Chapter 1 Introduction

1-1 History of GaN LEDs

WIDE BANDGAP light-emitting diodes (LEDs) that aril-Nitride, ranging from
ultraviolet to the short-wavelength part of theiblis spectrum have been intensely developed
in the past ten years [1-2]. GaN-based shot-wagéhedevices, such as blue light-emitting
diodes (LEDs) and laser diodes (LDs), are requiceca number of applications, including
solid-state lighting, full-color electroluminescedisplays, laser printers, read-write laser
sources for high-density information storage on metig and optical media, and sources for
short-distance optical communications:~The selalestighting is the most high-profile and
desired application of the GaN-based materials-tiudghe high luminance efficiency,
reliability and durability of the semi¢onductor higemitting devices [3]. In 1972, J. |.
Pankove et al. fabricated the first blue; EED" uslienitrides materials with a metal-i-n
structure [4]. Since then, related researches veentcontinually. However, the device
performance was limited by the poorly conductintype GaN. Until in the late 1980s, I.
Aksaski and H. Amano et al. [5-6] developed the -temperature buffer layer and
Low-Energy Electron Beam Interaction (LEEBI) teafures to obtain conductive p-type GaN,
the first GaN blue LED constructed of a real p-ncfion, which greatly improved the device
performance. In 1992, S. Nakamura et al. [7] acddegonductive p-type GaN with high
temperature thermal annealing in nitrogen ambiedttagh-quality InGaN films for the first
time which emitted a strong band-to-band emissimmf green to ultraviolet (UV) by
changing the In content of InGaN using MOCVD systérhe full-color semiconductor

lighting has become a reality with these great msges of techniques.



1-2 Flip Chip Technology

Flip chip technology has been developed from thé/ IBorporation to provide
connections between bonding pads of the chips lamdnietallization on the substrates since
1960. It is first proposed technique called the t@adled Collapse Chip Connection (C4) to
displace wire bonding, increased 10 density, anctedese cost [8]. The so-called C4 process
starts with depositing under bump metallurgy (UBdh) the bonding pads of chips to supply
good adhesion between the bonding pads and the soud®M usually consists of three
layers: adhesion and/or barrier layer, wetting lay®d oxidation barrier layer. After that,
solder bumps are formed on the UBM and reflow toob@e solder ball. The next step is to
put down the top surface metallurgy (TSM) on thiessrate. The chips are aligned and joined
the substrate. Subsequently, it is developedmagthads of connection between bonding
pads of the chips and the metallization “on the tsates, such as Solder Bump,
Tape-Automated Bonding (TAB), Conductive Adhesivesisotropic Conductive Adhesives,
Wire Bonding, Metal Bump, Polymer Bump, and ComfmsB8iump.

The definition of flip chip technology is a phimounted on the substrate with various
interconnects materials and methods. Figure 1-tvsharious flip chip interconnection such
as wire interconnects, fluxless solder bumps, tpgemated bonding, isotropic and
anisotropic conductive adhesives, metal bumps, dantgoumps, and pressure contacts. With
the development of flip chip technology, it is apgl to light emitting diodes due to the
advantages of electrical and thermal dissipatiafop@ance. Figure 1-2 shows the structure
of conventional GaN-based LED. Sapphire materiaghes common substrate to grow GaN
film, but it is an insulator and poor thermal m&kerTherefore, n- and p- pads must be the
same side and lead to bonding pads baffle lightuub decrease light extraction efficiency.
Figure 1-3 shows the structure of flip chip GaNdsh&ED. It has high extraction efficiency
compared to that of conventional LEDs due to theelorefraction index contrast between
sapphire and air. This leads critical angle oftlightput to become larger and let total internal
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reflection reduce. Furthermore, n- and p- paddipfchip LEDs don't baffle light output and

it could add a high reflective mirror on the subtmbto direct downward light to sapphire
substrate. Therefore, flip chip technique can mtevi.5~1.7 times of light output power
enhancement compared to that of the conventiondlHézsed LEDs [9]. Finally, heat can be
conducted to a high thermal conductivity sub-mdumnbonding metal to lead better thermal

dissipation. It is an important advantage for hpglver LEDs applications.

1-3 Epilayer-transfer Technology

Epilayer-transfer technology including wafer borglifi0-13] and substrate detaching
are widely used in achieving high brightness AlGabased LEDs [14-18]. By this method,
the epi-layer is transferred to a betterthermal@ectrical conductivity substrate to improve
the light extraction efficiency and drooping chaesistics of LED devices. lll-nitride
semiconductor is promising materials for-opto-etmuc devices in the ultraviolet to
blue/green spectrum. Due to lack of lattice matdbsgrate, the majority of IlI-nitride devices
are grown hetero-epitaxially onto sapphire (Al2@@pstrate, providing a hexagonal template
for the growth of wurtzite GaN. However, the podeatrical conductivity and low thermal
conductivity of the sapphire substrates constrlagdharacteristics of the electronic devices.
The epilayer-transfer technology with the conjunmctiof wafer bonding and laser lift-off
techniques may be used as a direct approach fomaliing the sapphire growth substrate and
for integrating GaN with more thermally and elewfly conductive substrate materials. The
drooping characteristics of the electronic devicas be achieved by transferring the GaN
epilayer onto other substrates to improve the etattconductivity and the heat dissipation
capacities. Beginning with the work of Kelly et,dl19] and Wang et al. [20] have now
demonstrated that GaN films grown on a substratescdosequently be separated from the
substrate by a laser illumination process. In ldigeoff techniques [19-24], a pulsed laser
beam with a photon energy is transparent for thpplsee, yet it will be absorbed by the
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interfacial GaN, increasing the temperature airkerface, inducing the decomposition of the
interfacial GaN into gaseous nitrogen and gallivoptets as shown in Fig.1-4. The films can
then be separated by either re-melting the methkhding the film away or etching the metal
away with HCIl. This process is termed laser-assisién debonding here and has
considerable potential for fabricating devices wiised in conjunction with wafer bonding

techniques.

1-4 Monte Carlo ray-tracing

TracePro is a comprehensive, versatile softwaré ftmomodeling the propagation of
light in imaging and non-imaging opto-mechanicateyns, as shown in Fig. 1-5. TracePro is
a Monte Carlo ray tracing program that aceountst€or or light power in your optical system,
as well as the irradiance or the distribution ghti

In Monte Carlo raytracing, scattering and-diffraatiare treated as random processes.
Instead of propagating a distribution of light,dliete samples of the distribution, or rays, are
propagated with BSDFs (Bidirectional Scatteringtilisition Functions) used as probability
distributions for determining ray directions. Mor@arlo ray tracing has several advantages
over finite element methods. Below list is the euderistic of this software.

« Geometry can be procedural

* No tessellation is necessary

* It is not necessary to precompute a representédiothe solution

» Geometry can be duplicated using instancing

* Any type of BRDF can be handled

» Specular reflections (on any shape) are easy

* Memory consumption is low

» The accuracy is controlled at the pixel/imageslev

By using TracePro, we set up a model of our opsgatem within the program including
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optical and non-optical surfaces, and trace raysutih the model. We can set up a model
importing from a lens design program like OSLOpfra CAD program via SAT, STP, or IGS
files, or by creating the solid geometry directtyTiracePro. The model includes not only the
geometric data specifying the surfaces and optiwalerial data, but also the radiometric
properties of the surfaces, i.e., the absorptarefiectance, transmittance, and scattering
coefficients. Rays propagate through the model pithiions of the flux of each ray allocated
for absorption, specular reflection and transmissend scattering. This forms a “tree” of
rays. The flux of a ray is reduced at each rayasarinteraction, with its flux being reduced in
value each time. This process continues until bine éf the ray falls below a threshold. We
can run TracePro ray-traces in Analysis Mode aednthe incident illuminance (or irradiance)

on any surface in the model.

1-5 Organization of this dissertation
This dissertation provides the flip=chip''and eyalatransferred types of IlI-nitride

device. It covers their fabrication, electronic,daaptical properties. This dissertation is
classified into two subjects. The first subjectancerned with FC-LEDs with micro-pillar

array surface structure, FC-LEDs with geometricpbage shaping structure, and FC-LEDs
with triple light scattering layer, including theggess, electric and light output performance
of flip-chip type GaN-based LED were investigatedhe chapter 2, 3, and 4. In the following,
the epilayer-transferred type LEDs with modifiedrfaoe structures were demonstrated
including roughened mesh surface and photonic arystirface structures. The process,
electric and light output performance of the sidésvamano-roughened LEDs are also

investigated in the chapter 5 and 6. Finally, actusion is presented.
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Chapter 2
Flip-Chip Light-Emitting-Diodes with Textured Micro Pillar

Arrays (MPAFC-LEDS)

2-1 Progressin flip-chip light-emitting diodes

WIDE BANDGAP light-emitting diodes (LEDs) that aril-Nitride, ranging from
ultraviolet to the short-wavelength part of theiblis spectrum have been intensely developed
in the past ten years. Recently, as the brightrids&aN-based LEDs has increased,
applications such as traffic signals, backlight é&ll phone, and LCD-TV have become
possible. However, as for the replacement.of. colweal fluorescent lighting source with
solid-state lighting, it still needs a-great efftat improving the light extraction efficiency as
well as internal quantum efficiency" of LEDs./‘Theneentional LEDs are inherently
inefficient because photons are generated throwggioataneous emission process and emitted
in all directions. A large fraction of light emittedownward toward the substrate does not
contribute to useable light output. In additionerth is an inherent problem associated with
conventional nitride LEDs, i.e., the poor thermahductivity of the sapphire substrate. It has
been shown that the flip-chip techniques are aectaffe way to further enhance light
extraction and heat dissipation [25]. Thereforee #C-LEDs were always used in high
current and high power operation to alleviate therrhal budget problem. The FC-LEDs
configuration has high extraction efficiency congshrto conventional LEDs due to the
thicker light extraction windows layer and lowefraetion index contrast between sapphire
substrate (n=1.76) and air (n=1). This leads @aiitamgle of light output to become larger and
let total internal reflection reduce. Furthermamegtal contact including n- and p- metal of
FC-LEDs wouldn’t baffle light output and can besat as a reflective mirror to reflect the
light and extract through transparent sapphiretsates[26-28]. However, FC-LEDs still have
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total internal reflection effect between the sapplsubstrate and air, reducing the extraction
efficiency of transparent windows layer. The suefacughness technique is an approach for
light output enhancement has been proved due teditgering of photons from the textured
semiconductor surface and the probability of phetescaping from semiconductor to can be
increased [29-31]. In this work, the combinatiorisconductive omni-directional reflectors
(ODR) and micro pillar-array sapphire surface wdexeloped. The conductive ODR [32]
was not only served as an ohmic contact layer laat high reflective mirror. The use of
highly reflective omnidirectional reflectors allowadiated light with any incident angle to be
reflected to the top surface of the device [33-34je formation of micro pillar arrays on the
bottom side of sapphire surface can be a bettertavasnprove the probability of photons
escape through the textured sapphire surface. @hgarisons of FC-LEDs performance

versus different micro pillar depth and shape@ldiscussed.

2-2 Fabrication of MPAFC-LEDs

The GaN LED structure with dominant wavelength@@ Am used in this study is grown
by metal-organic chemical vapor deposition (MOCMUD) c-plane sapphire substrates. The
LED structure consists of ajn-thick undoped GaN layer, aj2a-thick highly conductive
n-type GaN layer, a 0.gm-thick InGaN/GaN MQW, a 0.@m-thick p-type GaN layer and n
InGaN/GaN short period super-lattice (SPS) tunigelbontact layers for indium-tin-oxide
(ITO).

Figure 2-1 shows the fabrication steps of flip-cpN LEDs with micro-pillar-arrays.
Top-emitting LEDs with a size of 100@m x 1000um are fabricated using standard
photolithography and B@ICI, inductively coupled plasma (ICP) etching for catresolation
purposes. The p-GaN and active layers are partetiiied by an ICP etcher to expose an
n-GaN layer for electrode formation. An indium-bride of 250 nm is deposited on p-GaN
layer as the transparent conductive layer. The kmmgre then annealed at 500for 10
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minutes in air. The Cr/Pt/Au (50 nm/50 nm/2500 nmgtals are deposited for the p-and
n-contact pads. After completing the conventioredefup LED structure, the sapphire is
ground to let sapphire thickness become 100 The Ni metal of 500 nm is deposited onto
the bottom side of sapphire substrate as the difyireg mask layer. The sample is then
subjected to the ICP process using/BCl; (10 sccm/30 sccm) plasma with an ICP power of
850 W and RF power of 400 W to form the micro pikarays for light extraction purpose.
The ICP etching rate for the sapphire is approxéye800 A/min. The processed LED wafer
is subjected to the laser scribed and broken i@@®um x 1000um chips.

As for the silicon sub-mount preparation, the Ti(B0O A /2000 A) metals are deposited
onto the silicon sub-mount as a mirror. Secondiig, $iQ film of 800 A is deposited onto it
as a passivation. The Au metal ofufr’ Is deposited for n and p bonding pad. The silicon
sub-mount is subjected to stud bump process. F&y(& and (b) show the top view and side
view images of the silicon sub-mount.before-flippchonding. Finally, the chips are flip-chip
bonded on silicon sub-mount using Panasonic utiracsflip chip bonder for electrical and

optical measurement as shown in Fig. 2-3.

2-3 Characteristics of MPAFC-LEDs
The surface morphology of a FC-LED with micro pHeray sapphire surface is

examined by scanning electron microscope as showkrig. 2-4.The periodic distance for
pillar-array is about 5.um with the depth of the pillar between ~Iuin and 3.2um .
Furthermore, the bevel angle of pillar is changednf8° to 35° with increasing dry etching
time. In attempt to verify the effect of micro pitlarray surface on light extraction efficiency,
the various depths and bevel angle of pillar isnied for further comparison. Fig. 2-4 (a)-(b)
show the rather smooth top surface and side wadlltla@ inset is the cross view of one micro
pillar. With the increase of the dry etching tintlee surface of micro pillar becomes rougher
and the bigger bevel angle is obtained as showhign 2-4 (c). Even the pineapple like
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textured pillar surface is obtained as shown in Eig (d). The results may be ascribed to the
uniformity of Ni hard mask, which results in pattiaver etching and the uneven pillar
surface.

The LED chips are packaged into TO can without gpomesin for the subsequent
measurement. The light-current-voltage (L-I-V) @weristics are measured using a high
current measure unit (KEITHLEY 240). The light outgower of the flip-chip LEDs are
measured using an integrated sphere with a cadithabwer meter. The corresponding I-V
characteristics of flat surface FC-LEDs and micitaparray FC-LEDs (MPAFC-LEDs) are
also measured respectively as shown in Fig. 2-5is Ifound that the I-V curve of
MPAFC-LEDs present a normal p-n diode behavior waitforward voltage (@ 350 mA) of
3.4V, indicating that there is no heating and.glmg-damages for the fabrication process of
micro-pillar-array during ICP etching process.

The light output power-current-characteristicsS'tod flat FC-LEDs and MPAFC-LEDs
are shown in Fig. 2-6. We clearly observed thatahgput powers of the MPAFC-LEDs are
larger than those of the flat FC-LEDs. At an inij@ctcurrent of 350 mA, it is found that the
MQW emission peaks of those devices are locatedbatit 460nm, and the light output
powers of the flat FC-LEDs, 14m, 1.8um, 2.7um and 3.2um depth of the MPAFC-LEDs
are about 151, 165, 179, 227 and 252mW, respegtiedure 2-7 shows the light extraction
efficiency enhancement of MPAFC-LEDs with variouspth of pillar is 10%~68% at 350
mMA current injection compared to a conventional $larface FC-LED. It is indicated that the
textured sapphire surface reduces the total inteefl@ction and improves the probability of
photons escaping from semiconductor to air. Funtioee, with the increase of pillar depth
(1.1 um~3.2um) and bevel angle (8°- 35°), the light output powk3.2 um MPAFC-LED
[Fig. 2-4 (d)] is increased by 55% compared totfeum MPAFC-LED [Fig. 2-4 (a)] under
350mA current injection. These results can be hatted to the increase of the effective

surface areas by increasing the depth and beved ahgicro disk.
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Figure 2-8 (a) and (b) shows the images of conweati flat surface FC-LED and
MPAFC-LED under 350 mA current injection. Intenstligtributions are also shown. The EL
intensities observed from the MPAFC-LED clearly eaded those from the conventional flat
FC-LED under the same current injection, especialty the FC-LED top surface. The
improved light extraction efficiency can be furthewpported by the beam view analysis
results.

Obviously, the results indicate that the sapphitesgrate with micro-pillar-array surface
reduces the internal light reflection and increatles light extraction efficiency. The
probability of light escaping from the sapphireaipis increased due to the increase of escape
cone by micro-pillar-array structure [35]. Such @rhancement can be attributed to the top
surface roughness and the fact which photons- aree rikely to be emitted from the
surface-roughed device, resulting in_ an “increasethed light output power of the

MPAFC-LED.

2-4 Monte-Carlo ray-tracing calculations

In order to investigate the fundamental of enhareenof light output with different
etching time of MPAFC-LEDs, we used the commercigttracing software employing the
Monte-Carlo algorithm to obtain trajectory of ragding, enhancement efficiency and spatial
intensity distributions of radiometric and photonetata.

The simulated structure and properties of FC-LEi2sshown in Fig. 2-9 and table 2-1,
respectively. Table 2-1 (a) shows the materialalde of the models, and table 2-1 (b) shows
the surface variable of the models. The waveleagthtemperature in this simulation are 460
nm and 300 K, respectively. Figure 2-9 (a) shovesdtnucture of the simulated models, and
Fig. 2-9 (b) shows the models in the TracePro sofwThe epitaxial layer is not clear in the
Fig. 2-9 (b). Figure 2-9 (c) is a sketch of thetgrat on the backside surface of the sapphire
substrate. The circles in the Fig. 2-9 (c) represeiro-pillar-array in these models. The
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distance of the center of the micro-pillar-arrayalsout 5.5um and the simulated models
which are similar to the geometric pattern of mipiitar structure as shown in Fig. 2-4 (a)~(d)
are designed.

The solid model is built up with combing the simp$®lid objects and each
semiconductor layers adjoin to the others. Liglgsrare generated in the active layer with a
uniform random distribution. Monochromatic radiatiovith the peak wavelength of the
measured spectral emission (460 nm) is used iithelation.

Figure 2-10 (a) and (b) shows the irradiance magewventional flat FC-LEDs and 3.2
um MPAFC-LEDs, respectively. The intensity of 31y MPAFC-LEDs clearly exceeds that
of conventional flat FC-LEDs conforming to Fig. &8 and (b).

The output power versus different depth-of micritapiarray simulating with TracePro
software can be obtained from the irradiance mdperefore, the enhancement efficiency
can be calculated and it is found that the“efficyers increased by larger heights of
micro-pillar-array as shown in Fig. 2-11. The siatad results are similar to experiment
performance except 3.2 um point because the sigtllatodel doesn’'t consider the further
enhancement due to nano roughness of micro-piltagrasidewalls. Consequently, the
improved light extraction efficiency can be furtteipported by the simulation data as shown

in Fig. 2-11.
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Figure 2-2 Scanning electron micrographs (SEM) images ofuBirmount before flip chip

bonding. (a) Top view and (b) Side view.
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FC-LED at a dc injection current of 350 mA.
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Table 2-1 (a) shows the material variable of thelet®and (b) shows the surface variable of

the models.
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Figure 2-10 The simulation results by Monte-Carlo ray-tracir(@) and (b) show the

irradiance maps of conventional flat FC-LEDs arlidn MPAFC-LEDs, respectively.
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Chapter 3
Flip-Chip Light-Emitting-Diodes with Geometric Sapphire

Shaping Sructure (SSFC-LEDS)

3-1 Progress of geometric LED shaping structure

Previously, there has been intensive researchtiamprovement of light extraction
efficiency and the enhancement of brightness irL&#®@s. The geometric chip structure effect
on the light extraction efficiency enhancement hasn discussed in many papers [36—39].
Krames et al reported the extraction efficiencyamd@ment from truncated-inverted-pyramid
AlGalnP-based LEDs [36]. Eisert et’al reported @xperimental and simulated results for
enhancing light extraction efficiency from the ‘Gahised LEDs chip with the undercut SiC
substrate [37]. Chang et al reported “10% output gpoenhancement from the InGaN-
GaNmultiple quantum-well (MQW) LEDs by the introdiomn of thewavelike textured
sidewalls [38]. Kao et al reported light-output anbement in a nitride-based light-emitting
diode with 22 undercut sidewalls [39]. All these methods have thing in common, which
is that photons generated within the LEDs can e&pee multiple opportunities to find the
escape cone. As a result, the light extractiorciefiicy and the LED output intensity could
both be enhanced significantly. It is said thairapte method to fabricate oblique sidewall
will be beneficial to raise the brightness of therise-based LEDs. In this work, the
nitride-based FC-LEDs with a geometric sapphirepsita structure were developed. The
formation of oblique sapphire sidewalls on the dottside of the sapphire surface can be a
better way to improve the probability of photonsagsng through the oblique sidewalls. The

electrical and optical properties of the sapphivaped FC-LEDs (SSFC-LEDS) are reported.

3-2 Fabrication of SSFC-LEDs
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The GaN LED structure with dominant wavelength@&Q@m used in this study is grown
by metal-organic chemical vapor deposition (MOCMUD) c-plane sapphire substrates. The
LED structure consists of a@n-thick undoped GaN layer, ay@na-thick highly conductive
n-type GaN layer, a 0.2m-thick InGaN/GaN MQW, a 0.g@m-thick p-type GaN layer and n
InGaN/GaN short period super-lattice (SPS) tunigelontact layers for indium-tin-oxide
(ITO).

Figure 3-1 shows the fabrication steps of flip-cipN LEDs with geometric sapphire
shaping structure (GaN SSFC-LEDS). First, the,Siléh with size of 100Qum % 1000um is
deposited onto the backside of sapphire substrgteplasma enhance chemical vapor
deposition and defined using standard photolithalgyao serve as the wet etching hard mask.
Avoiding damaging the epitaxial layer, the Sidm is-also deposited on the epitaxial layer as
the sheathing. The sapphire substrate is then isedénto a HSO,:H3PO, (3:1) solution at
an etching temperature of 330 for 70 'minutes:~The sapphire wet etching ratebisua 1.4
um/minute in this sturdy and can be related to th®@® composition and the etching
temperature. After finishing the sapphire shapingcess, top-emitting LEDs with a size of
1000um x 1000um are fabricated using standard photolithograplogess which are aligned
with the backside sapphire shaping pattern andparéally etched using an inductively
coupled plasma etcher to expose an n-GaN layeglémtrode formation. A indium tin oxide
(250nm) is deposited on p-GaN layer as the traesparonductive layer. The samples are
then annealed at 500 °C for 10 minutes in air. Th@t/Au (50 nm/50 nm/2500 nm) metals
are deposited for the p- and n-contact pads. Afterventional LEDs processes, the processed
LED wafer is subjected to the laser scribed an#dmanto 100Qum % 1000um chips.

As for the silicon sub-mount preparation, the Ti(B0O A /2000 A) metals are deposited
onto the silicon sub-mount as a mirror. Secondig, $iQ film of 800 A is deposited onto it
as a passivation. The Au metal ofuth is deposited for n and p bonding pad. The silicon
sub-mount is subjected to stud bump process. Fjrthkk LED chips with oblique sapphire
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shaping sidewall are flip-chip bonded on silico-smount using Panasonic ultra sonic flip
chip bonder for electrical and optical measuremEigure 3-2 shows the schematic drawing
of the GaN SSFC-LEDs and a sketch indicating ligisty be extracted from the oblique

sapphire sidewall.

3-3 Characteristics of SSFC-LEDs

Figure 3-3 shows the scanning electron microgrgdSidv) images of sapphire shaping
structure (a) top and (b) cross-sectional viewsthla study, the sapphire is etched for 70
minutes via the etching rate about imm/minute and etching depth is about 100 as shown
in figure 3-3 (b). The crystallography facets ak€l(2), (1-106) and (11-25) plane against the
(0001) c-axis and their angles against the (00€d3i€ are 60°, 30° and 50° respectively, as
shown in figure 3-4 (a)-(c). Furthermore, the atgfstructures are all V-grooves. The V-sharp
structure can be used to form a cleaving line“aakithe thick (~45Qm) sapphire substrate.
The SEM images of CFC-LEDs and SSFC-LEDs are showag. 3-5. The sapphire shaping
area and greatly thick windows layer are obvioushgerved on the SSFC-LED structure
compared with the CFC-LED. The oblique sapphirengetoy improves light extraction by
reducing totally internally reflected (TIR) photofiem the sidewall interfaces, allowing them
to escape through the oblique sidewall. In addjtihimcker sapphire windows layer offers
significant advantages over conventional thin sapphindow layer structure by facilitating
light emission from the edges of the chip. These mocesses provide the SSFC-LED device
with a significant reduction in photon path lendpin extraction compared to a conventional
chip. Such benefits are shown in the photomicrdgsafigure 3-6 (a) CFC-LED and (b)
SSFC-LED. Note that light appears to radiate evérdyn the thicker windows layer and
oblique sidewall of the SSFC-LED (b) as comparetth what of CFC-LED (a), indicating that
light extraction efficiency can be improved duethie oblique sapphire geometry and thicker
window layer.
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The LED chips are packaged into TO can without gpoesin for the subsequent
measurement. The corresponding |-V characterisiicSSFC-LEDs and CFC-LEDs are
measured respectively as shown in Fig. 3-7. loisé that the |-V curve of SSFC-LEDs
exhibits a normal p-n diode behavior with a forwaaddtage (@350mA) of 3.5 V, indicating
that high temperature sapphire wet etching prodesg not appear to adversely affect I-V
characteristics of these devices.

Figure 3-8 shows the light output power and walligpkefficiency as a function of
injection current foi,~460 nm devices of SSFC-LEDs and CFC-LEDs. Itésudy observed
that the light output powers of the SSFC-LEDs argdr than those of the CFC-LEDs. Under
350 mA current injections, it is found that the anbement of light output powers of the
SSFC-LEDs and CFC-LEDs can be significantly.raisedth 150 mW to 234 mW and the
wall plug efficiency can be increased from 12.2&%4.8.98%. We note that bare SSFC-LEDs
(without encapsulating an epoxy lens) exhibits' 3§t extraction efficiency enhancement
under 350 current injection compared to the CFC-£ED is indicated that the geometric
sapphire sidewall reduces the total internal réfbdecand improves the probability of photons
escaping from semiconductor to air. Furthermoréckdr sapphire window layer offers
significant advantages over conventional thin sapphindow layer structure by facilitating
light emission from the edges of the chip.

Figure 3-9 shows normalized far-field patternshaed S8SFC-LED and CFC-LED under
20 mA current injection, respectively. For detahgarison, the normalized far-field patterns
via two directions ((1-106)-plane to (1-102)-planeaxis; (11-25)-plane to (11-25)-plane,
Y-axis) are measured. It can be observed that kbetreluminescence (EL) intensities of
SSFC-LEDs is concentrated on the near verticatctime (i.e. about between 70° and 110°).
In contrast, EL intensities observed from the S3HED- are concentrated on the near
horizontal direction (i.e. smaller than 60° or kErghan 120°) compared to those of the
CFC-LED. Figure 3-10 shows the normalized threeetsisional far-field patterns of
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SSFC-LEDs and CFC-LEDs, which verifying that thdisuee sidewall can vary far-field
patterns and lead to larger 50% viewing anglesh&ucenhancement could be attributed to
the oblique sidewall and thicker window layer tpabtons can have a larger probability to be

emitted from the device in the near horizontal ctions.

3-3 Monte-Carlo ray-tracing calculations

In order to investigate the fundamental of enhareenof light output with different
etching time of sapphire shaping FC-LEDs. we ugderl dommercial ray-tracing software
employing the Monte-Carlo algorithm to obtain tragey of ray-tracing, enhancement
efficiency and spatial intensity distributions afirometric and photometric data.

The shape and size of the solid’model.for the magisig calculation is determined and
exactly the same as the SEM images and microsaop@surements of the geometry of
SSFC-LEDs as shown in figure 3-11.

The solid model is built up with' combing the simp#molid objects and each
semiconductor layers adjoin to the others. Liglgsrare generated in the active layer with a
uniform random distribution. Monochromatic radiatiovith the peak wavelength of the
measured spectral emission (460 nm) is used isithelation. Figure 3-12 (a) and (b) shows
the candela maps of CFC-LEDs and 100 SSFC-LEDs, respectively. The intensity of 100
um SSFC-LEDs obviously exceeds that of CFC-LEDs #m&dintensity distribution is the
same as normalized far-field patterns of CFC-LEBd 800um SSFC-LEDs. Therefore, the
improved light extraction efficiency can be furtteipported by the simulation result and the
increase of light output power of SSFC-LEDs canvbdfied by ray-tracing situations as
shown in figure 3-13 because oblique sidewall @uce photon path length and absorption
to lead to enhance light output power.

The output power versus different etching depth S8FC-LEDs simulating with
TracePro software can be obtained from the irradiamaps. Therefore, the enhancement
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efficiency can be calculated and it is found tihat éxtraction efficiency is increased by larger
etching depth of SSFC-LEDs as shown in figure 3-IHe simulated result of 100m
SSFC-LEDs is similar to experiment performance &P05and enhancement efficiency
gradually converges. According to simulation date, will employ longer etching time to

enhance extraction efficiency of FC-LEDs furthethee future.
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Figure 3-1 Schematic of fabrication steps of sapphire shapi@g.EDs.
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Figure 3-2 Schematic drawing of the GaN SSFC-LEDs, illustigiine means by which light

may be extracted from the oblique sapphire sidewall
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Figure 3-3 SEM images of sapphire shaping structure (a) tap(h) cross-sectional views.
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Figure 3-4 SEM images of the crystallography facets of (a)l&tp (60°), (b) A-plane (30°),

and (c) M-plane (50°) against (0001) c-axis;respely.
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Figure 3-5 SEM images of (a) CFC-LED and (b) SSFC-LED devices
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Figure 3-6 Photomicrographs of (a) CFC-LED and (b) SSFC-LHEMpg (40X40 mil)

operating at 20 mA (dc) with an emission wavelerajth,~460 nm.
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Figure 3-7 The corresponding current-voltage (I-V) charastess of SSFC-LEDs and

CFC-LEDs.
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Figure 3-10 The normalized three-dimensional far-field patseai (a) CFC-LEDs and (b)

SSFC-LEDs.
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Figure 3-11 The structure of the siumalted model in Trace®fnare.
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Figure 3-12 The candela maps of (a) CFC-LEDs and (b) 1®0SSFC-LEDs.
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Chapter 4
Flip-Chip Light-Emitting Diodes with Triple Light Scattering

Layers

4-1 Fabrication of FC-LEDswith triplelight scattering layers

Figure 4-1 shows the schematic drawings of fabiooasteps of FC-LEDs with triple
light scattering layers. The GaN LED wafers usethia study were grown by MOCVD onto
c-face (0001) 2 in. diameter PSS. Fabrication db ®&s illustrated as follows: the Ni films
with bump-array patterns of @m diameter and 3um spacing were deposited onto the
sapphire substrate by e-beam evaporatorand«ddiyysthndard photolithography to serve as
the dry-etching hard mask. The sapphire substragethen dry etched using an inductively
coupled plasma (ICP) etcher with an eteching depthiom. In this study, GaN-LED structure
comprised a 1.um-thick undoped GaN layer, a 2uBa-thick highly conductive n-type GaN
layer, a 0.2¢m-thick InGaN/GaN MQW, a 0.gm-thick p-type GaN layer and InGaN/GaN
short period super-lattice (SPS) tunneling contagérs for indium-tin-oxide (ITO) ohmic
contact. Top-emitting LEDs with a size of 100® x 1000um were fabricated using standard
photolithography and ICP etcher for current isolatpurpose. The p-GaN and active layers
were partially etched by an ICP etcher to expose-&aN layer for electrode formation. An
ITO film (250 nm) was deposited on p-GaN layer las transparent conductive layer. The
samples were then annealed at 500 °C for 10 mairifThe Cr/Pt/Au (50 nm/50 nm/2500 nm)
metals were deposited for the p- and n-contact.pAfter completing the conventional
face-up LED structure, the Ni (500nm) metal withmpsarray patterns of @m diameter and
3 um spacing was deposited onto the bottom side qflsepsubstrate as the hard mask. The
sample was then subjected to the ICP process @iBCI3 (10 sccm/30 sccm) plasma with
an ICP power of 850 W and RF power of 400 W to fah@ micro-pillar arrays surface for
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light extraction purpose. The processed LED wafas ¥hen subjected to the laser scribe and
broken into 1000x 1000 um2 chips. Finally, the LED chips were flip-chip lmd on
SiO2/Al (80nm/200 nm) coated silicon sub-mount gsianasonic ultra sonic flip chip
bonder for electrical and optical measurement. Bestatic drawing of the GaN FC-LED
with triple light scattering layers including topnpapple like pillar arrays surface layer,
interface pattern sapphire layer, and bottom nlyutextured p-GaN layer was shown in Fig.

4-2.

4-2 Characteristicsof FC-LEDswith triplelight scattering layers

The surface morphologies of triple light scatterlagers were examined by scanning
electron micrographs. Fig. 4-3 shows the:top-sapphirface with 5.;,um periodic distance
and 3.2um depth of pillar-arrays=structure.”Such'a pineadide pillar surface could be
ascribed to the non-uniform Ni hard mask and varieiching rate in the center and rim areas
of etch pillar which result in partial over etchiagd the uneven pillar surface. Fig. 4-4 shows
the patterned sapphire substrate after epi-gromhthis study, the patterns with 3 pm
diameter, 3 um spacing, and 1 um etching depth ¥ore on the sapphire substrate for
epi-growth. According to the figure, the PSS carbbeed completely by GaN epitaxial layer
without appearance of void. Figures 4-5(a)-(c) shiber SEM images of naturally textured
p-GaN surface. The pyramid structures were obseafted the Mg-treatment. One can see as
the Mg-treatment time increased, the density ofrthro-pyramids was increased obviously
since the nuclei sites will be increased as thetMdgtment time increased.

In this study, four types of FC-LEDs were fabricht®r comparison: conventional
FC-LEDs, FC-LEDs with bottom side naturally texuine-GaN surface [LED-I], FC-LEDs
with bottom side naturally textured p-GaN surfacel anterface pattern sapphire substrate
layer [LED-IlI], and FC-LEDs with triple light sdatring layers [LED-Ill]. The
corresponding current-voltage (I-V) and output poaarent (L-1) characteristics of these
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four types FC-LEDs were shown in Fig. 4-6. It wasirfd that the I-V curves were almost
identical for these devices. The forward voltage 3 mA) was all about 3.55 V for these
four devices. The similarity of electrical propertyicates that the implementing of triple
light scattering layers would not result in any &tation in the electrical properties of
nitride-based FC-LEDs. According to the L-1 curvédscould be seen that output power of
LED-I, -Il, and -Ill were all larger than that ofonventional FC-LEDs. By adopting the
naturally textured p-GaN layer, the TIR effect ¢cenreduced and the light escape probability
can be increased at the GaN-air interface resuitinthe higher output power of LED-I.
Furthermore, the output power can be further erdthfxy epi-growth on PSS. The interface
pattern sapphire substrate not only reduces tHecditson but increases the light scattering
from GaN to sapphire substrate [40-42]. ;Finally;d&ygombination of epi-growth naturally
textured surface, epi-growth on PSS, and micr@ipdkray sapphire surface techniques, it is
found that the light output power of LED-II"coulag’ significantly raised from 119 mW to
191 mW under 350 mA current injections comparethad of conventional FC-LEDs. This
result can be attributed to the implemented ofldrilight scattering layers. The internal
quantum efficiency and external quantum efficienould be improved by epi-growth on the
PSS. Beside, top pineapple like textured sapphirfacse and bottom naturally textured
p-GaN surface can efficiently reduce the totalkginal reflection effect and enhance the light
extraction from sapphire to air and GaN to airpessively. The LED-III offer a significant
advantage over conventional FC-LEDs by facilitatiight emission from the top
pineapple-like pillar array surface and bottom rety textured p-GaN surface. By these arts,
it notes that the bare FC-ELDs with triple lightatering layers (without an epoxy lens
encapsulated) present 60 % output power enhanceah860 mA current injection compared
to that of conventional FC-LEDs. To further invgstie the influence of triple light scattering
layers on light-output performance of an LED chiptensity distribution measurements were
performed on LED-Ill and conventional FC-LEDs. FHg6 shows the photos of the devices
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under 20 mA current injections. Each light outmtensity distributions were also shown in
the same figure. It was obviously observed thatBEheintensities of LED-III were clearly
exceeded those of conventional FC-LED under thessaaction current at the top surface
area. Such an enhancement could be attributecetadbpting of triple light scattering layers
that photos could have a larger probability to &difrom the device and, thus, achieve even
brighter LEDs.

In summary, the FC-LEDs with triple light scatteyitayers were investigated. The
formation of FC-LEDs structure increased the lightput power up to 60 %. The novel
FC-LEDs structure could not only reduce the TIReefffbut efficiently facilitate light
emission from the top pineapple-like pillar arraygrface and bottom naturally textured

p-GaN surface.
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Figure 4-1 Schematic drawings of fabrication steps of FC-LE@#h triple light scattering
layers: (a) Epi-growth on pattern sapphire substraith naturally surface roughness, (b)
back-side pattern formation, (c) standard chip @sscand (d) chip separation and flip-chip

bonding.
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Fig. 4-2 Schematic drawing of the FC-LEDs with triple-liggttattering layers
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Figure 4-3 Scanning electron microscope of top surface sappéxtured layer
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Figure 4-4 SEM images of surface morphology of (a) patterppbka&e substrate and (b)

Epi-growth on pattern sapphire substrate.
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Figure 4-5 Naturally textured P-GaN layer with different Mgatment
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Chapter 5
Luminance Enhancement of Vertical Injection Light-Emitting

Diodes by Surface M odification

5-1 Progressin vertical-injection near-ultraviolet light-emitting diodes

Recently, tremendous progress has been achieveGaid-based blue, green and
ultraviolet (UV) light emitting diodes (LEDs). Highrightness GaN-based blue and green
LEDs have already been extensively used in outd@plays, traffic lights ,LCD backlight
and exterior automotive lighting, etc. and showreatger potential to replace incandescent
bulbs and fluorescent lamps. UV emitters are oéragdt for fluorescence based chemical
sensing, flame detection, optical storage “and;apmgnsource for exciting phosphor
applications [43]. These nitride-based 'LEDsare glstentially useful for solid state lighting.
Although the blue/green LEDs are commercially ald#, it is still difficult to manufacture
high-power UV LEDs. It can be ascribed to the d@nsi to dislocation and the total internal
reflection effect which influence the total extdrigmantum efficiency [44-47]. Nowadays,
laser lift-off (LLO) LEDs was demonstrated to beeasf high potential light-emitting devices
to achieve high brightness operation due to itekat thermal dissipation [48]. In addition,
surface roughness technique seems to have highalghtypto provide large enhancement due
to random scattering from the roughened surface&s]9Therefore, how to further reduce the
dislocation density and improve the light extractiefficiency are important issues for
fabricating high-performance UV LEDs. In this leftéhe pattern sapphire substrate (PSS),
wafer bonding, LLO, and chemical wet etching swfatreatment processes were
implemented to fabricate the roughened mesh-suidé-VLEDs for further enhancement
of NUV-VLEDs. Both internal quantum efficiency amcternal quantum efficiency can be
improved by the combination of crystal growth ornSP&hd VLEDs structure techniques. The
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electrical and optical properties of the roughemedh-surface VLEDs will be reported.

5-2 Fabrication of vertical-injection near-ultraviolet light-emitting diodes
with a roughened mesh-surface

The NUV-LED wafers used in this study were grown lbw-pressure metal organic
chemical vapor deposition onto c-face (0001) 2 diameter patterned and conventional
sapphire substrates at the same growth run. Féibricaf PSSs was illustrated as follows:
The Ni film with bump-array patterns ofi@n diameter and @m spacing was deposited onto
the sapphire substrate by e-beam evaporator andedeby standard photolithography to
serve as the dry etching mask. The sapphire stdswas then dry etched using an
inductively coupled plasma (ICP) etcher with.arhgig depth of Jum. Fig. 5-1(a) shows the
top and cross- sectional side views scanning @ectricroscope (SEM) images of the pattern
sapphire substrate. In this report,“the*NUV-CERusture comprised a 40-nm-thick GaN
nucleation layer, a 2.0 um-thick undoped GaN lageB.5 um-thick Si-doped n-type GaN
cladding layer, an unintentionally doped activeioagof 405-nm emitting wavelength with
five periods of InGaN-GaN multiple quantum wells).2 um -thick Mg-doped p-type GaN
cladding layer and a Si-doped n-InGaN-GaN shoriogesuperlattice (SPS) structure. Fig.
5-1(b) shows a cross-sectional SEM micrograph @ aiN-based LED grown on a PSS.
According to Fig. 5-1(b), the PSS can be buried mletely by a GaN epitaxial layer without
appearance of void. By performing a detail compewisoth types of NUV-LED wafers with
and without PSS were subjected to the VLEDs pra&seskig. 2 shows the diagrams of
fabrication process for VLEDs. The fabrication mss of VLEDs on Si began with the
deposition of highly reflective ohmic contact laysi#/Ag/Pt and Cr/Au bonding layer on
p-GaN. Both types of samples were then bonded ar@o/Au-coated p-type conducting Si
substrate at 35 for 1 hr to form the structure of sapphire (withdawithout PSS)/GaN
LED/NiAgPt/CrAu-AuCr/Si [Fig. 5-2 (a)]. The waferinded samples were then subjected to
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the LLO process to form the u-GaN (with and withowugsh-surface)/n-GaN/MQW/p-GaN
structure on Si [Fig. 5-2 (b)]. A KrF excimer lassr wavelength of 248 nm with a pulse
width of 25 ns was used to remove the sapphiretsaibs The incident laser with a beam size
of 1.0 mm x 1.0 mm was incident from the polishedKside of the sapphire substrate onto
the sapphire/GaN interface to decompose GaN int@a@aN. After the sapphire substrate
removing, the sapphire-removed samples were dipptd HCI solution to remove the
residual Ga on the u-GaN. The details of the LLOcpss can be described in. Then the
u-GaN was etched away to expose the n-GaN layandZP etcher. Then, a square mesa of
750 um x 750 um was created by ICP for currentatsmt purpose. In order to further
increase the light extraction efficiency of VLED®e top n-GaN surfaces surface treated
through a chemical etching using 40:% KOH.by wemjssolved in ethylene- glycol solution
at 120°C for 120 sec [51]. Finally;-a Cr/Pt/Au €electrodeswdeposited as the n-type contact
and the VLEDs with and without“mesh-surface ‘wasaioled [Fig. 5-2 (c)]. The surface
morphology of VLEDs was examined by SEM as showiign3. It is obviously observed
that the mesh-surface was naturally formed duédocepi-growth on PSS. According to Fig.
5-3(b), the hole-array mesh-surface qifr8 diameter, 3im spacing and im depth shows a
complementary structure from the PSS and was neadgk-free. It indicates that the
epi-layer was not adversely affected to devicecsing during LLO process. Shown in fig.
5-3 (c) is a SEM image of the mesh-surface afteHK&Demical etching at 12Q@ for 120

SecC.

5-3 Characteristics of vertical-injection near-ultraviolet light-emitting
diodeswith a roughened mesh-surface

Notice that our roughened mesh-surface shows heshgmne-like features. Such a
roughening surface can improve the escape probabilphotons for luminance enhancement
of VLEDs. Figure 4 shows the room-temperature edbaminescence (EL) spectra of the
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flat-surface and mesh-surface VLEDs under 20 mAeturinjection. The EL peak positions
of both the LEDs were located at 405 nm. The Eknaity of the mesh-surface LED is higher
than that of the flat-surface one. This significamhancement in EL intensity could be
attributed to the increase of the extraction efficiy by scattering the emission light from the
mesh-surface [52]. Additionally, it is believed thle improvement in the internal quantum
efficiency (IQE) of the PSS LED could also conttduo the higher EL intensity of
mesh-surface VLED. Current-voltage (I-V) and infgnrsurrent (L-I) characteristics of four
types VLEDSs: conventional flat-surface VLEDs wiltE]D 1] and without [LED Il] chemical
etching, mesh-surface VLEDs with [LED Ill] and watlt [LED V] chemical etching were
shown in fig. 5-5. It was found that the I-V curwesre almost identical and similarity (~3.5
V @ 350 mA) for these devices indicating-that tabrication processes would not result in
any degradation in the electrical properties ofriaetbased LEDs. According to the
corresponding L-I characteristics, four types-ofBRs showed linear characteristics up to
500 mA which indicating a good thermal dissipatmanagement for the VLEDs structure
design. It is clearly observed that the light otijpower of the LED-III was higher than those
of LED I. This result could be attributed to thenease of total external quantum efficiency
by scattering the emission light from the meshaef and dislocation reduction of
epi-growth on PSS. Furthermore, it is found tha& light output power of meshed and flat
surface VLEDs could be significantly raised fromD1@W [LED-III] to 130 mW [LED-IV]
and 75 mW [LED-I] to 110 mW [LED-II] under 350 mAurent injection respectively after
chemical wet etching surface roughening process.néte that bare LED-IV (without an
epoxy lens encapsulated) exhibit about 20% outputep enhancement compared to that of
LED-II. Such an enhancement can be ascribed tanttiease of surface emission area which
improves the probability of photons escaping framigonductor to air and the reduction of
dislocation which increases the internal quantuficiehcy by adopting the PSS. These two
processes provide the roughened mesh-surface VuiDs significant further enhancement
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in output power compared to the conventional VLEDS.

In summary, the NUC-VLEDs with rough meshed-surfattecture were investigated.
The formation rough meshed-surface structure imggawt only the surface emission area
but the escape probability of photons due to thgukam randomization of photos insides the
LED structure. In addition, the IQE can be increhgeadopting the PSS process. By this

novel device design, the output power can be fughbanced up to 20 %.

5-4 Progressin ultraviolet LEDs

UV-LEDs are of interest as a light source for @rgtphosphors, medical equipment, air
cleaners, and environmental sensors.’In particoiast of the phosphors for white fluorescent
lamps have a high conversion efficiency of less1tBa0 nm in the UV spectral region.
Therefore, it is important to develop. high-efficdggnUV-LEDs that emit less than 370 nm
light in order to fabricate high luminous white LEDy coupling UV-LEDs and phosphors
for solid-state lighting applications. Although thHaue/green LEDs are commercially
available, it is still difficult to manufacture Higbrightness UV-LEDs due to poor quantum
efficiency. Several works focusing on efficient m@nt injection by introducing current
blocking layers [53], highly efficient radiative rceer recombination by introducing a
high-quality bulk GaN substrate [54], the emissemiancement of LEDs by the introduction
of an AllInGaN quaternary active layer [55], and thgrovement in quality of LEDs by
utilizing the AlGaN epitaxial lateral overgrowthctenique [56] have attempted to improve
device performance. However, light extraction éfincy is also limited due to the
self-absorption effect of the GaN layer. The séaption of UV lights in the bulk GaN
substrate, thick GaN buffer/contact layer under dbtive layer, or the p-type GaN contact
layer result in the lower external quantum efficgnTherefore, GaN-free structure design is
a key issue for enhancing the light extraction &f-LEDs [57]. Recently, state-of-the art

64



vertical injection GaN-based LEDs were demonstrdtedbe high-potential light emitting
devices capable of achieving high brightness operatiue to their excellent thermal
dissipation.8,9 In addition, the surface roughrtesbnique seems to have great potential to
provide large enhancement due to random scattéromg the roughened surface. Zhou et
al.reported 2.5 times light extraction gain foredeUV-LEDs by utilizing laser lift-off
(LLO) and surface roughening to enhance the extmaatfficiency of near- and deep-UV
vertical LEDs. However, the self-absorption effe€tGaN requires further investigation. In
this article we report the fabrication and chanasties of GaN-free vertical injection
UV-LEDs. We mainly investigated the self-absorptieffect of GaN layers on the
light-output power of verticalkjection LEDs VLEDs . Furthermore, an additionaénfical
wet etching process was implemented to-fabricagertughened surface of UV-LEDs for
further light extraction enhancement. The electrazal-optical properties of the UV-VLEDs

are reported.

5-5 Fabrication of vertical-injection ultraviolet light-emitting diodes with
the GaN-free and surface roughness structures

The UV-LED wafers used in this paper were grownldy pressure metal organic
chemical vapor deposition ontof@ee 0001 in. diam sapphire substrates. The LEXsire
comprised a 40 nm thick GaN nucleation layer, arimuthick undoped GaN layer, a 2-m
thick Si-doped n-type Al0.05Ga0.95N cladding layaam, unintentionally doped active region
of 365 nm emitting wavelength with five periods 10D0.01Ga0.99N/AI0.1Ga0.9N multiple
quantum wells, a 20 nm thick Mg-dopedype Al0.2Ga0.8N cladding layer, and a 045 m
thick Mg-doped p-type Al0.05Ga0.95N contact layEne fabrication process of VLEDs on
Si began with the deposition of a highly refleetohmic contact stack Ni 1 n&g 200 nm,
a Pt 100 nm diffusion barrier, drbonding metal stack Ti 500 nm/Pt 50 nm/A000 nm

on the p-side of the LED wafer. The metal-coatefewavas then flipped and bonded onto a
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Ti 50 nm /AuSn 2000 nm-coated p-type conducting Siewaft 300°C for 30 min. The
wafer-bonded sample was then subjected to the Lk@regss. A KrF excimer laser at
wavelength of 248 nm with a pulse width of 25 nswaed to remove the sapphire substrate.
The incident laser flux was set to a value of alibGtJ/cm2. The incident laser was incident
from the polished back side of the sapphire sutestomto the sapphire/GaN interface to
decompose GaN into Ga and N. Then the u-GaN wae@taway to expose the n-AlGaN
contact layer by amductively coupled plasma ICP etcher to form a Guaé-structure, and
another ICP etch is used to define the square me3&0 x 750 um for current isolation
purposes. Following the n-contact deposition angeahling processes, the processed sample
was immersed in 45 wt % KOH dissolved in ethylehgg solution at 110°C for 180 s to
form the rough surface for light extraction-proposeinally, the GaN-free UV-VLEDs with
roughened surface were obtainéd. For detailed cosgpma the conventional p-side up

UV-LED was also fabricated using the same-fot ofLBD wafers.

5-6 Characteristics of vertical-injection ultraviolet light-emitting diodes
with the GaN-free and surface roughness structures

Shown in Fig. 5-6 are the schematic drawings of tbaventional UV-LED and
surface-roughened GaN-free UV-VLED. In order tofpen the lower threading dislocation
density of UV-LEDs, the AlGaN-based UV-LEDs wereogn on the GaN template in this
study as described above. The inserted scannirggra@lemicroscope micrograph was the
surface morphology of UV-VLEDs after

the chemical wet etching process for further lumogenhancement of UV-VLEDs.
Figure 5-7 shows the room-temperature electrolustieece EL spectra of the GaN-free
UV-LEDs under 20 mA current injections. A sharpgi@ipeak emission, where the peak
wavelength and the full-width at half maximum w&&5 and 8 nm, was observed. The inset
shows a photomicrograph of the UV-VLED with the igasd GaN-free and roughened
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surface structures at a driving current of 20 mAe Emission light was distributed uniformly
over 750 x 750 um size due to the vertical striectievice design as shown in this figure. The
surface of the VLED was also examined by atomicdanicroscopy (AFM), as shown in Fig.
5-8. The sapphire removed sample shows a smootacsuwith a root-mean square (rms)
roughness of around 12.8 nm, as shown in Fig. &8After the surface treatment process,
the rms roughness of the VLED surface was sigmtigancreased to 398 nm, as shown in
Fig. 5-8(b). Current—voltage (I-V) and intensity+@ant (L-I) characteristics of conventional
UV-LED, UV-VLED, and GaN-free UV-VLEDs, with and w#iout a roughened surface, are
shown in Fig. 5-9. It was found that the |-V curwesre almost identical and similar for these
three types of UV-VLEDSs, indicating that the falation processes would not result in any
degradation in the electrical properties of theickesi-Besides, the UV-VLEDs presented the
lower operating voltage compared-to that of comeaal UV-LEDs due to the better current
spreading property of the vertical \conduction/Clsippucture design. According to the
corresponding L-I characteristics, the UVVLEDs skeowmore linear characteristics up to
250 mA, which indicated a better thermal dissipatioroperty of the VLED structure
formation. However, the light output power of UV-EDs is lower than that of conventional
UV-LEDs under smaller current injection, which adube ascribed to the self-absorption
effect of the GaN layer. All light generation oktNVLED structure emits upward and extracts
from the top of the GaN layer. Hence, a large amhof@igenerated light will be absorbed in
the GaN layer, resulting in a lower output poweitiAthe increase of injection current, the
light output power of the UV-VLED is greater thamat of conventional UV-LEDs. The
reason for this is the degradation of internal quianefficiency due to the Joule heating effect
of conventional UV-LEDs. Under 250 mA current injea, UV-VLEDs have a relative
output power of 0.15, the GaN-free UV-VLEDs have pawer of 0.48, and the
surface-roughened GaN-free UV-VLEDs have a powerldfl. That means that the
improvement from removing the GaN is 3.2x and therovement from surface roughening
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is 2.3x. These results could be attributed to redn®f the self-absorption effect in the GaN
layer by the GaN-free UV-VLED structure. Furthermothe surface-roughened UV-VLED
showed the higher output power performance thah ahahe smooth surface UV-VLED.
Light extraction from the LED was definitely enhadcvia the roughened surface, which
reduces internal light reflection and scatterdlitiie outward. As a result, photos could have a
larger probability to emit from the device. Theumtlinant intensity of surface-roughened
GaN-free UV-VLEDs was increased by a factor of 7c@mpared with that of conventional
UV-LEDs at a driving current injection of 250 mAn lorder to further investigate the
influence of the GaN-free UVVLED structure and rbeged surface features on the
light-output performance of the device, intensitgtdbution measurements were performed
on surface-roughened UV-VLEDs and conventional UDsEFigure 5-10 shows photos of
the devices under 100 mA current injections: Eagiht loutput intensity distribution is also
shown in the same figure. The EL intensitiesof tNeVLED are clearly greater than those
of conventional UV-LEDs under the same injectiomrent at the top surface area. Such an
enhancement could be attributed to the GaN-freetstre and the roughened surface that the
self-absorption effect reduced, and the photosdchale a larger probability to emit from the
device. The UV-VLED also presents a better currspteading property than that of
conventional UV-LEDs. Light emits evenly from thept surface area, and no current
crowding phenomenon is observed, which indicates Ildwer series resistance of the
vertical-injection structure design.

In summary, GaN-free UV-VLEDs with a roughened-ane structure were investigated.
The self-absorption effect was decreased by the -féadN structure design. The
formation-roughened surface structure improvesamdy the surface emission area but the
escape probability of photons due to the anguladamization of photos inside the LED
structure. In addition, the vertical injection LE®ructure was demonstrated to achieve
high-brightness operation due to its excellentrttedissipation and lower series resistance.
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Figure 5-1 Diagrams of fabrication processes for regular VSEB) wafer bonding, (b) laser

lift-off, (c) isolation, and (d) surface roughnes®l bonding pad.
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Figure 5-2 Diagrams of fabrication processes for VLEDs wiita toughened mesh surface
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Figure 5-3 SEM images of (a) surface morphology of mesh-serfd_EDs after LLO

process, (b) cross sectional view of VLEDs struetur
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Figure 5-4 SEM images of mesh-surface VLEDs after chemiaaliag process.
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Figure 5-5 Room-temperature EL spectra of flat-surface anghaseirface VLEDs
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Figure 5-8 Room-temperature EL spectra of the UV-VLEDSs.
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surface after surface treatment process.
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Figure 5-10 L-1-V characteristics of conventional UV-LED, UV\HD, GaN-free UV-LED,

and surface roughened GaN-free UV-LED.
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Figure 5-11 Intensity distribution of (a) surface roughened\&eee UV-VLED and (b)

conventional UV-LED at 100 mA current injection.
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Chapter 6
Vertical Injection Light Emitting Diodes with Photonic Crystal

Surface

6-1 Progressin vertical-injection light-emitting diodes with photonic crystal
surface

Recently, tremendous progress has been achiev&hhitbased light emitting diodes
(LEDs). High-efficiency white LEDs made with blueEDs and phosphors have received
much interest because the replacement of incandiedtgorescent, Hg and Xe lamps for
general lighting, back lighting in large liquid-atal displays, vehicle head lamps could be
realistic. Although the blue LEDs-are commercialailable, the performance of LEDs is
still limited due to the poor thermal conductivégpphire substrate and low light extraction
efficiency. As a result, the replacement requiteg t EDs should be more efficient and high
power. At the present time, the VLEDs were demanstt to be one of high potential
light-emitting devices and promise even higher poegeration due to its excellent thermal
dissipation. Besides, the light extraction effidgrcan be further enhanced by adopting a
surface random roughening due to the random sicagtBom the roughened surface. Fuijii et
al. [58] reported a large enhancement of light—outpower for VLEDs using surface
roughness formed by photoelectrochemical (PEC)imgchKim et al. [59] also reported
enhancement for light intensity of VLED with “balkhape roughness fabricated by using dry
etching compared to conventional LLO LED. Howevtre size effect and control of
roughening fabricated by dry etching or PEC proggs®uld encounter an additional problem,
i.e. uneven surface roughening morphology, whicAngmportant issue for the light output
property. It could result in the uneven luminancmsity and decrease the process yield. As
a result, in order to increase the light extractdficiency and more even luminance intensity
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of VLED, the photonic crystals have been implemédrda VLEDs [60]. By employing the
unique properties of photonic crystals as the photband gap and the high density of leaky
modes, the inhibit emission of guided modes orreadlitrapped light can be utilized into the
radiation modes, resulting in an enhancement inligi¢ extraction from a LED [61]-[63].
Recently, the photonic crystal composed of a PQificéa has attracted mush interest.
Quasicrystals are structures with high-order rotatli and line symmetries but without
translation symmetries. It was found that PQCs vatimigher level of symmetry exhibit
unique light scattering [64]-[65]. Thus it is expett that PQCs are promising for various
applications on optical devices. In this work, nder to further extract the guided light out of
the semiconductor material, a photonic quasicryiséal been utilized to enhance extraction
efficiency of VLEDs. Therefore, the LEDs-incorpadt with PQC on the light-emitting
surface are expected to have a significant improneme the extraction efficiency compared
to that of VLEDs without PQC.%In" this-letter,  theLEDs with PQC surface were
demonstrated for further enhancement of regular ¥t lBy a combination of wafer bonding,
LLO, electron-beam lithography. The electrical asutical properties of the VLEDs with

PQC surfaces will be reported.

6-2 Fabrication of vertical-injection light-emitting diodes with photonic
crystal surface

The GaN-based LED wafers used in this study wemwvigrby low-pressure metal
organic chemical vapor deposition onto c-face (Q@Din. diameter sapphire substrates. The
LED structure comprised a 40-nm-thick GaN nucleateyer, a 1.5 um-thick undoped GaN
layer, a 2.5 um-thick Si-doped n-type GaN claddenger, an unintentionally doped active
region of 460-nm emitting wavelength with five mels of InGaN-GaN multiple quantum
wells, a 0.2um -thick Mg-doped p-type GaN cladding layer andi@ded n-InGaN-GaN
short period super lattice (SPS) structure. Thedabon process of VLEDs on Si began with
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the deposition of a highly reflective ohmic contatack (Ni/Ag), a diffusion barrier (Pt), and
bonding metal stack Ti/Pt/Au on the p-side of LERfer. The metal coated wafer was then
flipped and bonded onto a Ti/AuSn-coated p-typedoeting Si wafer at 300C for 30
minutes. The wafer bonded sample was then subjéctédae LLO process. A KrF excimer
laser at wavelength of 248 nm with a pulse widtl26fns was used to remove the sapphire
substrate. The incident laser was incident fromptbleshed backside of the sapphire substrate
onto the sapphire/GaN interface to decompose Gdbl Ga and N. After the sapphire
substrate removing, the sapphire-removed samples aipped into HCI solution to remove
the residual Ga on the u-GaN. The details of th® ldrocess are described in [4]. Then the
u-GaN was etched away to expose the n-GaN layand{ P etcher and another ICP etch is
used to define mesa of 1 mm x 1 mm. The PQC patteene then form on the n-GaN surface.
Fabrication of PQC was illustrated as follows: A ®®-thick layer of SiO2 was deposited
served as the hard mask on the n=GaN by-plasmareetiahemical vapor deposition. The
PQC pattern of circular holes was then definedlbgteon-beam (e-beam) lithography on the
top of the hard mask layer. The lattice constadtainhole diameter of the PQC were chosen
to be 520 and 320 nm, respectively. The PQC pattes then transferred onto the n-GaN
surface by dry etching using the main etch gaseshldrine and methane together with a
radio-frequency power of 125-W inductively couplgldsma (ICP) and 100-W reactive ion
etching. The remaining SiO2 was removed by dipptnop buffered oxide etch solution.
Finally, a Ti/Pt/Au electrode was deposited asriktgpe contact and the VLEDs with PQC
surface were obtained. The schematic drawing of RQED and scanning electron

microscope (SEM) image of PQC surface morphology steown in Fig. 6-1.

6-3 Characteristics of vertical-injection light-emitting diodes with photonic
crystal surface
The SEM micrograph of the PQC-VLEDs surface waswshim fig. 6-2 (a). The 8-folds
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PC patterns were observed which consist of 320inhoée diameter and 520 lattice constant.
Shown in fig. 6-2(b) is a cross-sectional SEM migeph of PQC patterns on the n-GaN
surface. Notice that the depth of air hole is ab®0 nm. Current-voltage (I-V) and
intensity-current (L-I) characteristics of VLED WwitPC and chemical wet etching random
roughness surfaces were shown in fig. 6-3. It veamd that the I-V curve of these devices
were almost identical indicating that the VLED aR@C fabrication processes would not
result in any degradation in the electrical propsrof PQC-VLED. At a driving current of
350 mA, the forward voltages were about 3.19 V. dkding to the corresponding L-I
characteristics, both types of VLED shown moredmeharacteristics up to 700 mA which
indicating a good thermal dissipation managementtiie@ VLEDs structure design. It is
clearly observed that the light output power of #@C-VLED was higher than that of regular
VLED. This presents the fact thatthe light exti@ectfrom LED was definitely enhanced via
the PQC on the top of n-GaN layer: At driving-cotref 350 mA, the output power of VLED
with and without PQC surfaces present 252 and 108 raspectively. It is noted that
PQC-VLED exhibits about 140 % output power enhare@ntompared to that of VLED
without the PQC surface. To further investigate dpéical influence of PQC on the light
output of VLEDSs, the 3D far-field radiation patteshVVLED with and without PQC surfaces
were also measured under the same output powertioontbr beam shape comparison. As
shown in fig. 6-4 (a)-(b), the radiation patterisMLED with and without PQC surface
present the regular Lambertian source emissiaa.wbrth noting that the radiation pattern of
PQC-VLED is not very highly collimated because thttice constant of the PQC is large
enough to have many diffraction orders in the Hlght regime resulting in light leakage
along many directions. However, the radiation pattef PQC-VLED reveals a different
beam-shaping effect. From the angular distributiadiation patterns of PQC-VLEDs at a
driving current of 350 mA as shown in fig. 6-5(ajost significantly light extraction

efficiency into the narrow cones was observed. phenomena could be ascribed to the
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lattice symmetry PQC geometry pattern. Since tlaxdge bands locating above the light
cone have different leakage strengths, more liglatkd symmetry direction. From the
top-view of 3D far-field pattern that the light ext¢tion along many diffraction directions that
consistent with our before work, as shown in Fi&().

In order to confirm the experimental results, wendated the light extraction
enhancement of 8-PQC using the three-dimension2) (Bite difference time domain
(FDTD) modeling [66-68]. In simulation, the dipoie located at the center of the MQW
position to fit in with PQC thin-film LED structur& he extraction enhancement is defined as
the ratio of the fraction of emitted flux throudtettop surfaces of the PQC to that through top
surface of the planar sample without PQC. The tatled extraction enhancement for various
lattice constant of PQCs was considered withfiag0.31 that shown in Fig. t i the hole
radius), since the lattice constantiis the domirdactor contributing to the light extraction
efficiency. We can see that the extraction enhaeegémbout 1.5 in Fig. 6-6 is relatively large
at the lattice constant of 550 nm, which we chadibe lattice constant in this range
fabrication.

In summary, a nitride-based thin-film LED incorp@ with a PQC surface structure
was investigated. The formation thin-film vertiéajection and PQC surface improves not
only thermal dissipation management but the ligktraetion efficiency due to the lower
series-resistance of vertical-injection device dtite and leaky modes of PQC structure. By
this novel device design, the PQC-VLEDs (@ 350 neAhibit about 140 % output power

enhancement compared to that of VLED without PQ@asa.
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Figure 6-1 Schematic drawings of VLEDs with 2D-PC surface.
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Chapter 7

Summary

In summary, in this dissertation we have studiedflip-chip and epilayer-transfer types of
GaN-based materials and devices, including thebridation, electrical and optical
phenomena.

Three types of FC-LEDs including FC-LEDs with migiblar-array structure, FC-LEDs
with oblique sapphire geometric structure, and FEDE with triple light scattering layers are
demonstrated. In the case of MPAFC-LEDs, we empiductively coupled plasma (ICP) to
etch micro-pillar-array on the backside surfacesapphire substrate for light extraction
enhancement. The light output power of the- MPAFMEkRvas increased by 68 % for a 3.2
um textured micro-pillar-array on ‘the ‘bottom:sidetioé sapphire substrate. The improved
light extraction efficiency can be furtherisuppdrtgy simulation data. Such an enhancement
can be attributed to the top surface roughnesshantact which photons are more likely to be
emitted from the surface-roughed device, resulitingn increase of the light output power of
the MPAFC-LED.

In the case of SSFC-LEDs, the FC-LEDs with obligapphire geometric structure and
greatly thick sapphire window layer were fabricatdthe HSO:H3PO, (3:1) solution is
employed to etching backside surface of sapphibestsate. The |-V curve of SSFC-LEDs
exhibits a normal p-n diode behavior with a forwaaddtage (@350mA) of 3.5 V, indicating
that high temperature sapphire wet etching prodesg not appear to adversely affect I-V
characteristics of these devices. The light extracefficiency enhancement of 10®
SSFC-LEDs has 55% improvement under 350 curreattign compared to the CFC-LEDs.
The simulated result of 1Qdn SSFC-LEDs is similar to experiment performancés$fo and

enhancement efficiency gradually converges. Theeh&C-LEDs structure could not only
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reduce the TIR effect but facilitate light emissibom the edges of the thicker sapphire
windows layer resulting in an increase in the ligktraction efficiency of FC-LEDSs.

In the case of FC-LEDs with triple light scatterit@yers structure, the device was
fabricated by combination of epi-growth on micrflgsi array sapphire substrate aand
naturally textured surface. The novel FC-LEDs gtreeecould reduce the TIR effect between
the interfaces of GaN-air, GaN-sapphrie substeatd,sapphire substrate-air which efficiently
facilitate light emission from the top pineapplkelipillar arrays surface and bottom naturally
textured p-GaN surface.

The formation rough meshed-surface structure of MNWEDs with rough
meshed-surface structure improves not only theasarfemission area but the escape
probability of photons due to the angular randommzaof photos insides the LED structure.
In addition, the IQE can be increase by adoptiegRBS process. By this novel device design,
the output power can be further enhanced up-to 2Bu¥thermore, by adopting the method to
UV-VLEDs, the self-absorption effect was decreabgdhe GaN-free structure design. The
formation-roughened surface structure improvesamdy the surface emission area but the
escape probability of photons due to the anguladamization of photos inside the LED
structure. In addition, the vertical injection LE®ructure was demonstrated to achieve
high-brightness operation due to its excellentrttedissipation and lower series resistance.

In the case of VLEDs with photonic crystal surfate, VLEDs with a PQC surface were
demonstrated for further enhancement of regular i By a combination of wafer bonding,
LLO, and electron-beam lithography. Not only thekmliasipation management but the light
extraction efficiency due was improved to the loweries-resistance of the vertical-injection
device structure and leaky modes of the PQC streictBy this novel device design, the
PQC-VLEDs (at 350 mA) exhibit about 140% output pownhancement compared to that of

the VLED without the PQC surface.

94



References

[1] E. F. Schubert, and J.K. Kim, science, vol. 308. 1274, 2005.

[2] E. F. Schubert, Light-Emitting Diodes. (Camlg&lUniversity Press,
Cambridge, U.K. 2003).

[3] A. Zukauskas, M. S. Shur, and R. Gaska, Intobidn to Solid-State Lighting. (New York:
Wiley.)

[4] J. I. Pankove, E. A. Miller, J. E. Berkeyheis&rLuminescence, vol. 5, pp. 84, 1992.

[5] H. Amano, N. Sawaki, I. Akasaki, and Y. Toyodgpl. Phys. Lett., vol. 48, pp. 353, 1986.

[6] H. Amano, N. Sawaki, I. Akasaki, and Y. Toyodan. J. Appl. Phys., vol. 28, pp. L2112,
1989.

[7] S. Nakamura, T. Mukai, M. Senoh, and N- Jwaam. J. Appl. Phys., vol. 31, pp. 1258,
1992.

[8] J. H. Lau, “Flip Chip Technologies,” McGraw-HilL995.

[9] (=5, BIETr, B T E5E, vol. 258, pp. 218, 2004.

[10] S. Blackstone, Microelectronic Engineeringl. v8, pp. 313, 1999.

[11] Y. T. Cheng, L. Lin, and K. Najafi, J. Micratromech. Syst., vol. 9, pp. 3, 2000.

[12] D. Sparks, G. Queen, R. Weston, G. WoodwardPhtty, L. Jordan, S. Zarabadi, and K.

Jayakar, J. Micromech. Microeng., vol. 11, pp. 63101.
[13] Niklaus F, Enoksson P, Kalvesten E and Ster@n& Micromech. Microeng., vol. 11, pp.
100, 2001.
[14] F. A. Kish et al., Appl. Phys. Lett., vol. 6dp. 2839, 1994.
[15] Tan I-H, Vanderwater DA, Huang J-W, Hofler Gksh FA, Chen EI, Ostentowski TD,
Journal of Electronic Materials, vol. 29, no.2, @g8, 2000.
[16] W. C. Peng and Y. S. Wu, Appl. Phys. Lett.|.\84, pp. 1841, 2004.

[17] R. H. Horng, D. S. Wuu, S. C. Wei, C. Y. TseMy F. Huang, K. H. Chang, P. H. Liu and

95



K. C. Lin, Appl. Phys. Lett., vol. 75, pp. 3054,999
[18] R. H. Horng, Y. C. Lien, W. C. Peng, D. S. W@ Y. Tseng, C. H. Seieh, M. F.
Huang, S. J. Tsai and J. S. Liu, Jpn. J. Appl. Pins 40, pp. 2747, 2001.
[19] M. K. Kelly, O. Ambacher, B. Dahlheimer, G. é&s, R. Dimitrov, H. Angerer, and M.
Stutzmann, Appl. Phys. Lett., vol. 69, pp. 174968.9
[20] M. K. Kelly, O. Ambacher, R. Dimitrov, R. Haadhuh, and M. Stutzmann, Phys. Status
Solidi A, vol. 159, R3, 1997.
[21] W. S. Wong, T. Sands, and N. W. Cheung, Applys. Lett., vol.72, pp. 599 1998.
[22] W. S. Wong, M. Kneissl, D. P. Bour, P. Mei, T. Romano, N. M. Johnson, N. W.
Cheung, and T. Sands, Appl. Phys. Lett., vol. 7ap. 1360, 1999.
[23] E. Yablonovitch, T. Gmitter, J. P.”HarbisomdaR. Bhat, Appl. Phys. Lett., vol. 51, pp.
2222, 1987.
[24] E. Yablonovitch, T. Sands, D. MxHwang;“I: &iher, T. J. Gmitter, S. K. Shastry, D. S.
Hill, and J. C. C. Fan, Appl. Phys. Lett., vol. $p. 3159, 1991.
[25] S. J. Chang, C. S. Chang, Y. K. Su, C. T. \eS. Chen, C. F. Shen, Y. P. Hsu, S. C.
Shei, and H. M. Lo, IEEE Trans. Adv. Packag., 28, no. 2, pp. 273, May 2005.
[26] Hibbard D L, Jung S P, Wang C, Ullery D, Zhéd&s, So W, Liu H and Lee H P, Appl.
Phys. Lett. vol. 83, pp. 311-3, 2003.
[27] D. L. Hibbard, S. P. Jung, C. Wang, D. Ulle¥y,S. Zhao, W. So, H. Liu, and H. P. Lee,
Appl. Phys. Lett., vol. 83, pp. 311, 2003.
[28] Transl.:Y. Kondoh, S. Wantanabe, Y. KanekoNa&kagawa, N. Yamada, U.S. Patent 6,
194, 743.
[29] T. Fuijii, Y. Gao, R. Sharma, E. L. Hu, S. ReriBaars, and S. Nakamura, Appl. Phys.
Lett., vol. 84-86, pp. 855, 2004.
[30] R. Windisch, C. Rooman, S. Meinlschmidt, Peg@l, D. Zipperer, G. H. Dohler, B. Dutta,
M. Kuijk, G. Borghs, and P. Heremans, Appl. Physttl vol. 79, pp. 2315, 2001.

96



[31] H. W. Huang, C. C. Kao, J. T. Chu, H. C. K&#,C. Wang, and C. C. Yu, IEEE Photon.
Technol. Lett., vol. 17, no. 5, pp. 983, 2005.

[32] J. K. Kim, T. Gessmann, E. F. Schubert, JXQH. Luo, J. Cho, C. Sone, and Y. Park,
Appl. Phys. Lett., vol. 88, pp. 013501, 2006.

[33] T. Gessmann, H. Luo, J.-Q. Xi, K. P. Streulzid E. F. Schubert, in Proc. SPIE, vol.
5366, pp. 53, 2004.

[34] Y. J. Lee, H. C. Kuo, T. C. Lu, and S. C. WaitgEE J. Quantum Electron., vol. 42, no.
12, pp. 1196, 2006.

[35] D. S. Han, J. Y. Kim, S. I. Na, S. H. Kim, K. Lee, B. Kim, and S. J. Park, IEEE
Photon. Technol. Lett., vol. 18, no. 13, pp. 14808&)6.

[36] Krames M R et al, Appl. Phys. Lett. vol..7®. 123657, 1999.

[37] Eisert D and Harle V, Int. Conf. Numerical Silation of Semiconductor Optoelectronic
Devices, Session 3: Photonic Devices, invited.pe2.

[38] ChangC S, Chang S J,SuYK, LeeCT, LInYM&@ WC, SheiSC,KeJCandLoH
M, IEEE Photon. Technol. Lett. vol. 16, pp. 750020

[39] Kao C C, Kuo H C, Huang HW, Chu J T, Peng YHSjeh Y L, Luo C Y, Wang S C, Yu
C C and Lin C F, IEEE Photon. Technol. Lett. vd, faip. 19, 2005.

[40] Z. H. Feng and K. M. Lau, IEEE Photon. Techngddtt., vol. 17, no. 9, pp. 1812, 2005.

[41] D. S. Wuu, W. K. Wang, W. C. Shih, R. H. Horr@y E. Lee, W. Y. Lin, and J. S. Fang,
IEEE Photon. Technol. Lett., vol. 17, no. 2, pp8.28006.

[42] Y. J. Lee, J. M. Hwang, T. C. Hsu, M. H. Hsiéh J. Jou, B. J. Lee, T. C. Lu, H. C. Kuo,
and S. C. Wang, IEEE Photon. Technol. Lett., v8].ro. 10, pp. 1152, 2006.

[43] Y. Narukawa, I. NiKi, K. Izuno, M. Yamada, Wlurazaki, and T. Mukai, Jpn. J. Appl.
Phys., pt. 2 4A, p. L371, 2002.

[44] K. Tadatomo, H. Okagawa, Y. Ohuchi, T. Tsune&aY. Imada, M. Kato, and T. Taguchi,
Jpn. J. Appl. Phys., vol. 40, pp. L583, 2001.

97



[45] M. Yamada, T. Mitani, Y. Narukawa, S. ShidjiNiki, S. Sonobe, K. Deguchi, M. Sano,
and T. Mukai, Jpn. J. Appl. Phys., vol. 41, pp. 8142002.

[46] D. S. Wuu, W. K. Wang, W. C. Shih, R. H. Horr@} E. Lee, W. Y. Lin, and J. S. Fang,
IEEE Photon. Technol. Lett., vol. 17, no. 2, pp8.28005.

[47] Y. J. Lee, T. C. Hsu, H. C. Kuo, S. C.WanglLYYang, S. N. Yen, Y. T. Chu, Y. J. Shen,
M. H. Hsieh, M. J. Jou, and B. J. Lee, Mater. &ag., B, vol. 122, pp. 184, 2005.

[48] C. F. Chu, F. I. Lai, J. T. Chu, C. C. Yu, E.Lin, H. C. Kuo, and S. C. Wang, J. Appl.
Phys., vol. 95, pp. 3916, 2004.

[49] H.-W. Huang, C. C. Kao, J. T. Chu, H. C. K&,C. Wang, and C. C. Yu, IEEE Photon.
Technol. Lett., vol. 17, no. 5, pp. 983, 2005.

[50] R. Windisch, C. Rooman, S. Meinlschmidt; Pegel, D. Zipperer, G. H. Dohler, B. Dutta,
M. Kuijk, G. Borghs, and P. Heremans, App!. Physttl. vol. 79, pp. 2315, 2001.

[51] D. A. Stocker, E. F. Schubert,“and-J. M-“RedyviAppl. Phys. Lett., vol. 73, pp. 2654,
1998.

[52] S. Watanabe, N. Yamada, M. Nagashima, Y. UEkiSasaki, Y. Yamada, K. Tadayomo,
H. Okagawa, and H. Kudo, Appl. Phys. Lett., vol, BB. 4606, 1998.

[53] T. Nishida, H. Saito, and N. Kobayashi, Apphys. Lett., vol. 79, pp. 711, 2001.

[54] T. Nishida, H. Saito, and N. Kobayashi, Apphys. Lett., vol. 79, pp. 711, 2001.

[55] M. Kahn, V. Adivarahan, J. P. Zhang, C. CheénKuokstis, A. Chitnis, M. Shatalov, J. W.
Yang, and G. Simin, Jpn. J. Appl. Phys., Part 1,4@, 1308, 2001.

[56] M. lwaya, S. Terao, T. Sano, S. Takanami, KalJ R. Nakamura, S. Kamiyama, H.
Amano, and I. Akasaki, Phys. Status Solidi A, I@8, pp. 117, 2001.

[57] T. Nishida, N. Kobayashi, and T. Ban, ApplyBhLett., vol. 82, pp. 1, 2003.

[58] T. Fujii, Y. Gao, R. Sharma, E. L. Hu, S. ReriBaars, and S. Nakamura, Appl. Phys.
Lett., vol. 84, pp. 855, 2004.

[59] D. W. Kim, H. Y. Lee, M. C. Yoo, and G. Y. Yeg Appl. Phys. Lett., vol. 86, pp. 052108,

98



2005.

[60] C. H. Lin, H. H.Yen, C. F. Lay, H.W. Huang, 6. Chao, H. C.Kuo, T. C. Lu, and S.
C.Wang, IEEE Photon. Technol. Lett., vol. 20, n, dp. 836, 2008.

[61] C. F. Lai, H. C.Kuo, C. H. Chao, H. T. HsuéhF. T.Wang, W. Y.Yeh, and J. Y. Chi, Appl.
Phys. Lett., vol. 91, pp. 123117, 2007.

[62] T. N. Oder, K. H. Kim, J. Y. Lin, and H. X.ahg, Appl. Phys. Lett., vol. 84, pp. 466,
2004.

[63] J. J.Wierer,M. R. Krames, J. E. Epoer, N. Brdher,M. G. Craford, J. R. Wendt, J. A.
Simmons, and M. M. Sigalas, Appl. Phys. Lett., &4, pp. 3885, 2004.

[64] K. Nozaki and T. Baba, Appl. Phys. Lett., v84, pp. 4875, 2004.

[65] M. D. B. Charlton, M. E. Zoorob; and-T..Leafroc. SPIE, vol. 6486, 64860R1-R10,

2007.

[66] C. F. Lai, H. C. Kuo, C. H. Chao, H. T."Hsudh~F. T. Wang, W. Y. Yeh, and J. Y. Chi,
Appl. Phys. Lett., vol. 91, 123117, 2007.

[67] C. F. Lai, J. Y. Chi, H. C. Kuo, C. H. Chao, H Hsueh, J. —F. T. Wang, and W. Y. Yeh,
Optics Express, vol. 16, 7285, 2008.

[68] C. H. Chao, S. L. Chuang, and T. L. Wu, Agdgihys. Lett., vol. 89, 091116, 2006.

99



Publication List

(A) Journal Papers:

1.

C. F Lai, J. Y. Chi, H. C. Kuo, H. H. Yef.. E. Lee, C. H. Chao, H. T. Hsueh, and W. Y.
Yeh” Far-field of GaN film-transferred green ligatnitting diodes with two-dimensional
photonic crystals,Opt. Express, vol.17, Iss. 11, pp. 8795-8804, 2009

C. F. Lai, J. Y. Chi, H. C. Kuo, H. H. Ye. E. Lee, C. H. Chao, W. Y. Yeh, and T. C.
Lu” Far-field and near-field distribution of GaN4®d photonic crystal LEDs with
guided mode extractionJ. Sel. Topics Quantum Electron., vol.15, Iss.4, pp. 1234-1241,
2009

C. F. Lai, C. H. Chao, H. C. Kuo, H. H. Ye@, E. Lee, and W. Y. Yeh, " Directional
light extraction enhancement from GaN-based filamsferred photonic crystal
light-emitting diodes,Appl. Phys. Lett., 94, 123106, 2009

C.E. Lee C. F Lai, H. C. Kuo, - CilLu.and S. C. Wang,itride-based thin-film
light —emitting diodes with photonic quasicrystatface,”| EEE Photon. Technol. Lett.,
vol.21, no.5, pp. 331-333, 2009

C.E.Lee B. S. Cheng, Y. C. Lee, H. C. Kuo, T. C. Lu andCSWang,” Output power
enhancement of vertical-injection light —emittingodes by GaN-free and surface
roughtness structureslectrochem. Solid-State Lett., 12 (2), H44-H46, 2009

Yea-Chen Lee, Hao-Chung Ku&hia-En Lee, Tien-Chang Lu, and Shing-Chung
Wang, " High-PerformanceAlGalnP-Based Flip-Chip hiigemitting Diode With a

Geometric Sapphire Shaping Structuld;EE Photon. Technal. Lett., vol.20, no. 23, pp.
1950-1952, 2008

C. H. Chiu,C. E. Lee, M.H. Lo, H. W. Huang, T. C. Lu, H. C. Kuo and S. Wang,
“Metal organic chemical vapor deposition growth @aN-based LEDs with naturally
formed nano-pyraimsJpn. J. Appl. Phy., vol. 47, no. 4, pp. 2954-2956, 2008

Y. C. Lee,C. E. Lee, T. C. Lu, H. C. Kuo and S. C. Wang, “Small GaNséa
light-emitting diodes with a single electrode padbricated on a sapphire substrate,”
Semicond. Sci. Technal., 23, pp. 1-5, 2008

C.E.Lee Y. C. Lee, H. C. Kuo, T. C. Lu and S. C. Wangurther Enhancement of
Nitride-Based Near-Ultraviolet Vertical-Injectionight-Emitting Diodes by Adopting a

100



10.

11.

12.

13.

14.

15.

16.

17.

Roughened Mesh-Surfacd,EEE Photon. Technal. Lett., vol.20, no.10, pp. 803-805,
2008

C.E.Lee Y.C. Lee,H. C.Kuo, T. C. Lu and S. C. WangjghiBrightness InGaN/GaN
Flip-Chip Light-Emitting Diodes with Triple Light &ttering Layers,"EEE Photon.
Technol. Lett., vol.20, no.8, pp. 659-661, 2008

C. H. Chiu,C.E. Lee C. L. Chao, B. S. Cheng, H. W. Huang, H. C. KlicC. Lu, S. C.
Wang, W. L. Kuo, C. S. Hsiao, and S. Y. Chen,” Brdeament of Light Output Intensity
by Integrating ZnO Nanorod Arrays on GaN-Based L\&tical LEDs,” Electrochem.
Solid-Sate Lett., 11, H84, 2008

Y. C. Lee,C. E. Lee, H. C. Kuo, T. C. Lu and S. C. Wang,” Enhancing tight
extraction of AlGalnP based LEDs fabricated viargetsic sapphire shaping/EEE
Photon. Technal. Lett., vol.20, no.5, pp. 369-371, 2008

C.E.Lee Y C Lee, H C Kug, M=R Tsai,~-T\€ Lu and S C Wangligh brighness
GaN-based flip-chip light emitting diodes by-adagtigeometric sapphire shaping,”
Semicond. Sci. Technol., 23 no. 2, pp.'1-5;:2008

Chia-En_Lee, Yi-Jdiun Lee, Hao-Chung Kuo, Meng-Ru Tsai, Tiena@b Lu,
Shing-Chung Wang, and Chia-Tai Kuo, "Luminance Haement of Flip-Chip
Light-Emitting Diodes by adopting a geometric sapphshaping structure,1TEEE
Photon. Technal. Lett., vol.20, no.3, pp. 184-186, 2008

C H Chiu, H C KuoC.E. Lee, CH Lin, P C Cheng, HW Huang, T C Lu, S C Wand an
K M Leung,“Fabrication and characteristics of tfiim InGaN-GaN light-emitting
diodes with TiO2/SiO2 omnidirectional reflector§émicond. Sci. Technal., 22 no. 7,
pp. 831-835, 2007

Huang, H.W., Kuo, H.C., Lai, C.AR,ee, C. E., Chiu, C.W,, Lu, T.C., Wang, S.C., Lin,
C.H., Leung, K.M., "High-Performance GaN-Based \&ttInjection Light-Emitting
Diodes With TiO2-SiO2 Omnidirectional Reflector amdGaN Roughness,TEEE
Photon. Technol. Lett., vol 18, no. 8, pp.565-567, 2007

Chia-En Lee, Yi-Jiun Lee, Hao-Chung Kuo, Meng-Ru Tsai, B. $ie@g, Tien-Chang
Lu, Shing-Chung Wang, and Chia-Tai Kuo,”"EnhancenwniElip-Chip Light-Emitting
Diodes With Omni-Directional Reflector and Texturddicropillar Arrays,” |IEEE

Photon. Technal. Lett., vol.19, no.16, pp. 1200-1202, 2007

101



18.

19.

20.

21.

22.

23.

24.

Lee, Y. C., Kuo, H. C..Lee, C. E., Lu, T. C.,, Wang, S. C., and Chiou, S.
W., "High-Temperature Stability of 650-nm Reson@atvity Light-Emitting Diodes
Fabricated Using Wafer-Bonding Technique on SilicBabstrates,”IEEE Photon.
Technol. Lett., vol. 19, no. 14, pp. 1060-1062, 2007

Yea-Chen Lee,Chia-En_Lee, Bo-Siao Cheng, Tien-Chang Lu, Hao-Chung Kuo,
Shing-Chung Wang, and Shu-Woei Chiou, “High-Perfamge 650 nm Resonant-Cavity
Light-Emitting Diodes for Plastic Optical-Fiber Alpgation,” Jpn. J. Appl. Phy., vol. 46,

no. 4B, pp. 2450-2453, 2007

R. H. Horng, C. C. Yang, J. Y. Wu, S. H. HuaGgE. Lee, and D. S. Wuu, “GaN-based
light-emitting diodes with indium tin oxide textag window layers using natural
lithography,”Appl. Phys. Lett., vol. 86, pp. 221101, May 2005.

W. Y. Lin, D. S. Wuu, K. F. Pan;S=H. Huarig,,E. Lee, W. K. Wang, S. C. Hsu, Y. Y.
Su, S. Y. Huang, and R. H. Horng, “High-Power GaN+di—Cu Light-Emitting Diodes
for Vertical Current Injection Using Laser:Liftadind Electroplating Techniques EEE
Photon. Technal. Lett., vol. 17, pp/1809-1811, Sep. 2005.

D. S. Wuu, S. C. Hsu, S. H. Huang, C. C. Wi, E. Lee, and R. H. Horng,
“GaN/Mirror/Si Light-Emitting Diodes for Vertical @rent Injection by Laser Lift-off
and Wafer Bonding Techniquesipn. J. Appl. Phy., vol. 43, no. 8A, pp. 5239-5242, Aug.
2004.

R. H. Horng,C. E. Lee, S. C. Hsu, S. H. Huang, C. C. Wu, C. Y. Kung, &né. Wuu,
“High-power GaN light-emitting diodes with pattethecopper substrates by

electroplating,”Phys. Stat. Sol. (a), 201, pp. 2786-2790, 2004.

R. H. HorngC. E. Leg, C. Y. Kung, S. H. Huang, and D. S. Wuu, ‘High-pgow

AlGalnP light-emitting diodes with patterned copgebstrates by electroplatingpn. J.
Appl. Phys,, vol. 43, no. 4B, pp. L576-578, 2004.

102



(B) Conference Papers.

1. Chia-En_Lee, Bo-Siao Cheng, Yea-Chen Lee, Ching-Hua Chiu, Baang Kuo,
Tien-Chang Lu, and Shing-Chung Wang,” EnhancemgNitade-based Near-Ultraviolet
Vertical-Injection Light-Emitting Diodes with Roughed Mesh-Surface by Adopting
Pattern Sapphire Substratélie 2008 International Conference on Solid State Devices
and Materials (SSDM) Tsukuba, Japan, Sep. 23-26, 2008

2. Chia-En_Lee, Bo-Siao Cheng, Yea-Chen Lee, Ching-Hua Chiu, Bhang Kuo,
Tien-Chang Lu, and Shing-Chung Wang,” Vertical-ttien Ultraviolet Light-Emitting
Diodes with GaN-Free Structuregfie 2008 International Conference on Solid State
Devicesand Materials (SSDM) Tsukuba, Japan, Sep. 23-26, 2008

3. Bo-Siao Chendgzhia-En L ee, Hao-Chung Kuo, Tien-Chang Lu, and Shing-Chung §Van
Power Enhancement of GaN-Based Flip-Chip Light-Engt Diodes with Triple
Roughened Surfacesthe 2008 International Conference on Solid State Devices and
Materials (SSDM) Tsukuba, Japan,Sep. 23-26, 2008

4. C. H. Chiu, H. C. Kucg. E. Lee, €. H. Lin;H. W)Huang, T. C. Lu, S. C. Wang, aad\.
Leung,” Study of the Thin-Film\ GaN-Based/LEDs wiiiO2/SiO2 Omnidirectional
Reflectors and PEC Roughened:-Surfacethe Wide-Bandgap Semiconductor
Materials & Devices Washington, DC, USA, Oct. 7-12, 2007

5. Y. C. Lee,C. E. Lee, S. W. Chiou, H. C. Kuo, T. C. Lu and S. C. Wafigjgh
performance of 650 nm resonant cavity light engttoiodes for plastic optical fiber
applications.the 2006 I nternational Conference on Solid Sate Devices and Materials
(SSDM) Yokohama, Japan, Sep. 12-15, 2006.

6. Ray-Hua HorngChia-En Lee, S. C. Hsu, S. H. Huang, C. C. Wu, C. Y. Kung, &nd.
Wuu. “High-Power GaN Light-Emitting Diodes with Ratned Copper Substrates by
Electroplating,”the 5th International Symposium on Blue Laser and Light Emitting
Diodes, Gyeongju, Korea, Mar. 15-19, 2004.

103



Curriculum Vita

Name: Mr. Chia-En Lee

Place of Birth: Chia-Yi, Taiwan

Date of Birth: Jan 28, 1979

Electronic Mail: Ice0143@gmail.com

Education:

Ph.D. 2005-2009, Electro-Optical Engineering, NaicChiao Tung University,
Taiwan

M.S. 2002-2004, Electrical Engineering, National@f Hsing University,
Taiwan

B. S. 1998-2002, Electrical Engineering, National@g Hsing University,
Taiwan

Areas of Special I nterest:

AlGalnP and Nitride based materials and opticalaks/

Titleof M.S. Thesis:

Development of a novel chip structure for high-polight emitting diodes with
heat-dissipation mirror substrates

Title of Ph.D. Thesis:

Study of Efficiency Enhancement for GaN-based Lightitting Diodes by
Flip-Chip and Epilayer-Transfer Technology

104



