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Electron Conduction Property

Electron transport through molecular Electron transport between source
chain suspended between electrodes and drain of semiconductor device
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\_ Tunneling current rowmg between STM tlp and sample surface -

V
The understanding and control of the electron conduction
properties are key subjects for the development of new devices.
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Lippmann-Schwinger equation

S. Tsukamoto and K. Hirose, Phys. Rev. B 66 161402 (2002).

SCF calculation under finite bias voltage
|-V characteristic of Na chain
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Lippmann-Schwinger equation

S. Tsukamoto and K. Hirose, Phys. Rev. B 66 161402 (2002).

SCF calculation under finite bias voltage
Voltage drop in Na chain
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Impulse Responsei%
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Electron Transport Property Calculation based on TDDFT
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X ENRE #03% &% (Overbridging Boundary-Matching;i%)
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X ENRE #03% &% (Overbridging Boundary-Matching;i%)
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Real-space finite-difference (RSFD) method

The grand-state electronic structure is obtained by solving
the Schrodinger (Kohn-Sham) equation

(—%VZ + V(l")jl//i(r) =&, (ry vy (xl'-lyj z) (¥, Vi Zp) (xi—;l] Vi Zy)

The RSFD method is:

- the space is divided into equal-
spacing grid points,

» the wave function and potential are
defined at the grid points,

* the kinetic operator is approximated
to a finite-difference formula, e.g.,

_ld_zw(z )~ — Vi =2V + Wiy Wave function y, is defined
¢ 2h? at grid point (x, y, z,)

Y Z=Zpy Zpg Zp o Zpt+p Zk+2

2 dz*
* no use of a basis-function set

References of the RSFD approach, .e.g.,

J. R. Chelikowsky et al., Phys. Rev. B 50, 11355 (1994),
T. Ono & K. Hirose, Phys. Rev. Lett. 82, 5016 (1999),

T. Ono & K. Hirose, Phys. Rev. B 64, 085105 (2001),

T. Ono & K. Hirose, Phys. Rev. B 72, 085105 (2005),

T. Ono & K. Hirose, Phys. Rev. B 72, 085115 (2005).




Advantages of RSFD (1)

Arbitrary boundary condition is available.

Conventional plane-wave method RSFD method
Repeated slab model
__Periodic
—Supercell 4 °
/ o
©
Q
©
Q
-
@)
Z

bulk

COpe
o6

The boundary condition infinitely continuing to bulk is available.
34



Advantages of RSFD (2)

Advantageous on massively parallel computers

1000 .
. HZO Cluster (96 atoms) n
. - | —#— Si bulk (1000 atoms) \‘
8 | Bluegene@Juelich (JUBL)
Q
: "
= 100 N
g
W ) I
A =
Qy » '::’ g \.\\!
X PH o © I
10
=N 2
10 100 1000 10000
Number of CPUs

Example: Peapod C180@(20 O)CNT (500 C atoms/supercell)
G T e s e Computed by
2048CPUs of JUBL

dont: 4% <|>c1 6Iatra| +1 %(longitudinal)

by encapsulatlng fuIIerene.




Egg box effect
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Timesaving double-grid;%

TO & K. Hirose, PRL82 5016 (1999); PRB72 085115 (2005)
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=RIR(CEET D
= > ulw) ) wrp(Xs)h
1 1

ik

Double gridiED A A—2
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TO & K. Hirose, PRL82 5016 (1999); PRB72 085115 (2005)
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\’e World Scientific

www.worldscientific.com

ith cutting-edge materials and minute electronic
W devices being produced by the latest nanoscale

fabrication technology, it is essential for scientists.
and engineers to rely on first-principles (ab initio) calculation
methods to fully understand the electronic configurations and
transport properties of nanostructures. It is now imperative
to introduce practical and tractable calculation methods that
accurately describe the physics in nanostructures suspended
between electrodes.

This timely volume addresses novel methods for calculating
electronic transport properties using real-space formalisms
free from geometrical restrictions. The book comprises two
parts: The first details the basic formalism of the real-space
finite-difference method and its applications. This provides
the theoretical foundation for the second part of the book,
which presents the methods for calculating the properties
of electronic transport through nanostructures sandwiched
by semi-infinite electrodes.

Contents: Real-Space Finite-Difference Method for First-
Principles Calculations: Foundations of Methodology; Solv-
ers of the Poisson Equation and Related Techniques; Mini-
mization Procedures of the Energy Functional; Timesaving
Double-Grid Technique; Implementation for Systems under
Various Boundary Conditions; Electronic Transport Through
Nanostructures Between Semi-Infinite Electrodes: Basic
Scheme of the Overbridging Boundary-Matching Method;
Inclusion of Norm-Conserving Pseudopotentials; Jellium
Electrode Approximation; Green’s Function Formalism and
the Overbridging Boundary-Matching Scheme; Calculation
Method Based on the Lippmann-Schwinger Equation; Ap-
pendices: Formulas for Long-Range Potentials under Various
Boundary Conditions; Tight-Binding Approach Based on the
Overbridging Boundary-Matching Scheme.

Key Features

* Presents details of methods, as well as some applica-
tions, using accurate schemes for examining electronic
configurations and conduction properties

* Information and insight about nanoscale electronic
transport using a newly developed method based on
first-principles

Readership: Graduate and post-graduate students and re-
searchers in computational, quantum and condensed matter
physics, and nanoscience.

264pp Jan 2005
1-86094-512-0 uUss68  £41
Imperial College Press

www.icpress.co.uk
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Computational program

Ab initio molecular-dynamics simulation program
based on real-space finite-diffrence method
T. Ono and K. Hirose (Hirose Lab. Osaka Univ.)

# Real-space finite-diffrence method with timesaving double-grid technique

J. R. Chelikowsky et al., Phys. Rev. Lett. 72, 1240 (1994).
T. Ono and K. Hirose, Phys. Rev. Lett. 82, 5016 (1999).
K. Hirose and T. Ono, Phys. Rev. B 64, 085105 (2001).
T. Ono and K. Hirose, Phys. Rev. B 72, 085105 (2005).
T. Ono and K. Hirose, Phys. Rev. B 72, 085115 (2005).

# Landauer formula with overbridging-boundary matching method
M. Biittiker et al., Phys. Rev. B 31, 6207 (1985).

Y. Fujimoto and K. Hirose, Phys. Rev. B 67, 195315 (2003).
T. Ono and K. Hirose, Phys. Rev. B 70, 033403 (2004).

# Local-spin-density approximation and generalized gradient approximation

J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).
J. P. Perdew and Y. Wang, Phys. Rev. B 46, 6671 (1992).

# Norm-conserving pseudopotential

D.R. Hamann et al., Phys. Rev. Lett. 43, 1494 (1979).
N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991).
K. Kobayashi, Comput. Mater. Sci. 14, 72 (1999). NCPS97
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Y. Egami, TO et al., Nanotech. 16 S161 (2005)
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0.75 nm

L. M. Krans et al,
Nature 375, 767 (1995)
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J. Mizobata, A. Fuijii, S. Kurokawa and A. Sakai,
J. Jpn. Appl. Phys. 42, 4680 (2003)
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3-atom aluminum nanowire

T. Ono and K. Hirose, Phys. Rev. B 70, 033403 (2004).

?3? I I
‘é'r‘y‘lfii.’f)uuu d 9999999
0020990 39090990

<001> Length of electrode spacing

Computational conditions
«Grid spacing 0.33 A (Cutoff energy 25 Ry)

ePeriodic boundary conditions are imposed at x and y directions.

(The cell size is £,=8.0 A and £,=8.0 A.)
eElectrode spacing (average interatomic distance)
13.00A<Les<15.34A (2.50R<d<3.67R).
(d,,=2.75 A is the nearest neighbor atomic distance in Al crystal.)
eOnly atom locates at the center of the nanowire
is optimized on (110) plane by molecular-dynamics simulation
eNorm conserving pseudopotential (NCPS97) is adopted.

°
4 P2P 2P pj(001)

crystal

electrodeé )‘ 092929  P2P2P2P %ectrode
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Conductance of Al nanowire
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Conductance of Al nanowire
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Conductance of Al nanowire
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Conductance of Al nanowire
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Conductance of Al nanowire
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Conductance of Al nanowire
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Conductance of Al nanowire
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Example 3: £ DR NERFiH

Experimental background
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Au

Conductance (Gp)
Ul

BEEEEEEE

o

Electrode spacing
From Rubio et al/, PRL, 76, 2302 (1996)

2000 (CEI ROEHT IL—THTEMZE
BWTEDZieRFiEEEFH R L=,

7-1 wire 11-4 wire

From Y. Kondo and K. Takayanagi, Science,
289, 606 (2000)
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Y. Kondo and K. Takayanagi,
Fig. 1. TEM images of stable gold nanowires  gcience, 289, 606 (2000)

observed during one thinning process. =N
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T. Ono and K. Hirose, Phys. Rev. Lett. 94, 206806 (2005).

Au jellium BB IR FEN F-AutZ e /= F#E

Au jellium
EiE

Au jellium
CRiT

Computational conditions
«Grid spacing is 0.48 A. (Cutoff energy 12 Ry)
ePeriodic boundary conditions are imposed at x and y directions.
(The cell size is £,=21.2 A and £,=21.2 A.)
eJellium electrode spacing is L;,;=27.1 A.
(Equal to the electrode spacing 28.6 A of Au(110) electrodes)
*Gold atoms are treated by the local pseudopotential.
(Only 65 electrons are considered.) 61
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B A REF R ILEBE

Single-row wire 7-1 wire 11-4 wire 13-6 wire 14-7-1 wire 15-8-1 wire
Conductance 0.96G, 5.19 G, 9.08 Gy 11.97 G, 13.82 Gy 14.44 G,
1%t ch 0.958 0.997 1.000 0.996 1.000 1.000
2" ch 0.995 0.991 0.992 0.999 0.996
3" ch 0.970 0.986 0.982 0.991 0.991
4™ ch 0.938 0.890 0.978 0.984 0.982
5% ch 0.653 0.884 0.962 0.959 0.975
6" ch 0.640 0.874 0.958 0.947 0.954
7" ch 0.753 0.940 0.94 0.942
8™ ch 0.748 0.878 0.927 0.931
9' ch 0.620 0.872 0.893 0.899
10" ch 0.517 0.744 0.888 0.891
11" ch 0.497 0.735 0.881 0.841
12" ch 0.318 0.706 0.867 0.834
13" ch 0.618 0.770 0.732
14" ch 0.383 0.700 0.691
15% ch 0.200 0.542 0.645
16" ch 0.002 0.527 0.595
17" ch 0.537

. BEFHEOEEFRILEIEIT, 94 980 R1E1G,,

 BEF RIS BT AR T AT M EY DL, SHE— SO F v RIS, SEEHR
T AR DRERICEYTTILSEM DT RILF—HITEE St 1= Th B,

e EB(, VA HAY RIZETEMEYEDEN, ChiE. 2 TFr R LOBBENITHENHTH D,




		

		Single-row wire

		7-1 wire

		11-4 wire 

		13-6 wire

		14-7-1 wire

		15-8-1 wire



		Conductance

		0.96G0

		5.19 G0

		9.08 G0

		11.97 G0

		13.82 G0

		14.44 G0



		1st ch

		0.958

		0.997

		1.000

		0.996

		1.000

		1.000



		2nd ch

		---

		0.995

		0.991

		0.992

		0.999

		0.996



		3rd ch

		---

		0.970

		0.986

		0.982

		0.991

		0.991



		4th ch

		---

		0.938

		0.890

		0.978

		0.984

		0.982



		5th ch

		---

		0.653

		0.884

		0.962

		0.959

		0.975



		6th ch

		---

		0.640

		0.874

		0.958

		0.947

		0.954



		7th ch

		---

		---

		0.753

		0.940

		0.94

		0.942



		8th ch

		---

		---

		0.748

		0.878

		0.927

		0.931



		9th ch

		---

		---

		0.620

		0.872

		0.893

		0.899



		10th ch

		---

		---

		0.517

		0.744

		0.888

		0.891



		11th ch

		---

		---

		0.497

		0.735

		0.881

		0.841



		12th ch

		---

		---

		0.318

		0.706

		0.867

		0.834



		13th ch

		---

		---

		---

		0.618

		0.770

		0.732



		14th ch

		---

		---

		---

		0.383

		0.700

		0.691



		15th ch

		---

		---

		---

		0.200

		0.542

		0.645



		16th ch

		---

		---

		---

		0.002

		0.527

		0.595



		17th ch

		---

		---

		---

		---

		---

		0.537
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Single-row wire
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AVFPRIVR
ifE: 9.1 G,
RE&: 7.6~8.1G,

SHEHE.TO & K. Hirose, PRL94 206806 (2005)
EEREFEER Y. Oshima et al., JPSJ75 053705 (20006)
13-6 wire

VA DRAR
ETE: 12.0 G,
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=E&: 10.9~11.0 G,

OVEIRAVR
TE: 144G,
=E: 11.5~11.9 G,

LEFDEERMHETE. #ARKETIL

%—FEHE TRRICAB I TRRERFROBIEEREFF A 2 o



RFHERNDE

Single-row wire

1 ch. of 7-1 wire 4 ch. of 7-1 wire




C 515

A

[Z&Y

0.008

S=
N

Fii57)

Magnetic flux density per bias voltage (T/mV)

~

B
0
gelsky ., sEHA

Eg,7)

B 1..r£._..._..._...._....h.___.y
® .____ft._._.__._ ,.r....._rl.._...._ tﬁﬁnﬁl
e W

:.:::...“ . -|m..__.r____lL __.___L_l_ 1.

@i I g

a_I___ g —~
fd L L e T _..Lt .___.r _._.
“@i i =R, /
’ ntvthﬁi-i .
T rﬁ_. il B ALY ._...__H_‘
.:...t..'..._:lt;_._‘.'...,:. a1

JRFEHZE TN D IRTE

B SASL o

Lan
T TR el W AT d s e s = Lo e e e s e el e r—........-]l.!l.....ﬂll-l o
o sy gy g o

(a)i 7-1 wire




Example 4: Conductance of C,, wires

M. Otani, T. Ono and K. Hirose, Phys. Rev. B 69, 121408 (2004).

Q Q

@ 0 © ¢
Q0—@ Q-0 00
Q.. © 0°_0 ¢ C
Double-bonded monomer Double-bonded dimer
-8 5% o<
@ ¥ o @ ¢ @
%) Q O
Single-bonded monomer Single-bonded dimer

Computational conditions

«Grid spacing 0.21 A (Cutoff energy 61 Ry)

ePeriodic boundary conditions are imposed at x and y directions.
(The cell size is L,=11.43 A and L,=11.43 A.)

eThe distance between jellium electrode and
edge atom of the C ,, chain 0.53 A.

eAtoms of the C,, molecules are optimized by
molecular-dynamics simulation.

eNorm conserving pseudopotential (NCPS97) is adopted. 67




Conductances and channel transmissions

Monomer Dimer

(Go) | |

double single double single
total 1.57 0.83 0.18 0.17
ch.1 0.47 0.36 0.16 0.07
ch.2 0.47 0.18 0.01 0.06
ch.3 0.35 0.17 0.00 0.03
ch.4 0.20 0.06 0.00 0.01

e AVAVAVAIL, BEBREIDC, R FDEIKEIKEFT %,

e single-bonded$f &double-bondedf MDA F H22 ZMEWN L., BIBICEHLTLNDIREF
DEIZLD,

e single-bondedfHM L F V322 XD 73 FH#HIZxt 9 5% L Hdouble-bondedEEH D ZE L[
HARTOLEWNERIE. TN TN OENERBEFZERLEZBEONVRFFvyTDEIZELS

LDTHS
) 8 PE KR 68




Charge distribution of the incident electron

Double-bonded dimer

M high

Current electron density
e BFIX. Gy FRZII—rHvbT 5D TG RFHEDFEEIZHR>THRNS,
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Band structure of infinite wires
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Double-bonded Single-bonded

From Y. Miyamoto and M. Saito Phys. Rev. B 63 , R161401 (2001).




Conductance of Cg, wires

T. Ono and K. Hirose, Phys. Rev. Lett. 98, 026804, (2007).

n by SP 4
£ il

monomer dimer

Computational conditions

«Grid spacing 0.26 A (Cutoff energy 39 Ry)

ePeriodic boundary conditions are imposed at x and y directions.
(The cell size is £,=16.32 A and L,=16.32 A.)

eThe distance between jellium electrode and
edge atom of the C , chain 0.53 A.

eAtoms of the C,, molecules are optimized by
molecular-dynamics simulation.

eNorm conserving pseudopotential (NCPS97) is adopted. 71




Charge distribution of the incident electron

T. Ono and K. Hirose, Phys. Rev. Lett. 98, 026804, (2007).

Conductance 1.13 G, 0.1 G,
low [N 1l high

Current electron density

o BEFIX.Coun FARAZIIA—FAVNT DD TIEHEL, RFHEDFEEICiB>TiHND,
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Passing Current through Touching Molecules

Guillaume Schull,"* Thomas Frederiksen,” Mads Brandbyge,” and Richard Berndt'
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Density of states in C;, and Li@Cg, wires
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Example 5: Tunnel current in STM

T. Ono, S. Horie, K. Endo and K Hirose, Phys. Rev. B 73, 245314 (2006).

Side view Top view
Al jellium \ _/ Si atom
0-0-0 / \ © H atom
\I / Al tip \ / O Alatom
[\
\ 7
(— )
Ny \ 7 \ /
I\ / \ / Y » H-adsorbed Si(001) and Al tip are suspended

between semi-infinite Al jellium electrodes.

/ N/ \ ’ * The distance between the edge of the tip and
the top-most Si atom of the surface is set to be

| Al jellium ‘ ~5 A.

~




STM image of H-adsorbed Si(001)

Experimental background

geometry

high

low

From Y. Wang et al., J. Vac. Sci. Tech. A, 12, 2051 (1994)

H-adsorbed dimers are observed to be geometrically lower than bare
dimers in the topographic image, although the H atoms locate above
the bare dimers.



STM image of Si(001) surface

T. Ono, S. Horie, K. Endo and K Hirose, Phys. Rev. B 73, 245314 (2006).

Theoretical result Experimental result
(Current image) (Topographic image)

tunnel
current

high

geometry

high

low low

Y. Wang et al., J. Vac. Sci. Tech. A, 12, 2051 (1994).

Since the tip must approach closer to the sample surface in order to achieve
the constant tunnel current, the H-adsorbed dimer looks geometrically lower
than the bare dimer in the STM, which agrees with the experimental results !



Tunnel current charge distributions

. o .
At bare dimer /: \ At H-adsorbed dimer
\i
D

* The & states of bare dimer affect the tunnel current.
 Certain amount of charge is observed around the H-adsorbed dimer.
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Tunnel current distributions
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 Although certain amount of charge distributions is observed around
the hydrogen adsorbed dimer, the current distribution around the
dimer is small.
» There is certain contribution from the © bonding state to the tunnel
current even when the tip locates above the hydrogen adsorbed dimer. so



STM image of H-adsorbed Si(001)

At H-adsorbed dimer
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Y. Wang et al., J. Vac. Sci. Tech. A, 12, 2051 (1994).

The contribution of the p state of the adjacing bare dimer leads the STM
image where the H-adsorbed dimer neighboring to the bare dime appears
geometrically higher than those sandwiched between H-adsorbed dimers in

the [010] direction.
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Gate
(poly-Si or Metal)

(Oxide film)
Drain T Source
T\ é ‘ electon flow

Insulator Gate

Metal Oxide Semiconductor Field Effect Transistor
(MOSFET)

T. Ono, Phys. Rev. B 79 195326 (2009).

Gate

d s\( d ezﬁ \Jj _
tunneling

Insulator C
L) electron
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| Semiconductor
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Density
High

Low
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Example 7: Ge(001)FRE LD RMEDEEL AT ¥ IL
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Example 7: Ge(001)FRE LD RMEDEEL AT ¥ IL

4 5 [PRB78 081401 (2008)]1%. Ge(001)&XERFEIEED STSARY FILD
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ETEI—F

Ab initio molecular-dynamics simulation program
based on Real-SPACE finite-difference method

T. Ono (Osaka U.) in collaboration with
P. Baumeister, S. Tsukamoto, D. Wortmann, S. Bluegel (FZJ)
Y. Egami (Hokkaido U.)

#® Real-space finite-difference method with timesaving double-grid technique
J. R. Chelikowsky et al., Phys. Rev. Lett. 72, 1240 (1994).
T. Ono and K. Hirose, Phys. Rev. Lett. 82, 5016 (1999).
K. Hirose and T. Ono, Phys. Rev. B 64, 085105 (2001).
T. Ono and K. Hirose, Phys. Rev. B 72, 085105 (2005).
T. Ono and K. Hirose, Phys. Rev. B 72, 085115 (2005).

# Landauer formula with overbridging-boundary matching method
M. Bittiker et al., Phys. Rev. B 31, 6207 (1985).
Y. Fujimoto and K. Hirose, Phys. Rev. B 67, 195315 (2003).
T. Ono and K. Hirose, Phys. Rev. B 70, 033403 (2004).

# Local-spin-density approximation and generalized gradient approximation
J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).
J. P. Perdew and Y. Wang, Phys. Rev. B 46, 6671 (1992).

# Norm-conserving pseudopotential
D.R. Hamann et al., Phys. Rev. Lett. 43, 1494 (1979).
N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 (1991).
K. Kobayashi, Comput. Mater. Sci. 14, 72 (1999). NCPS97
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Future applications

Scattering on surface Scattering in interface
by STS by calculation
o000 § = % Insql:;to;l Gate gzcl)tlif—Si or Metal)
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dl/dV images of Ge dimer rows
From Tomatsu et al. PRB78 081401 (2008)
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Example 8: SiC-MOSHE THF ') 7 ELEL
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Emission species

Reaction generating C atom, CO molecule, Formation energy generating C atom,
and CO, molecule CO molecule, and CO, molecule

NSIC + MSiOy + 20 — (N — 1)SiC + (M + 1)S10, 4C)
NSIC + MSiOy + 30 — (N — 1)SiC + (M + 1)SiO,
NSIC + MSiOy + 40 — (N — 1)SIC + (M + 1)SiO,

Ej;’ = —pusic + [18i0, + flc — 2010

EF® = —psic + pisio, + fico — 3o

~CO /
E.? = —psic + [1sio, T feos — 4po

12 [ —C

S O Range of O chemical potential:

z Si0y — Hsi -

%ﬂ 1'.: 2 1": - J{LD < Iu{jg

g

E SiC/SiO, 0, gas phase
% interface limit

SiC/SiO, - O, gas
interface limit phase limit




Computational method & model

Method Model
Rﬁi’ﬂ‘ﬁ code is employed Surface model Interface model
v Real-space finite-difference method (Initial stage) (Middle stage)

with timesaving double-grid technique

J. R. Chelikowsky et al., Phys. Rev. Lett. 72, 1240 (1994).
T. Ono and K. Hirose, Phys. Rev. Lett. 82, 5016 (1999).
T. Ono et al., Phys. Rev. B 82, 205115 (2010).

v Local-spin-density approximation
J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).
v" PAW pseudopotential
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P. E. Bléchl, Phys. Rev. B 50, 17953 (1994). Yﬁ?@%‘% 5-5
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Reference of RSPACE code B AL A T

Fiysthri?nSiulesEalnu\a}iuns v 6X6\/3 SIC(OOO1)

in Real-Space Formalism

R v 6 SiC bilayers Z

Berth, v’ 264 atoms .
v’ 6x6V3 SiC(0001)
v 4 SiC bilayers &
] 60 SiO, m.u.
K. Hirose, T. Ono, Y. Fujimoto, S. Tsukamoto, v 400 atoms

First-Principles Calculations in Real-Space Formalism,
(Imperial College Press, London, 2005)




Computational procedure

Example of O insertion (n=1)

Vacuum

{_}: Possible O site

SiC substrate SiC substrate
Oxidation enerqgy

@ Insert O atom around particular C n - Number of O atoms inserted

atom and find most stable site ., : Total energy of system with

@ Calculate oxidation energy( E*) nO atoms
using. MO : Half of chemical potential of
ox __
En _ E(n-l)O + o — EnO O, molecule

K 48 B K 52109




Initial stage (surface) oxidation

| v 2nd oxygen prefers the cite between

the 1stand 2nd SiC bilayers.

~ o
(A\9) ABiaug

. 1
AN
1

4
1

2 3 4

Number of inserted O atoms

1

o
|_A
o,
&




Computational procedure

Example of CO emission (n=2)

00 vium OO

SiC substrate SiC substrate
Formation enerqy of CO emission
D Remove C & O atoms with most ow/ C: Total energy of system with
stable combination nO  nO atoms & C atom (= E,,0)

@ Calculate formation energy of CO  pw/o C: Total energy of system with
emission( ECO) using: (n-1)O (n-1)O atoms without C atom
O /nC ./ C 1o : Chemical potential of CO
W w/0
En — E'n,O _ (E('n,-l)O + NCO) molecule

) wmEALE
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Initial stage (surface




COx emission from surface

4 [ ] Oxidation
i [ ]COemission |’
[ ]CO, emission | .
S 2f :
L
>
5 0
-
LL
oL |
_4 l 1 1 |
1 2 3 4

Number of inserted O atoms

v" Formation energy of C emission increases as n increases.
v" When n=4, CO, emission occurs.
v" CO emission never occurs.
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SiC/SIO, interface model

a-quartz  a-cristobalite [(-cristobalite

?igio “%@ '“Ej
sos Bl sossollteses

Lattice constant mismatch (Minus means small lattice constant)

B-tridymite

0

Structure a-quartz a-crist. B-crist. B-tridy.
a-axis +0.47% +10.50% -5.04% -1.51%
b-axis +5.44% -7.65% -5.04% -1.51%

Ratio between Valence Band Offset(VBO) and Conduction Band Offset(CBO)

Structure

a-quartz

a-crist.

B-crist.

B-tridy.

Exp.

VBO:CBO

1:2

1:3

1:1

1:1

1:1

Lattice mismatch of SiC(0001)/B-tridymite SiO, interface is the smallest.
) 3e 5 K 114




Band offset

H. Watanabe et al., Third International Symposium on
Atomically Controlled Fabrication Technology, P-67 (2010).

Si0,  4H-SiC
A

Y
Sample
2.69 eV 1 Dry oxidation at 1000~ 1100°C
2. 3nm of SiO,
N v
A
87 eV 3.20 eV
Valence band offset = Conduction band offset
N v
A
2.75 eV
I 2 4

Measured by XPS

D) mBEAZ S




STEM measurement

Lateral A _a
Bright

1.4 times longer! B-B’ 1.4 times longer!

Dark = ' ' ' _
0 3 10 15 0 3) 10 15
Distance (ang.) Distance (ang.)
B Density of atoms at the interfacial layer is higher than
N - that in bulk along A-A’ while that is smaller along B-B'.
Taken by Prof. Oshima (JAIST)
Parallel
c-C D-D’ E-E’
Bright
3 times 3 times
Dark'H-'-" .<.>.<.>-Ionger!a. '<-N-’Ionger!a-
0 5 10 15 0 5 10 15 0 3) 10 ko)
Distance (ang.) Distance (ang.) Distance (ang.)

%) 3 B K F 116



SIC/SIO, interface

| attice constant mismatch (Minus means small lattice constant)

Poly. type a-quartz a-crist. B-crist. B-tridy.
a-axis +0.47% +10.50% -5.04% -1.51%
b-axis +5.44% -7.65% -5.04% -1.51%
Interface formation energy
Poly. type a-quartz a-cristbalite B-tridymite B-tridymite 2fold
(1fold & bridge) (3fold)
Energy per 1x1 +0.44 (eV) +1.43 (eV) +1.73 (eV) 0.00 (eV) +3.31 (eV)
Interface atomic structure B-tridymite B-tridymite

a-quartz

a-cristbalite

B-tridymite(3fold) is the most stable.

(1fold & bridge)

'”0"".9‘"‘
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Middle stage (interface) oxidation

I
—

n=0 n

T T T
Surface | |
__ = | Interface

| v Oxidation energy gradually

2 3 4
Number of inserted O atoms

v' 2" oxygen prefers the cite between
the 1stand 2nd SiC bilayers.

decreases as the number of inserted
O atoms increases.

1 v Oxidation energy at interface is

relatively lower than that at surface
due to existence of SiO, layer.

D) wmBEAL e




Middle stage (interface) oxidation
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COx emission from interface

4 i | | | |
2+ il
>
L
5 0 —
)
-
LL
oL |
Oxidation
[ ]CO emission
4l [ ] CO, emission | _
0 1 2 3 4

Number of inserted O atoms

v" When n=3, CO and CO, emission occurs.
v" CO emission is more preferable although CO, emission
is preferable in the case of initial stage of oxidation.
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Hexagonal
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K. Arima et al., J. Phys.: Cond.
Mat. 23 394202 (2011)
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First-Principles Calculations
n Real-Space Formalism

AL e S T ko
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GAERANEEE FHERHDRAFE RN\avTOFa1—=24
EZERENE
Projector Augmented wave (PAW) CHhECOE—EEESICEHE T
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i 100 + | 100 |
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SIC/SIO,FHE D R Ma 4 fir

O interstitials, O, interstitialsl&, TN HZ AV ERRIEAEITLELY,
10" cm24 —4 —TCHFE,

13
10 D [cmZeV ]
C int. IT
O, int., C, int. N
C int. D,
D, Carbonyl
1012_

E, 05 10 15 20 25 3.0 [eV]

Figure taken from J.M. Knaup et al., Phys. Rev. B 71 235321 (2005).
The original data is V.V. Afanas’ev et al., Phys. Status Solidi A 162 321 (1997).
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Y. Egami, S. Tsukamoto, T. Ono, Phys. Rev. Research 3 013038 (2021).
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