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Recent advances in wearable sensor
technologies have established a foundation for active and accurate measurement
of physiological signals for prophylaxis
and prediagnosis.[1–6] The flexible and
stretchable mechanical properties of these
sensors enable conformal interfaces to
curvilinear surfaces of the body and continuous collection of healthcare-related
data without irritation.[7–15] Among their
applications, wearable pulse oximetry has
been successfully applied to monitor cardiac[16–18] and cerebral activities[19,20] by
analyzing blood dynamics and measuring
the heart rate. This type of skin-mountable optoelectronic device consists of a
microscale inorganic light-emitting diode
(µ-ILED) and inorganic photodetector
(µ-IPD) based on AlInGaP and silicon. In
this configuration, specific portion of the
light emitted from the µ-ILED is absorbed
and scattered by biological tissues; and the
rest portion of the light is transmitted
through the tissues and detected its intensity by the µ-IPD. The light intensity recorded via µ-IPD of the
optoelectronic device can be used to monitor internal blood
flow under the skin of various parts of the body, including
peripheral locations of the neck, wrist, and forehead.[21–23]
Despite the well-established advantages of robust contact and
functional implementation of these optoelectronic systems,
undesired heating of optoelectronics and subsequent thermal
damage of the skin during device operation remain as critical engineering challenges. It has been reported that the low
thermal conductivity of materials in the optoelectronic interface limit effective heat dissipation, thus resulting in thermal
damage to biological tissue[24,25] and deterioration in µ-ILED
functionality.[26–28,38] Despite the importance of temperature
control for patient safety and device operation, materials and
designs to manage temperature during device operation have
been less well explored.
In this study, we present materials and integration strategies of embedded metallic heat sink element in the optoelectronic device to effectively dissipate the heat generated by the
µ-ILED and prevent harmful thermal damage, such as skin
burn. A thin metal layer embedded under the µ-LED allows
the device to maintain a low surface temperature, comparable
to that of skin, via a thermally effective design based on theoretical/computational thermomechanics. Experimental results

The applications of modern optoelectronic devices have been extended, and
they now provide practical means for seamless real-time monitoring of blood
flow dynamics, by being integrated with flexible and stretchable wearable
sensor platform technology. However, thermal management of these devices
remains limited by undesired thermal energy originating from the heating of the
light-emitting diode. Specifically, the surface temperature of the optoelectronic
device becomes very high compared to that of the adjacent biological tissue,
causing challenges in skin–optoelectronics integration and functional deterioration of the light source. In this study, an optoelectronic module that integrates
the light-emitting diode, photodetector, and a thin metallic heat sink element
for sustainable in situ thermal management is developed. Experimental and
computational analysis results indicate that the proposed optoelectronic device
has excellent heat dissipation capabilities for thermally safe long-term usability,
due to the high thermal conductivity of the device and film-type geometrical
design of the embedded heat sink for skin application. The proposed optoelectronic device architecture with metallic heat sink offers an ideal option for blood
flow monitoring by providing both mechanical and thermal compatibility with
biological tissue suitable for long-term clinical applications.
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Figure 1. Deterministic assemblies of optoelectronic interface employing interfacial thermal management. a) Exploded view of the optoelectronic
device with a thin metal layer (Cu; thickness: 16 µm) as a heat sink element for effective heat dissipation, a transfer-printed microscale inorganic light
emitting diode (µ-ILED; AlInGaP based, 400 × 200 µm2; thickness: 2 µm), and microscale inorganic photodetector (µ-IPD; Si-based, 400 × 200 µm2;
thickness: 1.25 µm). b) Schematic illustration of the banana-shaped light path created as the light emitted from the µ-ILED is transmitted/absorbed
through the skin and then detected by the µ-IPD. The heat flux originating from the µ-ILED is dissipated continuously through the metallic heat sink
layer. c) Optical images of the optoelectronic device. Scale bar: 5 mm (left) and 1 mm (right).

showed that the integrated heat sink design improved µ-ILED
efficiency by maintaining a low temperature during continuous
operation. Based on its advantages of being thermally safe and
mechanically flexible, the proposed integrated optoelectronic
device has potential utility across a range of skin- and organmounted healthcare systems, in which maintaining the device
temperature near body temperature is a key requirement for
safe operation.
Figure 1a shows an exploded view of the proposed optoelectronic device to illustrate the layer information and associated
components of the system. The optoelectronic device consists of
a µ-ILED (peak emission wavelength: 650 nm; 400 × 200 µm2;
thickness: 2 µm) obtained from an AlInGaP-based epitaxial
wafer (Figures S1 and S2, Supporting Information), a µ-IPD
(400 × 200 µm2; thickness: 1.25 µm) based on an ultrathin
crystalline silicon membrane (Figures S3 and S4, Supporting
Information), and a thin metal layer (Cu, 1400 × 1400 µm2;
thickness: 16 µm; thermal conductivity, k: 400 W m−1 k−1) that
serves as a functional heat sink element. The fabrication process begins with spin casting and thermal curing of poly(methyl
methacrylate) (PMMA; thickness: 1 µm) as a temporary sacrificial layer and polyimide (PI) as a dielectric layer on a glass
substrate. The Cu layer deposited by electrochemical deposition undergoes photolithographic patterning to create the heat
sink element. A micro transfer printing technique is used to
assemble the µ-ILED and µ-IPD “ink” from donor substrates
to receiver substrate coated with a photocurable polymer (SU-8;
thickness: 2 µm).[29] Next, metal (Cr/Au; 7/200 nm) deposition
and photolithographic patterning creates the electrical interconnections of each active element. Additional layers of transparent,
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dielectric polymer (SU-8; thickness: 2 µm) are formed via spin
casting, followed by curing. The fabrication process is completed by encapsulating the top layer of the entire device with
ultralow modulus (≈3 kPa), adhesive (≈1.5 kPa), transparent
elastomer (Silbione RT Gel 4717 A/B; Bluestar Silicone, France).
The final encapsulation minimizes optical loss with secure
conformal contact between the device and skin, resulting in
precise photoplethysmogram (PPG) measurement. Figure 1b
illustrates the light path in PPG measurement consisting of the
skin and the laminated optoelectronic device.[30–32] In this configuration, due to variation in penetration depth and absorption
over a range of wavelengths as described by the Beer–Lambert
law, light emitted from the µ-ILED and detected by the µ-IPD
of the optoelectronic device follows a banana-shaped path by
passing through different layers of skin and emerging from the
tissue.[33–36] The main mechanism in PPG measurements enables noninvasive blood flow monitoring by time-dynamic light
absorption. The skin-mountable substrate with the embedded
thin metallic heat sink layer provides a practical solution for
in situ thermal management and mechanical deformability.
Figure 1c shows a set of optical images of the proposed optoelectronic device during operation at ≈2 mW (left) and application on the skin (right).
Figure 2 highlights the effectiveness of thermal management for the optoelectronic device associated with the metallic
heat sink layer. The thermal management of solid-state lighting
devices constituting the optoelectronic device is critically
important as the adverse effects of excessive heating, which
occur due to junction temperature rise and internal thermal
resistance, lower the efficiency and deteriorate the reliability
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element. The temperature T in the device
satisfies the Fourier heat transfer equation
∇2T = 0, where ∇2 is the Laplace operator.
The surface of PI has a natural convection
boundary while the surface of Silbione has a
constant temperature given by the thermal
stage. The details of finite element analysis
are given in the section of thermal analysis.
The precise thermal imager allows corresponding thermal images to be acquired
for comparison with numerical predictions.
Based on computational and experimental
results, the surface of the optoelectronic
device without heat sink element exhibits relatively higher surface temperature (≈70 °C)
as a result of the poor thermal conductance
of consisting layers in optoelectronic device,
which limits the heat dissipation, leading to
increased junction temperature of the device
surface due to Joule heating at the active
region of the µ-ILED.[39] On the contrary,
the surface temperature of the optoelectronic
device with the embedded heat sink element exhibited a relatively lower temperature
(20–25 °C) than the device without the heat
sink element due to the immediate thermal
dissipation of the device, as shown in the
Figure 2b,d. Figure 2e shows the resultant
surface temperature of the optoelectronic
device with and without the heat sink element as a function of the applied power, as
well as the potential skin burn degrees under
1 min of exposure; FEM results (dotted line)
and the temperature recorded by the thermal
imager (solid line) were in good agreement.
The surface temperature of the optoelectronic device with an embedded heat sink
increased slowly as power was applied to
the optoelectronic device increases. In contrast, the temperature of the optoelectronic
Figure 2. Interfacial thermal management for biocompatibility and device performance. device without a heat sink element increased
a,b) Finite element modeling results and c,d) thermal images of surface temperature for the
sharply as the applied power increased; in
µ-ILED incorporated in the optoelectronic device. e) Surface temperature of the optoelectronic
this case, the recorded surface temperature
device according to the input power, with (blue dotted line) and without (green dotted line) a
of the device exceeded the normal skin temheat sink element. The thermal management strategy prohibits critical thermal damage to the
usually ranges from 31.1
skin: first-degree burns that result in pain and reddening of the epidermis; second-degree burns perature, which
[40]
at an applied power of ≤5 mW,
that affect the epidermis and the dermis causing pain, redness, swelling, and blistering; and to 35.4 °C,
third-degree burns that affect not only the epidermis and dermis, but also deeper tissues.[42] which implies a high possibility of skin burn
f) Normalized light intensity with (solid blue line) and without (solid green line) a heat sink of various degrees.[41] The results have shown
element as a function of applied current.
that under an applied power of ≤10 mW to
the µ-ILED resulting in an optoelectronic
interface temperature of 50 °C, the outer layer of skin redof the µ-ILED.[37,38] Figure 2a–d shows numerical simulation
dens (first-degree burn) after 2 min; after 10 min, lower skin
results (Figure 2a,b) and the corresponding infrared thermal
layers such as the epidermis and the dermis become affected
images (Figure 2c,d) of the fabricated device, to compare with
resulting in second-degree burns; and after 12 min of exposure,
the surface temperature of the optoelectronic device, which
deeper skin tissue becomes damaged, resulting in third-degree
depends on the presence of heat sink element, while applying
burns.[41,42] Figure 2f shows the normalized light intensity of
the electrical power to the µ-ILED. The surface temperature of
the optoelectronic device was examined using the finite elethe optoelectronic device and the effect of the heat sink element method (FEM). The optoelectronic device was placed
ment as a function of the induced current. The result indicates
on a thermal stage to illustrate the advantages of the heat sink
that the light intensity of the optoelectronic device with the
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occurs, is located at the skin surface, i.e., skin/device interface.
Figure 3b shows FEM analysis results of skin surface temperature along the lateral direction (x-direction) under an applied
power of 2 mW. Without the heat sink element, the temperature reaches a maximum value of ≈48 °C, shows a plateau
within the LED region, and then decreases dramatically outside the other regions. With the heat sink element module, the
maximum temperature was lowered significantly to ≈38 °C; in
addition, the plateau extended from the LED region (400 µm) to
the whole device region (5 mm), due to the large thermal dissipation of the heat sink element. Figure 3c shows FEM analysis results of the temperature distribution along the thickness
direction (y-direction) under an applied power of 2 mW. The
heat sink element lowered the temperature significantly near
the skin surface. For depths >1.0 mm from the skin surface,
the influence of the heat sink element was negligible. Figure 3d
shows the influence of the thickness of the heat sink element
on skin surface temperature. The thermal dissipation of the
heat sink element increased dramatically as thickness increased
to ≈5 µm; a further increase in thickness had a negligible effect.
These results are critically important to provide thermal design
guidelines for optoelectronic devices laminated on skin due to
device flexibility requirements.
Figure 4a–c shows photographs of the optoelectronic device
laminated to skin in areas of the neck (near carotid artery),[44,45]
wrist (near the ulnar artery and vein, radial artery and
vein),[46,47] and forehead (near the cerebral artery),[48] and the
feasibility of extracting PPG signals to monitor respiration, cardiac activity, and brain activity, respectively.
To demonstrate device viability, we applied
w/ heatsink
w/o heatsink
our optoelectronics device with heat sink to
a
b 50
LED
the skin near the wrist and recorded the light
LED
heatsink
48
intensity via a µ-IPD under a constant level
46
of LED light emission. Figure 4d,e shows the
44
data processing sequence. Figure 4d–f shows
x
the corresponding raw data, filtered and pro42
y
skin
cessed with a fast Fourier transform.[49] As
40
shown in figure 4f, the peak in the frequency
38
spectrum is ≈1.2 Hz, corresponding to a
36
-2
-1
0
1
2
heart rate of 70 beats per minute (bpm). The
x (mm)
optoelectronic device under long-term operaw/ heatsink
w/o heatsink
tion can monitor not only the heart rate,
d
c -0.5
46
but also time-dynamic aspects of respiradevice
0.0
tory activity; notable differences in the light
skin
44
intensity level were observed during tidal
0.5
breathing, as shown in figure 4g. During
42
normal tidal breathing, the light intensity
1.0
appears to have a smooth trace (i.e., min40
imal distortion). Upon taking a deep breath,
1.5
however, the light intensity dropped sharply.
2.0
Afterward, the light intensity recovered to a
38
36 38 40 42 44 46 48 50
0.1
1
10
100
stable light intensity level with normal tidal
Temperature (°C)
Thickness of heatsink (µm)
breathing. The significant drop in light intenFigure 3. Temperature distribution of the skin adjacent to the optoelectronic device. sity observed when taking a deep breath was
a) Schematic diagram of the optoelectronic device mounted on skin. b) Temperature distribudue to an increase in the blood flow, which
tion along the lateral direction (x-direction) at the skin surface with (solid blue line) and without
is mainly achieved by an increase in pulse
(solid green line) a heat sink element. c) Temperature distribution along the thickness direction
volume resulting in low light intensity.[50]
(y-direction) from the skin surface with (solid blue line) and without (solid green line) a heat
Figure 4h shows the light intensity variation
sink element. d) Skin surface temperature as a function of the thickness (µm) of the heat sink
of a constrained forearm from grasping and
element for an applied power of 2 mW.
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Skin surface temperature (°C)

y (mm)

Skin temperature (°C)

heat sink increased with the induced current; in contrast, the
normalized light intensity of the optoelectronic device without
the heat sink element became saturated as the induced current
approached 8 mA. Functional deterioration of the µ-ILED was
observed from the saturation behavior of the normalized light
intensity for the optoelectronic device without the heat sink
element; this behavior seemed to originate from Joule-heating
effects due to the poor thermal conductivity of the optoelectronic device.[38,39,43]
Figure 3a shows the schematic illustration of device configuration with the skin indicating geometrical coordinates. Based
on this configuration, the systematic analysis is performed with
FEM. The analysis assumes that the temperature in the device
satisfies the Fourier heat transfer equation ∇2T = 0 while the
temperature in the skin satisfies the Pennes bioheat transfer
equation kskin∇2T − ϖbρbcb(T − Tb) + qmet = 0 with kskin as the
thermal conductivity of the skin, ϖb as the blood perfusion rate,
ρb as the blood density, cb as the heat capacity of blood, Tb as the
blood temperature (same as the core body temperature), and
qmet as the metabolic heat generation in the skin. The Pennes
bioheat transfer equation accounts for the influences of blood
flow and metabolism on the thermoregulation of skin and
suffices for modeling the heat transfer in the skin. The surface
of device takes the natural convection boundary. The bottom of
skin has a constant core body temperature. The details of FEM
for the optoelectronic device laminated on the skin can be found
in the section of thermal analysis. The maximum temperature
in the skin, which determines whether thermal discomfort
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Figure 4. Biomedical applications of an optoelectronic device as a noninvasive blood flow sensor. Demonstration of the optoelectronic device as a soft
interface to the skin of various parts of the body, such as the a) neck, b) wrist, and c) forehead; scale bars: 5 mm. d) Raw data of detected light intensity
via µ-IPD as a function of time. e) Output of the bandpass-filtered (0.5–2.5 Hz) signal of the raw data. f) Implemented data by fast Fourier transform
of the filtered output signal. The peak shown at ≈1.2 Hz represents 70 beats per minute (bpm). g) Recorded light intensity signal during respiration
including deep breath. The initial breath and exhalation have certain light intensity levels; however, the light intensity drops suddenly for deep breath
inhalation, then recovers back to its earlier level of light intensity. h) Monitored light intensity from the forearm. When pressure is applied to the upper
arm (grabbing of the upper arm), the light intensity from the forearm increases immediately as a result of an abrupt reduction in internal blood flow.

releasing the upper arm over time. While the hand grabs the
upper arm once for 2 s, the plotted data indicates incremental
changes in the light intensity. Repeated grabbing of the upper
arm confirmed a rapid change in light intensity (e.g., high–low–
high–low). Thus, the proposed device shows great potential for
biomedical applications involving long-term blood dynamics
monitoring, while ensuring thermally safe operation for both
the device and the skin.
Recent advances in optoelectronic device technology have
extended its range of use and provided practical tools for accurate monitoring of blood flow dynamics by implementing
the physical and functional characteristics of wearable sensor
technology. Despite these advances and benefits, challenges
still remain in thermal management of optoelectronic devices
due to the undesired thermal energy created during operation of the light source, such as a µ-ILED. The optoelectronic
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device exhibits very high surface temperatures compared with
that of adjacent biological skin, which results in skin integrity
issues and deterioration of µ-ILED functionality. In this study,
we proposed a set of idea, design, and materials for building
heterogeneous integration of optoelectronic device module
that incorporates a µ-ILED, µ-IPD, and thin metallic heat sink
element to provide an compelling architecture for sustainable
thermal management for biomonitoring applications. Experimental and computational analysis clearly indicate that the proposed design with the integrated heat sink element dissipated
heat effectively over the long term usability with thermally safe
condition to the skin in the virtue of high thermal conductivity and film-type geometrical design of the embedded heat
sink. The biomedical demonstration envisions that the proposed optoelectronics device having metallic heat sink enables
mechanically and thermally compliant blood flow monitor to
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the skin. Based on the advantages, the proposed optoelectronic
device shows great potentials for biomedical monitoring, where
long-term thermal control of the device near body temperature
is a key requirement for safe operation (e.g., sleep studies of
insomnia patients).

Experimental Section
Device Fabrication: A glass slide (50 × 35 × 1 mm3) was coated with
PMMA (MicroChem, USA), which served as a sacrificial layer to facilitate
release. Spin casting and thermal curing (2 h at 250 °C in a vacuum
oven) of a PI film (HD Microsystems, USA; thickness: 2 µm) yielded
an overcoat on the PMMA. Photolithographic patterning of Cu (16 µm)
formed by electrochemical deposition with potentiostat (Interface 1010E,
Gamry, USA) defined the heat sink elements of the optoelectronic device.
The µ-ILED (400 × 200 × 2 µm3; lab-built from an AlInGaP epitaxial wafer)
and µ-IPD (400 × 200 × 2 µm3, lab-built from a Si wafer) were transfer
printed onto a glass substrate coated with layers of a photocurable
epoxy (SU-8 2002; MicroChem, USA; thickness: 2 µm) from µ-ILED
and µ-IPD arrays using a polydimethylsiloxane stamp (Sylgard 184;
Dow Corning, USA) and mask aligner (MDA-400S; MIDAS SYSTEM,
Korea). Negative photoresist (SU-8 2002; MicroChem; thickness: 2 µm)
was spin coated to define the electrical contact area pattern for µ-ILED
and µ-IPD electrodes. Bi-layers of Cr (7 nm)/Au (200 nm), formed by
electron beam evaporation and patterned by photolithography, were
metal-etched to create the interconnections of the device and electrical
lead-out. A final layer of spin-cast negative photoresist (SU-8 2002;
MicroChem; thickness: 2 µm) passivated and isolated the devices. Next,
multiple polymer layers (epoxy–epoxy–PMMA) were etched from regions
not protected by the masking layer by reactive ion etching (100 mTorr,
20 sccm O2, and 150 W for 20–30 min). The PMMA layer was undercut
to allow release for subsequent integration with a sticky elastomer
(Silbione RT Gel 4717 A/B; Bluestar Silicone, France).
Device Test: Electrical measurements of the µ-ILED device were
conducted using a probe station (MST 8000; MS TECH, Korea)
equipped with a precision power controller (E3648A; Keysight, USA).
Direct contact was made between metal pads with conductive probe tips
and the p- and n-contacts of the µ-ILED. The voltage scans ranged from
0 to 1.5 V for optoelectronic device measurements.
Thermal Image Analysis: Thermal analysis of the µ-ILED device was
conducted using a power controller (E3648A; Keysight) over a power
range of 0–25 mW via interconnection to the optoelectronic device.
Thermal images of the optoelectronic device were collected with a
precision infrared camera (FLIR Systems, USA). The surface temperature
value was analyzed by taking digital information from the camera.
Finite Element Model: 1) Thermal analysis of the optoelectronic device:
a 3D FEM model was created in COMSOL to investigate the surface
temperature of the optoelectronic device. The model, from the bottom to
the top layer, consisted of a PI layer (thickness: 2 µm; thermal conductivity:
0.52 W m−1 k−1), the Cu heat sink element of the optoelectronic interface
(thickness: 16 µm; thermal conductivity: 400 W m−1 k−1), the first SU-8
layer for adhesion (thickness: 2 µm; thermal conductivity: 0.2 W m−1 k−1),
the µ-ILED (thickness: 2 µm; thermal conductivity: 148 W m−1 k−1)
located in the center of the SU-8, the second SU-8 layer for insulation and
encapsulation (thickness: 4 µm), and the last layer of Silbione (thickness:
300 µm; thermal conductivity: 0.52 W m−1 k−1). The thickness of the Au
layer (200 nm) was much smaller than that of the other layers, such that
it was reasonable to model the SU-8/Au/SU-8 (Figure 1a), as a single
SU-8 layer (i.e., the second SU-8 layer for insulation and encapsulation).
The lateral dimensions of the µ-ILED and other layers were
400 × 200 µm2 and 5 × 5 mm2, respectively, the same as those used in
experiments. Power was applied via a volume heat source to the µ-ILED.
The PI surface provided a natural convection boundary (convective heat
coefficient: 7 W m−2 k−1). The surface of Silbione maintained a constant
temperature of 30 °C. The material properties of the device can be found
in the literature.[51]
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2) Thermal analysis of the optoelectronic device laminated on skin:
a 3D FEM model was established in COMSOL to study the thermal
properties of the optoelectronic device while laminated on skin. The
geometric dimensions and material properties of the optoelectronic
device were the same as those described in the previous thermal
analysis section (optoelectronic device), with the exception that the
thickness of Silbione was set to 5 µm instead of 300 µm to increase the
device flexibility. The skin parameters were as follows: skin thickness of
6 mm, skin thermal conductivity of 0.187 W m−1 k−1, blood specific heat
of 3770 J kg−1 k−1, blood density of 1060 kg m−3, and blood perfusion
rate of 0–0.1 mL blood/mL tissue/s. The metabolic heat generation
was 368.1 W m−3. The core body temperature and blood temperature
were 37 °C. The device surface was assumed to be a natural convection
boundary with a convective heat coefficient of 7 W m−2 k−1. The bottom of
the skin retained the core body temperature, which remained constant.
The material properties of skin can be found in the literature.[52]
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