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ABSTRACT

. TITLE
Development of key material and device technologies for next
generation semiconductor devices with extreme performance

II. THE OBJECTIVES
The objective of this project is to develop key material and devices
toward the extreme performance of the next generation semiconductor .
This research will present the new paradigm to overcome the current
technological limit.
Considering potential impact on future market, optical comb
generator for terabit communication, GaN-Diamond technology for
heat dissipation, and p—type oxide semiconductor are selected as
research area of this project.
Cisco VNI forcast that global data traffic will nearly 3-fold over
the next 5 years and will have increased nealy 100-fold from 2005
to 2020. .from 2010 to 2015 and grow 1000-fold from 2010 to 2020.
By 2020, there will be 5.5 billion user and more than 11.6 billion
mobile-connected devices.
According to Lightcounting report,the market for optical components
and modules posted 9% growth in 2013 with the total sales exceeding
$4.2 B and sales of Ethernet optical transceiver were up 37% and
exceeding $1.3B, as the sales of wireless fronhaul and data center
transceiver rapidly increased.
As a multi-wavelength source is an essential of the next generation

network, the realization of amultiwavelength sourece is important . Now
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this 1s achieved to merely integrate multiple laser diode on the single
substrate, but there is a limit to increase a number of channel because
of the low yield and the high cost. An alternative is to create a type
of optical cavity that allows a laser didoe source to oscillate
simultaneously on multiple wavelengths and this is a kind of optical
comb generator. If a small optical comb generator is realized, terabit
access network can be realized.

Diamond has a higher thermal conductivity of 22 W / c¢m - K than other
power semiconductor materials (1.5 W / cm - K for Si, 1.3 W / cm
- K for GaNand 4.9W / cm - K for SiC). This means heat generated
from the power semiconductor device can be easily transferred out
of the device. Therefore, when high-speed switching characteristics
of a GaN power device and a heat dissipation technology of diamond
are applied together, a new dimension of the power device of the
performance could be realized.

Despite the extensive research on power semiconductors for extreme
environments using diamonds in the US and Europe, there is no
research on this in Korea, and there is a strong demand for research
and development of power semiconductors using diamond heat
dissipation technology through this project .

In the United States, the Near Junction Thermal Transport (NJTT)
research program has been conducted since 2011 through DARPA. In
the UK, several organizations are participating in Diamond Science
Technology Center (DST), which specializes in the research of
diamonds.

P-type oxide semiconductor has potential to provide new functionalites
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such as transparent electronics which will open the era of the
transparent information storage and transparent information display.
devices. The development of indium tin oxide now known as a
representative of transparent conductors has provided revolutionary
progress in the information display industry such as LCD, PDP and OLED.
In future, 1t is expected that the new material markets will be deployed
around the advanced oxide semiconductors which will enable the
informat ion technology devices for human interface with the environment
and five sense. It is quite urgent to put the cornerstone in advance
for future market through the aggressive development of materials
technology because the market analyst reports that the application
market for advanced oxide semiconductor materials will grow from 13.6
Billion USD to 93 Billion USD.

III. THE CONTENTS AND SCOPE OF THE STUDY
The research plan of optical comb generator is that the first goal
1s to produce a novel scheme generating comb with InP semidoncudtor
devices, the second is to fabricate InP devices which are necessary
to realize the new scheme, and monolithic integration 1s the final
goal. In this year, we presented the novel scheme and confirmed it
by the simulation and the experiments. The following is the contents
of this year study.
Objective: Develop the key devices and driving technologies for
optical comb generation
- Pulsating laser diode with wide optical bandwidth

- Narrow-1linewidth laser diode

_12_



- Develop optical comb generator driving method and integration
scheme

For GaN-Diamond Research, we first confirm the diamond growth
conditions on the GaN substrate through a commissioned study with
the General Physics Institute of the Russian Academy of Sciences
(GPI-RAS). GaN / Daimond interlayer is prepared by ETRI with
different conditions such as presence of SiN and polishing SiN
thickness, and collaborates with GPI-RAS. In addition, as a basic
work for the development of GaN / Diamond power device, the unit
process is carried out with the GaN-diamond commercial wafer of
Element6 co.

In the second year, we will optimize the interlayer to improve the
thermal conductivity of GaN / Diamond, and evaluate diamond growth
experiment and thermal conductivity using an interlayer with good
thermal conductivity other than SiN.

The research collaboration between GPI-RAS and ETRI is the same as
the first year. We will develop a method to measure GaN / Diamond
thermal conductivity as well as Diamond's thermal conductivity to
confirm the thermal conductivity of grown GaN / Diamond. We will
also evaluate 10A-class GaN-d1amond power semiconductor devices for
electrical characteristics and heat dissipation characteristics
In the final third year, substrate-level GaN-diamond will be
implemented through the optimal growth conditions of GaN-diamond
obtained 1n previous years. In addition, the evaluation of
characteristics of 20A class GaN-diamond high power semiconductor

devices will be carried out through high heat dissipation device
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packaging.
Objectives: GaN-Diamond template technology and unit
process development
- Development of Diamodn deposition technlogy by
diversification of GaN/Diamond interlayer
- GaN-Diamond wafer level deposition and characterization
— Development of 10A grade GaN-Diamond SBD
- Dicing/Packaging and DC thermal characterization of
GaN-Diamond devices
At fist stage, we search new candidates for p-type oxide
semiconductor with high performance through ab-initio calculation
in conjuction with the materials theory and calculation group
(materials science department in Seoul National University) and
experimentally demonstrate their feasibility through Hall mobility
measurement (mobility target larger than 10 cm®/Vs) in thin-film.
Therefore we obtain the intellectual property for the new materials
at this stage.
At second state, we establish the growth methods including vacuum
and non-vacuum techniques for thin—-film formation for the binary,
ternary and multicomponent p—type oxide semiconductor proposed at
the first stage and the process technology for p-type channel
materials for thin-film transistors.
At third stage, we find the optimal gate insulator and electrodes
for high performance p-type oxide semiconductor thin—film

transistors. The followings are the objectives of this year.
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Objectives: Development of fundamental technology for highmobility
p-type oxide semiconductor materailas and devices

- Development of p-type oxide semiconductor film formation
technology by vacuum evaporation and non-vacuum method

- Development of p-type oxide semiconductor film formation
technology

- Optimization of oxide semiconductor film for TFT fabrication
- Theoretical analysis of defect characteristics of

high-performance oxide semiconductor materials

IV. RESULTS
The results in this year are summarized as follows.
Pulsating laser diode with wide optical bandwidth
- Grating optimization for broadening the optical bandwidth
- Optical bandwidth: > 4nm (mode spacing= 25GHz, # of mode>20)
- Identify the need for the use of a top diffraction grating
for high « implementation
Narrow-linewidth laser diode
- Design of diffraction grating, active structure for narrow
linewidth laser diode
- DFB implementation with 60dB SMSR and above
Develop optical comb generator driving method and integration
scheme
- An integer multiplier of the pulsating LD frequency 1s used
to drive a phase modulator to extend the bandwidth of MLLD.
(Simulation)

- Packaging for stable operation of optical comb

_15_



- Hybrid integraton of devices for optical comb generation
Development of GaN-Diamond template

- Minimization of thermal stress when implement ing 350um class
GaN-Diamond template through laser patterning of nano-diamond

- SiC interlayer is grown by CVD to remove diamond peeling
phenomenon

- Maximum thermal conductivity of 10.5W/cmK in deposited
diamond

GaN-Diamond device development

- Fabrication and TO-220 packaging of GaN-Diamond SBD

- Verify 10A current capacity at 3.58V on GaN-Diamond SBD

- Investigation of heat radiation characteristics through
infrared camera

High-performance p-type oxide semiconductor TFT

- Fabrication of thin-film transistor wusing KTO oxide
material based on solution process method and the world highest
electric field mobility of 7.7cm?/Vs

- Find FEH(Formation Energy of Hydrogen) as a new selector for
high-performance p-type oxide semiconductor material candidates
- Development of a principle selection code for large
quantities of materials to select candidates for new p—type oxide

semiconductors such as CulLi0 and LasO;Te

V . EXPECTED RESULT & PROPOSITION
In this year, we focused on the research to establish the platform

for the future work.
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We presented a novel scheme of the optical comb generator based on
InP semiconductor materials and constructed the measurement system
for optical comb. Next year, we will realize this scheme and can
obtain source core technology.

Last year, we got the hall mobility larger than 150 cm®/Vs in the
K-SnO material system. We fabricated TFT with the field effect
mobility of 7.7cm’/Vs and this gives great promise for achieving the

final research goal.
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A2d A7HE RS

HE3EA%S A8 3ndeyr] 74

7b. 22Pd = AR 71ed A A
a) FHAEAR7] 71EH FHA

0 IAHAE WEA] Hes #olA thel o= syke] FulzhIAls|e] s B EAS F9l
0 v . ' S0 . -
(a) (b)
10} { =
o 60
: :
s 4
w 20 4 ;
70}
: 2
< %) ! 3
a € ol J
3 U :*
(o] l | &
40+
" " I £ 4 i 1
1561 1562 1863 1564 1565 175 178 177 178 179 18.0
Wavelength (nm) Frequency (GHz)

a9 2-1-1. 1 2pd % s Fagol A tholexe 54
(@F=HEH, (HRF =FEH
o DBRE A}g3F %+ PIC(Photonic Integrated Circuit)ollA] ZFE71438H,
x FAE As7] & odgd AT A E I s
o DBRS A}&3F %+ PIC(Photonic Integrated Circuit)olA ZHFE714 s,

pd = AR AHskgiko], DBR7EE ol &7 wh=Al dX oA

o B TAelA HFx dolA role= Fxi dhge Zo] AL

¥ 384 A (saturable absorber)7} §l+= TZX|WF, DFB o] EHH
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ojgtell Al F-5d wf A Ao} FAjste] ool ik qrEo] H&a

o 1xbd =0 A8 w7 o)A E optical injection lockingS £3F HA #o] 4
tole s b3t Ve Felstlon, AA FulddAdr] AFIE A=
injection locking & AXAZ #o|A tfo]o = sjuto] L@

o InP 7]gke] WMx7] 71&L SWelA 7E7hde]l WyH L glon, F5 Hx7]

seddde &t AEsid, ddned 53 SPARE S8 21T H

- Optical bandwidth & ¢t s|dAA 4 70T

- DFBE o|-&3F 2ol B F& A3 Fand

- A R 544 e A Az s AT

- AT 7 2 AsATs €9 AdE JAs SR gig AT

o DBRE o]&3d HAA Holx tloloEdAe FE& optical bandwidthe

DBR(Distributed Feedback Reflector) <] dispersiond] 7]18}H, o]&

HAaslshs A X8

o @A 4437} ® DFB LD A&-2 500kllz FEolw, o]e]3t FRES o]§3lo],

external feedback, PLL(phase locked loop)< ©|-&38le] 4 kllz9] AFo] F+dH
Fald e (2Ahd R ) o= 500kHz AFTAES HHE F

o FHA7] 9] optical bandwidth 2 FA|7] BEstE fal] FWHE7]9 -5

& 7xATE 3 AApdee] AUl S84 dadel=)

o AU A7 o] ARl wol= AZHE fls AF Axbe #7111

o FUAMAY] THS FH YAt TE FE

_46_



. 39 Eg JHAE E2 oA tolo=

a) A ng R 493 PHE

Bragg grating2| Ot 0f| [HE EHALE DL 2|

T =+ 2n 2m 2
— — K - K m w w m
A A = —— = — - —
S R T R}
the stop band
the pass band
e
r= = VRe 1
A"
Kk = |Ak| (inside the stopband)
2
“725;,1;12 K2 — AK®L
- K VK2 — Ak*L
14+ ———=sinh™v k- —
— Ak®
8== + tan~ Lﬁ tanh (1.! KZ — .{lkzL)]
Ak

k < |Ak| (outside the stopband)

K Poo 2 2 2
mSLn Ak — k4L

1%} 2-1-2. Coupling coefficient 7} 21 Bragg grating & WHAb-&-3} ] Akw 5}

o DBR(Distributed Feedback Reflector)®] WHA}E WhALTho] 9142 7 2-1-29F
Zow | A7FA ZFe] ulg Axprt 18 2-1-302 (100em*, 50um )<} (100cm ™,
200um )E v|wEbH, $=2o] wWE stop band (K )&= B3, Zol7l AR
el wRAbEe] war, ARiste] FrI7F Fed, A4S dEds AelA
VAF =L o] 71208, o= Bragg grating®] Zolel wel A=A
zel7b wsgtely] wiEow, Lol AS4E muzte] 9J4AH(Bragg grating®]

dispersion)”7} Zro} H A~ #o]#] t}o] 2. =9] phase lockingel] 2]
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=
I
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Reflectivity

100cm—1 Wavelength (:n—;‘um )

K= agg

L =50um
1% 2-1-3. Coupling coefficient 2} &%17] o] L ¢ Al7kA] Z3ol| ok Bragg
grating ©] WA}
o stop band FA I AAA L HALEY 942 A (DR xdsH, A2 golA
tho] @ =9] optical bandwidth® F7FA717] S8 &L S7HAI71W, whALaRREE]
Azt =3 gA FHo] THARE=ZEY dispersion®] =7FE H2AAA #TAstE

neo] 7t Aok o], WL optical bandwidth 7+3o] E7}1%

Ak=0
__sinh'kl) ,_
1+sinh’ (kL) 2
Ak=+k )
R= & 0=-"+tan"xI)
147 2

o HMAlA~HEY Al=ZS So5t7] 98fA+= coupling coefficient KE F7FA] 7ok
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s}, dispersions H243}8l7] $al A= Bragg grating®] Ao] L& ZHAAFAoL

sh=dl, AAAANA ] vALER 9dE BH ASE trade-of {7 EAEt], H A

WAL 2 EQ 3 52 WALE o] EUbs

o °ol¥ AFS AAsH] fste], ¥ AFo) A= passive waveguideE Al&5=

Bragg grating WAlol active waveguideE A}-&3= DFRBE A&

o DFBE WHAHAIZ AR&st= A5 4ol U7t He Holx FX94x0l

F5H o] WAL SE oA | o] gk F4tel whe} stop band A Aol A & WRALE

Azt A7 7hs

0 Stop band®] oto| A= 9)Abgke] wo] A4ul7} @ 4 §lov | stop band B} A]

g 9 x27e] wEEY, DFB 2AE B SHF & bandwidthi= 914l 0,

b He 3g1ke 1+

o A stop band®] &L 3| AZAAS coupling coefficiento] ¢&] ZAA =™, DFBY
T Aol7b golel wet stop band7b F7FebE A T wE YRS

A0S AN TGO, B AAFF S Faha lol, olo] W@ A Wasy
]_

0 =<2 coupling coefficientE F&3}7] A= =4dE Ao/l & 2=
S| HAAAE FdstooF shH, ol& 9siA =4 E AFel7t & InPot InGaAsE AHE-
o Electron Beam Lithography® gratingS ¥Aslgen, @Az F2 300 A
InGaAsE AH&3tlom, |d A JA F AT A, butt TS APl o,
o] A tho] =9 Fx%= PBH(Planar Buried Heterostructure) 7-%2& 4 &

o 3HAA Fge ZHolE 50, 100, 200, 300um ¢l Hx HolA ooz
At om, el A EES yvehdw, 245 98 §% DFBe
ZEeb L, as-cleaved AElE o] wE HRAMEBIYE Q== 3 (passive

waveguide 4504m | gain 900um | passive waveguide ~200um )
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o 1 2-1-59] ZAx}e} v DFBO] ojel wE stopband Fo] Aol wE W=
2 2-1-6014 B, ARgE DFB 9] duty= 140nmz o33k o] o]zt
Fropxlel wet 543 7

o 18 2-1-72 gaing G| AFFYA| grating®] ZAolo] WE spectrum® W3
vrehd

o 3AAA Fol 200, 300um = 1 9= DFBS] 9Fxzzo] st 27He] 9
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F7bl mel gshgResl w0 ) Agse, Agels RF A5 e,

S80mA o] Aol A= RF ~FE o] Hojx o] AejE R E=71o] phase locking 7o A

Wavelength (nm)

2% 21-7.DFB ele] Zolo] W gain Fole] AFASA FrAEGe] W

o A A stop band7} WHARA = &-go] QtE o], FL optical spectrume 7HAIAl EH
olg|g E£AE sfdsty] flal 1ahd el FFel AAAARE F= x4 7HeA
AR

o RF spectrum’doll Al &3 F=3k=7F A Wsta e, ol st H~24d-2 DFB7}
SHAo® W3S shar, WfE facetoll 21§ feedbackel] ols TAsHE FAFoE
WX Faaes feedback® G WA BAE JHAM, F feedbackel o3

sidemodeE9 3A % phase locking®. & FL optical spectrum®] F& &3

ca

o DFB Zo]7} 100um < A= <ol H9-9 28] dA stop bandol A optical
spectrume] HAISIH, YL gaing G 18mAE A7FEES w I H9

E1E
=

it
i)
[>

AFFo]| WE spectruml = A A o
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o 18 2-1-10& DFB7} 50um 21 Az}o] ths] gaing g AFo| wWE spectrum?

WElEs wolF ], AF F7ol whel bandwidth7} S7HE 8t

rr

HkhH o]l RF fregeuncy

A W3lelA =4, o= mode locked LD AP A<l 2&
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300mA ﬂM.l \ 300mA
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200 | <
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M o .
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-100
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-2 o
of 3mA AFZLE Fell A gain G AFel whE () FAAEY 3} () RF
~HEY

o 200, 300um ¢} &g 50, 100um AAE= gaing e AFgrol whel wkxped o

S Holw, A optical

bandwidth7} 100um 74-% 2nmmE @A Esby, 50um 9 2= 4mmol] &3t

oy e

HAA oA phase lockinge] WA= FAME =

o 100um ¢ 79 stop band”’} 5.83nm ¢ld] ®HFslo], AA optical bandwidth”}
2nmo]8Fo] L, 50um 79 4nmE YEl}EH o]= stop bande] o] o}yl stop
bandtfoll A1 ¢] dispersion®] 7+43dFe] pulse Ao T3l R = Z71E LAY
o FEatojol & HE Ao T|oste REEo FATIE FFo] Fil FAlo
wed, oy g Aol «]le] DFBO REAEA A = ARl A= &9, mode

locked LD 7% self-phase modulation®l] &J8f o]&|3t &Alo] A 715
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o A2 coupling coefficientE F7FA17]17] 9&Fe] InGaAs 3] AZAA5S 300 A

oAl 4004 2 A

BN
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50 B
~ DFB ~ ol DFB
] ! m
KSR ' =
2 z
£ =
; :
o 0}
= =
DBR
50
7530 5% 540 e
Wavelength (nm) RF frequency (GHz)
9 2-1-14. 3| ARG G o] 50um, $1GEHEFH 1 0] 450um, ©] 5D o] 900um,
AdEHdYg 27F 200um o™, 3 AAAELL AR coating, F17FEHFH 2%E as

cleaved o] =, °o]5 < 250mA, 32 ARSI SIS 2mA E DFB % DBR EF Y
s, Yz dd 9] AFT b=
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oX,
ofj
o
o,
ofo
o
bl
oty
oot
BN
—_>‘4—"4

£ b
b
rJ
e
oX,
o
zQ
o
rlr
pou)
o
o|\
of

Folol = 588 4 AW, reference laser®t olF RF 232 FEIHE
intensity/phase modulatorZ ©¢]&3}= WHol| HE|A combe] <HEA =HolA
TAZF € JteAdo] S 5

o 1IAbdEe] A7 AAE ugor F2 HMES Zh= reference laser 7} MLLDE-H



A€ comb moded] AFE Feolw HAl 5A4S HAsle= AL FAdEA L,

i
<

photonics 7] 7]9+e] ©+d HA OFC sourceZ A|Ztsl7] YalirdE= AZo] 1Hz
0]3}¢] reference laserE® F A sl Zo] 8 V|Eo] H AOo=Z datyol A
N 8o F7}

MZS zb= reference laser™ 7! cavity lengthES 7|E o= HLslH,

it |
rlo

0
external cavity laser, DBR laser &2 7l cavity lengthE zZ'+:= DFBLDE F=2 o]&
o °]%, MLLD 5t v& FaAete] 14 7bede e o, DFBLD= v &

B

o External cavity #lo|A= &% X7 2= QlajA T Hom A o] oy,
DBR LDE tuning 574 FolA &3l sl 23 7, DFBLD HlsjA] = A4
7hsAdol wig- worm e 3abd: JAE ATt dE AT E,

gdd JA =2 uldte] 71 cavity lengthES ztE ©d X DFB LD A7

g,
=2
>
Ay
o
o
%0
tio
N

o 19 2-1-16% F2 AEHE 7HAE Fdel dig 7l $3%s BoFm, 7l
cavity length® 7}*]i= DFB LDel|l il 500kHz 2] 7]&o] /MA=AoH, o=
ol-gato] kHz +F I stel gk A7F WA 5.

0 500kHz A Z F& 9o FaAde vt sE 913 PLL(phase locked loop)2l 7%
AHgEE LDe] MEo]l W& 7§ locking rangeE HWojuAl Fo] oA
g8 syt Bk

o LDolA XAEo] HRAISlE= FR YL spontaneous emissiono] WE FA| 7]}

Sapmstol slelske], obdsh o] PRANER EAF

vy
o

Ny, WL
EV—M(I-F&:)
dnn

N, : the number of excited carriers at threshold
Wy, : the spontaneous emission rate into lasing mode
71 : the average number of coherent photons in the lasing mode
(A 2-1-2)

o 1A #olAet 2 (1+afate] Sof 7+ AL FA7]e] Walo] W relaxation
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oscillation® w¥rozm ZFAFWMIZ WAA7|E= FAS  Fdslr] s

o LD 455 7kl 372 #HHARE #57] flalAE X719 internal
lossE =93 Al @435 O /45 Eole Aol fd

o %712l photon densitys =°]”7] $dlX & photon lifetimes F7FAIACF
3t o] mirror lossE A4S B3 7beslH, ol Aot 5= fe]
o 2 2-1-28 Wh=A] HolAdA AMEEHE WaER FdsH A 2-1-33 o

f

3d5Y, F& AZ DFB LDE A Ast7] YA+ ZFe linewidth enhancement

factor (a) %k, #H internal loss, %< internal power, & Wi FEE= 7]

W3 71 cavity length, 18]3 g@drE wx EXA So] Q7%
2 2 1 :
, vingphv(l + a }111( K(Rm)
W=
8Pl (2] 2-1-3)

o A 2-1-314 mirror &3 PR PR Fgow A& puAA o osiw, DB

o =¥ o R = YF BE A7 F7E AT 4 oy, 1Kol Yol gle
index coupled DFB LD& =2 &% Af/F FJHAA @Y B 23 E4o] 543}
AstE 4 Qi T A/4 U3 e]l DFB LD Aok #olAe Holrt

<7FsA spatial hole burningol 9lsjA w<d E= Wbzl S4do] Askd = 95

_60_



A¥iny Pwt A

AVewm .
Author | Year (kHz) | (kHz) | (mW) | (nm) Laser type Institution
Cgita 1588 1700 11 15xx | PBH DFB 1200um (Bulk) Fujitsu Lab.
Sakakibara 1989 1100 10 1560 | PBH DFB 300um (MQW) Mitsubishi Electric Corp.
Takano 1989 200 4 15xx | PBH DFE 700um (SCH-MQW) MEC corporation
Kotaki 15835 500 33 1538 | PBH P5-DFE 1200um (Bulk) Fujitsu Lab.
Kitamura 1930 250 4 1530 | PBH DFB 1500um (SCH-MQW) | MEC corporation
Cagita 1990 830 25 1544 | PBH MPS-DFB 1200um (Bulk) Fujitsu Lab.
Kunii 1991 BS 10 1500 | PBH DBR 2160um (SCH-MQW) | Oki Electric Industry
M atsui 1991 200 17 1540 | PEH DBR 1200um (SCH-MQW) | Oki Electric Industry
PBH DFE 500um (GRINSCH-
Zah 1991 600 3 1491 strained MQW) Bellcore
. PEH DFE 1450um (SCH-
Bissessur 1992 70 10 1550 strained MOW) Alcatel
i PEH CPM-DFE 1200pm (SCH- —
Okai 1993 36| 55 1543 strained MQW) Hitachi
Takaki 2003 500 a0 1548 | PBH DFB, B00um Yokohama R&D Lab.
Kimato 2005 2000 50 1550 | PS-DFB array (12 ch.) 600um Yokohama R&D Lab
Kelly 2007 ~100 5 1546 | Discrete laser, RW-FP Eblana, Doublin City Univ.
Phelan 2008 27 3 1547 | Discrete laser, RW-FP Eblana, Doublin City Univ.
Ishil 2000 | <160 sy | 1550 | PS-DFB array(12 ch) 1500um | NTT
Liang 2010 = 0.2 3 1550 | DFB . external feedback OEwaves
Yariv 2014 18 -4 1567 | High ), hybrid LD Caltech
T 205 Ak hE Fe HE Pee) ATEY
o DFB LD9} #& @l R= gojAda dd me ozl 54 Ast - SMSRY

Aete o 9 Bzof 9 &)A gain A 2 spontaneous emission noise 59
S7HE YUtz B 2ol AEe FASH SV HBuR, aHuR F2

AaidE 21 Aol cavitys o] &dHHA FAlM HA

%,

[

=)

&S|

o}

—
.o
o,

1

o

o

= :L

QWe] %8, 283l coupling coefficient k¢ T&o]
i<k
L YR re A7) Bt 12 AEES §% 3+ spatial hole burning 53}
o] W9 =A<l 5EAdo] #datA] X3 FHo] BAHA FrF de= 3]
g8k, meEbd a9 2-1-16 o dEbd A3} o] F& AF DFB LDe] 7S
A= cavity length, MQW, grating®] 57 ol &= olof sfar, &A A=z
=0l MLLDSFY] R 2 % =% 37| e FH ook 31, Internal loss Z4AE 9

of

.

°1N

=



AFE3= LOC (Large optical cavity) -

}
g oohe, A% FRE ol

BN
offl
lo
N,
)
B
N

T-X=o A Butt—joint

4 Bl ofelgol g ® A shel the ARt
54 9 98 a9 BHS ASAA $evt eme L0 PR pelsd 8

Optical linewidth « 1/L | Long cavity
DFE LD: Suppress spatial hole Reduces period of MOQW
burning : 1.2mm cavity
& Uniform mode power distrib. C 3-MOWSs
: Low K
SMSR (High threshold gain diff) LOC (Large optical cavity ~ 1 pm WG core)
: Single mode operation = Difficulties on the Butt-joint process
Low transparent current density Highly strained MOW
Low optical loss = 1% compressive MOW
High differential gain Strain compensation
= Barrier thickness limitation
Integrating with MLLD
or other optical compaonents —
Butt-joint process

1§ 2-1-16. F2 A Z DFB LD AA W 2 3 A}

ot

b) ol¥ = AA: MW, strain, SCH, grating

0 F& HAE DFB LDY Td& YA cavity lengths E7FA7]= AL Hgo|H,
1.2 mm A%E9 cavity lengthE zZt+= DFB LDE 18

o Cavity length® Z=7}2 &A1 757] MV A 52 A}&-3thd, o9 2ol modal

gain®] S7}% FP &3 EAdo] 73|

i

Bl oly2}l, side mode2}2] threshold gain
difference7} #F4xsto] ©d e 2 SX4o] Astd 7heAdo]l glomz, MWe]
FE2 z4dste] o9 Zold material gainS FAAACE FEE, FA ARSI
active/SCHSt & Fx& 7Hgstal, Mvel F71¢ vbs 35712 HaAA 2

4 A
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43 T T T T T
— L] L] «JMZU
3 I A
. -2l ¥ 10218
§ £\ 2
E ‘E 210 \x . 0216 3
] = L] =
& 3 4 - 0214 €
g k=) 200 - "‘ “'\-\_\‘ 2
= =] . L
[T £ . 40212
E : b
£ 190 | —
o = / ~—g 10210
L& . f

_‘*a 1 1 1 1 1 18]] A 1 1 1 D.Qﬂﬂ

00 02 04 0B 0.8 10 1.2 40 50 ] ] ]
y-position (um) SCH1 Thickness (nm)

a9 2-1-17. AAF FAF F29 (Fconduction band T €} ($-) SCH1 2] F7l
2 Fe A 79} slope efficiency ¢ W3}

p

o ¥ 2-1-179 HFL 3F7I1E FAAAX A9 conduction bande] TERE
YEt Y | Quantum wellS 6nme] F7¢F 1% compressive straing 7FA ™, barrier=
10nme] F719F 0.4%2] tensile straine ©]€3l% 3L, SCHILS 1.24Q 60nm, SCH2:
1.08Q 60nm= A AsFH o™, A£A= Aol 400 um, & 100 pm® broad stripe LDE

0 1138 2-1-17 =& BSLD(Broad Strip Laser Diode)e] &4 A Ax=, SCH1¢
T wEbd Axke] EEAFIE w2 HeA ®stele AS S8
gom ol e FHES ZHE quantumwel 13} barrier 49 FAE FHAdho,
AA waveguideFH o FEHFAHEEL 7F43o confinement factord 7ZFAE modal
gain®] 7FA3lal, optical mode7} clad g9 o= ¢ o] AFES}A %o internal
loss YAl F7istoe=A EHAF7E 34384 S718k9 3L, external quantum
efficiency 94 #Fasdles EAS Y

E
o1jr R, %o yERW A o] SCH1 ¥ FAE S7H7IWH frazs4dEol

]

Z7lelH A EEAFE 7F43 AL, internal loss ZF4 2 confinement factor 7=

external efficiencys &7}

o

arrierE X3k SCHel +x9

o ¢ AXF A2 RE 357 MQVE AHEsteE 4A$
g < DFB LD9 grating F7]ol %=

AdAZE 2ad AL Fdeglen, fFa=d

i
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o SCH ¥ barrier®] T4 ZdsHx
AbgEE 77 AR fFEFEE 23
A Anp 5 AdRE
o SCHE] ZAS 1.08Q¢}t 1.240% A3 =dl, ol dA9 InGaAsP A3 =7
Aok o] &3ty] flsielm, 1do] vrebdl 213 Zo] SCHeF barriere] FA7}
3.29]

i

S/l A FaEdEES 273 A| 9, tensile straing WE barrierd

7 %7} strain compensations n&E w EA|7} = JlFAle] mow, MQWE
ZaAlo g okZo| 9323} barriere FAES E7MA 719, intrinsic AEHIE §X 5=

core G99 EAAF carrier diffusion S22 ¢lsfA LD EAlo] AstE 7F5Ao]

Jm

Uol, barrier®] F7= A7

SCH 499 FAZS Z71H47]

i

wapel el

2oz 9x3HA straing

e davt fls

(a)

(b)

(c)

Computed Transvorse Mode Profi (m=0.n,=3.194486)

3

C)

g
s
§
3
$
52
k]
3
]
>

o

3 2 A 0 1

Horzontal Direction (um)

2 3

SCH (1.08Q,)60/(1.24Q,)60nm
Barrier: 10nm
Eff. Index: 3.194

Computed Transverse Mode Profile (m=0.n =3 195398)

w

©

Vertical Direction (ym)
- ~

o

3 2 -1 0 1

Horzontal Direction (um)

2 3

SCH (1.08Q)60/(1.24Q)50nm
Barrier: 20/10/10/20nm
Eff. Index: 3.195

Computed Transverse Mode Profie (m=0,n,,=3 202301)

-

3

©

g
H
3
82
B
5
H
>

o

3 2 -1 0 1

Horizontal Direction (m)

2 3

SCH (1.08Q)60/(1.24Q)60nm
Barrier: 20/15/15/20nm

Eff. Index: 3.202

- Strain compensation & Xl

19 2-1-18.SCH ¥ &A=

o 1% 2-1-19&

T2 WE FaEdE
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10nm/15nm=z FA]eFH A SCHe] FAE S7HAA 92 F 7HA 499 Epi. %%
EFHER Option 19 ZA$E A InGaAsP SCHe] ZAdA we3d] FAS

7ENZ1 9ol | option 2= SCHY XAy FAE =

oN o

n
=3
o
o
32
kl

waveguide core 4H°] FAE F7HAZ %

(a) Option 1 (b) Option 2

Computed Transverse Mode Profile (m=0,n,,=3.205623) Computed Transverse Mode Profile (m=0,n,,=3.216753)

w
w

N
~

© ©

Vertical Direction (um)
Vertical Direction (um)

-3 2 -1 0 1 2 3 -3 2 -1 0 1 2 3

Horizontal Direction (um) Horizontal Direction (um)
SCH (1.08)60/(1.24)80 SCH (1.15Q) 80/ (1.24Q)80
Barrier: 15/10/10/15nm Barrier: 15/10/10/15
Eff. Index: 3.206 Eff. Index: 3.216
Grating period (CAD): 242 Grating period (CAD): 242
Wavelength: 1555 nm Wavelength.: 1555 nm
Grating period (& X[): 242.51 nm Grating period (& H|): 241.75 nm
Grating: 1.3Q 120A, MZ: 70 nm Grating: 1.3Q 120A, M Z: 70nm
Thick. WG: 348 nm Thick. WG: 388 nm

I% 2-1-19. F2 AEFEE S45 2L d AR ALE Y

0o 1Y 2-1-20& ool AHst F e Epi. 7-%9 A band 7+ ERNH,
SCH19] A& 1.24Q%2 fAgem® MV 9999 band offset 5o & W37}
AT, SCH2¢] ZAS 1.15QE v option29 9= InP p-clad G939
AAIANA © & potential barrier® XHoly, F2 A% DFBLDE DC 7S AAZ

ah7] witoll AxF SREAdAE A EAVE e AR o4
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L e LA B i e s e 38 —— T —T——T——T——1—"T
40k 9 40l
421 4
% Option 1 | 3 i
S 4 ,& 1 2 'y Option 2|
E = Conduction E — Conduction
g 4bz | = Valenca = g aBx —— Valéncs £
w szt {4 w 53L
- z
& 54t {1 & 54}
56 g EBE
5 i R R R R 58 e I T S R
00 02 04 06 08 1D 12 14 16 18 20 00 02 04 06 08 10 12 14 16 18 20
y-Posilion (um) y-Position (um)

a9 2-1-20. AlrE F7EA Gzl dlgk band T3

a9 2-1-212 5 A9l A AFSE material gain® LI SA S =2 BSLDE

o

-

7H8E AR 7 Afol deld A 544 2 Aole glow, FHARE oF
185mA, slop efficiency:= 0.2W/A (BSLDS] &2 100 um, Ao+ 4

0%5L % AFoAM material gainpeaks 2F 1525mm= AHF WxE 5 1HE u
PLE 22k @Ao| A 2] gain peaki= oF 1540nm WY Ho =z o=, F %ol
sl 714 2 xFol+= Waveguide core G99 F7E, Butt-joint 34 =&
1#E uf, option 19 Epi T+%7} data SHE 93 A A FRE A s},
internal loss®} linewidth enhancement factor &< IL&3}9H, quantum well?

compressive straing &7FA]7]aL, option 29 T+Z2E Al&3st= A% 7S

Y 020 .
0.18 —Ovl‘l
osef 22
0.14 -
012}
0.10
0.08
0.06 F
0.04
0.02
0.00

T T T

Output (W)

Material Gain (em™)

L

1m A ' A 1 1 L A
1400 1425 1450 1475 1500 1525 1550 1575 1600 0.0 02
Wavelength (nm)

I

04 06 08 1.0
Current (A)

2% 2-1-21. AlekE T FZo| gk material gain ¥ LI 54 (BSLD Al%h)




o 1§ 2-1-22v SkellA A58 option 19 I FxE AMEStal Axfe] ol

1.2mm= 7}438 452 grating®| coupling coefficiento] W& W& E= 7]

RESH BHARE AN A%, Y (9 $EL UP mE A7) Holg
Asd Atz BEAVL A 2 R - 91gdol DB LAAE 94l

- 3 REAZI7F 7P A B A7) BlE (Pr) 2 o] gho] E5F o] A
ol A B me A 7)o Aol Aar, 191 A4 A Gl Rerp Bedhs
olul (olAel dolE 1.2m=Z A3} grating®] coupling coefficient k=
S7HAA AL

o el yebd A o] coupling coefficient7} S7FSFHA #lo] A9

TEHARE gasgla, old wEbA REol HUdEE YEE Pre F45H
=7t
o ¢rAZ¢ ddrE Wx EAS IRl YsiA A/4 YR DFB LD TR

e, Pr el S7kE 91dFel FoelMe REAZZE FASHA

Jee ovlstd, EI F dHA = A #Zol coupling
£

b
®
_0|L
52
~N

ol\
)
_O|L
=

40 T v T T T r

od § g 100} — L6

8 1100 e (L23.6
- 3710 L=24
< 36} E 80 \L:lva
%35 o\ - E we12
e Uk = -

. E
€ nt \ . . 60
\ ° 10
3 %2} — 1 3 §
B 3 — — — —o : o
©° 30k . o S Nr
sk . =
- 28¢
1 20+ N\ -

=2} 3

Bre

25 A O i A ' A A

1 2 3 4 5 6 0 200 400 600 800 1000 1200

(a) (b)

% 2-1-22. 4o] 1.2mmDFB LD 2] 54 Al4H4 7} coupling coefficient 2] &4

Jm
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oPry @ = @3 B4 58 138 W AA normalized coupling coefficient
kL2 2~ 2.4 AEE Zo|7} #F- DFB LD A & B o1k, Coupling
coefficient7} & ol spatial hole burning A7} o, 2 4=
FP R=¢}o] 7Aooz

o 2822 ZAolr}t ZAojz WwrE coupling coefficienti= 7+A3dlolof 3t , &)

& HE DFB LDEE FA%

RN

AYdANE wgoR E df, 1.3Q InGaAsP 30nme] grating layerg& ©]-&3}H
coupling coefficient= 50 cm ' AEZo|= 2 1.3Q InGaAsP 12nm A =7} 2 A3}

o 1Y 2-1-23< coupling coefficientol] W& Az} AL 235 Qokst A=z
Aoz FEAFl & A2 AMF oF=E ridge TEE 7MY

giroz x| Bl Fx9 AAHE BE AR oF 15mA ALY Aoz oA

celpc Py (MW)
= K(/um) KL = SMSR Pr o L, (MA)
| (dB) @100mA
1 0.005 6 X ; 169 16 31 SHB
2 0.003 36 0 >45 10 71 311
3 0.002 24 0 >45 3 126 32
4 0.0015 18 o} >45 175 14 336 FPOIs}
5 0.001 12 X ; 045 125 37.2 Fp

19 2-1-23. 04 91733 o] DFBLD ¢ «L o] W& EAEA A

¢) &AA| 23 DFB 4

o AZFaxte] 7|EGZE= PBH(Planar Buried Heterostructure)E L# sl o,
=8> %18y

A2t % 437 Buffer 500nm, 1.3Q InGaAsP 12nm, InP 10nm

of
o
flo

lo

&
m\l

|
totr
i

Electron beam lithography® 342z A 9@ &A= A4 (Option 1)

=vt2 g4 % opnp A
- p—clad A& % metal &4
0 FL AEFEE 9l =S compressive strains 7hskal glo] 3 H A AF$) 9

AL Aol o3, 19 2-1-249F #o] defecto] &4 7% dislocation©]
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2% 2-1-24. AAGAAA] BAEE (F) defect @] RE5F vEE ] () TEM #41S

=31 dislocation =<5

o 19 2-1-256&= AZE 1.4mm ZAe] DFB LDe] F=YAFo wE& 2+

=93t 3 AAX  coupling coefficientE 7FA+=  1.2mm, 0.9mm%s ZHo|7}

AgHoz Be AxtoalE DFB7F @RS shx] @gpoem, o=

A A Aol )] coupling coefficient A& F+& 9o F QA vk

0 T T
s DFB (1400um)
—100mA
i —— 150mA
£ 20T — 200mA

Output power (dBm

1 1
1526 1528 1530
Wavelength (nm)

1% 2-1-25. 1.4mm Zolo] DFB o] QI7FHFol wE FdEY



0 60dBo] o] SMSRS H o AFo Z7}bo] whEl spatial hole burningel] <3t

A1Z2}3k broadeningS WAELA] o1}, fiber coupling A ¥HAFO] w9~ w17}3}o]

hul

S
|
Iy

A oA

A AR A71E g5 F 54 dA

|\

L4

% FRaeY7) 78 % JYFE 97
2) FRLBY) 78 A7

ofo
%
o
I,

>

23
ox
~

.
o

I,
>
o
o
)
)
o
E
i
)
o

Input Intensity Phase Output
Modulator Modulator

DCl Bias
Variable
amplifier

@

E gy (t) = exp(iw.t) cos (g asinw,,t — Z}f) exp i { (9 a+= ,G) sinwy,t — i gy}

o, B: Electrical driven voltage (Normalized by V)
y: DC voltage of the IM (Normalized by V)
: Chirp parameter of IM
% 2-1-26. AAYEALC] A &3 RIS o] &3 Wx ide

o I3 2-1-262 WHZE7|E o]g3 FuladbAle dukzxol Fx7 [M(Intensity

Modulator)®} PM(Phase Modulator)E& AF&

o ¥ 2-1-27% SAEE FUs QUpshal Fexdd we JA4E= Anld
AstAsteln | e FooM e o mErh wAshy, AAne ViE drke

T

Bobsete, Fzs)/lue] FRgsle] AP oy
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Veet = 4V Vg = 4V;

Eloctric Field (Arb. Unit)

05

Power (Arb, Unt)

o

1548 15485 1549 15495 155 15605 1851 18515 1852
Wavelength (m) «10%

Veeine = 8V; Vae = 4V;

Electric Field (Arb. Uni)
&

Power (Arb. Unit)

N .
1548 15485 1500 15495 155 15505 1551 15615 1882
Wavelength (m) x10¢

0o 2 AFAAME

10GHz7+A 9] 207 RE=Z 7FA&= MLLD(Mode-Locked Laser Diode)Z
WMz7)e] FEo

A,

ZZ)

H e o] A €]
bandwidth2hg=} Fulakgke] FA)7] Aol &

o A9 FHIARE= S Zxrl 207K0]H

Veent = 4V Ve = 4V, Ve = Vpi

1548 15485 1540 15495 155 15505 1551 15515 1562
Wavelength (m) «10®

Veent = 8V Ve = 4V, Ve = Vpi

time (s)

T ,llw“ A uhl..

1548 15485 1549 15405 155 15505 1861 18615 1862
Wavelength (m) «10®

x10°®

- Number of modes = 20

Input E-field

Electric Field (Arb. Unit)
o

-5
10
<15
0 02 04 06
time (s)
1% 2-1-28.

Power (Arb. Unit)

of
10!

107}

08 1

WahE ALY (PP wg

Veeant = 4V Ve = 4V; Ve = 2Vpi

1648 15485 1549 15495 155 156505 1551 15515 1552
Wavelength (m) «10*

Ve =8V, Vge = 4V, Vge = 2Vpi

WZ7]2 %3] optical spectrum
H i 3tsleE Aol &4
Az 2 HxE EAds uf

Qegeon

a9 2-1-28

Input spectrum

!
!
!
!

104t . . " A " . " ]
1548 15485 1549 15495 155 15505 1551 15515 1552

Wavelength (m) «10°

Aol 488 2070 RER PN A



oA FHS FAFL RHo k& PEALL AT A Y s (13
2-1-29)
VRF_lnt = 8V (=2Vpi), Vd( = 4V, VRF = 3Vpi VRF_IM = 12V (=3Vpi),' Vdc = 4V; VRF = 3Vpi

Electric Field (Arb. Unit)
o

Electric Field (Arb. Un

06 08 1
time (s) <107

0 02 04 06 08 1 0 02 04
time (s) «10?

Power (Arb. Unit)

Power (Arb. Unit)

1548 15485 1549 15495 156 15505 1.551 15515 1552

1548 15485 1549 15495 155 15505 1551 15515 1562
Wavelength (m) x10%

Wovelengh (n) e
a7 2-1-29. FUGE GE 9 AvbEAdd gig ALk A3 8 ARV A =
dtxd 4 27bs
o olglgh EAZE WA= TR Al Al AAME MLD7E olvW  intensity
modulations 7FA]aL Qlof IMell tigh ko] wig- ztom =4 MLLD7} o7 R=
F7 =53] time domainoll Al short pulseE 7FA 22 PMe] quadratic phase
modulations <g&ol wjg- zho} AT AdHH, o]F A5ty A=
PME MLLDO] Fub=o] Az 753 a7k 3l
o 2% 2-1-302 1 A¥}=E PO FEFIrt 25 g% ddEs ¢ F

or], NG AHEEA] B PITe R fAR Aot Aol

v A
ARy o] RELAS 718 5 gluke wo] &4
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. s . Veesnt = 4V (EVpi); Vie = 4V; Ve = Vpi (5V)
Verw =4V, Voo = N Ve =00 fint = 10GHz, f_phase = 20 GHz

g H

gm gm

i AL
10 g0

i i

Yoo 02 04 06 08 1 Wil 02 04 06 08 1

tme (s) 10* time (s) «10*

Z :

g H

} !
1508 1585 1549 15405 155 15805 1551 18515 152 1506 15485 1540 15405 155 1505 1551 18515 1682

Wavelength (m) «10% Wavelength (m) «10%

Veeant = 4V (5Vpi); Vge = 4V; Ve = Vpi (5V)

Ve it = 4V (=Vpi); Vi = 4V; Vge = Vpi (5 R
e (=VPi: Ve W= N f.int = 10GHz, f_phase = 40 GHz

fint = 10GHz, f_phase = 30 GHz

L

3

3

Eloctric Field (Arb. Unit)
°

T

1548 15485 1549 15405 155 15505 1551 15515 1562 1548 15485 1549 15495 155 15505 1551 15515 1582
Wavelength (m) «10® Wavelength (m) 10®

19 2-1-30. IM o] MLLD ¢} 53t 535, PM ol A5l T3 Q17HA] FAFE
2 o AAA

Ve = Vpi (5V), f_phase = 10 GHz Vee = Vpi (5V), f_phase = 20 GHz
g 10 g
§ 10
i° 3°
210 %10
2
Y oo 02 04 06 08 ' ‘§ o 02 o4 08 08 1
time (s) x10® time (s) 10*
H £
g H
§ gm
1548 15485 1540 15495 155 15505 1551 15515 18552 1548 15485 1540 15095 155 15505 1851 18515 1862
Wavelength (m) x10* Wavelength (m) «10*
Vee = Vpi (5V), f_phase = 30 GHz Vge = Vpi (5V), f_phase = 40 GHz
" H
g gn
i 3°
3-10 -10
i i
¥ oo 0z 04 08 o8 1 Yoo 0z 04 o6 08 1
time (s) x10* time (s) x10%
H H
£ H
§|n° §|o°
1548 15485 1540 15495 165 15505 1851 18516 1652 1548 15185 1540 15495 155 15505 1551 15515 1552
‘Wavelength (m) x10* ‘Wavelength (m) x10*

1% 2-1-31.PM 7t o] &3k FAadAEH S AskA )



AGHl 2 P53 u) optical bandwidth el felsh}y, FHlae] 7140l &

o SFo] FWxVIE ol&d AIS WAty A= w9l A b
[e]
=

2 7IAY EEHES WA fste] RER AT

0 188 A& R 3Y=2] packaging & 712 FHE FAAR Gl RF injection

18k microstripe line¥t 9F-RHALE FHA3}sl7] 918l aspherical lens®} optical

wire bonding
Sub-mount

 Optical Isolator

x x :
Metallic Optical Bench(MOB) Torirao=Elctic Conlaig o)

a9 2-1-32. ARk B e
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Diamond B =7 Feedback
(ETRI)

2-3AEE M I

Ga-face GaN

GaN
3% (ETR) o
Thick Diamond &4  GaN Wafer thinning AM EA B
(GPI-RAS) 3% (ETR) (ETRI/GPI-RAS)

19 2-2-1. GaN-Diamond ¥F=A] 713 7)</ 2=

o 22bd%E =3 % GaN-Diamond WH=A| 7l& A= A F 7HX Wdo=z
GaN-Diamond template 7]& <47, GaN-Diamond 4%} 7]& AF7/1E= 31

o GaN-Diamond Template”Z]¥e] A F &< 7futS 934 = GaN ¥F=AH 9t Diamond
Atole] Adhesion®] WA 2E]al HEE7F ¥ interlayer A} 2]
oo olE A CVD ulFolx A SiC interlayerel wgh HjL

3yt

op
o
i)

o B3l A2 Diamond =22 &A= GaNe Diamond AF©]9] Thermal stress
Has7F 2887 wjitell, Laserg #&-83to] Diamond seedE HHYs= 34
Diamond 374 A& o ZM Diamond9} GaNAtelel A7]1:E Thermal stressE
ol A& 3

o Tlojolr=o] ZHZo]Z EXNEAES SEM (Scanning Electron Microscope) <
o] g3lo] A& FA % interface ¥4 18] roughnessE =% 2™, Raman &
PL (Photoluminescence) 25 &3l Diamond A &2] stress ¥ vacancyS w413}
laser flashing ¥ o 2 Diamondd) FAHAEEE =435} GaN-Diamond A=< 47
H7H

o GaN-Diamond SBD 474} &4 @sde HHSES S8 ERI k=
A=A S ol &ste] dstqom, sxte] A7]4/4% 54 4=

RS SYY
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o GaN-Diamond %#he] 4§ 2wt Saving F4°] &7h5al7] wiEel, Laser Dicing

T FHAH FHo] Hastg o, AzFe] T0-220 W7 HS T3 NHdF 54
Hr7t 2 Ao JheE T3 454 A4S Jdg

7}. GaN-Diamond Template 7]& QT+

a) GaN-Diamond interlayer TS}t wE Diamond 37| 7N

@ Laser Surface patterning®] W& tlololE= A7|&

o Thick Diamond & 2tell w2 GaN/Diamond Thermal stress& =°|7] 93] Diamond
Seedoll w3l Laser Patterning &3S 3 slal, o]Fof DiamondE AAFAIH.

0 1% 2-2-2014 XM= AA™H GaN 7] F$] ol nano-Diamond €] E(5/10/20/50 nm)-S
DI WaterE o] &3l ZHE S Aasta, KrF oA 4] (wavelength A = 248 nm,
pulse duration T = 20 ns and repetition rate f=50 Hz, 29 2-2-2 (a), ())&
o]-&3te] IHY THES WP T

o nano-diamond SHE|Y HZA 3 AHF

T A& (2y 2-2-3)s7198, Siv|#He
olgate] Mx FYF, GaN )¢l A

S
=
8%

translation
tage
(b) N

[ ] Fiters  Mask
Excimer Laser CLT100 11

|

Patterned Diamond films
CVD growth Lo \/ e

19 2-2-2. KrF excimer laser = ©]-83F Seed diamond pattering 3" (a) optsystem A}
©] CL7100 “H] (b) Laser =4} 374 (c) Diamond Patterning prcess Flow

0 1% 2-2-3& Diamond?]ell Laser olYI= ¢} pulse®] W3} (25 J/cm2,10000 pulses,
10.6 J/cm2, 10 pulses pulses (3) 10.6 J/cm2,6 pulses& 7FA] 3L nano-Diamond ¥ & g
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v a; (2) 10.6 J/cm2,10 pulses Z7A oA nano-diamond®] H}E]Zo] 3071 wjwko =

o)
rO
ut

#zho]l FQom, Diamond JGAl F2o] A

Eluence

Numberofipulses

SEM MAG: 322 x WO: 10,60 mm MIRA3 TESCAN

View field: 1.97 mm Det: SE 500 ym
SEMHV:5.0kV  Date(m/dly): 074317 Hawouentp MUPIA

19 2-2-3. KrF excimer laser 9] oY= 2 Hx ZHd] u}2 seed diamond patterning
A A} (1) 25J/cm?, 10000pulses, (2) 10.6J/cm?, 10pulses, (3) 10.6J/cm?, 6pulses

o Patterning ¥ GaN MZ<S MWCVD (Microwave CVD) Diamond F¥H]ES %3] Diamond

Z2kst o | Diamond®e] T4 FHE Laser interferometry W<
o I8 2-2-4°|M R+ FAAH, 48AF e FzE tololErzeo] FA= oF

350ungl oo, F= A

3}

q
-1

A O
H =

Raman¥

o7 stressE &
J

MIRAY TESCAN|

SEM MAG: 42 x WD: 17.00 mm
View field: 12.1 mm Det: SE 2 mm
SEM HV: 6.0 &V Date({midiy): 0814717

Z#A)1 79 (F)Diamond EH I} ($-)GaN A

Performance in nanospace

1% 2-2-4.350pum 771 ] Diamond



o Diamond®l]l A7]% stress¥ [GPal = 0.48(vx-vns)[em'] EHHEZ, (BZ v,
= 1332.5 cm’', Si Reference® E3] <A ¥ Diamond®] wavenumber= <} 1332.5
cn ) 150 unEE @ AZo] A71E stressE A 0ol T @S den, o
e 1APAE Raman S 1332.4 en B OS5 P " 2E oW E, a7

2-2-4°] veEbd AX ™ Diamond=2 3 Thermal stressel]l &gk GaN ¥ Crack®]

1 i I i

( b) Diamond

20000 13325 ¢m

10000 4

Intensity, a.u.

B

| T L T T T
1 20 1500 1400 %0 I 1700

irsamansn Lin. =

e ..\ Raman shift, cm”
1% 2-2-5. (a) 150um 77 °] Diamond 7} =& ™ SEM AR} (b) Raman <4
A3} (Diamond peak 1332.5cm™)

=
=

1% 2-2-6. KIF laser 2 ©]§-3F 2 ¢1% GaN nano-Diamond patterning 7
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o 291A] GaN 7]¥el oigh AFE =7t FAZ fAFeHAl o]l HAom, a7
o] patterning 34& YEMY.

2-2-62 KrF laserZ ©]&3F 2914 GaN 7]

s

219 2-2.7.2 1% GaN 7] %2] nano-Diamond laser pattrnng o] o] FURF

SEMMAG: T4x WO: 40.01 mm MIRAJ TESCAM
View feid: 6.6 mn Det: SE 2mm

SEMHY, 500V Dateimidy) 084711 Performance s namspace

+ ¥l (-Jr)GaN Diamond 2 012] GaN 713} ( <) Diamond
defect =5

19 2-2-8. ¢F 170um
Txo= A GaN

=
5]

=0
<)

5

02913 GaN 7]% 2252 oF 35A17k] Mild Diamond3 2t Z7 oA Hde] wglom,
oF 170 um™719] Diamond”} 2. AN, ZZA|5 9} & o] Alo] =7}
woldo weld =2 £xr} wolh o DimondZ e FAE #Ask A,
2914 dlolH e EWolA  cracke] F-EHom Aol HAE=H, oA GaN
7)ol A EA = AFA 9] Defect® Nano Diamond seedE HEA AAZE 31X
el A A= stressoll 93 Ao gk,
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SEM MAG: 90 x WD: 11:32 mm
View field: 422 mm Det: SE Det: SE

1% 2-2-9.2 1A GaN-Diamond 7]¥+€] laser patterning ©]$-2] GaN X522 6 713
kol Fo] wAE =, o3& GaN 7|#AAel = Ha A Q) defect © FE) <.

WD: 11.38 mm

o 1% 2-2-9% 291X GaN 7|#<9] Laser patterning ©]& WA H Defects

ez ¢glomn, GaN 7]¥S Freestanding oz we w TALE GaNg

Ag Al 6243 e Defect?. Diamond S o|F BEAHoZ WAEE= GaNY

AL Defectd Axko] Q& ZAog Holw, 3xd= FAo| A Defecte] 42 GaN

7| BAES SR HaL 2

@ CWD SiC interlayer ¥4& &% Diamond 32 H| L

0 GaN 7] %3} Diamond®] H2EE =4 s17] Yl = SiNet 2-& adhesion layer 7}

daskA gk, SiNe] 0524537]' shobd Wdads Az, wekA, SiN FAE

O SOo|AY(E 71F9] A9 oF 50nm) EHEE7F =2 interlayer® AFES|A

Wdats Fole A7t *é ?:L

o SiC interlayeri= DiamondE ZFZA|7]&= MWCVD ZH]olA 700 oC 280 sccm

H2-CH4-Sil4 gas ZZ1oA ¢F 5A17ke] F2S B3 300-700nme] polycrstalline

SiCE GaN 7]$lell S2hsk,

o GaN¥lol &2 ¥ SiCe] average size= <F 100 nm 1™, Raman 41 3|
o

E
o}
GaNe] (111) ®raFellA SiC F2F (800 em-1) H A& =l
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Q. | G-band
570 cm 1609 ¢cm’’

Intensity, a.u.

e

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Raman Shifi, cm”
H (F)SiC W5} (-)Raman spectra

o SiC interlayere] &3E dolr 7] AA SiC FFo| w2 Diamond3 & A ¥ S
Asgsk,. ok 23 3 Mild Diamond F2&ZF7Ao] ol Harsh Diamond F&ZF4A
(9000C, 8%CH4/H2) A Wl Aed& sflem, of 2um/hr THES 7ML oF
30273 &S AT

o 13 2-2-11914 BE AAY, harsh Diamond =2 Z7oA GaN 7]Z¢]
DiamondZ2F-&  Diamond filme] HARA Aoz FH FEo] 1xpdx
PRz A = B A AA R, SiC7F F3 " AEAAAE AR Aol fle] FHol

AtAH o ®2 2 Diamond FilmE 9L & 92

o
< &

1% 2-2-11. Harsh Diamond =22 & af <ol Sic 4o wE Ay}
(#) GaN A1 &9} ($-) GaN-SiC A &




® CVD Diamond EA %= &34
0 19 2-2-123= LFT (Laser Flash Technique)®] /W@ =9} LFTZ GaN A& 524
diamond®] EAHEEE =A3 A4S Y. 170 m FA=E L2720 Diamond

AMZo| A oF 10.5 W/ cemKe] - %= 8ol

)

k| d=170 pm
D=5.91 cm'/s
E=10.5 Wiem- K

AT (a.uw.)
e

{
18 2212 LFT Wo® 249 dAE® gt

. GaN-Diamond &2} 71& AT

o AHEE EAo] 71 $43% Diamond 2AE WARAE HEs] A
AT FAS Qe dA AEHeE FEEHIL 9 GaN-Diamond 7]¥HS
7P A 2 AFaA o] S84 S vteA] A8 x4 LS Ay

O
a) 10AF GaN-Diamond SBD A= A=}7)at
@D GaN-Diamond SBD &=} &A &

Passuvatlon

OHMIC &

SChOtth Platmg

19 2-2-13. GaN-Diamond SBD 2~} Process flow
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o 10A% GaN-Diamond SBD 42x} 349 ¢ 19 2-2-139] Y2 process flows
ZIRko = sk, A%}l Isolations 9%k MESA o] 9§ GaN-Si7|# =&
GaN-SiC 7] @Rt} w27 o] wjof &1 oF 200 nm o] & o] o] Hom, &
Aol A= F 483 mne] MESA o el & . 29 2-2-142 FE BES AF

olul A= BAG olu A el

=

100

-100

200

(] 25 H 5 10

Cursor  AX(pm) AY(nm)  Angle(deg)
W Red 2204 483433 1231

o 9

13 2-2-14. GaN-Diamond MESA etching AFM ©] 1] 2] (etching depth: 483nm)

o Ohmic metal &4 A5 7]F GaN-Si wk=Ao] 713 &£3] A& E Ti/Al/Ni/Au
(30/100/30/100 nm) 2% (ohmic) &&< ©]&3F] 900TColA 2] RTA(rapid thermal
499 &e GaN-Diamond AAFY] AL <ok 850TC ¢ &:

annealing) &4 & 3F+=
Z799 4 RTA HA FHo] o]Fo]H. o]AL Diamonde] FHAEEo] =7] wFo

7€ 2R U2 2o HA euAg #s JHAA H7] didold,
TINT-29] SAE &3 o1 Ade] g2 °F 0.86 ohmme .
o Schottky metal &%32 GaN-Si HF=A FA- I L3 Ni-AuE o831 21 | 4000A

FA9  Si0°] Passivationda®d  ©°]F, Via FAHES E3d Metal windowE
opendtqlom  Axfo] HHZEAGTS 7] 8] oF 3um T2 Au platingdaH o=
w2 g

o 1% 2-2-15% GaN-Diamond SBD Z2A}o] ©@vH =2} 3mm x 3mm 7|9 2 2}
top views e

o e MY Ao A9,

- Total Schottky channel do]l= 163 mm A7 2, thAF 24 AZES Y3 A<,
- Ohmic-Schottky Atele] I+ 15pum = A2 A=

o GaN-on-diamond 7]¥e] 544, th& 7|dolA ARgste= WHQl diamond saws

o] 83t dicing WHL AHEo] L7}, Laser-MicroJet®2] 7]&& 83l
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GaN-on-diamond 7] ¥#9] dicing 74 1S NS, 17 2-2-16% Lser dicing

A3} Fol oM A% LhEpy.

3mm

de

3mm

de

1% 2-2-15. (#}) GaN-Diamond SBD A:#te] @ E 9 (%) 3mm x 3mm Z2%}9] top
view

NG I~ -

b
1

™ S TE

9] 2-2-16. Laser dicing (2}) A o|m x|} ($) & o]u]

o 1% 2-2-172 GaN-diamond ZA:A}9] laser-MicroJet dicing &4 AW= %
Sawingz7gel Hldl AX EFE HojFw, thFe Laser dicings E3l
Ag okt

- 532nm 3] el A7 AEH 34 Vs G-

- 40pum, 50um nozzle& AR&3Fo], High powerol A 7
- pattern ¥ GaN £7AFe] €AFS FH A 3lsts 215 WG

Front sideoll Chipping, Burrs, Crack, Splash=-& WAx A Foke.
- 40 pm nozzleS AF839E 79, Back side°l 4] Chippinge

=
-50 pmnozzleE A8l 7l AZE oF 50 pmE AFESIE S 7S, Back sidedl A

flo rlo

al
4

—
ok

ol
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o
-I i
kz
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T ey v

a9 2-2-17. A|ZHE GaN-Diamond £AF¢] laser-MicroJet dicing =l Az}

o 19 2-2-18 & & Aol A AZ3E GaN-Diamond AAF2] T0220 A} #7174 FA
A3E ekl AR 7R S wdete] sy S WA,

- A9 vl¥g L anodel-cathode-anode2 ¢ #iE = &}, single chip ¥ double chip
27te] SAS S8 5 dx: udE.

- AHgE 10 dlvle AMIEIE ZAE Cul Hlol Aol Au =T E Be07l 3
A<

- GaN-diamond SBDAZ}o] #H7]& 9gk 3 AW % mating AP tho] EHE
o] g3t a, H tho] Y& 25mm FAY Aus0Sn,0 preformE AF-&3H.

- HA A ofgx 2702 280~310°C/Imine. & YERF O™, 53] Aug0Sn,0
o] 280°CE £ 57W/m.K9] ¥& ddmws FE2x HUdo] 7ted HS
744

Package Substrate

2 pts 2 pts

4 pts

Oh A ic

2 pts 2 pts
Fiecesemanmannt
Ao \\A6pts/////  Aps
Lar | e | [az |
% 2-2-18. A2+ GaN-Diamond SBD A%}¢] ¢fo]o] Eu) #o]o}-L-3} A A
TO220 24} 9714 FAH AT
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A

@ GaN-Diamond SBD 2%}9] 10A LA F DC &%
o W71 A E GaN-Diamond SBD A=At EAS =A3dL7] 98te] curve tracer (3704,
Tektronics)e] &4 A sk A4S 9 2-2-199] e,

o aXF DC HA AF} 3.58VelA 10.0A o A7 ghol SN, 4.34V oA
12.30 o] dFgte] SAHAE.

-DC 574 A= 3.58V ol A 10.0A o dFaks vEbd. (1hd i At 311V ol A
5.187)

- Turn-on A< 0.7VE YERY.

r 370A Curve Tracer
HiZINSEDAAE |38 2M B L2S

19 2-2-19. 7] %] GaN-Diamond SBD 4*}2] curve tracer &= A}

: — Forward C-urrerltl
14

10| ey | |
usn/.

sl@ 4.34 v

Current (A)

Valtage (V)

13 2-2-20. A ZH GaN-Diamond 2AFe] 11dHF DC =443}
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® GaN-Diamond SBD 4 %}9] A Fiv|EtE 53 9EA v|m HU}

o 1% 2-2-21 £ ¥ A7olA AAe GaN-Diamond SBDAAFS] W 54 #A%
ARE YERIY. GaN-diamond 4278l 5A4S GaN-Si &zke] i 543
laetgls . AR AR sEes AR §, AT AL Fok WsiHe

5w Foll= Ha 2k 37.44 7 CE e oM 2 F 9] Hat
33.60 ° C= e,

- GaN-Si ke 4 Ane=, 0F o o 23 25+ 3141 ° C & YEpden, 5
B o Ha 2% 39.76 E ey, ol &2 F d9ge He ke
35.76 ° CE YEh
-\ B4 A3E B, GaN-Si A9 %7} GaN-diamond AAfol] H]SFe] 2 ° C
o]de] =A JER,

Time
GaN-on-diamond (min) GaN-on-Si
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3. DOEE pd AsEReA 24 7%
. A Fu BAZ ue sdNaH A% 2 AAH 54 AF
- HAF §9 FRRL o14F p¥ A%E VEA 24 A L T 54 B}

o IApAdEdM = o]EAe® B py AbstE WHEA T sl KSn0; = 2ol
Watel GO BAWeR wug Azae] tekd WHEAWS ol &3] S4L
59 shgon, Al AR oF Al T Adel A8sel A7H S
Folsta e, B3, Rl S48 FIEAE Adshn 474 =48 nd
FIANN7T S A, EAE 2=, ARE, o] aging 5y 58 By

K ratioin Thickness conct::é;:lrtlrt::rtion Carrier
i 0 Mgl
K-8n0 (%) (nm) S (lem?) type

0 26 -2.88e+18 n
6.04 +0.068e+14 p

10 32
g|ass 3.17 '1 .4798"‘15 n
VDP 20 40 1.1 +1.16e+13 p
30 53 1.2 +0.87e+13 p

% 2-3-1.Hall o] 5% 54< 9% Vander Pauw (VDP) AAH1% 2 K §Hafo] o}
£ K-SnO 9}l Hall o] 5% A3}

o % 18l 9 oA et Ble} o] Ko| ¢l Sn0 Erelel M= nd EAS
Hol:= HhH | Ko H|Eo] FHoldr-E pd typel® majority carrier type©]
AeEE AL B 5 Jon ol 1Adx vt B4 B4 AuoM el o] nd e
Sn02 phaseol| 4] p&E 9] Sn0 phase® 3ty = Ao 7]edst= Aoz Herd.

o ¥ 2-3-2 = K-Sn0 ®retelA Kol ul&ol whel TFT AdsS &4t 9%
ER@ALE 22 2 B AVH 54 g ZE BoF. K dFo] Sl wet
TFT 54 0] n@ oA pF o= uiy= AS gelstdlal, ol 13 19 Hall °o]& =

_]
)\
B dAF. 1abdEel A 53 TRT Ao vls] 774 2 A8 2xE

%Xé =
xAste] kel 548 FEATInA F. 200 KFFE 7H TFT AAbellA 7H
S ANH EAE 2y (Ha olE~Tem’/Vs, A HZ) ot dAZA
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TEdel Bad pd AbstE WAl As T AA Hae 4. Ko

Z7Fska on—current7F A skt o= Ko Yol S7MESF carrier
A7) i Ao 4. @A), A1 o] T 20%K-Sn0 TFT &4k (£
33], dAe] % 350%)A F5stidloy, dxe 2=, A, 7] T
TS ALHA AT

abs (1,) (A)

10°%

% 2-3-2. TFT

10
(b) _foat %kinksno|(C) " [10at %KinKsno
10°k _ e
<
107k -
= 10°
10°F X!
10% 107
107k
5 L
-40 20 y 0 20 40 10_40 20 0
L v
e 10*
20at %Kinksno| (€) [30at %kinksno|(F ;- v
10°}
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= T 20d0%}
= 10* —_
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0 e
@ (%]
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HNFGS S 4bstE WA aAleE S-AUE ol &ste &5 Alx

&¢] aging 7|Ztel weEt Axpe] SA4o] dEpyl. A 54 HAstE 98

=o %S Hol: 20% K-Sn0 2919 aging 7]7te] wWE TFT A7]1d EAS
=

skelal, ol& ¥ 2-3-39] A gk, a9 2-3-394 YERY AAT, aging

o

U 2
B & o & oo

~

i

—4I-U —2I[] 0 20 =20 0 20 —E:U 0 20
Vv (V) V_(V) V_(V)

Aging 1 day Aging 10 days Aging 30 days
19 2-3-3.20% K-SnO €9 9] aging 717tel wE TFT 714 54 =

,d
ok

A S ¥R AT FR BAT O A% 54 3F 2

SAE AAM A At s g 232 (first
principles high-thoughput screening) oz z7] 3t 7]E& AFENA+=
E dquAE AR, A #
AdH A ng ASE HFE A9 Zn09t Sn0,9] 73§~ Branch Point Energy”} conduction
band &, 181 pd AF3FE WA el Ni0, Sn0, LaCu0Sed] 73§ valence band
A fAE dolA BH#HA ZRIE UATE o= Ak AfRg pd AsHE
WA AAE A5 oA AHEAR ALEE & e X E B T3 .
o ey ot ¥ 2-3-4°A K wpel o] AA dHA nd, pE AstE
W= Ao tiete] WEetAl FEE e AEAERAE dA7F A T
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light hole heavy hole
Conduction 4

bottom , ' 1 '
; 20 \/
A e > 1 3 SnO, 1 EBPE
o CUG20, Ga,0, /\
A
w 08} '
% ®Cu,0
2 o SiCu0,9  gTio, AL
& A oCuAD,
o o NiO -
Q . Ta,0,
X 04! = ATO, 1
Ba,BiTa0, @SnO \/
Valence gp| B SnNb,0, eptype || e
b Antype || A
: LaCuOSe [ insulating /\
SEa— >0 - p p
0 1 2 3 4 S

Hole effective mass (m,)

9 234 2 4R p F ASEutEAsh n g R
SR B
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o
do
kj:){l
i)
ofit
:‘_Il

F

0 9401]*1 7] %k ‘ﬂ}g} %Ol BAA FAE oA oleo AAAL diF &4
2agds A% AHAE 3] 9ste] 2 deA pE AbstE wEeAld] sk
WAl A AUAE EAF

o Vacancy, antisite, interstitial 5 WA A% % Hydrogen &0 o3t

formation energyZ Fermi energy® &= AAF 3P o|E ol ¥ 2-3-59]

eSS
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Formation energy (eV)

a9 2-3-6. ¢Ez pE AstERE
Sn Vacancy-4°4 complex®] A% - 17}9] chargeS W™

accetor 24 283} Wb

o Sn09 Sn vacancy
electron
Eol7h=
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2
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o =g 2-3-6ol = & LdHZ Sn0,, Gedy, Zn0 52| AgHa
e = db BF

FARAIAE 2t AS5S
0o &2 WA} (Formation Energy of Hydrogen, FEH) k& ote] 13 2-3-73} 7o)
gelstom oAl Aold FEH gho] dwiut A Ado] = A& HFst7] sk
7% AaaEel g HASs®E =ddel diste] ANE

2-3-83F o] FEH - 1 eV 7|Fo2 n¥ 3} pPo] FdsHA F2E& &< & =

A

oFEH7} &5 74 & EsEo] AbstE dlo] EAst7] o8 Aoz #4d
4 9o wEkA B4 electron donor & ZHE3 0 M pd WFEA A hole killer
%2 hole compensation® ZHg3tE 4 B4R o] JAHOEZN pd AstE
WA s 7 TheAo]l molAE BoE sjAE & dt
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~
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217 2-3-7. CuAlO, ol 4 e] =4 3dke] atomic structure 2 4=~ glofl 1 X (Formation
Energy of Hydrogen Impurity)2] g 2]

o T3 1% 2-3-90 M= FEHS} o]é}ﬁ} iz 2] A9 %74101] B 5 %o
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GaN/Diamond®] interlayerd 24
a7 1-2-4. pd AbstERbEAle] AR V)T Aek HAA THe g S&ok

a9 1-2-5. UMY S8 Hok: frequency ¥, FEAl, EFstow i

1% 1-2-6. GaN-Diamond 7]<%2] -8 -of

a8 1-2-7. AF3}E pn junctionol] 7]¥bEl g Hof

a9 1-3-1. FulA Y] 3 FEe] wst

O 1410 WA ZINE Fulahgy] g s gl o 2=

1% 1-4-2. GaN-Diamond WF=A] 7|9 7] & 2=

9 1-4-3. pd AHIENIEA s 2= Material database®EH-E] ab-initio
ANRALE T F3 dLolE e pd AStE REAl 24 HA 2

a9 2-1-L 1 APEE A Fage]A] tole=o] B4 (a)F =T EF, (b)RF
~HEH

1% 2-1-2. Coupling coefficient 7} k1 Bragg grating ] ¥FAF&-3} A 3}
1% 2-1-3. Coupling coefficient & &717] Zo] L ¢ A|7}#] Z3}e] thgk Bragg

grating &] WA}
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219 2-1-4. DFB reflector & ©]-8-3 pulsating laser diode

19 2-1-5. H2& gojAtio] =9 DFB o] wH A Folstol el A EH

a9 2-1-6. AlZE 22k DFB Zololl uhel, stop band 2] Yol A==
=3k 443 DFB Hol ool AF A A (AE 2RelA SAZ 1A

1% 2-1-7.DFB 399 Zolo] mWE gain Fo AFAVIA F2HE

1% 2-1-8. DFB 300um, 71 phase =4 % 450um, gain %3 < 900um, %2 phase

-9 ~200um 91 Azpoll sl gain Y9 Aol wE (&) F2AEH I (F)

9. DFB 100um, %1 phase 4% 450um, gain &< 900um, %> phase
29

-1-
49 ~200um ¢l 2ol W] gain A AFo] WE (F) FAAEY I ($)

2-1-10. 50um DFB °l] 10mA, 450um phase 24992 open, &2 phase
2H g0l 3mA AFQl7Ee AEjoll A gain o] Mol W (3 FAHEH 7

-13.DFB Zo]7}50um ¢ ZApoll A o] Z} o
) FaAa7 3 (9)RF 2HEF

=

2-1-14. 3@ A7kG ] 50um, 91FZH G 1 0] 450um, ©]5F ] 900um,
AdxH9Yg 27F 200um o|™, A AL AR coating, 17dEH 9GS

cleaved o] ¥, o]5 o] 250mA, 3 A ZAXAI AL 2mA 2 DFB % DBR 25

r2

9 2-1-15. Azkeel M F AF gl AT e
a7 2-1-16. ¥ A% DFB LD AA W4 E g Apg
% 2-1-17. AAZ A4S Fx9 (F)conduction band T3 9F (%) SCH1 ] Ao
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w2 FE5 A 59} slope efficiency o] W3}
1% 2-1-18.SCH 3 245 %o W&

a9 2-1119. F& AFTHAS GAT 4 A AAY] ALA R
19 2-1-20. AStE F7HA] ban

a9 2-1-21. ArE F7HA of th3l material gain ¥ LI 54 (BSLD A4hH)

% 2-1-22. o] 1.2mm DFB LD ¢ &5 Al4HA 3} coupling coefficient 2] &4

1% 2-1-23. M4 $1743 0] DFBLD 9] «L o w2 EAREA Ay

29 2-1-24. AAAFAA BAAEE (F) defect o BE5I} vFR 3] () TEM EAS
=3} dislocation =&

1% 2-1-25.1.4mm Zo]e] DFB ¢ Ql7ldFol wE FAAET

19 2-1-26. FAAFRALe] A g MEI|E o] &t Mx JdE

% 2-1-27. G VA sxddd wE Auld 944

19 2-1-28. A% E

5
9 2-1-29. FUAE FE A% AV tigk AL A A8 METId A=

19 2-1-31.PM RF o] 83k FAAE- S ALk

a9 2-1-32 AlAAAE] Feird e

719 2-2-1. GaN-Diamond WA 71 7=t 2=

219 2-2-2. KrF excimer laser 2 ©]-8-3+ Seed diamond pattering &3 (a) optsystem A}2]
CL7100 “H] (b) Laser A} FA (c) Diamond Patterning prcess Flow

19 2-2-3. KrF excimer laser & oL x] 2 "2 Z7o] u} £ seed diamond patterning
&4 A3} (1) 25/cm?, 10000pulses, (2) 10.6J/cm?, 10pulses, (3) 10.6J/cm?, 6pulses

1% 2-2-4.350um 719 Diamond S2HAl&.2] (ZH)Diamond 3 WY} ($-)GaN EH

1%} 2-2-5. (a) 150pum F7 2] Diamond 7} &%l W SEM ARzl ¥} (b) Raman 4]
A3} (Diamond peak 1332.5cm™)

1% 2-2-6. KrF laser & ©]-8-3+ 2 Q1% GaN nano-Diamond patterning &7
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fd

Z=
=]

1% 2-2-7.2 1%] GaN 7]3#2] nano-Diamond laser patterning ©] 2] 3™
(

1% 2-2-8. °F 170um F & (JJr)GaN Diamond 2 1% GaN 7]%# 3} (%,-9-) Diamond

Z2to 2 A E GaN T ¢ defect X
1% 2-2-9.2 1] GaN-Diamond 7]#2] laser patterning ©]$2] GaN =522 6 213
Rkl Zo] s =, o] A2 GaN 7| AA e = A A0 defect & FERS.

-2-10. GaN 7]#9]o cvD = S24 (FH)SiC EHEF (F-)Raman spectra
-2-11. Harsh Diamond & #2138 -& &3] 2ol SiC f-fof we 2y}

(#}) GaN A =9} (%) GaN-SiC A &

Y 2212 LFT W= 549 dd=x g

1% 2-2-13. GaN-Diamond SBD Z~#} Process flow

Z1% 2-2-14. GaN-Diamond MESA etching AFM ©] H] #] (etching depth: 483nm)

19 2-2-15. (3}) GaN-Diamond SBD Z~A}o] @ E 2 (9-) 3mm x 3mm A=72H9] top

13 2-2-16. Laser dicing (&) & oln] A ¢} () F o]u] A

19 2-2-17. A GaN-Diamond Z2#F] laser-MicroJet dicing 2o} Az}
% 2-2-18. Al ZHE GaN-Diamond SBD 2:#Fe] <fojo] Hd gojol-g-3} 2l A
TO0220 27+ #7178 &84

8 2-2-19. 7] A ¥ GaN-Diamond SBD 4 AF¢] curve tracer 33| AF=

19 2-2-20. A1ZHE GaN-Diamond A%Fe] 114 F{F DC =443}

2% 2-2-21. A ZE GaN-Diamond 422Fe] 2 o)A FhvetE 3 AEA vl H7}
19 2-3-1 Hall o]5% SAE ¢ Vander Pauw (VDP) AAb73 B K ghgo]
o2 K-SnO HF2re] Hall o]&= A3}

8 2-3-2.TFT AAb7tx% 2 K dafo] w2 K-SnOTFT & #7714 54 a2g=
1% 2-3-3.20% K-SnO &M 9] aging 7]1Zkel WE TFT A7]% 54 2=

2-3-4, & 4HZ pE ASENEAC) n Y AstENEA Y GF FadPg

a9 2-3-5. 4R pd AstEREA ] Ag o 1 A]: (a) SnO, (b) Cu,0, (c) CUAIO,
% 2-3-6. &4 Z pE AbsEHEE A 9] Ao 4 ] (a) SnO,, (b) GeO,, (c) ZnO
1% 2-3-7. CUAIO, ol A o] =42 3Fe] atomic structure 2 572~ 3ol 4 %] (Formation
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Energy of Hydrogen Impurity) 2] = <]
a9 2-3-8. A 4H pd AbstENEA 2 ondy AsENEEA ] FEH 9F ¥
fFradede] @
¥ 2-3-9. FEH ¢} o] &3}l =] eke] A
19 2-3-10. FEH A g RA S e A%

M

19 2-3-11. A EA BAESC] FEH 9 4
Z1% 2-3-12. CuLio 9] (a) 712 A A =

A%} Favd Aol Agelun
2
=

it
G
rm:‘.

2-3-13.La,0,Te 9] (a) 7|2 AA =, (b) =72 2 FHEE, (c) WAA
A Fayd Ay

a9 2-3-14.P @ A3EWEA] Cu,0 TFT 7% A5E5A

1% 2-3-15. HfO, gate dielectric & AF&3F p & AFSHEWFEA Cu,0 TFT & HAE54
19 2-3-16. A %o ©E SsnO BHEre] XRD WA A7

9 2-3-17. DA B89 S 2971 wE SnO vhehe] XRD A A ¥}
19 2-3-18. dA 8 %o wE Sno whehe] SEM ®W 2 whHAbzl

2% 2-3-19. Hall 3245 913} Van der Pauw (clover leaf) 7% 2 dx]g] 259
w2 SnO kel Hall o] 5% S4 23

a7 2-3-20. €8] %o uE SnOTFT o AEE5A4

9 2-3-21. °]F TF9 thF Cu0-SnOTFT & 4 AF5

oX
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<o} E>
AFM: Atomic Force Microscope

BCB: Benzoncyclobutene

BPE: Branch Point Energy

CMOS: Complementary Metal-Oxide-Semiconductor
CNT: Carbon Nano-Tube

DBR: Distributed Bragg Reflector

DC-PACVD: Direct Current Plasma Assisted Chemical Vapour Deposition
DFB: Distributed Feedback

DWDM: Dense Wavelength Division Multiplexing
EDFA: Erbium Doped Fiber Amplifier

FEH: Formation Energy of Hydrogen

FP: Fabry Perot

GGA: Generalized Gradient Approximation
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HEMT: High Electron Mobility Transistor

HF-CVD: Hot Filament Chemical Vapour Deposition

HSSG: higher speed study group (Hlo]E AE % T+ ©A)
ICSD: Inorganic Crystal Structure Database

ITO: Indium Tin Oxide

ITU-T FSAN: international telecommunication union-telecommunication

standardization sector full service access network (Z7FYA ZTF ©A))

LD: Laser Diode

LTE: Long-Term Evolution

MEMS: Micro-Electro-Mechanical Systems

MLLD: Mode Locked Laser Diode

MOCVD: Metaloranic Vapour Deposition

MOVPE: Metalorganic Vapour Phase Epitaxy

M2M: Machine to Machine (A}E541)

MW-CVD: Mircowave Chemical Vapour Deposition
NG-PON: Next Generation Passive Optical Network
NG-PON+: next-generation passive optical network, advanced
OFDM: Orthogonal Frequency Division Multiplexing
OIL: Optical Injection Locking

OLED: Oranic Light-Emitting Diode

PBH: Planar Buried Heterostructure

PDP: Plasma Display Panel

PECVD: Plasma Enhanced Chemical Vapour Deposition
PIC: Photonic Integrated Circuit

PL: Photoluminescence

PLD: Pulsed Laser Deposition
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RIN: Relative Intensity Noise

RTA: Rapid Thermal Annealing

SBD: Schottkey Barrier Diode

SEM: Scaning Electron Microscope

TAD: Triple Axis Diffraction

TFT: Thin Film Transistor

TLM: Transmission Line Method

WDM: Wavelength Division Multiplexing

WFH/WBH: Wireless Front Haul/Wireless Back Haul
XPS: X-ray Photoelectron Spectroscopy

XRD: X-Ray Diffraction
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