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In this work, the light coupling efficiency of organic light-emitting diode (OLED) and polymer optical waveguide in-
tegrated device was improved by the grating coupler. To maximize light coupling efficiency, the grating coupler was
optimized by finite-difference time-domain (FDTD) method. Based on the simulation results, the grating coupler was
fabricated via laser interference lithography process and an OLED was integrated on the surface of it. Comparing the
integrated devices without and with grating coupler, light coupling efficiency of the grating-based integrated device
was improved by about 5%. The proposed integrated device has the potential application for low-cost and flexible
monolithic optical sensors.
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At present, integrated optoelectronic technology based
on polymer optical waveguide have been widely applied
in short distance optical communication'"* and optical
sensing™* due to its merits of mechanical flexibility and
biocompatibility. Generally, these kinds of integrated
optoelectronic applications require external light sources,
such as light-emitting diodes or diode-pumped solid-state
lasers which are difficult to achieve monolithic integra-
tion and flexibility. However, in some specific scenarios
of optical sensing application, such as disposable medi-
cal diagnosticl®>! or pressure sensing on the curved sur-
face of robot hand'®, a monolithic integrated optoelec-
tronic device with the features of low-cost, portable and
flexible is in great demand. Such kind of monolithic in-
tegrated optoelectronic device consists of light sources,
polymer optical waveguides and photodetectors to real-
ize sensing function'”. When optical signals transmitted
in optical waveguide interact with biomolecule on the
surface of the waveguide or the thickness of waveguide
is changed, the wavelength or intensity of the optical
signals will be varied and be detected by photodetec-
tor**?. The optical signals can be provided by light
sources which require the features of flexibility and easy
integration. Since the organic light-emitting diode
(OLED) has great advantages of low cost, flexibility and
easy integration with other substrates!'®, which could be
suitable for directly integrating with the polymer optical
waveguide as a monolithic integrated light source. Nev-

ertheless, the light intensity of the OLED is still insuffi-
cient compared with inorganic light-emitting device.
Meanwhile, the light coupling efficiency between the
OLED and polymer optical waveguide is limited by the
low refractive index contrast between the waveguide
core and cladding"". Ohmori et al'’®! used a 45° Au
coated cut mirror to introduce the output light from the
OLED reflect to the waveguide core. Although this ap-
proach realized the integration of an OLED and polymer
optical waveguide, the preparation process of the 45° Au
cut mirror is complex. Lin et al'”®! used the SiO, diffuser
particles dispersed in SU-8 waveguide to enhance the
scattering of the light from a polymer light-emitting di-
ode (PLED) into the SU-8 waveguide, but the light cou-
pling efficiency was only 1%. Therefore, the further en-
hancement of the light coupling efficiency to increase the
sensitivity of the integrated device is a challenge task!'*.
In this paper, we improved the light coupling efficien-
cy of an OLED and polymer optical waveguide integrat-
ed device by employing an embossed grating coupler.
Furthermore, an MoO, buffer layer was designed for the
deposition of the OLED. Such kind of grating coupler
with an MoO, buffer layer could not only improve the
light coupling efficiency but also maintain the electrical
properties of the integrated OLED without degradation.
In order to enhance light coupling efficiency, the grat-
ing-based integrated device of an OLED and polymer
optical waveguide was simulated by FDTD method. Bas-
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ed on the simulation results, an OLED was deposited on
the surface of the grating coupler with an MoO, buffer
layer. Compared the integrated devices without and with
grating coupler, the light coupling efficiency of the grat-
ing-based integrated device was improved about 5%. The
proposed integrated device holds the promise for
low-cost and flexible monolithic optical sensors.

To maximize the light coupling efficiency, we de-
signed the integrated device of an OLED and polymer
optical waveguide based on grating coupler and opti-
mized the grating coupler by numerical method!*.
Fig.1(a) shows the schematic of an OLED and SU-8
waveguide integrated device based on grating coupler.
The photoresist of SU-8 is used as the waveguide core,
which has high visible light transmittance and low
loss!'®!'"!. The grating coupler can diffract the optical
wave and spread out in all directions and a part of the
light will be coupled into SU-8 due to the total internal
reflection. The grating parameters which include grating
period 4, etch depth d and duty cycle f.
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Fig.1 (a) The schematic of an OLED and SU-8 polymer
optical waveguide integrated device based on grating
coupler; (b) The effective refractive index of TE
guided mode as a function of the waveguide core
thickness h

Normally, the light is coupled into the waveguide
through the grating coupler which grating period needs
meet the Bragg condition!'*"”!

- 44
N, tnssing’

eff —

(M

where 4, g, n., ¢ and N are the wavelength of the inci-
dent light, the diffractive order of the grating, the refrac-
tive index of the cladding, the incident angle of the light
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and the effective refractive index of the guided mode,
respectively. Here the wavelength of A=520 nm is the
central wavelength of the integrated OLED and the inci-
dent angle ¢ of the light is 0° for the case of vertical cou-
pling®®”). For the first order (¢=1) of the grating coupling,
A can be expressed as

A=i. 2)
Neff
where N can be obtained from the mode equation of
planar waveguide for TE mode!?!! by the following equa-

tion
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where m and /& are the order of the guided mode and the
thickness of SU-8 waveguide core, respectively. The
refractive index of air cladding, SU-8 waveguide and
glass substrate are n;=1, n,=1.6 and n;=1.5, respectively.
Fig.1(b) shows the effective refractive index of TE
guided mode as a function of the waveguide core thick-
ness & according to Eq.(3). In our work, the thickness of
the SU-8 waveguide was chosen to be 2 pm, which was a
multimode waveguide. Hence for TE mode, N was
1.533 for the third-order (m=3) guided mode as shown in
Fig.1(b). Then A4 was calculated to 339 nm by Eq.(2),
which was a reference value for the further optimization.
Besides, the grating depth d was set to 15 nm and the
duty cycle f'was fixed to 0.5.

Since the etch depth of the grating affects the flatness
of the waveguide surface, a 20-nm-thick MoO, buffer
layer which has high visible light transmittance®! was
designed before the deposition of the OLED. Based on
these structure parameters, 4 was further optimized by
FDTD simulation™?*. Fig.2(a) shows the refractive in-
dex distribution of the simulation model with the simpli-
fied OLED structure of Ag (18 nm)/Al (2 nm)/Organic
(95 nm)/Al (100 nm). The refractive indices of the or-
ganic layer and MoO, layer are 1.75 and 2.1 at =520 nm,
which were measured by spectroscopic ellipsometer. The
radiating molecule in the OLED emitting layer was
modeled as a dipole!®”). Perfectly matched layers bound-
ary condition was employed to avoid the parasitic reflec-
tion'”). Here, the light coupling efficiency # can be de-
fined by
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right
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where Piign and Pyeq are the optical power of the right and
left light coupled into the SU-8 waveguide, and Pyggom 1S
the optical power of light transmitted into the glass sub-
strate, as shown in Fig.1(a). Without the grating coupler,
the coupling efficiency was only 4.25% by simulations.
After employing a grating coupler, the coupling effi-
ciency was raised to 10.9% at 4=310 nm as shown in

= (4)
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Fig.2(b), which indicated that the coupling efficiency was
improved 6.65%. To investigate the effect of the grating
coupler, the local electric field intensity distribution of
the simulation model with /=310 nm and without grating
are shown in Figs.2(c) and (d). Comparing Fig.2(c) with
Fig.2(d), the direction of electric field became more di-
vergent due to the grating coupler, which helped to en-

hance the mode coupling of the light into waveguide core.

Meanwhile, Fig.2(e) shows the four guided modes
transmitting in the SU-8 waveguide, which was con-
sistent with previous designs.

Based on the aforementioned simulation results, we
used a two-step exposure method® to fabricate the
waveguide grating coupler and an OLED was deposited
on the surface of the grating coupler with an MoO, buffer
layer. Fig.3(a) shows the fabrication procedure of an
OLED and SU-8 waveguide integrated device based on
grating coupler. The ~2-pum-thick photoresist of SU-8
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Fig.2 (a) The refractive index distribution of the sim-
ulation model in this work; (b) Simulated coupling
efficiency under different A; (c) With A=310 nm, the
local electric field intensity distribution of the simula-
tion model; (d) The local electric field intensity dis-
tribution of the simulation model without the grating
coupler; (e) The electric field intensity of the right and
left light coupled into SU-8 waveguide core

(Microchem, SU-8 2002) was coated on glass substrate,
which was soft baked at 65 °C for 10 min and 90 °C for
20 min. Then the sample was exposed by the interference
of two beams with size of ~6 mm in diameter which
were split from the UV laser (Spectra physics,
LAB-150-10H). By changing the angle 8 of beams, A
can be adjusted according to the formula®” A=1/2sind),
where 4 is 355 nm of the laser. The exposure energy of
the single laser beam was 0.85 mJ with exposure time of
I s and the angle 6 was set to 34.9° for the expected
grating period 4=310 nm. After the interference exposure,
the UV light irradiation (ABM/6/350/NUV/DCCD/BSV/
M) with a mask for 5s was performed immediately to
cure the unexposed SU-8 to form the waveguide. The UV
opaque mask area with size of 2.5 mmx2.5 mm is locat-
ed in the center of the interference pattern, which is larg-
er than the light-emitting area of the OLED
(2 mmx2 mm). Following the mask exposure, a post
bake at 65 °C for 10 min and 90 °C for 20 min was done
for SU-8 crosslinking™. When cooled down to room
temperature, the sample was developed for 20 s to form
the grating structure and a hard bake was done to evapo-
rate developer. Next, the prepared SU-8 waveguide grat-



WEI et al.

ing coupler was brought into a thermal evaporation
chamber for subsequent deposition. A 20-nm-thick MoO,
was firstly deposited on the surface of the grating and the
bottom-emission OLED with structure of Ag (18 nm)/Al
(2 nm)/Mo0O, (15 nm)/m-MTDATA (30 nm)/Ir(ppy);:
TpBi (10nm; 8wt%)/Bphen (40 nm)/LiF (1 nm)/Al
(100 nm) was deposited sequentially at a base pressure of
5x10™ Pa. All the materials were come from Lumines-
cence Technology Corp. Fig.3(b) shows the measurement
system which consists of a source meter unit (Keithley
2400) and an integrating sphere connected to the spec-
trometer (Ocean Optics, QEPro) through an optical fiber.
The optical power, the current-density voltage (J-V) and
spectra characteristics of the integrated devices were
measured by this system in nitrogen glove box at dark
environment.
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Fig.3 (a) The fabrication procedure of an OLED and
SU-8 waveguide integrated device based on grating
coupler; (b) The measurement schematic of the inte-
grated device

To verify the grating parameters, the surface mor-
phology of the fabricated grating was characterized by
atomic force microscopy (Bruker Icon) in the tapping
mode as shown in Fig.4(a). From Fig.4(a), the grating
period and etch depth can be obtained about 330 nm and
15 nm, respectively. In order to investigate the effect of
the grating coupler with 20 nm MoO, buffer layer on the
electrical properties of the OLED, the J-V characteristics
of the OLEDs in the integrated devices of grating/OLED,
grating/MoO,/OLED and MoO,/OLED were tested as
shown in Fig.4(b). Compared with the device of grat-
ing/MoO,/OLED, the J-V characteristics of the device
grating/OLED have a decline. Under the same cur-
rent-density condition, the higher the voltage, the worse
the electrical properties. However, the J-V curves of the
devices grating/MoO,/OLED and MoO,/OLED are ap-
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proximately consistent, which indicates that the electrical
properties of the OLED are not affected by the grating
coupler with 20 nm MoO, buffer layer. This may be due
to the 20 nm MoO, buffer layer can flatten the surface of
the grating coupler.
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Fig.4 (a) The surface morphology of the grating
characterized by atomic force microscopy; (b) The
J-V curves of the OLEDs in the integrated devices

Fig.5(a) shows the electroluminescence (EL) spectra
of the OLEDs in the integrated devices without and with
grating coupler. It should be mentioned that the EL spec-
trums and the optical powers of the OLEDs were meas-
ured from the light transmitted from the glass substrate.
The central wavelength of the OLED in the integrated
device without grating coupler is 520 nm and shifts to
522 nm with grating coupler. Moreover, the EL intensity
of the light near the central wavelength of the OLED has
an obvious decrease. Since the OLEDs in the integrated
devices without and with grating coupler have the nearly
identical J-V characteristics, the decline of the EL inten-
sity and the shift of the center wavelength are due to the
grating coupler which could couple the light in specific
wavelength range into the waveguide. Since a part of the
light from the OLED through the grating coupler was
coupled into SU-8 waveguide and the others were trans-
mitted into the glass substrate, the transmitted optical
power can be used to estimate the improved light cou-
pling efficiency (A)1*” which could be expressed as
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where P, and P, are the transmitted optical power of the
integrated devices without and with grating coupler, and
P—P, can be considered as the increased optical power
coupled into the waveguide due to the grating coupler.

Fig.5(b) shows the transmitted optical powers of the
OLEDs in the integrated devices without and with grat-
ing coupler under different current densities. Owing to
the fact that a part of the light is coupled into the wave-
guide, the transmitted optical powers of the integrated
device with grating coupler have an obvious decrease
under different current densities.

Fig.5(c) shows the improved coupling efficiencies
under different current densities, which was calculated
by Eq.(5).
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Fig.5 (a) The EL spectra of the OLEDs in the inte-
grated devices without and with grating coupler; (b)
The transmitted optical powers under different cur-
rent densities; (c) The improved coupling efficiency
An under different current densities

According to Fig.5(c), An is about 5%, which is
smaller than the simulation result (6.65%) because the
parameters of the fabricated grating coupler are a little
different from the simulation results. Tab.1 shows how
our work different from others.

Tab.1 Efficiencies of different coupling methods

Source  Waveguide Method n Reference
OLED PMMA 45° Au mirror - [12]
PLED SU-8 SiO; particles 1% [13]

PLED Ta205
OLED SU-8

SiO, spacer 3.2% [30]

Grating coupler 5% Our work

In summary, we have fabricated the integrated device
of an OLED and polymer optical waveguide by intro-
ducing the grating coupler with an MoO, buffer layer.
Detailed investigations on the design of an OLED and
polymer optical waveguide integrated device based on
grating coupler with an MoO, buffer layer have been
presented. Experiments show that the grating coupler
with an MoO, buffer layer ensured the electrical proper-
ties of the integrated OLED without degradation. Mean-
while, we calculated the improved light coupling effi-
ciency by comparing the transmitted optical powers of
the integrated devices without and with grating coupler,
which is in good agreement with the simulation result. It
was proved that the grating coupler can effectively im-
prove the light coupling efficiency of an OLED and
polymer optical waveguide. Our work provides a simple
and low-cost approach for monolithic integration of an
OLED source and polymer optical waveguide which has
the great potential in the field of optical sensing.
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