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ABSTRACT: We show that bending of flexible light-emitting
diodes based on polar group III−V nitride structures can function
as more than mechanically flexible devices through numerical
studies. Controlled external bending can improve internal quantum
efficiencies and electron-to-photon conversion efficiencies. More-
over, emission wavelength and color can be changed using active
polarization control with external bending strains. We show that
applying external strain on InGaN/GaN quantum-well (QW)
heterostructures can mitigate or enhance the quantum-confined
Stark effect. Significant IQE improvement (≥10%) is estimated by
introducing external strain with concave-side up bending of flexible
heterostructures. We also show significant wavelength shifts in
peak emission. Especially, the In0.35Ga0.65N QW can be tuned in the overall visible spectral range by choosing different curvatures
and bending modes. We have suggested the concept of a photoelectromechanical device that can emit different colors depending
on the applied external strain varying from red to blue, enabling white light generation with the same active region consisting of
QWs with a constant indium mole fraction.
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Recent developments in flexible electronics demonstrate
that semiconductor materials can be very flexible when

their thickness is small enough (on the order of micrometers or
less), deviating from the brittle nature of bulk properties.1,2 In
an effort of the development of flexible display applications,
flexible visible light-emitting diodes (LEDs) have been
developed.3−9 When the semiconductor structure becomes
flexible on a flexible template/substrate, it can be used in many
applications of wearable and implantable electronics,10,11 and
most previous studies have focused on such aspects of flexible
LEDs, while fewer explored the contribution of external strain
on the device performance. Recently, we have investigated the
effects of applying external strain on the performance of flexible
transistors.12 In the present study, we suggest that the flexible
LEDs based on group III−V nitride (III-N) materials, which is
the most important material in solid-state lighting for energy
savings, can be more than just a mechanically flexible device.
They can be equipped with new functionalities and improved
quantum efficiencies (QEs) by taking advantage of the
flexibility.
III-N materials and devices have brought tremendous

benefits to mankind as energy-efficient and environmentally

friendly light sources.13 The potential of the materials has been
recognized in many applications of current- and next-
generation electronics and photonics.14,15 Unlike other semi-
conductors including silicon (Si) and gallium arsenide (GaAs),
of which device structures are constructed on the same type of
single-crystalline substrates, native single-crystalline substrates
of gallium nitride (GaN) were not available until very
recently.16 Development of “device-quality” GaN and related
materials had been hampered for about 17 years,17 since the
first attempt of the epitaxial growth of GaN,17,18 until Amano
and Akasaki developed a special epitaxial growth technique
using a low-temperature buffer layer.19 This strained hetero-
epitaxial growth works well only for the growth along the c-
direction, that is, to yield a (0001) plane surface of wurtzite
structure of GaN. Hence, most III-N materials are grown
epitaxially in a polar direction with a group-III-element-
terminated surface such as a gallium (Ga) face. Such a
direction of wurtzite materials contains both macroscopic
spontaneous and piezoelectric polarizations.20 Whereas the
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effects of polarizations do not prevent the materials from
functioning as working devices, they pose challenges to
enhance quantum efficiencies in the photon generation of
light-emitting devices.21

Limited quantum efficiencies are associated with a quantum-
confined Stark effect (QCSE).22 The QCSE is intrinsic to III-N
quantum-well (QW) structures grown on a (0001) plane
without applying a bias. In III-N QW heterostructures, the
polarizations induce charges at the interfaces and result in
gradients for electronic band structures of the layers in
equilibrium. InxGa1−xN/GaN multiple QWs (MQWs), which
are commonly used in an active photon generation region of
visible LEDs, laser diodes (LDs), and white solid-state lighting
lamps, are also affected by the QCSE.23 It is related to lower
radiative recombination rates24,25 and also possibly one of the
origins of efficiency droop in visible LEDs.26 Tilted conduction
and valence bands of the QW lead to a spatial separation of
electron and hole wave functions and a red shift in peak
emission wavelength due to a narrower effective band gap. To
increase the probability of radiative recombination, the overlap
of electron and hole wave functions should be enhanced. In
fact, the QWs in III-N heterostructures have generally thinner
layers (2−3 nm each) than those in other III−V hetero-
structures, e.g., QWs of GaAs- and InP-based heterostructures
(∼>5 nm each), to partially improve the overlap.
Different strategies have been suggested to mitigate the

QCSE. First, epitaxial structures were grown in nonpolar and
semipolar directions,27 for example, the QWs on a (11−20) a-
plane and a (10−10) m-plane,28,29 and those on semipolar
planes30 to reduce the magnitude of the polarization-induced
electric field in the growth direction across the QWs.31

However, the epitaxial growth in nonpolar and semipolar
directions has been marginally successful only on native
substrates,32,33 which may not be easily implemented in low-
cost and general-lighting applications. The second method is to
modify epitaxial layer structures including changes in the lattice
constants of layers below and above the QWs.34,35 The control
of polarizations has been focused mainly on the effects from
differential spontaneous polarization and lattice strain that are
set by the layers of epitaxial structures. For both strategies, the
degree of freedom in controlling the polarizations is very
limited, which requires modifications in epitaxial structures or
substrate orientations. In this work, we study the polarization
effects and related fundamental electronic band structure
changes beyond the limit of lattice strain for active and high-
degree control of polarizations by applying external strain.
To apply external strain, the structure should be able to

deform in response to external loading conditions. Applying
external strain on the III-N structures grown on nonflexible
single-crystal substrates is nearly impossible due to the brittle
nature of the substrates. When epitaxial structures become thin
films and free from rigid substrates, the semiconductor epitaxial
structures on flexible substrates can withstand a high degree of
strain.1,2 In this numerical study, we show that externally
controlled bending strain on flexible III-N structures can
enhance internal quantum efficiencies (IQEs) and electron-to-
photon conversion efficiencies. Moreover, we suggest the
concept of a photoelectromechanical device (PEM), which can
emit different colors of light based on different amounts of
applied external strain. According to the concept, one can use
external strain to emit blue and red color from flexible green
LEDs, which can be ultimately used for white light generation.

■ METHODS
Computational simulation was performed using the SiLENSe
5.8 package (STR)36 which is intended for modeling the
operation of LED and laser diode heterostructures based on
direct-band-gap wurtzite semiconductors of group III-N and
group II oxides. The software simulates the band diagrams as a
function of bias, electron, and hole transport inside a
heterostructure, nonradiative and radiative carrier recombina-
tions that provide light emission. The optical module employs
Schrödinger equations for electrons and holes with the
potential energy determined from a self-consistent solution of
the Poisson and drift-diffusion transport equations. While many
technology computer-aided design (TCAD) device simulators
for photonic and electronic devices are available, they cannot be
used in the calculation of flexible devices with active external
loading. This package was modified to simulate the effects of
applying external strain on the different characteristics of III-N
LEDs. Whereas applying uniaxial or biaxial strain (stretching)
on conformal III-N thin-film heterostructures is straightforward
in computation, it is challenging experimentally by external
load. Therefore, we focus on the external load by bending to
apply strain in the numerical study.
Figure 1 shows a schematic cross-section and bending

conditions of a flexible III-N light-emitting heterostructure used

in this study. The whole structure consists of a flexible substrate
and III-N layers. The dotted line is a neutral plane where no net
strain is applied during bending. A position of the neutral plane
in a hybrid structure, Z(ε = 0), is estimated by
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where Ei and di are the elastic modulus and thickness of the ith
layer, respectively. Equation 1 assumes linear mechanics, pure
bending, and no-slip boundaries between the layers. These
assumptions are valid in the case of moderate bending (bending
radius, R ≫ ∑i = 1

n di).
37 Young’s modulus of III-N layers is

∼260 GPa.38 For various flexible substrates, the values of
moduli are ∼0.3−0.8, ∼ 200, and ∼220 GPa for polydime-

Figure 1. (a) Schematic cross-section for layers of flexible visible light-
emitting diodes (LEDs) and (b) bending conditions for bend-up and
bend-down. The LED heterostructure consists of an active region of
InGaN quantum wells (QWs) with GaN QW barriers (QWBs)
imbedded in a p−n junction (p-GaN/n-GaN) on a flexible substrate.
Bending the flexible structure with its concave side up and down are
defined as “bend-up” and “bend-down” conditions, respectively.
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thylsiloxane, Hastelloy,39 and yttria-stabilized zirconia films,40

respectively.41,42 If a different material is used for the substrate,
the neutral plane position is changed accordingly. When the
Young’s moduli of the thin-film layer (III-N material) and the
flexible substrate are similar, the neutral plane is usually located
in the substrate, which is significantly thicker. In this case, the
III-N layers experience only one type of strain, either in-plane
compressive or in-plane tensile. Figure 1 also defines bending
conditions. Bending with the structure’s concave side up is
defined as a “bend-up” condition, resulting in compressive
strain in III-N layers. Bending down with the structure’s
concave side down (convex side up), that is, “bend-down”, will
induce tensile strain in the III-N layers. Unlike the uniaxial and
biaxial strains, the lattice mismatch by bending is not constant
in a layer of the epitaxial structures. The position-dependent in-
plane lattice mismatch, ηa, is calculated by

η =
−

+ +a a
a

Z T
R

( )
a

B L

B (2)

where aB and aL are bulk in-plane lattice parameters of the
buffer (GaN in this study) and layer (before epitaxial growth,
InGaN or GaN in this study); T is the distance between the
neutral plane and the first layer of III-N heterostructures (n-
GaN in this case); Z is a position variable in a vertical
coordinate from the bottom of the first layer; and R is a radius
of curvature. It is assumed that the grown epitaxial layers are
pseudomorphic. The sign of R is designated negative and
positive for the bend-up and bend-down conditions,
respectively. The first and second terms in eq 2 are related to
the strains from built-in lattice mismatch and external strain by
bending, respectively. We used a value of 200 μm for T in this
study, and R was varied to investigate the effect of bending
degree. The radius of curvature, R, was changed from −0.05 cm
(−0.05, −0.125, −0.25, −0.5, −1 cm, bend-up) to ∞ (no-
bend) and then to 0.05 cm (1, 0.5, 0.25, 0.125, 0.05 cm, bend-
down). The curvature was changed from −20 cm−1 for bend-up
conditions to 20 cm−1 for bend-down conditions. The
curvatures used in this study appear to be higher than the
normal range of flexible electronics; however, the semi-
conductor structure can withstand a high degree of
deformation.43−46

The III-N heterostructures consist of InGaN QWs with GaN
QW barriers (QWBs) imbedded in a p−n junction, to be
compared to actual photon emission devices by carrier
injection. The InGaN/GaN QW structure can be a single
QW (SQW) or multiple QWs (MQWs). The heterostructure

with a SQW consists of a 500 nm thick n-type GaN layer with a
doping concentration of ND = 3 × 1018 cm−3 by shallow donor
Si (n-GaN:Si, 500 nm, n ≈ [Si] = 3 × 1018 cm−3), an
In0.2Ga0.8N QW (2.5 nm), and a p-GaN (200 nm, p < [Mg] = 2
× 1019 cm−3) layer. The InGaN QW with 20% mole fraction of
InN was selected to study a typical active region material used
in solid-state-lighting white lamps. Free-hole concentration, p, is
significantly lower than acceptor doping concentration, NA =
[Mg], due to the deep-level nature of the Mg acceptor in GaN
with an activation energy of 170−190 meV.47 The electron and
hole mobilities were assumed to be 100 and 10 cm2·V−1·s−1,
respectively.48 The heterostructure with MQWs consists of five-
period In0.2Ga0.8N QWs (3 nm each) and four GaN QWBs (12
nm each) sandwiched between the same n-GaN and p-GaN
layers. The SQW structure is used mainly to study fundamental
aspects of the QCSE. The results from the SQW structure are
expanded to the MQW structure for further investigation with
actual light-emitting device implications.

■ RESULTS AND DISCUSSION
To investigate the QCSE changes by the effect of external
bending strain, a SQW structure is studied. In many device
applications, the effects of polarization in QWs have been
considered mainly from the contribution of differential
spontaneous polarization between an InGaN QW and a GaN
QWB and piezoelectric polarization in an InGaN QW. This
consideration makes sense for III-N structures epitaxially grown
on nonflexible substrates with a GaN buffer layer, as the GaN
QWBs are not strained in pseudomorphic III-N layers on the
GaN buffer layer. Total polarization of the QW, PQW, by
internal lattice strain is calculated as21

= − + ϵP P P P ( )QW sp,QW sp,QWB pz,QW (3)

where Psp,QW and Psp,QWB are spontaneous polarization fields of
QW and QWB, respectively; Ppz,QW(ϵ) is a piezoelectric
polarization field of QW; and ϵ is a strain in QW from lattice
mismatch. When the external strain is applied, total polarization
of the QW, Pex,QW, is

= − + ϵ − ϵP P P P P( ) ( )ex,QW sp,QW sp,QWB pz,QW 1 pz,QWB 2

(4a)

= − = ΔP P P Pex,QW total,QW total,QWB total (4b)

where Ppz,QWB is a piezoelectric polarization field of QWB, and
ϵ1 and ϵ2 are strains from combinations of lattice mismatch and
external strain in QW and QWB, respectively. Bending of the

Figure 2. (a) Equilibrium electronic band diagrams and (b) total polarization changes of a single-quantum-well (SWQ) structure with different radii
of curvature, R. Applying external strain by bending the LED device changes the band structure and induced total polarization in QWs.
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structure leads to a spatial variation of the polarization even in
layers of constant composition, as the effective mismatch ηa
becomes dependent on the position z according to eq 2.
Therefore, a polarization charge proportional to the gradient of
the polarization is induced similarly to so-called polarization
doping in graded-composition III-N layers.49,50

Figure 2a compares equilibrium electronic band diagrams of
a SQW region with various bending conditions at zero bias.
Band tilt51 by built-in potential from charges at interfaces of the
QW is shown in a no-bend condition, as a result of intrinsic
QCSE. External bending strain changes the QCSE. Conduction
and valence bands become more flattened and more tilted for
bend-up and bend-down conditions, respectively. The total
polarization difference between GaN and InGaN in eq 4 is
critical to address the induced band tilt and consequent QCSE,
as shown in Figure 2b. Especially for the bend-up conditions,
while total polarization of each layer increases by compressive
strain, the total polarization difference between the QW and
QWB decreases. In a bend-up condition of R = −0.05 cm,
ΔPtotal is reduced to 0.004 68 C/m2 from 0.0202 C/m2 (no-
bend). The total polarization difference increases with
increasing bend-down condition. ΔPtotal is 0.0358 C/m2 at R
= 0.05 cm. As a result, the QCSE becomes more significant.
When charged carriers are injected, spatial distribution of
electrons and holes and effective band-gap energies are
dependent on band tilt in the QW.
Figure 3 shows wave functions of electrons and holes in the

SQW with representative bending conditions at a current

density of J ≈ 19 A/cm2 in the p−n junction diode. In the
bend-up condition, the wave functions of electrons and holes
move closer to be more overlapped. In contrast, they are
separated farther with increasing bend-down condition from a
no-bend condition. The degree of separation in electron and
hole wave functions affects the oscillator strength of carriers
and, hence, the radiative recombination probability (rate).
Radiative recombination rates competing against nonradiative
recombination rates, including Shockley−Read−Hall and Auger
recombinations, determines IQE (ηint) of photon emitters,
defined by

η =
+
R

R Rint
r

r nr (5)

where Rr is a radiative recombination rate and Rnr is a
nonradiative recombination rate. The modification in QCSE
changes dominant transition energies.
Figure 4 shows changes in IQE and peak emission

wavelength of a SQW structure as a function of curvature. By
applying external strain with bend-up, the IQE improves with
increasing curvature from the no-bend condition. On the other
hand, bending-down of an SQW structure makes the IQE lower
with more strain. The QCSE is also affected by the density of
the injected carrier. Figure 4a and b compare IQE and peak
emission wavelength changes in low (J ≈ 19 A/cm2) and high
(J ≈ 500 A/cm2) injection conditions, respectively. At low
current density (Figure 4a), bending-up results in increases in
the IQE by ∼11% from 67% (no bend) to 78% (bend-up with
R = −0.05 cm). Also, mitigated QCSE by external strain makes
an effective band gap wider. When the bending condition
changes from no-bend to bend-up conditions at R = −0.05 cm,
the emission peak from the QW shifts toward shorter
wavelength (blue shift) by Δλblue ≈ 10 nm. On the other
hand, bending-down degrades the IQE by ∼6% from 67% (no-
bend) to 61% (bend-down with R = 0.05 cm), and the red shift
(peak wavelength toward longer wavelength) is Δλred ≈ 18 nm.
Under high injection, the IQE and peak wavelength changes are
moderate compared to those under low injection. Figure 4b
shows the IQE improvement by ∼4% and Δλblue ≈ 9 nm by
bending up. The IQE decreases by ∼7% and Δλred ≈ 13 nm by
bending down. In high injection conditions, the QCSE is
partially screened by free carriers;52 therefore, improvement or
degradation of IQE and peak emission wavelength shift by
bending becomes less significant.
The five-period MQW structure is similar to the active region

of conventional III-N-based LEDs. Figure 5a shows current−
voltage (I−V) characteristic of a p−n junction diode with
MQWs with different radii of curvature. Tht turn-on voltage
decreases by bending up, while it increases by bending down.
Figure 5b shows band structures at 3-V bias for bend-down and
bend-up (R = ±0.05 cm) and no-bend conditions. The barriers
for the transport of electrons and holes increase in bend-down
conditions compared to a no-bend condition, and they decrease
in bend-up conditions. As a result, the threshold voltage for the
maximum bend-down condition is highest among all the
bending conditions. In a bend-up condition with R = −0.05 cm,
the I−V curve shows a rapid turn-on. This diode electrical
characteristic suggests that electrical−photon power conversion
efficiencies (wall-plug efficiencies) should be even higher than
the already enhanced IQEs for the case of LEDs with bend-up
conditions. Figure 5b also shows mitigation or enhancement of
the QCSE depending on the bending conditions similar to the
cases of SQWs.
Figure 6a and b compare IQE and peak emission wavelength

changes in low (J ≈ 20 A/cm2) and high (J ≈ 500 A/cm2)
injection conditions, respectively, with different bending
conditions. At low current density (Figure 6a), the IQE in
the no-bend condition is 73%, and it increases to 79% (∼6%
improvement) for bending up with R = −0.05 cm. On the other
hand, by bending down, the IQE decreases to 58% by 15% at R
= 0.05 cm. The peak wavelength changes as a function of
curvature with different bending conditions are estimated in
Figure 6a. The wavelength shifts are Δλblue ≈ 17 nm and Δλred
≈ 18 nm with R = −0.05 and 0.05 cm, respectively. At high

Figure 3. Electron and hole wave functions in a SQW structure after
carrier injection in different bending conditions: (a) bend-up with R =
−0.05 cm, (b) no-bend, and (c) bend-down with R = 0.05 cm. The
effect of bending mode can be seen, whereas in bend-up mode
electron and hole wave function almost overlap completely, while for
bend-down mode the spatial distance between the election and hole
wave function increases compared to the no-bend mode.
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current density (Figure 6b), the IQE also improves by bending
up the structure, whereas it decreases in bend-down conditions.
The IQE is 48% without bending, and it increases to 61% in a
bend-up condition with R = −0.05 cm, showing ∼13%
improvement. On the other hand, IQE decreases with
increasing bending down. The overall IQE values at high

current densities are lower than those at low current densities
due to spillover effect of carriers (mostly electrons) out of the
MQW active region.53

Figure 7a shows the total polarization difference between
GaN QWBs and InGaN QWs. ΔPtotal for no-bend, bend-up (R
= −0.05 cm), and bend-down (R = 0.05 cm) conditions are

Figure 4. Internal quantum efficiency (IQE) and peak emission wavelength changes of an SQW structure as a function of curvature: (a) low current
(J ≈ 19 A/cm2) and (b) high current (J ≈ 500 A/cm2) injections. For both low and high current injection density, IQE increases by changing the
mode of bending from bend-down to no-bend and bend-up eventually. Peak wavelength emissions for low and high current density also show a
similar trend. Changing the bending mode from no-bend to bend-down causes a red shift in peak wavelength emission, while in bend-up mode a
blue shift occurs.

Figure 5. (a) Current−voltage (I−V) curves of a p−n junction diode with multiple quantum wells (MQWs) for different R and (b) energy band
diagrams in different bending conditions: bend-up with R = −0.05 cm, no-bend, and bend-down with R = 0.05 cm. In bend-up mode, by increasing
curvature the turn-on voltage decrease, while in the bend-down mode, the LED turns on at higher voltage compared to bend-up and no-bend modes.
Comparing the band diagram of the MQW LED for different bending modes shows more tilting for the bend-down mode while more flattening for
bend-up mode.

Figure 6. IQE and peak emission wavelength changes of an MQW structure as a function of curvature: (a) low current density (J ≈ 20 A/cm2) and
(b) high current density (J ≈ 500 A/cm2) injections. Similar to the SQW structure, both low and high current injection densities show IQE
improvement by changing the mode from bend-down to no-bend and eventually to bend-up mode. Peak wavelength emission shows a blue shift for
the bend-up mode, while a red shift occurs for the bend-down mode.
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0.0202, 0.00468, and 0.0358 C/m2, respectively. Figure 7b−d
compare electronic band diagrams of an MQW region with
various bending conditions at a constant current density (J ≈
20 A/cm2). In addition, wave functions of electrons and holes
in the MQW are illustrated with representative bending
conditions. In the bend-up condition, the spatial separation
between wave functions of electrons and holes decreases, and
they move closer to be more overlapped. Significant mitigation

of the QCSE results in an IQE improvement. Effective band-
gap energies of MQWs change depending on the bending
conditions, showing 2.71, 2.82, and 2.56 eV for no-bend, bend-
up, and bend-down conditions, respectively. The band-gap
energies correspond to the emission wavelengths of 456, 440,
and 484 nm, respectively. This wavelength tunability can be
used in multichannel optical communications for smart lighting
applications.54

Figure 7. (a) Total polarization changes in three bending conditions: bend-up (solid line), no-bend (dashed dotted line), and bend-down (dotted
line); (b−d) energy band diagrams at a current density of J ≈ 20 A/cm2 for no-bend, bend-up, and bend-down conditions, respectively, of an MQW
structure. Electron wave function is shown by the dashed-dotted curve, and the hole wave function is the dotted curve. Conduction band (CB) and
valence band (VB) are defined in the diagrams. The effect of the bending mode and magnitude of curvature on polarization changes are shown. It
can be seen through the highlighted area (with blue color) in the quantum wells that the electron and hole overlap increases for the bend-up mode.
For the bend-down mode the electron and hole wave functions separate more compared to the no-bend mode.

Figure 8. Peak emission wavelength changes as a function of In mole fraction of InxGa1−xN QWs in a five-period MQW structure in three bending
conditions (no-bend, bend-up, and bend-down): peak wavelength changes in (a) low current density (J ≈ 10 A/cm2) and (b) high current density (J
≈ 500 A/cm2) injections. The concept of peak wavelength emission tunability by changing the bending modes is shown. By choosing the appropriate
In mole fraction, in the visible range, it is possible to generate blue and red light by bending up and down the flexible LED structure, respectively,
while in the no-bend mode green light is emitting, which eventually results in white light emission without using phosphorus, which is the case for
conventional white light LEDs.
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Study on the effect of indium (In) mole fraction (xIn) (or
mole fraction of InN) in InxGa1−xN QWs is necessary to
address additional functionality of flexible LED structures for
future applications. Figure 8a and b compare peak emission
wavelength changes as a function of xIn in MQWs for low (J ≈
9 A/cm2) and high (J ≈ 500 A/cm2) current injections. At a
low current density (J ≈ 9 A/cm2), increasing the In mole
fraction results in higher wavelength shifts than high current
density (J ≈ 500 A/cm2). Various In mole fractions, such as xIn
= 0.2, 0.25, 0.3, 0.35, and 0.4, were studied. Three bending
conditions, namely, no-bend, bend-up (R = −0.05 cm), and
bend-down (R = 0.05 cm), were selected to investigate the
external strain effect on the peak wavelength emission shifts. By
increasing the In mole fraction (from xIn = 0.2 to 0.4), the effect
of bending on the peak emission wavelength changes becomes
more significant. Blue and red shifts of the peaks by bending
become more significant with increasing In mole fraction. At a
low current density (J ≈ 9 A/cm2), shown in Figure 8a for xIn =
0.4, huge shifts are estimated with Δλblue = 87 nm and Δλred =
72 nm for bend-up and bend-down conditions from the no-
bend condition, respectively. By bending the flexible
In0.4Ga0.6N/GaN MQW LED structure, the tunable peak
emission wavelength range is Δλtotal ≈ 160 nm. Bending the
flexible LED structure at high current injection (J ≈ 500 A/
cm2) provides a unique feature for the flexible InxGa1−xN/GaN
MQW LED depending on the In mole fraction. As shown in
Figure 8b, at xIn = 0.35, it is possible to tune the emitting
photon wavelength in the visible range from a green color (λ ≈
570 nm) for the no-bend mode toward a blue color (λ ≈ 526
nm) by bending up or toward the red color (λ ≈ 625 nm) by
bending down. In other words, it is possible to emit a
combination of different color elements of visible light covering
red (R), green (G), and blue (B) light by bending the flexible
InxGa1−xN/GaN MQW LED having the same active region
with different radii of curvatures in different bending modes,
that is, by forming a corrugated structure of flexible LEDs. This
property may enable the realization of white light without
changing In mole fraction. Therefore, generation of white light
lamps is possible from a flexible InGaN/GaN LED without
resorting to phosphor conversion in combination with blue
LEDs and combination of individual RGB LEDs having
different active region materials.
In summary, we have studied the effects of external bending

strain on the quantum-confined Stark effect of quantum wells in
wurtzite InGaN/GaN heterostructures on flexible substrates.
Our results showed that internal quantum efficiency improves
significantly by applying external compressive strain in QW and
QWB with bending-up. On the other hand, IQE decreases in
bend-down modes due to enhanced QCSE in the QW. We
found significant blue shift and red shift in bend-up and bend-
down conditions, respectively, compared to the no-bend
condition. In addition, we studied the effect of indium mole
fraction (xIn) in the flexible InxGa1−xN/GaN MQW LEDs. Our
results showed that significant tunability in peak emission
wavelength is achievable by controlling xIn. The blue and red
shift of the emission peaks achieved for flexible LEDs can
produce red, green, and blue colors. This finding leads us to
suggest a concept of a photoelectromechanical device in which
peak wavelength emission tuning enables white light emission
at a constant In mole fraction by bending the flexible LED
structure.
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