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I. Introduction

Many experimental methods have been developed to enhance efficiency of
LEDs including the first blue-color-emitting GaN LED that was developed in
1994." Especially, the efficiency of GaN LEDs is generally improved in
three-different ways composing wall-plug efficiency: Increasing the injection
efficiency, internal quantum-efficiency (IQE), and light extraction efficiency
(LEE)*”. They used periodic arrayed nanostructures in-GaN LEDs to raise
wall-plug efficiency by reduce the photons which are reflected into the

2-5

interior of the GaN LEDs structure”> and the other authors used periodic

arrayed nanostructures on GaN LEDs to use effect of photonic crystal®”.

Figure 1.1. Schematic illustration of V-LEDs fabricated with an A1203 current blocking
layer. [3]
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Figure 1.2. Schematic side view of the simulated microsphere LED device, and the

corresponding SEM images of 100-nm-SiO sphere arrays. [6]

In the case of injection efficiency and IQE, the number of injected
charges (holes and electrons) and the number of excitons (electron—hole
pairs) determines the efficiency of the GaN LED. While the number of
injected charges and generated excitons are respectively limited by the
geometric factors of the LED device and its band structure, the LEE of GaN
LED:s is relatively convenient to improve. This is because incrementing the
critical angle. of the photons. escaping from the GaN LED structure is
relatively easier- than changing the electric properties of the materials
composing GaN LED structure. Many ways have been developed and tried
to improve the LEE of GaN LEDs, such as surface roughness control by
chemical etching ° placing a photonic crystal on top of LED °'%
antireflection coating ', and encapsulation by a high-refractive-index

. 11415
material ™"

. LEE can also be improved by using micro/nanostructures; if
subwavelength structures are placed on top of GaN LED, Fresnel reflection
decreases, because the reflective index of GaN is gradually matched to that

. . 13,16-20
of air by the micro/nanostructures > >".

-2 -
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Figure 1.3. A schematic diagram of power-chip LED structure with sidewall roughness.
(8]
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Figure 1.4. Schematic of vertical LEDs with cone-shaped nanostructured surfaces. [9]
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Figure 1.5. Schematic illustrations of fabrication procedures for disordered antireflective

nanostructures on GaN-based light-emitting diodes. [13]
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Figure 1.6. (a) Escape cone of an LED without and with encapsulation. (b) Light-

extraction efficiency ratio for GaN and GaP as a function of the encapsulant refractive index.
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Figure 1.7. Schematic illustration of the fabrication process for GaN LED with compound

eye structures. [20]

Most methods for improving LEE have drawbacks as well as
advantages in their real application in a device. In the case of the surface
roughening of the GaN layer placed on top of LED structure by chemical
etching, the dislocation of the GaN layer, which reduces the IQE of the LED,

- 1 : 21-24
can occur during the chemical etching process.

Photonic crystals made
by micro/nanostructures can utilize optical guided modes for enhancement of
LEE due to its periodic structures;**>*° for examples, SiO, photonic crystal
was embedded into GaN/InGaN LED using hologram lithography and
reactive ion etching (RIE)," auto-cloned photonic crystal’® and colloidal
photonic crystal®® were used as bottom reflector of GaN LED, and spherical
oxide photonic crystals were fabricated on top layer of GaN LED**. In
addition, it is reported that LEE can be improved by both plasmonic mode
and guided mode in metallo-dielectric’’ and hetero-dielectric photonic

32,33

crystals™””". However, the fabrication of highly ordered structures in a large

area on top of GaN LED is challenging. A top-down approach for the mass

-5-
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fabrication of the ordered structures cannot be free from the chemical or

photochemical etching process.®>*>°

Moreover, subwavelength-scaled high-

refractive-index materials can increase the critical angle of the photons
enerated in the GaN LED '**"7%% but hybrid structures on the GaN layer

g y y

cannot be conveniently obtained.

vy L L s i L e

—
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Figure 1.8. Light emission efficiency in GaN calculated for different nonequilibrium carrier
concentrations (lines, left-hand side axis) and the PL intensity (circles, right-hand side axis)

as a function of dislocation density. [24]
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EESE—— ] £, A

Sapphire

3D CPC Iml;nm reflector

Figure 1.9. (a) Schematic-LED structure with the 3-D- colloidal-photonic-crystal bottom
reflector proposed in our study. (b) SEM surface images of colloidal-photonic-crystals
fabricated at 30 °C show that the spheres stack with a well-organized (111) plane and fcc
structure. Inset;: lattice constant of colloidal-photonic-crystal is equivalent to the diameter of

polystyrene sphere of 193 nm. [30]

10 um

Figure 1.10. (left) Optical microscopy photo of the fabricated colloidal crystal monolayer

and (right) its simulation result. [31]
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Figure 1.11. (left) Oblique-view SEM images of the (a) monolayer hexagonalclose-packed
polystyrene nanospheres (inset is a large-scale view), (b) fabricated SiC nanodome
structures, and (c) Si3Ny4 coated nanodome structures respectively. (d) A photograph of SiC
sample with a partially plain surface (lower right part) and partially covered by the coated
nanodome structures (upper left part). [33]
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Figure 1.12. Schematic diagrams of fabrication process for nanotextured freestanding flip-

chip LEDs. [36]

(c) ICP/RIE etching

I Pad metal
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mmm Active Region
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. n-metal
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]

£ = Cscl nano-film
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o Au ball

Figure 1.13. Cross-sectional scheme of an In,O; nano-cones films/GaN-based LED. [38]
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Recently, the fabrication of polymer nanolens arrays by tip-based
nanolithography (dip-pen nanolithography) has been reported *. According
to this report, poly(ethylene glycol) (PEG) lenses can be mass fabricated on
any surface with a thin hydrophobic layer coating. In addition, the dimension
of the PEG lenses can be conveniently controlled during the fabrication
process; because the size of the PEG lens can be controlled by changing the
AFM holding time on the substrate *. Besides the polymer nanostructures
fabricated on a substrate, Zirconia (ZrO;) nanoparticles (NPs) patterning in a
large area was also reported *’. The large scaled patterns of ZrO, NPs were
obtained using a wettability tuning based lithography process: using
polydimethylsiloxane (PDMS) stamp with hydrophobic material
(mercaptohexadecanoic © acid, MHA) and  hydrophilic = material
(octadecanethiol, ODT). Using the reported lithography methods, a PEG
nanolens array and ZrO, NPs can be applied onto GaN LED as materials for
light extraction. These dip-pen nanolithography and PDMS-stamping-based
micro/nanostructures fabricated for enhancement of LEE of GaN LED are
away from the dislocation of the GaN layer that occurs by a chemical
process, because micro/nanostructures will be directly placed onto a GaN
LED with periodic order by mechanical method such as dip-pen
nanolithography.

- 10 -
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Figure 1.14. Tapping mode AFM topographic image of the PEG nanoscale lenses generated
by dip-pen nanolithography. Lens size is dependent upon tip-substrate dwell time: 15 s (top
row), 10 s (2nd to 4th row), 5 s (5th to 7th row), and 1 s (8th to 10th row). The PEG MW
was 100000 Da. [39]

Zr0, NP
(Diametec‘: 500 nm)

B oDT EE MHA

WA
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Hydrophilic stamping Hydrophobic passivation Immersion into ZrO, NPs
[microcontact-printing [=180 min] colloidal solution
with PDMS]

ZrO, NP patterns on
MHA area

Deposition of ZrO, NPs
[1 min ~ 60 min]

Figure 1.15. Scheme of procedure of ZrO, NP patterning with a wettability tuning method.
[40]
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In this paper, we investigate that enhancement of LEE in GaN LEDs
by addressing wavelength-scaled PEG and ZrO, materials by means of three
dimensional (3-D) finite-difference time-domain (FDTD) simulation
experiments. Based upon favorably empirical approaches, hexagonal closed
packed (hcp) arrays of PEG plano-convex lens (hemispherical), PEG and
ZrO; particles (perfectly spherical) were considered as the nanostructures on
GaN LED in the FDTD simulations. In particular, differently from the

previous LEE studies using subwavelength-scaled materials'**"~"%,

we
investigate that the effect of LEE is graphically presented by the light profile
demonstration LEDs, as well as the LEE is quantitatively calculated by light
intensity analysis. In the results, the effect on the enhancement of LEE by the
optical refractive index of the nanostructures is dominant in over-
wavelength-scaled nanostructures addressed GaN LED, while there is no
remarkable enhancement of LEE in subwavelength-scaled nanostructures
addressed GaN LEDs. In the case of addressing similar-sized nanomaterials
with the wavelength in the nanomaterials, the structural factor of the array of
the nanomaterials is distinguishable in the intensity plots of the Poynting
vector of GaN LEDs. Remarkably, by means of a ZrO, particle array (¢ =
500 nm) on top of the GaN LED, light extraction along the normal axis of

the GaN LED surface is improved about six-fold symmetric pattern

compared to a GaN LED structure without the extraction layer.

-12 -
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I1. Experimental section

To measure the LEE of a multiple quantum well (MQW) GaN LED with
the nanomaterials, 3-D FDTD simulation of electromagnetic (EM) wave was
carried out with a commercial Maxwell’s equation solver (FDTD Solution,
Lumerical Inc.) using conformal mesh refinement method. The FDTD
method is one of a kind of finite-element method to solve Maxwell’s
equation, it follows Yee’s algorithm (see Figure 2.1). A schematic diagram
of'the 3-D FDTD simulation, which was carried out in this study, is shown in
Figure 1. The MQW GaN LED (16 pmx 16 um x 2.6 um: length x width
x thickness) is set with a 2 um thick #-GaN layer, 0.1 pm thick MQW layer,
0.2 pm thick p-GaN layer, and Ag mirror of 0.3 pm thickness [Figure 1(a)].
The refractive indices of vacuum and GaN were set as 1 and 2.47,
respectively. For the MQW layer, 2.47 (GaN) and 2.52 (InGaN) were used as

the refractive indices of the layer.

(1, 1L k)

H,
4
4 Neth E-field N2 [ N[N [ Ne ] N
G i k) N s
R /[
| ELELE Nk HAfel | NS2 | N3 | N1 | a1 | N3 | Nes2 |
I ¥
4
I
| V4
________ o, Neth Exfieid N2 [ N [N N ] e
SE,
G5k LK)
Yee cell Caleulation process

Figure 2.1. Yee algorithm to yield E-field and H-field

- 13 -
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Figure 2.2. Schemes for 3-D FDTD simulation structures of (a) PEG film and (b) lens or
particle addressed GaN LED.
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In this study, we only limited the category of nanomaterials based upon the
possibility of empirical fabrication of the nanofeatures; a PEG lens array can
be addressed on top of a GaN LED by dip-pen nanolithography 2, PEG and
ZrO, particles are possibly self-assembled on top of GaN LED by a

2041 The nanomaterials

lithographic approach (wettability tuned patterning)
were put on top of the MQW GaN LED; hcp arrays of nanomaterials were
considered as a layer for enhancing LEE [Figure 2.2(b)]. As a control
experiment, PEG film was also considered in 3-D FDTD simulation [Figure
2.2(a)]. A single dipole source was placed in the middle of the MQW layer.
The wavelength of the dipole source was set at 466 nm, and the oscillation
direction of the dipole source was parallel to the y-axis, as shown in Figure
2.2(a). In addition, the transverse electric (TE) polarized dipole source is
used for the FDTD calculation, due to the geometry of the MQW structure =2
The 3-D FDTD simulation region was set as 16 pm (x) x 16 um (y) x 6.5 pum
(z), surrounded by perfect matched layers (uniaxial PML), as displayed in
Figure 2.2. In order to have accurate simulation reflected by the

nanomaterials, the more number of Yee cells were placed in the region of the

nanomaterials than the other regions; more than 5.0x10” number of Yee cells
was set in the nanomaterials, whereas around 2.0x10° Yee cells were used in

the other regions of the FDTD simulation. A plane monitor was placed at the
top of the 3-D FDTD simulation region (the top monitor in Figure 2.2),
where the top monitor is placed on the top xy plane of the simulation region.
Two parallel couples of plane monitors were also positioned as the side

monitors, as shown in Figure 2.2. The Poynting vector at the monitors with

- 15 -
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different sizes of nanomaterials were measured for LEE calculation; D is the
diameter of PEG lens, ZrO, particle, and PEG particle, while D is the
thickness in the case of PEG film. The 3-D FDTD simulation was conducted
with different D values: 100 nm, 200 nm, 300 nm, 400 nm, and 500 nm.

- 16 -
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I1. Results and Discussion

3.1. LEE enhancement

Figure 3.1 shows the enhancement of the LEE along the normal axis
of GaN LED surface by the nanomaterials, by addressing the light extraction
layer. The enhancement of LEE along the normal axis of the GaN LED
surface is determined using the transmittance of the EM wave at the top
monitor (Trep) [see Figure 2.2 and the inset of Figure 3.1]. Then, the Tro, of
the GaN LEDs with the nanomaterials is normalized by the Tr,, of GaN
LED without any light extraction layer (bare GaN LED) [TrtopGan)]. The
normalized enhancement of the LEE along the normal axis of'the GaN LED
surface [Trop/ TropGany] depending on the D of the nanomaterials is displayed
in Figure 3.1. PEG film—addressed GaN-LED shows a similar LEE to that of
the bare GaN LED, and no remarkable change of Trop/TropGan) 1s observed
as the thickness of the PEG film increases. For GaN LEDs with the light
extraction layers using the nanomaterials, a similar value of Trop/TropGan) (~
1) as that of the PEG film—addressed GaN LED is observed in the

subwavelength-scaled nanomaterials (100 nm and 200 nm), regardless of the

- 17 -
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type of nanomaterial. It means that the form factor of the nanomaterials is
not distinguishable in subwavelength (< 466 nm)-scaled nanomaterials

addressed GaN LEDs.

- 18 -
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Figure 3.1. Normalized enhancement of LEE along the normal axis of the GaN LED surface.

On the other hand, there are observable changes of the Trop/Trop(Gan)
depending on D and the refractive index (n) of the nanomaterials in over-
wavelength region (D: 300 nm, 400 nm, and 500 nm). First, the value of
Trop/ T1opGany In PEG lens and PEG particles slightly increases as D increases
from 300 nm to 500 nm, keeping similar values in-between the PEG lens and

the PEG particles addressed LEDs. Second, high-refractive-indexed ZrO;

- 19 -
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particle (z:02 = 2.13) ** addressed GaN LEDs show a larger Trop/Trop(Gan)
than PEG nanomaterials (npgg = 1.47) * addressed GaN LEDs. These
observations mean that the effect by refractive index is more dominant than
the effect by the form factor of the nanomaterials in the GaN LEDs with
over-wavelength scaled nanomaterials. Interestingly, the ZrO, particle

addressed GaN LEDs show about six of the Ttop/TtopGan) at a D of 500 nm.

- 20 -
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Figure 3.2.1 The top monitor transmittance ratio of the nanomaterials addressed GaN LEDs.

The top monitor transmittance ratio of the light extraction layer transmitted
light from the nanomaterials addressed GaN LED was determined by
Trop/(Tside + T1op), Where Tsige 1s sum of the transmittance of EM waves at
the side, as shown in Figure 2.2 and the inset of Figure 3.1. Figure 3.2
represents the top monitor transmittance ratio [Trop/(Tsige + Top)] of the GaN

LED with different D of the nanomaterials. A bare GaN LED device shows

=21 -
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0.41 of Trop/(Tsige + T1op), as shown by the dark grey dotted lines in Figure
3.2.1 Most LEDs, except over-wavelength sized (> 300 nm) PEG lens and
ZrO, addressed GaN LEDs, show less Trop/(Tsigze + Ttop) than that of bare
GaN LEDs; this means that the subwavelength-scaled nanomaterials
strengthen transmittance to the sides by scattering, that is hampering
Trop/(Tsidze + T1op), in the GaN LEDs. The PEG film addressed GaN LED
shows that Trop/(Tsige + Trop) decreases as D (thickness) increases; the EM
wave bypassed to the side monitors is more grown with a thicker PEG film.
Therefore, decreasing the Trop/(Tsiee + Trop) can be related with the
development of the bypassed EM wave in the PEG film as the PEG film gets
thicker. In the case of subwavelength-scaled (100 nm and 200 nm) PEG
lenses, PEG particle and ZrO, particle addressed GaN LEDs, Trop/(Tsige +
Trop) slightly decreases-as D increases from 100 nm to 200 nm, as shown in
Figure 3.2.1 On the other hand, for the Troy/(Tsice + Trop) Of over-
wavelength-scaled (300 nm, 400 nm, and 500 nm) PEG lens, PEG particle,
and ZrO; particle addressed GaN LEDs show an increment as D increases.
This is because Mie scattering becomes stronger as the particle size is similar

or over to wavelength of incident light. The Trop/(Tsiae + T1op) Of particles
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and lens addressed GaN LEDs also tends to increase in this region of D. In
detail, the Trop/(Tsige + T1op) 0of the PEG lens addressed GaN LEDs increase
from 0.38 (D =200 nm) to 0.48 (D = 500 nm). For PEG particle addressed
GaN LED, a minimum value of Trop/(Tsidge T T1op) is shown at a D 0of 200 nm
(0.30), and increases to 0.44 as D increases to 500 nm. The value of the
Trop/(Tsidze + Ttop) 0f PEG lens addressed GaN LEDs is larger than that of
PEG particle addressed for the same D. The thickness of the layer of the
PEG lens array is exactly half the thickness of the layer of the PEG particle
array [definition of “D” in Figure 2.2(b)]. In the case of equivalent D, a PEG
lens addressed GaN LED will have a lesser ratio of bypassed EM wave to the
side of the light extraction layer than PEG particle addressed GaN LED. In
case of a ZrO; particle addressed GaN LED, Trop/(Tsidze + Trop) slightly
decreases from 0.28 to0.27 when D increases from 100 nm to 200 nm, and
Trop/(Tsid<e + Trop) increases to 0.78 as D increases to 500 nm. Over-
wavelength-sized ZrO; particle addressed GaN LEDs show a larger value for

Trop/(Tside + Ttop) than the others.

Figure 3.2.2(a) and S1(b) represent the |P..| and |P,.| of bare GaN LED, respectively. |P,|

and |Pg,,| of bare GaN LED are also respectively shown in Figure 3.2.2(c) and S1(d). The
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|Pxz|, [Pyzl, |Psyl, and |Ppg,| of bare GaN LED are very similar as those of subwavelength-sized
(D =100 nm and 200 nm) PEG film addressed GaN LEDs. Interestingly, the low intensity
Poynting vectors are shown at the middle of GaN LED in |P..|, |P,.|, |Py|, and |Pg/|. It can be
understood that the interference effect by the Ag mirror is emphasized in this geometry of
GaN LED (2 um thick #-GaN layer, 0.1 um thick MQW layer, 0.2 pm thick p-GaN layer,

and 0.3 pm thick Ag mirror).
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Figure 3.2.2. |P..| and"|P,.| of bare GaN LED: (a) xz-view (at y.= 0) and (b) yz-view (at x =
0) of intensity (log scale) of Poynting vector above GaN layer of the bare GaN LED. The
intensity at the (c) top monitor (|Py,|) and (d) far-field distribution (|Pp,|) of the Poynting
vector in bare GaN LED PEG film. The numbers inside the far-field graph denote the polar

angle of the far-field hemisphere.
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3.2. Poynting vector intensity: xz view above the

layer

o PEG Film

L=y
PEG Lens

PEG Particle

2Zr0, Particle

{a-1y

100 | €
am |~

200 | £
wm

360
rHn -

460
nm =

560 | E
am o "

GaN

Figure 3.3.1. |P.|: xz-view (at y = 0) of intensity (log scale) of Poynting vectors above the

GaN layer of the nanomaterials addressed LEDs. (a) D = 100 nm, (b) 200 nm, (c) 300 nm,

(d) 400 nm, and (e) 500 nm. Tier of 1, 2, 3, and 4 represent the PEG film, PEG lens, PEG

particle, and ZrO, particle addressed GaN LEDs, respectively. The black dotted lines

represent the layer of nanomaterials-placed region.
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Figure 3.3.2. |P,.|: yz-view (at x = 0) of intensity (log scale) of the Poynting vectors above
the GaN layer of the nanomaterials addressed LEDs. (a) D = 100 nm, (b) 200 nm, (c) 300
nm, (d) 400 nm, and (e¢) 500 nm. Tier of 1, 2, 3, and 4 represent the PEG film, PEG lens,

PEG particle, and ZrO, particle addressed GaN LEDs, respectively. The black dotted lines

represent the layer of nanomaterials placed region.

In order to investigate the scattering of light by the light extraction layers, the
xz-view (at y = 0) intensity of Poynting vector above the GaN layer (|P,.|) in

the nanomaterials addressed LEDs are shown in Figure 3.3.1. As a guide, the
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layer of nanomaterials placed region is marked by black dotted lines. In the
case of subwavelength-sized nanomaterials (D = 100 nm and 200 nm)
addressed GaN LEDs, |P..| shows a relatively similar profile. When D is 100
nm, the |P,.| shows two strongly scattered rays close to x = 0 in all the GaN
LEDs. For 100 nm ZrO, particles addressed GaN LEDs, an additional two
strongly scattered rays are shown beside the two strongly scattered rays close
to x = 0. When D is 200 nm, the |Py.| still shows the two strongly scattered
rays in the center; however, interference-pattern-like branches are shown in
the particles and lens addressed GaN LEDs, while no interference-pattern is
shown in the PEG film addressed GaN LED. In Figure 3.3.1(a), the |P.| of
100 nm ZrQO, particles addressed GaN LEDs shows that more rays and
branches go through the sides than that of the other<100 nm nanomaterials
addressed GaN LEDs.. Moreover, the |Py| of 200 nm ZrO, particles
addressed GaN LEDs shows more interference patterns than that of the other
100 nm nanomaterials addressed GaN LEDs, as shown in Figure 3.3.1(b),
which are reflected in Figure 3.1 as having the lowest Trop/(Tsige + Ttop) Of
the 100 nm and 200 nm ZrO, particles addressed GaN LEDs. More

scattering and interferences could be obtained by high-refractive-indexed
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ZrO; particles than other subwavelength-scaled nanomaterials (100 nm and
200 nm) cases. For the PEG-film addressed GaN LED, more rays and
branches of |P,.| are pass through the sides guided by the PEG films as D
increases, which is well matched with the reduced Trop/(Tsigze + Trop) In
Figure 3.2.1 While the relatively similar profiles of |P. are shown in
subwavelength-sized nanomaterials (D = 100 nm and 200 nm) addressed
GaN LEDs, the |P.| profiles of over-wavelength-sized particles and lenses
addressed GaN LEDs show strong scattering and interference-like patterns,
as displayed in Figure 3.3.1(c), 3(d), and 3(e). Remarkably, 500 nm ZrO;
particles addressed GaN LED show the most higher intensity (red color) rays
and branches in |P,.| profile, and the largest |P.| in the layer of
nanomaterials; accordingly, the maximum (~ 6) value of Trop/TopGan) 1S also

shown here.
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3.3. Poynting vector intensity: xy view and far-field

To examine the light scattering in xy distribution, the intensity of the
Poynting vector at the top monitor (see Figure 2.2), |Py|, of the
nanomaterials addressed LEDs was obtained by FDTD simulation. In
addition, the far-field distribution of the Poynting vector (|Pr,| = |EFW|2) n
the nanomaterials addressed LEDs was also FDTD simulated. Figure 3.4
shows the |P,,| and |Pr,,| of the subwavelength-scaled nanomaterials (D =100
nm) addressed GaN LEDs; (a); (b), (c), and (d) represent the PEG film, PEG
particle, PEG lens, and ZrO, particle addressed GaN LED, respectively. It
can be expected that the maximum of |P,,| and |Pr,| on the x-axis (y = 0) is
larger than that on the y-axis (x = 0) in Figure 3.4, owing to the direction of
the dipole source oscillation. Interestingly, a similar “O” shaped pattern of
|Py,| 1s shown in all the LEDs, which well matches with the similar |P,.|
shown in Figure 3.3.1(a); likewise, the |P,,| and |Pr,| in Figure 3.4 display a
similar “O” shaped pattern with four-fold symmetry. It is assumed that the
four-fold symmetry in |Pg,| originates from the square shape of the GaN
LED device in the xy plane (16 um x 16 um). In particular, the 100 nm ZrO,

particle addressed GaN LED [Figure 3.4(d)] shows more ripples in the “O”
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shaped patterns of |P,,| and |Pr,{, as well as a more obvious doubled “O”
shape pattern in |Pg,| than the others [Figure 3.4(a), 4(b), and 4(c)]. This
means that 100 nm ZrO, particles scatter more light than the other 100 nm
nanomaterials; which well corresponds with the lowest Trop/(Tsige + Ttop) 1

Figure 3.2.1.

In Figure 3.5, the nanomaterials-dependent |Py,| and |Pr,| patterns are
shown in 200 nm nanomaterials addressed GaN LEDs. While 200 nm PEG
film addressed GaN LED shows no distinguishable changes in |P,,| and |Pr,/|
[Figure 3.5(a)], 200 nm PEG lens addressed GaN LEDs have somehow
changed |P.,| and |Pr,| from the “O’" shape by scattering and interference
effects, as displayed in Figure 3.5(b). On the other hand, the |P;,| and |Pr,,| of
200 nm PEG and ZrO, particle addressed GaN LEDs show more changes
(patterns by scattering and interference) in Figure 3.5(c) and 5(d). In
particular, a six-fold symmetry (hexagonal pattern) appears in both Figure
3.5(c) and 5(d). The six-fold symmetry for the |P,,| and |Pr,,| patterns seems
to reflect the hcp structure of the nanomaterials’ light extraction layers. The
degree of change in the |P,,| and |Pr,| of the PEG lens addressed GaN LED
is weaker than that of PEG and ZrO, particle addressed GaN LEDs. This
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indicates that the thicker light extraction layer composed of nanomaterials
has more effect on the change in |P,,| and |Pr.; the thickness of the layer of
the 200 nm PEG lens array is 100 nm. The 200 nm ZrO, particle addressed
GaN LED shows more change in |Py,| and |Pr,,| than in the case of 200 nm
PEG particle addressed GaN LED; a light extraction layer composed of the
higher refractive index nanomaterials more reflects the Acp structural factor

to |Py,| and |Pr,,| [Figure 3.5(c) and 5(d)].
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Figure 3.4. Intensity at the top monitor (|P,,|, left) and far-field distribution (|Pr,|, right) of
Poynting vector in (a) PEG film, (b) PEG lens, (¢) PEG particle, and (d) ZrO, particle
nanomaterials addressed LEDs with D = 100nm. The numbers inside of the far-field graph

denote the polar angle of the far-field hemisphere.
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Figure 3.5. Intensity at the top monitor (|Py)|, left) and far-field distribution (|Pp,,|, right)
of the Poynting vector in (a) PEG film, (b) PEG lens, (c) PEG particle, and (d) ZrO,
particle nanomaterials addressed LEDs with D = 200nm. The numbers inside the far-field

graph denote the polar-angle of the far-field hemisphere.

-34 -

Collection @ pknu



PEG
{a} =300 v

y (pm)

PEG 2,
{c} D300 nm {d} ;

D=300 rin

y (wm)

yi(um)

) x(iuu) :

- ] a [} i
X (pm) o

Figure 3.6.1. Intensity at the top monitor (|P,,|, left) and far-field distribution (|Pr,|, right) of
Poynting vector:in (a) PEG film, (b) PEG lens, (c) PEG particle, and (d) ZrO, particle

nanomaterials addressed LEDs with D = 300nm. The numbers inside the far-field graph

denote the polar angle of the far-field hemisphere.

Figure 3.6.1 shows that the |P,,| and |Pr,| of nanomaterials addressed GaN

LEDs in the case of D = 300 nm. The similar “O” shaped pattern shown in
Figure 3.4(a) and 5(a) is also obtained in 300 nm PEG film addressed GaN

LEDs [Figure 3.6.1(a)]. However, remarkably distinguishable six-fold
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symmetry is observed in Figure 3.6.1(b), 6(c), and 6(d). And Figure 3.6.2
shows the |P,)| and |Pp,,| of the 400 nm nanomaterials addressed GaN LEDs,
and |Py,| and |Pr,| of the 500 nm nanomaterials addressed GaN LEDs are
shown in Figure 3.6.3. In the case of the lens and particles addressed GaN
LEDs, the patterns of six-fold symmetry that originates from the hcp

structural factor are shown in |Py,| and |Pr,,| patterns, similar to Figure 3.6.1.
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Figure 3.6.2. Intensity at the top monitor (|Py,|, left) and far-field distribution (|Pr,,|, right)
of the Poynting vector in (a) PEG film, (b) PEG lens, (c) PEG particle, and (d) ZrO, particle

nanomaterials addressed LEDs with D = 400nm. The numbers inside the far-field graph

denote the polar angle of the far-field hemisphere.
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Figure 3.6.3. Intensity at the top monitor (|P,,|, left) and far-field distribution (|Pg,,|, right)

of Poynting vector in (a) PEG film, (b) PEG lens, (c) PEG particle, and (d) ZrO, particle

nanomaterials addressed LEDs with D = 500 nm. The numbers inside of the far-field graph

denote the polar angle of the far-field half sphere.

It can be understood that Acp structural factor reflected |P,,| and

|Pray| patterns become more remarkable as D increases from 200 nm to 300

nm. Our results prove that the structural factor of the light extraction layer

becomes remarkable when the size of nanomaterials is larger than the Agg of

Collection @ pknu
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the nanomaterials. The effective wavelength (Agg) of the irradiant light (466
nm) in PEG and ZrO, materials will be changed into 317 nm and 219 nm,

respectively, following Snell’s law: Agr = (466 nm)/n.

-39 -

Collection @ pknu



IV. Conclusion

Light extraction of the empirically obtainable nanomaterials addressed
GaN LEDs is successfully demonstrated by means of 3-D FDTD simulation.
In the results, several straightforward factors can be proven through
scrutinizing the distributions of Poynting vector intensity. It can be
summarized that 1) Subwavelength scaled nanomaterials addressed GaN
LEDs show similar light extraction behaviors: Trop/TtopGan), |Prxz|, |Pyy| and
|Prar|. 2) For over-wavelength scaled nanomaterials addressed GaN LEDs,
light extraction resulting from scattering and interference is more efficient by
refractive index than by the shape of the nanomaterials: The higher
Trop/(Tsidze + Ttop) and more rays and branches of |P..| in ZrO, addressed
GaN LEDs. 3) The structural factor of the light extraction layer becomes
remarkable when the size of nanomaterials is larger than Agg: the six-fold
symmetry of the |P,,| and |Pr,|. 4) Remarkably, LEE is up to 5.92 for 500
nm ZrO, particles addressed GaN LED: Mie scattering and interference seem
to be strengthened by the light extraction layer of increasing ZrO, particles

with hcp structure in over-wavelength scale.

Our investigation can give a speculation on “light-matter” subwavelength
interaction, including shape and dielectric effects. Moreover, the LEE of

GaN LED can be empirically improved, based upon our results.
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