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Stiff thin layers on compliant substrates can generate various surface structures using equi-biaxial stress
caused by large thermal expansion rate differences. We investigated the detailed understanding on the
evolution of self-assembled wrinkle patterns of ultra-thin amorphous silicon (a-Si) layers on poly-
dimethylsiloxane substrate. It turns out that the generation of various wrinkle patterns depends on the
position of their orientation, film thicknesses, mechanical properties of the a-Si films, and the amount of
pre-strain. The various self-assembled patterns include one-dimensional wavy patterns, randomly ordered
two-dimensional structured patterns, and herringbone structures. The self-assembled wrinkles can be
characterized by the wavelength and amplitude of the distinct structures: the amplitudes of the various
patterns increase as the amount of pre-strain increases, while the wavelengths remain constant within our
experimental ranges. The experimental results of the wavelengths and amplitudes for the wavy structured
patterns of 270-nm-thick a-Si layer are in good agreement with the theoretical solutions of the single
crystalline silicon (c-Si) model, which implies that the theoretical modeling of the deformation of c-Si film
can be expandable to the case of a-Si film deformations.
+82 2 313 2879.
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1. Introduction

Amorphous silicon (a-Si) thin films have beenwidely used in a large
variety of applications such as thin film transistor [1,2], separation of
macro-molecules [3], anodes in rechargeable batteries [4,5], image
sensor [6], and photovoltaic devices [7], due to their low temperature
process, capability for large-scale applications, and low cost in
production. In recent reports, controllable techniques to modify
structures and features on surface of a-Si thin films have received
great attentions for increasing the surface-area-to-volume ratio,
enhancing the performance of the device, and reducing the adhesion
and friction forces, compared to the original flat surface [8–10].
However, the conventional techniques of modifying the surface
structure generally require an incorporation of additional layers or
particles on to the surface, which is highly redundant.

One simple method to organize deformed patterns, especially for
buckled systems, is based on utilizing the reinstatement force in
materials with contractibility [11]. In this technique, a metal thin film is
directly deposited [12,13] or single crystal silicon (c-Si) ribbons are
physically transferred [14] on top of a heated elastomer such as
Polydimethylsiloxane (PDMS), followed by releasing the residual pre-
strain in such substrates. Consequently, the films/ribbons experience a
compressive stress due to a large thermal expansion discrepancy
between the layer and the heated elastomer, which leads to the
formation of spontaneous, complex and ordered structures on the
transferred layers. It has been reported that the evolution of wrinkled
patterns depends on several factors including the thickness of the film,
mechanical properties of the material, and the amount of pre-strain
[13]. Several researches were conducted on the method to controllably
manipulate the deformation of various material-based thin films to
desired dimensions and patterns by varying the aforementioned
parameters [12,15–17]. Nevertheless, there have been little efforts to
acquire the fundamental understanding on the buckling phenomena of
a-Si thin film; only in our previous work [18] the fundamentals on the
instability of a-Si film during the initial stages of its detachment from a-
Si/SiO2/Si system were revealed using a careful in-situ observation. In
general, a-Si thin films are advantageous comparedwith c-Si films since
it is much more convenient to obtain large-area a-Si thin films as the
process for obtaining the detached a-Si thin membranes does not
require creating holes ormaking nanoribbons to facilitate the etching of
sacrificial oxide layers which is mandatory in the case of c-Si or III-V
compound semiconductor films [14,17,19,20].

Here, we focused on the investigation of the structural instability
of ultrathin a-Si layer under the equi-biaxial compressive stresses of
the elastomer substrates to obtain thin layers with desired self-
assembled textures. The full courses of the structural evolutions of the
a-Si layer by applying the thermal strain were closely observed using
an in-situ optical microscope: the layers on PDMS substrates were
developed into various wavy geometries by equi-biaxial compressive
stress. The various self-assembled wavy patterns including one or
two-dimensional structures on a-Si thin films are quantitatively and
analytically examined. For the 270-nm-thick a-Si layer, the measured
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geometric factors (wavelength and amplitude) of one-dimensional
wrinkled and two-dimensional structured patterns are in accordance
with the theoretical values estimated from the c-Si deformation
model. These results indicate that the analytical solutions for the
detachment of c-Si films can be expandable to the structural
deformation of a-Si membranes.

2. Experimental procedure

The sacrificial layer of 300-nm-thick silicon dioxide (SiO2) was
initially deposited on to a c-Si substrate using dry furnace in O2

ambient at 800 °C, followed by a deposition of hydrogenated a-Si film
with thickness of 270 nm through plasma enhanced chemical vapor
deposition system using gaseous mixtures of SiH4, He, and H2 at
280 °C.

Fig. 1(a) schematically illustrates the procedures for obtaining
periodic one- or two-dimensional buckling of the a-Si membranes on
PDMS. The a-Si:H/SiO2/Si substrates were immersed in aqueous
hydrofluoric acid (HF) with concentration of 49–51% to etch the
sacrificial oxide layer and consequently detach the a-Si film. As the HF
solution permeate through the a-Si layer, the oxide layer below the a-
Si film is gradually etched and a-Si film is detached from the mother
wafer, eventually becoming free after the etching process is finalized.
Prior to transferring the fully detached a-Si film onto the PDMS, an
elastomeric material, the PDMS was cured using a mixture of Sylgard
184 base and curing agent (of which the volume composition is 10:1)
[21], at room temperature during 24 h. The fully detached a-Si film
was then transferred onto the PDMS, which was pre-strained by
heating on the hot plate with ranging the annealing temperature from
105 °C to 150 °C (the variation of the temperature is given to apply
different amount of pre-strains) for sufficient amount time. The a-Si/
PDMS sample rests on the hot plate for fewmore minutes to create an
Fig. 1. (a) Schematic illustration of process for obtaining various patterns on a-Si surface. Opti
random ordering, and (d) two-dimensional highly ordered herringbone patterns. The PDM
indicate 100 μm.
adhesive bonding between the a-Si film and the PDMS [14]. After that,
the a-Si/PDMS samples were cooled down to the room temperature,
and during the process an equi-biaxial compression is induced to the
a-Si layer due to a large difference in the thermal expansion
coefficient between the a-Si layer (~1×10−6 K−1) and the PDMS
(~3.1×10−4 K−1) [22]. The release of the pre-strain leads to the
generation of various patterns on the surface of a-Si film.

The mechanism of the pattern formation and transition during the
exertion of equi-biaxial compression to the film was investigated
using an in-situ optical microscope. The wavelength, defined as the
distance between two adjacent peaks, was measured using an image
processing software, Image J on Windows operating system. The
amplitudes were quantified by XE-100 atomic for microscopy (AFM)
of Park System in which the scans of several 100×100 μm2 area are
obtained from each sample, along with the use of large surface, high
magnification, non-contact white light interferometer of the Zygo's
New View 6300 System. The accurate thickness of a-Si film was
determined using HITACHI S-4300 field emission scanning electron
microscope (FE-SEM) by taking a cross-sectional SEM image on a
cleavage of the sample.

3. Results and discussion

Fig. 1(a) schematically illustrates the experimental procedures,
and (b)–(d) show the representative optical microscopic images of
buckling patterns obtained through the described procedure (heated
at 150 °C ) according to different locations of the a-Si film: (b) edge,
(c) center region, and (d) inner region. The deformed structures
exhibited different behaviors according to the positions of their
generations as follows: one-dimensional wavy patterns were created
near the edges of the sample; disordered two-dimensional structures
were observed at center regions; and well ordered two dimensional
cal images of the buckled a-Si layer: (b) one-dimensional wrinkles, (c) two-dimensional
S substrate is thermally pre-strained to 3.8% at 150 °C. The scale bars in the images
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wavy patterns, called ‘herringbone’ structures, were produced far
from the edges. The primary cause for the development of wrinkles
having various patterns according to different positions can be
attributed to the distribution of stress on a compliant substrate. Due
to the traction-free edge of the film, a uniaxial stress parallel to the
edge is exerted near the edge. However, the stress exertion becomes
biaxial towards the central position of the film, mainly because of the
merging of free edge effects [23]. The herringbone structure is evolved
as a consequence of sequential exertion of the biaxial stress at the
inner regions of the film, apart from the edges, and a random ordering
pattern is evolved at the central region due to the spontaneous
exertion of the stress. The presented observation on texture formation
of a-Si layers are in good agreement with the previous findings of Lin
et al. [24], where qualitative explanation on the mechanism of two-
dimensional buckling formation is reported. It is stated that the
Fig. 2. Optical micrographs showing the formation of herringbone structured patterns as tim
in (b) and (e), respectively. The characteristic parameters of the herringbone structure, whic
PDMS substrate was approximately 3.8%. The scale bars in the images indicate 100 μm.
different types of texture formation can be controlled by varying the
magnitude of the applied mechanical forces and the timings.

To better understand the underlying mechanism of how different
types of the patterns are formed according to their positions on the a-Si
film as a function of time t, an in-situ studywith optical microscope was
conducted while releasing the thermal pre-strain of the a-Si/PDMS
samples by natural cooling at room temperature. Fig. 2 illustrates the
formation of herringbone structure of the a-Si film, due to an applied
perpendicular sequential compressive stress, during the increase of t.
The PDMS used for this experiment was pre-strained to approximately
3.8% at 150 °C [23], and the thickness of the a-Si film used was 270 nm.
The formation of herringbone structure on the surface of the a-Si film is
attributed to two different directional, but sequential exertion of a
compressive strain, herein after referred as X or Y directional. During
the initial stages of the pre-strain release (until 58 s, represented in
e t increases. The X and Y directions of the sequential compressive stresses are depicted
h are the wavelength and jog angle, are represented in (g). The pre-strain induced in the

image of Fig.�2
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Fig. 2(b)–(d)), one-dimensional wrinkles are predominantly generated
on the a-Si film surface owing to an initial force of which the direction is
indicated as X, as depicted with an arrow in Fig. 2(b). The well ordered
herringbone structure is obtained through further bending by a
differently followed compressive strain, of which the direction is
perpendicular (depicted as Y in Fig. 2(e)) to the former compressive
strain in Fig. 2(b). Hence, it can be concluded that when contraction
forces of different directions are applied to the film in a sequential
order, a highly ordered herringbone structure is formed; on the other
hand, if equi-biaxial strain is exerted to the film simultaneously, a
randomly ordered sequence of buckling is formed on the film. The
evidence to the aforementioned inference can be found in the previous
reports where similar three types of pattern evolutions shown in the
case of a-Si thin film were also shown in the films of other materials
such as gold and c-Si [12,20,25].

Fig. 3 shows the changes of the jog angle (θ) andwavelength (λ) as
a function of t obtained from an in-situ observation using a 270-nm-
thick a-Si sample. The parameters θ and λ refer to the angle of
constitutional peaks and the distance between the adjacent peaks,
respectively. The aforementioned parameters play a crucial role in
determining the characteristics of the herringbone structure along
with the amplitude (A) of the wavy structures [26,27]. Each parameter
is depicted in Fig. 2(g) except for the amplitude. At the very early
stage of surface deformation the film develops one-dimensional
wrinkles, of which the wavelength is measured to be approximately
38.1 μmwith a jog angle of 180° (after 20 s). During the stages shown
in the Fig. 2(c)–(e), the pre-strain induces a force in X direction,
causing the film to be deformed and λ is decreased from 38.1 μm to
34.8 μm. Two-dimensional buckling, or herringbone structure is
completely formed by the introduction of following sequential stress
in Y direction (described in Fig. 2(e)–(f)), and after 76 s, λ no longer
experiences a further variation and is nearly settled to 32.0 μm. During
the time interval of 60 to 80 s, the amount of θ decreases radically to
the specific value of 82.8°, and no further significant shifts are found
afterwards, similar to the case of the decrease in λ. Despite the fact
that temperature and strain have linear relationship with time t, a
sudden formation of wrinkles was observed during the aforementioned
time interval. Presumably, before 60 s, built-up strain by thermal
contraction is lower than its critical limit, and thus the film can tolerate
the stress without much deformation. Once the amount of applied
strain reaches to its critical strain, radical deformations are engendered
and herringbone structure is fully developed, causing the dramatic
decrease in both λ and θ until 80 s. The in-situ optical microscope
observation during the full courses of development of highly ordered
zigzag patterns (herringbone structures) shown in Fig. 2 is consistent
with the time-based variation results of both λ and θ.

Despite the isotropic manner of the expansion or contraction in
the PDMS, the attached a-Si film experiences different directional
Fig. 3. The change in the aspect of jog angle (left axis) and wavelength (right axis) as a
function of t during the course of herringbone structure formation.
stresses according to its position, and this can be explained by the fact
that the stress in planar X–Y directions has asymmetric distribution
according to the location [28]. One-dimensional wrinkles are
generated due to a single directional exertion of the force induced
by the pre-strain, and two-dimensional random orderings are aroused
by simultaneously exerted equi-biaxial forces. The dominant struc-
tures formed on the buckled surface are the formation of herringbone
shapes rather than the other two modes since the herringbone
structure effectively reduces the stresses caused to the surface, having
a minimum surface energy compared to the other two structures. In
fact, the herringbone structures were found throughout the inner
regions of the a-Si film surface, which is in good agreement with the
morphology of buckled single crystal Si films obtained in previous
reports [17,20].

Fig. 4(a) presents the typical 100×100 μm2 AFM image of the
herringbone structure in a-Si film obtained through the exertion of
isotropic compressive stress at 105 °C. The herringbone patterns
obtained on the surface of the a-Si film are characterized by zigzag
structures induced by two distinct directional strains, although the
compressive strain is completely isotropic in the PDMS. Cross
sectional profiles for the samples pre-strained at 105 °C and 150 °C
along the dashed line is revealed in Fig. 4(b) and (c), respectively. It is
observed that the images and profiles of the buckled herringbone
structure are shaped as sinusoidal figures, whose characteristics can
be explicitly described by λ and A of the wavy structures. For the case
of the sample pre-strained at Ts=105 °C, measured values of λ and A
are 30.8, and 2.7 μm respectively, and for the case of pre-strained
sample at 150 °C, λ and A are 30.7, and 2.9 μm, respectively. For a
larger pre-strain, the wrinkle has a higher A than that of smaller pre-
strained sample while λ is almost sustained, which is in accordance
with the findings of Ref 27. It is reported that λ does not depend on
Fig. 4. (a) The AFM image of the two-dimensional herringbone structure on a-Si surface
of the sample with Ts=105 °C and (b) the surface profiles of the samples with different
pre-strains by applying the annealing temperature of 105 °C and 150 °C.

image of Fig.�3
image of Fig.�4
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the amount of pre-strain applied to the system, but rather the
mechanical properties such as elastic modulus and thickness of the
film play a major role in the determining of λ. On the contrary, A is
highly affected by the amount of pre-strained exerted to the system,
and this relationship is clearly illustrated in the presented results.
Hence, the geometry of self-assembled wrinkles can be effectively
estimated and its structures and dimension can be controllably
manipulated through varying the amount of stress and thickness of
the film.

In order to quantitatively investigate the influence of thermally
produced pre-strain on the structure parameters, especially λ and A,
different amounts of pre-strain were released by varying the
annealing temperature of the a-Si/PDMS systems from 105 to
150 °C. Fig. 5 plots the corresponding results of increasing A in all
three patterns with increasing amount of pre-strain in the PDMS
substrate. The amount of pre-strain can be calculated using the
following equation: εpre-strain=Δα×ΔT [20], where Δα is the
difference in the thermal expansion coefficients of PDMS and a-Si
film whose values are αPDMS=3.1×10−4K-1 and αa-Si=1×10−6K-1.
Based upon the above equation, the amounts of induced pre-strain in
the PDMS were estimated to be approximately 2.47, 2.94, 3.40, and
3.86 % for the corresponding temperatures of 105, 120, 135, and
150 °C, respectively. A linear relationship between the amount of pre-
strain and Awere observed for the one and two-dimensional patterns,
whose values increased from 2.1 to 2.7 μm for the one-dimensional
structures and 3.1 to 4.1 μm for the two-dimensional structures with
increasing the amount of pre-strain.

To conduct a comparative analysis of the obtained experimental
results and theoretically estimated values of A, the estimated A of the
one-dimensional patterns on a-Si film can be calculated using the
following equation which was derived using the energy minimization
method [17]:

A1d = hf ⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εpre
εc1d

−1

s
ð1Þ

where ε1Dc is the critical strain for the one-dimensional bucklingmode,

εc1d = 3Es =3Ef
� �2=3

= 4 1 + vfð Þ: ð2Þ

hf is the thickness of the a-Si film, and εpre is the induced pre-strain.
For Eq. (2), Ef and Es are the plane-strain modulus of film and
Fig. 5. The changes of amplitude as a function of pre-strain for the various patterns
generated on the surface of a-Si film. The dash-dotted line and dashed line represent
the theoretically estimated values of the amplitudes for one-dimensional and two-
dimensional random ordering mode, respectively.
substrate, respectively, whose values may be calculated using the
Poisson's ratio of film ν as follows: Ef ;s = Ef ;s = 1−υ2

f ;s

� �
. For the

calculation of A, literature values were used: EPDMS=1.8 Mpa,
νPDMS=0.48, Ea-si=80±20 Gpa, and νa-si=0.22 [29,30]. The calcu-
lated values of A1d were 2.1, 2.3, 2.5, and 2.7 μm and the
corresponding amount of applied pre-strains were 2.47%, 2.94%,
3.40%, and 3.86%, respectively (plotted as dash-dotted line in Fig. 5).1

Considering the amount of uncertainties in experiments, the
experimental observations are in perfect match with the calculated
values. While the accurate analytical solutions on the development of
one-dimensional buckling mode is well established, the analytical
modeling of two-dimensional random ordering on compliant sub-
strate can only be described by a set of complex nonlinear partial
differential equations. Thus, we applied the analytical solutions of the
checkerboard to the following 2D randompatterns' analyses, since the
mechanism of 2D random ordering pattern formation is identical with
that of checkerboard patterns except for the amount of pre-strain
applied on the membrane [25]. The checkerboard patterns are
developed when the magnitude of simultaneously equi-biaxial strain
is slightly larger than the critical strain, while the 2D random ordering
patterns are formed by much larger amounts of strain. In this
approximation, similar aspects can be found for the two-dimensional
wavy patterns, where the theoretical values of A can be obtained from
the following equation [17]:

A2d = hf ⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8
3−vfð Þ 1 + vfð Þ

εpre
εc2d

−1
� �s

ð3Þ

where ε2dc is the critical strain for the two dimensional bucklingmode,

εc2d = 3Es =Ef
� �2=3

= 4 1 + vfð Þ: ð4Þ

Here, the values of A are matched well with respect to the
experimental results (3.3, 3.6, 3.8, and 4.1 μm, in the order of
increasing the annealing temperature) and the corresponding data
are plotted as dashed line in Fig. 5.1 Hence, it can be concluded that
the analytical equations used to determine the development of
checkerboard patterns can be expanded to describing the evolution
of 2D random ordering structures. Comparative analysis for the
parameters of the herringbone structure was not performed since
the theoretical estimations cannot be obtained in the form of
analytical equations [17]. However, we were able to observe a
similar tendency where the values of A linearly increased as a
function of the pre-strain; therefore, it can be generally inferred that
the A of various patterns on a-Si film can be adjustable by controlling
the amount of pre-strain.

To solidify the validity of the measured values of λ in the different
buckling modes with respect to theoretical approaches, the following
equations were used for the calculation of λ in one and two-
dimensional modes, respectively [27]:

λ1d = hf ⋅
Ef
3Es

 !1=3

: ð5Þ
1 The plotted line in Fig. 5 for the amplitudes of one-dimensional wrinkled patterns
and two-dimensional wavy structures were characterized by the following equations:

A1d = 2:7 × 10−7 ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x
3:91 × 10−4 −1;

r

A2d = 2:7 × 10−7 ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:36 × x

3:91 × 10−4−1;

s

where x is the amount of pre-strain and A1d, A2d are the amplitudes of one-dimensional
wrinkled patterns and two-dimensional wavy structures, respectively.

image of Fig.�5
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λ2d =
ffiffiffi
2

p
⋅hf ⋅

Ef
3Es

 !1=3

⋅ ð6Þ

The wavelength of one-dimensional wrinkle is estimated to be
38.8 μm, which is in consistency with the experimental result of
39.0 μm within experimental uncertainties. However, for the two
dimensional structure, where the patterns are formed by spontaneous
equi-biaxial stress, a slight discrepancy was found in between the
experimental results and theoretical measurements (50.3 μm and
54.9 μm, respectively). Such inconsistency in the values of λ can be
ascribed to the fact that the equation of wavelength for checkerboard
is not in perfectly well matched with the case of random ordering
patterns and thus, a larger amount of uncertainties has to be taken
into consideration. All these results indicate that the amplitude of
wrinkled patterns increases as the pre-strain increases, while the
wavelength does not depend on the induced force. Note that the
invariance of λ as a function of pre-strain in our experimental ranges
is in good agreement with the findings of Jiang et al. [31] which
explains that wavelength would not change for the applied pre-strain
below ~10%. Hence, it can be inferred that it is possible to control the
aspect ratio between the wavelength and amplitude to acquire
specific dimensions of deformed a-Si films.

4. Conclusion

We performed the formation of buckled structure on a-Si layer
through thermally induced biaxial strain in PDMS and carefully
observed the evolution of surface deformation using an in-situ optical
microscope. The various sinusoidal wrinkled patterns were generated
with distinct geometries which are affected by the following
parameters: the positions of their generation, the thickness of a-Si
layer, the level of induced pre-strain, and mechanical property of film.
The theoretical solutions, which were established in previous
researches for the c-Si membrane, were applied to a-Si layer, and
the estimated values were in good accordance with our experimental
results. These consistencies indicate that the deformationmodeling of
c-Si film can be expandable to that of a-Si membrane. The magnitude
of thermally induced pre-strain has a linear relationship with the
increase in the amplitude of the wavy structures; on the other hand,
the wavelengths of the wavy structures are independent of the
amount of pre-strain of 3.86%. Thus, the understanding on the
mechanism of buckled structure formation on a-Si surfaces exploited
in this article will facilitate the controllability of dimensions for
textured a-Si thin films as well as c-Si films.
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