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Spectroscopic studies of coupling between

photonic crystal cavity and quantum dots/wells

Student : Kuo-Jung Lu Advisor : Dr. Wen-Hao Chang

Department of Electrophysics

National Chiao Tung University

Abstract

Photonic crystal DO cavity InGaAsP quantum well laser have been
studied by photoluminescence (PL). The monopole, WG, and dipole mode
have been clarified by the pPL, SNOM, and FDTD simulation. By
power-dependent PL, we study the spectral change of lasing process in the
DO photonic crystal structure. By the calculating the rate equation of lasing,
we can acquire the spontaneous coupling factor  and the lasing threshold
power. Then we study the photon correlation of the multi-excitonic states in
quantum dots (QDs) embedded in photonic crystal L3 structure by HB-T
interferometer. We can clarify the QD emission and the cavity mode by
power- and temperature-dependent PL measurement. And we use
time-resolved PL and HB-T experiment to study the photon correlation
between multi-excitonic states in QD. The six-level rate equation has been

set to simulate the photon correlation behaviors.
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2.1 sk gcg ¥ sk &3 (Photoluminescence spectra » PL)
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2.2 PF R 347 & 3 (Time-Resolved Photoluminescence » TRPL)

PR AT kG Rk A [B] 2.2] #77 o H 28 e Sk el 3 Sk kg ko sag
W Al e E e R L PR EET B RSB A R ELRF Bk 5T -
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3.1.2D0 £ ¥k 3 BT sterk FiF i
B kg ¥ ke

Bt AP g 2 kg kR AERBREF FF S S AR SN
kesgie o[B8 3.7(Q)] 7 2MEE H I FenpPL ki o NEE EE 4 Fen
FA S Bl F R A~ X 3 2> % (Full Width at Half Maximum >
FWHM)% % 1 2 38 B Eix F 2 enaii % o[B8 3.7(b)] #71 5 # F ¥ 3% & s
PR T 0 U S (linear)ds & BLZ T TR @74 I (threshold power) sy & 295
uW - [ B 3.8(a)-(c)) *t7 B 5 S R b Bk & (6978 5l e kit £ -
FWHM ~ 11 & 28 k55 & m%ﬁi&l dvd & (Light in - Light out curve) - ¥ -k & £
RS S A A EHOR R Gl 15 T 'JJ%%;Q:),@(carrier plasma effect) i =
it T AR [3]lem FWHM SEF 7 % % 5 B ¥H#ch hep L-L & 5
& S AI(S shape)R| £ 7] 5 § # F %~ pF > & F §*+ & £ & # (Population
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313 HEF I 2R

AR ek kS BRI R RN T 0 AP g S
#2.5¢ (rate equation) % A 45 % 3 & 88 % S+ 4 o 4 4% fi (steady state) i 2 T
PR g e g s it o TR kT B AR F SR # 5 (lasing
threshold power) -

T B2 AN BT E[4-7] 0 2 AN (B3 D)H it RS B X RPN
it < % & (carrier density) shsg it o H g R ik 2 & on S g2 50 (3.1.3-2) > =
25 (3.1.3-2)4 i 1 kT K JRIET SR K % & (photon density) %
Lo

dN N

E:Rp-T—-CAN3+DV2N-1‘Vgg(N)P (3.1.3-1)
sp
dP N P
—=IV,g(N)P+p—-— (3.1.3-2)
dt Ty T,
eNV=-el¥ (at semiconductor/air boundaries ) (3.1.3-3)

N ferP o u] i 2 483 G R 4o @ SRR £ % &Ry & 3 i 2 (pumping rate) -
Rp e 71 4o $2.54(3.1.3-4) -

L A
R, = (3.1.3-4)
hcV

a

Y 22 : Va /’i‘ou Y .7 a2 2o
I % &' i #(confinement factor, F=V—,Vm =5.5(2n—‘)3) Vg &R EE R

m eff

C

(group velocity, V, =—)~ Vs & % & #F & i# Z (surface recombination velocity) ~

eff
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Ca » ® #4F & Trdc(Auger recombination coefficient) ~ D & %+ $#f4t Mk
(carrier diffusion constant) ~ B = p % 445 5448 & »< 5 (Spontaneous emission
coupling efficiency) ~ g(N) & i & & 3§ ¥ o fic(gain function) » 24 i3k 5 &
MW E 0 A7 5 4254 (3.1.3-5)

g(N)=a(N-N,) (3.1.3-5)
Tp = YRR k5 4 &3 3 (photon lifetime) 2 sk & & 8 & R Ve NS 15 5
Mo %7 = 2 4254 (3.1.3-6)

= M (3.1.3-6)
27C
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[# 31] k5 588 S8R 2
DS P H i P S 15 H
g S BLS RA
/;’rﬁ’ i =+ 3 1 . 3
Rp (pumping rate) m™ sec Nir (transparent carrier m
PUMPINg density)
A e Ry ek Wk %A
Ni (active region absorption % Nin (threshold carrier m™
efficiency) density)
CEEE o v B A "
0
Mo (output power efficiency) " (lasing mode volume)
Vi o L8 A
a (d'fferent'aI& ain) m? Va (the volume of active | m®
i i [
g region)
g(N) S m* Q S
(gain function) (quality factor)
B v 4 B FORAT I 5
r (con fineme/nt facton) Neft (effective refraction
index)
53 A PR st e
k3 ..

Vg (grou :/elocit ) msec™ Tsp (spontaneous emission | sec
Jrotp y lifetime)
%\ﬁiﬁgé'ﬁ:;ﬁ 4,'%%%);,\,[]\%:}4 b_‘%

& A Tt
\A (surface recombination ms* Tp N I sec
locity) #y (photon lifetime)
velocity
T o Btk . 3 W
Ai . . m i .
" (input light wavelength) " (input power)
A R & " L %J w5 W
out (output light wavelength) out (output power)
EI );}‘& ‘fiﬁ ET%T“JJ ’f‘?i;::‘% h ‘&TT\'—?’? ¥ &
B (spontaneous emission % Ly ) T W

coupling efficiency)

(threshold power)
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APEAREEE TR ok T A (THRAT S 0) 0 I A
(31327 @FI{F frk 5 % & b 5(3.1.3-7)

z, P+aN, TV, 7, P)
N = (3.1.3-7)
z, (az, TV,P+/)

Fo# 2N (BL34) R ~ (3.1.3-1)1F k3 BB £ e iE bl 4 X (3.1.3-8)

75’ CaP+aN,TV,rP)’ P +aN,IV,r,P
" i@ IV,P+p)° 1, (ar,IV,P+ A

V2 (3.1.3-8)
7p (P+aN, I'Vz,P) 7, P+aN, TV, 7, P)

+alV,P(-N, +
7, @z, TV,P+p) r,@r, [V, P+ p)

£d 2 A2 (3L3-9)F E W hy » # I oy N 5 hbE 0

L 2 MheVy hcV,,

out
ﬂ’out T

np (3.1.3-9)

F&g_;)/\%_’;_ BB E’T&g;:)iﬂb‘? ) l’li‘ L‘—Z ‘4\3'14‘{1‘]— ’ '&L"Z\U#Z"g i

.L,.¢

(surface recombination velocity, Vi) ~ 2 & & ¥ jz 3z 5 (active region absorption
efficiency, n;) - ﬁ%] a1 7 & 3z % (output power efficiency, ng) & s 7 %% < }I;Jcr,
Pl A vipad 2 - AR S4TSRz 4] 0 4o [F 3.9]
STIR o FEFAPIF SRR B S LA B G s & xS (B)HF B

PR -
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L, [Fomooner]

Aug-er . Spontaneous
recombination heat recombination
C,N° n.L, N %
Nonradiative T_ a
recombination NV, 57 L
sp
Surface > Spontaneous
recombination IN'N Jéi N V. — recombination
Ty coupling part
Stimulated V rg(N)P Kﬂ P V
recombination A r—'"f?oP
Photcm reservior r L
, out
PV, Output
power
heat
[B39) k5 &80T sta 7l LW -
3.1.4 §&7 # & (threshold power)
- 2. ¥ v 2 o A / % sl = v
Tl # 5 & e AR TE T o P SR B b A @ B e o

B F| R PR E RV 3 4 (photon loss rate) » gt P ¥l e~ B34 55 TR A

F[6] o T F XAV #242583.14-1) 0 RERA LS BAN)

1 v,
v (Nt ) (3.1.4-1)

I'V,ar,
I'Vjarg, +1

Nth =

G E LS LT P d 0 H G R B IR £k o TR

&

Bo# 52 fLE S R B % (quantum threshold definition)[6] » 2t % & F &
=B B (threshold point) & 5§ ¥ 47 S IR % i 3% > b4e @ L F-enph [ e 23 134
A B I F a2 R o @ F 5d Ak iT(linear regime) i |4 i %
AR T S P T 35k S i

% 2Ea M iT(non-linear) &4 » 1@+ g

6] > KT TR 4 5o JH 2

#
(mean photon number) % >+ 1> = pp=1(p =Vi
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774 (3.1.3-1) ~ (3.1.3-2) ~ (3.1.3-3)i& {7 it j 18 > 4238 (3.1.4-2)

heV, (- AN 1
a[( PN, +C,N,°+DV2N, +—] (3.1.4-2)

sp TP

L[h } ;i’nni T

A 4270 (3.1.4-1) K17 Ny & » 3 2.8 (3.1.3-11) 4 8 Ly,

315 p #F MM EnF B)E ST FIF (QR T MR » F il

T R enlcR] s dpd R P F S & xS (B)2 S FIF (QH T
TRl F o e A %P4 [B 3.10] #7771 > 5 p #F M E T AR 0 TR
B+ mARAR] > AMpEFESFT o kI RARABARE S EHESR
Frds % od [B39] gl pafifsdgsongxst > @ f
FALG ST R S T S I A O AR TR T T S kS K
T TS EPERFIRROTFIER O[] G AP RARTE
G ETRh 5K R T o A% Q4 [B 311] #rm » 4 3 Q ERF
REFAERF L g M FEEAP kA S o8 R EFRE S

THRORF] BT EIE - T EF oA SRR FRAS TR
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%&@ﬁi:‘f‘(ﬁ)é 0.08 » 4r []Tﬁ:] 3_]_210 B [%‘\ 3_2] AEOELE T é”]’éﬁﬁi"

— 1074
o s
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S 10" j 55
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- oo —a—p=0.08
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P ® Experimental data
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[# 3.2)] DO £ #&¥x 5 & 2k

5-#c L& Bip
transparent carrier 24, 3
Nir density 1.5x10°"(m™)
threshold carrier o4, -3
Nin density 1.64x10°"(m™)
a differential gain 1x10™(m?)
Min input light wavelength 638x10°(m)
Aout output light wavelength 1595x10°(m)
active region
i absorption efficiency 0.11
No output power efficiency 0.02
v, the volum(_e of active 1.29x102°(m’)
region
Vi lasing mode volume 7.10x10%(md)
V, group velocity 8.82x10"(m''s)
r confinement factor 0.18
T photon lifetime 4.23x10%(s)
spontaneous emission 9
Top lifetime 0.17x107(s)
Q quality factor 5000
Auger recombination Al 6.1
Ca coefficient 2:5x107H(m’s")
V. surface recor_nbmatlon 2510%(ms™)
velocity
carrier diffusion 4, 2.1
D 2x10™(m"s™)

constant
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317 B# FPERE iRy ¥ kL

FTFAPI R R R R kB R I F 24 S (lifetime) s
it o[ B 313) &7 e # 5T enpr Rk o[ B 3.14) 1+ H - ip S
#ic(single exponential decay)#t & o sﬁzge%q‘ﬁ Mg PR 4 SIARE o
LT3 3 » ZEIR STAT £ i SR i@ T 3 A (carrier

loss) 4 & Hp Tﬂﬁfi o H ¥ 2Eipidag & & 5 o ik2iag it

Intensity (a.u. )

Time (ns)

[rﬁ 313] * e ET mf&%&ﬁ;*%’k;ﬁ .

0.26

0.24 4 °

0.22+

0.20 o

Lifetime ( ns)

0.184

0.16
100 150 200 250 300 350 400

Power ( uW)

[®314] = &2 R 8 o
25



318 F Sticsd # b 8 eh g Ff3ir

H_[ B 3.4(0)] 4z sor/a € 3 W.G.f- Monopole #-3 b FF 2 4 5 %
TRFHEADAL AT T HERE G M AP G F R
g B oo AP+ feiE 7 45 (Numerical Aperture, N.A) 5 0.9 57 100X # 4
JEESE L N 4o 230 3.1.8-1

D:1.22_i:1.22i 3.1.8-1
sing N.A

D 536 REBGNE T A5 T HETE » FIPv ey I L0V 2
et s 102 uym - [8] 3.15] = &g 2 b i i R A F Fl o [H
3.15(@) ] AT % & Stipd a WG AP T H L v B izdr e R B >
A5 = b T g R s gk Bl e [ 3.15(c) 1T Sk % Monopole - ik BF
HEFLETZRET  RREG MUY SR EERDREL T - #5075
BoE A Feni 3 BB Bk A 4 o[B8 3.15(b),(d)] # % 54 X= 0.8
um (Y 7 5% B~ ) Y g R A F B o 1% 3 #r(Gaussian) & Bkt & 0 B
BB AT BHTHEFE E L 053 um | 3 kAT 345 e e i Hd A

kF LT k/j-Jcﬁ;f] g ﬁmébﬁﬁjﬁ AR Flenigl o At A P g IR

EET MR A R E o m a3 K lasing e
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Monopole it e138 & & # B - (d) 7 X=0.8 um pF > Monopole it 48 Y
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3243 M L3 BHERIEN 5 ET gt 1
3.2.1 %3 &Af L3 B4 4R0%

TR EP A R~ FRT IR RIRAREB TR
fWig o k3 N L3 B Rp[9]E = A= & 254 f(triangular lattice) & +
S MW T s R o 40 [B) 3.16(3)] o 0 B - Mz B R
F 12 Gi SR 0 dRY BB 2 = B4 fiamed o 4o [F] 3.16(b)] K
%P0 A A ik e i (defect mode) - [[B] 3.16(c)] 5 SEM Hp#&Een§ %4k &
g] o

- - oo > -S> B 5 -5 5 -5 =B =B =

- a O -5 -S> D> =S =S5 5 > =

dbandbandbandadad> D D> & @ & O o

dbandadad o D> D 9D & O o

00000000000
00000000000
00000000000
o0 00 cCecCo
00000000000
00000000000
(X XX XX XKXXX

(b) (©)
[®3.16](a)%+ &Kt L3 Bl = miz2 MR - (0)B & ¢ w K JRixd 3 5z

FHEAREEE (C)) SEM g % o H -
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3.2.2 % £ ¥ efp+ . (correlation of multi-excitonic states)

B Foensk el ¥k k¥
Fh o A RBEIBEERNATES S A B Rl G A

4] * 4 E ¥ 7 (Ti-Sapphire)id 4 /& (continuous wave, CW) 3 4+ L £ 5 750
nm § (s L ko[ B 3.17(@) Y47 5 # & 20 uW e & k2 @) o[ 8] 3.17(b)]
#70 & 0.1 pW 2 600 pW 1 * R i5 % (Lorentzian) & e~ 47 % & ¥ 74 5 o
(] LB X1~ X2+ Cl ehig B g7 A SUER (B 5 5 1) X3 &

MRS D)

g 3] 0o X1 %M 3
" 2><3 ] > X2 %
—~ } m=1 - x X3 % ‘
=5 X1 3 c1 & 1
) - @
s g1 ] @& % DDL
= et @ g% © ]
= = @
L) ct C 3 7
£t X2 Q=1200 ] L $ 9
= $o P
L_A_AAA_A—A—J - i
ad ir
912 914 916 918 920 922 924 0f1 1 10 100 1000
Wavelength (nm) Power ( uW)
(a) (b)

[®3.17)] @PL £%® - (0)sEFs 52> 2R H -
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BESOMYEF oL RO I R RRT RERE [ B
3.18(a)) #.7 R R kR > LRI X1~ X2~ X3 2 CLAEL Y =f o I
* Bis S Bk B S AR i [B 3.18(b)) A7 0 B R AE_TK & 40K X1 -
X2-X8eheHE251mm  Cle# s i 03 nm:s d b7 faérd Cl 2 £ 3k

AL e FR A A EF BB AR AEL IR LS AT kA

7RSS E o X FMHE i Bi(band gap) § %1 0 @ FE S BRE R

2, . U L= / 7. 2 A= 2
£ o £ RVERC X 478+ 5 (refractive index) s g o R (P HCRR A R 2B o

—~~ A 922 Ll T L T T T éq L
| R e
© . 920 e B B AR a% i])r 3
N oo oH qd
= e e e 4 OK - a4
2 45K £ 9164
> 50K-= o
= 55K = o
c E - D 914 09
r— ) 60K=] [} 0O

S = — ggﬁ- g 00000

75K} = 29
— Tt T ' T
916 918 920 922 924 910

T T T T T T
0 10 20 30 40 50 60 70 80
Temperature ( K)

() (b)

Wavelength (nm)

[®318) @7 FE AR T PLSRE - (b)) Rt L iiHE -
EENES Sk SRk |
F3 5 gF angpF M S s i (lifetime)#> v E£ & & & o A

1 * Ti-Sapphire e#% fir g &> L £ 5 750 nm o 5 KEE R £ F B 5 ah

N

4 & o[ B 3.19) i 5 XL~ X2 X3ehd b » ¥ R XLE -
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7% 3p #c(single exponential) 2 & 8 - X2 - X3 I F £ p X 4y #c(double
exponential) # ¢ #p o ] * ik % F J& S #c(Instrument Response Function , IRF)
2 p #2 4 dic(exponential) & #0247 4 (convolution) ks o HP X142 &8 :
2.6ns> X2 thd & w5 0.75nsfodnse X3 4 8 5 055ns4-3.3ns -
X138 o3 E A § 5804 e (Ans):RE - FIE XL kL&
k3 f B8 e M(energy gap) o Hprd | X13ck @ 174 SR ok 2 o
X228 X3 EIRVEFRLNFEHF X282 X3k > @24 iR
AR SR G R M X240 X3 5 A B A e e F] o NPT A

A% 3@ e+ (bright exciton){re e (dark exciton)sn@’ 5F[13] & X2 2 X3

Tl:0.751’lS

r2=4ns

Intensity (a.u.)

Time (ns)

[@ 319] X1 -~ X2 % X3 ﬁjf{f%&ﬁ;*ﬁ_%g“g’:@ o
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HB-T sk

0 e AR X1-X2 2 X3 & e Fgo 2V i1+ HB-T e S ok %7 o
i# * Ti-Sapphire :& A (CW)F &> & 5 750 nm > 7 & (20 pW) 5%
e RELRME AR F [ B 3.20] 5 X1-X2 2 X3 @t e = 4p -+ 14 (cross
correlation) » [ ] 3.20(a)) g% & P ¥ #hiw 1+ > 15_g@(1=0)2 g®(1=20)~1 ¢
A g g g g 1 (9P (1=0)—>g@ (1=—20)~1) Ap dr 0§ PE R g 1L b
ARFERSTPEF oS o Lo FHFFHET XLE2 X28FY 51
K Fw ¥ X2 5 g+ (exciton, X)» X1 & # = -+ (charged exciton, trion, X*) -
BEFESAFFHE T X3AF L 2 Ju%r X3 5 g+ (biexciton, XX) &
+ % B+ (charged biexciton, XX*) - [ #] 3.20 (b)) bunching # & /L § pF &
#hiw (v ehl  dp ot [B]3.20(C)) ket > A X3RS X2 o]
X3 % = X1 F]ptdadrd) X3 5 F T B+ (charged biexciton, XX*) o 4% ¥
X 8 X*ehg § FEE[10] 2] % » X*2 4 & 2+ (X)) o s @5 X1
FETEFX) X2 EEFX) X3 2 F 1T EEF XX @ T E Rtk

PRI
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. mew
@c» 0.5 :
X2 X1
00 (a) . . '
> WWWWW
"o 05
X2=> X3
0.0 ®
15 -
—~ 1.0W\\Mwwww
© 05 -
© X1=X3
C
0.0

20 190 @ 10 20

Time (ns)
[B3.20] X1~ X2 2 X3 @t B HB-T ¥ B -
3.23 = PR
B R SR ] o AP 2w PR KRR 2 [11] - [ B
3.21) 5 & AuFF krienn £ B o U REA A & OB FE i 52 4258 (rate
equation) s 4r=> #2;4(3.2.3-1(a)) » #-* > £274(3.2.3-1(a)):x B = 2L ) S0

(3.2.3-1(b)) » f# 6x6 & L A i id (eigenvalue) 3 * i3y #ic(eigen function) -
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[B321) = scrér B o
—+=1ng +—n
7, T i
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dt o T Ty
dn, 1 o+ L 1, OE S S A (3.2.3-1(a))
da re o Tx Ty
dn, 1 1 11 1
—n,+—n, —(—+ )+——n
a  z, T, o T T
dn, 1 1 1 1
=—n,+—n, —(—+-—)n,
a7, o Ty Th
dn . 1 1 1
==n,+-—n, - n.
a7, * 1, T
n, @) o T 0 0 o || N,
n, T ) 0 T 0 o || N,
din || o o (gtoet) 0 Th o | N | (3.23-1(b))
I T e I )
nxx 0 0 T; ‘E; +1 ) 0 nxx
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KRR R L7 E Tt s> BT » M BFEE TS Te > & T
AL TR T, S Te ~ E T Bk A 425N 3.2.3-2[12] o AR E U3 o B
F ek ol o s Bk end @;{p(rp) s A EEPARTE > B R ARA > K 2 AR o

7, =057, ,7,=127,,7,=0.087, (3.2.3-2)

-

FI b AERE TRV HCERT, T Y B T B4t B e cross correlation o 4 [
3.22)] - [ B 3.22(a)] X'=>X & b i P& » A X' k15 F 2023 X
3k s 5 (g9,t>0)) 0 7 R e 2B s [B3.23@))0 # X kpr s 3
LR FFH- BT FA Xk @G oanti-bunching I % o X' X f PR e
PR AB X B KSR R B X ka5 (g9(,1<0)) F X kP
TEFH- BT FA BT AL X% @ F anti-bunching 3L % » # 332
B % % [ B 3.23(b)) - syt &4+ 12 31 g¥(t,1>0) e & 4+t g¥(1,1<0) »
F LR PR w0 5 gP(t,1=0) 48 7] gP(1,1=20)=1 crpE R > & ot
g P Y g9 (1,1=0)w 42 3] g©¥(t ,1=—20)=1 chpE > R T P hiE 1L en
A TIPS o

[ B 3.22(b)] XX'=X thir pr i i gl XX k8 L Byed| X #
% 5 (P >0) 0 7 R R G: [B324()] § XX'# kpF > ¢
FABINAS X FER B L g XX 2T XA gk a g4

7 bunching 3L % > 4o [ @ 3.24(a)-1); £ = & ¢ 1 X'#F L E FH- BT+
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2 X3 % 4o [B3.24(0)-1] Fli e <t 0 972 5% 2 [8 3.24(a)-1]
i @ p bunching g o XX 'edX »t f R i i pF > & A X 8
% {5 E e r] XX % s 5 (gP(1<0)) 7 AR BE (W 3.24()]
FXHEAE ZLFHA= BT HFS BT A4 XX A2 anti-bunching 3
@( o

[ B 3.22(c)] XX'= X"t & pF F digy 1 pF » (% & s XXk |
Ffer) X' % 5 (@9(ne0) 0 7 R4 EB G [H 3.25@)] 5 XX
BFkpE o 2 WAL XA N E # % 0 @ F bunching 5 4 o XXTep XT3t
BOPE R Bhiw P B AR X ks L B e B XX & e & (9@ (r,1<0))
FRFEE S [B3250))] % X#kp 28 - RERHFHATT T H
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