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This paper introduces a simple transfer technique named as rolling-transfer technology to
transfer Si nanomembranes to pre-stressed elastomers with nearly 100% transfer efficiency.
When transferred onto the elastomeric substrate, wave-like wrinkled Si nanomembranes with
uniform periodicity and amplitude are formed. The three dimensional (3-D) strain distribution of
the wrinkled Si nanomembranes has been investigated in detail through the micro-Raman
mapping using two excited laser wavelengths. The sinusoidal bulking geometry of Si
nanomembrane results in a periodical strain alternation along x direction, while a homogenous
strain distribution in y direction. The inhomogeneous strain distribution along z direction can be
interpreted with the physical model considering the shift of the neutral mechanical plane, which
is qualitatively determined by the Von Karman elastic nonlinear plate theory, including the
bending effect and the shear forces existing at the Si nanomembrane/elastomeric substrate
interface. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4857875]

Complementary to traditional electronics on rigid sub-
strate, flexible electronics have been considered as an emerg-
ing technology that could be valuable for various
application, such as electronic paperlike display devices,'™
robotic sensory skins,* stretchable Si integrated circuits,’
photovoltaics,” and structural health monitoring devices.®
In order to fabricate the flexible electronics, researchers tried
to transfer single-crystal semiconductor nanomembranes’'°
to elastomeric or plastic substrates. To further improve the
flexibility of the electronic devices, wrinkled semiconductor
nanomembranes'' with wavy geometries were invented to
accommodate large compressive or tensile strain.'*> In
addition, the accommodated strain plays an important role in
the carrier mobility enhancement'® and the band structure
modulation of the semiconductor materials,'”'® thus improv-
ing the performance and response of the devices. For
instance, strains in the films such as Co ﬁlms,19 Co/Cu multi-
layers,” graphene®' that originated from the stretched flexi-
ble substrate can tune the performance of the devices. Khang
et al.'* has demonstrated that the strain distribution of the
silicon wrinkle can be analyzed by Raman measurements.
However, due to the fact that the thickness of wrinkled semi-
conductor nanomembrane is below the spatial resolution of
Raman system,”” only the planar strain distribution can be
achieved, while the vertical distribution perpendicular to the
deformed direction is barely studied, though the performance
of the integrated flexible devices closely correlates with the
3-D strain distribution.'”'®

We developed an approach called rolling-transfer tech-
nique, which is more convenient and controllable compared
to traditional transfer-printing method,'***** to form

YAuthors to whom correspondence should be addressed. Electronic
addresses: yfm@fudan.edu.cn and zfdi@mail.sim.ac.cn.

0003-6951/2013/103(26)/264102/5/$30.00

103, 264102-1

wrinkled Si nanomembranes on elastomeric substrate.
Furthermore, taking advantage of the fact that Raman spec-
troscopy is able to probe the strain distribution along depth
by using excitation with different wavelengths, the strain and
its 3-D distribution in the wrinkled Si nanomembranes has
been comprehensively investigated, and a relevant theoreti-
cal model has been proposed.

The detailed process for rolling-transfer technique is illus-
trated in Fig. 1. First, a (100) silicon-on-insulator (SOI) wafer
with a 30nm top Si nanomembrane and 340 nm buried oxide
(BOX) layer was patterned into rectangles (30 x 120 um?), as
shown in Fig. 1(a). The patterned SOI wafer was then dipped
into HF solution to release top Si nanomembranes [Fig. 1(b)].
Facilitated by van der Waals forces,” the free-standing nano-
membranes were supported by, but not bonded to the underly-
ing substrate without altering the pattern pre-defined [Fig.
2(a)]. Then, the cured polydimethylsiloxane (PDMS) stamp
was bonded on a rigid steel cylinder and put into conformal
contact with the free-standing Si nanomembranes, as shown in
Fig. 1(b). As the rolling of the steel cylinder proceeded, the
silicon nanomembranes were detached from the Si substrate
and transferred on to the pre-stressed PDMS surface [Fig.
1(c)]. Finally, PDMS was removed from the cylinder and
restored into the flat geometry, thus creating the
wrinkle-shaped single-crystal Si nanomembranes [Fig. 1(d)].
Superior to traditional transfer-printing method,'**** the pro-
posed rolling-transfer technique can preclude the intractable
bubble formation between PDMS and Si nanomembranes,
during the conformal contact process, therefore, the transfer
efficiency can be significantly enhanced up to ~100%. In
addition, the geometry including the amplitude and the wave-
length of wrinkle-shaped single-crystal Si nanomembranes
can be precisely tuned by the radius of the steel cylinder (not
shown). The optical microscope image of wrinkled Si

© 2013 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4857875
http://dx.doi.org/10.1063/1.4857875
http://dx.doi.org/10.1063/1.4857875
mailto:yfm@fudan.edu.cn
mailto:zfdi@mail.sim.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4857875&domain=pdf&date_stamp=2013-12-23

264102-2 Guo et al.
(a) (0)

Silicon Substrate U | )

20um

FIG. 1. Schematic illustration of the process for forming silicon wrinkles on
pre-stressed elastomers.

nanomembranes on PDMS is exhibited in Fig. 2(b). Beside
two flat ends are observed,?® the majority region of Si nano-
membrane has transformed into wavy shape. From the
angled-plan view scanning electron microscope (SEM) image
shown in Fig. 2(c), it is observed that wrinkled nanomem-
branes show regular wave-like structures consisting periodic
geometry with uniform wavelength (1). In addition,
cross-sectional SEM image (dotted white line cut along the
wrinkle displayed in Fig. 2(c)) in the inset of Fig. 2(c) sug-
gests that good adhesion between nanomembranes and
PDMS, either at the crest or at the valley, and no air-gap is
observed at the interface.

Section analysis by means of line-cuts from atomic force
microscope (AFM) image of wrinkled nanomembranes pro-
vides a quantitative measure of the periodic geometry, as
shown in Fig. 2(d). The result indicates that the wrinkles are
sinusoidal, with a wavelength (1) of 6.55um and an
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amplitude (A) of ~580nm at the middle, propagate symmet-
rically to the two ends, and finally reaches the stable
configuration.”’

To further explore the 3-D strain distribution in the wrin-
kled Si nanomembrane, micro-Raman mapping measurements
on wrinkled nanomembrane using 514 nm line of Ar" laser
and 325 nm line of He-Cd laser as light sources have been per-
formed. A typical color-coded Raman peak (Si-Si TO phonon)
position extracted from the mappings under the excitation of
the lasers with two different wavelengths (514nm and
325nm) are shown in Figs. 3(a) and 3(b), respectively. The
peak position, which is associated with the strain status at the
point probed, shows periodic alternation along the x direction
while keeps constant along the y direction. Furthermore, in
order to determine the correspondence between two Raman
mappings, the measured region includes the wrinkled Si nano-
membrane area, the flat Si nanomembrane area, and the
PDMS area (displayed in Fig. 2(b) with the white dotted rec-
tangle), so the edge of Si nanomembrane can be used as refer-
ence mark to align two separate Raman mappings. It is
striking to observe that the positions of the crest lines (the
maximum wavenumber) of Raman mapping measured by
514 nm laser exactly correspond to the valley lines (the mini-
mum wavenumber) of the counterpart obtained by 325nm
laser. Due to the fact that the strain distribution along y direc-
tion is homogeneous, the analysis of Raman mapping can be
simplified by the line-cut along x direction from the mapping,
as shown in Figs. 3(c) and 3(d). The micro-Raman measure-
ments of the Si peak as a function of distance along the Si
nanomembranes present the typical sinusoidal shape, which is
consistent with a computed fit to a sine function, as shown by
the solid line. The periodicity of peak position along x direc-
tion is similar to that obtained from AFM image (Fig. 2(d)).
For the strain distribution profile obtained with 514 nm laser,
Opur = 520.7 cm ™", which corresponds to unstrained bulk Si,
is found to locate around the middle of the sinusoidal curve
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FIG. 2. Morphologies of Si nanomem-
branes: (a) Optical microscopy image
showing the free-standing Si nanomem-
branes attached to silicon substrate, and
the scale bar is 100 um; (b) optical mi-
croscopy image of wrinkled silicon
nanomembranes, and the scale bar is
50 um. The rectangle region indicated
by the dotted line is subsequently meas-
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(see dotted line in Fig. 3(c)). The maximum wavenumber
from TO Raman peak (w;,,,) at the crest of the wrinkle is
greater than wy,, while the minimum wavenumber (wy,,;,) at
the valley of the wrinkle is less than @y, . However, when
changed to 325 nm laser (Fig. 3(d)), the maximum wavenum-
ber (wy,..c) decreases significantly and is approaching wp,u,
and the minimum wavenumber (®>,,;,) become much smaller
than @y, Furthermore, the sine function for 325nm laser
shifts m compared to that for 514nm laser, which consists
with the crest-valley correspondence in the Raman mappings
as depicted previously. Since the penetration depth, i.e., the
detection depth of Raman system correlates with the wave-
length of the excitation laser, it is believed that the above
phase shift is due to the inhomogeneous strain distribution
along the direction perpendicular to the silicon nanomem-
brane, i.e., z direction.

To simplify the theoretical analysis of the strain distribu-
tion along the z direction of Si nanomembrane, the entire sili-
con nanomembranes/PDMS substrate system is separated
into two basic elements, i.e., the suspended silicon wrinkle
and the unattached elastomeric PDMS substrate in wrinkled
shape. For the suspended silicon wrinkle, in addition to the
bending effect,”®° the Von Karman elastic nonlinear plate
theorymf33 is also integrated, so the dominant strain distribu-
tion in the deformed wrinkles is

o Ou 100\ 18w,
by =t oot (o) T2 ae ®

where & is the initial strain (the compressive strain due to
the relaxation of pre-strain in PDMS, ~—4.87% for our
experiment), u, denotes the in-plane displacements in the x
direction, w, is the deflection of the nanomembranes which
can be written as o, = Acos(kx), and k = 2% z is the distance
from the center of the wrinkles. When w, = Acos(kx) is sub-
stituted into Eq. (1), and the uniformity of the strains requires
that the in-plane displacement field be written as>’

ey

30 25 20 -15 -10 -5

x(pm)

1
Uy = gkAZsin(zkx). )
Substituting w, = Acos(kx) and Eq. (2) into Eq. (1), the
membrane strain field is

1 1
Eee(X,Y,2) = &y, + 2 A% + 5A/<2 cos(kx)z. 3)

For the wrinkled nanomembrane with the certain geome-
try, both 82\, and k’A%/4 are constants, so the strain distribution
is well tuned by the product of cos(kx) and z. At the crest or
the valley of the wrinkled Si nanomembrane, cos(kx) is equal
to +1 or —1, respectively, the depth distribution of the strain
varies as the value of z changes only. In the top panel of Fig.
4, the schematic side-view representation of the forces and lat-
tice constants in the crest and the valley are shown. The ten-
sile strain is distributed at the upper layers of crest, as marked
with “+” while the compressive strain marked with “—"" is
distributed at the lower layers. The situation of strain distribu-
tion in the valley is opposite with the valley. In particular, a
zero crossing occurs in the wrinkles referred to as the neutral
mechanical plane,34 which is labeled with dotted line. The
position of the neutral mechanical plane relative to the center
of the wrinkles can be obtained when &,,(x,y,z) =0. Using
the parameters of the wrinkles described above, it is found
that 2, 4 3 k*A% > 0. Therefore, at the crest and at the valley,
the positions of the neutral mechanical planes are

1
0 —k2A2
8xx+4

—— — <0, atthecrest, and cos(kx) =1

—AK?
12
0 1 —12A2
8.\‘.\‘ + 4
1

—AK?
2

> 0, atthe valley, and cos(kx) = —1.

“4)
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For the crest, the value of z is negative, which indicates
that the neutral mechanical plane is located at the position
below the center of the wrinkles. While, the neutral mechani-
cal plane moves to the positive side at the valley, as depicted
in the top panel of Fig. 4.

For the independent sinusoidal elastomeric PDMS sub-
strate whose surface has identical geometry to the wrinkles,
the tensile strain is distributed at the crest, while the com-
pressive strain exists at the valley, as schematically shown in
the middle panel of Fig. 4. When the suspended silicon wrin-
kle is adhered to the elastomeric PDMS substrate to form the
nanomembrane/PDMS system, the shearing forces at the
interface provides the extra force to confine the nanomem-
brane in the sinusoidal shape. At the crest region of nano-
membrane, the shearing forces originated from the deform
PDMS act as a role of compression to squeeze the nanomem-
brane. While, near the valley region of nanomembrane, the
expansion effect from the PDMS is exerted on the nanomem-
brane. Therefore, such shearing forces result in the shift of
the neutral mechanical plane towards the top surfaces of
nanomembrane/PDMS system. As a result, the depth of the
neutral mechanical plane at the crest region is relatively
larger than that at the valley region, as indicated by “a” and
“b,” respectively, as shown in the bottom panel of Fig. 4. In
our previous study, the position of the neutral mechanical
plane, which is closely correlated with the pre-strain of
PDMS, can be well depicted by the fitting program.3 >

It should be noted that the detection depth of Raman sys-
tem is determined by the wavelength of the excitation laser.>®
For instance, for 325nm laser, the maximum penetration
depth in Si is about 8 nm, so only 1/3 of the total thickness of
Si nanomembrane contributes to the Raman signal, while for
514 nm laser, the signal from the total thickness (D =30nm)
can be collected since the penetration depth of 514 nm laser in
silicon (~680nm) is well beyond the Si nanomembrane

Suffering from the shearing forces
originated from the deformed PDMS ====
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Neutral plane
(Suspended)

FIG. 4. Theoretical model for the
strain distribution in the wrinkled sili-
con nanomembranes on PDMS.

_ Neutral plane
(Attached)

Center plane

thickness. At the crest region, since the neutral plane sits
above the center of the nanomembrane, the average strain
crossing the whole thickness is in the compressive state.
Therefore, the TO mode detected by 514 nm laser should shift
from wy,,; to higher wavenumber (®;,,,,.), Which corresponds
to the maximum compressive strain. For the valley case, the
tensile strain dominates, so the TO mode appears at lower
wavenumber (;,,;,)- In addition, due to the fact that the neu-
tral mechanical plane at the crest region is relatively deeper
than that at the valley region (a > b), the absolute value of the
compressive strain existing at the crest region is larger than
the counterpart tensile strain found at the valley region.
Therefore, the dotted line corresponding to ;. locates at the
position slightly higher than the middle plane of the sinusoidal
curve, as shown in Fig. 3(c). However, the situation becomes
distinct when only the top 1/3 of Si nanomembrane is detected
by 325 nm laser. At the crest region, the depth of the neutral
mechanical plane, i.e., a is comparable to the maximum pene-
tration depth of Raman system, so only the tensile strain near
the top surface of silicon nanomembrane is detected and the
TO mode shifts to much lower wavenumber (®>,,;,). But, due
to the fact that the neutral mechanical plane at the valley
region is much shallower compared to the crest region, the
325 nm laser is capable of penetrating the neutral mechanical
plane and detect the tensile strain distributed underneath.
Therefore, both the compressive strain above the neutral me-
chanical plane and the tensile strain below can be measured,
thus resulting in the TO mode (w;,,,) is quite close to the
value corresponding to @y, as observed in Fig. 3(d).
Furthermore, it should be noted that the Raman results
obtained from the regions other than the crest area and the val-
ley area can be interpreted by the physical model proposed
here.

In summary, a simple strategy to transfer Si nanomem-
brane with engineered wrinkle geometry on the elastomeric
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substrate has been demonstrated. The 3-D strain distribution
in the wrinkle has been studied in detail by the micro-Raman
mapping. Our study may provide a comprehensive under-
standing for the bulked thin film/elastomeric substrate sys-
tem, which have many envisioned applications especially for
the flexible electronics.
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