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[11-\VV Semiconductor Rolled-up Microtubes and
their Coupled Mode Characteristics

Student: Po-Lin Peng Advisor: Dr. Chien-Ping Lee

Department of Electronics Engineering & Institute of Electronics Engineering
National Chiao Tung University

Abstract

In this thesis, several types of semiconductor microtube structures have been fabricated.
We are able to form micron sized rolled-up tubes by lifting off the strained bi-layer which is
composed of two lattice mismatched thin films with selective etching. With the well-designed
patterns on the mask, well controlled MBE crystal growth, photolithography techniques as
well as etching techniques, GaAs/InGaAs microtubes with embedded InAs quantum dots
were fabricated. The light emission properties were studied using an optical pumping system,
which helped us to acquire the information of the optical resonant modes of each single
microtube. The microtubes showed characteristics as ring resonators with sharp peaks on the
spectrum. On the other hand, we observed the thermal characteristic of each single microtube,
which showed that the optical modes would red-shift as the temperature rose, and we also
figured out the first order term of the effect of GaAs refractive index temperature dependence.
We also fabricated coupled twin microtubes, expecting practical application as optical filters
or add/drop multiplexers in optical integrated circuits. The optical spectra of the couple twin
microtubes indicated the existence of mode splitting, which was predicted by the simulation
results based on a FDTD software-Rsoft.
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ARG ML ER K R (microcavities) st 3B B L il o H A L H ARG 6
ET T B 5 X IApE hE AR > A 4 (microdisks) ~ A& 4 (micropillars) i £

% 3 § 4 (photonic-crystal) % L JE st e e § 37 5 RA AT 1 2 % o @ Rl BEY o

i

Ao S R MR T RT B E R REE 3§ § 4 & (Cavity Quantum

Elecrodynamic) i % - &]4e Purcell effect = [1][2] -

34

@ < 2000 4 FE o d R Prinz & 4 [3]4 = 8T 2

B
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|4 R & (threshold) & .47 % R & (near-zero threshold) e E48 F 54 5 £ 1 3 ﬁi,?]:'
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LEREE AN SR YR RS K02 B 547 7 fe(lattice mismatch) £ 12
SRR o % 0 A iR (substrate) b 1% E R Bl R P 150 B R i
Jis 4 (strain) @ 2 = jicts B chi e L EME g AR il S Si-Ge~NI-V R L Hag
H-VI L 8% 2 PRt 2 ReHEHPTRY - LEMES nER
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LEME B E L RS bldei 3T i 1 i (Optical Integrated
Circuits) [7][8] ~ #c#s 7 % s(Microelectromechanical Systems, MEMS) ~ & * /= %8 (fluidics) ~
A FREgE

kg3 @ o0 A5 dR42(Ring Resonator) 17 2 £ &kt B ~ M ELAIE 1 5 4

M

I’ﬂ'i“'r

ik

F_&

FRRIYF RLDRE o Fhrt o 5 & 53 (High Q factor) £& f e 7 > 2 gk d 2b
% SOI(Silicon On Insulator)eris £[9][10]F BT F & F F1F chrh2) & frig o i F #
BB IR R RIEE TN R SRRk Rl F R AL {8 A 2 g ehiEY o
78 F) G MO AR JRAEGR R S o 3 BB R BRI NI ko
T RS N kA
AR FHRJIF A & B s su(Molecular beam epitaxy, MBE) & = & & & KA
&R AT E 0 % & RHEED(Reflection High Energy Electron Diffraction) e 45 » 2 7 3=
Fl b R X R B PR R S e & R R R B E 1
AL TR WENEERHF Ak 0z B E ool #
e AT S AP R BRIACI R R 2 3R T sk R XS g
B H X IRETH B E AR E R o b Ay BT B S ek 3
1% #% FDTD(Finite Difference Time Domain) == 3825 8 48 & gt 75 A5 & R 4 4
F M E EREEE PRk g SRR ok T (waveguide) 0 TE R K F gl B

H_k & P~ 3 1 % (add/drop multiplexer) [11] -



PR KABEFUI LT RE

LEPHEF S RE [12]

LEMAK A B A B E RIS AR - 2 Kt~ AL {7 (substrate)
b oenfip % B K 5% v (strained bilayers) » = # £t A e R A F L Bk o 2
¢l R A A B 88§ ¥ Bc(lattice constant) 7 T AR etk et e A R EF I B G

FRER LD UG RAFLA R R BT RS R ERY 7
=%

AR TP R R AL T L GaAs 11 2 InGaAs B fiftAl v L oo gt A
A i 57 5% B 2.1.1-CaAs chd 1 ¥ B 5.65325A > @ In,GazxAs 7 x=0.2
P S 1% B 5 5.73426A 0 d b T e % R S 13 7 fie £ (lattice mismatch) 5

5 Aala=1.43% - @ ALK R * AlAs > H 51t #ic s 5.6611A -

Energy Gap (eV)
Wavelength (pm)

54 5.6 5.8 6.0 6.2 6.4
Lattice Constant (A)
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TR AIAs kK 0 £ & d GaAs 12 2 InGaAs iz i d 1 F TR iR T e S
RERERTH oo gt pETF) L InGaAs hd 1 ¥ B GaAs + 0 F]pt InGaAs ¢ X T
R 45 (compressive) s 4 0 F 2 s BER B Y ch GaAs FRR] ¢ X 1] - sk (tensile)h
B4 cBFET LG 3 REELL (> 10°)3 4 ph(hydrofluoric acid, HF)3 i% 48 %] -
AlAs 4% - 7 7 ¢ 4% GaAs/InGaAs & % B % P+ hf A 0 g ARl A
¥l FRASIREGRS SINGaAs K g AL m b B hd £ FL RRFR A IV R G
1 chGaAs K R 6 A& 4 % e £ F2 4opt i § &4 - §8* & GaAs/InGaAs
L e B Mo B BER TR Sk R T R B T T
e W TRRHGEFE B R £ & a0 3R e & i 52 B andy R R R
B BT et

@ ®) © (CY

InGa.
g tensile
compressive

GaAs/InGaAs
selective
etching

Bl 2.1.2 L Eappet 5§ 75 405 L@ [12]

(@) 6o 0 & R S 1 F Bl 2 ¢ GaAs & &7 InGaAs & 7 3 4p 7 e
()35~ 3 & Fde & GaAs/INGaAs FF X T4 @ 3 4p 7 fie cni &
CFH LA 2ELE Sk o B DBRER TE
()EREREFHY R4



EERHE § R [13]
LEMBE O LV EGG BaBE RR T ) 2 &% 2 (built-in strain) -

A BRE AR 2 HER Y 61F B -

(a)

Rl 221 @F P #d ST LB AP Bpor@- ot fhe yUE LT

(b) ¥ HE e A r R R %W - [13]

B 5 - FR SH4cBl 221 #05 o e (Nakd £ 2 5 F o nd (S
E7 i A ARy )Y LR 0 PGB ST ER I L aa
ABET TG 2R e R RN N AT Er Tk s F g
Rl ROREEE - H7 afra P 2Eemilrs B c 2 3%ER L d> R AT
NSt R G T e RS WK E =0 fersde BN A oG oand F LT 2 B KW fios u) G
RArap B2 42 b Hfa %) VARG 2 E g 0 a() = a(1+T/g)aifr R({r
ay)d B R A e(fra) Rl frEmiis F M > TES Y =0

1 # i 4 312 72 25 (continuous elasticity theory) » 2% i i 43 f2 f# 4 ¥ 4%/ (100) =
e PRFIAAEE AT FLREE G e 2 BRI FE T AR HEDRE N

(strain energy) [13] -



r2 % e (isotropic) M A 3 0 T R Re= (e t+ey) 0 A FAHDLEL

= 2(u2Y—1) (&% +&y° + 2ugey) B ¥ You o B 5 < et 2 p a0t (Poisson ratio) o
o eh o $ A 4ET (diamond) 4 2 43 (zinc blende) Sipttdta 3 0 B FR Y g HE 2 2 8

o R O0) b P E R S R e, 2 d WA B 620 0

€7 = — C“(exx+eyy)° BoAr & e F (100) 2 w3 d > Pleg =g ¥ &y = &py 0 BIER
it =
_ G =Gy 2 2 2
E100 (80 €r) = 2C [Ci1(er + &) + Cyp(E” +&7)]
11

H ¥ Cyy ~Cipa & BB el M4 B 1+ ¥ Bc(elastic stiffness constant) -
Pk 488w A I3 [100] 2 e g8 P 0 B R A F TR B o F(001) > @ i L
¥(hk0)= w # o pF > H ?(hk0)=w 22[100] > w & - & B @ RIB% & B85

€ — €2
Ey(eu &) = Eqgo(&r &) + Co( - r) sin®(2¢)

FEHGLE (110) » w4 d o 9=45° » H ¥ Gy =2Cs —Cyq +Cyp 2 B H30R (L 45
7R 4FEC A R 0 Co > 00 BIE 49 > Eqgo o ® 2 F A F E 5 F (100) B wdk o o
Hpsi pdfid o “TUEE HEEE (100) 3w Bd o d A PSR ES E 2
o ]~ T @A e w5 (011) 0 Fpt A A fs ek KX Rtk s TR
A5 B & AL LR B4 2B 3.3.2(3) -

PR R EES R 2 R Bl e S A KRB E g 0 FF M4 B a0 2 R B

Bk o B ko) AR SR AT R vl of %?Hﬂ’l‘é#gi”ﬁ"'g—"

aEtotal =0
Oai
aEtotal
=0
JdR

eut IR WEIR, » 4 PACH $5F E JEdeT

_di +4ndid, + 6ndid; + 4nd,d3 + d;n®
< 6en(1 +v)d,d,(d; + dy)

P Ao fdea S D TR LA GaAs K 0 T2 Bt 4 InGaAs & - d =di+d;,
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R WAL R > m=dy/dy A BE R o n=YY, B A B R i

(Young’s modulus )+ > 12 & | 3t R SRz /Y end $5 7 7 fe(lattice mismatch) ¢ A 4 ehT

& E#he % £ (in-plane biaxial strain) € = a_al o
1
RS- R T EIT ARE S E e 5 [14][15] -
2 . 2 n—1
D= d[3(1+m)“+(1+m-n)[m=*+(m-n)~*]] (2.1)
3g(1+m)?2
FEBEERYI~Y P QRO)P#EN B A AT E ek S IE R TG4
3
_ 11(d;+dp) 2.2)

- 3¢ dl'dz

LWAPH K 5 B L R R E LR

LA B BT A BL AL RREA T E A e FAPL BT
By R £ gh(S

l“‘\ﬂ

H)G e PR B( R g hF A 7
*- BEG RFEFEMGL#F (optically active region) o ¢t #F > d 3t E S ER(AE F )%
Bl end SRR 2 2 F B & i Nep i i 0 Fpt i A5 1 - B orehil B
AR E e R TR B A - 0 i R AR 0 A
WEF 2T s AR R FS L

ke BRIHBE kTR § T HLRSERETAB T TR > AT X
MEBHITAA T T AR AT R LD R ALY EF A A g+ (exciton)
i & 2 {f %44 & (radiative recombination) m 3% &1 % 5 o & 4 sk kA SR KA E BRI 2
EAAR BN F SnE R M RA L ATE N EF (Y S )Pl

AR R o X T AR Y - B A ol o bl B 2.3.1 f1F 0 Ft

1

VPR RRIBE AEFHEE RN ABERY S et kR € AAHER TS

2

i

gL

(REFE)ERBEY > A4 - k524D BT BERguU B > T L X E A 5

kA& e vEensk B 2 3k 07k (Optical Resonance Modes, ORMS) -
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Air neg=1

K
z‘\

B 2.3.1 B fepick 8 F B 2 F 5on &R

Semiconductor
neff~3.4

1995 % Jr[1B] % F R % o 112 At iahih e RiRlW B R Y ik

ABTH AR R F A gE g A(TEmode) o &8 F] 5 A Ferig * qoa ok 2 &

FTERCHARIRFHRER «%"Lr’ﬁ:".m%*\fwj*{TEmodem% Flpt 2

| % Zazens gk E454] (planar dielectric waveguide model) & 4 47 8 § ck 5 £ iR

—n

Wi [17) e W1 2.3.2% 5 S o= T 6 HHA o LW Al oy 2 I 2 ean o i

Fephe L FRF MY S5 B
%
.

L

[
W 232 ez @t 5 4 44T W [18]

e 44 F %> #2578 (scalar Helmholtz equation) # 18 3 & ;¢

d g
1 02E(l,y) 9%E(Ly) 2
neff(y)z[ ay? a12 ] KELY) (23)
HPE(y):as#Fsr*t k= 2—“ kg p d 3 B2t £ (freespace wave vector) o

d»%?gﬁmm Bt > FI T RTH L fEN e 2 R S BAIE

oA FY v w R F AT oA BRI E - F |2 » anig 3 ¥ #ic(propagation constant) -



WHR-THAF T L E(LY) = @(y)elPl s #-H ik r T @I 2 58(2.4) ¢ d 32N (2.4)
977 3V B 00 BT RS AR5Y o Bt 4L & photonic quasi-Schrodinger equation o i # gt 2t 56

TR L BB fRET R sk K R he B3 (axial modes) o

62
— 22— ner()?*k20(y) = —B(y) (2.4)
m ¥ - g 3 & fhk R ik (azimuthal resonance condition) - G Tk MBS F ]

St R JRBCR B de 2 S (25)4F

(2.5)
He m 3 azimuthal ficlic o & m B pFiz » 2 4RPClZ B epff iE™ 11 4 7 5!
Ao
(2.6)
chzEs
gk £ =nD>



5% mkegzriAegle

31 HESH

AR TR R E £ A3 & & & & s(Molecualr Beam Epitaxy, MBE)#+
FE o @ MBE ik testic 5y & £ AF fecn W4 > 5 chdk 4 R R 0 i
U E R IREEF] L A G oRkED i 2 ek AT o

B R E g A it gg(Semi-Insulating GaAs,SIGaAs) 4 15 - = & 100nm 5 GaAs £ fir
Koo 50 1 s BER A 2908 b 2 Ak 4E A A T R F A R 50nm s AlAs kK
G LS R S B B d 2 SRR Sing,GaAs B £ 3] W
4 1 GaAs rie s o i kR GaAs KAz 0 A B 2.6ML(monolayer) s

INAS chg + 8> F L &P A &% LR > 4ol 3.1.1 #77 o

(a) (b)

GaAs 10 nm

| Pzt ecmarterires | T
GaAs 10 nm
P s
REETEET T o e’
2.6ML InAs QD

GaAs 10nm

GaAs 10 nm o
In0.2GaAs 15 nm strain layer

In0.2GaAs 15 nm strain layer

AlAs 50 nm sacrificial layer
AlAs 50 nm sacrificial l[ayer

GaAs substrate

GaAs substrate

B 3114 55 & BT L F

(a) # & Lm5403 (b)# & Rn1390
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1ol T RS 7 InAs & + BLenJi B R B AIAS SRz K A o 50
fof oS B AR G BEIT A GaAs K ¢ 0 B A SR 1 {4 e ko
Lm5403 &8 &+ gLt 7 2 &£ & £ 7 10nm (1 Al0.25GaAs iF 5 SCH(Seperate Confinement
Heterostructure) layer - 4- @] 3.1.1(a)c @ & ¢t > A i & £ 7 &k £ + B0k & Rn1390(R]
3.11(0b)) » H FH < R Z R & Lmb403 47 iz - GaAs fir b = & GaAs i bk 2 {5 0 =
+ 50nNmAIAs &4+ & - ¥ = & 15nm 5 Ing,GaAs o 7 e e 5 Bt 4 K o GaAs 42
moena @ K o AP it I SCH layer £4F 0 £ 8 KF FBLOR B AR S K o ©
10nmGaAs i Fe#-m kB S BEIEE - B Rk ® A RE S et 18 e ki

B oo

B2ENBpBAF I LEMABFAERIBE AL
APRELREFERZ B RFRT XFHP 3 A RT RN F DA H
Bl 2 B8 2% o how = 2974 0 50 485 ) DRE N 0 B F ¢ e i ¥<100>:0
S e d i ik B8 2K 4 (100)GaAs A E b o AR T 18 22<100> 2 v % 45
Bo& o A sk B Rkt ck T 4 45 R koo JIH R K S F T 5
#EBP AN AlAs SR R E L AL R 105 gk o B 321 Lon

2 LB Fwmdh BT

| X PRI

d H3POy: CH3OH : H,O,=1:3 71 #riea » pia % ® 30 B fodb 3424 § o (Starting
window) - 4% 2 K AlAs R H g N5 R AR B Dl R o ot B ITER A
WP €0 P A R T A A
2. EHPELA

FEHE MR RD 10%4E 4 e (hydrofluoric acid, HF);% ;% 100ml » £ 4c + 1ml #04

% 7422 ;2 A& Benzalkonium chloride » f§ # BKC» H ¢ 2 LALZ & 14 F - 7 50k G4
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N : - 2
nfi’a X R4 %

o3k

T B P K 2 FR[191[20] - &% ipe ERE NN gl FER X P
& 1+4 72 & (surfactant and antifoaming agent) » &_%] 5 #* ,,9]*. SR AT F L A RRART
AlAs & > ¥ ¥ s g B389 A 2 ha §F T4 253 4 %ﬁft“ i A% Ay { Ao R Ak
ferld by bEhe LRRKEERLLL AIASELE - 7 3 AR Dl B R
drGaAs £ % > HEH > 1070 REBHA L S SRR ER TN Bk B e AL
gk o ERMALE 0 BONEE 230 ap A b ook F R HCE L R 3.3.2(a) ©
WY S 2 (8 od T H 2oar iR b BUvE 4R F SRR 0 K€ 6 eI
i DR BE o 3 A R enE s R FIALF] LB A £ oondad 58 gl 4R cndr b 3R IT (9
234 24) RFI G FH BULENAG A ¢ BiEME e N ad A lde e
Flpb 2N i R B A T TS S (~ 9 15) I A2 b oo
3. BERBINBAF
4o TR 321 45w 0 ERBAF G- L@ F SRR SEAPRY T ¢
RS E 2 B 0T fR(CHOH) « B F - 6 & Tk B ¥ @ i s i

ERAL S P R FEApgpe £ WA LGSR v £ R ITHTHE AR A

]
n»
3

R 2 o R R TS A BT AR AF L P LR
Fl 5 leted SRR OTREZ Y OB E P LA 4oy A K E BRI SE A A ¥
T RFABTIMAB AR ghdre o R EA PR FEREE S TV o Bl
£t G R VR RARSE AP T T g AR ol R TR R - B
I I A oy ok SRR L B 3.2.2(b)
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(@) (b)

Free-standing microtube

@’7
GaAs

B 321 ¥ F A AMRSAFES L R TAF L T LR
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InGaAs i ip| &-Locking Amplifier #7 i R e 5L o 8 ik » v 112 A ko owg
BOBRET L R R R R R B P AP Flena Bl A RS Imm($H

T 3# 247 & 1nm)rd 2 0.5mm(¥ & % 3 247 & 0.5nm) -
24



FIF RREEFIHWMALSN

5.1 &Ryt F kL7

AP B B 2 R ik & Lmb5403 £2 Rnl1390 b sk jogd ¥ -k (Photoluminescence, PL)
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1066nm =+ » @ % § 00K BF > ¥ E -4 1 1132nm o ¥ ¢ (& {71 & ehd i R 77K
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TRENG B 7 e T > ¥ 04 DI RN1390 g dot P eTIE B AL RV H A E
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‘49:,\:;'.,7% g"y%”;

B 1%
BB ¢

5o ’Fé’ T*’ gﬁ%‘f’»'f’i

b ks s R¥ & 1 % ¥ Y(GPa)
GaAs 5.65325 85.9
InAs 6.0583 51.4
Ino2Gap sAs 5.73426 79.0
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25325 FEHREHHPEAR T chilios B RHEF 28 JIF 28 E Ak
Sk B ASIRh E 01 & )% SEM LR T ek ¥ F 4T P S 1o 1k 5 Lm5403 12 2 Rn1390
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SRQYT A RREA AERE R S H R AR BB A E

AKX o
582 fE il BWEA CBEIARAEL AR KD
d; (GaAs d>(Ing2Gag gAs BHEEE HETEE
. 1 ( ) 2(INg 2GaggAs) _—— # L &
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L.m5403 50 | 15 3.33 8.77613 8.59
Rn1390 | ~ 30 15 2 4.93467 5.29
£= % = 0.0143298 1 2 #§ < ¥ n— =1.08734 i H S HE LK

5.4 A2 i B E TR
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KR 541@) A PTF UEEEY FREIINAEY LR S 60um 240 7 4 SEM
@aed 5L A 8.50ume Bgh W KRG Y & (tD=26.9863) 1 5] 2.22 B - F BB &
<~ X5 H A& 65nm s B S ;j&{lSOnm °

€% He-Ne 3 5 1F5c5 kiR » AU 77K T o ek 3 skpegd ks sk s o) 3
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s
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3
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S #t HciEdn 1 Q (quality factor) » B #E F ¥ u* F A 0 N (41)REF > H P )
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SoHKSLEEEQEEA P U EHRFE I - F

3
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=
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4, RKpgd FLpHaAERE .

5. Mok #F A9 27 A% 3 nlh - B SRR g BRRE S o JUION # F e Rl
B 5.4.2[21]) > 4 ¥ 1 F Pl F F A B4k v (notch) o kL GRS Bk T kA @
4o imd FDTD eh= {357 i ifdr- B- BR i ok, 23R — B3 A b
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%5 % @ SHEEFH FETD 86.67TuUW FFo 1 B 543 rER e RIE L BHELEE R R
MRCE TR R o PR R I ek 2 pR[22] 07 SEF R e 5 A S B
R L R R AR o blded R A 1098nm g B 0 L3 T Sk

53.33uW ¥ 1 7.59nm » s 3 5 60pW P e 6.44nm » e # 3 66.67uW FEh 5.6nm
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B S &gl I o 4 5 86.68uW pFen 1.78nm o iz i VoA A5 X jfg S (stimulated
emission) & 2 #73k o A4 532 ¢ KF L HRE P M hE e sty R B LR
T 8 8.59um > 23 (25)¢ o g R @R E - L IRECE AR ik ke
(azimuthal mode) o #% PR3- Ac4eF o FF > A R he (Y S w) AT 2y BIREL 0 B
PATI S e F 3§ F R T R Ner(y)y (- B RE
I F = L& 0 bk AR X IRIPAL AL Jg A 4 K R ehif

Negr(y) - D = mA (2.5)
R SN HE L N S0 T R

AL =22 /1D - Dege (2.6)
A e PR kAT RIEE B £ B and BB K W 38 Nefrr 3842 Ner B4R B Ik X 5 3417
b pE % 541X P IR Nep(y) - BB 0 £ B A 78R o0 azimuthal ficdik -

86.67uW B » ¥ 1 % | = B ¥4 & 7 azimuthal mode

E IS

GRCE I N R T ST

s B H B REERG BB g e gl M B F A A F] 5 e 1 (axial mode)ih A
A 5Red WITA RS ] 5 Mmoo 37 8 5 F enfEdr DAEE Y B - BUEE 0 7 iE

i L B|erv] % s d XSmRS 1S ﬁ%[gg] ) "f RS RN L
B FREERY > » 23R4T 2 chazimuthal mode 2 L F e s £ F HIEA S o
Flo P e R AT L S TR EET TR R FE e B
T8 R o ¥R e KB TR B AT RS VRS o F e
LPRBchi BRI R IR I P R R BT R RS LR R o A MY end
L% BTG phe Rk he R IRECE B 0 AR BK o ipx g k0] AR ARG

PN A B chs FehR T o
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% 5.4.1: {395 ® 5.4.3 > He-Ne § #fics # 5 86.67TuW *
#

\\\Xr

N RNV BT RTINS & - A = 1Y

AM(nm) 11.63 1247  12.87 13.22 13.66 14.41

FWHM AL 60.6 451 1.67 4.49 4.62 33.56 11.12

(nm) 1.48 1.24 4.05 211 1.78 242 4.83

Q factor 708 854 265 514 617 459 233

% fT it ne3.417

55 RBAF P L EcA B EH LB E
FFAPERES DRI AFE T 0 IRE LmSA03 FLIF2 Mok g o 1 F £ F Ak
BEEHIHEY £ R ERALE © S0um =% 0 Hd Bl S e LR S0um % 1
£ (nD=26.9863)1 1] 1.85. 8] > @ # F dho £ B 5 — 7 FIEKAMAE A E o B 5514
ARGE TTK T o H kR~ Rk Al dmm 22 0.5mm A58 R B e o B A u R T
fE47 & Inm oz 2 0.5nme kAR L > M KR AR S 5 A BRI R AL ;’@;‘éﬁﬂﬁm
Beerficis o F 2 AR BT RARE 0 A R E AR 0 R RF T F g
BB fAL MR A L e SR EH - 1255 H 5.5.1(0) & o J& 5 0.5mm sEE
FERFOpFS ST NG I EF RN - A 551870 BB EFRIREL T LD
* ¥k shazimuthal mode ~ 2 % %0 2 AP LD Q B o EFLR A Tl e i

fiehd 3 E % At Inm o AR A Lnm St iR 45 oA A 2 0.5nm BT 4p g o
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Bk 58 B ok e ¥ & £ RD
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# 55.1: 13458 5.5.1 > He-Ne § #4555 80uW =

CR-EE B F G R SRS 2 R R Sk

AA(Nm) 11.64 11.85 12.28 12.68 13.24 13.34

FWHM Al 2.18 1.83 1.62 1.85 1.56 2.38 1.87

(nm)

Q factor 471 567 648 574 689 457 589

% a4 b 5 nen~3.423

o p s}

A g s L 8 Sk o 44 (axial Mode) -
do%k At 541 ¢ STLIAL L ot 5 2 Pk E ok
SR < 5T " A A REAFIFR AR VRGRES B - LE%
FToL et o i 12 4 551 %7 5 ke B B TG o
HeenZ B Fe 4% azimutha ! ( , 5B W ik E 2nm K ik A -

TN hplayiE b el 7 RS RN1390 8 12 BTl iE g g o d a0
Rn1390 e & jpogf 2 5ot Lm5403 %k edg » AN 3 st gL %3 { 52 o 5L o B 5.5.2
BB TTKT o U Mg R ges K SRS ) Imm T o F Sk L 80pW “FE
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