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Part I.
INTRODUCTION

relative permittivity
(dimensionless, >1)

Permittivity of vacuum
8.854x10-2 F/m

Low-k dielectric

Finished Device

Enabling faster switching speeds and lower heat dissipation 5

Dielectric ceramics are of importance as components which have
been widely used in microwave communications devices, batteries,

High-k dielectrics: reduce gate current leakage

Gate current leakage is resulted by electronic tunneling
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Enabling lower power loss and further scaling components/devices




ypical high-k & low-k materials

Ceramics

- Rational selection
Zr0,/HfO,/MgALO,/ D

Si;N,/BN... : ° ;
Innovative design
sio, s

v

Initiative acceleration of the
materials continuum

Tools

Experimental  Digital
Tools Data

Materials Innovation
Infrastructure

The Materials Genome Initiative will develop new integrated
computational, experimental, and data informatics tools, which
will seamlessly integrate into existing product-design frameworks

to enable rapid and holistic engineering design.

----Executive office of the president. Materials Genome Initiative
for Global Competitiveness. Washington D.C.: National Science
and Technology Council, (2011). 8

Dielectrics cover different chemical elements
and each compound has many polymorphs

Question
B

computational,
experimental, and/or
data informatics tools?

Dirac: The
remaining task
of physics is to
solve
Schroédinger
equation

Front Row: . Langmuir, M. Planck, Mme. Curie, H.A. Lorentz, A. Einstein, P. Langevin, Ch. E.
Guye, C.T.R. Wilson, O.W. Richardson

Middle Row: P. Debye, M. Knudsen, W.L. Bragg, H.A. Kramers, P.A.M. Dirac, A.H. Compton, L.
de Broglie, M. Born, N. Bohr

Back Row: A. Piccard, E. Henriot, P. Ehrenfest, Ed. Herzen, Th. De Donder, E. Schrédinger, E.

Verschaffelt, W. Pauli, W. Heisenberg, R.H. Fowler, L. Brillouin (17/29 Nobel Prize) 0

Schrodinger equation

e

2
—Zé (7, 1) = {—hvz + V(f,t)}l/(f,z)
i Ot 2m

N

we know the future W. F. at any time
|¥(r,t)2dr gives the probability at time t of finding
the particle in the region of the r axis lying

between rand r+dr.

1954 Nobel Prize
1926, Born

Hohenberg-Kohn E[\{J(;Z\;)] = E[”(;)]

theorem

Walter Kohn

1998 Nobel Prize equations
1964

«Exact only for ground state

n@ =3 fie, 7)-0,F)

N— In(f‘)dsr

o

+Needs approximation to E,.




) How helpful the first principles

5
<212”® Chemical process planning needs correct thermodynamic data

Evaluation of the thermodynamic data of MTS
JANAF 31 Ed. || NIST-JANAF4®h Ed.

CH,CL,Si->SiC+HCI+...
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J Phy Chem Ref Data 35 (2006) 1385-90.

Log(H,/MTS)

Eur Phys J D 49 (2008) 21-35.

e The calculated thermodynamic data are comparable to the reported
data in NIST-JANAF 4th edition. And the calculated temperature & gas
ratio for manufacturing SiC are comparable to experiments.

) Origination of permittivity: polarization
E3i%

Electronic polarization lonic polarization

E=0 E
£ Ee e ., .
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Dipolar polarization Space Charge Polarization

E=0 E. E=0
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) =t ;f ==
—::— o —_——

Polarization occurs when an external electric field is applied on the
materials and it relates to the frequency of the field.
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MATERIALS BY SELECTION

Solvable polarization by first principles

Quantum mechanics
First principles

Interfacial/space charge

i

Orientational/dipolar
lonic
Electronic
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) Dielectric spectrum

E3i%

Dielectric constant along a direction:

2
Diom = Prom

e(0)=¢,+ic, =¢], +8;ﬁz -

2 - 2
m wTO,m -0+ l}/w

Electronic
polarization

Static dielectric constant (LST):
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LO: longitudinal-optical; TO: transverse-optical modes; LST:Lyddane Sachs Teller

17

ADielectric spectrum

IR reflectance:

R, ()= s (@) =1
o JEus (@) +1

Refractive index and extinction coefficient:

no)= (e vel )
k()= 5 (Ve el -, )




Nomenclature of Mulliken symbols

Mulliken Symbols

Symbols used to identify ireducible representations of groups

A = singly degenerate state which is symmetric with respect to rofation about the principal G, axis,

B = singly degenerate state which is antisymmetric with respect to rotation about the principal G, axis,
E = doubly degenerate,

T = triply degenerate,

ypical dielectrics

X, = (gerade, symmetric) the sign of the wavefunction does not change on inversion through the center of the atom Compound ACCOUStiC & OptiC mOdCS gslalit Sw
X, = (ungerade, antisymmetric) the sign of the wavefunction changes on inversion through the center of the atom, monoclinic— 2BH(A)+/\‘(A)+7BH(IR)+8 [20 3 18 3 12 8] [4 7 4 6 4 3]
= the sign of the function d t chi tation about th ter of the: af . . . . . .
X1 = (on g or b) the sign of the wavefunction does not change upon rotation about the center of the atom HfOz /\‘(IR)+9A ,(R)+9B ,(R)
X, = (on g o b) the sign of the wavelunction changes upon rofation about the center of the atom, £ £
' = symmetric with respect fo a herizental symmetry plane oy, tetragonal— Eu(A)+A2u(A)+2Eu(IR)+2
" = anfisymmetric with respect to a horizontal symmetry plane o HfO Azu(IR)+3Eg(R)+2B2g(R)+ [958 958 145] [51 51 45]
2
A (R)+B,,(S)
Cotton, F. A. Chemical Applications of Group Theory. 3rd ed. New York: Wiley, pp. 90-91, 1990. .
19 cubic HIO, [T\, (AY T, (IRIFTo,(R) _[[30.930.9 309] [[4.9.4.9 4912

(contd)

) ypical dielectrics

m-ZrO,

e

Compound |Accoustic and optic modes

ypical dielectrics (contd)

stishovite

cristobalite

€gatic €, Compound [Accoustic and optic modes € atic £,
f‘;‘;g‘;di“ic f&fg&&igg]&gﬁ)ﬁg [19.6 18.2 15.1]|[5.7 5.6 5.2] tsrii(g)‘:“al' %&’ZK%’;)MA*IR)“E(IR’ [444443] [232323]
tzeg‘g"“al' Qzéﬁ))ifﬁiﬁi)?ﬁi(%?f [78.378.3 18.9][6.2 6.2 5.6] tsit(r)ag""al' ﬁif&ﬁj‘ﬁfzﬁﬁ%‘ﬁ?ﬁ&gz [11.311.39.0][[3.43.43.5]
> B, (R)B,.(S) 2| (S)rAR)B,(R)
I T AV, (R, (R)  [[29.229.229.2)(16.2 6.2 6.2][e cubic-Si0, [ 1A TR TR T(Sli3 7 37371 2121213

ypical dielectrics (contd)

Compound |Accoustic and optic modes | €, €,
wurtzite-  |A (A)+E, (A)+A,(IR,R)+E,

AIN (IR.R)*+2E,(R)+2B,(S) [7.97.99.2] [4.44.44.6]
cubic-AIN |T,(A)+T,(IR,R) [11.511.511.5] |[5.75.75.7]

ypical dielectrics (contd)
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Compound |Accoustic and optic modes € atic £,
cubic- T,(A)+16T (IR)+4A (R)+HE(R)
Y,0, 14T (R)+5A,(S)+5E,(9) [8.8 8.8 8.8]([4.14.14.1]




Epsilon

20[ | == Calc. .
—Expt. m
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€,

Compound |Accoustic and optic modes € o

static

hexagonal- |A, (A)+E, (A)+A, (IR)+E, (IR)
BN +2E,(R)+2B,,(S)

lu

[6.3 6.3 2.8]|[4.6 4.6 2.5]

cubic-BN  |T,(A)+Ty(R, IR)

[6.96.96.9]([4.44.44.43
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ypical dielectrics (contd)

Reflectivity

e 2
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Frequency (cm™)

Compound |Accoustic and optic modes €gatic £,
bic- Tlu(A)+4Tlu(IR)JrAlg(R)JrEg(R)Jr
cubic 3T, (R)+T, ()24, (S)+2E (S) [[7.7 7.7 7.71[(3.1 3.1 3.1]
MgA1204 g g u u
+2T,,(S)

Compound |Accoustic and optic modes €gatic £,
+ + +
hexagonal- [N EL(AIHARI2E  (R)
SiN +5E,,(R)+2A (IR)HE, (IR)+3 [[8.0 8.0 7.9]|[4.0 4.0 4.1]
34 B,(S)+2E, (S) 21

If we do not know the crystal structure models

Question
L e—

How to perform the
computations?

28
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@ very common but important material: salt!

Zx!

@ Why it is cubic (isotropic)!

® Can we see how Na bonds with CI?

32

Tell me

>

Enthalpy (eV/atm)

0.2 04 06 08 1
a ClNa+Cl) cl
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APredict crystals by evolution

Local optlmlzatlon

Initialization

Heredity & Mutation
& Best individuals
New Population Local optimization

Halting criteria

Yes

}—_’{ Post-Process

Vanatlon operatlon

‘ Finish

35

Energy surface of the materials
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Evolutionary Quantum mechanlcs (local optlmlzatlon)

Xtalloraphy *‘
* Graphite, dlamond@

Prof. Artem Oganov, Stony Brook Univ. , New York

htte //lhan.ess. sunxsb edu/~USPEX/

Evolutionary operators

el s
awmn T SR
b a5 00s 8

unoptimised offspring

(1) Heredity

slice from parent #2 optimised offspring

(4) Permutation

Fingerprint is related to the pair correlation
| function

FulR=2 3
" ‘ I "| I ’J A,z 1 g

60 80 10 180 oo s 10p 180
oistance, A Distance. &

Difference between 2 structures is given by ,distance*, e.g.: dit(i.ji= (Z fou - fon ;) . .

SR-R)
»i\m,,

fingerprint
fingerprint

—l=gaR-1




@ Many Applications
2\ <y

Ezik ) ~” Prof. Artem Oganov, Stony Brook Univ. , New York
‘ 2 http://han.ess.sunysb.edu/~USPEX/uspex.html
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& 2 % hanesssunysb.edu/~USPEX,
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‘From elements to crystal structures crystal structures to properties
o “’; 3 Reflective spectrum
Application by calculation 950cm-'-1250cm-!
Crystal structures L
N7 Dielectric constant tensor: c-BN o, .,
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2

¢-BN is isotropic, while h-BN is transverse isotropy

p-T Phase Diagram of BN

G=F(T.V)+pV Mechanical properties of cubic-BN

ot o ety it ety s o sty el ] 8 S, G (GPa) -
Fy(TV) = [ kT Il - exp(-heo/ KT)g(V, o) (GPa) (2%) 7C” 12“2422" Voigt | Reuss | Hill_|Voigt Reuss) Hil
o= L postt o 700.2]0.15| 3209|300 1224249 5775 | 3676 |3724|77.5 | 839 |80.7

p=-@FIoV),

Pressure (GPa)

Mechanical properties of hexagonal-BN

0.2]
. E B [N G (GPa) L

(GPa) (GPa)| C,, | Ciy | Cy3| Cyy | Cuy |Voigt|Reuss| Hill [Voigt|Reuss| Hill
844.2|0.22| 20.7 | 885.2|190.70.38/21.5| 5.0

/’\,\/ 21.5 |4e-3| +0.4 | £2.0|+1.0|+0.1/+0.5 10:12
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Stress propagation in c-BN/h-BN laminates

,:,“* it

@ Grain growth by Monte-Carlo simulation
| i —

20 MC steps

Grain diameter (um)

c-BN/h-BN h-BN/c-BN
h-BN helps releasing stress in c-BN Stress accumulates in c-BN

oL i L L
] [3 1 i5 2 25

Sintering time (h)

4 100MC steps 44

@ Stress analysis by FEM
s\ Y
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Polycrystalline material Mises stress (MPa) Stress vs <R>-12 2
Joint work with Prof. Zhigiang Feng, Evry Univ., France 45 46

Discovery the materials genome

@ dentify the materials genes

”11*“» x % r - P

£ 4 &
(f) Fm-3m (9) P4,/nmc

(a) P-31m (Hfo 35Si0670,) (b) Cm (Hfo 33Si0,6702)

(a) beta-cristobalite Fd-3m  (b) Fdd2 (c) alpha-cristobalite P4,2,2 (d) P-4m2

& D — WA A | | A \
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(e) Quartz P3,21 (f) P-1__(g) Stishovite P4,/mnm __(h) Pyrite Pa-3 47 48
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Part IV.
CONCLUSION REMARKS

Conclusion remarks

S

oiThe dielectric properties of some typical dielectrics
and their polymorphs are calculated and compared
in the framework of first principles, which helps
rational selection for dielectrics.

@ The calculated structural data and dielectric
properties from first principles based on DFT are
comparable to reported data.

@ A software package for IR dielectric analysis provides
an efficient mean for faster materials selection and
application.

@ Innovative design for dielectrics can be realized by
hybrid first principles and evolutionary algorithms. 50
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