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Figure 1 Working principles of s-SNOM. (a) Schematic diagram of s-SNOM. (b) Dipole model for the tip-sample interaction
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Figure 2 Modulation-demodulation principles of near-field signals. (a), (b) Nonlinear dependences of near-field amplitude and phase on the tip-sample

distance z. (c) Temporal variation of the near-field amplitude corresponding to the modulation frequency (2 and modulation depth a. (d) Components of
the near-field signal at different harmonics of the tip tapping frequency can be obtained by imposing Fourier transform on the curve in (c)

3749



A % b B 2018FE 128 635 H35H

SRR, BARFEITA PRAE T SCTHSEE 7 A

1.2 VR e e

T R B FIRE i & AR A RO ELVE A9 (AR 22 /)N
TR EBER RN, 3T S HURHE 5 A AR R 1
TSRO . AR Y S R I LS
MRS RS, LA SRR e, BG5S 6. o &
2(a) AT, 3 A5 5 B R R X R R A TR) R AT AR 5
() Al S AR 5 T S MR 7S — R VR T R A AR D v
BB 43 B i 2R TN U G B R, X AT B 4k
PR B 56 22 2 DR AT LA X 2k AT O 5% 1 i S
RN T 15 5 B ARIE ™, 78 400 % sk 0 1 42 BORR
T A R 02 4% = Bz A G A i R AT A S R ),
FE2(c)BEL T LA 10 nmdiR i Xz 47 98 1 B 3 45 5 PR
W B s ) 7 A8 Ak e R, I etk 2k 1 4 it el 2 1
FUN P IEZ IR, B& T REREE; XE2c)i
474 HL 025 2 (Fourier transform, FT)7[ 45 21 H 454,
wE2(d) s, M) DU 3145 B ik 05 5 105 i
TE B S s-SNOMAXZS 1, 2— fit A JL+ %] JL H kHz,
S O A5 5 0 P e K AR A Fh A R 2% L g
2R EPEE B EMR, BRI R R ] —
TEZR .

T EAE B, bR AR AR A R — 5 B T Ak
PRI, & HAR BEAE A B FRATT 2 1 2 A% s-SNOMAY T
FEJRHE, 2 — A e T 3 50 50 8080 1) 7 12 53
Br. RS 1 19 s-SNOMAS AU 00 25 BEAE 4 4 18 JL AT R FiE
£ 5 7E O ] 40 Cvitkovie 5 A\ 47 % o B A A6 (19
B, 30 bR R T Ak R A BR A ST A A PR A AR AR TR
AR TS R AR S 5 S R B v .
Ah, s-SNOMIA AT LRI FH A1 22 14720 K fhy 4 2 PUAE
oE gk — 20 S = T

2 s-SNOM)w; FH#F 52 30k J

BE R HE U5 X LU BE SR 11 ity A | JB A 7R AL
s-SNOM fz B 4% FY i FH A0 2 368 A 329 4 94 K A4 R 2% 1
IR e B A EAT R O, — SERI AR
FARE R T S5 RE A R A AR OO G 5200 b 22 2
HH X6 B A4 25 E) 43 A, ECTTT s-SNOMAHL E X i3k B AR A5
AR, BRI A U B RO R o B R, R
A E(w), B s-SNOM K Al il 318/ 58 417 S ¥ vl LA
FERBHI GG /I 6] (BRI s A —Le B R S A
JI [ A 38 S S ke ) R R, 3ROR Sl e (wk), 45Tl

3750

1T AR AT L EEARAS SR B RN, s-SNOMIL Al
FHTFWRFERE R 25 18] 0 BUAR R 800

2.1 ArHLPEF O A kAR

Xof 0L R E B R GRS, N R B R — i
A AFE B E R, PR s-SNOM AL DL T {5 4 44 >k
PORM RS SRS B, NP3 () 7R, CvitkovieZE A5
{55 FH s-SNOMTE Hr 21 AP B (A=10.6  pum) X} 43 5 7E Ak
B L& MR I 205 0K ok b 47 1%, RIS
TN EENT T H 8K BURL AR AT 3715 5 5 i vl —
2 JTURE AR R 28 1 D7 v, SEBL T 1044 K ABURL 1
RS X SRR R IR T8 A 4 B U
HL S R 1 O A R B AR, PR I s-SNOMAT
DL F X432 SR A R B R TRl 48 4226 8. & 3(b) &
Stiegler 2 A P*Mifi A s-SNOM 7E H 21 4 itk Bk (A=11.2
wom) X B Ak AR 9 K 2 30 S A%, P53 B e S e T
B2 SR SR LSS58, MY RE R — &4 T
A R L SAETE, T RORES F R 1 — 1)
MR, AT HLE A R s-SNOMIE f& AF 57 i F -l
Y—ra T HE. aE3c) o, Westermeier &5
NS5 3t R 2T AN BE(A=11 pm) A3 A% kB0 T O
o A K A IV AR R A R R AR A, R

S )12 T RS 3 O 1R B R I TOUL IR PR 2 T B4R
B 5 RE S B A BLAE SR BR T4 e, 780k
=530 3 B A U B i L 2 9 R T s-SNOMA AT RE 3K
PR 72 A M 0T 40 A 1 BLR. BI3(d), (e) 3l
J& Taubner 2 A P9 F1 Krutokhvostov 25 A B 7 #] I,
(A=633 nm) KX P ELLHMNA=11.3 um)P B} V.26 1 4 44
KGR BT 3 AR, A AT B 45 R 3 B s-SNOM I A3 3L
PRI PR EE AT I8 B & 2 1 2L R 50 nm.

B ESCEEEIRIB A0, 7| i RO & A A
L% SESNTpO R p SN PER CpigRata sy -1 I PSRTR Al
s-SNOM 1] DA SZ B A L4 A IR 45 T B4 RE A v M 5 43
1 B3 7 A% . W Giglers A U*5E i 16 w41 4
(A=10.7 wm)J BEXHR AR A (4 30T 3% A% 1) 32 315
T YK IR B 5R AR N 3 A, i 4(a) TR
Qazilbash%: A\ P11 [F]— i B — AL LAY — R 51 28
TR 9 WS SRR T MottAH 28 B SO0t 72, dn i 4(b)
AN BTN A TG AR B A R H M A AR R AT
23 [ 43 HER AR LASE, 254 3 - R s-SNOM
AT DL SE B I 28 A3 R B AR, e SRR R
P B A A4 Bh 25 A8 f i A . Il i Eisele%E A0 5



IR

B3 s-SNOMMAEEIHIBHEMA RS HIRAR. () DORTTRLS, (b) AKZE; () DPRIIE; (d), (o) WA A RAKLE 150

Figure 3 s-SNOM imaging of the permittivity distributions of nonhomogeneous materials. (a) Nanoparticles™”; (b) nanowires™"; (c) nanofilm®'; (d),

(e) subsurface metallic nanostructures>*>”
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Figure 4 Imaging of modulated permittivity distributions of low-dimensional materials. (a) Strain®*'; (b) temperature'™!, (c); (d) light pumping!**"!
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Figure 5 Imaging of the electromagnetic modes supported by low-dimensional materials. (a) Infrared antennas'®”; (b) carbon nanotube
nitride nanowires'®; (d) graphenem'm; (e) hexagonal boron nitride!™"; (f) MoS,!
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Figure 6 Ultrafast and cryogenic s-SNOM imaging of electromagnetic modes. (a) Imaging of the wave packets of hexagonal boron nitride phonon polari-
tons®?. (b) Imaging of black phosphorus plasmon polaritons™. (c) Imaging of graphene plasmon polaritons at cryogenic temperatures'®!
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Figure 7 Typical applications of nano-FTIR. (a) Comparison of the near- and far-field infrared spectra of PMMA™®. (b) Comparison of the near- and
far-field infrared spectra of tobacco mosaic virus®?. (c) Monitoring catalytic reactions on single nanoparticles using nano-FTIR®'. (d) Mapping disper-

sions of hexagonal boron nitride phonon polaritons using nano-FTIR"*!
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Due to the wave nature of light, the spatial resolution of traditional far-field optical microscopy is fundamentally prohibited to be
much smaller than the wavelength, thus cannot fulfill the requirement of nano-characterization of low-dimensional materials. This
diffraction limit can be circumvented by the optical version of scanning probe microscopy via incorporating the near-field opti-
cal information into the imaging process. In the last one and a half decades, scanning near-field optical microscopic techniques,
especially scattering-type scanning near-field optical microscopy (s-SNOM), have undergone tremendous development. The
wavelength independent spatial resolution of s-SNOM goes far beyond the diffraction limit, leading to an explosive amount of
applications that spread throughout the field of materials science.

The instrument of s-SNOM is a delicate combination of optical and scanning probe techniques. It utilizes the sharp tip of an
atomic force microscope (AFM) probe to achieve nanoscale spatial resolution. Specifically, the light beam from a source is
focused onto the apex of the AFM tip by a parabolic mirror. The tip serves as a nanoscale light confiner and enhancer, inducing
a strong electromagnetic field (hot spot) underneath the tip apex. When the tip is brought into contact with the investigated
sample, this field is modified by its interaction with the sample and carries near-field information of the sample. Then the tip
acting as an optical antenna scatters the near-field information into far-field. The back-scattered near-field signals are feed into
a photodetector to register a near-field image of the sample. By modulating the near-field signal via tapping the AFM tip and
demodulating at the high order harmonics of the tip-tapping frequency, the noise from the background and stray light can be
greatly suppressed. Since the near-field hot spot is on the same scale with the tip apex, the spatial resolution of s-SNOM is pre-
dominantly defined by the dimensions of the tip; a value of 20 nm is routinely achievable with commercially available and
economical AFM tips.

In principle, s-SNOM is a permittivity-sensitive technique, thus its most typical application is to imaging the surface permit-
tivity distributions of low-dimensional nanomaterials. In the literatures, s-SNOM has been used to realize material-specific
identification of zero-dimensional nanoparticles; nanoscale-resolved mapping of the free-carrier distribution along a
one-dimensional nanowire and two-dimensional nanoimaging of the phase boundaries of organic thin films have been reported.
Surprisingly, sub-surface imaging of objects with a depth of tens of nanometers has also been proved possible. By using the
pump-probe method, the ultrafast dynamical properties of low-dimensional materials can be characterized with simultaneously
high spatial and temporal resolutions.

The s-SNOM tip can also serve as a momentum matcher between the free-space light and the intrinsic electromagnetic
modes supported by low-dimensional materials, therefore, s-SNOM can be used to excite and image these modes. Both field
mapping of localized modes in zero-dimensional materials and fringe pattern imaging of propagating modes in one- and
two-dimensional materials have been reported. What is more, direct imaging of the wave packets has also been achieved by
coupling s-SNOM to ultrafast optics.

s-SNOM can provide spectral information of the sample if a broadband light source is used. A Fourier transform infrared
(FTIR) spectrometer based on s-SNOM (nano-FTIR) has been developed. The spectra obtained by nano-FTIR have been
demonstrated to be in good agreement with those acquired by conventional FTIR. Applications of the nano-FTIR including
in-situ monitoring of chemical reactions and quick mapping of the dispersion of polaritons have been reported.

In summary, s-SNOM has contributed significantly to the field of low-dimensional material characterizing. Nonetheless, it
still has a large potential to expand its scope of applications. This is especially true at extreme conditions like ultrahigh vacuum,
ultralow temperature, and strong magnetic field. If s-SNOM operating in these extreme conditions can be developed, it would
be of great help in solving the enigma of strongly correlated materials.

diffraction limit, low-dimensional materials, near-field optical imaging, electromagnetic modes, nano-infrared
spectroscopy
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