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Materials and Methods 

Production of GaN nanomembranes via remote homoepitaxy 
A Veeco Gen200 plasma-assisted molecular beam epitaxy system was used to grow GaN thin 

films on 2D materials coated GaN substrates. The GaN substrates are commercial 5 µm GaN 
grown on sapphire. Prior to growth, GaN substrates were cleaned with acetone, isopropanol (IPA), 
and hydrochloric acid (HCl) before loading into the reaction chamber. 1 ~ 3 layers of 2D materials 
were deposited on GaN substrates after being outgassed at 700 °C for 15 min. Then, 200 nm to 1.8 
µm GaN epilayers were grown at substrate temperature from 680 °C to 730 °C. Gallium-rich 
condition was used to ensure enhanced surface diffusion. Gallium residues were etched by FeCl3 
after growths. In order to exfoliate the GaN epilayer, a Ni stressor (2.5 µm) with a Cr adhesion 
layer (30 nm) was deposited on the GaN surface which induces a mechanical strain at the GaN/2D 
material interface. Thermal release tape (TRT) was applied to the metal stressor/GaN multilayers, 
followed by lifting of the TRT from the substrate edge, resulting in mechanical exfoliation of the 
GaN nanomembranes with the metal stressors. The whole process is illustrated in Fig. S2. 

Poly-crystalline reference samples were obtained by growing GaN on 2D material/amorphous 
SiO2, which is a poor growth substrate for GaN. 

 
 

Fabrication of electronic modules in perforated e-skins 
We have utilized single-crystalline GaN nanomembranes (200 nm) fabricated by remote 

homoepitaxy processes as piezoelectric, wide bandgap semiconductor layers of strain sensors and 
UV sensors. For fabrication of single-crystalline GaN e-skins, we spin-coated and cured polyimide 
(PI) precursor, poly(pyromellitic dianhydride-co-4,4’-oxydianiline) in n-methyl-2-pyrrolidone 
from Sigma Aldrich, on Al/Ti (500 nm/20 nm)-coated, heavily-doped Si substrate (< 0.01 Ω cm) 
at 300 ⁰C for 1 hr. For the bonding, we used an epoxy resin (Fig. S8) with a glass transition 
temperature (Tg) higher than those of commonly used adhesives, such as polydimethylsiloxane 
(PDMS) and SU-8, to avoid the viscous behavior of adhesives at the curing temperature (> 250 
⁰C) of PI. Both sides of the substrate and GaN nanomembranes were treated with (3-
Aminopropyl)triethoxysilane (APTES) solution in water (10 µL/20 mL) before bonding using a 
toluene solution of epoxy precursors made of 4,4’-methylenebis (N,N-diglycidylaniline) and  4,4’-
diaminodiphenylmethane (both purchased from Sigma-Aldrich). After spin coating of the epoxy 
resin (1 µm) on the substrate, exfoliated GaN nanomembranes/Cr/Ni stressor multilayers on a 
handling elastomer consisting of styrene-ethylene/butylene-styrene, SEBS (Tuftec H1221 from 
AsahiKasei), and PDMS (Sylgard 184 from Dow Corning, base 10 : crosslinker 1) were placed on 
the uncured, sticky resin, and spatially uniform pressure was applied using a vise during curing of 
the epoxy resin at 150 °C for 1 hr to create a flat surface on the bonded region. The cured epoxy 
resin does not melt in the following high-temperature curing of PI. After the bonding, the elastomer 
holding the multilayers was detached in toluene and the Ni/Cr layers were removed by FeCl3 
solution and ammonium cerium (IV) nitrate (40 mg/mL, Sigma-Aldrich). The photoresist 
(AZnLOF2035, MicroChem) was patterned on the bonded GaN surface and NiN (20 nm) was 
deposited by reactive-sputtering under the flow of N2 in order to form a Schottky contact on the 
exposed GaN surface for piezotronic strain sensors and UV sensors. It should be noted that the 
exposed GaN surface should be cleaned using HCl solution before the NiN electrode formation to 
form a good Schottky barrier. The subsequent Au (20 nm) deposition by e-beam evaporator and 
lift-off process resulted in interdigitated electrodes (IDEs) with 10 µm inter-spacing. On IDEs-
deposited GaN, a thick photoresist (AZ10xt, MicroChem) was patterned as a mask to passivate 
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GaN active regions during dry etching (inductively coupled plasma, 5 mTorr, Cl2 25 sccm, Ar 25 
sccm, bias 70 W, plasma 500 W). APTES was treated again, and planarizing PI was spin-coated 
and cured at 300 ⁰C for 1 hr. The photoresist (AZnLOF2035, MicroChem) is once again patterned 
to deposit bottom antenna electrodes followed by e-beam evaporation of Ti (2 nm) and Au (100 
nm) with a subsequent lift-off process. APTES was treated once more, and another layer of 
planarizing PI was spin-coated and cured at 300 ⁰C for 1 hr. The photoresist (AZ10xt, MicroChem) 
was patterned for a mask to etch away the PI layer (inductively coupled O2 plasma, O2 45 sccm, 
plasma 500 W) for electrical connection of IDEs on GaN active region and bottom antenna 
electrodes to metal interconnects which are to be deposited on top of the PI layer. After photoresist 
(AZnLOF2035, MicroChem) patterning, e-beam evaporation of Ti (2 nm), Au (100 nm), and Ti 
(5 nm) was conducted to form metal interconnects with auxetic dumbbell-hole patterns. The top 
PI layer (2 m) was formed on the entire sample surface to locate electronic circuits near the 
neutral mechanical plane, thereby improving mechanical robustness. Note that some interfaces 
among layers were treated with APTES 1% v/v in deionized water to improve interface strength. 
Finally, after the PI layers are patterned by a photoresist (AZ10xt, MicroChem) and etched away 
(inductively coupled O2 plasma, O2 45 sccm, plasma 500 W), the fabrication of the auxetic 
dumbbell hole patterned electronic modules are completed. Whole processes are illustrated in Fig. 
S4 with corresponding optical microscopy images in Fig. S5. 

 
 

Perforated e-skin fabrication 
For the integration of the electronic modules to the auxetic dumbbell-hole patterned PDMS 

adhesives (SYLGARD 184, Dow Corning), detachment of the electronic modules from the 
Al/Ti/Si wafer by electrochemical lift-off process (dissolution of Al layer) was the first step. 
Before the lift-off process, the electronic modules were attached to TRT. Between modules and 
TRT, 2-µm-thick poly(methyl methacrylate) (PMMA) layer was inserted. After electrical wiring 
at the backside of the Si substrate, the samples were dipped into sodium chloride solution (0.9% 
NaCl) together with Pt wire as a counter electrode. As 1.8 V was applied to the Si wafer, the Al 
was dissolved in NaCl solution and electronic modules were transferred to the TRT accordingly. 
In order to form auxetic dumbbell-hole patterns on the electronic modules and the PDMS 
adhesives, Si mold-based soft lithography processes were utilized (see Supplementary Fig. S6). 
Firstly, a dumbbell-shaped Si mold (~20 µm depth) was prepared by deep reactive-ion etching 
(DRIE). After spin-coating of off-stoichiometric PDMS gels (40:1 weight ratio of PDMS pre-
polymer: curing agent) on the Si mold, the electronic modules with TRT were placed on the 
uncured PDMS. Semi-transparency of the TRT allowed us to align the auxetic dumbbell mesh of 
the electronic circuits with the Si mold. After the alignment, the PDMS layer was cured at 80 °C 
with a constant pressure (1.29 kPa) to maximize the yield of the through-hole formation in the e-
skin. After PDMS curing, the Si mold was separated from the samples. Note that the Si mold was 
treated with trichloro(1H, 1H, 2 H, 2H-perfluorooctyl)silane to reduce the Si surface energy, while 
APTES treatment was conducted on the surface of the electronic modules right before placing onto 
the uncured PDMS adhesives. Thus, the interface strength between the electronic modules and 
PDMS adhesive is much stronger than Si mold/PDMS interface strength, and such interface 
engineering processes facilitated the transfer of PDMS adhesives to the electronic modules without 
notable damage. After aligned bonding with the perforated electronic modules and the perforated 
PDMS adhesives, the TRT was detached by heating at 150 °C and the samples were dipped into 
acetone to remove PMMA. As the PMMA layer was dissolved, the perforated e-skin is produced. 
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The perforated e-skin was scooped from acetone using cellulose wipers (TX2009, Texwipe) and 
cleaned with IPA. After drying the perforated e-skin on the wipers, the edge of the perforated e-
skin was attached to a temporary tattoo paper (Silhouette) which acts as a temporary handling layer 
(see Supplementary Fig. S7). 

 
 

Preparation of skin replica 
Dragon Skin silicone (1:1 ratio of part A to part B by weight; Dragon Skin 30; Smooth-

On, Inc.) was poured on the forearm, allowed to cure for ~1 hr at room temperature, removed from 
skin, and placed in a Petri dish with the skin-textured side facing upward. Pouring Ecoflex (1:1 
ratio of part A to part B by weight; Ecoflex 30; Smooth-On, Inc.) into the Petri dish, letting it cure 
at room temperature for ~12 hrs, and peeling it away yielded the skin replica samples made of 
Ecoflex. 

 
 

GaN film characterization 
The structural properties of GaN thin films were characterized by using a Bruker D8 high-

resolution X-ray diffraction (XRD). Surface morphologies of GaN thin films were measured by 
using a Zeiss Merlin scanning electron microscope (SEM) and by using a Park NX10 atomic force 
microscope (AFM). For dislocation density determination, GaN thin films were etched in 
phosphoric acid at 160 ºC for 0.5 h. For transmission electron microscopy (TEM), the cross-
sectional specimens were extracted from the GaN thin film by a lift-out technique in a dual-beam 
focused ion beam (FIB)/SEM (Helios G4, Thermo Fisher Scientific, U.S.). Prior to the ion-milling 
in a FIB/SEM, layers of carbon were deposited on the sample surface to protect the sample. The 
inner structures of single-crystalline GaN were observed using an aberration-corrected TEM 
(ARM-200F, JEOL, Japan) on the cross-sectional specimens at an acceleration voltage of 200 kV. 
The microscope is equipped with an aberration corrector in the objective lens (image corrector) 
and a Gatan OneView camera. 

 
 

Evaluation of ultraviolet (UV) light sensing performance 
UV conformal photocurrent microscopy (UVCPM) system was established to assess the 

UV sensing performance of single-crystalline GaN and polycrystalline GaN, (see (13) for details 
of the UVCPM system). The output currents from sensors were recorded with varying biases and 
illumination intensity by the Agilent B1500A semiconductor device parameter analyzer.  

 
 

Measurement of surface acoustic wave (SAW) e-skin 
A handheld low-cost open hardware vector network analyzer (VNA), NanoVNA H4, or a 

tabletop laboratory VNA, Agilent N5230A VNA (as a comparison to NanoVNA), were used for 
measurements of SAW devices (Fig. S9). A magnet wire made of a metal wire covered with very 
thin insulation was used to build a reader antenna. The reader antenna was connected to the VNA. 
Dumbbell-shaped Ti/Au/Ti (2 nm/100 nm/ 5 nm) electrodes were used to build a stretchable 
antenna and a stretchable interconnect between the stretchable antenna and a GaN SAW device. 
The reader antenna was wirelessly coupled with the stretchable antenna on the GaN SAW e-skin 
sensor tag. The maximum data rate achieved by the measurement system was approximately 31.39 
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Hz. The distance between the reader antenna and the GaN SAW e-skin sensor tag was about 1 mm 
for wireless pulse and UV measurement and was around 2 mm for wireless ion sensing. 

 
 

Evaluation of wireless UV sensor performance 
 GaN SAW e-skin was fabricated as written above. GaN SAW e-skin had hole patterns 
etched through the top PI layer to expose the GaN surface to UV light. UCVPM system mentioned 
above was used, and the output signals upon irradiation of UV light with varying intensities (24.65 
µW/cm2, 65.64 µW/cm2, 256.2 µW/cm2, 403.4 µW/cm2, 671.0 µW/cm2, and 898.5 µW/cm2) were 
recorded by VNA. 

 
 

Fabrication and evaluation of ion sensing performance  
GaN SAW e-skin was fabricated as written above. The GaN SAW e-skin had hole patterns 

etched through the top PI layer. On top of either GaN SAW e-skin or quartz crystal microbalance 
(QCM), ion-selective membrane (ISM) solutions in tetrahydrofuran (Fig. S19 and Table S2) were 
spin-coated at 3000 rpm. The solution is highly viscous so that it does not spread all over the skin 
e-skin unless the solution is fully dispersed before spin-coating. The ISM was dried at 80 ⁰C for 5 
min. The resulting GaN SAW e-skin ion sensors and QCM ion sensors were tested using Agilent 
N5230A vector network analyzer and Biolin Scientific Q-Sense E4 system, respectively. NaCl 
solutions containing different Na+ ion concentrations were pumped over the e-skin using peristaltic 
pumps at a flow rate of 0.184 mL/min. Alternating injections of 0.86 mM NaCl solution and 
distilled water over the device yielded the wireless recordings in Fig. 4C. To obtain the calibration 
curve in Fig. 4D, output signals were collected by SAW e-skin sensor exposed to varying 
concentrations of Na+ ions (0.86 mM, 2.71 mM, 8.56 mM, 14.92 mM, 27.05 mM, 34.22 mM, and 
85.56 mM) for 5 min each. The collected data were time-averaged and plotted as a function of the 
Na+ ion concentration. 

 
 
Calculation of strain energy and work of adhesion for the critical thickness of delamination 

To avoid mechanical failure with securing its conformability on the e-skin, one of the most 
crucial features that must be considered is the maximum allowable thickness of rigid GaN 
membranes on soft human skin. To wrap curvilinear skin surface, work of adhesion of e-skin need 
to be higher than strain energy of e-skin. As shown in Fig. 1B, the strain energy of GaN e-skin 
sensors is significantly increased by GaN thickness. The bending-induced strain energy per area 
of the e-skin device is (32): 

U
𝐴
ൌ
𝐸" 𝑡ଷ

24 𝑅ଶ
 

where U is bending-induced strain energy, A is an area of the device, E” is the effective elastic 
modulus of the device, t is the thickness of the device, R is the radius of curvature. R was assumed 
to be about 1 mm for skin (33). The work of adhesion at the sensor region is 2.9 N/m (13). We 
chose the work of adhesion of non-patterned PDMS because we are considering microscopic 
conformability, not macroscopic conformability. Our device consists of multiple layers: layer 1 
(l1), layer 2 (l2), layer (l3), and so on. Thus, its effective elastic modulus, E”, was calculated using 
the formula (34): 
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where Elk: Elastic modulus of layer k, tlk: thickness of layer k, and n is the total number of device 
layers. 

The critical thickness, at which the strain energy within the film exceeds the work of adhesion, 
is estimated to be 300 nm (Fig. 1B). In other words, the maximum allowable GaN thickness for 
the conformal contact is estimated to be 300 nm. Thus, it is essential to maintain GaN thickness 
less than 300 nm to follow the skin activity and adhere to the e-skin without delamination.  

 
 
COMSOL Multiphysics simulation 

Finite element analysis of the SAW device was done using COMSOL Multiphysics. The 
geometry was drawn in 2D (Fig. 2E). The interdigital transducer (IDT) electrodes were periodic 
with a length of 10 µm, a spacing of 10 µm, and a period of 40 µm. The thickness of IDT electrodes 
was 40 nm, and the width of IDT electrodes in the direction orthogonal to the 2D drawing plane 
was 268 µm. GaN thickness was varied. The thickness of the top PI was 760 nm, and the thickness 
of the bottom PI was 1.72 µm. The bottom sapphire was set to be 120 µm, which is 3 times the 
period of SAW. We obtained elasticity matrix and coupling matrix values of GaN from (18, 35). 
We used Solid Mechanics and Electrostatics physics interfaces. The upper boundary of the top PI 
and the lower boundary of the bottom PI were set to be free boundaries. The lower boundary of 
the bottom sapphire was fixed. The periodic conditions were applied to the left and right 
boundaries of the drawn 1 period of geometry. All the geometry was under mechanical damping, 
and the piezoelectric domain had additional conduction loss. The two electrodes functioned as 
ground and terminal. Frequency domain analysis was used to calculate the conductance, G = 
Re(Y), and the susceptance, B = Im(Y), between the two electrodes. We calculated the 

electromechanical coupling coefficient (k2) using the equation, 𝑘ଶ ൌ గ

ସே
ቀீ
஻
ቁ
௙ୀ௙ೝ

, where N and fr 

are the number of IDT finger pairs and resonant frequency, respectively. 
 
 
Simulation of power consumption of GaN SAW sensors (Ansys HFSS Finite Element Analysis) 
 During wireless measurement, the power is radiated from the reader coil (Pr). The radiated 
power (Pr) is consumed as free-space path loss (FSPL) as it propagates from the reader coil to a 
SAW sensor tag. Then SAW sensor tag receives the incident power through a SAW tag coil. There 
is an ohmic loss in the SAW tag coil (Ptag coil) in the receiving process. The received power is 
delivered to the SAW sensor and finally consumed (PSAW). This process is illustrated in Fig. S13A. 
The following relations between the power consumption of each component are valid: 
 

(Radiated power from reader coil, Pr) = (Free-space path loss, FSPL)  
+ (SAW tag coil loss, Ptag coil)  

                                       + (SAW sensor power consumption, PSAW) 
 

Based on the measured impedance values of SAW devices (Fig. S13B) as well as the 
dimensions of the reader and SAW tag coils, we can calculate and plot the power consumption of 
each component, using Ansys HFSS finite element analysis (FEA) (Fig. S13C).  
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For details on the Ansys HFSS FEA simulation, the reader coil was set to port 1, and the 
SAW tag coil to port 2. For port 2, an experimentally measured impedance of the SAW device 
was used as the source impedance, and no power source was connected. Port 1 was supplied with 
input power. The calculated reader coil inductance was in agreement with the measured inductance 
value of the reader coil.  

Both the reader coil and the SAW tag coil have power consumption. Coil metals have a 
finite conductivity, and the electric fields induce surface currents on the surfaces of the coil metals. 
These surface currents lead to ohmic loss and power consumption in the coils. The coil power 
consumptions were calculated by the integration functionality of Ansys HFSS FEA simulations: 

 

නሺ𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑜𝑠𝑠 𝑑𝑒𝑛𝑠𝑖𝑡𝑦ሻ ∙  ሺ𝑐𝑜𝑖𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎ሻ ൌ ሺ𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑖𝑛 𝑐𝑜𝑖𝑙ሻ 

 
The radiated power from the reader coil, Pr, was calculated using the “compute antenna 

parameters” function in Ansys HFSS. The power delivered to port 2 models the power 
consumption of the SAW device. The free-space path loss, FSPL, was obtained by subtracting the 
SAW sensor tag power consumption (= SAW tag coil loss, Ptag coil + SAW device power 
consumption, PSAW) from the radiated power from the reader coil, Pr.  

Fig. S13D shows the plot of calculated power consumption levels of each component as 
functions of reader coil-to-SAW sensor tag coil distance. As the distance between the coils 
increases, the delivered power to the SAW sensor decreases. From the reader side, the delivered 
or reflected power to the SAW sensor can be monitored over the frequency range. The change in 
the reflected power over the frequency range is used as sensor signals by the reader. These sensor 
signals are roughly proportional to the power consumption of SAW sensor and are one to two 
orders of magnitude smaller than the power consumption of SAW sensor.  

For the given noise amplitude, the SAW sensor signal output determines the readability of 
sensor signal. The signal-to-noise ratios (SNRs) of SAW sensor tag outputs were measured (Fig. 
S17) to determine the minimum required SAW sensor signal output. The SAW sensor signal output 
is determined by the power consumption of SAW sensor. The power consumption of SAW sensor 
when the SNR is equal to 3 is the minimum required power for SAW sensor tag (=Ptag coil + PSAW, 

min). The minimum required SAW sensor tag power was multiplied by the sampling interval to 
obtain the energy consumption of each measurement, i.e. 3.7684 nJ.  
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Supplementary Text 

Advantages of remote epitaxy and two-dimensional material-based layer transfer (2DLT) 
Remote epitaxy can yield single-crystalline GaN membranes with <300 nm thickness 

because it directly seeds from the substrate and produces ultrathin epitaxial membranes that can 
be released from the 2D materials. This process also reduces material cost for GaN films by 
allowing the re-use of costly epitaxial substrate via a simple oxygen plasma etching process 
followed by the growth of another 2D layer. 
 
 
Device structure of GaN SAW sensors. 

Freestanding GaN on PDMS skin patch was achieved by transferring the SAW device onto 
PDMS patch such that the devices are aligned on top of the holes that penetrate through the patch. 
The SAW device is electrically connected via stretchable interconnects to a stretchable antenna. 
Dumbbell-shaped holes patterned throughout the patch ensure the stretchability, conformability, 
and breathability of our e-skin (13).  
 
 
Mechanism and signal conversion flow in wireless GaN SAW sensors 

When an external wireless reader initiates electromagnetic (EM) waves, the stretchable 
antenna converts them into electrical signals. Patterns of interdigitated metal electrodes (NiNx/Au, 
20/20 nm) deliver electrical energy from the antenna (Ti/Au, 2/100 nm) to GaN device (size: 408 
µm  640 µm, thickness: 200 nm), which serves as piezoelectric resonator that converts the 
electrical signal to SAW. SAW is sensitive to changes in mechanical strain and mass (due to 
absorption/desorption of ions, e.g.), as well as ultraviolet (UV) exposure (due to optical absorption 
by GaN). SAW is then converted back into electrical signal and transmitted back through the 
antenna. The changes in the resonant frequency of the electric signal yield information about the 
mechanical, optical, and biochemical stimuli detected by the GaN SAW sensor. 
 
 
Wireless GaN SAW UV sensors 

Holes are patterned through the polyimide coating to expose the GaN sensor to UV 
radiation (Fig. S22). Absorption of UV light leads to variation in the electrical conductivity of GaN 
SAW device, which in turn alters its patterns of acoustic wave generation. Calibration data in Fig. 
4G shows the sensor response to varying UV intensities (see Methods for detailed procedures). 
 
 
Langmuir-Freundlich isotherm fitting model for ion concentration and output 

Langmuir isotherm model interprets adsorption and desorption of target molecules in 
relation to the limited number of adsorption sites and the equilibrium constant. Freundlich isotherm 
model takes heterogeneous surface into account to consider multi-adsorption sites. The 
combination of these two models is the Langmuir-Freundlich isotherm model, expressed by the 
formula (36): 

𝑄 ൌ
𝑄௧௢௧௔௟ ൈ 𝐾 ൈ 𝑐௡

1 ൅ 𝐾 ൈ 𝑐௡
 

where Q is the number of occupied adsorption sites, Qtotal is the total number of adsorption sites, 
K is the equilibrium constant, c is the ion concentration, and n is the coefficient that represents the 
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heterogeneity of the surface ranging from 0 (heterogeneous) to 1 (homogeneous). Since our ion-
selective membrane is composed of a single substance, we can assume the surface of our GaN 
SAW-based device as homogeneous (n = 1). As a result, Langmuir-Freundlich isotherm fitting 
was successfully conducted as shown in Fig. 4D with an R2 value of 0.984 (Qsaturation = 0.5921 ± 
0.0482 and K = 0.0301 ± 0.0053). The data points used for the fitting were acquired at room 
temperature. 
 
 
Wireless communication distance of GaN SAW sensors 

For the readable signal (SNR > 3), the following condition should be met: 
SAW sensor tag power consumption (= Ptag coil + PSAW)   

൒ Minimum SAW sensor tag power consumption (= Ptag coil + PSAW, min)  
or 

(Radiated power from reader coil, Pr) - (Free-space path loss, FSPL)  
൒ Minimum SAW sensor tag power consumption (= Ptag coil + PSAW, min). 

Please refer to Fig. S13A for the definitions of each term. As the wireless communication 
distance d increases, FSPL increases. In order to have a long wireless communication distance (d), 
either radiated power from reader coil (Pr) should be large or minimum SAW sensor tag power 
consumption (= Ptag coil + PSAW, min) should be small. 

Because of safety concerns, the radiated power (Pr) cannot be increased indefinitely. For 
the given the Pr, the SAW sensor tag power consumption decreases with an increase in FSPL. The 
minimum required power consumption of the SAW sensor tag (=Ptag coil + PSAW, min) determines 
the longest wireless communication distance d.  

For our electrically-small near-field coil antennas (antenna coil circumference << a 
wavelength of electromagnetic waves at the operating frequency), the FSPL increases rapidly 
beyond the distance equal to the diameter of the coils, which means our electrically-small coil 
antennas cannot be used for longer distance communication. 

Our SAW sensor tag can be connected to conventional far-field antennas, such as a full 
wavelength loop antenna, for long-distance communications.  For conventional far-field antennas, 
FSPL is proportional to 1/d2,  

(Free-space path loss, FSPL)  ∝ ଵ

ௗమ
 

where d is the distance between the reader antenna and the SAW sensor tag antenna. For the 
constant radiated power from a reader antenna (Pr), low sensor tag power consumption (=Ptag coil + 
PSAW) allows high free-space path loss, leading to longer range wireless communication. Our SAW 
sensor tag has very low power consumption. A near-field coil antenna in our SAW sensor tag, not 
our SAW device, limits the wireless communication range. We can replace the near-field coil 
antenna with a far-field loop antenna for future long-range wireless SAW e-skin. 
 
 
Comparison of communication distance and power consumption between chip-based and chip-less 
e-skins 

The operating distances of near-field communication (NFC) chip-based wireless sensors 
are 2-3 cm when using standard NFC-equipped smartphones, and 20-30 cm using a 30 cm x 30 
cm antenna (power: 4 W). (37-40) The communication range becomes larger with antenna size 
and radio-frequency (RF) power. NFC chip requires inductive power transfer, which limits the 
communication distance to the coil diameter. On the other hand, radio-frequency identification 
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(RFID) can either work through inductive coupling (similar to NFC) or work over a long distance 
(> 1 m) by the combination of far-field and backscattering operations (10). Our SAW devices 
currently have a similar wireless communication distance to that of NFC chips.  

However, the communication range of our SAW devices can be extended to > 1 m by re-
designing our antenna for far-field and backscattering operation (similar to RFID backscattering 
operation). This type of far-field and backscattering wireless SAW sensor has been demonstrated 
in non-freestanding SAW sensors that are tethered to wafers. (41) 
 In the case of NFC, powers are delivered through inductive coupling and the alternating 
current (AC) power is converted to direct current (DC) voltage to supply circuits inside the NFC 
chip. On the hand, SAW is a passive backscattering type. The reader sends electromagnetic waves 
to a SAW device and reads reflection coefficients at a frequency range. The reflected signals at the 
frequency range are monitored to find the resonant peak of the SAW device. The interrogation 
signal for the reading of the reflection signal should be sufficiently higher than the noise 
background. The power consumption of our SAW devices is a portion of the interrogation signal 
from the reader that is consumed inside our SAW devices. 

SAW sensor tag consumes lower power for operation than chip-based technologies (Fig. 
3D). The power consumed by an NFC chip-based sensor is 4 mJ per measurement (42). In contrast, 
we have estimated the power consumption in our SAW sensors as illustrated in Fig. S13 (the details 
of the simulation methods appear in the Method section). For the coil-to-coil distance of 14 mm, 
our SAW sensor (blue line in Fig. S13) consumes power of ~ 4 nJ per measurement, which is 
orders of magnitude smaller than that of NFC-based systems. 
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Fig. S1. Comparison between conventional chip-based wireless e-skin and chip-less wireless e-
skin in this work. For conventional e-skins, chips are crucial for converting analog signals from 
the sensors to digital signals and sending them through the antenna wirelessly. 
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Fig. S2. Schematic illustrations for the production of GaN nanomembranes via remote 
homoepitaxy. 
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Fig. S3. Atomic force microscopy images of GaN with different thicknesses (1800, 1000, and 200 
nm). The size of images is 1 µm × 1 µm. 
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Fig. S4. Schematic illustration showing the fabrication steps for GaN e-skins. 
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Fig. S5. Optical microscopy images from the fabrication process of GaN e-skins. 
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Fig. S6. Schematic illustrations of GaN e-skin fabrication. 
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Fig. S7. Photographs of the fabricated GaN e-skin devices. 
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Fig. S8. Chemical structures of epoxy adhesive precursors. These epoxy adhesive precursors were 
dissolved in toluene and spin-coated on substrates. The toluene was removed at 110 ⁰C, and the 
adhesive precursors remained as liquid. The precursors were cured at > 150 ⁰C. 
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Fig. S9. Schematic illustrations of wireless e-skin measurement system. 
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Fig. S10. Return loss (S11) of our wireless measurement system. 
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Fig. S11. Real-time output responses and characteristics of GaN surface acoustic wave (SAW) e-
skin strain sensors under (A) compressive strain and (B) tensile strain. (C) Output response 
depending on strain. 
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Fig. S12. Noise measurement and the minimum limit of detection of GaN SAW e-skin strain 
sensors. (A-B) Continuous wireless recording of the baseline noise in GaN SAW strain sensors 
placed (A) off-skin and (B) on-skin for 5 min. Standard deviation (δ) in the measured noise is 155 
Hz and 295 Hz, respectively. (C) Linearity of frequency shift as a function of bending strain. The 
theoretical minimum limit of strain detection was calculated with 3δ, which was around ~0.05%. 
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Fig. S13. Estimation of total power consumed during wireless measurement using an SAW 
sensor. (A) Schematic illustration of the total power consumption. Radiated power from reader 
coil is consumed as free-space path loss, SAW tag coil loss, and SAW sensor consumption. (B) 
Measured impedance (Z = R + jX, where Z, R, and X are impedance, resistance, and reactance, 
respectively) values of our SAW sensor which were used for power consumption calculation. (C) 
Simulated magnitude (top) and direction (bottom) of H field during wireless power transfer from 
reader coil to SAW tag coil, obtained using Ansys HFSS finite element analysis. (D) Estimation 
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of energy consumption per measurement for each component in (A) as functions of the distance 
between reader coil and SAW tag coil. Signal-to-noise ratio (SNR) value is from Fig. S17. 
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Fig. S14. Evaluation of reusability and long-term wearability of GaN SAW-based e-skin. (A) 
Photographs of an e-skin device attached on the neck area for pulse monitoring during daytime 
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over a period of a week. The same e-skin device was peeled off at night before sleep and re-
attached in the morning (worn ~17 hrs per day) (B) Wireless recording of heart rate (beats per min, 
bpm) throughout the day over a period of 7 days. Normal range of pulse was 55-80 bpm, while 
after exercise it was 110-120 bpm (‘’ mark; only on days 4-7). Changes in heart rate could be 
observed via pulse measurement following exercise (days 4-7). (C) Representative waveforms of 
the wirelessly recorded pulses for each day. (D, E) Wireless pulse measurement curves on Day 7 
after (D) rest and (E) exercise, respectively. 
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Fig. S15. Wireless recording of GaN SAW-based strain sensor during bending test. Continuous 
wireless recording from GaN SAW-based strain sensor on e-skin throughout 3000 bending cycles 
at a bending radius of 6.54 cm (top). Magnified waveforms of the strain profile at different time 
points (A-D) appear below. 
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Fig. S16. (A) Photographs of GaN SAW-based e-skin before and after stretching (strain = 10.3 
%). (B) Wireless recording of GaN SAW-based strain sensor during stretchability test. Continuous 
wireless recording from GaN SAW-based strain sensor on e-skin throughout 1000 s under the 
repetitive strain of 10.3 %. (C-E) Magnified waveforms of the strain profile at different time 
points: (C) 100 – 200 s, (D) 450 – 550 s, and (E) 800 – 900 s, respectively. 
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Fig. S17. (A-C) Signal-to-noise ratio measured by GaN SAW-based e-skin device when coil 
antenna is displaced in (A) z-direction, (B) x-direction, and (C) θ-direction. Displacement in θ-
direction was conducted at a 6 mm distance to secure a rotating room for the coil antenna. (D-E) 
Resonant frequency shift when coil antenna is displaced in (D) z-direction, (E) x-direction, and 
(F) θ-direction. 
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Fig. S18. Heartbeat pulse frequency measurement under body motion. Insets show magnified view 
of each graph. 
  



 
 

31 
 

 
 
 

Fig. S19. Components of ion-selective membranes (ISMs). These chemicals were dissolved in 
tetrahydrofuran and spin coated on substrates. The abbreviation and function of each component 
are written in parentheses. 
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Fig. S20. Wirelessly recorded SAW ion sensor response towards exposures to aqueous solutions 
containing different ionic compositions of Na+, K+, and Ca2+ ions. 
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Fig. S21. Photograph of wireless measurement system during in vivo sweat measurement. The 
subject wore a glove on the e-skin-attached hand, and heating pads were placed on the body to 
generate the sweat. 
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Fig. S22. Wireless GaN SAW UV sensor structure and micrographs. GaN SAW UV sensors 
received UV light through polyimide through-holes. The absorbed UV light changed the 
conductivity of the GaN film and modified output responses of GaN SAW UV sensors 
accordingly. (A) The schematics of GaN SAW UV sensors. (B) optical micrograph of GaN SAW 
UV sensors.  
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Fig. S23. Responsivities of wireless GaN SAW UV sensors depending on wavelengths of input 
light. GaN film can absorb mostly UV light, not visible light because of its band gap energy 
corresponding to a wavelength of 365 nm. Thus, it does not require UV filters for UV sensing 
application. 
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Fig. S24. Evaluation of the responsivities of SAW-based strain, UV light, and ion sensors to 
variation in each type of stimulus. (A) Schematic illustrations of GaN SAW-based e-skin sensors 
for strain, UV light, and ion concentration. (B) Recorded responses of strain, UV, and ion sensors 
to variation in each type of input stimuli. The strain, the UV input, and the ion input were -1.8 %, 
175 µW/cm2, and 34 mM NaCl solution, respectively. 
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Conventional: chip-

based 
Soft material- 

based LC 
Our work: Chip-less 

System structure 
NFC or RFID chip 
+ sensor + antenna 

Capacitive sensor + 
antenna 

Surface acoustic 
wave 

(SAW) device + 
antenna 

Stretchability 
Chip makes 

non-stretchable 
region 

Whole region is 
flexible and 
stretchable 

Whole region is 
flexible and 
stretchable 

Breathability for 
long-term wearability 

Not breathable Not breathable Breathable 

Conformal 
contact to skin 

Not conformal Conformal Conformal 

Complexity 
>1,000 transistors 
+ sensor device + 

antenna 

Capacitive sensor + 
antenna 

One SAW device 
+ antenna 

Energy consumption 
per measurement 

90 nJ to 4 mJ 4 nJ 4 nJ 

Wireless communication 
range 

Inductive coupling: 
coil diameter 
or a few cm Inductive coupling: 

coil diameter  
or a few cm 

Inductive coupling: 
coil diameter  
or a few cm 

Backscattering: 
a few m Backscattering: 

a few m Active RF: 
tens of m 

Chemical 
and bio-
sensing 

Type Potentiometric 

N/A 

Mass-based acoustic 
wave sensing 

Amplification 
using additives 

Not available 
(small sensible 

distance due to short 
Debye length < 7 nm) 

Possible 
(large sensing 
range > 2 μm) Detection of 

large molecule 

 
Table S1. Comparison between conventional chip-based wireless e-skin, soft material-based 
inductor-capacitor (LC) wireless e-skin, and our chip-less surface acoustic wave (SAW)-based 
wireless e-skin. 
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Na ionophore X 
(mg) 

1.33 2.71 2.71 2.71 4.30 4.30 4.30 

Na-TFPB (mg) 0.67 1.49 1.49 1.49 2.10 2.10 2.10 
Na ionophore X / 

Na-TFPB 
2 2 2 2 2 2 2 

Na ionophore X + 
Na-TFPB (mg) 

2.0 4.2 4.2 4.2 6.4 6.4 6.4 

PVC (mg) 42.54 32.11 41.60 47.90 31.40 40.60 46.80 
DOS (mg) 55.46 63.69 54.20 47.90 62.20 53.00 46.80 

DOS / PVC 1.3 2.0 1.3 1.0 2.0 1.3 1.0 
Na ionophore X + 
Na-TFPB + PVC 

+ DOS (mg) 
100 100 100 100 100 100 100 

THF (mL) 1 1 1 1 1 1 1 
Film thickness 

(µm) 
2.30 2.30 2.30 2.30 2.30 2.30 2.30 

Averaged ion 
sensor response 

(Hz) 

Not 
stable 

15.66 -47.33 20.33 -33.84 -316.94 -20.00 

 

Na ionophore X 
(mg) 

6.36 6.36 6.36 8.60 8.80 17.20 34.40 

Na-TFPB (mg) 3.50 3.50 3.50 4.70 4.50 9.50 18.92 
Na ionophore X / 

Na-TFPB 
2 2 2 2 2 2 2 

Na ionophore X + 
Na-TFPB (mg) 

9.9 9.9 9.9 13.3 13.3 26.7 53.3 

PVC (mg) 30.22 39.10 45.05 29.10 29.00 24.57 15.65 
DOS (mg) 59.93 51.00 45.05 57.60 57.60 48.73 31.03 

DOS / PVC 2.0 1.3 1.0 2.0 2.0 2.0 2.0 
Na ionophore X + 
Na-TFPB + PVC + 

DOS (mg) 
100 100 100 100 100 100 100 

THF (mL) 1 1 1 1 2 1 1 
Film thickness 

(µm) 
2.30 2.30 2.30 2.30 0.50 2.30 2.30 

Averaged ion 
sensor response 

(Hz) 
19.77 2.33 -15.67 Not stable -41.23 27.00 Not stable 

 
Table S2. Compositions of tested ion-selective membranes (ISMs). The information about each 
component is in Fig. S19. The ISMs were spin coated on top of quartz crystal microbalances 
(QCM), and their responses to 0.86 M NaCl solution in water were recorded using Biolin Scientific 
Q-Sense E4 system. We chose the composition of 4.3 mg 4-tert-Butylcalix[4]arene-tetraacetic acid 
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tetraethyl ester (Na Ionophore X), 2.1 mg sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate 
(Na-TFPB), 40.60 mg polyvinyl chloride (PVC), and 53.00 mg bis(2-ethylehexyl) sebacate (DOS) 
for GaN SAW e-skin. 
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