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Table 1.  Principles of modulating propagating sur-

face plasmons.
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Fig. 1. Modulation of propagating surface plasmons based
on interference: (a) Interferometric modulation of surface
plasmons in silver nanowire network??; (b) interferometric
modulation of surface plasmons in nanoslot waveguide net-
work in silver film®; (c) interferometric modulation of sur-

face plasmons in silver strip waveguides®.
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Fig. 2. All-optical modulation of propagating surface plasmons based on optical materials: (a) Modulating surface plasmons by CdSe

quantum dotsP; (b) modulating surface plasmons via stimulated emission of copropagating surface plasmons on a Er**-doped glass

substrateP”; (c) modulating surface plasmons based on nonlinear optical material®!; (d) modulating surface plasmons based on

photorefractive polymer film!*; (e) modulating surface plasmons by photochromic molecules!*s.

147302-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019) 147302

SHE S R HIR BE 210 10%. 2009 4E, Grandidier
25 1% R HBRALAT (PDS) S Mz i A B ot
TR T BB SR FE, (3R 1 45 BT ARG B 1Y
T 27%. T (Erdt), ek SRR
SRR H DL 2R A B OTH 2 AR, FEhIZ YEAE
FH T AL AT DA 46 1 28 1 45 2 oe ™= A= 3 25 /R
T S 30 XT3 TAT 25 125 e 3 J3E 179 R i) 939, 2011
4 Krasavin 4 B FE4B 2% Erdt 5 119 55 2 HOTHE
A5 R ST A% 9 3R T AR R OT Y R R A
(¥l 2(b)). 980 nm HHlIzZEHT 1550 nm F 5
[F] B RS AR 8 2% Evd 88 O BE IR SR B I R 1 1 4
HEL RIS R P AR 2 4 i s L T A 4 1) 2=
E%%/ﬁ)‘(ﬁ EI"H%%Y?E 4115/2> 4I13/2 Al 4111/2 =
ABELL, fhiz YTk i 2 110 45 B O Gl o e R T
W nT LAGE Ert s 5 L3S 1L 0 BRIE 2R &S
Ty j, 0I5 38 3L 55 T o BR B 5 &, B2
Ty70 ALy 0 PHASREGL L KL FBOK A2 SRS, 3X 5
A REYZ R BRAE 515 5 00l & 1 R T 45 2 0T
FLPR, WA T XHE S SO A 2 R S, A
TSI IR XF 2 T 46 5 e B ) e o

FFHAEZe M S22 At 1T S 30X 2% 1 45
BOCHERE RS, XA EHIAH T AL R
(TS R 2 Bl S G B AR A e A M. T
A AT S 2 0 AR A 2 X 2 T A B POT R AR AL A
T, 8 E T ATE S5 BT S 0 I E AR AR
A 18 1 i s (04 Bl R R R R A B B S5 AE
i -8 18 ¥ { (Mach-Zehnder interferometer,
MZI) — 9 b, ke S B 1f 45 B oT B 7K 1)
Pl 42, 2011 48, Lu 55 W 754 R A 25 20T T
SR MITE 5] A T HEL L2486 (Ag-BaO) 14
RERIRIEIRIE (B 2(c)), B BRI IE 17O
SRR B2 10 45 B o C IR A ) R SR
PRI Lz Esm i, v] DUEARZRMEM R 3 % &
A AR AT AR TR B T S AR 11 A5 B ST
JF 5 W 452 R i P A 1 3R T A B o IR IR
JE AR5 0, SR T AF B OSSR . 78
IR N 650 MW /cm?, P Kk 820 nm fyfhiz
SERITTR, DK 563 nm (955G & 1Y P T4
BBOTIOGI ATk 12 dB. 1T Ag-BaO #HEHAE
MM TE 210 fs AN, PR T R E Lt AR
(R IRI T 48 P SR e R R R R T e Tz TR
T s YR, M2 3] TR KRR .
AT AR G Wt & — 28] F T 3R 1 45 B O

Py AR LM G2 A RL, HAT B AL IR T & kA AR
61431, 2011 4, Chen % M 38 T —FpEETo0HT4E
RE WS BSOS (B 2(0). B4&T
AR (azobenzene) H R A YA F1E 15 78 A0 B -
AZ A IR i P KA 532 nm AY IS YRR H
Propf . YK AE 720900 nm i Fl Y AT 3R 8905 5
FEAERT I T3 — M Ay e e A I e 3% T 45 5 ST e
A H-H I B IR DT R A s T
]I HR M 2 AR 2R T 55 BT R B, JTF &
SN TG )2 T A BT U DGR 5 SR
1E 500 W /em?( iz S R, S5 5ot
FERTEk 20 dB L) b SRR 128 1 ms, 3%
T TR BB Wy PR ' P i iy 8 B (491,

BB 8 T ECT5 T T AT LAAE B FPAS [R] 19
T RIZ [ AR Ak, IF5 W SOR & S 560 DL A 5
AR 1T S RO (s 5 R RN
R BB (polymethyl methacrylate, PMMA) %5 5
HYIMENR S, AT DA L T45 B OoT i S a1
rh DL T X 3% T A S 30T Y IR R 8491 2008 4
Pala 55 4 Y A FDGBUE (23 F (spiropyran)
SEHL T R AE B HOTAERE RS (K 2(e)). 1R
¥ spiropyran {E-& 1 PMMA " JiE 4 76 3 EE 4 IS
FETH AR |, T PMMA JR A8 523 e 4 e 8k
AR BECR. 7E 6.0 mW /em? B SRMEHIDERE
BT, BB G TR R kAR, B R
ST SR HE R = A 0.035 A ARk, MU A i 4
633 nm MYPOGIEUA 1) 2R TH 45 B Ot AL R B 45
b, WHITEEE N 7% (6 dB), THE45 R FIIF G
SRR A 43— Aol 2% 11 4 B OT R B 0 R R B
] 99% (20 dB).

B 1 X 4 BT SR L B e A TR R Ak, )
FHOGAT 5 95 55 B OT I 7R B 19 A v pR e ]
DA S B0 2 T AF B IO A B 0y R L 2009 4
MacDonald 55 PV 75 4 JE SR 5E BHOTH 2 FSC T
P B WOTIEIE I CR K OIS (K] 3(a)).
WAy 780 nm ik i 200 fs HYMF SOLTEL
AL 385 Y BR RD SR AR 11 S T A 06 1 2 1 A S
OG5 — ARREE D rr) TR AE DB A R ik b 98 B2 )
FERDCRB R RN, TR R R H
BRITWISR S, R DGR s T 3O 5
RAEWUAR | DT R 2 1T 45 B8 SOT AR 7% = A= I
WHIREE NI 7.5%. 8 O HIDE R E St
() A SIS, A B3 A 0 o) 4 i i () 76D i %

147302-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019)

147302

(a) Control (pump) pulse
Objective

Polarization

Decoupled signal 200 fsj\t

Grating

Grating
cross-section

g

(b)

3 () 383 i 0 A vl BRI B 0T 6 T8 268 2 T 1 A AR ) 01, () 7 PO 2 0 8842 A DK B0 14 £ 8 52 BI04 T 45 1 T Y

3 )

Fig. 3. (a) Ultrafast optical modulation of surface plasmons by changing the dielectric function of aluminum®; (b) optical modula-

tion of surface plasmons by controlling the position of a nanoparticle through optical forcel®.
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o IO BRI B T S R R G A R
Yot R L, WA 4(a) Frs, IWIAHE SRR
THI A5 BMOCIUR S50 = A s i), S BOH R SR
KA, WHIRTEE B R 1:20. T4
P ROT 3K, IR B 3R BV 25 B i ) B TR, A
I ] ) ) 00 AE BRSO R K (thermo-
optic coefficient, TOC) f& G2 AR IT 5 2 bifi i B
PSR, SRy T 46 e A A o 0 S T R AT A4
Frs BB B, BR TR AR R 4 /NAb, ] DLk
PEEA T SHOCREIAEL AN TR AR 4
MR EBILAMA SR, TR I E IS
BOHAT TSR P20 SEEORF RS, B RS
A PMMA Fil 8 35 35 T %% (benzocyclobutene,
BCB) 7 EA M #OEREL (TOCs; = 1.86 x 1074 /K,
TOCpyma =—1.05x 1074 /K, TOCpcp = —2.5x 107° /K)
4 [ B 3 B A AR AT (kg = 148 W/(m'K),
kpmma = 0.2 W/(m'K), rpeg = 0.29 W/(m-K)), #
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FHAB 2% 4 2 K JBURE 14 5 5 0 19 BROL R 92 LAY 5o 288 250 45 9 980 I8 e o 194 2 TR 458 188 G 9 1 715 () 28 7l BEL o A4 ol 9 2R 45
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PGB T T R 2 T A5 B O I R O, (e) BE T A BEL IR ) B 2R G ) B S0 S 3 A R R e S v ) R T A R e A ) 4
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Fig. 4. Modulation of propagating surface plasmons based on thermo-optic effect: (a) Modulating surface plasmons based on thermo-
optic effect of dye-doped polymer filmP¥; (b) modulating surface plasmons on dielectric-loaded plasmonic waveguides based on
thermo-optic effect of gold nanoparticle-doped polymerP”; (c) modulating surface plasmons by thermo-optic effect of electrically
heated polymer surrounding gold stripe waveguides?; (d) modulating surface plasmons by thermo-optic effect of the electrically
heated polymer in dielectric-loaded plasmonic waveguides®!; (e) modulating surface plasmons by thermo-optic effect of electrically

heated polymer surrounding flexible silver stripe waveguides®/; (f) modulating surface plasmons on silver nanowires based on

thermo-optic effect of silver and glycerol(!.

FHIX R4 R AT LA S AR [R5 & DR T 454
PR R B 25 ARAS R A R S 28 AR b, T
SEEREE Ay R R I B OTIR]. 2012 4F, Weeber
85 07 R B A S 9K BRI 2R A kB (PMMA)
SEHLT A B OT O G PMMA JZ 4
Y K JURL Y Jry Bl T A B I O 3 4R TT DL R
PMMA JZ X% 0 WOCS0R I 5 S0 20 PR
P TG B R MEE RGBT & 9K R
() PMMA JZAE A 00 2880 25 B9 3ot I 3 A
FaJZ, IR T TP, GniEl 4(b) Fir
7. G AE PMMA JZ 0I5 8 St oo Hodfr
SFFAR, AT LASE M 2R T A5 B IEOT I P 43 S ARG 1L
2, TR P A S A5 5 R B B T AL DG
PASON PR A BHIELEE A1, 38 0T LA Bl e BE A8
TREE . FEREEDGE S A BOGIR R b, X R R R

7 VI R BRI S | ARSI  4J HUA o),
MRS B HOITI v, S HoT & R A5 IR T 3R
K BMOTAERRAN, R AT LU A RS S, il
BRI T A, I B SR Ol S S T
S RN DI A D o = -l N
2004 4, Nikolajsen % PUF|H BCB A& W0
RONIAE 1550 nmil K ST EE T 26 10 25 B oL 46
il BRI AR 4 I SRR ART L S R
SERHOTIRE, 0T LS AR FE SN R L5 S
IR Bh T S B BEL AR, DT i 5 1) 38R B 2R A T R
. AR B A5 R Tk MZT, WA 4(c)
JiR, AR 4 G Je 78 )2 BCB AR Z 0], 764
HLB AT i BCB 4T 5 38 & A= e, AT T il
TR B BOCHI AN, TR P AR i 2
SEWOUE S R TWIR R, 75 8 mW A
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I 0K B T 9 A AR S I OG EE
30 dB, M HRIZE 0.7 ms Z245. 2010 4F, Gosciniak
4 U FH PMMA RA YA B OGN AE MZI
(A1 4(d)) FEM IR IS S5 4 h Sl T ARG R 55
EMOCI G, 78 2 V BYIKZh AT 100 Hz /1974
il 451 % T 3 P AP g OF B O R B R T 20%.
2018 4F, Tang 55 04 F1| PR A IR 3R & WA B
ORI FEA PRAR I T v ST 2R 1 45 B POt S
R AEE R R G WAL ) A BE TR IRAR
W S L, AR F BRIk U RS AR B A
SFFR DT S 3 2 T 45 = BT i), anf&l 4(e)
ZER I . g %T 1550 nm il 26 1 25 B iOoT (s
SATLASEEL R A 28 dB MG, B TR e
TRYUERGYAE, ZE ] DA —E B EE 52
AL AR, WE 4(e) HEFTR.

R HOEBHE 55 B otk = 8 Bl A Tt
Ab, MTEWERE T %5 B ool S h & B A S o
RN TR BN A L eR S A0 0T 2% T A5 B O L 1
(Y5 105671 4 g 1 Ui B2 A8 Ak AT DL pl #AE-52  FLRH
I, R R A B BT RFERO ™ A AT
WOt R TR MR, &RPOERECH
TOCa, = (0.72—1.1i) x 103 /K. 2005 4, Lereu %!
TESLE RIS 1 26 45 B OT AR U S 80N 4
TSR AR AR X g — RN [ i B 9 2 1T 45 B 30T
BRI, YK 1550 nm, TN 1.4 W i
FEHDEI RSB RoT &R 450 LR, ik R
T 55 B UOT ™ A G e R R B B, JEXT ) —
WK N 442 nm W55 0 3R 45 B POtk
A BURZ R, DT A {5 5 D' %) o S5 5 JBE A A A
k. 2013 4F, Kaya 55 66 pF5% 15 A< T 40 L
(3R TH A5 B OTIE R 2 & B IR BRI 4. ol
WA 1530 nm AYAREAH TG T SR A i 4
RIALHE R A5 B0, MK 532 nm 44
TV 5 BE Dk p o BRI G B 1 1f, 2 i e B
FHL PRSI R & A AR A, Xt SR A 2 1 25 B 9
TG B 5 R R EE A3k 11.7%000. 43 @ iAot
RO AR AT LS A B i O ROV AR S 6, SEBLER T AF
B ORI A T RE 17681, 2019 4, Li 45 168 fEAR 40
KT A 48 A BT ) RO SE B T %)
M EHOTILRE IS (B 4()). RAPKL T
B AR BT _E BTN =R RS, PKCh 785 nm
(A5 5 R S 70 B A0 K 28— i A4 114 2 1T 4
BT, MUKl 532 nm 4 DGR E AR gk

2 AT, GIORGRTFE G W™ A A (R Bl i
BT, TSR AP — B 0 A H pR VRO A AR
T T 5 116 3R TR A5 BT I 0 R PR BE (i ok
25y — i th AR S O oR B R R B 5S . SEgR R
DIFN 30 mW iR BT 48 K2k 14 il 6 B S e
AR L E s, WHITREE ATk 25%. AF9T K IRAEA]
(7] DIy 28T 4 ] ' R S P 0 DK 2 iy S s ) ) o) TR 2
TR, 32 T BRI PR K Lo Sk 4 DG L T
YRR ARG R R A 2Ot HAGRRE S B )RR
QAL AE 7 A2 T 22 A DT S 350 R R B -
SIS INAR 2 A4 R G ] e B B 2428 5 s,

T HOGARE B 3T S 258 A b B 5 7 B A Ak
W FEE AR DG, DRI I3 10 A5 i 8 s e 5 P o S B
SRERULBEZ G I, AL, 4 i e R R 2 AR
XA S BIK BTy 5 M oy 0 B P R e 3 LA S g
B AE B OCIR . A AR E R T T &R
AHAS AT AR B[] P 58 Ui HES % A2, DA
AR O G2E R R 7RG U 22 07 T 1Y
Jop 6= i AR AR HR A FE R A PR
I LR A A AR A i SR B a0 A AR R B ]
ST AR B U0, TR 76 S0 St A g i
9 E ISR, JFBE T AR %) 2 RS e 1 R
2004 4F | Krasavin 55 72 3 1 7E 4 0l B A1) F 8¢
(Ga) [YAHAZ SR OG0 1Y) 2% 11 5 B WOT A% 45 ) 7]
il (Bl 5(a)). Ga AT DL i & 5O NOOm AR
DTEBUERZS, A T B R 1947 v R AR Ak
AR 1550 nm JEKAL, Ga FEPFPAH T 1Y
IR ERBCZ LT IR 7. BR B H pRER AR AT DA SE
PR L 80% 1A 45 5 P o R il IR B, I L 7 Fisf [1]
Al 35 2—4 ps, #S [ XFPAHAS BHRFAT LS 3
W A B HOT IR ATTRY T R0 38 TAH AR B4 R
B S B TR 2. —AAREL (VO,) A AR R
JE 68 °C, X P BHHAE AT IS 43 3 B 4 % AN
T B R XA [ (8RR 3 21 A M B A W i
A B i 22 5 73712016 4F, Jostmeier 45 ™ |
VO, MY PR SEIL T 4 R R T 45 B U OoT R
iil. & (Ge). %6 (Sb). i (Te) LN HI A S EHE 7
— ATz R ARAE A RL, FLR AR SRR IR
A5 AR 2 72 T L o A [ i B 1) ok o' T Aok 4
il 0L pl Bk o S i A 4 1) vk AT AR K42 7
PRI EE (R A8 SR, PRl K MR T T #4752
FRTEHATA. 2015 4F, Rude %5 79 | Ge,SbyTes
G MRTEN IR SE BT T E S T X HERE )
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Fig. 5. Modulation of propagating surface plasmons based on phase change materials: (a) Modulating surface plasmons by the phase

change of gallium!™; (b) modulating surface plasmons by the phase change of Ge,SbyTes™.

T F BT 5 A (& 5(b)). Rt
T TAEAE 1550 nm (A5 3K, AHAS b RHZ 55
TEA BBt TR By, @ P KR 975 nm )
Jok ot (Jbk w5 BE 3 300 ns) AT LAEH] GeyShyTes
MR A AL AR Ry SRS 7ETR K 23 mW 1)
Jik GRS T GeoShyTey Ak Az 728 I HAT5F
R 4.7 + 0.21 250 7 + 21, L% Y 2 0 45
BT AE A I A AL RS A5 5 o R IR i 5 E
31%, WE 5(b) 4B iR, HE—EmEosoZn]
PUH GeySbyTes A4 44 1 21 i 25, HAE 4 8 101 7
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— LTI B T 2, X
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(9 S A A L 7 B T AT 36 25 Bk /s 4% 1) 5
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0 £ 0.84 FE RASL. Ak ERLN 955 55 B
HAYCREL, m R B R R R B B F
KB Y AR R, P REAIR T X 2K Sl e 1)
BOR, ISR EA S HEOCRE BT — 2D
T X AR B OC I R A R R R . bR
B RHE— B B R RBURATRL, H g H
TEEEHoTEHR g 52789 2014 4, Melikyan 45 7]
TESCI0 TP SE LT 3 T AL R G Wb R 1 e Rk
JOF P e R A S ST AR O R 2 (18] 6(a)). XFVRE
YRl 55 4 4 AR A B IO I R
AR T2, B S PIIN A & SR A R s R e LA
SURE) T ERE R e A L, (AR T A A
J sz B A E T, OGRS 80 iR B 4T S el s
IR T 2 B ORI #E 0.1 V IBRShHL
FETR, iS4 AT LA 4 Jo Al I T v A5 40 1Y) 3R 10 45 5
Wotr=AE 0.01 9IRE AHA BCAE . K g A4 1) 7 il
Wi Ik 65 GHz, 7 LLTE 14801600 nm A 1K
JEREIN TAE. 2015 4%, Haffner 55 B Hil/E T 5421
JBE ) MZT R T 45 2o &l 48 (B 6(b)). %48
b ik e 5 3 A5 S TR o R ) S R —
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)

y ® Cr, 30 nm
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1 BaTiO3, 400 nm
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e, I = e AN T TR RIE THRIR &R
e, X R 2% 88 B ST ST IR IS 1 42 i Fl Rk
Pege rh LS 1 HLOGA B (DLD-164) LA #i, A
A P 2 P A 10 4 BT AR AR 22, JF o
L WAE TV 5 I5R T IR #5108 T Xk
KA 6 pm, JHICHLAT Ik 6 dB, 18 il 4 K 1] ik
70 GHz U . SEAFE R SEF AT WA Ak 2 T2k
LGRSO 1 S5 B OC IR 2%, SCBL T 2R S S
AT %6 A R 156 45 0 ST R i e 5789 Hrp 4y
AR A L 100 GHZESL,

FE T R OGN Y A5 B OT R ] 32 R
FHERELATRE WA RHE U RN AR, Xt
AR ) o3 SR AR AR Ak T ARSI E N &
RAEEAS | TR T 56 25 7 A 5 i i B 1
J5 WG AE B 3 i 909310 2011 4F, Smalley 45 P9 3%
T T AME S B ot TS (18 6(c)). &
AT A5 B UOC TR 5 AR TSR IR S R L T A% 4, TR
X AR AR R T S R 3R] DOk
R AE BT AERG A TR SRR ST LhE
L% RIS BT S S %O 5 Tk AT

G E

Signalpad . © Groundpad

I.\'_ an

T e 4
- Suspended bridge

kspp(V)

- i
e

i

g

Bl 6 2T LRI B R T B OT AR IR (a) 25T G MR A9 S 1 H DRS00 B9 2 T 45 TS R 1 1Y) (b) 2T DLD-
164 F 28 PR L OGN ) MZI R 3% 18] 45 25 ST 8 0 45 B0 (c) 46 T 105 B9 Z VR F DR300 1Y 38 181 45 e T R R Y (d) 46 T Bk iy

TR BB, FY) 2 T S 2 R R ) 2

Fig. 6. Modulation of propagating surface plasmons based on electro-optic effect: (a) Modulating surface plasmons based on the

Pockels electro-optic effect of polymer®; (b) plasmonic MZI modulator based on the Pockels electro-optic effect of DLD-164[);

(¢) modulating surface plasmons based on the Kerr effect of liquid crystal®l; (d) modulating surface plasmons based on the Kerr effect

of barium titanate film[®2,
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FAE. 2008 4, Dicken % 192 F| FHEKFRHI (BaTiOs)
(18 VR H B0 ST Sk T 45 i Y AL R 1 7
il AR AN T T 2 BA AR R ) pe sk, Bk
B R P Y 2R T A B OT T AT B AR IR AT O
I T B P AL R T AE o — S B A 5 i Dt R A
T, NI G55 1R (1] 6(d)). it
ANTa] [B] B A B4R 1375 SOGAE 5 1 i B AR A 5 il
A0 I T A R R R R T AT, (T AR RS
Ivi] FL 3758 T R YA JBOR %476 1) 2% 1T 45 BT I
AROLE IR R, Y AE RO B BRI 30 V
BF, A BUfE S L ACEAT TR Iy ) s
A2 0.03 TS 322, XHE K 688 nm MEFHEE
SHITRTIIREE 290 15%.

Xtk M L) (indium tin oxide, ITO)
SR PRI, YA R AR 2K
DT 5 -2 s A L A NI 115 20 = 7
2009 4F, Dionne 55 P9 18 T —Fh 3L T 4 JR -E AL
Y-k (metal-oxide-silicon, MOS) 454 145 B I40T
YA s 7% (B 7(a)). FEXFHZRN SRS 25

b R JEAR I o e Rk - AL RE S BN, 54
BT G055 A3 K Flscss, A0 ef A B 00 ) 4R
RN TE A )2 b i S-S540 rp [l i AR 5
BIHOTE R AR, IR ST AL 38T
T R TR G O R AE TV, X 2t
T, a2 R TR R A AR S BOL
SR, AR B R L. PR
WS ) UE S R TEE ATk 4.56 dB, B
AR T 100 kHz, BTS2 35 = 40 0 45 B ot
PRI #E. 2013 4F, Zhu % 09 57 T T4 - —E 1k
T - — AR P T ) 25 4 1) A 47 2 T 45 B SO AR Ao
W (E 7(b)). g R X MZI A — 45 it
HL RS R T RN 2 AR TR B, i AT R R
O AT S B A 48 14 2 T 46 15 98 ) AR A7 1A
il 76 1 pm B TAEXIEM 6 V IR E T, 24
PRI A 5100 10 kHz F1 10 MHz i, 5 (5
SHMEOE M 9 dB I 2.4 dB. HaEA I,
ITO 4 HL RESZ 20 1k B A8k 11 52 e B8 Sy B
& 1961 AT AT DA T35 5 Ay A0 A5 B ST A
iy, 2012 4F, Sorger % 7 YESE BT MOS %

Buried SiO,

Fo7 o ST HOE TR R M R ROTTR R AR (a) 7E MOS 54 i il il 28 Ui 7 ¥ 18 S LA B SOT IR 2% 9 (b) TR 8 Jm -4 -
T - - R R P R ) 2 AL T AR P S B A T IR 8 1 () A IR TTO 8 U VR 2 9 B 45 g e 1R o o O07)

Fig. 7. Plasmonic modulators based on the control of carrier concentration: (a) Plasmonic modulator based on MOS structure by

tuning the carrier concentration in Si®); (b) plasmonic modulator based on metal-insulator-silicon-insulator-metal structure by tun-

ing the carrier concentration in the Si corel; (c) plasmonic modulator based on tuning the carrier concentration in ITOF7.
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Sk TR R LA SR ITOJ2 MR T 1k )i, 5
BT BT R AF BT DOGIE SR (18] 7(c)). dn
Bl 7(c) ZEEI PR, B RS T — a2 KE (5 pm
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Fig. 8. Modulation of propagating surface plasmons by tuning the carrier concentration of graphene: (a) Modulating surface plas-

mons on silver nanowire by tuning the carrier concentration of graphenel®l; (b) modulating the wedge plasmon mode of gold wave-

guide by tuning the carrier concentration of graphenel”); (c) modulating surface plasmons on gold slot waveguide by tuning the

carrier concentration of graphenel!0l,
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Fig. 9. Modulating the phase of surface plasmons in a MIM structure by nanoelectromechanical control of the gap between two metal

layers!104,
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Table 2. The experimental performance analysis of propagating surface plasmon modulators.
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633 10 — [26]
633 12.6 — [27]
633 6 10s 48]
633 9.5 — [30]
o kil
720—900 =20 1 ms [44]
780 0.31 200 fs [50]
830 24 — [29]
1426 ~0.46 25 MHz [34]
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785 1.2 Tt4.6 ps, FFE6.5 ps [68]
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633 14 2s [103]
659 3 — [99]
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780 — 1 MHz [104]
12002200 20 — [97]
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R 1500 0.36 — [100]
1500—1600 15 70 CHz 87]
15081516 0.64 FTH.3s, Tl s [84]
15201620 6 70 CHz [86]
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1550 4.6 100 kHz [94]
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SPECIAL TOPIC—Plasmon-enhanced light-matter interactions
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Abstract

The diffraction limit of light greatly limits the development of conventional optical devices, which are
difficult to be miniaturized and integrated with high density. Surface plasmons, electromagnetic modes at the
metal-dielectric interface, can concentrate light into deep subwavelength dimensions, enabling the manipulation
of light at the nanometer scale. Surface plasmons can be used as information carrier to transmit and process
optical signals beyond the diffraction limit. Therefore, nanodevices based on surface plasmons have received
much attention. By modulating surface plasmons, the modulation of optical signals at nanoscale can be realized,
which is important for the development of on-chip integrated nanophotonic circuits and optical information
technology. In this article, we review the modulations of propagating surface plasmons and their applications in
nano-optical modulators. The wave vector of propagating surface plasmons is very sensitive to the dielectric
function of the metal and the environment. By tuning the dielectric function of the metal and/or the
surrounding medium, both the real and imaginary part of the wave vector of surface plasmons can be modified,
leading to the modulation of the phase and propagation length of surface plasmons and thereby modulating the
intensity of optical signals. We first introduce the basic principles of different types of modulations, including
all-optical modulation, thermal modulation, electrical modulation, and magnetic modulation. The all-optical
modulation can be achieved by modulating the polarization and phase of input light, pumping optical materials,
changing the dielectric function of metal by control light, and manipulating a nanoparticle by optical force to
modulate the scattering of surface plasmons. The modulation based on thermal effect depends on thermo-optic
materials and phase-change materials, and the temperature change can be triggered by photothermal effect or
electrical heating. For electrically controlled modulation, Pockels electro-optic effect and Kerr electro-optic
effect can be employed. Electrical modulation can also be realized by controlling the carrier concentration of
semiconductors or graphene, using electrochromatic materials, and nanoelectromechanical control of the
waveguide. The modulation of surface plasmons by magnetic field relies on magneto-optic materials. We review
recent research progresses of modulating propagating surface plasmons by these methods, and analyze the
performances of different types of plasmonic modulators, including operation wavelength, modulation depth or
extinction ratio, response time or modulation frequency, and insertion loss. Finally, a brief conclusion and

outlook is presented.

Keywords: surface plasmons, nano-optical modulators, plasmonic waveguides
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