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Abstract

A moir¢ lattice is a composite structure formed by the overlap of two identical or similar
periodic structures. The research of the physical properties of moiré lattice originated mainly
from the van der Waals structures. Two layers two-dimensional materials, influenced by
interlayer coupling, exhibit peculiar physical properties, including fractional Chen insulators,
moiré excitons, topological physics, and band engineering at high pressures. So far, the twisted
double-layer graphene is the most representative with so-called magic angle and the band
appears as a flat band near the Fermi level, and there is a nontrivial topological phase. Moreover,
the Mott insulating phase and superconducting phase are exhibited by double-layer graphene.
The abundant phenomena revealed in moire electronics have motivated intensive studies on
their photonic counterpart.

In recent years, inspired by the twisted double-layer graphene, photonic moir¢ lattices have
been extensively studied from one-dimensional to two-dimensional, and from single-layer to
bilayer, both theoretically and experimentally. However, up to now, in most reported works, the
bands of moir¢ lattices are only controlled by a single twist angle. The degree of freedom to
tune bands of a single twist angle is very limited. In many moiré structures, it is difficult to find
interesting physical properties through adjusting a single twist angle, and the study of the
modulation group velocity of optical moiré lattices is still limited to theoretical aspects, the
study of optical pulse delay is not enough, the nonlinear phenomena are still lacking direct
observation, and the work on the interface states of moiré lattices is rarely reported, and the
moir¢ lattice is formed by the superposition of two periodic structures, while the moiré lattice
formed by the superposition of three or more periodic structures is rarely reported. In this work,
we propose two moir¢ lattices design method. The one is moiré superlattice with two synthetic
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twist angles in which a kind of transition photonic bands is obtained. The other one is multi-
component moir¢ lattice and a new kind of multi-wavelength interface states between the moiré
lattice and metasurfaces are reported. The main content include:

1. In the photonic moiré superlattice, a two-dimensional parameter space, the moiré sphere,
is constructed by introducing two synthetic twist angles (o, y) and any point on the moiré sphere
can describe the structure of our designed photonic moiré superlattice. By tuning the synthetic
twist angles (a, v), we have successfully achieved the modulation of the transition photonic
bands (TPBs) bandwidth of the photonic moiré¢ superlattice, and further achieved the optical
pulse delay of 0.12 ps, the nonlinear optical frequency doubling efficiency of 20 times, and the
optical pulse compression to 0.82 times of the original pulse width using a photonic moiré
superlattice of only 11um thickness, experimentally.

2. The method of modulating the moiré interface state to achieve multi-wavelength
quantum emission enhancement in one-dimensional photonic moiré superlattices has been
studied. It is proposed that the moiré superlattices formed by combining arbitrary multiple
different periods of photonic crystals can be used to obtain arbitrary multi-wavelength resonant
interface states by combining with metals, and it is used to realize quantum radiation
enhancement. The method of modulating the moiré interface state to achieve multi-wavelength
quantum emission enhancement in one-dimensional photonic moiré superlattice is investigated.
It is proposed that the moiré superlattice formed by combining arbitrary multiple periodic
photonic crystals can be used to achieve quantum emission enhancement by obtaining moiré
interface states with arbitrary multi-wavelength resonance when combined with metals. In this
paper, we investigate the design method of the interface states by taking a structure with three
moir¢ interface states as an example, and independently modulate the moir¢ interface states by
the parameter p;. In the experiment, we designed and processed the structure with two moiré
interface states, one corresponding to the laser pumping wavelength and one corresponding to
the quantum radiation wavelength, to improve the quantum emission efficiency up to 20 times
of the original quantum emission efficiency.

3. The combination of a metasurface and the moiré superlattice realizes the polarization
modulation of multi-wavelength interface states and further realizes the polarization and
intensity modulation of multi-wavelength quantum emission. By combining a metasurface with
a moir¢ superlattice, a multi-wavelength interface state with polarization selectivity is realized,
and furthermore, the polarization and intensity of multi-wavelength quantum emission can be

modulated. In this paper, we take a structure with two moiré interface states as an example and

v



Whixg ST B0 R T I B 1 Y S L SR T A PO HE gk

realize the modulation of the moiré interface states generated by the X-direction polarization of
the electric field and the Y-direction polarization of the light incident on the metasurface-moiré
superlattice structure by changing the slit width d,, of the metasurface structure. And further,
the modulation of different polarization quantum emission was achieved experimentally.

At present, research on the physical properties of moiré superlattices is still emerging in
various branches of physics, and our proposed synthetic dimensional twist angles and synthetic
parametric space, the moiré sphere offer the possibility to study the physical properties of moiré
superlattices in higher dimensions, which will greatly enrich the family of moiré superlattices.
In the field of optics, we propose a design method for moiré superlattices that can combine
several different periodic photonic crystals, which is similar to twisted multilayer graphene
superlattices and greatly enriches photonic moiré superlattices. And, most studies on moiré
lattices are still mainly inside the structure. However, we realize moiré interface states by moiré
superlattices and use artificial parameters to modulate moiré interface states. With the
metasurface, the modulation of the moiré interface state has great flexibility, and we have used
these properties to enhance the quantum emission efficiency and modulate the quantum
emission polarization. We believe that our work will inspire research on high-dimensional
moiré superlattices and moiré superlattices to enhance light-matter interactions, and that more

moir¢é superlattices will be applied in the future.

Key Words: Photonic moiré superlattice; Photonic crystal; Synthetic dimension;

Interface state; Metasurface
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RO % o IXRPAE AR AR AT 55 37 IR A 856 R 7= 2R B SO AT T 1 JE o A% 1) 3838
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HERPL AR R, S0 5 AN RS AR B L% A ARl N BT AE TR XL
FEA S MANT SCBOL T, RIEFEE TR SR, A7 SAh
DUBE St 23 1N S BB, M VR RER A% . Lofwander S5[37]% BA IR S AUk I
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Correa 58 N[3915 I AB HEB XUz -0 2 HH 5% S5 A6 ] DI I $H L A1 A 48 /1 HE B oty 41
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RETFIETOKR T, ENRMERESE. XT AB HEEXUZ-5 241 S M DG R
I, Correa S5 NILKI, 1EH—MEWX K fHIL 7 — N SERIEA KM, FN, H
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KA HEEE A “BMA7 BUEAR. ffhefad, FEzEHEN=EaREAE
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o — IR L 22 5 A0 SR 0 H P JE AR 9 7R HE B 10U A SR M AR S T AL AR 1
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WZA B R FERRACN, FEEAGZESNEREBRTFRRAR TR AMEXMIRREH
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1.2 ET 46T SR SR8 g

1.2.1 —ZE6H B/R A A

O BL R 5 o 6 Gl Rt 51 R T Ol S TSR 3 X B KRR A% AT AT . FRATTSE AN
{7 AP A ), —4EDCMIT 46 o R PSS [F] ) — Roe i m, AT LA 3 W I A
() —4E SR 5K S0 i 1.10(a). HI T B /R S SUR I R T J5 40 i I A 6l 5 HL 55K
SRS M A S RO AE SN AR AT A ORI DA SOR SR S0 T B R AR (1R B
TIRI[50]. Askin Z5[S1PKBIAN AN di Al do FOPAN IESZRRELE N, K A =/ e 4L
CRZE AR R RLAE RS A R L R S(x)=cos(Gx)sin(gx) »  FH
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B 1.10(a) 8 A A~ — 4 LM AR 89 R AM T & E[50]. (b)—%£2ER
Rest (—ANEREB) [51]e (OB BAEGANEELMBAI R ET
WEF, & BERMIETRAGHEAR KK ESH[S51]. (d)FRNE
&R AM AR FHETEKXR[52]. ()FRAUEHEREME®
FHRALEMRXEZS2. () ZRABNTERERLAENFH TR
ABE R R BAFA LA R B A A9 3 5 A kKRR E .
L e BT B F B TR T AL X[53].

WEZ IR AER G, TER T RR R RS & I R 44, B 1.10(d)A2 R 4a 25 20 el it (1
2k, MR Al i S 1 S L e AR AE SR AR S SO A B R, A 1.10(e) P
o RIS 2 18] AR 5 5 P DR E T S RE A IR R, i DL S /R SR SU A B LE
BRI, Sl 22 TB) B BE AR, Tl 2 TR) (R 5 Bk 5, R & Jls 0 3 R RE T i
AL, AR RE T R R D, NI e e S B TR R [52]. B
VIR, X TOa T RmAEESEN, Job g i R BRI AL B AR B Z 5, WK
1.10(f), AHBA, 3zt n] AR SR B RS 9 i AR AR E RS [53] -

122 BT 44 T E WM 5K B R
IR BRIP4 e I AR EE, WS 40 SRR L0
B 1.11(a)e XA T YER) SR 2% S0t AT DL P A A R A ST e e, O L
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B 1.11 (a)h A —% M I B A — 2 0305 A EH R RAM T &
B[54]c (b)A T AA NS K B0l R F 41 4% A 69 TAL[54]. (o)
PR AHEMNTER. IANAEMEAA SIC MR EMLEH A
&, FH58E @&, FEERAZTR55].

SERESERET LI A HLVE RE . SR L UEOUHINE B E R DGR R, KRR Y
FEZLR AR, LA L IATS AT SR A AR 2 TR i [54]. 2, &
RIEREE A 3000, IXFhE5H) AR FHAE F ot MRS RCR femr, il 111 (b)Fr
e HF SRRSO R AR A A+ 0 U, P DURT DLOE S HH 4% A T AR AR 98
IARBE X P SR, HEE MW 111 (fR. BT 3R A X R, 4
R T Pm b s A BN, PR S P 2 TR Y [ AT AR R M9 e [55]. 5K
T i 5 1) 26 D' RS AR AN G BRSSO L P T ¢

1.3 BT 246 TS MBI SR kg

B, TAESURH TS IROR TG T S AEON B R R AR AT, T AT 41T
FF AR RTEHL S B T 45 HI[56,57] HLEE G TSR MR AR S50 T B TR & 24,
T IR ARE I 52 2 ) AR A TS . TR T RG-S (b skt
THIBKE K, RS 6 T B 7R 45 ) rh R A1 B 43 2 18 £ 43 18 31 BB T LA A T 499K 51
TR BT AR AR TR A TEAR TR K B R A AR, I TSR G
PP AT DL A R R IR . FE T B B BO TR LD T SR R, 2
W AR A BN T AN A . B T TSR TL R R, O T A Mt AT LA A T
LEMZLRL, AR THI[S8,59], A R60-63], FIDGT FA[15,16,64,65]. fxiLHIHE
WRISEIG TAEER 7 HUEE G T 3R G5 IR TR R [57], Blini bkt
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A PN 2[59,60,62,63], S MR BT AL TR AR[S6], TR B TR B JiE
[60], S/RJGIE —E2R[65]. 4K RsAL- B SRiERAT [15,16] B/R TS HDE T HIE
66]. HELEARH I RAA[67]. MEIR T E68-70]. FL, G148 2 —
MEERSIT G, TR R IR TAER, e LSt — RAD6 TR,
BIEEAK RE T 2iE iR [60-63]. L K[68-70]. F1H65[71-73]. THHE T
K[74-76]« LA AT T X 73 AN R TR T2 T I 25701 5 [60,69,77,78], A3 1Y
Fr EJGUR[79]. AR —ANIBLGI T, 56T 2R LU T B0 T A AR (4 S AR SR O 9
K, AR G5 40 B R o A D B A O 38 R AR B = AN R REIE, IR /N
R AARAR L B v I O R ABOR B /N i, 3K T e R R 4R ) R R A PR 4N K
HEEEFI[79]
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HERE ARG HEFE THB0T:

B 1.12(a) 2 ZLAN R R SE 30 2 B on I, A TIOR3t 17 0 2 8 Rl e A i
i@ i R A, W DUE B RA /NI I XUZ A Sk R e AR A S S AR
e, il 11200) s, A XUR A S EH SRR I T B, Xk
AU R 830 37 e o S A B 45 R B = TR & R 7 B 3 308 L A M e, X
SN B /IS S 00U AT S0 P S5 8 1 A o R I e XU A s 0 mT BL 8 24
TARER I A B WOt IO 2 BG T ik . s e N S ie BN BT I A% A%
FEREEEHoTH TR, Wl 112w, JFHIETN 1 HE U A Sbh T saE
BB, R DA BRI A5 B AR A A 4

BRI A HH 3 XUZ A s b PO RSt B A e Bt 7 2R T A TR os M I T R R AR
SRANHBHIUN , XAESER EORSCIL. BEAh, FHEXUZRA S80I R 45K AB HEB AT
BA HEZ XIS IR IT, IR B RO e i o A Rk R [80-82] 94, JEIERE
K 7 A I R S O R Ot s BB A SRk, Wi 1.12(d), Hesp 58 NJER
JRIFRG FLIALAE B /R B Bk AR Ak, O ELIE I R DR A A B R AR 4K 801

HATA PR PR M) FPER BHE B IR e AANE . SR, RIRTFIEM
BHE R BA 5 TG EARR], G, K 6tk @ TR R A RN T
J, S OUZ A S50 AN LA AT 525G % ) T VERDRLE T 6 52 [70-73 R FPE S5 8
FABTT[74-761 77 THA B TEAERI R M E . Lin 558 A[60]1) LAER BHLEXUZ A S 4T
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B L2 A RBEFEEREEFER, WREHEIEL BN T HIK
F R R B AR KT IR, AB. BA. AA ARICEA B E G 6 M
B & RA[R0]. (b)A M A INT ah A& T ax 89 2 KK KT ah AR 89 T LA
BA. ZMAEERNELEHFROBIESNET I Mae %
[80]c (c)EABEEME L EMH T, F & TR MK LI BAZ[80].
(DRI RE L B AERDZERATR 6<0.1°, FEHERATEEA
102cm?2, B KAk 188meV H LT 89, X iR B1%[80].

BRAh, HA R PR R ke T PSR AR AL JF H S S
PR B AAE— A o Z BAGLZE[60]. (ERERMR, B 7SR Bk,

2
FESE B AR AR PSR A 0% AR T 80155 B AR AR A B e L, 4
113 Jzs. DG EBEBUE R B et A ELAE FIEE 7 22 AN 8 1 R 0T Hh 8 i A7 42 51 K
TWZEEMIR, B3, 6T M5 &7k B EE /R AN [83-87], J= [T I 4k ¥
BN B e sh & BUE L7 )5 A 1E[88-92]. S5 B T RRIINIA BRGNS 71, B iFAE
HAR RIS ERt P IRR .
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chiral plasmons with Arg(E,/H,) = —n /2
A y y G
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B 113 FHAGFHRTHAR AR, LBFHRTE x 7 etedh,

F IR B A ARG H Tr KR M B R B350 85 97 (a) 4L 45 &
T B 0 F S B FARE A G A % B[60]. (b) ISR L I
FEFHEF R FIRET A ARE60]. ()h T HE, EFTAR
Wk @FHTHRET, AELFHRNE xz F@ Axisit LA MG A%
[60]

U SRAE BT AN L B O D T PN 9K LR, R T A T AR o T LR AR
H oM. X381 fRlr s oW SIPTE 1S58 1R 2 B RN [93-96]. 14t 55
B A2 BN R 5 RO S L TR AR g B, BT AR 5 1k
L G5[96]. Papaj 55 A[96] T A7 25 4 B /K B fib i o HA) A5 8 A4 iR AR L 53 %k 7T PAad it
BB TR Z W B RO G 0, B AR TR B RN KR A 1
- A AR SRS, e e T 4H HLPOREE AR /N AL, A S8k 52/ i A o
A ETEE TR AN AREEREN, CONAER S e N AT T IER
M-
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FEGr B 2 R PN R AT AFE o AHA =04 (a-MoOs) 1L AR Hh i 2 3]
[58,59], WK 1.14(a)fi7~. 0-MoOs A& —Fh X gk, 7] DASCREFE H 40 40 X 38 2 A X
A B R I B P AR BOT[97-104], Wl 1.14(b)2 o Al A B i 0t
A DUANBIE 7 BN TR B 608 1 AEFLEL 1 0-MoOs AR 75 AR Ak T HIAR AL 140 $h AR,
W 1.14(b). SHE SR T BB, AT A SR B S T ARG OC I 8 AR 1 . 315
FHIE ) a-MoOs #5 FARAG T AR AT A2 B Pk v ELAE I 1 LAE, X2 BIARA X
Bl P9 IR LA R R i ST B AR T R A R AR R AR . BRI, SR DA o-
MoOs BRITALE A R & 5 E, AL AR o-MoOs HY A TR Tl N
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B 1.14 B34 F 5 FHLETIEIKET. (a)B#HIE a-MoOs # 89 R
HRER[S9]. (b)F TRILEKAIEI MR 5% AR E oG4 E
Gl maI AR A, SRRl ER R F E &KX 5T
[97]o (c)EIRFEH 9259 cm™ BF, & FHAL EHbY 4641 5 dn4% A 69
T K A[104]e (d)-(h) AIMFEHR 9259 cm’! B, R84 A T a9 3a
i HAE IR G 5 A[104]0
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2 TM L X PR S 2 T S AT SR WS A IR — BUR BB 4R

HF LT 1A
TR R B IS AR SN A A, AT T RER S . Bk, aniE
L15(@)ffr, HHEG T b A2 PR R XUZ A s M o B2 7R WL T 220 7 RV A i

(a) (b)

z

(C) Tight binding Continuum
theory ab model
e — ) >
Carbon

atom

Coupled mode wow Continuum
theory : o E : model
_—
. ‘ - g
Silicon Yad A

disk

st g e
B 1154 E X TR (T RB2R) ~&E[65]. (b))
AN SR 25 4 40 R 89 3E RAB $H#4[105]0 (c)4BEEIE & B A n 45 IUE K,
T bR e L5 AT ER[64]0 (d) £2(c)F A9 AREE BUE LT ah Ak 69 By 3R AL 77
R4 A 69 TAL[64].

ST G TP T RE RO ME IR, BAAARE KR SRR, JTHREE
FEA AR NI, TSR R o XA L BRAT R T A R T SR S5 K
MIRG T, NTEMBXANE, Lou E[6510F K T —Mmdt- i emri, AT o
BT B A BB 6 b R B R e o 1P 07 325 LU s B B AL 1 v B A
B, IR 7T R R eR TR AR T AT O R R A IR
IEESER SEIRIAIE . AT b, BIRIGERAER 1 HLEL Ay AN (1 2 B0 ] o HAT 9 [/ —
PR g B — M I DX I TR AR AL o s 4 TR I T2 P AR T 0 S 2R
FRHANILG, I ) 4R B 4t T R T SR . AT A
R T SRR 2% . Dong A1 Nguyen [ LAERWI[64,105], FFOL 7Rk rIOL 7 RET4S
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FeyR] DA% B 5 3 2 00U AT S0 PR FL ot D SRAL IR DA Bt an L 115(e)fr .l
T AP T A F R & 2 TR A AR, e ATt — 2B R0 7071l il 1.15(d)fr
ANFE S LI T i S AR N R . R AT, ST R IR B E A T —
SEREEEMT A I, Jo i m i R RO 7 5K BETT o IR B BRI I 11 1.15(b)
Zirbyrp “BERR” R BLIH X BT (AL EL[105]

WL T R S A RN AE M AT R AR B R ARG, EATTRT LSRRI — 2 AT (R Aok

(a) 0.6

0.3

Q

ALI6BERTEERES. (& p=18, B4 H 0 FxtE AT
# p2 B9 IRIE R K A4 AEAE X9 5 B T [16]. (b)iB AXaAE X[16]. (c)
Fy3A% X [16].

B G AR A . it @ & Inmen A e, Eedr s ik
QU 1 B WS O FR P B B A HH O 1 SAR[15,16]. 8 X BT A FERTAN AT 22
FERIHRE LT SR, Wang SE[16]W 53] — 4k /R IR BB /A O AEAE, i 1.16(a)f
Ny SRR RS TR 1.16(00)FTR, A XEEREAmE 1.16(c)fiR. 1E4
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VAR A% R LR B I R e 2 T i S, AR T DRSS T8 2R dn s o 1A%
T e RER AR, TE R RENLY I P AR AR R A AL EE AR . B4, Fu
SESIAIRIE 1R EEFL O T ARSI T ICT RIS, IX B S5 M58 2 A ST T LT IR
BHTEAL AR R ek g, e P Y s S 80T AT I R

HERUR 6T % B 1 AR RIS RSN, 38 nT LA R R E15,106] . 72—
DIRE PO T A )5 P0G L URSCHGEATRE, L8 A S0 - 78 5 A 5 o2 4
t4[15,107], FIHHEE FEEAR -6 T S AR R . HA A8 I 2 e 2 )=
E M2 EN, W2 R AR AT, KR R SR8 s 4 i, LA
ANTT 1) b B A I B =40 T SR Gk A

1.3.2 HABE R = 46 T 2R B A%
G A R RIRT A M

I IR R A SRR A HLEE 6 T R — MBI U7 ), B AT SR AT LA
B BINR QBT A RIS/, Blan, B RS R e
A, i 117 o), U EA SR B BURXCHGEAT R, anE 1.17(c) M (d)Fr
Ne UMM E15,106-111FEA N Bk B — N & 5 AR AN E0 SR, A
DA UMM 28 . TR RO A 1, U BB AR S R 3T B R [112,113], “ R
WAl 77 [104AVFIRBOE TR EE[106]. LI, BT EIGTA%E, BUllE M kAT L
fEFEEIE LR R HE R S B E A, R, XASSEERE TR, FAEK
FH) v 20 B P AR AE AR 308 2 PR AE A R R, Galfsky 258 A[1111E It #4206 71 S i oo
MR TX—BEAF, TR i B A R AR K B Ol A B R R T R A R
SR R A PSR A o DRI, A SR T AW SR B R 1 K IR 3. th4h, Shen
ENNAESG ARIE T I AT T 90K 21 4 1) sty 60 00 it B A ek s B 5 38 B 1 b
JEF RS, W 117 )R . ERERIE, BURDSHE k) 1 A AR
G YUK Y 1) TS BIUCEL, AT BT b R R AR 25 9K £ 4 o 1 5 3
IR IR R . BT XA B, Ol RS AR X R AR T BB L O
Gt — BT AR RS IR sy o DO, 1K BAT QR A XUt AR S
F MG ZEAR I AR5 T S I R BB E R T E . el SR & 3 17 (1
HIERZ o-MoOs AR TE A JeAh, RIS F A o sics & F oo iih
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B 1.17 £ Bl & F AR dh AR Fe ff 4 3t AR A HF A9 FR 35 1T 5 69 37 454 () B
H AL 69 3 AR A A9 T AL SR [111]. (D)7 T AR Rl FE4] &89
HotyaRe T 2As T AT A RKEE[111]. ()5 MR %S R
IR FF I AR AL, W AR M A KA AR T R @ a9 m 2 A T —
AARE BB O[114]e (A TR HH ML EFT KRR LR
B RARF A B H R AT AR ah AR IR A Ity AR A AHAR T AR T 38 5%
T B K5 At A A8 A [114].

HE L EREHREL RIR:

KRBT EHI) 53— MEAE W T 7 0 T AL I 2 2 B 2 R R A5 .
XTI 2 SR A5 R, R BRI AR THI AR AT A 52 W= TR AT AR P A B2
E, Bk, 2 = aifsedt 7 3E 20 8 b EORETHHE DL 1450 T K e-P iU B
TER . XESH I 2 R4 T3t AR BT IE,  T0R 286 745 PEAE L XU R 45
Fy o AN RTRER, HWE SR A X N (o, B =R A SR AR AR AR,
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[40,44,45,60,106,107]. XL 2 R o VFIE & 2 0 FIEBLR (B, 3 30
e D MEA B IR R RN — Bl A AN 2 By ) i D 1
GRS A YRR R ST YR B BRSOt o, O
[114-122]F1 FPEE B FHOC[123-128)FH TIX AR F s F R A EER L. k2
JE S5 AER LL U R 35 T E R & & — MRA R RAF & .

FLEE T S5 M U e — AN 2 B0 I L) H b 2 8 i 1 AT RLERER R AT IE )2 44
BHR AP E F MG T e . X LE T QAN Th g (4 B mT DUIE i B HLF e 7
GER PR T R A . R E AT AU R, (R L ' T 4 M AL 2
—ANFIG AR, B TR I AR R AR R . LT A MR A A
[ THRIB R R R & LA 2 2450 . 53— 5T, B AISER 7 KR GEIEE T £
Poik, BHAT TSR R JE . — AR B Z A R 7 VR R B K I LA
T4, Rl R T R A A AT A TR SR e B o At Bk R 0 45 i 3 B L
Gy R AN AT, RSB R R LR A AR A, DASRT T AR IR RUEE D
FRAE. F A2 B B AR il i L ST 45 B R R BB AR G0
VR ER SR o G ANHLES 45 0 2 1R AH ELAE F AT R 22 51 R K A I Ha Tl s S
WG, i, UMERIRERS . BTN SR A SRR S BRI A T it
FCH 2B RN, X LS B T45 GO IR S v B .

1.4 AR ICHT 5T BB AR TS

FAT, X T HO6 7 52K G50 BB 70040 S A vp 1 B — B ffy X RE 7 45 44 B 52
X T HA GO FEIE 2R TR N & . BN & e e &, FATA LG iE
HY N I e A A v 4 22 TR BIE FE 08 7 SR A 54, O HOm B A 3R i 5 0 1 3K
TG, i EAT A A R AR - T SRR i . LU AT 5T A %

om, BAEEN D T EIR K SHE B A ST U R P L, R EE A
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WA= A, AT UG B R R 2 det(T) =1 .

HI T FRATHI G 7 S AR R SR IR, 28 RE AT 1k 5 BE 7T 45

()l
/ T )
Horb k RATIEIER, XA TTREAT T A 7800 b Bk AT SIS T A

kA
I, —e 1,
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H AR A5

+d
Luﬁ

: 1
M = (T, + Ty (T, + T, ~4(det 7)) 2.9)

R k5 o ZIRISRARBEE T 3R A RN 451 . 2 )5, FATMEH] matlab 1R
38 2 3 (2.9) K AR AT L 7 S/ S A B REHT . 1 T 3RATIE 7 5508 fi s 25 BN R
2%, BATR 2@ M AR IE AT WA R EAE,  FE RGN R & I SL B0 T
CATRIAG 22 20(2.9) ISR AR L JEE

2310 N LABEEMA o XL TRRAE M BEH i
FATLL a=237.6°=8xarctan(4/7), BRI A=TA, =4A, 555 T 56T LR k& Nl o

B e ARG, SOLE 0 <o < 180°Eiz*5ﬁ17fﬁ5%7}*[|2?@%(0, 2@ BB SE R L

2.5 BIFFEAE v = 0 IS RIRETTAGHE, i PR A 1D A ) e ] B0 (R 1 b A o

(@ (b | (©)

00 050 36 72 108 144 18000 05
k 2n/A) Y (°) k (2n/A)

B 2.5 (a) £ 0=237.6°, y=0°89 X5 X RA MGG LEH), L2 1
AN RT SRR M, L RBETE—FEWF, L Lot
CEE A RITE AT, (b) & a=237.6°0, HFERABHEEE LN
Moy T RE, Ze T RETEHRBIKMNGEHS, (o) £
0=237.6°, y=180°49 L3 E RABMA AR F &M, LREFIMA A 9L
Tahtkagib i, LERBEATHE KB, ATH0%ERTE
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BRI i—’n#ﬁ@)ﬂfllzjiﬁw\j(o,zf

j, XEA=4A,. TR % TOFK T

BETEHTE T 4 . AR, 7EE 2.5(c)H, My = 180°H), ARSI EE BN A,
(A=TA)IfE RS Eds, FFHE &g (LRI i 7 7K. My BUEZR
By =0 B3 y = 180°KT, St —ANEMINA, A B XL S BRAHT 06 72K
A EE R . B 2.5(b) R T 0<y<180°, T AWM. AlMZE, ATLES
H A HBEE y B 0 35 K3 180° =2k Re s HH iy e A8 21 ARSI, =2 MRe i £ ]
SR AR . X =2k (G MAEE] 2.5(a)(y = O, FEER—25BR (40D b
T, AR TAEE 2.5(c) (y= 1802, FER— kAR (ZLfubrth) F77. XE, FRAIK

XA e I P RERS o

a) (b)

(
2.5 ‘ -

<
<15
3

1.0

0.5

0.0

0 36 72 108 144 1800 36 72 108 144 180
Y (°) Y (°)

B 2.6 (a) /£ a=284°0F, KFFERABMEIRETEMIE y THGME,
FERTRAET HBMEKIRNAH4, (b) £ 0=324.8°8, AFFER
A AE R RE T A y BALAIAIE, FERE T AL T BB MBI
45,

e A, fE T xF L, FATIE I T 0=284°=8xarctan(5/7) (m=5, n=7) A
0=324.8°=8xarctan(6/7) (m=6, n=7)% /KM % B FRer &, W 2.6. 45K ER,
0=284°=8xarctan(5/7) 1) L /R F g A P 2L RE Y, a=324.8°=8xarctan(6/7) 1) 5L /R i i
WA — I IERETY . B, My BIIIRE A KT, FTLMBZ S EE, BT P REY
@ e M H M n-m|IEJE . EARERZ, ST n-m>1 FE6, TS

44
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RETF I MR B, WAL R K EAE K, HIERASREE—K. (2, XT
In-m|=1 FFEHL, AT CAIRAG s — 3 B O PR, B RSSO RE Y, VR
i I S A A BN R R S . BRI, ST B — P R R SR NG SERR O, B R OR
FATHIHI T 2V T In-m[=1 B O

232 NTARBEEA v TSR Bk s K &

BT ECnhie, WATKISIERE W RIS v KAETW. N TEMNTERAE ¢
band(y =180°)

X Ik U e A A TE sz, AR JE RE Y bw R R g = — , XH
band ()

band(y)/eTa1EN LA B o y B UERE w58 B . BB Hh, g (B OV Ay (1) 56

AR AE . B 2.7(a) & 0=324.8°=8xarctan(6/7) (m = 6, n = 7)K% T F /KR S BEAEBE A L

GRSy AL =R AR SRR ft s PR I R R A R €8 1T T S AL AR
2.7 (b) 25 T =4ERET E1E (0, VIR, A UG BIE y ARG RE A, i RE i 1K) 98
FEAE PRI AR B

0 36 72 108 144 180
Y (°)

B 2.7 (a) /£ 0=324.8°0, AFERABMERFLEME y Tl =%
A, FERTALET HHMEIKMNGES. (b)) REGQRQAELEEN
ok

HIHE, £ a=324.8°0F, X FERABLIENRE
AR, HFERTALET B HMEKIRG 445,

MLy T =

N B, BAMER] 2.8() & 1 i PERE T bR AE R g BEE v R
2 y=86.4°IF, JE4E R g BB ANME, BT T8 LA B e/ ME . AL 3 s
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b 7 VERE I IE y=0, 86.4°, 180°Hf, —Zktafikpedy, H, y=86.4°Mid i fer H &
Fon. BIEH, Y y=86.4°KF, TIEREWHE L AR 0 R SE, 7R A ) U R
7 9 1) H

LHAE y=0, 180°M W REAT AT F6 4% o DR, FRATTAT DU I 25028 y 3 31 8
o X BLIRATFR y=86.4° (I I RE T N
ERERENE, iR THREEA, I

(a)
1

T 1.06
1. 57
. S1.02
gl.3 \é
1.1 0.981
. ] 0.94 . . : . s
0 90 36 72 1008 144 180 0.00.1 0.2 03 0405
v (°) k

B 2.8 (a) £ 0=324.8°0, EH A K gliA y 9T, BER EAIRIT
ZE & y=0, BEHEAIRIT/ZEAZ y=864°, L&A SRIRTAZE A

1=180°, ()R B (a)tritiz ERMITE T om R T EELE AP
Pz B AR E,

REr W R AT AR AR o X X T ILR SR FARI 0. 36N RIRATTX By A2 A gk AT 2 18
EWa e £ 2.7(b)h A BB S FLAk AR, X AkREH S E I EREAT I . W] LU
XokRET CREE v RARN. Wi, FEEGT 5K s 41 1A B AL B
FARAEAE HARETY . FEE] 2.9(a) 2 50 TR HET 48 R AL g B v IARfL, {ERRELL %
MR g X BIOR, Realiar vl . IR H, FRATAT DUBBX Ry BAR v, Beatr A2 72 B
%o
jd%qmﬂd
jd%a@nE@n
S EENEE. BT R BT 2 I 5 R 2 A A R S B BRI oK, 3R
ATTAT DA T B Bt 7o A 220 ) e 3 A S v DR R a0 Ml BRSO RIS A 7 8%

B, HAE X HESETRE T o » IXSENS R AE A LR AL
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(a) (b)

12 § 0.18 —Aoy,
: 1 —Ao,,
1.0 0121 —AG,,TAG,
g Ao
0.81 0.06

B TR 0.0 170
Y(O) 60y (0)120 180

B 2.9 (a) £ B 2.7(b)"F A FE KA A5(324.8°, 86.4°) % B 5 At 69 &

YR g My 9T, (D) EBZERTH ELRET 7o FIRAMNGH

ARG LR RO ETHTZE Ao, =0, — 0y, BEEEATH

AEfH LT REAMGFTARXGEGBEANEFTH T £

Ao, =05, 0, 0 BERETULERAANEZZFAC,, +AC,,.

TATHFFE 2.7(0)F M BB R 58 FL A5 RE T IO AHT BR A8k . Wil 2.9(b), L4825 Tk
REHT N 5 BRI 5 1 B IR R R IR 2 % Ao, =0y, — 0y, » X H oy, RIXAT

T R T E T, o, R RN E T, B
5 T AR RS R A BT U i A R BB R 2 % Ao, = 0, — 0, 0 KR
Gy KA HEB R IT A R MIBE AR BL T, o, SRRV F 7 M e bk 4
T T B ALK, Ao, H Ao, BB T KA LR FA B9 I 1

R, MITIEE FARRE T EAR . 4 Aoy, + Aoy, BRI, B8R ARREHY T FE B

24N ANTISEEA (o y) AHERBG T Z/R 8 Sk Be T B %

£ ESCHIT iR, BATRILUEE R4 g MEZ P N LA RAEE o 1y LR SE
Mo BRIk, N 7 iEMHb R 4 R g B o M1y BARAL, JF H T 4R e g M. 1A
WHFC T g £ a yéﬂﬁﬁﬂ@kié\ﬁié&fﬁffl‘ﬂ%ﬁxﬂﬂ:ﬂ‘]ﬂ%%%%o HH, BATTH;
SEaff)E R EAE REON gny g fE o —EREHR T GEN am), HIEBE v RKIKG
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(295.2°,
8 6212,80,111,,__69)_
3 i .
0\ ===
Nole |
2
e 2,

B 210 BEMEEET g T, &2 Y mRFHotg, 4 EIL
B, EERE m BB gt Tl &,

LN ym)o IXHL, g RFNHIN T A BAE L 25 18] B A B (om, ym) T ARRZ A “ BEAA T 7
K 2.10 F, X n-m=1 FfFLL, AL T gnBEE o F1y FARILIEE, Hf, B
R RZR R IR gme 20402 2 m AT N A1) gy BEZRE 24 m HUBAUN (1 gmo W LR 21,
W5 o LT 360°, gm PREMIER, ML TIRRRAES . B0 UE B e
AEBGHECHEpES . 2R, o REELREEIL 360°, QIR a=360°, MM HFIE TR
I EIIAEEA = Ap, [RIN, SR AR 2 22 [m] fa] O 1 i 4 4, XIS 3 I A i T
Ko FFHIRATRE g 5 B BARIINLR 2.1 1,

& 2.1 B2 A3 (oim, ym) 5 3 B2 49 g

m g (um, Ym)

1 1.02 (212.8°,111.6°)
2 1.10 (269.6°,89.8°)
3 1.16 (295.2°,93.6°)
4 1.31 (309.6°,87.2°)
5 1.45 (318.4°,91.8°)
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6 1.69 (324.8°,86.4°)
7 1.95 (329.6°,91.0°)
8 2.35 (332.8°,87.2°)
9 2.82 (336.0°,90.8°)
10 3.49 (338.4°,87.4°)
11 4.30 (340.0°,90.6°)
12 5.44 (341.6°,87.6°)
13 6.84 (343.2°,90.4°)
14 8.83 (344.0°,87.8°)

PAE, FRATRGR T g fEG BAERE 8] (o, y)IARAGEESS o O T SN b 1 B o
y Z I RRIOC R, FAT TR 2,10 Hh =42 (Al (R th 2G50 2] — 4P . anl& 2.11 pors,
fEn-m=1 WIEOL T, BEE o (IR, = m o2& 8N, WAL PR, XN R R
gm [0y N ETTEEIET 900, JFH, 2 mZ2EE0, WL, R AR R gn
Ky N F77IT T 900, Wit ul, FEE o MR, WG RENR, SRR ERDE R
W gm MyRGHEILT 90°, v NRAAERERE o ML,

112 —o— odd
—e— even
o 104
< 96
88 |

200 240 280 320 360
0
a(°)
B 2.11 ZEMEEE T gnbtI(om, ym)ERAH, &Y mRF

O g 89 (am, ym) BB E, EEA m BB gn 89 (om, ym) EH
gé%‘o ,2@&?&4%%7‘%Y:9000
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PAERBHE S, ATEZESE TAEIEANSEI T, R IER . AR L
fErf, BATBBETE 7 BB AS AN, RSN EREH ke, Wi 2.12, X+
TE #30, TFEAR B RBEEMIAER b R, Aar@n T, X+ TM 8, i
AR BRI B RBCR b IR, e T 5.

(a) (b)
2.4

Q2.2
$2.0
1.8

1.6 - x J ulﬂ‘a . | , )
0005 1.0 1.5 20 25300005 10 1520 253.0
k, (2m/A) k, (2m/A)

B 2.12(a) TE # X F o4 A S E. (b) TM # X T a4 A
B, APseay Ry

2.5 SEIR I B AR HT R A SR R

2.5.1 FEdh N L&

TESLIO R, BADERE A A ZBUE MR a, ZEAUEIENAERL b, ST 2
AE 1.=2.17, np=1.46, AT LT =M 7 FH S S M BB ML 0 2 FES A
(212.8°,111.6°), £l B (295.2°,93.6°), £l C (324.8°, 86.4°), IX LA AR ICAERE] 2.1 .
FERESIN T4, FAVER T OTFC1300 %43 1 FH i T M 28 0%, (A1 I Shl 30 05 4l
B, TEIRFE 2205 IRPE T AT HI & . H BN TIRZMME W ER, JoT SRR
i A 28 DA A=332 nm; 6T EIKE A EEG B A 14 NEH A=737 nm; iR
IREBEAERES C A 8 MNEW, A=1379 nm; TEE 2.13 HIRATER T 06T SR M FE
fh CTEHL T R N IARTI I, WIS ak a0 U — 8, WG SR80 — At

TR, I IERETTREE o 30K, HAR SR R4, HHEEE 360°HDGE
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3um

ey |

H2I3AFERBIRELCALFIEMBETHRTE, HRMFK
RBAMN A, B A AL,

Bl IR TR A st 3 O T L PRI S R R TR AR A . =R SR AR BRI 2.14
R SER g, B TSR R gn th, b I I A T L (Y 3 A U 2 A RS b
ATEVE DG TSR RS Ay By C AR BE 7 X L Y328 S 08 98 5 0 302 479 nm,
117 nm A1 31 nm. DL ERIEER IR 1 I8 I ' 1 522K A 8 I N B R A 42 il i
P e T LS AR 0 O 1 B o AT SR B AR T s, [RLE,  FRATT AT DL R I i R

@

100
<
S 80 1
3]
= 60 -
£
= 40 -
g
£ 20
—~
= 0 . S0 [N S — S
700 800 900 1000 1100 700 800 900 1000 1100 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm) Wavelength (nm)
—— experiment ---- theory

B 214 FERABMEF D A WESE, 2& XBE 8K RFMBRGE
H Ko (b)LFHERABMMAES B OESE, 20 & KA 2 IR Ak A B A9 44
R3%o (D)AFERABMME R CHFEH L, LERBRANETERTIMBAGEHRX
Bo BORAALWTHESE, BEgALRERNZELE,
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PEREAT AT T8, AT SEBLA A T8 R IER A, FOB I R AT DUl i )5 1, R I BE
RIS HIR SEIUFE o AR, FRATTSE R R Re i IS4 et BRI e IR, A L R 2w AN
ik b IS AE SE LR o

2.5.2 LR EH HO KPR

B RE A T, FEREA b OBEE Rt 2o, R A 02
OB 52 IR . RO e T 55 RE  RE  2 0 AEE TS  B
AR 20y A= 2 =, 1) KR I, RPN T A M i O TR

g

AR AR IR . 320, FRATN T HEBRAS [RIRE 5L ik s i, AT R
HERK I AEIR A AT, = (n, 1), X B ng EREHTH %

ESEE T, AR T A AR E, IR 26T RSO EEOL
Bk aEis, Ze Bl 215 )R, BT A T IERE R FEE T 1 s IR E 1
o RARE, ] DUl SR IR OGRS R R A I (R ER

SRT, CEFRATH AR, FRATOGHE M MO R AR B #E b, ik 5
SRIZHIBEAS . Akl 2.15(b) bk s B B B, FATEH 800 nm ) RAMEOG, ki RREE
[ 120 fs, HEEHA 80 MHz, I HAEMERREIRE Y, FATKEOG Ikt > 2. —
HOR T A WO, 5 HOREINEOL . RMEohEE BBO MASE, WOGEKA N
400 nm, Z J5 383 37K % (chopper), Ik #% ) B & A 4k A il F T B8R OK 28 (lock-in
amplifier) ¥ k{5 S8R 25, MkBot@d iahfife G, sl &l DI
PRI T EOCRIe R, RN, SRMSO6E T BAT T B bk R IR 5 IR . 2
JG, ZEIREOC RO A B IR R R B B, IR S R R 4 O BLR
MEEIE . B, RNk e T A bk IS 7ERE iy b, BT RER EAREOR
IR TR E R, O SR RS . M SRS, RIMEOE S RIEOE 2
[ YRR ZE RS/, RGBT ek ST ERE A B, BT B8R T E
AR, RSSO R BRI o
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hixi 5 SRR T P SR ER VL U B

WE G @

PAVERNDCOC BRI E AR IR S, PRG3RI 25

WS ) B S S o B R B AR A B Rt R A A . DIk, 3RATTRT UG

SRERAT ik ) N ] B3R

B, (A R R B R R 5, =2 ~

C

Long-pass |
Filter

(b) °

BBO Crystal Chopper

BT E B
TR &RRE, BN G RN ER 2 S, =1um,
0.01ps, XH ¢ Z2HETHIIGHE,

Beam splitter 1

O\
AR

Pump (400nm) |-

EEEE—

| Reﬂectm i > |

Delay Line

|

* o) sq0u

/A /)
amplifier </ L (/ é
& D\ AJ
§> N N\l
AN N
Reflector Sample Beam splitter 2 Beam splitter 3 Lens

HWP:Half Wave Plate PD:Photo Dector

B 2.15(a) % 32 -F & B 32 69 M 2 2 RAB ah A& IR P 23R 69 98 B o
L@ MR, 800 nm KAV KB T 4
—RAF BB (FE) —RAEMN
i{ BBO sh R KT H 400 nm, FFEHFKHL
SAT . FIRIEN L ZTE
B, RAAGIRMA LS5 —FBHARR L, R4

PR IER IR B EH
%t%%(Beanlsphnenﬁ*f”ﬁxﬁﬁﬁi
ok (L), RiBHLE
6 XS TAR B 1454 (delay line) %
FMEHH D, Z

PR K 69 RAHE T A €M B (photodetector) A g o

T2k BRI B LR TSR B C I,
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FEAp, PEAERE RO SRS AR . LLERERIMDGEE O B AT IR, HE G
Mahitferp, FPEAEMRE A AR AR L. PIARERMIZE 0.12 ps, WG T SR 5
1% C BREFR AR EIR o GRS FE, FRATTRT DA B A A b R
REHIKPREIR , 4N 2.16(b)M(c) s, 6T /R R B P AR Ik REIE 2 0.05 ps,
T BRI GER A PERIBKTIEIR R 0.03 pso YO T BB A PO RIBET R
1.83, JaTH/RHEE B A BTSSR 2 2.37, T 5/RI SIS C P A BT AT R 2
4.26, 1XJE T e R 4E 3 B0 8GR .

@ (®) ©
1< J—sample C B —sample B ; —sample A

- 0.10 {— substrate ' 1—— substrate 1— substrate

=

50_08 1

20.06 1

£0.04 |

g N At=0.12 ps At=10.05 ps f At=0.03 ps

= 0.02 1 : ne =426 / ne=2.37 ne=1.83
0.00 — T —_—

1128.0 112_9_0 1130.0 1131.0 11345 1]3?.5 1136.5 1137.5 1133.0 I]3_4.(] 1135.0 1136.
Time (ps) Time (ps) Time (ps)

B 2.16(a) 3 & AARM K38 Lk B A FFE R MBI CH, izt
GAs gAY, FAGAER RAREN TN, L&A EHXE
WIRATRE, S eI AEF, FAGER RABEG T,
M &EEADE 0.12 ps, XFEAKF I RABME CIREEIKT LR IE
R (b) BARIRMAIE LR EAFERALMAEIF DB, €3zt é
B LA, FAGER RAEEN T, LR AIRN AL 2 E 5
AR, RS e dAE Y, FANER RA AN T, &
FA&ANE 0.05 ps, THRXFERALMME B KL LK £ MIRFIE
R, (0) BEAFMN AR LA E RFERBUMHES B, LB
BEAALE, FANER RA R AN T, AR A58 E AR
WBATRE, RIS E S IR, FANER RA AN T, &
FA&ANE 0.03 ps, EFAXFIERALMAE A RIS LRk IE
2

o

WK 217@)FR, AR THE o BER, ERAENT L7 A2 AR AEAL RN 18] 2E
BAt,. ATLVER], BEE o BIOK, IEREMT 40 R K g Bk, AN S SR SEIR A
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%%ko@zm%%%i%%%ﬁﬁzn@$ﬁﬁ%ﬁé£ﬁ%ﬁﬁ,Esﬁ%ﬁﬁ
(45 AT & BRI o 8 I ik G 38 ()0 B 45 SR IR AT T AT DA BB T Z. anl&] 2.17(b)
PR, 208k, SRR, WX RNE ZAAEDE T SR f i i fe iy BB T R, 4

SRR R AR I K A 3R S0 R H OB S A . R BT S SRR
[ 18 ' RS T e 2 % i AL N S0 2345 5 b 355 07 THI A 35 TS 8 1) S FH 9 FLI e/ 2% i) o
FE#othe, HEomA AR RON AT A T BE 1L 2 a4 N K

(a) (b)
20 10
. ]
o 15 °
H“‘. Al
L 0 sample C &20 6 1
>, 10 ]
ke 47
L le B 1
5 {sample A Sample
Q l 1 p 2 T+— '
0 0

240 280 320 360 700 725 750 775 800 825 850
a(®) Wavelength (nm)
—(324.8°,864%) — (295.2°,93.6°)
—(212.8°, 111.6°)

B 217 A o 9Kk, HEAY L AR ER At
BoWEA BRI EER, DT RRERRUBHEL, D)LEA
B SR B AR RAS AR A SRR LB,
AT Mo IE R I SRR B R BT R . AR IR R
P RAR A B B TR A E BT R, 4 R O IR 5
AR IR B GBI . T SRR ST B 69 R 3 R AR A
C HIRARD LORRIN AR, B 5RO IR 5 30 S AR 3 5] 49 BRI
.,

}\m

e

2.5.3 ZL/R 7 M B R AE RN
ReT IS AE i = S EU IG5, B B sR AR L E R RCR . W 2.18()FATHHA T
= ARG F 5K S A% FE S AR I RE T L, 800 nm AL RYIE S I A . S,
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(324.8°,86.4°) K] M T- B /R S A AL S C £E 800 nm AbH FEIZ /0 A 2 B o It , X il B A8
SRILARLRME RN . FESER A, FRATME 800 nm [ KFDEOL B AR R ThE R 4 ISR =
AT B R AR AS AR R, FRATMSE A AR T A A3 T B TR O S A AR
B9, WK 2.18(b), EAHRITIRMASBOCIRE T, JoTR/RE SRS C ARG
SO BE S B AT IR 20 5. SRTT, BEEN B EH T REARAT AL BUATBLR ST SR A% 1
SR BT AR SIS 5 59 T BB i S0 46 SR R DR f bt iod ok 96 /e ¥ 7 8 R AR
X R HIEGRON AT AR s e- P s HAR R, Ban, i Re T bR AR LA A SR
i % BB (S WO I A5 A1

(a) (b)

6
1005 —sample A
—_ sample B
= 80 —sample C
8 0 — substrate
=
‘0
. ‘ ‘ . =
S A 8
L U f h =
AREREHAARRRANILR RS

6 7 8 0 10 1l 385300 305 400 405 410 415
z (um) Wavelength (nm)

—sample C sample B

---sample A

K 2.18(a) 4 & i R R A FE RAZshA&AF S0 A /£ 800 nm &L 69 &3 5 7 o
FOERBEAXFERE AL B AN EGHH, EEEKL
XFERAB AR C A 800 nm &L 893950 % .

2.5.4 SR B A% HI K 48 20N
e IR 4iBlnm,  UREE B Cu oI, kb e 48 A9 AR B . SRATTAE B 18 b 1
POk i I 1 ' 7 B IR RS AT AR AL, K T8 R SO KR B T, AU 9 SR
SE SOOI BRI 98 Ao, Tk 58 BE AR A 32 B I REAT e 0 B 5 i
FATHRNTE H1 T 32 2UAKA 58 1 S B A PR, ik 98 1 1, S U TE L Ao [3RA L SR/
T NRE R E R SCERBOCIKE S SR B EFEAREAES, Al
T HRE AR R, R BE I CU RS SO R KA A R AR R, AT £ I
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Whirxd S5 A TR A o P B R ER R e Wk g RB

I b AR K ) B8 o FRAMERBOE T 5K s R R N L, B Bk ob 5 5l it

RSO 1 = Ze Bk RBEERE . R TS AR b e ]

Vg
L

1
AT, = LA, (2.10)

g

1
WLAETRAT 122 FE kS 45050 5 fm»J%lE%Wﬁﬁ$b%ﬁ%ﬁ,%?mﬁ
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810 168.9 137.8 0.82
815 167.7 139.3 0.83
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3.3 ZIREF/RFHSHEI CGEAHRUERE/RFES)

25, RAEA (. 3) FATE AT P& IX =6 7 @ AORIE B R 2R K 1 5K
i n e o FATARSE LART SO IR B Hy, (2), Ha, ()X R PIAS G T dn iy 2kl S80S
=T ik HN (2), FIMIA; =240 nm, FEHAE ps=40 nm BITEOL N, H, (2) %R
I T A S R < R ARAE ST AL AFAE By 880 nm HYF A . #E—2, RIEANG.3),

K37 AFEREGA-2EMA, EE KT 20 nm 25K E, ZMNE
AEBETH ()R REERBHE, FEAENGZLTERK
a%)fg‘é@"‘/l\/f?ﬂ@o

ALK = A7 AR R BB (0 B0 A, &) 3.7 Bt XA 78 1 26 80 e
THR/KE MR, ERmENeERE GEEXED Fmm 2772 KA AL RR
FROL.  H (2) %0 L) 5258 it i 110 S 02 A = 2d g, 9,5, 9,1 = 2400 nm o X AN BELIRGER h A
MK T EAL T BRI S X, PUREN S Rt RIEE T iR e R
FHS ALK R 0, +0,, =0, FATRIEACLHE T M SR S K 3.8
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B 3.8 REAKXTERARRAMAGRAAML, ERAEERBA L

RA. LB E2FTARFERHI AL
FENS LR 3.7 FOA IR 2R SR DG T SR RS I B AL, R 2 < AR SR AR
T R XE (B5) AURE 3.7 e s/Kilimts-e R id, &RmEers
IR RS ST ALAFAE R T S . AT AR R, B 3.8 FE =M B (B @) hanl&fH—
AR, MR BRI B AN ST A . SRR H (2) X6 82 25 B R i
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k Reflectivity (%)

B 39@) H' )M Bt L ERABBEGREEN, B8 ARBEY
12E. (b) BARAFERLMBGRI L, LXREMEERESE
HFERAL A2 B R 69 RS .
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R T R A = AT SR PR AR B SCR A
i 3.9, B 3.7 i H (2) %R TSR A R 10 e 4 PR LR T
3.2(c)fEBAK 600 nm AT 740 nm PRZ 247 BR AV IEAL s BT H, (2) ¥R EDE T b i

I, TG T 3R AR SN 1 880 nm BHE 158 = 4641, A, 72 3.9(b)H,
AT BITHEL 1O SRR d i AT SR AR - R A B SO i . IR T
SR SR IS, 5K 3.9(a)RETT A K 600 nm. 740 nm A1 880 nm P T BEGS
22 AE A 600 nm. 740 nm A1 880 nm BT AAAE = S S IX 4k (A EIX D . b1 5UK
AR AE = AN XIR A S8 T R . B 3.9(b) 4122 B 3.3(c) e T B R Ah A% -4 SR A
R SR, 7E 600 nm. 740 nm A1 880 nm AL & — NI FE AL L & SR A, H A
DKL E XL T K] 3.8 H i 2k SR ARAL I 2R )28 midd (AL RS ).,

m —— 600nm
— 740nm
—— 880nm
E:
’l 1“ I
M ‘“ VI!; \" \‘ .n'n .Imu» g LA LY ‘
0 4 6
z (um)

B 3.10(a) BERBREATEERE, BAEATHHEN TR ;A EX
ARF R RAB -2 B MR K A 600nm L4 F@mAE w5,
BAXAFERAR M- EMAAR KA 740nm L F @S €5,
UBAXFERABMME-EBMAEEKA 880nm L& R EELFHH
o

B35, AT LB TS 3.9(b)Hbric (R K A7 B 1Y) 3% 25 ) A0 A LR SR T S
B 3.10 R, 6T SR A% - R A B AT AT AR J A 2 = AN SRS, Sk
600 nm. 740 nm A1 880 nm I, FRY 73 AT JRHEAE D 5 5 /K EE S A% AN <p J i b, TR A
Ao MR 2 R (3.3)FATAT LU G 6 7 i AT i 0l 7 SR B i, AT DUR B 3 £ B
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HTElk 5 S BIRA I ATAS, Rk RE AR A TE— A G

b, ARGIIAIT TG RIE T SR S IE AT 5 R, 3T
2 0 T 8 R LRI S b L 5 S50 10 30 T A O AL 2 HM R PR
M VRCIRTT BIZE B L = A T R 24 th 1 6 T SRR b K S0 0125 D0 A9 T
o AL 3.1 AU 1 S UL H (2) 0 357508 8 e R 300 B, (2) %4 AT
SEHE T SURMRHS . H, () FIMIA, =280 nm, 3EEL% pi=300 nm B, H, (2) X5
(T 8 1 5 SR 1 1040 mm SRR AS, IR ARG DA BTBRH, (2) FI)

A= 2d[q,,q,,95,9,], XN TERE S-S B E 3.11 Fiw.

B 311 AFXERALRE-2AMAE, EE KT 20nm &4 %%, HMNE
BFBLATH (MR AFERELME ., KEENGRZLFERAL
A& 8 — AR

ikl 3.12 () Fow, B 301 T H* (2) % 1B R SRS R R 45 1) BEIFE TR BE
T 3.9(a)fE K 600 nm. 740 nm A1 880 nm P i) =267 BRI IEAS F,  HH T XS H,, (2)
ST E RGN, BT SR A SEIN T 1040 nm PHIE A EEDU S B R, 7E]
3.12(0), AT TG SRR A RO SR < R A B ) S G
W 2R RO T SR S I R, 518 3.12(a) BB 45 KK 600 nm. 740 nm. 880 nm
FT 1040 nm BT 7 B G RE FA&AE K 600 nm. 740 nm. 880 nm AT 1040 nm P T 177 &
S IX R CEEXIE) . T R f A% AE DA IR E I SR 1 ST o B 3.12(b) 412k
Sl 311 6 BR A - B A B S, 7E 600 nm. 740 nm. 880 nm A1 1040 nm
Wb B — AR AL R B R TS -
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B 3.12(a) H*(2) % B2 69 6 3 RAS S 4056 B 4540 LB R R &S
BE. (b) BER KL RARAS RIS, KR Al B R
o A AR -4 A A 8 B

3.4 pi YO TR S A KL

ERERE R, A Fp M EZ B 2R /N, BT VLG 5 1SR A
PATH] DL S B p AL AT A% . TR oR, FATBL=AD0 7 iR 4L pk 16 1 5K
AR N, = AT BT AR B pr, po B0 ps SRSTIR % . Q1] 3.13 ffrow, &
(a) JZAE pav p3s RIFARMTEOLT, BIEEAL pr, = FIR TSP B AL
Ol pr RIS B AN SR I A AN = AN SR G A RN, X5 — AN FIR A
AWM, I H pr AR EIRA,, W Hy (DR R F SRR . E(b)
APy pyRIFAZMIEOL T, P py, = AFURF AR KA BT, p
(AR 57— AN SR ST A AN SR = A SR S A B/, O B AN SR S A& 1Y
SRR, I H po BN, WEEH,, (2) X R EDE T FAR . E()21E pis
p REFARRIEOL T, BMEAE ps, =ADFEIRFESPRAL ERZEL, ps F124L

X B AN SR S S AN SR AN SR S A BRI/, O B =S SR S I A AR
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K, IHH ps BRCIRAs, WElZH, ()R NG T AR WL, p Al DR
S50 PAYSKE S0 2 PR B R T A AT B I 9%, R HON AR SR B IS RN . FL

@ v ©

9001 . i : IS 22V R 22 Pl 'L_L_

g : : { —MmL :

= 800 : | : Mis2 : —mMisT 1

= 1 H 1 H —MIS3 ! 1 ! MIS2 !

= —— M3 . : : : —MIS3 |

3 oo : LS ' by i :

g 7001 3 1 E E 1 i 5
H H — >

= P M TA AT

600-_"5—,.1‘_5 T 1o A — AN — i —
0 100 200 300 0 100 200 300 400 O 100 200 300 400

p,(nm) p,(nm) p,(nm)

B 313k pr ER, AFRRRBAE-2EMAG=AERTES
HRAZEG TR, pr OELFRAN . BEAREF N REBEK
Kz H, FEAAFANAERROEINEKREE, 2XR2FAERR
BANERKZE, (b) Mp 9T, AFERALMIE-2EME GG =A
ERROBEREEGEN. pp GERFHRA,. BEREF-AER
FaSRKZE, FAAFANRXRRADENEKEZE, &A%
EARERREENEKEE, -2/AMBEORFALE, () pp 8%
H, ARFEZRBMHM-2EMEGANAERRDES L KEZEGOTR. p;
TR AN BEARF—ANERFOSNEKZE, FEAAFZ
NERRFASHEAKEE, ZARFAEZRROEGEKEE. -
2B M)A 6 BAT ik

s pa kB IR GRS WK I U 2 2 3 T A ' B R R T ) S S AV SR B o

I 3.14()TE pav ps RIFAERIIELLT pr A HUE AR SR8 A 1 SR A K
AR, EEARAI X0 600 nm BT, T 740 nm BTN 880 nm PR 14 S S AR AR
WA . a1l 3.14(0)E p1v ps RIFAZEIELLT po AR HUE 1S T LR A 1Y
RSSARRL R AEAR AN, B X382 740 nm BHiE, 1 600 nm FtIE A1 880 nm it i (1)
SURARAI A A .t 3.14(c)fE piv p2 RIFAZRIITE LT ps ARIBUE ARG T 5
IR R d g B SO AB A R AR AR, FEARH X 82 880 nm FtifT, 1M 600 nm FHITAT 740
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nm BT ST AR AR AN o AR, pi XL R B 1 SO AR AL R BOK
Xt AR BRI RE /N, AT A 5 57 T8 25 R BAROXT R pi ST R il o
PN RIATINEI 1 HI A FE M pi BIFEME . BT pi AT EATREZOG T SR8 S s R 1

@)

500 600 700 800 900 1000 500 600 700 800 900 1000 500 600 700 800 900 1000

phase ()

Wavelength (nm) Wavelength (nm) Wavelength (nm)
—— moire  ----- Ag —— moire === Ag —— moire - Ag
—— p,=20nm, p,=40nm, p,=40nm —— p,=40nm, p,=20nm, p,=40nm —— p,~40nm, p,=40nm, p,=Onm
—— p,~40nm, p,=40nm, p,=40nm —— p,=40nm, p,=40nm, p,=40nm — p,~40nm, p,=40nm, p,=40nm
—— p,~60nm, p,=40nm, p,=40nm —— Pp,=40nm, p,=60nm, p,=40nm —— p,~40nm, p,=40nm, p,=80nm

B 3.14(a) & pos p3RHE T EHHELT, p TR BUAF R AF R RA
A Ag o AL 0 R AR R A5 . (D) priv pyRERTHRALT, po
A R B BAEF BOR S 3E RA A R @ A 6y RAT AR K A ). (o)
pis RREREHHELT, ps 9 REIBALF B 5 3% RAZ a4 @ i
8 R A AR K A A5

(SR AL, XA S BOL T SR f -8R M B I SO B R b B R AE R 3.

I 3.15()7E pas ps RFFAEIIEILT pi AFRBUE ARG R ks -8R BN
SOt R A, EEARRI XIS 600 nm T, T 740 nm AT 880 nm AT R
SO UAIIR . 40 3.15(b)TE piv p3 RIFAZIIEDLT po A FBUE AL F 5K
R < R A B ) ST A AR AR, E ARG IX 2 740 nm BT, T 600 nm B
JLAN 880 nm PRI 1 RSB AR E . W 3.15(0)E piv po RFEAEIIEIL T ps A
[F) B A3 45 ' SR i - JB A B 1) SO e B R A AR AL, E ARG X 42 880nm
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B, 1 600 nm BT AT 740 nm BT A s 8GR AN B . X SRS, py XX R
Y B ] ) S SR ARASE 4 1) i) 4 SR — B
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B 3.15a) % prs p3 TERBELREWHLT, pI TR BRAAFERFE RA
mAE- 2 A M A K ERERSF . O)E piv pp KBERTHHERL
T, p AR RALFEAFERALBAE -2 A ME 6 KH A EREFH
Mo (VE piv pPRBAREHAT, ps AR BUEFBLFE RAL N,
W2 B A KA E R A

3.5 i FH B/R S A5 3 R B TR AT

3.5.1 SEIG R A BT S 1 &

FELL BRI, AT ISR S A5 AT Lol 2 & SR A DG T AR 5 R R
MRAEXA B, AR LU DG 7 3K B A R IR M T R R . BATAT A seit—
A PSSR TS DT 2R B -ema . — A BRI, —
AN FHH SR R R ROCBS . BATTHRIME RS 450 nm FZRIHFHOLHOK 610 nm (&1
s FHERIERATRE R S B s B T R RCR . AR S LA MR A,
EACEEAE MR B AR 4 20(3.3) A TIEF A I A, =120 nm AT A, =160 nm PiFE T

RS BORT DG T R K ks, JF R BIRNEE d=20 nm. E A4 p1=60 nm,
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p2=20 nm, SRR BRSNS FIPEKAL B 73 ) E 450 nm A1 610 nm &b, b2 /RH
fAg- S B R R R W 3.6 Fin, BEXEBERREREZE, BAKLRRHA (DN
IR SR A% o O T SR E T RUR S ROR IR BB 5 T SR A A% 2 [ i
BRRAETHANEPFENGRTE (PMMA N FE, WK 3.16 40X,
PMMA /22 160 nm, HTH 3R 1.62. TS AT LALE SRS i A 4 8 42 2 18] 1Y
G EARE] Ob T R/RB S-SRI,

HREICT R S-SR, BATES R AR T H R . i 3.18(a)
PR, ALESR G T SR A i - R AL Y I S B, W A SR R T S B . 7R
B IXCHEAL, AN LA AR 2 SR S A KA B

=

—

"_.

H316 LFERRBE-2EMA, BEEAT20nm &A% E, L&k
TRAEF & PMMA MR E. MR G &5k TH? (2)* 6 %5
FERAEMAE, BEMKRRARLZAANS TR, ekt T=T 5
RIERHTT 4.

L, AT OTFC1300 ¥eafiflid fif i - He 72848, [ S Bl B, 72 I6
220 $%RPE T AT & SR Ag, R ORE ISR E/R B g L% PMMA N E.
FATH 2R J9vE 7 B PMMA BURLIE b, Bo BN 8 mg/ml i) PMMA W&, 0
A 10 nm/ml fIFG+, GHEIHERERRBEEE 10 /N TR MR A VARG BT . BRATIEYER
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A 3.17(a) 9 iAL. (b) TS

LR A AR S B RS L, BB RTEEE 1000 r/min, BFEIN 6s, JG#sE N
3000 r/min, BT8R 30 s. A &K EC S 1 VR A # 00 PMMA S0 2 2RI AL & b,
REABHL, WE 317 RSN SRERE, BHEAMRBRE TR’ T &, Wi

T
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& 2
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3 40 & 40
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~© ~
20 20
0 0 '
400 500 600 700 400 500 600 700
Wavelength (nm) Wavelength (nm)

B 3.18(a) kit H b5 X RAE S A6 RAT IS (BEXK) TR RARS
#e-2 B A E) BATE (2280 (D)% 10 & A 57 32 RAR dh 44 69 RAT %
(&) FAFERLaE-2 MG RAE (2K). BAEARE
TR B R SO 8 R K
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3.17(0) R, WEBTIREN 75 °C, T 30 708f, [ RUEBUEE REZY 160 nm.
SEHER) PMMA 2 AT DS B AR & 55 B 7k (ICP) SRk 200k, sl 0 BV VL FE
AT JE B

TERE 3.18(b)H,  FRATIAEE FH S AT o T f A6 it 1 s S 3 A7 0 41 20 2 SR
PR < SR A TR ) SO, R e SR AR O SO . AR B IX A, PR
KA SR A SRR KA B . Xt AR E TR K B RN e R 5
SLRE IS Z GBI R s, R, BT R SCRA R .

—

3.5.2 Z/RFESHEE TR KE R HT

N T UG T SR A - < R R 5l B A IR, FRATT A P A sl £ B e ke
BRSBTS AN SR TS5 5 A SR G20 v BUE R IR 1
A 2, JIRKIRIET LRI 4 =[a,p] « FEENIZH, B DFEIRF AT
B s, it R, B A SR A I A N T BRI,
BRI, BT ET AR RNARS, BIE RS A FSR I AL
R RE . BeAh, B i 0 A BRI S AR A2 B m) B9, P DL T DA v P 2 )
TR HA N BARIR R B, ESREDRAZEAFNA AL B, FATANE — 45
IR G A AR AN SR G AS R 5 B 1, B — S SR S 2 vl AR 5 2158 —
ANFORFEAF, M5 AR S AR KM G . AR T, 5K
IR G ASPORFC IS, B A SR A S PR RGO R T Rk . ME e

da

—=(w,-y)a+S,,
dt (J a 7/1) +

%z(ja)h—yz)bﬂca oy
XH @,(0,) 28— DRSS CGETAERFMEE) WAEMZE. S, &% 5K
A S HMBABINA AR SR . 7 ()RR BHIE 32, B R IR IR
BRALE AR F R R MERE S R, EERIER S BRI &R

g3
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B (&0 = Epamaa) @y IPMMA drSET ‘E,
<¢1(2) |¢1(2)> = Z J.dr3 (ngl(Z) 'El(z) +/v‘er(2) 'H1(2))

meall

1L, 5, 40 FAS AR A A 38 at A0 g, 20 TR B FOBPRHIO T S 22
E,, FIH,,, 0 802 SR 00 AR 2 A, i S 3R A AT AL B s 3, D
(4|)=(%,2.) -

FERAVBEHR, 5 A SURAE S 5766 T 3R -4 R R b B T 15 1
KA. S5 R R AR R T DL RN I =6l - N T LR,
112 3 — A /K T A SR MOE IO I (AR 1, 2, JRATAT BAZS B4R g

\ S e o
B [ = 720 , X0 BFEEWEOCHIAE ., AR, &

(@) (0=, +7]
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> 2 | — 445nm
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B 319 FRZARLEK BAEe) T, KKK 440 nm %] 470 nm,

B3 5 nm, BLHEABESELTHNOETRHERZAr. ERELARRAK

HBOLE K= TR AEEN T,
TR ISR BET 2 B SO IR AR G o B e i se . Al 3.19 s, ARZEMEOE
PR o, MR E TR IR r, 5 R A R IR0 o BT R A IR E
Bk, BTFES, ERMEOCEKA 450 nm B ROK . AR B 2R AT A
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BRI, BFREA R T MRS IR E TR RS . MRS RERE
TR R 5 RT AR SR IR ST A RO 1 9

3.5.3 ZURAESH R E TR LR RAE

K320 KA EBKER. (b)EEIMERXLE. (c)LARAM A
EAUK E R,

et b, AT AT BRSO SRR O T SRR A - A R R R R T
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BN EBR— NG, BF R NEER— M. Lk E K 3.20 Fis,
Kl 3.20(a)2 KEPHOG IR 2 H B B R 3.2000)FT5, M TS ESZibRe S (Bt
3R, BOGCEERIRE MR IO RO BB BAEE T (AT, 2R
AR BTOE R 3.20(c) T IS &

321, AT 440 nm F| 470 nm SR AT KEPBOGREAS, (8RS 5nm, JF HAR

(251) (b)

——450nm ——610nm ——450nm ———610nm
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0 ) &“h%ﬂNNMMWﬂN%MNW
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B 3.22 () IBAT R MG LK K A 450 nm A= 610 nm €355 H &
R 450 nm G H A, LA A 610 nm IR HH, BARET A fenk
WO R @, (b)BIFLEM AR KA 450 nm A= 610 nm €5, B &
R 450 nm 9L G5 A, LB R 610 nm R H, EERRETE
R R (OAFRRAR M-S ALK KA 450 nm #= 610 nm £
o, HARA 450 nm 9L IGH5 A, L& A& 610 nm e H 5 A, &
CRBETEELZ. (DEEXZLFERLHE-2EMA 610 nm &)
TTAAEE, OXBIEEH610nm I E T KHRE, BARELZHIBA
JRAEH) 610 nm 892 F R H 5% E .
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FEDhARBRE AR, WS . WS, STIGWI R 1 & R R 5 5 1
{5 WOEW A 450 nm IR . &I B RIS 1A FIBOG IR 87 A 8 AU
ALk . SEIGEE 5 3.19 ISR & IR I -

BRib 2 Ah, FATIIFL 7 AR DI OGO N =M RS & TR IR 6T
IR G- RAG Y, BEURAE N, BORELIRAE . X B SR B T SON O T A
5 e EZ AR i, XA G A R SR IS . AR, B
TR AR SRR 2 WK I RTINS, PN HLI A wT AR S AR R ST O
TRURE SRS RJR IR 20D B 3.22(c)) T SR - < R A T AN I Y L
HJRIIBAE G SR A R SR AR IO SR E b SR, B 3.22(b) SR A M A — ANk
Ko (450nm) () HLI% SR E ST Fo 1B 3.22(a) AP SR AR 45 K T AN U K 1 L 8 SR R
FESHIH b o XA R G544 (K L A R A S R B, TSI B T R ISR .
AT ST ANE) S5 R0 BT R S SR RS R, FRAT T I v S AS BN R 4 R BN
IR & BB 6T SR g -B B TR & R 8l x| = 6.62x27 THz , FILIRMIEEUL,
R G R |« |=126x27 THz , BIEAS R & R 2 x| =043x27 THz. T
|| > || > |y | > 6T SRR Al A <5 JR A B A A v (i T R R . SRR B, JRATIE
BTN 450 nm [ WAL DA RIS R RO =FA RS E T . W 3.22(d)
B R R RS SR RO T SR R - R A B AR, R RIS IR A 5 £, 2
BEEAT AR 20 £

3.6 KXT/NG

Az, JARE T MR 2 6T SRR SRS R T ik DT SRR
A& -ER R R T 254 TT LA S 2 K O SR TS, i B IR ANBCR #8 T LAR S
s S HOR . BEAh, T RERAS, RAWRH T MEAT RO AR SEIR T K
S SR EE A M i, I SCHLEE A R I T A R SRR R 4R, X T DUHE BIARZR R
A 22 A B G- B AR PR . RATARDE, M 2 A B 7 5K dn i
AN B IR G102 A BT 5 AR R R AT LAY Jig 21 HL At QT S 7 A I B R Gt — L84
PR IHABAT B N R FTREAR R, Qe A B & i pEAs ALK Es .
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