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

147801

T :

SRR EYMRBEER

RESEHT HAWATRRER
i 43 S

LRt EFFF K

=R b E HEM

(BLITIE AR, U B S A R 0 PG, LT 361005)

(2019 4E 3 A 5 HYH; 2019 4E 4 A 2 HUEIB M)

<52 J A0 DK 2 A v o SR T A OO S O S R B A R A R R 2 L v R RS B SR W
T 2 W) B AR A AR SCERIR T BATE T L T AR R 1 A B OC IR DL Ok L e IR | T g R S A
TGS b i N 55 O TR R RN AL 1) A A BR 2540k, AT T B R AR & o
SPR AR 7 A8 1 BRATL A B R i [N 3%, P 1 B SRS 2T SR I A A T 4 A % <R B R Y
SO E; 2) MUADRL - AR R, SCBL T AT DL R A1) 3 11 A5 B SOCRE LR, OF A RO Ui <P AT T

I 9 L2 I S E, AAT T LL A AR U s B L

IR 3) T A SPR“HA R S R UGB Y S

ANBLIE AT, 8 IS T 28 8] 20 BERGRE] 1 nm 1945 B 0T 58 — UGB BANR I 4) g T EHRIG IR BT 2
T B AT IR R DR R rp 0 s (8] 2 B A | RE 18] e S 25 O o M (] T ) it o D5 58 AR S AF SR Ay S T
SPR“BA i B TR OR Stk — 20 O S R T 3G B i & | BT QISR & | R4 B IOTHE IR T UG R A K R

BECRE , g s 1] 23 B 4 10 S T I3 7 T TA AR AR ) JE i

REIA: RMAFREHOCIR, RIERAE, FHII5RR S

PACS: 78.68.+m, 73.20.Mf, 78.30.—j, 42.65.Ky

1 5 =

R AF B HOT R 4 8- A B A s
KEEHI TR A PRSNGSR
7 T W A 6 T o 2 R 0 1Y), SR S5 o &
A HE JRy B 2R T A5 B B0 (localized surface
plasmons, LSPs) FAUEHERIAISEENHUT (propagating
surface plasmons, PSPs) P 1. SPR, 7] # K M 3
S 4 T R 1Y RO, TR e AR A RN
KGRz B . SPR AR YT 150
RE 1 SO GRSl BR A 25 [R] o3 A e i, iR B 78

, B BIHOCHY 58 — UG I
DOI: 10.7498/aps.68.20190305

HESROGIG P-4 | S5 o TiR RS PO R 1
T AR B R DO DL oK RE IR 12191 2
JURAT A T o] B FH i

H 2R T A5 B OT R B B B (hot
spots, $8& BA KR i 71 se i (0 &) 78 Fik
IO AT A ¥ 2% I i E AR . 418 (Science )
i RIS s, AT R IR LY 0.8% By “H R
DX daf B AT 2 IR i 70% A 3R TH 3 5 P 2O ik
(surface enhanced Raman spectroscopy, SERS)
55 M. 1999 45, Xu 45 091 1 3 I FH g AR
T R S B IOTHE G ROV T U <R S
T H53 SERS, JFE T SPR“H R BFSE B .
WIFRFNTE 2R, TESt R R AR T BRI

*EFEE KRB EE S G S 21673192, 91850119, 11474239) F [H K & 4 0 & i kI (Ht #E 5 2016 YFA0200601,

2017YFA0204902) ¥ BI04
# SRS
+ EfEVEE . E-mail: zlyang@xmu.edu.cn
©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

147801-1


http://doi.org/10.7498/aps.68.20190305
mailto:zlyang@xmu.edu.cn
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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 68, No. 14 (2019) 147801

B RARG R D BOR R (R A5 B OTRE & 8500
SEARAT R PG i S B DG D017 b it
ft) SERS #58 7] {535 1010—101218.190 53 & HL
+ SERS WA TS 5. 4B R4
A B AT T O R R S B R, (R R AR T
P 3 R B T SR T A B2 TR) AR E
T g BB SERS BFSE. 8 T SR I
1953 F W B L Bcam] | Al it % BHIF LI
KRR I 5k A O - FE K BT Y SPRAK R .
2010 4F, Li &5 20 5 U th I 5¢ /= B e 20 K 14
SEPLE IS (shell-isolated nano-particle-enhanced
Raman spectroscopy, SHINERS) ik SERS FEJ5E
)30 FH A R A P A AP N O3 SR FH B it T i
Pl E W R 5T )2 R KRR LIS, F)
JFH S A~ F B T (DT A K PR, i i
T ARG R G R b SO b R T R
MR, SHINERS JL-T-RE7E AT A 50 i 2 17 1 9 47
255 PO g P 1l 5 F7 2 563 (tip enhanced
Raman spectroscopy, TERS) & 5 8 ¥ &y 11 _I 77
TR ) —E T B P21 2013 4F, Dong 5%
2 BAE e B AR AT, A
TERS 7E [H bR b & R T 99K 53 PR B0+
Bif%, B TERS %5 [0) 43 #R #2538 0.5 nm. J14F
Xk, EBICKR -4 B TERS (KR rh iy A 1H
SPR “I A7 5l T A58 N DL A AR R DG 3 1924290
FFRE Iz TR IR AL St PO et 520,
AR B33 LR S A AR B A5 1.
HTA A EEE RN SL B0 25 3R I, FE b -4 Jm
JEEAAR ZR <RGN {LRE H B AR R -4 S i 2 [] ],
SR, 4B BLIE B BR AR N S BOHL g
PRHER) PG EE T AR, b TR RO — R
B, WFE N DU B AR BIUE EE R R T 2 R4 8
JEEAA R AL B -4 IR RO [R], ARG AR
TZRIE-BRBEER D, P AMUSTER -4
JEREIAIE B, 1 HARL 27 A TR -] X —
g o3, FEGE I RAE TS, WA T4
JE BT 3 ] BE SRR B RS- [ 36571,
HRL R[] <R B IE A R pL 2 (5 5, &
XoF 1 B0 7 B it T 53 PRSI 36 T DRI, 52
B IT SPR P B AT U 2L
TERRIE B R 2% I B, WEALIRTE B AL R L
L AT A R UG R S e R T
[ I FH I 3¢ B3840 FE ] DLSGIX A 3R 145 B
JCH HARAR A BIF5T B ZAH T oA, (H 36T 25 B

TCRESEHR A RIFTE RN FH v H A UL it PR 2 B
13735 Wy Jo 18] R R VR T I oz 55 T . 3% 5 W o )
MRS VR L S R E o R B, A Hh 5
SEBWOTAUK Y, P HEEALRL B i IS S
i, AT AR LA BT WG IX 75§07 A NI 25 S
WOoTHE AR B0 B AR AT TR 5 Y HL 3%
HESRFNEAE IR B, TR HA BRI R 5 10,
H T BRI IG SRAE T, A TAE SR A
S BT RIS 27 A 1 <R R 23 il BEAE A R T
HESROCTEIR. SR, AR, AR A 1Y
PR HET TR SRS 1Y TARSEA GE. YT, &8
AR SRS & NSy e L RN P 1
TS X R ) 25 48 147). AR i Se g rh ) gk
FRIEER KT 5 nm B, BERIARXT T AL
R LRI WL R, FEeAR Bk T
BTG BN (< 5 nm) L5, JF
F H I TR GIE BT 2 T A B

ARSCLURL - JE AR R PSR B, 255 ik
T RATIWFFE A T SEAEAE FUTH SPR “HR 7 1Y Al 42533
R Ry O A U AR DG AT 5T R 1,
BB AA FR 2247 (finite-difference time-domain,
FDTD) £ PR JC (finite element method, FEM)
SERUERUIT 2, AT 7B SE 2 R 4 9 K kLT
A BEA F B I I 700 e BT 181, X 22k
AR Z R A BT P SR IR A STER AT T
30T I RIS A RO PG, ST R R
AR R LSRG B[R] ] g 1020
FFH IR 7 A 2R, SEBL T St B i) 2 1 45
BIROTHEIR, JFXF ™ AR A <R AT S 1 i g
JIHAT T 430 P HAR, A3l s g 8ol 0051
AU B2 Sy, % S SPR ‘A Y I 74
SRAE I HEAT T RS AR, )R, i R
FURIA R, BESE T IR BE RN R Y SR P E O B
RO HEAR 500 031, FEXEF RIS s hr & A
TSRS I e LA S ) R SRR A T 53 A 1949),
DA ik — 254 v S SR G 1 B A ARG R AR A
ELE I ES

2 W SPR“HA 7 H T BA

21 FEHTERXNHRRHE
P ) 22 TR - G R 2 o AR Y

frE B RS E AR B WTFE TAE 19,

TR AIRTT 1) BN S 2 — A 5 ] B i

147801-2


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)

147801

IR, KT, TEGIKRL T R MR- G B IBEAA R v,
R IR ) S S R 4 R -5 R ] 22 U BT AR
HEAR R Il FAARR B 2 0 A S5 i O 1o )
e, Pk, FATH A FDTD $fEsil i, &

TEFASRLT (Au@SiO,)-4 AR R rp, 24 A S
S TT 2 T A, AR RTT 8T T 4 A
i, FEBU IS LT = A SPR U, 4 B T
535, 633 A1 570 nm, WNE 1(a) LB Ars, B4
A3 SIS T 4 BREN KR ey b 2 1 2 B SO

FHERL TG AN 2 R IR AR 2R, ERIE B orpr
TIZZEMF T A SPR“H T BRI | 3 A K]
AT I B 15491,

A LT 5 B (R S A U BB SR 1
NHCEL, KAt 80 nm HIRR B BRI KL - B BAR £

>
(=) é 1.0 570;‘_”"‘ —=— NP without SiO; shell (b) g 10] II: 645 nm
£ 08 !‘\‘}a —a— NP with 1 nm SiO; shell %_j 08
-g 0.6 i g 0.6
8 =
§0.4‘ g § 04 11l: 580 nm I: 850 nm
o2 % 02
£ o T g
2 200 500 600 700 800 900 S 400 500 600 700 800 900 1000

Wavelength/nm Wavelength/nm

Bl1 R4 R R 0 U SO S i (a) ZE4 08 ELARN 80 nm (9 SRS G4 KR B B 6% (14T) K AE 633 nm
1570 nm R K T ARSI K w4 R B (A7) (b) Au@SiO, 7 )2 WA 48 99 K BT — 5 K- 4 A R 9 T B AL H0L
1 (1A7) K Au@SiO, 7¢ J2 W 26 40 K AL 7 — 2R IR -4 B R A R oy, B 3% o DU > SPR W X 7 1z B TRD 4 HL 3 43 A P (R A7),
(c) 7 530 nm M 633 nm A IE T, L RIKFILRKAE 22 F 16 19 SERS 3 5 3 7 19 (d) Au@SiO, SHIN £ J -4 I3 58 45 1 < #
FUTEARA T B 23 )55 8%, A SO0 R 1492 SHIN-SHIN [ B o () 35 5 FLRE S B 5 a5, B ORIy 1Y S SHIN 5 4 3% 1 ) 3 5 R
T 37 48 7 149

Fig. 1. Scattering spectra and near-field profiles of nanoparticles -film system. (a) Scattering spectra of a single nanoparticle with
D = 80 nm on the gold film (top row). Electric fields and vector distributions of steady state correspond to cross-sectional views un-
der 633 nm and 570 nm excitations (bottom row)[l. (b) Calculated scattering spectra for the Au@SiO, SHIN dimer-film coupling
system (top row). Images of the near-field distribution of the electric field at the zzplane under different excitation wavelengths cor-
responding to four scattering peaks in scattering spectra for the Au@SiO, SHIN dimer-film coupling system (bottom row)!.
(c) Calculated SERS enhancement distributions at the zzplane under excitation wavelengths of 530 nm and 633 nm in heptamer
and nonamer aggregates, respectively*. (d) Schematic illustrations of typical Au@SiO, SHIN aggregates over a gold film. Spatial
transfers of hot spots under different excitation wavelengths. Point A corresponds to the maximum electric field enhancement point
in SHIN-SHIN gap (A4 region), and point B corresponds to the maximum electric field enhancement point on the gold film surface in
SHIN-film junction (B region)!*.
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Fig. 2. The near and far field properties of PIMR model®: (a) Schematic illustrations of the studied model and the principle of

plasmon-induced magnetic resonance; (b) scattering and absorption spectra for 1 nm and 10 nm dielectric spacer of a nanosphere

with 200 nm diameter on the gold film; (c) displacement vector filling electric-field distributions (top row) and magnetic-field (bot-

tom row) distributions; (d) the scattering spectrum (black curve) and the average electric-field enhancement spectrum at the

nanogap (red curve) for the nanosphere-film system with 200 nm diameter and 1 nm dielectric spacer.
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5 3 SERS Kl 5500 (a) TP 43+ M 7E 4 94 K JBURL 55 4 ISR BR rfr ) BDT 43— W B 6 44 K S0 [R] B ey 5 5 41 (i 2% 4y
B i % 6 532 nm F1 633 nm; (b) TP F1 BDT W 7EA F B9ALE , HAb [ (a)
Fig. 3. Scheme for SERS detection/”. (a) Scheme for SERS detection with thiophenol (TP) molecules adsorbed in the gap between

gold nanoparticles and the gold film and benzenedithiol (BDT) molecules adsorbed in the gap between nanoparticles. The green and

red spectra were obtained with 532 and 633 nm excitation, respectively. (b) Similar to (a) with TP and BDT adsorbed at different

locations.
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Fig. 4. Scattering spectra and Raman spectra of nanosphere-gold film systems®!l. (a) SEM images for sphere-film systems with D =
160 (i), 180 (ii), 210 (iii), 240 (iv), and 250 nm (v) on the Au (111) single-crystal flat surface. Dark-field scattering spectra of single
particle on the Au (111) single-crystal flat surface with i, black; ii, red; iii, blue; iv, green; and v, red-brown. (b) The plot of theoretical

peak (black line) and dip (blue line) positions, experimental peak (red dots), and dip positions (pink dots). (¢) Raman signals of

MBA adsorbed on the Au (111) single-crystal flat surface of the single nanosphere-gold film systems.
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Fig. 5. Comparisons between PESHG nanoruler and linear PNRP?: (a) Schematic illustration of PESHG nanoruler; (b) DFSS cor-
responding to SHINs (D = 55 nm) with different thicknesses of the silica shell laid on the smooth Au surface: g = 0 (black curve), 1

2 (blue curve), 4 (cyan curve), and 6 nm (yellow curve); (c) linear PNR versus g; (d) PESHG nanoruler versus g.
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Fig. 6. Calculation model of the STM-TERS configuration): Schematics of electric field (a) and electric field gradient (b) intensity
distribution; (c) the horizontal electric field and (d) horizontal electric field gradient distribution of the plane between the tip and

substrate; (e) the ratio of (c¢) over (d); (f) - (h) dependence of Raman-active modes, infrared (IR)-active modes, and the ratio of

electric field to its gradient on the lateral displacement.
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Fig. 7. Study of in-situ measurements of TERS and TEFP: (a) The schematic of in-situ measurements of TERS and TEF; (b) de-
pendence of TERS and TEF enhancement factor on tip-film distance; (c) dependence of TERS and TEF enhancement factor on

wavelength at tip-film distances of d = 2 nm.
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Fig. 8. Physical mechanism of the surface plasmon-coupled emission of TESPY: (a) The schematic of the synergistic effect of the

LSPs and PSPs for the surface plasmon-coupled emission of TES; (b) the angle-resolved emission patterns of the TES; (c)—(e) the

corresponding far-field scattering spatial distributions for the film, tip and tip-film configurations.
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SPECIAL TOPIC—Plasmon-enhanced light-matter interactions

Surface plasmon resonance “hot spots” and near-field
enhanced spectroscopy at interfaces”

Feng Shi-Liang# Wang Jing-Yu# Chen Shu  Meng Ling-Yan
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(Department of Physics, Collaborative Innovation Center for Optoelectronic Semiconductors and Efficient Devices,

Xiamen University, Xiamen 361005, China)
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Abstract

Optical excitations and mutual couplings of surface plasmons with specific modes in metal nanostructures
are the physical basis for developing the high spatial resolution, high sensitivity, and high precision
spectroscopy. Here, we systematically review latest advances in optical excitations, classifications and
identifications of surface plasmon resonance modes and their typical applications in several typical interfaces.
We discuss several aspects below. First, the intrinsic mechanism of creating “hot spots” in metal particle-film
systems is elucidated by the finite-difference time-domain numerical method. Spatial transfers and influence
factors of the “hot spots” under plasmon-induced electric- resonance and plasmon-induced magnetic-resonance
conditions are discussed. Second, the plasmon-induced magnetic-resonance in the visible-light region is
successfully realized in a gold nanoparticle-film system. Meanwhile, experimental results of surface-enhanced
Raman spectroscopy show that the “hot spots” in the magnetic-resonance mode can output Raman scattering
with a much higher enhancement factor than that in the conventional electric-resonance mode. Third, we design
nonlinear nanorulers that can reach approximately 1-nm resolution by utilizing the mechanism of plasmon-
enhanced second-harmonic generation (PESHG). Through introducing Au@SiO, (core@shell) shell isolated
nanoparticles, we strive to maneuver electric-field-related gap modes such that a reliable relationship between
PESHG responses and gap sizes, represented by “PESHG nanoruler equation” , can be obtained. Fourth, a
critical and general solution is proposed to quantitatively describe the spatial resolution and directional emission
in tip-enhanced Raman spectroscopy and tip-enhanced fluorescence. These results may help enhance our
understanding of the intrinsic physical mechanism of the surface plasmon resonance, and offer opportunities for
potential applications in surface-enhanced Raman spectroscopy, tip-enhanced Raman spectroscopy, second

harmonic generation, and other plasmon-enhanced spectroscopy.

Keywords: surface plasmon resonance, surface-enhanced Raman spectroscopy, tip-enhanced Raman

spectroscopy, plasmon-enhanced second harmonic generation
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