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Tunable surface plasmon-polariton resonance in
organic light-emitting devices based on
corrugated alloy electrodes

Xue-Mei Wen!, Yan-Gang Bi'*, Fang-Shun Yi!, Xu-Lin Zhang?,
Yue-Feng Liu!, Wen-Quan Wang?, Jing Feng'* and Hong-Bo Sun!2*

We report a feasible method to realize tunable surface plasmon-polariton (SPP) resonance in organic light-emitting
devices (OLEDs) by employing corrugated Ag-Al alloy electrodes. The excited SPP resonance induced by the periodic
corrugations can be precisely tuned based on the composition ratios of the Ag-Al alloy electrodes. With an appropriate
composition ratio of the corrugated alloy electrode, the photons trapped in SPP modes are recovered and extracted ef-
fectively. The 25% increasement in luminance and 21% enhancement in current efficiency have been achieved by using
the corrugated Ag-Al alloy electrodes in OLEDs.
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Introduction mon-polariton (SPP) mode and so on®°. The substrate

Organic light-emitting devices (OLEDs), with the ad- mode induced by the reflection of the glass substrate/air

vantages of wide material selection, broadband spectra, interface can be suppressed by modifying the back side

high brightness, thin thickness, wide viewing angle, of the substrate!®!!. For example, Tang et al. successfully

transparency and flexibility!>, have become a research
hotspot and have demonstrated their potential applica-
tions in flexible and stretchable equipment®’. Nearly
100% of the internal quantum efficiency has been
achieved in phosphorescent OLEDs, however, a great
number of photons generated in active layers are trapped
and lost in OLEDs. The power loss in OLEDs is derived
from the substrate mode, waveguide mode, surface plas-

released the trapped energy in substrate mode by apply-
ing quasi-periodic nanostructure arrays'’. The com-
monly used ITO transparent electrode, with high refract-
ive index, can cause the waveguide mode to trap photons
inside OLEDs. Using novel transparent electrodes, such
as metal nanowires'>!%, ultrathin metal films'>!%, and
metal meshes!”!® to replace ITO can effectively recover
photons trapped in waveguide mode. SPP mode,
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associated with the planar metal/dielectric interface in
OLEDs, is non-radiative because of the mismatch of mo-
menta between SPP and free space photon'. Periodic
corrugations are used to excite SPP resonance, and cor-
rugated metal electrodes can extract the photons trapped
by SPP mode in OLEDs*. The period of corrugations is a
key factor to excite SPP resonance at the desired light-
emitting wavelength in various OLEDs?'?2. Two-beam
interference lithography??*, nanoimprint lithography
(NIL)??4, electron beam lithography?, and focused ion
beam lithography®® are common technologies to fabric-
ate periodic corrugations. However, the complex fabrica-
tion process with high cost make them difficult in com-
mercial applications to obtain corrugations with differ-
ent periods in various OLEDs.

The wavelength of excited SPP resonance can also be
modified by material properties of the metal/dielectric
interface?”?*. In this letter, we propose to excite a tunable
SPP resonance in OLEDs based on corrugated Ag-Al al-
loy electrode with the fixed periodicity. We use NIL to
introduce periodic corrugations on substrates and a co-
deposition method to obtain Ag-Al alloy electrodes in
OLEDs. By changing the deposition rate of Ag and Al,
we modify the composition ratio of the alloy electrodes.
The SPP mode can be effectively excited by the corrug-
ated alloy electrodes and accurately tuned according to
the composition ratio. We fix the period of corrugation
at 290 nm, and choose the deposition rates of Ag and Al
to be 0.16 nm/s and 0.016 nm/s, respectively, and the ex-
cited SPP resonance by the corrugated alloy electrode is
adjusted to the desired light-emitting wavelength of 564
nm. Compared with the planar devices, the luminance
and efficiency of corrugated OLEDs are effectively im-
proved owing to the recovery and extraction of trapped
photons in SPP.

Material and method

Fabrication of periodic corrugations

The fabrication process of the periodic corrugations
based on NIL is described in Fig. 1. The Si template with
290 nm periodic corrugations was cleaned with acetone
and ethanol for three times at 75 °C, and then was
covered by polydimethylsiloxane (PDMS) as shown in
Fig. 1(a) and 1(b). In order to remove bubbles between
the Si template and the PDMS, the sample was placed in
a vacuum chamber for 30 min. After the PDMS was
thermally solidified and peeled off, the corrugated struc-
tures on the Si template were transferred to the PDMS

film (Fig. 1(c) and 1(d)).

SU-82025 photoresist (MicroChem Corp.) was di-
luted with cyclopentanone to 0.1 g/mL, and then spin-
coated on a precleaned glass substrate at 2000 rpm for 30 s
(Fig. 1(e)). The substrate was dried in an oven at 95 °C
for 30 min. The SU-8 coated glass substrate was covered
by the prepared PDMS template with corrugations (Fig.
1(f)), and then placed in a chamber of the NIL system
(CNI1-5vac, NIL Technology Company). After the NIL
process for 20 min at 5 bar and 100 °C, the corrugations
with period of 290 nm were transferred to the SU-8 film
(Fig. 1(g) and 1(h)). Finally, the corrugated SU-8 was ex-
posed under ultraviolet (UV) for 1 min to solidify.

Si template

Spin-coating SU-8

2]

Spin-coating PDMS

Applying PDMS template

E;-

Peeling off PDMS

Periodic corrugations

PDMS template

I PDMS I SU-8
B Si Il Glass

Fig. 1 | Fabrication process of the periodic corrugations based
on NIL. (a) Si template with 290 nm periodic corrugations. (b) PDMS
was spin-coated on Si template. (c) Solidified PDMS film was peeled
off. (d) The corrugations were transferred to PDMS template. (e) SU-
8 was spin-coated on a pre-cleaned glass substrate. (f) Prepared
PDMS template was placed on the SU-8 film. (g) NIL processes
were applied. (h) The periodic corrugations were prepared on the
substrate.

Fabrication of Ag-Al alloy electrodes and OLEDs

Ag-Al alloy electrodes and OLEDs were obtained by
physical vapor deposition. The glass substrates covered
by SU-8 film were placed in a vacuum chamber. 3 nm
MoO3 and 8 nm Au were first deposited on the substrate
as a transparent ultrathin metal anode, and MoOj3 served
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as a seed layer to suppress the Volmer-Weber growth of
Au?®. Subsequently, 3 nm MoOs3, 40 nm N,N'-Diphenyl-
N,N'-bis(1,1'-biphenyl)-4,4'-diamine (NPB), 30 nm 4,4'-
Bis(Ncarbazolyl)-1,1'-biphenyl (CBP) doped with 5 wt%
2,3,5,6-tetrakis(3,6-diphenylcarbazol-9-yl)-1,4-dicyan-
obenzene (Ir(BT),(acac)), 30 nm 2,2,2"(1,3,5-Nbenzen-
etriyl)tris-[1-phenyl-1Hbenzimidazole] (TpBi), and 3
nm Ca were deposited'®. Finally, Ag and Al were co-de-
posited to obtain the alloy cathode with the thickness of
80 nm. The deposition rate of Ag was fixed at 0.16 nm/s,
the deposition rate of Al was changed to modify the
composition ratio of the alloy electrode.

The absorption spectra of corrugated OLEDs was
measured by a UV-Vis spectrophotometer (UV-2550,
SHIMADZU), and a rotatable sample holder was fixed in
the UV-Vis spectrophotometer to measure the angle-de-
pendent absorption spectra. The electroluminescence
(EL) performance of OLEDs were characterized by a
Keithley 2400 Source Meter and PR-655
diometer (Photo Research Inc.). In order to detect the

spectrora-

angle-dependent EL properties of OLEDs, the devices
were fixed on a rotating stage and PR-655 spectrora-
diometer was set in the vertical direction.

Numerical simulation

The Finite-difference time-domain (FDTD) method was
applied for numerical simulation. The metal and alloy
electrodes were based on Drude model. The refractive in-
dices of the organic materials in OLEDs were experi-

mentally measured by ellipsometry. A modulated Gaus-

il

LWV

40

wu

sian pulse was applied as the incident light. Periodic
boundary conditions and perfectly matched layers were
set for the FDTD simulation.

Results and discussion

NIL process was used to transfer the corrugations with a
period of 290 nm from a Si template to the SU-8 film on
the substrate, with PDMS as the transfer medium. The
surface morphology of the corrugated SU-8 film was
characterized by AFM, and the periodic corrugation pre-
pared by NIL has a uniform morphology with a precise
period of 290 nm and a neat height of 55 nm (Fig. 2(a)
and 2(b)). After the corrugation was prepared on the SU-
8-coated substate, an ultrathin Au electrode and an
OLED were thermally deposited. The surface morpholo-
gies of the periodic corrugations before and after the de-
position of ultrathin Au film are compared in Fig. 2. The
corrugations exhibit the fixed period and amplitude
without obvious changes of the surface morphology. The
AFM images and the height profiles demonstrate that the
thermal deposition process cannot damage the corrug-
ated SU-8 films, and the corrugations can be expected to
copy and transfer to each functional layers of OLEDs
during the subsequent deposition process.

To effectively improve the photons extraction of the
OLEDs, the excited SPP resonance should match the
light-emitting wavelength of OLEDs. The emission peak
of Ir(BT),(acac)-based OLEDs is located at 564 nm?®.
The wavelength of excited SPP resonance at the metal
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Fig. 2 | The AFM images of corrugations (a) prepared on glass substrate by NIL and (b) after deposition of ultrathin Au electrode. (c) and (d) are

the height profiles of corrugations on the substrate and Au electrode, respectively. The periodic corrugations before and after deposition of Au

film show consistent surface morphologies.
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cathode/organic materials interface was determined by
measuring the enhanced absorption spectra induced by
the corrugations in the corrugated OLEDs. Planar
devices without corrugations were used as the reference
to eliminate the absorption of materials, and the peaks in
the absorption spectra come from the SPP resonance ex-
cited by the corrugations®. Figure 3(a) shows the en-
hanced absorption spectra of OLEDs with various metal
cathodes. The wavelength of the excited SPP mode asso-
ciated with Al, Ag, Au, and Cu metal cathodes are 518
nm, 583 nm, 632 nm, and 621 nm, respectively. FDTD
method has been applied to simulate the SPP resonance,
which demonstrates a consistent result in Fig. 3(b). Con-
sidering the desired outcoupling wavelength of 564 nm,
as well as the cost and stability of metals, we choose Ag
and Al to obtain the alloy electrode. A broader tunable
wavelength range of the excited SPP resonance can be
expected based on Al-Au alloy electrode.

Ag-Alalloy cathodes with different composition ra-
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tios can be easily obtained by changing the deposition
rate of Ag and Al during the co-deposition process. We
controlled the deposition rate of Ag at 0.16 nm/s, and the
deposition rate of Al was adjusted to 0.008 nm/s, 0.016
nm/s, and 0.024 nm/s. As a result, the Ag: Al composi-
tion molar ratios of the alloy electrodes were about
0.952 : 0.048, 0.909 : 0.091, and 0.870 : 0.130, respect-
ively. The enhanced absorption spectra of corrugated
OLEDs based on alloy cathodes with various composi-
tion ratios are shown in Fig. 4(a). As the Ag composition
ratio decreases in the alloy, the enhanced absorption
peak gradually blue-shifts from 583 nm, corresponding
to the Ag-cathode-based OLEDs, to 518 nm associated
with Al-cathode-based devices. The enhanced absorp-
of OLEDs
Agpo09Alp 091, and Aggs70Aly.130 alloy cathodes are 572

tion peaks based on Agpos2Alp04s
nm, 564 nm, and 555 nm, respectively, and the corrug-
ated Agpop9Alp o1 alloy electrode induced SPP resonant

peak is in accordance with the light-emitting wavelength
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Fig. 3 | (a) Measured and (b) simulated absorption spectra of OLEDs based on Ag, Al, Au, Cu metal cathodes
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Fig. 4 | (a) The normalized absorption spectra of OLEDs based on Ag cathode (black line), Al cathode (green line), Ago.952Al0.048 alloy cathode

(red line), Ago.g09Alp.091 alloy cathode (blue line), and Ago.s70Alo.130 alloy cathode (magenta line), respectively. (b) The angle-dependent absorp-

tion spectra of OLEDs based on Ago.o09Alo.091 alloy cathode. The inset in (a) shows the absorption spectra of OLEDs based on various cathodes

without normalization.
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of Ir(BT),(acac). To further confirm the enhanced ab-
sorption peaks arising from the excited SPP mode, the
angle-dependent absorption spectra of Agpgg9Aly91-
based OLEDs were measured in Fig. 4(b). The absorp-
tion peak splits when the angle changes and the split
peaks shift with angles, which is consistent with the char-
acteristics of SPP resonant peak. It can be concluded that
the corrugated Ag-Al alloy electrode, with composition
molar ratio of 0.909 (Ag) : 0.091 (Al) and period of 290
nm, can effectively excite the SPP mode in OLEDs at the
desired light-emitting wavelength of 564 nm.

The EL performances of OLEDs with corrugated
Agpo09Alp o1 alloy cathode are summarized in Fig. 5.
Planar OLEDs with the same alloy electrodes are also
compared. By introducing the plasmonic corrugations
with period of 290 nm, the luminance and efficiency of
OLEDs have been obviously improved. Luminance is en-
hanced from 74810 cd/m? for planar OLEDs to 93320
cd/m? for the corrugated devices, and current efficiency
is improved from 32.63 cd/A to 39.46 cd/A, resulting in
the enhancement of 25% in luminance and 21% in cur-
rent efficiency, respectively. The corrugated OLEDs ex-
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hibits a higher current density than planar devices, and
the corrugated device operated at 6 V demonstrates the
higher brightness than the planar device from the pho-
tos in the inset of Fig. 5(a). OLEDs with and without cor-
rugations have almost the same EL spectra as shown in
Fig. 5(c). The angle-dependent EL spectra of the corrug-
ated OLEDs were further measured under TM polariza-
tion. It can be clearly observed from Fig. 5(d) that the EL
spectra changes significantly at various observation
angles. The emission peak of 564 nm at 0° gradually
widens, splits and shifts with the increase of angles,
which is consistent with the angle-dependent absorption
spectra in Fig. 4(b). From the above experimental results,
we can confirm that the EL performance of OLEDs can
be effectively increased by introducing periodic corruga-
tions, and the improvements arise from the out-coup-
ling of SPP mode which is excited at the desired light-
emitting wavelength by the corrugated Ag-Al alloy elec-
trode with an appropriate composition molar ratio.

Conclusions

In summary, we design a corrugated Al-Ag alloy
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Fig. 5 | EL performance of OLEDs based on Ag-Al alloy cathodes with and without corrugations. (a) Current density-voltage and (b) effi-
ciency-current density-luminance features, and (c) normalized EL spectra of corrugated and planar OLEDs. (d) The angle-dependent EL spectra
of the corrugated OLEDs under TM polarization. The inset in (a) shows the photos of corrugated OLEDs and planar OLEDs operated at 6 V.
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electrode with period of 290 nm in OLEDs based on
nanoimprint lithography and co-deposition technolo-
gies to excite a tunable SPP mode. By modifying the de-
position rates of Ag and Al to change the composition
molar ratios of the alloy cathodes, a tunable SPP reson-
ance in corrugated OLEDs has been realized without
changing the period of the corrugations. The resonant
wavelength of the excited SPP mode, induced by the cor-
rugated Agpo09Alo o1 alloy cathode in OLEDs, is exactly
consistent with the emission peak of the OLEDs, and the
photons trapped in SPP mode are effectively out-coupled
and extracted. Due to the improved light extraction in
OLEDs, the luminance and current efficiency of the
OLEDs with corrugated Agpoo9Alp 91 alloy cathode have
been increased by 25% and 21%, respectively.
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