TiberCAD: a tool for multiscale
simulation of nanostructured devices

Fabio Sacconi
Matthias Auf der Maur, Giuseppe Romano,
Gabriele Penazzi, Alessandro Pecchia, Aldo Di Carlo

Tiberlab Srl
www.tiberlab.com

~~""q tiberlab




tiberlab

Origin: Spin-off of University of Rome Tor Vergata

Mission: To develop up-to-date innovative software solutions
to design and to simulate advanced electronic and
optoelectronic devices, based on a multiscale approach.

Applications:

> Nanostructured devices and nanoelectronics: nanowire
FETs, HEMT, sensors

» Solid State lighting: Qdot and Qwell-based LEDs
» Photovoltaic cells
« Organic/hybrid PV technologies

« Dye-sensitized solar cells (DSC) / Perowskite Solid
state DSC
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Miniaturization Trend

Downscaling of conventional devices
= Ballistic transport
= Tunneling (gate, source/drain)

SiGe S/D

Strained SiGe S/D
Silicon Strained
Silicon

More Non-Silicon Elements Introduced

(Source: Intel) — New d_evices based on nanostructures
(eg. wires, dots, CNTSs)
[ “Ooxide] = New physics (QM)

« Atomic details important
(surfacelinterface)
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Motivation: Multiscale/Multiphysics
modeling
Different physical models on different scales are needed to describe
nanostructured devices
Package Level
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( \ O Envelope Function Approximation

Product Suite
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The multiscale approach

tiberCAD (O
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Micro

Nanostructures/processes

G =—>| increasing iechnological relevance
LI 5
FI'I’[I_I’]L..H Up to 1.000.000 Atoms 100 ns ]

Semi-empirical
AD initio

Elementary processes
=== Maodel structures, short time scale
lew 1000 atoms, max. 10 ps

pm mm

Length scale

= Drift-diffusion for transport

= Elasticity for heterostructure strain
and polarizations

= EFA k-p for quantum properties

Models: PDE solved on FEM grid
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The multiscale approach
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Nanostructures/processes
Up to 1.000.000 Atoms 100 ns

Emprical

|-m

Elementary processes
==> Muodel structures, shor time scale
lew 1000 atoms, max. 10 ps

mm - Tength scale

InNAs
Quantum Dot

ETB: 140000
atoms

Force Field (VFF)

Models: Atomistic solvers
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. Physical models overview
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Physical models even from different scale can be linked or self-consistently
coupled for a correct description of nanostructured electronic devices
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DSSC/OPV module AppllCathnS

Piezoelectricity| Counterelectinde i i i
-y R, Charge transport in organic semiconductors
transport layer P 2
S s Ao, :}' | } Energy
8- LMY~ —— Lumo
: A o-NPD Alg,
o ———_———"— "= HOMO

Photoanode

tiberCAD /-
& E multiscale simulation ,

Nanoparticles layer —

3nm-InGaN
aD

- |
ey | & “ 450 425 400 375 350 Tesd 2045 3e+d detd Setd
" 5m| [Hete” Eiecticpoentl (V) Electic fid (Viom)

| Ee?

| Nanofilaments
Inorganic LED (InGaN)

S Quantum DOTs

| : ! — 300 nm Contact Tunnel distance
-2
-50 - ‘ I I I
X (nm)

Nanoinnovation, .
Rome 20-23 September 2016 ~""q tiberlab 11

Energy (eV)

www.tiberlab.com



InAs Qdots LEDs
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LED Optical spectra

|

Strain: Elasticity
Transport: Drift-diffusion
Quantum: k-p

Current flow lines | I
in the Qdots
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InGaAs Quantum wire
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2D AFM micrography
-> Extrapolated 3D QD structure

D. Barettin et al. Nanotechnology, 25, 195201, (2014) o

-
D. Barettin et al. J. Appl Phys. 117, 094306, (2015) Closely coupled dots
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InP surface Qdots: Electronic properties
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Nanoinnovation, .
www.tiberlab.com Rome 20-23 September 2016 "%« tiber(ab 15




From exp. to simulation model : Shape and alloy
effects in Qdot system

EBL

Qdots
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TEM image (In comp.)
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Shape and alloy effects in Qdot system:
Current densities

electron current density Hole current density
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Modelling nanopillars InGaN/GaN LEDs

small footprint on the substrate, allows:
defect-free material
growth on various substrates (Silicon)

growth on large area substrates without lattice
strain

YV V VY V

n-GaN

Empirical Tight Binding model sp3d®s*+SO
applied to InGaN active region

- /
v \

-> GS electron and hole states
, wawefunctions
F. Sacconi et al., IEEE Trans. Electr. Dev. (2012)
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InGaN/GaN QW LED Simulation: 1D + atomistic

Model system: 3 nm single quantum well, 15/20/25/30/35% In, p-i-n structure:

GaN

=
©
()

=
©
O

— InGaN
GaN
AlGaN

Continuous models are solved in 1D

= No in-plane potential fluctuations

Typical band profile near maximum efficiency:

1.0}
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Energy (eV)
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10 nm x 10 nm

supercell

el-hl overlap is reduced due to QCSE

M. Auf der Maur et al. PRL 116, 027401 (2016)
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Atomistic models: VFF, ETB
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InGaN/GaN QW LED: Simulation vs. experiment

Assume optimistic case: constant A and C (measured values) = how does
the peak IQE vary with wavelength?

1 | | | | | | . |- | | | J I- | |
I Non-radiative recombinations .
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— Random alloy fluctuations explain the missing contribution

to the green ga
9 gap M. Auf der Maur et al. PRL 116, 027401 (2016)
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GPU/CUDA developments
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Fig 4:State 3 confined inside the Dot

Sequental implementation on sngle cors
OpeniP onquad-cors CPU
InfiniBand 2 nodes

InfiniBand 4 nodas . * e
InfiniBand & nodas
InfiniBand 16 nodes
Single Teska K20c GPU

MO on single Tesla K20c GPU
2 Tesla K20c GPUs via CPU
2 Tesla K20c GPUs via PCI
MOl on 2 Tesla K20c GPUs via PCI
1000 4+—rry — R S
1 10 100 1000

Number of atoms

10000

Fig 3:State 1 confined inside the Dot Fig 5:State 8 confined inside the Ring

hpdCOVYFEFONEFS

Speed (Mxv/sec)

W. Rodrigues, A. Pecchia, A Di Carlo, Comp. Phys. Comm. (2014)
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Conlerance kE sk ion
tiberCAD is a multiscale software tool for CADICAE applications in the field of electronic and
optoslectronic nanostuctursd devices. It allows to model and design nnovative devices based on
new materials, such as nitrides quantum well-based LEDs, nanowire FETs, organic and hybrid solar
cells, fior applications in lighting, sensors, energy haresting. dberCAD provides atomistic (OFT, ETE,
MEGF) and FEM-based tools {EFA quantum, elasticity, thermal, particle transport) to accomplish the
crtical requirements imposed by the recent developments in Key Enabling Technologies such as
micra-nancelectronices, nanotechnology, photonics and advanced materials, considered central
fior innovation and market growth.
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» Solid State Lighting ¥ Miicro-nanocelectronics
Advanced FEM and atomistic modelling of planar  Finfet, NW-FET, Electro-thermo-rmechanical
and nanowre LED structures: k-p mult-band and simulations in HEMT; advanced charge transport
Tight-Binding for electronic structure. NEGF for mizdels for organic semiconductor devices
quantum ransport, VFF fior struciure relaxation

¥ Organic’hybrid PV technologies
Organic Photovoltaics (OPV); Dye-sensitized solar
celis (DEC); perovskite-based Solid State DEC

# Sensors and Energy harvesting modules
Photo-Piezo-Termo-Electric enengy
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Thank you

Additional info about TiberCAD:
http://www.tiberlab.com

Download free trial version:

. www.tiberlab.com
A~ tiberlab info@tiberlab.com
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