
or equivalently the mismatch strain, a highly irregular laby-
rinth type pattern was observed to have an average wave-
length of 120 nm, as shown in Fig. 1c. At a longer duration
of 30 min, a highly disordered tessellation configuration was
observed, as shown in Fig. 1d, where the morphology is sim-
ilar to that of a free crumpled sheet without any support
[25,26]. As the deposition duration increased from 30s to
5 min in Fig. 2a, the thickness of the deposited film was chan-
ged from a few nm to 10 nm. After a 5-min deposition, the
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Fig. 2 - (a) FIB cross-sectional image of an amorphous

carbon film on PDMS with different deposition times, and (b)

variation of the arc length stretch ratio and average peak

curvature of the nonlinear wrinkle with amorphous carbon

deposition time.
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growth rate along the thickness direction yielded substan-
tially. After a 20-min deposition, a large deformation of the
thin film was observed with a highly nonlinear folding config-
uration. Fold configuration was examined by cross-sectional
profiles, and changes in the configuration were further
enhanced as we increased the deposition duration. Interest-
ingly, relatively symmetric ridge-mode wrinkles, termed in
[36], were observed after 5 min of deposition, and then trans-
formed into asymmetric folds after 20 and 30 min deposition
durations. Unlike crease-like folds of uniaxially compressed
films reported in the literature [20,25-27], the asymmetric
ridge folding configuration may be induced by the equi-biax-
ial nature of the stress conditions in this system. This behav-
ior is similar to the morphological transition from a
checkerboard or linear-shaped wrinkle to a herringbone-
shaped wrinkle as the stress level increases under equi-biaxial
stress conditions [8,17]. In Fig. 2b, the relative arc length of the
folded film to the original length of the flat configuration was
estimated by direct measurement of the arc length (L) on the
cross sectional image of the film, made by FIB sectioning. With
Lo as the horizontal distance between the ends of the trace, the
nominal stretch strain was taken as (L — Lo)/Lo. The stretch
strain of the amorphous film was measured as 50% for a 30-
min deposition, which is much larger than 1-2% observed in
the amorphous carbon films deposited on stiff substrates such
as Si [6,28,29]. Note that the average curvature at the peak of
individual patterns also increased and saturated at 0.025 nm™>.

Fig. 3a shows the Raman spectra of the amorphous carbon
films deposited on PDMS and Si with different deposition
durations. The Raman spectra of the deposited carbon films
were deconvoluted using a Gaussian distribution. The spectra
possess a linear background from two peaks located at 1365
and 1540 cm™' that represent disordered graphite clusters
with short-range crystallinity (denoted as the D peak) and
graphite-like sp? bonded carbon (denoted as the G peak),
respectively [37]. In the Raman spectra, the G peak position
shifted from 1535 to 1545 cm ™' as we increased the deposition
duration, indicating increasing sp? bonded aromatic sites in
the samples. The increase in crystallinity is also observed in
the shape of the spectra because the intensity of the D peak
increases and the shoulder is more pronounced because the
G peak position is located at 1545 cm~*. With increasing depo-
sition duration, the ratio of the intensity for the D peak to the
G peak (Ip/Ig) clearly increases as shown in Fig. 3b. This result
suggests that as the number and/or size of the sp? graphite
clusters increase, the amorphous carbon films become more
graphitic. The stress in the amorphous carbon film is known
to decrease while the sp? content increases. Thus, when
increasing the deposition duration, the sp? fraction increases
and the stress in the amorphous carbon film decreases [38].
The hardness of the films is associated with the full width
at half maximum (FWHM) of the G peak. With decreasing
FWHM of the G peak, the hardness of the amorphous carbon
films decreases [39]. From the values of FWHM, we conclude
that amorphous carbon films become softer with increasing
deposition duration.

Fig. 3c shows the HRTEM image of a cross sectional view of
the amorphous carbon film sandwiched between PDMS and
platinum deposited for 20 min. From the HRTEM image, the
thickness of the deposited carbon layer is clearly ~30nm.
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Fig. 3 - (a) Raman spectra of amorphous carbon films
deposited on PDMS and Si substrates with different times,
(b) corresponding ratio of the D peak to G peak (Ip/I¢), and (c)
HRTEM microstructure of amorphous carbon on PDMS. (A
colour version of this figure can be viewed online.)

We confirmed that the layer is amorphous in nature from
the diffraction pattern (not shown here). We also observed
intermixing between the amorphous carbon film and PDMS,
which was presumed by the unclear interface between the
two materials. However, the deposited amorphous carbon
layer is brighter than the PDMS matrix because the amor-
phous carbon is more electron transparent than PDMS, which
is composed of C, Si, and O.

It can be considered that several factors such as substrate
compliance or ion beam energy or power may govern the
folding behavior of the deposited thin film. First of all, to
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check the compliance effect on the wrinkle or fold behavior of
the deposited thin film, the compliance of PDMS was varied
by changing the mixing ratio of elastomer over curing agent;
3:1, 10:1 and 20:1. It has been reported that the higher content
of elastomer in mixing ratio makes PDMS softer [10,40]. It was
shown that the folding on the PDMS with a lower mixing
ratio, or a higher substrate stiffness, appeared to have smaller
(although weakly varying) average amplitude and the charac-
teristic wavelength than those for higher mixing ratio in
Fig. 4a. The result implies that the softer PDMS may easily
release the compressive strain with a larger amplitude of
folding. The effect of ion beam energy was also observed on
fold pattern formation in the deposited film as shown in
Fig. 4b. As increased the ion beam anode voltage from 520,
750 and to 1000 V at the deposition duration of 5 min of amor-
phous carbon film, the average wavelength of the fold pattern
also increased from 148, 265, and to 347 nm, respectively,
implying that the higher the ion energy, the thicker or harder
the film is deposited. The formation behavior of wrinkle pat-
tern by ion beam deposition can be also compared with that
by other methods such as plasma-enhanced chemical vapor
deposition (PECVD) [41]. In previous amorphous carbon depo-
sition by PECVD, only wrinkles, not folds, were developed
although the patterns were irregular. However, if the amor-
phous carbon were deposited under higher energy in PECVD,
fold-like pattern would be developed in the film deposited on
a compliant substrate.

Chen and Hutchinson have dealt with the wrinkle types of
externally compressed thin film under a biaxial stress state
[8]. The wrinkle wavelength can be determined by the combi-
nation of the film thickness (hy) and the ratio of Young’s mod-
uli between the film (E;) and the substrate (E;). By considering
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the wrinkling geometries under plane strain conditions on an
infinitely deep substrate, the early stage wrinkling configura-
tion can be assumed as W = Wmay Sin(nx/1), and a critical
strain for the onset of film wrinkling would be expressed by
e.=1/4- (3fsub/ff)2/3, where E =E/(1 —1?) and v is the Pois-
son’s ratio is the poission. Above the critical strain (e;) for
the amorphous carbon film, the wavelength (1) for wrinkling
would be predicted as

A/hs = o \/Ef /Esups (1)

where « is approximately 4.36 for the plane strain condition
[17,19]. Note that the wavelength 2 would increase with the
increasing thickness (hy) of the film. The wavelength varied
from 100 to 250 nm when the deposition time was changed
from 15 s to 5 min. After 5 min of deposition, the wrinkle pat-
tern becomes non-sinusoidal. To estimate Young’s modulus
of the amorphous carbon film, Eq. (1) can be rewritten as

Ef = Esw (A/(“hf))a’ ?

where the wrinkle wavelength (/) and the thickness of the
film were measured from the experiment and the Young’s
modulus for the substrate was predetermined from the liter-
ature [10,40].Thus, the Young’s modulus for the thin film
could be estimated directly using Eq. (2). The wrinkling wave-
length of the amorphous carbon film on PDMS induced by a
mismatch strain was measured. Young’s modulus for the
PDMS substrate is approximately 2.0 MPa [10,40], and Pois-
son’s ratio 0.5. Based on the assumption of a hyper-elastic
material, Young’s moduli of the amorphous carbon films were
estimated with respect to the film thickness using Eq. (2). The
calculated elastic moduli for the amorphous carbon films
with a thickness of 1 nm turned out to be 50 GPa, which is

Fig. 4 - SEM images showing fold in the 5 min-deposited compressive film for (a) 3 different mixing ratios for PDMS at the
fixed ion beam voltage of 520 V and substrate bias voltage of —200 V and (b) different ion beam voltages at the fixed substrate

bias voltage of —200 V.
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relatively more compliant than the reported value of a DLC
film deposited on Si [42,43].

An increased duration of film deposition during continu-
ous ion bombardment obviously causes an increase in the
compressive strain, which is far more than the critical value
for onset of wrinkling. The mechanism leading to the evolu-
tion of a very high mismatch strain over 30% can be attributed
to the hyper-elastic nature of the PDMS substrates supporting
the film. When ion-beam deposited on a stiff substrate,
high-energy hydrocarbon ions penetrate the surface and
enter subsurface interstitial sites among pre-deposited
atoms, inducing structural distortion of the existing carbon
network laterally constrained by the stiff substrate. This pro-
cess generally causes densification of the film and an increase
in the internal stress of the amorphous film [44]. For a film
deposited on a stiff substrate such as silicon or glass, the film
stress increases with increasing film thickness. The film even-
tually delaminates because the strain energy exceeds the
interfacial separation energy on the stiff substrate [6,28,45].
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When the film is attached to a compliant substrate, the film
stress will increase at the early stage of deposition on a flat
surface of the substrate as if it were deposited on a rigid sub-
strate. However, the film will be buckled once the stress or the
mismatch strain in the film exceeds the critical value of wrin-
kling. Once the film is wrinkled, the film stress may not
increase significantly because the stress is relaxed by rela-
tively easy stretching of the film on the compliant substrate.
Subsequent deposition on a wrinkled film allows lateral
growth of the film as illustrated in Fig. 5 and resulting in an
in significant change in the film stress with substantial
increase in the mismatch strain. Then, the longer duration
of amorphous carbon film deposition brought about a further
increase in the mismatch strain, as shown in Fig. 2. Upon fur-
ther increase in the mismatch strain, inhomogeneous fluctu-
ation in growth of the wrinkle amplitudes, under an effective
biaxial pre-stretch made by the film deposition, will lead to
growth of localized bulges, i.e. ridges, in the cost of relaxing
nearby high frequency wrinkles. These localizations of bulg-
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Fig. 5 - A schematic of the strain and morphological evolution during ion beam deposition. Arrows indicate a relative

compressive strain in the film.
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ing follow period doubling and/or quadrupling of high fre-
quency wrinkles. In addition, the period doubling and the
quadrupling often undergo irreversible bifurcation processes
known as snap buckling. Such irreversible processes generally
cause loss of regularization power in forming self-assembled peri-
odic structures, producing slightly non-periodic patterns of ridges
followed by asymmetric disordered tessellation of ridge folds.

Regarding the effects of the substrate pre-stretch on ridge
formation, recently, the ridge mode in wrinkle configurations
was calculated for a film bonded to a pre-stretched neo-Hook-
ean substrate [22]. As the pre-stretching strain of the sub-
strate is dominant in forming the ridge mode, a sufficiently
large pre-stretch for the substrate induces ridging of the wrin-
kled layer [36]. This ridge mode in wrinkle evolution might be
similar to the ridge shown in the cross-sectional image for a
5-min deposition in Fig. 2a. Unlike a usual sinusoidal configu-
ration, the ridge of each wrinkle increases its height more
steeply with respect to the mismatch strain. As the mismatch
strain increased, the curvature of the ridge crest initially
increased but quickly approached to a threshold value as
shown in Fig. 2b. Due to the relaxation of accumulated strain
energy along a random direction of the surface, the ridge fold-
ing became an asymmetric disordered tessellation.

4, Conclusions

Folding of a thin hard film deposited on a compliant polymer
was investigated as the mismatch strain increased up to 50%
in the amorphous carbon film. During deposition of amor-
phous carbon by ion bombardment with high energy, compli-
ant PDMS substrates allowed lateral growth of the film,
resulting in an insignificant film stress and a large increase
in the mismatch strain of the film. We observed that the film
wrinkled at a low strain of approximately 1% for a strong mis-
match in elastic moduli between the amorphous film and
compliant polymer. As the deposition duration increased,
the configuration of the wrinkled film was observed to trans-
form into two different nonlinear modes, i.e. semi-periodi-
cally distributed ridges and asymmetric localized folds,
which have been generally known to form at very high com-
pressive strains, more than 30%, in the film. Due to the biaxial
nature of the mismatch strain in the deposited thin film, the
wrinkled film showed herringbone or labyrinth patterns for a
low mismatch strain less than 10%, while the ridge folding
appeared in a pattern of asymmetric disordered tessellation
for a high mismatch strain more than 30%. The newly discov-
ered biaxial ridge-folding structures in amorphous carbon
films deposited on a PDMS substrate by an ion beam deposi-
tion technique are believed to be useful for developing new
(hierarchical) surface patterns of various coatings including
anti-fouling marine coatings [46], low friction and anti-adhe-
sion coatings on soft material surfaces, coatings for bio-cell
motion guidance templates and coatings for nano and micro
fluidic channels.
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