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The calculation method and code for electron—transport properties through
nanostructures based on density functional theory have been developed. The
relationship between the presence of defects at the stacking structure of the Si/Si0,
interface and leakage current is theoretically studied using the newly developed code.
I found that the leakage current through the interface with dangling bonds is 530
times larger than that without any defects, which is expected to lead to dielectric
breakdown. The direction of the dangling bonds is closely related to the performance
of the oxide as an insulator. In addition, it is proved that the termination of the
dangling bonds by hydrogen atoms is effective for reducing the leakage current

AR TERR
(AL 2 1)
[ERESES [ 2 & &t

2008 4 1, 200, 000 360, 000 1, 560, 000
2009 4 1, 100, 000 330, 000 1,430, 000
2010 4FHE 1, 000, 000 300, 000 1, 300, 000

G

FEE
&t 3, 300, 000 990, 000 4, 290, 000

RS ET « BHR A
B OSE - B )/ -~ 7 g 5 R
F—U— N H R, B, i - S

1. WFFERRME LYD& A RIESESo5h 5, Wi F 2 74
21 LD IT FEFEA LR D 8 KT A R AL LT, 75— oroF ) Fa—7T
ONIBIFT A AT, B ECmgRe ki ERAWESTFT AL A, BHIEO VY 2% b
LB, MERT AR NS A= bLoY TUVAZ e SHITWRME L2 T 3 A A, &



FliZmzcAv b+ sALy hue=
JATNRAANEREINTEBY, T/ AD
EMEREILICIZ I NSO OREENEETH D Z
EIIEHIETHLRY, LA, BIEDT T
02— FEERICE D RBRBRAICHBI LTS
R Z D 2o 2 T> TR, ZDOWN
D AT = RLBS D> TWRWBAENRE
VW 2O X D ITEBRINFTE D 2 TIE 5T

T 52 ERREERRIBEICKT L, EBRIOTIEIC

MZ CHGSHHFEICLVSHEN TR 5
DONENINED AT =X LZH LMY
5 ENTEIUR, ZOIRH. BIEOHREMNE
NEBITIENDITTTH D,

FHFE, ZOLIBRLNVDOBRE TH R
PREHE] LRI D HEE AW T, B
Ral—va LA LES Lo
RN EB RTINS, F—HEFHE 1T,
EHBRIZ L > THLNTEREBRA T A —2 %
— BT, R OfE L B ORI E
ANRTG A= L L, BT FOE—FHIZ
EOWTRLEERR G ETREL
KRODLFETHD, THEOILE2—FDRA
BRFEIZE B, B FHICESHEA
My S22l —a 38 LWEREY X
FCT&7, SHTIE, B0 1r/Nhy 7R
—72F TR, 7TV RS Fa—T
TNA A RMEEE 7 & nm O K E S & FF
STEREERL I 2L — 3 VDOXRRITT
DooHh 5,

T TN ZAOBFEE T DI, &1
NFEOFE—FBEIZE ST ) A r—1dD
S EZ RN, BAC ) o2 ) A —
VR ZREET A HIT OB N EHE TH 5,

2. WHEOBEM

AL, TN E CHIFEESMAICER L
TE T REMESBCESSF - REFE
a—REHR L, 71 AHOF 7 #EEE L
TEVFEMAEOHVVERDE N PR H
O g FH VEIBE AR S T 0D il ik Ry A BF
fii - PHFTD, VLRI VRAZIZE
57— MR RS R, AR b
0= AT NA ATBIT DRI g
SRBEARE TCORT - B L L TOHS
ﬁ%@émﬂé%@%@ﬁﬁﬁgkmot
BEEREICED L) REEE RFTT O
M FRIEED ORISR, B o
Rzt L lCEmBEee2 fim T/ g2 et
%, BARIZIE, O E THEBEEDMAIC
BRI L C & 728 — Rl & 7k fr e s E
EErRBRELEAR L2507 / EEO&E
S R v & BEAM S T & B RHE FIE L OGE
Hoa s T MO, QEBRE R A
FERICE SV T INETICRESINL TV
R/ #3E o B it I B 3 2 HEREREA
&L ENTEEEORME, RIEPUE A R
O RS S EEOREEITY, Fi,

B REF RO R Z ERICT 4 — Ry
5D EICRY . Hiele Tt ) T ZAD
F~DIEHEZH 25 Z & &2 iET,

3. WHFED kL
$H%fi Forx D7 N—TF TR LI-FE
ZEMZE MBS IS < FH—FELE TIREE - EX
h%ﬁ #%:~%%%wt _®#%$&
. HEROFE— R B A FIETH D i<
E%ﬁ@%ﬁ&wotgﬁﬁﬁfﬁﬁﬁﬁ
RRT U VERBT A FIEL TR LR,
EEOZEM EICEIED7 U v RBRA v
k BB SCR T Y v L D fE & BB
KROLIFETH D, TO7=, ik EREE
DEICETANREYNTH DML <,
F R EN B BR BHE O X 9 1C KR K
DOIFTRMEICLDHERBEDOLILE V-T2
ML, L7223 > T, ABFED X 5 10
5% e jo 12 2 B o kLT BB OR
é%u\%rt%;ﬁr%?”é ENRFHETH D,
DOFFH a2 — REBMF LT, MOS R TH U
JEMREEETAZ EDOTE B RHAEE
Lto

4. BFSERE

X LICRHREET NV ERT, RN DY
— VIR T Yy VR OV AR TERR AR T
U ovE AV, B EERIIRPTEE
VPl & =, SifSio, ik 7.7A0 v ) 2
VLK LBADBILYREN LR kY
HERRICKE T I =7 A0 Jellium ERRIZ
B A 72, B EEE 2R T I T R I
Jellium 25 < LR G AFR L, TR
ARG ER L T D, S fEIEEs oy
o W B B % X . Overbridging
boundary-matching ¥ % JHVN TR | AR %
WMDY — 27 EMIET X 0T —ORAR%E
FAWTEHFE L7z, £ LT 2R T X IR
AT ISRk 2 T2 1 L ~UL T D R % A AR

Front view Side view

[001]

[100] [010]
K1 #HREET L, KB Y a /T B
AN E R



X2 Flim ket AALEKER T, ()
KGET v, (D) o — Jd fe 58 i1 03 e
L. 1 2OKZBRFTHL T THRSR
A& L2 T b, (C) R @i T
DEEEL, 1 DOKEBRTFTFHFDOX 7
V7R Ref&in LToET b, (d)AES
TEBRERIR T MEEL, 1 SOKERTT
LhHEoE T TR REREG LT
v, (6) FEH— BRI T L, 2
DKFBFEFTHE LT TR REf&imL
TeE'T v, () Fhimeh s SR 103 BB
L. 2 DOKFRFTH TV TRUR
R LT L,

L. Kiak YV — 27 EIROMBEZHH~-, —i&
(2 a U EIEERGEFRIZ BV T, KFE
FH R THAE 1TV E T L ()R (D £
WNCHE T TR R EKBIFA TR
{42, LL, ¥V a v+ L KEFRFO
FEEINIFEL . TAAL AEEFICEVE I X
> TRBIKFEFRFDEE L £7 1(b). (C).
(DL 7RREIZ D, LTIen-T, K21
R XD BRI, FET N AP TP
I R KRMEHEETH 5,

F 112, RN 2WET V(@)D U — 7 Eif

F1K{ETILDY —VEHREDL, EF
N@QDEHEH 1.0 L LTS,

Model Current ratio
(a) 1.0
(b) 3.9
(0 12.6
(d) 534.3
(e) 0.9
(® 1.6

Energy (eV) Energy (eV)

low density high
[TTTIEI—

3 St o JRPTIk A% EE(LDOS). (a). (b).
©). [@)ZZIZHIK 2 DETF (). (b). ().
() ]AaS s pbe S

w1 LTEGADEETLOY — 7 Bl
DERT, XV TRy ROBHHET
Jub). (c) « (ATEIAYIZ Y — 7 EIEAEIN L
TWABDIZKI L, Zo 7V TRy RO
EF (). () . (ALY — 7 ERER D220,
T, AKFRIT X D RIGOPALIEDA N
BELTWDRHLTH D,

WIZ, BT ) TRy RINFET D56
BT 2V —7 BIRBEDEWNIZOWNTELE
T 5, ¥ 3 IS O RPTIRAESR FE (LDOS) % 7~
9, LDOS 1 Fred Uz L7228 » TR
77318 LRy LTz

p(z.E)=[[lw(r.E) dxdy.

EFO)DEE, F o7 ) TR RS RE
\EAT 7 H R Z BN TND DT, KIGHEN D
FRALRRREI ~ DR A DI, Fi2, TV
CDPLAEIZBNTH, X7 U TRy R
RENZEE 2 T MERNTWAIZHEDL
T ATV TR RefFov ) a VR o
N U 3 U FERNCIE A A TS T2, K
BaYELL D BEAL IR~ DR ADIT & A L
W, — . BEFAA)DEE, X7 TR
Y RARmICEE R G WEWNTEY, B
BRI TP ICAFE T D 72D, B bR 2 R e
NERKT B, L= T b pLEREN
K72V —JBRPERTLILOLEEZD
Nb, ZOXHIT500 fFLLED Y — 7 &k D
X, AEREFEOPBILICRA e B % 5 %
HZEMTRIND, AFERIZELD, 5%
iR TS OBRGHCEE R BN E O
77

T HEERIC BT D — B E R R Y



PEFHREIZ DWW TR R OB 258 LT, &
—JFHEHAEOSE T, HEET MR TE
EEEBELEBERIEBEHEN L S ATHE
2720, INFECTEROATIE DRI RZ
T 7emolaT J HEER T OB CE
TRk A LEL L CW AR S22
Soh5b, AH, YV arEfHniET A A
Y ) A= )E Tt hooh Y, &
BR L7 L9 2t &R, 7/ 7310 A
FTHBICFAHTE2E L THEAZED T
Wb, ZOXIRT A AHZ T OERUGE R
PG R O MEREm FICEVEE —FHEER
REHRZB U THLNIRD O & W
Shs,

5. ERFERRLE
CMEsEaR =0 BE 11 4F)

1. T. Ono, S. Tsukamoto, Y. Egami, and Y.
Fujimoto: Real-space calculations for
electron transport properties of
nanostructures, J. Phys.: Condens. Matter,
accepted, A HtA.

2. T.0Ono and S. Saito: First-Principles Study
on Electronic Structure of Dangling Bond at
Ge/GeO, Interfaces, Appl. Phys. Exp. 4(2),
021303 (2011) , &#H

3. S. Saito and T. Ono: First-Principles Study
on Structural Properties of GeO, and SiO,
under Compression and Expansion Pressure,
Jpn. J. Appl. Phys. 50(2) 021503 (2011) , 2
Wi .

4. T. Ota, K. Hirose, and T. Ono:
First-Principles Study on Magnetic Ordering
of Al Infinite Single-row Atomic Wire, J.
Phys.: Condens. Matter 21(6) 064240 1-5
(2009) , &t A

5. T. Ono: First-principles study on even-odd
conductance oscillation of Pt atomic
nanowires, J. Phys. Chem. C 113(15)
6256-6260 (2009), A FHiA.

6. T. Ono: First-principles study of leakage
current through a Si/SiO, interface, Phys.
Rev. B 79(19) 195326 1-5 (2009), #HiH.

7. S. Saito, T. Hosoi, H. Watanabe, and T. Ono:
First-principles study to obtain evidence of
low interface defect density at Ge/GeO,
interfaces, Appl. Phys. Lett. 95(1) 011908
1-3(2009), & HAH

8. S. Saito, T. Ota, J. Otsuka, and T. Ono:
Electronic Polarization of AIN Nanotubes: A
First-Principles  Study Using  Wannier
Functions, J. Comput. Theor. Nanosci. 6(12)
2624-2628 (2009), £ FHiA.

9. T. Ono, K. Hirose and H. Goto: Real-Space
Calculation  Procedures  for  Electron
Transport Properties of Nanostructures -
Overbridging Boundary-Matching Method

and Impulse-Response Method -, J. Comput.
Theor. Nanosci. 6(8) 1789-1807 (2009),
i

. S. Tsukamoto, Y. Egami and T. Ono:

Ballistic Electron Transport through Atomic
Nanowires, J. Comput. Theor. Nanosci.
6(12) 2521-2544 (2009), FFiH.

. J. Otsuka, K. Hirose, and T. Ono:

First-principles calculation of electronic
polarization of I11-V nanotubes, Phys. Rev.
B 78(3) 035426 1-4 (2008), A HiH.

P #) (GF25 1)

NP B —REERICE D Sis LD
Ge MOS FfffH#EiE & U — 7 dEiihrit
DTFR, 77— FARZ I WER-HE - 7
oA - Gl oML, (January 21-23, 2011,
Tokyo, Japan).

T. Ono and T. Ota: First-principles study on
transport properties of graphene flakes,
ElecMol'10, (December 6-10, Grenoble,
2010), T7-PC29.

T. Ono: Ab initio Study on Transport
Properties  of  Nanostructures,  Third
International Symposium on Atomically
Controlled Fabrication Technology,
(November 24-26, Osaka, 2010), 5.4.

S. Saito and T. Ono: Interaction between
Dangling Bonds and Passivants at Ge/GeO,
Interfaces: A Theoretical Study, Third
International Symposium on Atomically
Controlled Fabrication Technology,
(November 24-26, Osaka, 2010), P23.

D.H. Nguyen and T. Ono: First-principles
Study on Spin Polarization of Zigzag Border
C/BN  Nanotubes, Third International
Symposium on  Atomically Controlled
Fabrication Technology, (November 24-26,
Osaka, 2010), P44.

M. Heide and T. Ono: Spin-Orbit Coupling
and Noncollinear Magnetism in  PAW
Density-Functional ~ Calculations,  Third
International Symposium on Atomically
Controlled Fabrication Technology,
(November 24-26, Osaka, 2010), P61.

M. Heide and T. Ono: Spin-orbit coupling
and noncollinear Magnetism in PAW
density-functional calculations, Psi-k
Conference 2010, (September 12-16, Berlin,
Germany), P170.

S. Saito and T. Ono: First-principles
investigation of defect properties at
Ge/GeO2 interfaces, Psi-k Conference 2010,
(September 12-16, Berlin, Germany), P562.
T. Ono: First-principles analysis on leakage
current through Si/SiO, interface, Psi-k
Conference 2010, (September 12-16, Berlin,



10.

11.

12.

13.

14.

15.

16.

17.

18.

Germany), P693.

P. Baumeister, D. Wortmann, T. Ono, and S.
Blugel: Large scale DFT in real-space, Psi-k
Conference 2010, (September 12-16, Berlin,
Germany), P721.

T. Ono: First-Principles Study on Transport
Property of Nanostructures, International
Conference on Core Research and
Engineering Science of Advanced Materials
(Global COE  Program) &  Third
International Conference on Nanospintronics
Design and Realization, (May 30- June 4,
2010, Osaka, Japan), 86.

S. Saito, T. Hosoi, H. Watanabe, and T. Ono:
Oxidation mechanism at Ge/GeO, interfaces:
An ab initio study, 2010 MRS Spring
Meeting (April 4-9, 2010, San Francisco,
USA), I13.8.

T. Ono and Daniel  Wortmann:
Computational design and evaluation of
spintronics materials, JST-DFG Workshop
on Nanoelectronics (January 18-19, 2010,
Bonn, Germany).

M. Heide and T. Ono: Spin-Orbit Coupling
and Noncollinear Magnetism in PAW
Density-Functional Calculations,
International Conference on Core Research
and Engineering Science of Advanced
Materials (Global COE Program) & Third
International Conference on Nanospintronics
Design and Realization, (May 30- June 4,
2010, Osaka, Japan) , 292.

S. Saito and T. Ono: First-Principles Study
of Defect Properties at Ge/GeO, Interfaces,
International Conference on Core Research
and Engineering Science of Advanced
Materials (Global COE Program) & Third
International Conference on Nanospintronics
Design and Realization, (May 30- June 4,
2010, Osaka, Japan), 293 (2010).

M. Heide and T. Ono: Spin-orbit coupling in
density functional theory in a real space
PAW framework, The 12th Asian Workshop
on First-Principles  Electronic  Structure
Calculations (October 26-28, 2009, Beijing,
China), P17.

T. Ono: Leakage current through Si/SiO2
interface, The 12th Asian Workshop on
First-Principles Electronic Structure
Calculations (October 26-28, 2009, Beijing,
China), P42.

S. Saito, T. Hosoi, H. Watanabe, and T. Ono:
First-Principles Calculation of Oxidation
Mechanism at Ge/GeO, Interfaces, The 12th
Asian  Workshop  on  First-Principles
Electronic Structure Calculations (October
26-28, 2009, Beijing, China), P49.

19

20

21.

22.

23.

24,

25.

6.

T. Ono: First-principles Calculation for
leakage Current through Si/SiO, Interface,
XIV INTERNATIONAL WORKSHOP ON
COMPUTATIONAL  PHYSICS AND
MATERIALS SCIENCE: TOTAL ENERGY
AND FORCE METHODS (January 8-10,
20009, Trieste, Italy), P0053.

S. Saito, K. Hirose, and T. Ono: Electronic
and structural properties of germanium
dioxide, XV INTERNATIONAL
WORKSHOP ON COMPUTATIONAL
PHYSICS AND MATERIALS SCIENCE:
TOTAL ENERGY  AND FORCE
METHODS (January 8-10, 2009, Trieste,
Italy), PO146.

T. Ota, K. Hirose, and T. Ono:
First-Principles Study on Magnetic Ordering
of Al Infinite Single-row Atomic Wire, The
11th Asian Workshop On First-Principles
Electronic Structure Calculations,
(November 3 - 5, 2008, Kaohsiung, Taiwan),
P-13.

T.  Ono: Oscillatory Behavior of
Conductance of 5d Metal Nanowires, The
11th Asian Workshop On First-Principles
Electronic Structure Calculations,
(November 3 - 5, 2008, Kaohsiung, Taiwan),
P-15.

S. Saito, K. Hirose, and T. Ono: Ab Initio
Calculation of Atomic and Structures of
Germanium Dioxide, The 11th Asian
Workshop On  First-Principles Electronic
Structure Calculations, (November 3 - 5,
2008, Kaohsiung, Taiwan), P-68.

H. Kitajima, K. Hirose, and T. Ono:
First-principles electron-transport calculation
for fullerene polymers, 4th Handai
Nanoscience and Nanotechnology
International Symposium, (September 29 -
October 1, 2008, Osaka, Japan), P1-32.

S. Saito, K. Hirose, and T. Ono:
First-principles study on electronic structure
of germanium dioxide, 4th Handai
Nanoscience and Nanotechnology
International Symposium, (September 29 -
October 1, 2008, Osaka, Japan), P1-42.

Ui i

(DBFFEARES

/NEF fmH (ONO TOMOYA)
KK « TEHFFER - Bh#K

FFgeE 755« 80335372



