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DSSC/OPV module Applications

Charge transport in organic semiconductors

Memristors

Inorganic LED (InGaN)

Quantum DOTs 1 nm

Contact Tunnel distance
300 nm

Nanofilaments

Piezoelectricity

Heat dissipation
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multiscale/multiphysics

Package Level

Poisson/Drift Diffusion

QM regions

Strain

Device Level

Atomistic Level

Different physical models on different scales are needed to 

describe electronic devices
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1 A
1 nm

10 nm
100 nm

1 um

Features:

drift diffusion, strain, thermal, EFA

VFF, ETB, DFTB

Organics, DSSC modelling.

Introduction: TiberCAD
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Multiscale/multiphysics schemes

DOMAIN 1 DOMAIN 2

BRIDGE METHOD

Åeachdomain providesboundary
conditionsto adjacentdomains.

o̧
domain 2 

domain 1

OVERLAP METHOD

Åeachmodel computesphysical
quantities that actasparameters
to the other models.

Schrödinger/Poisson

Transport parameters from DFT

NEGF/drift-diffusion

VFF/continuous elasticity

M. Auf der Maur, G. Penazzi , G. Romano, F. Sacconi, , A. Pecchia , A. Di Carlo

IEEE  Trans. Electron Devices, 58, 1425 (2011)
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Device Modelling

Mesh Generation

Proprietary GUI/CAD/mesher

Under developement
PETCs

SLEPCs

libNEGF libMesh (FEM library)

Atomistic Tight Binding

tiberCAD

GPL software

Paraview

Postprocessing

GMSH

General Structure  
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GUI development  
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TiberCAD input file - Modules

Module elasticity

{

name = strain

regions = all

plot = ( Strain,  Stress, Displacement)     

Solver { 

preconditioner = lu

method = pconly

}

Physics {

body_force lattice_mismatch {

reference_material = GaN

}     

}

Contact substrate { type = clamp }

}
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Drift-Diffusion
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Drift-Diffusion equations

Ç Consider only M(0) and M(1) , assuming carriers in thermal equilibrium (Te=T0)

Ç Assume term (uÐu) is negligible

Ç Define mobility and diffusivity: m=qt/m* and D=kBT0 m/q
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Mobility models
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Generation-Recombinations

Shockley-Read-Hall (SRH) recombination  (non-radiative)
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Electron energy barrier

Hole energy barrier

Bulk model

Injection models
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Special case for organics

Drift-Diffusion Model 

Thermionic Injection

Thermionic Injection

F. Santoni, A. Gagliardi, M. auf der Maur, A. Di Carlo, Organic Electronics 15 (2014) 1557ï1570
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Elasticity and Strain Module
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¸ External mechanical forces can be included as boundary conditions

¸ We can calculate shape deformation and piezoelectric effect

¸ Converse piezoelectric effect can be included

¸ Thermal stress can be included

¸ Several boundary conditions: substrate, plane, free

jkjkii eP e,=

GaN

AlGaN

Free-standing AlGaN/GaN

Physical Models: Strain in heterostructures
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Grid deformations
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Piezoelectric sensors in InGaAs

Electron density in the AlGaAs/InGaAs/GaAs B-face structure without (a) and 

with (b) pressure (F = 75mN/cm).

Band profile and classical electron

density for the B-face structure with and

without pressure.

Piezoresistivity for the AlGaAs/InGaAs/GaAs 

structure. Gate voltage is 0 V.

AlGaAs/InGaAs/GaAs HEMT structure. 

Growth directions [311] (A-face) 

and [311] (B-face) are considered.
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Piezoelectric nanogenerators

G. Romano et al., Nanotechnology 22 (2011) 465401

Deformations and compressive stress

Free-carrier screening effects 
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Quantum States
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Quantum Models: kÖp

Band-structure near k=0 
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Envelope Function Approx

3 3

6 6

3 3

0

0

x

x so

x

H
H H

H

è ø
= +é ù
ê ú

In TiberCAD:

4 4

8 8

4 4

0

0

x

x so

x

H
H H

H

è ø
= +é ù
ê ú

2 2xH

kÖp Hamiltonian generalizes single band dispersions 

2 2

2
( ) ( ) ( ) ( )

2

i i i

mn mn mn mn n m

n

k
E H V r r E r

m
d d d f fG

è ø
+ + + =é ù

ê ú
ä k

( ) ( )  ( )i i

n n

n

r u r ry fG=ä

l lk iµ

Envelope function

k is interpreted as the usual momentum operator: 

15 15

30 30

15 15

0

0

x

x so

x

H
H H

H

è ø
= +é ù
ê ú

Full Band kp

Cardona-Pollak (1966) 

G. Fishman (2004) 

14 14 20 20 24 24, ,x x xH H H



26EURO TMCS I      28th January 2015

InAs Qdots 

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



27EURO TMCS I      28th January 2015

Energy/Position Multiscale

Energy

Position

n-AlGaN p-AlGaNGaN

Active region

Min CB

Max VB

Quantum 

density: K.P

Quantum 

density: ETB

Classical density

Drift-Diffusion Transport
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InGaAs Quantum wire: overlap scheme

current crowding in the 

wire

quantum 

region

embracing

holes

electrons

Self-consistent densities

at Vb = 1.3 V

cathode

anode

K.P quantum model
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TiberCAD includes a technique for mixing classical and quantum density, 
acting as a quantum correction to drift-diffusion calculation

)()](1[)()()( xnxxnxxn clQ Ö-+Ö= ll

Embracing region where classical and 
quantum charge are mixed. 

Embracing technique

The mixing parmeter is solution of a 
Laplace equation with Dirichelet boundary 
conditions 0.0 and 1.0
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Barrier and well embracing: Well is quantum + classical

Alternative: Quantum+Classical
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InP dots for gas sensing

Idealized dot Realistic dot

Strain field maps

AFM image:

Closely coupled dots
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Electronic properties

Electron states Hole states
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Comparisons between dots

el:

hl:

el:

hl:

homo-nuclear dots

hetero-nuclear dots
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Shape and alloy effects in Qdot system

EBL

Qdots 

(islands)

TEM image (In comp.) Imported alloy concentration

Strain profile

Constant In 

concentration

¸
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Impact of lateral coupling given mainly by strain field (continuum and k*p 3D 

model): shift of the spectrum of the central dot of about 90meV

Lateral coupling via strain
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Hole current densityelectron current density

Increasing electron current density with electron-rich layer

Current densities


