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Why computational materials database?

(D Screening of materials at an early stage
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(@ Rediscovery of reported materials
*11 new compounds

We synthesized

various a new semiconductor CaZn,N,
ternary nitrides

Ca,N:2-D electride

2 theoretically reported

8 experimentally reported

Out of 4 had not been
considered as semiconductors
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Extract full potential
Promising semiconductors  of reported materials "“‘"

Lee et al., Nature (2013)
Hinuma, Hatakeyama, YK et al., Nat. Comm. (2016




Why computational materials database?

@ Dataset for machine learning

Massive and homogeneous dataset
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(4) Construction of theories

Ex : Oxygen vacancy
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Avallable databases

MATERIALS
PROJECT

69,623 54,058

INORGANIC COMPOUNDS BANDSTRUCTURES

The Materials Project: A materials genome
approach to accelerating materials innovation,
Jain, Ceder et al, APL Mat. 1, 011002 (2013).

- AFLOW

Automatic - FLOW for Materials Discovery

Aflow is a globally available database of 1,668,252 material compounc =4

AFLOW: An automatic framework for high-throughput
materials discovery,
Curtarolo et al, Comp. Mat. Sci., b8, 218 (2012).




Avalilable databases
OQ M D: The database now contains 471857 entries.

The Open Quantum Materials Database

Materials Design and Discovery with High-Throughput Density
Functional Theory: The Open Quantum Materials Database (OQMD),
Saal, Wolverton, et al, JOM 65, 1501 (2013).

High Performance Computing Center

Computational Materials Database
data repository

CMDB from NREL group

Problems of existing databases for researching semiconductors

(D Lack of physical properties (e.g., ionization potential, point-defect properties)
@ Lack of accuracy of some properties (e.g., crystal structures, band gaps)

We need a new computational materials database
:> toward investigating/discovering novel semiconductors




Crystal structures in available databases

ex. 1) Materials Project
Cumulative distribution of the volume
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ex. 2) Layered materials:

c-axis in SnS,

Materials NREL
Project MatDB

5.90 A 6.98

ex. 3) ) Layered materials: c-axis in h-BN

Materials NREL
Project MatDB

6.43

6.661 A (LDA)

7.71

Mean error: 3.2 %
(# of structures : 29,902)
by PBE functional
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Importance of reproducibility of structures

ex. 1) Electronic structure of SnS,

4

Energy (eV)

{

\

@ PBI

cture erimental

Energy (eV)

itructure

[ds]

NN/

%

<>

M%\\

K

r

r A

L H

AL MH K

ex. 2) Formation energy of interstitials in SnS,
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Structures are of crucially importance for semiconductor researches




PBEsol+U
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Errors of interlayer distances in layered oxides

| pacey | pasosu.
ME 5.9% 0.4%
RMSE 5.5% 3.0%

Hinuma, Hayashi, YK, Tanaka, Oba., submitted.

c-axis in SnS, c-axis in h-BN

Materlals Materlals

5.90 A 6.98 6.67 591 6.661 A 7.71




Flowchart

Remove entries with partial occupancies
Search for symmetries and transform the unit cell based
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i Loose condition onc ySta ograp y*

i Remove redundant structures %

fl k-point sampling setting 4. Remove entries with lanthanide and/or actinide elements
i 5 : i 5. Remove entries containing more than 100 atoms

! tructure reaxation E

g § —# of remaining entries: 46,969
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a0 - 6. Classify entries by space groups %

Energy converged?
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Accurate band gap Automation of band paths: Hinuma, Pizzi, YK, Oba, Tanaka, Comput. Mater. Sci. (2017).




Analysis of the structures

Cumulative distribution of the volume PBE-sol
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ME=-0.82% compared to experiments
including high-temperature phases

Acta Cryst. (1976). A32, 751
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Flowchart
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Accurate band gap Band gaps are significantly underestimated.




Applications related to band gaps

Solar cell LED

Efficiency as a function of bandgap
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Lee, YK, Walsh, Oba, J. Mat. Chem. A (2017). Power devices
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non-selfconsistent (hsc) HSEOG
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(a) Si, sc-HSEO06

(b) Si, nsc-HSE06
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Band gap: 1.12 eV (exp. 1.17 eV)
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—v— CBM
—0— VBM
—e— Slab electrostatic potential

BN AIP AlAs AISb GaN GaP GaAs InP MgO ZnO 2ZnS ZnSe ZnTe CdS CdSe CdTe

Hinuma, YK, Tanaka, and Oba, Phys. Rev. B (2017)




nsc HSEOG
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Band gaps for wide gap materials

A Experiment
—— GW,@PBE ]
—&— nsc-hybrid (¢755°)

| —<{>— nsc-hybrid ("BERPA)
—v— nsc-HSEQ6
—v— PBE

Ve (r,1) = av™(r,r') + (1 — a)vi(r) + ve(r)

Band gap (eV)

. _ a = 80_01,

i | Hinuma, YK, Tanaka, and Oba,
0 | | | | | | | | | | | | | | | | | | PhyS Rev B (201 7)

C Si BN AIP AlAs AISb GaN GaP GaAs InP MgO ZnO ZnS ZnSe ZnTe CdS CdSe CdTe

PBE nsc-HSE06 nsc-hybrid(e2BE-RPA) nsc-hybrid(eZ2E0) GW,@PBE Experiment
CdS 1.22 2.21 2.35 2.51 2.35 2.42
CdSe 0.57 1.46 1.39 1.57 1.60 1.73
CdTe 0.49 1.27 1.17 1.28 1.44 1.45
MAE 1.30 0.34 0.23 0.19 0.14
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Further properties:---

« Dielectric constant « Optical absorption

entry#1

@icsp

Loose condition

semiconductor
properties

-------------------------------

Accurate band gap

k-point sampling setting b : _ _ _
' .« |onization potential

Structure reaxation dielectric constants

(010)

increasing k-point E optical absorption

ionization potential
: : (001)

. point defects ] _ _
Energy converged? N ; Automatic construction of surface models

"""""""""""""""""" Hinuma, YK, Oba, Tanaka, Comput. Mater. Sci. (2016).
« Point defects

Band figure, DOS
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Automatic construction of point defect calculations, YK, and Oba, in preparation




Summary

e “ FZ Korlruhe - Construction of computational
Lﬁé‘\j‘ @ ICSD semiconductor materials database

_________________ Voo . Properes . PBEsol+U functional works well

L diti b | = ' '
oose condition I Accurate band gas i for reproducing the experimental

11.975 structures
k-point sampling setting ’ .
non-selfconsistent HSEO6 works
Structure reaxation dielectric constants We” for predlCtlng the band gaps

Further semiconductor
: properties will be calculated in
ionization potential the future

optical absorption

increasing k-point

. point defects ]
Energy converged? T I /
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Automatic construction of surface

Waurtzite (0001)

Rocksalt (001)

FOLOS

Tasker Type 1
This work Nonpolar A
High-throughput g jitable
calculation

Fluorite (111)

Rocksalt (111)
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Type 3

Nonpolar B Nonpolar C Polar
Suitable Reconstruction Polar instability

issue issue

Identify the lattice by
finding isometries (I,w)

|

Make supercell with two
in-plane basis vectors

|

Identify minimum 0 < w, <1
in isometry of the form

HoHoHH

Is the space
group
symmorphic?

HoHHH

0 01 w

Unit layer thickness in Find unit layer thickness
in (hkl) primitive cell z,,

(hkl) primitive cell z, =1

Reduce supercell to
obtain (hk/)-primitive cell

Find potential slab center

Is there an
isometry of
this form?
#oHoH

4 4 #

0 0-1 w,

Potential slab center in

(hkl) primitive cell z, =0 in (hkl) primitive cell z,

Make (hkl) 3-supercell

l

Make slabs with slab

center z, =z,/2 or =,
and slab thickness Identify boundaries of
2. =(1+z )3 0r (1+2,)/3+z,/2 slab that is stoichiometric
when only one boundary
is included

Is there a
stoichiometric
slab with both
boundaries

Nonpolar type C




IP (eV)

Molecular model approximation
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Automation ot point adetect
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