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Wearable photoplethysmography (PPG) demands stable, long-term light emitters capable of
operating under continuous skin contact. Vertical-cavity surface-emitting lasers (VCSELSs) offer
narrow spectral linewidths, directional emission, and low power consumption; however, conventional
devices incorporating thick distributed Bragg reflector (DBR) stacks exhibit mechanical rigidity and
inefficient heat dissipation. Here, we present a 6.6-pm-thick ultrathin VCSEL operating at 930 nm,
integrated with a near-infrared organic photodetector (NIR-OPD) on a skin-conformal elastomer
substrate. A copper-plated heatsink enabled efficient heat dissipation and optical feedback, achieving
lasing with only 18 n-DBR. The device emitted 8.25 mW peak power with a 4.53 nm linewidth, retaining
99.3% output over 12 h with minimal heating (1.3 °C). It preserved 97.8% output after 500 bending
cycles (6 mm radius) and caused negligible skin irritation. Co-integration with near-infrared OPD
enabled stable PPG signal acquisition with <56% amplitude variation, establishing a robust
VCSEL-OPD PPG sensor for next-generation wearable biosignal monitoring.

The integration of optoelectronic devices into wearable platforms has
transformed biomedical engineering by enabling continuous and real-time
monitoring of physiological signals'~. In particular, the coupling of light
emitters and photodetectors enables wearable photoplethysmography
(PPG) for non-invasive tracking of vital signs such as blood oxygen
saturation, heart rate, and blood pressure”. While flexible photodetectors
have been widely developed, the performance of PPG critically depends on
the stability of the light source under mechanical deformation, thermal
stress, and prolonged skin contact’™". Because PPG sensing relies on optical
penetration into biological tissue, light emission in the near-infrared (NIR)
window is especially advantageous for maximizing depth and signal fidelity.
Thus, an ideal source must combine narrow NIR emission linewidth, high
optical output, mechanical flexibility, and thermal robustness while
remaining compatible with skin-conformal integration.

Vertical-cavity surface-emitting lasers (VCSELs) have shown strong
potential in wearable PPG sensing'*". In contrast, inorganic and organic
light-emitting diodes (LEDs) suffer from optical-path variations and broad
spectral emission (>30 nm) that reduce the fidelity of PPG signals, parti-
cularly under ultrathin, skin-conformal configurations requiring stable
optical coupling during prolonged operation'*’°. On the other hand,

VCSELs provide narrow NIR emission linewidth (<0.1 nm), directional
output, and low power consumption, making them attractive for high-
resolution, long-term biosignal monitoring'”™". Their lasing action is sus-
tained by two distributed Bragg reflector (DBR) stacks that form the vertical
cavity, with the n-DBR at the bottom side providing essential mirror
reflectivity for optical feedback. In addition, VCSELSs are compatible with
wafer-level processing, supporting scalable integration into thin-film and
lightweight form factors™*.

State-of-the-art skin-compatible VCSELSs exhibit optical output pow-
ers of ~7 mW at total device thicknesses of several tens of micrometers™*".
However, they require epitaxial growth on rigid substrates such as GaAs, Ge,
or Si***, followed by transfer into elastomers for mechanical flexibility”.
The inherently low thermal conductivity of elastomers impedes efficient
heat dissipation, resulting in thermal accumulation during extended
operation and necessitating heatsinks to suppress spectral drift and optical
power degradation®”. Moreover, achieving reliable skin-mounted NIR
PPG monitoring remains constrained by thick n-DBR stacks: more than 25
pairs are often required to ensure >99% reflectivity’ ", causing severe heat
accumulation and elevated junction temperature®. This thermal buildup
degrades lasing performance and risks skin irritation during prolonged
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wear. Reducing n-DBR pairs mitigates heating but sacrifices optical feed-
back, creating a trade-off between thinness and stability. Overcoming these
structural and thermal limitations is crucial to enabling practical, long-term
NIR PPG monitoring.

In this study, we introduce an ultrathin 930 nm VCSEL integrated with
a near-infrared organic photodetector (NIR-OPD) on a skin-conformal
elastomer substrate, enabling long-term, reliable PPG monitoring. Utilizing
a double-transfer process, the VCSEL is directly bonded onto the Au back-
metal/copper-plated heatsink, which simultaneously functions as a reflec-
tive optical mirror and an efficient heat spreader. The VCSEL delivered
8.25 mW peak optical power with a 4.53 nm emission linewidth, retaining
99.3% of its output during 12 h of continuous-wave (CW) operation with
minimal surface heating of 1.3 °C. Mechanical durability was confirmed by
preserving 97.8% output after 500 bending cycles at a 6 mm radius, while pig
skin-contact tests verified negligible irritation. When co-integrated with the
OPD, the sensor enabled stable NIR PPG acquisition with less than 5%
amplitude variation over 12 h, maintaining high signal fidelity. This work
establishes a mechanically compliant, thermally robust, and skin-
compatible VCSEL-OPD PPG sensor that overcomes the structural and
thermal limitations of conventional VCSELSs, advancing next-generation
wearable biosignal monitoring.

Results

Structural design and optical performance of the

ultrathin VCSELs

The ultrathin p-on-n VCSEL was epitaxially grown on a precisely oriented
(001) n-GaAs substrate through a low-pressure metal-organic chemical
vapor deposition (LP-MOCVD) (Fig. 1a). The ultrathin VCSEL consists of a
heavily p-doped GaAs ohmic layer (0.02 um), 21 pairs of p-DBRs (3.05 pum),
InGaAs/GaAsP-based multiple quantum wells (MQWs, 0.29 pum), 18 pairs
of n-DBRs (2.75 um), and a heavily n-doped GaAs ohmic layer (0.5 pm).
The number of n-DBR pairs was strategically lowered to achieve enhanced
mechanical flexibility and minimize heat accumulation, whereas the
counterpart VCSEL employed 38 pairs of n-DBRs (5.45 um) (Supplemen-
tary Fig. 1). The fabrication process for the ultrathin VCSEL involved a
double-transfer technique (Fig. 1b). Based on the as-fabricated rigid VCSEL
(~350 um), which indicates the device retains the GaAs substrate, the
p-DBRs and MQWs layers underwent mesa etching to isolate each device. A
10 um oxide aperture was defined via selective lateral oxidation of AlGaAs,
whose practical size and design effectively balanced sufficient optical power
and thermal stability while maintaining compact side dimensions™*. The
heavily p-doped GaAs ohmic layers evaporated onto the p-DBRs strategi-
cally reduced both series resistance and contact loss with the front metal,
ensuring electrical stability during CW operation®***””. The Ti/Pt/Au front-
metal-evaporated device was then transferred to a wax-coated sapphire
carrier, followed by etching the 350-um-thick bottom GaAs substrate. A
lattice-matched n-InGaP layer interfacing the n-DBRs served as an etch-
stop, effectively preventing NH,OH-based etchant from penetrating into
the active and mirror regions during the etching process. A Ni/AuGe/Ni/Au
back-metal and a 25-um-thick copper heatsink were sequentially deposited
onto the exposed heavily n-doped GaAs ohmic layer surface. The ultrathin
VCSEL array was successfully demonstrated on the heatsink via the double-
transfer technique, which minimized visible damage and ensured structural
integrity of the device. The array consists of approximately 210 VCSEL chips
arranged in a 30 x 7 configuration within a 9 mm x 4.5 mm area, demon-
strating no fracture even when bent to a radius of 6 mm (Fig. 1c). A top-view
scanning electron microscopy (SEM) image of the VCSEL depicts the
emission aperture within the circular ring-shaped electrode and the
p-contact pads (Fig. 1d). A cross-sectional SEM image of the VCSEL clearly
presents its stacked structure with distinguishable component layers
(Fig. 1e).

The light-current-voltage (L-I-V) characteristics of the ultrathin
VCSEL were measured under CW operation at 25 °C (Fig. 1f), with device-
to-device variations (Supplementary Fig. 2). The measured threshold cur-
rent (Iy,) and voltage (Vyy,) of the ultrathin VCSEL were 1.67 mA and 1.84 V,

respectively, where the peak optical power was 8.25 mW at 382 mA of
rollover current (I gover)- The metal-assisted design maintained a narrow
full-width at half maximum (FWHM) even at reduced DBR numbers (Fig.
1g), confirming strong optical confinement. Under an 8 mA injection
current, the FWHM corresponding to the peak wavelength around 927 nm
was 4.53nm. Such narrow spectral bandwidth improves wavelength
selectivity, often essential for reliable biosignal acquisition in optically
scattering biological tissues®. Note that the inset depicts the NIR emission
from the top-emitting ultrathin VCSEL driven at 6 mA, observed under an
optical microscope as a distinct purple beam confined to the aperture region.
So far, conventional VCSELS' architecture has required many n-DBR pairs
that often exceeded 25 to ensure the bottom mirror reflectivity beyond ~99%
(Fig. 1h)’™. While reducing these n-DBR pairs takes advantage of
mechanical flexibility for skin-compatible applications, it lowers the
reflectivity of the cavity mirrors and increases mirror coupling losses,
thereby compromising the optical feedback needed for stable lasing”.
Meanwhile, the ultrathin VCSEL directly contacted with a reflective back-
metal layer demonstrated competitive optical power output despite con-
siderably reduced n-DBR pairs. Consequently, the ultrathin VCSEL with
heatsink architecture promised the replacement of conventional VCSELs by
simultaneously achieving high optical output, narrow emission linewidth,
and mechanical compliance suitable for skin-compatible optoelectronic
applications.

Thermal robustness of the ultrathin VCSEL

Long-term operational stability is also a critical requirement for wearable
biosignal sensors, where continuous and reliable light emission must be
maintained under practical conditions. In conventional rigid VCSELs (Fig.
2a, left), the intrinsically low thermal conductivity of the alternating DBR
layers together with the GaAs substrate forms a severe thermal bottleneck,
promoting heat accumulation and elevating the junction temperature
during CW driving”. This thermal buildup leads to Joule heating, free-
carrier absorption, scattering losses, and leakage currents, ultimately
degrading power-efficiency and device reliability’**. Reducing the number
of n-DBR pairs (Fig. 2a, middle) shortens the vertical heat-conduction path
and can mitigate thermal resistance; however, heat accumulation still per-
sists because the GaAs substrate continues to dominate the thermal bot-
tleneck. Moreover, decreasing DBR thickness inevitably lowers mirror
reflectivity, causing insufficient optical feedback and diminished output
power—as experimentally demonstrated by the pronounced performance
degradation in rigid VCSELs with only 18 n-DBR pairs (Supplementary Fig.
3). In contrast, the ultrathin VCSEL (Fig. 2a, right) maintains efficient lasing
even with just 18 n-DBR pairs, owing to the Au back-metal and copper
heatsink layer that simultaneously functions as a high-reflectivity optical
mirror and a thermally conductive heat spreader. This dual role restores
vertical optical confinement while enhancing heat dissipation. Rigorous
coupled-wave analysis (RCWA) further confirms that the back-metal
architecture compensates for the reduced DBR reflectivity, sustaining high
optical feedback across decreased DBR pair counts (Supplementary Fig. 4).
Even in reduced n-DBR pairs, the ultrathin VCSEL demonstrated the
narrower FWHM compared to the rigid counterpart, ensuring stronger
cavity confinement. Indeed, the ultrathin VCSELs demonstrated much
enhanced thermal robustness (Fig. 2b). A wider ambient temperature range
(25-55 °C) was commonly employed in VCSEL reliability evaluations™*"*.
As junction self-heating during prolonged CW operation elevates the active-
region temperature far above ambient levels, even under mild external
conditions. As the temperature increased from 25 to 55 °C, the peak optical
power of ultrathin VCSEL degraded with the rate of —0.060 mW/°C
(—19.5%) over the temperature range, whereas the counterpart rigid VCSEL
(38 pairs of n-DBRs) showed —0.093 mW/°C (—42.1%). Meanwhile, the
peak wavelength in the emission spectrum was shifted in both VCSELs upon
the current input at 8 mA (Supplementary Fig. 5). These red shifts originate
from the temperature-induced increase in refractive index and cavity length
of the semiconductor layers, which in turn shift the lasing wavelength as the
junction temperature rises’”. In the same temperature range, the thermal
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Fig. 1 | Ultrathin near-infrared vertical-cavity surface emitting laser (VCSEL).

a Epitaxial structure of the ultrathin VCSEL grown on an n-GaAs substrate.

b Schematic of the double-transfer process for mounting the ultrathin VCSEL onto a

copper-plated heatsink. ¢ Photograph of the ultrathin VCSEL array on a 25-

um-thick copper-plated heatsink. d Top-view and e cross-sectional SEM image of

1 i L I L O 1
850 875 900 925 950 975 1000 40 35 30 25 20 15
Wavelength (nm)

Number of n-DBRs

the unit VCSEL. f L-I-V characteristics of the ultrathin VCSEL under CW operation
at 25 °C. g Emission spectrum and optical microscope image of the ultrathin VCSEL
under lasing. h Comparison of peak optical power of reported thin-film and rigid
VCSELSs as a function of the number of n-DBR pairs.

resistance (Ry,) for the ultrathin VCSEL was 755 °C/W, representing a 33%
reduction compared to 1130 °C/W for the counterpart rigid VCSEL. These
results indicate that the proposed device architecture not only mitigates heat
accumulation but also ensures spectral stability under elevated thermal
stress, attributed to better heat dissipation from the copper-plated heatsink
and reduced device thickness”.

Coupled with thermal reliability, the skin-compatible VCSEL should
manage heat accumulation over extended use. The normalized peak optical
power over 24 h of CW operation reflected the thermal stability difference
between the devices (Fig. 2c). The ultrathin VCSEL exhibited only a ~0.7%
reduction in normalized power, whereas the rigid counterpart showed a
larger ~5.0% decrease accompanied by a steeper monotonic decline. Fur-
thermore, prolonged operation resulted in an increasing power difference,

consistent with the superior thermal management of the ultrathin VCSEL.
The surface temperature of the ultrathin and rigid VCSELs were also
monitored for extended use (Fig. 2d). In contrast to the rigid VCSEL, which
exhibited a rapid and pronounced surface temperature rise (ATgyrface)> the
ultrathin VCSEL showed a much slower and smaller increase during CW
operation. Hourly infrared thermography revealed that the surface tem-
perature of the ultrathin VCSEL rose modestly from 24.2 to 25.5 °C whereas
the rigid VCSEL reached a substantially higher temperature of 28.6 °C under
identical conditions (Supplementary Fig. 6). Furthermore, the ultrathin
VCSELs demonstrated superior thermal safety under prolonged skin con-
tact. Direct skin contact can induce thermally driven irritation, often
manifested as visible redness. When operated continuously for 12 h under
CW conditions, the pig skin in contact with the rigid VCSEL exhibited
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Fig. 2 | Thermal robustness of VCSEL on the skin surface. a Schematics of three
VCSEL structures showing distinct thermal behaviors during lasing. (Left) A rigid
VCSEL with 38 n-DBR pairs experiences severe heat accumulation due to the thick
DBR stack and the GaAs thermal bottleneck. (Middle) Reducing the DBR count to
18 shortens the thermal path but still results in heat buildup and degraded light
emission due to reduced mirror reflectivity. (Right) The ultrathin VCSEL with 18
n-DBR pairs incorporates a gold back-metal and copper heatsink, enabling efficient
heat dissipation and improved optical emission. b Normalized peak optical power of
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rigid (38 pairs of n-DBRs) and ultrathin VCSELSs (18 pairs of n-DBRs) under dif-
ferent ambient temperatures, noting thermal robustness evaluation. ¢ Normalized
peak optical power of both VCSELs measured over 24 h of CW operation at 6 mA,
d and corresponding surface temperature profiles recorded over 12 h under identical
conditions. e Photographs of pig skin before and after 12 h of contact with the
ultrathin VCSEL (top) and the rigid VCSEL (bottom), comparing the reddening
effect during prolonged lasing. Scale bar, 5 mm. Relative RGB intensity change (AI/
I,) of pig skin after 12 h of contact with (f) rigid VCSEL and g ultrathin VCSEL.

localized heating and clear reddening due to insufficient heat dissipation,
whereas the skin exposed to the ultrathin VCSEL showed no visible irrita-
tion or discoloration (Fig. 2e). More qualitatively, the relative RGB intensity
changes (Al/l,) against the contacted periods were monitored (Fig. 2f, g),
demonstrating significant difference in each RGB intensity between the
rigid and ultrathin VCSELs. Consistent with the visual difference, the red
intensity change of the ultrathin VCSEL was 13% higher than that of its
counterpart. These findings support the skin compatibility of the ultrathin
configuration from a thermal safety perspective and highlight its capability
for long-term operation under skin-mounted conditions.

Mechanical robustness of the ultrathin VCSEL

To examine how subtle differences in DBR pair number influence the
mechanical flexibility and structural robustness of the devices, we conducted
systematic bending and fatigue tests on ultrathin VCSELs incorporating
either 18 pairs of n-DBRs (6.6 um) and 38 pairs of n-DBRs (9.3 um). Both
VCSELs were bent to radii of 13, 11, 8, 6, and 5 mm, with optical power
measured at each curvature (Fig. 3a and Supplementary Fig. 7). SEM image
of VCSELSs subjected to 6-mm bending revealed extensive delamination and
surface cracking in the 38-pair device, whereas the 18-pair VCSEL retained
its structural integrity without visible defects (Fig. 3b). Reducing the number
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VCSEL with different bending radii of 13, 11, 8,6, and 5 mm. b Photograph (left) and
Optical microscopy images (right) of ultrathin VCSELs with 38 pairs (top) and 18
pairs (bottom) of n-DBRs subjected to deformation under a 6 mm bending radius.

6 mm 5 mm
g
g 1.00f
o
x 075}
(]
[0]
Q 0.50F
3 Ultrathin VCSEL
N 0.25F 5 38 pairs (9.3 um)
g 0.00 } =@ 18 pairs (6.6 um)
z Flat 13 1 ) 5 5
Bending diameter (mm)
g
g 1.00f d=8mm
(o8
< 0.98F
8
o 0.9 Uitrathin VCSEL
N 0.94} =9 38 pairs (9.3 pm)
® .
I =@~ 18 pairs (6.6 um)
S 0.92L— . . . . )
z 0 100 200 300 400 500

Bending cycles

Scale bar, 500 pm. ¢ Normalized peak optical power of ultrathin VCSELs with 38
pairs and 18 pairs of n-DBR under different bending radii. d Normalized peak
optical power of ultrathin VCSELSs after 500 bending cycles at an 8 mm bending
radius.

of n-DBR pairs not only decreases the overall thickness but also lowers the
cumulative interfacial strain energy within the multilayer stack. Because
additional AlGaAs/AlGaAs DBR pairs amplify elastic-modulus mismatch
and thermal-expansion anisotropy, the thinner 18-pair configuration sup-
presses internal stress buildup during bending and thermal cycling, thereby
enhancing mechanical compliance and long-term structural stability. After
flattening the bent samples, the 18-pair VCSEL continued to exhibit uni-
form surface conformity, in contrast to the 38-pair VCSEL, which showed
persistent delamination and surface irregularities (Supplementary Fig. 8). In
terms of optical performance, the 18-pair VCSEL maintained stable output
across bending radii down to 6 mm, showing only a 9.0% decrease in power,
whereas deformation below 5 mm led to mechanical failure (Fig. 3¢). By
comparison, the 38-pair VCSEL showed earlier degradation, with an 8%
output drop at 8 mm and full structural breakdown at 6 mm.

Given the cyclic test for extended use, the normalized optical power
during 500 repeated bending cycles at 8 mm radius exhibited a significant
difference (Fig. 3d). The 18-pair VCSEL exhibited only a 2.2% decrease in
output power after 500 cycles, while the 38-pair VCSEL showed a more
substantial 6.5% reduction. The higher mechanical rigidity of the 38-pair
VCSEL was attributed to its increased bending stiffness resulting from a
greater number of n-DBR pairs, which in turn intensified interfacial stress
accumulation under repeated deformation®. Thicker multilayer structures
tend to localize stress during bending, leading to premature crack initiation,
accelerated crack propagation, and degradation of electrical performance
caused by residual stress. In contrast, the 18-pair VCSEL with reduced
n-DBR stacks effectively mitigated stress concentration and mechanical
fatigue, preserving both structural and optical integrity even under tight
bending and cyclic strain. Consequently, the copper-based back-metal layer
played a dual structural role by simultaneously facilitating efficient heat
dissipation during continuous operation and mitigating mechanical stress

concentration under bending deformation, while further improvements can
be achieved through materials variations or multilayer structural optimi-
zation of the metallic heat-spreading layer. These findings highlight the
potential of the proposed ultrathin VCSEL architecture as a thermally and
mechanically robust light source for future skin-conformal wearable bio-
sensing systems.

VCSEL-OPD for PPG signal acquisition

Integration of the optically, thermally, and mechanically robust ultrathin
VCSEL with an ultraflexible OPD has illustrated the potential of a highly
conformal and fully integrated optoelectronic sensor for wearable PPG
sensing. In this work, we employ a single-wavelength VCSEL with a near-
infrared-responsive OPD to investigate the fundamental characteristics of
PPG signal acquisition using a minimal optoelectronic configuration (Fig.
4a). Mechanical flexibility, lightweight, and ultrathin form factor of OPDs
have promised their versatility in skin-conformal applications*, while fea-
turing low-voltage operation for power-efficiency that serves as a core for
sustainable, long-term biosignal monitoring in wearable healthcare
systems'**. The OPD, fabricated on a parylene substrate with exceptional
mechanical flexibility*, was positioned at the opposite end of the 330-um-
thick PDMS through a facile delamination process, while the VCSEL was
subsequently transferred onto the same PDMS substrate using the surface
modification bonding (SMB, see “Methods” section) process”*". The OPD
has an inverted layered structure consisting of indium tin oxide (ITO)/zinc
oxide (ZnO)/photoactive layer/molybdenum oxide (MoO3)/Ag (Fig. 4b).
The photoactive material, PTB7-Th:IEICO-4F, ensured strong interaction
with the ultrathin VCSEL that emitted the peak wavelength ~930 nm, where
its bandgap was as narrow as ~1.29 eV*. Through a curved configuration,
the OPD could successfully record the VCSEL-driven intensity variations
altered by pulsatile blood flow changes (Fig. 4c). Despite a vigorous transfer
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Fig. 4 | Co-integration between ultraflexible near-infrared OPD and

ultrathin VCSEL. a Schematic of a skin-conformal PPG sensor integrating ultrathin
VCSEL and ultraflexible OPD. b Schematic of OPD structure with chemical struc-
tures of donor (PTB7-Th) and acceptor (IEICO-4F) materials. ¢ Photograph of a
skin-conformal PPG sensor. d L-I-V characteristics of ultrathin VCSEL before and
after the transfer process onto the PDMS substrate. e Specific detectivity (D*) of
ultraflexible OPD and optical spectrum of ultrathin VCSEL. f Current density of the

Time (s)

ultraflexible OPD continuously measured over 12 h under 940 nm LED illumination
(100 mW/cm?) and dark conditions at —0.3 V of bias. g Schematic of skin-conformal
PPG sensor on the fingertip for PPG measurement. h PPG signals measured over
12 h using a skin-conformal PPG sensor attached to the fingertip under 1 mW/cm’
VCSEL illumination. i Amplitude and signal-to-noise ratio of the PPG signals
during prolonged measurement.

process, the L-I-V characteristics noted consistent electrical performance of
the VCSEL before and after transfer onto PDMS substrate (Fig. 4d).
Meanwhile, the OPD also demonstrated broad detectivity ranges, of which
peak wavelength for specific detectivity of 2.80 x 10" Jones (~940 nm) was
well-matched with those for the VCSEL (Fig. 4e). The OPD exhibited a
linear photoresponse (slope = 0.9) over a wide range of incident power
under 940 nm LED illumination (Supplementary Fig. 9), indicating stable
and sensitive photodetection performance even under low-light conditions.
The extended OPD performance over 12 h was also recorded to ensure the
compatible long-term PPG monitoring (Fig. 4f), demonstrating stable
current levels that ensure its excellent long-term reliability with high
sensitivity.

The practical applicability of the integrated device for PPG monitoring
was evaluated by mounting it on the fingertip (Fig. 4g). Its ultrathin and

lightweight structure ensured intimate skin contact, allowing comfortable
wear for 12 h without detachment (Fig. 4h and Supplementary Fig. 10).
During this period, the device operated continuously under constant elec-
trical bias, while PPG measurements were obtained at predetermined time
points. Clear systolic and diastolic waveforms were captured throughout the
12 h duration, demonstrating stable signal acquisition. Quantitative analysis
of the PPG amplitude and signal-to-noise ratio (SNR) at three intervals
further verified reliable long-term performance (Fig. 4i). The PPG ampli-
tude throughout the entire period fluctuated only within ~5%
(649 +0.42 nA), and the SNR maintained 86% against the initial value
(from 20.5 to 17.6 dB). These results highlight the excellent signal reliability
of the integrated sensor under CW operation. Overall, the findings
demonstrate that the integrated skin-conformal PPG sensor offers robust
performance not only under skin-attached conditions but also under CW
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operation, making it a promising solution for long-term, high-fidelity
physiological signals monitoring applications.

Discussion

We developed a skin-conformal and thermally safe PPG sensor by inte-
grating an ultrathin VCSEL (6.6 um thick, operating at 930 nm) with an
ultraflexible NIR-OPD on a compliant elastomer substrate. The ultrathin
VCSEL, fabricated via a double-transfer process incorporating a copper-
plated heatsink, effectively mitigated the thermal accumulation and
mechanical rigidity of conventional rigid VCSELs, enabling stable, long-
term operation under skin-mounted conditions. The device achieved a peak
optical power of 8.25 mW with a narrow emission linewidth of 4.53 nm and
showed only a 1.3 °C surface temperature rise and 0.7% output loss after
12h of continuous operation. Pig skin-contact tests revealed negligible
visible intensity change, indicating thermal safety and the absence of acute
skin irritation. It also maintained >97% optical output after 500 bending
cycles ata 6 mm bending radius, confirming excellent mechanical resilience.
When co-integrated with the NIR-OPD, the sensor enabled stable PPG
acquisition with <5% amplitude variation over 12 h, maintaining high signal
fidelity. These findings demonstrate that the ultrathin VCSEL-OPD sensor
provides thermally stable, mechanically robust light emission, representing
a promising foundation for next-generation skin-integrated wearable
healthcare systems. The demonstrated device architecture is also readily
extendable to other optical sensing and illumination modalities, and inte-
gration of additional functional modules for fully autonomous wearable
operation is a logical direction for further development.

Methods

Epitaxial growth

Ultrathin top-emitting VCSELSs operating at 930 nm were grown on (001)-
oriented n-GaAs substrates using a low-pressure metal-organic chemical
vapor deposition (LP-MOCVD) system. The group III precursors used were
trimethylgallium (TMGa), trimethylaluminum (TMAI), and trimethy-
lindium (TMIn), while group V sources included arsine (AsHs) and
phosphine (PH3). For doping, silane (SiHy4) and carbon tetrabromide (CBr,)
were introduced to form highly n-type and p-type GaAs layers, respectively.
The epitaxial stack was composed of a 350-um-thick GaAs substrate, a 100-
nm-thick InGaP etch-stop layer for substrate removal selectivity, a heavily
doped n-GaAs ohmic layer, 18 pairs of n-type AlGaAs/ AlGaAs distributed
Bragg reflectors (DBRs) with a total thickness of 2.75 pum, five periods of
InGaAs/GaAsP multiple quantum wells (MQWs) for the active region, 21
pairs of p-type DBRs (3.05 um total thickness), and a top p-doped GaAs
contact layer. To define the emission aperture, a high-aluminum-content
Al,Ga, As layer was grown above the MQW region. This layer enabled the
formation of a 10 um oxide-confined aperture through selective lateral
oxidation in the subsequent fabrication process. The InGaP etch-stop layer
played a crucial role in protecting the active and mirror layers from
NH,OH-based etching during substrate removal, ensuring structural

integrity.

Thin-film VCSEL fabrication

The fabrication of ultrathin top-emitting VCSELs involved a dual-transfer
technique designed to integrate the optoelectronic structure with a 25-pm-
thick copper-plated heatsink. Device isolation was first achieved by mesa
etching to separate individual VCSELSs. A high-Al-content Al,Ga, ,As layer
positioned above the MQW region underwent selective lateral oxidation to
define a 10 um oxide-confined aperture for current and optical confine-
ment. Following this, Ti/Pt/Au metal layers were deposited as the front
metal on the top GaAs contact layer via electron-beam evaporation. To
facilitate substrate removal, the processed wafer was bonded onto a tem-
porary sapphire carrier using adhesive wax, applied under controlled con-
ditions (150 °C for 2 min). The thick GaAs substrate was then etched away
using an NH,OH-based solution, followed by selective removal of the
InGaP etch-stop layer with an HCl-based etchant, exposing the underlying
n-doped GaAs ohmic layer. For back-side metallization, a Ni/AuGe/Ni/Au

multilayer contact was formed on the exposed n-GaAs. Prior to metal
plating, the surface was activated using an Ar plasma treatment to improve
adhesion between the subsequent copper layer and the underlying metal
stack. A bilayer of Cr (30 nm) and Ti (300 nm) was sputtered onto the
contact surface to serve as seed layers. Electrochemical deposition was then
used to grow a 25-um-thick copper layer under a current density of 1 ASD
for 2.5 h, forming a mechanically robust heatsink directly attached to the
n-side of the VCSEL. The final device structure was completed by detaching
the temporary carrier, yielding free-standing ultrathin VCSELs directly
integrated with copper-plated heatsinks. Throughout the fabrication pro-
cess, no structural damage or delamination was observed, confirming the
reliability of the transfer and bonding steps for high-yield device realization.
For scalable manufacturing, established wafer-level approaches such as
epitaxial lift-off for substrate reuse, batch deposition of reflective and
thermal metal layers, and panel-level transfer techniques can be adopted
without altering the core device architecture.

VCSEL characterization

The electrical and optical characteristics of the 930 nm ultrathin VCSELs
were evaluated under CW operation. Devices were mounted on a vacuum
stage equipped with a rotary pump and an actively controlled temperature
platform. A Keithley 2602B source-measure unit (Keithley Instruments
Inc.) was used to apply current and measure the L-I-V characteristics.
Temperature was regulated from —30 °C to 95 °C with a precision of 0.1 °C
using a low-temperature bath system (Tokyo Rikakikai Co., Ltd.). The
930 nm emission from the VCSEL aperture was collected using a silicon
photodiode (Hamamatsu, 2201 model). Spectral measurements were per-
formed using a fiber-coupled spectrometer (Ocean Optics Maya 2000 PRO),
enabling detailed analysis of wavelength shifts and linewidth variations
under different thermal and electrical conditions. A thermal resistance (Ry,)
of the fabricated ultrathin and rigid VCSEL was determined from the
temperature rise with dissipated electrical input power, expressed as follows:

Rth = AT/Apdiss = (AA/APdlss)/(A/\peak/AT) (1)

Surface temperature changes of ultrathin and rigid VCSEL were monitored
using a thermal imaging camera (Dongguan Bufan Electronics Co., Ltd.,
A-BF RX-700), and photographs were captured hourly.

Skin-contact thermal safety test

Skin compatibility test was conducted by placing the ultrathin VCSEL and
rigid VCSEL in direct contact with pig skin under ambient conditions for
12 h of continuous operation. RGB color intensity variations of the pig skin
were quantified using the EclipsePalette software based on the high-
resolution images obtained after exposure. The red, green, and blue intensity
changes were used as indicators of thermal irritation to evaluate skin
compatibility under skin-contact conditions.

Mechanical deformation test

Mechanical bending tests were performed on ultrathin 18-pair VCSELs and
38-pair VCSELs with similar lateral sizes. The devices were manually bent
around cylindrical rods with curvature radii of 13 mm, 11 mm, 8 mm,
6 mm, and 5 mm. Optical power output was measured at each bending
condition to evaluate mechanical resilience. The emitted 930 nm light from
the VCSEL aperture was collected using a silicon photodiode (Hamamatsu,
2201 photodiode), and the normalized optical power was recorded under
constant current injection (6 mA) at each radius. For fatigue testing, 500
repeated bending cycles were applied at an 8 mm radius, and optical output
was recorded every 100 cycles to assess durability under cyclic mechanical
stress.

Ultraflexible OPD fabrication

To fabricate an ultraflexible OPD, glass substrates were sequentially cleaned
using ultrasonic treatment in detergent, deionized water, acetone, and iso-
propyl alcohol, with each step lasting 5 min. To facilitate easy delamination
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from the glass substrate, a fluorinated polymer blend solution (Novec
1700:7100, 1:10 vol%, 3 M™) was spin-coated onto the glass substrate at 2000
rpm for 1 min. A 1-pum-thick parylene film was deposited onto the fluori-
nated polymer/glass substrate via chemical vapor deposition and annealed
at 120 °C for 1 h. For surface planarization of the parylene film, a 500-nm-
thick epoxy layer (SU-8 3005, MicroChem) was spin-coated at 5000 rpm for
1 min, pre-baked at 95°C for 2.5 min, exposed to UV light for 4 min,
and finally annealed at 120 °C for 1 h. A 150-nm-thick ITO was deposited
via sputtering without substrate heating, patterned using photolithography,
and etched using a wet etching process. A ZnO nanoparticle layer was
spin-coated at 2000 rpm for 30s. The poly(4,8-bis(5-(2-ethylhexyl)thio-
phen-2-yl)benzo[1,2-b;4,5-b/]dithiophene-2,6-diylalt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl) (PTB7-Th),
and 2,2'-((22,2'Z)-(((4,4,9,9-tetrakis-(4-hexylphenyl)-4,9-dihydro-sinda-
ceno[1,2-b:5,6-b']-dithiophene-2,7-diyl)bis(4-((2-ethylhexyl)oxy)thio-
phene-5,2-diyl))bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-
1H-indene-2,1-diylidene))dimalononitrile (IEICO-4F) blended solution
(1:1.5 weight ratio, total concentration: 25 mg/mL in chlorobenzene) was
spin-coated at 2000 rpm for 30's in an argon-filled glove box. Finally, a
MoOs (5nm) and Ag (100 nm) were sequentially deposited via thermal
evaporation under high vacuum conditions (<2.0 x 10~° Torr).

Ultraflexible OPD characterization

J-V curves were obtained using a source-measure unit (Keithley 2400)
under dark conditions and under 940 nm LED illumination (M940F3,
THORLABS). The external quantum efficiency (EQE) was measured using
a Spectral QE Measurement System (TNE TECH CO., LTD, Korea). The
EQE values were obtained as a function of wavelength in the range of
300~1100 nm using a 300 W Xe lamp as the light source, and the calibration
was performed using a Si photodiode in the 300-960 nm wavelength range,
and an InGaAs photodiode in the 960~1100 nm wavelength range. The
spectral noise current was measured by a dynamic signal analyzer (356704,
Alignment) connected to the device through a preamplifier (SR570). The
specific detectivity (D*) based on the noise equivalent power is D* = (A AN"
*Rligoise» Where R is the responsivity, A is the effective photodetector area for
the devices, Af is the detection bandwidth, and i, is the noise current
measured under dark state.

Integration of OPD with VCSEL for PPG measurement

The PDMS was prepared by blending the base and the curing agent ata 10:1
weight ratio. The mixture solution was spin-coated onto the glass substrate
at 1000 rpm for 10 seconds and subsequently cured at 60 °C for 2 h. A Ti/Pt/
Au (35/5/360 nm) electrode was deposited by electron-beam evaporation
on the PDMS substrate as the electrical contact. The ultrathin VCSEL was
transferred onto the PDMS substrate using the SMB process. For electrical
connection, a conductive adhesive tape was applied to bridge the top contact
of the ultrathin VCSEL and the Au electrode on PDMS. Separately, the
ultraflexible OPD was carefully peeled off from the supporting glass and
then laminated onto the PDMS substrate.

Surface modification bonding (SMB) process

The back contact of the ultrathin VCSEL was treated with oxygen plasma
(60 W and 50 sccm flow rate condition for 1 min), and then oxygen plasma-
activated VCSEL was immersed in a silane solution (100 mL DI water: 1 mL
(3-aminopropyl) triethoxysilane (APTES)) for 20 min. Simultaneously,
oxygen plasma treatment was performed on the Au electrode of the PDMS
substrate under the same conditions. The plasma-activated PDMS substrate
was mounted on the silanized back contact of the ultrathin VCSEL, forming
a strong bond at room temperature.

Long-term PPG signal sensing

For long-term PPG measurement, the skin-conformal PPG sensor was
carefully delaminated from the supporting glass and attached to the fin-
gertip. A source-measure unit (Keithley 2400, Tektronix) was employed to

supply bias voltages to the ultrathin VCSEL and OPD. The PPG signal was
recorded using an SR570 preamplifier (Stanford Research System) and
DAQami at a sampling rate of 1 kHz. Customized MATLAB code was used
to calculate the amplitude and SNR of the PPG signal. The SNR was cal-
culated with the following equation:

@

~10 Hz 2
I(w)|°d
SNR(dB) = 1000 <|(W>|W>

ngHZH(w)IZdw

where I(w) is the intensity of the power spectrum at frequency w. The signal
power was the total spectral power in the range of 0.5-10 Hz, while the noise
power was the total spectral power in the range of 10 Hz to the maximum
frequency”. The approval from a national or institutional ethics board/
committee was obtained by the Ajou University Institutional Review Board
(AjouIRB, 202410-HB-003).
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