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Study on growth, characterization and application of Eu-doped GaN multi-layer structures for red
FRSCEE4, | light-emitting diodes
(Eu#SINGaNZ J@ & DR R & 7l X ORI Z A A — F~DIS I3 245 58)

imSLNAR DEE

Wearable, augmented reality and virtual reality devices started the next generation smart devices market. But displays are
lacking solutions for higher resolution, higher brightness, wider color gamut. Therefore, micro-light-emitting diodes
(micro-LEDs) displays turn to be the right candidate, since they can offer higher brightness and wider color gamut. But for high
resolution, as nowadays blue and green LEDs are made by InGaN and red LEDs are made by AlGalnP, a novel GaN based red
LED technology is intense demanded to obtain the full colors micro-LEDs display. Recently, the red rare-earth emitter Eu ion
doped GaN (GaN:Eu) red LED has been successfully demonstrated. However, compared to AlGalnP red LED, the output power
of GaN:Eu red LED is lower than commercial requirement (~mW). In doctoral dissertation, the main subjects were approaches to
increase the output power of GaN:Eu red LED to ImW. Also, for wide applications of GaN:Eu materials, effects of GaN:Eu on
threading dislocation and the Eu ions emission process under high excitation were researched.

Chapter 1. Background

The background of InGaN LEDs, and approaches to GaN based red LED were discussed in this chapter.
Chapter 2. Rare-earth doped semiconductor

GaN:Eu material belongs to the rare-earth doped semiconductor family. Therefore, in this chapter, characterizations and
emission processes of rare-earth ions doped semiconductors were discussed.

Chapter 3. Instruments

Fabrication method and setup, as well as characterization setups, were introduced in this chapter.
Chapter 4. GaN:Eu/GaN multi-layer structure (MLS)

To effectively control Eu doping, a novel Eu source EuCpP™, ,was introduced. Besides of its advantages, the absence of O
in the source reduces the ion dissolution in GaN. As adding intentional oxygen flow was resisted by GaN LED industry, a
GaN:Euw/GaN multi-layer structure (MLS) was designed, which can utilized the native oxygen in GaN similarly to GaN:Eu
co-doping with oxygen.

Chapter 5. Growth and properties of low-temperature grown GaN:Eu (LT-GaN:Eu)

Growth condition of GaN:Eu using EuCpP™, was optimized. In LT-GaN:Eu, the Eu local defect environment was tuned,
which led to smooth with no precipitation surface, stronger photoluminescence intensity and higher LED output power. However,
variations of Eu local structures formations hindered the luminescence.

Chapter 6. Low-temperature grown GaN:Eu/GaN multi-layer structure (LT-MLS)

To fix the variation of Eu local structures, the LT-MLS was designed. As expected, the LT-MLS showed reduction of Eu
local structures variations. Furthermore, the LT-MLS LED showed the highest output power and external quantum efficiency than
other reported GaN based red LEDs.

Chapter 7. Threading dislocation in low-temperature grown GaN:Eu

The GaN:Eu materials showed a promising future for low dislocation GaN template applications. In LT-MLS, strain
barriers were formed between GaN:Eu and GaN, which can bend dislocations effectively.

Chapter 8. Low-temperature grown GaN:Eu/AlGaN multi-quantum well structure (LT-GaN:Eu MQW)

To research Eu emission characterization under high excitation conditions, a LT-GaN:Eu MQW was successfully designed.
Compared to low excitation conditions, orange color lights emitted from higher Eu 5D state, as a consequence of re-excited Dy
state Eu, were observed. And these re-excitation phenomena can be applied for a red to orange color tunable LED.

Chapter 9. Conclusions and future works

Dissertation conclusions and future forecasts were organized and discussed in this chapter.
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T =T T T INVIRIRRBLE ARAEBE T N A, WSO A — R T NS R LTEAZEHTEY, L0 EWE
BEE, V@V, K0 IRWEIRAE BB T 5700 OBEREINRRONTND, vA 7 mB LA — R (A7
2 LED) T A AT VAR @mOEE L LV AWEIRE G T 5 LD ZOFEMO—D L LTHIfFSh T\ 5, &Eff
BED~A 27 v LED 5 4 A7 LA OFEBITIE 3 JF LED % [/l —iEd ISk LICEBEEICERT L 2 EBMHATH D03,
FHh » #k0 LED 1213 InGa, N/GaN, 77f4 LED (2% Al In,Gay o ,P/GaAs MFENBIZHNSNTWH =0, FOERLIZRK
HThHD, TOLIREFOR, HA - 6 LED LR U GaN Zb BB A 2576 LED OBREN AT L 2> TW5, i
. EuishN GaN (GaN:Eu) & FYEfE & L. Eu¥ A F o D Af 3HPNER & FH U 2R LED ABHFE Shv, 20N M4~ |
HWRLTWD, RER3Cik, GaN:Eu 7R LED O @IEE LA EEMIC, AHERSMHT E X X 2 v LIEIZ L 5 GaN ~? Eu
EFWINE Bu R OFNICE Y LA TR Y . POz HET\5,

(1) GaN H17C Eu Z&E 0 A SN RRNCHIEI T 5 7o iz, 85 LA Eu JFUEE (EuCp™,y) 238 A L, Eu JGEREZ R C

W5, BuCp™ & A7z GaNiEu ORRESAHE0ERD Bu JFUEE (Bu(DPM) ) ZHW=b oL k& <R | lER
A ZNETLY S0CREMV 960°CITfHICERET L2 EIck b, EHT 74— L TIOR8
TS, ZOMKMERE GaN:Eu (LT-6aN:Ew) IZ3W\ T, Eu BEME O R Z2BUIT 5 L L bic, et
JE & U7o LED ZAFR L @l kA4 35EL Cnd, £, BUISN D56 AT hVIZ Bu A 4 2 B R iTiEis
DL EICENT 278 — NMERNELDB. 0B LD  ZORLIEZMH T A2 E2HLNICL TS,

(2) LT-GaN:Fu/GaN ZJEHEEIZH VT, Bu I AL MUNEHE L, Bu A 4 v B0 R E O 5 & 53 8 S h
HZEEABL, ZOMENTIZFE OBBEBRLTWDZ EEH LML TWD, E7z, LT-GaN:Eu J@EDE/D &
EBICBu BN KT 5 2 &, BEEEOHEINE & HIZ Bu BIEREN AT 2 2 R LT\ D, 100
JEI 1 LT-GaN:Eu/GaN ZJEf#iE 4 38t/E & L7z LED Z#/ER L, 20 mA BEIZIWTY) 1,25 mW, 2 mA By
AR 72D 9. 2 %D R R RfE % FEREL TW 5,

(3) LT-GaN:Eu/Aly sGag N ZEEH MG E SV ANFR L, 20/ OV AMBEMD HZ Elc XY ZEEIC X
% B A A O/ —YENL Dy B D W D D S D A L VERENBIIISh D Z L AL T
W5, F7o, O LT-GaN:Eu/AlGaN S &1 & & R &35 LED 128\ T, HUNEIEIZ L BHao
BRI L TR Y, REHLA L DVEICETIHEREZR LED & L COISH A EHEZIRE L TV D,

(4) V77 A T HMEIZ GaN i L7350, BB 105~10° em 23— T 5, LT-GaN:Eu/GaN ZJEtiE %
Ny Z77—lg& LTHAT LI EICEY, BBAEER 107 em? RICIKKT 5 Z L2 AH LT Y | RN GaN
FroFL— MERNSHTRETH S Z L EHALNC L TWA, £7-, HHE FHMEEIZRIC LY . ok
X Eu RO RFTEADERT 52 L 2 LN LTV A,

PLED X9z, AFsCidkittf~o1 7 a LED 7 4 A7 LA ZAlfE & 3 2 @l GaN:Eu JRE LED O EIUZ M S T, GaN
~O Bu BTN Bu BRE DO KITHRATHH 2 L 2RI ELT, FNEFEEITH W LED I8\ T
e LT siEZ2 EFEL TR Y . MBI LFEOBICHET DL ZANRKEN,

Lo TARMLITE R E LTIMEDH B b D LRBD 5,




