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H
eterogeneous integration of III�V
compound semiconductor nano-
membranes on arbitrary substrates

provides great opportunities to fabricate
high-performance electronic and optoelec-
tronic devices on user-defined substrates
(i.e., Si, glass, polymers).1 Recent advances
in epitaxial transfer techniques, which
are based on selective etching of sacrificial
layers and transfer of active semiconductor
layers using contact printingmethods, have
demonstrated high-mobility III�V semicon-
ductor transistors,2�4 metal-oxide-semicon-
ductor field-effect-transistors (MOSFETs),5,6

solar cells,7 and light-emittingdiodes (LEDs)8,9

on silicon and plastic substrates. One of the
advantages of epitaxial transfer techniques
is tunable surface morphology and strain in
the semiconductor nanomembranes during
the transfer process, which provide new
functionalities to improve device perfor-
mance. For example, the accommodation

of large strains in a structural configuration
of wrinkled semiconductor films provides
mechanical stretchability, enabling stretch-
able electronic devices.10�14 The increase
in active area and surface textures in semi-
conductor nanomembranes mediated by
wrinkle formations have been utilized to
improve light absorption, extraction, and
scattering in organic and inorganic opto-
electronic devices.15�18 In addition to struc-
tural functionalities, the wrinkles in the semi-
conductor nanomembranes can induce
compressive or tensile strains, which are
known to significantly affect the electronic
properties of the semiconductor and there-
fore the final device performance.19�23

The wrinkle-induced periodic strain patterns
in semiconductor nanowires or nanomem-
branes offer potential applications in single-
element heterojunction superlattices,24,25

photonic devices,26 and thermoelectric
devices.27

* Address correspondence to
hyunhko@unist.ac.kr.

Received for review February 1, 2014
and accepted February 18, 2014.

Published online
10.1021/nn500646j

ABSTRACT Tunable surface morphology in III�V semiconductor nanomembranes

provides opportunities to modulate electronic structures and light interactions of semi-

conductors. Here, we introduce a vacuum-induced wrinkling method for the formation of

ordered wrinkles in InGaAs nanomembranes (thickness, 42 nm) on PDMS microwell arrays

as a strategy for deterministic and multidirectional wrinkle engineering of semiconductor

nanomembranes. In this approach, a vacuum-induced pressure difference between the

outer and inner sides of the microwell patterns covered with nanomembranes leads to

bulging of the nanomembranes at the predefined microwells, which, in turn, results in

stretch-induced wrinkle formation of the nanomembranes between the microwells. The

direction and geometry of the nanomembrane wrinkles are well controlled by varying the PDMS modulus, depth, and shape of microwells, and the

temperature during the transfer printing of nanomembrane onto heterogeneous substrates. The wrinkling method shown here can be applied to other

semiconductor nanomembranes and may create an important platform to realize unconventional electronic devices with tunable electronic properties.
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The general strategy of wrinkle formation is based
on the application of a compressive stress on a stiff thin
film sitting on top of a soft substrate, resulting in the
development of surface wrinkles in the film that relax
the applied compressive stress. Compressive stress has
been applied in a number of different ways, for exam-
ple, using thermal expansion/contraction,28,29 solvent
swelling/shrinkage,30�33 and mechanical stretching/
releasing to provide compressive strain.10,34�36 These
methods have been successfully applied for wrinkle
engineering of polymers, metals, and semiconductor
films. Although mechanical stretching/releasing meth-
ods have been successfully utilized for wrinkling of
III�V nanoribbons,11 these approaches only provide
unidirectional wrinkles with the same wavelength and
amplitude over the whole substrate area, which have a
limitation in applications requiring deterministic and
multidirectional wrinkles with different wavelengths
and amplitudes. Patterning and ensuring deterministic
locations of wrinkle arrays in inorganic semiconductor
nanomembranes is still a great challenge in epitaxial
lift-off and transfer of nanomembranes to arbitrary
substrates.
Here, we present a vacuum-induced wrinkling

method for deterministic and multidirectional wrinkle
formation in InGaAs compound semiconductor nano-
membranes on PDMS microwell arrays. The direction
and geometry of the wrinkles can be easily controlled
by the shape, location, depth, and alignment of the
microwell arrays. Therefore, multidirectional and de-
terministic formation of various wrinkles with different
wavelengths and amplitudes is achievable. Further-
more, we demonstrate epitaxial transfer of wrinkled
InGaAs nanomembranes onto glass substrates and
the controlled modulation of wrinkle wavelength and
amplitude using thermal expansion/contraction of the
PDMS microstamp during the transfer process.

RESULTS AND DISCUSSION

Figure 1 shows a schematic illustration and the
corresponding optical and scanning electron micro-
scope (SEM) images of vacuum-induced wrinkle for-
mation in the InGaAs semiconductor nanomembranes
on a PDMS stampwith square-shapedmicrowell arrays
(20 μm width, 1.2 μm height; the fabrication of PDMS
stamp is shown in Supporting Information Figure S1).
Briefly, the wrinkling process included the formation of
InGaAs nanomembranes by selective wet-etching fol-
lowed by vacuum-induced stretching of locally con-
strained InGaAs nanomembranes, resulting in the
formation of wrinkle arrays in the predefined areas of
the InGaAs nanomembranes. For fabrication of InGaAs
nanomembranes on PDMS microwells, the epitaxially
grown InAs/InGaAs/InAlAs stack layers on InP sub-
strates (Supporting Information Figure S2) were at-
tached to a PDMS stamp and etched in an HCl
solution for selective wet-etching of the InP growth

substrate and the InAlAs buffer layer. After the selective
wet-etching process, the remaining InGaAs nanomem-
brane showed a vaguely square pattern that slightly
followed the underlying microwell patterns of the
PDMS stamp (Figure 1b,f). The areas between the
microwell patterns showed a flat surface morphology.
When a vacuum was applied to the chamber contain-
ing the samples, outward bulging of the nanomem-
branes occurred spontaneously (within several seconds)
at the microwell patterned regions due to the sudden
establishment of a pressure difference between the
low Po (outer pressure) and high Pi (inner pressure)
across the nanomembranes on the microwell patterns
(Po < Pi, Figure 1c). This resulted in the formation of
localized wrinkle arrays between themicrowell patterns
(Figure 1g, Supporting Information Video 1). Further
application of the vacuumprocess for∼15min induced
air diffusion from the microwells to the outer regions
through the PDMS and equilibrated Pi and Po (Po = Pi,
Figure 1d), resulting in the depression of bulged nano-
membranes and the subsequent disappearance of
wrinkles (Figure 1h, Supporting Information Video 2).
As a final step, when the vacuum was released, Po
suddenly increases while Pi remains at a lower pressure
(Po>Pi, Figure 1e), resulting in inwardbulgingof thenano-
membranes and the subsequent formation of wrinkle
arrays (Figure 1i, Supporting Information Video 3).
Vacuum-induced formation of wrinkles provided

uniform and well-ordered arrays of wrinkles over a
large area of nanomembranes (Figure 1j). The SEM
image indicates that the nanomembranes were in-
wardly bulged into the PDMS microwells with wrinkle
arrays between the microwells (Figure 1k). The wrinkle
formation due to the bulging effects during the
vacuum process can be explained by the following
mechanism. The vacuum-induced nanomembrane
bulging produces a longitudinal tension in the nano-
membrane between themicrowell patterns (Figure 1l).
When the nanomembrane is stretched in one direc-
tion, it contracts in the other two perpendicular direc-
tions due to the Poisson effect. However, the two
opposite boundaries are fixed to the microwell pat-
terns and thus prevent Poisson contraction, which
leads to the development of compressive stress in
the transverse direction that can be relieved by nano-
membrane wrinkling (Figure 1l). Similar wrinkling be-
havior was observed in a stretched, free-standing thin
sheet clamped at two opposite ends,where thewrinkle
formation was attributed to the instability of thin
sheet that accommodated the compressive stress de-
veloped by constrained Poisson contraction near the
fixed clamps.37�39

Vacuum-induced wrinkle formations on predefined
microwell arrays allow deterministic formation of wrin-
kles with various geometries at predefined locations. As
can be seen in Figure 2, different sizes and geometries of
wrinkles can be fabricated using the vacuum-induced
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wrinkling process through use of various sizes and
shapes of PDMSmicrowell patterns. When there is only
one microwell pattern on the PDMS stamp, the com-
pressive stress is localized near the fixed boundary
of the microwell, resulting in the vague wrinkles near
the edge of the pattern (Figure 2a). When the single
microwell pattern is paired with another micro-
well pattern, the wrinkles created can extend over
the entire region between the microwells, even for
microwell patterns with larger longitudinal length
(Figure 2b). For rectangular microwell patterns (50 �
10 μm2), we observed wrinkle formation at high
aspect ratio (longitudinal length to transverse width
ratio, L1/W1 = 10) regions between the microwells, but
observed either no or vague wrinkle formation at low
aspect ratio (L2/W2 = 1) regions between the micro-
wells (Figure 2c). This behavior agrees with the pre-
vious study reporting that larger critical strain is
required for the onset of wrinkle formation in rectan-
gular sheetswith low aspect ratios.40 For circularmicro-
well patterns with hexagonal arrangement, we observed
wrinkle formations with hexagonal arrangements be-
tween the circular microwells (Figure 2d).

While the formation and location of vacuum-in-
duced wrinkles were induced by the tensile and com-
pressive stress developed in between the microwell
arrangements, the wavelength and amplitude of
the wrinkles can be further engineered by varying
the modulus of the underlying PDMS stamp, similar
to traditional hard and soft bilayer structures.28,41

Figure 3 shows optical and atomic force microscope
(AFM) images of wrinkle arrays with different wavelengths
and amplitudes controlled by the modulus of the under-
lying PDMS substrates. Initially, we observed that the
wavelength of wrinkles decreases with an increase in the
PDMSmodulus. TheAFMcross sectionanalysesofwrinkles
in the direction perpendicular to the applied tensile stress
indicate a sinusoidal variation of amplitude, where the
amplitude decays from the center toward the edge of
the wrinkled domain of the nanomembrane between
the microwells (Figure 3a�c). This damped sinusoidal
deformation of wrinkles is different from the periodic
sinusoidal deformation of wrinkles with singular wave-
length and amplitude formed by the traditional
mechanical stretching/releasing method.10�12,14 The
wrinkles with decaying amplitude observed in this

Figure 1. (a�e) Schematic illustrations of the vacuum-induced wrinkling of III�V nanomembrane. (f�i) A series of optical
microscope (OM) images of III�V nanomembranes during the vacuum-induced wrinkling process: (f) before the vacuum
process, (g) right after the vacuum process, (h) ∼15 min after the vacuum process, and (i) right after the vacuum release. (j)
Optical microscope image of nanomembrane wrinkle arrays formed between the microwell patterns after the vacuum
process. (k) Tilt-view SEM image of wrinkled III�V nanomembrane. (l) Optical microscope image of the wrinkled III�V
nanomembrane fabricated by the vacuum-induced longitudinal tension and the subsequent transverse compression.
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study can be attributed to the stretch-induced com-
pressive stress profile, where the center area between
the microwells is under the largest stress, resulting in
the deepest amplitude of wrinkles.37

Detailed analysis of the wavelength variations as a
function of PDMS modulus indicated that the wave-
length decreased from ∼8.2 μm to ∼5.7 μm with an
increase in PDMS modulus from 0.6 to 2.0 MPa
(Figure 3d). To further understand the dependence
of wavelength on the PDMS modulus, we compared
the experimental results with theoretical calculations.
Although the wrinkle deformation patterns (damped

vs periodic sinusoidal wrinkles) are different, the
dependence of wavelength on the PDMS modulus
for the damped sinusoidal wrinkles can be described
by the typical relation used for periodic sinusoidal
wrinkles:34,42

λ ¼ 2πhf
Ef

3Es

 !1=3

(1)

where λ is the wavelength of wrinkle, hf and Ef are the
height and plane-strain modulus of the upper film, and
Es is the plane-strain modulus of substrate. Here, the

Figure 2. Optical microscope images of nanomembrane wrinkles on (a) a single microwell, (b) paired microwells, (c)
rectangular microwell arrays, and (d) circular microwell arrays.

Figure 3. (a�c) OM and atomic force microscope (AFM) images of nanomembrane wrinkles on PDMS microwell arrays at
different PDMS modulus: (a) 0.6, (b) 1, and (c) 2 MPa. (d) The variation of wrinkle wavelength with different PDMS modulus.
The dotted line is a theoretical fitting. (e) The variation of amplitudes for different values of PDMSmodulus. The dotted lines
are the power-law fitting to the experimental results.
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plane-strain modulus can be represented by E = E/
(1 � v2), where E and v are Young's modulus and
Poisson's ratio, respectively. The experimentally ob-
tained wavelengths of the wrinkles fit well with the
calculatedwavelengths (eq1) for InGaAsnanomembranes
with hf = 42 nm, Ef = 65.8 GPa,43 and vf = 0.33 as a function
ofPDMSmoduluswith vs =0.5 (Figure 3d), suggesting that
eq 1 holds even for damped sinusoidal wrinkles.
The damped sinusoidal wrinkles showed a decaying

amplitude profile, where the amplitude decayed from
the center to the edge of the wrinkled domain, as
marked with A1, A2, and A3 in Figure 3c. The depen-
dence of amplitude on the PDMS modulus is shown in
Figure 3e, where the amplitude decreases with the
PDMS modulus. A power law fitting to the experimen-
tal amplitudes resulted in exponents of �0.07, �0.19,
and�0.36 for amplitudes ofA1,A2, andA3, respectively.
This result indicates that the dependence of amplitude
on the PDMSmodulus increases from the center to the
edge of the wrinkled domain. A power law depen-
dence of amplitude on the substrate modulus is also
observed for periodic sinusoidal wrinkles with single
amplitude, where the amplitude can be expressed by42

A ¼ hf

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ε � εc
εc

r
ð2Þ

where A is the amplitude of wrinkle, ε and εc are the
strain and critical wrinkling strain, respectively, of the
upper film. The critical wrinkling strain is given by:

εc ¼ 1
4

3Es
Ef

 !2=3

(3)

Equations 2 and 3 lead to a power law scaling of
amplitude dependent on the substrate modulus (Es)
with power law exponent of�1/3 (i.e., A is proportional
to Es

�1/3), which is comparable to that of A3 (�0.36).
Equation 2 also suggests that the amplitude of the

wrinkle can be further controlled by the compressive
strain (ε) of the nanomembranes. Here, we changed
the depth of the microwell that determines the extent
of inward bulging of the nanomembrane during
the vacuum process and thus the longitudinal tensile
strain, which, in turn, determines the compressive
strain of nanomembranes. Figure 4a shows the wrinkle
patterns fabricated by the vacuum-induced wrinkling
process as a function of different depths (d) of
the microwells. Detailed AFM cross section analysis
(Figure 4b,c) indicated that the maximum amplitude
(A1) at the center of the damped sinusoidal profile
increased from 68 to 175 nm when the microwell
depth changed from 0.6 to 1.7 μm. This result indicates
that the maximum amplitude (A1) is strongly depen-
dent on compressive strain while it is less depen-
dent on the PDMS modulus. On the other hand, the
wavelength does not change with the depth of
the microwells, suggesting that the wavelength is

independent of compressive strain. Instead, as shown
in Figure 3d, the wavelength is a function of PDMS
modulus according to eq 1.42

The wavelength and amplitude of wrinkled nano-
membranes can be further modulated during the
transfer printing of nanomembranes onto the hetero-
geneous substrates. When the PDMS substrate tem-
perature is varied during the transfer printing process,
the thermal expansion or contraction of the PDMS
stamp modifies the compressive strain of the nano-
membranes, which leads to the modulation of the
wavelength and amplitude of the nanomembrane
wrinkles. Figure 5a shows a schematic illustration of
the wrinkled nanomembrane transfer from the PDMS
stamp onto the glass substrate coated with SU-8
photoresist. For the transfer printing at a laboratory
temperature (∼25 �C), the original wavelength and
amplitude of the nanomembrane wrinkles on the
PDMS stamp were maintained after the transfer pro-
cess (Figure 5c, Supporting Information Figure S3).
When the temperature was decreased (10 �C) during
the transfer process, the thermal contraction of the
PDMS stamp further induced compressive strains on
the nanomembranes, which led to growth of the

Figure 4. (a) AFM images and (b) cross section analysis of
nanomembrane wrinkles on different depth (d, 0.6, 1.2, 1.7
μm) of microwell patterns. (c) The variation of wavelength
and amplitude of nanomembrane wrinkles with different
depth of the microwell patterns.
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wrinkles (Figure 5b). Here, the amplitude of thewrinkles
slightly increased from∼129 nm to∼146 nmwhile the
wavelength did not change (Figure 5f). On the other
hand, when the transfer temperature was increased to
40 �C, the wrinkles were stretched out due to thermal
expansion of the PDMS, which led to the decrease of
amplitude from ∼129 to ∼52 nm (Figure 5d,e). With
further increase of transfer temperature to 50 �C, the
original wrinkle patterns were flattened and disap-
peared, leading to a flat nanomembrane (Figure 5e).
At this stage, we also observed the generation of cracks
(indicated by a white arrow in Figure 5e) because the
thermal expansion of the PDMS stampwaswell over the
critical thermal expansion of the nanomembranes.

CONCLUSIONS

In summary, we demonstrated the formation of deter-
ministic and multidirectional wrinkle arrays through

vacuum-induced bulging of InGaAs nanomembranes
on top of PDMS microwell arrays. Here, the local
events of vacuum-induced stretching of nanomem-
branes under geometrical constraints of microwells
enabled simple control of the direction and geom-
etry of wrinkles through the shape, location, depth,
and alignment of microwell arrays. The geometry of
wrinkle arrays on PDMS substrates could be further
engineered by controlling the transfer temperature
during the transfer of wrinkled nanomembranes
onto glass substrates. Since the carrier mobility and
band structure of semiconductor nanomembranes
changes with strain, the localized wrinkles controlled
in microscopic length scales can be potentially
used in locally tunable band gap engineering for
strain-enhanced high mobility transistors,44 light-
emitting devices,20 and single-element heterojunc-
tion superlattices.25

MATERIALS AND METHODS

Growth of III�V Semiconductor Films. InAs/n-InGaAs/InAlAs
stack layers were grown on InP substrates using a molecular
beam epitaxy system (MBE, Riber Compact 21T). The
n-InGaAs layer was doped by 3.05 � 1018 cm3 (at 440 �C). Both
In0.52Al0.48As and In0.53Ga0.47As layers were completely lattice-
matched to an InP (001) substrate. An In0.53Ga0.47As buffer layer
was used as an etch-stop layer, which was fundamental in the
selective wet-etching process. The 2 nm InAs capping layer was
used to prevent surface oxidation at atmosphere.

Preparation of PDMS Stamp. The microwell-patterned PDMS
stamps were fabricated through a micromolding process with
photoresist micropatterns (AZ5214E, Clariant Corp.) on Si sub-
strates (Supporting Information Figure S1). The PDMS prepoly-
mer was prepared by mixing different ratios of PDMS base to

curing agent (10:1, 15:1, and 20:1) to control the Young's
modulus of the PDMS. The mixed PDMS prepolymer was
poured onto the micromold substrates, baked on top of a hot
plate (4 h, 80 �C), and then peeled off from the micromolds.
Here, the thickness of the PDMS stamp was controlled to
be ∼2 mm.

Wrinkling Process. The PDMS stamp and the compound semi-
conductor sample were rinsed with deionized (DI) water and
isopropyl alcohol (IPA), and dried by blowing nitrogen gas. The
upper layers (InAs/n-InGaAs) of the III�V multilayer substrate
were attached to the patterned side of the PDMS stamp by
conformal contacts. The attached III�V substrate was then
etched in an HCl solution (37% HCl, HCl/H2O = 2.3:1 volume
ratio) containing 0.058 wt % of surfactant (sodium dodecyl
sulfate, SDS) at 40 �C for 30 min. The SDS surfactant was used to

Figure 5. (a) Schematic illustration of transfer printing of the wrinkled III�V nanomembrane from the PDMS to glass
substrates. (b�e) OM images of the wrinkled III�V nanomembrane on SU-8/glass substrate after transfer printing at different
temperatures: (b) 10, (c) 25, (d) 40, and (e) 50 �C. (f) The variation of wavelength and amplitude of nanomembrane wrinkles at
different transfer printing temperatures.
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prevent bubble formation on the etched surfaces during the
wet-etching process. After the wet-etching process, the nano-
membranes consisting of 40 nm InGaAs layer capped with a
2 nm InAs layer on PDMS stamps were carefully rinsed with DI
water and blown dry using nitrogen gas. Then, the samples
were put into a small chamber connected to a regular mechan-
ical pump. Finally, the evacuation process (∼65 kPa) for 15 min
and the subsequent releasing of vacuum resulted in the forma-
tion of nanomembranewrinkle arrays on top of PDMSmicrowell
arrays.

Transfer Printing of Wrinkled Nanomembranes. A glass substrate
was rinsed by sonication in IPA and coated with SU-8
50 (MicroChem Corp.) by spin-coating (4000 rpm, 3 min). The
PDMS stamp with the wrinkled nanomembrane was attached
to the glass substrate coated with a precured SU-8 layer
and completely dried for ∼2 days at different temperatures
(10�50 �C). Finally, SU-8 was cured by UV exposure for 10 min
and the PDMS stamp was peeled off from the SU-8/glass
substrate, resulting in the transfer of the wrinkled nanomem-
brane onto the glass substrate.

Characterizations. Atomic force microscopy (AFM, Dimension,
Veeco) was used to characterize the surface wrinkles of the
nanomembranes. The SEM images of wrinkled nanomem-
branes were obtained using field-emission scanning electron
microscopy (SEM, S-4800, Hitachi). A universal testing machine
(WL2100, Withlab Corp.) was used to for measuring the PDMS
Young's modulus (Supporting Information Figure S4). The test
speed was 5 mm/min at 23 �C and 50% relative humidity.
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