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ABSTRACT KEYWORDS
We demonstrated highly efficient OLEDs by incorporating ZnS nanodots High refractive index; Zns;
on top of a glass substrate via a chemical bath deposition process. Hemisphere; Nanodot;

The device efficiency of OLEDs with ZnS nanodot arrays was 126 times ~ Organiclight-emitting diode
higher than that of OLEDs without ZnS. This enhancement in device effi-

ciency is attributed to the improved light out-coupling efficiency that is

enabled by the improved optical performance of nanodot arrays, which

results from their high refractive index and optical transmittance in the

visible wavelength.

Introduction

Organic light-emitting devices (OLEDs) are attractive as potential next generation displays in
flexible and transparent devices, as well as in solid-state lighting [1-5]. The external quantum
efficiency (7).,) of OLEDs is governed by the product of the internal quantum efficiency and
the light out-coupling factor. This can be expressed by the equation 1., = ay 1, ®pr, where « is
the light out-coupling factor, y is the probability of carrier recombination, 7, is the production
efficiency of excitons, and ®p is the absolute PL quantum yield of the emitter. The 7, was
recently improved by nearly 100% by using phosphorescent dyes (as opposed to fluorescent
dyes), which are able to harvest both singlet and triplet excitons [6-7]. The refractive indices of
the various layers in the OLED structures are significantly larger than that of air. The refractive
indices (n) are as follows: ~1.5 for the glass substrate, ~1.9 for indium tin oxide (ITO), and
~1.7 for the organic materials. Therefore, a relatively small value of o (o« ~ 1/2n* = 20%) of the
generated light can escape to the outside of the substrate. Recently, there have been reports of
a calculated o over 30% [8-9]. The remainder of the light is confined in the glass substrate by
the total internal reflection (~30% of the emitted light) or trapped in the waveguide modes
that are associated with the ITO and the organic layers (~50% of the emitted light), which
possess high refractive indices [10]. Therefore, the light out-coupling factor can be improved
if this confined and trapped light is redirected toward the surface that is normal to the OLED
structure. Recently, a variety of techniques, such as macroscopic lenses, micro-lenses, Bragg
reflectors, and substrate roughening, have been demonstrated to improve the out-coupling
efficiency of OLEDs. However, these technologies have yet to be applied in industry due to
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their complicated processes (which are unsuitable for mass production) and their propensity
to discolor polymer films when used in OLED lighting [11-14].

In this paper, we report the enhanced light out-coupling efficiency of OLEDs that is
achieved by incorporating high-refractive index ZnS nanodots onto the glass side of the ITO
substrate. ZnS, which is a wide direct band gap semiconductor with a high refractive index
(n~2.35), is a promising material for detectors, emitters, and modulators in optoelectronics
[15]. Recently, ZnS films have been used as reflectors and dielectric filters due to the high
value of their refractive index, as well as their high transmittance in the visible region [16].
The chemical bath deposition (CBD) technique, which is a cost-effective and commercially-
available approach, is well-suited for depositing ZnS films on semiconductors or glass sub-
strates. CBD is a well-known process that represents one of the least expensive methods that
can be used to deposit large-area ZnS$ thin films for photovoltaic applications [17-21]. In
this study, ZnS nanodot arrays were deposited on the glass side of ITO substrates for light
out-coupling of OLEDs. The device efficiency of OLEDs with these ZnS nanodot arrays was
1.26 times higher than that of OLEDs without ZnS. This enhancement in the device efficiency
can be attributed to the improved light out-coupling efficiency that is enabled by the improved
optical performance of nanodot arrays, which results from their high refractive index and
optical transmittance in the visible wavelength.

Experimental details

In order to calculate the light extraction effect on the glass substrate with ZnS nanodot arrays,
we used the simulation program Light Tools (Synopsys Optical Solution, USA). Light Tools
is a well-known 3D optical engineering and design software based on Monte Carlo analysis.
The device structure is ZnS (n = 2.15) / glass (thickness = 5 mm, n = 1.48) / ITO (thick-
ness = 150 nm, n = 1.86) / HTL (thickness = 60 nm, n = 1.82) / EML (thickness = 30 nm,
n=1.74) / ETL (thickness = 30 nm, n = 1.66) / EIL (thickness = 3 nm, n = 1.66) / cathode
(Al), where HTL, EML, ETL, and EIL are the hole-transporting layer, emission layer, electron-
transporting layer, and electron-injection layer, respectively. For simplicity, the wavelength of
light used for this simulation was 550 nm, which is the peak wavelength of the EL spectrum
of the OLEDs. ZnS nanodot arrays are monodisperse with a fill factor of 0.34. The fill factor
is defined as the ratio of the area covered by the nanodot arrays with respect to the area of the
substrate [22]. The diameter (D) of ZnS nanodots was increased from 110 nm to 290 nm at
intervals of 30 nm.

It is well-known that the CBD method can be used to deposit thin films for large area sub-
strates via a low-cost and simple process. In the CBD method, a soluble salt of the required
metal is dissolved in an aqueous solution to release cations. A suitable source compound,
which decomposes in the presence of hydroxide ions and releases the requisite anions, pro-
vides the non-metallic element. The anions and cations then react to form the desired com-
pound. ZnS thin films can be prepared by the decomposition of thiourea in an alkaline solu-
tion containing a zinc salt [23]. Figure S1 shows a schematic diagram for the CBD method.
Depositions take place on the glass side of ITO substrates to grow the ZnS nanodot arrays.
These were cleaned with detergent in an ultrasonic cleaner and dried with N,. The solutions
were prepared using analytical-grade reagents (ZnCl,, (NH,),CS, and 28.0-30.0% NH,OH).
ZnS nanodot arrays were chemically grown on glass using an aqueous solution containing
ZnCl, (0.025 M), NH,OH (1 M), and (NH,),CS (0.1 M) at 65 — 90°C. The surface morphol-
ogy of the as-deposited ZnS nanodot arrays was studied using a focused ion beam (FEI Quanta
3D FEG). Detailed chemical reactions for the formation of ZnS nanodot arrays are given in
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Figure 1. UV-Vis absorption spectrum of ZnS and EL intensity of green OLED devices.

the literature [21]. We fabricated two types of ZnS nanodot arrays using the CBD method. For
type I, after growing the seed layer at 90°C for 3 min (to produce arrays with a diameter (D)
of 40 nm), ZnS arrays were grown at 65°C for 60 to 300 min; this formed arrays with D = 75
to D = 210 nm, respectively. For type II, ZnS arrays were grown at 90°C for 30 to 120 min,
resulting in arrays with D = 55 to D = 100 nm, respectively.

The EL devices were fabricated on pre-cleaned and plasma-treated ITO-coated glass sub-
strates [24-27]. The samples were then brought into a thermal evaporation chamber (SUNI-
CEL 200Plus), which was inside of a glove box filled with N,. OLEDs were fabricated, based
on our standard green phosphorescent device, with the structure of HIL (LHI-001, 100 nm) /
HTL (LHT-259, 40 nm) / EML (PGHO02 doped 8 wt.% Ir(ppy)s, 30 nm) / ETL (Bebq,, 30 nm)
/ EIL (Lig, 3 nm) / Al (100 nm), where Ir(ppy); is fac-tris(2-phenylpyridine) iridium, Bebq, is
bis(10-hydroxybenzo[h]quinolinato)beryllium, and Liq is 8-hydroxyquinolinolato-lithium.
The HIL, HTL, host of the EML, and EIL were purchased from Duksan Hi-Metal Co. Ltd.
All organic layers were grown by thermal evaporation at a base pressure of approximately
7 x 1077 torr with the following deposition rates: 1.0 Als for the HIL, HTL, ETL, and host of
the EML; 0.8 A/s for dopant of the EML; 0.1 A/s for the EIL; and 2 A/s for the Al electrode.
The film thicknesses of all layers were determined with an Alpha-Step instrument (KLA Ten-
cor P-16+). The current density—voltage (J-V) and luminance-voltage (L-V) characteristics
were recorded with a source-measure unit (Keithley 236) and a calibrated photodiode (Photo
Research Inc., PR-670). The angular distribution of the EL intensity was measured by a source
meter (Keithley 2400), rotation stage, and fiber optic spectrometer (Ocean Optics S2000). The
UV-Vis absorption spectrum of ZnS was measured by a UV-Vis spectrophotometer (Dong-il
SHIMADZU Corp., UV-2600).

Results and discussion

UV absorption

In this experiment, we made light extraction structures on the glass side of ITO substrates
with ZnS nanodot arrays using the CBD process. Figure 1 shows the UV-Vis absorption
spectrum of the ZnS nanodot arrays and the EL spectrum of Ir(ppy);-based phosphorescent
OLEDs. The results show that the absorption spectrum of ZnS has no influence on the light
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Figure 2. Simulation results of OLED devices with ZnS nanodot arrays on glass substrates. (a) Normalized
luminance depending on the emission angle. (b) Normalized luminance depending on the Mie scattering.

out-coupling of the emitted wavelength (around 520 nm). Therefore, we expect that the ZnS
nanodots will not interrupt light out-coupling.

Simulation of OLED devices with ZnS nanodot arrays

Figure 2(a) shows the simulation results of the normalized luminance as a function of the
emission angle of OLED devices with ZnS nanodot arrays with various diameters. Simula-
tions were performed by varying the diameter of the ZnS from 110 nm to 290 nm at intervals
of 30 nm. OLEDs with ZnS nanodot arrays with a diameter of 260 nm show the maximum
luminance, which is 1.28 times higher than that of the reference without ZnS. Figure 2(b)
shows the normalized luminance as a function of the Mie scattering angle for Zn§ arrays with
D =110 nm to D = 290 nm. The OLEDs with ZnS arrays with D between 110 and 170 nm
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Figure 3. SEM images of ZnS nanodot arrays made by type | process conditions with various deposition
times at 65°C: (a) 60 min (D =75 nm, FF = 0.05), (b) 120 min (D = 88 nm, FF = 0.10), (c) 180 min (D =135 nm,
FF = 0.23), (d) 240 min (D =180 nm, FF = 0.34), (e) 300 min (D = 210 nm, FF = 0.42), and (f) cross-sectional
view of (e).

show higher back scattering luminance (for D = 110 nm, 33.5% and D = 170 nm, 9.7%) than
those of OLEDs with D between 200 and 290 nm (for D = 200 nm, 2.4% and D = 290 nm,
1.6%) at an angle of 120°. On the basis of these results, ZnS nanodots with a larger diam-
eter decreased the back side Mie scattering of the devices, thereby increasing the front side
luminance of the emitted light.

Characteristics of OLED devices

Figures 3 and 4 show SEM images of ZnS nanodot arrays deposited by the type I and type
IT conditions, respectively. The diameter of ZnS nanodots is proportional to the growth time
from D =75 to D =210 nm and from D = 55 to D = 100 nm, for 300 and 100 min, respec-
tively. In addition, the fill factor (FF) also increased with longer growth times. The ZnS diam-
eter of type II nanodots at a higher deposition temperature (~90°C) was larger than that of
type I nanodots deposited at 65°C. As a shown in Figure 4(f), the cross-sectional view of the

Figure 4. SEM images of ZnS nanodot arrays made by type Il process conditions with various deposition
times at 90°C: (a) 30 min (D = 55 nm, FF = 0.46), (b) 60 min (D = 80 nm, FF = 0.54), and (c) 120 min
(D =100 nm, FF = 0.65).
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Figure 5. Characteristics of OLEDs with ZnS nanodot arrays deposited by type | process conditions:
(a) voltage-current density-luminance characteristics and (b) luminance efficiency-current density charac-
teristics.

deposited ZnS shows nanodots that were 102 nm in height, possessed a hemispherical shape,
and were 210 nm in diameter.

Figures 5 and 6 show characteristics of the OLEDs with ZnS nanodot arrays deposited
by the type I and type II conditions, respectively. As shown in Figures 5(a) and 6(a), all
devices have approximately identical voltage-current density characteristics. For the type I-
based OLEDs shown in Figure 5, the device performance was improved by increasing the D
and FF of ZnS nanodots. The luminance of the device with ZnS nanodots (FF = 0.42 and
D = 210 nm) is 1.26 times higher than that of the reference (without ZnS) at a current den-
sity of 5 mA/cm?. As a result, the luminance efficiency is increased from 60.6 cd/A up to
76.2 cd/A, resulting in an enhancement that is similar to the results predicted via simulation
(an improvement by a factor of 1.28). For the type II-based OLEDs shown in Figure 6, the
device efficiency was increased to 66.4 cd/A (at FF = 46) and then decreased to 61.0 cd/A as
the FF continued to increase. Figure 7 shows the efficiency enhancements of OLEDs at a cur-
rent density of 5 mA/ cm?, normalized to that of the reference, as a function of the FF for typel
and type II devices. This shows that the efficiency enhancement was maximized around an FF
of 0.4; the efficiency then gradually decreased due to a drop in the transmittance. Above a FF
of 0.5, the ZnS nanodots form a thin film, resulting in a decreased transmittance in the visible
wavelength (Figure S2). The variation of the emission intensity as a function of the viewing
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angle was measured by using a rotating stage and an optical fiber at 1,000 cd/m? (Figure S3).
The reference OLED shows a Lambertian pattern for the emission intensity as a function of
the viewing angle, as expected. The radiation profile of OLEDs with ZnS nanodot arrays is
almost the same as the Lambertian emission.

Summary

In summary, we demonstrated an enhanced out-coupling efficiency in OLEDs that incorpo-
rated ZnS nanodot arrays. As a result, the device efficiency was 1.26 times higher than that of
a reference device without ZnS. ZnS nanodots were fabricated via the chemical bath deposi-
tion process. These were easily manufactured on glass substrates of a much larger scale than
what has been done for polymer (e.g., methyl methacrylate) micro-lens arrays (or nano-lens
arrays) [28]. Additionally, the hemisphere shape of the ZnS is not easily deformed due to the
material’s high hardness (relative to what is used for micro-lens array films). Therefore, due
to the facile nature, low cost, and high reliability of this process, we expect that this technique
can be applied for the mass production of OLEDs.
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