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Size-tunable bimetallic bowtie nanoantennas have been utilized to suppress the efficiency roll-off

characteristics in organic light-emitting diodes (OLEDs) using both the numerical and experimental

approaches. The resonant range can be widened by the strong dual-atomic couplings in bimetallic

bowtie nanoantennas. Compared with the green OLED with conventional bowtie nanoantennas at

a high current density of 800 mA/cm2, the measured efficiency roll-off ratio of the OLED with

size-modulated bowtie nanoantennas is decreased from 53.2% to 41.8%, and the measured current

efficiency is enhanced by 29.9%. When the size-modulated bowtie nanoantennas are utilized in

blue phosphorescent OLEDs, the experimental roll-off ratio is suppressed from 43.6% to 25.9% at

250 mA/cm2, and the measured current efficiency is also enhanced significantly. It is proposed that

the efficiency roll-off suppression is mainly related to the enhanced localized surface plasmon

effect, which leads to a shorter radiative lifetime. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4955129]

With the advantages of easy fabrication and low cost, or-

ganic light-emitting devices (OLEDs) are bringing about rev-

olutionary applications such as active-matrix displays and

lighting sources.1–4 Yet, a crucial issue hindering the com-

mercialization of OLEDs is related to the efficiency roll-off

characteristics, which means that OLEDs deliver a high effi-

ciency only at a low current and a low brightness, not at the

higher current and brightness.5–9 As the localized surface

plasmon (LSP) effect of metallic nanoparticles (NPs) can

induce large local electromagnetic field enhancements, it was

widely considered as an effective route to improve the per-

formance of optoelectronic devices, including OLEDs and or-

ganic photovoltaic (OPV) devices.10–15 It is also reported that

the degree of peak energy matching between the LSP reso-

nant energy and the energy of light determines the LSP

enhancement factor,7,10 which means that the closer these

two energies are, the more the resulting performances of

optoelectronic devices will be enhanced.10 Some research

works have been done to adjust the LSP resonant energy with

the emitted photon energy, including tuning the size and type

of the metallic NPs.7,13,16 However, it is still a challenge to

achieve a wide LSP resonance in a controlled fashion, espe-

cially in the mass production.7,16,17 Furthermore, it has been

reported that strong resonances can be achieved in bimetallic

materials, which can be used for tuning LSP resonance.18–23

To date, very few papers have been published in this area

about utilizing bimetallic alloys to suppress efficiency roll-off

characteristics in OLEDs.

In addition, compared with chemically synthesized metal-

lic NPs, metallic bowtie nanoantennas fabricated by e-beam

evaporation have more uniform distribution and size.11,13,14

Metallic bowtie nanoantennas can also highly enhance the

optical field on the metallic surface and in between the two

bowties, showing great potential for increasing the radiative

emission rate as well as the intrinsic quantum efficiency.24

In our previous work, we discussed a method of fabricating

monometallic bowtie nanoantennas and its enhancement in

OLEDs.11 However, so far, the utilization of bimetallic bowtie

nanoantennas is yet to be implemented to suppress efficiency

roll-off characteristics of OLEDs, not to mention modulating

the bowtie size. In this paper, we modulate the size of bimet-

allic bowtie nanoantennas to achieve the superior effect in

suppressing the efficiency roll-off characteristics of OLEDs.

Fig. 1 is a schematic of the fabrication procedure for

making samples with size-tunable bowtie nanoantennas.

First, as shown in Fig. 1(a), a hexagonally ordered mono-

layer template of 200-nm-diameter polystyrene (PS) spheres

was coated onto a cleaned ITO layer by the self-assembly

method.11 Second, the annealing process was performed to

modulate the size of PS spheres [Fig. 1(b)]. Samples were

mounted on a heating plate with the temperature of �390 K.

After that, a 15-nm-thick bimetallic film (Au/Sn alloys) was

deposited on the ITO layer by electron beam evaporation

[Fig. 1(c)]. Then, the chloroform solution was utilized to

remove the PS spheres to obtain bowtie nanoantennas on the

ITO layer [Fig. 1(d)]. For OLED fabrication [Fig. 1(e)], a

25-nm-thick 4,40,400-tris [2-naphthyl(phenyl)amino] triphe-

nylamine (2T-NATA) film was spin-coated onto the ITO

layer, which was used as the hole injection layer and spacer.
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A 5-nm-thick N,N0-di-[(1-naphthalenyl)-N,N0-diphenyl]-

(1,10-biphenyl)-4,40-diamine (NPB) film and a 60-nm-thick

tris(8-quinolinolato)aluminum (Alq3) film were successively

deposited on the 2T-NATA film, which acted as the hole

transporting layer and emission/electron-transporting layer,

respectively. After that, a 100-nm-thick LiF/Al film was de-

posited as the cathode in the OLED device with an area of

�3� 3 mm2. To avoid unwanted light scattering by the LiF/

Al film in OLED devices [Fig. 1(e)], the samples shown in

Fig. 1(f) were tailored to replace the actual OLED devices to

be used for time-resolved photoluminescence (TRPL) meas-

urements. As illustrated in Fig. 1(f), after the removal of PS

spheres, a 30-nm-thick polyvinyl carbazole (PVK) film was

spin-coated onto the ITO layer, and subsequently covered

with a 60-nm-thick Alq3 film as the emission layer. As

shown in Figs. 1(e) and 1(f), the distances between the upper

surface of bowtie nanoantennas and the lower surface of the

emission layer (Alq3) remained constant (�15 nm). In the

annealing process of Fig. 1(b), the diameter of the PS beads

was continuously increased while the center of the PS

spheres remained fixed. The heating durations of samples

A and B were 0 s and �5 s, respectively. The mass fraction

of Au in the Au/Sn alloys is �80%.

Scanning electron microscopy (SEM) was used to char-

acterize the quality of PS and bowtie nanoantennas, and the

atomic force microscopy (AFM) was used to characterize the

surface morphology of the films. Fig. 2 is a collection of the

surface micrographs by SEM and AFM. It can be clearly

seen from Figs. 2(a) and 2(c) that, with the increase in heat-

ing duration from 0 s to �5 s, the mask apertures surrounded

by three adjacent PS beads shrink gradually. The length of

each side of bowtie nanoantennas decreases from �80 nm to

�65 nm when the PS mask annealed from 0 s to �5 s, respec-

tively, which were scanned on silicon wafers. After spin-

coating a 25-nm-thick 2T-NATA film, a flat surface was

achieved, resulting in that the underlying bowtie nanoanten-

nas have little influence on the electrical properties of OLED

devices.

Three-dimensional (3D) finite-difference time-domain

(FDTD) models using commercial software FDTD Solutions

were utilized to investigate the optical properties of bowtie

nanoantennas. The refractive index of the background is set to

be 1.0. The plan waves were used as the lighting source to

excite transverse-electric (TE) modes. The proportion of mass

fraction of the bimetallic alloys (Au:Sn) is 80:20, and the rela-

tive atomic mass of Au and Sn is 197.0 and 118.7, respec-

tively. Therefore, the proportion of atomic quantity in the Au/

Sn alloys is NAu:NSn¼ 80/197.0:20/118.7¼ 9.6:4. As the pack-

ing form of Au crystal is face-centered cubic (FCC) shown in

Fig. 3(a), to simplify the simulations, the dual-atomic simula-

tion model is set to such that 2 Au atoms in the face center are

replaced by 2 Sn atoms.21,22 Consequently, the proportion of

atomic quantity in the unit cell of the dual-atomic model is

N0Au:N0Sn¼ (8� 1/8þ 4� 1/2):2� 1/2¼ 3:1, which is similar

to that of Au/Sn alloys.

Fig. 3(b) shows that the strong dual-atomic couplings

exist between the two different atoms, which could lead to a

stronger LSP effect.18,21–23 As shown in Fig. 3(c), compared

with those in Refs. 1, 6, and 11–13, a much widened peak res-

onant range of region A (�560 nm to �780 nm) is obtained,

which could result from that strong dual-atomic couplings

adjust the momentum of LSPs to couple with radiated

FIG. 2. Experimental top-view SEM

images of PS spheres annealed (a) 0 s

and (c) �5 s. �30�-tilted SEM images

of bowtie nanoantennas on the sub-

strates annealed (b) 0 s and (d) �5 s.

Experimental AFM images of the sam-

ple with bowtie nanoantennas (e)

before and (f) after spin coating a 2T-

NATA film.

FIG. 1. Schematic of the processes for fabricating bowtie nanoantennas. (a)

PS spheres self-assembled on ITO layer. (b) PS annealing process. (c) Metal

film deposited on the ITO layer. (d) PS sphere removal. (e) OLED structure

with bowtie nanoantennas. (f) Sample for TRPL measurements.
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lights.25–27 The widened peak resonant range has a better

chance to match the LSP resonant energy and the emitted

photon energy. When the size of bimetallic bowtie nanoan-

tennas is modulated by �5 s annealing process, the peak reso-

nant range is not sensitive to shift, which is different from the

monometallic bowtie nanoantennas.28 In addition, according

to the Mie theory,29–31 when the size of nanostructures

reduced, the absorption proportion (QA/QE) in the extinction

(QE) could increase.31 That means that more extinction inten-

sities are able to be absorbed by the size-modulated bowtie

nanoantennas, which could lead to the higher LSP effect.

To further verify the LSP effect, TRPL spectra were

measured and illustrated in Fig. 4. Room-temperature TRPL

measurements were done using a fluorescence lifetime spec-

trometer excited by a plused nitrogen 337 nm laser. A spec-

trometer and a charge-coupled device (CCD) were also used

to collect the luminescence. The TRPL spectra and lifetime

data are fitted and calculated as11,32

f tð Þ ¼ A � exp � t

s

� �
; (1)

sr ¼
2sinitialsf inal

sf inal � sinitial
; (2)

where A and s represent the constant and lifetime, respec-

tively. The sinitial, sfinal, and sr are the lifetimes at the initial

stage, final stage, and the radiative lifetime, respectively. f(t)
represents the normalized intensity in Fig. 4. When calculat-

ing the carrier lifetimes, we adopt the standards: (a) f(t)> 0.5

for the initial stage, (b) f(t)< 0.5 for the final stage. On each

stage, the data of sinitial, sfinal are calculated using Eq. (1). It

has been reported that the coupling between LSPs and radi-

ated light is faster than spontaneous recombination of exci-

tons, and the exciton lifetime in LSP-enhanced samples

should be decreased.14 As shown in Fig. 4, the experimental

sr at 520 nm decreases from 27.4 ns (sample A) to 19.1 ns

(sample B), indicating that a stronger LSP effect could be

observed between the size-modulated bowtie nanoantennas

and the emission layer (Alq3).

To make the OLED measurements more accurate, two

samples were randomly selected and measured for both sam-

ples A and B. The average data of the measured I-V-lumi-

nance characteristics, current efficiency, and efficiency roll-

off ratio of samples A and B are summarized in Fig. 5. The

current density–brightness–voltage (J–B–V) characteristics

were measured using a Keithley 2602 Source Meter. The

efficiency roll-off ratio (Q) is defined and calculated as11

Q ¼ gmax � g
gmax

; (3)

where gmax and g are the maximum current efficiency and the

current efficiency at an arbitrary current density, respectively.

For instance, as the gmax is 3.99 cd/A and g is 2.45 cd/A at

596 mA/cm2, the efficiency roll-off ratio (Q) of sample A is

(3.99–2.45)/3.99� 38.6% at 596 mA/cm2. From Fig. 5(a), it

is clear that samples A and B have almost identical electrical

behavior. Compared to that of Au bowtie nanoantennas in

Ref. 11, the integration of Sn atoms could deteriorate the I-V

characteristic, which limits the efficiency improvement.

However, in Fig. 5(b), compared with sample A at a high cur-

rent density of 800 mA/cm2, the measured current efficiency

of sample B with the size-modulated Au/Sn bowtie nanoan-

tennas is enhanced by 29.9%, increasing from 1.87 cd/A to

2.43 cd/A. The luminance spectra in Fig. 5(a) also show a

significant intensity enhancement. The experimental roll-off

ratio is suppressed from 53.2% (sample A) to 41.8% (sam-

ple B) at 800 mA/cm2. In our previous work,11 the effi-

ciency roll-off suppression for the sample with bowtie

nanoantennas was mainly attributed to the LSP effect. The

enhanced efficiency roll-off suppression of sample B with

the size-modulated bowtie nanoantennas associates with the

enhanced LSP effect, supported by the shorter radiative life-

time as observed in Fig. 4.

To further demonstrate the efficiency roll-off suppres-

sion, we fabricated the size-tunable bowtie nanoantennas

into blue phosphorescent OLED devices, which still remain

a technical challenge of efficiency roll-off.33,34 As silver

(Ag) is in general the best material for the blue spectral

region,7 the metal in the deposition process of Fig. 1(c)

is Ag. 500-nm-diameter PS spheres were utilized as the

FIG. 3. (a) Dual-atomic simulation

model. (b) Simulated electrical field in-

tensity of the red line (monitoring posi-

tion) in the dual-atomic model,

incorporated image is the simulated

electrical field distribution of dual-

atomic couplings at the wavelength of

520 nm. (c) Measured extinction spectra.

FIG. 4. Experimental TRPL spectra and fitting lines of samples A and B at

the wavelength of 520 nm.
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monolayer template. The structure of the phosphorescent

OLEDs is 2T-NATA (20 nm)/TAPC (15 nm)/mCP:FIrpic

(15 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm) (Fig. 6).

The materials of TAPC, mCP, and TPBi are 1,1-bis[(di-4-

tolylamino)phenyl]cyclohexane (hole transport layer), N,N0-
dicarbazolyl-3,5-benzene (host material), and 2,20,200-(1,3,

5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (electron

transport layer), respectively. The blue phosphorescent dop-

ing concentration of iridium (III) bis[(4,6-difluorophenyl)-

pyridinato-N,C2]-picolinate (FIrpic) is �10%. The fabrication

processes of samples C and D are the same, except that the

heating durations of samples C and D in the annealing process

[Fig. 1(b)] were 0 s and �5 s, respectively.

As clearly shown in Fig. 6, compared with sample C at a

high current density of 250 mA/cm2, the measured current

efficiency of sample D with size-modulated bowtie nanoan-

tennas is enhanced by 32.7%, increasing from 10.1 cd/A to

13.4 cd/A. The experimental roll-off ratio is suppressed from

43.6% (sample C) to 25.9% (sample D) at 250 mA/cm2.

In conclusion, we have demonstrated the utilization of

size-tunable bimetallic bowtie nanoantennas in OLEDs to

suppress efficiency roll-off characteristics. Incorporating

bimetallic bowtie nanoantennas could be a promising way

to improve the insufficient couplings by widening the reso-

nant range. Compared with the green OLED with conven-

tional bowtie nanoantennas at a high current density of

800 mA/cm2, the measured efficiency roll-off ratio of the

OLED with size-modulated bowtie nanoantennas decreases

from 53.2% to 41.8%, and the measured current efficiency

is enhanced by 29.9%. The significant efficiency enhance-

ment and marked roll-off suppression can also be achieved

when the size-modulated bowtie nanoantennas utilized in

blue phosphorescent OLEDs. This efficiency roll-off sup-

pression is mainly attributed to the enhanced LSP effect of

the size-modulated bowtie nanoantennas, leading to the

shorter radiative lifetime. Finally, the ability to fabricate

size-tunable bimetallic bowtie nanoantennas by itself is of

great potential significance to a wide range of optoelectronic

devices.
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