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Outline

. Multiphysics/Multiscale simulation of nanoelectronic
devices: TiberCAD

« Optoelectronic properties of a nanostructured device:
models and applications

A selfconsistent Schrodinger/Drift-diffusion

. Valence Force Field and Continuum Elasticity

« Non Equilibrium Green's Function for guantum transport:

theory and applications
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Outline

. Multiphysics/Multiscale simulation of nanoelectronic
devices: TiberCAD
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Nanoelectronic devices

Which future for optoelectronic devices?

Molecular devices
. Organic compounds

. Quasi-1D and 2D structures (nanotubes, graphene)
. Single molecule devices

. Electrochemical devices (DSC)

Macromolecules, 37 (2004)
4740
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Atomistic or Continuous?

Device physics is described through atomistic or continuous
models,
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Continuous/Atomistic Environment

Finite Element Method

Atomistic local basis
Numerical implementation of PDEs

Potential minimization, eigenvalue

Best method for solving engineering problems
problems in continuous medium
approximation Beyond continuous medium limitations

_ _ _ (molecules, defects, single dopant ecc.)
Equations discretized on elements

(tethraedra) Equation “discretized” on atoms
Element dimension is determined by Atom distance is a physical quantity:
accuracy and convergency issues. It can number of atoms depends on

vary according the calculation itself

(ad
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Outline

« Optoelectronic properties of a nanostructured device:

models and applications
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QDOT LED: models and application

We start directly from showing what is needed to calculate optoelectronic properties of a
nanostructured device

We want:

Investigate the role of piezoelectric
field in (0001) and (000-1) growth
— direction.

.Calculate current and emission
15 nm spectrum.
X =0.3

Doping fraction = 101 cm-

QIsuLUI

Johnson et al. Nature materials 1, 106 (2002)
Sarusi et al. Phys. Rev. B, 75 (2007)

Ristic et al. phys. stat. sol. 202, 367 (2005)
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GaN/AlGaN QDOT simulation scheme

Bulk
Strain EFA

Band

parameters matrlx
v Occupation level
Strain Piezoelectric Drift l
polarization Diffusion BEEEERIE
Strain
Potential

\ Displacements > Empirical Tight

Binding

Optlcal

Eigenstat

Eigenstates
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Quantum models: EFA

We solve the Schrddinger equation in the intrinsic region. We assume that the system
is in local equilibrium (low bias) and apply infinite wall boundary conditions.

EFA (Envelope Function Approximation): wavefunction is expressed in a Bloch
function basis

29 (590) Vg )] ) = Bo

'?.-*"'TI"(T) - Z Fn(T)un(T) Fn.(r) — Z eikrcn:k
7 k

H§><3 —
[1€2a + M1y +1M2E 2 N1Ery n2Cgz
N1Czy M1Eqy + gl"’fyy T M2t N2Ey:
n2Cxz N2ty M3Epy + M3Eyy + 126,

Rome, June 2010. Universita di Roma “Tor Vergata”

simulation tool for nanoelectronic devices



Quantum models: Tight Binding

Tight Binding: wavefunction is expressed in a atomic orbitals basis (LCAO)

IIII> — Z CQ‘RIQ‘- R)
aR

Hyor na = (0’| Hna)

Z CO"RI [Ha’R’aR N ESQ"’R!O'R} =0 /!
R Swar na = (N'a’[na)

2
|k y ,.
Hﬂ-’a",n& — /?;,!a.; (’T’ — Rn") |:2;rn -+ E I/;l_u (fr — R-n”) '?;'.,’&(T — Rn) dr
' n!’

The technique used to write the hamiltonian matrix elements and the overlap
distinguish between different Tight Binding implementations.
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Quantum models: Tight Binding

Tight Binding: wavefunction is expressed in a atomic orbitals basis (LCAO)

‘III> — Z CQ‘R‘OE‘- R>
aR

Hyor na = (0’| Hna)
Z OQ-"R! [Ha’RfaR N ESQ"'R!O'R} =0 /!
VR Snla na = (N a'|na)

T

2
- p r !
Hn_faf.._n_a_ — /?;,!a.; (’T’ — Rn") —2 - —+ E Vi (fr — Rﬂ_”) '?;'.,’&(T — Rn) dr
n!!

The technique used to write the hamiltonian matrix elements and the overlap
distinguish between different Tight Binding implementations.

Empirical Tight Binding (ETB): Density Functional Tight Binding(DFTB):
Matrix element obtained by fitting relevant Matrix element obtained byab-initio DFT calculations.
quantities in bulk crystal structures. Two-center approximation.

Two-center approximation. Non-orthogonal basis.

Orthogonal basis.

Rome, June 2010. Universita di Roma “Tor Vergata” simulation tool for nanoelectronic devices




ETB vs EFA

EFA advantages:

. Fast and easier technique.

. FEM implementation.

. Can include easily strain effects.

. Multi-band perturbative approach.

EFA drawbacks:

. Good description of bands only near
valleys.

. Not a full band description.

. Fails for highly confined structures.

. Limited to effective medium descriptions.

1t e-lex k'p e 1

Rome, June 2010. Universita di Roma “Tor Vergata”

ETB advantages:

. Best accuracy for crystal nanostructurs.
. Full band approach.
. Beyond effective medium (random alloys).

ETB drawbacks:

. Very high computational effort (respect to

EFA).

. Limited to crystals..
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Device design

Design geometry and mesh Atomistic structure is innerly
and select region of interest generated. Atoms and
for atomistic calculation elements connected within

the same environment
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Device design

Design geometry and mesh Atomistic structure is innerly
and select region of interest generated. Atoms and
for atomistic calculation elements connected within

the same environment
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Device design

Design geometry and mesh
and select region of interest
for atomistic calculation

Atomistic Generator

Manage fcc, cubic, bcc, hexagonal
lattices

Any atom basis can be added in
database

O(N) bond map

Automatic hydrogen passivation

Atomistic structure is innerly
generated. Atoms and
elements connected within
the same environment

N

H

Atomistic Structure Handler

Heterostructures
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List of atoms (position, specie,
material)

Periodicity

Atom/Elements map for data
exchange

Projection techniques
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FEM/ETB data exchange

Strain: calculate relative displacement u(x,y,z) and g\
apply displacement to atoms, stretching bond lenght VvV, ﬂ:Va ﬁ(_oj
from d, to d. d
Tight Binding parameters calculated according to

Harrison scaling rule:

Potential:

Use FEM potential solution to provide Hamiltonian shifts. V. =V (r)

* If no SCC calculation is needed, slow varying potential is
projected simply as point potential on atom position.

3
T s
« If SCC is needed, a projection over an s-type orbital with ~ V, = éj‘V (r)e ilg
exponential decay is used. 87

Charge:

3
Quantum charge is projected back to FEM grid. An s-type _ ij —z|r—r|
projection with exponential decay is used. n(r) o Z S Aqie d
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Strain and current
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EFA: spectra and states

(0001) (0001)

Hole O
1E-10
——Electron 0 . , (0001)
1 ] { ——(000-1)
,’ ‘ ' 1E-11
1E-12
X > ]
== 1E-13

a.u

Blu: electron state
Red: hole state
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ETB: spectra and states

0001) ground states
Ground states at equilibrium, ( )9

without external bias applied

(0001) 2" hole and electron

states (000-1) ground states
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Outline

A selfconsistent Schrodinger/Drift-diffusion
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EFA/drift-diffusion

The selfconsistent scheme is general and it can be applied to 3D

structures
Electron Hole Total
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ETB/drift-diffusion

The crystal is generated in the same
region where we calculated EFA. Strain is
Included and potential is projected in the
Hamiltonian in a selfconsistent way

Pseudocaclor

Var: electric_potential
0.0288

-09159

| -09030
-: 0.8901

0.8772
Maox: 05288
Min: 0.8772

Molecule
Var: element
-

Ga
Al
H
Max: 33.00
Min: 1.000

z
L
Y
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ETB/drift-diffusion

The crystal is generated in the same
region where we calculated EFA. Strain is
Included and potential is projected in the
Hamiltonian in a selfconsistent way

Pseudocaclor

Var: electric_potential
0.0288

- 09159
| -09030
- 0.8901
0.8772
Max: 09288
Min: 0.8772

Molecule
Var: element
-

Ga
Al
H
Max: 33.00
Min: 1.000

50 000 atoms

| 20 orbital per atom

'| 1 000 000 orbitals (2h per state)

5 selfconsistent iteration expected

1 electron state confined, many hole states

z
L
Y

ETB for electron states — EFA for valence states
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ETB/drift-diffusion

The crystal is generated in the same
region where we calculated EFA. Strain is
Included and potential is projected in the
Hamiltonian in a selfconsistent way

Pseudocaclor

Var: electric_potential
DQQSSP

- 09159
| -09030
- 0.8901
0.8772
Max: 09288
Min: 0.8772

Molecule
Var: element

| FX¥

-Ga
Al
H
Max: 33.00
Min: 1.000

50 000 atoms

| 20 orbital per atom

'| 1 000 000 orbitals (2h per state)

5 selfconsistent iteration expected

1 electron state confined, many hole states

ETB for electron states — EFA for valence states
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ETB/drift-diffusion

The crystal is generated in the same
region where we calculated EFA. Strain is
Included and potential is projected in the
Hamiltonian in a selfconsistent way

Pseudocaclor
Var: electric_potential
09288
-0.9159
I 02030
-: 0.8901
0.8772
Max: 09288
Min: 0.8772

Molecule
Var: element

-~
-Ga
Al
H
Max: 33.00
Min: 1.000

50 000 atoms

| 20 orbital per atom

'| 1 000 000 orbitals (2h per state)

5 selfconsistent iteration expected

1 electron state confined, many hole states

z
L
Y

ETB for electron states — EFA for valence states

<L EFA electron L ETB electron
density density

Le+19
Ae+19

le+18
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Outline

. Valence Force Field and Continuum Elasticity
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Continuum elasticity

Whenever we deal with device composed by crystals with different
lattice constant, we have to deal with strain.

; L (ou du
: ﬂT ik 2 azl,‘k 8:&;
R R e fl;:_% _1 I
B b—0 o~ 0
. I gij(r) = &ij(r) +&;;(7)
Lattice match Lattice mismatch

o 1 & ouy Oy, .
O (CikimEim) = 2 9ur [Céklm (aa:m + o, )] = fi

PDE is solved with FEM
technique
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Valence Force Field

We included a Keating model to calculate strain at an atomistic level

U = Y Ua+Usp

3052" 2
j p
Uia = D 7o (l""z'jl —?“Oij)
F T0ij
30ijk
U = E E: YR (1 - Tik — T0ijT0ik €O Ogijr)°
: " 8T0i§T0ik
J k#j

The equilibrium position is that one which minimizes U
We use a nonlinear conjugate gradient minimization technique

Advantages:
Most efficient atomistic technique

Description beyond effective medium (random
alloy)

Include internal strain
More accurate for some classes of nanostructures
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VFF vs CE

Evaluating when CE fails is not trivial. It depends on structure geometry.
In general, it fails near interfaces

InNAs quantum dot on GaAs
substrate _ _
Self assembled by strain relaxation

o High lattice mismatch (about 7%)
( - I 2 nm
0.5 nm 9 nm
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VFF vs CE

Evaluating when CE fails is not trivial. It depends on structure geometry.
In general, it fails near interfaces

InNAs quantum dot on GaAs
substrate _ _
Self assembled by strain relaxation

o High lattice mismatch (about 7%)
( - I 2 nm
0.5 nm 9 nm
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VFF vs CE

Evaluating when CE fails is not trivial. It depends on structure geometry.
In general, it fails near interfaces

InNAs quantum dot on GaAs
substrate _ _
Self assembled by strain relaxation

o High lattice mismatch (about 7%)
0.5 nm 9 nm

Big difference! (14% - 5%)

0.05 T T T T T 0.01

T T
004 q —ce | T 0
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VFF vs CE

In literature smaller differences are reported, but on structure with
smaller aspect ratio

sirain £2
0.180772

Increase height up to 5 nm

0
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VFF vs CE

In literature smaller differences are reported, but on structure with
smaller aspect ratio

sirain £2
0.180772

Increase height up to 5 nm

0

0.03 y i . i | 0.02 | | : |
—VFF —VFF
0.02+ —CE | 1 0.01+ —CE | 1
0_01 -::jﬁ -
0 o1k J
-0.01
b
ux
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0.03+ | i
-0.04- g
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_U'Q'FSD -100 -50 0 50 100 150 0.07 | L 1 |
z[A] ) -100 -50 50 100 150
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Multiscale strain

We have both CE and VFF in TiberCAD. We have methods to make
them exchange data. Let's try a novel scheme!

Test structure: spherical InAs quantum dot in GaAs box (GaAs
substrate)

16 nm cubic box (200 000 atoms)
Full CE and Full VFF
GaAs substrate boundary condition
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Multiscale strain

0.015

0.01

0.005

-0.005r

0.01-

-0.015 ' y '
-40 -30 -20 -10

They differafot(up to 159% mside dot), CE model
fails
Good agreement a few nanometers outside the dot

CE takes a few seconds
\/FF talraec ahniit 168 mini ites

<
:
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¢
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Multiscale strain

We can try a multiscale approach

Rome, June 2010. Universita di Roma “Tor Vergata”
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Multiscale strain

1)Solve CE everywhere with lattice match boundary condition at the
substrate

2)Apply displacement to atoms

3)Fix external atoms as a boundary condition
4)Solve VFF in the smaller structure

5)Join results
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Multiscale strain

1)Solve CE everywhere with lattice match boundary condition at the
substrate

2)Apply displacement to atoms

3)Fix external atoms as a boundary condition
4)Solve VFF in the smaller structure

5)Join results

0.01

—VFF/CE

—VFF/CE

0.005F

XX

-0.005

-0.011

20 40 60 80 -0.01 0 -60 -40 -20 20 40 60 80

0
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Multiscale strain

1)Solve CE everywhere with lattice match boundary condition at the
substrate

2)Apply displacement to atoms

3)Fix external atoms as a boundary condition
4)Solve VFF in the smaller structure

5)Join results

0.005

0.015

— VFF
—CE i
— VFF/CE

0
.01

—VFF |-
—CE 0.0051
— VFFICE| -

-0.005

-0.005F

0.011

00151

-0.02

-0.025¢ 0017

_0 03 1 | 1 | | 1 | _001 5 | | | | | | |
40 30 -20 10 0 10 20 20 40 -40 -30 -20 -10 0 10 20 30 40

z[A] z[A]

VFF/CE approach: a few seconds
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Outline

« Non Equilibrium Green's Function for quantum transport:

theory and applications
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What 1s a Green's function

Let's consider a quantum system plus a constant
nartiirhatinn

Hlyp) = El) + |v)
Y) = —(E — H)"'[¢) = —G(E)|v)
GEA = [(E+46)I — H|

The Green's function is the system response to this perturbation
If we consider the contact as a perturbation, we can include injection effects as
Self Energies
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What 1s a Green's function

Let's consider a quantum system plus a constant
nartiirhatinn

Hp) = El) + |v)
) = —(E — H)"'[¢p) = —G(E)|v)
GEA = [(E+i6)] — H]™?
The Green's function is the system response to this perturbation

If we consider the contact as a perturbation, we can include injection effects as
Self Energies

~1
7 (HCJr —T) :> Ge. Geg _ (E +1id)I — H, +7
—71  Hy Gac Ga +71 (£ +1i0)I — Hy
SR t R

c =T geT
= [(E +40)I — Hy — =¥

= (B +i6)I — H) ')

—1
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What 1s a Green's function

These are the equilibrium Green's function, including the effect of contacts. From
G(E) we can derive density of states and transmissione coefficient

A=1 (GR — GA) :> Spectral function

1 .
N(E)= —TrlA(E Density of States
(B) = 5 TrlAE)] ) tyof
+00
p = % Fo(E — p)[A(E)|dE :> Density matrix

Ti2(E)="Tr [I’lGRI‘2GA] ) Transmission coefficient
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What 1s a Green's function

What if we are out of equilibrium? In general, Fermi level is not well defined!
Keldysh formalism is needed (NEGF)

< — J—
Yo = /(B = pa)la In-scattering / Out-scattering
Y2 =(1-f(E—pa))Ta=f(—E+ pa)la sources

G< = ghix<g4
G> — GRE>GA

Keldysh Green's functions

1 [T

_ G< EVdE Density matrix
P 211 _ o (E)
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Application: molecular device

Tetrathialfulvalene (TTF) — donor-like
(HOMO -4.2 eV LUMO -2.1 eV)

Benzo-quinone-diimine (BQD) — acceptor-like
(HOMO -4.8 eV LUMO -2.8 eV)

Ethyl-dioxy-thiophene (EDT)

A phenil ring connect the molecules
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Application: molecular device

Tetrathialfulvalene (TTF) — donor-like

(HOMO -4.2 eV LUMO -2.1 eV)
Benzo-quinone-diimine (BQD) — acceptor-like
(HOMO -4.8 eV LUMO -2.8 eV)

-e
e
-w
-e
LR

Ethyl-dioxy-thiophene (EDT)

A phenil ring connect the molecules
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Molecular transistor

NEGF code allows multiterminal analysis
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Conclusion

We included atomistic description within a FEM code (TiberCAD)

We included Tight Binding models for the calculation of optoelectronic
properties

We developed methods for data exchange between continuous and
atomistic models

We applied novel simulation schemes to semiconductor nanodevices
and demonstrate the need for atomistic modeling

We developed a VFF code and proposed a multiscale scheme for strain
calculation

We developed a state-of-the-art NEGF iterative library and applied it to
a molecular device
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