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Introduction

/Modern optoelectronic device industry\
pushes for reliable numerical models
down to nanometer and sub-nanometer

&

scale. A multiscale/multiphysics

approach is needed for the interaction
between small active and the larger

embracing device regions. /
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Features:

s

FEM models: drift diffusion, strain, heating, Shroedinger EFA.

ra

TiberCAD is a TCAD for optoelectronic

devices, designed to provide a solution
to these needs.

J
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Atomistic models: empirical tight binding, density functional tight
binding.
>

DSSC modelling.

s
SCC calculations: thermal-drift diffusion, drift-diffusion-quantum
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Simulation approaches (Classical)
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e Approach for ‘big’ conventional devices: e
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Simulation approaches (Atomistic)

e Approach for nanometer scale devices:

o Si 0 © Zr/Hf

Current density [A/cm’]

L 1 1 | 1 | 1 | 1 | L |
Sacconi et al IEEE TED 2004 a 5 18 21 24

tlght b|nd|ng (TB) g)g(ide\}bzltag;[V]
transfer matrix method
DFT

| T ‘ T | T T T | T
NEGF | L v, |
dgaggio p=8,37-10°cni ¢
Gate
— :
oxide v 506 | DY,
P doped region A : - : - ~ |
P g Intrinsic region, , P doped region =i oV,
! . k .
8 L ]
=}
B 3e-06[ 01V,
=} g
U - 4
26-06 - 02V,
et le— V| = AE, /e il
| L | L | L | L | L | L
6 NnMm % 01 02 0.3 0.4 0.5 0.6

Tensione IV .| (V)

<

l.l University of Rome “Tor V;rgata”

7.7 nm

I
d

Z
>

[IBER L

RN
[~ =)
ﬁ



Micro/macro scale

Many modern devices are based on nanostructures which need a
guantum mechanical description, and we know how to do this.

BUT:

In a real device also micro and macro scale should be considered!

» Number of atoms cannot grow too much in simulations
» Device should be accessible from a macro scale

» micro/macro scale details are as important as nanoscale features
(temperature distribution, electrostatics, strain, air gap, etc.)

» 20 years of experience with Drift-diffusion matters !

LIJ University of Rome “Tor Vergata” I I B E R —le/

L
d

INL
_ L
44




Typical Pentium 4 MOSFET
section:

Circuit level

|
A
!

= copper wires
7 PP

1 \intarmatal
— dielectric
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cross-section thru chip

l.l University of Rome “Tor Vergata”

Multiscale structures

InAs quantum dot LASER:

= n+ GaAs substrate =

M. Buda et. al., IEEE Journal of Quantum/Electronics, 2003

InAs Qdots on several layers
embedded in a semiconductor
heterostructure
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The multiscale problem

A
= .
> Architecture
< . .
= Circuit Level
Microstructure
Finite elements
classical Mesoscopic scales -
o - 1 billion atoms and more
S
R Force fields MM technologically real processes
z 1
Nanostructures/ processes
I increasing technological relevance
Emp“ Cal Up to 1.000.000 Atoms 100 ns
Semi-empirical 5
= P Elementary processes |
S initi ——>| Model structures, short time scale
7. Ab Initio Few 1000 atoms, max. 10 ps
- I | | [ >

nm kM MM |_ength scale
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Multiscale components

Finite Element Method

- FEM is the method in engineering problems
(deformation/strain, heat, Maxwell, etc. etc.)

-Drift-diffusion (DD) like schemes have been
solved with box integration methods.

- DD-FEM have been heavily developed in
the last 20 years in the Math community
(Hecht, Marrocco, Brezzi, Sacco, Chen)
- many FEM library in (L)GPL
Atomistic local basis

- Localized basis approach are very well
suited for device simulations

- Empirical approaches (ETB)

- Aproximate DFT (DFTB)

- Full DFT (Siesta, DMOL, etc.)
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Multiscale methods

OVERLAP METHOD

domain 1 * the domains are overlapped
* each model computes physical
guantities thatact as parameters

domain 2 to the other models.

BRIDGE METHOD * the domainsare contiguous
and linked through n-1
dimensional regions.

e each domain provides
DOMAIN 1 DOMAIN 2 boundary conditionsto

adjacentdomains.
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Integration FEM/Atomistic

e FEM and atomistic calculations run in the same environment.

e Tools to automatize crystal atomistic structure description and project quantities
between atomistic and continuum domain have been developed.

Design geometry and Atomistic structure is Continuum media and
mesh and select generated internally atomistic calculations
region of interest for according to device information exchange

atomistic calculatir .

materials within the same
environment

Atomistic generator features:

« Manage mostuseful Bravais lattices (cubic, hexagonal, fcc, bcc)

* Provide any basis

« Manage pseudomorphic heterostructure and commensurable interfaces
* Provides hydrogen passivation model suitable forany crystal

« Generates minimal periodical structure for bulk, 1D and 2D calculations
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FEM/Atomistic interaction

Strain:

calculaterelative displacement u(x,y,z) and apply
displacementto atoms, stretching bond lenght from d, to d.

Nyp
Tight Binding parameters calculated according to Harrison Vaﬂ :Vaﬂ . (%)
scalingrule: d
Potential:
Use FEM potential solution to provide Hamiltonian shifts.
* If no SCC calculation is needed, slow varying potential is V. =V (rl)
projected simply as point potential on atom position. 3
* If SCCis needed, a projection over an s-type orbital with V. = e IV (I'- )e—f|r—ri|dr
exponential decay is used. | '
Charge:
3

Quantum charge is projected back to FEM grid. An s-type projection _ T; —z|r—r|
with exponential decay is used. n(r) _ ZQJ‘Aqie dr

|
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Classical/quantum densities: Embracing

For a smooth transition between classical and quantum
density we introduce an automatically generated embracing
region where the densities get mixed:

N(X) = A(X) - N (X) +[1-A(X)]- N (X)

where A(x) is the solution of a Laplace equation in the embracing

region.

Quantum region
AN

embracina
anode

GaAs

cathode

K.P quantum model
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InGaAs Quantum wire

electrons

embracing

_0_5E, _ ‘:‘. |
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K.P quantum model
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AlGaAs/GaAs nanocolumn

e AlGaAs/GaAs nanocolumn with quadratic base
— solve strain, drift-diffusion, EFA, TB

anode
9nm/

¢ Aly ;Gag,As

J
] ADm . GaAs 4 nm
intrinsic

> Aly3Gag ,AS

80nm —— 80nm

—

cathode ) Zi
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e classical results (1.75 V)

0O 20 40 60 80 100 120 140 160
z (nm)
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AlGaAs/GaAs nanocolumn

10

density (10" cm®)

50 60 70 8 90 100 110 120
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AlGaAs/GaAs nanocolumn

e selfconsistent results (EFA)
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AlGaAs/GaAs nanocolumn

e selfconsistent results (EFA)

o L
n (cm3) p (cm=)
| 8410 |1.7e+1<>
|1.4e+1o 1.36+19 J (Acmz)
0.1e+18 8.50+18
4.56+18 4.3e+18
z 6 8ot 19 9.66+13

3.0e+01
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AlGaAs/GaAs nanocolumn

e selfconsistent results (ETB)

— ETB calculation takes ~ 2h per state (50000 atoms, 20 orbitals/atom)

— 1 confined electron state, but many dense hole states
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AlGaAs/GaAs nanocolumn

e selfconsistent results (ETB)
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AlGaAs/GaAs nanocolumn

e selfconsistent results: electron density

EFA r ETB

n (C m-3) n (C m-3)
1.8e+19 3.4e+18

I1.4e+19 l2.5e+18
Q.1e+18 1.7e+18
4.5e+18 8.5e+17
2.0e+11 7.8e+13
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Conclusion

e A multiscale simulation model is needed for modern and future
optoelectronic devices

e TiberCAD is now capable of doing selfconsistent Drift-
Diffusion/EFA/ETB simulations

e Coupling of quantum transport (NEGF) and classical transport is still
missing
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