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Abstract: Revealing the structure and chemical composition of materials at atomic scale is the basis and prerequisite for
understanding the structure-property relationship of materials and tailoring their physical properties. Atomic scale chemical
imaging based on energy dispersive X-ray spectroscopy (EDS) in Cs-corrected scanning transmission electron microscope has
been the most powerful tool for studying the microstructure of solid crystal materials. In this paper, we first introduce the
basic principle and frontier progress of atomic resolution EDS. Then, we take the application scenarios of atomic resolution
EDS in revealing the atomic scale composition gradient in LaAlO,-SrTiO, ferroelectric solid solution thin films, three-dimen-
sional Ruddlesden-Popper fault networks in SmNiO; thin films, the atomic migration in the phase change storage material
Ge,Sh,Tes, the ordered segregation of solutes at oxide grain boundaries and the unique nanodomain structure in Cu-Zn-Sn-
S thermoelectric ceramics as examples to demonstrate the analysis methods. Finally, the future development of the atomic
resolution EDS is prospected.
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Fig. 1 Schematic of basic principles of atomic-resolution energy dispersive X-ray spectroscopy ( EDS) technology
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P2 BRIEIE G T B (JEM-ARM300F)
Fig.2  Cs-corrected transmission electron microscope ( JEM-ARM300F )
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Fig. 3 Advances in EDS technology
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Fig. 4 Schematic of LAO-STO films with atomic scale composition gradients (a) ; STEM-HAADF images and atomic resolution EDS maps of Al, Ti,

La, Sr, Ga, Nd, and O edges for the upgraded (b) and the downgraded (c¢) compositional gradient systems with end compositions of 90%
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Fig. 5 STEM-HAADF image of the interface region in the SmNiO5(a), atomic resolution EDS maps of Sm(b)and Ni(c), the line profiles

of Sm and Ni EDS maps(d) [29]

3.3 GST HEFMHHERARNIEPTENEFIH

GeTe-Sh,Te, th —JCik RARER KL, JLHZ Ge,Sh,Te;
(GST) —E B 12 N FH F# R A A A2 b, BT AP
HOFLAAIRERPERE | DY 525 38R ) B R A A R B
Rtk FARARTE 00 S S ) P AR o A5 B 1 e BE 2SR 5
TR 57 7 AR AR AIR BELAS e S B 07 A 17 (I AEA >
MR AR ST = T, T ST A S AR SRR E S M
FNOTAHI B2 X B P RE = A R AN s, BRIk, A
BT GST ML 7 I ARSI ZS O AR 55 AR ML, % BIF 5% 40 e
WS TITARBE R oy AR,

M GST 80k 150 CIR KJ5, J&F43HE4 EDS SR M
A (B 6a) 7R Ge Fil Sh HE[R] o 46 26 H A K25 (7 1Y

FHES T30 A b, A BH S )2 I B30 5 il 42 TL-T-AH
[i]; Te fdifls TP A0A% . X RAFERLOS AT Ge,
Sh, Te iX 3 FOCE I SIBENL /31, &4t 290 CIR KA,
o X3k (& 6b) S BT IRIERS, A5 U5 FHE TR N7
BEERNFRIF S TCF 404, 25 1 A 6 )2 Sb JEF iy
Ao B I AR T A2 . MR Ge (58RI ST BHL 53 A5
TR —ABHES T 500 L, AN X3k ([ 6¢) HHER 2 Fil
555 )2 Sh B LA 1 REE 6 EmiRZE, Sh &
ETHEREENTR, FIF Ge 1958 3 FI%H 4 ZL 00
FERS R AR 1, B2 RIS S R, XKW Ge LA T
%, Ge BB LAAE Sh IR FZ I, 24 GST £33 290 C £~
5 30 min J5 (& 6d), Ge F1 Sh AR SRR T4, L



210 Hh AR

EEEVE

Temperature increasing

Probe distance (nm)

Probe distance (nm)

3
=3
@
8
2
i
2
5
g
o

K6 GSTH Ge, SbFll Te TLRTE 150 CIRAJG (a) . 290 CIBKJG (XIH—) (b) . 290 CIBKJG (XIH=) (¢) . 290 CARR 30 min
JE (d) AR AREETHER KR (e) B9 EDS TERE AN, AR B D9 [ 111] 77 AR I 2k (4R 1 nm) %
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290 C (30 min) (d) and at higher temperature (e), the right inset of each picture is the line profile along [ 111] direction ( scale

bar: 1 nm) [34]
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Fig. 8 STEM-HAADF images of Cu,(Zn, Sn)S; ceramics with Mosaic nanostructures (a) ; EDS maps of Sn, Zn, Cu, S in the boundary region and

rhomboid domains(b) [39]
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A i 22 B R G R 1T 53 BERRE IS (en-
ergy dispersive X-ray spectroscopy, EDS) $ A 78 ¢t D) g
FARH R D5 IOBE A A e A v Jir 2 42 1) T A TR R
W, SR, AR TR EDS HOR 2 445 B R EH
B Z B, (E B AR AR B i i 3 A 1k 3 5 e Y
TR, ARARIETTEAE LT LA Iy T ARSEE & FIA R -

(1) W) Zp B . S i 2 &5 45 i 5 B 7 AR A0 R T
BUEDS $l & C 28 R GA % 1 EDS 20 M B i [, {H475
SRAEEH AP BV B A AP R, 3 XA il B H 7 e R
PifE 1 A B B8 PO AR PR Y T AR R SR, T HL X
TR F R[] RO 6 4 R 22 B sl 25 0 AR ok Ul B0 A S PR
SCo PR, ol A B A R A e S ] 8 2 ok A I 2 T EDS
AT BRI ] 23 B R ATORE R R EDS HOR K R H 207
MZ—,

(2)Rett s HE. HETRE T EDS i 70 B2y
127 eV(Mn K, ), 7 2k 1 06 o B 0] R PR 1 9% 0 i % —
BEAETE TUR BUMERR AT o A B G TT LAR o3 ik DRe i
[, AELE o B i R B2 T EDS RYRE R 73 HE R 24 eV
FEI eV ATSRE—MRIE AR

(3)EH M. EDS (5 0 ih T3 K B s FF
BORIE | W IE MPOERE S Z A N R B2, HoE
R AP i . H A BE A BR 22 1 E AR T BRR
KB, EDS THECRA TR J RER, X EDS K
o E AR T RIRE, TEFAT I TEM K5 EDS 73
Bk, AR BEGSHERR v TR BED A BL X Sk i 52
WU B RS B B i Y )L RUBE Y EDS JE B 45 2R

(4) SHFREmE I K15 (electron energy loss spectrum,
EELS) KM . H#AIE X S 4™ A Y 3R Btk g T HE T
FHUREEME, Bk, 24 EDS AU AR ) ER EELS (91505
A AHVERC R AL, JT AT X Al — X B EDS I EELS
B[R] 20 SR B T LR A5 35 W AR 3 BT BRI O3, AT 35
Ao BN AT B M R

SE#k References

[1] D'ALFONSO A I, FREITAG B, KLENOV D, et al. Physical Review
B[J], 2010, 81; 100101.

[2] CHUM W, LIOU S C, CHANG C P, et al. Physical Review Letters
[J], 2010, 104; 196101.

[3] AILLEN L J, DALFONSO J A, FREITAG B, et al. MRS Bulletin
[J7], 2012, 37. 47-52.

(4] Zherh. WFREOMTIM]. deat. EERATIGE, 2006,
ZHANG X Z. Electron Microscopy and Analysis[ M]. Beijing: Tsing-
hua University Press, 2006.

[5] WILLIAMS D B, CARTER C B. Transmission Electron Microscopy: A
Textbook for Materials Science [ M]. New York; Springer Science +
Business Media, 2009.

[6] LUP, YUANR L, IHLEFELD J F, et al. Nano Letters[J], 2016, 16
(4): 2728-2733.

[7] LU P, YUAN R L, ZUO J M, e al. Microscopy and Microanalysis
[J], 2017, 23(1); 145-154.

[8] ROSSOUW D, BURDET P, de LA PENA F, et al. Nano Letters[J],
2015, 15(4) : 2716-2720.

[9] SHIGA M, TATSUMI K, MUTO S, et al. Ultramicroscopy[ ], 2016,
170 43-59.

[10] PERSSOM A R, TORNBERG M, SJOKVIST R, et al. Ultramicrosco-
py[T7, 2021, 222, 113193,

[11] LUP, MOYA ] M, YUAN R L, et al. Ultramicroscopy[J], 2018,
186: 23-29.

[12] NICOLAS B, KARIM Z, RAYNALD G. Ultramicroscopy[ ] ], 2020,
209. 112886.

[13] KOTHLEITNER G, NEISH J, LUGG M R, et al. Physical Review
Letters[J], 2014, 112; 085501.

[14] LUGG N R, NEISH M ], FINDLAY S D, et al. Microscopy and Mi-
croanalysis[ 17, 2014, 20(4) ; 1078—1089.

[15] GORIS B, POLAVARAPU L, BALS S, et al. Nano Letters[]], 2014,
14(6) : 3220-3226.

[16] SLATER T J A, MACEDO A, SCHROEDER S L. M, et al. Nano Let-
ters[J], 2014, 14(4) . 1921-1926.

[17] ROSSOUW D, KRAKOW R, SAGHI Z, et al. Acta Materialia[ J ],
2016, 107 229-238.

[18] SLATER T J A, JANSSEN A, CAMARGO P H C, et al. Ultramicros-
copy[J], 2016, 162: 61-73.

[19] YEOH C S, ROSSOUW D, SAGHI Z, et al. Microscopy and Microa-
nalysis[ J |, 2015, 21(7) ; 759-764.

[20] BURDET P, SAGHI Z, FILIPPIN A N, et al. Ultramicroscopy[J],
2016, 160; 118-129.

[21] SLATER T, CHEN Y, AUTON G, et al. Microscopy and Microanaly-
sis[J], 2016, 22(2) . 440-447.

[22] SEIDEL ], MARTIN I W, HE Q, et al. Nature Materials[J], 2009,
8(3) : 229-234.

[23] WU P C, HUANG R, HSIEH Y H, et al. NPG Asia Materials[J ],
2019, 11(1); 17.

[24] NOVOJILOV M A, GORBENKO O Y, GRABOY 1 E, et al. Applied
Physics Letters[ ], 2000, 76(15) : 2041-2043.

[25] CATALAN G, BOWMAN R M, GREGG J M, et al. Journal of Ap-
plied Physics[ 17, 2000, 87(1) ; 606-608.

[26] TIWARI A, JIN C, NARAYAN J, et al. Applied Physics Letters[J ],
2002, 80(21) ; 4039-4041.

[27] CONCHON F, BOULLE A, GIRARDOT C, et al. Materials Science
and Engineering: B[J], 2007, 144(1-3) ; 32-37.

[28] MIDDEY S, CHAKHALIAN J, MAHADEVAN P, et al. Annual Re-
view of Materials Research[J], 2016, 46(1): 305-334.



o533

IRPEESE T PR REIE HORTE etk DI REATRHIT TS i A L H]

213

[29]

[30]

[31]

[32]

[33]

ZHONG Q L, DENG X, LIN LN, et al. Journal of Materials Research
[J], 2021, 36: 1637-1645.

BAK J, BAE H B, KIM J, e al. Nano Letters[J], 2017, 17(5)
3126-3132.

MUNDET B, JARENO J, GAZQUEZ J, et al. Physical Review Mate-
rials[J7, 2018, 2(6) : 063607.

ZHOU X L, WU L C, SONG Z T, et al. Applied Physics Letters[J],
2012, 101(14) ; 142104.

MARTIJN H R, BAS W S, WOLTERS R A M. Nature Materials[ J ],
2005, 4(4) ; 347-352.

[34] ZHENG Y H, WANG Y, XIN T J, et al. Communications Chemistry

[35]

[J], 2019, 2(1): 13.
FENG B, YOKOI T, KUMAMOTO A, et al. Nature Communications
[J7], 2016, 7(1). 11079.

[36]

[37]

[38]

[39]

[40]

[41]

BOURGESA C, LEMOINEA P, LEBEDEV O, et al. Acta Materialia
[J], 2015, 97; 180-190.
LAT W, WANG Y X, DONALD T M, et al. Advanced Functional Ma-
terials[ J ], 2015, 25(24) : 3648-3657.
CHEN S Y, GONG X G, WALSH A, et al. Applied Physics Letters
[J7, 2009, 94(4) : 041903.
LI C, SHEN Y W, HUANG R, et al. ACS Applied Nano Materials
[J71, 2018, 1(6) ; 2579-2588.
HE Y, LU P, SHI X, et al. Advanced Materials[J], 2015, 27;
3639-3644.
HSU K F, LOO S, GUO F, et al. Science[J], 2004, 303 (5659):
818-821.

(% X %)



214

Hh AR

EEEVE

4 — A
|

P

AL L ST

WAt RFEHT R
SRR S R 5 T
FREHCH FB S0 =
2, 1994 4F4R R mU k2%
T, B
FIE, ERA M E R
RGP, 2l
A EUERAAT,
CHUR S B B A
AT EERERS, KL
e, B A kL5 I R
S5 TR G, B
NFA YA SR
NIRRT
PEFN 0 K S5 AR 4k D) BE b1
BH S SRR 2 5 B AR B
58, LR =TT R, B
AT 1L V8 7 KR AR 5 Ak
TR BB, 2k ik
TR G HE A K T2
FH AR PO FE
LB B e A R
Bas A% by 8 B oo 32
SRR, SEJR 98 U &
“973”  EB;F“973” . H
FERI R, EHEx
FHEAESERFDUE 50
AR, S F ML SCI 2%
ARt 3C 400 5 LUEE
Y LU 2 L UNE I
X, B, HEZELH

o b

Ly BRI &I

239 55 4 8 i, LI
— 58 B R AR &
it A N
WHL—FR 1 A
R A SR BE A FRL 1
P ZAERIE 9 I,
B 5, 19724
&, BE 5T OBI. 1995,
1998 43 51 3 P BH Talk ok
I R T = DA
2002 4l T [E R
Wi | WFoE BT, KT
LA VAR S DN )
B AR, ek TR
BB ALY E
BT RAMCARTSE, TR
B, BAanmp el
BT 55 TR AR R A
FEHEIE, 2022 4R ATE)T AR
BHTTRENA , TE Acta
Materialia, Nature Commu-
nications, Angewandte Che-
mie, Energy & Environ-
mental Science, ACS Ca-
talysis, Journal of Materi-
als Science & Technology
FEE NS EARW T B &
LI 120 ZH, Bk
2023 4F 3 H HIE 3R
mol B 620 W
EPAZACL A 4 T,

FFABRA TR

EFEHE: 5, 19154
A, BT R K 2ER &
Bl B KT & AT 5
AR EA A K BT
KRB SR 55 514
i EE, RRFER
FRME PO EE, R
WRFFARER BTN,
I L SR S5
B v [ A 2E 2 B
H P E YA A A
B ZE R Z 0, P
SHT I H S W
e ARFL =S TAE
T £ w3 < DL RO
B[Rl SR A e
K&, HAEENEF R
AU T HLF 6
M) Je AL M BT &
£ I O N I AN
WA ZE; HIEEN
YRR T K2
Y 2B TR E,
F I A S [ 4 ek 1
S FRAE Ty 10 19 B 5T T
FE, I SE 2 i Bk 22 A%
IE K5 AT L 6
EEe B S R
BERT 22 R (e B 2 i
FIUE) M R R I B 1
JRFRBERAE | AR K

S

HHBB/AFE R

VAR R R R A B
RIAE, # Nature Com-
munications, Physical Re-
view Letters, Advanced Ma-
terials 25 [ PR 24 A
FI%& 2 SCI B3¢ 230 4
i, W 3CREOE T B H
8200 X, H HF 44,
BRI 2 B 0 5 T 8 452
AAHRIA®EE, T
HSHEER A RE R
4 (81) . “973" 4iKkL
TG DINE - §= kN Ty
LT NA SRR
& (1T WAL E A
AN A 4 (1 1) 46
TE 5 I 5E A
AL E B AR ¥ —
A

# OB, 19154
A, AR TE R % B
5o 7 B 2 2 B B
A, AR AR
REER B O TR EUR
1999 4EF1 2002 4E43- 4] F
PR bR} 2 Bt 3 2%
e X VAR 1 1 R S VA
2005 4F Bl T rp R AL 2
Bt 1 Tk R BF 5% BT 6
B L5 e Lk, 3R

T2 42475 2003.8
% 2004. 2 18] 7578 [E
e )d BT (3 PR ) <7
3J; 2005.4 & 2007.3
W AE B A GRS 1
W + J&; 2007.4 =
2009. 3 H1H 75 H A A 240
GRS LN (S e i =
2009 45 [A] [ 3 A 4 AR i
R, KM DBk 22 4%
E % 5 BE ( Cs-
Corrected STEM ) #f &K
(f1 #& HAADF, ABF,
EDS. EELS %) N F B
M R B 55 SR Ak
T HE b1 RL Y ST 45 A
JuLL EDS A EELS 43 #F
WA, BT H —E
Wi 3 A 58 R . HE D
FH ABF H AR M EEH B+
FL It TE AR B L P Y Li B
ForE AR T % BTk
(APL, 2011; Angewandte
Chemie International Edi-
2011 ), #i H A&
NHK HL 5 %5 £ 5 A
AT T R IT4RE, 1
& Nature Commun. , An-

tion

gew. Chem. , Adv. Funct.
Mater. 1 Adv. Mater. %5
[ bR 25 4 T 1k R B
FE L 200 A F, SCI 5]
H 4000 2k, Ak 2011
AR BT WA
R, HAE B AR 40 K
Zrhu (JFCC) % BERTF 5T
B, P EBE ST
—JE 3 MR R A
WEG =ZR, Ll
[T G es ik



