ETH:-urich

MEIAMZ_EiHE

11>

pAR Akl

ZHIrREDENE

TRETF
ETH Zarich / USI Lugano



T47

s S EEITE LM
MERZITRINE

« EFERRRE
IPAYZE

A==




EFIPATIRE

B
8%
ThgeE

RARFF R

Rz F 52451

AR



1HIiT RS
HES
R4 R

e
s

ARG

MEEBRT BN E—HREHEREANAR, MR—MYIREHERTRT, Baed]
ABEHENFEMSEN—RIMER. B2, XI—IENERERE, REERMS—
B RV A R EE S, AR —TE KRR A



i Ea bt BB E LAY SCIR

(a) Inverse Design approach (b) The search for p-type ternary Mn-oxides
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New materials by design | h.-killer: hole killer; h.-prod.: hole-producer; ext.: extrinsic dopant
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\ Si well \ ~N &
XY-valley
g Barrier Barrier - Si well
5 h b-Valley b-Valley
2 \ bCBM | 22+ f¥(-2) b-CBM 5
Two-fold s s I S e
{ - - s 5 —
Z-valley SRS
2¥(2) = f¥(=2) Substrate

Zunger/i 4 ARt T ST AL B Si/ el THEHAT I BRI B EE, TR R 25 s 755 2
kA,

L. Zhang, J.-W. Luo, A. Saraiva, B. Koiller, A. Zunger, Nat Commun, 4 (2013)2396.



GLOBAL TEMPERATURE: 1884 to 2014
Data source: NASA/GISS
Credit: NASA Scientific Visualization Studio
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Inverse Design of Materials by Multi—-Objective Differential Evolution
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Zhang, Y.-Y.; Gao, W.; Chen, S.; Xiang, H.; Gong, X.-G. Comput. Mater. Sci. 2015, 98, 51.
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Multi-objective
Differential
Evolution Process

Initialize structures ]

v

[Local optimization ]b

X

[[ Ranking Pareto front ]]

W
Selection and
finding duplicates

L

i Mutation
i p'i= { pi + F(pr1 — Pr2)
" Uppest + (1 —Y)p; + F(pr1 — pr2)

s 2
[ Final structures ]
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Differential
Evolution Process

[ Initialize structures ]
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i Mutation
| P'i = YPoest + (1 = ¥)pi + F(Pr1— Pr2) §
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, {pi + F(p, — pp) ifp;is non — dominated

‘ Pt = WDpest + (1 — Y)p; + F(py — pp) otherwise
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) Second Pareto front
A dominates B ’ ° o . .

e First Pareto front
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% Differential ey £
"oy "© vector

» Perturbation
vector

!

, P
D'i = VYPpest + (1 — V)i + F(pa — Pp)
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T

design material with a
target direct band gap Eg

ABHERRIME

min z,; = total energy

minz, = |Eg — direct gap| + |direct gap — indirect gap|

o)

a-Al,0, 6.4 2

Diamond (Carbon) 4.1 3

Graphite (Carbon) 0.0 3
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Energysystemof Titanium Oxide (TiO,):
oil osslitue | .. . “; R
s m

-/ great potential in PEC water splitting
pollution
Greenhouse effect / IOW COSt, nontOXiC

exhauste\ % emee—"y.
Acid rain -

........................ - e 4/ SIIONQ Catalytic activity, high chemical

stability
o Renewable H,
/ energy system

~ |

7 Large intrinsic band, absorbs only UV

R Semiconductor
4 Qa : -
sunlight "o powder

» A dopant-free TiO, phase with a suitable
band gap is highly desirable.
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Optical Absorption Property of
CI and PI TiO2
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IM20DERE %1% 1+ HH 5 & 52 A] DL BRI AT 0,48
HZ Chen, YY Zhang, X Gong, H Xiang, J. Phys. Chem. C, 2014, 118 (5)
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Carbon: a Versatile Element

Carbon
Allotropes —

e

ero band gap

None of them
is suitable to
be used as
solar cell

S TR
Rl 0 L
~ U
www.indigo.com
Orbit Single Wall
Carbon Nanotubes r
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sp3 carbon

sp2 carbon

\W M\\\ﬁ li @ E{.

Hybrid sp? & sp? '

Inverse
Design
1.0-1.5eV
unable bahd -
gap

WL IM2ODERAF W 2R, FATRINMTNE 7 SMATR & sp?-sp° JR-ILH
B[R] 2R 7 AR

Zhang, Y.-Y.; Chen, S.; Xiang, H.; Gong, X.-G. Carbon, 2016, 109, 246-252
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VBM
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Band gap between 1.0-1.5 eV

Optical dipole transition between the it and nt* states is allowed
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Absorption coefficient o (cm™)

JDOS (states/nm®)
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System: TiO2(rutile)

Ti: 16, O: 32

Optimized by GULP

Structures generated according to
space group

IM20ODE

1000 structure generated
50 rutile

Hit rate: 5%

CALYPSO

3250 structure generated
203 rutile

Hit rate: 6.2%

EVIRGE MR EEARITER T, IMODERYE X 4 FF 2R 5CALYPSOFE1T

Wang et al, Computer Physics Communications, Volume 183, Issue 10, October 2012
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Pma2-SiS Silicene Sulfide

Yang, J.-H.; Zhang, Y.-Y; Yin, W.-J.; Gong, X.-G. Yakobson, B. I.; Wei. S.-H. Nano Lett, 2016,
16 (2)



Formation energy diagram of Si,S,

0.2
= a-Sisl1]
< 0.0F '“\Xf//’u'
S
©
L -0.2F
o
>
> o)
o -04Ff AN (/’tz/
S P3221-SiS, Silicene Sulfide 0,
5 | - K
= -0.6 | P41212-SiS5 Rmaz-SiS
% " Ibam-SiS,—~
L _08 1 a [ [ . i

M 1 M 1 M
0.0 0.2 0.4 0.6 0.8 1.0
Si S
X 1-x
* [1] Zhu, Z.; Guan, J.; Liu D.; Tomanek, D. ACS Nano 2015, 9, 8284—-8290
e SiS2 structures are all 3D, obtained from open data base.

* Formation energy is referenced to 3D Si bulk and Sg molecule.



Band structures and DOS

Energy (eV)

Energy (eV)




Optical properties

absorption coefficient (m™)

10 -
—— Si-S-Si Pma2-SiS

-—— Si zigzag

10" }

10°

10°

101 1 [l [ " 1
0 1 2 3 4

Photon Energy (eV)

absorption coefficient (m™)

Si-S-Si Silicene Sulfide
Si zigzag

1 2 3 4 5
Photon Energy (eV)

Both Pma2-SiS and Silicene Sulfide have direct bandgaps which can allow optical
transitions at band edges and have values close to the optimal requirement for solar

cell applications.



High carrier mobility in SiS in comparison with phosphorene
e

5000
——BP zigzag
r—— BP armchair
— PmaZ2-SiS Si-S-Si
4000 f- PmaZ2-SiS Si zigzag
silicene sulfide Si-S-Si
silicene sulfide Si zigzag
3000

2000

1000

Carrier Mobility (cm’V’'s™)

-0.5 0.0 0.5 1.0 1.5

Fermi level (eV)

* Mobility u = i, o is conductivity, e is elemental charge, and n is carrier density.

* Both o and n are functions of electron potentials or Fermi levels, so is u.
 The VBMs of each materials are set as zero Fermi energy.
e Our SiS systems have high carrier mobility and are suitable for FETs.



Good defect properties of SiS: no gap states, air stablility

50 50
— Vs —0,
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8 £ |
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e Svacancy has no deep gap states;
* O-related defects have no deep gap states.
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F%&R3: REFTEMNIAFEH

System: TiO, (anatase[101]) —=e o—

Substrate:
Ti:12; 0: 24

Surface:
Ti:4,0:8

4 Ti atom and 8 O atoms &Q )Ly

for global optimization

Perfect surface could be
found in an average of 3
generation

IM?ODERE B FE BT I Z308VIF R T, FHRKETENFTIESE LK
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~ LN A |
KZR4: RS ZERFENIH 5
System: Defect of TiO,
(anatase)
Ti: 16; O: 32 NELECT = 254, O atoms tends to be closer
1 Ti atom and 6 atoms for

global optimization
NELECT = 256, perfect structure
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25 RERA BRI RS

program chart

1 / . . \
Vacuum region Build bare interface from

_ bulk crystal and Miller Index |

. " Generate interface randomly N 40%
Bulk region with constrains

\ v

G Update interface structure | 60%

Buffer layer
by DE algorithm

\ A

Interface

Relax interface atoms by
Buffer |
uffer layer H[ VASP

. No
Bulk region Meet criteria?

Yes
[ End
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KZR6: BERFZEAIMI RS

System: CdSe

Substrate:
Cd: 36; Se: 36

Grain boundary:
Cd: 2, Se: 2

2 Cd atom and 2 Se atoms
for global optimization

Stable and meta-stable
structures could be found
in 3 generations

IMCODEBE WS AE M EF BZ 0B T, FERRILEERBRIGWRRLR
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KFR4: BRI EANE RG]
Interface of STO-Si

PRL105,217601 (2010)

0OeV -0.272 eV
IMODEgE B8 R B EL(E 5t HIS i -SrOH BEE B (KB4
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RAPID COMMUNICATIO!

PHYSICAL REVIEW B 92, 201413(R) (2015)

Structural evolution and optoelectronic applications of multilayer silicene
Zhi-Xin Guo,!" Yue-Yu Zhang,” Hongjun Xiang,” Xin-Gao Gong,” and Atsushi Oshiyama®

Hybrid crystalline 5p2—5p3 carbon as a high-efficiency solar cell @Cmsﬂ-—ﬁ:ﬂ’
absorber

Yue-Yu Zhang * ", Shiyou Chen ¢, Hongjun Xiang * ", Xin-Gao Gong * "~

pubs.acs.org/ManolLett

ding.
Two-Dimensional SiS Layers with Promising Electronic and Lﬁ
Optoelectronic Properties: Theore

Ji-Hui Yang.*i" Yueyu Zh:mgf'k Wan-Jian Yin,” X.

WandJian Yin| X' p00154EE A, INPODERR TS HY

multi-objective inverse b

corption, and the smutd. A4 FHE K FSCIIE 7R, BIETHEE IR

materials such as GaAs, v

application as lizht-abso W*j*sl’ \ :,E*j*sl’ \ gﬁ% o
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Global Optimization

We believe that the number of
functional meta-stable
compounds which human beings
can synthesis is infinity. And
IM?ODE offers some way to
search for useful meta-stable
states for further studying.
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Inverse Design of Materials




IM20DE

Inverse Design of Materials by Multi-Objective Differential
Evolution

__Inverse =
4

Property

Define

desired Multi- Predict
property, objective material
i.e, total searching by with target
energy, IM?ODE properties

band gap

Zhang, Y.-Y.; Gao, W.; Chen, S.; Xiang, H.; Gong, X.-G. Comput. Mater. Sci. 2015, 98, 51.



Flow Chart of IM20ODE

Multi-objective
Differential
Evolution Process

Differential
Evolution Process

i ! H

Initialize structures ! P . i

) * ’ : | Initialize structures i
Local optimization |« ' - L2 ~ |
) * ’ i Local optimization [ ———
N . 1

Ranking, Selection :
and

[ Ranking Pareto front ]

W |

[ Final structures ]

[ Final structure ]

2 i - : i

selection and E i findingduplicates

finding duplicates ! i + i

v i Mutation

Mutation | P =YPoest + (1= V)ps + F(pr1— pra) i

Pl = { pi + F(Pr1 — Dr2) ; ! :
" Wyppest + (1 —¥)pi + F(Pr1 — Pr2) P



Multi-Objective Differential Evolution

!

A pP;=

A dominates B

{pi + F(p, —pp) if pjis non — dominated
YPpest + (1 —¥)p; + F(pg — pp) otherwise

O O ©
& @)
@) O -
O
® ©
.. ® Second Pareto front
O

e First Pareto front

f

1



Mutation Operation

« pPerturbation
\ vector

'P'i
P'i = VYPpest + (1 —V)pi + F(Pq — Pp)



Mutation Operation
(non-dominated)

Perturbation
vector

MODE P'i =i+ F(pg — pp) Flow Chart



Capability of IM?ODE

Property

Electronic
structure

Optical
absorption

Mechanical
property

Structure }
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Find Materials with Large Bulk Modulus

- Bulk Modulus (GPa)

-350 T T AT S
o ottt
o L :
| * Tested system: C;N,
- * objective functions:
defect o G GOEEIEUREEC N minz,; = total energy
rzinc-blende O T HMEACHBEUCITHS
e N.0.624 — 0.0701
o e R minz, = — B = ——¢= -
450 | 1—028. QXK 2 — — 4 d35
cubic
O O
L 2 ® o -
-500 . 1 " 1 2
-9.5 -9.0 -8.5 -8.0

Total Energy (eV)

0.0 440.557 414.718
-0.022 454.546 462.48
-0.164 448.134 30.859
-0.055 463.917 140.35

»YY Zhang, W Gao, S Chen, H Xiang, XG Gong, Comp. Mat. Sci, 2015, 98 (51)



Find Materials with Desired Band Gap

e design material minz,; = total energy
with a target direct minz; = |Eg — direct gap| + |direct gap — indirect gap|
band gap E,

a-Al, 0, 6.4 2
Diamond (Carbon) 4.1 3
Graphite (Carbon) 0.0 3

- cAdesisesrmn rmayaaterial

wrwritthy &a tarsset direcic
Bbbamd sar E



Motivation to Design TiO, with better
Optical property

Enegmystormof Titanium Oxide (TiO,):
oil ossllfue o W
Mg .

/ ~ / great potential in PEC water splitting
pollution
senmouseciet. 4/~ |OW COSt, nontoxic ...

exhau;te\ j X o

T Acid rain -+ ] o . )
........................ g/ STONQ Catalytic activity, high chemical
=Sy stability
Renewable H,
energy system
N -

7 Large intrinsic band, absorbs only UV

¢ L €& —— Semiconductor
s powder

» A dopant-free TiO, phase with a suitable
band gap is highly desirable.



Predicting New TiO, Phases with Low

Band Gaps

distribution graph of solutions
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Optical Absorption Property of
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HZ Chen, YY Zhang, X Gong, H Xiang, J. Phys. Chem. C, 2014, 118 (5)
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Carbon: a Versatile Element

Carbon

Allotropes

None of them is
suitable to be
used as solar cell

Diamond

Wide band gap

Graphene

Zgro band gap

www.indigo.com
Orbit Single Wall
Carbon Nanotubes

Zero band gap




Hybrid Crystalline sp?-sp’ Carbon Allotropes

sp3 carbon

—)

Hybrid sp? & sp?

Inverse

\ / Design
1.0-1.5eV

/ Wy

Tunable ba

gap

Zhang, Y.-Y.; Chen, S.; Xiang, H.; Gong, X.-G. under revision

C24-C



High efficiency solar cell absorber

Electronic structure Optical property
C10-C C24-C 1o°
° S/ — —]
4F . 4 7?/\/—"\\/ -
—~ [ —~——— ] — I ~—"1 £
SN | T R
> 1 { > 1 - s =
O o T VoV [T ol T T Hdeey [T = =
E et ], B Qb Pl 5
g T | e S 10%|
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R r X M I Z R IF X M g
= 10° .J/ L.
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Photon energy (eV)
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& orof e DE
00s [ T G A
0.00 -V’f- ' ' ' ' ]
C10-C R Fi1I£ Thic;iess (j}:\) o
Optical dipole transition between the nt Large light absorption coefficients

and nt* states is allowed and high efficiencies



The lowest energy structures of SiS systems

Pma2-SiS Silicene Sulfide

Yang, J.-H.; Zhang, Y.-Y; Yin, W.-J.; Gong, X.-G. Yakobson, B. I.; Wei. S.-H. Nano Lett, 2016,
16 (2)
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Future Works

Global Optimization

We believe that the number of
functional meta-stable
compounds which human beings
can synthesis is infinity. And
IM?ODE offers some way to
search for useful meta-stable o0
states for further studying.




Conclusion

* We developed a powerful tool, IM?ODE, to search
for materials with desired properties.

* Five carbon allotropes are found to be good solar
cell absorbers.

* The predicted SiS systems have both good optical
property and high carrier mobility.
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