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HEARENRE, BMALEETFXEN SRHKE,

EEA: BN RE-HRE: $EFB: MOCVD

I



iy N2 e L OA 8 abstract
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Supervisor: Shuti Li

ABSTRACT

GaN-based semiconductors as a new photoelectric materials, with wide direct
band gap, high stability, high thermal conductivity, high hardness and other excellent
properties, can be widely used in display instructions, solid-state lighting, solar cells,
solid-state lasers, UV detectors, and various areas of microelectronics devices.
However, the phenomenon referred to as efficiency droop is that quantum efficiency
monotonically decreases as the injection current increases. The efficiency “droop” is a
severe problem for further application of high power GaN based light emitting diodes.
There are many reports about the mechanism of efficiency droop such as electron
leakage, Auger recombination, junction heating, polarization field, filling of localized
states, injection efficiency, dislocation density and quantum confined stark effect
(QCSE). However, the mechanism of efficiency droop is not very clear, and hence there is no
effective method to completely solve this problem. For a long time, GaN films are usually
grown along the ¢ axis. However, GaN and its alloys have a strong spontaneous
polarization and piezoelectric polarization in <0001> direction. Such polarization
effects in nitride epitaxial layer produce stronger built-in electric field, causing the
band bending, tilting, and separating electron and hole in space, so that the luminous
efficiency is greatly reduced. On the other hand, For GaN-based devices, due to high
active energy of Mg dopants, it is a great challenge to get high hole concentration,
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under the case that the crystal quality is not deteriorated, so the hole injection
efficiency is greatly limited; Furthermore, the holes have a relatively high effective
mass and therefore a very low mobility, it is difficult for holes to transport from p-type
layer to active region. Besides, the electron blocking layer (EBL) is found to act as a

potential barrier for and holes, the holes are more difficult to transport into and across

the quantum wells (QWs), and thus the hole injection efficiency is low in InGaN

based LEDs. In contrast to holes, electrons in GaN based materials have a relatively
small effective mass and therefore a very high mobility. Electrons can overflow across
qutuanm barrier (QBs) and EBL potential relatively easily and cause insufficient
electron blocking. As a result, the leakage current in the p-type region can recombine
with holes, and thus reduce the hole injection efficiency and the quantum efficiency.
To sum up, for the exploration of efficiency droop in blue InGaN LEDs, alleviating
the polarization filed, increasing the hole injection efficiency and reducing the
electron leakage in p-type layer may be a key issue. In this work, we have studied the
LEDs with different structures to improve the optical and electrical properties of LED
and some innovative and meaningful research results were got as follows:

1. We have studied InGaN based light-emitting diodes (LEDs) with different
electron blocking layer(EBL). It was found that the conventional structure with
p-AlGaN electron blocking layer had a serve electron leakage, and showed inferior
light output power, dramatically efficiency droop. In contrast to the p-AlGaN LED,
the LED with p-AlInN EBL showed improved light output power, lower current
leakage and efficiency droop. Based on numerical simulation and analysis, these
improvements of the electrical and optical characteristics are mainly attributed to
efficient electron blocking in InGaN/GaN MQWs by lattice matched p-AllnN EBL.

2. InGaN based LEDs with traditional rectangular QWs and dip-shaped QWs
have been numerically investigated. It was found that the conventional structure with
rectangular QWs had a serve electron leakage, and showed inferior light output power,
dramatically efficiency droop. In contrast to the rectangular QWs, the LED with
dip-shaped QWs showed improved light output power, lower current leakage and
efficiency droop. Based on numerical simulation and analysis, these improvements of
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the electrical and optical characteristics are mainly attributed to alleviation of the
electrostatic filed in InGaN/GaN MQWs by using dip-shaped QWs

3. InGaN based LEDs with different p-type QBs have been studied. The
simulation results show that newly designed LEDs with p-AlGaN QBs have better
performances than the conventional LED with p-GaN QBs, and improved light
output power, lower current leakage and reduction in efficiency droop were observed
in this new structure. The physical origin for the performance improvement is mainly
due to the smaller effective potential height for holes and larger effective potential
height for electrons, and thus enhanced hole injection efficiency and efficient electron
blocking.

4. InGaN based LEDs with different p-type hole injection layer (HIL) have been
numerically investigated. The simulation results show that the LEDs with p-AlGaN
HIL have better performances than the LEDs with p-GaN HIL, improved light output
power, lower current leakage and reduction in efficiency droop were observed in this
structure. The physical origin for the performance improvement is mainly due to the
smaller polarization field induced less band bending at the interface between the HIL
and EBL, and thus enhanced hole injection efficiency and efficient electron blocking.

5. InGaN based light-emitting devices (LEDs) with undoped GaN interlayer of
variant thickness grown by metal-organic chemical vapor deposition technique have
been investigated. It was found that the thickness of undoped GaN interlayer greatly
affected LEDs’ performance. The LEDs with 50 nm undoped GaN interlayer showed
improved light output power and low reverse-leakage current compared with the
others at 20 mA. Based on electrical and optical characteristics analysis and numerical
simulation, these improvements are mainly attributed to improving the quality of
depletion region by inserting an undoped GaN layer, as well as reduction of the

Shockley-Read-Hall recombination in lnGaN/GaN MQWs.

KEY WORDS: LED; GaN; MQW; MOCVD
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B, BE=LL GaAs HRBMLASMLSHEFREE NEARUEIR. X
s PRI SRR, BEMARMETHERER, W&, KIh#E,
FUIE R % R REFAE R i PRI R R SN R AR
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MR, Y EROEICRATKIEXE BiF, BETX. AR E
v ERERARE, BHTRERFLEIERR. FLE, mTE—
RAE-RESHHEASIMR, fET ERRE, B R AT BRI
RESAREER DB URRE . RRERFENF, st E—REFHIE
Si TR, mE TREREET 130C; THRESEHEE GaAs
T %7 R AR R TR E % 200C. Bk, KB GaN HREME=RER
EB AT KBFi, EXRRTFHE, CaNENRER. K. FBHEH
WA BONETE. WnARREESYE LED HENBRRELAT
7, THATFEAENERGANHSERET, EEXE, 2FM@, iR
FaEat (EIhH. KR A AREDRNAE S S ANLE. BHE A LED
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B2,
% 1-1 SRAR L BAAFH SR
BTEY HFHA | &Y
B | WHE | B Hex HAAN
e : 3 BE 5]
X | E@ev) | (T | Wem'K) BEH )

(em®Vrh) {mes® | Veem'
si | e | 1119 | 1420 1.40 1350 119 1x10' | 0.37x10°
GaAs | H¥ | 1428 | 1238 0.54 8000 13.18 2x10 0.4x10°
GaN | H#E | 339 | 1700 1.5 1250 8.9 2.5x10" | 4.1x10°
sic | M4 | 2994 | 2380 49 1000 9.7 2x10’ 1.54x10°
&RE | AE | s5 | 4000 20 2200 5.5 2.5x10' | 7x10°

AE 11 TUEY, 58— S-RETFHEHEL, B=REXHFI
BHEAERREE. STHNERER, HTFREEA. MEEHED.
SHMRTEFSEA. X GNTE, RUFHRERE. WHE. WHE
FEFLTHESBSN. BH. KDRAREEERNRTRFURE. &
KRBT R, FEKERRMOERE, REFBIRITHHREFEH
KA S EANRE, NTRD CERRNBTRERE.

1.2 M-VEELDE N

Q) FET SR (2) R 4H (3) NaC14iH
B -1 RALBEH=REESEH

— BB Efs I B T—48 (Aluminum, AD. # (Gallium, Ga),
# (Indium, In) 5V ETE—E (Nitrogen, N) {LATIRMMAE, WEAL
45 ( Aluminum Nitride, AIN). Z4kL# (Gallium Nitride, GaN). £ {4 (Indium
Nitride, InN) Z=tib &4, HB%%E (Aluminum Gallium Nitride, AlGaN).
S5 A (Aluminum Indium Nitride, AllnN) Z=THE&Y, UREEHER
( Aluminum Gallium Indium Nitride, AlGalnN) FIEiL &4, BFI-V &L

2



ERTMEAERLFARK &

WESIMEAS S BT ESBREH, BHREEN (07eV-62eV) 9, K
W KRR A BN, BAMEBL SN RGLE, NATRATE
MR, EEEEENCAMNMH.

GaN. InN. AIN AR S EAIA M= T4 & 7T e AH BIGAH N TR
AR A, SRR B AR NaCl 464, W 1-1 BT €
B E SR AEATHHENFST 41, REAAEREN BN
EFEBRER—a F c. S BMETIENR o HFHEE 38 c) BIAA

BB (HCP) MTERHR. SATFREG—METAR". KWET &1

BT TR, ARTHETAESSRIERASIRL, KRS
o U VAR AT AR RL 1/4 4% IR B IBENED LTS T e
BT, EXHREHLT, S IKRTEZNAN BT, A 8TN
EFEMA M KEFAEE. SAREHHEATRARRTEIEFINT
B, wRhaEHp R TR WA 1-2 FR.
TN B4, BETFHEBTR A : -~ GaaNaGasNpGacNcGaaNaGasNeGacNc
W g4, BT HER TR N - GaaNaGapNpGaaNaGapNeGasNaGapNe"*
NaCl £ 2R ETHRZEMY, AN M NaCl HEWEE 12
Gpa8k 23Gpa it 3, 34 Ueno F AMEH]. GaN Al InN 487 50Gpal”
#116~17 Gpa®™ i 3.

B 1.2 485 (a. b) HREH %M (o ) KERIHTR
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FHN M GaN K E—KEETF (0001) £H, ERERTHHE
FizE B AMRESE A AT ERBNEN, —EHRETLE, H—RH
METFHR, BENEAGFHE MEIEE. X8 GaN #I%EH (basal surface)l £
H Ga 532, W N 58 (B 1-3). #RSP, H MOCVD BAEEESR
HEM C FHEMRMERE GaN SMEBREET (0001) HRAEKE,
R Ga 548, T MBE £ K—BRREAE (0001) H, RN HEHRE"
10 ponce ZA &I R HILBEXN AT (0001) Gafl, T (0001) N &M

mrgsll.

Ga-1l

{0001)

Substrate Substrate

B 1-3 S50 454 GaN (Ga—F0 N-T) KR

1.3 GaN ERHNHA

E+ZEUR, BUY—ERESHBIURHRNRA. RUDHHRE
5 GaAs & InP —BRANAWESBTLHHER. BUDEFHIRLZ
FEIEE RS ETIRE XS, TERENERHHRNER: BUY) GaN,
N fI AIN 8 &M% RES TEANTRAAR, FH5RAKSNEE, Eakls
EOR BB, RIS R R DU, RAIERI L B AIARSE 1
BT FES. BUERERARRNIRE, XEEHNESTHELE
FRERBLTEHAIEETRMA. GaN EXFEMBRFTNE LA
eV BB LPE R RO R 2805, MR IT AT B F R AN £, K
EHBRAEARNERE, FHARIBARELRANA L.
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1.3.1 GaN % LED

% 3¢ — #% ‘& (Light Emitting Diode : LED), RHFAE LS EERR
K, HIfERY PN £, X PN £FRIEERRE, X BAPHFHERTH
W RRESS, Rt B RETSIRETRA. Y SERAZRERN
SRR R E R IE HEE R SHMENSHRANETNE |
B K AR, TASHRESAHEN SRR HIH K EARE. B%
%Bﬁ*%ﬁsﬁﬂﬁi%?E:ﬁﬂ%%iiﬁtﬂfrﬁlﬁmﬁﬁﬁ%%ﬁﬂ, ]
£ REBHERTFONAETHS SHHLETE TEEDRERT, Pl
BERTHTHS S, WHRKTHERASIETE, KRR T RELE,
GaN Zi£. %% LED 5I& R4, WA LHRT LED #=%6 (4. .
) REEAESESANEE, KAERTRE-RENNATE. i,
3% LEDs S ARUN, WRIE. MNHEE. KCHER. B FIBE.
BREAKSE S, EARRVAET. F510. RRRY, EIHRTBIE
8. Z#AEM/. LCD (Liquid Crystal Display) HYEH- F&ER. TEE
AESEAG AR M. BEE GaN £ LED EHARS ARREREEE
FRETFRNAE. EER, BEE. AR, KFW. giRE. G
WHLSAERERELIR, SETEANRERESTS. mAERL
149 LED M R B7 fEK, 7] PR KRR R HLHKER, EFE
T %R, 6 LED {5 — A B R A b B T AR A
EEMTRERAT. BXTRERRBELARTETS, ERTHAHNE
FMEERERN, EFSREFAZRE. WHL. &, K=#ELEDA
&, TUKEBEER. ELARBHLE. B—FHER TR REE
InGaN % LED b, UM E SRS thFKMBKS LED A2 KU HXEE
BB, GaN % LEDs HEAXBHBCLEHR, TR FRAG I B AT
AR BT, BAF—REBFEZERR.

1.3.2 $otB-RE
B4 LED WA RIIEAASTHNES, BERUSHATRENRIE
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BAEE, . BERDLEHRNE. RERRE. BB OLEE,

Beik RIX Bk DA LR B LDs). mTE! LDs 4RI, Rl
MERRTFERERSTEN ANANR, ERIFRE GaN EESE
LEDs J§, BIAIMES#AIKEELNEX LDs BENFR. NATEHER
EfF. &% DVD iM%, £RES. REER. BOLTaiMmELRMAE
BAEHER.

AR, ¥ LD HEKNREIENERFERARA. BREERTE
ARBROEENSE, AERERDERY, WFHEKA 450mn HEHE
200mW K LD. 4R BAEBEER KN 470-490nm # LD, XFEAKHRN
K—/AK LD, BHiA MOCVD HiEEEERE.

HRMIR ALY LD % KSURR B R E BT EHLA i — 1
DVD # % (FLE#4 & DVD-HD). XFEFNABHEEELREMLE, &
BERERED— MR MRS A, FTHRAERORDSEKITFIT R
Et. BAERRD, A—KMIAEERTUFEBSHER. BT
FTERHL, RBEEARMAD, FTEMHLAEM . Bt LDs KBZhTA, X IT
WHBREREE T EaENER, ERANEFOENFZHNA, &
KABR HEFR. BEFEREABEORESAEAESTF, CHIE
HEEERBHE, FAKRETHRUBNEHENERYE.

1. 3.3 GaN ZEZSMEH R

EHEMEHTE, BT GaN MEE 365nm(E5ME)EBREF RIFHB LW
Frgett, EUEMRE T XK BMESR, XFER GaN ZHHREMBEBEASR
KHEBHMERT, EEIMEBRRTIHE. EXTFEKXT 365um §y7]
MRS RABREE, TixdTF ik F 365mm E5LHH KHLHMN,
MH GaN HEEI-V REUDEEANBTIRE, EHREIARET
Berr A E KM, NTTFRUBAERKREE. GaN EHRMFHR
WREER, REENIMHEF, BHET 200~365nm KLEEE, £
SA5EERERN, HFIEETAAERAMAHERMEIMESHRM. H
MR, MEEFBRTRNRRTEE. ENAVBLEFETHER
i, CHRRENES. BENARER. KNREEARURETRE
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L&A KBNS EHBEB BT KSE, ff GaN BRI B HINA
BE+4EA. 1992 4, Khan £ MOCVD BEREAHELBIET
B~ GaN A SHEWER, 7 100~365nm FKEEN, KMNEEETEL.
B AR EERE b, BRI T A EREA B BRME. pn LHANE
HEBLFERGFEN RS, GaN EESINENBEBEHRD, EER,
WEE, Mgk, PiERsEgs, XEFEERE. £E. A%, FMEER
SEEMNE, WESMEHME. BOLRME, A7 CARE R
KTREIS. FEBER. RELM. JEHEE. BREN. FI¥MREZRN
WiEE.

1.3.4 BHERHG

GaN FEMERMIM RIS RE T MBS 4SRN Z A .
Bk, GaNMEART LUHI&HAREIESBHMENME: TR, BERE
FHATEE (25X10°m/s) MAKKMEEL, FHESHIEMBEEF
Bhh, RIFMHEEESE MMM, FHTHERR. KIXEH. B
B, BE#E MBE BURTE GaN FHI R o st BRI R R A KRB R,
Hal DRI K Y GaN ZFRFEW. A GaN MEHIZH T &R+ 21
%0 B K% (MESFET). RRESMNRAE HFET). RAHB 25N &
#5% (MODFET)Z #2881 . W15 741 AlGaN/GaN £ RA MI B TIEH
Z(2000em™/V-s). EHIAREE (1310 com/s). BARKIA BHER, RHEIEMHR
SRR GaN BE R REG 4eV)RE A FHRMER IR, B
YEEESF, GaN BEM RAGREAFE, TR AlGaN ARFREAH, %5H
TUAEZETREESNETIEE, HHNEESETEEGX10 mys)FIE
METFEEQX10emss), HRBLE_RUAYEIBRREBJETERMN
THETRKE, BidEEBR, WL GaN GRMBRBHBAMN, &
AlGaN/GaN DT UKREFHEEHE 10°m? BEH _ER TS
(2DEG), +4E&THM. KHEBEFRENFH. EEEMR GaN AU
BRREIBZM AlGaN/GaN 4, mTHRFHHERFEAETE LK
B, 7E AlGaN/GaN B ORI — £ R FS(DEGORARAMIHE, Hll
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GaN HEMT B4 FHEREMAE. BiCELEIAY AlGaN/GaN & fhk
PHEL R I X R B TR AR RS PR B (SR R o GaN ZFR T 3R 4F T
DEHBRESHETIN WRREREN. MEMRBMH. BHEER
. REIEMBIF.

1.4 GaNERX-HRE

% e —1%%, B LED(Light Emitting Diode), Z—Fi&id R/ p-n 43
REREAN, BRESRHFATENRERG. RARENSERRS
M FEHBRERRETEE, R hS SHEHEEHIHRNFRIA TS
FiFT e, —fHL+4%, H LD(Laser Diode)® H— MBS . RAZH
B R —FE— LR RN R BRI R, AR BIIR AR T A,
i F ABR A e 3 K W % B 4 0.4pm-0.7pm, BEISLFARHIERT Mok LED K9
3 SARPHEIROR ST RENETE 1.8eV-2.8 eV Z [,

1.4.1 LED M THRE

RETRER—FHEHRI RS, MEBRE—H, RAE-RER¥
SEGAAR, XEESAMHLTARSEARBRELE L pn &,
SRESHRE—H, RETRETHRRERERNSE, AHARNRRT:
2R FER R AR EER TR BRRT pn 4. BERMEFHE
BAFEES, BFLBETRIENES, ANDETHRARBEREE.

s SEMR AT HPEREH, KFREAREAMEIRRETE.
HE, BEESERE VRSKMEHEEATEFERS, BEFTER
RTHEEAEEENES AT R R EARRBRARERNBRT
¥, 7E LED ', FZERK p-n £HFRHE p-n 4387 LED.

(1) A pnEEARK
FR p-n &EARRMHELE 14 Fix, 4 pn EMERKER, B
FAaRHEp RH#, AT M R nKTH, FFEFRRTIHN
FHEHIEFE. ELHFN po 4%, FTEKEZATHLRREE, BTH
BRETRLRHAEATINANLERD. BEREERRET, po &%
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LRAFUTHEEEATFEESERAT. XEFPENOEERTS
SHBRTES, KHHAT.

B 14 FREpnERARKIE

(2) BFpn EEARKE

RREMRLEBWE 1-5 iR, SAREHNRCREERMAR, AR
R, p XM N RESEEFSER 0 KEFRERT p X), HHBLA
W, ZRNBLEEFHHLERBES. BREEHETAaRKEAPKX
W, B%%E Eg WRAN N XARTHAR, TR p RHEEEE
X, HEseEEERET p Kitd. BTRREEHEREEHRNALN
ERERHEAREBRE, FUKLETFEARERR, FAET NRREW
BEBK, MpREEMATFENGKERSHERY, HLRAEBELR
&R

# LED ¥, RAMBREH, REEAL, FRFEAREER, AR
SORBRRTHR, WA TEREOKE, RO THEMATRE, Btk
KMEEERH. BTRHIBNEHEE Eg XTHRE, BENTAEE
RHHTRERERL, WD T HRRE.
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1.4.2 RAEZRERBHEXRRIE
(1) RABER

23 L+ EMEAR KR, LED BRMNES TRAMNREN. AT, X
BITHRIEBE N 12~24 /R, FHATH 50~70 FWBI/E, WITH 90~140
WO/, KA AL A B BIRFE S LED RN — R BUR RS, B
Tt A% LED MR A4 MIR B BB K, B REBKBEFET LN
Kif, FOEPPEHTTRBEE. Bib L HARTHERTE 100%, 7
BEATIE 200lm/W .

2) b RD
AT, BB SR A 208, IR B R AR

BERR, WERX—ERLAARUFSHTERBABA, FRAT—E
MEAM. B, B “GARE” NERETING, FRONLAEEN.
T, £4. WENFIOLERELT. LED RES, BahBER, TR
SEEREBLR; EREBHRXROELT, REBRARITRNNSZ
—, RRATEM 42—, B, WRANKLTATERRFHME LED
SR E KR B SR RIBOET, SETTARRRERTZRIREN—
EMREE. RFRPRT N, AEREN—XART 40 $5, XA

LED &% HhE R A 8 T, MEATULERL.
(3) FHFWK
B ERRE TR R, EEESRAMITLRAESRE. &

YR, %R, T LED (A8, EBR, S/ABURERL, FERE
8, TASERENMEERES, FHHFE. LED HEMRK, Bkl
A& 10 /M6, LED 4T B EERF A& 5~10 &.

(4) ZEWEHR
LED A5 RAB(K, THES, AAE, TURLMESNI, FHR

BHEHAERRAE, RETH, T, BEMEFRETR. HITR
LA HEERROYR. ERETRNLSEME, BHARNBRTRIK
B, TRALSREKNE. NEMCERETUEHRLER, BERKT
R, FAREERES.
(5) BHTHRE

LED A2 BHR ik, RN, TR, MR, RSl a8,
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IR AEF L FARX &L

EEyEER, BAER. REERD, TURELS, A RBBEER
NI S, HETRENES.

1.4.3 LED. AT R ARAT B LLR AT

BB MTEAEIITHR, TESHRANHIR, REaKE 120 %
Ef CBAgR BRY DT, . FRlRFRE S TV RRHER,
LSRRI, FMEHERARRED. TENERT FRAMRHEN
HR, EURAMFRRRT 0%MEE, & ““ULR" (RN EL
TR “—VORE”, RRERBTEET BRI, LS HEERTIIERT —
Wk, TIH—KERRGREERATL

R4 BB R—OAT . BRUTAREL SRR AH LI

BERES. WFRI2FR:
%12 LED. SbATRARITHERE BT

RIE-HRE BRT HYesT
fE K i 250073000 3000710000
Eic] BRIt BRI SHERN
#er (h) 100000 1000 10000
I N2 s ] 10~100ns 100ms 100ns
LR .
10%12% 5% 23%
B
4T AMESTRE 0% 90% 36%
BAMESIECE | 0% 0% 0%
EAEERR | 10% 12% 95% 59%
#iae 88% 90% 5% 41%
KRR AR, B
B, WED, K| RMEEE, _
PR FerEEBRAS
RRHEIRR, Mk | AEH, BT -

1




ERmERFRLEAIRY Apsys S RIBRMBEE R

B & Apsys B RARYEER A

2.1 #0

i[llg

AW EFEMZE K Crosslight 25 FF & #1344 (advanced physical models
of semiconductor devices) H#l =4 LED Kiyteit®l, APSYS B—ET
e ARARENSS, REEBTRIELHMYEER (physical models),
SRR, MATHOMESE, XERARTUREFET
BEHITRERL. APSYS R B RBEHIEETER (WEKE) KRR
HIHTEMISHE S 4R, BRFERBREAMGR (Poisson’s equation), H
i 444 52 (current continuity equations) (i F 454 77 12 (carrier transport
equations). BF N3 (quantum mechanical wave equations), #f%
#7778 (heat transport equations). #FEHFN 7 (scalar wave equations) LA
R—ER8R TS, URAHEERAR. BRFANMESHIRE
FREFLEHMEES, RNTUNEEBTESHFETETHEY, 3H
M e RS+ EE, AEHN GaN £ LED FHYEERMEX
SHOREBE RN R,

2.2 YEEMREHXSHEN

AXH FAM Crosslight AFAMELSEBRGEUERKY
APSYS(Advanced Physical Models of Semiconductor Devices) &%/ jt’: ¥ <1

RITMMTHE, UEB-F SRR EL TR

VeJ,-S R =R, - R, - R, +6,, (t) =224y, %0
Z e (2) Akl

vel, +Z!‘r‘“+1? +R,+R, =G, (¢)= 9Ly 94
gt ot (2-2)

AER, EEGREFGBRMBRRTE
_V.(eosch%)= -n+p+N,(I-£,)-N,f, +;/V,j(é‘j -£,)

135 LED MR Z 5 ¥R,

(2-3)
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HEITEAFREFRRIL Apsys HiF RAXDBEEE

(A RF
Jn = n-unvEfn (2-4)

J,=piVE, 2-5)

AURSTRESNREE, KA NEBE, BORERKER.
58 0k ch ) SE 4 AT 3 4 33 2R Shockley-Read-Hall ( SRH ) RS M

5 ARAEEE.
SR B AEE TN
R;j = anﬂMj(J_f;j)—annUNtff;j (2-6)
R;j :-cpjnlvtf;j_ijpletj(]—'f;j) (2‘7)

cais Cos HEMTEHAR, ny(pr) WBFRETHEIRRELS ] BBt

(PHELR By AFFRIBIRTHE, Ny b § A SHROREEBKBHOIER, Ty
WAT SRS ANREBRBNEE, 00 RREE HORERE.
BEEARERTH:
R, =(C,n+C,p) (p=1";) 9

Coo G AH AR RRREHARKTHIAS, 0 BATERTE
B

RoREBREHELEE; RAAKRZHEBHEATER: o) K&K
RAEE, 1, p HEFERIURE: N, Ny ARERE REBRER:
fo, fa B H BT EERERZREEZERROBE, QR vV A,
g MR AR ELL

£REE AN GaN BT S RN HALRR, KT BRI,

ZEsL ) SRR AIE T SR AR R A, SRRAR
RO R BE BUERY, nGaN &5 ALGaN ROREM RIBRET A T5U7

BART:
E,(4.,B.)=(1-DE M)+ xE,B)-x(1-2)C 2-9)
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EEMBARERTEARI Apsys S RIEEXYER LA

A %R CaN Zita 4, BERRF INRAINZTEE, CAHEHRY.
ERLANEEREES, £E8 T WERARNHHIY, £+,
=AY EREB N AR T
BRERLA:
P, (In,Ga,.,N)=-0. 0413x - 0. 0339 (1~ x) +0, 0378x (1~ x) (2-10)

P, (A16a, N)=~0. 0898x - 0. 0339 (1~ x) +0. 0191x (1~ x) @-11)

HBAH C/n
Fea kit 4
P, (InGa, N)= xP, (InN) +(1- )F,,(GaN) (2-12)
P, (41,65, )= xP, (AN +(1- )P, (Gal) (2-13)
e
P (InN)=-1. 373 e+9. 541 (2-14)
P, (GaN)=~0.918 ¢ +9. 541 £ (2-15)
P AIN)=-1.808¢+5.642¢° 4 (2-16)
P,(AIN)=-1.808¢-7.888¢° ¢ 4 2-17)

£ HBREMSERAMNE, THHEUTF:

£=(a,,-a)/a (2-18)

|
G HEREEER, a HEUWHERREEL ‘
APSYS #RIR R A RT H R EZ M MBI A 1, RAUEEE TR, 1
ERTHEFENETIENESFROERM L, RRFEETEL, RE ‘
FISRMRAE T RA R, WAREETERKME, WA LED #4FH ‘
25k, REEERT ALYANE EXEMNARRIMR. i
#W T BT B KBS T AMGEERN SR FRFREERAE. S
B RFHERENTH EER BN,

14



SRR KWL FALR 3T

Apsys ¥45 KX EE R E A

%21 BHIFFTAMN GaN, N & AN XS H

Parameters GaN AIN InN
ac (A)at T =300K 3.189 3112 3.545
¢ (Ayat T = 300K 5.185 4982 5.703
Eg (eV)at 0K 3,510 6.10 0.69
Eg (eV) at 300K 3.437 6.00 0.608
& (meVK-1) 0914 2.63 0414
B (K) 825 2082 154

A (eV) 0.010 -0.227 0.024
Ago (6V) 0.017 0.036 0.005
m; at 300 K 0.21 0.32 0.07
m* at300 K 0.20 0.30 0.07
Ep (eV) 19.8 136 114

F —0.82 0 -1.63
Ay 721 -386 -821
Az —-0.44 -025 —0.68
As 6.68 3.58 757
Ay -3.46 -1.32 -5.23
As 340 -147 -511
As -490 —-1.64 -59
A7 (eVA) 0.0937 0 0

a (eV) -71 -34 -42
az (V) -99 -11.8 -42
D; (eV) -36 -29 -36
D, (eV) 17 49 17
Ds (eV) 52 9.4 52
Ds (eV) -27 -40 -27
Ds (eV) -28 -33 -28
D¢ (eV) —-43 -27 -43
13 (GPa) 390 3% 223
C12(GPa) 145 137 115
C13(GPa) 106 108 )
C23(GPa) 398 373 24
Cy4(GPa) 105 116 48
dyapmV1) -10 -21 -35
dy(pmV-1) 19 54 76
dis(pmV-1) 31 3.6 55
Pgp(C/m?) -0.034 ~0.09 -0.042

15



EEMTERFRLEARI p-AlInN #E 58 % LED & FR%EMA

=2 p-AlInN ER ¥ % LED B FREBENHA

3.1 FIRER

InGaN/GaN EBHEE R K% (LED) EAEER. HHEMLEER
PR AT &R T, AT, BEEARROMIETHETHRERN
B—FRBRNIERR. AFE p RPOHBREZZWHLHEIZ—, Choi FA
MISSRE BRI, 5450 p-AlGaN RFHEEEMML, FASRKEER InysAlopN
B FM4ER LED b IhRABERN (EL) FEER Rt
BT LED B FE, 1A 2 R AR D o 7R T A2 AR ok ) LAY
KRBT

3.2 S RSHERE

3R F B Crosslight #44/A & % v+ ) APSYS SUEEHIEFF R £ EB
FHEBEEMANE GaN BBILEN p-AloshosN BFHEEZEHE
InGaN/GaN % & FB LED Kt 2F0 s 244 FUs AT T 5K

AER IR AL EME 3-1 PR, IhGaN % LED £K7% c HEER
b, H A HIAE 2.0um B u-GaN F 2.0pm B n-GaN(n=5x10" em™).
FEHERATE 64 2.8nm EH Ing16GaouN BT A 6 4 100m FH) GaN 2%,
BE—AETFBL2E L% 20nm EH p-Alo;GageN (p=5x10"cm) B# 20nm
Ef] p-AloglngsN (p=5x10"cm?) BFHHE, REH 170nm E & p-GaN

(p=1x10'8 cm®). B#1JLTR~FH 300x300um’ K EH HL#. InGaN,

AlInN 7 AlGaN F%E7 52 B B LA T R+
Eg(In,Ga,_N)=x-E (InN)+(1-x)- E,(GaN)-14x-(1-x) G-1)
Eg(AlIn_N)=x-E(AIN)+(1-x)-E (InN)-3.4x-(1 -X) 32)
Eg(Al Ga, N)=x-E (AIN)+(1-x)-E (GaN)-0.7x-(1-x) (3-3)

st Ee(InN) | Ey(AIN) 2 B (GaN) gy supmen 2 44517 0.78¢V, 6256V
1 3.51eVi?, LED BA4RBRBITREN S00m?, HELER, TERE

16



T K E R AR p-AlinN {E 9 % LED B FREENBIR

B % 300K, FEIFEN 0.78, EHEBFERNFIHH HAOE TS
BAZE SR e 43

p-pad p-pad

p-GaN p-GaN
p-AlGaN p-AllnN

InGaN well

GaN barrier

n-pad
n-GaN
undoped GaN undoped GaN
Sapphire substrate Sapphire substrate
(@ ®)

& 3.1 (a) BH p-AlGaN 1 (b) p-AllnN ®FFfHRE LED faprgale

3.3 HR5IR

200

fom—y [

no N

S o
Y Y

Output power/mW
oo
(=4

5

O S0 10 150 200
Current/mA
3.2 FIERBIEN B
ﬁ?ﬂ%?ﬂ%&#ﬁ’i%%%lﬁﬁ%ﬁ?ﬁ%%ﬁ%ﬁﬂE 3-2 FiR. AEH AT LAE R,

RN, PR HR TR Z FMERER D BEEARTE—
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ERIMEKETLERX p-AlnN fE4 %% LED B PR ENBIA

BHm, WEZAHEREHBK, KA p-AllnN ££ 5 & FHREZK LED
TR b s A S0, (B p-AlGaN i LED BEFRHEK,
JETHER (AR . 75 200mA MIRENRH T, KA p-AllnN fEX B FHEE
7 LED Y6103 3% %58 5 p-AlGaN £ T4 E ) LED MR A .«

5

4x p-AlGaN
3t

(@)

Quasi-Fermi level

1-
(113

-1 ) L -
0 25 50 75 100 125 150
Vertical distance/nm

Energy/eV
(384

3.8

36 /
i | p-AlGaN

M —ﬁ_:%{evl/

3.2¢

3.0t \ ®)

2'8 1 1 1 N 1 1 L
8 90 95 100 105 110 115 120
Vertical distance/nm

B33 (a) H p-AlGaN f£0 s FH#4/ZH LED Mgt HEM (b) BAEEEFHEHA
B HE

SF p-AlGaN fE% B F IR E 4 4R LED MR B A 3-3a AR &
WHFEENBHS ARALLEBRTHERIASH n ROSHSLE
p R, X5 Pak BABENLE B Y, BRI RTENETH
K. AMTEAME, EUEEMHNETERRBIEFARTIEER
MEBE, BTN SMET p-AlGaN B THEEFEANAL, FHE
FHEARTS. B 3-3b HBHE p-AlGaN BFHEARKEHKNER, B
FRAHSBE SIS, BFHAENHLRENN 36meV, BTALRS

Energy/eV
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HHIHTAFMEEAIRX p-AllnN #E4 853 LED B FHIERHIH R

HiIHe, WTSHEp KOTENBTEE.

5
4t p-AllnN
(@) Quasi-Fermi level

Energy/eV
N

OMJ

_l L . . a I i i :
0 25 50 75 100 125 150

Vertical distance/nm
42
4.0t p-AllnN
3.8+
z 360 304 meV
2
t 3.4}
5
3.2t
3.0t ®)
2.8 . L L ' L L
8 90 95 100 105 110 115 120
Vertical distance/nm
B34 (a) A p-AllnN £k PR R LED Mg HEM (b i Bl el SR
ESHRE.

E}%%ﬁ?ﬁﬁpAMN%%m%%%m%um%%ﬁg,E#ﬁ
TSRS AR EE 332 FHRATE, XREN AlpnsN HFHEEE
ERMEAHIE, MNTAKRKD THRiLH. E3-4 B77T p-AllN B I B
surkE, BE—-ABTHLERNGTFHEBENHLAFELN 304meV,
EEETLEE p-AlGaN LN AL EK, ERETFREmEHRRREEM,
BT p X HOH KRR, NS Bl g ot =
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LRI R L2483 p-AllnN #6585 5¢ LED B FREENBA

7x10”
6x10”
5x10°}
4x10”°}
3x10°F
2x10"}

@)
LA A A A A

0 10 20 30 40 50 60 70 80

-3

—p-AlGaN
—p-AllnN

Electron concentration/cm

Vertical distance/nm
7x10"
'?E 6X1019’
3 —
g 5x10°} _‘;A], ]GaN] N
E 4x10°}
=}
9 19
g 3x107
S . .1
2 L
% x10 ()
T 1x10°} A
0 [ - IA J_A 1

010 20 30 40 S0 60 70 80
Vertical distance/nm

B 3.5 AAFH RS LED AR THERN () BFR (b) ZFEREAHHE
R EHORRTFRES WA 3-5 i, aETH, ANEHEINET

AFHNIES, TERSAERYS, BROVTFEPHHERLp KHNETH
o, EBE—NEFHTRTRZAKERE, Up-AlN fEHETFHEEE
£ LED XA E.

5x10%

]

~ 28

«pE 4x10 — p-AIGEN

9 — p-AllnN

~§ 3x10%} P

e

g 210%!

2

g 1x10%}

(-4
o A UL
0 10 20 30 40 50 60 70 80

Vertical distance/nm

3-6 FF R RZ M LED MESEX 7 E
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Ly N 2 2 A3 8 p-AllnN £ %) LED & TR R A

B ES E AR ERTHREAAWE 3-6 Frm, HEENM
AERAHHHEL, BRI ETEREERE p BRHWETHT, BTR
# p-AllnN 4431 LED WA FREEKR, BHERANEHETEE.

- 200
§ o}
> = p-AlGaN
3> -200f ——p-AlnN
g -400F
ja-]
= -600
o
E ol )
g -1000}+ lectron leakage
§ 100k current
= 1400 : : -
0 40 80 120 160
Vertical distance/nm

3.7 A AR LED M FRAZEMHE
7E 200mA SMINELIRAE R T, BiFh 440 B0 s T r & B/ a0 B 37 BT e
S AH S p-AlGaN HFIEELHM LED Kif, RTHREFETE, B
A% p-AlInN 449% LED 3K, BT R HALZEAT. NETHEREX
WU B FAUE p KERNRERS, MR LED B3R, ERMT B
FRLSTHE TR R LED HE TRIEENFZ—.

100 ................. ZALAN

80+

2 60}

2

-]

240

5 | -2-p-AlGaN

=~ 20} —4-p-AllnN

0 A — 1
0 50 100 150 200
Current/mA

3-8 RETHERMRMELEL
3-8 A TREFHE (QR) SEMERKXRE. FEERBHRY

tn, FMAFSH LED MA B FRERAL AR S, BT mENETH
R, A% p-AlGaN HFHAEH LED PHHARHAETRETRAZR,

21




HETIm I KB L FAR X p-AllnN #£ 5 %t LED 8 TR ZHIBIA

{EXt B4 p-AllnN B FH#EH LED ki, LFREALZNETHEMT
B, XTURBNEE—NETFHLEMBTHRAEZ RN HLHE KM
AT FHESFRERTEp KEZRMES. |

RERMNMELITERN, p-AllnN A5 T p-AlGaN i 5, AEBKXM
v, 3 B Choi 2 ABSLR 4 R KB, p-AlInN 154 B F R4 Z 7] LU& & LED
oS, KB RN p-AllnN Z32 % LED R XRAE. R,
BT IN 5 AlnN Z A& SE. BENEXERY, FAANBEEKEE
FES, BIRMANE, HRED, DN HRENBRIED, XRHEL
— A TEZ OIS, BRIEEN p-AlnN #& A HRXRE,
ST, X AllnN B4 K FEZ—PHFLIRR LED K.

3.4 NG

AR APSYS EHIK AN B F AR B FHEAE LM GaN £ LED i
FTHEERHR. £52RE, XA p-AlGaN fEABTHISER LED
g, BFMREETE, KRBIERD NETEETRTATE.
R, ZERA p-AllnN 1B X B FREEH LED #, XMEHIIERK, HiRE
TR AN EFHEREEIEMR. AREENRERATIERMLE, X
LS OREFER B TRARKLRY p-AlnN X RFHEEE,
% A M R 57 InGaN/GaN ZEFFF.
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SR AEFRLFARI A4 B T 4HIE X LED MBFA

mE BAMGERT B4 LED KB

4.1 RBER

%1 GaN % LED — RIS HREA0001]77 I EK, LR M R AR
38 00 E FARAL A B AR AL, GaN EMEHE 5 & AR AL R B THR[0001)77 AR
REMRESIEN. MFET hGaN BEFHRmERRURBTRTH
(QW) MEFH2LE (QB) AARRRERA T3 R S R ALHTEL
EaMNoEETHEAARRNERAMEENRTSE. FETHX
ﬁémm%émmémrm&e@zmm%z&%z{émra@ﬁ
B, GFAEFHRANBTFRISANERHERTERD (T'e hh), ®4R
BUER A EE T MR RN ETHRRK. HICZRHESHITE
KRB HETE LED R EaRL, EmIEREE (-mH M- ET
R K R mEEA P, LR B THEHAKE M-E =5 P
bl T H S LA T TE R AlGalnN 4 #48, 5H—77H, BHEERET
Bt AESARETH, XEETHCY B EFHIMNRET
B, BiE, Zhao ZAF BT EF=EXH BTN LED, XL
RN EFHAHER—EE. WINNHAERES, M EFB4H
HMERESERT R, RIEFR. Pak EAWHREH, MEETHEH
BEEBRIMIEZRERRE, Bkl B RIES R BN Bt AR RO A R
Kane 5. &1, R hzex g E e L TR RN, [Epith-s
FRE 0TS RE BRI OER, B, HTHERRTREN
JTZ M LED, MMABTFHEMETHARTFLER. R#ZEx LED
MBFRETRIS, BOSETHRBMHRAFNTN p LEXEH Bt
RARERXBFTE.

4.2 GHRSEHRE
Z 30 % Ail B Crosslight 34522 ] & v+ APSYS BEEEFT REESE

 WEFHAHASHRTNEEMHE TS GaN/GaN c 2 s

LED Mt F s 4 AT 7 91T
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ERMAREFLFELRT BAMFRFH St LED (A

AER RS EME 4-1 FiR, GaN % LED 7 ¢ HREAH K
FAK, HEHERE 2.0um B u-GaN # 2.0um # n-GaN (n=5x10" em™).
T BERR, BFHXEARE 64 3om B IngiGaosuN BT HH 6
A 10om EH GN 2B . FRAMEMEBE 6 1
0.5nm-Ing 09Gag oy N/2nm-Ing,15Gag s2N/0.5mm-Ing s GagorN M & FBFF 6 A
10nm EH GaN 28, EBRE—ANETHLZE LR 200m E# p-Aly1GagoN

(p=5x10""em™) WL F#E, &5 4 170nm FH p-GaN (p=1x10"¥cm™).
BB LA R R R 300x300pm® MEFH4H. BEEHENE 4-1

BN

p-pad p-pad
.
p-GaN p-GaN
p-AlGaN p-AlGaN
| «—— ('GaN barrier

Ing 0sGage1N
: 6X
<) Ino.1sGag N

| — | Ing 09Gag N

n-pad
n-GaN
undoped GaN undoped GaN
Sapphire substrate Sapphire substrate
(@) (®)

41 (3) BEEHETFHH (b) MEETFHEH LED MEHE
InGaN 1 AlGaN RZ# 5 E A TR FRR:
Eg(In Ga,_.N)= x-Eg(InN)+(1—x)—Eg(GaN)—l.4x-(l—x) (@-1)

Eg(41,Ga, N)=x-E(AIN)+(1-2)- E/(GaN)~0.7x-(1=3) 4 oy

soopp EnN) | E(AIN) 2 B (GaN) s mepoe 8 43518 0,786V, 6.25¢V

#13.51eV. LED S4BT E R 500m™, HEER, THERERE
% 300K, JIREKE N 0.78. EEAPFERNEFAEMBREESHTUE
KR p k3,
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LHIHHEKFRLF LRI A MR T 441 LED MR

4.3 £RETR

ERE R TIRRE AR O LM E 4-2 Fir, TUES, ERE
AdEE MBS, FHEHZ ANERRBM . BEEARTE—SHX,
FE 7 AMEREST K B MY TH 4 LED Kt REEERR
Fk B, TIRGELNELETFHAEMN LED, HI)ERE MER
R KTIANIRE. 7 200mA BT, AFMEETHEME LED
B Th 4 R BT B T B 45 LED HIPsfE.

200

|~ rectangular QWs
—v- dip shaped QWs

Output power/mW
o e =
(=} o (=]

H
(=]

0 50100 150 200
Current/mA

B 4-2 KIhEHERRRLE

B 4.3 A1 THBERFE T4 LED 7 200mA R T HEHR
FIRE AR, TUES, FHREETE4HN LED B8R T A H ErHA
R, SR BTH R TIRESFHEMSSHERTFREMN 0 K2 p
KBSk, EMRNETHNBTREN RS p RERITHR. TZOKE
4457718, RN B F B4 M LED MK NS BERER
S h A EREE n B ETHR, BYTERRETHEMRSR, Z7OREM
p 3 n 2B FH. Wt RHEMBETHEA LED ELETFHXEN

i TR RIS TR 8 Rk T B e RSB T B T B 45438 LED.
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ERRAFET L FALX AR R FH 4 LED MR

1.2x10%
§ 1.0x107
g . [ — rectangular QWs (a
g 8.0x10° “ ~— dip shaped QWs
g .
g 19
g 6.0x10”t
=]
8 4.0x10°t
g A
§ 2.0x10°}
. A Al
0.0 1 3 1 4._A 1 1
0 10 20 30 40 50 60 70 80 90
Vertical distance/nm
8.0x10"
' 0 — rectangular QWs o)
6.0x10"° | — dip shaped QWs
40x10°F

Hole concentration/cm

2.0x10"} ! |
Ll

0.0
0 10 20 30 40 50 60 70 80 90
Vertical distance/nm

M 4-3 BAFHR AR LED ZE FHREK () BFH (b) ZRRES
Zi2

RN E R R GEEE 44 Fix. XHNEHHERBEHEER
ZBE%E E R B M 50mA HE 200mA HINTHA. LERMH 200mA B, R
EEREFHAMBREFHEHE LED KEEKKL N 460nm
4550m. ZEAEEMET, BEMFEE TN LED B R KA ERYKT &
BAE B B4 LED 9 B R RS ER. BEEHRAM S0mA K] 200mA,
FEZ AN A RENEREEREZ AN 2 #ME 2.5
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R RFMLFARX BEMF R TR 41k LED BFR

[ — rectangular QWs
r — dip shaped QWs

m_3)
)
wn

-1
C

1=200mA
I=150mA:
I=100mA
1=50mA

s ev
_ N
(9% (=)
L) L

1(1027¢
=

W
T

Spontaneous emission spectrum
1

0 |
380 400 420 440 460 480 500

Wavelength/nm
B 44 TR F 45 #380 LED B B R RS EE

BRI R E RS 4-5 BHR. 75 200mA BT, £HER
BTFM4HH LED Mgt BNt To+, XHEgEsh
IMViem, #EXTFEBTFHL2EMNEHE. MEMEETHF, BTHF
Mg ENTFEFHLENSRGE. mETH, EMEETHS, BRHE
EFHEKBHERSET, XRENMEEFHAE=E4H, A1 0.5m
] Ing 00GagsiN HIE]KE 2nm-Ing 15GapeN FLE, MTTAKID T RALH
. MEBERLHHETHORE—NETHLEHN p-AlGaN BT HER
MAERERANBGEE, ZTHLSHALEETHRNREARRENR
TREENEFRE. T RFRHMNEEFHERETHEE, HFS MR,
REEHT o FREERNZ LS.

2.5x10°
2.0x10°}

p — rectangular QWs
1.51106 —dlp shaped QWS
1.0x10" L —
5.0x10°f

0.0F
-5.0x10°}
-1.0x10°}

-1.5x10°

Electrostatic field/(V/cm)

020 40 0 80 100 120
Vertical distance/nm
B 4-5 RAHARELHK LED g B2 1 8
FFP L HITE 200mA B FHBERFEMHEME 4-6 fim. BT MEE

FHPHE p OB THPRIAT, ATTURFHERHERTHHMN
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MR FW L FAR T BAHMWE FH & HE X LED MR

T FE p KHHR/LETL 2B . B FHEERETHEMMS,
BFBETE—NMEFHHARKNETHAFETETHF, aTEZE
FHAETFHEARK REERKNRLY, RHEHLETE, BTHZE
L T ORI PE P T U, ELE H A T RT AR p RV
EEE, WIREBTHE, XUBRT BRUHA5IEN B THRET R

BEFRREREARRBR T TROEEREZ—.
500

2

g — rectangular QWs

< — dip shaped QWs

T

% Electron lcak‘&i‘

]

5 -500}

(V]

g 1000

o - L

£

Q

2

= 11500 P WP e 1
0 20 40 60 80 100 120

Vertical distance/nm
Bl 4-6 BRI RE 44 LED K FHRTSHE
HEFANEFEREREUE 47 Fir, aTRATMEETHEH,

BFHEK MM R HE ENBEIRAKRNE, SFRENERNES
R, NTTESTE 4 /LEMR. ML B THEHK LED MR TFREREERK
EBUNN 474%, TELBTHEMNN 33.1%. BFRZRERHESR
BANEIMEEDFEFRERES, WO THFERE p KMETHFN
HE, Eit, SdABERERTIR p RERTFHRRDT, ATRET
BFRHEANE,
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I=33.1%
3} GaN GaN

[ (a) Ing,16Ga0.84N

Energy/eV
o

oL — |

o s 10 15 2
Vertical distance/nm

ERTEXE T EERT AHME TH&HE N LED #5150
|
|
|
|

[=47.4%
i GaN : GaN
’F =

F(b) 1110.()9Gao.9f;‘I In}o9Gao.91N

Energy/eV
N

1r Ino.lsﬁiao.szN
Or T —
-1 A . :
0 5 10 15 20
Vertical distance/nm
& 4.7 HRA RSB RS 1 E

R RRSHES ESEEAHmE 4.8 fim. BETR, HHEH
WEAREAHNE ETHRANRRTFRESFAL, HEEVETHS
HEiES A T ERRAERE p KMWETHS, TMAETH MRS
EATERAERE 0K, REGSTRAOEFRETRENERTIEZ
BRBAGRAMES L AEE. MEBETHHEERRAERANEN R
FHR 3 15,
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LM RERLEARX AAMEETFHEHEX LED KA

6x10™
2
< 3 5x10%¢ — rectangular QWs
§ 4102} ~— dip shaped QWs
i
-g 3x1
8 2
@ 2x10
|
& 1x10”

1 1 Al A IAA Il 1
0 10 20 30 40 50 60 70 80 90
Vertical distance/nm

B 4-8 WM AR SN E & &R 7 E
HEFURESEREROXENE 49 Fix, FEEERBREM, W

FRSEHRALFREE S, BTFRFRZRZAHEREERR AT
WRETE,, SRUERETFHEHN LED EHENBTFRETRAZR. MY
BETHEHNETRETRLETURE. A4, EdMEETFH LIRS
WALZFTS R MBSt A R R THEY, THETFAZRKARL
EEBHK, N\TIHERERTHENEGER.

100+
» 80
2 wf
G
2 40
20 ~o-rectangular QWs
~4— dip shaped QWs
0 Y I 1
0 50 100 150 200
Current/mA
49 AR TFHEMEAZLE

4.4 /NG

A% R APSYS HAKIEX AH AR B FHH4HH) GaN E LEDEAT T
MBEERR., £82%E, RAERETHEABBERNERGHT, BF
HEIEETE, ARHDRED, HEEFENARTRETR, TORAN
B FBHENBER LED &, Mt theg R, MRRRMRIK, ABFHE
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R KWL EAR I AAMKEFHEHEX LED MR

BIEEFIEME. ERERMNBELMTAERL, REkRSHNREER
M T RAZEEHN GaN fEX B TR, BT fimFsIEmnEEs,
MATHRFRERERMNER, WTHATEHEEEE.
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R R FW L 2ALR I p-AlGaN #E X ¥ LED 2B 2 OB R

BHE p-AlGaN fEH K LED B T2 ERNHIA

5.1 FIRE R

B, Kuo ZAMAAEN, LiE4H GaN BFB2EH n-AlGaN FT
REK, BATFENBIIME, BEAMN. Pak FAWERERRH,
EBREETHLETAIEA GaN # LED MXTOLRE. fisEt it
2, 3t GaN EATERE, ERBASERENERT, BERBRENE
HERKE, BHSNEARZEERANRRE. EFZRAFREN
BRFREF EFBEMRIE, IESTEEN p RERE S ETHXH. M
BFHME R LB TNEBLHMAE, pak A PHRETRTHEME
TERENEFBR T AR TFERER. David EAN MRETEATFELET
BRMATRRAAN, BHEATERREE p KIEMNETFHF, HH
BRBEHBEE—NETHHAEETHZAREZ. AT, GaNEHH
ERFRETUELRDESRE, FRARTHENREANED, AHR
BHTBE, EFTUERNETETHZ2ENESTHARERERNEZ,
SHHETFHELATS, ERETFHE. HREp KNBFAUMNZERER
EES, NIRETZTHEARENBHNETFRE. SR, TR
BITEBANEFHE, ERERMEANEE InGaN % LED F LK.
Eit, 327 InGaN % LED B FHE, REZREANRPOETE p KK
it 5% 7T B R R X — A R IR R T

5.2 EHMESHRE

AE R Crosslight H4F2 T it B APSYS HERRBEF, HIAT £4
G TR p-GaN 1N B TR 2 ERF R HR A p-AlIGaNfE R EFH 2R
f InGaN/GaN £ & F B LED HIAZEM B ZEH T,

AER R4 L HEDNE 5-1 PR, GaN % LED £ K% c HRER
MR L A HAIE 2.0um B A u-GaN A1 2.0pm B 0-GaN(n=5x10" cm™).
EHEAEAA 3nm B IngeCauN BEFHAAA 10nm EH p-GaN
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TR E T AR p-AlGaN #E 4 LED B FH 2R IHA

(p=1x10"" cm*)Z# p-Alo2GaogsN (=] <107 EFHLE  ARE—TE
FE£ 2 ER 20nm FH) p-AloGagoN (p=5x10"7cm™®), BJEH 170 nm EH
p-GaN (p=1x10"® con®). B JLFAT R T H¥H 0 300 300pm’ M EH T4
m::

p-pad p-pad
[ [ .
p-GaN p-GaN
p-AlGaN p-AlGaN
InGaN/GaN MQWs InGaN/AlGaN MQWs
n-pad n-pad
-GaN [ EEE N ___q
undoped GaN undoped GaN
Sapphire substrate Sapphire substrate
@ ®)

B 5-1 (a) B4 p-GaN il (b) p-AlGaN BFBH&2E4HH) LED HL5HH
InGaN #1 AlGaN HyZE# 558 f A TR TRR:
Eg(InxGaHN)=x-Eg(InN)+(l—x)‘Eg(GaN)—le-(l—x) (5-1)

Eg(41.Ga, N)=x-E,(4IN)+(1-%)-E,(GaN)=0.7x-(1=%) (5.

sy E,UnN)  E[(AIN) 2 E,(GaN) gy epmge i, 455K 0.786V, 6256V A
351eV. LED RAAHBI®RER soom™, KRR THEERE
55 300K, JLIBEURE K 078, TR EAHESAHRIEESHTUE
SRR

5.3 &R 511

50 BT BT EMARANEL L. TEH, ERREAF
BNOER, BRERZANERRBNN. WMEEA BT —FEK, B
£ ANEREFEK, 4 p-AlGaN B p-GaN e BT 220, LED
HETIEM K, 7 200mA I, F p-GaN BA p-AlGaN EHETHZE
i) LED BIX3hEE 4 514 120mW 1 143mW.
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R RFM L FEMIRT p-AlGaN fE%# % LED BT B2 ZHHIR

5 100
80

Output powe
3

0 50 . 100 150 200
Current/mA

& 52 RThERERAELE
B 53 BRTE200mA ERERT, SERTRERNHEEIME.

BT p- AlonGagosN BT B2 R p- Alp1GagoN BFHRMEL HAER/M
REKE, FOEXAEZ AN RATLER NSRS, IbEHE5H
BEMEE SRS, SHRSEELNZRENSETHEL, &E
TEREAKE, ER—HE, BONHRGEREIHTEH, RELLE
B, MR e B FHAE,

. 40x10°

£
4
2
cu«

p-AlGaN EBL

2.0x10°t

4.0x10°}
-6.0x10°F {\ —p-GaN QB

o
o

-s.onoz i — p-AlGaN QB
-1.0x10°F
-1.2x10°}

6 L L 1 1
141000700 110 120 130 140

Vertical distance/nm
5.3 RN ELHIE LED Mg ein A
BT H—SEBX—H%, BH p-AlGaN Ml p-GaN BEFH2ELHK

LED KR 0 5-4 fim. RUWSIEMEMN=ARALLERETHEE
#ESHM 0 KOS HLWE p KM, WE 54 RALIREE, fRFc
BABLEE, SEHEENETRE. XTEAME, RUEEMENET
BERFRERMFEAEEEANIBE, BTFAURSNBRIRTHEER

Electrostatic field/(V/cm)




LRI R F L FAR I p-AlGaN fE5 8% LED & FBH2 RRIBFR

HFHMEFRRNEL, FERHETFHE. A p-AlGaN EHETHZEMN
PLBEELA -GN B, RENPLEEEHTRTESA.
5

, p-GaN QB
4]
> 3}
L
B, ©
¢ Quasi-Fermi level
o

1‘.
o"- )

-1

0 20 40 60 80 100 120 140 160

Vertical distance/nm
? AlGaN QB
p-

R
> 3r
2
£l o I
§ Quasi-Fermi level
m

1072020 60 80 100 120 140 160
Vertical distance/nm
BS54 (a) A% p-GaNF (b) A p-AlGaN 221 LED Hge A

Bk f e TR R HHE M B E A 5-5 Fr, 3 GaN ETHEZE
# AlGaN £ EFTERES, BT E% KRS IRORILTEE T, WTRHS
HEEBIE®E, A pGaN EHETFHLENRTHERDLERN
203meV, i p-AlGaN fENBEFB2ENBTHERALREN 215meV,
Fl p-AlGaN fEH ETHH2 B RA BB BTHALEE, XM HERF

MR TR, REETHEERE.
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IR FEM L FAL p-AlGaN #E4 35t LED BT 2 EHBIA

4,0
3.8 H effective potential height
for electrons (203 meV)
% 3.6 ™ (
E.>'3 34} [\\ ( \
) Ny
& 32} q - |
3.0t (a)
2.8 L 1
30 100 120 140
Vertical distance/nm
4.0
3.8(] effective potential height
for electrons (215 meV)
> 3.6} (
L
sl N L
v *
3.2.\j —
3.0t ®)
2.8 L .
80 100 120 140
Vertical distance/nm

5-5 (a) A% p-GaN #(b)p-AlGaN £ E LED B TR EHIEM I HE
B b M 7e B TR EMHE M B & 5-6 Fin, R A, A p-GaN

fEHETHL2ENENNERPLHEEN 25TmeV, Tif p-AlGaN fEARTF
B2 BN NENRLEER 214meV, M p-AlGaN fEARTHLZEER
BRMERPLBERBERD, SHEREZRENEE, EFNENEE
WL B TFHEL,
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EREMEAZTLEHRX p-AlGaN {E 5% LED BB 2 BNBIA

0.8

e
>

effective potential height
for holes (257 meV)

o
'

Energy/eV
[=}
[\ ]

0.0
02 @
-04 A L
80 100 120 140
Vertical distance/nm
0.8

effective potenﬁai height
for holes (214 meV)

\

Energy/eV
(=)
N

02t O

80 100 120 140
Vertical distance/nm

B 5-6 (a) A7 p-GaN Ri(b)p-AlGaN £/Z{) LED T TR AR IR E
RN TRE A HE 57 Fiw, HETH, ANEHNET

SSRGS, BTMERBETAMERE p REEFHF, &R
E—METBRETFRERARRR, FHAT p-AlGaN BETHEESHN
LED ¥, BFHZEREEEKX, WR—FEEE T FREANKENBF RS

HEMRA.
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SRR KET LSRR p-AlGaN fE 3 LED BFBH 2 ZMHIR

. 6x10°

g 19

L s5x10”F —p-GaNQB

g | —PpAGNQB

g 4107 L

&=

3 19

g x10°r @

(5

£ 2x10°}

=]

§ 1 191

= L
0 AW ) . )
0 10 20 30 40 50 60 70 80 90

Vertical distance/nm
6x10"

"8 sx10®f —p-GaNQB

r= — p-AlGaN QB

[=] 19

= 4x10°+

E

gsnw- (®)

8 19

o 2x10°}

° 19-

mum-AAA A
0 n | ] N

0 10 20 30 40 50 60 70 80 90

Vertical distance/nm

5.7 AR F LM LED R THEEN () BFH (b) ZRRE T
B HEH R A ERERTHELMAE 5-8 fir, REENF

RERAEHA, BRI TEREERE p XKMETHF, BTRAE
p-AlGaN E TR E 48 LED MBR FREEK, RARANEHELEE

%,

RN W
(=] (9] <
Al

e =
(¥, f=
T

Rad. recomb.rate/ (1 0%8.m-3/s)
W

—p-GaN QB
—p-AlGaN QB

Roa s A

0.0
0

10 20 30 40 50 60 70 80 90
Vertical distance/nm

B s BHARLHNE S ERSfiE
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R K FRLFRRX p-AlGaN fE % LED B FB 2R MR

7 200mA SRS R T, FAb S HA R T AR EE A A 5-9 7.
&E*ﬂuﬂgﬂﬁﬂ%mﬁﬁ%%ﬁmﬁ%ﬁn#ﬂ%%pM&MW%E
?@&E%mmummﬁ%mﬁ¢oEM%nﬁm%~¢§%m¢,ﬁﬁ%
MEHARKEFRRTE, BT p-AlGaN LENBTFERENELRE,
%?%%ﬁﬁé&ﬁmﬁw%u%%ﬂﬂiﬁﬁ@,%?%ﬁ%ﬁ%ﬁﬁ¢,
#E%ﬁ%%ﬁ¢mﬁﬁﬁﬁwﬁupM&N&EﬂUﬁﬁWE%?WﬁE
i%m¢,ﬁﬁ%¥mﬁEﬂﬁ%mmﬁﬁ%Eﬁﬁ,ﬁ%ﬂﬁ%pgm%
FHRRDT

o

2

200+
—p-GaN QB
400 —p-AlGaN QB
-600 F
-800+ lectron leakage;

current

.Eleqtron.current density/A/cm

2D 2

2 8 8

S & S
v L] 1

03040 60 80 100 120 140 160
Vertical distance/nm
& 5-9 FHMAFE 4 LED e FaRRsmE

Wi?mzumeEﬂ%mmiﬁmEyw%%a%%E@%ﬁﬁ
m, WPAFLEH LED %WE?&%ﬂimﬁﬁ?ﬁzTﬁéfﬂ%o HF™E
fEFHtE, BFE p-GaN EFH2EZH LED FHEMABETHETH
Mm%, {BRAE p-AlGaN EFHLE4E WK LED NEFHEN T REEIRRE,
EﬂuﬁﬁﬁpM&NWﬁ%?ﬁﬁ%ﬁﬂ?%?ﬁ%ﬂ?ﬁ%%ﬁ,Mﬁ

REZREANSTFHEEHAE.
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i L N DA 8 p-AlGaN %48 t LED E FHi 2 ZHF A

IQE/arb.units

0 50 100 150 200
Current/mA

510 WEFHEHERELE
5.4 /NG

AR APSYS AKX AE R RAETHLZ41H GaN E LED it
1T BERTTR. X L] iGtds, Baly, wHE, JRTRE &
RTFHRE, BHESZURNBFREHTTRANHR. ERRH, 27
1 p-GaN B FHF 2 B p-AlGaN FrRE R, S ThFMK, HIHRIE
ERANETREREEEEMR, Rt NS EEERHET p-AIGaN 2
B8 M 8 TREIE GaN/GaN £ BT ARBZXHIEANE.
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AT RER T FARY #% LED ZRENBHHT

#NE Bk LED ZTREANRHBA

6.1 FRAER

InGaN/GaN £ E=E & A —1k% (LED) BAEES, HRENEER
B R TR B, R, BFREMEEN BRI ER
BRE—SEADESAFENNE. BTEAETRNEENHTMERET
HHE AR A TUEANE. T GaN Bk, ZRHHEBREMTR R
BEBEREE, EB2ANAERANELEIRE BT TIREERE. B
EHRRNE p-AlGN BTHAEBLERTRMEA. B, Kuol®
%\ WHFiR S, T/ n-AlGaN fE A EFH 2B REZTGEAME TR
PHE . Wang ZAWIR A S p-AlGeN B TR URBZTUEA
MCE. Chen Z AN BE— M ETHLEHT p RBRURBAIE. X
%, 3|\ p-GaN Ml p -AlgosGagesN ZFHAE (HIL) LMREZTUEARK
ERNE, K LED M.

6.2 EMESHRE

KERAH Crosslight HAEAT R APSYS BEBMBEF, MRF
p-GaN 1 p -AlosGaogsN ERENBLEHIN InGaN/GaN % EFBF LED HIt
R FORAT TR

A BSR4 LK EWE 6-1 B, GaN % LED £ K% HEEA
WL AT 2.0pm FEH u-GaN A 2.0pm FHY n-GaN(n=5x10" cm™),
M EAFEAA 3nm B IngieGaosaN B FBFIAA 10nm FH) GaN £/,
HBRE—NEFHLE FR 300m B p-GaN (p=5x10"cm>) B 30nm &
B p-AloosGagosN (p=5x10""em®) MZERENE, H EXH 20nm EH
p-AlpGagsN (p=5x10"" cm®) B FHEE, &FN 170mm FH p-GaN

(p=1x10"cm™). B AR T 300x300pm’ WIEH A &
P mE 1 FiR. IGaN 1 AIGaN % B di L TR
Eg(InGa, ,N) = x-E,(InN) + (1= x)- E,(GaN) - 14x-(1=%) (5 )
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EBTHAERLEART ¥k LED Z7EANEHTHA

Eg(A1,Ga, N)= 3 E(4IN)+ (=) E(GaN)-0.Tx-(1=2) ¢ o)

s Eo(nN) | Ej(AIN) 2, B, (GaN) yopmer 8 5515 0,786V, 6.256V
f13.51eV. LED ZHRBRIIREN S00m™, HELER, THERBER
3% 300 K, HSREUKE N 0.78. AR ERANESEHENELESHT
BE SR 3 31

p-pad
I
p-GaN

p-AlGaN EBL

p-GaN/p-AlGaN HIL

InGaN/GaN MQWs
n-pad

n-GaN ]

undoped GaN

Sapphire substrate

& 61 RAEFRZEANEK LED £ E
6.3 R 5118

- ERFBRTIEREARA L BEWE 62 Fix. AEFATUESN, K3
BN, BAEHEETIRNEREE /N BEEARRE— DM,
FR AN ERERH K. XAF p-AlGaN ZF/IENBLHK LED X,
e ThERBE N B FE G S N, {EX R p-GaN Z7UEANEM LED Xilt,
BErm ik, FIIRMERE. & 200mA KRBNERT, BH p-AlGaN
27N LRI LED KL HE TR N 173mW, TiE@KRH p-GaN EXR
EANEKIA 133mW,
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ERMTERFMLEARX B LED Z/UEAEHHA

200

Output power/mW
)
o

0 50 00 150 200
Current/mA
B 6-2 IhHBEEM B
B 6-3 BF T7E200mA WIEMBEE T, BiER FHASHS#RRG A HE.

B F p-Alo 0sGaoosN Z 70N B p-Alo GaooN B FIA B Z FIEE RIS
WA, BTUMEXFEZ AME DN ERRD, FEERTRERRKS
Mg EEES, WTRSRRA5IENESEHRD,, NRETHELE
g, TXMZAKELEERK. IERER TR TFHRENERGE
Ao

6.0x10°
4.0x10°}
2.0x10°
0.0
-2.0x10°
o 4.0x10°]
8 -6.0x10°{ —-p-GaN HIL
¢ -8.0x10° — p-AlGaN HIL
-1.0x10°
-1.2x10° r

6 t 1 1 e A
L4x100 =00 120 140 160 180 200

Vertical distance/nm
E6-3 FRARLMLEDHE BiH 1 A
B4 p-AlGaN 1 p-GaN 27k N B4 #a ) LED HIaETH B W& 6-4 FrR.

BLGFE RN = AT B LLEBETHARIASEMN n KIHWLp
R, SHEASETENETRE. NETTUEHRENRTSHER
FIBKERMRER—H, BH p-AlGaN Z/UENBEHIHIREH T HBES,

BT p KMBKBERER, RPBRTHHERKFRE, TEREAKER

¢ field/(V/cm)

Electro
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R K FTEZAIL ¥t LED ZRENEHTIR

BRENERESRNERBEIME, TTERKTRRA, EFNEREA
HEBTHEHA.
5

‘ p-GaN HIL
j %
3 | E o ———
@

Quasi-Fermi level

| %
0 L
0 50 100 150 200
Vertical distance/nm

p-AlGaN HIL
4W
3 —

(b)

Energy/eV
N

Quasi-Fermi level

1
0-

-1

Energy/eV
(3]

0 50 100 150 200
Vertical distance/nm

Bl6-4 (a) A%p-GaNFI(b)p-AlGaNZ RFEN B4 M HLEDHI fEH &

FFE HI7E S TENEMIE R S B 6-5 Fim, p-GaN ZTHEAR
5 p-AlGaN B FEBEERANGRAE, HEFEFERENRLYT, &
KEFERT, FEEHTTE, AERENFELERETHHRY, &
B A LB R R R ER TR p K, ERETFHOME, XA
p-AlGaN fEAZTHEANE, BT BB KEFNENRUDBERTET, AT
s A B EIEM. ) p-GaN (R AR REABNBETFHERBLE RN
207meV, TiF p-AlGaN fEAZEREABH B FHERELBEEN 250meV,
KEERMMEFHEHLER, FHTRTHEA.



ERITTHEKETLFARI ¥t LED ZREARHFA

40
3.8 E effective potential height
for electrons (207 meV)
s 3.6
2 L
& 34}
Q
=
B 32t ‘
a
3.0t @
2.8 1 1 1 1 )
80 100 120 140 160 180 200
Vertical distance/nm
4.0
3.8 F effective potential height
for electrons (250 meV)
> 3.6
Q 4
F |
50 L
2 34 i I\f N |
& 324 ]
3.0} ®) |
2.8 . 1 . 1 1 1 !
80 100 120 140 160 180 200

Vertical distance/nm

6.5 (2) BAip-GaNFI(bp-AlGaNZ /i N B4 HIMLEDZE s F LI BT K 315

RS TENBERENN HEWE 6-6 Fir, LKA p-GaN fEA
SRENEN, MEEE+ATE, ANKREEER LA, SAZRM
K TRE, T p-AlGaN 2 /GE N BTEX B 7 40 R A KB E o A p-GaN
VRS TEARNE RO ERALHEE N 217TmeV, T p-AlGaN EHRER
EAEHS ARG RAL BN 190meV, BETRNEHELBENRA
BELHETHEANB BT, ATTRBZTEARE.

45



ERIMHR K FR L0 %% LED ZREAEHBIR

effective potential height
for holes ( 217 meV)

Energy/eV
o
[ &]

0.0+
L <
02  (a)
0.4 i L L L L
80 100 120 140 160 180 200
Vertical distance/nm
0.8
0.6
> 04 effective potential height
L
@ 02t for holes (190 n?eV)
[
£
= 0.0t N
]
02} ()
‘0.4 1 A n 1 . 1 " 1 "
80 100 120 140 160 180 200
Vertical distance/nm

E6-6 (a) BT p-GaNHI(b)p-AlGaNZ 7Tk \ B 4 H FILEDZE B F R E M IE A 4 5
BREMNERTFRES B THR, HETLH, FHREHNETS

ERAGHENGS, BFAZABEFERIDXNETHT, £RE—TR
FHPBTFHERKERR. EAHp-AIGNE/UENELEHILEDT, B
FHERKREER, NB—HEELEFHEARNNRERTHFRZNE
ANERERH
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BB REBLFALR I %t LED ZRENBHHA

7x10"
£ 6x10°}
E ool —p-GaN HIL
2 5 — p-AlGaN HIL E
£ 4x10°}
S .
8 3x10 i
g 20°r @
2 1510}
43]

0 A ; Al A AM L J

0 10 20 30 40 50 60 70 80 90

Vertical distance/nm
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k-
E 6.0x10" —p-GaN HIL
g — p-AlGaN HIL
b .
= 19
: 4.0x10°} I
S
<200t ®
o
0. A AL A A .
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Vertical distance/nm

E6—7Eﬁﬁﬁ’$lﬂ%%ﬂﬁL§DEi?@#Bﬁﬂﬁ (a) BFH (b) ZIURE

B HNEN T SRR ER THR A finEe-8fim, HEEI 1
BRI, BREAIBEREARDRMWETHF, BTHEET
B F RS TORERE D, JEHEAER . AAp-AlGaNZETIEA
B4 HMLEDNRATREER, HABKNBHEGHEE,

W

E =N
T

— p-GaN HIL
— p-AlGaN HIL

W
T

2k

1 | A
0 i 1 esad A 2

0 10 20 30 40 50 60 70 80 90
Vertical distance/nm

B6-SFRHARLHNE S EEN

Rad. recomb.rate/ (10280m‘3/s)
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LRI RET L F MR ¥ LED Z7ENEHIBA

Z 200mA SMNERELT, BHEHNRTFRRERSHWE 3-5 BT
o WEFTT LI R p-GaN f£ 42 /i A H) LED T HIR B FAB K.
AT n B E— AN BT, BREWATHRAMNETERER, THE
p RHEFHEREK, BT p-AlpesGagesN ZFRENES p-AlosGaoesN
FREEZ BHRLHES, SHTHRE, HEFHERBLRERK,
ST R RE MR TR, ANR/hE TR .

200

g
5 ot
2
2 -200r —p-GaNHIL
E’ 400} —P-AlGaN HIL
2 -600}
g Electron leakage
8 -800¢ current
g -1000+
% —J
3 -1200
=
-1400 y L L
0 50 100 150 200
Vertical distance/nm

PE)6-O7% ¥ AR JE] 5 HLED Y L T M. 43 7
WEFNE (IQE) 5 EmBH K< R WA 6-10 FiR. MM AR LED
f P BT EERER F M B i R AR . BT EMATIREER
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