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Fig. 1. Ewald sphere and diffraction conditions for different optical microscopy techniques: (a) Schematic

drawing of an optical imaging system; (b) Raman-Nath diffraction for conventional optical microscope;

(c) high refractive index supports high spatial frequency propagating waves; (d) spatial frequency mixing

between the sample and illumination.
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(a)

’

High-index ; 4
sphere |

(b)

K2 BERMERIMMIEN  (a) FEIE SIL; (b) B2 SIL

Fig. 2. The two cases of solid immersion lens: (a) Hemispherical SIL; (b) super SIL.

79 ot SIL 1 6 52 B 1o 43 B% 100 3 THT AR AN T 2%
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Virtual images plane

e

ﬁ ﬁ | i
White-light source ﬁ

3 BRI (a) GaP SIL Xt Ykl FERIE 4
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Fig. 3. Super-resolution imaging by different SIL:

(a) Fluorescence image of dye nanoball by GaP
SIL[28]; (b) optical image of nanograting via a

polymer microlens [32]; (c) super-resolution image of

nanograting via a microsphere lens (341,

4 HEMOERATHA

g5 W AOR B SIM 15 567 1963 4 HH Lukosz
Fil Marchand (o1 $ Hi, 7E Sz28 ], BE IR 46 80T LA
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il hn, X T — AN ESZHR B (Kl 4 (c)), Ffir =Fh
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(a) (b)

(c) (d)
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B4 dikeig gk 17
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(Kl 4 (e)), Bl 240 P RARTE RS, HTRAHK
FEER(E R, SIM BIHE B EL S FXERAE TP 5
ANELR, B TR SR R BB SY, b &
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A 1) (1736 =381 /1 Ay g 990 ) STMLAR 4R 8 &
SEIR, oA Gustafsson 25l 7 B Z vTHk. 2000 4F,
AT A 605 nm {8 B, 3895 1 115 nm )73 3
L7 2008 4, Gustafsson 25 10 il ik 7 = 4ER
SRR BT, 78 605 nm MRS TR, k1 T
104 nm FAHE ] 3 8 R A0 280 nm A Fh [a] 20 HEK . L
[, Schermelleh 25 1 i I = 4k 45 ¥4 ' i BA
BRI T AR ARE, R TE5Z
FH 53 R

(a) BEIRZLL (b) A BMEIH) Ewald BRERTR; (c), (d) — 5205 A ISR (e),

(f) HeLa 40 H i 25 5 B ZRAEAL G0 80 5 5 M6 HE I A0 T O AR

Fig. 4. Structured illumination microscopy (17, (a) Moire fringes; (b) Ewald sphere of conventional microscope;

(c), (d) Ewald sphere of sinusoidally striped illumination along one direction and multiple directions; (e), (f) optical

image of actin cytoskeleton of HeLa cell with conventional and SIM microscope.

IEAER, A/b 2220 SIM 5 HoAth = 0 9 % 52
R, H R BRI M B ARG &, S T
KT 100 nm (K873 #1114, Gustafsson &5 [42] 4
FSCT VAN 45 R O R BH SR AUBR e 45 1 R B S A it
IR 2 B N (nkiumination) 354F 1 50 nm [ 73
PR PG, Gustafsson 25 143 3 # SIM 5 TIRF 45
&, BIANZ RG], ST iS40 100 nm
SIRERAE 511 Hz Bh A .

AR SIM R & B 5 AT AL, T3

HL A% SCHUARX i B0 3 BEAR W] = 4 AR I XA
FORADIIME R, 8 2 N T e B E Y
A (491, (E py TSR R BR A, SIML 43 ke I AH EE
BHBIGE ARG E R el m— 1.

5 AMAFAF DA

55 SIL A1 SIM B AR Rt 3k et A, 49
1T 3706 2 T OR FE T X SR A AE R B R TS A
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S5, MWIERERE L, im0 BAOR T LA 2
PR F IR FE ke —. SR, gl =1%
FERRRE, SR T KREAFEMER SNOM, FHT™
V2O T2 A AR A ) S A

£ SNOM H, 9K =R 88 1 A% 0o fr
e -6, B RE R PSR e 7 H R
EIERESHY, ARG E S HERE ) A FENLER S 5 R
FESE. SNk, AT LS R ER FIAN K SNOM. 4
A L. SNOM. T L SNOM il & R4+ SNOM 1461,
WE 5 . HTRRIICR, ETO67, inl#da
SRR T 37 S AR AR A K B AN Tk ]t 1472481,

—_—

(1 )

K5 FEMEGOLEEEMEBRTECT  (a) H LT
£ SNOM; (b) Bt % SNOM; (c) 4t 1 5 1 SNOM;
(d) KRR NEHE SNOM

Fig. 5. Four major types of SNOMs [46]: (a) Aperture-
SNOM; (b) scattering-SNOM; (c) tip-enhanced spec-

troscopy technique; (d) nano-emitter tip technique.

5.1 ABfLEESNOM

I 2 B 1A FLAR £ SNOM £z - Pohl I
Lewis 100 M7 sz 8. HAZ O 2RI — ANk R
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I 25 5 L[V A2, o0 HE RN (RE 2 AR
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SNOM FfJ X — 41 5, 1993 4 D1 /R 5256 =5 ] Betzig
5§ Chichester ") & 1E3K15 T dilC12 B 5.0 196
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G AR A T E A TTER. 7E 90 SEARE W, WA
HAEZAIRTNAT BT 9, Rl A2 2000 4F 2 J5, SCHk
[52—54] R A ahm T4 AR 6 o 4F 8R4 34T T 4R
1k, B EOR S U R R e R R, KRR T
RN FHET SARE MR BN KEEE

=5
[ERN

A SLIREE ) — S HE 2 T X 37 73 A 1
AR, R AN e 2 A A S A K 0 W o
FRAE PO X R AR — MRk T
W5 38 S e (PSTM), HAFHHER LT IR B R 2
T O R M 3R RS R I O IR B g,
TR A5 8 v 25 T8 53 1 e 315 5 PO 7E L B Al
b, SR [57] R 18] 73 5 1 3R 54 L SNOM 3R
LRGSR, LI E)TRAD e bk i S AR AR
B&. T ULRI, A & SR BRI IR X HL B3
A 1) Sk (RIS, B ) R RO R B
Jio AR P8,

H T8 5 ' AR AT Rt B i, A 20 1
2290 AR, A FLIEE SNOM SUH IR 51 1 K& 1) HF
FEE N PO (HARPRAEROAR 2 i b, B4 %
AGAE 5 5 BEX W% 0 Z B AL RaE 3] 7 A TT
oo AR B AR 1001 R AU 25 T & AR R, R
RO R N T B RE, (HA44 0N T
100 nm i, 15 5 A 4 SRR B, 250 nm i+
RAAZI107° FPLsRAEIEL AL, MIREEE, 44
KL RAE I 3R] DAAEIUS B A AR R B2
DU R B BRAL KT T LA AR BB R T
I 7, JLBR B IELE T (a/ ), T AR FLR T iz )
T, B AR I P
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BRI R, 1£ 2000 4FJ5, TLALIREHHCAR TG O
SNOM #i3s f F ET7 [m). R ) 2 Bl A 90K R 263
WK &, Hr AR e v DA RHT B % W AR AL
PR DR 5 PR N FH D 12 SUABAE D16 15 25 0 A BSR40
Wk T ARZ MR, EIX —5 B JRATKE 5 p [
o G FLER £ SNOM [ AN B 22 73 3 £ A3 5ol
TR AR A H B SNOM A,

B R M 5RO IE HAR S T ALIREF SNOM Hh i) E
B 2%, 20 1H 428 90 4 A 5 B N FH T O R
1999 4, Sanchez %5 (21 F) 1 15 nm B2 K4 & 4
IR 58 R B UR 53 UG RGRN, BT X0
T AT B T ARG B B AT B, XT3 0 Gkt iR
EF T 20 nm WA R 73 #EER; 2004 4F, SCHR [63] F)

2006 £E, Novotny B4 04 B 58 T 7E Au 9ok ik
FIFE N By TG aR B BRI T agh
KBk 5 5o 7B B ARIE R, BT & R AR
W, W T KAEFK. 25, Novotny BRERZ
Sandoghdar ¥ &5 41 #B 1) F Au g% K JiURL A S 40K
R, WEFL T Au GRS & (1) 58 1G5, 505
TR RIA B T 10—20 1%, MR R &
At gERE 7 206500 E, FEHARE] 7 10 nm B2 5
P 109,661 2007 4, Tam %5 7 7 SiO, 44 K JkL
RN EAuZ, B @K BoR e i 2422 EAE gl
KRE, ¥ 5 KA KRG 75 5 150
%, M0 2014 4, Wientjes 25 551 FI| i Au 94K A% X 4ifi
HE AV LHCILEUK, 193] 7 K2 100 £ 12 G 1
SR, fSTAH SRR A T A AR A 21 20 ps.
(ERENNT SR RS A DR R 5 N | T RSP S
[ 2 5T o3 i 2 OIS HOR (tip-enhanced Raman
spectroscopy, TERS), HTHi 8630l T Johwid
425381, TERS 1E 5 KGUKPPRH 2 8 b B
RIS N B S (R <o N I VA= 1 € 1 5 A
WA g, HAor AL 1073 cm? /SR &4, /)
F 9 F IR T 10716 em? 990, TE R
I, BEAR NATALE 20 th 22 90 FFARFI A FLEF R T
REZK, HRARG LN SR, EH 22000
S SCHR [T0—72) 2 BIRSL I HOE T BRI R =
BNE, I < 8 4 K BR A 4 B o D't 37 1 3 B i

RUNE, SEBL T A ML TR T 103 5 3458 (16 ().
2 J& Hartschuh 2 (3] g ol o 2 35 AR S FH T 4k
WA ERAE, LA 30 nm 1) 2% (8] 73 A STOULIN ) 7 Bk
EEERARL (6 (b)), BRI TERS HEENFHTE
B AR FILIRN 2 2008 IR, gk T AR
GEFY, X FRIE L — ELEF S 3 Pettinger VAT ZH [T F1
Zenobi R4 7] %f TERS MIIREH I ABET T 248
PEARAL, R HIBREEEE UK TERS AR5 4R E
SEAINE. PG M R SE, A SCVE#H K HAh
TR AE 2007 48 71 J5 S 246 TERS I R 5 HE it
B A7 16781 FEIR A, 7RG AR IE T
B5yF TERS SE6, HILHy S 0 F R S A GEXT
L, ANREHERR SR B 5 RE S5 G (R To e TE ) 1
Al fig (79,

1 (a)
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L

[ V) w
1 1
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2
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Wavenumber/cm~1!

8000 A
6000
1 23 nm
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6 EFRIEBREFEA  (a) &P REIRIG R 20
TESIG A5 IR AR AR GRSy T L 2 4 5 1Y 9 40000
& (715 (b) BRI AT RIS SRR, 451
SHAAUL T 30 nm (73]

Fig. 6. Tip-enhanced Raman spectroscopy: (a) 40000-
fold enhancement of the Raman scattering of dye
molecules [71]; (b) near-field Raman mapping of single-

walled carbon nanotubes [73].

TERS )% N TR, R
e 2 ) 3 FE A LA B B 03 RABURE AR L O T i

144209-7


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

¥ 12 ZF R Acta Phys. Sin.

Vol. 66, No. 14 (2017) 144209

RIS R —A & F B fEdkrm, &
TR 2EAE A 5 Pettinger B & 48, B ¥ TERS Wf
LT CN™ BF7E Au(111) LA EFLE A & (MGITC)
I3 FAE Au(111) F1 P (111) 3% — 5 B AL K 1
Wt 47 4. 2 J& Steidtner F Pettinger ¥ ¢ TERS
PS5 E@ETSRE, IE IR TR T
B3 5H261E%. 2 J5 TERS —A B A T
VEt IR E R 2K e R, 2013 4E [E LA R AR K2
o 7 1) VR R ZH A6 8 v 5 R R TERS KOG 70 H
ARAHEREE] T 1 nm, RIWHOTIE T > FES)E
M AN IR PR 25 1320, 3% AR R 17 Y A
[ U4 0K RS 1 ZE 1 5 A

B 3 SNOM (scattering-SNOM,  s-SNOM) J&
7 — K E B ALK E SNOM AR, & f1 TERS
FIRR T 4 R EE R RAAGE ST TR 5
TERS A A, s-SNOM ¥ AR AR £ 22 1) Jm 3 3
SERARNE, T A A Bl TR B i FE SR A 1 3
S B 351, 2 R A A At o 4 [ R A
% Keilmann B4 58, 1t M\ 20 tH 20 90 FEAR T 45 4 [ 58
s-SNOM H 113 3 #H HAE RIS 5 S B @l T oK
A S ARG, KW T —RIETE
VR IR R K 05, R IE I R R R A B
FRIN I ARRE T BURHE 5 AR OB R HEBUR R &,
Hs-SNOM B35 T %0 S6Ath (B 7 (a)) 194,

L, di G A AME R HR, s-SNOM &
G R TSI A K R EELLAM 6 S BBk,
AL RLSEIURE JUF B A Rk 1 e R Ok ey A (8] (1 4L

(a) (b)

243 HT 185). 2012 4F, Hillenbrand 4 (561 i) o
ZLANE BEI N SRR, X PMMA 8 F (1 58 —
Fefik % bt (PDMS) HILLAMR OGS 3EAT HR I, 12 5]
T 20 nm P R Bl S, ARATT SR AL L 45
oy ) A8 L I 3 21 A7 i () I A 3 AT DN R AR
IEF) 25 nm (125 A3 HER, RAITH TREANEARE
EWET. 20134, AlAT SR AL BE i Si AR 4R 5
&)@ AuRHEREE AR R L, BHIT T 4H R 58
ZLAM GG AR, RS I B AR I B (TMV) 1E47
2T AN AT 30 AN R A% 51, iR B 41 b
TEASCAT LS 2 Sk B B A K g
FA BRSSO [ 20 9 O 25 A 3R 4T i 1991,
KRR LA ) 53 Fr4b, BUR SNOM W4 72
Hi R T IEHLRE SRR R AR R
B0, 2012 4, Hillenbrand ¥ & 20 1 Keilmann i
FIUAH 2 5 ) FH B SNOM FINAL Ah i R 63t HE 41
BIRPUREE AT, A0 BB IR YIRS M AN
AR R S T (7 (b)) P01 S Basov i3
20 A1 Taubner U4 @1 2H #%F B AN 7] B — 4E 84 kL 240
JSC ) DR 2800 T )= 045 B -4 A AR

ANARAH (hBN) BEAT 7 50, S f iR = 5, [
RS W 20 41 1 5 A% 02951 TR, AR R
&, HTI R BURE K AR E O A R (AT S8 0
SR HOTREL PRI ), BB T A% G5 TR
SE IO 2R L R LAY e AN P& D, AR
iDL iy Eith

7 HUHASNOM () S FHE 4 HHBUT SNOM (162 AL 1841 (b) I AT B SNOM RAE M)A S % B o T

E R [91]

Fig. 7. Scattering SNOM: (a) The super-resolution optical image of Au nanostructures by scattering SNOM (841,

(b) the interference pattern of surface plasmons of a graphene nano-ribbon collected by scattering-SNOM 191],
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5.3 KK FIRET SNOM

IR A fLE T FLIEREF SNOM # & T 9 sh #4841
SNOM, 1M 44K KOG E SNOM U & 5 2 5% i )
EBRIEREFR. BB AR LYK Rk (W
EE8 s R = RN 05 o S B 255/ B/ B N 1B AT A EERTY
RREE, WEREH AL E RS S5 H
T-GK R G AR R 6 R T w0 SR A L A
WA B A e B, B PR R ERE T DASE I £
pie7 N - M I R - X = O AN e |
AN, ET AN T 10 nm, T LG R REE AR
1 nm, #OZEARKI 2S04 #HER 0 LUAS] 10 nm PA T,
HE1 nm.

FIH A K  CIRER, B Fi 35 78 1 2530 20 4
S T — R HI 7. i 5 Sandoghdar 2 1°)
P 55 A 1 0 BR A SC B T 40 oK &5 1 e o
HERAR. 2 )5, Banin U84 PO ASE 2 B 4k
B RE B RE S, BN T R R R
Bt 192 SR = T S AR & B ekl oy 1 2 18]
(I FRET id F2. Temirov ¥ 4H 07 F 2 G4k &
T RE M PR £, GRS Ag(111) K 1 1
PTCDA MINTCDA ¥3 K, FIEAEGK RSB
TR EL R A B = 4E R

EANEA ) R AT S, 2 T R IRE
(R % X S v, BRI R B %, Ak T R B R
AFDLTIUL, B 9K THAR R D 5t 2kl
AR &, AK K ICHREF SNOM ¥ 2> BLA5 Pigt &
J&. R B T 4K WA R B 0 5 G I
B RN AR D] 28R RN — A EE
J7 1]

6 JEIFHIIT BN

I 9 6 5 BRI T 99 K IR K B ok
WA PR RS 5, UL RR EIE S, R
BB IR BERE. B AK G2 R R, R 2 S S
WOt T = R R A R, AATTEGR 2, R
F AT 5 2R B AR A B BRI 11 ST B A T A
TEFRR R, It — P A R T, K
JiE T A% R L TR R AN 2 T S B T ) TR
I BRABEAR.

BT 50T S AR B AR R B Veselago 75
20 140 60 FEAAHR . 2000 4E, Pendry 9 WHE i |
HF R T T T MR AR ML, R

T XU R e % F R AR 8 AR R R B E BT
(25 AR . B AR N ATTAR 7 e 60 7 ol dpt e B S IR
ToREEE, HEH T HS R RS, 7577 Wb
B, X —EEER - HAELW. (HIEg%&HT,
P TM B, HZ 2 FR A o BRI eT, B/
FERE S F. 20044, Luo FlIshihara 100 ] £ 1 45
EHOCEZIFE AR % R A 100 nm (A /4.4) T
Wokal. W, fERR BB AT, 11 e R K ARk
B T — KA A H TTER. 2005 4, 5K 155
F—HUERAR (35 nm) XRS5 B H0T (SPP) 55 A0
i, I AAENZIIE ETERLT 60 nm (A/6) 43 HEE
F1% (B8 () M. EAEENZ, XN,
AR BRI IR IE & A T A8, 2 AR R R
A g AR, 2007 4, B XU E S IS, 0k
Je T B B R SOR R E B, 4 PEE N 130 nm
(A\/3)(EI 8 (b)) MO it — b0 iZiE B 5 % R 4
ghy, SEELT AR AR R AR 102105 2015
4, Gao %5 104 254 Hyperlens F1 S S 4R TH SE 3 T
22 nm (\/16) M FERIH P RE. BT R
T2 4, AT 23 FH 4 @ 4 B 51) 05— 1070 DL JOfRS:
I R PR 3% 5 11051,

B ST S AR A, R O B At Dy = T
DA I SPP 21 4% 1645 IR i 4k, AT 52 B 56 37 ik
1% [112=1151 9005 4, Smolyaninov % 215 H i i
EE&EZ Bt R rmai. &2
(b BEMUR SPP, il 1 — A Z4EIBOREE. AR ATTH
502 nm 4 O BE S 90K LI B 1R 3R
37 60 nm(\/8) 7 i (K 8 (c)). 1T SPP
B RARK, B VLI (A R0 3 AR &, YRl
FHF A AR IR ) SPP A Y F— NS RiES,
TxsF N A AMERR I SPP T =, W —AN) L P4
FAREM A N RS BE. WO N, SPP 1% B LA 624 1)
B, TEBURCK MR, F 5 2408 0 B 54 28 A 4
B, H R b7 ) E R R ).

A A D22 35 K 25 B T 5 45 1O SIM
M4 &, KW 7% &Moo s R E M A
(PSIM) 141101 A4 45 (16 STM HhY 485 14 516 F) 6 1) 4
R A7 %6 22 25 55 97 S R BI04 25 TR AR AH 24,
M 28 22 3R 45 5 00 2 SO R A (R R ) 4 6. SPP
{10 A5 i) 2 ) AT %6 AT DA B bk AR K, FAAE 450
J, AT AR 5 A 23 [A) 4 k. Wed # Lin 114
442 nm [F¥EOEHCR 508 nm (K785, 1 0.85 ik L
& (NA) KB iaE, K13 7 76 nm (4 £5 158 5%
SR ) (S T 0 HE R, 48R, PSIM MR ) 25 ]
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BRARAS L BEAT BRI B, R 1) 22 (B R K, SPP A
3 B 7 1] A ol B bR, 5 B — A1 A R R
THR IS5 HIRIG 5 SPP.

SPP A8 HUN Y6 R BEAT 15 37 2 Sl AR 2 —
MRIF g U 2 R G U L AR BRI,
TR GLIG I WA B TR — MK N A (8
M NAZNTFIR RGN NA). Lin R84 15 H
EE BT RGHUE S, (88T BLIR
FECRIINA. T SPP W B it 45 18U 4 g
AL N R UL R 25, LR 3 S5 M IR XK,

n
@ <d>Ag,A,zoa
multilayers
eeeeeeee

uartz
Optical P =
microsco onventional lens
{2 7

SPP A 2L, AP BIE, KRR
3 VAR IR R

HHEE T SNOM BOR, 3 T A4} A1 1 45 125
ot (1 98 il 7 WEE S R BOR T 7 13 H LKA
JS2 e e, WACTE LR BRARAIR, IR R E R s
TR TERE. (B SEBORTE EERAE A E T
PR} BAE BT 45 K I DX, 345 2 6
B L2 BR PR [RI e R RER A it 2% 15 S A
&, X BRI T2 SEBAR IR .

Regular microscope
. . objective
Dielectric droplet
acting as a mirror

Surface plasmon-
produced image,

B8 FETHM RS EHTI R I REEAR  (a)—(c) SRR BES I AR WG L4 (d) B BORDIRER

e (101); (o) SRS WUCIE IR/ HEHA (112]

Fig. 8. Wide-field near-field optical imaging using metamaterials and surface plasmon: (a)—(c) Super-resolution

image by Ag superlens [14]; (d) magnified super-resolution optical image with hyperlens[lol]; (e) SPP based super-

resolution image technique (112],

T BIRAER

R G B R S A T B b B HE S
W, FABOE eIt 2 (R AR AR Y E IR B UE R4
B e BT s g, A BETR T2/, Wk 9 AN #AR (1) 5
FEURFE B /NT N /20, &3 g R85 B A RERE X
gy, ABAE TR IA R v A i e ) 38 A3 e AT KR
W, £ RGN T2 RS IL T, 3 0 R 38R 3 i
75T PAaze B HHT 95 B Se VR R B, X A2 ITIE
EIRZILA. PRI JEEE EF, FER et O T a5k
REf 163 B R R TR 2K T 2/, PRANERES /)N
FN/2 AR AT A X 4y (116,107,

% TR %, Berry fll Popescu [0 45 H1 7 —
N NIE S

(a>1,N>1), (4)

RS OU, WIR N R, f(x) VLA IR
H¥a =10, f(z) = exp(iNz), RE—HN A IE

f(x) = (cosz + iasinz)”

TIERE. 2a > 1, fE o = 0 Mk,
f(z) = exp(Nlog(1l + iax)) ~ exp(iaNzx), (5)

PR AR T o fir, (EME HLI T (9 Ay BE R
PR — A . By

N
f(z) = Z em exp(iNkpy), (6)
m=0
XH
2m
km - 1 - W,

—1
2_q N/2|:a
_N‘ m (a a+1

em = ox(=1) [IN(L+ k) /2 [N (L — ) /20"
A B BEAS KT 1. i R ERr e AL E b,
PR B AR A E R T DA R 5T T8 R e R

FIH Fad g 2 AR 2 AT oK & SRR A
PR TAE, i iR R H (k), SEP e
YO FEl N BN T AT SR PR 1 R A LR Z 5 vk
XN LGN K S5 M) S2 B T 9 i A o A B | %,
lg] 9 [20,118,119].

] Nk /2
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Fig. 9. Super-oscillatory lens: (a) Simulated nanofocusing effect by a super-oscillatory lens (126], (b) the SEM image

20)

of a fabricated super-oscillatory lens; (¢) the measured nanofocus of a super-oscillatory lens [20].
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Abstract
In the last few decades, nanoscience and nanotechnology have been growing with breath taking speed, and how to
break through the diffraction limit and tame the light on a nanoscale have become the major challenges in optics. In this
field, several super-resolution optical nanoscopy techniques have been developed, leading to a series of breakthroughs in
physics, chemistry, and life sciences. In the work, we give a retrospect of the newly developed techniques in diffraction
theory of linear optical systems, including the solid immersion lens, structured light illumination microscopy, scanning
near-field optical microscopy, metamaterial-based wide field near-field imaging technique and super-oscillatory lens. Brief

discussion on their principles, advantages and applications is also provided.
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