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ABSTRACT: We fabricated a PAN (polyacrylonitrile) NF
(nanofiber)-embedded composite layer to adjust the light-
control layer in light-emitting-diode (LED) and organic-light-
emitting-diode (OLED) lighting systems with unique optical
characteristics, for effective light scattering. The newly
designed light-control composite layers with a composition
of PAN NF/SU-8 exhibited a change in the optical properties,
which was identified by the diameter control of the NF using a
simple process. The change in the optical properties was
largely dependent on the embedded NF’s features. Therefore,
the NF can be applied in different types of lighting systems,
depending on each lighting device’s purpose.
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Rapid advances in micro and nano technology have
contributed to the growth of the high-tech industry and
created a new market in a short period of time." The display
industry is expected to see a high market share with the
innovative evolution of the light-emitting diode (LED),
including high-quality organic light-emitting diodes
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Figure 1. Schematic of the composite film for the PAN/SU-8 composite
film with electrospinning fabrication process.
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Table 1. PAN NF Production Conditions with Respect to
PAN Concentration

flow rate applied voltage diameter size
sample (uL/h) (kV) (nm)
PAN 6 wt % NF S0 4.5 150
PAN 8 wt % NF 150 N 300
PAN 10 wt % NF 200 N 600

(OLEDs).>? This remarkable growth will lead to an increase in
the competition as well as market saturation, and it may be time
to broaden our perspectives regarding LEDs and OLEDs. To
achieve further success in the lucrative lighting market, LEDs and
OLEDs must satisfy the rapidly changing market demands.
Henceforth, the lighting system is expected to play a leading role
in the LED market, provide higher efficiency applications, replace
incandescent light bulbs, and lead to technological progress.
Also, OLED lighting systems will enter the market as soon as the
opportunity arises. However, both of these lighting systems face
challenges for their ideal application. Therefore, new lighting
system candidates with low-cost production must be developed
to suit various customer requirements. For example, LEDs may
feature a precisely designed light diftusion plate in order to avoid
the glare effect, for the effective distribution of the light source.
According to one report, LED light with a strong glare may

Received: October 30, 2014
Accepted: December 12, 2014
Published: December 12, 2014

68 DOI: 10.1021/am5075387

ACS Appl. Mater. Interfaces 2015, 7, 68—74


www.acsami.org
http://dx.doi.org/10.1021/am5075387

ACS Applied Materials & Interfaces

scaL

1S.ekv

Figure 2. SEM images of PAN NF fabricated with different PAN weight ratios of (a, d) 6, (b, e) 8, and (c, f) 10 wt %.

(a) (b)

(c)

100 oor —— PAN 08-01 100 —+— PAN 10-01

3 P e e e e e e ;\? —eo— PAN 08-03 3 —+— PAN 10-03
S sop @ ®f —e-PANOB-10] = 4 f —+—PAN 10-10
e g o

g 60 % 60 - 8 60 |-

& 8 &

& c e

g wor £ g “L

= —— SU-8 K] =

g 20 ——PAN06-01| O 20 g 2 M

—=— PAN 06-03
ok —=— PAN 06-10 D-I . . . 0
400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)

(d)

(e)

Figure 3. Optical characteristics of pristine PAN NF films: (a—c) Total optical transmittance of the SU-8 and various PAN NF films; (d) image of the

PAN NF films; and (e) peel-off-test image of the PAN NF layer.

damage the retinal pigmented epithelial.4 Therefore, the strong
light of LEDs requires an effective diffusion layer providing the
appropriate light distribution for the antiglare effect. Another
example is the light-outcoupling enhancement technology for
OLEDs. The light extraction of OLEDs incorporating unique
structure compositions and newly designed additional layers has
been examined using techniques such as the micro lens array,’
random pattern,® and optically optimized device model.”
Because of the efficiency and stability required, the low-cost
commercialization and application of these devices remain great

challenges.
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To solve the key issues facing light devices, researchers are
conducting multimodal studies with various materials, nano-
structures, and optical controls. Among the various efforts,
nanofiber (NF) technology using unique structures is note-
worthy. The NF industry is expected to increase greatly in
various areas.® In recent years, NFs have been developed and
widely applied in many industries, including the electrical,
biomedical, physical, and mechanical fields. These applications
include light-emitting devices,” battery separators,'® energy
storage,11 functional filters,"> biodetection systems, > mem-
branes,™* tissue engineering,15 new types of electrodes,'® and
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Figure 4. Optical characteristics of PAN NF/SU-8 composite films: (a—c) total optical transmittance, and (d—f) diffuse optical transmittance of various

types of composite films.

Table 2. Optical Properties of Various Types of PAN NF/SU-
8 Composite Films

total parallel diffuse

transmittance transmittance transmittance haze

sample (%) (%) (%) (%)
C 06—01 90.94 90.65 0.29 0.32
C 06—03 90.02 88.24 1.78 1.98
C 06—10 87.58 83.13 4.45 5.08
C 08-01 90.96 90.5 0.46 0.51
C 08—03 88.77 85.96 2.81 3.17
C 08—-10 85.14 76.15 8.99 10.56
C 10-01 90.22 88.27 1.95 2.16
C 10-03 85.38 75.86 9.52 11.15
C 10-10 66.85 22.77 44.08 65.93

alternative flexible substrates.'” NFs can exhibit various optical,
mechanical, and chemical properties, as well as an immense
surface area, by the appropriate chemical synthesis. These
structural characteristics of NFs can be applied in a wide range of
higher value-added businesses.'®

Such nonwoven polymer NFs were manufactured using
various fabrication techniques, dependinég on their purpose.
For example, solution blow spinning,l 20 melt blowing,21
centrifugal spinning,’*** and wet spinning”* are generally
employed in the industry and laboratories to make nano and
submicron nanofibers. Such techniques are valuable for mass
production and various applications. Among the various method,
electrically assisted spinning (electrospinning) with simple
parameter changes (i.e., flow rate and concentration) is a one
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of the appropriate technique for effective size control of uniform
NFs. Also, the electrospinning method can produce high-quality
fibers from a liquid and does not require an additional chemical
treatment or high-temperature annealing.*®

Despite their advantages, pristine NFs are inappropriate for
optical-electrical and photovoltaic devices owing to a number of
fundamental problems, e.g, their surface roughness, weak
mechanical adhesion force, low transmittance, and difficulty of
handling. To solve the critical problems of pristine NFs, the NF/
polymer composite has been introduced.”® Recent studies of
lighting devices®’ fully explain the composite layer, its possible
application paradigm, and its potential in future lighting
technology. Among the various candidate additional polymers,
SU-8 is developed by a photolithography process as a
photoresist,”® to produce high-resolution patterning for micro
and nano devices. Thus, the coating condition can be easily
controlled. Moreover, the SU-8 exhibits a high optical trans-
parency in the visible radiation area. For this reason, it is
employed in different shapes and sizes as a light-outcoupling
layer in OLEDs. For example, Bocksrocker et al. fabricated a
microspherically textured layer with SiO,- microspheres/SU-8
attached to an enhanced outcoupling of waveguide and to
improve the efficiency of the OLEDs.* As mentioned previously,
many groups have reported a composite film based on an NF/
polymer, and the estimated transparency and mechanical
properties pertain to academic achievements rather than actual
application.

In this work, we report a newly designed nanosize controlled
PAN NEF-based composite layer for effective light control with a
unique nanostructure, fabricated without any high-temperature
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Figure S. (a) Schematic of the modular laboratory lighting measurement tools to evaluate light diffusion, (b) one-dimensional intensity changes
depending on various PAN NF/SU-8 light diffusion films at the accurate midpoint between two LEDs.
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Figure 6. Schematic of antiglare effects mechanisms and photo images
of LED light (a) with bare glass and (b) with light diffusion film (C 10—
10).

process using plastic or glass deformation. The novel composite
layer can be used for various purposes depending on the diameter
and cross-linking time of the NFs. The reinforced PAN NF not
only exhibited extremely diverse changes in the optical properties
because of the diameter difference, but was also applied to LEDs
and OLED:s to obtain the ideal EL characteristics.

A schematic of the composite film for the PAN/SU-8
composite film with electrospinning fabrication process is
presented in Figure 1. The electrospinning system comprises
the high-voltage DC power supply, a spinneret, the syringe
pump, and a collector (a grounded conductor).”® The prepared
PAN solution was contained in the syringe, and we used the
syringe pump to generate a constant and controllable PAN-
solution feed rate. Then, we set up the ring-type collector, and
the collected NFs were easily transferred to the substrate. To
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produce NFs of a fixed size, the flow rates and applied voltages in
various PAN solutions were controlled. Subsequently, the SU-8
(SU-8 2002, Micro-Chem) was coated on the transferred NFs.
Prepared composite layers were applied in LEDs and OLEDs for
their ideal lighting purpose.

We controlled many parameters in order to obtain the
appropriate diameter of the NFs, as follows. The PAN solution
feed rate was varied from 50 to 200 mL/h, the PAN solution
concentration was varied from 6% to 10%, and the applied
voltage was varied from 4.5 to S kV. The only fixed parameter was
the distance between the needle and ring-type collector, which
was 10 cm. The diameters of the produced electrospun PAN NF
under different manufacturing conditions are summarized in
Table 1, and the SEM images of PAN NF are presented in Figure
2 (with different PAN weight ratios of (a, d) 6, (b, e) 8, and (¢, f)
10 wt %.) The electrospun NFs were created by a simple
production process, without any dangerous chemicals or high-
temperature treatments, in contrast with glass and plastic. We
evaluated various samples according to the PAN rate percentage
(6, 8, 10 wt %) and collecting time (1, 3, 10 min), as shown in
Figure 3a—c. In the ordinary case of a pristine PAN NF, as the
cross-linking progresses, the heaped NF forms white mats with a
low light transmittance, as shown in third line samples of Figure
3d (the pristine PAN NF samples were named in the order
“PAN,” “rate percentage,” and “NF collecting minutes,”,
respectively). The optical properties of the PAN NF and the
declining tendency of the transmittance were caused by the
collected milky color NF bunch. Also, the surface conditions of
the films cause a significant amount of light scattering, which
leads to a deterioration in the total transmittance. NF films that
were too thick or heavily stacked exhibited an extremely low
transmissivity and were no longer suitable for light systems.
Pristine NFs are very vulnerable to external physical influence;
the outermost layers are easily damaged, and the whole NF film is
peeled back as shown in Figure 3e. Therefore, to control the
optical characteristics and achieve a high durability, it is necessary
to consider composite-type films.

Among the various candidates, SU-8 is an optically transparent
material with a light transmittance of 90% in the wavelength
range of 380—780 nm. Therefore, it is widely used in the SU-8
waveguide scattering layer to control light, as shown in Figure 3
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Figure 7. EL characteristics of the OLEDs; (a) current density and luminance as a function of voltage; (b) current efficiency and power efficiency as a
function of luminance; (c) external quantum efficiency (EQE) as a function of current density, for reference and C10 OLED.

Table 3. EL Characteristics of the Reference and C10 OLED

CIE 1931 at 3000 cd/m?>

EQE (%) PE (Im/W)
device at 100 mA/cm?  at 3000 cd/m? X Y
ref. OLED 1.76 122 0.31 0.53
C 10 OLED 2.06 1.57 0.31 0.52
(+17%) (+29%) (A 0.00) (Ao0.01)

(composite PAN NF/SU-8 samples were named in the order
“C,” “rate percentage,” and “NF collecting minutes,”, respec-
tively). We fabricated the composite PAN NF/SU-8 to increase
the strength and compensate for the weakness of the pristine
NFs. Notably, after the white PAN NFs were buried in the SU-8
layer, the PAN NF/SU-8 composites film exhibited a drastically
increased total light transmittance. The highest increases were
observed in the PAN 08—10 sample, which exhibited a total
visible light transmittance of up to 80%. After the SU-8 was
coated on the NF samples, the almost-composite samples
exhibited a similar trend, improving to over 75% in transparency.
For this increase, the SU-8 entirely covered the transferred NF
layer, thereby filling the empty areas between the NFs and thus
strongly binding the PAN NF and reducing the total light
transmittance without a high-temperature treatment. Indeed,
almost various composite film samples exhibited an excellent
light transmittance of over 80% (Figure 4a—c), which is nearly
the transmittance of the SU-8 film, indicating that the embedded
NFs have little effect on the loss of the total transmitted light with
under 10% diffuse transmittance (Figure 4d—f). Viewed from the
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other side, these small effects have an enormous impact inside the
composite layer. Optical properties of all samples (totally
transmitted, parallel light, amount of diffuse light, and haze)
are summarized in Table 2.

However, close inspection reveals that the C 10—10 sample
(SU-8 covering PAN 10—10) exhibited an exceptional loss in the
total transmittance, which is wavelength-dependent. This is
unlikely to be reversible, despite the composition with SU-8.
Although the C 10—10 sample exhibited a noticeably low total
transmittance of 67% and high diffuse transmittance of 449%,
owing to the high haze value of 66% and the parallel
transmittance of under 23% (in SSO nm wavelength), the
milky-glass optical property could be used to make the
illumination LED light diffusion suitable without a glare effect
from the direct light transmission. The optical properties of
various composite films were measured using modular laboratory
lighting measurement tools. Two LEDs were placed next to each
other and 2 cm behind the light diffusion film, and a
spectroradiometer was placed in front of the light system to
measure the light diffused by the various films, as shown in Figure
Sa. Comparing the light diffusion effect among various light
diffusion samples indicates the relative intensity according to the
light diffuse films; the C10—10 sample exhibits the highest EL
intensity, as shown in Figure Sb. In contrast, the LED light with
the reference sample (bare glass) showed no significant light
diftusion effect. In general, the brightness of the LED light source
at the center was comparatively greater than that at the side as
was expected. Thus, obviously the high-haze light diffusion film

plays a central role in achieving uniform light distribution from
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Figure 8. (a) CIE color coordinate emission as a function of the angle for reference and C10 OLED and CIE 1931 color coordinates of C10 OLED, (b)
emission spectra measured from surface normal at a current density of 100 mA/cm? for reference and C10 OLED.

the center to the side position for controlling the uniformity of
the illumination in the LED light system. This measurement of
the intensity at the accurate midpoint between the two LED
lights clearly indicates the light distribution of the effective
diffusion films due to the diffused light rather than the direct
parallel light intensity. Figure 6a, b show schematic of antiglare
effects mechanisms and photos of LED lights with the bare glass
and light diffusion film (C 10—10). These results definitely
indicate light diffuser layer properties, according to the required
optical characteristics that can be easily designed with the
appropriate components for the lighting system. Moreover, we
not only avoided the glare effect but also proved the possibility of
a relatively equal light distribution.

On the other hand, NF-embedded unique-structure films with
a high transmittance were introduced for the light-outcoupling
efficiency enhancement of the OLEDs. Unlike the other films of a
high transmittance, the C 10—01 film had a light diffusion
transmittance of 2% while maintaining a high total light
transmission.

To create more high scattering effect for efficiency enhance-
ment of OLEDs, we applied C 10—01 films to the OLEDs (C10
OLED) and evaluated. Figure 7 indicates the EL characteristics
of the fabricated C10 OLED and a reference, and their device
performances are summarized in Table 3. Figure 7a indicates the
current density and luminance as functions of the applied voltage.
The current density of the C10 OLED is nearly identical to that
of the reference OLED at the same bias voltage because the C10
OLED has the same structure composition as the reference
OLED, except for the C 10—10. However, as shown in Figure 7b,
the power efficiencies of the fabricated C10 and reference OLED
were 1.57 and 122 Im/W, respectively, and their current
efficiencies were 5.86 and 4.88 cd/A, respectively, at a luminance
of 3000 cd/m? The external quantum efficiency (EQE) of the
C10 OLED was 2.06% at a current density of 100 mA/cm?, as
shown in Figure 7c. These results indicate an increase in the
power efficiency and EQE of C10 OLED, as functions of the
current density, caused by the C 10—01 film, compared with the
reference OLED. For multilateral analysis, the changes in the
International Commission on Illumination (CIE) color coor-
dinates and the emission angle in the reference and C10 OLED.
When the emission angle was increased from 0 to 90 deg, the CIE

73

color coordinates of the C10 OLED shifted from (0.324, 0.539)
to (0.337, 0.529). The variations in the x and y color coordinates
were 0.003 (0.92%) and 0.01 (1.86%); these color coordinates
exhibit a trend similar to the reference OLED, as shown in Figure
8a. Thus, it is definitively proved that the C10—01 film does not
affect the light distortion in all angles. The EL spectra of the
reference and C10 OLED at a current density of 100 mA/cm?are
presented in Figure 8b. The EL spectra enhancement in the C10
OLED appears over the entire EL spectrum. The reference and
C10 OLED exhibit similar EL spectra at the same front viewing
angle, which clearly indicates the enhanced light emission by the
C 10—10 of the NF-embedded unique composite layer without a
shift in the EL spectrum of the device. The present results
confirm a simple, low-cost, and low-temperature technique for
improving the EL efficiency of OLEDs.

In conclusion, we demonstrated a novel PAN NF-based
composite layer to realize the ideal optical properties of various
lighting devices, using asymmetric nanostructures for high light
scattering and prevent distortion of the light. Our newly designed
novel composite layer will take advantage of various lighting
systems, depending on the composition rate and thickness, with
the appropriate optical efficiency. In particular, differences in the
NF diameter cause different optical characteristics, representing
the light transmittance characteristics with a certain trend. We
observed various optical properties, including low parallel light
transmittance values and higher haze values without the glare
effect from direct light sources. This was applied to the white
light LED for an effective illumination light diffusion layer. Also,
in the case of OLEDs, PAN NF/SU-8 films were fabricated as a
light-scattering layer to improve the EL characteristics and
exhibited light extraction enhancement properties.

These results indicate that the uniquely designed novel PAN
NEF/SU-8 composite film provides effective modulation of light
properties and sufficient illumination quality for various lighting
applications and that it has great potential for utilization as well as
commercial success in mass production.
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