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wafer, welding the upside electrode with an indium tin oxide current-spreading layer, integrating the micro-
pixels, removing the substrate, electroplating the backside electrode, and encapsulating the device. In order to
prevent potential physical destruction and improve the reliability and fatigue of the arrays, the position of the
neutral mechanical plane was calculated. Strain and stress distributions in bent LED arrays showed that strain
concentrated in the polymers and the generated stress preferentially concentrated in the electrodes and semi-
conductor. These results indicate that physical destruction, rupture, or delamination may first occur in the elec-
trodes or semiconductor interface.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Light emitting diodes (LEDs) have certain advantages, such as high
photoelectric transformation efficiency, long lifetime, low energy con-
sumption, and fast response. It has been widely applied in energy-effi-
cient lighting, large screens, backlights of liquid crystal displays, and
other fields [1-3]. Moreover, flexible LEDs with bendable or stretchable
advantages are promising in flexible lighting [4], biomedical implants
[5], conformable displays, and wearable devices [6]. With the increasing
availability of mechanically flexible and conformable optoelectronic de-
vices, flexible inorganic LEDs have garnered much attention and many
research results have been reported. In general, the reported strategies
for fabricating flexible inorganic LEDs include transfer-printing-based
assembly methods to position micro-scale inorganic LED pixels on spe-
cial substrates [7-9], growing or fabricating inorganic LED nanostruc-
tures on flexible substrates [10-12], and bonding LED dies onto target
flexible circuitry [13]. As semiconductor epitaxial wafers are commonly
grown on thick and rigid substrates, which render them incapable of
tolerating exceptional levels of mechanical deformation, epitaxial wa-
fers are divided into micro-pixels, which are then integrated together
by polymer to fabricate bendable or stretchable micro-LED arrays. In
this paper, a strategy to fabricate bendable micro-LED arrays is present-
ed and their mechanical properties are analysed.
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2. Strategy

The AlGalnP quaternary system, which is an attractive material sys-
tem, owing to its direct energy bandgap in the visible wavelength and
its spectrum in the yellow-to-red region [14,15], is chosen as the semi-
conductor epitaxial material. Its multi-layer structure consists of highly
doped p-GaP (100 nm-300 nm), a p-GaP window layer, AlGalnP multi-
ple quantum wells (MQWs), a distributed Bragg reflector layer (DBR)
(AlGaAs/AlAs, 0.5 um) that consists of low- and high-reflectivity layers
with the optical thickness of 1/4 of the emission wavelength, and an
n-GaAs substrate; a cross-section of the epitaxial structure is shown in
Fig.1 (a). The window layer with thickness of 6 um-12 pm is for enhanc-
ing current spreading and increasing lateral emitting. In the double-
heterostructure AlGalnP-LED, MQWs are between two Alg 35Gag 15Ing sP
cladding layer with thickness of 120 nm and consists of twelve pairs of
8 nm Gag 49lng 5P quantum well and 10 nm Alg 25Gag 25Ing sP barrier.
GaAs substrate (approximately 350 pm) is lattice matched to DBR and
plays a role of supporting in epitaxial process. In following analysis,
GaP layer, MQWs and DBR are regarded as the active layer and have a
total thickness of 10 um approximately. We have designed the configu-
ration of the bendable micro-LED arrays to meet the requirements of in-
tegrality and bendability, and a model of a 3 x 3 LED array is presented
in Fig.1(c). A cross-section of the LED pixel is shown in Fig. 1(b); from
top to bottom, the layers of the model include a polymer coating,
infilling in the grooves between the LED pixels, upside electrode with
quadrate gap, transparent indium tin oxide (ITO) current-spreading
layer, semiconductor epitaxial layer, backside electrode, and polyimide
substrate. The LED pixels are integrated by a polymer and transferred
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Fig. 1. (a) Cross-section of AlGaInP-LED epitaxial wafer; (b) cross-section of the LED-pixel
structure; (c) configuration model of 3 x 3 u-LED arrays.

onto the target substrate. The polymer Polydimethylsiloxane (PDMS)
(Sylgard 184, Dow Corning Corporation, Midland, MI, USA) was chosen
for its characteristics of transparency, electrical insulation, hydropho-
bicity, and high tensile strength. Johnston et al. [ 16] have shown the var-
iation in the mechanical properties of bulk Sylgard 184 with curing
temperature, and the ultimate tensile strength is highest for PDMS
test samples cured at 125 °C.

The procedures for fabricating a flexible AlGalnP-LED array are
shown in Fig. 2. The intact wafer (Fig. 2(a)) was grooved and divided
into square micro-pixels with size of 80 pm x 80 pm. The grooves
went through the p-GaP, AlGalnP MQWs, and DBR to the n-GaAs sub-
strate. However, the n-GaAs substrate was still retained as a single
unit and the micro-pixels were not entirely separated. As the grooves
had a width of 20 um, the centre distance of two micro-pixels was 100
um (Fig. 2(b)). In the meantime, a PDMS mould with patterned upside
electrodes was fabricated by lithography. The fabrication process of
the patterned electrodes consists of forming a plane of PDMS mould
on a silicon substrate, patterning and developing the photoresist, depos-
iting metal film, and removing the remaining photoresist. The pattern of
the upside electrodes is shown in Fig. 2(i). Then, transparent conductive

(a) AlGalnP
cptatial wafer

(b) ICP for

isolation grooves

_=>—-=>?

ITO multilayer electrodes (ITO/Ag/ITO) [17,18] were deposited on the
grooved wafer as a current-spreading layer. The multilayer electrodes
on grooved wafer were implemented by annealing schemes to improve
performance (Fig. 2(c)), and were then welded to the patterned elec-
trodes on the PDMS by cold welding after adjusting the patterns [19]
(Fig. 2(d)). However, the welded electrodes were not sufficiently strong
to fix the wafer; therefore, the grooves were filled with a liquid PDMS
mixture, which was then cured to reinforce the connection. After curing
the mixture, LED pixels were integrated together by adhesive PDMS
(Fig. 2(e)). Afterwards, the n-GaAs substrate was removed by a chemi-
cal process to isolate the LED pixels (Fig. 2(f)). A patterned metal layer
was deposited on the backside using lithography and reinforced by
electroplating copper (Fig. 2(g)). Finally, the LED array was transferred
to a target substrate and encapsulated (Fig. 2(h)). PDMS performs two
roles in the strategy to fabricate a bendable micro-LED array; one is to
hold the upside electrode and the other is to integrate the LED array.
To integrate the LED array, PDMS is used as a bonding material to join
isolated LED pixels and to strengthen the electrode connections.

3. Mechanics and experimental results

In a bent array, the internal stress generated by elastic strain impacts
the LED-pixels and interconnections. To explore the behaviours of a
bent LED array in detail, its mechanical characteristics were analysed
by treating a single row of LEDs in the array as a composite beam [20].
For a composite beam with bending deformation, the region adjacent
to the neutral mechanical plane (NMP), which defines the position
where the strains are zero, exhibits more stable behaviour. Stress and
strain are negligible in the regions adjacent to the NMP, such that
these sections show more stable and reliable behaviour. The electrodes
and active layer (especially the AlGaInP MQWs) play critical roles in the
LED array, and their performances and reliability are of primary impor-
tance. Therefore, the NMP should be located at the interface between
the backside electrodes and the active layer. As a composite beam, the
NMP is characterized by the distance d from the top surface, by the fol-
lowing.

N i hi N
d=>_Ebh; Zhj_j > Ei, (1)
where N is the total number of layers, hi is the thickness of the ith layer

(¢) Deposit ITO as
current spreading layer

s < N < I

(f) Remove substrate

(2) Deposit
backside electrodes

(¢) Fill grooves
& with PDMS

(h) Transfer to
flexible substrate

(d) Connect upside electrodes
by low temperature welding

(i) Upside electrodes

Fig. 2. Procedures for fabricating a bendable AlGaInP-LED array.



S. Fang et al. / Microelectronic Engineering 179 (2017) 13-17 15

(from the top), and
E =E/(1-v}). (2)

E; is related to the Young's modulus E; and Poisson's ratio v; of the ith
layer. For the AlGaInP-LED array system, the ultra-thin upside electrode
with quadrate gap is neglectful and the LED active layer is regarded as a
whole, since the mechanical properties of the semiconductor layers are
similar. The elastic properties and layer thicknesses of each layer are as
follows. The thicknesses of the PDMS coating and polyimide substrate
are variable, the Young's moduli are Eppys = 0.0025GPa and Ep =
5.1GPa, and the Poisson's ratios are Vppys = 0.49 and vp; = 0.44. For
the ITO current-spreading layer, LED active layer, and backside elec-
trodes, the thicknesses are hjro = 0.1 um, hgp = 10 um, and he, = 3
um, respectively; the Young's moduli are Eyro = 118GPa, Ejpp =
85.5GPa, and Ec, = 110GPa; and the Poisson's ratios are Vo = 0.3,
Viep = 0.312, and v, = 0.37. Substituting these data into Eq. (1) and
Eq. (2), d becomes a function relating the thicknesses of the PDMS coat-
ing (hppys) and polyimide substrate (hp). The relationship diagram of
the three variables is shown in Fig. 3(a).

However, because the top surface is unfixed and shifts with the
PDMS thickness in this model, it is difficult to intuitively obtain informa-
tion of the position of the NMP. We regarded the top surface of the semi-
conductor layer (TSS) as a new reference plane to characterize the NMP
based on the above results. The distance from the NMP to the TSS is
equal to d-hppys, expressed as D = d-hppys. Fig. 3(b) shows the relation-
ship among D, hppys, and hpy; D clearly changes with the increasing
thickness of the polyimide substrate and the effect of PDMS on D is in-
conspicuous. In detail, the variation in D with the thickness of the
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Fig. 3. (a) Relationship diagram of thickness of the PDMS, thickness of the polyimide
substrate, and distance from the TSS to NMP; (b) Relationship diagram of thickness of
the PDMS, thickness of the polyimide substrate, and distance from the TSS to NMP.

PDMS or polyimide substrate is studied by setting a value for the
other thickness. When setting hp; = 10 um, the variation curve of dis-
tance D with hppys is as shown in Fig. 4(a). Owing to the very small
Young's modulus of PDMS compared with the other materials, the dis-
tance D slightly decreases (less than 0.01 um), while hppys increases
to 60 um. The change in D, which is a displacement of the NMP upward
towards the TSS, is much smaller than the thicknesses of each layer. This
demonstrates that the effect of PDMS on the distance D is negligible and
the position of the NMP could be treated as immobile. When setting
hppms = 10 pm, the variation of the distance D follows the curve in
Fig. 4(b). The position of the NMP moves observably downwards
along with the increasing thickness of the polyimide substrate. In partic-
ular, to position the NMP at the surface between the backside electrodes
and active layer such that D = 10.1 pm, the polyimide substrate has a
thickness of 44 pm. Generally speaking, the position of the NMP is deter-
mined by the thicknesses and mechanical properties of materials and
the material with the larger Young's modulus plays a more dominant
role.

Based on the above results, we have analysed the mechanical prop-
erties of the LED arrays using a finite element method (FEM). In the
model, the thicknesses of the PDMS coating and polyimide substrate
are 15 pm and 44 pm, respectively. Fig. 5 shows the calculated normal
stain and different types of stress distributions in a bent LED array
with external pressure. As the existence of active layer makes the stress
and strain distributions unsmooth, and the pixel array is periodic and its
Young's modulus is high compared to the PDMS filling, the position of
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Fig. 4. (a) Variation of the distance from the TSS to NMP with the PDMS as polyimide
substrate of 10 um; (b) variation of the distance from the TSS to NMP with polyimide
substrate as PDMS with 10 pm; the intersection of the red dotted line is the point where
the NMP is positioned on the interface between the semiconductor and polyimide.
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Fig. 5. (a) Elastic stain distribution in bent LED array. Compressive and tensile strain are concentrated in the blue and green regions, respectively, and the tensile stain at the centre of the
green regions is higher than at the edges; (b) Elastic stress distribution in bent LED arrays. The red region exhibits high tensile stress and the tensile stress is particularly high in the dark red
region. Compressive stress is concentrated in the blue regions; (c) Von Mises stress distribution in bent LED array. The von Mises stress is high in the green regions and it is nearly void in
the blue regions; (d) shear stress distribution in bent LED array. The shear stress is concentrated in the red and blue regions, and the acting directions are opposite.

the NMP (white regions in Fig. 5(a)) is not harmonious and regular. The
blue and green regions indicate high compressive and tensile strain in
Fig. 5 (a), respectively. Owing to the existence of the hard active layer
and electrode, the strain is non-uniform in most of the region. The
highest strain occurs inside the polymer coating and the substrate, be-
cause their Young's moduli are smaller. The strain in the active layer
and electrode is relatively low compared to that in other regions. Ac-
cording to the calculated elastic stress distribution shown in Fig. 5(b),
there is little stress in the PDMS coating and the high stress is concen-
trated in the active layer and electrodes with highest Young's moduli
among the materials used in the LED array. As a result, potential physical
destruction may first occur around the edges of the high-stress regions.
There are two kinds of potential physical destruction in a bent LED ar-
rays: rupture and delamination. Fig. 5(c) shows the calculated von
Mises stress distribution in the bent LED array. The von Mises stress is
a kind of equivalent stress that describes the variation of the inner stress
distribution and it could reflect the most dangerous regions in model.
Here, the strong von Mises stress present in the electrodes and the
strongest is in the copper electrodes between two LED pixels. Therefore,
yielding would tend to occur in the copper electrodes between two LED
pixels, especially at the pixel edges. This means that plastic deformation
or fragmentation may damage these regions earliest if an external pres-
sure is large enough to damage the LED array. On the other hand, the
problem of delamination cannot be neglected in a bent LED array, as
the elastic strain is inhomogeneous at the interfaces between the elec-
trodes and semiconductor. Fig. 5(c) shows the calculated shear stress
distribution in the bent LED array. The shear stress is concentrated in
the electrodes at the semiconductor edge, owing to the difference in
stiffness between the polymer, metal, and semiconductor. Strong
shear stress is observed around the LED pixel edges, as indicated by
the deep red and deep blue regions in Fig. 5(d). LED pixel delamination
from the copper electrodes is likely to occur in these regions.

In order to test the feasibility of the fabrication strategy and the me-
chanical properties of the LED array, main procedures were experimen-
tally varied. AlGaInP-LED epitaxial wafer was grooved by inductively
coupled plasma etching. The size of each pixel was 80 pm x 80 pm
and the width of the grooves was 20 pum. Fig. 6(a) shows a SEM image
of grooved wafer in which an array of LED pixels was formed. Then, a
liquid PDMS mixture filled in the grooves and coated the upper surface
of the LED array under vacuum. After heat-curing the PDMS in a drying
oven at 125 °C, the LED array was integrated and ready for removal of
the n-GaAs substrate. The GaAs substrate was first etched by a mixture

of diluent sulfuric acid and hydrogen peroxide (volume ratio,
H,S04:H,0:H,0, = 1:4:2) to decrease its thickness. Then, a mechani-
cal-chemical method was used to expose the bottom of the PDMS fill-
ing, such that LED pixels were totally isolated. An optical image of the
isolated micro-LED pixel array is shown in Fig. 6(b), and details of the
PDMS filling and adjacent LED pixels are shown in an SEM image in
Fig. 6(c). Although the infilling was slightly higher than the surfaces of
the pixels, this was acceptable to deposit patterned metal on them.
Moreover, the integrated micro-LED pixels were transferred onto poly-
imide film. The LED array was mechanically flexible and conformable,
and the sample could be bent with no observable degradation, even
for more than three hundred bending cycles with radius of 10 mm, as
shown in Fig. 6(d).

Although the mechanically flexible and conformable LED array sam-
ple could bear more than three hundred bending cycles with radius of
50 mm, the capacity to tolerate bending deformation is limited for the
LED array. Smaller bending radius means larger stress in the array. As
bending radius was 50 mm, the maximum von Mises stress in the
array were 62.65 MPa, and that respectively was 308.26 MPa for bend-
ing radius of 10 mm and 616.40 MPa for bending radius of 5 mm. Corre-
spondingly, the shear stresses at the semiconductor edge were 0.92 MPa
4.53 MPa, and 9.06 MPa for bending radius of 50 mm, 10 mm, and 5 mm,
respectively. Repeated large deformation (i.e. bent with radius of 5 mm)
could lead to physical destruction and delamination at the interfaces in
the array. There are three ways to take precautions against such dam-
age. The first is to decrease the thickness of the LED pixels, which
could enhance the effect of NMP and relieve the concentration of stress
and strain. The second is to reduce the LED pixel size and increase the
pixel pitch, which could reduce the effect of the LED pixels on the stress
(i.e. LED pixel size reduced to 50 um x 50 um leads approximately a 10%
reduction of maximum von Mises stress as bending radius is 10 mm).
The third method is to improve the capacity of electrodes to tolerate
stress and deformation by reinforcing the copper electrodes and opti-
mizing the structure.

4. Conclusions

The key procedures of the strategy to fabricate bendable AlGalnP-
LED arrays consists of grooving the wafer, welding the upside electrode
with an ITO current-spreading layer, integrating the micro-pixels, re-
moving the GaAs substrate, electroplating the backside electrode, and
encapsulating the device. In our strategy, the polymer plays two roles
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Fig. 6. (a) SEM image of grooved wafer; (b) Optical image of isolated micro-LED pixel array; (c) SEM image of exposed PDMS filling and adjacent LED pixels; (d) Optical image of

mechanically flexible and conformable LED array.

in fabricating the bend micro-LED array; one is to hold the electrodes
and the other is to integrate LED array. The LED array sample can be
bent to radius of 10 mm, with no observable degradation, even for
more than three hundred bending cycles. As there is little elastic strain
and stress in the region adjacent to the NMP, the structural parameters
are optimized to move the NMP to the interface between the backside
electrodes and semiconductor layer. We have simulated stress and
strain distributions in a bent LED array to study the potential physical
destruction. The results show that elastic strain is higher in the polymer
layers and elastic stress is concentrated in the semiconductor and elec-
trodes. Moreover, the von Mises stress and shear stress preferentially
increase in the electrodes and semiconductor interface, which indicates
that these regions are more likely to suffer physical destruction. There
are three methods to potentially prevent such destruction, which are
decreasing the LED pixel thickness, reinforcing and optimizing the cop-
per electrodes, and finally reducing the LED pixel size and/or increasing
the pixel pitch.
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