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Model analysis of efficiency droop in GaN-based

light emitting diodes

Student : Chih-Cheng Fu Advisor : Dr. Shun-Tung Yen

Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

Abstract

Inthis thesis, we use a model to investigate the influence of
Shockley-Read-Hall recombination, radiative recombination, Auger
recombination, effective volume, and leakage current on efficiency droop
in blue light emitting diodes (LEDs). We find that increasing the ratio of
radiative recombination to overall recombination rate, can improve the
peak value of the external quantum efficiency (EQE) and alleviate the
efficiency droop phenomenon. Besides, the decrease in the effective
volume does not change the EQE peak value, but severely deteriorates the
efficiency droop. We also find that a small effective volume may cause a
significant leakage current at a low total current density.

We also study reasons for the difference in measured EQE curves
between blue and green LEDs. We find that the efficiency droops more
significantly for green LEDs than blue ones, due to a larger Auger
coefficient and a smaller effective volume which results from indium
aggregation or other factors causing more incomplete wave function
overlap. Moreover, for both blue and green LEDs, the ratio of the leakage
current to the total current is less than one percent in a normal operating
current level. This indicates that the leakage current can be excluded from
the origin of efficiency droop.
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2.1 15 5440 & (Radiative recombination)

15 S £ g ST AT A [6]:

R=B(p-—n,p,), (2.1)
2 BE RS igE4R & k¥c(Bimolecular recombination coefficient)-

Ny, P ot T ™ & FET Ik TRR o
I: fﬁr'ﬂlﬁ'ri\“*/’}in,p?%fré
nN=n,+on, p=p,+op, (2.2)

A9 5N, SPAEE AR ER S AT RS kR SR LT
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# % %1 » (High-level injection) = BT + -7 F >4 4 >
Ton=op>(nN+p,) HWHRE F Ry 7 %7 !
R.,=Bn*,
2 2L 45 545
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np —n?
R..., = ! : 2.4
g, (nen) o, (e p) &9

Ho g, 7, 485838 T kS5 Z & (Carier lifetime) ~ n, & & 5

LERPIER 0, p A E T T

E -E
n =nexp(——) , 2.5
1 pr( kBT ) ( )
E-E
=n exp(——L) , 2.6

B
HPESHREP SRS E AAERR AT k mkE i
(Boltzmann constant) ~-T-& & & °

% = % .1 » (High-level injection)fFi= e + Tk = ¥4 4 >

Ton=0p>(N,+p,) > &2 E=E SRH® & F R, 7 7 =
Ry = AN, (2.7)
2.2.2 % %4z & (Auger recombination)
AR e Ry ER EFT & = [7]
R,, =(C,n+C_ p)(np-n’), (2.8)

#9¢C,C A%ul%ndlepawcistg st
= B 2~ (High-level'injection) /= FF 7 + -3 F = ¥ & 24 >
Fon=5p>(n,+p,) > EREFT T
R., =Cn’, (2.9)
2.3 N 3R E + ¥ (Internal quantum efficiency)
Bl oo aRAP VAo AZIR S R B R iR g T 23RE g S

b kS o Ft B LED didin @ o ¥ M p 382 F 225 (IQE)
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IQE = : ~ SE— (2.10)
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2.4 k& % B~»z % (Extraction efficiency)

+

ST

G

A LED P o ¥ A RN I 54 & e d kS
A 2gH I e A EFALED P v a v R AL kI T
v € TR AR 22 B FI R bldv e it £ BRE

Fpd e e Tt a LED ei3dim @ o & 12k 30 B2x & (Extr)

ki BT P RBIER N AL KT Feit g0 £ I (Extr)
T EAT .
[ hv
Extr = ﬂm;_, (2.11)
int / hV

:ET ¢ Pemission ti;“ E'é'j—j- # ;IL ﬁjﬁ _é,:j’;é j?“ - I:)int 7‘%‘ iﬁ%r" E"ﬁiﬁ”ﬁd‘;% :% N hV :‘%
k3 g o

2.5 73 » »2Z (Injection efficiency)

P AT LR PR SRR B R k%ﬁi ‘ﬁ%&m«%
Tom oo TP A LED 288 ¢ > F i » 2nF(IN)) R f5 ik 4p & T ngeia
> LED &% inernt i@ o 3 » s (INJ) Tk 40
| I
INJ — _act __ act — ‘]act ’ (212)
ILED I + IIeak ‘]act +‘]Ieak
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SCART PSR & T ERE SR Y S
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AB R R IAGEASREEN T S B T S T
Aif RPN R T EAT A 5 [6]

A 1 kT (Epe—Eq, )/keT EFc—Ec,GaN
n=— Zln[1+e ]+ N°F”2[I<B—T . (3.1)

2 L
off 7Z'h i

Y m iR+ 5 oo E (Effectivemass) ~ 72 = % 1 F ¥ 5o ¥ i
(Reduced Planck constant) ~ E_ % 3 & % p & F chf ¥ ° E,, &
B340 RiBEF it N SRS B R BB A

(Effective density of states) ~ F, & % st -1 42 5. ## 4 (Fermi-Dirac
integral) ~ E ., = ¢ B A E¥:F 5% -
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E c idHp THPEFHABE-FZTFET PR FR R
PTILR R R P RB L S N o
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FRRETT AT A ERE AT

& A= sl s, " , = . e v o
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T g EAR & TIUREREAR S RIS IR 0 e B A IR Ae T

PR RS TG AT

=0ANV,, /A (3.3)
AP QRAAT - A LRFAREELRC Bl N Za B %
P RR e
155418 & om0 E T 4T
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B¢ BALGHRE Thd o
BB LTI AT AT
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B=B,/L+n/N,),
C=C,/(1+n/N),
BB C A S NS SRR T g S BB £ R £ i N,

"’%N'lﬂg“"lmﬂb% % AT c4p B B o

J =J_. +J +J, =qV. (An+Bn’+Cn°)/ : (3.7)
SRH Rad Aug eff esa

CHICHER Y RS A Y
FOOEARRENTFRARE  APT I QL)RE DS PR A
P - BEF M aliL B(E,-E,) 4 B)RETF B ¥ 8
Bt e fFeng @ (B, —E.) ° TiE(En—E ) B (E -E., )& 1 %7\
o B KA FE L AR | TF AR AE| A Ao
AE.|_=E, . +(Ex—E.)+(E —E.), (3.8)

|l

HPE  ail®wRPM IR oTEFTHE R I hn - BESI I
F R Fe £ AE| lv’Ti%'Ep’uﬂg“fi‘-’"I e

» AE.|  # T AT

block

F lblock

AE! i e AE, (3.9)

block
AE. GIRl i %a FTHEF A I L o AE L gps T in

#-41 (Thermionic emission current model) - T » 553 55 2 i 45

AE, % 77 47T

~E, AE
exp( STl ). (3.10)
KT kT

AE, =k,TIn(-e 4 Jut_
A\)Iock AblockT

2 A‘act’ Ablock fo E’IJ 7::*‘ BN o l;lia FE‘:J[.%}%] f;’f”Iﬁ% ﬁ 4 ’#: ﬁ'{(RiChardson
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constant) ~ AE, 5 § 1 4FEE(InGaN)& § it 4845 (AIGaN) iy F i #
(Valence band offset) o F]p+ » £ ¥ d (3.9) ~ (3.10) K17 2 4f & A %

F oA FE £ AE,

F Iblock
SARAE=5 2 Vg U 2 3 S ARy S A 7 A Al
(Charge neutrality equation)f# J fe g & @ chT + AN,  E T FER

pblock °
C el 2 A I
Poiock = Mptock + N; ] (311)

#0 N R p Al ik g s R T kA -

FRdE R R SRR N, BT R R Py & T AT

E —E
r]block = Nc,block F1/2£ FC'bIoclk( T c,blockj ’ (312)
B
E -E
pblock 7 Nv,block Fﬂz[ V'bIOCkk T FVYbIOCkJ ’ (313)
B

He

=H
4o

N SN S AR DL - T B B el S 1
FR ok e ER RS N, o Enpoa® Epgan » SIS A ¢ 7% 0
LERAE S RFERRAIFE R T B -

—r R R SRR AR R T A AT
3.14 57 i

BRI BRRT G HF A8 BRT R RS
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a7

I

@ »

L

T 5qens BRI T R h e T A P RS AR
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2 2
o =ik T %g@:[éj Com%J@HLAJ |
(3.14)
B9 N, LA SR G p ek ¢ S 3 (Mobility)s 3
)k & 2 Ph4c& & (Diffusion length) ~ Z % 5 »c3-& A& (Effective field
length) » % 77 4c 7™ :
Z=KkT/qE, (3.15)
He Effedgk ? T ¥ - DHFET o5 4o
Jox =I5 Wyouctt, E (3.16)

B9 SR b pAlE Bk A

S34 5 IR 4o ¢
3.1.5 47 B A 45 Sl

W TR oA + = ;
SR z‘\'ﬂf'&f"r.

J=J_+1J (3.17)

leak ?

Sy 22 — .
AT 0 R T AT

J
INJ = "t : 3.18
%]act + ‘Jleak) ( )

_Bn
IQE = (An+Bn*+Cn®) "’ (3.19)
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EQE = INJ x IQE x Extr | (3.20)

e 5 0 ApAeT

I:)emission = EXtr x Bn X Ephoton Veff ! (321)
:'E': ¥ EDhoton ‘:; k- };E EE-L‘ °
A M LED hificimip 354 52 %

B AR AR > B FFP A G E AR
3.2 F x4
YA B A
1. x# '? '565 ‘E_ m&%{* EQE LED? VLED’ Ephoton’ emission i\' o ﬁ}:m °
2. PEFRAFRMBPLE LI BorF o 3RV iES SR N

P DA R ERK 0 A S A e T

A WS IR 0 P A AR R F B E SR AT G
| o (EQE, )< INJ
- LED( Q max) 0 ! (3.22)

q X RaII (nIQE,max)

9| (EQE. ) &% 4 Bk th2h® T ac F 4L T ch T im i IND,

P T SR S s e ¥ v . R s
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o

PHERHRIIPRA S5 T(3 198 215

EQE , (3.23)
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EES SRR
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2 ¢ EQE,, & Bt IR F 225 8~ 1QE(Nge )
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