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Fig. 1. Electron holography: (a) Schematic of the off-

axis electron holography; (b) hologram; (c) reconstructed

phase map of mean inner potential.
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Fig. 2. Nanofactory in situ TEM sample holder:
(a) Overview; (b) detail of the head.
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Fig. 3. Morphology of Cgp nanotube: (a) TEM image;

(b) phase image reconstructed from electron hologra-

phy; (c) external and inner shapes of the Cgg nanotube

retrieved from the phase profile (301,
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Fig. 4. Structure variation of Cgg nanowhisker induced by bias: (a), (b) Low magnification and high resolution
images of the pristine Cgo nanowhisker, including the electron diffraction patterns; (c¢) diameter variation of Cegg

nanowhisker at different bias [31].
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Fig. 5. Structure phase change of Cgp nanowhisker
induced by Joule heating: (a) Diameter variation of
Ceo nanowhisker with the heating power and time; (b),
(c) high resolution images and diffraction patterns of Cgg

nanowhisker at different heating stages (311,
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Fig. 6. The low energy loss spectrum of Cgg nanowhisker

at different heating stages[31].
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Fig. 7.) Structure of CTM: (a) Schematic; (b) TEM
image (scale bar: 10 nm).
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Fig. 8. Preparation and observation of the CTM specimen: (a) Scanning electron microscope image of the specimen

after FIB cut (scale bar: 3 pm); (b) assembling schematic of the in situ specimen; (c) schematic TEM characteri-

zation; (d) contact between the electrode probe and the gate of the specimen.
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TEM. The red curve is measured when beam is shut
off while the green curve is for beam on; the black

curve is measured in wafer [38].

RAEIEHUE (B 7 (b)), &4 Thie )= Z 8 i)
FARH T B, EERm A (K10) BnFERE
NZ i HEO,, WHIEAE KB PRSI i FF . X
RIS B iR, B KT ZHE M T HIO,
FIdRAL. XKLL I 2 A RO B 7 AL 2.

1 (2a) IURTRN, 2AHFE A B LRI S0, 2 S A A
PR B SR AR S AT R AL U 3 S A i A ) R

F oAt Ol A R T A BT IR SR U S A A 2
6] 3 A, FHERT-229 A 5 I RE I i, A 45 20 A [ A4
ff i 47 3Rz e AT O (B 1L ). Bl A AR
IR K, CTM 23R )= A i FE 3570 B B 22
Ak, (BRI AT AN 2], B s A AT 3R 2
o S A R S X 3y N 5 B A R L

N T EAM S BT RE NG RE, AT BLE R
FA TR A HL B B 0 A P (B S A AR AL 23 A 1)
Ao AT B A B (K12 ). LRG0 A0

K10 HfOo f3RE Mmn Prd s et fr, b Ak
AR E (BRR: 10 nm) 58]

Fig. 10. High resolution images of HfO5 trap layer,
where the white dashes indicate the crystal boundaries

(scale bar: 10 nm) [38],

K11 4P AR AR RRE T CTM A EBIIRA /a3 (FRR: 5 nm) B8]
Fig. 11. Phase/potential maps within CTM at different bias, where the mean inner potential has

been removed (scale bar: 5 nm) [38].
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BI12 NIRRT A 3507 AL a5 oA I A RO, Horh e ik Ay it SO BLE (B L: 5 nm) (58]

Fig. 12. Projected charge maps at different bias. The lower right is structure image where the crystal

boundary is indicated by a white dash (scale bar: 5 nm) [38].
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Jang %5 1@ It R 4L B M RIS R R4 &
B HEOo_, FF i, HAR AR 2R3 #2530 eV 2 [A]
Mg AERERZR (K13 (a): BEEASEMN
PAeAEK i B 2 A7 PO 184 o, abb i P AR Ko v 33T 1 .
X 4% 55 AT DAVE J9 )k HEO, TR & B AR — A
HEWRYE. B 13 (b) NLEX TEM FF it 147 IR A7
FERPEBR IS [P0 S KR A0 2R 1, AT LTS i Hh G
FIN0 VIEE 10 VIREZEIE/NO VO BT G2
BAE) M fE v, FRE P A S S E 2 I R
PR N ZE N (SR S RS = IR RN
A, R ERAE G AT 3R )Z 7= A ik B I A A
1E0—10 V R I FE ) S0 B E IR AR AR,

FIFRF 2 M EE RS O, i ohae B sE B H A,
A DATS B 0] B, e 58 B 1 2 [A] AR . ] 14 B
NFIF 2426 eV fE R E DA 2R FMHE FE S
B[] o3 A B, AT DU BI04 2 0 7= AR R0 %
HAE]. MR 0 VIR, 12382 iR B R
AL E B HTE HEO 1R S L. T30
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Fig. 13. Low energy loss spectrum of HfOo at different bias: (a) Low energy loss spectrum of HfOo with different oxygen

49]

concentration |
the peak around 26 eV with bias change 1501,

6V 4V 2V T ioVvE © |
K14 AREMHEE T CTM (#3552 2 bk B AR 1L,
UL 1 K SR A 2 IR B (B 5 mm) 190)
Fig. 14. Oxygen concentration changes in CTM trap-

ping layer, the red parts denote higher concentration

(scale bar: 5 nm) [20],

g5 LR WS Br TAEIRES N 00 ik v Tkt 22 7E 2%
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EE RSB AR S A, R 256 RAE 0 AT AL 35,
RN CTM 3% s e FE MR DK 3 T VR &7
IRZ ) TN A B AEAR IR )E S IR
HERE, JF HAE— BN T IE MR S TEAF 3R 2 i
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EM.

4 RRAM+ e R

RRAM F I & A £E i IR B A 2 18] (1 5% 22 R A
NE BAEME T (B 15), 2 —REE N H AR

; (b) low energy loss spectrum of HfOo trapping layer at different bias; (c) intensity integral variation of

Oy REAF A, B S S I (A ) % R, A
R B S5 RE S. RRAM ) e BB % L2
B 48 3 (conductive bridge RAM) ¥4 KA
R S AL (valence charge memory BY oxide-based
RRAM) FHBAIF R, i #H FERIBENY+
()40 J8 55 T R B AR 22 T 1 T HL e, A 22 7
Y 038 - R 1 R B AR AR B R A S A R TR A
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EREOR M T S HEIE. B s RH R AL LR R
ZRF AR AP R RNOR S5/ 5%, T i RRAM 2%
o rp FHAZ LB R b 2 | I AR DA KR R 3R, 6 TR
et KA F 5 A S5 o 2 S B EH.
SR, K2 B9t TARE TR e 8 3 M TR 50
Bl 125 A R R 2 4L 53 9 28 g il 160161,
XA S AL RRAM (1) FHAZ LR () 0 A0 A FR, G H:
Fe A AL T FETE T LB L T AR I R A R
WA ff ] S IR (04—09-02) = TR R - 1 25 ) 4
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HME DL SIZIS WSR2 580/ 28 I 0 3R B A AR I AR
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HfO, 3£ RRAM #AF 45 i & 16 s, Horh
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T1EE M RIARALE X 5 HEO, F1 Pt. 4y HE 1%
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AR AE A HEO,.
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Fig. 15. I-V behavior of bipolar RRAM [64],

TiN(100 nm) &

H{O (9 nm)

16 RRAM W% (a) FMHER1E; (b) M9 TEM 1%; (o) T3R8 (04

Fig. 16. Structure of RRAM: (a) High angle annual dark image; (b) high resolution TEM image; (c) mean inner
[64]

potential map

-

()

(g) i2

K17 “Forming” i #EH HFO, J2 M (i H i 3 1 FL 3 A A (REZR 2% iy 34 X 450 (64)

Fig. 17. Potential variations in HfO, layer during “Forming” process, where the dashes are the zero potential boundaries |
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Fig. 18. Potential variations in HfO, layer during “Reset” operation, where the dashes are the zero potential boundaries [64]
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Fig. 19. Energy filtered images of the RRAM at different positive bias, reflecting the oxygen concentration (or
[64]

oxygen vacancies) variation with bias, where the dashes enclose the higher concentration parts
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Fig. 20. Monte Carlo simulations of the resistance flip in CTM, comparing with the in situ TEM characterization results .
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Abstract

Advanced transmission electron microscopy combined with in situ techniques provides powerful ability to charac-
terize the dynamic behaviors of phase transitions, composition changes and potential variations in the nanomaterials
and devices under external electric field. In this paper, we review some important progress, in this field, of the expla-
nation of structural transition path caused by the Joule heating in Cgo nanowhikers, the clarification of electron storage
position in charge trapping memory and the direct evidences of the oxygen vacancy channel and the conductive filament
formation in resistive random access memory. These studies could improve an understanding of the basic mechanism
of nanomaterial and device performance, and also demonstrate the diversity of the functions of transmission electron

microscopy in microelectronic field.
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