#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025) 148703

S E
TR 2% B ST B PR 37t F B
EEN B4 ERR EFR BRET
KRB EEF  ERE

(AEE A IR R 5 B TR, Jbat 100191)

(2025 4 2 A 21 HIg#H); 2025 4F 4 A 11 B EHEH)

K R T B R 2% (THz) I BOGE 5 AR BOR 0 T80T T A0 8% 00 R I 45 2 OC JE 2. R, =ZIRT
THz P P K AT G R 09 R, 1% 58 (1932 35 THz 8O E 5 USEAR TG 1 $ A3 TRt 8] )8 0 499 oK =5 [1] 73 B
P8 L A B A AR R gl g 2 BT SE. AR SO 4 T T R THz I BOE R BUR B 5 R HORHE
AR THz BUR BT 05 WA R 4. PR B IS S AE i 3R 1 A S A0 AR A, 0 4 2R 48 B 9IE 5
A RLRA~60 nm A 1] 25 18] 70 B3R (9 #5245 THz D635 S8 B S AR RIS PF DTS, 2R AR 152 S AR BB R 88 7 1
A THz B3R I35 00, 100 EL AT LA 3 D' % B 25 380 1 19 07 5, 40751 S PR B RE B9 1B 25 v 32 5 AR
Ot THz J 38 PR3 Sy 2 i B, g BE S8 AN 25 AF A A0 K 25 [ 23 | R BRI [] 23 98 A1 THz 3%~ i (8 07 T il 1

REFRAL T J1 328

REEIR: B REHRGDL, SRS B, SRR, S

PACS: 87.50.U-, 68.37.Uv, 82.53.Mj
CSTR: 32037.14.aps.74.20250211

1 5 =

TEYEEA SRR A IR R AE R, RSO
AR BEZE (THz) B OGS A A H R RE SR
3 THz ko i ARG IR IR (5 S, RESC B+
R DIBEOLE, T B HE R MR AR R 1) G
TH. JUHEXTF R SR PG I, THz ot
TG AR R R T AT e e, RIS
2 221 Kramers-Kronig 28 4t 1 B $2 MBI Kb
B BERS RO 05 L, X b 2 e o
WFFEEEAL T BT = 2L & 15, THz H 4 % B
PRI B b B R LA [ BE R RS IR 7 L Aoy
TR L T A R Ay F S 4R sl 1291, AT A
AU BHEAR AR SR AL B LA
FRIRA R ZH B A3 A 31 & 2 G 4 B o R A 9T, THZ Ok

t BIEYE#E. E-mail: xiaojunwu@buaa.edu.cn
© 2025 FEYIEZS Chinese Physical Society

DOI: 10.7498/aps.74.20250211

TASCHR R A 5 O BEAE . 35 S ORI S A s
THz HSOETE AR HOA RERS AR oAt i Y
Jr KR BR B e R, b AT A R Y2
{ii-THz M ASE DT B 71T R K2 )
ARG R R B T B A, THz OGRS
PRI G e b SR 2R A ) TH2 2% 105
SSHEATARTHRE, WY L IR A5 SRR O L S AR 5
TR HE TR, ANCRT AT FEAE ity v 380 14k, i m]
VABIETE A B 7 5 75 e S R 108, SR, 48
() THz Y MUR BN R Z 2 T iR, mARAE
MU b RERBIR A M E AR, (EAETIXT 94K
JURE RS AR AS AR FRI AR L BRI ST, 20 AT A
0 10100, S8 37 AR 52 BR T THz A AT SR PR g B
i, MELABDRAT RN G E AR 23 8] RUE_E TR 2
BRI, UANAKATRH JR) B R0 | AR &%
PF PR AR AL T 0 A R 45

http://wulixb.iphy.ac.cn

148703-1


http://doi.org/10.7498/aps.74.20250211
https://cstr.cn/32037.14.aps.74.20250211
mailto:xiaojunwu@buaa.edu.cn
mailto:xiaojunwu@buaa.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 14 (2025)

148703

AL XEE, B B IR IR R A AR
G THz S8R 77k, THz WA AR W H
UL % 2 K& . 1999 47, Knoll Al Keilmann'! 3 F
JRF I R (AFM) JB/R T3 FAHRMEETE
FRMERTR (scanning near-field optical micros-
copy, SNOM), TEHE 4 FTIRAL A= th 2T A M Bl
JFSL LR 7 5 5, L3k AN K 52 (100 nm)
SrHER AR, R SR 5 24 LAl 2002 4F, van
der Valk FI Planken!" F|FHBELER (GaP) fbiA
JERAFE, 38 R B 2 3R £ THz ik ofr,
A5/ INEPERSE, SEBL T ROK RG2S W) 23 B, 2003
4F, Chen 5§ 5 7E R IO 98 el kot 5004k, 49
UE T A ARTE ST BN ROK e 98 SRR BT
JEMF IR B4 nl 471, 2006 4, Buersgens &5 14 .
FEWUAS B G, HiB T — i RE S SE BT I K 25 1]
S HER) THz WA, TR SAR A TFROR RE
FY IR TR T OB, BEE R R A, SNOM
HARAWLAL, 73 HERE AT, I E A &
. ERAEXFEMEAR KRG RIS T, £
THz YeiE UG EoR iz A HI b 44 THz b
TEHRFARARETEOR, AP S S 2T 13
Yt AR, R NEHREUR T THZ 5555, A
NG THz P AT IR R, IR B89k 2
S A PR, IR RRTE AR R R SR b R
(L R AR LS ME T, b bR A B2 I

M4

FERE T A LT 0016 fildn, 2023 4F:, Chen 45 7]
FIHEY THz SIS, B IRIELE A b H
FE] T AgyTe i v A4S ) PR+ THz
LFRIALEOT, It T H SRR ARSS F ATHL
PERT N TERR R, AR GIKOEF22F1 THz HR
F) 2 B AE 13T 1 SRS

TEPETH 28 Bl PR iy St L, o 7 IR AL
ZRR P BRSNS, SEEUR R (] 3 BER ) THz
WIME ARSI A Y. A T RESIE AR RE T
R Y Ab2E R Y R, B R SNOM i
A, RN EREE A& T B PEOEE AR SNOM
MY v 25 (] 3 HEE, AMUBBREFE QORI g, b
fiE AR ] 73 308 B AR S5 v 1 s AR ARk,
TR AR 22 B ST T RE T 8 2 g [18:19],

AR RGN IR THz BRI 00
27T (terahertz scattering scanning near-field
optical microscopy, THz s-SNOM) [¥ 55 5 ¢ |
it 3 A K ORI HIAE, DU A AH DG4 i) Bt
TAEBERBAAMERNZSE S5iaR, LRE X —§T
TR AT & J 5 55T

2 LhEH

RO EME 1R, o, SLEr CRNoLAs
2 = DI A 1560 nm, FRipSEE R 70 fs,

1560 nm 70 fs 100 MHz

M14

M13

1 R THz s-SNOM R Gt 7n & &, laser J LT CAMIOGAY , SHG S — 0B B 5% (b 4%, HWP v 213 Jr, O Jy ot b 5 4%,
M1—M14 562 R 6, BE B dids, S1 02y s, AT AR HOLS KL, OAP &Ly w5, AR JH#BOLS K4, L1l

L2 A5k

Fig. 1. Schematic diagram of the ultrafast THz s-SNOM system. Laser represents the fiber femtosecond laser, SHG represents

second harmonic trigger, HWP represents half-wave plate, OI represents optical isolator, M1-M14 represent mirror, BE represents

beam spreader, S1 represents semi transparent and semi reflective mirror, AT represents transmitter antenna, OAP represents off-

axis parabolic mirror, AR represents receiver antenna, L1 and L2 represent lenses.
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Fig. 2. Schematic diagram operational principle of the
SNOM tip.
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Fig. 3. Height information of SRAM sample: (a) Optical photographs of the surface taken with the cantilever; (b) three-dimensional

images of the sample; (¢) AFM height topography of the sample.
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Fig. 4. Static THz time-domain spectroscopy scanning pattern mapping: (a) Time-domain waveforms; (b) frequency-domain wave-

forms; (c) peak value of signals at different orders.
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forms of topological insulator; (d) topological insulator morphology before photoexcitation; (e) topological insulator morphology

after photoexcitation.
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INSTRUMENTATION AND MEARMENT

Ultrafast terahertz scattering scanning near-field
optical microscope

WANG Youwei MA Yihang  WANG Jiayi  WANG Ziquan RAO Xinyu
DAI Mingcong  HUANG Ziyu WU Xiaojun '

(School of Electronic and Information Engineering, Beihang University, Beijing 100191, China)

( Received 21 February 2025; revised manuscript received 11 April 2025 )

Abstract

Terahertz (THz) time-domain spectroscopy and imaging techniques on a nanoscale are crucial for material
research, device detection, and others. However, traditional far-field THz time-domain spectroscopy faces
inherent diffraction limitations, which limits the applications of carrier dynamics analysis that require
femtosecond time resolution and nanoscale spatial precision. We present a scattering-type scanning near-field
optical microscopy that overcomes these limitations by combining ultrafast THz time-domain spectroscopy with
atomic force microscopy (AFM). The utilization of the near-field interaction between the needle tip and the
sample surface is demonstrated to facilitate the study of semiconductor materials and devices by using static
THz spectroscopy with a lateral spatial resolution of ~60 nm. This, in turn, enables the acquisition of static
THz conductivity distributions of the semiconductor materials. Additionally, it facilitates the acquisition of
transient conductivity distributions of semiconductor materials and laser THz emission ultrafast via
photoexcited transient carrier kinetic processes, which provides substantial support for studying the
performances of materials and devices in nanometer spatial resolution, ultrafast time resolution, and THz
spectroscopic imaging. The experimental results show that the system has a signal-to-noise ratio as high as
56.34 dB in the static THz time-domain spectral mode, and can effectively extract the fifth-order harmonic
signals covering the 0.2-2.2 THz frequency band with a spatial resolution of up to ~60 nm. Carrier excitation
and complexation processes in topological insulators are successfully observed by optical pump-THz probe with
a time resolution better than 100 fs. Imaging of SRAM samples by the system reveals differences in THz
scattering intensity due to non-uniformity in doping concentration, thereby validating its potential application
in nanoscale defect detection. This study not only provides an innovative means for studying the nanoscale
electrical characterization of semiconductor materials and devices, but also opens a new way for applying the
THz technology to interdisciplinary subjects such as nanophotonics and spintronics. In the future, by
integrating the superlens technology, optimizing the probe design, and introducing deep learning algorithms, it

is expected to further improve the temporal- and spatial-resolution and detection efficiency of the system.

Keywords: terahertz electromagnetic wave, scanning near-field optical microscope, semiconductor materials,

devices
PACS: 87.50.U—, 68.37.Uv, 82.53.Mj DOI: 10.7498 /aps.74.20250211
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