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We have investigated the properties of organic light emitting diodes (OLEDs) with a nanopillar patterning structure
at organic—metal or organic—organic interfaces. The results demonstrate that the introduction of a nanopillar structure can
improve the light extraction efficiency greatly. We also find that the number, height, and position of nanopillars all affect the
light extraction of OLEDs. The maximum power efficiency of a device with an optimized nanopillar patterning mode can
be improved to 2.47 times that of the reference device. This enhancement in light extraction originates from the improved
injected carriers, the broadened charge recombination zone, and the intensified wave guiding effects.
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1. Introduction

Organic light-emitting diodes (OLEDs) have attracted
considerable attention due to their potential commercial ap-
plications in flat panel displays and large-area solid-state illu-
mination light sources, owing to advantages of low drive volt-
age, high luminance, easy manufacturability, and large-area
extendibility.!'-*) However, the performance of OLEDs needs
to be improved for future wide utilization, and much effort has

7-121 Among these efforts, improving the luminous

been made. !
efficiency of OLEDs has been a key issue that must be solved
for their applications in lighting and displays.

Generally, only a small fraction of the total photons gen-
erated inside OLED thin films is utilized, owing to wave
guiding effects and total internal high reflection coefficient in
nanofilms. The light extraction efficiency of OLEDs is usu-
ally below ~ 20% of the internal efficiency,!'*! which needs
to be increased. Plenty of work related to light extraction

d.l'"*171 For example, random tex-

schemes has been reporte
tures or ordered microcavity arrays have been employed on
the top surface of the glass substrate to minimize the total in-
ternal reflection. 8211 Recently, the introduction of a nanopil-
lar structure into the OLED was proposed and implemented

(222241 Prompted by those studies on nanopillar

successfully.
structure OLEDs, we have devoted considerable effort to ap-

plying a similar approach to OLEDs.
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In this study, we introduce a novel OLED with a nanopil-
lar patterning structure, which exhibits high light extraction
efficiency. Moreover, we have investigated the effects of the
nanopillar position, nanopillar number, and height on the light
extraction of OLEDs.

2. Experimental details

The devices were fabricated in a vacuum deposition in-
strument in our laboratory. Prior to organic layer deposi-
tion, indium-tin-oxide (ITO) glasses (sheet resistance of about
10 ©Q/0) were cleaned successively by deionized water and
acetone in an ultrasonic bath, dried in a drying cabinet, and ex-
posed to a UV-ozone environment for 15 min. All organic lay-
ers were grown under thermal evaporation at the base pressure
of <5 x 107* Pa. The typical deposition rates were 0.6 A/s,
0.1 A/s, and 5.0 A/s for organic materials, lithium fluoride
(LiF), and aluminum (Al), respectively.

The active area of devices is 2.0 x 2.0 mm?, in which a
third of the nanopillars with width of 0.5 mm were implanted,
as shown in Fig. 1(a). The cleaned substrates were put in the
pallet of a deposition chamber (Fig. 1(b)). Then, the pallet
was transferred into a vacuum chamber, and the shadow mask
with a rectanglular frame was opened for sequential deposi-
tion of all organic functional layers. In the case of deposit-
ing nanopillar patterning, the pallet was transferred onto the
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shadow mask with 1-3 line arrays. Finally, the Al cathode
was deposited onto organic layers by using a metal shadow
mask. The nanopillar array was located in the center of the ac-
tive area. The masks for depositing organic layers, nanopillars,
and the Al cathode are shown in Fig. 1(c).
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Fig. 1. (color online) Fabrication process of nanopillar-pattern
OLEDs. (a) Schematic diagram of the OLEDs fabricated in this
work; (b) substrate pallet; (c) shadow mask for depositing organic
layers, nanopillar pattern, and Al cathode.

The thickness of the films and the nanopillar height were
controlled by a quartz thickness monitor and a Dektak XT sur-
face profilometer. The structure of the devices and the chem-
ical structures of the organic materials involved in this work
are shown in Fig. 2(a): N,N’-bis-(naphthyl)-N,N’-diphenyl-
1,1’-biphenyl-4,4'-diamine (NPB) was used as the hole trans-
port layer (HTL), a tris(8-hydroxyquinoline)aluminum (Alqs3)
layer was employed as an electron injection layer (EIL), the
1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBi) was
used as an electron transport layer (ETL), Ir(ppy)s (5 wt%)
dopant in the host material of CBP was used as a light emit-
ting layer, and a LiF/Al layer was used as a cathode.

First, we have fabricated one set of devices with
the structure of ITO/NPB (30 nm)/CBP:Ir(ppy)3:(30 nm,

5%)/TPBi (10 nm)/Algs (25 nm)/Algs (5 nm) (n nanopil-
lars)/LiF(1 nm)/Al(200 nm). Here, n was the number of pat-
terned nanopillars in the Alqs layer adjacent to the cathode,
which was set to be 0, 1, 2, and 3 for Devices A0, A1, A2, and
A3, respectively.

As shown in Fig. 2(b), we have investigated the
second set of devices with the structure of ITO/NPB
(30 nm)/CBP:Ir(ppy)3(30 nm, 5 %)/TPBi (10 nm)/Alqs (30 —
x nm)/Algz (x nm) (2 nanopillars)/LiF(1 nm)/Al(200 nm).
Here, the variable x represents the thickness of the nanopillar
filled with Alqgs, which was set to be 0, 5, 10, 15, and 20 nm
for Devices A0, A2, B2, C2, and D2, respectively.
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Fig. 2. Organic materials and device structure. (a) Chemical structures of
the organic compounds used in this work; (b) devices with a nanopillar
pattern structure at the ETL layer/cathode interface; (c) devices with a
nanopillar pattern structure at the HTL/EML interface.

glass substrate

To further verify the effect of the location of the
nanopillars in an OLED, we studied a third set of de-
vices with the structure of ITO/NPB (30-y nm)/NPB
(y nm) (2 nanopillars)/CBP:Ir(ppy)3(30 nm, 5%)/TPBi
(10 nm)/Alq3(30 nm)/LiF(1 nm)/AI(200 nm) (Fig. 2(c)). Here,
the variable y was 5, 10, 15, and 20 nm for Devices E2, F2, G2,
and H2, respectively.

The current density—voltage—luminance (J-V-L) and
electroluminescence (EL) spectra of OLEDs were measured
simultaneously by using a testing setup comprising of a Keith-
ley 2400 Source Meter and a Spectra Scan PR655 (Photo
Research Inc.). All measurements were carried out at room
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temperature under ambient conditions. The layer setup and
maximum current efficiency of each device are summarized in
Table 1.

Table 1. The performance of devices with different nanopillar pattern-
ing modes.

Nanopillar Symbol Number of = Height of = Maximum current
patterning  Symbol nanopillar nanopillar/nm efficiency/cd-A~!
Reference A0 0 0 15.17
Al 1 5 15.79
A2 2 5 20.95
ETL/Cathode A3 3 5 18.60
interface B2 2 10 22.84
C2 2 15 21.13
D2 2 20 19.49
E2 2 5 23.06
HTL/EML F2 2 10 25.51
interface G2 2 15 27.05
H2 2 20 20.99

3. Results and discussion
3.1. Effect of nanopillar number at the Alqs/LiF interface

The electroluminescent characteristics of Devices AO,
Al, A2, and A3 are shown in Fig. 3. It can be seen that the
current density under voltage above 6.0 V of Devices Al, A2,
and A3 was higher than that of the reference device (Device
A0), owing to variations in the distribution of electric field
and carrier accumulation located at the interface area between
adjacent organic layers originated from nanopillar-pattern in-
terfaces in Devices A1, A2, and A3. For the voltage above 7V,
it is clearly observed that the L-V and J-V curves for Devices
Al, A2, and A3 are higher than that for Device AO. More-
over, it is found that Device A2 exhibits the highest current
efficiency of 20.95 cd/A and power efficiency of 8.56 Im/W
among nanopillar-pattered devices, which was nearly 1.38 and
1.62 times that of Device A0, respectively (Figs. 3(c) and
3(d)). The remarkably improved efficiency of Devices Al-
A3 is attributed to the improvement in the light extraction effi-
ciency of the above OLEDs, as illustrated in Fig. 4. Compared
with the reference device (Fig. 4(a)), the device with a nanopil-
lar pattern (Fig. 4(b)) will reduce an edge light-emission mode
and intensify light out-coupling into an external mode. This
phenomenon is similar to the improved light out-coupling ef-
fect using a microcavity-patterned substrate.?>~24]

When the number of nanopillars in Alqs film adjacent to
the cathode is increased to 3 (Device A3), the current effi-
ciency and power efficiency began to drop. When the num-
ber of nanopillars is increased, the gap between nanopillars
decreases, resulting in an improvement in the relative ratio of
nanopillar height to the gap distance. Therefore, the electric
field-induced transporting carriers are confined at the interface

of the EML/cathode and form a phosphorescence quenching
center, lower current, and power efficiency.

o~
|
g 201 (a) — A0 At
T e Al x*
= —~ A3
€ 10;
g
.: 5,
=1
=
— 0
20 2 4 6 8§ 10 12 14
Voltage/V
7. 350
g (b)
<‘-’ 300+ —- AO 4
g ] —— Al
E 250
e A2
Z 200
A —v A3
§ 1501
o
< 100
Q
£ 501
=
O O_
20 2 4 6 & 10 12 14
Voltage/V
T c
< 20—() — A0
3 e Al
~
>
O
=]
Q
g
e
[0}
-
=
g
-
=
O

100 150 200 250 300 350

0 50
Current density/mA-cm™2
L@
Z s A0
£ —— Al
61
o
=]
[
CEEES
&
(]
= 2
[
g
A 04

0 2 4 6 & 10 12 14
Voltage/V
Fig. 3. (color online) The electroluminescent (EL) characteris-
tics of devices A0, Al, A2, and A3, respectively. (a) Luminance-

voltage characteristics; (b) current density-voltage curves; (c) cur-
rent efficiency-current density curves; (d) power efficiency-voltage
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Fig. 4. The light out-coupling path for (a) the reference device and
(b) nanopillar patterning device.
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3.2. Effect of the nanopillar height at the Alq3/LiF inter-
face

We change the nanopillar height for the devices with two
nanopillars, in which the thickness of the total Algs layer was
30 nm. Figure 5 shows the maximum current efficiency of
devices with different heights of nanopillars (i.e., Device A2,
B2, C2, and D2) and the Device AQ. Results clearly indicate
that Device B2 with a nanopillar height of 10 nm exhibits the
maximum efficiency of 22.84 cd/A, which is about 1.51 times
that of Device AO.

Then, we observe the nanopillar microstructure in Device
B2 by using a crystalline phase microscope and surface pro-
filometry. As shown in Fig. 6, the width and height of nanopil-
lars in Device B2 were nearly 0.5 mm and 10 nm, respectively.
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Fig. 5. The maximum current efficiency of devices with different
heights of nanopillars at the Alq3/LiF interface layer (5 nm, 10 nm,
15 nm, and 20 nm) and the reference device.
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Fig. 6. (color online) The interface profile of nanopillars. Mi-
crostructure in Device B2 observed by (a) a crystalline phase mi-
croscope and (b) surface profilometry.

The change in nanopillar height can vary the total inter-
nal reflection at the Alqs/LiF interface and the distribution of
balanced hole-electron pairs, and affect light extraction even-
tually. The higher efficiency in Device B2 than that in Devices
A2, C2, and D2 is due to a promotion in the escape of pho-
tons trapped in organic—organic modes and high index guided
modes. [2>-26]

3.3. Effect of the nanopillar position at difference inter-
faces

When nanopillars are located at the HTL/EML interface
(Fig. 1(c)), it is found that the power efficiency is further
strengthened relative to Device B2, which possesses the best
performance among all OLEDs with a nanopillar located at
the ETL/cathode interface (Fig. 7). In the case of a pattern-
ing structure with two nanopillars at the NPB/CBP:Ir(ppy)s
interface, the current efficiency of Device G2 with a nanopillar
height of 15 nm is higher than that of Devices E2, F2, and H2,
as shown in the inset of Fig. 7. Device G2 is found to achieve
a maximum current efficiency of 27.05 cd/A and a power effi-
ciency of 13.06 Im/W, which is about 1.78 and 2.47 times that
of the Device AO, respectively.

The remarkable improvement in power efficiency of
First, it
is considered that the nanopillar patterning structure at

Device G2 is contributed by several factors.

the NPB/CBP:Ir(ppy)s interface can increase the contact
area and improve the injected carrier concentration at the
NPB/CBP:Ir(ppy);3 interface. Next, the nanopillar patterning
interface will broaden the carrier recombination space because
a majority of the carrier recombination occurs at the area adja-
cent to the NPB/CBP:Ir(ppy)s interface (Fig. 8), which avoids
carrier accumulation and reduces the triplet—triplet (T-T) an-
nihilation. Finally, the light extraction of the device is inten-
sified by the efficient waveguide mode and surface plasmon
mode originating from the NPB/CBP:Ir(ppy); interface with a
nanopillar patterning structure.
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Fig. 7. The maximum current efficiency of devices with two
nanopillars located at the HTL/EML interface and the reference

device. The inset shows the maximum current efficiency of all de-
vices with a third of nanopillars located at the HTL/EML interface.
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Fig. 8. The illustration of the carrier injection and recombination for (a)
the reference device and (b) the device with a nanopillar pattern at the
HTL/EML interface.

4. Conclusions

In this study, we have introduced a nanopillar pattering
structure at the ETL/cathode and HTL/EML interfaces to im-
prove the efficiency of OLEDs. By optimizing the number,
height, and position of the nanopillars, we find that the de-
vice with two nanopillars and an optimized nanopillar thick-
ness of 15 nm at the HTL/EML interface layer exhibits the
best current efficiency of 27.05 cd/A and power efficiency of
13.06 Im/w, which are 1.78 and 2.47 times that of the ref-
erence device. Therefore, it is concluded that the nanopillar
patterning structure in the device can effectively increase the
carrier injection, broaden the carrier recombination zone, and

improve light extraction into an external mode.
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