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Computational Materials Design (CMD®) Workshop

,- 5 Dy il o 0@ s
S SlpercomputefdColinse.

§ o ’
o

Order NET W Fi& (ERY ) — B8R OMRELA

o —~ M) T A AR L—a |

Afp-type GaNR T TH v — 08

—->0Z2>»T

Derwity of siskes {/9iLing cal or Atom)

A B layers + GaN B0 layers

P4, Ogura and H. Akal, Ssurnal of Camputational
ana Thearesical Kansucience 6, 2441-1498 (2609),

Order N & Multi-Scale Simulation

M ERE S —avEORREEA
SMEERYSaL—YaviE

Beyond-Local Density Approx.

Beyond LDA: Quasiparticle Self-consistent GW (QSGWik)
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1. Spinodal Nano-technology as a New Class of Bottom-
up NT.

- Self-Organized & Universal Nano-Fabrication Method

2. Spintronics Materials Design
- New Materials Design, Realization & Tc

3. Photovoltaic Materials Design by Codoping, Self-
Regeneration, and Spinodal Nano-Decomposition for

PVSCs.
- Electron-Hole Separation & Nano-Superstructurs
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Spinodal Nanotechnology
as a New Class of
Bottom-up Nanotechnology
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There’s Plenty of Room at the Bottom, R. P. Feynman
“Father of Nanotechnology’, APS, 12/29/1959 at CALTECH
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A New Class of Bottom-up Nanotechnology

Spinodal Nanotechnology

[:Semiconductor Nano-Spintronics
[0Semiconductor Nano-Spincaloritronics
OSpinodal Thermoelectric-Power Materials
OOHigh-efficient Nano-Spinodal LED & LASER
[ONano catalyst for Automotive Gas-Emission
[ZNano-Spinodal Photovoltaic Solar Cells
OOHydrogen Photosynthesis Nano catalyst
[O0Semiconductor-DMS Hydrogen Storage
CHigh-T, Nano-Superconductors

CONano catalyst for Fuel Cells

OOMulti-ferroic Nano composites

OSpinodal Nano-Quantronics

OOSpinodal Nano-Moltronics

OOSpinodal Nano-Water-Splitting

OSpinodal Nano-Artificial Photosynthesis
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Semiconductor Nano-Spintronics :

Materials Design & 7,

Design & Realization of Semiconductor Spintronics
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K. Sato, et al., Semiconductor Science and Technology, 17, (2002) 367. (ISI: 518)
K. Sato, et al. Jpn. J. of Appl. Phys., 39, (2000) L555.
K. Sato, et al. Jpn. J. of Appl. Phys., 40, (2001) L334.
K. Sato et al., Rev. Mod. Phys. 82 (2010) 1633.
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Effective Chemical Pair Interaction by KKR-CPA &
Multiscale Simulation of Spinodal Nano-Decomposition

K. Sato, et al., Rev. Mod. Phys. 82 (2010) 1633. =—// 010, V, =/ M) Gote.2)/ Mnta
¥ ] g

Sato, Katayama-Yoshida, Dederichs., Jpn. J. Appl. Phys. 44 (2005) L948.
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T. vs. 3D Spinodal Nano-
decomposition in (Zn,Cr)Te

Curie temperature (

B Random configuration M 3D Spinodal Nano-Decomposition
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7= of (Ga,Mn)N in Spinodal Nano-Decomposition

K. Sato, T. Fukushima, H. Katayama-Yoshida,
Jpn. J. Appl. Phys., 46, (2007) L687.
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| High Blocking Temperature (75) by Magneto Crystal Anisotropy
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T Konbu-Phase with High-T is Ubiquitous
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Codoping for High-7, DMS

Self-compensation is “Mother Nature’s Codoping”.

We propose a new class of “Alchemist’s Codoping”.

B Yamamoto, Katayama-Yoshida, JJAP, 38 (1999) L166. [ISI: 340]
W Sato, Katayama-Yoshida, Dederichs, JJAP. 44 (2005) L948. [ISI: 142]
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Codoping with interstitial impurities in GaMnAs
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L. Bergqvist et al., Phys. Rev. B83 (2011) 165201.

H. Fujii, K. Sato et al., APEX 4 (2011) 043003.




Alchemist’s Codoping Method :
L. Bergqvist et al. PRB 83 (2011) 165201.
H. Fujii et al., APEX 4 (2011) 043003.

Diffusion & Dissociation energy

Cu; in Mn-doped p-type GaAs ; H. Fujii et al., (2011).
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Diamond Mutation

Family Tree of Diamond Mutation

C, Si, Ge

GaAs, LiZaA (a) CulnSez

T ] ()

ZnGeAs, CulnSe,

(IL,IV)-V,

LiGaGe,As, l Cu,ZnSnSe,

[ quniv,)-v, | | G-IV, |

H. Katayama-Yoshida, T. Yamamoto, US-Patent US6153895, Y5FE8-14091. 4%
BT 09-213978, $FFAT9-308765. % 11-145500, %5FET9-239839. HFfTF11-
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Photovoltaics Materials Design by Codoping and
Seli-Regeneration

*Self-Regeneration
*Artificial Doping of Acceptor and Donor

SHiBo

Chalcopyrite CulnSe, (CIS)
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Self-Regenerated Low-Cost &

High-Efficiency PVSCs : [2V " + In.,2*]
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Self-Regeneration in CulnSe,

n x [CuInSe,] + m x[2V, + In.2*] = Cu,3In,.,Se,, (m =1)

CusInsSeg +  (2Ve, + Ing2t) = In,Se;
Cu,In,Seg + (2Ve, + Ing2t) = ulnsSeg
CusInsSeyy + (2Ve, + Ing?t) = uln;Ses
CuglngSe;, +  (2Vey + Ing?t) = usIn,Se;,
Cu;In,Se;, + (2Ve, + Ing?*) = CuzlngSeq, = n,Se,
CugIngSe;g + (2Ve, + Ing?*) = usIngSe;q
CuglngSesg + (2Ve, + Ing?*) = Cugln Se;s= nsSeq

7In;15€50
ngSe;
0lN;3Sey,

CuyoInggSes + (2Vey + Ing2t) =

Cuy;Iny;Sey, + (2Ve, + Ing2t) = Cuglng,Se,, =
Cuy,Ing,Sey, + (2Ve, + Ing2t) =

Cuy3IngsSese + (2Vey™ + Ing2*) = CU1oIn14seze 7Sei3
Cuyylng,Sesg + (2Vey™ + Ing2*) = 11IN155€58
CuysIngsSesy + (2Ve, + Ing?2t) = Cu121n165e28E:> 4Se;
CuyglnggSes; + (2Vey™ + Ing?*) = = 13In175€3,
Cuy;Iny;Ses, + (2Ve, + Ing?t) = CumInlgSe34
CuyglnygSesg + (2Ve, + Ing ) =

CuyolnggSesg + (2Vey + Ing2t) = c>
CuyglnyeSeso + (2Ve, + Ing2t) = =
Cu,;In,;Sey, + (2Ve, + Ing2t) = CulganZSe42 =
Cu,,In,Seq, + (2Ve, + Ing ) =

CuyslnysSeye + (2Ve, + Ing?t) = Cu201n24Se46
Cuouln,,Seys + (2Ve, + Ing2t) = =
Cu,sInysSesy + (2Ve,™ + Ing2t) = Cu221n26Se50
CuyglnyeSes, + (2Ve,™ + Ing2) =

Cu,,Iny,;Ses, + (2Ve, + Ing?t) = Cuz4InZBSe54 Cuq#In,,Se,,

Red Color : Experimentally observed up to 2013.
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Self-Regeneration & Spinodal Nano-Decomposition

[Rule 2] :
Spinodal Nano-
Decomposition

[Rule 1] :
Self-Regeneration
Mechanism

Self-Regenerated
Compounds

Stoichiometric

Compounds

Culn[S,Se [Cu,Ve ]
(CES) Iz [2Ve, + Ing®*]  CuyzqIng, [S,Sel, EGSS]]
[Cu,Ve]
Cu[In,Ga][S,Se [In,Ga]
[ (CIG][S) ]2 [ZVCU- + Ir1(:u2+] cu1-3u[In1+a-X GaX][slse]Z Egres,g:g
[Cu,Vel]
Cu,ZnSn[S,Se : S,S
2 (CZ'II':S) Ja [Veu + Zngyt] Cu,_5,Zn,,,SN[S,Se], ESe,g]]
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Experimental Verification of Self-Regeneration from the Radiation

I H “ n
Damage Tested by JAXA's Satellite “TUBASA” : Cu Se,
1.0 agg 10
(] -
'S
o068 :ﬁn_s [ vCu + :nCu ]
= & |
ﬁn} | = CG=100,m lsc Bp7 L ecE-00mise ||
] o CG=500.m Isc < = o CG=500.misc |
Eog | aCG-100.mVee i Tos || 1CG-100mVWoc ||
5 & CG=500_m Voe i d | & CG=500, m Voc
05 4 05
1 10 100 1000 1 10 100 1000
MET(ﬁa:.-s afler launch MET [days aftes launch)
Bulk Poly /SC Large Scale CuInGaSe,-PVSC
10 10
Eog £os
frd &
303 e e W EU—S
B0y || sCo-W00.msc | | R0y [aCG=100.misc ||
E™ = CG=500, mIsc | E o CB=500. misc | |
€ || ace=100,mVoe Eos || sCe=t00.mvoc |
i | a ©E=500, m Voe | 2 OG=500, mVac |
05 — 05 g .
1 10 1040 1000 1 10 100 1000
MET [days after launch :

Si Single (J»\H\Mn( Space-Use PVSC

InGaP/GaAs Tandem PVSC

39

My Parent’s Country House, Okayama, Japan

Buy : 9 Yen/kW - h
Sell : 42 Yen/kW - h




CIS : CulnSe, [Cu,V¢,]

Spinodal Nanotechnology
as a New Class of Bottom-up We Can Increase the Energy Conversion Efficiency

Nanotechnology to Increase the PVSC Dramatically, By Controlling the
Efficiency Dramatically

HAEBO

Spinocdal Nano-Decomposition & Self-Regeneration by

Mother Nature's Codoping [2V, + Ing, ] in CulnSe,
E,, =E[Cu1 3 Ve dn InSe,]
o 2

2

CIGS : Cu[lin,Ga]Se,

—(1—3—x)E[CuInSe2]—3—xE[In2Ses] E : . -
2 2 5 We Can Increase the Energy Conversion Efficiency
5 -20 . .
CulnSe, g Dramatically, By Controlling the
e o
0
_______ (CUy 342 VCy Ing)inSe,
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o Vinzse3 (Cuy a4 VCy Inyz)InSe,
AV =004 eV 1
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Mixing Energy & Spinodal Nano-

20% Efficiency Cu[ 1Se, :
Spinodal Nano-Decomposition (Dairiseki-Phase)

Decomposition: CIGE & CZTESe=

r
Mixing energy : AE

AE [CIGS] 1-x) E[CulnSe,] + x E[CuGaSe,]

E[Cu(In, Ga,)Se,] =

AE [CZTSSe]

1%x) E[Cu,ZnSnS,] + x E[Cu,ZnSnSe,]
Phase Separated States

[Cu,ZnSn(Se;,S)a] -
Mixed States

. J
[ Mixing energy AE ]
g ] dc d AE
= Positive and Convex upwar
S 300/
5 p 1? /7 %
% 250 | Culln, Ga,ISe, (CIGS) | Spinodal Nano-decomposition.
3 200 ( | mCuln, GaSe, =
£ 150 | CuZnsn[Se,,S,], (CZTSSe) [ (1-x) CulnSe, + x CuGaSe,
= .
2 100,
§ ol mCu,ZnSn(S;.Se,), =
E (1-x) Cu,ZnSnS, + x Cu,ZnSnSe,
04 {
0 02 04 06 0.8 1

Conceniration x (Ga or 8) 45

W 7ani, Sato, Katayama-Yoshida

mY. Yan, M.M. Al-Jassim. NREL.

Multi-scale Simulation of 3D Spinodal
Nano-Decomposition

Crystal Growth R
Dairiseki-Phase Z-contrast STEM (EDX)
Image  =@EHE
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20% PC Efficiency Cu[ 1Se, :

Nanodomains (Dairiseki-Phase)

Nanoscale Spinodal Wave Length : 10~20 nm
mY Yan, M.M. Al-Jassim & R. Noufi, NREL.
— -

Se/M =0.92-1.27
1.6

14[(Cve) g o)

Composition

6
[nm]

Z-contrast STEM (EDX) Image : 0.65 = [Cu/(In+Ga)] = 1
Self-Regeneration by [2V¢,” + 0.20 = [Ga/(In+Ga)] =0
Ing,%*] 0.82 = [In/Ga] = 4 8O 47

Band Alignment between

CuinSe, & Cut=:aSe,

| CuGaSe, | CulnSe, | Valence band offset : AE,

Conduc}onband AE, = AEVBMCIS

AE 5, 55 + AE .

AEVBMC’S orCGS — EVBMCuluSez or CuGaSez
I 0.22 eV — E,;Culusez or CuGase;
u-
E CuGase, AEC,C’ = ECu_IsCquSez — ECu_IsCuGaSez
=j0.854ev  ESS=
0.716 eV
10.08 ev AE, =-0.08[eV] <0

E CulnSez < E CuGaSe;
g g

-4 =
Type I Band Alignment

Effective Electron & Hole separation

Valence|band

Giel




AFM Topography & SCM Data of

Culn

Ga, .,Se,

SCM Data of Cu

In

Ga,Se, :

p-, n-type Inversion Area Ratio & Efficiency
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Cu(In,Ga)( )> = Grain Boundaries Cu(In,Ga)[ ], = Grain boundaries
|  STEM/EELS image | | Yanafa Yan et al. NREL | | STEM/EELS image | Element profile |
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m Spinodal Nano-Decomposition of (Cu, V¢,) , (Se, O0), (In, Ga) in
Cu(In,Ga)Se,.
- Anti-Correlation of Cu/In & Se/O.
- Self-Regeneration by [ 2V, + Ing2t ]

Cd

m Spinodal Nano-Decomposition of (Cu, V¢,) , (Se, O), (In, Ga) in
Cu(In,Ga)Se,.
- Anti-Correlation of Cu/In & Se/O.
- Self-Regeneration by [ 2 V¢, + Ing 2t |
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CZTSSe : Cu,ZnSn[S,Sel,

We Can Increase the Energy Conversion Efficiency

Dramatically, By Controlling the

53

Substitution of 217" by Zn>"& Sn" :

Akai-KKR-CPA & PSIC-LDA by Codoping

x=10
! Siol i | 2z et
i) Y™ oo
L J| JI'J " l\l ", ".-JM . 4 )\
A k » T
} ' AN ' /" | 1 Al of the Substitution,
gt H ) (
’ (1) Direct band gap
L 10 (2) No impurity states in
: the band gap
i Culn, ZnSnSe, x=1.0 | 7% (3) Fano Anti-Resonance
% 1| NEAVATEE:: =
/| ,L jiul \ [V
N 3 I | N/ Good for High-efficiency
£, ‘k \ /' 1 | Photovoltaic Solar Cells.
§ , 1< ({
“ N \ 3 SEBO
15 -10 E"erwﬁlm 0 5
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Spinodal Nano-Decomposition in
Cu,ZnSn[ 14

1

60
=
E@D
s o 1200 (K)
PR
.20
405 02 04 06 08
S concentration
1600
3
21200
=3
«
3 800 °b-___ _‘
g @mx2) <0 R
F 400— = o
R Cu,ZnSn(Se, , S,), *
% bz 04 08 1

? 0.6
S concentration x

« Alloying Se and S
e Free energy F

F=E, -TS

E,, = E[Cu,ZnSn(Se,_,,S,),]
—(1-x)E[Cu,ZnSnSe, ]
—xE[Cu,ZnSnS,]

S= —kB[(l—x) log(1-x)+xlog x]

« Upward Convexity in F =
Spinodal Nano-
Decomposition
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Valence band offset between

Cu,ZnSnS, and Cu,ZnSnSe,

CZTSe | CZTS |

Conductiion band

Valence band offset : AE,

AEV = AEVBMCZTSe — AEVBMCZTS

[ BEygy = Epgy Ecuss ]

—J

Type I band alignment

Effective Electron & Hole Separation

IO




Monte Carlo Simulation of 3D Spinodal Nano-

Decomposition in Cu,ZnSn|[ 14

[ Dairiseki-Phase : Cu,ZnSn[Se,.S,], X =0.15 ]

Calculation details

eConcentration X; = 0.15
eTemperature = 300 K
e 250 MCS / atom

eH=-% Zi,j VijO'iGj

. P

&® v; : pair interaction
i HGN L o, : occupation number
L
' S-S Se—Se S—Se
' & g = —
15 V=V V-,
@ 0 é -+

\_‘3% 3

VB

- 10
To n-type electrode

Self-organized 2D-Spinodal Mano-decmposition

& Self-regenerated High-efficiency & Low-cost PVSCs

(1) Fast Electron & Hole Separation in Type II Konbu-Phase.
(22 Multi-Exciton Generation by Inverse Auger Effect.

Konbu-Phase In Chemical Pair interaction:

Vij = VijS-S + V’_]_Se-Se = 2V'_]_S-Se

ya

40

o

Energy [meV/atom]

‘/2\5—n
o

o, -40
5
S
-
44 -80

g ) Ising Model

= —1 . . .
H=-%Z,v; o0;
v;; : pair interaction
o; : occupation number

High-Efficiency by 2D-Spinodal Nano-

Decomposition : Konbu-Phase

A Electron-Hale Separation Mulfi-Exiton Generation
nano=-wire

——

=lN= | cmse | czs || czmse [czrs| czmse |

g} ( onduction|band
?§§ e

LY ey

!

Valence|band

Type Il band alignhment Nano sca
<5nm

Cu,ZnSnSe, (CZTSe)
Host matrix

e

« Efficient Electron-Hole Separation in Type Il Band Alignment of
[Cu,ZnSnS, & Cu,ZnSnSe,], [CulnSe, & CuGaSe, ].

* Generation of Multi-exiton by Inverse Auger effect.
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Spinodal Nano-decompaosition :

Raman Scattering [~100 nim]

Cu,ZnSn[Se,S; 14

1.0
T T T T T v
(A) czTsHike ®)
peaks

0.8 1 S/(S+Se
- Lt Cu,ZnsSns, 1.00 RE
(f 06l (arb. units) | g
%) 10 '
= . \ o
2 06 ©
% >
E 0.4t aa J §
= 2
it \ £

02 CZTSedlike

peaks CuZnSnSe, 0
N N S
0.0 ) L L 4 I I L L L L N L L n
50 100 150 200 250 300 350 400 50 100 150 400 250 300 350 400
Ramarffshift /cm™ Ramfn shift /cm™

A. Fairbrotheret al., Chem. Phys. Chem., 14, (2013) 1836.
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Atom Probe Tomography [C .1 : Cu,ZnSnSe,

Cu Zn 8n Se

FIG. 2. (a) Three-dimensional elemental map of Cu (blue), Zn (grey), Sn
(dark green), and Se (red); (b) only Cu and Sn displayed as well as

iso-concentration surface of at % Zn (grev) and 7.0 at. % Cu (blue).
Volume size for (a) and (b) ig62 < 66 x 219nm°,

T. Schwarz et al., Appl. Phys. Lett. 102, 042101 (2013).

GB study by STEM-EDS in Cu,ZnSn[S,Se],

T ? v Sn & Se content is always
} ’, poor while O always rich in
Rather s this random GB.

v' Cu content is not continuous
along the GB —rich at the

top while poor at the bottom
(as marked with the arrows).

v' Left grain shows richer Se/
poorer S than right one.

Spinodal Nano-
Decomposition in
Cu,ZnSn(S,Se),

Anti-Correlation of
S/Se

- Se-rich & S-poor.

- S-rich & Se-poor.

Spinodal Nano-
Decomposition in
Cu,ZnSn(S,Se),
at the Grain
Boundary

- Anti-Correlation
of Cu/Zn

- Anti-Correlation
of Cu & V¢,

Self-Regeneration
by [VCu_ + ZnCu+ ]




Spinodal N_a_no'_ Printing, Painting, Plating Methods in Cu,ZnSn(S,Se), PVSCs
Decomposition in
Cu,ZnSn(S,Se),
at the Grain IBM (b) [ecerivecemm A e
Boundary 12.6% e e A 10
Sp|n Coating. 100 f—te : PRI Y PR TS TR PR PR TR S i | -
- Anti-Correlation PR I B e " S ]
of Se/0. _ £ H i
Osaka Univ. = o : : JIOE/E
- 9% (Without RC) W Ry ! )
- Strong Ionicity Electrochemical <ol | ]
of O at GB. Plating. el
T | N
D ! i 1 A I & 1 A 1 .|
6OJ—IT’ TOPPAN 200 400 600 1000 1200 1400
° A fnm
Painting. . : :
Figure 2. (a) J-V characteristics for the 10.0% champion cell €1
{b) Internal quantum efficiency (IQE} and the extemnal quantum efficiency
GB (EQE) hi.a‘...lurin EQE [—!‘."JII'LI;:"[ [OV) {top panel) of the champion cell and
I_I 1“ nm of the previows generation cell B1, 66

Cu,ZnSn(S,Se), PVSCs  12.6% SUMMARY

7 ~ j 240 IV UI.FT W .
| (, 2 & u Zn 1. Spinodal Nano-technology as a New Class of
s B ut & -
s Copper Zine Bottom-up NT.
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2. Spintronics Materials Design
- New Materials Design, Realization & Tc
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3. Photovoltaic Materials Design by Codoping,
Self-Regeneration, and Spinodal Nano-Decomposition
for PVSCs.

- Electron-Hole Separation & Nano-Superstructurs

| el
W
31

=

POREE = \Jl="\_ \}

e

5 62 1503 272

' Sm .

SHEO

!

B,
N0y Z =]
{o=On




