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Abstract Terahertz (THz) near-field imaging is an important technique that surpasses the diffraction limit of optics to
achieve super-resolution THz imaging; therefore, it is crucial to investigate ultrafast dynamics processes on material
surfaces. Although scanning tunneling microscope (STM) achieves atomic-level resolution, it imposes various challenges
related to time scales. Early time-resolved methods derived from the inherent electrostatic approach of STM were limited
by the bandwidth of electrical signal transmission. Furthermore, pump-probe methods based on optical signal coupling

were restricted by the microstrip line bandwidth and severe thermal effects. Hence, due to having unique low thermal
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effect, high tunneling efficiency, and high stability, THz-STM has emerged as an imaging solution with both ultra-high
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temporal and spatial resolution of 100 fs and 0. 1 nm, respectively. Besides, this technology has become a research hotspot

in the field of terahertz near-field super-resolution imaging. This study discusses the developmental history from time-

resolved STM to THz-STM, focusing on the fundamental principles and current status of THz-STM. It aims to offer

guidance on the application and development of THz-STM technology in terahertz near-field super-resolution imaging.

Key words terahertz; near-field imaging; high spatiotemporal resolution; scanning tunneling microscope

1 5l 5

8 58 627 1 Bl B e 2 A R i B 4 5 X
sty Y FBCE O A W AR e e R o U O e 1 AT R
18, FL 30 5 A U 2 P A7 O 3 e — 0™ o B R A R
ERRE— S NP SDEERTAL, h T 8k AT S A R
P £ AR IR AR — A A7 i — A S LA Ot
FUA BRI B A GBS BE . X TP SR
14 3 LB A7 R — D 3 BEOG BE R d /N2 0 2 i )
FHE 25 0 B OGS AT 5 23 B AR AR R, B
A
AZO.61M, (D
AN AR BB LA, S B AR LR R
INFRAR BB A O AR P B . AR XA AT
e BR 27T 10 56 27 AR 23 B A HE LSOOG IR A B A 35
KRN AL G2 0 9 B AR AE 100 nm 2%, E
T TR O BB R R TR oy SEWATT S
BIR , i AL S g 2 1) 23 B A< A I T 755K, 8 20 IR B R
A N R E B R OR Z — . H A 7> H R
MITEAIRE A BRI E T BORB AR L1
PRER AT 5 AR B AR BT R I 3 R R 2
XLk, HATE Sl Tt R M AS Y T
JELF 7 4 U ) WS R 20 7 AR R S ) G B
T R T IR R AR I R 2% R A 1 414 R G I Rl B R
G0, X8 R GEARAT T S BEAL G0 BER IR 64 1 55 AL
Reo AE R 2Z MRS, P 1R, U IT ik E 2
e G5t 7 R AR 5 AR 7 6 R S B T LA SRy o A% |
[HEIESIRTE S Al L IPN P RN E R[] STER AT €
IR A 22 B S IR 7 1, 23 18] 2 B R G 1O K
YA BN E T R o RO 2% 31 9k R I B

<t | =
10!__’ m 3
spatial resolution

P17 o3 B R A K e D A
Fig.1 Development of near-field super-resolution

imaging techniques

P BRI R R 1 R T H R S R 0 B2 E) A e %L O
DAL 8 P ' FE AR 28 U 1A I T A S T RS R R

4 % 8 R (STM) & 3 T I A 1 i 7 71 2%
W% 2 Jirt B R i 8 THT AT I A RN B T B 5T
Bl e AHEWALORY B2 EE 2
TR 220 (% 8 7 T M 3 A R 1 O T T
ALFE R STM A7 9 J5 2 17 Hi Ao 2% B2 I 40 A,
FH STS 3% #F 58 2 A B b ik %
PR R E AR R AR AR XSGR SRR T NN M
IO R P D A T BUR R Be B kR L (H
STM /588 AN H 25 M [B) RUBE b X b4 ) 2% 1T A fl 0 5y
J2F G AT I RN R AE (Y BE 1, R R 2 I ) i AN
HL 25 R B O JRAA R AR AT AR S
POC SRR FERL T 19 8h 12447 R e T RkA 5
() — BB FE AR A G R T R R T
SR (T & 2 i S s o 1 Y N =1 e 1 AN - S
ST OB B 2 THT 1) 2 7 27 1 B X U g R R AT
M R 20 I R S TE] A3 B 40 A B T I A B Y
DI T804, N STM [ A7 22 5 i i & W98 B i
F B ) B R S 5 2 AR R B ] 43 HE STM Y
— A 5 2, (F R S 5 A PR A T R ] g3 3 H g
EmsEH . TN KRR Fd R, R
B A A S 5] AR T STM A & X o, -5 4
Tt S STM (PG-STM)™ ™ iR A& 45 STM
(junction-mixing STM )" 4l i 24 5 i P~ A
AF B, i i) 2 i — KRR F B R T
Bk PO O RS STMYY ) L g as X kAT
WOLHE A & 5 BUR M A AN ] BEE 25O M K
PR 280N, DAL Ot A5 B 1) 9081 ] 7 B R ™ 1 S 3 A 4 2
T fE 45 , shaken pulse pare excited STM ¢ fif &
B R R IFIEE T — RANEE MR, EN1FEA
TCRD ORI G o B RUEE G SR T Bl ) S ad B AT
TR X RO S RS TR 2
BB, AER A QG S0 () JR AR ™ T Y S5 I AR R
Z= 10 I B AR T HL RO B A A R R BEAR T 155 10
{FME L, 455 5 M P A AEAR R IR ME . 3 oh , X i
G 4t 2 AR R S AR A R X AR AT SR A
FRAE, 3R OG BB I AT B8 1 RS A0 45 KA a1 IR
R, JE & TIRA 45 STM Hps B Bk o A 75 14 B% 2
HL I 175 3 BB 7, OB %% ok o 6 00 4 1 R Gl B GO
BUAE [ BRA 5T o AR RT R A A I S 2 3 ROR S G
Ty AR BT R % 2 0B H B O X 42 .

1811001-2



HEXE -$F#EZiE

K24 (THz) o, & —Fp 8 55 45 Bt 0. 1~10 THz
B HL R 0, B B PO P RE A, [ meV i 4L, il HL 5
B VESN 204 SR A B P Wl S R T
LKA MG F S A E TN bR
2 A, B8 AR R ) K oy T R — S BIL A T A IR
ARE FEAEAE THz 594, 3X R 5 T Hz AR B b #80) 51
KRG F AT N AR Y R 2 Y i g v AT
BT 5 . FEE(E S5, 6G M 4% (1 3 58 B85 R FF 5 5 4
) 268 i A0 B e BB, T T Hz WU AR hy 784t B 3% AT B L
6G W 45 7 B b B A% O WF ST X G o 78 R L R AR 1Y
WFoE R, R 2% A B AR L3, B R A1 ) p (g R
iy 5y Sy 2 B RAR & AR A ps G, B A0 InAs T A5 1Y
Fe e B T A Al AE 1 ps BT, IR A ) T Hz K #F
I8 GRS MR R AT R L 28 R T AR A R A
TE % (T 05 . BTG 3% 86 T Hz 5 2445 8 1 BIF 5%, 35 8 AS
v T A Aa e e THz IR A9 & A1 THz #5800 5 77 %
B ST, AT EE T H P2 0 RO 2% 2 P R BOB R
FOH TR B R SRR )
BFUIOME TR TR AR TSR RS R
LR s R BRSSO %%
JRIAS T W kLR S = R T RO
FARB A, B 2 R 5250 % b w9 KRR 22 8, o0 K
2% 25 4 STM 52 B i 5 25 20 P RE J $ 4t 7 e R %t
. THz5 STM 254 5280 T /BT A AT (14 st ] 1 23 (]
Sy HERE 1, IF AT DUTE KSR IR R85 R 6 A ) 2 T AR
PEJEAT RAEFNWF I, B KBk T 4% G2 YAl & STM A
ST T %) S . THz-STM 4 H 30 F % e iR 4
A R mE AR B EERE 2B T THz
STM 1 M4 e} 2% 18 8 TR 8l 7 2 ¢ AE 5 5 J5 18 1) £
T 7, AL 4 2 0 A7 S Ak IR S 35 4 45 [ 4 R A K
E AR PR B4y 7 I X Bl g 2 o R A 00
F14) S5 YR R 0 52 6 7 2 AR R S B nm RUBE
RO Y o T AR A L R T % T LAY
B2/l SN (ST N 0 N =1 AN R 7 S v/ e R 2 A
TRAT AL TG S ER SR A o RIS
R RL BT AR R I g R SR SR AR B T .

ARSCHEA AT I 503 STM 9 & e i s, 4%
ME A H 2 Ty vk B B ik R e IR E E AR
T THz-STM By FEA JE BN & RIS O, RN ik T T
STM S 30 5 B 25 3 HE AR 9 e IO 2 R 5%, B AE
S0 J I TH2z-STM 13X — 37 2% 6 5 1% ¢ A 350 A e
H S, BRI AR OB 2% 305 0 1% P i 1 78
2 WIEHESTM k J&
2.1 STMEBHEZEFE

e I 8] REE AR5 STM A 52 56 fe L 1T 36 ) 29 )
FH STM ASIE Y B, FL 6 XF % 27 L £ 5 1 A7 e J 3
E Y — 26523y o 40, 1995 4F |, Lozano 4538 o 76 16
e T LD o 2% 9 0940 Rk 1] AR 1 Sk i R BB T

F£6055F 18H1/2023 £ 9 B/ B EXBEFZHE

BB J7 2R AF . 1996 4F |, Swartzentruber 282 & B T —
Tl 1 D B R R 0 e R AR HE Si(001) &
T AR 47180, 32 e AR it R ) 7 B 5 STM 4R Sk 4l
ETEVE SN SR F 0L E b, o7 DLIE B R 126 0 09 B —
A ANE 2R . FERX Z A, e A R i T
U &R K . 1997 4F , Linderoth 25 i 1 7 it 31 4
Pt100 551 i — 4 P H STM EIZ , 78 I ) )X EE W )
TIRFEahE . FAE, FIH & #E STM G H A,
Wintterlin 2878 Ru(0001) b Wil 1 48 3 1 Wg Bt 64 5
KM% . ZJ5E1E 2005 4F , Rost 45" T 2 52 3
T 200 frame/s [ @3 STM & &4, I 42 1 T fE
e B R B S TR S BN T STM I 7 %
RKIETH T WRAZHE . [F4F , Besenbacher %2538 T
STM 7 2% 1 8h A& 5L BRI 5% b (9 07, A0 468 W B 57 | ke 1
Vi B BT R TR R A SRR N A R EL T
B ) 43 9 ST M B ] 5100 AT ) 2% 18 3y g 2 3k 7 0L 0
) — e 223 H T H BT T A0 FR ] 32 S 00 Y ]
Sy HERE AR AR R R AE ms B G, X T RO Bh ) 2 kR
2 sF ] RUJEE A W00 . A% 2 BT 8 AN 1

© (d)

&

B2 SighRRART . (a) (b) BN 65 CH, ik — %
PREGHs (¢) () 70 AFI90 A RS WL Si — 5 Al

(S EEEIR
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scales of 70 A and 90 A, respectively
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Fig. 3 Conceptual diagram of photoconductive-gated STM and junction-mixing STM. (a) Optical path of pump light and probe light

illuminating the sample and tip with a certain time delay, utilizing photoconductive bias to control the tunneling current™;

(b) optical path of two laser beams simultaneously illuminating the sample end with a certain optical path difference, exciting

picosecond pulse voltage™”
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Fig.5 Diagram of the SPPX-STM method and its current modulation principle. (a) Experiment operated by Takeuchi ez al. ™

(b) symmetrical current peak generated by autocorrelation scanning laser™; (c) case of delayed sinusoidal modulation™; (d) case

of delayed square wave modulation™
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Fig. 6 Exploring carrier dynamics in GaAs-PIN junction structures using the SPPX-STM method™. (a) Conceptual diagram of

heterojunction; (b) energy band diagram; (c) time-resolved carrier diffusion diagram

PR A6 B STM 77 B 7 IR 10 32 22 1) 1
fEX A MEE TH2-STM 58] TRk, T
THz ¥ FRE =A%, #54 THz 5] STM (1 #4880 7] 21
D] A W] A AT T BT 0 AR BDGAE S X R

9 STM i 4 e % 52 3L H Al fog 4 (19 I 25 20 B e 5%,
i HE R Sy B A . BEORIUE, BB THz-
STM 8L, i 18] 73 B STM /Y % i i 2 R A4 ] LA
R VPR NE .

#1 BRI HESTM A
Table 1 Development of time-resolved STM

Method Spatial resolution /nm Time resolution Reference
High-speed STM 0.1 ms [21, 63-64]
Atom-tracking STM 0.1 ms [22]
1(¢) curve 0.1 s [23]
PG-STM 20 2 ps [24-25]
IM-STM 1 10 ps [26-28, 68, 77]
All electronic pump-probe STM 0.1 1ns [18]
SPPX-STM 0.1 200 fs [34-35, 37, 71, 73-76]
THz-STM 0.1 100 fs [6, 58-59, 61-62, 78-79]
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Fig. 8 Model of tunneling current in THz-STM and influence of polarization and carrier phase. (a) THz response observed for polarization
perpendicular to the tip™”; (b) current responses of THz under various carrier phase conditions”™”; (¢c) Bardeen model considering the
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Fig. 10 TH2z-STM time resolution capability™. (a) THz autocorrelation pulse pairs acting on the STM needle tip; (b) increasing the

peak electric field intensity of THz, there is a growth threshold in the tunneling current variation curve caused by THz on Au
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autocorrelation peaks on two samples as a function of THz electric field intensity
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Fig. 11 Steady state imaging of THz-STM on various samples. (a) Nanoresolution imaging of Au nanoislands on HOPG"; (b) THz

constant height mode imaging of armchair graphene strips grown on Aul11™"; (¢) imaging of THz-STM on Sil11 is shown in
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Fig. 13 Single-point pump-probe detection experiment in THz-STM. (a) SEM image of InAs quantum dots grown on Aulll";
(b) THz detection of the charging and discharging process of InAs quantum dots under 800 nm infrared light pumping”;
(¢) STM scanning of 2H-MoTe, bulk material™; (d) experiment involving 1030-nm pumping and THz detection;

(e) schematic of the pumping and detection process™; (f) pumping and detection curves under varying pump intensities'"”’
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Fig. 14 High spatio-temporal resolution scanning in THz-STM. (a) Discharge process of InAs quantum dots on Au"’; (b) longitudinal

diffusion process of hot carriers on Au in C,,*"
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