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Fig. 1. (a) Schematic representation of the femtosecond near-field scanning microscopy imaging system and the near-field pump-

probe signal at the time delay of 0, 500 fs and 2 ps®¥; (b) time resolved infrared nano-imaging experiments on WSe, by using tr-

NSOMPF.
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Fig. 2. (a) Schematic of the tr-PiFM system!*?; topography image (b), (c) and optical force image (d), (e) are simultaneously recor-

ded at negative time delay 5.9 ps (or positive time delay 0.7 ps) [2; (f) comparison between the far-field detected pump-probe sig-

nal (orange solid line) and the tr-PiFM signal (black circle dot)!2.
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Fig. 3. (a) Schematic of the ultrafast FMW imaging experiment, the femtosecond pulse after the pulse shaping system excited the
SPP through a grating etched on the gold tip and focused to the vertex of the tip®%; (b) near-field FWM image of a Si-Au step,
showing SPP “hotspots” S1, S2 and S3%; (c) simultaneously acquired AFM topography®®; (d) FWM nanoimages of the SPP “hot-
spots” dynamics of a Si-Au surface, corresponding to different inter-pulse delay, demonstrating evolution of the relative intensities

in spots S1, S2 and S3120.
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Fig. 4. (a) Schematic of the time-resolved STM proposed by Yasuhiko Teradal'd; (b) STM topography of Co nanoparticles on the
surface of GaAs samples in real spacel?; (c) hole capture rate measurements at different locations in Fig. (b) “%; (d) superposition of

Fig. (b) and Fig. (c) "%; (e) size dependence of hole capture rateld.

4 T 52 991 % 90 MHaz 9 ik o 5t 7 1 T 52 490 % g
1 MHz [k o6, ffiTHETF XA R 40 GaAs %5
HIZETHT 9 Co 99RBLT- 175 7= A AV AT T
Sz 6] LA, o R ORI s A
BN T4, 2 SR i STM Wi
FUo R, ST AR ZE I 5 HE R 1 R
BBk S ] 43 2 A 1 45 SR A1 P A (b)—
(o) k. IIE 4(b)—(c) TTLAF H, %R 5 W%
TR PR P e A2

137 % Bk i B = B R
S W HOSARARE, 3 5 A RENE M A
R Bf5 8, PRI s 18] 3 B 52 B AT SA FR A 52

2.2

S/nm?

(a) Terada %5 19 By 42 H (4 ) 5] 73 B STM AR S BRIE]; (b) 5225 18] B GaAs H: R TH Co 49K UKL STM JE 51181 19 (c) [

mif, (EHEA AR A ARl S8 . AT
BAFILA, ARV 2 U AT T2 A .

N TARTH s B m 25 [\ 7y 3, FE A
SR TVFZTrk. Bl 1 E— AP e LA
(numerical aperture, NA) Ifi & B ) /K& | iz .
[ B 78, SRR T i RSB T B A
T, ABJFBA AT IR REAS SERAT S R A
W B SR B AR MR TR 250, Bk T JCRiR
Fiy STED, STORM, PALM, SIM LI4k, bt 4%
PRk B 191, a2 B PO 2 DUISCAR B #1551 Oy
BRI i 2 T W5 N L R Y (22 N 32
ARG, PR AR R OL T, 2RAS AT
SRR IR Ay 2 1] 0 AR DL KRR B R R TR 73 K.

178701-6



) 32 2 3R Acta Phys. Sin. Vol. 72, No. 17 (2023) 178701

221 KA T& NAYEHE = 2Rk

PTG WA 2 (B A R — D E TR
AL M AT S AR BB, (P B R BB AL AR )
BE. 2012 4E, Domke 55 PR KD SR 562
R ARSS G, 8 PR AN [R] A B[] S 3R e AR5 ]
B B R] S R A AR Ik e 2 ek B R Y
IR R, AR A AT DL N RED B R i
%K. AE AP BIGAPRY LEIR IS RI PN, S -400 =2 [8] 7
MR DA IEIRZGHA TR, A5 T /T 840 fs
(A [R] 53 B8 1T AR QAR 20 GRD 4 B TR P, it FH e
FPIK AT, I H] H - 23R SR RAT AN AP SO Y
IF B A0, FRGE Y2 (8] 43 P05 el el FHDG27 S0
e E LR R, Bl 5 NA = 0.29, 3k
87 1.22 pm B A3 HER.

2017 48, AR ARG 27 BT I BA 5K RS
FO-TRIE AR 55 NA 2= s (100x, NA =
0.9) 254, LI T RRMBOE TS 4 IR T R
WIPE S 804544 (laser-induced period surface struc-
tures, LIPSS) JE B 72, I FH 3 1 45 25 ot iy
OB R T LIPSS S5 A Kl R b iy — R 5 3
4, SEBLT 300 nm S [A] S BER AN 1 ps RIS TE] 73

PR, SR EBNE 5(a) 7R, — SRk b T
V5 A e 1T = A SR M 254, 5 — SR ik )
RAEFE 10 mm /K EH, FEAELAERUN 15 10
T 400—1000 nm [ FERK e, R E I8 A%
5o 98 H U K 400550 nm B RSy, X PE T SL
(AR]85 1 ps 28 4. BRI ik v 38 ok 22 3R 2%
PR 5 S bk Z T AR 2, SRR BGRE I bk vp 2]
IRFE SR AR Z0 i S i R . CCD i 21 1)
EUZ WA 5(b) BiR, R T 2k A5 20—
3000 ps HsF [B] 3 Bl P 4 J5E 3% 1T 1) B 2 LIPSS 19 7=
2.2.2 KT ZWisEH KB E BARORAL

SERE B B HORAR (SIM)P) 2 —Fh i 37 1
IR AR B, FESE B 7 B Y S5 T L)
PG 2 (AR R R g . e — oty idE b, W
P 10 25 18] B R O T B RER SR B 5 1 Bk
ZE (AR, Al 4 e AU S e T R A T
BRI, X5 Bt okt sl 6(a) s, M
AT R B0 TN 22 PR Ry 5 23800 7 AR AR AR 26 2,
T IR A SRR, A SRR P e s TR AR P 45 4 Dl
Yy (BIAEA T80 4 80) SR BRIARE &, T LK

(a)

_________________

Water Filter
cell

BS

£ X 9
Shutter S S
= e e o == = ———

Concave

Femtosecond lens

|
|
|
laser |
I
|
|

Object
plane

35000 F
30000
25000
20000
15000 -
10000

‘-lﬁll_ﬂl-
400 500 600 700 800 9001000
Wavelength/nm

Bl 5 (a) R -HRIN A5 90 30 46 R B P (b) £E 20—3000 ps 22 [A]— Z2 51 S 32 B[] 50 P9, B35 0 ok oo 60 JRURE o 36 T

oL U g )

Fig. 5. (a) Schematic of femtosecond pump-probe microscopy setupl®; (b) optical micrographs of sample surface irradiated by the

single pump pulse observed at the delay time of 20-3000 psl®!.
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Fig. 6. (a) Moire phenomenon and the SIM principle of super-resolution’®”; (b) schematic of DMD-based structured pump—probe mi-
croscope™); (c) the left side: SEM image, SPPM image, and image by conventional optical microscopy of silicon nanowire samples

respectively; the right side: the carrier relaxation process at different positions of SPPM imaging and conventional optical micro-

scopy imaging resolution and SPPM pump-probel?.

vt R AT SRR PR 1) v A0 B 2O A AR AR e T AR
) P AR AT DX 8, DA T A B4 i P s 05 6L LB,
R TSGR i ) B S E A3AT, REEERINAS B Y
S N eI S S B YR CE A i
S 8 Ak T A BRAS 3 S AR R PO — i
UL ) GG T Ak R TE AR BU s F G BRI s 7 | A
2/ =I0HR, AR AR D, A
&% 9 sk EIR, A REEM T 1 sk P EIR.
R A B AR M50 BT, SIM 43 R 1Y 25 [1]
Gy PR B 22 REAEAT A BRER A 4R v 1A% P, (R
JEHAN T AR i, AR SR, B R
L TE RN BETL . B, BT
25 [ G JE Hl %% (spatial light modulator, SLM) .,

B AR (digital micro-mirror device, DMD)
A et LT WU/ R U4 RS, STML 42 AR A s
6] 73 B 22 0] LIk B 2 Ab 2 W 2 Fb i 2 B8, 20
SIM AR 5 CRP S -RIME AR AL G, 3g - A]
DIARATEA RPI [A] 2 B L 25 (8] 20 B L 5e37 iR
R B 0 O RHR.

2016 4 Massaro 55 P9 15 YORE R ZE I -5 I
HARE SIM MZE G, 4 T —Fh a5 AR - R0 5
% (structured pump-probe microscopy, SPPM),
T REGIK S #3071 220t 58, Wil 6(b) Jir
. SEg ol A G IS R 800 nm A ZEIH G,
TR REYR LR 12 8. 02 51 400 nm
TeAE ARG, 3 H DMD 4t = A= 4545 4 80
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2. Rk e 2 0] 5 A0 A AHVL I, JfXF k4N
ﬂé%ﬁunL A3 (A, SRR R B E] 23R T 1Y
PRIEMG. A8 B AR AR AL G =5k B R
AT, (AT 45 M D S T - PRI deb F A 1) 23 (1] 43
BERIRF 114 nm, 2900 1/4 WA, 580 T A7 Sk
BR. 18 6(c) s T IERIFE] At = 0 ps A£G
22 WS LI K SPPM RS EE XS HE, LK SPPM
JIT3RAS B 9K AN TR AL B 0—200 ps B[] 3 [l
IR Tt FELh

2.2.3 AT H WG ot T A5 K
R
2022 4F, TRYIK 252 /N L PR A8 AT A (900

D SR - R A B T Bt 2 4 O 2R S
H AR B R (Fourier transform profilometry,
FTP) &5 G, $ i F 93 7 —Fh Bk i 45 # 4%
W, To7s 2L R 10 T I 25 i 5% (single-probe
structured light microscopy, SPSLM). 5 & SIM
BORAF I, SIM F5 ZAE SR KGR 5 A=
MR, BATE AT E R 9 SRR EIR, A

2.5 ps %%@J % D i P A B T A5 30 £ 2 AT T 570 A 1] ()

0 ps 0.5ps — LOps

()5 3
i50
—100

Kl 7 (a) SPSLM RGN REIR BOL B 1A, Hrp 20 (A0 58 (5 23 AR 8 D Al o't 190 (

REE A — 5K A HE LG, i3S T AN 33 0 P
SRR . SPSLM 78 B AGE F1] FHARE L AR 4 4 B
R (FTP) Bk, 55—k a5 H56 RB i J bi 14
G B n] E A R O R T Y = 4R R B FTP &
—Fofr LR R RR B = 2 R R (6162 B SRR
ZARTHI PR, ASBEMR STM AREESC B 4> 3, {5
Tew 2 L%, ki, o T Tk

DU BILAS LB 55 2 WL, 16364, 3 JLAM 2 =
FAT 53771 109, e A ot 1) 8 BE BN 5 FTP 1
AR TR G, S8 3 = AR A R S AR A
2, PR R A - R B DG R AR AT D R A Y =
HeF I 02,

FIH SPSLM £ 45 ] LUK CRM G b hlad 72
PEATHRI, RGOEIANE 7(a) Fias. Hoh R ENESE
AL 800 nm i AME M EHIE, it BBO
AR AT 2 J5 9 400 nm ik /R A, SPSLM
R IR R S5 HOE B IR X8 FTP 19—
RS B0 T 40, s 7(a) B, BRIDEHR 2
it DMD Ji5, /24 2 . it T 4F R 5
(L3 F1 L4) AV FAgotfl, vEd+1 20/ 0 %%

BS1 Aperture Filter Shutter DMI BBO

Delay line

Computer

L5 ps — 2.0ps 2.5 ps

Height/nm

b) B T O ok e e i 2 1T M. 0 1

Fig. 7. (a) Schematic of the SPSLM, where color red and color violet indicate pump light and probe light respectively®l; (b) raw

images and the reconstructed surface evolution height maps collected from 0 to 2.5 ps/6.
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ST, 7 A B A DGR SRR I Ik . 18] 7(b)
R T FHIZ R Ge4n 48 i B ik e il ik R A 0 3
2.5 ps RIE SR A . b o — 1702 JRUR 4R I 1#11R
55 AT ik FTP 5 s 8 g iy 3% 1 ey 2 A
SPSLM $ ARSI T 478 nm (125 [ 6] 43 5 Al
22 nm M9hIn 73 FE3, DL 256 fs (B R] 73 B
AR SPSLM HARICIE A FI AT SIM — A (1 17 5
MR Bt (H2 BA =2 AT E 2D
PEAR, B 1T UR L, 3 HI T RO6 I g 2 ks
RER T IE AU RAZ LAY RAE 55T

2.2.4 AT PINEM #5 = 2 SR %

PR LTI O RAR 22, L W s ROk
(8 BB RO ISP H T
B SRBOCEE A, IR SBR 2 A B
B BT B A ST B (ultrafast
transmission electron microscopy, UTEM) j& —
R B PRI - PRI AR 5 5 7 U5 (TEM)
A5 A J 2R B R 001 sk IR St 1 ]
AL AR S R T, REAS BTSSR 5
Ji5ad e, CSCRAEYBE | Ak L APRERL AR A
Y A R ) TR, R E T — Rk
OGRS, o — A MR G HEA L 4G
R RN Dk i, RS HL 7 B A SR A

XA ity AT R S OB BB 4 T SRR K o

PRI R,k el P 2 B R it R[] 22 S RE ARG
mn WS DGR S5 AN R ZI B R sl 72 R
Tk B RN AT S Bk S, PRI R SR
N I] 53 B3 S B RO R R DK SE D E .

H UTEM % J& 1 R 1Y 56175 1 3 WL 5 i1l
) (photon-induced near-field electron microsco-
py, PINEM) A] A LA &5 ] 25 43 98 38 5 H2 08¢ 3R T
SEBSMOCIT L, RENS SN AP AN 7] 23 B
ARy 25 [\ 5r PEA8. PINEM 44 R A IE
Y (near-field) 2248 R BN LG5 &, HE
7 2CATEER 2 A H - S R e R 3R T
R, B ARAR J7 XA SR 22 m 3 19 . 2009 48
PINEM Hi /il ¥ T K% Ahmed H. Zewail {#2
BA 7 R Y, JF S B T O0IF S 9 K A A5t i
YA UL, 0l 8(a) PR, TEGKARIIK
=l oW 7 1:5) 1 QU IS e IR B LU W2 I R
ARG F AT IR 81 X 1 R ] i Bk e
ML P TRE R IR, PT LA B EAE 2 M rh g an e

Gy o3 A, P8 2 987 SR - R DU ok o ) S 3R I [R] 3R
15 R R RUBE_E Y FL 373 g2t 72

PTAER, [E NRHITATATE PINEM 45Ut A7 A
DWRSERCR. 2021 45, ERRA By BT B 4
ZF 2 A A BA 68 F ] PINEM 238 T AP ik i i &
FRANKR L R T A5 B ROoT R I I Bl 3 B AR, 1451
B T AR T A BT 50, Al 8(b)
PR, AT K 515 nm B9 AR K o S 2 il
Jhk o A R Y 3R TED AR B OTR U, PR K
257 nm 1) CFP K K 15 22 S ShR PRk ot L 1
VSRR ok v, I3 2 37049 79 3 A S 3R B[], 753
FsHE] 3P FREE IS (electron energy loss spec-
troscopy, EELS) E14. 2022 4, B K22 4] 22 3¢
HF2 A BN 199 F) ] PINEM UL 2] 1 4R IR R RN
D75 T B R T A5 BT /A S sl D)5k # SR i
FHRROULIN 3 ) R AR B 7 2 25 RN 8(c) . S
A A 515 nm RENHOETE AR R AR 11 4
EHOT, st R ot FRER Y i TRE R
LR RS, BN B T SR AR B O Y A5 ] 41
A5, FHE S A SR CE AR T RIFE T PINEM
948 JIE i I AR . A 9% A I A OK 2 L A KA
R IR PR MEASR) , BOGAR IR T ] ) i S A 25
SRR Y PINEM 3.

2.2.5 #F PEEM #mt= 2 #omiz

FAES T BE% (photoemission electron mi-
croscopy, PEEM) J&— 3L Tt H R0 1) 42 Sl B .
Hol it NSRRI R T L -, Rl R s
SR TS i ROE R RS, W RS "4k
T USRI A% 1) BT FOR SR, BADG TR -
HL 8800 5 TAE 7728, PEEM (1945 [8] 43 #ER0] DU
IKF] 5.4 nm™, 45T 59 H - B PR
ZIAJ AR RS . B B PRRL A 1 R R AN R R )
[l 53R S T 8 (time-resolved photoemi-
ssion electron microscopy, tr-PEEM) ¥4 &FM L
{14) 68 25 B5F ] 4 A PEEM (1) 8 155 25 6] 43 BESS A
T[] s 5L A R s e ) 2 [v] 3 e 01, 7RISR I
23R8 2 T A A T PR 3 g A B D A SRR DG
B a2 B B TRBOC R GEE , A5 8] 7 P
il tr-PEEM B T RMARGRE . tr-PEEM [
23 [A] 43 PR A8 32 B L Ol [ A 1Y 60,22 FBER T R 22
AIBR A, FEAHZZROE R GE T Al LLAF] 10 nm ™. 7
LU R, tr-PEEM RS F3CH 2R PINEM
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K8 (a) HABRYUKEAY PINEM I [E] 53 B R & 722 AR B [8] 3875 W 7 P65 RORD Ik b B0 58 499 K A8 B9 SEE SR IF ], 75 (0 3
7R TR K 7R 29 K 45 ) 2 T J] R 7 AR 4 37 5 BE 4 A e JFG B I [8] B9 52080 97, (b) PINEM R 4878 B A (42) AR R BN KR LA AR R
[ S 3R T Y L BB A 2K 3 (EELS) (47)%; (c) PINEM £ 487 2 &1 B AR K 26 ThT 45 8 0T 19 B ] 73 9% B a3 e 1l 4 1)

Fig. 8. (a) PINEM result of an individual nanotube, the time in the upper left corner of the blue figures represents the delay time of
the electron wave packet reaching the nanotube, and the color reveals the field intensity distribution around the surface of the
nanostructure and its decay over timel%; (b) schematic illustration of the PINEM apparatus (left) and electron energy-loss spectro-
scopy (EELS) data for pulsed-electrons interacting with the plasmon near-field (right)®l; (c) schematic diagram of the system and

energy-filtered time-resolved images of the surface plasmons on the silver film(,
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FAFRH I 7~ AR AT LS, I DO T
PINEM J& “EMRIMDGSEE A T IUL H i ik
o, L DK AG B S EA TR T tr-PEEM
& CRPERIN DG F A S B i, O AR L G
THEATIRI.

tr-PEEM 2% I G FERIMDE Y 3 K2 5 A
[, A LA o~ B - DN B A I 2R - R
FOR 027 9(a) B T3 500 -0 B R
H A S DG ARG S 58 4 M R A T ok o, T 5
1o Eh - R BTN (Mach-Zehnder interferometer,
MZI) j= 4, FFd 655 MZIH b — B 1 iR 48
DA SR VT PR N ) S SR OGO TR — A 20 fs
5 10 fs DA A8 A Dk v, IR FH veRG B2 04 He -
R G VE IR EL . T30 S PRI H AR B T
T BT (SPP) &M tha) )y 2 72 3,
SR - R B AR — R O AN R A A o e,
an: e 800 nm BYEEAFOEFIEL = A5 430
YE R Y E AR G . X R -HR M T o
AR RSB T R s R 3 it 7, AR S Bt
FEM B RER A5 FOCTE R ) B /R, PR ad )
FEI-TRID G KA

(a) Interferometric pump-probe setup

Two-color pump-probe setup (c) 2 ps

Delay

DelayI e
line o

line

Probe 5

To =
PEEM

2005 4, 3¢ [ VT 7 Kubo 45 5 Yk
T a2 HEROEF A S (interferometric two-
photon time-resolved photoemission, ITR-2PP)
FR 15 PEEM FOR T AHEE & XPADEHE K
FRMOEHK (400 nm, 10 fs) % SPP (b 72
T TRISE, REC T BA TR A A3 98 (50 nm)
FIAE RADHTADRE BE (0.33 fs) A9 SPP ki & A%
oL AR, i 9(b) PR, XK EE /g
Hit SPP 1yl SR R SR 1R

UTAE SR, JE TP PEEM MY RIS AR & il
. 2017 4F, phAgH T K% Man 5 [ 3l o208 CRb
FAM-TRME AR 56 7 BRI ZS &, X 1T
B 4t InSe/GaAs FHkF 5 B4 b4 oGk 1
ERERUIRREAS I IE st AT T R, Wil 9(c) .
TEIGIUBRR], RER M POGH T R Wos 16
TAEZ M MAE S EA & IR, 205, 13k
PECEIR T RIVE T, raes Y A (RS A, AT
TERUNTR Y, 25 i S, BT — 20 Y
HL A7 % B . 3 ek o A () S I 1 48 1 BT 2 5 7 —
i, 3] T 100 ps NI s 7, s 1Otk
1T RS G2 iy rh v P R i 2.

BS Reference 5 ps
path I
P
Input beam ump
Photoemission
(b) Delay time/fs Low Il W W High
0 6.67 13.34 20.01 26.69 33.36 40.03

20.420.7 26.4

70.33| 0.330.67 6.34 I 7.007.34 13.0 I 13.514.0 19.7 I

I 27.0 27.4 33.0 I 33.7 34.0 39.7 I 40.4 40.7

ARel @R
o 106
o"' -
2@ © 08 6.
o -
DR @R o 8
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-7 0 +3+5 -7 5 +3+5 -7 0 +3+5 -7 15 +3+5 -7 20 +3+5 -3 25 +3+5 —7 30 +7 +3

Phase delay/( X 2mn)

9 (a) tr-PEEM W FP SR DG B2 AL 7 (b) Ag JEMt [ A P04 J5)3K SPP A9 ITR-PEEM 45 5. F2 3 A4 00 ik b = [ 4 4iE 3R
WHE] (7q) M—0.33 fs 3 N3] 40.69 fs, 2K N 0.33 £sI7; (c) i it tr-PEEM #4145 T 7E G K J5 , InSe/GaAs 5t £ ¥4 v 14y o T It 15}
R R (LU ) FFE)S () SFfe Rl Fe 1

Fig. 9. (a) Two pump-probe schematic of tr-PEEM; (b) ITR-PEEM of the four localized plasmons on the silver grating framed.
The delay time between the pump and probe pulses (74) is advanced from —0.33 to 40.69 fs with an increment step of 0.33 fs[];
(c) electron transport over time in the InSe/GaAs heterostructure showing the initial accumulation (red) and eventual recombina-

tion (blue) after photoexcitation!™!.
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2.2.6 AT uEERA T 2HRME

M ER AR ST B (leakage radiation micros-
copy, LRM) J& — ot ST 1 4% 4 19 3% 110 45 293
JC (SPP) G P b4 T R 11 707 AU &
Ji¥k. SPP 1ea Jm iR L e, A —
Tl AE e s R I 2 e A A G e A5 )
PLGE B SR 53 A SPP 154 Ja Wi E i A8 4%, [
b B 245 KB A LRM Xt SPP SR AR 524
IE B8 0 LRM 5 RO RS &, BtaE
DL RAD G ] 73 B R i AR SPP ik gl (052 2,
WEFE SPP BALRRRE, A1 R S J3E A 3 5

2016 4F, %% Ebbesen B\ ) R 45 & € R
Wobas 14825 T LRM, 528 T 4@ gk
T B> SPP A %475 (1 I [ 43 B0, 5@ i 1

WG BT SPP A4 i B B FAH g . i
BT ZANE 10(a) B, 76 5 k-5 18 s A0h
i A—~ LRM, 7EiZ T W0 iy A s, B RD
WOGIK oy S ik oh 5 SPP Uk Bk E
h—WH T LA SRR SPP 55, B
Wt E NAWRYEE (K 10(a) H O,) 4 SPP
R EE R SR S ARG, Ak 5ok /T
AU — 2R B2 kAR S A, 4Pk b e s [
Fzs 8] B E SR, 7] LAZE CMOS AL gL 2+
PEIEIG, PR Ik v ] (4 sk 6] 23R 1] DL i Y27 4iER
L HEATE . 45 aE 10(b) B, JBR T E R
)4 190 fs T4 Hh Y MG B SR BE R DT 2.
S Hp A A 2R [ s 20 R A I ZR AT
FEI&anE 10(c) Fizs, RAET 200, 230 F1 260 fs —

© 2000 m =200 fs
s T *T N e
" 1 Variable LP ! 0, © o j" *.! H lm M\MM H[ 4\ [
delay line N3 o 1 A M munfldln
o wee S »\‘ Il i} I 1\4\[104”\\ i
~1000 ‘ { ‘M\W” ‘
02 3 BS —2000 ' \ ‘
J BS Ck Ly 0 20 / 0 10
L @/um
iz e 9000 ’ * =230 fs
A » Y
CMOS \H E OOZ ,\‘\M WI’M M ’H U “ ,‘L \w
N i
(b) 20 —1000 W‘ ‘ W “"‘ ‘
= 10 —2000 | | ‘ ‘
£ o —40 0 20
2 2/
& —10 4 2000 | =260 fs
 "hosifin
% 5 o _“‘"‘u \ u WIWW M” [” i
S e oy e

B 10

(a) i3 CF LRM U4 SPP i A1z 30 1Y SE 30 2R Ge oG B% K90, (b) SE3R B 1] g 190 fs B CMOS AHBLR 48 2 ) T35 5 19

(c) ARIBFZIT (200, 230, 260 fs) 5256 o3RS /Y i @A T 30 B 5 IS (SR E L) WL, T RAE SPP I 112 3l

Fig. 10. (a) Implementation of femtosecond LRM imaging SPP wave packet

3; (b) LRM image recorded on the CMOS camera at

the output of the interferometer for a time delay of 190 fs/*3l; (c) SPP wave packet motion of experimental time-resolved interfero-

grams obtained by LRM cross-cut images for the different time delays of 200, 230 and 260 fs, compared with the theoretical values

(green dashed line)!®3.
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A ZIT Y SPP AL RE R AL, 5 BIeALlh
2k (SO LR WA . SEIG TN &Y SPP Ay
R R 2.901x10°% m-s !, AHHEEE A (2.9440.01) x
108 mes™. %R T & 434 SPP V- I
B AE G, ] A ISP 10 fs B 20 I TR] 43 9
B DA RAZ AT S BR A 25 1] 3 3.

137 B Bk B = RS
FBARIET RPN e AR ] LA At
DR Y B[] 43 B3 (L S - PR B AR
BB S MG Z RN [ i (B) 4858 2 A
FER SIS R, IENs H 5 45 L U AH )
R RIBEE]. SR, SERRIGOLT, 25 A
MR AT AR S RTETE SR AR50 | LA K
WOLRE R AN M, JCR IR — K B R AR
SEaAH TR, PRI 2 T - R B AR A AR LA 1) Ry PR
PE, BIRIE A X REAILAY | X DL A A R R THRI0.
R T SR - BRI ARALE S S A 2,
WFFE N TF & T ZFP 5L T B ko (9 5 28 88 B0
BEAR. Bk p GBS bk vh g e
FEEIA RIS 20 1) sh AT B, SIS LR, ek T
- TR AR AE F TR A 8 R A .
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2.3
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________\ Input
__ Accelerating mesh l optics

/
I ' Lens

& 11
(1) 288 £ A i) 25 i A (80

T E YA, K 2 R — B T A5
BoR, A I 3 AR TR LB Bk 4
GEII R . TS AR — R R 2 A5 419,
B R BT BRI RS, ITAARA
Pk AR BIRE . LU N EE A4 LRI
L I SULIN R TR ' % N

2.3.1 JREABBRIE

JEAR R PURAEF AR (compressed ultrafast ph-
otography, CUP) J& 2014 4F M #L T K24 7E 57
T L RIBN B E b i, Z TR T AR e
WRFER TR RN —Fh g7, CUP £
35 1 1) B304 SR A 3 A R S ) B FEAG S B CUP
FOR MBI R A B ARG g | i B2 e
i Ak B AR S s A Gt A A TR
PL IR i, SR it I BA BB D e
AT R, RIS R 200915 B 2 i 2R R
SR Bx“):ﬂﬁﬁﬁj‘ T By & InE4s, a7 LG 2
— AN S = YE B AT O, e
Réﬁﬁg%ﬂ%%ﬁ,ﬁ\ﬂ‘ﬁﬁﬁ%, Ry #5340 it A Y
25 R AR T HAL OB TR SR AR, CUP 1Y
— RIEHRATT L H TSR] B Kt CUP 7]
PUBUGR A R A, Blan5e'amlid: ) & a4,

FWHM = 0.89 mm

FWHM = 0.81 mm

y/mm

(a) T-CUP RGR AL Horb B 6l 2 M2 S 22 SO i 9 S 808 B9 TR0 7R B9 (b) 161 T-CUP R G452 i Ak ik

Fig. 11. (a) Schematic of the T-CUP system, where the black dashed box is a detailed representation of the striped tube in the
striped cameral®; (b) spatiotemporal evolution of the femtosecond pulse time-focus obtained using the T-CUP system/®0.
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2018 4F, VF 7 7% A BN 891 78 CUP Jit 284 1% S A
L AR T K ph AR 10 JTAZ MUY H 4
AR R 58 (T-CUP), i 7E S R LB G b DU
100 fs /Mt (5] B S8 T B R SO Dk b e 3l A8 L
S B R AR R A SCE B B sh R, L
SR EIANIE 11(a) Fros. B 5 msis s i P BT s
MGG S AR o R, Horh— i ASNER CCD,
H AR CCD ELHEzIC sk A ARG ] P ) A BT i)
BAL R E AR A3 57— AOLRFE 3 DMD |, i
DMD #4749, SR J5 3 A B KEP SRS, 52
56 BT FH B A5 SO ML =i B Ta] 2 B0 R 200 fs. AT
W0k A EURAE B, FARBURPLI A D 58 21T
TF, JGAF S AR CH IR i - 280 HE R S 7E
23] 7 1) e, JF AT AR 0 k. AR B gt
Bk, AT W 51k 10 Tt/s MhaS 5
SEFRRA, I [R] 53 HEAIAF] T 100 fs.

TER AR AR D, RO G i S 1 R B
A TRIELAR AR, PRI 2 RRP R R A B i oA 2
G h A B G, TR Z RS9 T Ik
&M 50 fs [ CRD Kb A I 28 AR R, $EOR Tk
HTE SR FEAL RIS o B | TR0 0 B 1) 58 e e A, 2%
RWE 11(b) fos. [RIEE, 182, mRE R 5%
H(10x, NA = 0.12) W REY BN 20 < 195
BUEFLARYES, R GnT LIARAE 100 fs AR 433
R 1 pm W2S B3R, DA 150 pm 1R

2.3.2  CEMRIZA AR

SR FH A 4L e BB 5 LA o e i AR it 4
FoAR LR, SR, H T RS S AL | B2 o ey
AR HL SR AR A v A A T 3 A PR AR,
AT 1R O o3 R AR BILIC L AE S 12 30 1 s (]
REEFTAE. 2021 4F, BRYIEEA e, ARt IR BT
P RAE TR OGS I () S R ARARSS G, B0 I3
N T — P TR E B A 2R R R (all-
optical photography with raster principle, OPR),
ZHORT] LLGE T i SRR, 7 Ji B () RUBE | S5 3
SERHE SR TRIR R PR R, 5 4Rk
FHLE, OPR HA T F 4 | TP Y 8 ik F e sy
AREPE.

OPR 73 AW IR: B R A FIA I
R SR AR 1T DL R A S iR AR AL (raster framing
camera, RFC) S8, 5T REC M7 RAEM 53 an
Kl 12(a) Fras. K 12(a) 7T LAE 2], 7] DOEBES

Yy 5 B AR ) B R MU 51, I FHG PR WA Rk i
EBH. 38 5 W5t 1 B BH A AR L 2 s B R 51
&, BIRDE R gk S, bk E R 4l B B s,
TOZ B R () B — > /N B AR R 1) B i A i AR
TE OGS, 2O R B R SR A I B AR ]
B O EUR 25— 4f R, HrpliEmm bcg
TS EAE, i T BRI SRRk o, s REAE1R
T O 2 6] 43 B (R AR, B 2 B 8] s
Y ERL O LR ) AR, A R B AL
TR 1T A AN [ 437

B5H F AT D E o B AR S i R G
T, AT LIS [) 2 Beh 1) S P 45 rh 4 B g
WA NS, fac e i A e B AR g, ] A4S 2]
AT B RS, FR T R Wk bk gtz £ RSt ] Fr)
WL oG &, BIAT A5 214 R Bt s (i) 20 285 38 Ak i) [R5
(IR, A AT A3 S A AR AR A U 1T AR 2R R
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Fig. 12. (a) Schematic of OPR using the raster framing camera (RFC) [¥; (b) images of plasma motion processes in the air collec-

ted by the OPR single-shot ultrafast imaging system/[7.
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Fig. 13. (a) System configuration of CSMUP for the femtosecond laser ablation measurement [*¥; (b) single-shot laser ablation dy-

namics measurement of silicon under a 400 nm femtosecond laser exposure captured with CSMUPES],
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Fig. 14. (a) Schematic of STAMP®; (b) time-resolved imaging of the lattice vibrational waves with STAMP®L.
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Fig. 15. (a) Schematic diagram and experimental setup of FINCOPAP!; (b) time-resolved imaging of the plasma grating motion

performed with FINCOPAP!,
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Fig. 17. (a) Time-resolved imaging of WSe, flake and Representative time traces obtained for single pixels located at three different
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timel'%l; (c) space-time-resolved imaging of quantum coherent interference of PTCDA!.
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Fig. 18. (a) Time variation of the line profiles along the rod axis in transient near-field images of nanorod"?; (b) PEEM-measured
(solid lines) and theoretically fitted (dashed lines) photoemission intensity curves against the delay time between the two pulses for
LCP and RCP light, corresponding to excitation of the antisymmetric mode and symmetric mode, respectively, as indicated by the
PEEM images with a delay time of 0 fs in the insets!'¥; (c¢) schematic experimental methodology and experimental tr-PEEM snap-
shot sequence of the rotating field of a plasmonic vortex in the revolution stage within a single optical cycle of ~2.67 fs("'4; (d) spa-
tial-temporal evolution imaging of the femtosecond SPP emitted from the rectangular grooves of the silver membranes by ITR-PEEM[!19];

(e) topological edge state dynamic processes of gold nanocarticles!''0l.
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Table 1.  Technical indexes, advantages and disadvantages of ultra-high spatiotemporal resolution imaging.
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Abstract

High-resolution microscopy has opened the door to the exploration of the micro-world, while femtosecond

laser has provided a measurement method for detecting ultrafast physical/chemical phenomena. Combination of
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these two techniques can produce new microscopic techniques with both ultra-high spatial resolution and ultra-
fast temporal resolution, and thus has great importance in exploring new scientific phenomena and mechanisms
on an extremely small spatial scale and temporal scale. This paper reviews the basic principles and properties of
main microscopic techniques with ultra-high temporal resolution and spatial resolution, and introduces the
latest research progress of their applications in various fields such as characterizing optoelectronic materials and
devices, monitoring femtosecond laser micromachining, and detecting surface plasmon excitation dynamics. In
order to conduct these researches systematically, we group these techniques based on time dimension and space
dimension, including the near-field multi-pulse imaging techniques, the far-field multi-pulse imaging techniques,
and the far-field single-pulse imaging techniques. In Section 2, we introduce the principles and characteristics of
the ultra-high spatiotemporally resolved microscopic techniques. The near-field multi-pulse spatiotemporally
microscopic techniques based on nano-probe are described in Subsection 2.1, in which is shown the combination
of common near-field imaging techniques such as atomic force microscopy (AFM), near-field scanning optical
microscopy (NSOM), scanning tunneling microscope (STM), and the ultra-fast temporal detection of pump-
probe technique. In Subsection 2.2, we introduce the far-field multi-pulse spatiotemporal microscopic techniques.
In contrast to near-field cases, the far-field spatiotemporal microscopic techniques have lower spatial resolution
but possess more advantages of being non-invasive and non-contact, wider field of view, and faster imaging
speed. In Subsection 2.3 we introduce the far-field single-pulse spatiotemporal microscopic techniques, in which
is used a single ultrafast light pulse to capture dynamic processes at different moments in time, thereby
enabling real-time imaging of ultrafast phenomena. In Section 3 , the advances in the application of the ultra-
high spatiotemporal resolved microscopic techniques are introduced in many frontier areas, including the
monitoring of femtosecond laser micromachining in Subsection 3.1, the detection of optoelectronic
materials/devices in Subsection 3.2, and the characterization of surface plasmon dynamics in Subsection 3.3.
Finally, in Section 4, we summarize the features of all above-mentioned spatiotemporal microscopic techniques
in a table, including the spatial resolution and temporal resolution, advantages and disadvantages of each
technique, and we also provide an outlook on future development trend in this research field. Looking forward
to the future, ultra-high spatiotemporally resolved microscopy will develop rapidly toward the goal of "smaller,
faster, smarter and more extensive". Its development not only promotes the research of the microscopy
technology, but also provides a powerful tool for various practical applications such as precision machining, two-
dimensional material dynamics, optoelectronic device design and characterization.

Keywords: microscopic imaging, ultrafast lasers, ultra-high spatiotemporal resolved
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