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Evolutions of DFT calculation and computers

exa, zetta, yotta mechines?
Kei (2011
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Several projects to develop real-space code are lounched (Late 200
GPAW/Denmark & Finland(2005), RSDFT/Japan(2006), JURS/Germany(2

Textbook for real-space calculation method (2005)
s s K. Hirose, TO, Y. Fujimoto, S. Tsukamoto
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(Imperial College Press, London, 2005)

Earth simulator(2002)
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(Chelikowsky) (1994) massively parallel computer
NEC SX-3(1989)

Car-Parrinello Molec. Dyn. (1985) [4cpu/22.0Gflops]1st shared mem. comp. in JPN

Pseudopotentials (Hamman et al.) (1981) FACOM VP-200(1982)

_ _ [1Lcpu/571Mflops]ist vector comp. in JPN
Density functional theory

(Hohenberg & Kohn) (1964) &5 LI K University of Trukuba 2


プレゼンター
プレゼンテーションのノート
密度汎関数理論に基づく第一原理計算は、1964年に提唱されて以来、計算機の進化とともに発展してきました。81年にはノルム保存型擬ポテンシャル、85年には分子動力学法が提案されました。
超並列計算機が登場する90年代半ばに、Chelikowskyによって平面波展開法よりも並列計算に適している実空間差分法を用いた世界で最初の第一原理計算が発表されました。
この頃、私が4回生として研究室に入り、実空間差分法に基づく計算コードを開発していましたが、Egg box効果という平面波展開法には無い欠点が問題になっていました。Egg box効果については後で説明させていただきますが、99年にこの問題を回避するDouble grid法を開発しました。
その後、後で紹介する伝導計算法を開発し、2005年に実空間差分法のフォーマリズムをまとめた教科書を執筆いたしました。
2000年代は、大規模高速シミュレーションには超並列計算機を使うことが当然の風潮になっていました。2000年代後半にかけて、世界的に実空間差分法を用いた第一原理計算コードの開発が開始されました。
現在のように、京やエクサなど、超並列計算機がもてはやされる時代では、実空間差分法は、第一原理計算の数値計算手法において、最も注目される計算手法のひとつとなっています。


Real-space finite-difference (RSFD) method

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

equation 1
(__Vz +V (r))Wi (r) =&w;(r)
2 (i1 Yjz) (X Y;Z) (XiJhl Yj Zk)

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.,

1 g’ W(2n)-2@) +y(zy) 7T Ba b be T

P — Z ~
2 dz? v(z) _ 2K’ Wave function y is defined
* NO use of a basis-function set at grid point (x, y; z,)
i Jj

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

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 72, 085105 (2005),

T. Ono et al., Phys. Rev. B 82, 205115 (2010).

805 ST K University of Tukuba 3




Advantages of RSFD 1

Advantageous on massively paraIIeI computers.
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Advantages of RSFD 2

Arbitrary boundary condition is available.

Conventional plane-wave method RSFD method

Repeated slab model Electrodes
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Computational model
for transport calculation

The boundary condition infinitely continuing to bulk is available.
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Computational Code [R6¢FFCE

Ab initio molecular-dynamics simulation program

based on Real-SPACE finite-difference method
T. Ono (U. of Tsukuba) in collaboration with
S. Tsukamoto (FZJ), Y. Egami (Hokkaido U.), S. Iwase (Osaka 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 %ﬁ&j{@b University of Tukuba 6



Downsizing of electronic devices
Realization of nanoscale quantum devices

Nanoscale device SRR e R
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e.g.) lattice const. Mean free path

Dimensions << Mean free path Si  5428A << ~400A (RT)
Au  4078A << ~500A (RT)

v

Regime where scattering due to lattice vibrations and defect is negligible

Electron transport = Ballistic : :
Quantum mechanical character of electrons |:> Observation of peculiar transport property

Analysis using theoretical and/or experimental approaches is
urgent task to develop nanoscale devices!!




Scanning Tunneling Microscopy (STM)
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Transport properties of sodium nanowires

Computational Model
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Y. Egami, T. Sasaki, T. Ono, and K. Hirose, Nanotechnology, 16, S161 (2005).
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Interest of electron transport calculations

-\\‘“ r

N o\ﬂ. = -
Electron transport through molecular Electron transport between source
chain suspended between electrodes and drain of semiconductor device

— | —
The understanding and control of the electron transport properties

are key subjects for the development of new nanoscale devices.
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Non-Equilibrium Green’s Function method

Left bulk Transition region | Right bulk

% § J §8ooogooog§ s &

------ 74 Z0% Z1 Z2 Zm-1Zm s Zm+1 Zms2 * == = -

———— —t——+— 2

1. Compute self energy of electrodes i(L,R) (Z) , where Z is energy of electrons.

2. Compute perturbed (w/ electrodes) Green’s function
~ ~ ~ ~ 1
6(2)=[z-H-5.(2)-3,2)]
where H is the Hamlltonlan of the transition region.
For self-consistent calculation, charge density is calculated as n(r) = ——j IMG(Z)dZ .
3. Compute conductance using Fisher-Lee formula.
2
Conductance = 2%Tr[l“LG”l“RGr]
[ = i[ [—Z[T] and T, =i [Z; —Z;T] are coupling matrices.

Computations of ¢ and X are time consuming!!
$ NI IEE University of Tiukuba 11



Difficulty in computing perturbed Green’s functions

Perturbed Green’s function includes electrode effect as X.

E-A(z,)-2,(z,) -B 0
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0 g o .
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Nonlinear equations & slow on massively parallel computers
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Green'’s function in wave function matching method

Wave function matching uses unperturbed (w/o electrodes) Green'’s functions.
Effect of electrodes are included in wave function matching procedure.

Leftbulk | Transitionregion | Right bulk

incident wave ¢'"

' ®"? transmitted waves
ref
reflected waves @

X y RO:
X ... 21208 21 2o eesesssesss Zm-1 Zm iZm+t Zme2 = = = -
—t—t—t ——+—— > Z
Z

(H — ey, = 0 with ¢ being incident energy

Gij(E) = [81 — H];Jl = (ei,xj) ,|[€I — H]x] = ejl
Shifted linear equations
Unperturbed Green’ functions can be obtained very fast by shifted CG method!
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Shifted CG method

Shifted CG method: use of the shift invariance of the Krylov subspace (KS)

R.Takayama

K, (A, b) := span{b, Ab, ..., A" 1b}

x% xP € K, (1 — H, €)) = K, (] — H, €))

\\

J

Y

et. al. Phys. Rev. B 73, 165108 (2006)

The KS does not depend on the energy ¢

Conventional CG
(41 — H)x(l) =€  CG

. — CG

(ekl — H)x(k) = € — CG

The KS is constructed for each

energy, which is time-consuming.

shifted CG

[ (er] — H)x® = g;

«— Store the KS ]

(er] — H)x™) = g;

<— Reuse the KS
for other energies

Pra—
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Algorithm of shifted CG method

Ax=Db (A+al)x° =b
CG method Shifted CG method
Pn =Tn + Pn-1Pn-1 o1 = Ryyq (—0)
ThTn

; ﬁ ay = (ﬂg/ﬂg+1)an
a,p,r
PnAPn BZ_y = (m3_1/73)?Br_1

pn =1/myry + B _1Pn-1

r =71, — a, A o — A0 O 120
Bl n nsPn Xn+1 _xn_l'anpn

T
_Tn41Tn41
fn =

TnTn

scalar-vector product

Computationally moderate!

But, this method is applicable

matrix-vector product _ )
only for linear equations.

vector-vector product
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Advantage of computing unperturbed Green’s functions
Unperturbed Green'’s function does not include electrode effect.
(E—A(z,) -B 0

-B" E-A(z) -B

-1

[(®N
[l
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0 -B"  E-A(z,.)
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Shifted linear equations & fast on massively parallel computers 16



Relation between perturbed and unperturbed GFs

Dyson's equation in the standard form is

Go,| Jo.0 Joa Jo,m Jo,m+1 I 2L (Zo)Go,l |
Gl,l O10 011 T Oim O1ma 0
G|]| - I . (_I th I'OW
Gm,I gm,O gm,l o gm,m gm,m+1 0
_Gm+l,l 1 _gm+1,0 Omir 7 Ymaam gm+l,m+l_ _ZR (Zm+1)Gm+1,I i

Here, U, is kth block line and Ith block row of § .

From O th, | th, and m+1 th block rows, we have

g0,0zL (ZO) T I gO,m+lzR (Zm) GO,I __ gO,I

gm+1,OZL(Zl) gm+1,m+1zR(Zm)_| Gm+1,| gm+1,| |
By solving the above equations, we obtain the relation between
perturbed Green’s function G and unperturbed Green’s function 9.

Gy, = G|l ~20 ()8, " with §,; being g,, + 01 mZe (Zo)l = G Za (Zo) " s -

Proof is in T. Ono et al., PRB 86 195406 (2012). &5 LI K University of Tukuba 17



Effect of shifted CG method
Collaboration with Prof. Cho (Nagoya U.) and Prof. Hoshi (Tottori U.)

Computational model (Na nanowire)

! | ! | ! | ! | ! |
3000 || —®=— Shifted CG _
R.Takayamaet al, PRB73, 165108 (2006) /. ]
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+ 1500 + -
-
o
© 1000 [ —
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= |
0 ] ] ] ] ] ] ] ] ] ]
0 10 20 30 40 50

Number of sampling energy points

Shifted CG becomes powerful as the number of sampling points increases!
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Power Transmission

Power devices

Electronic devices for AC-DC, voltage, and frequency conversions.

Resource and enerqgy problem

loss loss

595 333

10% of electronic power is lost as heat
(10%=80TeraWh/year )

Development of low loss power conversion devices is indispensable.

Technological limit of Si-based power devices is approaching
because the band gap of Si is small for power devices.

-

SIC is one of the promising candidates to replace Si!
% NI IEE University of Tiukuba 19


プレゼンター
プレゼンテーションのノート
まずパワーデバイスとは何か、ですけど、直流から交流の変換や電圧の変換を行う素子のことをパワーデバイスと言います。
パワーデバイスの開発の省エネルギー化の観点から非常に重要です。現在、発電から消費するまでに約10パーセントの電力が熱として失われていまして、
これは年間で800億kWhの電力ロスでありまして、原子力発電所に換算すると約10基分に相当します。
しかしながら、現在のパワーデバイスのほとんどはシリコンで作られていて、Siパワーデバイスは理論性能の限界に達しているため、性能の飛躍的向上は望めません。
そこで、現在Siに代わる次世代材料として、SiCまたはシリコンカーバイドと呼ばれる物質が注目されております。



Problems of SIC-based MOSFET

Low carrier mobility Threshold voltage shift
4
10 ' T T .| : T T
— |- Electron mobility N 100 ——— | |
> 10% i Bulk moblhty_- —_— X 22;
= 1 ‘5808
o 2 O E_
>, 10 ¢ S 60z
o= S [
= 1 = 40
S 10 8 f
=) 3 m n © C
z i . % 20
10 [ L 1 L | L | 1 , . \ | | . \ . \ . o . .
0 5 10 15 20 %o s 0 5
Gate Voltage (V) Gate Voltage (V)
Data taken from D. Okamoto et al., IEEE MJ Marinella et al., APL 90 253508 (2007).

EDL 31 710 (2010).
These problems are believed to be caused by
interface defects near SiC/SIO, interface.

It is of importance to study the oxidation process of SiC.
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プレゼンター
プレゼンテーションのノート
SiC is one of the promising candidate for power electronic device materials.
However, Si is still widely used for power devices because SiC device has some problems. 
One is the low conductivity of MOSFET.
In the case of Si MOSFET, carrier mobility is larger than 90% of Si bulk. However, the carrier mobility of SiC MOSFET is lower than 10% of SiC bulk.
In addition, threshold voltage shift is also big problem.
The origin of these problems is expected to be due to defect at the interface.
So understanding the interface defects which appear during the oxidation is important.



Thermal oxidation of SIC

O,

O desorption O, in-dijfasion

There may exist various C- and O-related defects at the interface,
but their effect on carrier mobility is not clear.

Purpose of this study is
To clarify the relationship between interface atomic structures and

carrier-scattering properties.
$ NI IEE University of Tiukuba 21


プレゼンター
プレゼンテーションのノート
そこで本研究では、SiCパワーデバイス界面構造の同定とデバイス電気特性劣化の原因解明、さらに可能であれば、デバイス特性に向けた設計指針の提案を目指します。研究は計算科学的なアプローチで進めます。
本研究の意義ですが、まず物質科学の観点から、パワーデバイス半導体の基礎物性の理解が深まると思います。また、テクノロジーの観点からも、得られた知見をもとに次世代パワーデバイスの作成技術の進展が期待できると思います。



Computational method & model

9~ albod
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Optimization '_ ._ : .

Rﬁl’ﬂfé code is employed

— Density Functional Theory - — NEGF-Landauer method —
Real-space finite-difference T(E) = Tr[fL@TfR 6TT ]
Projector augmented wave (PAW) I(V) = 7] dE T(E)

HR

T. Ono et al, PRB 86, 195406 (2013)
S. lwase et al, PRE 91, 063305 (2015)
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Local density approximation (LDA)
T. Ono et al, PRB 82, 205115 (2010)




Two types of surface & interface

4H-SIC(0001) has stacking sequence of ABCBAB.... shows two types of surface.

AFM image Interface models

==2> W O W >

Cubic(K) interface Hexagonal(H) interface

K. Arima et al, APL 90 202106 (2009)
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Interface atomic structures during thermal oxidation

Thermal oxidation of 4H-SiC(0001) undergoes as following steps.

1. Clean 2. O,y 3. Oyt 4. V02

Carrier scattering properties of above 4 models are examined
for K and H interfaces.
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-V curve

Current (uA)

K interface H interface
300 - . : 300
— Clean
_ _ — Cl
—or -
200 - O2it ~ 200 | — O2it
——Vc02 el V02
100 8 100
0 : 1 L 0 . ] .
0.0 0.5 1.0 0.0 0.5 1.0
Vo (V) V(W)

e C interface is more sensitive to the insertion of O atoms than H interface.
« Just single inserted O atom at K interface reduces conductance!
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Conduction band edge states of SIC

« sp? anti-bonding state * Nearly free electron (NFE) like

« Localized around Si atoms Y. Matsushita et al., PRL108 246404 (2012).
o Accumulating at inter layer
» Easily affected by stacking sequence

Stacking sequence of SIC affects the behavior of the NFE states at the
Interface.

Control of the NFE states is an important issue to improve the carrier
mobility of SIC-MOSFET!

65 ST K University of Tiukuba 26




Summary

Development of RSPACE code

As the progress of parallel computers, the real-space methods for first-
principles calculations are developed.

With this stream, RSPACE has been developed.

Electronic current in nanoscale systems is quite different from that in macro
scale systems. Although it is difficult for the conventional methods to
examine this phenomena, RSPACE can investigate owing to the flexibility
of boundary conditions.

Computation of the perturbed Green’s function is one of the bottle necks in
transport calculations. We have overcome by the shifted CG method and
good scalability of the real-space method.

Application(Carrier scattering property of SIC-MOS interface)

Low carrier mobility at SIC/SIO, hampers the realization of SIC-MOSFET.
To improve the mobility, control of the NFE states lying the conduction band
edge is important.

$ NI IEE University of Tiukuba 27
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