Exploring matter at the atomic level

Corrado Spinella
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Sub—Angstrom spatial resolution

T“SNEEEEEEFTT TYEAREEEREST

Abbe limit
y
d=0.61—
()

Inherent nature of bending of
light/electron waves when
passes through an aperture

lens of finite size

100
10 -
[Ruenmnareg] =
)
with a 1.
spherical
aberration
corrector
0.1

Inherent nature of the lens
used in the imaging system

/
/ 1
/ / 7C303
/
2
/
/
A
|7
AN
' A
/ 0.614
7
0.01 0.1
6 (rad)

A =0.025 A @ 200 kV




resolution (A)

0.1 1 | | I | | | I | | | I | | | I | | | I | | |
1 3 E
10F Electron 5
B Microscope (EM) \ ]
= Jim Menter
100F Ernst Ruska =
1000 - E
104E E

Light Microscope

105 E 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 E

1800 1840 1880 1920 1960 pd010]0] 2040
Year



© Japanese Society of Electron Microscopy Journal of Electron Microscopy 47(5): 395-405 (1998)

Full-length paper

Towards 0.1 nm resolution with the first
spherically corrected transmission electron
microscope
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1997 S p h er | Cal ab er rat | on cor reCtl on. Abstract A .hex.apole corrector wt%ich compensates for the spl.1erica1 aberration ?f .the
objective lens has been incorporated in a commercial 200 kV transmission
M ax | m | I | an H al d er H ar al d H RO se K nut electron microscope (TEM) equipped with a field emission gun. The successful
! : ! correction of the spherical aberration is demonstrated by decreasing the
instrumental resolution limit from 0.24 nm down to about 0.13 nm. Images
W' U r b an of Si-SiCO, interfaces obtained with the corrected TEM show a remarkable
. . . 0 suppression of artefacts and a strong increase in contrast apart from the
The baS|C theory Of aberratlon correction for hlgh_ improved resolution. The design, alignment and the performance of the
resolution imaging was introduced by Dr. Otto Scherzer in comected nstrument are OWIned WIS
. . aberration correction, reduction of artefacts, information limit, contrast
the 1940’s. Many researchers attempted, but failed, its enhancement, point spread function, high-resolution TEM
implementation as an aberration — corrected electron

microscope; and experts had questioned its technical M. Haider, H. Rose, S. Uhlemann, B. Kabius, and K. Urban, Journal of Electron
feasibility by the time the Haider, Rose and Urban, who Microscopy 47(5), 395 (1998)

thought otherwise, was teamed in 1989.

In 1997 they succeeded in making an aberration-corrected
TEM that is capable of high-resolution imaging of atomic
structures.
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Atomic resolution Scanning Transmission Electron Microscopy
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More Moore: memory devices based on novel materials

Phase Change Memories based on chalcogenides o 4 reset
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HEXAGONAL HEXAGONAL

LOW—-ORDER HIGH-ORDER
T=150°ConSiO, T=350°ConSiO, Epitaxial-Hexagonal
gaps
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In thin films the local atomic order of chalcogenides is extremely important in determining
their electrical properties.



current (MA)

Nanoscale tailoring of Schottky metal/MoS, barrier by oxygen plasma

functionalization

molybdenum disulfide

5A

MoS, promising material for next generation post-Si
CMOS technology

The high effective mass and large bandgap of MoS, minimize
direct source—drain tunneling, while its atomically thin body
maximizes the gate modulation efficiency in ultrashort—
channel transistors.
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Leverage innovation beyond the Moore’s law

Innovation in line with Moore’s law (which predicts the continuous shrinking of transistor feature size) will certainly
continue, but additional advances are expected from exploring solutions beyond the Moore’s law, such as those
enabled by wide—bandgap semiconductors in the field of power—electronics M

15000
SiC powler device /
12500
markets /
/ \ 10000 //
\
\ P
e _o 7500 >
$20 billion industry growth from 2018 to 2023  Automotive ‘ l - //
Electrical Energy .'st_ “ k. /
100% Applications sl ... & 3 i( 2500 ]
All Primary \ ers o ) ¥
Energy Transmission w‘gfj i _“‘ \ ~ \ 0
— S 1’-“ =
e ( dhetcaial] ) Dz 2022 2023 2024 2025 2026 2027 2028 2029 2030
4 7 W\ ,,/% Electronics P ”
<3 ectronics § y $
N )

ilizati . i,vj Aerospace |
Electricity is 40% of total LAention Ec'::;:z‘;: ‘ —}@E '-. * , 2000
primary energy consumption, \ 3 / y - JN i
expected to grow :'. ¥, E . Ga po er CIeVIC e
A0 s Renewable
P (%) () o e Energy 1500

1000 e
% 4

500

lcat

LAY 9

30% of all electrical energy passes

through power electronics today, | S W'
g
-

0, .
can reach 80% next decade * Significant energy savings with
small efficiency improvements *

-———'/
0

2019 2020 2021 2022 2023 2024 2025 2026 2027

Yole’ forecast for SiC and GaN device markets



Growht of

3C-SiC on 3C‘Si§ e
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AH-SiC Power MOSFET

Issues:

High density of traps at SiO,/SiC interface, low channel

mobility

1150 °C in N,O
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STEM-EELS reveals the presence of a

non—abrupt SiO,/4H-SiC interface

A mixed sp2/sp3 carbon hybridization
in the non—abrupt interface suggests

that the interfacial carbon atoms have
lost their tetrahedral SiC coordination
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Graphene growth on (0001]
mis—oriented Si—face (1100
of the SiC wafer e

[1120]

Epitaxial graphene: solution for
Si terminated 4H-SiC (0001) substrates 8° off—axis integration of high power and high
miscut angle in the [1120] direction frequency functions on a SiC substrate
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Atomic resolution HAADF-STEM
@ 60 keV primary electron beam
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The buffer layer on the planar
(0001) surface gets detached from
the (112n) surface
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Ab initio simulations showing the equilibrium average atomic distances
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The buffer layer present on the planar (0001) face gets detached from the substrate on the (112n)
facets of the steps, turning into a quasi—freestanding graphene film



Conclusions

Fulfilling Feyman’s Dream

... | would like to try and impress upon you while | am talking about
all of these things on a small scale, the importance of improving the
electron microscope by a hundred times. It is not impossible; it is
not against the laws of diffraction of the electron ... What good
would it be to see individual atoms distinctly?

December 29th 1959 at the annual meeting of the American Physical
Society at California Institute of Technology
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