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printing, which is affected by uncontrollable fluid flow and chemical 
diffusion, the dry transfer printing suggested here is a fluid-free 
process that actively exploits the intrinsic material properties and 
functional layer. First, the difference between the CTEs of adjacent 
dissimilar materials creates thermal stress at the heterogeneous 
interface, which induces interfacial cracks at the edge. Second, the 
formation of the chemically treated functional layer prevents the 
atomic diffusion that increases adhesion to the substrate. Through 
unsophisticated heat treatment, the dry transfer printing provides a 
rapid release time and deterministic assembly of scalable elements/
patterns, which circumvents the main limitations of wet transfer 
printing. In this method, the metal layer remains attached to the 
device upon completion of transfer printing. If necessary, this metal 

layer can be immediately removed by exposing to an etchant while 
the device is attached to the adhesion tape. The abovementioned 
advantages of the proposed method (i.e., the process is instant, 
deterministic, and scalable) will be maintained even if wet etching is 
performed before transferring the device to receiver substrate. The 
FEA of the process feasibility and the working principles of the pro-
posed dry transfer printing reveal the following: (i) The stress is 
concentrated at the edge of the interface during the heating process; 
(ii) the CTE mismatch at the heterogeneous interface causes micro-
cracks, inducing delamination. These strategies are proven with multi-
scale, sequential wet-dry, circuit-level, and biological topography-based 
transfer printing. The proposed dry transfer printing provides new 
opportunities for extensive applications of modern electronics in a 
wide range of areas that have not been addressed with traditional 
wet transfer printing methods over the past few decades.

MATERIALS AND METHODS
Fabrication process of m-ILED
The -ILEDs (300 m by 300 m by 2.7 m) used in this paper were 
fabricated with GaAs-based wafers that have epitaxial structures, in-
cluding Zn-doped layers (50-nm GaAs p-contact/800-nm Al0.45GaAs 
p-spreader/200-nm Al0.33GaAs p-cladding), quantum well structures 
[10-nm Al0.33GaAs barrier/4× (10-nm GaAs quantum well)/10-nm 
Al0.33GaAs barrier], Si-doped layers (200 nm Al0.33GaAs n-cladding/ 
800-nm Al0.45GaAs n-spreader/500-nm GaAs n-contact), and sacri-
ficial layers (500-nm Al0.95GaAs). The fabrication process of the 
-ILED began with deposition of SiO2 (600 nm in thickness) on a 
GaAs wafer. The SiO2 layer was patterned by photolithography and 
buffered oxide etching (BOE). To expose the n-contact layer, induc-
tively coupled plasma-reactive ion etching [ICP-RIE; Cl2 20 stan-
dard cubic centimeters per minute (sccm), 1000 W/100 W] through 
a photolithographically defined hard mask of SiO2 formed a trench 
down to the n-contact layer. After photolithographically defined PR 
patterning for protection of the n-contact layer connected to the LED, 
the residue of the n-contact layer between the devices was removed 
by a wet etching process (H3PO4:DI:H2O2 = 1:12:13 for 50 s). PR 
photopatterning and wet etching of SiO2 to expose certain regions 
of p-contact allowed the formation of non-ohmic metal contacts and 
interconnections of lines. N-metal contact (Pd/Ge/Au = 5/35/70 nm) 
and p-metal contact (Pt/Ti/Pt/Au = 10/40/40/50 nm) were deposited 
by electron beam evaporation and patterned by photolithography 
and liftoff. Last, the photolithographically patterned anchoring PR 
structures described in fig. S11 held the epitaxial layer to the under-
lying GaAs wafer during removal of the Al0.95GaAs with diluted 
hydrofluoric acid (HF) etching solution (DI:HF = 20:1 for 2 hours).

Fabrication process of m-Si PD
The -Si PD (100 m by 260 m by 1.25 m) used in this paper 
was fabricated with a silicon on insulator (SOI) wafer that has a 
phosphorus/boron-doped region with a doping concentration of 
5 × 1019 cm−3 for n+ and p+ doping through ion implantation. To 
isolate the -Si PD from the substrate, the -Si PD was patterned by 
photolithography with a PR (AZ 5214, Microchem) and dry etching 
using ICP-RIE. In addition, to remove the buried oxide layer, a wet 
etching process was applied with 49% HF. An anchoring PR was 
coated, and the sacrificial layer was eliminated by the wet etching 
process. The detailed steps for the fabrication follow previously 
reported procedures.

Fig. 6. Scalp-mounted optogenetic stimulator with topography-based dry 
transfer printing. (A) 3D scanning process of the mouse brain model for obtaining 
the spatial information of stimulus sites considering the biological anatomy. Photo 
credit: Seungkyoung Heo, Daegu Gyeongbuk Institute of Science and Technology. 
(B) Optical images of an optogenetic stimulator resting on the target positions of 
the mouse brain during the operation of the -ILEDs and magnified optical images 
of a device with active components and stretchable interconnections. Photo credit: 
Seungkyoung Heo, Daegu Gyeongbuk Institute of Science and Technology. (C) Sche-
matic diagram for the in vivo experiment. The optogenetic stimulator sheds blue 
light on the motor cortex, activating ChR2. Inserted multichannel electrodes simul-
taneously record changes in neural activity in response to optogenetic stimulation 
with various intensities. (D) Example traces of neural activity with blue light illumi-
nation (top) and examples of spike waveforms of isolated units evoked by the 
-ILED operation (bottom) (ON, red box; OFF, blue box). (E) Frequency of the firing 
rate upon optogenetic stimulation at various intensities (0, 2, 6, and 20 mW).
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SAM treatment
The Si substrate was treated with trichloro(1H,1H,2H,2H-
perfluorooctyl)silane (Sigma-Aldrich) vapor at room temperature 
for 2 hours to form an antiatomic diffusion layer.

Fabrication of the Marilyn Monroe pattern
Sputter deposition (50 W) was used to form a thin Au layer (200 nm) 
on a temporary Si wafer substrate (150 mm in diameter; 0.625 mm 
in thickness; <100>). Photolithographic patterning and wet chemical 
etching were used to define the designed Marilyn Monroe geometry. 
A transparent adhesive allowed thermal exfoliation of the completed 
pattern from the Si substrate after heating and sequential cooling of 
the entire pattern.

Fabrication process for the wireless heater
Surface treatment with trichloro(1H,1H,2H,2H-perfluorooctyl)silane 
(Sigma-Aldrich) of the Si wafer yielded an antiatomic diffusion layer. 
Sputter deposition (50 W) was used to form a thin Cu film (100 nm). 
Spin casting and thermal curing were used to form a layer of PI (3 m 
in thickness, Sigma-Aldrich). Sputter deposition (200 W/50 W) fol-
lowed by patterning of metal bilayers of Cr (24 nm)/Au (100 nm) 
was used to form the serpentine structures for the wireless micro-
heater. Selective deposition of the Cu layer (3 m) through the cor-
responding shadow metal mask was used for the dipole antenna. 
Another layer of PI (3 m) was spin cast to encapsulate the devices. 
Reactive ion etching (20 sccm O2, 30 mtorr, and 150 W) followed by 
wet etching was used to remove the PI/Cu. Heating and cooling of 
the dry transfer printing allowed the devices to be retrieved with a 
transparent adhesive film.

Fabrication process of the pulse oximeter
Metal deposition (50 W) yielded a thin Au layer (100 nm) on the Si 
substrate. A spin cast and partially cured layer of PI (2 m) served 
as an adhesive. Two -ILEDs and -Si PD fabricated according to 
the procedures described previously were transfer-printed onto the 
partially cured PI with an elastomeric stamp. The PI was fully cured 
by heating. Another layer of PI (1.5 m) was spin cast, and photo-
lithographic patterning followed by reactive ion etching (20 sccm O2, 
30 mtorr, and 150 W) was used to define holes. Sputter deposition 
(200 W/50 W) and patterning of metal bilayers of Cr (24 nm)/Au 
(300 nm) was used to form the patterns of the metal interconnects. 
A film of PI (1.5 m) was spin cast to form a dielectric layer. Reactive 
ion etching (20 sccm O2, 30 mtorr, and 150 W) was used to elimi-
nate the photolithographically unprotected PI regions. Wet etching 
was used to remove the Au. An induced thermal stress through a 
dry transfer printing technique was used to retrieve the device layer 
onto the water-soluble tape (ASWT-2, AQUASOL). Metal layers of 
Ti (3 nm)/SiO2 (20 nm) formed by sputter deposition (100 W/100 W) 
on the surface of water-soluble tape formed siloxane bonds with the 
ultraviolet (UV)–treated silicone elastomer substrate (Ecoflex 0050, 
Smooth-on). Dissolving the tape with water and connecting the 
conductive wires with solder paste (NC-SMQ80, Indium Corpora-
tion) completed the fabrication.

Fabrication process of the ECG sensor
Fabrication began with sputter deposition (50 W) of the Au layer 
followed by spin casting of the PI layer (1.5 m) on the Si substrate. 
Photolithographically patterned metal layers of Cr (24 nm)/Au (300 nm) 
formed by sputter deposition (200 W/50 W) were used for the 

electrodes for the ECG sensor. A spin cast and thermally cured sec-
ond layer of PI served as a passivation layer. Photolithography and 
reactive ion etching (20 sccm O2, 30 mtorr, and 150 W) were used 
to define the desired open mesh structures. Wet chemical etching of 
the photolithographically patterned Au and application of thermal 
stress facilitated the release of the resulting devices with water-soluble 
tape (ASWT-2, AQUASOL). Sputter deposition (100 W/100 W) of 
Ti (3 nm)/SiO2 (20 nm) bilayers on the tape formed siloxane bonds 
to the silicone substrate (Ecoflex 0030, Smooth-on) before UV radi-
ation treatment.

Fabrication process of the wireless gas inhale monitor
Sputter deposition (50 W) yielded a copper layer (100 nm) on a 
silane-functionalized Si substrate. A film of PI (1.5 m) spin cast 
and baked on Cu established an encapsulation layer. Photolitho-
graphic patterning of metal layers of Cr (24 nm)/Au (300 nm) 
formed by sputter deposition (200 W/50 W) was used to define the 
conductive traces. The second PI layer (1.5 m) served to isolate the 
metal traces. Reactive ion etching (20 sccm O2, 30 mtorr, and 150 W) 
was used to create the contact pads as bonding points of electronic 
components. Wet etching was used to eliminate the exposed Cu layer. 
Thermal stress induced by heating and cooling enabled the retrieval 
of the entire structures with water-soluble tape (ASWT-2, AQUASOL) 
and integration with a PDMS substrate (Dow Corning). A conductive 
alloy (NC-SMQ80, Indium Corporation) connected the surface-
mounted circuit chips to the contact pads of metal traces.

Fabrication process of the scalp-mounted  
optogenetic stimulator
Fabrication began with the formation of a thin Au film (100 nm) by 
sputter deposition (50 W) on a glass substrate. Spin casting and 
thermal curing yielded a layer of PI (1.5 m). Photolithography 
with standard PR and reactive ion etching (20 sccm O2, 150 W, and 
30 mtorr) was used to determine the patterns of the serpentine metal 
interconnects. Wet chemical etching with Au etchant was used to 
define the Au configurations. Sticky tape separated the completed 
patterns from the temporary support after the application of the 
thermal stress to the entire substrate. Water-soluble tape (ASWT-2, 
AQUASOL) subsequently enabled the resulting patterns to be re-
trieved from the sticky tape and delivered them onto a glass substrate 
coated with bilayers of polymethyl methacrylate (PMMA; PMMA 
A6 495, Microchem) and PDMS layer (Dow Corning). Dropping 
water onto the water-soluble tape exposed the contact pads of the 
LEDs (220 m by 270 m by 50 m; CREE Inc.). Conductive silver 
epoxy (CW2400, Circuit works) was used to electrically bond the 
LEDs to the contact pads. An anisotropic conductive film (Elform) 
was connected to the device to provide an external power supply to 
the LEDs. The physical separation of the device from the glass sub-
strate completed the process.

Finite element analysis
3D and 2D FEA were used to predict the thermal stress distribution 
of the substrate and the device layer during dry transfer printing. 
Mapped meshes and free triangular 2D meshes were used for the 
FEA. The meshes around the edge of the interface were formed with 
extremely high density for calculation accuracy. The device consisted 
of three layers of Au (200 nm), PI (1 m), and the Cu device layer 
(200 nm) with a width of 2 cm, and the substrate (100 mm in diameter; 
525 m in thickness) consisted of Si. An Al plate (250 mm in width; 
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3 cm in thickness) was placed under the substrate and acted as a 
heater and cooler. The initial temperature of the device and sub-
strate was 20°C. The temperature of the Al plate was initially set to 
150°C and was changed to 20°C at 3 s. All surfaces in contact with 
the air were covered with an insulating film, as the heat flux due to 
convection was negligible compared to the heat flux due to conduc-
tion. The residual stress of the interface between the substrate and 
the device layer was set to zero at the initial temperature of the de-
vice and the substrate. The thermal contact condition was used at 
the interface between the substrate and the Al plate. In Fig. 2A, the 
contact pair condition was used at the interface between the device 
layer and substrate for detachment of the meshes. In Fig. 2 (B to D), 
the contact pair condition was not used, as evaluated by the maxi-
mum stress under the no crack initiation condition. Thermal stress 
analysis was used to determine the spatiotemporal temperature and 
the corresponding thermal stress. The parameters used in the FEA 
are listed in table S1.

Wireless heater system
A network analyzer (E5071C, Keysight Technologies) obtained the 
scattering parameters (S11) and resonance frequency of the RF 
antennas designed with different antenna lengths. The RF signals were 
generated by a signal generator (N5182A, Keysight Technologies) 
and modulated with a power amplifier (FMAM4011, Fairview 
Microwave) and DC power supply (2401, Keithley). A Yagi antenna 
with 25 dBi was used to expose the RF power to the fabricated wire-
less microheater. A thermal imager (A655sc, FLIR) was used to pre-
cisely track the changes in the temperature of the heater according 
to the RF irradiation. A spectrum analyzer (E4405B, Keysight 
Technologies) measured the absorbed power of the fabricated 
RF antenna.

Wireless gas inhalation monitor
Wireless gas inhalation monitor, including an analog accelerometer 
(ADXL337, Analog Devices) and a microelectromechanical system 
(MEMS) gas sensor (MICS-6814, SGX Sensortech Limited), mea-
sured the signals for the static acceleration of gravity and three types 
of gases (NH3, CO, and NO2). The bandwidth of the signal was 
adjusted below 50 Hz by adding a bypass capacitor (0.1 F). An 
analog multiplexer (TMUX1208, Texas Instruments) was used to 
select the individual output of carbon monoxide (CO) among the 
collected signals from the gas sensor. A Bluetooth system (QN9080-
001-M17, NXP) acquired raw data from each sensor and wirelessly 
transmitted the data to a personal PC for signal processing and 
quantitative analysis.

Gas inhalation measurements and signal processing
The wireless sensor was attached to a chest of the subject, with a 
cigarette placed near the sensor. The accelerometer detected the 
movement of the chest during inhalation and exhalation, and simul-
taneously, the air quality sensor measured the change in the CO 
concentration in the surrounding atmosphere. The wireless receiver 
collected the raw data from each sensor with a sampling frequency 
of 8 Hz. Substituting the acceleration data obtained as a voltage value 
into the conversion formula yielded the gravitational acceleration. 
The converted data were filtered with an eight-point Gaussian win-
dow and normalized by setting the maximum value as 1. The respi-
ratory rate per minute was derived from the time interval between 
the peaks of the acceleration waveform. The acquired voltage values 

for the CO concentration were converted into concentration values 
(parts per million) based on the conversion formula and Gaussian 
filtering. The total CO inhalation volume was calculated from the 
respiratory rate and CO concentration.

ECG, PPG, and PAT analysis
For in vivo measurements, the electrodes of the epidermal EP sensor 
were attached to the right flank and left and right abdomen of the 
subject with van der Waals forces. The electrical potential between 
the electrodes was measured and digitized with a 32-bit analog-to-
digital converter (ADC). The ECG signals were collected at a sam-
pling frequency of 50 Hz and high-pass–filtered (0.5 Hz, eighth-order 
Chebyshev filter) to remove baseline wander using analysis software 
(MATLAB R2017a, MathWorks Inc.). The PPG sensor was placed 
on the middle fingertip of the human subject and was compared 
to a commercial pulse oximeter (MD300C22, ChoiceMMed Inc.) 
During the test, the subject was relaxed, and data were acquired 
simultaneously for 30 s. The real-time data collection began with the 
alternating blinking of the general purpose input/output (GPIO)-
controlled two LEDs (switching time, 80 ms; red, 670 nm; IR, 950 nm) 
and the reflected light sensing of the PD (sampling frequency, 50 Hz). 
The data collected from the PD went through a series of analog sig-
nal processes including analog filters, inversion amplifiers, and a 
32-bit ADC in a microcontroller system (QN9080-001-M17, NXP). 
The PAT was calculated from the time intervals between the 
simultaneously obtained ECG and PPG signal waveforms.

Pulse oximeter data analysis
The raw signal of the dry-transferred pulse oximeter from the PD 
was transmitted from the designed PCB to a personal laptop. The 
high and low voltages from the raw signal were separated using 
laboratory-built software (MATLAB R2013b, MathWorks Inc.), 
where each voltage indicated data for the two optical wavelengths. 
The separated data were smoothed through convolution with a 
Gaussian window. Then, the procedure for finding peaks and valleys 
was executed to extract the pulsatile component (AC) and the non-
pulsatile component (DC). These peaks and valleys can be used to 
measure the heart rate beats per minute (BPM) and the AC/DC ratio 
of the two signals (R value), which are related to oxygen saturation 
(SpO2). The arterial oxygen saturation was computed from the 
modified Beer-Lambert equation and photon-diffusion analysis.

3D scanning method
A 3D scanner (AICON, SmartScan) was used to scan the topography 
of the mouse skull model, which was marked with stimulation sites 
using the triangulation method. The raw scanning data at and adja-
cent to the stimulation sites were merged using reverse engineering 
software (Design X, 3D Systems). The distance from the bregma to 
each target site was expressed as an approximate value by the anal-
ysis software (Solidworks, Dassault Systemes).

In vivo electrophysiological recordings
For the electrophysiological studies, mice were housed under a 
12-hour light-dark cycle with freely available food and water. The 
C57BL/6 mice were injected in the rostral forelimb area (RFA) 
(AP, +2.0 mm from bregma; ML, ±0.5 mm from midline; ML, 
mediolateral; AP, anteroposterior, relative to bregma) with AAV1-
CAG-ChR2-Venus (AAV1.CAG.ChR2-Venus.WPRE.SV40, Uni-
versity of Pennsylvania Vector Core, Philadelphia, PA) (total volume 
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of 100 nl) under ketamine (100 mg/kg) anesthesia. Three weeks 
after the AAV injection, the mice were anesthetized with ketamine 
(100 mg/kg) and placed in a stereotaxic device (World Precision 
Instruments, Sarasota, FL, USA) for electrophysiological recordings. 
The body temperature was maintained at 36.5°C by a heating pad. The 
scalp was incised, and holes were drilled in the skull overlying the 
site of recording, M2 (AP, +1.6 to 2.0 mm from bregma; L, ±0.4 
to 0.6 mm from midline at an anteroposterior angle of 30°; and V, 
0.7 to 1.0 mm below dura) according to the coordinates from the 
atlas of Franklin and Paxinos (1997). We performed extracellular 
recordings using a silicon probe (A1x16-3 mm-100-177-A16, 
NeuroNexus, Ann Arbor, MI, USA) with 16 channels. The recording 
electrodes were attached to a micromanipulator and moved gradu-
ally to a depth of ~1000 mm under the surface. We recorded the 
band-pass–filtered (0.1 to 7.5 kHz) signals at 30 kHz using an Intan 
system (RHD 2000 USB interface board, Intan Technologies). 
Extracellular waveforms were classified as single neurons using an 
offline sorter (Plexon) with principal component analysis. The neu-
ronal activity was analyzed with NeuroExplorer (NEX Technology, 
Colorado Springs, CO, USA). All procedures of animal experiments 
were approved by the Institutional Animal Care and Use Committee. 
(IACUC-2019-0048).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabh0040/DC1
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