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RSDFT

= Si

= SiC

= RSDFT-CPMD
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LARGE-SCALE FIRST-PRINCIPLES

CALCULATIONS IN NANO WORLD
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DENSITY FUNCTIONAL THEORY

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



KOHN-SHAM EQUATION

5E[ ¢] B constraint
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Kohn-Sham W. Kohn and L. J. Sham, Phys. Rev. 140 (1965) A1133,
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DFT CALCULATION IN

REAL-SPACE GRID
METHOD




REAL-SPACE FINITE-DIFFERENCE

PSEUDOPOTENTIAL METHOD
FPrfl'ee

_1 2 4 , p(r') | Eylp] _
[ ZV +\40n+jdr \r—r’+ (1) )¢j(r)_gj¢j(r)

==)> Kohn-Sham equation is solved in discretized space

J. R. Chelikowsky et al., Phys. Rev. B50, 11355 (1994).
J.-l. lwata et al., J. Comp. Phys. 229, 2339 (2010).

62 6
> Derivatives — higher-order finite difference —4(r)= D C.(x+mA,y,2)

m=-6

Ngrid
> Integrals — summation over grid points f G (1), (r)dr = > 4 ()6, (1 )AV
i=1

> lonic potentials — Pseudopotentials Vi, = Ve () + Z‘ﬂa,mxﬂa]m‘

a,l,m 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

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

4 BZ1 N\ BZ2 )

N ( _ N\l N _
Orbitall Orbital2 Orbitall Orbital2

~
J

GridO Grid2 GridO Grid2 GridO Grid2 GridO Grid2
(CPUO) || (CPU2) (CPU4) || (CPUG) (CPUS8) || (CPU10) (CPU12) || (CPU14)

Gridl || Grid3 Gridl || Grid3 Gridl || Grid3 Grid1l Grid3
(CPU1) || (CPU3) (CPU5) || (CPUTY) (CPU9) || (CPU11) (CPU13) || (CPU16)

\S ) )\ ) 2




SiNW110 (20nm diameter) ML=660 x 660 x 12
6309 atoms MB=13440
3600 nodes 4 sample k points (second)

Env_base_1.2.0-07

Env_base_1.2.0-09

Env_base_1.2.0-09
(with mca options)

Details of DIAG routine
(second)

_______Jome  lmate ___ |hesil | pdsyend E

Env_base_1.2.0-07
Env_base_1.2.0-09

Env_base_1.2.0-09

(with mca options)
We found MPI_BCAST is the downfall



NATORI'S COMPACT

MODEL FOR BALLISTIC
Si NANOWIRE MOSFET




NEW TRANSISTOR STRUCTURES

- SUPPRESSION OF OFF-LEAK CURRENT -

K Planar transistor )

Emasm—)

4 tri-gate transistor )
Intel Ivy Bridge (2011)

Power consumption by off-leak
current substantially increases

-

as scaling down of planer FET

Gate controllability
— suppress leaks at off state
— reduce power consumption

~

Surrounding-gate
transistor

Silicon Nanowire is
the most promising
channel material
for SGFET
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CROSS SECTIONAL VIEWS OF SiNWs




BAND STRUCTURE OF SiNW

E_%v%vw(r)ﬂk-v+k?2)wnk(r) (1)
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Derivative of the band energy was calculated
by r.h.s. of the following formula
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Schematic illustration of band
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NUMBER OF CARRIERS IN THE CHANNEL

Schematic illustration of band

\ |
NE

E,(k)

H< Source chemical potential

[
\

Drain chemical potential £/ g/ Hy = U — qus
K
1K _, | 1dE®M
h dk h dk
ore 1 ac 1
NF YZJ‘dE(k) NB “ yzjdE(k)

21 1_|_ exp( En(t2r_ :usj 027 1_|_ exp( En (klgr_ Hyq J

N ;:hannel _ N(I:ore 4 Nfack



NUMBER OF CARRIERS IN THE CHANNEL

Qghannel _ q( Nll:ore 4 N:ack)
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CURRENT FORMULA

dk 1 dE, (K) 1
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_ 9 -
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Landauer formula | —%%E@J dE(f(E, u)— f(E 1))



CALCULATION PROCEDURE

Perform band calculation Get
; e, ()
2 _
L_%V +V(r)]Wnk(r)_En(k)Wnk(r) - ldEn(k):£< —ihv]y,)
I h dk m l//nk Wnk

Give V,-Vy, and Vy as input parameters, and solve the following equation

Cg (Vg _\/m _ H— ECBM ) _ QChanneI q( N Fore +N Back)

e

q
Fore 1
N, ZZIdE (k)>02 (E (K)— u J mmmn) Get L4
~ 1+ exp| — 2
KT
- dk 1
Nz =32 E00

71, exp(En(lo—ﬂdJ
KT

| My = Hs— qus



CALCULATION PROCEDURE

Calculate the drain current by the following formula

dk 1 dE_ (k) 1
|, =2 ——1=
d qyn: IdEgék)>o 27 h dk 1+ exp( En (k) —,USJ
KT
dk 1 dE,(k 1
+2q$: IdEgék) N n( )

027h dk 1+exp(En(ll<<)T—ﬂdJ
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CONTOUR PLOT OF CURRENT DENSITY

By S. Furuya (VESTA)




BAND STRUCTURE
CALCULATIONS WITH

SAKURAI-SUGIURA
METHOD




SCF CALCULATIONS AND

BAND CALCULAITONS

K % eigenvalue\ / l;envalf\_e \

HitFHHHHHHHHH-

Fermi energy
— & —
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SO cale— exterorsgenproblem
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SAKURAI-SUGIURA METHOD

= A novel eigensolver

Suitable for interior eigenproblems

Suitable for massively-parallel architectures

= Band structure calculation of 10,000-atom system



CONTOUR INTEGRATION
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ATOMIC & ELECTRONIC
STRUCTURES OF

TWISTED BILAYER
GRAPHENE




W 6=0°

Side view:

0

—
e 1St graphene layer

esssssssssssssssse 2nd graphene layer

Z

Top view:

twist angle: 0

“Moire pattern”

X » periodic only for special s (—this work)

* non-periodic for other s

*Assumption: In the above and following, an A-site atom is on the twist axis in each graphene.
Other cases will be also discussed later (consideration of lateral translations).



~ u (DSTM+STS for Twisted Graphene Layers ~
_ STM— Moire — twist angle : 8
Luican et al. : PRL 106, 126802 (2011) ( )
STS under magnetic field—Landau levels—Fermi velocity : Vg
§>:|. 1.0 i
> o8l L* B Fermi velocity Vg 1is controlled by changing
2 o6 “Fermi-velocity twist angle 6.
= ion” ; : . T
§ 0.4 reduction M consistent with tight-binding cale. for tBLGs
=
S 02
0 5 10 15 20 25 30 s _
twist angle 6 () = @DARPES
A : STM+STS However, g Hicks et al. : PRB 83, 205403 (2011)
— : continuum tight-binding calc. controversial = 10 .:aﬁ_é___ LT TR Eam——
* : DFP Cﬂ.lﬂ o k. “ . s " :
[Trambly et al., Nano Lett 10, 804 (2010)] ; zz No Reduction .
\ # E ﬂ. 4 Continuum ticht-binding cale. |
> (O  ARPES data
E n.zf A Full tight-binding cale.
= 05— 10 15 20
twist angle 6 (° )
THIS WORK :

We wish to know if the Fermi-velocity reduction 1is true or not.

— DFT calculations for tBLGs
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A

Corrugation

twist angle 6=15.2°

)

? twisted bilayer graphene
(tBLG)

/



Mtwist angle 6=30° Mtwist angle 0=25° M twist angle 6=20°

6> ~20°
No Corrugation
No locally AAJAB stacked regions

BMtwist angle 6=15° BMtwist angle 6=10°

BMtwist angle 6=5°

6 <~20°
Corrugation

Locally AAJAB stacked regions

exist, and become larger as
6 becomes smaller




FIRST-PRINCIPLES
CALCULATIONS OF

STEP STRUCTURES ON
SiC(0001)




Silicon-Carbide

o Silicon#arbide#SIC)#sthopefulfemiconductor#for#
thethextijeneradondfhower-electronic-device.

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

Multiple numbers :5iC/Si

High Temp i . X
o G High Temperature: * 3
Breakdown Electric
Field (Viem)
Endurable for ~ .

Radioactivity: * 3

Low Loss: * 100
High Voltage: * 10

Thermal Conductivity
(Wiem+*C)

Dﬂm I'urSpur.-c

Melting Point
High Frequency: = 10 Snturnuun Electron Velocity . ;Eg} e Power Module for Electric
{ ® 107e¢m/s) Energy Transmission
Tf
- e

Low Loss Power Amp Wafer for GaN epi

for Communication LI:I'-'- Loss Power Module S e for Blue LED * { good lattice match)
for Car Communication Blue Laser

Featurestnd##pplicad onsofiCemiconductors.



Template-of-Nanostructures-using-Step-Structures

e Step structures can be applicable to the template-of-
nanostructures such as nano wires, tubes and dots.

M. Sprinkle et al., Nat. Nanotechnol. 5, 727 (2010). J. Y. Son et al., Electrochem. Solid-State
: Lett. 14, H397 (2011).

14.2 nm 14.2 nm

ces on sapphire Zn0 nanowire
| |
0 nm m— ]
100 n 100 nm
(b)

Dip-pen lithography

Terraces on sapphire

Ve ; Y _—""
y:
y. A ZnQ nanowine
(a) (b)

Nanofacet on 4H-SiC(0001) is applied to The fabrication of ZnO nanowires
template of the field-effect transistor using 1S demonstrated on steps of
self-organized graphene nanoribbon. sapphire [Al,0; (0001)] surface.

e SIC



Morphologies-of-Vicinal-Solid-Surface

e Itisimportant to understand structures of surfaces or
interfaces on substrates for the device fabrications.

e Vicinal solid surface often shows regularly spaced
step,-terrace-and-nanofacet-formed by step bunching.

A. Nakajima et al., J. Crystal Growth 278, 437 (2005). E. D. Williams et al., Surf. Sci. 294, 219 (1993).
AFM image of 6H-SiC substrate surface. STM image of Si(111) surface.




Expected-Simple-Step-Structures

Cross&eclonal-TEM-image Sinale-heiaht&tep-(SHS)-structure-

(0001)

300 1000



i SINW-FET

Zixin Guo

= SiC

RSDFT-CPMD



