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Super-resolution fluorescence lifetime imaging microscopy using photon-photon
and electron-photon correlations
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Due to the diffraction limit of Ii?ht, fluorescence lifetime microscopy
cannot not provide insights into features below 100 nm scales, which are crucial when investigating
the functions at molecular or atomic levels. In this research, we established a microscopy technique
that surpasses this limit by introducing a novel approach in electron microscopy: photon-photon
correlation and electron-photon correlation measurements utilizing electron beam-excited
luminescence (cathodoluminescence). This innovative method eliminates the need for pulsing the
electron beam and enables the measurement of luminescence lifetime with the spatial resolution
inherent to the electron probe. By conducting photon-photon correlation mapping and electron-photon

correlation mapping, we successfully visualized the distribution of luminescent centers and defects
in semiconductors, shedding light on their lifetime dynamics.



& XX C—19, F—19—1 (Gt

1.%%%%%@@%%

WL AOFMILEFRRIREORELMEE TH Y WEZOLOORER T TRl %
OYWE DI T BREE Lﬁ<%fﬁéo$t¢%7m TLeTHZ LT, FlZIE, ER - HEN
DIRERR pH, A F > F v FLOfRER ¥ 2 BFTEHICX %, £72, L—F—F A F— FRL LED
@E@%%¥%W@2%ﬁﬁﬂ BT D RIBRENTC, JRATRI7R E TS - A B RIEDMRNT 72

CHFMA AT TRHNLEN TS, LLENG, HBICLDBEMETHDLZ D, 2E
ﬁ SRREIXIE IR A O E T/ A— FARETH D, — T, ﬁﬁ@%ﬁmﬁf%é\b:/b

U7 OELIL 500nm FEE, FEAROKMGEIFHE A nm LFO b OR %< Kbk « Ftam I

%7253 fRHE 100nm F2EE Tk, R A B = X LRIASCHEIR DO fRIT I A+ TH 5, MH
FENTICEBWTIE, BIREEEE (=Y —FRLrIxtrx, CL) #fWT, EFHMEEICE
DIENFMEHNAET HFELRE 2T — - TE TR, EEEFIHMKE (SEM) X—20D
TIROEE BB NTND, Ll BIE T TS SEM-CL Ti&, In# T/ 3L A&+
HEHWTWD 2D, JIEATRE/REE £ CTERZ T &L AT L D 22 MBI iDE =t
TEF7a—7NENY (Borsch Z158) ., & 512, EIEDO = DICRBNT TCHEELIC L VBT
IR . BUROFAEHA SEM-CL O Z2 43 fEGEIE 10nm (2B TUeuy,

&g 6@ NE TOMIET, FrEOWEIZBW T, BB X 29680/ %
EHZ LT NNV AETHREMWS Z L BE OBIRE T BMEEOE T T/ Ny 7 22 EH
720 CREEIZHEMERINRIRETH A Z e bhno TETWA, ZOHETIL., Bk L 24k
&% Borsch ZhE2 72 <, @R EEOFEIRE T BMEI 2 Ao, RN oEEL L7 < | &
FREASRDZEM 4 ERE (Inm VAT) IZEWE nm A7 —/L T, JEHOD B 5 AR B BN
ISz o THERE - WIMEA THUL TE B, 7272 L. ST F o ZEAE LT FIETIE, %
%*bwgﬁﬁgwmwﬁ/7w_kwfw&%ﬁﬁ@T ETHY., TRTOWENNE T
DR TEIC T B OITH LWEHIIO 7 A 7 R0 ETh > 72,

2. WO BEB

BRI RYE (CL) 12X 2B X OB HBEHE & WV 58 LRI TR &
0. BEFED 2 M7 LR RRE OW R MBAMEE A KRBT 5, Fo. BIFMIZT TR, LR
TE TR B WILEB MR & WV ) I X DR WAREREEEE L I LT 5,

3. WD L

T2 BETE D B\ SR O E - 58 %?—%?ﬁ% %?—%?ﬁﬁ
#as (TEM) 12X % CL #f\\C. F&5k AA=DV7 AA—Tl P
D 2 WORMIME X M5 ekE | o e U
fir v o BT %, TR 2 SOk FHE ; :GP s B
ZEMA L. toDF ) Ay — I &21T- 9 s . 2
77—:_0 (1) ’ @ e t(ns)
< TN TR > X1 AWHETEELI=2DDHEE

FFEOWIN B C BT £
BRORTF BRI SN (Y T2 7T5) 2 EavbmoT0 5, il ShaEFRE0
2 ROISHRR g2 ) AFHIT 5 2 8T, Sy F o7 Uiz @2 M HBBND ok y B E
LUF B, (R15E) 5/ 4ATEY FOL D RIHHL L 725 KIHA SR, kg
IR, A LA A S S B i £ ORI T ) A — L FAEHI & 2D ORT
& LTz,

<HBF—FHEB >

FROY T ARBI Tl FRHICEBEO TR S N F o 7 2FIHT 5720, JIE
FRERME NN T T T HHEDIZREHNTWS, T2 TiE, X ToHEIKs T, 595
FEIR BN U CHFMatITRE2 Tk L LT Bt RS FIEMSE 2 BA% L=, miEeE



Fhithz b A—L LT BFREOEBERFZHL Lo HATHD (M2hH)., Zhid
NABEFHBEMND Z e, ARBHESN2ETF 12122 028 LTRIAT a8 L

W7 e —FThHbH,

CL image CL image (HBT)

4. BRRAE ol
<JeF—IeT-FEBE > " Matic

WEFIFERS g2( o ) B RAFT v o LR EL 2 &
T, MBSO~y B 7B /5 LD THND VAT
LERENT UTe, & B RRALE OFBIfER D B 5
BT 52 LT, T A= L TORNEM~ v E
VT RARE L IR0 T,

ZOFEEZHNT, T/ XA TE RHOEFRZELL
(V) HLr DR Y F54in 3 & P O BB RS BR R L2k A7 L C
b+ rZ & ON—AE) #F 7 ¥4 T AL
T —OPLFHlIT A ENTED X)o7,

—_

SHIs, WHAKBELLRT Ky Mrromps @) oo =Spor1
FHERIE L LTHE SRTNS CsPbbr ROBIEA 1 ool o 0300 03e
T4 KRBT AT A MERORF &7 o, CsPbBr, = ol & o .

THE, BB EBMENTVEH, TOREIE 3 gl thmrtmdf | ™ lieimeng

TFEBD Y . AR CHSL L7 ) RS — VR FR Lo, 500,
7‘)11"‘/7“2:1/\"7 M=y B 72T, £ %; 0 e

w

7 TR S U7 Wy R B & B i O o AR T % R R L
i L7z, ZOFER, FAHFMTHADMITE DAL DS B2 Cs,PbBrg @Y F—Y:FBIIC
N, 7+ b Ixtrz (PL) FHIITIRAONR»- K DFETFMOMT 1]
EEWERT DN TER, (K2)

£/ CL O 2ROKFMBETELND 7+ o F o ZiRo BRI L 5 ERbL & Him S
COERBFFETEGE L., N F T DA = XANHLNNI o7,

< FRBE >

ET EFON LT 4 LI L B HEE TR @ oA
HERDOBHFE 21T - 7o, BUERHZBR THW O LTS Y Conduction band (;) h(l\lsl
YAR—=F A4 RUBAYHAF (YSO0:Ce) o0 F ;ﬁﬁy DR
L— 2026 DAE 5% Ot FEHAIES 2 VO CHRERFRTAE BAE A S Snher

Valence band (YSO/plastic)

NTEDEIITHRHESREH-IER L, £/, YSO
VUFL—HUNDY T L= ERD T OND &
N U FEAEFMOBNT T AT 4y I FL—2 4
AL TWD, Zomitgz AW E Y AN
FO KRB L7 EFEZRIRICE B 2D Z LI L

YSO
(c)

tant: "7 §Stop: 1 [Start:| é'St,‘op‘.
Samp.(NDP) Scint.(YSO) | |Scint.(YSO) | Samp.(NDP)

Tzo (K3) F7z, Li@m%%%wkyy%v~&® e e
F%ﬂ%\é Iz %) EJZJ;J Lﬁ_o CPB @ CL | j‘ ) %\’éj[ﬁﬁ‘é\ j: ns : Plastic scintillator

F—=ZT RFEOREELD b WULmﬁf%é;k
NG, EEEEFRHSE~OISHPHETE 5,

Fo BB BT 2 BEE S O ERLEZAT 5 ]
W, B NAETOMIR, i FTRE/ R T A — & ZfEt 5 Samp.(NDP) Soint (Plastc Scmt(PIastlc) SampINDP)

L7z, BHEREED 513, RMHBOHEMC L SPY L TL " Belay < (ns) " Delay < (ns)
DFmMmEMETE L Z LWL E R, (K3) M3 EF—LFHEEORERER 2]
- STk

[1] Applied Physics Express, 17, 015005, 2024.
[2] Communications Physics, 6, 260, 2023.



5 5 1 2

Kubota Tetsuya Yanagimoto Sotatsu Saito Hikaru Akiba Keiichirou Ishii Ayumi Sannomiya 17
Takumi
Cathodoluminescence spectral and lifetime mapping of Cs4PbBr6: fast lifetime and its 2024

scintillator application

Applied Physics Express

015005 015005

DOl
10.35848/1882-0786/ad1lbc4

Nekita Sho Yanagimoto Sotatsu Sannomiya Takumi Akiba Keiichirou Takiguchi Masato Sumikura 24

Hisashi Takagi Itsuki Nakamura Kazutaka G. Yip SenPo Meng You Ho Johnny C. Okuyama

Tetsuya Murayama Mitsuhiro Saito Hikaru

Diffusion-Dominated Luminescence Dynamics of CsPbBr3 Studied Using Cathodoluminescence and 2024

Microphotoluminescence Spectroscopy

Nano Letters 3971 3977
DOl

10.1021/acs.nanolett.4c00483

Yanagimoto Sotatsu Yamamoto Naoki Yuge Tatsuro Saito Hikaru Akiba Keiichirou Sannomiya 6

Takumi

Time-correlated electron and photon counting microscopy 2023

Communications Physics 260
DOl

10.1038/s42005-023-01371-1

Adachi Yoshikazu Yamamoto Naoki Sannomiya Takumi 251

Focused light introduction into transmission electron microscope via parabolic mirror 2023

Ultramicroscopy

113759 113759

DOl
10.1016/j .ultramic.2023.113759




Yuge Tatsuro Yamamoto Naoki Sannomiya Takumi Akiba Keiichirou 107
Superbunching in cathodoluminescence: A master equation approach 2023
Physical Review B 165303

DOl
10.1103/PhysRevB.107.165303

21 5 5
CsPbBr3 CL
78
2022
InGaN
78
2022
Cs4PbBr6
78

2022




S. Yanagimoto, N. Yamamoto, T. Sannomiya, K. Akiba

Analysis of the Purcell effect of nitrogen-vacancy centers in nanodiamonds coupled to Ag nanostructures

The 13th Asia-Pacific Conference on Near-Field Optics

2022

T. Sannomiya, T. Matsukata

Chiral light emission from circular plasmonic hole controlled by electron beam

The 13th Asia-Pacific Conference on Near-Field Optics

2022

InGaN

83

2022

2022




Photon correlation measurement at the nanoscale by STEM cathodoluminescence

2022

2022

167 105

2023

Yip Sen Po Meng You Ho Johnny

CsPbBr3

70

2023




Cs4PbBr6

70

2023

T. Sannomiya

Cathodoluminescence with Interference

EBSN

2021

2021

STEM

2021




82

2021

82

2021

T. Sannomiya

Visualization of Optical Field by Electron Microscopy

2021 Sino-Japan Young Scholar Forum on Advanced Materials and Related Techonologies

2021

S. Yanagimoto, N. Yamaomoto, T. Sannomiya, K. Akiba

Analysis of the Purcell Effect of Nitrogen-Vacancy Centers in Nanodiamonds Coupled to Ag Nanostructures

2021 Sino-Japan Young Scholar Forum on Advanced Materials and Related Techonologies

2021




, Meng You , Yip Sen Po , Ho Johnny C,

CsPbBr3
69
2022
CsPbBr3
69
2022
0
1
PCT/JP2022/009826 2022
0

(Ishii Ayumi)

(70406833) (32689)
(Akiba Keiichirou)
(80712538) (82502)







