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 第一原理電子状態計算

 密度汎関数法

 RSDFT

 Siナノワイヤ

 櫻井 -杉浦法のバンド構造計算への応用（筑波大 二村保徳）

 捩じれた二層グラフェン（東大 内田和之）

 SiCステップ表面（東大 澤田啓介）

 RSDFT-CPMDの実装（東大 小泉健一）

内容



Density 
Functional
Theory

FIRST-PRINCIPLES 
CALCULATIONS



LARGE-SCALE FIRST-PRINCIPLES 
CALCULATIONS IN NANO WORLD

0.1 nm

CMOS 
gate length = 5 nm

FET with CNT

Cytochrome c Oxidase 

1 nm 10 nm sub m

100 atoms

10,000 atoms

100,000 atomsTheory Experiment

Large-scale DFT calculations and experiments meet together in Nano World !

Challenge: 10,000 ～ 100,000-atom calculations overcoming
N3 scaling to reveal nano-scale world!



DENSITY FUNCTIONAL THEORY
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電子−イオン相互作用

運動エネルギー

電子間クーロン相互作用

その他量子力学的効果
（交換相関効果）



KOHN-SHAM EQUATION
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汎関数最小化

constraint

系の最安定状態（基底状態）

変分方程式：Kohn-Sham方程式

電子密度

ポテンシャル

W. Kohn and L. J. Sham, Phys. Rev. 140 (1965) A1133.



密度汎関数法の威力

M. T. Yin and M. L. Cohen, Phys. Rev. B26, 5668 (1982).
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局所密度近似(LDA)による交換汎関数

DFT計算 実験値

格子定数(Å) 5.37 5.41

体積弾性率(Mb) 0.977 0.988

Si（ダイヤモンド構造）
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単純な近似で

高い定量性



RSDFT

DFT CALCULATION IN 
REAL-SPACE GRID 

METHOD



REAL-SPACE FINITE-DIFFERENCE 
PSEUDOPOTENTIAL METHOD
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 Derivatives →（higher-order）finite difference
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Kohn-Sham equation is solved in discretized space

 Integrals → summation over grid points

 Ionic potentials → Pseudopotentials 
mla

almalmlocalion vv
,,
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J. R. Chelikowsky et al., Phys. Rev. B50, 11355 (1994). 
J.-I. Iwata et al., J. Comp. Phys. 229, 2339 (2010). 

N. Troullier & J. L. Martins
Phys. Rev. B 34, 1993 (1991)



GRID, BAND, k, SPIN 
PARALLELIZATION

 MPI ( Message-Passing Interface ) library
MPI_ISEND, MPI_IRECV → finite-difference calc.
MPI_ALLREDUCE → global summation

 OpenMP
Further grid parallelization (within each CPU)
is performed by thread parallelization

Grid0
(CPU0)

Grid1
(CPU1)

Grid2
(CPU2)

Grid3
(CPU3)

Grid0
(CPU4)

Grid1
(CPU5)

Grid2
(CPU6)

Grid3
(CPU7)

Orbital1 Orbital2

Grid0
(CPU8)

Grid1
(CPU9)

Grid2
(CPU10)

Grid3
(CPU11)

Grid0
(CPU12)

Grid1
(CPU13)

Grid2
(CPU14)

Grid3
(CPU16)

Orbital1 Orbital2

BZ1 BZ2

Spin1
Example of CPU allocation for 4-grid, 2-orbital, 2-k, 1-spin parallelization

CPU0

CPU8CPU7CPU6

CPU5CPU4CPU3

CPU2CPU1



SCF DIAG GS CG

Env_base_1.2.0-07

Env_base_1.2.0-09

Env_base_1.2.0-09
(with mca options)

(second)

SiNW110 (20nm diameter)
6309 atoms
3600 nodes

DIAG mate hpsi pdsyevd rotv

Env_base_1.2.0-07

Env_base_1.2.0-09

Env_base_1.2.0-09
(with mca options)

(second)
Details of DIAG routine

We found MPI_BCAST is the downfall

ML=660 x 660 x 12
MB=13440
4 sample k points

計算上の問題点



NATORI’S COMPACT 
MODEL FOR BALLISTIC  
Si NANOWIRE MOSFET



Planar transistor Surrounding-gate
transistor

NEW TRANSISTOR STRUCTURES
- SUPPRESSION OF OFF-LEAK CURRENT -

Power consumption by off-leak
current substantially increases
as scaling down of planer FET

tri-gate transistor
Intel Ivy Bridge (2011)

Gate controllability 
→ suppress leaks at off state 

→ reduce power consumption

Silicon Nanowire is
the most promising 

channel material 
for SGFET



1616/20

断面直径 4 nm
（ 425 原子 ）

断面直径 10 nm
（ 2341 原子 ）

断面直径 20 nm
（ 8941 原子 ）

断面サイズ < 20 nm 辺りが
実用になると目されている

シリコンナノワイヤの原子構造 (100)断面



CROSS SECTIONAL VIEWS OF SiNWs

[001] [011] [111]
D=1.96nm D=1.94nm D=1.93nm



BAND STRUCTURE OF SiNW
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Derivative of the band energy was calculated
by r.h.s. of the following formula
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n番目の状態にある電子の速度



コンパクトモデルによる
電流-電圧特性の評価

ソース ドレイン
ゲート

Source chemical potential

Drain chemical potential
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Schematic illustration of band 



NUMBER OF CARRIERS IN THE CHANNEL 
①
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NUMBER OF CARRIERS IN THE CHANNEL 
②

SiNW
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CURRENT FORMULA

Id  2q
n
 dk

2dEn (k )
dk 0 1

h

dEn (k)
dk

1

1 exp En (k)s

kT








2q
n
 dk

2dEn (k )
dk 0 1

h

dEn(k)
dk

1

1 exp En(k)d

kT








 q
h n
 dEn 1

1 exp En s

kT







 q
h n
 dEn 1

1 exp En d

kT








 q
h n
 dEn f (En,s ) f (En,d ) 

I  q
h

Tn (E)
n
 dE f (E,s ) f (E,d ) Landauer formula



CALCULATION PROCEDURE ①
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① Perform band calculation
En (k)

Get

② Give Vg-Vth and Vds as input parameters, and solve the following equation
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CALCULATION PROCEDURE ②
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③ Calculate the drain current by the following formula



SiNW(111)
diameter：2nm
temperature：300K
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SiNW(110)
diameter：2nm
temperature：300K

SiNW(100)
diameter：2nm
temperature：300K
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CONTOUR PLOT OF CURRENT DENSITY
By S. Furuya (VESTA)

Vg = 0.1 V Vg = 0.4 V

Vg = 0.7 V Vg = 1.0 V



二村保徳
筑波大

櫻井研

BAND STRUCTURE 
CALCULATIONS WITH 

SAKURAI-SUGIURA
METHOD



SCF CALCULATIONS AND
BAND CALCULAITONS

n 

ly 

eigenvalue

Smallest 

k (wave number)

eigenvalue 

. . . 

Fermi energy 

SCF calc.→ exterior eigenproblem Band calc.→interior eigenproblem



 A novel eigensolver

 Suitable for interior eigenproblems

 Suitable for massively-parallel architectures

 Band structure calculation of 10,000-atom system

SAKURAI-SUGIURA METHOD



CONTOUR INTEGRATION

Re

Im

‥.eigenvalue 

Sk, V ∈C
n×L

k = 0, 1, . . . , M －1

L,M << n

# of grid points

L arbitrary vectors
(linearly independent)



BAND STRUCTURE OF
10,000-ATOM SiNW

0 0.1 0.2 0.3 0.4 0.5
0.096

0.098

0.1

0.102

0.104

0.106

k

ei
ge

nv
al

ue

z 
0 0.1 0.2 0.3 0.4 0.5

0.096

0.098

0.1

0.102

0.104

0.106

k

ei
ge

nv
al

ue

z 



内田和之
東大押山研

ATOMIC & ELECTRONIC 
STRUCTURES OF 

TWISTED BILAYER 
GRAPHENE











澤田啓介
東大押山研

FIRST-PRINCIPLES 
CALCULATIONS OF

STEP STRUCTURES ON 
SiC(0001)



Silicon-Carbide
• Silicon#carbide#(SiC)#is#hopeful#semiconductor#for#

the#next#genera4on#of#power-electronic-device.

Features#and#applica4ons#of#SiC#semiconductors.

h[ p://www.denso.co.jp/ja/aboutdenso/technology/dtr/v16/fil s/13.pdf



Template-of-Nanostructures-using-Step-Structures

• template-of-
nanostructures

14
5

• SiC基板の熱分解によるグラフェン生成



Morphologies-of-Vicinal-Solid-Surface

• 

• 
step,-terrace-and-nanofacet-

278

nanofacet

294

step
terrace



Expected-Simple-Step-Structures
Single-height&step-(SHS)-structure-

Double-height&step-(DHS)-structure- Quad-height&step-(QHS)-structure

?
1'SiC+bilayer'height

2'SiC+bilayer'height 4'SiC+bilayer'
height

Cross&sec1onal-TEM-image

モデルサイズ：300～1000原子



 コンパクトモデルを用いたSiNW-FETの電流電圧特性の計算
 ゲート電極の効果を第一原理的に扱う（産総研 大谷実）

 ソース•ドレイン電極も取り入れた第一原理輸送計算
（東大押山研 Zixin Guo、東大渡邊研 笹岡健二）

 第一原理デバイスシミュレータ

 捻れ二層グラフェンの構造と電子状態（東大押山研 内田和之）

 SiC微斜面の構造決定（東大押山研 澤田啓介）

 機能拡張

 RSDFT-CPMDの実装（東大押山研 小泉健一、阪大 重田照育）

まとめと今後


