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to control the pressure inside the suckers and thus the pres-
sure difference between the inside and outside of the suckers, 
resulting in the generation of a switchable on/off adhesive 
strength on foreign surfaces[29–32] (the details of the adhering 
mechanism of octopus suckers have been described later in 
this paper). Through muscle actuation, the octopus easily 
controls the adhesion with a negligible preload. Although sev-
eral adhesive systems mimicking the adhering mechanism 
of octopus suckers have been reported to realize their unique 
adhesion capability, the previous octopus-inspired adhesive sys-
tems require an external preload[33,34] during the adhesion pro-
cess or additional instruments such as suctioning systems[35,36] 
and power sources[37] to induce a negative pressure inside the 
suction cups. Switchable adhesion systems requiring a preload 
during the attaching/detaching processes are complicated and 
cannot be easily applied to grasp or transport soft surfaces or 
thin materials.

By mimicking the muscle actuation to control cavity-pres-
sure-induced adhesion of octopus suckers, we demonstrate 
smart adhesive pads in which the thermoresponsive actuation 
of a hydrogel layer on elastomeric microcavity pads enables 
excellent switchable adhesion in response to a thermal stim-
ulus. The smart adhesive pad exhibits an adhesive strength of 
59.1 kPa and an adhesion switching ratio of ≈170 in response to 
temperature change between 22 and 35 °C for repeated cycles. 
Between 22 and 61 °C, the smart adhesive pad shows max-
imum adhesion switching ratio of ≈293 with maximized adhe-
sive strength of ≈94 kPa. As a proof-of-concept application, the 
smart adhesive pads can be employed in the transfer printing 
of semiconductor micro- and nanomembranes onto arbitrary 
substrates to fabricate heterogeneously integrated semicon-
ductor devices. The smart-printed InGaAs transistors on Si 
substrates exhibit an excellent field-effect mobility (maximum: 
≈3000 cm2 V−1 s−1, average: ≈2026 cm2 V−1 s−1) and on/off cur-
rent ratio (maximum: ≈5.3 × 103, average: ≈4 × 103), which are 
among the best for heterogeneous InGaAs transistors (Table S2, 
Supporting Information), demonstrating the high efficiency of 
our smart-printing technique.

Figure 1a,b shows a photograph and a magnified scanning 
electron microscopy (SEM) image of octopus suckers. The 
adhering mechanism of an octopus sucker to a target surface is 
schematically shown in Figure 1c. In this mechanism, suction 
adhesion is generated and retained by the contraction of radial 
and meridional muscles (denoted as R and M, respectively) 
and released by the contraction of circular muscles (denoted 
as C).[30–32] Originally, the pressures inside and outside the 
sucker cavity are the same (Pcavity = Pout). By the contraction of 
the radial muscle, the wall of sucker becomes thinned, and the 

Smart adhesives with switchable adhesion on demand have 
potential applications in medical adhesives, industrial assembly 
and manipulation systems, and smart-printing systems. Nature 
provides impressive examples of nano- and microstructured 
systems with excellent adhesion properties, e.g., the amazing 
dry adhesion abilities of a gecko’s foot,[1,2] the wet adhesive 
capabilities of a mussel’s byssal thread,[3,4] and the feet of tree 
frogs[5,6] and insects.[7–10] In addition to strong adhesion abili-
ties, most biological adhesive systems actively control and 
switch their adhesive strength for locomotion. For switchable 
adhesion, geckos employ the anisotropic directional adhesion 
properties of the hierarchical structures on their feet.[1,2] Tree 
frogs[6,11] and insects[7–10] such as beetles and crickets climb 
foreign surfaces through the liquid-bridge-mediated adhesion 
based on the secretion of mucus on their feet. Inspired by these 
biological adhesion properties and their structures, many arti-
ficial adhesives based on gecko-inspired directional dry adhe-
sives,[12–15] mussel-,[4,12,16] frog-,[17] and insect-inspired[18,19] 
wet adhesives have been reported. However, it is still a great 
challenge to mimic these switchable adhesive systems because 
most biological adhesion systems utilize inherent muscular 
actions or adhesive materials with complex structures to con-
trol their switchable adhesion properties on demand. Smart 
adhesive systems based on the active control of adhesion via 
external signals such as temperature,[20,21] light,[22] humidity,[23] 
and electric current[24] have also been reported. However, most 
of the previous artificial adhesive systems do not provide a 
high on/off adhesive strength ratio (i.e., the ratio of the adhe-
sive strengths in the high-/low-adhesion states) with excellent 
switchability. In particular, reversible adhesion with a high on/
off switching ratio in a wet environment has rarely been dem-
onstrated[14,23,25–28] (refer to Table S1 in the Supporting Infor-
mation for the comparison of reversible adhesion properties).

Octopus suckers have an excellent switchable wet adhesion 
capability, which enables its arms to adhere to any foreign 
surface. An octopus utilizes muscle actuation in its suckers 
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volume of the inside cavity expands, which results in a reduc-
tion in the pressure inside the sucker cavity (Pcavity < Pout); thus, 
suction adhesion is induced by the pressure difference. At this 
time, the contraction of meridional muscle enables to maintain 
the pressure difference and thus the consequent suction adhe-
sion. To detach its suckers from the target surface, the circular 
muscles contract, and subsequently, the wall of sucker becomes 
thickened, which results in an increase in the cavity pressure 
up to the external pressure (Pcavity = Pout); thus, the suction 
adhesion is lowered.

Inspired by the octopus sucker’s adhesive system, we fab-
ricated a smart adhesive pad in which the adhesive strength 
can be actively controlled by the thermoresponsive actuation 
of a muscle-like hydrogel layer within the cavity array, thereby 
inducing a pressure difference between the inside and outside 
of the cavity. Figure 1d,e shows schematics of the structure and 
adhering mechanism of the smart adhesive pad. In this smart 
adhesive pad, a hole-patterned poly(dimethylsiloxane) (PDMS) 
film was utilized as an elastomeric support. A thermoresponsive 
hydrogel of poly(N-isopropylacrylamide) (pNIPAM) was coated 
on top of this support for the formation of a thermoresponsive 

actuator wall inside the PDMS cavity. A detailed description 
of the fabrication of the smart adhesive pad is provided in the 
Experimental Section and shown in Figure S1 in the Supporting 
Information. The pNIPAM hydrogel undergoes a phase transi-
tion at a lower critical solution temperature (LCST) (≈32 °C), 
which causes a sharp change in its volume.[38,39] Although the 
pNIPAM hydrogel becomes hydrophilic and swells at a tem-
perature below the LCST (T < LCST), it becomes hydrophobic 
and shrinks as the temperature is increased above the LCST 
(T > LCST). This unique property of pNIPAM enabled various 
smart systems with thermoresponsive actuations.[39–43] In our 
smart adhesive pad, the coated pNIPAM wall layer functions 
as a thermoresponsive actuator to actively control the cavity 
volume within the smart adhesive pad, resembling the actu-
ating muscle in an octopus sucker for the reversible adhesion 
activity.

As can be seen in Figure 1e, the pNIPAM hydrogel layer is 
deposited within the PDMS cavity; thus, the cavity volume can 
be increased or decreased via heating or cooling, resulting in a 
change in the cavity pressure. When the temperature becomes 
elevated after the smart adhesive pad contacts a target surface, 
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Figure 1. Octopus-inspired smart adhesive pad. a) A photograph of octopus tentacle with suckers and b) a magnified SEM image of an octopus sucker 
(scale bar: 1 mm). c) Schematic of the adhering process of an octopus sucker. The adhesion can be switched via the actuation of muscles (radial 
muscles, R; meridional muscles, M; circular muscles, C). d) Schematic representation of microcavity arrays within a smart adhesive pad. e) Schematic 
of switchable adhesion mechanism of a smart adhesive pad. The adhesive force is reversibly switched by the hydrogel actuation in response to the 
environmental temperature. f) SEM image of the surface of the smart adhesive pad (scale bar: 10 μm). Its cross-sectional image is shown in the inset 
(scale bar: 500 nm). g) ESEM images of a single hole on the smart adhesive pad at a low temperature (left, T ≈ 3 °C) and a high temperature (right, 
T ≈ 40 °C) (scale bar: 500 nm).
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the volume of the pNIPAM-coated PDMS cavity is increased 
via shrinking of the hydrogel layer. Therefore, the cavity pres-
sure decreases, which induces an adhesion force between the 
adhesive pad and the target surface through the pressure dif-
ference between the inside and outside of the cavity. When the 
adhesive pad is cooled, the opposite behavior (hydrogel swelling 
and a decrease in the cavity volume) induces a decrease in the 
pressure difference and thus the adhesive strength of the smart 
adhesive pad. All of these processes are reversible; thus, switch-
able adhesion can be achieved.

Figure 1f shows an SEM image of a smart adhesive pad con-
taining a hexagonal hole array coated with a pNIPAM hydrogel 
layer. The cross-sectional geometry of a hole on the adhesive 
pad is shown in the inset in Figure 1f. As can be seen in the 
SEM images of PDMS hole arrays before and after coating 
with pNIPAM (Figure S2, Supporting Information), the 
pNIPAM layer uniformly coats the hole arrays with a thickness 
of ≈90 ± 10 nm. The pNIPAM coating on the hole-patterned 
PDMS is also confirmed via several analyses before and after 
coating with pNIPAM, including contact-angle measure-
ments, attenuated total reflectance Fourier transform infrared 
(ATR FTIR) spectroscopy, and X-ray photoelectron spectro-
scopy (XPS) (Figure S3, Supporting Information). To investi-
gate the thermoresponsive actuation of the pNIPAM hydrogel 
layer on the hole arrays, the change in the thickness of the 
pNIPAM layer at low (3 °C) and high (40 °C) temperatures 
was investigated by environmental SEM (ESEM). As shown in 
Figure 1g, it is observed that the diameter of the deep part of a 
hole increased from ≈420 to ≈670 nm (dotted circles), and the 

size of the shallow part of a hole was also remarkably enlarged 
owing to shrinking of the pNIPAM layer after heating. The 
ESEM analysis indicates the change in the PDMS hole size at 
low and high temperatures, demonstrating the thermorespon-
sive actuation of the pNIPAM wall layer and supporting the  
suggested adhesion mechanism of our smart adhesive pad. 
Since the adhesion mechanism depends on the pressure dif-
ference and thus the volumetric change of holes on the smart 
adhesive pad, it is worthwhile to analyze the volumetric change 
of a hole when the temperature changes from 3 to 40 °C. For 
the calculation of volume change of a hole, we assumed the hole 
shape to be a conical frustum (Figure S4, Supporting Informa-
tion). When the hole diameter changes from 420 to 670 nm, 
the hole volume changes from 2.75 × 108 to 10.25 × 108 nm3,  
which corresponds to ≈273% change of a hole volume. This 
large change of a hole volume can result in the large pressure 
difference and thus the strong adhesion between the smart 
adhesive pad and the target surface. The large structural change 
of pNIPAM hydrogel has been similarly observed in several 
previous works due to swelling/shrinking behaviors.[39–42,44]

The adhesive performance of a smart adhesive pad was 
investigated with a target surface of Si through a home-built 
adhesion tester (Figure S5, Supporting Information). As can 
be seen in Figure 2a, the pNIPAM-coated patterned PDMS 
(i.e., the smart adhesive pad) exhibits an adhesive strength 
(normal adhesion) of ≈46 kPa in a high-adhesion state (on state, 
T ≈ 35 °C), which is over four times higher than the values 
observed for PDMS, patterned PDMS, and pNIPAM-coated 
PDMS. On the other hand, the adhesive strength of the smart 
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Figure 2. Adhesive performances of smart adhesive pads in response to the environmental temperature. a) Normal adhesive strength of various adhe-
sive pads at 22 (adhesion off state) and 35 °C (adhesion on state). b) Normal adhesive strength of smart adhesive pads as a function of the attachment 
time at 35 °C for various diameters and pitches. c) Normal adhesive strength of a smart adhesive pad (diameter: 1.0 μm, pitch: 5.5 μm) as a function 
of the time of attachment at various heating temperatures (35, 47, 61 °C). d) Switchable normal adhesion of a smart adhesive pad (diameter: 1.0 μm, 
pitch: 5.5 μm) at a low temperature (22 °C) and a high temperature (35 °C). The attachment time is 30 min in both cases. For all the adhesion tests, 
the target surface is Si substrate and eight trials of adhesion test are performed to obtain the average adhesive strength.
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room temperature) is ≈0.3 kPa, which is comparable to those of 
other adhesives. This thermoresponsive change in the adhesive 
strength results in an on/off adhesive strength ratio which is 
greater than 131. The adhesion performance of the smart adhe-
sive pads depends on the diameter and pitch of the hole arrays. 
As can be seen in Figure 2b, the adhesive strength increases as 
the diameter and pitch of the patterned holes becomes smaller. 
In the case of the smart adhesive pad with the smallest dia-
meter and pitch (diameter: 1.0 μm, pitch: 5.5 μm), the adhesive 
strength in the high-adhesion state is ≈59.1 kPa for an attach-
ment time of 90 min, and the obtained on/off ratio of the adhe-
sive strength is ≈170. The response time of smart adhesive 
system depends on the temperature. Figure 2c shows the time-
dependent variation of adhesion strength of smart adhesive 
pads depending on various temperatures (35, 47, 61 °C). When 
the temperature is increased, the response time is shortened 
and the adhesive strength of smart adhesive pad is increased; 
the adhesive pads showed adhesive strengths of 9–26 kPa within 
20–30 min of heating at 35 °C, 17–81 kPa within 15–30 min of 
heating at 47 °C, and 20–94 kPa within 5–20 min of heating 
at 61 °C. Figure 2b,c indicates that the adhesive strength and 
response time can be varied depending on the structure and 
temperature of smart adhesive pad. The maximum adhesive 
strength (≈94 kPa) and adhesion switching ratio (≈293) at 61 °C 
of heating temperature are significantly higher than those of 
previous smart adhesive pads[14,23,25–28] (see the comparison in 
Table S1, Supporting Information). In particular, in contrast to 
previous smart adhesive pads, our smart adhesive pads do not 
require any external preload to enhance the adhesion state. Fur-
thermore, the adhesive strength could be reversibly and repeat-
edly switched by active control of the temperature, as shown in 
Figure 2d, with repeated cycles of high and low temperatures. 
The smart adhesive pad shows a high durability as well. The 
smart adhesive pad maintained its performance, even after 100 
repeated cycles of attachment/detachment processes with the 
target surface (Figure S6, Supporting Information).

One potential application of a smart adhesive pad with ther-
moresponsive reversible adhesion properties is the transfer 
printing of semiconductor thin films from the source substrates 
to different substrates. For example, the heterogeneous integra-
tion of III–V compound semiconductor nanomembranes onto 
arbitrary substrates (Si, glass, plastic) has enabled various III–V 
electronics (transistors, light-emitting diodes, solar cells, spin-
tronics) on arbitrary substrates which is not be possible with con-
ventional semiconductor processes.[45–55] However, most of the 
previous transfer-printing techniques rely on the use of kineti-
cally controlled adhesion in planar[56] or structured[57,58] elasto-
meric stamps, which has been considered a big challenge for the 
transfer of delicate micro-/nanostructures owing to the low on/
off ratio of the adhesive strengths of the transferring stamp, and 
require the application of an external preload which can cause 
damage to and cracks in the target materials. Consequently, a 
smart adhesive pad with a high on/off adhesion ratio and without 
an external preload will be required for more delicate attach-
ment/detachment of ultrathin and thus fragile semiconducting 
membranes onto any desired substrate without any damage.

We developed a smart-printing process based on the bioin-
spired smart adhesive system for the transfer printing of 

micro-/nanostructure arrays of a semiconducting material onto 
various substrates. As shown in Figure 3, square-patterned 
InGaAs nanomembranes (thickness: 100 nm) on InAlAs/InP 
donor substrates can be successfully transferred onto an SiO2/
Si substrate via smart-printing process. First, square-patterned 
InGaAs nanomembrane arrays on InAlAs/InP substrates were 
fabricated and then transferred to intermediate PDMS sub-
strates through the selective wet etching of the InAlAs/InP sub-
strates (Figure S7, Supporting Information). The square array 
of InGaAs nanomembranes was separated from the PDMS 
mediator by the smart adhesive pad in the high-adhesion state. 
The high-adhesion state could be created after the initially 
swollen adhesive pad touched the InGaAs/PDMS at a high 
temperature (TH ≈ 35 °C) for 60 min in the atmosphere. Then, 
PDMS was manually removed, and the InGaAs nanomem-
brane array was successfully transferred onto the smart adhe-
sive pad. Then, the array was sequentially transferred onto an 
SiO2/Si substrate in the low-adhesion state of the smart pad, 
which could be set by immersing the InGaAs nanomembrane 
array on a smart pad in deionized water at low temperature 
(TL ≈ 22 °C) for 30 min. This smart-printing process is shown 
in Figure 3a and described in the Experimental Section. We 
observed that the yield resulting from the smart printing of 
this square-patterned InGaAs nanomembrane array is almost 
100% without any noticeable defect formation, as shown in 
Figure 3b and Figure S8a (Supporting Information), and this 
process is also applicable to other structures such as the nanor-
ibbons shown in Figure S8b in the Supporting Information. An 
atomic force microscopy (AFM) analysis confirmed that there 
was no noticeable damage to the semiconducting nanomem-
brane array during the smart-printing process (Figure 3c and 
Figure S9, Supporting Information). Figure S9 (Supporting 
Information) shows that the surface roughness of the InGaAs 
nanomembrane was maintained after the smart-printing pro-
cess. Here, the high roughness of the InGaAs nanomembrane 
on the smart adhesive pad is due to the strong suction of the 
InGaAs nanomembrane into the hole of the smart pad due to 
the pressure difference,[59] which can be recovered to its orig-
inal state after transferring the InGaAs nanomembrane onto 
the SiO2/Si substrate. This complete restoration of the InGaAs 
nanomembrane indicates that the smart-printing process is 
applicable to the transfer printing of ultrathin nanomembranes 
without damage or ripples in the nanomembranes.

The smart-printing process is a generic technique which can 
be applied to various micro-/nanostructured arrays on arbi-
trary rigid and flexible substrates. For example, Si microribbon 
(thickness: 2 μm) and InGaAs nanoribbon (thickness: 100 nm) 
arrays were successfully transfer-printed onto SiO2/Si sub-
strates (Figure 4a,c). Furthermore, the cross-junction stacking 
of Si microribbon arrays and heterostructure arrays of Si/
InGaAs micro/nanoribbons can be easily fabricated on SiO2/Si 
substrates via repeated smart-printing processes (Figure 4b,d). 
These results of cross-stacked semiconducting micro-/nanorib-
bons are difficult to achieve with traditional transfer-printing 
techniques relying on the kinetic properties of the elastomeric 
stamp owing to the low van der Waals interactions between 
stacked nanoribbons with small contact-area formation. In addi-
tion, honeycomb-shaped Si micromembranes can be revers-
ibly detached and transferred onto various rigid and flexible 
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substrates such as an SiO2/Si substrate, polyimide film, and 
thin poly(ethylene terephthalate) (PET) substrate without any 
damage (Figure 4e and Figure S10 in the Supporting Informa-
tion). Here, it is worthwhile to note that identical Si micromem-
branes were sequentially detached at high temperature (TH) 
and transferred at low temperature (TL) to other substrates, 
demonstrating the high efficiency of the smart-printing pro-
cess. In addition, this result also demonstrates that the hydro-
phobic material can be easily transferred by the smart-printing 
process. The Si micromembrane shows a hydrophobic property 
(Figure S11, Supporting Information) since the native oxide on 
the Si surface is removed by the hydrofluoric acid (HF) solu-
tion treatment during the preparation of honeycomb-shaped 
Si micromembrane. These results indicate that smart-printing 
technology using a smart adhesive pad is universal and versa-
tile for the transfer of micro-/nanostructure arrays of various 
semiconducting materials onto any desired substrate.

Through the smart-printing technique, we fabricated hetero-
geneously integrated n-InGaAs nanomembrane transistors on 
an SiO2/Si substrate. First, an array of InGaAs nanomembranes 
(thickness: 40 nm, length and width: 50 μm) was transferred 
onto an SiO2/Si substrate (SiO2 layer thickness of 100 nm) by 

the smart-printing process. Then, Au source/drain electrodes 
were deposited via thermal evaporation. The device structure 
is schematically shown in Figure 5a (the inset shows an AFM 
image of the device), and an optical microscope image of the 
InGaAs nanomembrane transistor array is shown in Figure 5b. 
The heterointegrated InGaAs transistor exhibits a nice InGaAs/
SiO2 interface without any voids or defects at the interface, as 
can be seen in the transmission electron microscopy (TEM) 
images (Figure 5c,d).

The transfer and output characteristics of a back-gated 
InGaAs field-effect transistor (FET) with a channel length 
of 35 μm are shown in Figure 5e,f, respectively. The drain 
current increases as the gate voltage sweeps from nega-
tive to positive voltage, indicating the n-type behavior of 
the transistor (Figure 5e). The transistor exhibits a signifi-
cantly high electron mobility and on/off current ratio. The 
field-effect mobility (μn,FE) of our device was calculated by 
using the relation of μn,FE = gm(L2/COXVDS), where gm is the 
transconductance, L is the channel length, COX is the gate 
oxide capacitance, and VDS is the drain–source voltage. The 
transconductance (gm) could be expressed by the relation of 
gm = dIDS/dVGS V| DS, where IDS is the drain–source current, 
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Figure 3. Smart printing of InGaAs nanomembranes on SiO2/Si substrates. a) Schematic of the smart printing of a square-patterned InGaAs array 
onto an SiO2/Si substrate. Square-patterned InGaAs nanomembranes were transferred onto a smart adhesive pad from a PDMS mediator in the high-
adhesion state and sequentially transferred onto the SiO2/Si substrate in the low-adhesion state. b) Optical microscope images (scale bar: 40 μm) 
and c) AFM images (scale bar: 10 μm) of the square-patterned InGaAs array on a series of substrates during wet etching and the subsequent smart-
printing process; from left, square-patterned as-grown InGaAs array on an InAlAs/InP donor substrate, InGaAs on PDMS after selective wet etching of 
the donor substrates, InGaAs transferred onto a smart adhesive pad in the high-adhesion state, and InGaAs transferred onto SiO2/Si substrates after 
the entire smart-printing process.
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VGS is the gate–source voltage. The gate oxide capacitance 
(COX) could be expressed by the parallel plate capacitor model 
COX = (εA)/d, where ε = εrε0 is the permittivity with relative 
permittivity εr = 3.9 for SiO2 dielectric layer, and d (in this case, 
d = 100 nm) is the thickness of dielectric layer. Figure 5g,h 
shows the histogram plots of the field-effect mobility and on/
off ratio for 80 transistors. The maximum values of mobility 
and on/off current ratio are ≈3000 cm2 V−1 s−1 and 5.3 × 103 
(averages: ≈2026 cm2 V−1 s−1 and 4 × 103), respectively. To the 
best of our knowledge, this mobility is the largest among het-
erogeneously integrated InGaAs FETs on Si substrates with 
top- or bottom-gate structures[60–66] (see Table S2, Supporting 
Information). These results of high electron mobility and on/
off current ratio indicate the excellent electronic quality of 
the transferred InGaAs layer and the efficiency of the transfer 
printing via the suggested octopus-inspired smart adhesive 
system.

By mimicking the pressure-induced adhesion of octopus 
suckers in this study, we demonstrated that the combination 
of the thermoresponsive actuation of a pNIPAM polymer layer 
and an elastomeric PDMS microcavity array enables switchable 

adhesion in response to a thermal stimulus. Through control of 
the temperature, the smart adhesive pad showed an adhesion 
switching ratio of ≈293, where the adhesive strength can be 
switched between ≈94 kPa at a high temperature and ≈0.32 kPa 
at a low temperature with clear reversibility and high durability. 
Furthermore, we showed that this switchable adhesive system 
can be employed in a transfer-printing process to heteroge-
neously integrate Si and compound semiconductor micro-/
nanomembranes onto any desired substrate such as Si, poly-
imide, and PET substrates. The smart-printed InGaAs transis-
tors on Si substrates exhibited an excellent field-effect mobility 
(≈3000 cm2 V−1s−1) and on/off current ratio (≈5.3 × 103), which 
are among the best for heterogeneous InGaAs transistors. The 
bioinspired smart adhesive system suggested in this study is 
applicable to the heterogeneous integration of arbitrary micro-/
nanoscale objects, which has great potential in the fabrication 
of high-performance transistors and optoelectronic devices on 
heterogeneous or flexible substrates. Moreover, our smart adhe-
sive pads have potential applications in medical adhesives and 
assembly of micro- and macroscale objects in industrial manip-
ulation systems.
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Figure 4. Smart printing of various semiconducting materials on diverse rigid and flexible substrates. Tilted SEM images of a smart-printed a) Si micro-
ribbon, b) cross-double-stacked Si microribbon, c) InGaAs nanoribbon, and d) cross-integrated heterostructure of Si/InGaAs on SiO2/Si substrates. 
The thicknesses of each Si microribbon and InGaAs nanoribbon are 2 μm and 100 nm, respectively. The tilted angles are 60° in panels (a) and (b) and 
45° in panels (c) and (d) (scale bar in panels (a) and (b): 20 μm and in panels (c) and (d): 40 μm). e) Photographs and optical microscope images 
(inset, scale bar: 30 μm) of a hexagonally patterned Si membrane sequentially transferred by smart printing onto SiO2/Si, polyimide film, thin PET 
substrates, respectively (from left). The Si membrane can be detached from the original substrate at a high temperature (TH) and transferred onto the 
other substrate at a low temperature (TL). The thickness of the hexagonally patterned Si membrane is 2 μm.
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Experimental Section

Fabrication of Smart Adhesive Pad: The fabrication process of 
smart adhesive pad was schematically shown in Figure S1 in the 
Supporting Information. First, patterned PDMS pad was fabricated. In 
this fabrication process, an Si mold was fabricated with four different 
diameters of 1.0, 2.5, 4.5, and 6.5 μm and pitches of 5.5, 7.0, 8.5, and 
11 μm by photolithography and dry etching. Next, a thin film of parylene 
was deposited on the Si mold for the facile demolding of PDMS replica 
from the Si mold. For the PDMS replica moulding, a PDMS mixture (10:1 
ratio for the PDMS base and curing agent, Sylgard 184, Dow Corning) 
was poured into the Si mold and degassed, followed by heating at 80 °C 
on a hot plate for 4 h. Then, PDMS was demolded from the Si mold, 
immersed in hexane for 2 h to remove the pre-polymer in the PDMS, 
and heated to evaporate the hexane at 70 °C for 2 h. Consequently, 
hole-patterned PDMS could be fabricated to be used as a smart pad 
supporter (Figure S12, Supporting Information).

Next, the pNIPAM hydrogel layer was deposited on patterned 
PDMS pad. Here, the pNIPAM layer was simultaneously synthesized 
and deposited onto the patterned PDMS by photopolymerization of 
a solution mixture containing an N-isopropylacrylamide (NIPAM) 
monomer, an N,N′-methylenebisacrylamide (bis-AMD) crosslinker, and 
a 2,2′-diethoxyacetophenone (DEAP) photoinitiator (Sigma Aldrich). 
The solution mixture was prepared by dissolving 1.6 mmol of NIPAM 
monomer, 30 μmol of bis-AMD, and 6 μmol of DEAP in 2 mL of 
deionized water and degassing the solution mixture with N2 gas for 
10 min to remove dissolved oxygen gas. The solution mixture was drop-
cast onto patterned PDMS pad, which was treated with an O2 plasma 
(18 W, for 2 min). Next, the solution was spread and softly squeezed 
by an O2-plasma-treated (18 W, for 2 min) slide glass on top. Finally, 
photopolymerization was accomplished by UV irradiation for 2 h 
(365 nm, 6 W). Consequently, a thin layer of pNIPAM was coated onto 
patterned PDMS with a thickness of ≈90 nm.

Smart Printing of Patterned InGaAs Nanomembranes on SiO2/Si 
Substrates: The smart-printing process was schematically described 
in Figure 3a and Figure S7 (Supporting Information). For the smart 
printing of InGaAs nanomembranes, n-In0.53Ga0.47As/In0.52Al0.48As 
epitaxial layers on InP (001) substrates were grown using a molecular 
beam epitaxy system (MBE) (Riber Compact 21T). The n-InGaAs layer 
was doped by 3.05 × 1018 cm−3 (at 440 °C), and it was covered by a 2 nm 
thick InAs capping layer to prevent surface oxidation at atmosphere. In 

this process, In0.53Ga0.47As layers with a thickness of 100 nm (Figures 3 
and 4, and Figure S8 in the Supporting Information) or 40 nm (Figure 5) 
were grown on an In0.52Al0.48As buffer layer (thickness ≈200 nm). Then, 
photoresist was deposited onto the In0.53Ga0.47As surface with a square 
(Figures 3 and 5, and Figure S8a in the Supporting Information) and 
line patterns (Figure 4, and Figure S8b in the Supporting Information) 
by photolithography. The unprotected area of In0.53Ga0.47As was etched 
by immersion (3 min) in an etching solution, which consisted of a 3:1 
volumetric ratio of 50 wt% citric acid (citric acid monohydrate) (Sigma 
Aldrich) and hydrogen peroxide (34.5%, SAMCHUN, Korea). Then, the 
photoresist was removed by sonication in acetone for 10 min, resulting 
in square-patterned In0.53Ga0.47As layers on In0.52Al0.48As/InP substrates. 
Next, the substrate of In0.53Ga0.47As/In0.52Al0.48As/InP was washed with 
acetone, isopropyl alcohol (IPA), and deionized water.

Next, the In0.53Ga0.47As surface of the substrate was attached to the 
flat PDMS to pick up the In0.53Ga0.47As nanomembrane after the selective 
etching of In0.52Al0.48As/InP layers (Schematic description in Figure S7, 
Supporting Information). For the selective wet etching of In0.52Al0.48As/
InP layers, the PDMS/In0.53Ga0.47As/In0.52Al0.48As/InP substrate was 
immersed (30 min at 40 °C) in an etching solution consisting of a 
5:2 volumetric ratio of hydrochloric acid (35%, DAEJUNG, Korea) and 
deionized water. Then, the patterned In0.53Ga0.47As nanomembrane 
was remained on the flat PDMS pad. After washing the In0.53Ga0.47As 
nanomembrane on a PDMS pad with deionized water, In0.53Ga0.47As/
PDMS was attached to a smart pad with a swollen pNIPAM hydrogel 
layer at a low-adhesion state (schematic description in Figure 3a). Then, 
the PDMS/In0.53Ga0.47As/smart pad was heated to 35 °C to shrink the 
pNIPAM hydrogel layer and thus switch the smart adhesion pad from 
low-adhesion to high-adhesion state. After 1 h, PDMS was delaminated 
by tweezers, and In0.53Ga0.47As was successfully transferred onto 
the smart pad. Then, the In0.53Ga0.47As/smart pad was immersed in 
deionized water for 30 min to swell the pNIPAM hydrogel layer and 
consequently switch the smart adhesive pad from the high-adhesion 
to low-adhesion state. Then, the In0.53Ga0.47As nanomembrane was 
successfully transferred onto an SiO2/Si substrate via van der Waals 
interactions between In0.53Ga0.47As and SiO2/Si substrates after the 
water layer on In0.53Ga0.47As was removed by an air blower.

Smart Printing of Patterned Si Membranes on Arbitrary Substrates: A 
silicon-on-insulator wafer containing an Si active layer (thickness: ≈2 μm) 
was utilized to prepare patterned Si membranes. Here, the photoresist 
was deposited onto the surface of the Si active layer with line or 
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Figure 5. Heterogeneously integrated InGaAs FETs on SiO2/Si substrates. a) Schematic representation and b) optical microscope image (scale bar: 
200 μm) and AFM image (inset, scale bar: 20 μm) of n-InGaAs FETs on an SiO2/Si substrate. c) Cross-sectional TEM image of an n-InGaAs back-gated 
FET (scale bar: 20 nm) and d) magnified TEM image of the InGaAs/SiO2 interface (scale bar: 5 nm). e) VGS–IDS and f) VDS–IDS curves of n-InGaAs 
back-gated FETs on SiO2/Si substrates. Histograms of the g) on/off ratio and h) field-effect mobility of n-InGaAs back-gated FETs on SiO2/Si substrates.
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hexagonal patterns by photolithography. Using a reactive-ion etching 
process, the line or hexagonal pattern was engraved into the Si active 
layer. Then, the photoresist was removed by sonication in acetone for 
10 min, resulting in line- or hexagon-patterned Si membrane. Next, 
an SiO2 sacrificial layer was etched with 4% HF for 9 h, resulting in a 
patterned Si active layer floated on the surface of etching solution. The 
floating membrane was picked up by another bare Si substrate, washed 
with IPA and deionized water, and dried with an N2 blower. Then, the 
patterned Si membranes were transferred from the bare Si substrate 
onto the smart pad after contact for 1 h at 35 °C at the high-adhesion 
state of smart pad. Subsequently, the smart pad was swollen in room-
temperature deionized water for 30 min to induce the low-adhesion 
state of smart pad, and the patterned Si membranes were transferred 
from the smart pad onto SiO2/Si, PET, or polyimide substrates via 
contact printing.

Characterization: A field-emission SEM with the environmental mode 
(Quanta 200, FEI) was utilized for the precise monitoring of the smart 
pad at the swollen (3 °C, 50% humidity) and shrunken (40 °C, 9.8% 
humidity) states of pNIPAM hydrogel layer and thus the variation of 
diameter on the surface of the of the smart pad. The adhesive strength 
of an adhesive pad was investigated by a home-built adhesion tester 
containing a push–pull gauge (DFG10, OPTECH) (Figure S5, Supporting 
Information). For the adhesion test, the adhesive pad was immersed 
in deionized water for 30 min for the stabilization of swollen state of 
an adhesive pad and the reproducibility of each adhesion test. Then, 
the adhesive pad was fixed to the load cell and attached on the target 
surface (Si substrate). Here, for the measurement of adhesive strengths 
at a high temperature, the hot plate was heated for 30 min before the 
adhesion test. After the contact of adhesive pad, the heat generated 
by the hot plate was transferred to the adhesive pad through a SUS 
(steel use stainless) plate and an Si substrate when the adhesive pad 
contacts with the Si substrate. To measure the adhesive strength at a 
low-adhesion state, the adhesive pad was immersed in a deionized 
water for 30 min at a low temperature and attached to the Si substrate. 
After a pre-defined attachment time, the adhesive pad was detached 
from the Si substrate and the adhesive strength was measured by 
the load cell. The surface morphology of In0.53Ga0.47As on the growth 
substrate, PDMS, smart pad, and SiO2/Si substrate was examined 
by an optical microscope (PSM-1000, Olympus) and atomic force 
microscope (D3100, Veeco). The Si microribbon, InGaAs nanoribbon, 
cross-junction stacking of Si microribbon, and heterostructure arrays of 
Si/InGaAs micro/nanoribbon arrays transferred onto SiO2/Si substrates 
were observed by a field-emission SEM (S-4800, Hitachi). The surface 
of the patterned PDMS before and after coating with pNIPAM was 
characterized by a field-emission SEM, contact-angle measurements, 
ATR FTIR spectroscopy (670/620-IR imaging, Agilent), and XPS (K-alpha, 
ThermoFisher) analyses.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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