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Abstract

Abstract

The advantage of optical detection is that photons can directly interact with
electrons, spins, and lattice excitations in the material. In addition, the vectoral
properties of polarization and wave vector can be used to selectively investigate
symmetry-dependent linear and nonlinear phenomena, and ultrafast lasers can be used
to perform dynamic evolution researches. However, the optical microscopes are still
limited in spatial resolution, and the diffraction effect restricts the optical spatial
resolution to hundreds of nanometers in visible light and a few microns in infrared light.
Therefore, for mesoscopic phenomena that are determined by the electron, phonon, or
spin, the spatial resolution of traditional optical detection seems too rough. The near-
field optical microscopes have broken the diffraction limit by using the evanescent field
of the AFM probe tip, especially to study ultrafast coherent and incoherent processes at
the nanoscale when combined with ultrafast lasers. As the researches in near-field
ultrafast optics in China is still in their preliminary stage, this thesis introduces in detail
the construction of ultrafast near-field optical microscope, and the use of ultrafast near-
field optical microscope to study the local optical and electrical properties of low-
dimensional semiconductor nanostructures.

The thesis includes three main parts: 1. Coupling the ultrafast optical system with
a scattering type scanning near-field optical microscope to construct ultrafast near-field
optical microscope with time resolution about 100 fs and spatial resolution about 10
nm. A verificatical experiment on narrow direct band-gap indium arsenide is used to
test the resolution of the home-built near field optical microscope in the temporal and
spatial domain. 2. The mid-infrared transitions between the minibands of the twinning
superlattice indium arsenide nanowires were observed. Theoretically, due to the
modulation of the electronic band caused by the periodically spaced twin boundaries,
mid-infrared transitions between minibands in the heterojunction superlattice also exist

in semiconductor twinning superlattices. Using the strong field enhancement and
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localization of the near field optical hotspot, the mid-infrared transition between
minibands in an indium arsenide twinning superlattice nanowire was experimentally
observed. Using the near-field pump-probe detection, an additional absorption channel
that is introduced by photoinduced electrons was observed. This work demonstrates
semiconductor twinning superlattices exhibit novel optoelectronic effects similar to
semiconductor heterostructures, which offers a new technical route for lower cost mid-
infrared optoelectronic applications. 3. The modulation of the infrared waveguide mode
in tin diselenide two-dimensional materials. Using monochromatic infrared near-field
imaging and numerical simulation, the propagated mid-infrared TEo waveguide mode
in the tin diselenide two-dimensional material was observed in the laser wavelength
region from 5.13 to 6.57 um. Near-field IR imaging directly shows sensitive
manipulations of strength and wavelength of the waveguide mode by changing slabs’
thickness. This work opens a new avenue to use 2D van der Waals materials in chem/bio
sensing area, and extends two-dimensional materials as building blocks for integrated
MIR chips.

In summary, due to the versatility of optical characterization for various materials,
near-field optical microscopy combined with pump probe technology is expected to

play a unique role in microscopic researches.

Key Words: near-field optical microscope, pump-probe detection, semiconductor,

nanowire, two-dimensional material
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Figure 1.1 Polaritons in van der Waals materials. Polaritons are hybrid electromagnetic
modes, which are coupling states between photons and polarized charges in matters. For
example, plasmons in graphene and black phosphorus, phonon polariton in boron nitride and
topological insulators, exciton polaritons in transition-metal dichalcogenides, Cooper-pair

polariton in High-Tc superconductors and magneton polariton in magnetic materials. Ref 1
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Figure 1.2. Surface plasmons in graphene. (A) Surface plasmon of a cone graphene
under 4o = 9.7 um excitation. Ref 2 (B) Sensitive modulations of the graphene plasmon by
a small voltage change at 1 V on the ferroelectric substrate PZT with high dielectric
constant. The laser frequency is 890 cm. Ref 4 (C) Low loss graphene plasmon at 60 K.
The incident laser light is 1o = 11.28 um. Ref 6 (D) Near-field images of the Bernal stack,
random stack, and single-layer graphene plasmon. The laser frequency is 883 cm™ and the
scale bar is 200 nm. Ref 7 (E) Comparison of three kinds of graphene plasmons’
wavelength in (D). The data are taken from the dotted lines in (D). (F) Near-field image
of the twist graphene nanophotonic crystal. The laser frequency is 1180 cm™. Ref 9 (G)
Near-field imaging of a rectangular graphene boundary plasmon with the laser frequency
at 884 cm. Ref 11 (H)-(1) Plasmon fringes perpendicular to the zigzag and armchair edge
with the laser frequency at 884 cm. Symbols are experimental data, solid lines are
simulated results, red dotted lines are infrared conductivities at the boundary, and green

dotted lines are internal infrared conductivities. Ref 12
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Figure 1.3 Phonon polaritons in h-BN and a-MoQOs. (A) Schematic diagram of near-
field excitation of h-BN phonon polariton. Ref 17 (B) From top to bottom, phonon
polaritons in high-purity 1°B, natural and high-purity B boron nitride. The laser
frequencies are 1510, 1480, and 1480 cm™. Ref 18 (C) The Nano imaging of gold discs
using a h-BN superlens. The laser frequency is 1515 cm™ and the scale bar is 1 pm. Ref
20 (D) Near-field imaging of surface phonon polaritons in an h-BN slab. Ref 21 (E) Near
field images of three h-BN antennas. The laser frequency is 1432 cm and the scale bar is
500 nm. Ref 22 (F) Manipulation of the h-BN phonon polariton by changing the dielectric
environment. The laser frequency is 1530 cm™ and the scale bar is 1 um. Ref 23 (G) Near
field imaging of the directional propagated phonon polariton of the h-BN metasurface.
The laser frequency is 1430 cm™*. Ref 25 (H) Turning off the a-MoOs phonon polariton
by Sn doping. Ref 27
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Figure 1.4 Exciton polaritons in transition-metal dichalcogenides. (A) Near-field
imaging of exciton polariton in MoSez. The laser wavelength is 918.5 nm, and the scale
bar is 1 um. Ref 28 (B) Near-field imaging of the waveguide mode in MoS; with the laser
wavelength at 1530 nm. Ref 29
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Figure 1.5 Applications of near-field optical microscopy on semiconductors and
topological insulators. (A) SEM images of a single semiconductor transistor. (B) Near-
field imaging under 2.54 THz light illumination. Ref 30 (C) Near-field imaging of a
radially non-uniformly doped InP nanowire. The laser wavelength is 11.2 pm. The inset
is the topography. Ref 32 (D) From top to bottom, the topography of an InAs nanowire,
the near-field image, electromagnetic simulation result, and the plasmon oscillation curve.
The scales bars are 1 um. Ref 35 (E)-(F) Topography and near-field image of a SiC
nanoindentation. Ref 36 (G) From left to right, the topography and near-field image of the
Sh,Tes flake, the laser wavelength is 8 um. Ref 38
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Figure 1.6 Application of near-field microscopy in organic materials and biological
samples. (A) Nanoscale identification of PDMS contamination. Ref 41 (B) Nano-FTIR
spectra of the thin film phase (blue) and nucleated bulk phase (green) of the pentacene thin
film. Insets are near-field intensity images at 907.1 cm™ and 903.7 cm™. Ellipse is the
nucleated bulk phase. Ref 42 (C) Mapping of carbonyl absorption peak position in the PS-
b-PMMA film. The black region is the area with a bit of PMMA. Ref 43 (D) Black curves
are laser pulse waveforms, red curves are scattering signal waveforms, and the tails of the
red curves are free induction decays. The frequency in the figure is the center position of
the laser pulse. Ref 44 (E) The figure on the top is a schematic and topography image of a
single tobacco mosaic virus. The figure on the bottom shows the near field (red) and far
field (blue) infrared spectra of tobacco mosaic virus. Ref 45 (F) Near-field phase images
at different frequencies of the purple membrane. Ref 46 (G) Two-dimensional infrared

hyperspectral data cube of a human hair sample. Ref 47
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LLAN REGHI R I U T R A S He 3 (M 78R S8 Z IRt
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(A) (B)

B 1.7 IEGBARESBAFRERINA - (A) [IRE: & RERIESIE . (B)-(C) Kk
WIS RGN fiL B (FEELARIAD A o) riL 70 & (TN 2 B R GO PR G
D ML AR . ORI 9.3 um. $# H SCHER(50) (D)-(F) R MIE7 5%
FERAS . OB 632.8 nm, B XU Sk R A SFOGHI IR 75 17 . 44 H SCHR(51)
(G) FIEREILHE . (H)-(1) ZEREAA RN ICHOR T KL s B AR, ORI
993 pm. $ii F SCHR(54) (3) HEE AR Im U ZAE R IE A . (K)-(M) z 75 7] HRLIZ S
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Figure 1.7 Application of near-field microscopy on optical metal antennas. (A)
Topography of gold anti-bowtie antenna. (B)-(C) Near-field amplitude images of the
longitudinal electric field and transversal electric field of the gold anti-bowtie antenna.
The laser wavelength is 9.3 um. Ref 50 (D)-(F) Near-field amplitude images of a nickel
antenna. The laser wavelength is 632.8 nm. The double arrow indicates the polarization
direction of the incident light. Ref 51 (G) Topography of a helical antenna. (H)-(l) Near-
field amplitude images under left and right circular polarized light illumination. The laser
wavelength is 9.3 um Ref 54 (J) Topography of an optical transmission line with a tapered
tip. (K)-(M) The near-field image of the real part of the z componential electric field, the
near-field image of the z componential electric field intensity, the simulation result of the

z componential electric field intensity. The laser wavelength is 9.3 pm. Ref 56
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Figure 1.8 Development of optical systems in near-field microscopy. (A) Schematic
diagram of an ultrafast terahertz near-field microscope. Ref 58 (B) Near-field infrared
intensity spectra of an InAs film at different pump time delays. Ref 62 (C) Near-field time-
domain interferometry of phonon polariton in h-BN. The oblique direction of the fringes
in the inset indicates that the phase velocity of the HPII mode is positive. The velocity of
the black envelope in the enlarged image is the group velocity, and the velocity of the
green oscillation is the phase velocity. Ref 63 (D) From the top to the bottom, the near-

field second-harmonic images of the YMnQOs thin film under Ao = 805 nm laser excitation,

anti-parallel ferroelectric domain distribution and topography. Ref 65
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Figure 1.9 Development of AFM in near-field technology. (A) SEM images of
resonance infrared antenna AFM tip. Ref 67 (B) SEM images of Nanosensors, PPP-
NCST-Au commercial AFM tip. (C) Topography of tobacco mosaic virus. (D)-(E) Near-
field phase images of tobacco mosaic virus with the laser frequency at 1660 cm™ using a
resonant antenna AFM tip and a commercial AFM tip. (F)-(H) Schematic, structural
diagrams and photo of a low-temperature strong magnetic field scanning near-field optical

microscope. Ref 69
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XA TAE N B FEIRIRE RIS SR 5515 5 B0k U B 7042 41 1 S8 BE . Mastel 45 JU )
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ML, 1B 1.9F-H J&or T Yang S5 B ilid 1 20 K 2 500 K AR HXF 7 T #
s R B 2O 70 2 B A% (69) . McLeod 21 IR U s 0 2
IR T V203 R r 26 S A — 4 Je8 AR AR BB IR FRE L5081 2 (R A0 5 o I R A
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B 2.1 BRI ALAR A A R 2 MIT S SR R IR s s Rl 0 HE . 9 B STHR(71)
Figure 2.1 Increasing the NA of objective lens will reduce the size of the Airy disk and

improve the spatial resolution. Ref 71
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H SRR RN BNL SRR I BE RS TE - 4 E SCHER(72)
Figure 2.2 Prototype of a sub-wavelength resolution optical microscope. The sample
is placed in the near-field region of the sub-wavelength aperture in the metal screen.
Scanning the sample and recording the near field scattering signal to get sub-wavelength

resolved optical image. The resolution of the image is determined by the aperture size and

the distance between the aperture and the sample. Ref 72
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Figure 2.3 Current popular configurations of scanning near-field optical microscope.

The red arrows represent incident light and the blue arrows represent signal light. (A)
Transmission illumination type, (B) Transmission collection. (C) Near field reflection
collection. (D) Reflection illumination. (E) Illumination collection. (F) Apertureless

scattering.
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Figure 2.4 Typical tips of near-field optical microscopes. (A) Scanning electron
microscope (SEM) image of an aluminum coated fiber tip. The black circle in the center
is the aperture with a diameter at 100 nm. Ref 73 (B)-(C) Fiber tips with metal-antennas
attached on the tip. The metal antenna further confines the light and improves the spatial
resolution to 25 nm. Ref 74 (D) SEM image of a gold tip with the tip radius about 10 nm.
Ref 67 (E) SEM image of a taper gold tip with an SPP grating. Superimposed image
shows the propagation and focusing of the grating excited SPP. Ref 75
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Figure 2.5 Schematic of s-SNOM system configuration. Ref 76
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Figure 2.6 Three modes of near-field imaging. (A)-(C) Self-homodyne detection,

homodyne detection and Pseudo-heterodyne detection. Ref 79
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Figure 2.7 Michelson interferometer. The laser beam is equally split into A and B. The
optical path of beam A remains constant and the optical path of beam B changes. The

detector records the interference profile at different positions of the moving mirror.
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Figure 2.8 Comparison of Nano-FTIR with far-field FTIR. (A) Nano-FTIR absorption
spectrum of a 90 nm thick PMMA film. (B) Far-field FTIR spectrum of a 5 pm thick

PMMA film. Ref 41
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Figure 2.9 Dipole model and Monopole model. (A) In the dipole model, the probe is
approximated by a metal sphere, and the polarization of the metal sphere is described by a
point dipole. The mirror dipole describes the tip-sample interaction. (B) In the monopole
model, the probe is approximated by a 2L long metal ellipsoid. For incident light induced
charges, only Qo that is close to the sample surface participates in near-field interactions.
The probe-sample interaction induced an extra point charge Qi that is close to the focal

point of the ellipsoid. The -Qj is distributed along the ellipsoid.
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Figure 2.10 The real part (A) and imaginary part (B) of the dielectric function of the
PMMA film calculated by near field reconstruction. The red curve is the calculated

result using monopole model, and the gray curve is the calculated result using dipole

model. The black curve is obtained from ellipsometry measurement. Ref 88
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Figure 2.11 The relative error of the dielectric function calculated by the monopole model
at different J. Ref 88
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IR R ME T AR B BE . F A A 3 0 AR . R R Rk Ot S
e RS &, JUHR SR it AR A &, T RIEGKR RS
SCHUAR T AR T A2 R PR e A A O T . flan, K 3.1A-B 1 Ni
SR AL A e AR BT FT T i R R A SR RO BRI T A AT
WA S B WOTHI O AR, LI I AE-T 755 B ot H A B = ) Drude ACEATH
TR (59). & 3.1C-D ' Huber <5ER| L 7lb#aS ABWT T 1 AR 1 R

(E)

B 3.1 AEHREOEA s-SNOM B RMB. (A)-(B) 1560 nm L3 il T~ B2 A 4%
FESERT O ps A1 2 ps ML IE AR . 0 ps 45 BT KR SRR, 2 ps I R 7E
850 - 900 et AEULIN 2 4E I 26 8. Hif H SCHR(59) (C)-(D) 1560 nm LA L (C)
FIRE S (D) T B AR S R S I L ARSI 3 BdR « v LA B COR T
SR L S S B IOC IR 2R B Al E SCHR(60) (E) ZI 7 8] WRIBK Y Al ) #HE T <2
TRET G5k BRI VOB IR AR B . 4 1 SCHR(89)

Figure. 3.1 Examples of ultrafast s-SNOM experiment. (A)-(B) Near-field
hyperspectral images of single-layer graphene at 0 ps and 2 ps. The center wavelength of
pump is at 1560 nm. At 0 ps, the plasmon fringes exists at 850 - 1000 cm™. At 2 ps,
plasmon fringes exists at 850 - 900 cm™*. Ref 59 (C)-(D) Transient mid infrared near-field
images of black phosphorus heterojunctions without (C) and with (D) o = 1560 nm laser
illumination. Near-field images shows plasmon fringes when pump laser excites the black
phosphorus. Ref 60 (E) Schematic of near-field four-wave mixing experiment using a

taper gold probe with SPP grating. Ref 89
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BRI S oL 5. MR 1560 nm, BKTE 40 fs AT L0 AN BOE I S,
SRS R A AL 15 5 IR N, SR H LR BB R R OT BT I %
47(60). Yoxall 257 FH 147 48 % 5 B He I 21 ZA I 75 -7 iR A oe )
F—RK (B FARbEoc (IE) KIAHEE(63). K 3.1E # Markus 25
il 4% 1 24 7 [ WAk S5 AL M R HE P SR, R FH 10 Fs i Mk v HEL S5 IR K s A
TR I 4 R R 2 T 55 B8 T30e SR8 AR B A i SE I 40 oK 725 8] 73 1% 1A W 4 DY 8 VR
B A5 (89)

3.2 AGERES AR
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321 IREHNEFRNE

FAME F /2 Neaspec 2 7] neaSNOM HUR SN FITL 7 06 24 B, #RET
72 Nanoworld 2> w] ) Arrow Pt/Ir S HL#RE . Wil 3.2 /s neaSNOM BB 72 45
ARG . BT neaSNOM 1 5] S0 SR AL B S b A T B3 (R T IR 2
XFFRET, BRI 73 ) DA A A i 1 51 N BRI G R ER I 7T DA — e SR AR 2R e Lo

nea[spec neaSNOM i

& 3.2neaSNOM SE#)E . neaSNOM A 7e 4 P/ MBOGHE & o 1, 22 3 NITLLAME
WHOGL, AR AR LLAMREOE . B 4% E neaspec GmbH.

Figure 3.2 Picture of neaSNOM. neaSNOM has two laser coupling ports, the near-
infrared pump laser is coupled to neaSNOM from the left port and the mid-infrared probe

laser is coupled to neaSNOM from the right port. The picture is taken from neaspec
GmbH.
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ARROW NcPU/Ir #RET i i AR 7E 250 - 300 kHz, AR 2525 Wk Rope s 2,
N T AT RIS B =PI 15 5, WOt B AR AT K TR el i
DRAUEEEH I R A 3 A O G ik b ) DL R SR AN (] Wb HE S 3R B o DR 3RAT T
H=6HELME 80 MHz K H KB HOLL M K4 (TOPTICA Photonics,
FemtoFiber pro IR and SCIR) , HHr— GG & A WAL hkmidE s e # &
B =B TR F M G HOE Al 2 2B A R ZLAMEREG, 55— 6 1560
nm ST ZLANEOE R AR R

Spectral Power [dB]
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o.éwmgﬂps]az
3.3 Toptica 646 S ¥ . (A) FemtoFiber pro IR AT E, WOGIKTE
J& 76 fs. (B) FemtoFiber pro IR iyt 6% .
Figure 3.3 Parameters of Toptica fiber lasers. (A) Autocorrelation interferogram of

FemtoFiber pro IR amplifier. The laser duration is 76 fs. (B) FemtoFiber pro IR output

spectrum.

PRI 25 FH 2 InfraRed Associates 72 & 1) IRA-20-00103 ¥R &4 4R 7K
HZLAMRINES o BT 280 AR ) LLAMEEF DI ZE N 0.5 -1 mW, /N T s-SNOM &
R RO DA 10 mW. BRIEEFRATTIE A 0.05 mm * 0.05 mm RUST FERIN £ T DA
R EELL . I ANIR AT R 500 Hz - 2 MHz BRI B O 3% DA I8 B s

TEZR - TRIAE i 2 4z i, FRATTE FH # 2 Newport 22 ®] ) XMS100-S 8
LIRS (K 34A) o TATINNK 18 & R S 12 v SEBr A7 B A
BOEN B HRZE . K] 3.4B WAL B4R P8 6 IR ZEAE 2100 nm, [KIhiE
I 24 FRKE B2 02200 nm X R[] RUZ R Z2/N T 41 fso ZBOBHKE RS, FRA1HE

k
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Figure 3.4 Newport XMS100-S ultra-performance linear stage. (A) The picture of
the linear stage. (B) The relative error of the actual position to the setting position during

the movement.
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Figure 3.5 (A)-(B) Schematic and the picture of the ultrafast near-field optical system.
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[AESER] I, £ 1300 - 2000 cmt {1 3f 7 70 Fil A 638 2 sy 42 96 150 emt. £E 870 -
1300 cm $iE it = 42 % v 350 cmt.

Figure 3.6 Tunable region of the mid-infrared probe. The mid-infrared probe is
continuously adjustable in the range of 800 - 2000 cm* (5 - 12 pum). The full width at half
maximum (FWHM) is 150 cm-tin the tunable region of 1300 - 2000 cm™. The FWHM is
350 cm™ in the frequency region of 870 - 1300 cm™.
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FEERE A AFM SRERmf B E A (K 3.7) o i s-SNOM 41 5% i) 47
B ] OB R 2D MR SR AE S AFM 3R EH R 3

&l 3.7 s-SNOM W EAHNLER . 4 B EIRL A B TFE &P T R4 h 2L MRE I St 1
G PO TRER 3 B ORAF B R B I B

Figure 3.7 s-SNOM camera image. Placing the black plastic to the height of sample plane
and focusing the green pilot laser to the position of the AFM tip.
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Figure 3.8 s-SNOM camera image. Placing the black plastic to the height of sample
plane. Adjusting beam path so that the position of the pump pilot laser (red spot) overlaps

the position of the probe pilot laser (green spot).
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Figure 3.9 Labview control program of pump-probe time delay.
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Figure 3.10 Asymmetric interferogram. (A) Interference profiles of PMMA film and
silicon normalized with white light position (WLP). (B) Three apodization window
functions. (C) Schematic diagram of the experiment. (D) Phase spectra using three

apodization window functions in (B). The spectrum contrast of the red profile is strongest.
Ref 47
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Figure 3.11 Near-field infrared spectroscopy experiment process. (A) Interference
curve obtained from the InAs sample. (B) Fourier transform of the InAs sample’s
interference curve (black) and the gold substrate’s interference curve (red). (C) Normalized

spectrum of the InAs sample.
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3.3 Nano—FTIR B9z £l

33.1 FTHBEIHLIINETE

PATLFE T ZEACREATREPIAT AR, 20 500 I A 3 20416 1% PSR IE 5 2 Y
Nano-FTIR RGMA M. & e/ Zf bt R, £ 3.1 & S S
TG, R4 Kurosawa 58 & 159 2106 € B — AL A HL ek 2802

e(v) = 6(00)1_[-—" --------------------------- (3.1)

JvE —vi-ivyr;
Forb g(o0) = 2.4 A2 AT HLH L, v A vr 20 Sl 2 PO AL (LOD FIROG F A (TO)D
HIAMESRZ, i & ZEI(90).

xR 3.1 LEE ZEMRERE PR BAIEA v AN . i H
SCHR(90).
Table 3.1 Phonon modes of amorphous silicon dioxide. Mode frequency is

vi, and mode damping is yi. Ref 90

Mode vi (cm™) yi (cm)
R, TO 447 49
R, LO 505 25
SS, TO 811 69
SS, LO 820 68
AS1, TO 1064 75
AS;, LO 1248 36
TO 1165 80
LO 1073 90
AS,, TO 1228 68
AS,, LO 1208 100
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Figure 3.12 The real (black) and imaginary (red) part of the dielectric

constant of silicon dioxide.
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Figure 3.13 Near-field infrared spectrum of SiO.. (A) Second harmonic near-field
amplitude spectrum (black) and phase spectrum (red) of SiO.. (B) Calculated spectrum
using Monopole model. The resonance frequency of calculated spectrum is at 1116 cm™.
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Figure 3.14 Infrared near-field amplitude ratio of Si to Au. (A) The second harmonic
near-field amplitude ratio of Si/Au is 0.55 in the frequency range from 900 cm™ to 1300
cmL. (B) Near-field amplitude intensity of Au and Si under laser wavelengths at 632.8 nm
and 11 pm. Ref 76
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Figure 3.15 Optical properties of h-BN. (A) Schematic of isofrequency surface of the
Type | (left) and Type Il (right) Reststrahlen bands. (B) Real part of dielectric tensor of
hBN. The shaded areas are the Reststrahlen bands of Type | and Type II.
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Figure 3.16 Near-field amplitude hyperspectral image of h-BN in the frequency
range from 1400 cm™ to 1550 cm. The h-BN slab is 176 nm thick. The white dotted

line is the boundary between h-BN and SiO». Dots are the first to the fourth amplitude
peaks at different frequencies.
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B A BRATH Nano-FTIR 78 1 LI pe 4 A 41 43 WA B 0 1) 2 1 R — R 4t #) LA
IGAE Nano-FTIR XA MkE Sk« AN WA T 2 4 IR TR Tl g WL 7 2
LI GIR GRIUREL,  FLe I 78 2 it [5] % 36 2B 47 A I i By ST T 4 P (B3 45 (91) . TFF
FEYHAM o3 WA FE L 53 (% G S 00 J7 ¥ 23 18] 43 He S B AR BN B A B A b 93 A 2
TR (92) . FIFH Nano-FTIR f 10 nm 23 5] 43 38 5 R0 4k 22 U 7T AT 70 5
Mo BB A 5y . FM17 7K SKBR3, MDA-MB-231, MDA-MB-468,
MCF-7 PUFh4H A 2R ¥ 407 i B ORI E AT BT ] 3.17 B2 P Fh
SRy BTSN, S ) RS) 150 - 200 nm, =509 46 - 64 nm.

53nm

& 3.17 SKBR3, MDA-MB-231, MDA-MB-468, MCF-7 VU A LI 40 f 40 45 b
P RIEIE, Aoy B ) )] S] 2 150-200 nm, = B2 46-64 nm.
Figure 3.17 Topography of SKBR3, MDA-MB-231, MDA-MB-468, and MCF-7 breast

cancer extracellular vesicles. The extracellular vesicles’ lateral sizes are 150 - 200 nm and
heights are 46 - 64 nm.
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Figure 3.18 Near-field spectra of human breast cancer extracellular vesicles. (A) 3rd
order near-field phase spectra of the four types of extracellular vesicles. The shaded areas
are the amide | band (1600 - 1700 cm*) and amide Il band (1500 - 1580 cm™) of the
protein. (B) Second derivative of near-field phase spectra. Arrows indicate the absorption

peaks of extracellular vesicles.
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Figure 3.19 Time evolution of InAs nanowire’s near-field amplitude signal under

different pump-probe delays.
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LA S o A T FRE T 1 (] BRI R DT (B 4.1A) . QCL [ 2Rk
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Figure 4.1 Quantum cascade laser. (A) Schematic of intersubband transitions in
semiconductor heterostructure. An electron can tunnel through a series of quantum wells
to emit multiple photons. (B) The picture of a quantum cascade laser. The quantum

cascade laser is compact and with a similar scale compared to a coin.
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Figure 4.2 Intersubband transition in 2H-WSe, two-dimensional material. (A)
Schematic of the thickness dependent intersubband transition in WSe,. The pink area is
the resonance absorption of the sample with specific thickness. (B) The near-field

absorption spectrum of WSe; from 4 to 6 layers. The resonance absorption energy of the
4 - layer sample is 167 meV and the linewidth is 33 meV. Ref 96
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Figure 4.3 Spatial structure of twin superlattice nanowires. (A) Observed direction is

<110> direction. (B) Observed direction is <112> direction. (C) The 3D structure of the

twinning superlattice nanowire, from which the twin octahedral segments can be clearly
seen. Ref 100
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Figure 4.4 (A) Schematic of the CVD system. (B) Temperature distribution in the tube
furnace without hydrogen carrier gas. Ref 106
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Figure 4.5. TEM image of an InAs TSL nanowire. (A) TEM image of an InAs TSL
nanowire seen from <110> direction. (B) TEM image of an InAs TSL nanowire seen from
<112> direction. (C) Spatial structure of an InAs TSL nanowire seen from <110>
direction. (D) Spatial structure of an InAs TSL nanowire seen from <112> direction. (E)
High resolution TEM of twin boundaries seen from <110> direction. (F) Schematic of the

atomic configuration of the rotating twin boundary.
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Figure 4.6 Topography and 3rd harmonic near-field amplitude images of an InAs
TSL nanowire. Scale bars are 500 nm. The observation direction is <112>. (A)
Topography image of the InAs TSL nanowire. The InAs TSL nanowire is 2.4 m long
with the diameter about 128 nm. (B)-(E) Third harmonics optical amplitude images of the
InAs TSL nanowire at 950 cm?, 1100 cm, 1200 cm™ and 1510 cm'™.
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Figure 4.7 (A) The optical amplitude and topography curves at 1200 cm™. Concave
boundaries show stronger optical signal than convex boundaries. (B) IR spectra obtained
from optical amplitude images at different laser frequencies of two TSL nanowires.

Optical amplitude signals are stronger for concave boundaries compared to convex
boundaries.
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Figure 4.8 Nano-FTIR results of InAs TSL nanowire. (A) Optical amplitude spectra
and fitting results of the concave and convex. The optical response is stronger for the
concave compared to convex, the spectral valley indicated by the black arrow is 1231 cm-
L for concave and 1225 cm™ for convex. (B) Optical phase spectra of concave and convex.
Drastic phase changing occurs accompanying with reduced optical amplitude. (C) Real

part of the dielectric constant of twin boundaries. (D) Imaginary part of the dielectric
constant of twin boundaries.
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Figure 4.9 Effective mass of free electrons in indium arsenide at different doping
concentrations.
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Figure 4.10 Raman spectra of InAs TSL nanowires. The intensity of the TO mode is
used to normalize the data. Dots are experimental data, and solid line are fitting results
using Voigt profile. (A) Raman spectrum excited by 1o = 532 nm laser. (B) Raman

spectrum excited by 1o = 632.8 nm laser.
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Figure 4.11 Doping induced optical band gap change. (A) Schematic of highly doped
semiconductor’s band gap change. The Burstein-Moss shift induces increase of the optical
band gap. The band gap narrowing induces reduction of the band gap. (B) Optical band

gap of InAs at different electron concentrations.
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Figure 4.12 (A) Raman spectrum of an InAs ZB nanowire. (B) Raman spectrum of an
InAs ZB ribbon.
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Figure 4.13 Nano-FTIR results of InAs ZB nanowire and ribbon. (A)-(B) Topography
images of an InAs ZB nanowire and a ribbon, scale bars are 500 nm. (C)-(D) Optical
amplitude and phase spectra of the InAs ZB nanowire and the InAs ZB ribbon. Shadow
areas are the spectral valley regions of the InAs TSL nanowire. Solid lines are calculated
results using Drude model. Dashed lines are calculated results using Drude-Lorentz model,
Lorentz parameters of the concave twin boundary is used. (E)-(G) Near-field absorption

spectra of the InAs ZB nanowire, ZB ribbon and TSL nanowire.
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Figure 4.14 (A) Schematic of the projection of L point to 7" point at twin boundaries in

TSL nanowires. (B) Schematic of 7-“L” transition in the InAs TSL nanowire.
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Figure 4.15 Transient near-field imaging of an InAs TSL nanowire. Scale bars are 1
um. (B) Topography of the TSL nanowire. (C)-(l) Third harmonics optical amplitude

images at different pump—probe delay time (The frequency region of the probe is 900 -
1300 cm't).
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Figure 4.16. Transient nano-FTIR results of an InAs TSL nanowire. (A) Pump-probe
intensity scans measured at the concave and convex of the InAs TSL nanowire and the
Au substrate. The rise time of the sharp peak is about 150 fs. (B) Schematic of
photoinduced electrons’ transportation, photoinduced electrons (red area) exist at the
sample surface from =0 to 75 fs and move into the inner region after > 175 fs. (C)-(D)
Optical amplitude spectra of the concave and convex boundary at different pump—probe
delay time. Symbols are experimental data. Solid lines are calculated results. Black
arrows indicate the photoinduced electrons absorption channel at around 1255 cm™ at 7 =
0 fsand 75 fs.
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5.1 BENA

WAKIEHTE 2.5 - 25 pum [ ZLARG AT BLBOR UM SBR[ A ARG
WL T4 MR Z0 AL BhiRad (118-121) . PRk, FIIFH 275 H 204 B R IR R E
S W N AT AR F v R B IR AR A 3 T G A s IR LA BO R P T R
AE F PR AR R RO 2, A0 B B 28 [RGB EOR I R R 2 Hh 4041
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B 5.1 SEWEAIREMERLI RS (A) Bruker 2 F] HH L AR HMEAL
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ul EAEN 3 mm. ##§ H SCRik(122)

Figure 5.1 Laboratory infrared system and integrated infrared system. (A) VERTEX
80 FTIR spectrometer of Bruker. (B) Integrated MIR sensing system with a quantum

cascade laser and a GaAs waveguide chip. The droplet volume is 0.5 pL and the diameter
is 3 mm. Ref 122
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Figure 5.2 Schematic of ATR spectroscopy. (A) Light propagates via total internal
reflections and travels in a waveguide along a zig-zag path. (B) The counts of total
reflections increase with decreasing of waveguide’s thickness. (C) The light propagation
is described by Maxwell’s equations when the waveguide’s thickness is comparable to the

wavelength. The evanescent field is continuously distributed along the entire surface.
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£ 51 FLHH OO SRS RS T

Table 5-1 Mid-infrared waveguide materials and transmission wavelength ranges.

&S it Mk (N2
HTEIN ZnSe 0.6 - 20 um
ZnS 0.4 - 14 um
Ge 2-17 ym
Si 1.2 - 10 pm, 50 - 100 pm
v GaAs/AlGaAs 1-15um
Diamond 0.3-2.5um, 7 - 100 pm
Mercury-Cadmium-Telluride 0.8 - 25 um
bty Chalcogenides 2-11pum
Tellurium halides 3-13 um
Silver halides 4-18 um

{H AR R AL AME IS IR AP — LR ) . TR 2D MG IR0 F BER A
Fo 0 A S WOCHRILHES, PR i i 20 A0 3 8 Fr (ARG 5 AL
SMPRBLEM, X PRI TR IAEATRIRPSE . 3& 5-1 128 1 2] 1R £0 AR
MR 8. &R 5E(125-128) . 38 g in LT Bl id i35 o Fr A ml
G NRTEAERE , B8 2 10K (1R T U A2 A 2L M S i 2 B N A, X BR 1)
TN R A PR R o HERDRERT DLSE HRAL SEI T IR T UM Bk
YERPRLR RN Fr 4, HARm ARG B -, Dta] i TR R
BRERIHLLANEE TG o MK 2HAA] s-SNOM - o i A 853 ) 21 Fh i 7 4
FEAT S22 1] AR 5T AR B X o 21 A ip 5 ) 5 B AT K 3E AT 4 25
EEE
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Bl 5.3 (A) it immaif. (B) W AUIRRGIEER . (C) b Bmots
s F, BT E Ry 100 pm.

Figure 5.3 (A) Structure of tin diselenide. (B) Schematic of the chemical vapor deposition
method. (C) Optical image of tin diselenide slabs on the mica substrate. Scale bar is 100

um.
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5.3B fin, fEAKIEFES, ¥ R 2 15 mg Snlo K3 A 1A 6 A U 3 20
L, SRJEHE S —ANBEA 2 200 mg Se B A AT E R T ERIAND (=
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Figure 5.4 Raman spectrum of the Tin diselenide slab.
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T8 FEARYE 2= BERH I 1 S2Brfor B W B AF 280 - 420C 2. 1f]. & 5.4 J2& SnSe; R4 8%
W, WORIEHE KN 532 nm, 184 cm™ J2& SnSe; HITHI /MRS K] Agg 1530, 117 cm'?
AT NIRBN) Eg 155K,

5.3 LI ER M

53.1 LFRBEN LB PLIINEERR

s3 (a.u.)

55 “WLSRIEERBERAR, LBIFUR S um. (A) JEEy 106 nm ) (L
TSI, (B)-(1) —ffifL#7E 1520 cmt, 1570 cm™, 1620cm™, 1670cm?, 1720
cmt, 1830cm?. 1870 cm™. 1920 cm SiiZ iR R, MRl E BIAT T
edge A T4

Figure 5.5 Near-field amplitude imaging of a tin diselenide slab. Scale bars are 5 pm.
(A) Topography image of a 106 thick tin diselenide slab. (B)-(I) Third harmonic near-field
intensity images at 1520 cm, 1570 cm, 1620 cm, 1670 cm™?, 1720 cm™, 1830 cm?,

1870 cm* and 1920 cm™. Interference fringes parallel to the edge A can be seen.

FRA O SR 26 2 B EE (s-SNOM)D £ &I K AT R 8 (1 B 1 2%
BEBOGERTE 5.13 - 6.57 pum Y BT 7T SnSez W FH A (1 204k ik S8R
4 5.5B-1 /& J£ 574 106 nm 1] SnSe *F4R7E 1520 - 1920 cm™* $1% N [ 3 [ i 75
FERG, WA FRAT AT CLIE B b 21 SnSeo “PAR (I35 T 280, 48U Ia] BE
VG eSS NI AN S € sl A id b Ot S N (Th: N
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(A) (B)

(C) scattered light (D) scattered light . (E) scattered light

B 5.6 (A) HEZMALASKEERK 10.7 pum WOLEKR FHIESTH48, HBIR
200 nm. 4 H SCHER(130) (B) 8 nm E = PtTe, £ UK K 10.87 um HOGEK K
FEE 52640 BB RO 1 um. 4§ B 3CHR(131) (C)-(D) &3 2k S0 =HMRIs: &
RWORIA TS, BHIRBORIA TR, 1T WOR AU

Figure 5.6 (A) Near-field fringes of a single-layer triangular graphene at 1o = 10.7 pm.
Scale is 200 nm. Ref 130 (B) Near-field fringes of an 8 nm-thick triangular PtTe; at Ao =
10.87 um. Scale is 1 pm. Ref 131 (C)-(D) Origins of near-field fringes: tip excitation and
boundary reflection, tip excitation and boundary emission, boundary launching and tip

scattering.

1k 5.6A-B 7, =ML HIEARNEA 8 nm R PtTe, L7 BRI EoR
AT T =R T8 40(130, 131), FREVERAYEAER 5.5B-1 FHRATBORM
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(3) AR B R AR B R G ASDET (B 5.6E) o EHHARAIHK
P F A, M SnSep (=AM I8 RS B SR 8O HIVE R, Pl 5.5B-1 H o H HE
AT =AY SRS T OOWI BT A TLRIZRE0 BRI IRATIHED SnSe HIIT 17
SR BUE TN TR BB AR AL T BT R 5 AT

AT IR £ | — B A E ML SnSez Wi T dEATIE AR, Bl 5.TA Hh
AOEERERRHEOCA R B T MEE T AL, HNAERED AT Al
Fl B AL N TRIEZASURH SnSex ML TR, FATHCE T B %
. Wl 5.7B o, BATRHOLEGEE T A E NS AT, BRI fiass B
NERE ALHATIARE S B W PATHIZREUN K . REHRUR T R 8UHAF
5 BAFOCIRIIT e, Bk, BATATCLHERR RS i T8 2 SUox
Ji. B 5.7C thyrnlE Kl 5.7 A-B R AEIH AT T ALy sRar, Hhat
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28 (¥ 2% 208 1909 2.9 pm, 35 5 i 28 1) 25 SUR 9109 3 um GROG K A0 = 5.35 um)

M T2 SUA IR P R FHOGE, BRI ERA TN 2 U IR B K .
FERAT IR ECE F, WOC AT 7 54 i1 T 2 18] ) SR A 2000 30 R
FEAERE I ERDEBERST 2029 20 pm * 40 pm. IS, 24 SnSex i Fr
WHERDXHk GEE ) AT ARM 5T 5, BOWLR TR Tk e e — 1
WEANAF (GROCIRBIT AR , HILER 578, WHMITATT B
RT3 280 Tt B RAIEI I B S22 1 SnSep 14 F A1), A TE T AL 9l
Yo G AL BRSO, IFEROLISEE 5.7D Fi C 4. 5l 5.7E #

(C) - 8.69um - (D)

s3

8.83um

(? I . |' " i
I é‘ositifn(pi) i ()m
B 5.7 WEIRIGA S um, 3558 B LA E SR REOE N T R . (A)-
(B) WOLTEELANTAT A LIS T SnSex AR 58 BE ], OBz y 1870 cm.
(C) A-B LR ALK T3 S S 42 (D) JEFE9 347 nm ) SnSe, AR 62
W, (BE)-(F) fERMOECBEIRGT C 12 A2 5T nst I . ok
41620 cm.  (G) WOLHRGT C iR E . WORAE N 1720 cmt.

Figure 5.7 Scale bars are 5 um, red arrows of near-field images indicate projection of

laser incident direction. (A)-(B) Near-field images of SnSe; slabs at v = 1870 cm™,
projection of laser incident direction is perpendicular and parallel to edge A. (C) Fringe
profiles at v = 1870 cm™?, red and blue curves corresponding to dashed lines in (A)-(B).
(D) Optical image of an 347nm thick SnSe; slab. (E)-(F) Near-field images at red frame
in D before and after moving laser spot to illuminate edge C. laser frequency is 1620 cm-
L. (G) Near-field image of slab with edge C illuminated at v = 1720 cm™.
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bE, 2 C oI S ml LS /e B 5.7F IS5 C L-FATII RS0, X
— S SRRSO L 2 81T SnSez W A ZAR G TE B SR Ak, FRAT
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TR KRR B A TIRE N 2.2%10% em™® it 58555 ot LR %
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Figure 5.8 Time-averaged near-field coupling weight function. The peak of G appears
atq=3.7*10°cm™.

BHRAREBUK SnSez SR H IR A 5 3RS HE M IR & R ECH R(132). 2
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FEMERE SR AR R I IR, EZRENAE q = Va Biiz. B, #EHT

UG FE NS ESAE q=Ua fffit. XIT a=25nm, EiniEEHE K%L
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2.1*10%cm™, BEIE TR A E I HONER) 117, PRIHEREF A REA 2 SnSe: 1
P MBS B R RIEKAT, PIEHOE ariE e B A SnSe,
LTI A 1 IR AR
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321ym; 352um , <
d=156nm
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B 5.9 BRI 5 um, 3750 R B o 206 f Sk SRR BOC A 7 [ 45 . (A)-(C)
WOt 1570 cmt, 1720 cmt A1 1920 cmt RS 347 nm (1) SnSe; {# A (11153
TR, (D-(F) #otsi# )y 1570 ecmt. 1720 cm™ F1 1920 cm? R 156 nm )
SnSe, i iL 7 R E K . (G) C M1 F HhEARAL B T 2k s 2. (H) T4
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Figure 5.9 Scale bars are 5 um, red arrows of near-field images indicate projection of
laser incident direction. (A)-(C) Near-field images of a 347 nm thick SnSe; slab at v =
1570 cm?, 1720 cm, and 1920 cm? respectively. (D)-(F) Near-field images of a 156 nm
thick SnSe; slab at v = 1570 cm™, 1720 cm™, and 1920 cm™ respectively. (G) Fringe

profiles taken from dashed lines in C and F. (H) Fourier transform of interference fringes.

532  HLIINESENRIEE

ST EIR T 5 TR A TR A BT, T DL I B 4 2K R gOR o
WORENEIR T 177 RO BT (B, I MRS . BT 50T
BT FE TR B v 2 R, S bnT DUIE I U A R SR AR R
JERE R AR 75 AR AT . SnSer AL RE IR SR S HIR 7E %, I A A%
HL 22 R o S AT R BIE 7 2 I, e S eSO B T AT U AR 2 (133, 134)
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& 5.10 ANFEEE SnSe, # T KRB R . WA 2 A MO 1520 cm, 1830
cmt A1 1950 cmt, LU RISA 5 ume (A)-(C) JEFE 4.4 nm 5 i 58 E K. (D)-
(F) JEFE 47 nm A R E R . (G)-(1) B 85 nm A 1ikizsE E . ()-(L)
JEJEE 156 nm B iA R K . (M)-(0) JEFE 233 nm 3 F L3 5 T 14

Figure 5.10 Near-field amplitude images of SnSe; flakes with different thicknesses.
From left to right, the laser frequencies are at 1520 cm, 1830 cm and 1950 cm™. Scale
bar = 5 um. (A)-(C) Near-field amplitude images of a 4.4 nm thick slab. (D)-(F) Near-
field amplitude images of a 47 nm thick slab. (G)-(I) Near-field amplitude images of an
85 nm thick slab. (J)-(L) Near-field amplitude images of a 156 nm thick slab. (M)-(O)

Near-field amplitude images of a 233 nm thick slab.
N MEIRA TR FEAN R JE L 1Y) SnSeo 7 F BT U JE BEXT FR 2L AN KR 2 . AT 22
RENS e B T C B RN A 3 2% SURIATAE » 321 ORI SE 56 i 3RAT 18 e EL O
A TTIAPPAT T SnSex 7 10— 260 . AERXFIRMACE T, ZiAA AT
AT DA e e ISR A 5 AT IRIE S 2640, ] 5.9A-C A1 D-F 73352 347
nm #1156 nm JE] SnSe, 7£ 1570 cm™ 2 1920 cm™ ISR T (¥3 4 3 2L )
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B 5.11 SnSe, PR I FER B R . ELHIR A Sum. (A)-(C) FEEOEHIZE 1520
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Figure 5.11 Simulated results of SnSe; slab waveguide modes. Scale bars =5 um. (A)—
(C) Ey distribution at v = 1520 cm™* of 120 nm, 230 nm, 340 nm thick SnSe2 slabs. (D)—
(F) Ey distribution at v = 1950 cm™* of 120 nm, 230 nm, 340 nm thick slabs.
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J7 ) JR B SnSep w1y B I RTIG K. UL FRATIK, AR SnSe; i#
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B 5.11 i8R B, Mit5) SnSe, i F AR JE I i T Kb, X 51 5.9 HH s
IR BN RBAISM T SnSex HEA T TGRSR, TE BXALE
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Figure 5.12 (A) Dispersion relation of 347 nm and 156 nm thick slabs. Symbols are data, solid

lines are simulated results. Dashed lines are theoretical results. (B) Calculated results of variation

tendency of waveguide wavelengths with slab thickness changes.
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Figure 5.13 Near-field amplitude images of SnSe; slabs placed on a PMMA substrate.

(A)-(B) v = 1700 cm?, 1730 cm, and the slab’s thickness is 265 nm. (C)-(D) v = 1700
cm?, 1730 cm'L, and the slab’s thickness is 296 nm.
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