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Ultrafast optical modulation based on the optical nonlinearities of
surface plasmon polariton

ABSTRACT

Ultrafast optical modulation in metals is an efficient way to realize high-speed active photonic
devices. For practical applications, this modulation should be characterized by an extremely short
response time, a high modulation depth (>7 dB), a low energy consumption and a small footprint,
which are determined by the relaxation time of nonlinear optical processes in light-metal
interaction, the nonlinear optical effects of metals and the optical localization on metal surface,
respectively. Although the response time of nonlinear optical processes induced by the interaction
between ultrashort optical pulse and metal could be shortened to femtoseconds, the weak optical
nonlinear effects on metals are detrimental to the realization of high modulation depth. Besides,
the large size of the traditional optical modulation makes it difficult to integrate into chip-scale
photonic circuits. Thanks to the optical nonlinear enhancements of surface plasmon polariton
(SPP), i.e., one type is that plasmonic signal could be significantly changed by minor external
excitations on metal-dielectric interface, the other type is that plasmon induced strong localized
field could remarkably boosts optical nonlinear effects of metals. By combining these optical
nonlinear enhancement effects and the ability of plasmonics which could manipulate light beyond
the diffraction limit, we mainly focus on the mechanisms and enhancements of ultrafast optical

modulation on metal in this thesis, and discuss its applications. This thesis consists of two parts.

Part I. Studies on enhancement of the femtosecond optical modulation. Using femtosecond
optical pump-probe technique and the first type of optical nonlinear enhancement of SPP, we
studied the ultrafast optical modulation on an aluminum coated grating, and found an 70-fs
femtosecond process followed by a picosecond process. The modulation depth of the femtosecond
modulation is primarily determined by a coherent nonlinearity that is related to surface plasmon
polariton, and the modulation time results from the pulse durations of the control light and signal
SPP. A shorter laser pulse width can lead to a faster modulation speed, which is eventually limited
by the SPP dephasing time.
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Applying the second type of optical nonlinear enhancement of SPP, the modulation depth of the
femtosecond component could be enhanced about 7 times under the same control intensity
compared that without SPP-enhancement effect. Further investigation revealed that this
modulation enhancement is associated with the localized field enhancement factor of SPP, a larger

local field enhancement factor could result in a higher modulation depth.

Part 11. Studies on enhancement of the picosecond optical modulation in UV region. The optical
nonlinear effects of aluminum is very small in UV region, this impedes the application of
aluminum in active UV devices. We studied the enhancement of surface plasmon resonance (SPR)
on ultrafast control of UV light on aluminum nanostripes in Chapter 6. Compared with non-SPR
condition, the modulation depth was enhanced ~55 times at the SPR condition, meanwhile the
temporal evolution of ultrafast control was also modified prominently. Further analysis showed
that such enhancement mainly resulted from a significant boost in the response of the signal light
to the lattice thermal variation at the SPR condition. This improvement in the probing sensitivity

could serve as an effective approach to resolve the dynamics of lattice vibrations in metals.

Key words: ultrafast optical modulation, optical nonlinear effects in metals, surface plasmon
polariton, optical pump-probe technique, localized field enhancement factor, UV light, surface

plasmon resonance, lattice temperature.



4007181

B e e i
ABSTRACT ...ttt ettt ettt es st ettt ettt ettt s et st s e st iii
FE B RTBBIR oo ix
ARG G- R RT BBZR oot X
B FBIRIEUIH .ottt 1
LTV ZELITZE et 1
L1 FETRR I BT R T et 1
L2 FEURRI I3 ZE e 3
1.2 TRV IR ..ottt ettt 5
1.3 G TR BT B oottt sttt 6
1.3.1 F A AT B SRS E A LR oo 7
1.3.2 FI A T AR G A BRI ZE AR ZRE oo 7
1.3.3 I R 25 B TR LRI BRI 2 AR E s 9
LB ZRBEIINGE oot 10
<SG |52 T 1E1 00 vl s OO 13
I T TR = G i <30T OO 13
2,01 BRI B B TT AT co vt 13
2.1.2 B BEBITTIHITEIT oottt 14
2.1.3 BN B BT IR oot 17
2.2 R E T et 20
2.2.1 ARLEMETEZEMEIRLL, B3] covooveeeeveeeeeeee ettt 20
2.2.2 AELEMETE TG I ITZE oo 22
2.2.3 BRI E R I T ZR T oottt 24
2.2.4 FELME R A5 B I TT G T Y oo 27
FEZE BRSBAHINENMEBEPRIBIRIEIR ..o 31
IO L b G N 1= SO 31
B2 ZETHIRIMTL R oottt 32
eI 2D Lt 13 B OO 33
3.4 B B B IRIL TR oottt 35



4007181

BT EMRE A EFPBIEDE. ... 39
BLTFFEIET TG T Xt 39
B2 TG LT oo 40
B3 BETIGIIHT oot 40

4.3.1 R B TCIIFEASTIIR oo 41
4.3.2 B R B BOCAELAE BB B T oo, 42
B33 FEFPZEITFEITIL oo 43
4.3.4 KAPZELFEPIBIH LTS oot 44
435 KFP I FZ PR BT THIITF VL oottt 47
BATRBEIINGE oot e 50

FAE NAREFEHTEEAFIEEMESIIM IR ELTF R s 51
TN O L SO OO 51
B2 S M oot 53
B T B 0 T ettt 54

BB L TG ZE B oottt 54
5.3.2 KA R P FI I TRHLI I3 HT ovoovoeeeeee e 57
5.3.3 RN HHE T B ETCIIIE TR T HIIT IR oo 59
B BTFFETE M cvveeeeeeeesee ettt ettt 60
DD R /INAE oo 61

FERE FA SPREZSRARFEHTERINEEIIIELR NI ..o, 63
B, L BTF T T B et 63
B.2 I M et 64

8.2, L T ] B8 vttt 64
B.2.2 SZURZE T ..ottt 65
B.3. L B RS TZIR oottt 66
6.3.2 AN EAZ S IR E] .o 67
6.3.3 EHE MR ERE T | oottt 68
6.3.4 YKL JUATTEARELAZ I TTHR ovveveveeeeeeee ettt 70
6.3.5 PRI T ITEE covereeeeeeeee ettt 71
6.3.6 A il B SR AE 22 75 AR TN oottt 73
B4 ZNEE/INGE oo 74

Vi



4007181

o R ) = SRR
T T T N S o oot e ettt et et et et et et et et ettt ettt e ettt et et et et et et et et et et et e et et enene

4

Vii



4007181

viii



4007181

X%

5 K 5 AR
no LRSI R h Planck &
n, B AR b R p® e A F AR AR
E(w) Je IR A M AL
I gyt I R A B AR A5
@ LRI R Ospr R A A TR IR A
x| R A F JeRE R L
x® | =B R A R 8 BN T BRI
c HA G Ap HL 7 1 v
w Pl kS To WO 58 1
r FEL Yl A A Ce HLF A
Wp HE TR G AR A
n B A HL A
e HL Y L AT K B AR
m, HLF i G H-FE R A R
€o HA TS AL Te HL il
Em IR E I HH AL Ty AR R B
€d IR LA




4007181

FEREIE-S RN RE

A T AR 3 AR
SPR Surface Plasmon Resonance FHEE FARILR
SPP Surface Plasmon Polariton EIES N
ENZ Epsilon Near Zero NHEHLEE
FMM Fourier Model Method Fourier #5242
SHG Second Harmonic Generation IR
THG Third Harmonic Generation IRV
SFG Sum Frequency Generation KA
DFG Difference Frequency Generation EH
OPA Optical Parametric Amplification WS ERUR

FWM Four Wave Mixing DU VR A0
TT™M Two-temperature Model X o AR Y
SEM Scanning Electron Microscope T B




4007181

1.1 XFEHIRESS A

F—E BRXCEH

1.1.1 XBAREERRET

JtiH] (Optical Modulation) 444535 B (S5 I — LS HndRIE . AZE . AHAL,
AR S BICRE SR R 55 DURE B VR AR A I 7792:, ORI R 25 5 1 R R RUBLAE R4 ot
Fr IR, TR T G T R U R R E IR — . MG S MR TR F
e e w51 BT LT S I AR B T RE AT RBSE — RRMUE, I 5] R A
By BT R B R CREPE I SO, JETT S RS SO IR R [L, 2] eI
ZIIR TR J6EE BACE . SGiH RS MANS R RO TR B
BN, AR, R R A A U

JeIEflERRE (B L1 B wl BN (Figures of merit) difiid. 22045
A (modulation speed)  AHI7RE (modulation depth)  TAEJKIEH C(operation
wavelength range) . i AJ5#E Cinsertion loss) . REE4AE (energy consumption) J% =[]
KN (footprint) %[3, 4].

PRE R (BT T8 DGR 8% v B i B Rl 12— I 58 o AR AR ik
EL 3 1) PR ) FL e RAE — 2 A0 S AR o 6 AN [F) A SR R AR i ) &, 9 o o o ) o
E R T ANE L s T HOG IS, R 58 oo i) RC IEIE 2 X[5], EDBmod=;1C,E
TR, NG, COAME, o SRR ERIEL . &R, —5E, JofF RSN, XN
s BT, DU F Y U o S ) TR DR BB TR . X T AT, Y IR T AR ) AR 2
S PR NI ][] A RRA E SR B R A [ (e SRR ] o Ll 0 < o F
T AL R E AR LA R R A T W R, RN R R T A L = gD
B —NIE LT VR ) T R AT b AR s R A g R AR A DS S R RE S (bivs) .
YR Z R EARA N ] (e B A0 B I A E R ],  SR IR A S
— BRI
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Fig. 1.1 Schematic of each figures of merit.

PRSI H W LT IaEG, AR e AR s e o 5T iE S 2N dI g, L
HITR BT Ry fe KB S R AN e/ NIB R R 22 B Toyax/ Tenin TR AT Y6 EE 10 X 108 (Tonax/ Tinin) ) s
1713 J52 555 VR o 4 £ 0 b 8 P88 g e R I S 28 A B /N S S 28 2 LU R e/ R CTRVRE SR 2 (1998
EE 10 X 1og(Rmax/Rmin)) - JHIGEE >7 dB & K 22 Hwi FH G sy 8 K4 B 006 AN i s A B BT
FEEN, M 4-5 dB T R R A S B . AR BB A R R . IR
S HERR G TR Z AR RO R, W] DAESEA XA F 25 1811 H & S 0T
RACIX —Z 8 e LR H BB EA RERER K PSSP, Brel
THREERIRI, G 2 A H R B X — S ZR 5L IR L R G b e SRR ARG .

A AEESUOVTARRKIEEL ot it A g, Ml aEHE S IIEE="
FEEEPE B (0.85 pm, 1.3 pm A 1.5 pm) FH—NELEAS, BT WG TSI mT L
TR B, T ALAM B BRG] R B eh 2 () A A 7 B2 H 0 3 2 25 6]

FAIRFESR 2D C R ] 485 B 1 [0 B rR AN e TR . HoR i B RS RA
RS AL IR, i T RGBS PR GEAS RGO AR 85 FERK
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PRI AT P A 408 B RS R (1A% 550D B o A A DR, 0 EH 2 D R i v 5 22
EANER-S S

RE R IFE N AR LR RO P 7 A R, A HIRh BARICOVE E. ROKAERE
e O FH AT 0 P SRR DG 1 9 B BE R AR H AR KME LAY f/bit[7], AHELT-10
4 LT ouF Y 2-3 pd/bit, MR ELHURE K il B E SR A e oo fE (R
&) AR A A AN BT T

SR RO RN e 2 8. ET Mach-Zehnder T30 A 1 il 45 Ot i&
U RS IR ORAE AN SR/ IMEL TR D e B A BACK E R (2K RS0 [8], X LI
WS, HAGASFEM AR ESAEAMR R X T — S LR o, RS ATk
2 10 WK EZR[9, 10], X AIINRS)— I B 84, 53— Jr i o s iR 1
[l o RN AT RE . X VKRR I R SR O T A PHR A 1 AT RIS

seah, He SRR mfEE . SHEM (LB A E LU BIE A S
HO TR AL BRI FOAR R A OG R ] 85 H #2581 A, AT E BRI R R il
JEAMAIR L A4 v, AN R AR N ] 52 ik i A B ) el it [ 7

1.1. 2 FHEIB 93

Harmik, B2 E 52, -6 1EE (thermo-optic modulation) . -
J¢ il Cacousto-optic modulation) . HE-Y¢ i Celectro-optic modulation) A 4= ' if
(all-optical modulation) . XS&if | FH L, B@ SN AR, B BAGEK, (§
BRI 2R A B, BEMEURAR S OCAE BT AR R R o A [R]J8 i) B B e P
14 5%, s 1.2 o

PO ) 3 R P AR B2 38 T BT S R R I BO G RN SRR, 38R N P AR A
Jar g 11, 12]. FEMENM A, ARSI IS I HOR T, IS R
A, — T A R BRI KA, ST AT S A AL A I [13]. 6 TR
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Fig 1.2 Excitations and response time of different optical modulation.

FIRrRL, GBS ISR R, —BORUHMREENS, A= RMP RN, [RNEOLH
| 4T B A AEIE B MHz B9 WO T i FH 0T T8 1 B2 SR AR A 2

PG R i 35 BN 7S AR A AR R AR AR AR I S e, BT AR R e B s R
AE S ARFE . PGB 2% 5 AR T Wi Q oL bk 2E . JGIB A5 AU 5 IR i 5

HL ORI 45 S TR ) R F T i 2t Y B S i Kb, Rl l AN R A A B AR 5
A, LI DG S Pockels 4N A Kerr FEGATN[13]. Pockels RN & Hi iz 51 #E T 4 2
B B AR RN, HA S R S AN R B EE s T Kerr QRN A HLIZ 5
P R =B AR AR, H A i 2 5 A 3 55 B 15 B L o PN RO AT 2
A BB PR R A AR A, BRI T ORI AL G IR R AU R L RC Y
)R BR A, 0Tkl s, Hr DGR SR A2 AT IR 04 3 5 R T IA
JUt GHz £ [14, 15]. MRS T T HOGHE], HER B TE BADLE B
B, R HIRIIEATTIFZ .

ZOGIAHIRTA —HEEHDE GRJE) SRR R, BEmRE RS 5 (556
FIPRIE . B MAAEURIRSSE S E[1]. BT 2R sERS1E 5 L B A0 7 [ AT,
AW T, ARG AR RS B, WHGR R BOE T A T R L H AR
MIZhiez —. BONIehkt ] IA AR5 S8 98, IXAEAE R B i 254 AT R L5 5

4
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ALFRRON T RE . BRG] BT REAR. 98 98 S I RO S 2 PR B AT AU (-7
B KIS HPRAGIRI R E GBIE THz 598D A6 HARA iy 8 O AR KO i (5 5 AL
A RTERZ

12 e A ) R B SRk KOG A ] AP R AR TR, SR SR 2t
FOE PR A6 o

1.2 BIRICTEHIR R

A R A1) B30 2o — SR 1) 6 O A R = B AR R PG 2 AR A e T R A S e A%
WErE, AAEMRIE SO SR B R B CR R A SR . X T RERE AL,
TSl R Ry @B, 0T 73 20 05 506 1 A R R OR . 24 1) g e L ko
CHKFE 9 B AY R R TR o MU BB RL R 1] 51 AR T 3 S 3 502 10 o ) v 7 5
JERKTEAH 2, BRI 3SR AT Bt Kerr RN £ 4 [1]

n=ny+n,l, (1.1)

Horbng AERMEITIT R, ny v I ARGMEIT IR, Dy fEHDERE . ZFPREEr (RIS E
RN Hong—5E) » Win, 5§ =Fr b &b A F e e . AR IRAE FI 254 T AP R
=B ARt 2 A R — AR AR H N, 11k 1.1 Fos[1]

T 11 BRI ng, y® Fin,, H Auf{ES (16, 17].

L ng 1@ (M?V?) n,(cm2/W)
o 1 3.4 x 1041 1.0 x 10-3
it 1.0003 1.7 x 10725 50x10-19
MR e 1.47 2.5 x 10722 372 % 10-16
Tk 3.4 2.8x10718 2.7 x 107

& 0.45+2.42i | (—76.8 + 4.3i) x 1072° 3.4i x 10716
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X ARG BB FEANRL R R, AT 38 smbA R OGS AR L e RN, S AR RE &
TAFESAF IR AT RE R BT Z 028, X0 TSEIUIKRERE . MR BUE DT R H & EEW
B R, TR A E MM SR GRS i, W0 Fano JL4R[18, 19]345m A4 AL 2= AR R Ak
Moo BEAh— SRR S M N, a2 flE Coptical micracavity) [20]. 6 T dm A&
(photonic crystal) [21,22]. K55 & 13L& (surface plasmon resonance, SPR) £ 14[23]
S A R G 5R =B AR R T R AL 2

LR GHOG K IR/ T 100 WP EIKD SR EAEHE, BT Rk
WG Kerr BN AL, 82251 K — RINRGGETRY SR, AFEB I HRE R, ARG
EFR L AR AR WS e o P B A IO A S e FE O N A R R T A S R e,
FHRL BB S e LS A AN 1.2 o T & @ I =B R R R AR R /N, tneAE
630 g4k, 100 KAk EER N xy® AN (—=76.8 + 4.28i) x 10720 m¥/V?, HHESER—F
PRGOS TR S BRI R SRR AR/ o R AT S — S 4 S 1 9
GBI — RBIAR LR M AN I A R AR XS 5 A6 R R FE

2 1.2 An B EEEC R] R SK) 7 P ) )87 5 1]

AN FOPTE R PR oS 1]
SEF Kerr HRE AR En, ek
CRERET )

TR P T VK AT T, B R L T, TSR
AR TR JUE KB S
A R KT

1.3 BRAIFHIAAHIEE

XFAE SOC PO IS, HREIR R TG SRR R AR RN, —
SE I H G R B T T R A Ok, W HNE . B BT A AR R =B R
PESG AR AL SRR, X OB ) B AR Ze PRI R, W AERR 2 Y RE R MR T i R A2
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MK . SRR R G A AR AR — eI DL N AR R ARH /M, X7 2R 1) 26 F 25 1 o
HARLMERAL R . X T O IR AR SE LIRS 1 5 = B AR e AR R K 53, Wi B
o [) 2 B 2R A S 2R B3 KM AR 1 [24, 25], I AR AN T[] ey B gk DR 2 i []
DR AR FEE 1 e TR 1) 8 AR ER AT o AT T 5 23 A5 1) YA P DR A PR S s ] ) i 5 1=y
MEHA R DA RN, Hrp EEAA =R 1L GBI E SR, TERR R4
RIS Bl I AR5 R I =B JE et e A Rr I [26] 2. MR Esp, Qi okt se i 2 (1
HAEL (metamaterial) FI3G 58062 AR MERON ;3. PRI HTAIMEENLE], W HOE %
(epsilon-near-zero, ENZ) #4RLJ5 Al A I s AORL R 52 i B OGS AR 2 1 i 32 [27-29]
TR, WEREMITHAAR] T, B TN AR, BRSO T
Py RIS B TARILIREE T BUR a3 R 55 e 5 5 S o XL IR DR 1 PR 1)
M o7 PSRl AR R PRI v 1 AR AR ZR RN, 328 17 (38 R4 DI T Sk A ERAE 3 S s B 3
H T BRI [30]

1. 3.1 FIAXFERA R T

—ANERNE SRS EE RS DA AU RATOC S, W 1.2 (@) M (b)
F7s[31]. MEDEH S S ARME SOL R e R W8 O pcA R S EReA . 558
PRI L AR L VG RC S AR IS SRR T ml R KB o0 e BE A & R A7 s N [31],
BRI G FFEIRAR o Az HDCHOR BB RS, A5 5 eAb T3tk oG, Beit
MERCRRK, B FRNE TR G E I A JCGE I 2 50— . ARt
WO, B REIRIE A 1 BRI AR AL (15 5 G TCVE AR & 3 15 A U328 4
PIEPTH . TP BRI A DARH 7R, MU e EHDERE R N AR
FIR S SOCRIES 2. 2004 4, Almeida 55 A [2014 I RESIAE TR s #EAT 't ],
L 25 pd MEEHDCEEEAS ] T IRBIEREE Y 94% DGR 4% . BRI I HE S RS A R K
frdee 1, ORISR AR (K R R R AE ROK 4, Xtz 1 FLAE S R ORI
ER LA R

1.3.2 FIAXFRASHEERFIESR MY
J6F- iR A HUE R A (R A A N TRgs e, ki 1.2 (o) [22]. BT
EiF 2 7 1] 1) ] 300 2 A6 NS G R BRI R M 7 A2 T O Tl B (photonic bandgap)

7
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ANSCHEAS AR 73 Zb A B 92 Bragg SN FAHTH F TR OG- B. M5 5%
FIBARAERL A (stop band) FRIF, 67 @A NIAT 58 4 S 4545 50 .l AR BRAR DG 1

ot e
0O 0 0 0:0:
R eiE

SpotMagn Det WD Exp F————— 1um
kv 30 65000x TLD 53 6 LSNES after etch

c 1 1 d Control (pump) pulse
| a I p !
[‘_’I‘.—’\

Objective

l'—uw— 200 fs

— SPP signal

Polarization

Decoupled signal 200fs_,J\

Al film

Grating ~
cross-section

K 1.3 (a) NEAE L5 WCKMIRCHERE S — &S Mamafm T 2sEE:  (b) IR
T RS B 10 ) U B S MO ER[31]: (o —4EAMt s iR [22]: (D
AR A T R AR R T AR A RN [43]

Fig. 1.3 (a) An SEM picture of the microring resonator with 1.5-um radius coupled to a waveguide. (b) A
microscope picture of the cascaded microring resonators coupled to a U-shaped waveguide at the edge of
the chip [31]. (c) A one-dimensional periodic photonic crystal [22]. (d) Plasmon-enhanced optical
nonlinear effects on aluminum surface in femtosecond optical modulation [43].
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PR SN A BRI P AR 2D T AR DK, PR IR BACAEE T B,
T A R S SOCRIL M i . AR SRIEHDCHAOE T R EHIE LT, HAr
LR BRI AT S A 1 2 ) e S e AR R R R AR, BETT B 1O T A
(RIESCAR o I 5 A 10 e A A ' T A7 B 7 d AR K s iU 2 1 R 3h[22], BT
TR UR IR R AR 7, B AN RS sl 51 AE 5 CE S R AR 2ds . ShRIF
G AR GR IR AL s 1 9 1 A B R DG S AR R ME RN [32]

JGELRH 7 A2 B A gl oK i 45 X R # 31 4] 73 79 B Scalora 55 A [22]F1 Tran 55 A [32] M\ SE 46
RERE, X S N A T R AR R 5 R 7 A R A i R e R A VR
G HIL— RANF AT @A Sl A SR B 7L, URE Hu S A [1FHE NS
A ER S WA ) AR G T i A AR, FERE S IEOR T ARG A A R L B
ARG =N EER, FNERGSR R TR SETIN TRE R (1.2 ps) o
IR AR KK TR EE (0.1 MW/em?) 153 TR & FIME 5 6 HIRE (80%) . Uh4h,
Nozaki 25 A\ [331F FH XU &0t 7 ik s 45 4 Fano J64R, DL KEEF EHDL R ES S T
i 10 dB VEGEE . EARFI G T S A T3 2 B B KD AR R RS RN, AR ORI
IR WORERD BRE T AL ZoG 1 ml b B R .

1.3.3 M I R 45 B TR LR G 5o A AR 2 Itk

T e st A AR et BN U7 3%, R R R T 45 3 TSR R ER 1 2200 91 R L ARG
HIRE BN AN, FLB 20 Rt 8 s eV v 0 — 2D s AR =B JE e e A A i HLH
ARG R BN POR R, 2N TOGRIAT IR, XA 4 R AR R RS R R
AR A EAE BAL B 9K B Jb R TSRS 2558 17 B JEAl, WKl 1.2 (b
Fizs e BHRTIAGE B AR SLR 5 R 1 6 5 R 2o i 1 g - TR IAE P T . — 5 TR T 55 1 1
PRSEARAR TR AR A U H BEIE R BURK, AN B 51 L 0 B AT R B 2
AR HALRAE I [34, 35]. £ S ARG A, R 5 GBIk 2 3R 1 5 & TR LR IE L,
BEIHE 5 6 s &t R T4 B ot (surface plasmon polariton, SPP) H, BRI S K&/
FEHDGIHURIZ A BT 45 R T SRR T 45 8 T AR IE RIS 3, #m R RE (S SO ek
o R GRS EHoT T, BoR AR K. FJrm, RIEEE TR RS
BT MBER IR /AN XA P AE R SR 6, MOt T 9 — R A2 AR I R 23]
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P CPARAE R TS5 B TR SR IE Oy, ARSRARER 98 1 SO 2R3k
PRI e B, AT T AN 905 S G AT BIER E o IRk, 3T A8 2 S PR R YA 8] — M
LT KA AN [36], XA HARE & TOLE 5 R .

N FH R T 25 15 - PR SR OB 3G SR AR 6 2 AR R BN BT IZ IR AL . TSR IR
FAARFEARYE A AR 45 8 91K JBURL S5 90K FURL (R R A )R] A e 2 52 6 S5 40 (1 Rl 4R
VAR AL 2R 5 T 2 NS AR BUE [37, 38],  ZRBLIKIKS 48 40 K BR gl Ko B 41 7 5 7
AR 1 R AT B SR AR R 2P S R [39] . AED IR, DGR T 3 B
kA SR G IOR 51 4 8 B A 5T R A B R B SR R A ) 2R R B . MR

S5 BTG v R DR TV T L D ' VR S T S R HE - o R B 5 M R TH AT 19 [40-42]
JUF RN R R R 45 21 1 SE PR TRt #2[43],  BAR VA vk 2 K E L, AR
XL H AR AR LT GW/em2 F il e s B A3 3] T A 2 10% 85I PR . 2011 4F Zayats 2H
) FH G g KB ) P 8 5 1) LR JR % 1 10 GW/em?2 B R S BIL T 806137 5 2 1 i 1k
[44]. BR T &)@bb, Pk S ZYERPRII T3 50l S AR A MR RN I3 w45 5 0 i R il
WEE, WORH InAs[45]. 1TO[46, 47] A 524 [A8]) 5545 Hh £L AMB B AT A 24 K 3w ARk 11
A R A

BEANEA R — LR IR AR A A RHA9] . AHAZFTRH[S0]. A HL-TEHLE &4 BH51]55
G 5EG A AR ERNE RN o A SO 32 BB T 4 SR - o S T AR R AR T S AR (R
FE RO A A EOT A R R T A5 8 7140 X m AR RN A 0, B AN R K 4
N X T AR AT RIS B R ILIR I XS AR LR RN B SRR TG SEALA o R AR SRR
Eitie 7 HIEER N

1.4 FEPG

ARFAE DGRBS BT LIS, RS TEPOL ISR O, BT
ZeFERy R SO Ll A Y Ik S =3 1D L Dt | 52 4 eV OVA IR PSR ES DS AN
SR B — e E B R

10
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S RONAREER ARy, BRI EE BT T SRRt A RE TR

V2% A B O G B - A BUR TG 2 AR R RN I s R . B8 =S /v el 1RO 1 )

F3I & Je ASC T A R —— R A S R kO A B AR IR () — R 388 g id e, Xt

REHR AT 5L ER 2R T 47 4 5 (0 e A T R (5 5o . 50 DY Bl /A e bR i kb g0t

U] RO LA 7 81 b A U ) P O ) R 2 e R T S5 B o SR AR TR E 5, JFe

H 7 AT RE S PR R R R . B AR S VU AL b, M TR A B T 1 R I R 1 SR AR

=B AR 2 I R0 LA SR i WP SO R IR BIARRE . SN B8 1 R4 B 7R LR
BGKSFAOC A AR ARG SR RN, JEARIL SPR 644 N E 506X SR IR B SN BURk, X

FEAF IR BRI 22 75 TR GRS EINE S . HLREEL T UEANERITRNE, JFRAET

FLE AT AT I T 1Y 98 = B AR Z R G S RN 1 T vk S AR T A5 B OT R R 9 X H e SR AR R

Ve RE, HAR 7SR

11
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2.1 REFEHTETE

2.1.1 REFSHTEN

BT (plasmon polariton) J2 45 H B HL T4 52 -5 NS B AH BAE F TR i) L 1
RGN, HESEHE TRIRGAAHBRMN — KoMk [52]. RIELFFMAR, &
J& F R S B TARIR Y AT LA RS B T ARIR Y AR BRI A B TR R A R R T A
TR =M. RS FARIRG RNk, BAFOGER S, ik Bl b
TREESVRAEAMI ;T EP ARG 7T 5 G R S TE SE E EOT.

EF-E FEMREFEMTETE

R FHooRE T 5ERRIEE B TRERZ N —MEES, e &R
RO PP RLS . AT B T SRR B bR T A AR goR BRI . A
PEATAERE, B iR 5RO AR, R T IR G AN G
I AARAE I il 7 245 B0 G[53, 541, H AR s vI H SR ARy 58 34 5 2% (1) Maxwell 77

FERRG o

% Drude #28Y, &j@PfAEREHHE T, HEARIER T BT BTk
AR, R BRI R

£ (@) =1 ——2_ w, = (”ez )1/2 2.1)

21iTw’
w*+il'w EoMe

HrFo MASIEHR, TR FREERR, o, NEB TR, n. e. m Mo HH H
R HeERE . R, B REMEETEER. B ERR, AAGDUIR N TER T
BIRGIE w, I, BHHETERG D &HS N AR URERAS I, BN
ABEAE 8 AR o« MR, SASDEIR RTS8 TR SR, BT
RAN B ot PR AR A (39 7 0850 s L A B RN S B, DAL N S D' 38 A9 kN <62 i P TS O
AT R A BB AL

13
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2.1.2 REEEH TR
1. tBEER R

% B8 — AN TEPR KA -4 & - HH S AR A o i LRy, TR SR AR e L A
FAF B Maxwell J5 R4 23R M55 B HOTHI S &R, X T p Rot, SPP IR KRkspp
R w 2K % [53, 55]:

kspp = 2 gden;'y (22)

Hrbe A I HERL NREL e NERIIENHREL c AEZEFOLE. SPP NE
PR M EL SRR AN AR AL, AT RIE Nkspp = kgpp + ikspp’s

kspp' = 2( fm b )1/2’ (2.32)

¢ \epl+eq

kspp'' = 2( “m 2 )3/2 m, (2.3b)

Eml+&q 2(em)? ’

I
I
I
/ 1
I
I
|
1

K, Ks k

K 2.1 “FHEEEJR- B T SPP [ il £6[53] .

Fig. 2.1 Dispersion relation of SPPs at a flat metal/dielectric interface [53].

14



4007181

Em' Ty 70 99 9 <5 JA 521 HhL R 0P SIS R R 08 o 8 T 58 5 e ) 5 0 A R 0 0 X L
FALRE IR, J5F RE | SPP 1E& &~/ B4R 1 AL R

el 2.1 Fros[53], SPP itk (LEAMMONSER) BARAL T A HOG It i 2%
A, BIAESE—RpE SRR, SPP R KT RIFEAR I B 2 RDEAR R, X EWRE
JeBh R SPP B RAC, SRR T S E AR Gk SPP. WU EEPOR AR A5 B
TG, i ESRAAAN B R LB B BR UL . X LA ER AR, B 2.1 IR B R
fHy 24 52 A fl £ (X B ARSI, BAN 5 B8 < S R O A 1) P S B — R - S A . X T A
MRS, ORI RER, MRS EI SRR, W aiee R HEE R, A
PRT] B SCHR[56] 1 2.2 A1 2.3 *idit. X T& - BHDGH a5, T 5 i A S 45
R SPP (i ith 2= AL BRI BN R %, FL A R] L SCRR[S4T 56 ik o A

2. 7|8 R

a b -4
i,
Dielectric £
h }\\‘- f"-"\ ’-\, ke
\l RN A - .-'P cH Ed
T \..’,/___'\._‘,r+++ \l"/___ )( arq/-—
Metal . /,T

K22 (a) Rib&FSHUTEMEE, REEERERE - PDEETRENAET. (b)) SPPI
FEE BT @ R R e, HRIHIRER) . ARG BOTEmT, JFB7 L D)3 AL 4k 3R 1 [53].

Fig. 2.2 (a) SPPs are transverse magnetic in character (H is in the y direction), and the generation of surface
charge requires an electric field normal to the surface. (b). SPP field in this perpendicular direction is said
to be evanescent, reflecting the bound, non-radiative nature of SPs, and prevents power from propagating

away from the surface [53].
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RIS B oG HCR I MR HAR Y Rk, 7R3 BT S E 0 7 ) LB 5 3R e
IR RO, JUR MR, RO AN, R RS SR, RS E
TOREEIRKTE (AR B effil) BT NH K. MRS SFERNBEE, 00
F 7~ N[55]

zg = A—"(M)m, 2.4)

27\ gp!!

2, = ;_:)T(e;n+£d)1/2’ (2.5)

em'?

Herbzy Mz, I A0 R 24 N R T S5 B BT R, A WA B 2.2 7002 &
Jegi- S I i TH R T 55 e e PR A T A 00 ) 3 9 53]

H ER AT, [F— @@ A RSO CH ZR K AN E, T2 -5,
800 nm &K= A= 1) SPP £ 25 SRR FR 32 I K FE 2331 8 1 wm AT 16 nm, 400 nm 3 K= AR 1
SPP 7 25 S AR FP 2K FE Ay 300 nm AT 12.9 nm; T T E— kK, AREEBEARH
RIEEIRC 2, sk 800 nm YK, 5 -4x 3R I ¥ SPP 76 725 S M4 HP a2 K JE 4373 9 600 nm
A1 24 nm.

3. SPP LI KE 5 K

M T B AR B K RS, 2R S5 BT AE < R - R T AR F I, HLom 2 18 18
ko MAERRRE (BRI EL/efftAb) Sopp 53R M B BUCH R I REFIAC, FRELR
TR FAETE B HoTHR AR A L . Hon] Ko [55]

/ 3/2 . 1 \2
SSPP — i(sm"‘sd) (em) , (26)

w \ gneq Eml!

Hr o RIFEHBOTHIRGIZE . Sgpp € T EBITITAFADGF 18125 (1) B KRST ERR .
PSR, 24 800 nm Y AT, FEAH SPP ALK N 10.6 um, 24 400 nm YA
BN, ORI SPP A& FE K FE N 6.8 pm.

MR R I 5 A HoT OO R, KK BBCR R SERE 2], N

16
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_ 2 sml+£d
Aspp = 1—— = 4o / s CY)

0 AR 4 SR AR T A A ) S R ) 25 4 LSS SPP g, IS4 IX AN 44 JE B A
Aspp [Fl—E 4%

2.1.3 RAFEHTHARL

RAE Maxwell 7572 2 HAE & 8- A L 7264, R p kG REMUR R 4%
BTG, A NS B 8 S _ERDGIUR SPP, /iR AN SIS T SPP HSR,
HAIOE AT T B R B R 7 B4 T SPP 1R, Rl

Ky = kpp, T5H Jeg Zsing =2 |“4m (5 )

c\ egtem(w)’

B ANRAE S IBL, RIARYE SPP I BC R, FER—HF T SPP IR KT H H1 7 A6
Bk, WOGHEENIGBPIH ) 48 R TOVEMUK SPP. SRTIHREIR 1K S5 40 25% B nT H T3 A
SPOR B AME o T B PR ITVE R DR SR Ok, B A4 SO (Attenuated Total
Reflection, Bl 545 M2, 40 Kretschmann-Réther 2% & [57]#1 Otto % & [58]4h& ) AfiT 5 kb2
% M A [55]. T A [59]55) [56].

1. Kretschmann-Raether 3 &

Ik 2.3(a), AFHEE T RO BEREAT B RAME . TR BRI A, #OE
RAER BT R TAEZ A, AR AT AR &5 T2 - R A SPP
xo MDCwR & 2 SPP A,

S SR P O MBS BN SH B 855 4 L0 50 T, I R R AT 2 e
W, th T R L T G I SR, 7 B B S SR AL
P T DA B S R, TSR (0% M R A KA i, Fo
RAETAT T R HI BAk, = 2 [eprmsing, HHEGHOER, SR HE SPP I
GeSkgnp = £ [ gtcpie, o BIIATR A AR, 0 IABH. TN o 1)

G UURF € IIAIBE O NS, LI SRV < Jes - U0 T g ] ) 23 Bt A2 R UL S 2 A

17
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kspp = g/sprismsine, (2.9)

WER, BIREEAk & )-S5t L) SPP.

2. Otto %8

X R4 8, Kretschmann-Raether 3¢ B A REiEUK SPP, A H Otto 3¢ & [58] (K& 2.3(b))
Wk, XEMBHESERIMT, RS 4SEEERE Y A — 5L N6 A ) A
B, M (=5 siAcFaIBR, IF BRI BR A BB BNk, XA AR S
G B A AL AT BOR BRI S o, HIRFASEIT Kretschmann-Raether 25 & .

K 2.3 (a) Kretscshmann-Raether 2% ; (b) Otto % B [56].

Fig. 2.3 () Kretscshmann-Raether configuration. (b) Otto configuration [56].

3. JeMtER

PR RAMER 55— R 7R DG AT RN [60]. @il 2.4 Ca) 1, HiF Ul
FIATH 2 28 NG TAT TR R 0 IR BB AR, B 2m/A RS,
TS IR o B W45 T SPP R IN P AR I A5 1 T 1A IR . A2 AL S5 ) b AT S
TRAPEHIAMZ B RAENSS e & 2 SPP A B 2%y

kspp = 2nssind8, £ m=r, (2.10)

18
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AT p A, 6, =1, T sRIRASDE, 5,05 n RAROIAE, A £
S, m AR

K 2.4 (b) K eMih & 10 R AR R RV E— B [55], b Pl v S 2k [ R 55 Bt I R TE X0y
T LA |k = JkZ + k3, RIS N ) 28 T8 69 R AEF RN 4 (i
Kl SPP (oo RilliZk . HAR NG 1, @i s EAk, A SPP: 153 2l T3
TR 3 UKD GHUN s 4—5 o5 SPPABM L E a7, 2 1-2 Wit fE. Wik SPP
T B R R Ak, AR 12, il PHEEmE g ft. 760 RLKF,
GRS BT, AR BB R SR IS . 1T SPP M Ek KRS R AL S, W
RIPBR S B/, RS SOGEAR S H R, X2 SPP RS G Gk Mg 72

FESZIG A, FRATRAEA Sl A6 3 i) S KR O I R DL A, 45 2R 0
530 (2100 BHHREERMRM . X UEERILAC IS R 5N IR AKX

K24 (&) Seiscon=E[56]:  (b) el & 2 <5 B oo i R 2RI [55] .

Fig. 2.4 (a) Phase matching of light to SPPs using a grating. (b) Principle of the grating coupler [55].
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4. BIREFIRICHK

ERSeEk SPP KA XURTEN S EIE-N LA R T HESTIR, HARGLULHAC A
JE T M EIANE, SRS MUK, YRR RN TSR AR . X TRE
RHTGUKREERY, WA B B R Em ARk . ZRKESE . MR SR
(metasurface) SFIHUK IR S & TSR, Tk Mo/ ik iy B i) o Uit S LRI A7
WU EEM ] Maxwell J5 R 45 &5 € I 26 AT HUE SR R . PR SR 2 S Hy L PR I
K7 B R 7 54 I 4 A TR 22 4372 (finite-difference time-domain) [61]. Fourier 1% 74 %
(Fourier Model Method, FMM) [62] K fif ik 2 k4 inl @) COMSOL Multiphysics 1 F

fariy
~J o

2.2 JEERMRE
2.2.1 dERMEEBLAR, 63]

JEL e R OB A RIS MR IR . — Bk U R 5837 4 RE 5
L HAR ELAE F MR R i e . Bl 1960 55— B A E A WOLE R (&
2.5(a)) [64], sEICHIIIRAT RN T ATRE, BEJE AATR IR BN o0 2 I R T fe 24 M ¢

Ruby laser 347154

6943 A

Components of the first ruby laser

Prism and
collimating lenses

100% reflective
mirror Quartz flash tube
Power

supply Ruby crystal

) ) Laser beam
Polished aluminum 95% reflective
reflecting cylinder mirror 34

35 38 37 38 39 40 a5 50 55 80 70 75 80
tonhtvatsbtbwihommbond” 00T c b T 'ifl\Iifh'IMIH!Iflfl“llllﬁﬁhlllllllHllllmlvmm!

Kl 25 (a) BB—BUAEABOLHREME: (b) 45 ABOLHEE A58 RS 65 K ik
LR ME 2B 5 [65] -

Fig. 2.5 (a) Components of the first ruby laser. (b) The discovery of second-order nonlinear optical
phenomenon using a ruby laser [65].
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F. 1961 4 Franken %5 N\ AL % A OGRS A 3 AR I @ SO0, E ORI T ki
% (Second Harmonic Generation, SHG) I % (K 2.5(b)) [65]. Bloembergen %5 A\ 15 %
Franken ) SEE6 &5 B )5 0 —Le B AR AR 2 Mol 2 nl LA 1 P2 I BAR 20#r, ATTBESE 1
2t BB Bl [66] .

TR . ORISR (Sum Frequency Generation, SFG) DL OG2ES B CK (Optical
Parametric Amplification, OPA) SIS 2 BOGLER KW 5 AT K I — LR 2 I A .
IEAh 523 Raman BIUR B A BB YA AR AR TR i) 7 A 4R A T A R0&812[67], T H 2R AR
A AR 1 B9 A I KR B0 & 1 OGAE R sk i 8 I [68, 691 Fifi 5 8 A6 ik i IO 152
AREVKIE, AFRHOCEHE AL N BRI AR A Ui 7, — J7 AR 3 n 1
AT ARG FILSR BN AL, 53— J7 T AR 22 I R ke N 3 oAt 45K

N TR RERIE S F ARG ANE RN, 25 RE AT RHA 2 I PR AL 58 2 P () 55 SN HEL 3 56 JEE
E@QMIRAR. WTAEZRKLIE Y, SeBAMRE 5 R mE 24 R, [

P(t) = goxWE(t), (2.11)

Hory W R . 5 RIRIEARMBEAE R, IR EAEN T b 36 500 B F Y
FW Maxwell 75 FE2H A& —HZ MRS T RE2H, B T5 R o R B 3 i — Ik O7 il AR AR,
BB R NI BIARR A S, R AN R AEARAT AL ASRISR KGRI A, 45
BRI KAEAR ARG VER, IR AW X TARRMEC AR, MRMA ZR 1 d bk
M5 P AT LR AR T il

P(t) = o[ xWE® + xPE2(t) + yPE3(t) + -], (2.12)

X HLy @ F Y @435 IR = AR R A R . — RS, A R R I K
B, K B RIEF A Maxwell 75 FE2H AT 45 2 — 418 5 37 98 vy ORI ) e i G 51 5
FEAL, IR R AL AT AR RE— b SR G NI B 58 A o I 7 AR AR BN, BL R 2 A [
B B R NS B o A AR S AR BT R AL 5 Al AR AR TR IR S S I 5. BEAT,
FEMICITERT, JAAES ot AL AR PR L ' SR AN R ] SRR BTz AR 1,
1713 FE SE A 3 ) 2 3

21



4007181

ERPESHGE . B =T RIRR BT MO T M=o IR, HR R e
K5 a. BHy 3 3RS BOGT =0T IR R .

A _ T RIZ — 3 — ...
i al — I —vylI ,» (2.13)

AR AR A, TR ATREREAE RO GI/E T TG BRI R 23 . i i
RN REL, RIR AN =ng +nyl, Hrbn, 5= AR & M6 AL R SOE L[],
PEAM DB R AR SRR — RPN RN, B AR BAAALIAR]. BN
e JCEEARAIILHE . SRS 5 VI RS A AT ARG (1 F AR 2 P F A A R 1 3R

MRMA R b AR LV AR AL SR th— RAFEHLHISE, FEAAE T WA, i3
DAL NN & N R L o el SO N 1 i N AV S S e D DY NN A& A 74 )
I ATARAL R DTHR[2] o AEAN IR SEER S5 A N SO T AR RS At B8, iR & A B LI 1
TURRIRANE] o BTS2 JLPARAE T 5 PR R g AR M AR b, G ARG S IR AT 72
o CEHE SHG. =Xy (Third Harmonic Generation, THG) . AUAI %45 (Difference
Frequency Generation, DFG) %5) R fHEH TR oIk, 1FFHOtg RS [a] 1zt K
T B A5 PN e e e S 4 28 7 A R S N AR A JE R, A fESZ 8 Brilliouin
. BREIO R FEIEY, BN A IS Oy FE TR B SR e —t Bk
e, OG- T BUR LR 3R RS R B2 AR A 5] S 1) 3 5 246 38 A 3 2 02 R DT R 1R [2]
FEARSCHIBE ST, S5 B TC IS 58O 2 HE G 4R 32 B L 22 I AR R FAR 5] e

2.2.2 FEEMAFRREFE
586 SR AR R AT 50— R A ARZE IS, K ARVt 22 IR AR A
B =B AR R AL R SR .

X T W B AR AL R S
P@(t) = gOX(Z)EZ(t), (2.14)

SRR ERAT S (IEARGO I, FLFBUR A Lo X AR AR ) R AR A 58 R 1 7 24 XA
g (R o SRl (2.14) XEXAMEARLE, MPA @44 T -PA ), Kifi
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¥ =00 MR AR U AR AE AR O X BR A R, LT S o B AR T
o MR AERTR ORI AR S AT TS T AR R . L R AR R A [63]
TRIER: BA R v RO AR BUE R AR BUSTE 2v BEAL
AT AR TR LR
SEERIE: PRI IR, Ry 0 R T A BB PR AR o, 20 L7
Vs = vy + v, BFISIAR T
SCREIR: PR S, By, M Tl A S B SR o, 20 ek
V3 = |V1 _Vzla(]%}/}:ﬁﬁﬂ:{:ﬁ%o
HFESEBRR: — MR BRE 9915 500K 5 55— i i i s D AR R I il AR 2%
PN B, SRIASE SRR, SBASRIHDCAE gy : [FIRARZe A BUddE ) AR
SET PRSI Z ZE R =FAET6 CRHBDE .
EESERUN ( Pockels BN ) = 7E —FrAF i dh i, rid 80 5 A L dg o i Btk
KAMIME

X = ARG, AT A AR A Lo R A ot TR AR AR AR O R R i A
Fr, HARI SRR CEE A, D o NS RIRIBAAALSE, =Rk
MOt R TN . PR A =Hr AR A1, 63]:
SRERK: BA—EME v KR OGNS BRI BUSTE 3v SEAL A8 B4R 5 Y
PR
POiRIEESR ( Four Wave Mixing, FWM )« BN AN R (56 NS B E A B o 7= A2 A
BRIy, B MR RDGIE AR A B A ELAE P A — S B B 0k
SERCEERET: ANET 9506 NG TN HUR I R R R R AN S 1 R B RTE S, RS
JERT, JeHU R R A R 5 SO T RIIFEE . eSS EHEVIN KR, H
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T2 WA R R RE M, HABREREIAS R N A W RS RO SR A
2 Raman 84T 5238 Brilliouin #5231 Rayleigh HUi #1523 Rayleigh-Wing #iUi 45 .
SEYEE AR STERAIMET: BmBOLA I L EM BN 2 5 R HA BE R, BTG

RS R T B AR PR R BRI AL, HEARZEHING, ot Kerr RRi. AN, W]
AR PR 18] 7 1 201 (R A A R e SONE B~ AT [ BRAE S B AR P RN S 40 T =Bk
MR o

B 7w L o A =B AR e b R AN, B Em AR AR, nE kiE s (High
Harmonic Generation, HHG) %5, ASCEZ 858G 5] S 1 =B AE 2R RN

2.2.3 @A RKRT
AR H, Wt 5 4R EAE R 51 R R E I R 5L Kerr 28
FAARNAE e, X B A IR R e 2R b R

1. 06 Kerr 208 51 & A 5 R 42
B RRC A DA R IS AR B AR, TS R R RIS R
n=ngy+ An = ny + 27, |E(w)|?, (2.15a)

Form, A i BRI AI L, E(0) NG IRIE . SRR i 37 5 2 SO AR
G Kerr 8o RN IR AT HARZE TR AL SR AR, 45 & AR IR R 80

_ 3()
n, = X

TS T PR AR ZR e ok, Fo b — ARG F T SRR S = e i 53 — SR 55 6 FH - A9 4
AL, PRI G IR R AR 2 PEAR AL 55 S B ARG RS L B By AR 2 AR A 08 L 1) 7 £
[1], #RMICS BRI iRy

n=ny+An=n,+ 2n(cmss)|E(w)|2, (2.16a)

(3)
/ﬁ\:qjﬁgcross) 3)( (2 16b)
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DR 17 551 0 AR5 505 L [ 03 14 53 D' SR SR 38 1 3 R e AR 7 2 FL N 21 B B 3T R 2 14

PIAE[70]
(@) E(w) @ E(w)e' ™
e — X —
® (str )
strong wave
ﬂm)::é;§3
E(o') P E(w') e
: > ——
(probe wave)

Bl 2.6 M50 AR AT S R B R 7 2 0[1]. (&) —AEEeERH | Stk (b —IRER
SO 73— RSSO HIE 3%
Fig. 2.6 Two ways of measuring the intensity-dependent refractive index [1]. In part (2), a strong beam of

light modifies its own propagation, whereas in part (b), a strong beam of light influences the propagation

of a weak beam.

R RO CHIRIEAN AL LA S R R AR, SR — M A S B 7] 238 ) A 242 v 2
WREDC R, NEFI IR E T RN AT = 2ngeoc| E(w) |2, RN (2.16) 71§
n=ng + nzly (217&)

3)
n, = X (2.17b)

- 2
2ngepc

BN B ARGV A S 5 R BT =R AR e M e e il AR . S RS BAR B R, AR Bk
I G SR A D ER A F R, FCERINE 1S K37 56 2 5B TR AN
6 Kerr 50N 5|23 5 3 i3 iR P BN A1) 32 25 ol vl 5 R AR DOk e, JEL o) S TR AR R
CUNT R ERIL, 63D , Al HARIG SR (AnXOG 7 4R M R A5 5 AR AN
RAF AR T S R A4
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2. TR 51 S R A 2R AR 1]

WA G AL VEARAR AR, — 8GR AR IR, SehR S DX R 1Y
IR EEREMI T, RIS AR S R A B . AR, MPRHIT R AR oR oy

n=ny+An=ny,+ (Z—:) T;, (2.18)

Horb (dn/dT)Eaxt T4 MRHT I R B IR AL, TS T SO BHE 1222 .
1€ T B AR 8% 5 R

ory

(poC) 5 = kV2T; = al(r), (2.19)

Horhpo CRBAEFARE, kP 3 REL 1) G ERE A A, b
PIE S AT NN IR I RR AR, BE T n] 48 BUATR A — RUAR I T . XEFIELE (CW
laser) NGO, BRI DIRRAT, BIUONSREE; mixs Tkt Cpulsed laser)
VU 55 Bl e B S o DR AR SC AR T RTOE o A ki, i ASR B 18 A5 Ik o
VERIN AR A RN

—MAE O, B E B IR S BRI T S R MR IR TR REEQ =
[P()dtEREEHEF = [I(t)dt, TIAEBEN FIEEE DR P (O FBKEREZI(L), FAT #E
1562 Kerr 208 HRE FInS™ S RE (0 2 B0 R AT 9 2R 10 o508 . T ELIE 25 ko 555 2 g A8
AnfAE FRIREEIE . JELRMEIT I R AT RN N

An(t) = (Z—:) T (2.20)
EEPTl(maX)?\JH*ﬂr%jﬁEEE&”EO T E Rk, Rk B B T i /N T R R [E] T, b
TH] A FA A 8 T R AT 3RS ok

(poC) 22 = aF, (2.21)
HARBEAT, / ot T /t,135)

( ) __ aFt
" = ?C" (2.22)
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BET AT TS AR LA AT S R AU E

E—LEN T (ng @M —ueyr k), R P RBETFREFS, BTFRE
DSOS AR T P 7 326 /) i M T AR I ) RURE, BRAR 3 H AT Ok s b il IR 3
Pt RS R BB TG Kerr BNIEEA TARER, HHTHARCEESFHNAEL
P ET H AT AR, W SR UL AN B T Kerr 28,  BRITA R A 2(2.17)
TR FLAT S A . G T Sl o R Bk O 5 < e A ELAE A XGIR FEAR Y (Two-
temperature Model, TTM) 1150t 7 il [ 71, 72), @k o] DU~ (30 5 o8 v 5 4
JE B AR AZ (plasma frequency) R, FF45G 481 Drude-Sommerfeld B 5
Prof R, Ve NS5 SCER[27] AN SRR

B 1 LT AR SR AN A, < TR AP Y RS T IR 2 SR AR T IR (K
R, P2 Tk 7 R R 2 SRR AT S 3R K 5 o AN i B An T I () S 5 2 58 — MR /DN (<107
ARMENLI R, 75 205 B =R 55 1 1 PR LR 200N 58 R BRI T+ B Re R I 21[ 73]

2.2. 4 ERMREFEH TR FFFRE
1 AR R I B Font T A [23]

2 AR SR LI T IS 3 AR B I R S BRSO ) A . SE R BOT A
1o 32 B LA Ry G 56 2 AR LR R RN . — o D 8 -1 ot 4 4 Pl T 3R i A B oT R
JR A B A () 7= AR A SR T L 1 R [ 74-76], T AR A 5% 1Y) JR) 3 1 ot DR - 4 ik

L(w, 1) = |Ejoc(w, 1) /Ep ()], (2.23)

Hefr NAEERE, Eoc(w, 1) ME ()73 3 IRy w 3R 1055 8 HOT I R 38 58 AT
SR o IR BTHRE MIAKEE M, I o & BIGUKRRAT AR 3 38 9 A
JRy 3 P 7 P 0 5 R AR R (O R AR 2R ME S SR I AR . RO MBI T AR R T HE 58 Raman
O, RIVAERE 4 i s S0k 7 i 7 2 R T S5 B Wos Al R AR AR R 9910 Raman i FE 1 o
JINEE, RZAER TR TTRE[77]. 5 —FhRSFEBOTSE, W SPP R, &
IS5 S A R R R R IR R A A Xk B T PR 3T < S AN R ) A1 SO AR U35, 78]
AR T8 A OR RE B AR o T SRS BT IR AR R A, I SRR T A R AR R AL,
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S R G SR BT R BRI B R e AR . AEARZR G A, RN R
B2 G S N R i 1 Gt TR e R R SR S S SR Wl a7 D A E el

ARLRAE RN, HARH R AR IERR A, BT ARHER AT LU A =B AR Ze PR, AR AT AR
L AR AT RE G 5 W A ELATE T (6 B AR ARG AU 47 2 i AR R R RN 1], X AE
GARLEME LA A IR o ORIV b A 8L H DU AR S P AE AR AR AL h = 2 i 4R
P, EREIX AR EME 2 SR s 1 o 1 26 AF S ARMEAE SR STl SOAE AR 2 Ik 25 BT
Jer e, AR RO R AR 52 IR AR FRE

2. SF BT AS ) R

R E B WOT I A S & R - AR T 7 (10 s nT g R R 2 ARk R . BB R
X RSB SR AT T . 1981 EPL TR AR R AE AR R I T FUR T MY 98 SHG Bl%, BAR
A6 R TS B RIS 5 R AU, SRTRE I 5 18 RS S AR 2 IR A5 21 1 1B B S LT
HARR IS = 1 DU EHR[74], X2 T AORR I Z540 7 A 1) SR 5 s 1 A 3L IR 5 1 1%
PGS B AR AL SR SRR 9R S ORI 95 SHG IS T 9, dn<e @ eH[79].
L UGRATRLFE I [8O1 AT FHEHRIA[8115%:  BEANAS RIFRMI T Branile by — i e & [82] A
23 RV B [83) T HIF FE P A A5 A4S 5 IS, R BRI eI R B i K
FUTEBUE 5 5 NSC I RIRES AN (55 5 K55 5 5 <5 Sl A P 0 7 2B ) A i
SRS @ REA K, WRRA

p@ = [ LQ2w,®) P [Eioc(w,1)]?ds, (2.242)
TR 2 B SR T o R R T TR, R 402 4 2 T /R P T AR A 2

R UGBS, SERMoT A AT g = Mo B AR M A, =B [84]
VU I[85, 86] A iy U [87]55 - XF T+ n B AR L il R f I s RS )+ 5, mTHT n Bl
2Nk FRLA AR AR

p™ = [ L(nw, 1) xIV [Eioc (@, 1)]"ds, (2.24b)

HL(nw, )9 n [ S 3 9 R
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3. A& EHocai iR

82 FH 85 BT S5 A B R A 5 AR R ) T TR B Y o < mOAE SR A B ) =B AR R AL
FISEEL, SEROT Y R PRI st A AR e M RN A IR mOGAE S A HITREE . ki
SR WO 5 - 5 ST E AR R UK S BN AR L 1 5 R th AN RO R BN R
T 55 B T ARG IR Sh otk A . 6 T4 RER S L ADOEHECR,  FRIG L & Wi —
S, UKt B A Tl R OB AIR (AR TE,  UEBRRBE) JfR T BIR IR BB, XX
THERIARLNERNL . 75— T51H, Pt AR 5 2 e ) JRy 337 40 5im 38 51 S ) =B R 2 1
FRON B 9 W) 5 3 aR R ARG, R4S T 1998 4 HY Ma S5 AP KT AR IR 7E 2
FhRE2H R 526 24 Hh 45 21 [88] o

PGS R G A L Mo P R = B AR e 2 B 2 T i r o S 2% BED Y
73 84 5 U

1 1 3
;f dVD = ;dV[SEloc + X(3)|Eloc|2Eloc] = effEo + )(.gff)IEoleO’ (2.25)

R, Eo =< [dVENIMNNZERR ERIPEIRT, Eo WER N RIS 5. REINE K

v
=B AR AR A R T E

1
— Vf X(3)(w’r)|Eloc|2Elzoch

3)
Xet (@,7) = o TE , (2.26a)

Forfiy B (0, 1) W E AR R B A S AR AL %, T, 4R A4
AN AT O AT TR,

1 2 1 2
X(3) ((1) T') — X(3) me|Eloc|2Eloch 3) Vfd |Etocl*EfocdV
eff 2 m |Eo|2E} a |Eo|2E}

, (2.26b)

Hory A D 50509 4 BAA R = ARG R . IR AR A R (X
WHEAT . RS BREOL R, A BN A R A ST X R A S T 2 A
D AN RO e)® (gD AN T ED=ARH[], W2 (2.26b)
G 35, B
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1 B SCAT R e R - 5 2 A AR R A =B AR MG S R A A i s i v o3 A1 1) SRy 3807 1
SRS T ORAE . AR S BTN, KIS 9 A5 AT AR OR AR BE _EORAR R AT =
FRL M ERAL R

Eloc Eocd
xD(w,r) =y Q2 ||El llEz‘ L= Plf L(wr)?dv, (2.260)

<R T R SR I I K B SRR AR o R A A, S B R I 2 51 RS
SOCAGLAIAAL, T RE AR B 1 S BUE SO AL [13]. B AR
RN BT HAS AR FHE DR, S =R ARt B L R A e . BRI < ox
F S CH R LR SRR . ShAh R T AR LR P B EAR R, AR B AL B S R
9, WHHE TR PUREEI[37, 89].
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3.1 BEKAHAHARARNELR

HM 1960 5 —GAFAROLHE G, Rt aatss 7 KERKRE. Hothk
TS N — 7 R S O T R W BB, S — 7 Rl 1 RO e X —
REHEA . A Bk ot 2@ Q HiR (Q-switching) FRAGFME ks, @EidiF Q Fik
A3 2 GNFD R IOk BE[90] . 20 tHAD 60 AR LB E R (mode-locking) P ¥4
G % 48 B B AP B [91, 92]. % 90 4FAR, PABK= A1 (Ti:sapphire) AR HIE A5
WO IR AR Rt T KR BOE B RO, IO TR I R R B E T T A
EREABOCERRH Kerr BBUEHEUR IR R A 58 161 BES w7 ot 285 th 1048 E
Pk SCRT R4S LA WD (1 S8 Bk [93, 941, X AR 47 AR Tk R P Wb 4k 3h fy 25
FEFR AL T RS RIS [a] 3 3, I RGO IR UV RE . AN EE BRI R AR Ik ) )RUBE ) 7
fitn P 3.1 Frzs[95] -

Photo-ionisation (multiphoton absorption and/or tunneling ionisation)
after 50 fs Avalanche ionisation

i@l il Thermalisation of the electrons
Energy transfer electrons = lattice

Thermodynamic processes (thermal C )
diffusion-fusion and/or explosion)
Photochemical processes (chemical ( )
reactions and/or phase transitions)

E=E BRAEERMVNENEREPRBREE

s [T Ups 1] i aslIl [T
Time

B 3.1 R KO SRR AR P IS AR R i ) RUBE (P BRI RE [95]

Fig. 3.1 Various physical processes with different timescales during the interaction between an ultrashort

optical pulse and a material [95].
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3. 2 RimERMBEAR

AR EORTHE R R 30 S R AR AR I = AL 1) — R 8 B g A A 1 1 550
59, B ZREeE o, SRR AR LT AL G R - 2RI R, BIR — R 55
TSR 5 S JEAH EAE R 1 — R /Al i, X EOGEFT U R E R, DRI
G B K A 48 4 s b B DG R

TR R B AL 1R R B S B B 5 R 32 B
[96], FLIEAEHL Yy AN IA] b 725 ko 53 50 A s ARt 1 6
WO HERE R 10— RN 1, 3P 1 2 8 5 SN PR K o I 35
BER T 20, B AR 06 1 %8 2 53— AE R A, #RIN b B3 B 5 0 e
95 I3 T A0 5 R 030 70 5 A B ORI B A AR T 74 5
—RIVERIZ] (WL by t5%) AEITSAS R BRI TR, s B 451 5
SHEAT 44 B T 25 0 M s R £

FE 2 Sy, AT D3R 9750380 A3 VA Y6 B3 1 6 2.
HEAR RN 2 0.3 mm MIXERT 1 ps MM TAEIR . 0 TR REHGL i, &
S PR ) O T 3R T 2 SR

1.2
4™
g
Sample 8
Detector E
o
|> g
T
L]
: w
I =
| [
! =
E ...,,"5_‘... :: -0.2 I " 1 " L 1 ) 1 "
i i ] 20 40 60 B0 100
Delay Time Delay Time (ps)

P 3.2 ZEIm R R 2L I [96]

Fig. 3.2 schematic of optical pump-probe technique [96].
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SRR - PRI S 6 1D < B R i O 79 K v A 2 B AT 8] _E Y B o 2 ) E S R ARG K
T R RN ) DX sl AR SRR I 22 ST IR R X 3, R 2 S8 P PRI DI B K/ RSz /N
THGIE IS T FE 4 PR KR R — I 20 [ I A R i B, — PR U AR M B e ST 36 W0 1)
PR RN B B 5 s RUORERIN G M B O 10— AR B & A 1A Rl R U A
[, WO RS 5 KL AT AR RN Z0 D9 . AR TS T Kerr 282, HH 1200
PR R ] 38 P 2 9 D6 RN e P 2 Bk b AL I TR R R, el s Kerr 2808 512 A3 4
AR OO e R R R BE ) A7 I TA) 22 R

3.3 BIRNIBHIRINE

AR ATA SEIR AR SR AR GRS R (5500 25E, s eRgEoe sy Al
XFREFEHDCAE S0 CRED , SREF TR 5 < A0 TLAE IS 5 6 i dil i 7%
FE S 3 B B A 5 6 S A B B S FR AR . SR sy =R, AR R EDIHOLTR
KRG - RG> KB RORAS . CRDEOL O R G2 £ B AT A = 5
ik £4: (Legend Elite HE+ USP-11I, Coherent, Inc.) , HoB gk : A 9R3% %% (Oscillator) %
H KN 800 nm. BBk pHEEE 4 nd. EARHK 81.6 MHz. k% H WP AIKeR (i
Ty 90 nm) Jeilid e SiAt (Stretcher) Jig 8 i AP B G MKk, SR FH AR IOR AR
(Regenerative Amplifier) ¥ ¥ kiR E N E md B, 5o 1B e B itk i F0 2% K- ik
AR KPPk . BRI AN 1kHz, Hn i 790 £ 800 nm mliE ., i 6E
30 nm. /KR 40 fs CRKIPBS I8 R 450D o el G — 2 B AR, —IREE
ERORRIVIERDG. B REERRESHONE 56 EHDEE a6 R0t s
(chopper) #1515 SO6A R I E R AZ, I POconero AN S BIFE MR, 1556 L
Osignar FA S FE NN B R AR THT o PR OGS A FEAN R O SE 56 e AR [R], (H LA ZE R L R TH
IR o R DY RN 2 T K S 32 NS S0 S B AR, T A N e B
S5 2SN S 2 AR A o SR 4 ) i e o 5 R S [X 3 < s )4 S R E T 0 A5 S
DG H SRS OGBS G 5 AT I o IR RR BE S SONAE 50 SO FR BOZ S A AR Y B
KAE, 155 MRS S o B 5 B b — ki s ' FELER I % (DET100A/M, Thorlabs, Inc.)
WS, wE 3.3 iR,
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Ti:sapphire laser

Bea/n\*n splitter Signal light N

Illll' 10 N\
800 nm y 7
40 fs 7 &
Control \

light /%

esignal

Bcontrol

Delay line - __| Photodetector2

B 3.3 JRIH- PRI S 62k B s R

Fig. 3.3 Pump-probe experimental configuration.

St o i TR DG SRS SO0 R R MR SR (H 2L, BAEEOE 1 kHz
(¥ AR T E M LA, TR 22 S F B SO R AR Sl i e A HH 2 i (S MR L o B TBOR
R AR o2 r L B rh AR s AP 22 SHRG BOR UG S 0 A 4 1) 7 U AR
FE L. A ERIRGH AR PR ANARY (Local Oscillation) ). FT-figikia H{E
T, EBHBCREB T HIASIES, RAIMIRAR . BUHBORE RN ORI R &
FE S 90D AN 5 XA S G SFE MR 8. Al ERE S Ba s &mES
&, R 5ZHUE SHEMFE RN B A S BRSSOy ER, T A fe i id icim
TEE & (Low-pass Filter) o JCAtARI=R (14 43 & 5 4 1 e ¥ SO AR AN T RSG5
FT AR SRR AR RS, ] 3.4 R .

BB AR T 1 5 (R 0] B 77 72 v Pl o e e e 2 PR AR L AR e 1) o il AEAS
SEAG Il B 220 Hz B(E 51, ansRAEMA 0.1 Hz MfIRIE g as, ISE R T I 220 £ 0.1Hz
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[ S S P A I PR P H A E 7o A SR, JE I IAAN R S S S0 R 0 1

b, mAWIELSIENA 220 HZ BB LB 0T . TEES R 40 BT RE AR N 31 1Y) S 5 2R e A8 ) 43
HERMBR A 0.02%.
LPF

TAEH GBS
RS
costut ) — @<\ | cosla=p)/2

cos[(w — wo)t + a — f]

Rd 0O 2
cos(wot + B) +cos[(w + wo)t + a + f]

2

B 3.4 B BOK & I B R =

Fig. 3.4 Principle of Lock-in Amplifier.

3.4 ERBETHBHRiIRE

TE AR FR I - AR P BRI T LI — 2R 51 I T S 35 0 45 52 3 5| A e R sl 1y 2 i
FEfE R —#F, Sk, s EHDCEOR R — R AP Rt AT TE SOt iR, it
FORBPRIEFE P SR S R I B R B AR AR R R

X FAFRIBASHIE S0, FrE— NI ZRBOR T S 258 5 2 B AR Bz 1 4
3.5 F7R[97]. 1E 1.55eV (f5 800 nm i K) 4b, A0 AR S8R o &2 e K
YO s IR SR B B B L o SR RS R BRI S T ERIT A R . 55t
FALL, X TN NERIE G 500061, BRI &SI Fermi T T A S B BN AN
Fermi [ 2525 5 (36 £ [Fermi 4% (Fermismearing) ], X S8 7 Wsctss, BISHRTR
Bes T IR B PO T Re R, R EE EFF. XWEARSCHTA 800 nm {556, LA
S BT 1 400 nm S ER R HIN T B

1 WD BOCRK NG BIBRR TN, FISOR — R PR RSN 12 R . Bz s ik ot
TEPEI/INT L CRD A Tt e, U2 SR PR R A A IR TR, SR G I
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SR AR ARG Kerr 20N, FEREE LR, HTARRAILE W A IE B ik
SR IO R it R, TR BT i i TR R - R A R e R AR 4
1, X RS T UAN BRD, 5 B TR R R A Rk BT 5 ] P 2B SR T, HERE
A NI, RERBWTY . REEY U N ] o K T - AR A
8], LEANRIZER T A E B R BN FD B ANTE

78 IR IR R R R A AR R ) O A AT DA A R R (RPN D (1
AR[98], H AT R AIEG R A P KA. EH-FEREEREY, SURER AR R
IR T B IR BET, AN A IR BE T, B s 18] Fr A [ 71, 72]

Ce(T) 28 = KV2T, = G(T, — T}) + Q(2,£), (3.13)

| | |
50 [~ -
o P YOO
Sl
©
-
<
e _s50} -

1 2 3 4
PHOTON ENERGY (eV)

K 3.5 31 nm JEARARAE 370 KR T I FGE ST 5 S R0 . 15 LA 8 5 20 ARG S 5N S A AE
SW IR T A A2 [97]

Fig. 3.5 Thermo-transmission and thermo-reflection spectra of a 31-nm thick film of aluminum at about
370 K. Open circles represent AT/T and closed circles AR/R. About 5W of modulating power were
dissipated in the sample [97].
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Hec, =yT,, &HFSREBMSHNCENFSIIE, BB ORI SIS 5Us o
HUE R 0 T4 51 R AR T AT 5 3 OB BRI, AR S S 4 51
AR BRI AR T4 Fermi READE FHEREBES (117 eV) , X
800 nm {555t (1.55 eV) , HARMEZRII ] Fermi A TTRA, #4800 nm i il (A [7] i5
o EZEH SR AR Sk, WKl 3.6, LAy 50 nm FRIEAEFE HIDGIUK T ] 800 nm {5
SOCHHERENASIE R . o T 395 nm {5506, FHEHDETIE K] Fermi #iiR HUK,
X554 R PRI REL 0B 3.7 1 70 nm 4SIEAE 3.8 mifom? B DGR T ]
395 nm {5 S G HIIN AL I A

€2t =G(T, - Ty), (3.1b)

SR/R (%)

(o]
o=
(S
=
o)
o0
=)
o

Time delay (ps)

K] 3.6 50 nm JEAREAE A SO T 800 nm FRIM I A5 I S 5 Bt e 1] 2238 14 48 44 i 28 [102]

Fig. 3.6 Reflectance change of an 50-nm thick aluminum film at 800 nm excited by an 800-nm, 27-mJ/cm?

pump pulse as a function of time delay [102].
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0.02

0.00 | ||

-0.02

AR/R (%)

-0.04 |

-0.06 ' : ' ' ' : !

Time Delay (ps)

Kl 3.7 70 nm JEEEBELE S SR T 395 nm BRI I AT S G e B ) B3R Fr AR A4 T 2%

Fig. 3.7 Reflectance change of a 70-nm thick aluminum film at 395 nm excited by an 395-nm, 3.8-mJ/cm?

pump pulse as a function of time delay.
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4.1 IRERSEX

KI5 BT R RIRTE & 8- PR AL  — Fh s i, Honi ot 5 o7
LRG0T G BRI o F I G 8 ST K BT 0 A 5 ' 25 P o Al Uk
BUR /IS 1 b SR e R 5 B0 T 55 250G (U BOR R IR KSR (78], 1M 5 UMD kT 5
SRRSO, DRI S 280 A Dy — i 5t e 2 R 2R M ) D7 AT R A5 S I A I e
A1) FH 2 1175 5 G R BT R AR PR B AR P R R gk N S TR A 28 B RT, IO 2 B A A1
KIEBLE T FREER . T R AR AR S O R R R R R, HE RS
FTH BT R AN 18] (dephasing time, B T~ FEL 7 AH ELAF FH I AE 3 12 £ 8 45
1), b RE 45 BRIl FE R BRI 6 7 VR ) AR v U e B A R R, DA
AT 78 O H < B [40-43] . 2 FAR[45]. $hHhZE SR [99] S —4ERT K148, 100]55 A4 KM H1
Yo IR ] 8 SUNE AN SRR G A5 5 6 aa sl A i B K s, s (57
TR ) LR AR AR 2 Mol 2 e SR R) s, S PR SR L o 2 v SR B TR % 7 B vy
P PR P82 R B B A o RELL T O 2 WS AR RRE, o S ] — ARAE K D
BH, wRAEWRRKAELM GBI E, AL E WIP43], SOHRE A BT
GRS AR, — 5 TR B A S AL B SR, H IR A T A AR R
WA HEIEBILANTER: BT, X8 P GOt s B L AR E A

LAGY R

SBMUE EycHRER SRR ICER

AR AT TR FH 2R T 46 2 WG A 45 IR T A AR 2R 1 e A IS 30 T/ T 100
AP T RE DGR SRR . R AP RIS 8] 73 9% ) 2T - PRI BR800 nm (M5 5067
54 400 nm 1 800 nm AN A i (il Bk i e ] o 2 B E ARG 5 o KA (A [
i, TR T 24 eE (Full Width at Half Maximum) iy 70 fs (1) KR Zad 2,
I FR I TR) T 2 /T AR B B RAE. (115 fs) [101]. #E— DT KB CAD R R 1 For 458
Fsf TR E A EL AR FH O Fikad 58 FE A0 45 B oe MR AHI R g, B B4 H T REE 9K S5 T /]
B 1 B (K 5 A A A RIS [ o b Ab,  AR 2 o S I X A5 B Oe A6 S AR S B e 4 AF T I
JESERDT T AP AR B B LA .
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4.2 SEIRFH

Control

K41 YOG R, S E VRO T R R .

Fig. 4.1. Schematic of ultrafast control of SPPs; inset, scanning electron microscopy (SEM) image of the

grating.

72 A R T A5 B T I BT s B B B 4.1 BT, ARSI PR A — 85 50 4K E
AR A, ROV B . el RO 555 9K TRIE 223 90K INHES 26.7 1K,
HA 7 2% (Scanning Electron Microscope, SEM) & 4n1d 4.1 hid B fln. 925
I AME 5 RO KA 800 9K, F eI I FN G 2 a R T LAk f B B O
JeoE AR B E I E T, R N ORISR R R B 2.5 milem?; {5 50650
LLSPR A (L 4.3.1 018D Ik SPR A1 AR NS 2 i i L Bse g T 55 B8 e 1) 7= AR 0l
WHEIAm, (55 6REZEL 0.07 miem?. FEENHMERT BB/ NN 1 2K
F 60 oK, H NI R BTG 2R T 1 . RS, SR RDERE SO R,
PR IESES, & AR I 85

4.3 SR5HH
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4.3.1 REFEMTHERSHL

R THI 25 B8 WO (R OR 7 B30 — 2 AOARAT DU 46 AR . S8 2.1.3 /N5 R8s =340 1R
A, T (2100 Z5E ARSI PRI A RN K E A SPR MEIR(E A
25.5° SEIR vhE Ik P 5 A P 43 1R AS SRS S T A B SR AR B RS R A 1 S BE . A
Kl 4.2 s, X pfR#R. 40 fs. 800 nm AL, 7 R-0 i — 0.35 () /ME, HE
R /NT LB A AL S 26 T TR RE 2 F N I s IR e i) S S S Aok 0.82, LR 38
RAHEFTEAR A XS TAER AL, AR ZHL p ndl 10 1 i & 3R 11T 45 B Woe Hh itk
T3 BOGME S 2 i 28 s th— AR, TR HE Maxwell 77 R4 — & U A 264 R Y
AT s WA 5 BBUCAFAE, X5 s iR SO R UE AR5 [54]. HE
FJHIZE SPR fiikk, FHAERTA N p WARCHS AR Gk SPP rh, G J7 T R 32 3: 8 35%1
WISt R T . — 7 THIASEIG BT RO Bk i 55 AR 55, A 785 nm F1] 815 nm P K HH
FE SPR 25 4R 43 O B BT DGR R W, Tz & Hh e K R - eV R D

0.8
0.8
07 ot
@ p polarization
x o o s polarization
0.6 @
x “
.. @
05| L4
O
e}
LA
v
0.3 1 L 1 M 1 " 1 " 1 1 1 L |
0 10 20 30 40 50 B0
0 (degree)

Bl 4.2 pflk (L) AlsfmfR CEERED 1) 800 nm KR LA [F] M BN S BBl I b
B 2

Fig. 4.2 Reflectivity of p- (closed red circles) and s-polarized (open blue circles) 800 nm femtosecond

pulses from an aluminum-coated grating at different incident angles (R-6 curve).
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R ULHC AT M TCVE R G 1 SPP AR, WAl St 53— T Tl 24 SPP £ G Ml 2 T % 478 ) I fi¢
H—#B7r SPP HITOUMME FBRE AL B A D6 7 A EE AR 2% . BEseisdh SPR Ay
23.5°, SAHALULECZAF N M BEARE LU AT S [55], B 22 X P ] R Hh SRR L 51

4.3.2 NAREFEHTIEZMEBN IS B

HARBATOIIL 7 I 5 AR IR 800 nm 5 5 otAb T2 45 B TSR %A T B G
il XTI ZAT p IR HIERIECL, B ErIE5 R 7 W PAT T15 5 6 AR
RINAF S HOCTHIARIETT 17, D65 MG S R AR —NERHE A LR
RADGGE AT — AT 30 AP B AR, Nl 4.3 A0 4.4 P SRS TR IR SRR T
s iR 42 1] ' AOIOR S AR a1 R S 56 P K e TR A REML SR 21 B A R A . AREAR, IR
MG RE S I HDC AR IRATB AR, SR FERDEAME S OGRS [ 4 fg

1z2f )

S PR S, o R,

e 800 nm p-pump
4 800 nm s-pump
—— Smoothed curves

® 400 nm p-pump
a 400 nm s-pump
—— Smoothed curves

. N 1 1 1 n 1 1 1
-500 0 500 1000 1500 2000 -500 a 500 1000 1500 2000

Time Delay (fs) Time Delay (fs)

Kl 4.3 (a) FEHDGREEE EAE 1.0 mifem? T, 24 800 nm = HDGMIRFAT (LR siEH GG
W) 13RI S5 BT AL AT 7 X 800 nm 15 5 G B ER 11 JF 4% (b) 24 400 nm KA )
i P47 (A R) SEER GEOED TRImEEFETTER )T AN 800 nm {5 5t (R &
LI

Fig. 4.3 (a) Ultrafast degenerate control of 800-nm optical signals when the 800 nm pump beam is polarized
parallel (red closed circles) or perpendicular (blue open triangles) to the plasmon propagation direction at
a pump fluence of 1.0 mJ/cm?. (b) Ultrafast non-degenerate control of 800-nm optical signals by 400-nm
femtosecond pump pulses with the polarization direction parallel (red closed circles) or perpendicular (blue
open triangles) to the propagation direction of the plasmon. The smoothed curves in both figures serve to

nilide the pve
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Fig. 4.4 Picosecond component of optical modulation (800 nm) induced by 800-nm, p-polarized pump

beam at a pump fluence of 1.0 mJ/cm?.
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Fig. 4.5 Femtosecond optical control of 395-nm light by various-wavelength control light under 25 GW/cm?

on aluminum nanostripes. Inset, ultrafast control of UV light on aluminum nanostripes.
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Fig. 4.6 (a) Maximum of the femtosecond modulation as a function of the control intensity. (b)
Femtosecond modulations for the probe beam (800 nm) at SPR (red open circles) and non-SPR angles (blue

open diamonds) with a control intensity (800 nm) of 25 GW/cm2. The curves are fitted with Gaussian

functions.
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Fig. 4.7 Experimental (open blue circles) and theoretical (red curve) duration of the femtosecond

modulation as a function of the optical pulse width.
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Fig. 4.8 (a) Zero-order reflectance spectrum of p-polarized light incident at 23.5°. The smoothed curve of
the data serves to guide the eye. (b) SPP intensity in the time domain generated by an 800-nm femtosecond

optical pulse.
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Fig. 5.1 Converted values of the third order nonlinear susceptibility y(®) plotted against the duration of the
laser pulse from reported z-scan measurements [17]. The thick blue and thin red markers indicate that the

original values are negative and positive, respectively.
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Fig. 5.2 Calculated S, as a function of pulse width for a 100-nJ pulse energy, a 40-um beam diameter. The

shaded area indicates the range of conditions for which the experiments are performed. The behavior of the

peak electron temperature T, 4., as a function of pulse width is plotted with the red dashed line [118].
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Fig. 5.4 Ultrafast optical control of the 800-nm signal light as a function of the pump-probe time delay at
a control intensity (800 nm) of 37.5 GW/cm2 under various conditions: (1) both the control and signal light
are at the SPR conditions (black closed triangles); (2) the signal light is at the SPR condition and the control
light is not (blue closed circles); and (3) both the control and signal light are at the SPR conditions (red
open circles). (b)The femtosecond component of the optical modulation in three experiments; these curves

are fitted with Gaussian functions.

BE— DX LSS RSN S =S, RIDGBOL I il A1 1 55 B ot s iR 6 1 1 o
FEFEHDCHR ALy 37.5 GW/Icm?® I, SPP 15 FR1 G 1 ] KD e R A B A0 2t et 1 o) ¢ P2
7094 8. 7% 4.5%, X5 A SCHBOE S PLAERIIL 7 AT 2.3 5. IR R G 5 1%
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KA A 22 HAnBIAS [F 3G s LA 3 3. % SPP Mg s i il i) AP JOLRE, FEHDGH
R 5 SRy IR AR T A5 B WO A COR B3 58 7 AR 3R T — B AR 2R VAT S Fony I 3 20T I R
FEHEEm . HE 5.4 (b B3], POIREMBIETEREZ 75 fs, ME5 5 == R HEH
JAE SO EA R R M B EIRAT & WG R e, FEHDL A KR T S B T
T I S S B B S R 4 B R T A [119], (Rl SPP 34YH k. wiimi AR TR E0k
PR, SPP G RR G R AP IOS ARt An 3 32 BT8R R TN DG A 2 AR
L 2 = B RS SN AR 2R S 800 nm JEBL SPR AT I X MR AT 3 ke BN A
ST, X 5 ] 5.4 IS B C IR BIR L ¢ RARRT &[] BT SPP HE 58 G M
fil] oh AP G RE AT R R 2 R R A R L R AL AN ], L ST SR AN R R R A AL
WOA] TR KA SIS R N B R AR R TR B K, KO AP GO R SE ISRt
THBGEE

5.3.2 kPR RGIERINF 24

FH 2 T S5 B T IR AR Z PR vl 0, SR 1) R g, (10 08 35 189 58 Hhy 42 Rl e 0K 1
R A A WoT R R 5N . ARIESOCR AL Kerr 2N, {55625 i
SN B (AL S R R A R R s N [, 17]:

3
Ny = m(xG): (5.2)

2ngngEC

Hom ) Ja- 2 A R A A AL .t Ty SImGHMIFHX R,
A 2 THT 25 10 W TC 1 SR K VR 8 gy S Tm () B3 7 AR R 5 0. IR BRATT R0
IS Igpp IM(S)~ Mo S KRS PR IR B FOI SRR T ) AT NE), Ey» Eny FEm
B I5E LN 4.2 B, — MR S th 4 22 TR RA A5 A R 15 2 10k 2 M 2 i o
FEFGTIRAG, SR T 28 0 = SR ok 2 Ak Mo TR M /N[, e R %
JEERMPER o BLH P37 10 [88] K\ (2.25¢) , E, ME KRR LRA:

_ {E10c)®)m(Er0c?)m 2
EX - OclEole();C ~EI ’ (53)
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H A E) o FMEq 73 Al 2R 7 A 2R T 25 B IOt N A0 2R 1 1Y J= L 3 5 S N6 24 L7 58
(oo Y BN B JE R AR R T T 2T

AT 53 R 7 i R T S B T R B0t G s R 1 E, 0 EUE,  dEmmr 45 2] =
e MM A R S B R S S R B G sm R - . 2R — MO VAR R R & R -0 R T
Ab I RE B SFIESRAS o X TR BA M SR, 2R 5 B 0 R 8 3 1 5 IR 1 ] 3R 7R R [55,
120]:

;12
E, = 2|£m| cosOsprA
I el (o] -1)1/2

» (5.4)

Hh0gpp & emfl A SFRIARME R FAIRMA . A BFEI 0. B L&A
SPR %M F 4 @RI NSRRI R . fEART LI, XF 0Ky 800 nm XN
S, SPR ST FREIA HLH BRI R 500 A 23.5°, -63.6+i47.2 [121]F1 0.45 [108],
THESE FMEN 8.9, RE EIRAAE M IEZ M FIAA MR E, HTHEREHE
VG &5 O 22 AR /N et i 1 A A D 2 A v 1 s R i TE B [122] . Gl DRI )
9 A7 AT (5.3) AI1F R R = AR 2 AR A F R BB S AR SV A S AR f s s R
N 5.2 Fizs.

% 5.2 SABHIRIE T, BT MR SRS S 4 5] 1 X(SPP)A X(Light) %
T X AN MG, nay, or 2R, BT M9 IR T LA A 0 L RE o i 1 195

1
(E EX SR T Bl
E, I(SPP) / I(Light) 8.9
Ey | Im(xy@)(SPP) Im(x ) (Light) ~80
Npj n,;(SPP)/ n,;(Light) ~80
Em 2R (sPPY/ 2 (Light) -7
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55 A SR T SE B OT I 3 5 K 1K) 2 M COMSOL Multiphysics #11F3E47 4
EA, @il 5.5 frs. A8, RAETHTHA MR A, X2 ReEdi T,
B 7 ARBUR AN R 8 0 Ak, SN T E I BUE SR TR AE 6 B 12 AN . T HDE A
B GHRBEIT I KT AR M e RN, SR 3 AR R T n A R S o A i, B
PR RS IR AP AE R — 8. v 7o, KEEERMEH AN (65.4) FrEm
HARBETH RSB E5m N 5 D1 a] 13 =B AR 2RI G 2 AR A 3 R i S — B AR e 3
U ARARYIG 95 1 ~80 fiF, MEIG SR ERE T T XME SOCIHBIIR R 7 £5 5k

*4A

P 5.5 LA A I T 14 2 T 45 2 e Je) 0 1 o PR A 1

Fig. 5.5 Numerical simulation of the enhancement factor of the local field intensity on the saw-tooth grating.

5.3.3 FEINGILIE FEEBTHERETHTL

BT 47 5 AR T 0 4 3 2 4 S TE ) R b 4 5
TR AR SIE i, BRI Kb B (L 37.5 GWiem? — M
B < WIS ORGSR HOEE B TR TR RSO R TR 1 R P
HEAPRAE R R LB R IR T 0 5.6 (2) Fim. BEZRbDEEAE RSN,
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ST TG R R P B v T, AE R R ) R P 08 5 K B TE T P DG 5B A
BEARAAE, 4T 7-8 200, WiE 5.6 (b) fin. AFAMEEN RINE ER S HDGRE T
TUNBEAR, IXFTREZ BT BB R HDG B (0, BRSO 5 o B e R, 1t 53k
TAS 567 AR I R T 55 B UGB AH I TR AR A [89] A SPR LR U ) Ak 55 v [123] . SR IR 485
ST H A 8 By, 7 BH 2100 55 B9 00 5 G P 8 F1) R P 58 i 5 80 S 1 7 AR LN S
SRAE, XOKEKRIEREE T WO SRR BEE T AL

2101 ) = SPPcontrol
5 sl o Light control E
-E-“- L
5 6F E
-8 -
s ¢ ] E
E = o a
0 b 1 | 1 1
)
gL @ e
L L ]
w7+ 9 °
6+
L 1 L 1 | 1 L 1
0 10 20 30 40

Control Intensity (GW/cm?®)

K 5.6 (a) S octsnisiis CGEGTED MAEE0E MG CREREED 1 Aot 72 1
RIZEREEHDEmE IR AR (b)) RO R A SR s sa 8 T S5k &, B s
FE 5 6 KA 800 nm.

Fig. 5.6 (a) Control intensity dependence of the plasmon-enhanced and light-induced modulation depth for
the femtosecond component. (b) Enhancement factors of the modulation depth for the femtosecond
component as a function of control intensity. The wavelength of both the control and signal light are 800

nm.
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R T A 25 B T A A e VR ), TS 2 25 B Y 8 2 A e 1 A e
D7, RIS AL T HE T 5 B TR SR S 1 0 B R 0 (0 S A e 7o A fr 2 T 6
BT AR = I JE M AL SR B3R, AP R G R A R B A S T
5O fiF. S 244, A R GO T ) 1 R P T S A K 4 A L A ) S A T
e 30 SR IR S A (1) ek 48 0 R e — DR, 1T ELAST 1 4 R B B S B K
(= I A etk e 2 Ak 3 x ) [124, 1251, TCRD LI B U VR FEE 1 BB D T 5 NS4 o
P8 T % 5 AT S I B R B2 e R TR AS B U X g AR A
SRR TR IR T e AT, AKZFTE 75 fs (DR ] A B
Sl Y e 9 RN T, e P ) S A1) 2 0 25 B C B AR I W o Esh, AR
e 8 FE 5 40 2 P kK 85 R 25 5 05 10 4 TR AP etk V20 i B 7 o
FE St — AR 35

5.5 KABEING

ARSCNSERSTT TS B 1 R E] 75 fs. BRI 8.79%H) K AP A . G N
RS BT P A AR LA G A 9R AN, BRI SPP X < 2% D 2 Mo A e e AR U K
Hper AR R R, CEPGOG RS B H R AR b T 25 BT RN I i 5 13k
50 %o AW T H A BT Y SR K ' R ) e SE LRI IR B AR vl G E T 5 Bt R I )
FEEAD  KIEG AR T AR B DG B O TT R I — Mo it .
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6.1 ARER

FEE PR YR ) AT 1 Ay S IR e R A RO T A G G TR DR R 1 98 1A RO& 1R [20] . 3
ST IO SR R TR T IR T BT R R A e LA, B E S TR K
TWHL O TR 8RR e, AN [F) 0 18 ) 25 7 ZEAN R v K TARVE R [4]. a1
P VR o) T 2 9 ' G 1 B T A 10 Sl 0 s 27 i 7 R R S 2 AR RV R OR . — 7 T
NTIRE AR, SRA R SIR[45, 126]. 4R RI[113]. 4 JE[43, 1012 4R 1
THE ARG ST TR, B T2 B 4 S E T e B[R] RN TR BRI T A o A
Y EEI TR R —. BT, AEIREIRNES 2Rk R, SR
ﬁﬁ%%#%EMLMJﬂL&Mﬂﬂ@%%%%%wm\%iﬁ%%nmﬁo%ﬁﬁ@
S B AR K CHR SR T A i) WAL L AN, RIS Bl AT — S5 o 20 AR
2R BT FE[46, 48, 99], AR/ R EL Ak B S . 1K TSR R e il E F T R
ST ) B & R TE 5 AN BUE A TR SR AT RO R, LA IE & 5L/ S 5 I
AT LR () = E3FEIEINUE SR EE S, RMERE RSN ROLEE
LMERBN AR /NOT], XK ARG T HAE LM GTRTI T TR o EAM SR A1k B B
DI A 1) ST IR v 8 A MR B AN AE WAL AR ZO 6 F oo I — R T AT iR, WURA e
FHRA ROIEATAT B0 7515 AR SR 10 D S AR L M N i SR B SEF 1 B R AN T s

ERE FIA SPR RS \EMKFHRINK ERAIARL MM

AR B N FH R T S 1 AR IIR RN Y 58 G A AR ZR R M 59, SER 5 TR RSN AS S 4
AR AT A e, JFSEEL TR EBITRIE 2.2% o 2 TA] LA BORD (R PR R i
R 1R FEE AR BE 350 R T 5 T AR SRR NI 8 55 1 55 1%, M LE AR SE i AO LS s
&%@%m4%ﬁﬂﬁﬁ(5Wﬁ%W@ﬂwﬂ RN EE KRR R, BLEHIRE RS
Wood [ & HI# 3 HH 5[40, 129]. 8IS L 2H S 5 30 25 R S oy A s agbL ), AR
LI HEL )8 140 5 2 B AT 5 OIS AR A N ) BRI 9 TS e SRR P A AR R Y A
WO B By TR g P A IR Bl i R .
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6.2 SKERFH

6.2.1 HmblE

SEIG b I BORE AL B — MR 70 oK AR IR K TR i R — AN — R A A
RO AT IORE S . B, FIF 8PS 51485 x 107* Pa 2 NFF 70 9K (AR IE S T
HOMERA SR b, SRR AR - S S A A AR . R IR TP R RN R
T 1 E%B: (Atomic Force Microscope, AFM) 73 25.8nm, & 6.1 (a) o 1o N
TIRIEE (Electron Beam Lithography) 1454 Clo-BCls %5 & TR E TZI CREE TR
Z\|lt, Focused lon Beam) AR HIHI L — RAIGIAK KA, B TE 330 4K, = 70 4K
[]FE 100 942K, #OREIHDN 430 9K, BT N AR 70 g 28 10 K 2 Je ik B 144 kb 5 2R A
Gor GBI LG, % EMREESTHIHM E— 290K EmE b E. i
6.1 (b) B, B A JE BERIGAK St BT 30 00 il it and Ji -7 o Sl A B AN 1 F T S e U

45
Fo

K61 (a) FHAREK AFM KGR (o) @RESRGIRIDEE SRR ER. i mgek
Z B T R R .

Fig. 6.1 (a) AFM image of the flat aluminum film. (b) Schematic of ultrafast active control. Inset, a SEM
image of the nanostripes.
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6.2.2 SLIGRE

IS 18] 0 e B R 25 ' S S 3 GBS Rl WP ORI (aot) IR (590D FoR
LI, HrsRo b An gt s BT ERDEAE S0 CRED , SRR E W 3.3 Hitit. &K
RS DS S OEE0Y 395 nm [ WO, i ERE A REPIOEIBOR 4 X ik
BN 40 fs. HLEK 790 nm. EESUE N 1 kHz Kkt BBO d ks k. 2
JEBL 11N, A5 506 LURTH S5 8 LR N ARG oK 267 IF ARIRE A EEN S 201
M, XA SPR AMHE SPR A6 FF T IR ANG . 2t R & AR TS AR S
£ 1.0 ¥ 3.8 mlem?® Z [a] 424k, T{E 5 GRER T B ARFFAE 0.17 mdfem?. FEFRATHISLIG
BEAPEHDCRER T IS S 3G I 5 il 2 #0 eh = 2L B T 2ok, NI TR)RE SR AL 1
B B 1R (220 Hz) o PIHOBARE p Wdk BT IS B 260 7. Asid, {5
TR I FNIE S FR AR XS OB AR /RFAAT JTHRAC, IR 2 P i KU = .

0.80 0.20 0.80 0.20
(b) —Pp-Rp |

J0.16 —pP-T, {o1s
[ ]
® 0.60 2 o 060 2
3] T © T
= =S =
@ = © —
8 QA2 E 5 4012 €
o g ° 2
® s @ g
g 0.40 0.08 g g 0.40 J10.08 g
Q s 9 S
=t o 2 I
(0] o o o
N 004 N N 1004 3

0.20 0.20
1 1 1 000 1 1 L 1 i 0.00
0 10 20 30 40 0 10 20 30 40
Incident angle (degree) Incident angle (degree)

6.2 (a) 395 nm ) p ik (ZLOE R G E) A s fdfc (LD EsRae Mg tp 2k ) e ARl
FENS BVER AR T L ZE 2% St 2RI S Z2 i 2k (b) Fourier FE40L 245 21 1 B 45

Fig. 6.2 (a) Zero-order reflectance and transmittance of p- (red circles and blue squares) and s-polarized
(red solid line and blue dashed line) 395-nm light from plasmonic nanostripes at different incident angles
(R-6 curve). (b) Numerical results simulated by FMM.
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6.3 LWHERS I

6.3. 1 FHSSLIE

B A 3 PN ZRAE T Z S50 ] T A G A B3R A5 TR IR A . TR
BN B S5 T TG R 80 25 R - ST 7 2R A A B R BBURR [130], S ARG AR A
A SE-ER SIS LR SAAL RS SPR LRSI . W1k 6.2 (a) s, 4 p Wik, 395
nm SEEL SPR AIASSI,  HIL— AN gmaB 0, O B SR R ME . RIE SR R S KA
S ZHRINFL S SR BE (35 S FR T U B LM ) 0 3 T 45 8 741 T PR 45 2R [131-134] . 11
XHF s ARG ARG 5mIE S U, X2 H T ARYE Maxwell J5REAAEAE s i 2R T 55 B
TR ARSI AT A D4R ST SPR A0y 22°, HORH N TS A ge ST 33.5°, LEA

0.02
]
0.00 II

-0.02 |-

AR/R (%)
ARIR (%)

-0.04 |-

-0.06

_008 n 1 = 1 L 1 A 1 1L n 1 L 1 n 1 1 1 "
-5 ] 5 10 15 20 25 -5 0 5 10 15 20 25
Time delay (ps) Time delay (ps)

6.3 24395 nm (IS HDEAE R N 3.8 mdiem?iif, 395 nm 1556 LLIE SPR A CRIEAR) ()
MISPR A (RgiokKakits)  (b) AR HSE Aot il e R vl - BRI N [RI SE IR PR G 2R s a BRI 4
Ak SPR 25 T HEHIDGIHUR G JUAS BERD P 1) 22

Fig. 6.3 Ultrafast optical control of UV light as a function of time delay at a pump fluence of 3.8 mJ/cm?
when the 395-nm probe light was incident at (a) non-SPR (flat aluminum surface) and (b) SPR

(aluminum nanostripes) conditions; Inset to (a), the modulation in a few picoseconds after pump

excitation at the non-SPR condition.
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JE R PE T PR S L B R A FMM BUE UG 3 ) B EAR — 2 anid 6.2 (b)
B o

6. 3.2 BRIMIESHEBRIBH

FERR S5 1 7 MRS IR A AR A5 B TR SLIR SR A T A0SR PR ) 75t Y S AS [ ) i
Sz, AR AR A BT AR ZE A, W 6.3. AE AT, FATIE AT 2 a3 1 il
B KA TR T ) (B 22 58 SR B st (. 7E9E SPR&RAF T, w1l 6.3 (&) Bk,
UPEHDGREE R LN 3.8 milem? i, KL (8] % 55 0.5 ps ik E M (0.04%) , 47
ps JEREENIZA . SR, (£ SPR ZAFHAFMEHDEREEHEL N, AHIIR G KN 52

(@)

Reflectance

Time delay {ps)

Kl 6.4 HAMEAESTE SPR &M NI E (a) FUFESZ (b) S il fifi 252 i - PRI B 1) 2E 38 1) 5%
F: (O Al (b EhrEEr, Al S, EE=AngamE oaxRT 1.0, 2.0, 2.9
3.8 mJfem? HIHEHDGREEH L .

Fig. 6.4 Ultrafast optical modulation of UV light as a function of time delay for both (a) reflectance and (b)

transmittance at the SPR condition. The black squares, red closed circles, blue triangles and purple open

circles in (a) and (b) correspond to pump fluence of 1.0, 2.0, 2.9 and 3.8 mJ/cm?, respectively.
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R 2.2%, HJZAE SPR &4 R IAKIIAR ) 55 £ . [EIN BTSN Ry 18 2 ~6 ps, T [A]
59k SPR i AMHSE, WK 6.3 (b)

NT R SPR AT N EPOGR SIS, AU T — RIEHDCREEREE T
[ A8 S AR ARG S AR ) S5, BEI TRIEIR Rk RN 6.4 (a) 1 (b)) o FEHDGEURFE M
R, ST 28 5 25 ) 8] S2E 3R ok /I~ 11 375 5 S AR IS (0 18 m o 8 1) 58 P35 50 B 5 4 o D R R
FE B3I A 2R P B 3G K, X UGB T SRR ) 32 R th B R S iR R [1]. W TIE S A
HG I IR R KT RS RS2, 3.8 mifem? (IRE R R (AR/R) m M (AT /T) 53 1M
2.2%A1 3.0%, X W] FESE H T OGEUR BRI 51 A Y .

2R SPR 254 T R AMGAE SR GRS ARG R ] (0 I T o 7 SR ALL T < 3 i i
HA WOGME SRS RGN, 5 IR E[72]. AR 25 56 LR T4 &
FARSEARANIE, SGIREI B 0.5 ps EZ 2 6 ps, X 4T T4 & b i (14 i B
i R 7 K B2 27 SR B VAR Y (g PSS

6.3.3 BEHHNEREIESR

PRI Dy 40 3R T E 2 — I 220 S ik 28 Y S AR AR () B 7 08— I 2] v~ ik FEE Rt A% ik 52 1) £
AFAT, FIAT,, 5% 19[98]

OR OR
AR(t) = Ee 5 AT, + Ey 5 AT, (6.1)

FA10R /0T, MAR /0T, 73 73 75~ EL 7 Ul 52 Rt A% T 52 ) T5 8 2 T A S el B 5t 28 1, E AN,
JEOR [T, FOR/OT, HIM5R A+, fE9E SPR 2% FESET 1. IXH, 7E TR P
BT, (6) AT, (t) Bl s 1] g3 A m] B 5ot i XGR R (Modified Two-temperature Model)
w. K5tk [71, 72, 135]

Co 28 = KVT, — G(T, - T)) + Q(z,t), (6.22)
a
Gy % = G(Te - Tl)a (6.2b)

Qz,t) =Q(2) - T(t), (6.2¢)
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Fig. 6.5 Temporal evolution of (a) electron temperature and (b) lattice temperature on the surface of the

aluminum nanostripes (z=0) simulated by the modified
1.0, 2.0, 2.9 and 3.8 mJ/cm?.
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TGRSR L BRI RIS G K AL B 5 BB IR o AR — IRV UIR BERR R o, (BE
FREFA AR TR R, B IR R I D Bk R AR i (] Y R B, i
T S TR KT SRR . SEBr b, OBk EE /N T 100 fs B, $2HIGI RE RIS 72
—E RS TRV HE IR 7 BE ¥ £2 B I AL 1 [136, 137]. TEFEMHIDE RSN, ekt #0H 7r Be
BRI AR T, RN RS R B R TR I T A R A e
Fermi /3T {RsE, MGEJLE LN REEEE B - FEUNE RN IER B TR BT
H1[138, 139]. FARFAHL Tt BRI 1A] () B AR THRL 5 F8 Fermi V1A ) Landau #H1&[140], i
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6. 3. 4 GERFH LIRS TTRk
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T 1.0 mfem? (EEHDEAERD SO EFRAES #5370 2048 7 0.009% F1 0.008%:; 444K 5%
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Fig. 6.6 Pump-fluence-dependence of the buildup time of both reflectance (red circles) and transmittance
(blue squares) at the plasmonic resonance condition. The black triangles present theoretical values obtained
by TTM.
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Fig. 6.7 The temporal evolutions of the relative changes induced by the acoustic phonons in (a)

transmittance (blue squares) and (c) reflectance (red circles) with their corresponding Fourier transforms
(b) and (d) at the SPR condition.
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Fig. 6.8 Schematic of acoustic phonon propagation in aluminum nanostripes.
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