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Abstract
A flexible GaN light-emitting diode (LED) has been fabricated on a liquid crystal polymer (LCP)
substrate for biomedical applications. The bending radius and fatigue tests demonstrated the
mechanically and optically stable characteristics of the GaN LEDs on the flexible substrates.
A white light-emitting phosphor-coated GaN LED showed its potential as a next-generation
flexible light source. A water-resistant and biocompatible polytetrafluoroethylene (PTFE)
coated flexible LED detected prostate-specific antigen (PSA), which is expected to be used in
future biomedical devices.
& 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Light-emitting diodes (LEDs) have superior characteristics, such
as long-term stability, high efficiency, and strong brightness

compared to conventional incandescent lamps. With these
advantages, LEDs have been developed and explored for not
only consumer electronics such as energy efficient light lamp,
back-light unit (BLU), and active matrix organic LED (AMOLED)
but also medical applications, including body composition
detectors (e.g., hemoglobin [1], human body fat [2], prostate-
specific antigen (PSA) [3], and cholesterol [4]), and therapy
devices (e.g., sterilization [5], skin homeostasis [6], and
operation lamps [7]). In particular, flexible LEDs, which can
conformally contact on curvilinear surface, have intrigued
researchers in the field of biosensors and micro-sized surgery
robots for non-bleeding diagnoses and treatment.
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Organic LEDs (OLEDs) have been studied actively over the
last two decades with the feasibility of flexible devices
[8–12]. However, OLEDs have drawbacks such as short
lifetime (�10,000 h) [13] low efficiency, low brightness,
and low stability in humidity condition compared to
inorganic LEDs (ILEDs) [14,15]. Although the first flexible
GaN materials were demonstrated in 2005 by the author
[16], the first flexible III–V LEDs were presented by Kim
et al. using micro-structured GaAs (ms-GaAs) [17–20]. Their
ms-GaAs LEDs printed on a polyethylene terephthalate (PET)
substrate were applied to detect glucose concentrations
from the variation of transmitted light intensities. However,
the GaAs-based LED, which emits only infrared and red light,
ultimately limits the possible applications due to its narrow
wavelength range. Recently in 2011, Kim et al. established
the flexible GaN ILED by micro-structure transferring process
[21]. Although they proposed the feasibility for flexible LED
applications in display, it did not provide the opportunity for
biomedical devices.

Herein, for the first time, single crystal micro-structured
GaN (ms-GaN) was employed for the water-resistance and
biomedical applications. The superb properties of the GaN
material in terms of its wide band gap and high efficiency
enable the dramatic extension of not only consumer
electronic applications (13 billion dollar market of GaN
itself in 2011) [22] but also the biosensing scale [23–28].
In this study, we describe four works on flexible ILEDs, as
follows: (1) establishment of the flexible GaN ILED that can
be applied to full color RGB elements [24] and controllable
micro-patterned LED arrays; (2) a flexible white LED created
through a combination of a blue GaN LED and yellow
phosphor, which can be utilized for the promising flexible
BLU [25]; (3) a water-resistant and flexible GaN LED on a
liquid crystal polymer (LCP) substrate packaged by
biocompatible polytetrafluoroethylene (PTFE), promising
candidate materials that enables robustness in body-
implanted conditions [29], and (4) diagnosis of diseases
(e.g., PSA) by detecting antigen–antibody reactions using
the flexible GaN LED and photodiode.

2. Results and Discussion

Figs. 1a and S1 illustrate a schematic structure and the
fabrication steps of ms-GaN LED arrays settled on a plastic
substrate with the related scanning electron microscopy
(SEM)/optical images. GaN LED epitaxial layers were
accumulated on a Si (1 1 1) substrate by metal organic
chemical vapor deposition (MOCVD; Fig. S1a). The annealing
at 600 1C of Au/Cr layers stacked on n-/p-GaN as contact
pads enabled the formation of ohmic contact (Fig. S1b).
The deposited GaN LED layers were then transferred onto a
LCP (Vecstar Series, Kuraray Co., Ltd.) substrate by means of
conventional micro-fabrication and soft lithographic tech-
niques (Fig. S1c and d) [26,30]. The LCP has drawn attention
to biomedical research society as an implantable packaging
materials due to its mechanical stability, low water
absorption rate (less than 0.04%, comparable to PTFE),
excellent chemical resistance, and high transition temp-
erature compared to other conventional polymer substrates
[29,31–33] (e.g., polyimide, PET) as shown in Table S1 [34].
Recent paper from Kim’s group demonstrated that in vitro

accelerated soak tests with the all-LCP monolithically
packaged devices showed a leakage current sustained at
much lower value (5.3–16.6 nA at 75 1C) for 300 days
compared to conventional polyimide and parylene-C
encapsulations [29]. To our knowledge, LCP application as
a flexible substrate for high performance semiconductor
devices has not been previously reported and it is interesting
to note that the biocompatible LCP substrate can withstand
the relatively high temperature process up to �300 1C,
which is essential qualification of the high performance
devices on plastics. Finally, a 2� 2 array of metal electrodes
was placed on top of the transferred GaN LED (Fig. S1e). The

Figure 1 (a) Schematic illustration of our flexible GaN LED
arrays on a LCP substrate. (b) Photograph and magnified optical
image of the 2� 2 GaN LED arrays (each 100� 100 mm2 pattern
size) on plastics. The inset indicates electrodes (Au) and active
GaN LED devices. The electrodes 1 and 2 on the LED device are
connected in series with 3 and 4, respectively. (c) EL spectra
comparison before and after transferring of micro-structured
GaN LEDs onto LCP substrates.
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electrodes were connected to an external source-meter
(Keithley 2612A) to turn on the LEDs. Fig. 1a shows the
schematic illustration of our flexible 2� 2 GaN LED arrays
(Each 100� 100 mm2 pattern size) on a LCP substrate.
Lighted 2� 2 arrays of LEDs (Input current=2 mA) rolled up
on a cylindrical aluminum rod are displayed in Fig. 1b. The
inset of Fig. 1b is a magnified image of the active region of the
lighted GaN LED. Metal electrodes 1 and 2 were connected in
series with 3 and 4, respectively. The electroluminescence (EL)
spectra of GaN LED were measured before and after
transferring onto a LCP substrate. A slight difference of the
wavelength peaks, which might be caused by transfer process,
is observed in Fig. 1c.

Fig. 2a and b presents the GaN LED simulation results of
the radiative recombination rate and EL intensity spectrum
using Technology Computer Aided Design (TCAD, Silvaco)
software. For the III–V LED simulation, we used Shockley–
Read–Hall (SRH)/Auger recombination, Lorentzian gain, and
Chuang’s band model to calculate InGaN/GaN multi-quantum
well (MQW) optical properties [35]. The MQW recombination

rate (s�1 cm�3) is computed in the magnified region of Fig. 2a
inset. The EL comparison between our fabricated flexible GaN
LED and TCAD simulation indicates that our flexible LED emits
the blue light as simulation based on In0.17Ga0.83N MQW
structures shown in the cross-sectional schematic image of
Fig. S2.

The electroluminescence (EL) spectra and the I–V curves
were measured at various bending radii, as shown in Fig. 3. With
the change from flat to about 2.1 mm, degradation did not
appear, as shown in Fig. 3a and b. The strain values were
calculated using the equation in our previous papers [16,36].
These results demonstrate that our flexible GaN LED maintained
mechanical stability on the flexible LCP substrates and
preserved its optical and electrical properties. Fig. 3b shows

Figure 2 (a) TCAD simulation of the radiative recombination
rate in GaN MQW structure. (b) EL comparison between our
fabricated flexible GaN LED and TCAD simulation. This result
indicates that our flexible LED emits the blue light as TCAD
simulation based on In0.17Ga0.83N MQW structures shown in the
cross-sectional schematic image of Fig. S2.

Figure 3 (a) EL spectra in various bending radii. (b) I–V curve
characteristics for various bending radius of high-temperature
annealed ohmic contact (at 600 1C) and non-ohmic contact LED
devices without annealing. (c) Bending fatigue test (BFT) results
up to 2000 times. The inset shows photograph of mechanical
BFT on a bending stage.
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the electrical properties of ohmic- and non-ohmic contact GaN
LEDs on LCP substrates. The turn-on voltage of the ohmic
contact flexible LED is 5.6 V at 0.1 mA, which is lower than that
of the non-ohmic LED (14 V, 0.1 mA). This low voltage operation
of our flexible GaN LED is due to the low energy junction barrier
between the GaN and metals caused by the high-temperature
ohmic formation before the transfer to the flexible substrates.
Video S1 and Fig. 3c show that the electrical property of the
flexible GaN LED does not change during the bending fatigue
test (BFT) at a bending radius of 3.5 mm. No electrical damage
was observed in a harsh cycling condition up to 2000 times on a
stage, as shown in the inset of Fig. 3c.

Supplementary material related to this article can be
found online at doi:10.1016/j.nanoen.2011.07.001.

Fig. 4a shows a schematic of a flexible white LED
structure composed of a flexible blue GaN LED and yellow
YAG:Ce phosphor. YAG:Ce is known to be optically excited by
blue light at a wavelength of 460 nm, then emitting at
around 550 nm [37]. In the inset of Fig. 4b and Video S1, the
flexible white LED is demonstrated; it is activated by a
phosphor coating mixed with transparent epoxy resin on the
blue LED active region. As shown in Fig. 4b, two distinct
emission bands from the flexible GaN LED and YAG:Ce
phosphor are clearly divided at 440 nm and at approximately
540 nm, respectively. At 440 and 540 nm, the emission
intensities increase with an increase in the current from
0.1 to 1 mA, as expected. Fig. 4c presents a comparison of
the Commission International de l’Eclairage (CIE) 1931
chromaticity coordinates. The CIE color coordinates of our
flexible blue GaN LED and of the white LED were (0.194,
0.074) and (0.332, 0.241), respectively. This approach
verifies that our GaN-based white LED has the potential to
be applied as a flexible white light source for BLU and in vivo
biodevices [25,38].

The water-resistance of the GaN LED was evaluated, as
shown in Fig. 5. A soaking test was conducted with a
polytetrafluoroethylene (PTFE, JET protect) coated GaN LED
built on a LCP substrate in a phosphate buffer saline (PBS,
pH 7.4) solution mixed with black ink (Video S1 and Fig. 5a
(i, ii)). PTFE is a biocompatible material with surgical
applications, such as artificial blood vessels or felt due to its
non-sticking, non-wetting, and chemical-resisting properties
[39,40]. The I–V curves shown in Fig. 5b indicate that the
electrical properties do not alter, even after soaking in PBS
for 2 days.

Fig. 6a shows the schematics of the PSA sensing
mechanism in the LED biochip. The fabrication process of
the PSA reaction chip is similar to that introduced in an
earlier paper by the authors [3]. Polystyrene 96-well
microtiter plates (Nunc) were coated with a 5 mg/mL
monoclonal anti (mab)–PSA solution (Fitzgerald) in 1� PBS
for 2 h. This was followed by blocking of the unreacted plate
with casein as a blocker (Fig. 6a (i)). PSA antigen solutions
(Fitzgerald, 1�PBS) of various concentrations from 1 to
100 ng/ml were added to the mab-PSA coated plates (Fig. 6a
(ii)), causing a specific binding reaction. Polyclonal anti
(pab)–PSA–Au nanoparticle (NP) conjugates were captured
on the microtiter plates using a sandwich-type immunogold
assay, which led to a specific reaction between the pab–PSA–
Au NPs and the fixed target PSA antigen on the surface. To
increase the light blocking effects from NPs immobilized on
the surface, Ag staining was performed on the Au NPs for

12 min (Fig. 6a (iii)) [41]. The measurement module
consisted of three parts: a flexible GaN LED for the optical
input, an electroluminescence detector, and a reaction chip

Figure 4 (a) Schematic image of the flexible white LED
composed of a flexible blue GaN LED and yellow YAG:Ce
phosphor. (b) EL data of the flexible white LED. The inset image
shows the bended white LED. (c) The CIE color coordinates of the
flexible (i) blue GaN LED and (ii) phosphor-coated white GaN LED.
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with biomolecules immobilized on the glass surface. Fig. 6b
shows the PSA reaction chip surface. The white dots in a
reaction chip are biomolecules immobilized on the glass
surface, which increased with increasing the PSA
concentration. Fig. 6c shows the integrated EL intensity of
the flexible LED as a function of the PSA concentration
ranging from 1 to 100 ng/mL. The integrated EL intensity of
the flexible LED biosensor decreases with an increase in the
PSA concentration, as clearly shown in Fig. 6c. The number
of immunogold NPs increased as the concentration of the
PSA concentration increased. Therefore, as more PSA con-
centration is added, less transmitted light that passes from
the flexible LED through the reaction chip is detected. The
inset of Fig. 6c shows the EL spectra as a function of the PSA
concentration at a constant current of 0.5 mA. The limit of
detection (LOD) of the PSA used in this experiment was
estimated to be approximately 1 ng/mL, promising for
prostate cancer screening between a healthy person and a
patient at a concentration of 4 ng/mL PSA. This type of
flexible LED biosensor system can be used for diagnosing
diverse cancers; for the continuous monitoring of glucose,
cholesterol, and hemoglobin; and for the detection of
various biomolecules of relevance for biomedical devices.
A label-free biomolecule detection method with flexible
GaN LEDs and photodiodes will be our future work for
promising implantable biosensors. For example, because the
cholesterol in the whole blood has a wave band of 455–
475 nm, it can be directly detected using flexible GaN LED

and photodiode without any other pretreatment such as an
antibody immobilization.

3. Summary

In summary, we fabricated the nitride-based flexible LED on
a LCP substrate for the first water-resistance and biosensor
applications. A bending test of the radius up to 2.1 mm and

Figure 5 (a) PBS soaking test images of the PTFE-coated
flexible LED. (b) I–V curve results of the soaking test. The I–V
curves indicate that the electrical properties do not alter, even
after soaking in PBS for 2 days.

Figure 6 (a) Schematics of the PSA sensing mechanism in LED
biochip. (b) SEM images of the PSA reaction chips. (c) Area of EL
intensity as a function of serum PSA concentrations. The inset shows
the dependence of the EL intensity on the PSA concentrations.
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