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Recent needs of semiconductor lighting sources have pursued diverse functionalities such as flexibility and transparency under
high quantum efficiency. Inorganic/organic hybrid light-emitting diodes (LEDs) are one way to meet these requirements. Here,
we report on flexible III-nitride-based LEDs and the improvement of their electrical and optical properties. To realize high light
emission power and stable current operation, high-quality epitaxy and elaborate chip processing were performed. The fabricated
flexible LEDs showed over threefold optical output power compared to normal LEDs on Si and had comparable forward voltage
and series resistances.

1. Introduction

Inorganic/organic hybrid processing technology has been
extensively exploited for semiconductor-based optoelec-
tronic applications [1]. In particular, hybrid light-emitting
devices (LEDs) have been of interest, since inorganic and
organic LEDs have many similarities and are competing as
ultimate lighting sources. For example, organic light-emitting
diodes (OLEDs) are superior to inorganic LEDs in terms of
their large emission area, low cost, transparency, and flexible
operation [2]. However, OLEDs have many drawbacks that
must be solved: low brightness, low quantum efficiency,
short lifetime, and low stability in high temperature and
humidity [3–5]. The compatibility of both systems can be
found inmetallization, etching-based fabrication, and attach-
able/detachable processing. In particular, inorganic LEDs can
be integrated on organic films, thereby demonstrating flex-
ible/stretchable/transparent LEDs by keeping their inherent
merits. Several groups have recently demonstrated flexible
LEDs using inorganic III-V LED chip transfer to flexible

plastic substrates, such as polyimide and polyethylene tereph-
thalate (PET) [6, 7]. Furthermore, the chip transfer approach
offers the chance to demonstrate implantable biomedical
applications as well as wearable displays [7–9].

To date, although conceptual demonstrations have been
performed, key factors are still required to reach commer-
cial utilization: (1) high-quality epitaxy of III-V inorganic
LEDs; (2) reduction of quality degradation during chemi-
cal processes including bonding and etching processes; (3)
precise alignment of inorganic/organic materials; and (4)
good Ohmic metallization of transferred chips. In particular,
substrates for epitaxy must be easily removed in chemical
solutions to satisfy the second requirement noted above.
Hence, this study has dealt with III-nitride LEDs grown on
Si substrates. Although there have been several issues with
GaNepitaxy on Si, such as stressmanagement anddislocation
reduction, high-quality GaN epilayers have been optimized
and used [10]. In addition, to acquire high light emission
with the good Ohmic metallization mentioned in the fourth
requirement above, Si substrates can be easily removed and
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Figure 1: (a) Schematic of grown epitaxial LED structures, cross-sectional TEM images for (b) n-GaN template regions and (c) InGaN/GaN
MQW regions, and (d) AFM images of LED epilayer (2 × 2 𝜇m2).

highly reflective metals can be substituted for the mother
layers, thereby eliminating strong visible light absorption
[10]. Therefore, in this paper, we demonstrate the improved
electrical and optical properties of chemically transferred
InGaN/GaN LEDs for flexible optoelectronic applications.

2. Experimental Method

GaN on Si LED structures were grown on 2-inch Si (111)
substrates by metalorganic chemical vapor phase deposition
(MOCVD, AIXTRON Aix2000). Trimethylgallium (TMGa),
trimethylaluminum (TMAl), trimethylindium (TMIn), and
ammonia (NH

3
) were used as precursors for the III and V

sources. Disilane (Si
2
H
6
) and cyclopentadienyl magnesium

(Cp
2
Mg) were used as the sources for the n-type and p-

type dopants. First, Si substrates were heated up to 1080∘C
for 10min under H

2
ambient. To protect the Si surface from

melt-back etching, the TMAl source was introduced for 10 s.
Subsequently, a 100 nm thick AlN layer was grown at 1020∘C.
For the graded AlGaN buffer layers, the Al compositions
were controlled to change from 75% to 5%.The temperatures
for u-GaN and upper AlN were maintained at 1050∘C and
780∘C, respectively. An n-type doped GaN was grown at
1050∘C, and the n-type doping concentration was kept at
∼5 × 1018 cm−3. As for the active layers, 20 periods of
In
0.05

Ga
0.95

N/GaN (2 nm/2 nm) were grown at 800∘C; five
periods of In

0.13
Ga
0.87

N/GaN (3 nm/12 nm) multiple quan-
tum wells (MQWs) were grown at the same 760∘C. Finally,
p-Al
0.21

Ga
0.79

N as an electron blocking layer (EBL) and p-
GaNwere grown at the same 960∘C, where the p-type doping
concentrations of p-AlGaN and p-GaNweremaintained at∼1
× 1020 cm−3.

As for thematerial/optical/electrical characterization, the
surface morphology was observed using a scanning electron
microscope (SEM, Hitachi S-4700) and an atomic force

microscope (AFM, Park Systems XE15). The crystal quality
and detailed microstructures of GaN were characterized
using a high resolution transmission electron microscope
(HRTEM, FEI Tecnai G2F30 twin system).The electrical and
optical properties of the fabricated deviceswere characterized
by LED chip measurement (EPS1000 Ecopia system) with
an integrating sphere. Here, the single LED chip had a
size of ∼0.25mm2. For convenience and simplicity, detailed
fabrications are described in the next section.

3. Results and Discussion

Prior to the fabrication of the flexible LEDs, the epitaxial qual-
ities of the LED structures were investigated. A schematic of
the grown epitaxial LED structures is presented in Figure 1(a).
It consisted of a 100 nm AlN, an 800 nm graded AlGaN
layer, a 1 𝜇m undoped GaN layer, a 20 nm AlN layer, a
1.7 𝜇mSi-doped n-type GaN layer, 20 periods of InGaN/GaN
superlattices (SLs), five periods of InGaN/GaN MQWs, a
90 nm Mg-doped p-type AlGaN layer, and a 130 nm Mg-
doped p-type GaN layer. Here, the graded AlGaN layers were
aimed at releasing the biaxial strain between Si and GaN,
thereby avoiding the generations of cracks during the epitaxy
cooling process [11]. Figure 1(b) shows the cross-sectional
TEM images of the n-GaN template regions. Typically, a high
density of defects was found at the GaN/Si interfaces. By
growing the graded AlGaN layer and the upper AlN layer,
dislocationswere noticeably reduced.Here, the threading dis-
location densitywas found to be 8.25× 10−8 cm−2, comparable
to that of a typical GaN epilayer on common c-plane sapphire
substrates [12]. Figure 1(c) displays the cross-sectional TEM
images of the MQW and SL regions. For the uniform blue
emission with a target wavelength (𝜆 = 450 nm), interfaces
at MQWs and SLs were clearly managed. We could hardly
observe thickness variation or indium segregation features
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Figure 2: Schematic of flexible LED procedures. (a) Epistructures, (b) chip fabrication on p-GaN side, (c) wafer bonding to supporter and
polymer covering, (d) mother Si substrate removal and chip fabrication on n-GaN side, (e) PDMS deposition and curing, (f) supporting
substrate removal, (g) LED chip transfer to metal-patterned PET films, and (h) PDMS removal by UV exposure and flexible LEDs on PET
films.

in the InGaN layer, which critically affect light intensity
degradation as well as spectrum broadening [13, 14]. The
thicknesses of the quantum well (QW) and the quantum
barrier (QB) were uniformly kept at 3 nm and 12 nm, respec-
tively.The SLs were aimed at releasing the biaxial strain at the
InGaN/GaN interfaces of theMQWs, thus increasing indium
incorporation as well as internal quantum efficiency [15]. To
determine the epitaxial quality and surface morphology of
the underlying n-GaN layer, anAFMmeasurement was taken
for a 2 × 2 𝜇m2 area (Figure 1(d)). Pits were hardly observed,
and smooth surface with terrace-like atomic features was
observed. Hence, the grown epitaxial structures were highly
controlled to be fabricated for the next chemical transfer step.

Once the LED epilayers were grown, inorganic chip
fabrication and transfer were performed. Figure 2 presents a
schematic of the fabrication process for flexible LEDs. First,
metallization was performed on the p-type doped GaN side
after mesa etching by an inductively coupled plasma (ICP)
etcher (Figures 2(a) and 2(b)). Here, ITO, Ag, and Au/Sn
metal layers were deposited using an e-beam evaporator.This
metallization process aims to acquire goodOhmic properties,
high reflectivity, and suitable adhesion onto the supporting
substrate [16]. After bonding a chip-on-substrate to another
supporter, the enamel polymer was covered on the supporter
surface (Figure 2(c)). Then, the mother Si substrate was
chemically removed by HNA (HF :Nitric : Acetic) wet solu-
tion while the supporter remained chemically durable owing
to the protective polymer. Subsequently, chip fabrication

on the n-doped GaN side was performed after etching the
remaining AlGaN and u-GaN layers with ICP for the vertical
current conduction (Figure 2(d)). To ensure the high light-
extraction efficiency of LEDs, N-face n-GaN was chemically
treated using a KOH solution to form random pyramidal
nanostructures.Then, the polydimethylsiloxane (PDMS) was
attached onto the fabricated chips to facilitate the handling
of the isolated LED chips (Figure 2(e)). The supporting
substrate was subsequently removed by dipping it in HNA
wet solution, and the p-electrode side was exposed again
(Figure 2(f)). The separated LED chips were aligned and
attached onmetal-grid patterned PET films by van derWaals
force (Figure 2(g)). Finally, the PDMS films were detached
from the surface by UV exposure, and the LEDs were ready
for the injecting current (Figure 2(h)).

Figure 3 provides real images of the particular chip
fabrication process. First, one example in which the Si
supporter was properly attached by a wafer bonding process
is shown in Figure 3(a). We also confirmed the exact aligned
features by the enlarged camera image, as seen in the
red rectangle. Normally, GaN/Si epitaxy suffers from crack
generation due to the large thermal mismatch between GaN
and Si and the resulting strain mismatch [17]. In order to
reduce additional crack generation due to the additional
pressure from the wafer bonding process, we have tried to use
optimized eutectic melting temperature as well as pressure.
Then, most of the LED chips were successfully transferred to
the supporter except for the edge regions of∼2mm.Although
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Figure 3: Camera image of (a) bonded Si supporter and (b) fabricated LED chips on supporter after mother substrate removal. (c) Optical
microscope image of single chip on n-electrode side and (d) corresponding image under current injection of 100mA. The insets of (a) and
(c) are enlarged camera image at edge of bonded wafers and SEM image of N-face n-GaN region after KOH etching, respectively.

the partial edges were not available due to the bonding pro-
cess, the production yield (∼80%) shown in this study is quite
encouraging, since the edges of common epitaxy also cannot
maintain uniformity in terms of wavelength and light output
power and are thereby excluded for commercial use [18].
Figure 3(c) shows a detailed feature of a fabricated chip (500
× 500𝜇m2) using an optical microscope image. By enlarging
a particular region (red rectangle) of the chip surface between
metal grids, we observed nanopyramid structures of SEM
images formed by KOH wet etching. The formation of GaN
nanostructures can significantly improve the light-extraction
efficiency by suppressing the Fresnel internal reflection of
LED layers [19]. In these LED chips, we observed highly
uniform light emission, as shown in Figure 3(d). Under the
current injection of 100mA, pure blue emission was found
without any of the parasitic current crowding commonly
found on lateral LEDs [20].

Figure 4(a) displays the light emission images of flexible
LEDs resulting from changing the current injection from
10mA to 100mA. Brighter emissionswere foundwhen higher
current injections were applied. Here, the relatively weak
emission at 20mA compared to conventional LEDs might be
attributed to the low current density due to the large chip

size (500 × 500𝜇m2). Considering the amount of current
density on this chip, we determined the forward voltage to
be 60mA (i.e., 2.4 A/cm2) in this study. Figure 4(b) presents
the voltage-current (V-I) characteristics of normal LEDs
on Si (N-LEDs) and flexible LEDs (F-LEDs). To ensure
fair comparison with F-LEDs, lateral type N-LEDs were
fabricated on mother Si substrates with a chip size of 350 ×
700 𝜇m2 (i.e., almost the same chip size as the F-LEDs). For
the fabrication of the lateral chip, a 150 nm thick ITOwas used
as the current spreading layer of p-GaN, and n-electrodes
(Ti/Al/Au alloys) were deposited on etched n-GaN around
the LED mesa region over the Si epilayer. The electrodes
were connected to external pads by Au wire bonding to be
measured in the integrating sphere. The obtained forward
voltages were 3.84V and 3.90V for N-LEDs and F-LEDs,
respectively, while almost similar series resistances were
found (∼5.25Ω) for both LEDs. It is speculated that the
slightly higher forward voltage of the F-LEDs was caused by
the thermal instability of the PET films. However, note that
the degradation was not severe and the electrical properties
were quite similar to those of the N-LEDs. This indicates
that the F-LEDs were far superior to the other transferred
flexible LEDs reported elsewhere [6, 7]. The light output
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Figure 4: (a) Light emission of F-LEDs by changing current injection from 10mA to 100mA, (b) V-I characteristics, (c) L-I characteristics,
and (d) dominant wavelength variation as a function of current injection.

power of the F-LEDs was also significantly enhanced by 378%
at 100mA compared to that of the N-LEDs in Figure 4(c).
Here, the samples were measured in the integrating sphere
to collect all light emissions. Hence, we believe that the huge
enhancement of the optical output power for the F-LEDs was
attributed to the removal of the Si substrate, which absorbs
most of the visible spectrum. In addition, Figure 4(d) shows
the dominant wavelength as a function of injection current.
For both cases, the variation was distributed within 5 nm,
indicating highly stable wavelength variation for both LEDs.

4. Conclusion

In this work, we reported on flexible LEDs transferred from
III-nitride LEDs on Si substrates. For the GaN on the Si

epitaxy, we grew high-quality LEDs that had few defects
and were crack-free. To eliminate Si substrates and prevent
physical degradation, Si substrates were easily removed from
the wet solution. After confirming the uniform light emis-
sion on the LEDs on Si (N-LEDs), the III-nitride LEDs
were transferred to metal-patterned PET substrates using
an adhesive PDMS layer. The fabricated flexible LEDs (F-
LEDs) not only showed comparable electrical properties
compared to the N-LEDs, but also had much improved
optical output power (over threefold). Furthermore, the F-
LEDs were properly operated under a high current injection
level at 100mA. Therefore, we believe that this method can
contribute to improving the electrical and optical properties
of hybrid flexible LEDs, and it might advance the com-
mercialization of flexible/wearable/transparent displays with
inorganic/organic hybrid integration.
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