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We investigated surface plasmon-waveguide hybrid resonances for enhancement of light emission in polymer light-
emitting diodes (PLEDs). Hybrid waveguide-plasmon resonances in the visible range for waveguide mode and near
IR range for surface plasmons were observed by incorporation of hexagonal Ag dot arrays. Considerable overlap
between the emission wavelength of the PLEDs and the waveguide mode by an Ag dot array with a lattice constant
of 500 nm was observed. Because of enhanced light extraction by Bragg scattering of waveguide modes, photo-
luminescence (PL) and electroluminescence (EL) were increased by 70% and 50%, respectively. © 2012 Optical

Society of America
OCIS codes: 240.6680, 160.5690.

Polymer light-emitting diodes (PLEDs) have been a sub-
ject of much interest due to their inexpensive fabrication
process and practical applicability to flexible devices.
However, improvement of the intrinsic photolumines-
cence (PL) efficiency and light extraction efficiency of
PLEDs remains a critical issue with respect to their com-
mercial application. Light extraction of the indium tin
oxide (ITO)/organic waveguide mode of organic and
polymer light-emitting diodes (OLEDs/PLEDs) was en-
hanced by Bragg diffraction using photonic crystal struc-
tures [1-3]. Intrinsic PL efficiency of OLEDs/PLEDs was
enhanced by excitation of the surface plasmons using
randomly arrayed metal nanostructures [4-6]. Periodic
metal nanostructures on dielectric waveguides provide
a new material class of simultaneous electronic and
photonic resonances [7,8]. Metallic photonic crystals pro-
vide remarkable optical properties, which include en-
hancement of light transmission and efficient coupling
light from air to waveguide modes, as well as localized
surface plasmon (LSP) resonances [7,8].

Inthis Letter, we investigated waveguide-plasmon hybrid
structures that employ a periodic hexagonal Ag dot array
for enhancement of light emission in PLEDs. Compared
with square structures, hexagonal structures have high de-
generate Bragg scattering vectors for light scatterers into
waveguide or surface plasmons [9]. Figure 1(a) presents
a schematic illustration of the proposed surface plasmon-
waveguide hybrid PLED structure. An Ag dot array was
fabricated on an ITO with a thickness of 150 nm using na-
noimprint lithography and the lift-off process. Ag layers
with a thickness of 24 nm were deposited after deposition
of a chromium (Cr) adhesion layer with a thickness of
1.5 nm using a thermal evaporation technique. The height
of Ag dots must be lower than the thickness of PEDOT:PSS
(Poly(3,4-ethylenedioxythiophene): poly (styrenesulfo-
nate)) to prevent an electrical short-circuit. The diameter
of the Ag dots was 200 nm, and D denotes the lattice con-
stant of the hexagonal array. The Ag dot array with a lattice
constant of 500 nm was observed via scanning electron mi-
croscopy (SEM) and atomic force microscopy (AFM), and
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related images are presented in Figs. 1(c) and (d). PED-
OT:PSS with a thickness of 50 nm was spin-coated onto
the substrates incorporating the Ag dot arrays, and Poly
[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinhlene]
(MEH-PPV) with a thickness of 60 nm was spin-coated
onto the samples [10]. LiF (1 nm) and Al (1 nm)/Ag
(100 nm) were deposited by thermal evaporation as an
electron injection layer and a cathode electrode,
respectively.

Absorbance spectra were measured by an ultraviolet-
visible (UV-VIS) spectrophotometer (SHIMADZU). The
emission spectrum was measured using a LabRAM
Raman/PL microscope (HORIBA JOBIN YVON) in reflec-
tive mode from the MEH-PPV side. Excitation wave-
length of 500 nm using an Xe lamp was employed for
emission of MEH-PPV. For the absorbance and PL
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Fig. 1. (Color online) (a) Schematic of the proposed surface
plasmon-waveguide hybrid PLED structure. (b) Absorbance
spectra of ITO substrate/Ag dots/PEDOT:PSS/MEH-PPV struc-
tures. (c) SEM and (d) AFM images of hexagonal Ag dot arrays
fabricated on an ITO substrate.
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measurement, PLED structures without the electron in-
jection layer and the cathode electrode were prepared.
The current density-voltage and electroluminescence
(EL) intensity-voltage measurements were carried out
using a current/voltage source measurement unit (Keith-
ley 2400) and a luminance colorimeter (TOPOCON BM-
7A) driven by a Keithley source.

Absorbance spectra of ITO substrate/Ag dot/PEDOT:
PSS/MEH-PPV structures with lattice constants of
400 nm and 500 nm are shown in Fig. 1(b). Here, “Ref.”
denotes the conventional structure without an Ag dot ar-
ray. Absorbance spectra of the “Ref.” sample only pre-
sent optical absorption of MEH-PPV film with peaks at
510 nm. However, the absorbance spectra of the samples
with the Ag dot array show additional resonance peaks of
waveguide modes in the visible range and LSPs in the
near infrared (IR) range. Compared with the results pre-
viously reported by Haynes ef al. [11], the LSP peak
wavelength of 900-950 nm was red-shifted. This is as-
cribed to the increased refractive index of ITO and
polymer compared with air. The LSP resonance at D =
500 nm has a longer wavelength than that at D =
400 nm due to radiative dipolar coupling [11,12]. In addi-
tion, regular arrangement of metal nanostructures on the
waveguide, such as an ITO and a polymer layer, can pro-
vide efficient coupling from air to waveguide-plasmon
polaritons using momentum conservation, as delineated
in the following equation: [13,14]:

= kyg = =k, m— G, £n— G, @Y)

where — ky, is the wave vector of the waveguide mode,
— k, is the wave vector of the incident light in the x di-
rection, and m and n are integers. We have the Bragg
scattering vectors of — G, = (47/+/3D)[1- x + 0— ¥]
and — G, = (47/+/3D)[(1/2)~ x + (/3/2)— y] for cal-
culation and measurement associated with the hexagonal
array. For normal incident light, TE, waveguide modes at
wavelengths of 540 nm and 642 nm were observed in the
samples with D = 500 nm and D = 400 nm, respectively,
which was confirmed on a theoretical basis using a pla-
nar waveguide model [15,16]. The wavelength of the
MEH-PPV emission in a range from 550 nm to 700 nm
was closely related to the waveguide-plasmon polaritons
rather than LSP resonance.

To understand the nature of the waveguide-plasmon
polaritons, we investigated the absorbance spectra by
rotating the samples with a lattice constant of 500 nm.
Figure 2(a) shows the absorbance spectra of the D =
500 nm sample with incident angles Q from 0° to 32°
by rotating the sample around the y axis with respect
to the normal to the surface, as displayed in the inset fig-
ure. The six degenerate waveguide modes [(-1,0),
(0,-1), (-1,1), (0, 1), (1,-1), and (1, 0)] are attributed
to the Bragg scattering vector by the hexagonal structure.
The sets of (m,n) associated with Eq. (1) represent the
first order of the scattering event that couples the inci-
dent light with a waveguide mode. The positions of
the peaks from the absorbance spectra of Fig. 2(a) are
shown in Fig. 2(b) with the dispersion relation of energy
versus — k,. The positions of the absorbance peaks cor-
respond with the theoretically calculated TE, waveguide
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Fig. 2. (Color online) (a) Absorbance spectra for the sample
with a lattice constant of 500 nm with incident angles Q from 0°
to 32°. The inset figure shows the geometry of the sample and
the measurement scheme. (b) Measured and calculated disper-
sion relation for the sample with a lattice constant of 500 nm.

mode. However, the waveguide modes [(1,0), (0,1), and
(1,1)] are different from the calculation, as — k, is in-
creased. This is attributed to the fact that light is coupled
into the polariton due to the LSP resonance at 1.32 eV.
Waveguide-plasmon polaritons, quasi-particles formed
by the waveguide modes with surface plasmon modes lo-
cated in their proximity, were observed. The TM, mode is
not distinct due to the weak intensity obtained from the
absorbance spectra.

Figure 3 shows the room temperature PL spectra and
the PL enhancement ratio for the samples with lattice
constants of 400 nm and 500 nm. The highest PL intensity
was observed for the sample with D = 500 nm at the
measurement angle of 0°. This is attributed to the fact
that there is considerable overlap between the wave-
length of MEH-PPV emission in the range from 550 nm
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Fig. 3. (Color online) Room temperature PL spectra (a) and
PL enhancement ratio (b) for the samples with lattice constants
of 400 nm and 500 nm. The PL measurement setup was in the
reflective mode from the MEH-PPV side, and the incident angle
and measurement angle are 22.5° and 0° (normal).
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Fig. 4. (Color online) (a) Current density-voltage characteris-
tics (b) and EL intensity-voltage characteristics of PLEDs
with and without hexagonal Ag dot array with a lattice constant
of 500 nm. (c) Current efficiency as a function of the current
density.

to 700 nm and the waveguide-plasmon polaritons with
the peak wavelength of 642 nm. The PL enhancement ra-
tio obtained by dividing the spectrum of the structures
with and without an Ag dot array shows the wavelength
dependence of the enhanced emission. The PL enhance-
ment ratio shows the evidence that the enhanced PL
intensity originated from the waveguide-plasmon polari-
tons by the Ag dot arrays. The peak intensities of the PL
enhancement ratio at 543 nm, at 634 nm, and at 575 nm,
shown in Fig. 3(b), correspond to the 540 nm (Fig. 1(b)),
642 nm (Fig. 1(b) or Fig. 2), and 637 nm (Fig. 2) for nor-
mal incident (— k, = 0). The large difference between
calculation and measurement of TM, at normal incident
(= k, = 0) was due to the photonic energy gap [13], as
our calculation used a simple planar waveguide model
without a photonic energy gap. Also, PL intensity can
be increased using a reflecting mirror or a surface plas-
mon-photon (SP-photon) coupling due to the roughness
of the Ag dot as shown in Fig. 1(d) [17]. However, den-
sities of Ag dot arrays have low values of 14% (at
D =500 nm) and 22% (at D = 400 nm), respectively.
In addition, PL intensity at D = 500 nm was more en-
hanced than that at D = 400 nm. Therefore, the en-
hanced the PL intensity originated from the
waveguide-plasmon polaritons due to the Ag dot arrays.

Figures 4(a) and (b) show the current density-voltage
and EL intensity-voltage characteristics of PLEDs with
and without a hexagonal Ag dot array with a lattice
constant of 500 nm, and Fig. 4(c) shows the current effi-
ciency as a function of the current density. EL intensity of
the device with the Ag dot array increased relative to the
Ref., although the variation of the current density of
the devices with the Ag dot array was similar to that
of the Ref. As a result, an increase in current efficiency
of approximately 50% at a current density of 20 mA /cm?
was observed due to enhanced light extraction by Bragg
scattering of waveguide modes.

March 1, 2012 / Vol. 37, No. 5 / OPTICS LETTERS 763

In summary, hybrid waveguide-plasmon resonances
were observed using incorporation of hexagonal Ag
dot arrays, which were inserted between an ITO and a
polymer layer. Reasonable agreement of the dispersion
relation between the theoretical calculation and mea-
surement were obtained. The wavelength of MEH-PPV
emission in a range from 550 nm to 700 nm overlapped
with the waveguide modes by the Ag dot array with a lat-
tice constant of 500 nm. The waveguide modes, rather
than LSP resonances, owing to the Ag dot array with a
lattice constant of 400-500 nm, contributed to the light
emission of the PLEDs.
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