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Fig. 3 Near-field scanning tips. (a) Grating conical metallic tip prepared by FIB etching”"; (b) conic plasmonic lens™™; (¢) metal pyramid

shaped three-dimensional plasma nanofocusing™; (d) grating groove shaped quartz tip prepared by FIB etching™; (e) optical

fiber-silver nanostructure composite tip""”
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Fig. 4 Hollow spiral taper SNOM tips"“". (a) Process of direct laser writing for preparing tips; (b) working principle of tip; (c) electric

field intensity distribution of gold spiral taper in x-z plane under excitation of different polarized lights
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Fig. 5 “Three high” p-SNOM tips"™”

. (a) Working principle of tip; (b) spiral-grating solid tip; (c¢) light spot from tip apex; (d) scanning

results of one-dimensional grating and resolution of tip with a grating linewidth of 80 nm and a tip resolution of 5.7 nm
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Fig. 6 Applications of near-field detection technology in biomacromolecules. (a) Infrared spectroscopy, near-field imaging, and

structural model of phospholipid bilayers”; (b) distribution of nuclear components in lymphocytes'™; (c) near-field images of

influenza X31 virus in an environment with a pH of 7"7; (d) comparison of near-field imaging effects of tobacco mosaic virus

before and after spectral signal processing
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Fig. 7 Applications of near-field detection technology in cells and microorganisms. (a) SNOM morphology, reflection, and
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transmission images of sperm”’; (b) nano-FTIR spectra detection of single sEV"”; (c) tomography reconstruction of

Chlamydomonas reinhardtii””’
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interferometry nanoimaging of hyperbolic polariton pulse propagation”
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Fig. 9 Near-field optics and nonlinear effects of low-dimensional materials. (a) Generating FWM in graphene’; (b) anticorrelation

behavior between decoherence time and FWM intensity of single-layer WSe,""; (c) near-field enhanced SHG signal of

I 1) SHG 99K 9 AR, & 9 (e) s o IR 5 R
AR G A7 SHG AR5, (0 238 i 41 2R 5 B fh 2 1) iy 3E
LMERE R S TR A BB SHG 559 1. 1%
TAEH# /R T 48 ZnO NW g2k RUEE | 0] 52 8 SHG A%
%, HEA 13 nm 1Y = %5 (8] 40 B . IR Bz AR v F
T W AN G4 K B RE 2 T S 3 AT ORI 5 45 R
A RHR 2 00 9K GAR 26 Mk e b i . X e TR R
TR R R T Gk REORE 0 A LR KOG R R,
s AR L M G AR R I R BRI TR 2R i L o
W52 25 N R 18] 200 2 1 2 8 10 4 446 o 22 i 45
FB
34 HIEFME

R R AR R AR B TR R Z RO
Z W BLEE TR R 58 Hh sl S5 41 IR SO TR R 4t LA
B = MR IR SRR WO R 2 A
GB-inch *o #RTM, Jy 7 52 BB 5 119 25 0] 43 R, ik 2
J7 1R AT s Ao T B AT A 0 o A R I O SE R Y A
I o Ny T B W B S (3 R ) N £ o8 ]
2 20 H AR 52 2 A S5 40 PR 04 ) 24, BB T AF 6 %
HE— 2545 = B Y AT AR KO AT BB . 2000
A IBM A R T — BR800 38 )5 7 0 B 1
B A7 A A “ Millipede ™™ 40 & 10(a) At , B
TE R B K AR A /NI RS i e B e
G — RGNV o IR S TR B R | 38 e A R R

7nO NW"

b T AR AE T BE R 50 nm A9 48 THE SR O TR K R R R
(PMMA) JZ B B T R 30~40 nm K /N 47
IR, TG S2 30 T 400~500 Gb+inch ™ 4 £ 41 77 it 25 2
WE 10(b) i o R X TAERE T 8 AR KK, IF
IR T X B T HRE A 07 R i it — AL WEgE (R
i FH AT SR 3 AT Ko

JEAE K, s-SNOM 2h fm 43 BER g oK in T it 1
BFB . s-SNOM j= A 146 38 4 T 144 8} 3= 181 40 K
GURFAE B AL B O 27 91K 4 04 T 3 DL R G W b R
Ik Z] . BT H LA s-SNOM B A7 il il ok 6
e BL S HON AR A 2 3 B UM L 2020 4F Lee
SBE T 2 TR D B ST R A A 5 T A I R A
I 42 v 1 30T T AN N K 2N FEAR B R 2 T A &
ARSI A 10(e) firs o R Z$E AR il 1 T —
AR S TR 0 22 i 9K Bh g AR A R
64 GB-inch . i i M AF s-SNOM HJ A S 5655 5 F1 2y
SR AT LLSRAS R [ (4 457 AE 245 # , I 38 1 R AF 45 44 1 T2 5
RSF o B B e AR i T 4544, aniE 10(d) B o BT
I K S8 77 A R AE 45 4 22 A, 38 BT D3 S 3 ok
Ty ok SE AR BR FRAE 0 B /9, W& 10Ce) R o sk,
3 3 PR R E e UE R T B AR A
NIt 3T 306 2 3R 0T T 98 K K P 1 ) 22 2 A B
ST 55 A2 AR A AR, D hE A S A W AR R T A
PR & AR T BT HLIE

1026014-9



(a) 2D cantilever
array chip

Multiplex driver ®)

44 % 10 #1/2024 £ 5 B/ ¥ ¥R

Heater
platform
40 nm PMMA
70 nm
cross-linked
Polymer storage media I 22 hard-bak‘cd
photoresist

on x/y/z scanner

AFM tip Mok @ QCL wavenumber (cm™)
I g0 1625 1635 1645 1,655 1,665 1675 1,685
£ 2
510
:

o

b
\?rﬁ, \é”'

; ——=018 -+—058 —3s §

QCL wavenumber (cm™)

B0 ST # RURAF A R o () 36 F AFM 9 80808 77 i M & Millipede” i 7% B 5 (b) R EFRAE PMMA. 1 T8 12 Air IR S 31
R RBIRIE s (O IRB IR 71 T 22 11 R E AT AR T 5 (d) s A5 93 30 AR g Ol e I 81 4 5 A 0 g

(e) Al EEFEG H L
Fig. 10 Near-field optical data storage technology. (a) Schematic diagram of data storage concept “Millipede” based on AFM""";
(b) utilizing a tip to create bit indentations on PMMA for achieving high-capacity data recording™"”; (c) controlled deformation of

silk protein induced by enhanced electric field of tip"""; (d) adjusting point height of writing by changing incident light frequency

and exposure time""; (e) repeated erasing and rewriting process

4 HgiERE

HT 1928 4F 2 4, MRS W48 i 19 6 17 3 40 PR D' = 20
BRI 0O6 7 BB BSOS, BlE gt B R
G5 RN AN R AT 10 R BT 00 B BIF A B I S B R
AT 3 0“7 6 1 B AR T 32 o 21 4% A4S U, TEA WLAIE
TGt MK Se e o i RERR D A o AR 3G 1]
Ji SNOM % J§& 7 st AR B BR T WF & w5 12 0 1) R 58
it £ FLA e PR RE Y BR BT 2 A1, AT 3 g AT O o B
ThCBE 9 B AR BE 1 AN 7 5, B 24T L BORE SR AR
R — By o] 9 BF 58 B8 ko T T A O £ 1 LA R B
U

O, S B T I ] R R AT . X B S
POG2ERES G L B R K s OGRS & BEER b RS
S5 BUBCRDE T XS RE i A7 R PR o (EUR i fappy
G FEPREL , [A] I ORUE I AR E PRI AR 2 — N EOR Y
PR SC b A B R 22 R 0 A0 A e R K e
e B BEEREE , 18 A AMEERE A R B 18 BOE B
ok G G, LA B n Ao 00 G o P B A K e EO6 Y
W INF e 1 3R A R B R A RSO, 22 X6 SR B MTRE i
SR AN AT T (1 4 A 28 S o0 AT R R R A DR £ T

[106]

HR, F 4 SNOM X 515 F B2 Uk i 5T . B
J6 IR T R T S )4y BRI BRER, BT 3 A A5
X G KAy TR 2, 20 40 635 R 50 K % 17 14 48 £
XTI SBT3 AR o AR R TG T R 2R YRR Ak
BRFNDE SRR L, (E AT TG 16 X 175 20t 15 A7 sl 25 4 0 Fn 4y
Mr o B2 TR MER E RS, ZBRF H A
25 8] 40 B R, %k T G HE R 2 0 /N a3 TR B A I A O
TP H i il an an fa U0 B A T o LR
B R RE 5 H B R Wik B A R B AE A
—YE(CD) JEEEE TN . L, e 1l
B A e A T T 4 R 22 R A [ Al 4R 6 A AS TR
2 i g ok W A H o AR, K ZBR R TFE T
HAEWF M CDAES , It B AL Gt 093 £ J0 2 76 R o =
Az Tk B AR D6 B, BT LAGE 5 3T 306 2 R R S B
BT CD BRI A R — > B KB x0T

HeJa , R SNOM H7 A %F = 4 k1 1 14 45 b 4 1 1k
TRAE . SNOM T4 & 3 T 30 I 1 I 4 A0 66 7 o
EATE AT — B G e ) AT B2 38 1 SNOM i 47 i 255, 9]
U 57 2 59 A S5 L 2 ) B4 S A AR A DA B R R
R AR I A 2 T T AR R Y A B AL
PEECE B, it — IR AR R R Aok

1026014-10



B LR IR

£ 44 % F 10 H1/2024 &£ 5 B/ RFFR

IR LTS TR

fife P AR B xS ) B RE R R MR A
SNOM # R () 25 A PERE , 645 10 nm £ F 5§43 F K
- 4 5 23 18] 43 B8 A 10~100 fs (4 25 I 1Al 43 3%, LA & —
H RS RIS A 4R FEA SNOM 2R o 3k HE 5 KT
587 0 T BOKE R 98 K RUBE T 58 841 OB 4 6 R I
FH ELAE FH 0 35 Atk 007 FH AF 9 4 AL w5 1) 23 A Bk R e 2E
TIE T EL 0K S 499 K R R W K RO Ry 06 3 1 7= A
ety RAR S B4R, SO 5 OW Y B AE BLAE AR
BB RSO FUHT I G 5 £ 188 R R R ik o

& £ x

[1] Abbe E. Beitraige zur Theorie des Mikroskops und der
mikroskopischen Wahrnehmung[J]. Archiv Fir Mikroskopische
Anatomie, 1873, 9(1): 413-468.

[2] Sahin F E. Revisiting a classic lens design problem[J]. Optik,
2020, 205: 164235.

[3] WulJ M, Guo Y D, Deng C, et al. An integrated imaging
sensor for aberration-corrected 3D photography[J]. Nature,
2022, 612(7938): 62-71.

[4] Aieta F, Kats M A, Genevet P, et al. Multiwavelength
achromatic metasurfaces by dispersive phase compensation[J].
Science, 2015, 347(6228): 1342-1345.

[5] Zang W B, Yuan Q, Chen R, et al. Chromatic dispersion
manipulation based on metalenses[J]. Advanced Materials,
2020, 32(27): €1904935.

[6] Binnig G, Rohrer H. Scanning tunneling microscopy[J]. Surface
Science, 1983, 126(1/2/3): 236-244.

[7] Eigler D M, Schweizer E K. Positioning single atoms with a
scanning tunnelling microscope[J]. Nature, 1990, 344(6266):
524-526.

[8] ReppJ, Meyer G, Stojkovi¢ S M, et al. Molecules on insulating
films: scanning-tunneling microscopy imaging of individual
molecular orbitals[J]. Physical Review Letters, 2005, 94(2):
026803.

[9] LeeJ, Perdue S M, Rodriguez Perez A, et al. Vibronic motion
with joint angstrom-femtosecond resolution observed through
Fano progressions recorded within one molecule[J]. ACS Nano,
2014, 8(1): 54-63.

[10] Binnig G, Quate C F, Gerber C. Atomic force microscope[J].
Physical Review Letters, 1986, 56(9): 930-933.

[11] Gross L, Mohn F, Moll N, et al. The chemical structure of a
molecule resolved by atomic force microscopy[J]. Science,
2009, 325(5944): 1110-1114.

[12] Fatayer S, Albrecht F, Zhang Y L, et al. Molecular structure
elucidation with charge-state control[J]. Science, 2019, 365
(6449): 142-145.

[13] MaRZ, CaoD Y, Zhu C Q, et al. Atomic imaging of the edge
structure and growth of a two-dimensional hexagonal ice[J].
Nature, 2020, 577(7788): 60-63.

[14] Pohl D W, Denk W, Lanz M. Optical stethoscopy: Image
recording with resolution A/20[J]. Applied Physics Letters,
1984, 44(7): 651-653.

[15] Hell S W, Wichmann J. Breaking the diffraction resolution
limit by stimulated emission: stimulated-emission-depletion
fluorescence microscopy[J]. Optics Letters, 1994, 19(11):
780-782.

[16] Betzig E. Proposed method for molecular optical imaging[J].
Optics Letters, 1995, 20(3): 237-239.

[17] Moerner W E, Kador L. Optical detection and spectroscopy of
single molecules in a solid[J]. Physical Review Letters, 1989, 62
(21): 2535-2538.

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

(35]

[36]

[37]

[38]

1026014-11

Betzig E, Patterson G H, Sougrat R, et al. Imaging intracellular
fluorescent proteins at nanometer resolution[J]. Science, 2006,
313(5793): 1642-1645.

Liu T L., Upadhyayula S, Milkie D E, et al. Observing the cell
in its native state: Imaging subcellular dynamics in multicellular
organisms[J]. Science, 2018, 360(6386): eaaq1392.

Gao R X, Asano S M, Upadhyayula S, et al. Cortical column
and whole-brain imaging with molecular contrast and nanoscale
resolution[J]. Science, 2019, 363(6424): eaau8302.

Lelek M, Gyparaki M T, Beliu G, et al. Single-molecule
localization microscopy[J]. Nature Reviews Methods Primers,
2021, 1: 39.

Veerman J A, Otter A M, Kuipers L, et al. High definition
aperture probes for near-field optical microscopy fabricated by
focused ion beam milling[J]. Applied Physics Letters, 1998, 72
(24): 3115-3117.

Zenhausern F, Martin Y, Wickramasinghe H K. Scanning
interferometric apertureless microscopy: optical imaging at 10
angstrom resolution[J]. Science, 1995, 269(5227): 1083-1085.
LiJ F, MulJ]J, Wang B L, et al. Direct laser writing of
symmetry-broken spiral tapers for polarization-insensitive three-
dimensional plasmonic focusing[J]. Laser & Photonics Reviews,
2014, 8(4): 602-609.

Long L, Deng Q R, Huang R T, et al. 3D printing of plasmonic
nanofocusing tip enabling high resolution, high throughput and
high contrast optical near-field imaging[J]. Light, Science &
Applications, 2023, 12: 219.

Synge E H. A suggested method for extending microscopic
resolution into the ultra-microscopic region[J]. The London,
Edinburgh, and Dublin Philosophical Magazine and Journal of
Science, 1928, 6(35): 356-362.

Betzig E, Lewis A, Harootunian A, et al. Near field scanning
optical microscopy (NSOM): development and biophysical
applications[J]. Biophysical Journal, 1986, 49(1): 269-279.
Betzig E, Trautman J K. Near-field optics: microscopy,
spectroscopy, and surface modification beyond the diffraction
limit[J]. Science, 1992, 257(5067): 189-195.

Betzig E, Isaacson M, Lewis A. Collection mode near-field
scanning optical microscopy[J]. Applied Physics Letters, 1987,
51(25): 2088-2090.

Betzig E, Trautman J K, Harris T D, et al. Breaking the
diffraction barrier: optical microscopy on a nanometric scale[J].
Science, 1991, 251(5000): 1468-1470.

Schnell M, Garcia-Etxarri A, Huber A J, et al. Controlling the
near-field oscillations of loaded plasmonic nanoantennas[J].
Nature Photonics, 2009, 3: 287-291.

Rang M, Jones A C, Zhou F, et al. Optical near-field mapping
of plasmonic nanoprisms[J]. Nano Letters, 2008, 8(10): 3357-
3363.

O’ Callahan B T, Crampton K T, Novikova I V, et al. Imaging
nanoscale heterogeneity in ultrathin biomimetic and biological
crystals[J]. The Journal of Physical Chemistry C, 2018, 122
(43): 24891-24895.

Park K D, Raschke M B. Polarization control with plasmonic
antenna tips: a universal approach to optical nanocrystallography
and vector-field imaging[J]. Nano Letters, 2018, 18(5): 2912-
2917.

Stockle R M, Suh Y D, Deckert V, et al. Nanoscale chemical
analysis by tip-enhanced Raman spectroscopy[J]. Chemical
Physics Letters, 2000, 318(1/2/3): 131-136.

Anderson M S. Locally enhanced Raman spectroscopy with an
atomic force microscope[J]. Applied Physics Letters, 2000, 76
(21): 3130-3132.

Hayazawa N, Inouye Y, Sekkat Z, et al. Metallized tip
amplification  of near-field Raman scattering[J].  Optics
Communications, 2000, 183(1/2/3/4): 333-336.

Zhang R, Zhang Y, Dong Z C, et al. Chemical mapping of a



£ 44 % F 10 H1/2024 &£ 5 B/ RFFER

[39]

[40]

[41]

[42]

[43]

[44]

(45]

[46]

(47]

(48]

(49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

[59]

[60]

single molecule by plasmon-enhanced Raman scattering[J].
Nature, 2013, 498(7452): 82-86.

Jiang S, Zhang Y, Zhang R, et al. Distinguishing adjacent
molecules on a surface using plasmon-enhanced Raman scattering
[J]. Nature Nanotechnology, 2015, 10(10): 865-869.

Zhang Y, Luo Y, Zhang Y,
intermolecular dipole-dipole coupling in real space[J]. Nature,
2016, 531(7596): 623-627.

Bethe H A. Theory of diffraction by small holes[J]. Physical
Review, 1944, 66(7/8): 163-182.

Heinzelmann H, Pohl D W. Scanning near-field optical
microscopy[J]. Applied Physics A, 1994, 59(2): 89-101.
LaRosa A H, Yakobson B I, Hallen H D. Origins and effects of
thermal processes on near-field optical probes[J]. Applied
Physics Letters, 1995, 67(18): 2597-2599.

Ambrosio A, Fenwick O, Cacialli F, et al. Shape dependent
thermal effects in apertured fiber probes for scanning near-field

et al. Visualizing coherent

optical microscopy[J]. Journal of Applied Physics, 2006, 99(8):
084303.

Lee H, Lee D Y, Kang M G,
photoluminescence nano-spectroscopy — and
Nanophotonics, 2020, 9(10): 3089-3110.
Adiga V P, Kolb P W, Evans G T, et al. Development of high-
throughput,  polarization-maintaining,
Applied Optics, 2006, 45(12): 2597-2600.
Biehler B, La Rosa A H. High frequency-bandwidth optical

et al. Tip-enhanced

nano-imaging[J].

near-field  probes[J].

technique to measure thermal elongation time responses of near-
field scanning optical microscopy probes[J]. Review of Scientific
Instruments, 2002, 73(11): 3837-3840.

Helczynski 1., Anderson D, Hall B, et al. Chirp-induced
splitting of pulses in optical fibers[J]. Journal of the Optical
Society of America B, 2002, 19(3): 448-453.

Namboodiri M, Khan T, Karki K, et al. Nonlinear spectroscopy
in the near-field: time resolved spectroscopy and subwavelength
resolution non-invasive imaging[J]. Nanophotonics, 2014, 3(1/
2): 61-73.

Ding W, Andrews S R, Maier S A. Internal excitation and
superfocusing of surface plasmon polaritons on a silver-coated
optical fiber tip[J]. Physical Review A, 2007, 75(6): 063822.
Ropers C, Neacsu C C, Elsaesser T, et al. Grating-coupling of
surface plasmons onto metallic tips: a nanoconfined light source
[J]. Nano Letters, 2007, 7(9): 2784-2788.

Wang Y, Srituravanich W, Sun C, et al. Plasmonic nearfield
scanning probe with high transmission[J]. Nano Letters, 2008, 8
(9): 3041-3045.

Lindquist N C, Lesuffleur A,
dimensional plasmonic nanofocusing[J]. Nano Letters, 2010, 10
(4): 1369-1373.

Jiang R H, Chen C, Lin D Z, et al. Near-field plasmonic probe

Nagpal P, et al. Three-

with super resolution and high throughput and signal-to-noise
ratio[J]. Nano Letters, 2018, 18(2): 881-885.

Lu F F, Zhang W D, Zhang L, et al. Nanofocusing of surface
plasmon polaritons on metal-coated fiber tip under internal
excitation of radial vector beam[J]. Plasmonics, 2019, 14(6):
1593-1599.

Kim S, Yu N, Ma X Z, et al. High external-efficiency
nanofocusing for lens-free near-field optical nanoscopy[J]. Nature
Photonics, 2019, 13: 636-643.

Wang F, Yang S M, Li S B, et al. High resolution and high
signal-to-noise ratio imaging with near-field high-order optical
signals[J]. Nano Research, 2022, 15(9): 8345-8350.

Wang F, Li S B, Zhao S H, et al. A flat-based plasmonic fiber
probe for nanoimaging[J]. Nano Research, 2023, 16(5): 7545-
7549.

Kawata S, Sun H B, Tanaka T, et al. Finer features for
functional microdevices[J]. Nature, 2001, 412(6848): 697-698.
Gansel J K, Thiel M, Rill M S, et al. Gold helix photonic

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

(74]

[75]

[76]

[77]

(78]

[79]

1026014-12

metamaterial as broadband circular polarizer[J]. Science, 2009,
325(5947): 1513-1515.

GanZ S, Cao Y Y, Evans R A, et al. Three-dimensional deep
sub-diffraction optical beam lithography with 9 nm feature size
[J]. Nature Communications, 2013, 4: 2061.

MulJ, LiuZ G, LiJ F, et al. Direct laser writing of pyramidal
plasmonic structures with apertures and asymmetric gratings
towards efficient subwavelength light focusing[J].
Express, 2015, 23(17): 22564-22571.

WD, R, KAkl . 3T 06 2 W BT A ) 2 Uk
R LT O 5ot 72 kg, 2006, 43(5): 51-55.

XuY F, WuY Z, Cai J Y. The application of scanning near-

Optics

field optical microscopy in the field of biology[J]. Laser &.
Optoelectronics Progress, 2006, 43(5): 51-55.

Hu X T, Zhou L, Wu X, et al. Review on near-field detection
technology in the biomedical field[J]. Advanced Photonics
Nexus, 2023, 2(4): 044002.

Cernescu A, Szuwarzynski M, Kwolek U, et al. Label-free
infrared spectroscopy and imaging of single phospholipid bilayers
with nanoscale resolution[J]. Analytical Chemistry, 2018, 90
(17): 10179-10186.

Ajaezi G C, Eisele M, Contu F, et al. Near-field infrared
nanospectroscopy and super-resolution fluorescence microscopy
enable complementary nanoscale analyses of lymphocyte nuclei
[J]. The Analyst, 2018, 143(24): 5926-5934.

Gamage S, Howard M, Makita H, et al. Probing structural
changes in single enveloped virus particles using nano-infrared
spectroscopic imaging[J]. PLoS One, 2018, 13(6): e0199112.
Mester L, Govyadinov A A, Hillenbrand R. High-fidelity nano-
FTIR spectroscopy by on-pixel normalization of signal harmonics
[J]. Nanophotonics, 2022, 11(2): 377-390.

Troian B, Boscolo R, Ricci G, et al. Ultra-structural analysis of
human spermatozoa by aperture scanning near-field optical
microscopy[J].  Journal  of 2020,  13(5):
€201960093.

Xue M F, Ye S Y, Ma X P, et al. Single-vesicle infrared
nanoscopy for noninvasive tumor malignancy diagnosis[J].
Journal of the American Chemical Society, 2022, 144(44):
20278-20287.

Kanevche K, Burr D J, Niirnberg D J, et al. Infrared nanoscopy

Biophotonics,

and tomography of intracellular structures[J]. Communications
Biology, 2021, 4: 1341.

Yang Z B, Tang D Y, Hu J, et al. Near-field nanoscopic
terahertz imaging of single proteins[J]. Small, 2021, 17(3):
€2005814.

AU, TR, BSCE, AR IS 2 HEOKORE 2% £ i R 1t
PBE I oy AR & e 7] WO 50 e 2 il g 2023, 60(18):
1811001.

Li H B, XulJY, Wet WY,
terahertz

et al. Progress of high

spatiotemporal  resolution scanning  tunneling
microscope for near-field imaging[J]. Laser & Optoelectronics
Progress, 2023, 60(18): 1811001.

Basov D N, Fogler M M, Garcia de Abajo F J. Polaritons in
van der Waals materials[J]. Science, 2016, 354(6309):
aag1992.

Xia F N, Wang H, Xiao D, et al. Two-dimensional material
nanophotonics[J]. Nature Photonics, 2014, 8: 899-907.

Luo C, Guo X D, Hu H, et al. Probing polaritons in 2D
materials[J]. Advanced Optical Materials, 2020, 8(5): 1901416.
Low T, Chaves A, Caldwell J D, et al. Polaritons in layered
two-dimensional materials[J]. Nature Materials, 2017, 16(2):
182-194.

Barcelos I D, Bechtel H A, de Matos C J S, et al. Probing
polaritons  in synchrotron
nanospectroscopy[J]. Advanced Optical Materials, 2020, 8(5):
1901091.

LHFERE, APAR, RS, A AREARR AL O S R S R

2D materials  with infrared



£ 44 % F 10 H1/2024 &£ 5 B/ RFFR

[80]

(81]

[82]

[83]

(84]

[85]

[86]

(87]

(88]

[89]

[90]

[91]

[92]

PELT]. 3R, 2022, 71(12): 127104,

Ma S Q, Deng A L, Li B S, et al. Polaritons in low-
dimensional materials and their coupling characteristics[J]. Acta
Physica Sinica, 2022, 71(12): 127104.

Kwon S, Kim J M, Ma P J, et al. Near-field nano-optical
imaging of van der Waals materials[J]. Advanced Physics
Research, 2023, 2(10): 2300009.

Chen J N, Badioli M, Alonso-Gonzdlez P, et al. Optical nano-
imaging of gate-tunable graphene plasmons[J]. Nature, 2012,
487(7405): 77-81.

Fei Z, Rodin A'S, Andreev G O, et al. Gate-tuning of graphene
plasmons revealed by infrared nano-imaging[J]. Nature, 2012,
487(7405): 82-85.

Zheng Z B, LiJ T, Ma T, et al. Tailoring of electromagnetic
field localizations by two-dimensional graphene nanostructures
[J]. Light, Science &. Applications, 2017, 6(10): e17057.

Ma W L, Alonso-Gonzalez P, Li S J, et al. In-plane anisotropic
and ultra-low-loss polaritons in a natural van der Waals crystal
[J]. Nature, 2018, 562(7728): 557-562.

Woessner A, Lundeberg M B, Gao Y D, et al. Highly confined
low-loss plasmons in graphene-boron nitride heterostructures[J].
Nature Materials, 2015, 14(4): 421-425.

Giles A J, Dai S Y, Vurgaftman I, et al. Ultralow-loss
polaritons in isotopically pure boron nitride[J]. Nature Materials,
2018, 17(2): 134-139.

Ni G X, McLeod A S, Sun Z Y, et al. Long-lived phonon
polaritons in hyperbolic materials[J]. Nano Letters, 2021, 21
(13): 5767-5773.

Ty, NI, XU XUh A T AR OG0 g R R 2R T
LLA G KP4, 2023, 42(5): 611-621.

Ma L, Sun L X, Liu F. The review of near field regulation of
hyperbolic  phonon polaritons[J].  Journal
Millimeter Waves, 2023, 42(5): 611-621.
Hu G W, OuQ D, Si GY, etal. Topological polaritons and
photonic magic angles in twisted a-MoO, bilayers[J]. Nature,
2020, 582(7811): 209-213.

Ruta F L, KimBSY, SunZ Y, et al. Surface plasmons induce

of Infrared and

topological transition in graphene/a-MoO, heterostructures[J].
Nature Communications, 2022, 13: 3719.

Hu H, Chen N, Teng H C, et al. Doping-driven topological
polaritons in graphene/ « -MoO, heterostructures[J]. Nature
Nanotechnology, 2022, 17(9): 940-946.

Qu Y P, Chen N, Teng H C, et al. Tunable planar focusing

based on hyperbolic phonon polaritons in «-MoO,[J]. Advanced

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

Materials, 2022, 34(23): 2105590.

Sternbach A J, Moore S L, Rikhter A, et al. Negative
refraction in hyperbolic hetero-bicrystals[J]. Science, 2023, 379
(6632): 555-557.

Hu H, Chen N, Teng H C, et al. Gate-tunable negative
refraction of mid-infrared polaritons[J]. Science, 2023, 379
(6632): 558-561.

Ma L, Ge A P, Sun L X, et al. Focusing of hyperbolic phonon
polaritons by bent metal nanowires and their polarization
dependence[J]. ACS Photonics, 2023, 10(6): 1841-1849.

Zheng Z B, Jiang J Y, Xu N S, et al. Controlling and focusing

In-plane hyperbolic phonon polaritons in «-MoO, with a curved

plasmonic antenna[J]. Advanced Materials, 2022, 34(6):
e2104164.
Martin-Sanchez J, Duan J H, Taboada-Gutiérrez J, et al.

Focusing of in-plane hyperbolic polaritons in van der Waals
crystals  with tailored infrared
Advances, 2021, 7(41): eabj0127.
Hu F, Luan Y, Scott M E, et al. Imaging exciton-polariton

nanoantennas[J]. Science

transport in MoSe, waveguides[J]. Nature Photonics, 2017, 11:
356-360.

Mrejen M, Yadgarov L, Levanon A, et al. Transient exciton-
polariton dynamics in WSe, by ultrafast near-field imaging[J].
Science Advances, 2019, 5(2): eaat9618.

Zhang X, Yan Q Z, Ma W L, et al. Ultrafast anisotropic
dynamics of hyperbolic nanolight pulse propagation[J]. Science
Advances, 2023, 9(34): eadi4407.

Jiang T, Kravtsov V, Tokman M, et al. Ultrafast coherent
nonlinear nanooptics and nanoimaging of graphene[J]. Nature
Nanotechnology, 2019, 14(9): 838-843.

Luo W J, Whetten B G, Kravtsov V, Ultrafast
nanoimaging of electronic coherence of monolayer WSe,[J].
Nano Letters, 2023, 23(5): 1767-1773.

Rho Y, Yoo S, Durham D B, et al. Plasmonic nonlinear energy

et al.

transfer enhanced second harmonic generation nanoscopy[J].
Nano Letters, 2023, 23(5): 1843-1849.
Zhu J J. Ultrafast nano-movie
Nanotechnology, 2023, 18(11): 1263.
Vettiger P, Despont M, Drechsler U, et al. The “Millipede”:
more than thousand tips for future AFM storage[J]. IBM Journal
of Research and Development, 2000, 44(3): 323-340.

Lee W, ZhouZ T, Chen X Z, et al. A rewritable optical storage

of graphenel[J]. Nature

medium of silk proteins using near-field nano-optics[J]. Nature
Nanotechnology, 2020, 15(11): 941-947.

Progress of Scanning Near-Field Optical Microscopy (Invited)
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School of Physics and Optoelectronics, South China University of Technology, Guangzhou 510641, Guangdong,

China

Abstract

Significance

The continuous progress in modern materials science, information technology, and biotechnology has

greatly boosted societal advancement. As human understanding of the microcosm deepens, the capability to better describe

and characterize the interactions between atomic-scale light and matter, and to achieve the simultaneous participation,

coordinated regulation, and multi-modal coupling of multiple physical fields can significantly provide diverse methods and

approaches for artificially controlling these matters. Scanning near-field optical microscopy (SNOM) with 40 years’ history

1026014-13
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can serve as a promising tool for these fundamental purposes by hoping to carry out measurement and characterization of

light fields and light-matter interactions at deep-subwavelength and even nanometer scales. The essential elements for in-
depth exploration of multi-physical field interaction systems in experiments are listed. They include the measurement,
characterization, and analysis methods for light-matter interactions at the micro and nanoscales, interactions between
photons and various quasi-particles, coupling between quasi-particles, and coupling and regulation between multiple
physical fields. Meanwhile, a systematic and precise experimental study on the spatio-temporal details of the interaction
among light and molecules, two-dimensional materials, quantum dots, metal nanoparticles, and nonlinear structures at the
micro and nanoscales can reveal deep physics and a series of new phenomena and laws. Additionally, it is imperative to
develop new methods, technologies, tools, and instrumentation of SNOM for microscopic imaging and spectral analysis
with higher spatial resolution (approximately 10 nm), higher temporal resolution (about 50100 fs), and higher brightness
(transmission efficiency of 1% ~10%). Thus, it is vital to deeply, completely, and compactly introduce and describe the
history of SNOM and its applications, with the route towards building such a fundamental high-performance SNOM

machine presented.

Progress Due to the limitations of traditional optical imaging methods, researchers have turned their attention to near-
field imaging. Owing to its exceptional optical resolution down to 10 nm and spectral analysis capabilities, SNOM provides
a powerful near-field optical characterization tool with high spatio-temporal resolution for studying many crucial frontier
scientific problems in physics, chemistry, materials science, and life sciences. In 1928, Synge first proposed the concept of
near-field microscopy (Fig. 2) to improve the resolution of traditional microscopes. Until the 1980s, with the successful
invention of lasers and scanning tunneling microscopes, Pohl, Lewis, and Betzig respectively made outstanding
contributions to SNOM systems and nanoscanning tips, realized Synge’s vision, and increased the optical diffraction limit
by one to two orders of magnitude, thus catching great attention from both academia and the industry. However, due to the
fundamental limitations that resolution and transmittance cannot be achieved simultaneously, the typical a-SNOM is
difficult to apply to biology and medicine that require both advantages. Therefore, as a pioneer of a-SNOM technology,
Betzig abandoned this technological route after 1993 and sought alternative methods. Then, he quickly yielded success in
fluorescence microscopy imaging technology and was awarded the Nobel Prize in Chemistry in 2014. To solve this
problem, many researchers have subsequently made many improvements on the s-SNOM with better performance (Fig. 3).
Despite decent progress in certain aspects, there is still significant room for improvement in the overall performance
optimization, including resolution, throughput, and signal-to-noise ratio. Meanwhile, many studies adopt s-SNOM
imaging technology to study the spatio-temporal details of light-matter interactions at the micro and nanoscales, including
atoms, molecules, two-dimensional materials, quantum dots, biomolecules, and nonlinear structures. Finally, a series of
new phenomena and laws in deep physics, chemistry, and biology are revealed. In recent years, we have carried out a
project to build a novel SNOM tip based on the innovative concept and mechanism of SPP energy transfer (Fig. 5). This tip
features a metal spiral cone-shaped structure, constant high resolution (10 nm), high transmission efficiency (10%), and
high signal-to-noise ratio (20 dB). Employing the nano spot of the SNOM probe as an illumination light source is expected
to measure and analyze the physical, chemical, and biological properties of micro and nano substances such as single

molecules.

Conclusions and Prospects Generally, SNOM technology has become an important tool for studying near-field optics.
Further improvement in the spatio-temporal resolution of SNOM technology will promote fundamental and applied

research on the light-matter interactions at the nanoscale and even single-molecule scale.

Key words scanning near-field optical microscopy; high spatio-temporal resolution; spectral analysis; light-matter

interaction

1026014-14



	2　高分辨SNOM探针的发展历程
	3　高分辨SNOM成像技术的应用场景
	3.1　微观生物体检测
	3.2　二维材料中极化激元的近场探测
	3.3　近场非线性光学
	3.4　数据存储

	4　总结与展望

