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SR RS AREOR (SIM) PRI 3 9 83 RO RRAR B 4, FE2E B 2 AR WU R T AN aT Al
RN S5 EIETE AAR B AR S B 25 P I T K R T 55 B OT 2 UM S &, T BLEEAME B AR 2R k2K
BLE LT, #5598 SIM 1170 3 I 2 15 T AT AR AR $E T 21 3—A4 1, BEAMEA I T 570G 5 L 3R TH 5
EERIRE J1, FEIT 3 ) A D8 2 R S vh oA . A SO T 3R 5 B8 SOT 45 4 16 R B U AR Bk

(FIJEE, I RS T UL LA A S A B TU Rt .

KUIA: SHDCHEN, B PR, RS E T

PACS: 87.64.M-, 65.40.gp, 73.30.4y
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F 5 AR AR BN 5 R R B OR L HE B
T AT A A LR W 7 50 . SR, BT
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ning near-field optical microscope, SNOM), %%
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(evanescent wave) Rl =i Sl {5 & e e i AT LAAE S 1)
R AL HE S, RIS & 7 B o e, 09k
A 2050 nm =0, 53 4N BT (superlens) &
BT YK 4 S I 45 44 () — Pl UG BAR (1) wp
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I, 2R EHRFE (STED) 3] SR 58t 7 1
AR ZRME RS, I — OB E RO OGO 9,
FH 575 — SR 3 A T il 1 23 A T S DR R 3
B —HOGBUR I, RAN dr Ak /N5 R,
AN A5 21 5 B0 s Bk B B R A% 43 7%
H 0] 1k 30—80 nm ¥ [, I 7 SE I = 4E 2 R,
(B R 9 H 2 S A 4 ) AR 5 =X, AT 7R B A
R B BA. EAh, B BE AL # R
(STORM) M) R 0 e A 2 S B AR (PALM) [19]
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A EESR R DEOEBE s, (B ETIRE R A
SRARALRG T BT 9653 1 15 B2 43 A B, A an 0%
(pointillism) & — 4. H Mg 73 #F % 714 30 nm
G, AR IX T 75 i R BRAE NS g, B EER
BERES, RIGR A FEE R, I8 R
A STED Al PALM/STORM i & FIf it 22 5
W FEAE 103—10% W /em?, fEIXFE I T, 26 &
F /3 TIRE SR A, P2 KRR B R, HiE
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S5RC I  BAUSAR HOR (structure illumina-
tion microscopy, SIM) s& — Mzt 378 73 ##6  wA
AR, R 2 7 T8 3 58Ot BB B R A
| FH 4 R R 1) ) &5 4 06 37 ok FR B RE 5, s R
SE TR IR ) B8 B b SR B ST T S B, A
T S A 497 5 A PR ) PR ), B % R B 40 9 D 2 T T
BAG B XM 7 R FR AT Z IR i R
mi, AT ORYE RS, B POE 8 T R
BRAR A 25 I AL 2000 4, 356 [ 8 4R AR i < 22
Ft B i) Gustafsson 25 16 9 YRAES2 8 FIESE T SIM
FIATAT M, A5 SIM AR 77 724 Hela 48 i (I L3
M SR AT T S o P B AL, SR
7170 nm A PIEUE 3 HEE. 2005 4F Gustafsson
2 171 3t — 5 ) FH Al 2 1 280 A AN % e A5 4 A
X SE RIS T 50 nm 75 45 4 HR 2R I 2 7R R
%. B )5 Gustafsson 25 18190 SCHFFE 7 % A= W E
B =SSR, SEIL T SIM 58 3748 43 HR AR FoA
FEAEPIIE R R, BB 2 #E 28 4E 100 nm /i fq.
2008 #£, Schermelleh 2 201 4 STM $i A B2 FH £1J1H 7L,
B4 40 R AZ 25 7 R AR v, o 22 B e [ G
5 L Z AR ALIEAT T 5 o P RS i U,
TR T AR P sl Bt e R (B L (a).
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Bessel-SIM

K1 ANE SIM St AR 2 1 [20,24,25]

Fig. 1. The imaging effect of different SIM microscopy technologies [20,24,25]
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2007 fEi#2, Chung 25 211, Folka 2% 221 # Gliko 4 (23]
o6 Je A8 4 N SOSR BE Se B T SR TG 3 4 1)
SIM A%, 3R 1 W33 (1 5 JE TR AE 100 nm
T, IR BRI FERT T TR AR IR
TR E B AR . 2011 4, Betzig WAL 24
RIE 1T DLFE R 45 6 W] AR, 52
SN O S 0INES Y R NN R 227 - IR SRy N
Bl 43 1) 2 245 3D B (K 1 (b)). 2015 4F, Betzig
PR 1200 $i T R o B S RS SOk R
H Skylan-NS M 451G 0% B AE et SIM 0K, 3k
13 7 A0 s B A BRI A v B 2 E AR AR
FH & B AR, PSR4 i 5 22 1H /) caveolae
I N ARSI R RAR (B 1 (c)).

21 55 B 0T 25 MO0 BB B R TSR (plas-
monic structure illumination microscopy, PSIM)
¥ SIM B 73t B AU AR BAR 5 7T 3 A 4% 1 3% 1
SEBSIUT (surface plasmons, SPs) T2 8UHES &,
AT AZEAME B AR RS I BT, AL 48 SIM I
IR 265 T AT AR PR AR 42 T2 3—A4 f%. SPs
T 5 SR 1PN A 18] 4% 38 1) SPs T 77 A 1)
FaE TR P, SR BUR IR T SPs . i T
SPs K rae /T H B (a6, BB SPs 3
S0 Az N T AT S AR, AT AT A R —Fh R
THAT 5 WG PR 0 6 4 Dl 3 N2 FD T SIM R R &8 i
LA PSIM 1 Jy — B 37 24 1) 368 43 #% 56 37 S SO AR ¢
AR, g6 7 SIM BAHAR R SPs REPE L, 2 —
Lt T U s R O3 2010 4R, SEEDINMIR
5 3 i 0B 43 A A 2 2 120 R A R HE 2
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VB OR A1 1 77 2045 2 PSIM A%, LT 7 iR 41
B J5 SOTT R T 5 T AN [F) 45 14 89 PSTML A% 46 4 S
56 7290 AR, S/ NER SR R PO R Aok
REWKEIEIR SPs, JEah A IR NS he b i
AN SEBLZ P S, BB T BB #) PSIM
B o e, AR 5 3R AR R IR 2 L 3 By
P S5 7 T AT T S0k B2 H AT PSIM AR
BORAE Ny — P AT AE S o (R0 73 HE R BOR 12
oy FrA . I 598 S A SE T A IR, (HH
BAZE )= PR < s e i, B S I — 4 ¥ T Ak
B R. Har oA R PSIM A8 3 AR sE I 75 %
WEBE R O RS 5 I i B, A{E RE % PSIM
R BRI AW TR R, BRI RES 15
Bt — BRI, R 2 I S I B 2
BiH.

2 FARFE®
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SPs IFEARE 1 Pk T7 3 LL A% Gt SIM I AR R
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2.1 RAFEHTHEHXR

KE S BT LRI T &ERE—Fh g
W3R T 0%, 5 B SCHR AR AR Bk O 3 T 45 B T 4k B4,
20 204, Wood P21 K 1 HL A5 3% 42 6 1 1) i 9
T2 Mt E B ARG B, A H ' P AR £
— X3 A IR IR, FRON “Wood 77, 1X
X T SPs LR ) i Fi0 3. 1941 4E, Fano P9l &
I “Wood 547 I G2 H T — PR 0 51 R, If
Pe TR S OT NE S, VP RRE T SPs PR
B FE. 1957 4E, Ritchie PRI M BT 5L &8
N 2 J5 AAAE B BV SR I I R, g SCIX PR 2k 08
N R EBEAR R S EEOoE A, XM
WA B R REAT T 0 #r, B T “4&
BSOS, TR &8 NI %
IR B I, 1E 1958 4, Stem A Farrel 5] #f
FU T MR T AR SR A R AR T R TSR
BT R (surface plasmon resonance, SPR)” [f]
W&, B 5 7E 1960 4, Powell Al Swan [P9) 38 i S5
ESE T Ritchie I FE18. 1998 4F, Ebbesen £ [0 7
(Nature) k18 | SPs 7E .3 + 4 J& FLFE 41 25 44 vh
B BRI R 5, SPs I AFWHEKR
JE e AE T AR S R R TR R S R T RN
MR, A K SPs FIHTEL S B HLER ALHT B 11
WA & . 2003 4F, Barnes 2 B4 7E (Nature)
ERER T RN <3 A B HOT KOG A (surface
plasmon subwavelength optics)” FIZEIA L&, fr&
# SPs G X I B HT L e — T 1AL 8L ik
FERBEE UK RT IN THAR K A, BT SPs 1%
Foft 3 25 o7 FHAS IR B, a0 8 i B8 0 PR ) i 1261
DI 44 A N =8 vk AL S N 77 ey Y

s [43]
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ks = ko | ———— = — . 1

PN et Ve te W)

(1) KON T 7 T R LA 3 i <2 I /A T o
LTI EITE Y RN | A N S RISl
£ H B[R] (A) =T R A5 (B), ULER S &
Wt (C) Mt BeR Rl 2. b1 T 58 /v i 20
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SEE N UE, RAE (1) N SPs M R E KT 3 B2
IGGBER. A 2 Fa] DA H SPs At ik it 2k
IR AT B A RDEBUR ko AT, JFRE R TR
B8N kg 5 Ko BEBS ORI, R SPs [ K
R, WAHORBRN, KBS O6BTC ik BRAE &R
R THAR G UK SPs. A T H BB SPs, W00
ORGP R BEAT AME2, T8 A2 ORI 7 AR R DL S
Sk, A BEUR SPs. T I fa] Z247 24 SPs UK 1L
i T i,

k=2 A k=7
c
_w |€1e2
B kse=cte

C SPs

wh

Sl

K

PR = e TN S D O & TR ST IR ENT E S
FHHZ
Fig. 2. The dispersion relation curves of light in free

space, dielectric and SPs.

2.2 REFEBHTHWELFE
221 mB#BEE

KT 7 3 A IAE . FH d 22 [1) — o 32 10 55 25 3
TEER Tk 1968 4F, Otto 0] oy i BT Bt 4
PSS SEEIL T 3R TH & B U RIS BUR, Wk 3 (a)
Fin. 4% Kretschmann f1 Raether 46 t 4% & T
— i S s R A 4 A OK SR TSR B BT,
Bl 3 (b) Fras. A6 BAAS AN T2 SR A B AR FEN
W, FIH AT B R (i ny, > 1) AT IR AN
. @I NS AR Oy, BN ko 1E
x il BRIy E by = kony sin 6, 8k, 5 SPs IR ks,
FHEERI TR SPs, R A2 40T % R VLT 77 4

2
‘;)\/Elsinesp:w(%) @

c \ ey +e3

e M oy R R T T LD & oS
FERE T8 NI A BE A S AT T Tl 2 R DL TS 7 72
(2) I, RIATAG 25030k SPs.

{ELA5 5 HE B A AE < Je Y ) B R AN SR T )
AIUR SPs. R TR I & 8 B, Ot 1 BE T8 RN
IR, X ARG L Otto (] IGE M L BUE &, 7R 1% 4%
Kb, 4 e Bk e B AN < Ja AT AR/ 28 AU (G

I X 38), A TH AT LE <52 Je A s A Ta] B0 BT L 0k
SPs. 4 Ja 5 J5 JBE /b 1) | T 2R T H A FA) A L
YEH (SPR A IR &) ANRE 2SI, SPs f (iR
R KRR, B 2RI S5 BT IR A
FRAE YR, TR R R 2 (R AT )+ X AR
B (). X TR SPs R, 73R i
BT (3) Atk

wi A wep(l £ e_kSPd), (3)

Hrpd e mERERL. R, 298t 7R0, FE
AR 2RI R R T B8 52 L P T i b, HeA%e 3k
RSt BE 2 KGN, B LLE M RO KRR AR T A

G (long range surface plasmons, LRSPs) [+,

VA AN <RV

(a) (b)

—_—

3 FIHIMBI G AWK SPs

Fig. 3. Using prism coupling method to excite SPs.

222 AHBAEK Tk

% R UG TE 2% A1 PR 1) 17 3z 3% D' % 5 30 3% SPs 1Y)
W, T3 60 0] AASSZATART B 1| Hu A5 5 2] SPs.
K FRSE /N T A PR BT 72 30T 3% Y6 [ 9 41 4 4
JERI, B TIREXERIBUNAEH, fERE A7
TEIT S, HUR ARG A& 1 SPs ik % &,
A G — 50 6% e B R i 0 S L8 2R L TC AN T
WOR SPs. [RIH, I FH 4 i 2% 1 1) 0 98 RS B
PR (D RS S SR I ) tLREBIUK SPs. Bl 4 (a)
W RET B R SPs 45 Ky 7n = 1481 [ 4 (b) AR
WK RT BRI R SPs 45 MR 1 19, a3
U R TR S S R B R R S, B
FE R R /N —50 40 B 6 8 3 2 SPs 3 5% UL L 2%
4, Bt LI & SPs FIRCE L.

(a) (b) l

(_U | —— — —

...‘- ? ;;. \\ // .t.'_'

4 IR SPs R [48,49]

Fig. 4. Schematic of exciting SPs by scattering wave 48,49]
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223 AMHEK T &

B -5 T SPs F R TE 2 R FH OGRS & 0k
RITTESEBL. MRS & A A e Ml A S i < 51
AN ANEINRI R G R SEHL SPs I R ILHC.
FIRICHIE —4E6H, — 26 LA FLRE 51 45 4 A
UKL [ 47 5 4 0 [ 5 TR 1) R — 4 S £ A
H SPs 7 B K, e RILE e (4) 2, Hrbo
NN, G =21/ AFRICHER R, AR el
B, m(=1,2,3,---) Mgk, ettt
B U 4519 2 55 4T LAtk e, w] (e 7 (1
WEMRFE. ZFIEMK SPs KRR, ks
Fe M A R ] o A B e, R Z Bl A TR

kspps = ko sin § + m@G. (4)

El5 et & ok SPs i
Fig. 5. Schematic of exciting the SPs by grating coupling.

224 BREBAT X

R, THERELEMRE R REMR
SPs [ 75 v #% %2 55 U HLR 5 Bl Ak
Kretschmann 16 (45 /L, 1Kl 6 Fios. K ek
BN EH SRR R EEE - 1NMEAE)R
VB 1) A0 o AT DR, NSO e i ) B R AR B
JAt e/ 4 SR, T BUE FL AR P B R A S
SRS RN FTE I, a1 SPs UK i g 221 3t
PR, M RELE SPs HAIR A1 A7 B I 2 8 < VUL 2% AT,

A — *—- &R

{/.- - - «'\\‘ B
LR
AL

NS

Ele FIAHmEEEALYERRERE SPs
Fig. 6. SPs excieted by highly focused laser beam.

WO SPs. WITIEMIE R MK R 5, REYE
FEAE NI S V5 B 5 SPs LR Ak B AR BE UK
SPs, Bk w7 KA SPs 3Lk A BT AR /N — 70 NI
Jen] AR, 48R o HAR A NS R R
5T, BT LABOR SPs BURBCR LUK, X UK
THERE SO BIMARGUM A &, BRI iz
JS2FH AR AR 1 S A

2.3 LHCREAEMAREARIER

G5 K6 06 IR WY 2 BB BOR & T — A 3 B
BECR, LE 3R & AR JE 77 T B A A R R
AR AT WA R A5 6 R B ROR 32 2 A
kR ERMENENGR, JFEETHRE
X A% 4 S U A I 50 el mT DA S B4 A Ol B
Rk & oA 25, H TS &A k2 al 52 it 4
B BAEE . 40 Olympus ) OptiGrid P2 Al Zeiss
) Apotome 73], & ¥y it HE T 8 A A i 5 3l i 7
HEH O % P oI ON — AN IE 3% ek s B o)) R E
L g 45 42 1) 45 RE AR B Ol Ml o S TR 25 44 D R AR A
H2 XML 25 B IR IK T R ke, 5
SR FH R Bl 2 4 ) 1) 2 O S A o) 8 092 A
e 38 1F (digital micromirror device) P4 A0 g
M, SEIREER G IR, S5 IR A AT L3R 2
M RAR e 3, 58 B S 2 ) FH 5 4 D S MR it A3
FOrRIY UK FLR 5 S0T DL i m) 7y A . i
7% ) VR 1) 5 P G 4 O BRI o, B3 7 ) e R
5w, FEN RIS RE R, PR A
Iy WS i B 245 AT IR R AR . T E I 2
M) R 7 P BB 5 S5 MG R IE A OG, [Rl te
AR R AR R T R GRS E B RE
73, WERERTE T Bt 23 18] 3 .

2.3.1 LZHABRR G L P ERE
A 16 ) &35 e Y R W Ol DR 5% 70 A
I(z) = Io[1 + cos(koz + ¢)]. (5)

(5) AN (il L A2 e, w] DLAE MK ] 17 21 =4

ik (6) B I3
I(k) = Io[d(k) + 1/26(k + ko) exp(ip)

+1/26(k — ko) exp(—ip)]. (6)

FESIE N, & SCIREE RN B(k), Sk

IR G 7> 7 A FE fh KR L A5 2. L 2T4R

A&, Toil A& 45 F ' HE ] T S A 0 T (k) 3 A2 IR

P& I 2 R 35K B(k), #5852 21 2 St (10 AT 5 A FR A%
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RRE OTF (k). RSB O(k), H
O(k) = [I(k) * B(k)] - OTF (k)
= Iy[B(k) + 1/2B(k + ko) exp(iyp)
+1/2B(k — ko) exp(—ip)] - OTF (k).

(7)

SIM £ 4t Fr A5 1) R 2 1) I3 552 i 3 A

T RIATT SRF A% R A 26 A i 3045 S8BT 22 = A VR A
Bk, N T B R A PG ) B S AT, BT
UK S B B(E), B(k 4 ko) F1 B(k — ko) #E
W20 B FRR O & 0 e RS B I 5 AL B
JE, @A RZBRIEBHE P RE B o B
B EoR R, BT U oo, BT (6) X
LA = AR A 7 & B(k), B(k + ko) M
B(k — ko), /075 B H @ =N Sr 5 1 A UR S
RABRE M. TR, LSRR, M
P2 B B iE R S 8. R = AN A R AL

(a)

’r‘\\ !

1
— | 1
@ Nl 1

(b)

{0, 1, pa} MIGERICIHORIE S, 19 3 =T0U5U8 1
fith {O(k), Or(k), O2(k)}, MifiiR#3

B(k) O(k)
B(k+ko)| =A7"|0u(k)] . (8)
B(k — ko) Oz(k)
Horb A NE 0 55
1 1/2 1/2
A=1Iy|11/2exp(ipr) 1/2exp(—igr) |- (9)

1 1/2exp(ip2) 1/2exp(—ip2)

S FE M, 56 R G AR A ]
PUIE Bl 2R GifiT S A SR AR ZE 1) 2 £, WlomT DL RE 2 7
] 1 25 (8] 7 et i — A%, [RIB SOB AR RS 5 ),
FrA 7 R I i oy e G, ] LG A 48
TR R ERIR T — 1. G5 IR ILE k R B 25 1A
IR 7 s,

__________

Bl 7 SEHDEREIATE ke REZSARIRR DO GERARERE S k REAEAMFR, 7T REAUES =AW, Kk
SURREMM EE B S E R, RESURERERIEIE L) (a) NEERZR RS S HR B0 6§ Bk A4, T
TESZHR B, 0S5 B e = ANANIR] J7 1] 43 8 (R R (R4 B AR 4 LA A IR Sk SO i A5 RS AR A RER BUE B
(b) WRAEEUG LR =AM B0 BHOE 1700, EAT LSRR T HE

Fig. 7. Effect of the structured illumination in k-vector space (56] (the rectangle represents the sample k-
vectors, the sample separation in three areasis simply illustrative): (a) The small circles are the Fourier
transform of the point spread function, because of the sinusoidal illumination, the Fourier transform of the
recorded intensity is the sum of three different components, include with the wide-field information (vertical
stripes), information from two more areas of the sample (diagonal stripes), is mixed in the recorded image;
(b) if the three information components recorded in the image are properly separated, they can be used to

increase the resolution.
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Fig. 8. The k-vector space representations of
PSIM [56] (the black circles are the point spread func-

tions in k space, the larger the circle the better the
resolution): (a) Original point spread function of the
lens; (b) reconstructed point spread function via opti-
cal SIM for four directions (the arrows), twelve images
are acquired (three for each direction) to reproduce
a high resolution one; (c) reconstructed point spread
function via PSIM, the illumination fringes are created
from counter propagating SPs, these fringes beyond
optically resolved, for a continuous point spread func-
tion, PSIM achieves triple better imaging resolution

as the diffraction limit.
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Fig. 9.[261(a)~(c) The time-averaged electrical energy
density distribution of the SP interference pattern
with incident angle equal to 0°, 4.6°, and 8.0°, re-
spectively. The three interference patterns show 120°

mutual phase difference along the lateral direction.

B2 PSSR FH 17 nm B AR ISR i
T, IR B M Cr &R 9 K FLAE ) £
% SPs 201 4 10 flias. 4K LG5 R AT DR A2 2548
Y62% Bloch ¥ ) SPs-Bloch #538, 24 m ) SPs-Bloch
WA AL ST R e 2R 20, SRS TR E T 90K AL
RO B, FEAE O B A R A2 ke = 2(kS £ mkg), 1X
B kg YKL AR 30 2. DRk w] DLE I 46 /) 44
KAL) A AR FE SR TR BCSE kG 40 1) SPs 90 B ik
280, CHR AT AT SEE 4 £5 B USRS

2012 4F, 7 /N B #0321 A 41 P78 ) DY
J7 R & JE M 45 R S B T PSIM, B AR 45 #4
Bl 11 () BTz, o 6 98 0wt X3 T AR 2

148701-7


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 2 )  Acta Phys. Sin. Vol. 66, No. 14 (2017) 148701

12 pm x 12 pm. KM 633 nm # K PRI 6
Ji€ i (optical vortex, OV)1E MK LI RET &
JE G A b AE O IR BOR 7 A SPs BTE i,
P WA SOE R AR AL (R OV O B 36 4h ),
SEIRSPs B S SUMAS, BUE RO AR. X Pl

FEREEL M, Hi TG EE 2R T
SPs [FIA&HE L&, mhl U DO AR BN, A+
RS ity BB o v . o T R O O
iR 7 17, AT LASEBXUTS [ ) PSTM AR, e 24 5K
LA RUB 5 HE 3L 3 172 nm, FEBUR A1 1/4.

1ot (b)

n=1.33 i
20 nm ‘g
5
0o
Cr 100 nm 80 nm 5

= 0.5

I 50 nm =

a
5
2
=i
=

=}
-
-
f—
-
o
—
f——
-
—
-
f—

k/kcutoft

101201 (a) Z5HREE S SP T RIE (BszRE B3 B /A O R4 (b) T35 B S M B A8 4t (c) %t
LRI R B 27 AN R) I B AR A TRI B B B SR IR R A 2

Fig. 10.120] (a) Structure and SP interference pattern (time-averaged electric energy density distribution);
(b) Fourier transform of interference pattern; (c) corresponding k space representations; different colors

represent the information obtained from different orders of the illumination patterns.

1 pm

Metal grating structure

Objective Binary phase plate

Lens
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Beam splitter l
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Fig. 11.58] (a) SEM image of four metallic gratings to generate plasmonic Moiré fringes; (b) a schematic
diagram of the SP-SWF microscope; (c), (d) NSOM images of SP standing wave filed intensity distributions
in the central area of slit array structures with polarization of illumination light along z (c¢) and y (d)
direction, respectively. Insertion in (d) is the NSOM image of phase-shifted SP standing wave fringe by

using binary phase plate inserted into optical path.
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Fig. 12. [271 Schematics of the PSIM system. The illumination angle tuning in z-z and y-z planes are

controlled by the rotation of the s2 and sl mirror of the Galvo scanner, respectively, with the s2 mirror

placed at the focal plane of lens 1 and the sample placed at the focal plane of lens 2. Inset: a magnified

view of the sample region.

‘.I -
(e) SPI lateral shift (f) .
2 2
Probe bead €3> %
]
e ﬁ ﬁ SS'D\_‘/—‘_’\'\
3 gi,s .
AR S|02 substrate £
| R RIC) s
= AN
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13271 BRI SRAE  (a) PSIM AR 622 EE, PSIM ZERTARA 2 mm x 2 mm; (b)—(d) PSIM JE4R
A B IR, BREEREF R (), (b) G5 ST B EIMR (o), PRgemit— B BOREIE (d); (e) SPs
TR EE, WA N A 0 178, SPTHIE5H R AR Ak (FH/KFRE ) 28 87 Sk BRI 7 1) (), (g) %t

55 AAE -2 ST (£) 1 y-2 “FIfi (g) XTI AGHA ISR

Fig. 13. (27] Sample fabrication and characterization: (a) Optical image of a large PSIM substrate, the total

PSIM substrate area is 2 mm x 2 mm; (b)—(d) scanning electron microscope (SEM) images of a PSIM

substrate, showing an array of the patterned slits (b), one unit cell (¢) and a further magnified view of

the slits (d); (e) schematic illustration of the SPI tuning scheme, as the incident angle 6 changes, the SPI

pattern shifts laterally (direction indicated by the horizontal black arrow); (f), (g) fluorescence intensity vs

the relative incident angle in z-z (f) and y-z (g) plane, respectively.
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LPSIM J B8R B (L@ kAR p WAREOE, DA R A BESUA S5 B 120, 2R P AR AR a3 WO ) 0 7%
PSFs (a) it ZRASAM (b) LPSIM £iA; (c) £id LPSIM H A4 JG BIG AL S R EL; (d) 2056 8U1ME; (e) fTHT =R
K%, (f) LPSIM E{%
Fig. 14. (291 The Schematics of the LPSIM. The red arrow represents p-polarized laser light, directed towards the plas-

monic substrate at varying angles to create near-field excitation patterns a short distance behind the antennas. Resolution
characterization: PSFs of (a) a diffraction-limited system, and (b) the LPSIM technique; (c) expanded OTF after LPSIM-
reconstruction; (d) a solid striped object; (e) diffraction-limited image; (f) LPSIM image.
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Fig. 15.[°9) The schematic diagram of the GPMS used in SIM and the simulation results of its imaging

performance: (a) Optical configuration of SPs generated by GPMS, the standing interference pattern, which

is generated by two adjacent counter propagating SPs, is used to excite the quantum dots (or fluorescent

beads) in the water film; point spread function (b) a diffraction-limited system, (c) z-direction reconstructed

image, (d) FWHM comparison between conventional epi-fluorescence microscope image (blue curve) and the

super-resolution image using the GPMS (red line); (e) both x and y direction reconstructed image.
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Fig. 16. (01 Experimental setup of SW-SPRF microscopy. Extended-resolution imaging with SW-SPRF microscopy
in vertical direction: (al) Original SPRF image, (b1) deconvolved SPRF image, (c1) SW-SPRF image after applying
the SW-TIRF algorithm on three deconvolved SPRF images, (d1) SW-SPRF image with linear deconvolution to

reduce side lobes; (a2)—(d2) comparison of PSF profiles of various imaging methods at a selected region of interest

(ROI). Scale bar, 2 pm; inset size 1.3 pm across.
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Fig. 17. (30] (a) Aschematic diagram of experimental setup of SPPs generated by OV which focuses on the Ag thin film;

(b) excitation SPs standing wave profile generated by a linearly polarized OV beam in x direction which carries the topo-
logical charge of I = 1,1 = 2, (cl) = 3, and dl = 4. (c¢) (al) original SPRF image, (b1l) deconvolved SPRF image with SPCE
PSF kernel, (c1) SW-SPRF image after applying SW-TIRF algorithm and linear Richardson-Lucy linear deconvolution;
(a2)—(c2) comparison of PSF profiles at a selected ROI in (al)—(cl).
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Fig. 18. 31 (a) The excitation position was cut to a smaller pair of arcs showed as green solid arcs by amplitude filter;
(b) a standard SP-standing-wave pattern with uniform periodicity could be generated by two counter-propagate SPs

waves toward the silver film center; (c) precise phase shifts of {—2m/3, 0, 21t/3} achieved by OVs with fractional

topological charges.
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A3 B IO I () WRLT (e) L BALRRR IS, RIEA 132 nm BIBUR 7 H%
Fig. 19.[32] (a), (b) Experimental setup for PSIM system; (c) perfect optics vortex with fractional topological charges;
(d) origianl fluorescence images; (e) super-resolved fluorescence image by applied reconstructed algorithm to three inter

media images; (f) the corresponding fluorescence intensity cross-section in (e) shows the optical resolution (132 nm).
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Table 1. Comparison of different PSIM imaging techniques.

BRI FAR 53 B BIRAN fHEMELL AR 4 SR

L EiR ey B (74 nm, 214 nm) K (50 pm) R 14k [26]
SR 7% (70—110 nm) %A (2 mm x 2 mm) ik 24k (2 H 1) [27, 58—61]
13U i (52 nm) K (15—30 pm) fi& 24k (ZT71) [28, 29]
EREHK 0 (95—142 nm) B (5—15 pm) [ 24 (7))  [30—32], [62]

T SPs B A J& 38 v 1 3 18 5 () 5 M, A 1R K
PSIM # A 5 Raman A% $ A AH 45 & 52 90 4 11 3
S I T8 3 A% P02, FEER S PSTM AT LASEE
ZRPEAK 2 BRI, AT LU B  IAS [F) 75 % 2
TFREG; R PSIM 4 AT LLd 38 oz T2,
W56 T AR LR M RN, 33— D4 v AR o)
R SEPLIET SPs RIS STM Bif4.

FEE I, BARPSIME ARG 2,
B R IR+ 20 B & 1 T SPs A& — i 2 1 1
i, BT AL R AR X 38BR 5 o PR 25 42 @ R T 200 nm
FEAVEEA, HAESZBLT 4R 2R 10 RE o 1 487 T
BG4 16 B PSIM B wT LS I B 5 1) AR 43 %
BOEZRTEEE, AR, BERT.
FRAGAE B 52 B2 4267 PSIM AR 3R FH &
AL R, AR X 3052 2 SPs T XK/
PR 3F HILTE O 1) PSIM B g 4k id, 2 i
O GNERIEAT 7 H R HIFR 8, MR Z X TSR AR
YIRE SRS, RIS B PSIM RAG A 70 4R A2 5
— S BRI A0 OGERE S SPs S5 AR 2R
PEAE G TE R SPs 28U A R R T 6 45
T AR P2 AR AR A RS S R R IR T A K
IS4, BT ABILAT ) PSIM BAE BAR I A% 5¢
AR T PR RAUR B, MIEREZ
FE A AW AIF R R S0, 30k e e 0 4K A R
TR AT S F A DT 2R 0 o 2 R OSAR A E
AR 2 RS AT 5 DT R

SE3H

[1] Born M, Wolf E 2009 Principles of Optics (Amsterdam:
Elsevier)

[2] White J G, Amos W B 1987 Nature 328 183

[3] Sheppard C J R, Wilson T 1981 J. Microsc. 124 107

[4] Bek A, Vogelgesang R, Kern K 2006 Rev. Sci. Instrum.
77 043703

[5] Betzig E, Trautman J K 1991 Science 251 1468

148701-15

Reddick R C, Warmack R J, Ferrell T L. 1989 Phys. Rev.
B 39 767

Fang N, Lee H, Sun C, Zhang X 2005 Science 308 534
Durant S, Liu Z, Steele J M, Zhang X 2006 JOSA B 23
2383

Liu Z, Durant S, Lee H, Pikus Y, Fang N, Xiong Y, Sun
C, Zhang X 2007 Nano Lett. 7 403

Xiong Y, Liu Z, Sun C, Zhang X 2007 Nano Lett. 7 3360
Lee H, Liu Z, Xiong Y, Sun C, Zhang X 2007 Opt. Ex-
press 15 15886

Liu Z, Lee H, Xiong Y, Sun C, Zhang X 2007 Science
315 1686

Klar T A, Hell S W 1999 Opt. Lett. 24 954

Rust M J, Bates M, Zhuang X 2006 Nature Methods 3
793

Betzig E, Patterson G H, Sougrat R, Lindwasser O W,
Olenych S, Bonifacino J S, Davidson M W, Hess H F
2006 Science 313 1642

Gustafsson M G L 2000 J. Microsc. 198 82

Gustafsson M G L 2005 PNAS 102 13081

Kner P, Chhun B B, Griffis E R, Winoto L, Gustafsson
M G 2009 Nature Methods 6 339

Shao L, Kner P, Rego E H, Gustafsson M G 2011 Nature
Methods 8 1044

Schermelleh L, Carlton P M, Haase S, Shao L, Winoto
L, Kner P, Burke B, Cardoso M C, Agand D A, Gustafs-
son M G, Leonhardt H, Sedat J W 2008 Science 320
1332

Chung E, Kim D, Cui Y, Kim Y H, So P T 2007 Biophys.
J. 93 1747

Fiolka R, Beck M, Stemmer A 2008 Opt. Lett. 33 1629
Gliko O, Brownell W E, Saggau P 2009 Opt. Lett. 34
836

Planchon T A, Gao L, Milkie D E, Davidson M W, Gal-
braith J A, Galbraith C G, Betzig E 2011 Nature Meth-
ods 8 417

Li D, Shao L, Chen B C, Zhang X, Zhang M, Moses B,
Milkie D E, Beach J R, Hammer J A, Pasham M, Kirch-
hausen T, Baird M A, Davidson M W, Xu P, Betzig E
Science 349 aab3500

Wei F, Liu Z 2010 Nano Lett. 10 2531

Wei F, Lu D, Shen H, Wan W, Ponsetto J L, Huang E,
Liu Z 2014 Nano Lett. 14 4634

Fernandez-Dominguez A I, Liu Z, Pendry J B 2015 ACS
Photon. 2 341


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1038/328183a0
http://dx.doi.org/10.1111/jmi.1981.124.issue-2
http://dx.doi.org/10.1063/1.2190211
http://dx.doi.org/10.1063/1.2190211
http://dx.doi.org/10.1126/science.251.5000.1468
http://dx.doi.org/10.1103/PhysRevB.39.767
http://dx.doi.org/10.1103/PhysRevB.39.767
http://dx.doi.org/10.1126/science.1108759
http://dx.doi.org/10.1364/JOSAB.23.002383
http://dx.doi.org/10.1364/JOSAB.23.002383
http://dx.doi.org/10.1021/nl062635n
http://dx.doi.org/10.1021/nl0716449
http://dx.doi.org/10.1364/OE.15.015886
http://dx.doi.org/10.1364/OE.15.015886
http://dx.doi.org/10.1126/science.1137368
http://dx.doi.org/10.1126/science.1137368
http://dx.doi.org/10.1364/OL.24.000954
http://dx.doi.org/10.1038/nmeth929
http://dx.doi.org/10.1038/nmeth929
http://dx.doi.org/10.1126/science.1127344
http://dx.doi.org/10.1046/j.1365-2818.2000.00710.x
http://dx.doi.org/10.1073/pnas.0406877102
http://dx.doi.org/10.1038/nmeth.1324
http://dx.doi.org/10.1038/nmeth.1734
http://dx.doi.org/10.1038/nmeth.1734
http://dx.doi.org/10.1126/science.1156947
http://dx.doi.org/10.1126/science.1156947
http://dx.doi.org/10.1529/biophysj.106.097907
http://dx.doi.org/10.1529/biophysj.106.097907
http://dx.doi.org/10.1364/OL.33.001629
http://dx.doi.org/10.1364/OL.34.000836
http://dx.doi.org/10.1364/OL.34.000836
http://dx.doi.org/10.1038/nmeth.1586
http://dx.doi.org/10.1038/nmeth.1586
http://dx.doi.org/10.1126/science.aab3500
http://dx.doi.org/10.1021/nl1011068
http://dx.doi.org/10.1021/nl501695c
http://dx.doi.org/10.1021/ph500342g
http://dx.doi.org/10.1021/ph500342g

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 14 (2017) 148701

Ponsetto J L, Wei F, Liu Z 2014 Nanoscale 6 5807

Tan P S, Yuan X C, Yuan G H, Wang Q 2010 Appl.
Phys. Lett. 97 241109

Wei S, Lei T, Du L, Zhang C, Chen H, Yang Y, Zhu S
W, Yuan X C 2015 Opt. Ezpress 23 30143

Zhang C, Min C, Du L, Yuan X C 2016 Appl. Phys. Lett.
108 201601

Ertsgaard C T, McKoskey R M, Rich I S, Lindquist N
C 2014 ACS Nano 8 10941

Barnes W L, Dereux A, Ebbesen T W 2003 Nature 424
824

Wood R W 1902 Proc. Phys. Soc. London 18 269
Fano U 1941 JOSA 31 213

Ritchie R H 1957 Phys. Rev. 106 874

Ferrell R A 1958 Phys. Rev. 111 1214

Powell C J, Swan J B 1960 Phys. Rev. 118 640
Ebbesen T W, Lezec H J, Ghaemi H F, Thio T, Wolff P
A 1998 Nature 91 667

Bozhevolnyi S I, Volkov V S, Devaux E, Laluet J Y,
Ebbesen T'' W 2006 Nature 440 508

Liu Z W, Wei Q H, Zhang X 2005 Nano Lett. 5 957
Yao J, Liu Z, Liu Y, Wang Y, Sun C, Bartal G, Stacy
A M, Zhang X 2008 Science 321 930

Raether H 1988 Surface Plasmons (Berlin: Springer)
Otto A 1968 Zeitschriftfiir Physik 216 398
Kretschmann E, Raether H 1968 Znaturforsch 23 2135
Sarid D 1981 Phys. Rev. Lett. 47 1927

Hecht B, Bielefeldt H, Novotny L, Inouye Y, Pohl D W
1996 Phys. Rev. Lett. 77 1889

[49]

148701-16

Hornauer D, Kapitza H, Raether H 1974 J. Physics D:
Appl. Phys. 7 L100

Nash D J, Cotter N P K, Wood E L, Bradberry G W,
Sambles J R 1995 J. Modern Opt. 42 243

Kano H, Mizuguchi S, Kawata S 1998 JOSA B 15 1381
http://wwwbiomartcn/infosupply /6945559.html  [2017-
03-01]
https://wwwzeisscom/microscopy/int/products/imaging-
systems/apotome-2-for-biology.html [2017-03-01]

Dan D, Lei M, Yao B, Wang W, Winterhalder M, Zum-
busch A, Qi Y, Xia L, Yan S, Yang Y, Gao P, Zhao W
2013 Sci. Reports 3 1116

Chakrova N, Rieger B 2016 JOSA A 33 Bl2

Gjonaj B 2012 Digital Plasmonics: from Concept to Mi-
croscopy (Amsterdam: University of Amsterdam)
Wang Q, Bu J, Tan P S, Yuan G H, Teng J H, Wang H,
Yuan X C 2012 Plasmonics 7 427

Yuan G, Wang Q, Yuan X 2012 Opt. Lett. 37 2715
Cao S, Wang T, Xu W, Liu H, Zhang H, Hu B, Yu W
2016 Sci. Reports 6 23460

Cao S, Wang T, Sun Q, Hu B, Yu W 2017 Opt. Express
25 3863

Zhang J, See C W, Somekh M G, Pitter M C, Liu S G
2004 Appl. Phys. Lett. 85 5451

Chen H, Du L, Wu X, Zhu S, Yang Y, Fang H, Yuan X
2016 Appl. Phys. Lett. 109 261904


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn
http://dx.doi.org/10.1039/C4NR00443D
http://dx.doi.org/10.1063/1.3525173
http://dx.doi.org/10.1063/1.3525173
http://dx.doi.org/10.1364/OE.23.030143
http://dx.doi.org/10.1063/1.4948249
http://dx.doi.org/10.1063/1.4948249
http://dx.doi.org/10.1021/nn504776b
http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1038/nature01937
http://dx.doi.org/10.1088/1478-7814/18/1/325
http://dx.doi.org/10.1364/JOSA.31.000213
http://dx.doi.org/10.1103/PhysRev.106.874
http://dx.doi.org/10.1103/PhysRev.111.1214
http://dx.doi.org/10.1103/PhysRev.118.640
http://dx.doi.org/10.1038/nature04594
http://dx.doi.org/10.1021/nl0506094
http://dx.doi.org/10.1126/science.1157566
http://dx.doi.org/10.1103/PhysRevLett.47.1927
http://dx.doi.org/10.1103/PhysRevLett.77.1889
http://dx.doi.org/10.1088/0022-3727/7/9/102
http://dx.doi.org/10.1088/0022-3727/7/9/102
http://dx.doi.org/10.1080/09500349514550191
http://dx.doi.org/10.1364/JOSAB.15.001381
http://dx.doi.org/10.1038/srep01116
http://dx.doi.org/10.1364/JOSAA.33.000B12
http://dx.doi.org/10.1007/s11468-011-9324-2
http://dx.doi.org/10.1364/OL.37.002715
http://dx.doi.org/10.1038/srep23460
http://dx.doi.org/10.1364/OE.25.003863
http://dx.doi.org/10.1364/OE.25.003863
http://dx.doi.org/10.1063/1.1815391
http://dx.doi.org/10.1063/1.4973362

) I8 % 48 Acta Phys. Sin. Vol. 66, No. 14 (2017) 148701

SPECIAL ISSUE—Diffraction limit of electromagnetic waves

Research progress of plasmonic structure
illumination microscopy”

Zhang Chong-Lei Xin Zi-Qiang Min Chang-Jun’ Yuan Xiao-Cong?

(Nanophotonics Research Center, Shenzhen University, Shenzhen 518060, China)

( Received 29 March 2017; revised manuscript received 27 April 2017 )

Abstract

Structure illumination microscopy (SIM) is a novel imaging technique with advantages of high spatial resolution,
wide imaging field and fast imaging speed. By illuminating the sample with patterned light and analyzing the information
about Moiré fringes outside the normal range of observation, SIM can achieve about 2-fold higher in resolution than the
diffraction limit, thus it has played an important role in the field of biomedical imaging. In recent years, to further improve
the resolution of SIM, people have proposed a new technique called plasmonic SIM (PSIM), in which the dynamically
tunable sub-wavelength surface plasmon fringes are used as the structured illuminating light and thus the resolution
reaches to 3—4 times higher than the diffraction limit. The PSIM technique can also suppress the background noise and
improve the signal-to-noise ratio, showing great potential applications in near-surface biomedical imaging. In this review
paper, we introduce the principle and research progress of PSIM. In Section 1, we first review the development of optical
microscope, including several important near-field and far-field microscopy techniques, and then introduce the history
and recent development of SIM and PSIM techniques. In Section 2, we present the basic theory of PSIM, including
the dispersion relation and excitation methods of surface plasmon, the principle and imaging process of SIM, and the
principle of increasing resolution by PSIM. In Section 3, we review the recent research progress of two types of PSIMs in
detail. The first type is the nanostructure-assisted PSIM, in which the periodic metallic nanostructures such as grating
or antenna array are used to excite the surface plasmon fringes, and then the shift of fringes is modulated by changing
the angle of incident light. The resolution of such a type of PSIM is mainly dependent on the period of nanostructure,
thus can be improved to a few tens of nanometers with deep-subwavelength structure period. The other type is the all-
optically controlled PSIM, in which the structured light with designed distribution of phase or polarization (e.g. optical
vortex) is used as the incident light to excite the surface plasmon fringes on a flat metal film, and then the fringes are
dynamically controlled by modulating the phase or polarization of incident light. Without the help of nanostructure,
such a type of PSIM usually has a resolution of about 100 nm, but benefits from the structureless excitation of plasmonic
fringes in an all-optical configuration, thereby showing more dynamic regulation and reducing the need to fabricate
nanometer-sized complex structures. In the final Section, we summarize the features of PSIM and discuss the outlook
for this technique. Further studies are needed to improve the performance of PSIM and to expand the scope of practical

applications in biomedical imaging.
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