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Session Tu2: Solar Cells

11:45

12:00

12:15

Chair: Massimo Macucci

D. K. Ferry!, I. R. Sellers?, V. R. Whiteside?, H. Esmaeilpour?,
M. B. Santos?, *Arizona State University, USA, University of
Oklahoma, USA fiHot Carrier Solar Cells: A New Approacho 11

A. Di Vito!, A. Pecchia?, D. Rossi!, M. Auf der Maur?, A. Agresti?,
S. Pescetelli?, A. Pazniak®, A. Di Carlo*?, *University of Rome Tor
Vergata, Italy, 2CNRS-ISMN, Italy, National University of Science
and Technology, Russia iDFT Simulations and Device Modeling of
MXene/Perovskite Solar Cellso 13

Lunch (Grand Ballroom)

Session Tu3: Modeling Thermal Effects in Devices

2:00

2:30

3:00

3:15

3:30

4:00

4:15
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Chair: Tilman Kubis

Z. Aksamija, University of Massachusetts, Amherst, USA, fiThermal
Effects in Semiconductors and Nano-Deviceso (Invited) 15

L. Lindsay, Oak Ridge National Laboratories, USA, fiThermal Effects
in Semiconductors and Nano-Devices,0 (Invited) 16

B. Davier?, J. Larroque?, P. Dollfus?, L. Chaput?, S. Volz3, D. Lacroix?,
J. Saint-Martin®, Universite Paris-Sud, France, °LEMTA, CNRS,
France, 3LIMMS, University of Tokyo, Japan, fiNanoscale Heat
Transfer via Ab-Initio Monte Carlo Simulationo 17

R. Daugherty, D. Vasileska, Arizona State University, USA, fiMulti-
Scale Thermal and Electrical Modeling of CMOS Devices and
Circuitso 19

Coffee Break

Y. Chu, J. Shi, K. Miao, Y. Zhong, P. Sarangapani, X. Ruan, T. Kubis,
Purdue University, USA, iiThermal Boundary Resistance Predictions
with Non-Equilibrium Greends Function and Molecular Dynamics
Simulationso 21

K. Vuttivorakulchai, M. Luisier, A. Schenk, ETH Zurich, Switzerland,

fEffect of Stacking Faults and Surface Roughness on the Thermal
Conductivity of Si Nanowireso 23
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11:50  B. Thorpe!, F. Langbein?, S. Schirmer?, K. Kalna!, !Swansea
University, UK, 2Cardiff University, UK, iTemperature Affected Non-
Equilibrium Spin Transport in Nanoscale Ing3Gag 7As Transistorso 43

12:05  Lunch Buffet (Grand Ballroom)

Session We3: Quantum Transport in Semiconductors
Chair: Karol Kalna

2:00 M. Van de Put, W. G. Vandenberghe, A. A. Laturia, S. Chen,
M. V. Fischetti, University of Texas at Dallas, USA, iAtomistic
Quantum Transport using Empirical Pseudopotentials,0 (Invited) 47

2:30 D. Stradi, P. Khomyakov, U. Vej-Hansen, M. Lee, J. Wellendorff,
S. Smidstrup, K. Stokbro, A. Blom, S. Aboud Synopsis, Denmark and
USA, fiWork-Function Engineering in Ultra-Scaled 2D-TFET Devices:
an Atomistic DFT-NEGF Studyo 49

2:45 K.-C. Wang, S. H. Sureshbabu, X. Guo, Y. Chu, T. Kubis, Purdue
University, USA, fiFrom Semiclassical to Quantum Transport Modeling
Including Carrier Recombination and Generationo 51

3:00

3:15 M. King, F. Karimi, S. Schmidt, I. Knezevic, University of Wisconsin,
USA, fiSimulation Tool for Coupled Quantum Transport and
Electrodynamicso 53

3:30 Coffee Break

4:00 Y. Ahn, B. Kim, M. Shin, Korea Advanced Institute of Science and
Technology, Korea, iiAn Efficient Method for Atomistic-Level Non-
Equilibrium Greents Function Simulations of Field-Effect Transistors
Involving Heterostructureso 55

4:15 L. Schulz, D. Schulz, Technische Hochschule Dortmund, Germany,

ASubdomain Algorithm for the Numerical Solution of the Liouville-
von Neumann Equationo 57
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4:30 M. Ballicchial?, D. K. Ferry®, M. Nedjalkov?, J. Weinbub?, *Universita
Politechnica delle Marche, Italy, 2TU Wien, Austria, *Arizona State
University, USA, fiLinking Wigner Function Negativity in Quantum
Coherence in a Nanowireo 59

Thursday, May 23

Session Thl: Study of Materials
Chair: Max Fischetti

8:50

9:20 A. A. Laturia, M. L. Van de Put, M. V. Fischetti, W. G. Vandenberghe,
University of Texas at Dallas, USA, AEmpirical Pseudopotentials for
3D and 2D Materials: A Unified Approacho 61

9:35 P. Graziosi, C. Kumarasinghe, N. Neophytou, University of Warwick,
UK, fiThermoelectric Properties of Complex Bandstructure Materials
by Coupling DFT to Boltzmann Transport Equation Including all
Energy Dependenceso 63

9:50 B. Galvanit, A. Delamarre?, D. Suchet?, M. Bescond?, F. Michelini?,
M. Lannoo?, J.-F. Guillemoles?, N. Cavassilas#, tUniversities of
Toulon and “Bordeaux, 2CNRS Palaiseau, France, 2University of
Tokyo, Japan, ilmpact of Electron-Phonon Scattering on Optical and
Electrical Properties of Perovskite Materialo 65

10:05 M. Nedjalkov!?, J. Weinbub?!, M. Ballicchia?, S. Selberherr?,
l. Dimov?, D. K. Ferry?, K. Rupp?, TU Wien, Austria, ?Bulgarian
Academy of Sciences, Bulgaria, 3Arizona State University, USA, fiA
Gauge-Invariant Wigner Function for General Electromagnetic Fieldso
67

10:20  Coffee Break
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Session Th3: Numerical Techniques

2:00

2:15

2:30

2:45

3:00

3:15

3:30

6:00

Chair: Marc Bescond

D. Connelly!, G. Csaba?, G. H. Bernstein?, A. Orlov?, J. Chisum?,

W. Porod?, Notre Dame University, USA, 2Pazmany Peter Catholic
University, Hungary, fiTowards a Simulation Framework for Coupled
Microwave and Micromagnetic Structureso 85

P. Muralidharan, S. M. Goodnick, D. Vasileska, Arizona State
University, USA, AA Multi-Physics Model to Study Defect Assisted
Transport in Amorphous Barrier Layerso 87

G. P. Szakmany, G. H. Bernstein, A. O. Orlov, W. Porod, Notre Dame
University, USA, iMulti-Physics Simulations for the Design of IR and
THz Nano-Antennaso 89

L. Avazpour, S. Soleimanikahnoj, S. Suri, I. Knezevic, University of
Wisconsin, USA, fiFinite-Difference Time-Domain Study of Phonon
Dynamics and Rough-Interface Scattering in Nanostructureso 91

H. Kosinal, G. Indalecio?, *TU Wien, Austria, 2CITUS, University of

Santiago de Compotela, Spain, iA Two-Particle Monte Carlo Method

for Carrier Transport in the Presence of Electron-Electron Scatteringo
93

I. Welland, D. K. Ferry, Arizona State University, USA, fiElectron
Transport in Strained Ing gsAlg 36AS0 95

Coffee Break and Posters
Posters are listed at the end (so that they can be nicely detached from
the program and used as a guide)

Reception and Banquet (Heritage Ballroom, 2" floor)
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Poster Papers

Numerical Techniques

P1 L. F. Aguinsky!, P. Manstetten?, A. Hossinger?, S. Selberherr?,
J. Weinbub?, 'TU Wien, Austria, Silvaco Europe, UK, fiA
Mathematical Extension to Knudsen Diffusion Including Direct Flux
and Accurate Geometric Descriptiono 109
P2 P. Aguirre, S. Sant, A. Schenk, ETH Zurich, Switzerland, iTCAD
Analysis of Leakage Currents in the Ballistic Regimeo 111
P3 X. Klemenschits, S. Selberherr, L. Filipovic, TU Wien, Austria, fiFast
Volume Evaluation on Sparse Level Setso 113
Nanowires
P4 M. Ballicchial2, M. Nedjalkov?, J. Weinbub?, *Universita delle
Marche, Italy, °TU Wien, Austria, AEffects of Repulsive Dopants on
Quantum Transport in a Nanowireo 115
P5 V. N. Kumar, D. Vasileska, Arizona State University, USA, iMobility
Modeling of Split-Gate Nanowireso 117
P6 S. R. Kola, Y. Li, National Chiao Tung University, Taiwan, iRandom

Telegraph Noise of Gate-All-Around Silicon Nanowire MOSFETSs
Induced by Single Charge Trapo 119

Two-Dimensional Materials

P7

P8

P9

C.-Y. Chen, Y. Li, National Chiao Tung University, Taiwan,
AiMonolayer Tungsten Disulfide with Transition Metal Dopingo 121

F. Hashimoto, N. Mori, Osaka University, Japan, fiEffect of Stacking
Order on Band-to-Band Tunneling in Van der Waals TMDC
Heterojunctionso 123
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P10 M. Macucci, P. Marconcini, Universita di Pisa, Italy, iGate Bias
Dependence of Flicker Noise in Graphene as a Result of Carrier
Statisticso 125

P11 S. Soleimanikahnoj, I. Knezevic, University of Wisconsin, USA, fiBand
Structure of Zigzag Phosphorene Nanoribbons: A Tight-Binding
Hubbard Modelo 127

General Semiconductors

P12

P13 H. Kosina, M. Kampl, TU Wien, Austria, iCurrent Estimation in
Backward Monte Carlo Simulationso 129

P14 A. Shaik?, D. Brinkman?, C. Ringhofer!, D. Vasileska, !Arizona State
University, USA, 2San Jose State University, USA, iAn Improved
Unified Solver for Modeling Defect Dynamics in Materialso 131

P15 J. Wang, K.-C. Wang, T. Kubis, Purdue University, USA, fiDesign of
Ultraviolet Light Emitting Diodes Based on Hexagonal Boron Nitrideo
133

Thermal Transport

P16 Y. Guo, S. Volz, M. Nomura, University of Tokyo, Japan, iCoherent
Heat Transport in Nanostructures by Numerical Solution of Quantum
Kinetic Equation of Phononso 135

Semiconductor Devices

P17 L. Maurer, M. Marshall, D. Campbell, L. Tracy, T.-M. Lu, D. Ward, S.
Misra, Sandia National Laboratories, USA, iModeling Transport in

Phosphorus 6-Doped Silicon Tunnel Junctionso 137

P18
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Sub-Harmonic Locked Oscillators for Neuromorphic Computing

M. Gal', Lukas Seitner', B. Radeleczki', W. Porod?, G. Csaba'
!pazmany Peter Catholic University, Budapest, Hungary
2Department of Electrical Engineering and NDnano, University of Notre Dame, USA
csaba.gyorgy@itk.ppke.hu

Oscillators are ubiquitous in the physical word and interconnected oscillators display complex,
emergent dynamics behaviors. This makes them excellent candidates for non-Boolean
computing models that may exploit their complex dynamics for computation [1]. The oscillator
behaviors, however, are rather sensitive to the parameters of individual oscillators, and physical
oscillators are always subject to manufacturing variations, making realization challenging.

A possible solution to this problem is using sub-harmonic injection locking (SHIL), i.e.
pumping the oscillator with a frequency that typically is an n integer multiple of its natural
frequency [2]. This stabilizes oscillator frequencies, and allows n number of distinct steady-
state phases. The nonlinearity of the oscillations, and how strongly they are pulled toward the
attractors, can be tuned by the strength of the pumping field.

In this work, we study ring oscillators and vanadium-oxide-based relaxation oscillators in
SHIL-based computing systems. Both oscillators naturally support n=3,5 (odd harmonic)
pumping, and we show how they can be redesigned for two-state systems. We study the
construction of Hopfield-type networks using both ring oscillators and relaxation oscillators.
Hopfield networks show excellent recognition capability with a basic Hebbian learning scheme,
and we show an iterative algorithm for adjusting the weights to improve results. We will also
demonstrate that adjustable coupling between ring oscillators can be achieved by simple,
transistor-based interconnections.

SHIL-controlled relaxation and ring oscillators are very simple circuits, yet seem to be a
promising hardware toolbox for realizing a number of computing functions. Importantly, SHIL
control makes them much less susceptible to device-to-device parameter variations. This
means that potentially large, complex computing circuits can be built from compact and

imprecise circuit elements.

[1] Raychowdhury, Arijit, et. al. ~ Computing With Networks of Oscillatory Dynamical Systems
Proceedings of the IEEE (2018).
[2] Csaba, et. al. “Neural network based on parametrically-pumped oscillators.” In Electronics,

Circuits and Systems (ICECS), 2016 IEEE International Conference on, pp. 45-48. IEEE, 2016.
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Eliminating Quantum Uncertainty in Quantum Electron Devices:
Leveraging Classical and Quantum Computing

D. Pandey', L. Bellentani?, M. Villani', G. Albareda®, P. Bordone>*, A. Bertoni*, X. Oriols!
!Departament d'Enginyeria Electr - nica, Universitat Aut-noma de Barcelona, 08193-
Bellaterra (Barcelona), Spain
2Dipartimento di Scienze Fisiche, Informatiche e Matematiche, Universit ™ degli Studi di
Modena e Reggio Emilia, Via Campi 213/A, 1-41125 Modena, Italy
3Max Planck Institute for the Structure and Dynamics of Matter and Center for Free-Electron
Laser Science, Luruper Chaussee 149, 22761 Hamburg, Germany
433, Istituto Nanoscienze-CNR, Via Campi 213/A, 41125 Modena, Italy
devashish.pandey@uab.cat
Today, there is a lively debate in the scientific community on whether quantum computing will
offer better capabilities in the coming future compared to the existing classical computing.
While some corporations and research centres are advocating the enormous potential of
quantum computing, others are trying to push the limits of the classical computing strategies to
its apex. Nowadays, classical and quantum computations are performed using quantum devices
following three main steps: initial preparation of the quantum state, unitary evolution of the
state and the final measurement of the state. The last step implies quantum uncertainties in
outputs - due to the so-called wave function reduction - that causes inconveniences to the device
engineers due to the undesired quantum noise [1] at the device output. This quantum noise
can only be eliminated when the final state is an eigenstate of the observable of interest. In this
conference, we will present a new protocol which ensures that the final state of a quantum
device is an eigenstate of the current operator eradicating the quantum uncertainty in the
practical implementation of the last measurement step for either classical or quantum
computing. For a single electron, the measured current has an unavoidable quantum uncertainty.
However, due to central limit theorem, when the number of electrons in the device becomes
very large, the measured current due to all electrons (normalized to the number of electrons)
approaches a single eigenvalue, without quantum uncertainty. Thus, the physical
implementation of our protocol just requires increasing the number of involved electrons and
normalizing the current. Its final success, however, requires that electrons behave as non-
interacting quasi-particles [2]. Practical examples of the advantages of this protocol for classical
(with resonant tunnelling diode (RTD)) and quantum (Mach-Zehnder interferometer (MZI))
computing will be discussed. In Fig. 1, we test how the effective number of particles required
to ensure an acceptable low level of quantum noise depends on several device properties of a
RTD (like transmission coefficient, doping, temperature, etc.). Similar arguments can be used
in the context of current computation in a quantum computing device such as the MZI [3] (Fig.
2). In Fig. 3(a), the computation of the electrical current for a varying magnetic field is plotted
which leads to Aharonov-Bohm oscillations in the device, which is a clear-cut signature of
quantum interferences [3]. In Fig. 3(b), we plot the instantaneous current for different injection
times (which is inversely proportional to the number of particles): the lower number of electrons,
the noisier the device. In summary, we show the utility of a new protocol for device engineers,
to minimize quantum uncertainty at the outputs of classical or quantum computing devices, at

the price of involving a large number of transport electrons.

[1] X. Oriols et al, PRL 98, 066803 (2007); D. Marian et al, PRL 116, 110404 (2016)
[2] D.Pandey et al, arXiv preprint arXiv:1812.10257 (2018)

[3] L Bellentani et al, Phys. Rev. B 97, 205419 (2018)
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Fig.1: Schematic for a spray-coating setup that utilizes a spray gun,
closed box, exhaust system and a movable hot plate.

Fig.4: Thermoacoustic loudspeaker samples fabricated through
spray coating of solution processed metallic nanowires: (a) silver
nanowires deposited on glass; (b) silver nanowires deposited on
Kapton; (c) copper nanowires deposited on glass; (d) copper
nanowires deposited on Kapton.

Fig.2: SEM-image of the conductive random network fabricated by
spray-coating deposition of silver nanowires on glass (a) and Kapton

(b).

Fig.5 Experimental (colored symbols) and simulated (black solid
line) thermal frequency response (power to temperature) of the TA
loudspeaker sample made of silver nanowires on glass.

Fig.3: Structure of a solid substrate TA loudspeaker.

Fig.6 Experimental (colored symbols) and simulated (black solid
line) acoustic frequency response (power to temperature) of the
TA loudspeaker sample made of silver nanowires on glass.

ISBN 978-3-9504738-0-3
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Fig.1: Cross section of the single channel Si NWT used in the EMC  Fig2: quantum mechanical charge distribution in the cross section
simulations. of the simulated NWTs with different shape.
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Fig.3: dependence of the mobile charge in the NWT channel as a  Fig.4 Normalized current as a function of the position x relative to
function of the gate bias. silicon, for p=1, Gy=0, exp(-x/d) , Ge=0o exp(-(d-x)/d), To=T1, ¥, T2
= GoTz =10,

Fig.5: Current as a function the gate voltage for NWT with ~ Fig.6: DD simulation domain for evaluating the performance of
different cross section obtained from the EMC simulations.  multichannel NWTs.
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Fig.1: Schematic of GAA nanowire and the cross-section with the finite  Fig.3: The low-field hole mobility x,,, of a silicon nanowire as

element mesh configuration. a function of hole inversion density P;,, at the top of the
barrier at V,, = 10™* V. The diameter of silicon nanowire is
3.0 nm and the source and drain lengths are 10.0 nm. The
scaling parameters of the deformation potentials for phonon
confinement effects were taken from Ref. [3].
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Fig.4: Current spectrum of a silicon NW pFET in (a) ballistic
transport and (b) scattering transport at V;s = —0.4 V and
Vpp = 0.4 V. The NW diameter is 5.0 nm and the source,
channel, and drain lengths are 15.0 nm, 10.0 nm, and 15.0 nm

respectively.
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Fig.2: Flowchart of the overall simulation procedure. m is the number  Fig.5: On-current of silicon NW pFETs as a function of 6
of modes and N is the number of the FEM nodes of the periodic layer. where 6 is the angle between the major axis of NW and (001)
P, is the orthogonal projection onto the subspace spanned by the plane. The transport direction is <110>. The source-drain
multiband basis vectors of the k-th FEM node. S, is the overlap matrix  voltage is -0.4 V and the driving voltage is 0.4 V. The dashed line
and n,,(w) is the Bose-Einstein distribution of the phonon with is the on-current of the device with the aspect ratio of 1.0. All
frequency w. devices have the same cross-section area as that of NW with the
diameter of 5.0 nm.
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Investigation of the Kink Effect in GaN HEMT Technology
Using Fermi Kinetics Transport

N. C. Miller', M. Grupen', J. D. Albrecht’
LAir Force Research Laboratory, Sensors Directorate,
2241 Avionics Circle, WPAFB, OH, 45433, USA
2Michigan State University, 428 S. Shaw Lane, East Lansing, MI, 48824, USA
nicholas.miller.58@us.af.mil

High frequency, high power electronic components are required for a variety of commercial
and Air Force applications. For example, wireless communication networks require RF power
amplifiers for cellular base stations [1], and power switches are an important part of the
electrical utility grid [2]. Because of its wide bandgap, high breakdown voltage, and large
peak electron velocity, gallium nitride (GaN) is an attractive material for discrete power
amplifier transistor technology. Moreover, GaN’s ability to form heterostructures and the
spontaneous and piezoelectric polarizations of the heterostructures can be exploited to construct
high electron mobility transistors (HEMTs) containing highly conductive two-dimensional
electron gas channels with large electron densities and high electron mobility.

Despite great strides in GaN HEMT development, this device can also exhibit certain
operational in-stabilities. One type of instability is called the kink effect or drain current knee
walkout. It is characterized by a sudden increase in drain current at high drain voltage [3].
Instabilities like these are on-going issues that must be addressed for advanced power-switching
applications.

The work reported here investigated the GaN HEMT kink effect by including electron trap
dynamics in a computational physics framework developed by the Air Force Research
Laboratory (AFRL). These tools simulate devices by solving Maxwell's vector field equations
coupled to nonlinear electron transport including electronic band structure, quantum mechanical
scattering, and hot electron effects. Figures 1 — 3 depict simulation details, and Figure 4
compares simulated electron drift velocities with Monte Carlo results obtained from the
literature [4]. Figures 5 and 6 show that results calculated by the AFRL transport solver
compare favorably with measurements from the literature.

[1] M. Eron et al., IEEE Micro. Mag., 19, 1, 16 (2018).

[2] S. Faramehr et al., Semicond. Sci. Technol., 29, 025007-1 (2014).

[3] P. Roblin et al., IEEE Trans. ON Microwave Theory and Tech., 60, 6, 1964 (2012).
[4] B. Benbakhti et al., IEEE Trans. Elect. Dev., 56, 10, 2178 (2009).

[

]
]
]
5] M. Wang and K. J. Chen, IEEE Elect. Dev. Let., 32, 4, 482 (2011).
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Fig.1: a) Conduction band profile of 2nmx2nm GaAs
nanowire. b) Comparison of conduction band scattering
rates obtained from NEGF against Fermi's golden rule for
charged impurity scattering in 10-band sp3d5s* tight
binding basis for a doping concentration of 2x10'® cm™.

Screening length is set at 3 nm.
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Fig.2: a) Conduction band profile of 2nmx2nm GaAs

nanowire. b) Comparison of conduction band scattering
rates obtained from NEGF against Fermi's golden rule
for polar optical phonon scattering in 10-band sp3d5s*
tight binding basis for a doping concentration of 2x10'®

cm. Screening length is set at 3 nm.
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Fig.3: Variation of Urbach parameter as a function of

temperature for n-type GaAs for different doping

concentrations. Simulation results show good agreement

with experimental data obtained from Ref. [5] for

intrinsic case and for a doping concentration of 2x10'®

cm’,

Fig.4: Variation of band gap narrowing of conduction band

as a function of doping concentration for GaAs. Simulation

results have been compared against a set of experimental

results. Exp. data [1], Exp .data [2] and Exp. data [3])
obtained from Refs. [6], [7], and [8] respectively.
Simulation results show very good agreement with

available experimental data.
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Fig. 1: The atomic structure of a graphene nanoribbon, where
the supercells and nodes (r7) are indicated. The Bloch waves
are calculated assuming supercell periodicity, while the
nodes are used to form a finite element basis describing the

large-scale behavior of the system.
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Fig. 2: Top: A three-dimensional depiction of the gate-all-
around graphene nanoribbon field-effect transistor (GNR
FET). Spheres indicate the position of carbon (black) and
hydrogen (blue) atoms. Bottom: The transfer characteristics
(fas— Vgs) of the GNR FET, shown above, at different drain-
source bias ( Vas) and gate-lengths (Lg).
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Fig. 3: The electronic band structure of the GNR ribbon
shown in Fig. 2. The figure shows a comparison of the full
empirical pseudopotential calculation (dashed black lines) to
our method (colored lines) which uses only the Bloch waves
at the indicated points (x).
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Fig. 5: Top: A three-dimensional depiction of the gate-all-
around silicon nanowire field-effect transistor (Si-NW FET).
Spheres indicate the position of silicon (dark blue) and
hydrogen (light blue) atoms. Bottom: The transfer
characteristics (/as— Vgs) of the Si-NW FET, shown above, at
different drain-source bias (Vas) and gate-lengths (Zg

Fig.4: For the GNR FET of Fig. 2 in the off-state. Top: Shows the self-consistent potential and electric field, with the gate
indicated in red. Bottom: Shows the free electron density, displaying spatial resolution well below the atomic scale. Spheres
indicate the positions of the carbon (black) and hydrogen (blue) atoms.
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Fig. 1: Structure of the M /MoTe2/SnS2/Mg device. Mo, Te, Sn and S atoms are shown in cyan, orange, dark green and yellow. The atoms of
the M. (Au, Al) and Mg (Au) regions are shown in pink and yellow. The metallic gate regions (Top gate, Bottom gate) are shown as grey
rectangles. The dielectric regions are shown as dark purple (¢ = 6) or light purple (¢ = 25) rectangles.

106}
108 ]
§ 1070 _@— 5C: Au/MoTes/SnS:/Au o 1
= O~ ASC: Al/MoTe/SnSz/Au O g
e 0 o
1072 Vos = — 0.4V | 1
DS .
- o
o
o ;
1042 L Vpg = — 0.2V i
o-0-g o
oo a
1076 L 1 ! ! L . 4
0.0 0.1 0.2 0.3 0.4 0.5 0.6
‘s (V)

ISBN 978-3-9504738-0-3

Fig. 2: Ips vs.

Ves transconductance curves calculated for the

symmetrically-contacted (SC, Au/MoTe2/SnS2/Au) device at Vps = -0.2 V
(purple circles, solid line) and Vps = -0.4 V (purple circles, dashed line),
and for the asymmetrically-contacted (ASC, Al/MoTe2/SnS2/Au) device at
Vps = -0.2 V (green squares, solid line) and Vps = -0.4 V (green squares,

dashed line).

Presentations

Figure 3: Projected local density of states (PLDOS)
along the transport direction for the symmetrically-
contacted (SC:Au/MoTe2/SnS2/Au) device at Vps =
-0.4V and Vgs = 0.0V (a) or at Vgs = 0.6V (c). (b,d)
Same as (a,c), but for the asymmetrically-contacted
(ASC: Al/MoTe,/SnS,/Au) device. The red solid lines
indicate the position of the left and right chemical
potentials. The green dashed lines mark the
boundaries of the different device regions.
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From Semiclassical to Quantum Transport Modeling Including
Carrier Recombination and Generation

K.-C. Wang, S. H. Sureshbabu, X. Guo,
Y. Chu, T. Kubis
School of Electrical and Computer Engineering, Purdue University,
West Lafayette, IN 47907 USA
wang2366@purdue.edu

The non-equilibrium Green function (NEGF) method is capable of nanodevice performance
predictions including coherent and incoherent effects. Typically, treating incoherent scattering,
carrier generation and recombination in NEGF is computationally very expensive since it
involves several nonlinear and highly dimensional integro-differential equations [1]. In contrast,
drift-diffusion (DD) [2] models, with or without quantum corrections [3] have been the
industrial standard for TCAD due to their efficiency. The Biittiker-probe model represents a
good compromise between the accuracy of NEGF and the efficiency of heuristic thermalization
models. In this work, the charge self-consistent NEGF Biittiker-probe model is expanded to
include carrier recombination and generation effects. Several highlights are achieved with this
method. First, atomic resolved recombination/generation effects such as Shockley-Read-Hall,
radiative, and Auger recombination are incorporated into NEGF. Second, an alteration of the
Biittiker-probe convergence criterion carefully satisfies the continuity equations — also in the
presence of carrier recombination and generation. Note that atomically, energy and/or
momentum resolved observables that give deep insight into the nanodevice physics and
represent an important feature of NEGF are available just like with expensive self-consistent
Born models. The new method is first benchmarked against charge self-consistent DD. A
standard 20 nm GaN pn diode with 10?%/cm® doping is constructed with 2 bands tight binding
parameters from NEMOS’s tool suit [4] and semiclassical parameters from Silvaco’s Atlas tool
suit. Current-voltage characteristics (Fig.1), bandstructures (Fig.2), density (Fig.3), and
recombination profiles (Fig.4) compare very well. When carrier confinement effects are added
to the pn junction with an Ing.13Gao.g7N quantum well, quantum transport capabilities are needed
to cover the device behavior (Fig.5). These confinement effects enhance the recombination

current as shown in Fig.6.

[1] J. Charles, et al., “Incoherent transport in NEMOS: realistic and efficient scattering on phonons,”
J. Comput. Electron., vol. 15, no. 4, pp. 1123-1129, 2016.

[2]  Y.-R. Wu, et al. , “Analyzing the physical properties of InGaN multiple quantum well light
emitting diodes from nano scale structure,” Appl. Phys. Lett., vol. 101, no. 8, p. 83505, 2012.

[3] J. Geng, et al. , “Quantitative Multi-Scale, Multi-Physics Quantum Transport Modeling of GaN-
Based Light Emitting Diodes,” Phys. Status Solidi, vol. 1700662, p. 1700662, 2017.

[4] S. Steiger, et al., “NEMOS5: A parallel multiscale nanoelectronics modeling tool,” IEEE Trans.
Nanotechnol., vol. 10, no. 6, pp. 1464—-1474, 2011.
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An Efficient Method for Atomistic-Level Non-Equilibrium Greends
Function Simulations of Field-Effect Transistors involving Heterojunctions

Y. Ahn, B. Kim, M. Shin
School of Electrical Engineering, Korea Advanced Institute of Science and Technology,
Daejeon 34141, Republic of Korea
mshin@kaist.edu

The device structure consisting of heteromaterials is being widely considered for the future
field-effect transistors (FETs) such as tunneling FETs (TFETs) and Schottky barrier FETs. In
order to properly describe the band gap and band offsets and to naturally capture the interface
effects at heterojunctions, it is essential to model the heterostructure FETs in the atomistic level.
Therefore, a density functional theory (DFT) based approach is called for. A recently developed
framework where the DFT and non-equilibrium Green’s function (NEGF) parts are performed
sequentially provides a practical simulation platform [1], but when it comes to its application
to heterostructure FETs, the large size of the junction Hamiltonians becomes the main obstacle
to efficient NEGF simulations. This work presents a methodology to reduce the computational
burden in the NEGF part. The main idea is to employ the recursive Green’s function (RGF)
method [2] for homogeneous unit cells and the R-matrix method [3] for the junction parts in a
heterostructure FET, respectively (Fig. 1), to calculate the retarded Green’s functions. For this
purpose, we have extended the R-matrix algorithm to open boundary device. To assess the
computational efficiency of the proposed RGF+R-matrix approach, we have measured the
elapsed CPU time (Fig. 2) for calculating the retarded Green’s functions of four two-
dimensional heterostructures. The calculated transmission functions for the four
heterostructures (Fig. 3) show the exactness of the computed retarded Green’s functions. Our
RGF+R-matrix method is numerically efficient for atomistic-level NEGF simulations of hetero-
FETs. As an application, the self-consistent simulations of NEGF and Poisson equation have
been performed for germanane/InSe vertical TFET (Fig. 4) using the RGF+R-matrix approach.
It can be seen in Fig. 5 that the band-to-band tunneling occurs when the conduction band is
lowered below the valence band, leading to the onset of the ON-state region. The approach of
this work can be applied to the device having heterojunction of three-dimensional materials,

surface roughness, and atomic vacancies or dopants.
[1] M. Shin et al., J. Appl. Phys., 119, 154505 (2016).

[2] A. Svizhenko et al., J. Appl. Phys., 91, 2343 (2002).
[3] G. Mil’nikov et al., Phys. Rev. B, 79, 235337 (2009).
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Subdomain Algorithm for the Numerical Solution of the
Liouville-von-Neumann-Equation
L. Schulz, D. Schulz
Chair for High Frequency Techniques, TU Dortmund, Germany
lukas.schulz@tu-dortmund.de

For the numerical simulation of quantum electronic devices sophisticated methods are
desirable. The numerical solution of the Wigner Transport Equation (WTE) is preferable for
engineering applications [1,2,3]. On the one hand, transient effects can be analyzed in a
straightforward manner. On the other hand, scattering mechanisms can be implemented in detail.
Unfortunately, conventional methods utilized for a numerical solution of the WTE tend to pose
problems [2].

To begin with, the conventional discretization schemes cannot adequately include coherent
effects resulting in an overestimation of the diffusion effect [4] as these are based on upwind
difference schemes. Furthermore, by the utilization of these schemes, the drift operator is not
interacting with the inflow boundary conditions, whereas this is a prerequisite [2]. Additionally,
the drift operator represents a highly oscillating function, when considering heterostructure
devices, leading to a worse convergence behavior with respect to the Fourier integrals. As a
result, large computational errors are subject to these drawbacks.

In order to address these aspects, an approach based on the formulation of an exponential
operator combined with the finite volume discretization technique has been developed for the
numerical solution of the Liouville-Von-Neumann-Equation (LVNE) in center-mass
coordinates, x and & [5]. On the basis of the discretized diffusion operator with regard to the &-
direction, a transformation of the statistical density matrix is carried out allowing a definition
of the inflowing and outflowing waves. With regard to the continuity conditions at the interfaces,
the real space formulation is preferable.

Here, a concept is proposed allowing the utilization of arbitrary basis functions as well as
allowing the application of a subdomain approach for a highly efficient solution of the LVNE.
Indeed, when an orthogonal set of exponential functions is applied to form the transformation
matrix, the WTE is formally obtained from the discretized equation and, therefore, the
corresponding advantages with regard to the implementation of scattering mechanisms can be
preserved. Furthermore, the conventional coupling between the discretized real space and the
discretized phase space can be effectively avoided. Along with this procedure more flexible and
efficient solutions are enabled.

The approach is verified with the numerical simulation of a simply structured resonant
tunneling diode (RTD) on the basis of the AlGaAs/GaAs material system as demonstrated in
Fig.1-6. Finally, a novel approach for a highly efficient solution of the LVNE combined with an
in-depth analysis with regard to the WTE is presented.

[1]J. Weinbub et al., Appl. Phys. Rev., doi: 10.1063/1.5046663 (2018)
[2] D. Schulz et al., J. Quantum Electron., 8700109, doi: 10.1109/JQE.2015.2504086 (2016).
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[3] W. R. Frensley, Phys. Rev. B., 1570, doi: 10.1103/PhysRevB.36.1570 (1987).
[4] C. Carey et al., Appl. Math. Modelling, doi: 10.1016/0307-904X(93)90048-L (1993).
[5] K. Khalid et al., Trans. Nanotechnol., doi: 10.1109/TNANO.2017.2747622 (2017)
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Fig.1: Real part of the statistical density matrix for the RTD for the non-equilibrium case shown for an external bias of -0.15V and for
different subdomain dimensions. For the demonstration an exponential basis is applied so that the expansion coefficients are inherently
linked with the values of the discretized Wigner function. The discretized statistical density matrix obtained for the use of N=250 basis
functions is depicted in (c), which corresponds to the full set of basis functions, whereas the subdomain dimensions N=10 and N=50 are
shown in (a) and (b), respectively. As apparent from the numerical solution in (b), N=50 basis functions are sufficient for a convergence of
the statistical density matrix. As a consequence, the number of basis functions can be drastically reduced in comparison to standard methods.
The computation time as well as the computational resources can be effectively reduced. The imaginary part of the statistical density matrix
obtained from the subdomain solution is shown in (c).
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Fig.2: Conduction band diagram V and doping concentration N of the ~ Fig.3: Carrier densities calculated from the values of the
RTD. corresponding statistical density with regard to different
subdomain dimensions N as shown in (a), (b) and (c).
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A Mechanism of Electroforming in SiO2 Based ReRAM Devices
Facilitated by Electron Injection

J. Cottom!, M. Munde!?, A. Shluger!

!Department of Physics and Astronomy, UCL, Gower St., London, WC1E 6BT
“Materials Science Center and Faculty of Physics (WZMW), Philipps University Marburg,
Hans-Meerwein-Stralie, 6, 35043 Marburg, Germany
a.shluger@ucl.ac.uk

The TiN/SiO2/TiN stack (Fig.1) described in [1] is used as a model system to study the
mechanisms of electroforming is SiOx based resistive random access memory devices
(ReRAM) using density functional theory (DFT) and atomistic modelling. The bulk system (far
from the interface) is approximated as stoichiometric amorphous (a)-SiO2 whereas the SiO2/TiN
interface is considered explicitly and constructed using DFT simulations (Fig. 3,4). It has
previously been demonstrated that electron injection can facilitate the creation of Frenkel
defects in a-SiO> at structural precursor sites composed of wide O-Si-O bond angles [2]. These
sites act as deep electron traps (Fig. 2) and can accommodate up to two extra electrons. Trapping
of two electrons at intrinsic sites results in weakening of Si-O bonds and emergence of efficient
bond breaking pathways for producing neutral O vacancies and interstitial Oi*" ions with low
activation barriers [2]. Inside the a-SiO> film, a low barrier for migration (Fig. 5) of the O* ion
(= 0.2 eV) is further reduced by bias application. These barriers are further reduced at the
TiN/SiO; interface facilitating diffusion of O;*" from the bulk towards the interface coupled to
a lowering of the incorporation energies for the Oi* as a function of the distance from the
interface. The charge transition level for the O; (0/--) moves towards that of the TiN Fermi level
as the O; approaches the interface. This results in a transfer of the electrons to the TiN electrode
at the interface. Once the interstitials arrive at the interface, there is an initial ‘oxidation’ of the
interface via the formation of a TiO layer (Fig. 6), preferably at Ti-interface sites, in accordance
with the transition electron microscopy and electron energy loss spectroscopy observations [3].
The Ti-O bonds (Fig. 6) are strong and show high barriers (> 1.2 eV) for dissociation and
migration along the surface. Once the interface Ti-sites are occupied, O; are incorporated at or
in the layers directly below the interface or diffuse inside TiN via grain boundaries and desorb

into gas [1].
[1] A. Mehonic, et al., Adv. Materials, 28(34), 7486-7493 (2016)

[2] D. Z. Gao, et al., Nanotechnology, 27(50), 505207 (2017)
[3] M. S. Munde, et al., Scientific Reports, 7, 9274 (2017)
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Fig.1: Symmetric MIM design TiN/SiIOx/TiN structure used  Fig.4: The model of SiO2/TiN stack where the SiO2 surface is partially
for unipolar resistive switching [1]. hydroxylated, forming silanols (H is shown in white, Si-blue and O-red).

Fig.2: The electron density distribution (blue) of two electrons  Fig.5 Sequence of atomic configurations corresponding to the interstitial
trapped at a Si atom (yellow) in amorphous SiO2 structure. O diffusion in a-SiO,. The middle configuration corresponds to the
The O-Si-O angle after trapping is 176°. barrier point. The average barrier for diffusion is about 0.2 eV.

Fig.3: The model of SiO2/TiN stack. SiO2 is represented by the  Fig.6: Close-up of the interface between a-SiO, and TiN showing the
U-cristobalite crystalline structure. Red arrows indicate the  formation of Ti-O-Si bond .

directions of O interstitial ion diffusion considered in

simulations.
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Fig. 1 Setup of Voltage Sensor and Gating Current Estimation from ref. [1]

Fig. 2 Gating current response to rectangular voltage V, Fig.3: Experiment vs. Simulation.
from ref. [1] OFF Time constant 7, vs.\oltageV,  from ref. [1]
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A Multi-Physics Model to Study Defect Assisted Transport in
Amorphous Barrier Layers

P. Muralidharan, S. M. Goodnick, D. Vasileska
Electrical, Computer and Energy Engineering, Arizona State University, Tempe, USA
pmuralid@asu.com

It is already well established that good surface passivation at the heterointerface in silicon
heterojunction solar cells (SHJSC's) leads to high open circuit voltages (Voc's) and fill factors
(FF's), and ultimately to high conversion efficiencies [1][2]. Hence, high device performance is
obtained by using carrier selective contact (CSC) structures to optimize collection of
photogenerated carriers [3]. In SHISC's, CSC's usually consist of a transparent conducting
oxide (TCO) and a doped (n or p type) hydrogenated amorphous silicon layer [a-Si:H(n/p)] on
top of a crystalline silicon (c-Si) absorber (see Fig. 1). Traditionally, passivation layers based
on intrinsic hydrogenated amorphous silicon [a-Si:H(i)] have been used between the doped a-
Si:H and the c-Si in the highest efficiency cells, to create a low recombination contact.

In this work we use a combination of drift-diffusion (DD), ensemble Monte Carlo (EMC)
and kinetic Monte Carlo (KMC) simulations to study the effect of defect assisted transport
(DAT) of photogenerated holes through hydrogenated amorphous silicon [a-Si:H(i)] passivation
layers. We then correlate the effect of DAT on the overall device performance of SHISC. At
first the DD simulation is conducted for the entire SHISC to determine its J-V characteristics
and band profiles. We extract the valence band, hole quasi-Fermi level and electric field for the
DD simulation for various device operating points (maximum power point is of particular
interest). EMC is used to determine the incident carrier distribution on the barrier. Along with
analytical distributions for a-Si:H [4], the KMC domain is set up to simulate the interaction of
discrete carriers with discrete defects [5][6]. The KMC method uses probabilistic distributions
of various physical mechanisms to ascertain the behavior of the system [7].

Our simulations indicate that multi-phonon injection is the primary process via which
photogenerated holes are injected into the a-Si:H(1) passivation layer. Defect to defect (hopping)
transitions is the prominent mode of transport within the a-Si:H(1) barrier. Lastly, for collection
of photogenerated holes, Poole-Frenkel emission is dominant for thin a-Si:H(1) layers (< 10 nm)
whereas the defect emission is dominant for thicker layer (> 10 nm).

[1] S. de Wolfet al., Green, 2, 7-24, 2012.

[2] M. Taguchi et al., Prog. Photovoltaics Res. Appl., 13, 481-488, 2005.

[3] A. Cuevas et al., IEEE 42nd Photovolt. Spec. Conf., no. 1, pp. 1-6, 2015.
[4] R.. Street, Hydrogenated Amorphous Silicon. 1991.

[5] P. Muralidharan et al., Phys. Status Solidi C, 12, 1198-1200, 2015.

[6] P. Muralidharan et al., IEEE 42nd Photovolt. Spec. Conf., 743-758, 2015.
[7] G.C.Jegert, PhD Thesis, 2011.
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Fig.1: Effect of EES on the bulk distribution function at 77K (left) and 300K (right) in thermal equilibrium and non-equilibrium.

Fig.2: Enhancement of energy relaxation due to EES. The initial  Fig.3 Effect of EES on the velocity overshoot (black line) and the
two-particle distribution function assumed is a aproduct of a cold  energy transient (red line). An electric field step of 50kV/cm is
Maxwellian at 300K and a heated Maxwellian at 3000K. applied at 1 ps. Lattice temperature is 300K.

Fig.4: Enhancement of the high energy tail due to EES. The potential profile and three lateral positions reported in [2] have been used.
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Fig.1: Band structure of IngAl 36As strained to the InAs lattice  Fig.4: Relative populations of the 7"and L valleys of the conduction
constant. band as a function of the electric field.
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Fig.2 Electron mobility as a function of temperature for a doping  Fig.5 Population of the 7"and L valleys of the conduction band as a

density of 1x10'® cm?2, function of the kinetic energy of the carriers at 35 kv/cm..
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Figure 1: (left) Schematic view of a single-gate field-effect transistor with a 2-D monolayer as channel material. In this study,
the gate length Lg ist set to 15 nm, the source and drain extensions measure Ls=Lp=12.5 nm each and are doped with a donor
(Np) or acceptor (Na) concentration of 513 cm2 for n- and p-type devices, respectively. The oxide separating the channel from
the gate contact is assumed to be a 3nm thick HfO2 layer with a relative dielectric constant &r=20. All simulations are performed
at room temperature and include a phenomenological dissipative scattering mechanism to ensure convergence at high Ves and
to remove unphysical negative differential resistance behavior. (right) Example of 2-D monolayer crystals used in this work.

Figure 3: lllustration of the developed computational scheme to simulate the single-gate transistors from Fig. 1. Starting from
a recently produced 2-D materials database that contains more than 1,800 monolayer candidates [1], the electronic structure
of the selected crystal is calculated with density functional theory (DFT), e.g. with VASP [2] or Quantum ESPRESSO [3], for
its primitive unit cell. The plane-wave results are converted into a set of maximally localized Wannier functions (MLWF), which
gives rise to a Hamiltonian matrix with short range interactions. The latter is finally passed to a quantum transport solver
called OMEN [5] to obtain the ficurrent vs. voltageo characteristics of the considered transistor samples.
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[12] W. Zhang et al., Nano Research 7, 1731 (2014).

[13] M. V. Fischetti et al., Phys. Rev. B 93, 155413 (2016).
[14] G. Gaddemane et al., J. Appl. Phys. 124, 044306 (2018).
[15] Z.G. Shao et al., J. Appl. Phys. 114, 093712 (2013).

[16] X.S. Ye et al., RSC Advances 4, 21216 (2014).

Fig. 1: Carrier-phonon scattering rates at 300K for (a) phosphorene electrons, (b), phosphorene holes, and (c) MoS, electrons.
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Drain-Backgate-Enhanced TFET Based on
In-Plane MoTe2/MoS; Heterojunction

J. Choukroun!, D. Logoteta'?, M. Pala!, P. Dollfus'
1C2N, CNRS, Univ. Paris-Sud, Universit® Paris-Saclay, Palaiseau, France
ZDipartimento di Ingegneria dell'Informazione, Universit " di Pisa, Pisa, Italy
philippe.dollfus@u-psud.fr

Thanks to their ability to yield subthreshold swings (SS) below the thermionic limit of 60
mV/dec at room temperature [1], Tunnel Field Effect Transistors (TFETs) are recognized to be
a promising avenue for the scaling of power supply. However, since TFETs rely on band-to-
band tunneling (BTBT), the on-state current lon they provide is often severely lower than that
of MOSFETs, which limits their possible applications [2]. Encouraging experimental results
have been obtained for III-V TFETs [3], but the use of 2D materials offers the advantage of
using electrostatic doping of leads via backgates, and a better control of the heterojunction
interface. Vertical and in-plane heterojunction TFETs based on 2D materials have demonstrated
promising results [4]. Recently, we have shown that TFETs based on in-plane heterostructures
of transition metal dichalcogenides (TMDs) may offer both excellent SS and high lon,
particularly in the case of strained MoTe>/MoS: system [5] that provides appropriate "broken
gap" configuration of bandstructure. However, the performance of this device depends on the
gate length and the SS strongly degrades when reducing the gate length below 20 nm.

Here, we propose a new design of this in-plane heterojunction TFET (see Fig. 1), where top
gate and drain backgate are interconnected and both used to control the current through the
device. TMDs were modeled with an atomistic 11-band tight-binding (TB) model including
strain effects due to lattice mismatch between MoTe, and MoS; [6]. These TB Hamiltonians
were introduced in an NEGF solver to compute the quantum transport (here in the ballistic
approximation) self-consistently coupled to 2D Poisson's equation. As shown in Fig. 2,
excellent 1-V characteristics are obtained with SS as low as 5 mV/dec. More importantly, this
performance is nearly independent of channel length, in contrast with standard TFET with same
materials (Fig. 3). This Drain-Backgate Enhanced (DBE) TFET indeed provides an excellent
control of the off-state whatever the channel length, as illustrated by LDOS pictures of Fig. 4.
[1] D. Esseni et al., Semicond. Sci. Technol. 32, 083005 (2017).

[2] U. E. Avci et al., IEEE J. Electron Devices Soc. 3, 88-95 (2015).
[3] A. W. Dey et al., IEEE Electron Device Lett. 34. 211-213 (2013).
[4] Y. Gong et al., Nat. Mater. 13, 1135-1142 (2014).

[5] J. Choukroun et al., Nanotechnol. 30, 025201 (2019).
[6] S. Fang et al., Phys. Rev. B 98, 075106 (2018).
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Fig.1: Schematic representation of the model. The goal is to obtain
the net, cross-sectional flux through the mass balance volume (blue)
by balancing the direct (red), adsorbed (purple), and indirect
(green) fluxes. The complete indirect flux contribution is obtained
by integrating over all T (green elements).

Fig.3: Comparison of the local concentration between different
approaches for a cylinder of AR 50 and sticking 1%. We note that
the full extended Knudsen diffusion approach is required for more
accurately matching radiosity [4] over most of the feature.

Fig.5: Geometric factor as a function of axial distance * for a finite
cylinder of sticking 1% and varying ARs. Our model highlights
significant discrepancies in the standard approach [2] for the
extremities of the cylinder even for high ARs.
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Fig.2: Schematic representation of the system of ordinary
differential equations modeling neutral transport. The colors relate
to Fig.1. We note the differences between our model and the
standard Knudsen diffusion approach [2]: The presence of direct
flux and the geometric factor. The adsorbed flux is modeled by a
volumetric sink term, as in [2].

Fig.4: Local relative error, defined as the relative difference between
the extended Knudsen diffusion and radiosity [4] results, for a
cylinder of AR 50 and varying sticking. Here, we showcase how our
model produces adequate results even in high sticking regimes.

Geometric factor (infinite rectangular trench)

L5t / — Extended Knudsen diffusion
/

Hydraulic diameter

1 10 20 30 40 50
Lateral aspect ratio
Fig.6: Geometric factor for a rectangular trench of infinite length,
for each lateral AR, given by our model and by the hydraulic
diameter approximation [5]. Our model has divergent asymptotic
behavior. This is expected, as the problem is intrinsically three-
dimensional.
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Fig.1: Schematic of an Ings3sGag47As double-gate (DG) ultra-thin-
body FET. Parameters: Np=5x10%°cm™, Ls=20nm, Lg=11.5nm,
thoay= 4.2 NM, and m,=0.0678 m.
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Fig.2: (a) Io-Ves characteristics at Vps=0.61 V of the device depicted
in Fig. 1 with a tunnel mass m;= m.. (b) Fermi energy profiles -eyn(x)
for different electron mobilities (ug=1x10° cm?Vs, ps[v(Pn)], and
Mp[V(nTos]), all extracted at Ves=-0.2V and Vps=0.61V.

Fig.3: 1po-Ves characteristics at Vps=50 mV of the device depicted in
Fig. 1 with a tunnel mass m;=m.. The red curve was obtained by a
post-processing calculation of the STDT current using the contact
Fermi energies in the NLT model instead of local QFPs.
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Fig.4: Ip-Ves characteristics at Vps=1V of the device depicted in
Fig.1 for different electron mobilities (Ug=1x10° cm?/Vs,
Uo[V(Wn)], and pp[v(nrog]) with me =0.0678 mo, my = 0.446 m,, and
SRH lifetimes T.= 1T,=1ns. The actual band gap of Eg=1.7eV
caused by the strong confinement was lowered to Eg=0.7 eV in
order to enhance the effect of BTBT. Curves without BTBT are
shown for comparison (dashed and dot-dashed lines).
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Fig.5: (a) Electron BTBT rates for different electron mobilities
(Mg=1x10% cm?Vs, We[v(Pn)], and pe[v(nrog]) extracted at
Ves=0V and Vps=1V. Parameters are the same as in Fig. 4. (b)
Corresponding profiles of the electron Fermi energy -eWn(x).

Fig.6: Electron BTBT rates for different electron mobilities
(Mg=1x10% cm?Vs, pp[v(Pn)], and pu[V(ntos]) extracted at
Ves= 0V and Vps= 25V.
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Fast Volume Evaluation on Sparse Level Sets

X. Klemenschits, S. Selberherr, L. Filipovic
Institute for Microelectronics, TU Wien
GuChausstraCe 27-29/E360, 1040 Vienna, Austria
klemenschits@iue.tuwien.ac.at

Implicit surface representations such as the level set method, as often applied in process
simulations [1], usually only represent the interfaces between materials, rather than the full
volume of a material itself. This limits the accurate representation of diffusion and the effects
of chemical reactions taking place inside a material. Therefore, diffusive processes cannot be
modelled directly, but demand regular conversions to a volume representation, requiring
computationally costly algorithms. As an alternative, we propose a fast ray tracing algorithm to
evaluate the effective volume of a material layer directly on the implicit surface with sub-grid
resolution, eliminating the need for a costly volume conversion. Our algorithm is implemented
in ViennaTs [2], a level set powered topography simulator. As a relevant application, a polymer
stabilisation step, a so-called N> flash, performed during gate stack etching [3], was simulated.
This fabrication step reduces the volume of a thin layer proportionally to the initial layer volume
[4]. Therefore, the volume of the material to be reduced must be known to model this process
accurately. Diffusion processes simulated by ray tracing, monitor the path each incoming
particle takes through the volume of a material. This is computationally costly due to the large
number of rays needed to describe the process. A bottom-up approach [5], where rays are
reversely followed from the bottom interface and counted on the top interface, can be used
instead, which is shown in Fig. 1. The combination of the path length and distribution of rays
on the top interface provides an approximation of the volume accessible to particles diffusing
from the top surface. Normalising the length of the rays, as shown in Fig. 2, gives an
approximation of the effective volume of the material below each surface point. The effect of
the normalisation for the trench geometry shown in Fig. 3, can be seen in Fig. 4, which
highlights the discrepancy between pure ray counts per surface element and the effective
volume. The simulation of the N> stabilisation process step, using the three test geometries,
shown in Fig. 3 and Fig. 5, is able to adequately describe the etch process. The developed
method can also be applied to a variety of diffusive and volume-dependent processes, such as
ion implantation or oxidation without the need for compute-expensive volume extraction. The
results of the simulation of a diffusion limited deposition process are shown in Fig. 6.
[1] S. Osher and J. A. Sethian, J. Comput. Phys., 79(1), p. 12-49, (1988).
[2] ViennaTs. [Online]. Available: http://www.iue.tuwien.ac.at/software/viennats
[3] X. Klemenschits, S. Selberherr, and L. Filipovic, in Proc. EUROSOI-ULLIS, pp.1-4, 2018.
[4] O. R. Bengoetxea, Ph.D. dissertation, Université Grenoble Alpes, 2016.
[5] P. L. Manstetten, Ph.D. dissertation, Technische Universitat Wien, 2018.
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Fig.1: Ray tracing on an implicit surface by approximating the
surface using discs [2] shifted from each grid point to the surface
by the level set value in the direction of the normal vector. A ray
with start and intersection angles of G and d, respectively, travels
a distance d. The number of rays and their properties are stored
in the data structure for each grid point of the top level set.

Fig.3: Surface evolution of a thin passivation layer during an N,
flash process step, obtained from volume dependent etch models.
The evolution of the top level set above a trench geometry is
shown from light grey as the initial surface to dark grey for the
final profile. The substrate and the thin layer are shown in pink
and blue respectively.

Fig.5: Comparison of two thin layers (blue) on a substrate
(purple) during the N, flash process, with linearly increasing
thickness. Areas with higher volume reduce quicker than those
with less volume. The evolution of the top layersd locations over
time is shown from light grey for the initial surface to dark grey
for the final profile.
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Fig.2: Normalisation of ray distances via power cosine distributions of
the start and intersection angle. The powers were chosen as n=m=2 for
minimum simulation time while still providing reliable results. The dots
correspond to the active level set points, used to define the location of
the surface when sparse level set methods are used.

Fig.4: Volume estimate of a trench geometry underneath a plane, given
in Fig. 3. The estimated volume (black line) is shown in comparison to
the number of rays incident on the surface (blue bars), highlighting the
strong effect of the angle dependence on the final profile, which
adequately balances the abrupt increase of ray hits due to the sharp
edge in the geometry.

Fig.6: Surface evolution of diffusion limited growth, achieved by
considering the volume particles have to diffuse through, in order to
react with the surface below. The reacting substrate is shown in purple
while the time evolution of the material growing above is shown from
light grey to dark grey for the final profile.

Posters 114












Book of Abstracts IWCN 2019

Fig.1: The split-gate nanowire structure used in this work. Fig 4: Subband energies and line densities of the lowest 15
subbands in the nanowire.

Fig.2: Conduction band profile and Electron density along x axis  Fig 5. Comparison of electron mobility obtained by this model with
(Cutline A-Ad). the experimental results taken from Ref. [1].

Fig 3. Conduction band profile and Electron density along y axis
(Cutline B-B0)
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Band Structure of Zigzag Phosphorene Nanoribbons:
A Tight-Binding Hubbard Model

S. Soleimanikahnoj, I. Knezevic
Department of Electrical and Computer Engineering, University of Wisconsin-Madison,
Madison, Wisconsin 53706, USA
soleimanikah@wisc.edu

The phosphorene nanoribbon (PNR), a one-dimensional analogue of phosphorene, has
received considerable attention owing to its remarkable electronic properties. In particular,
PNRs with zigzag edge termination [Fig. 1(a)] have been used as the underlying material for
introducing novel nanodevices such as quantum switches, pseudospin valves, and spin filters
[1-3]. The functioning of these devices is mainly based on electric- or magnetic-field tuning of
the so-called midgap energy bands of zigzag phosphorene nanoribbons (ZPNR)s. The midgap
bands are a pair of energy bands in electronic band structure of ZPNRs that cross the Fermi
level and are far from the other energy bands. Near-equilibrium electronic transport in ZPNRs
is governed by the midgap bands with little to no contribution from the other energy bands. This
shows that a careful assessment of the ZPNR electronic properties and the performance of
ZPNR-based electronic devices requires employing a model that accurately captures the
electronic dispersion of midgap bands. The fifteen-nearest-neighbor tight-binding (TB)
Hamiltonian proposed by Rudenko et al. [4] provides an accurate band dispersion for bulk
phosphorene with respect to density functional theory (DFT) calculations. However, if used for
ZPNRs, the TB model fails to capture the band structure and, in particular, the midgap-band
energy dispersions accurately. In this work, we show that a Hamiltonian that includes the
fifteen-nearest-neighbor TB Hamiltonian for bulk phosphorene along with a Hubbard mean-
field-approximation term correctly captures the band dispersion of midgap bands in ZPNRs. In
particular, the added Hubbard term dramatically modifies the midgap bands dispersion and upon
choosing a proper Hubbard potential replicates the midgap bands dispersion obtained from our
DFT calculations. The model presented here is a much-needed tool for careful investigation of
electronic properties of ZPNRs and provides the platform for credible assessment of ZPNRs as
a material for future developments in nanoelectronics.

[1] S. Soleimanikahnoj and I. Knezevic, Phys. Rev. Applied, 8, 064021 (2017).
[2] S. Soleimanikahnoj and I. Knezevic, JCEL, 16, 064021 (2017).

[3] W. Zhou et al., Physica E, 94, 53-58 (2017).

[4] A. Rudenko et al., Phys. Rev. B, 92, 085419 (2015).
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Fig.1: Finite Volume Mesh (FVM) used for discretizing differential  Fig.4: Shape of LU decomposition matrix in operator splitting
equations scheme (a) Transport Operator (b) Reaction Operator and (c)
full operator scheme.

Fig.2: Software modules used in the improved solver.. Fig.5 OOP Object organization for implementing numerical
engine with reaction solvers, diffusion solver and poisson
solvers and algorithms.

Fig.3: (a) Net charge (b) Net mass without corrections, (c) net charge  Fig.6: Comparison of light IV curves from our solver to Silvaco
and (d) net mass with corrections. atlas solver.
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The Multi-Particle Drift-Diffusion Approach for Optoelectronic Devices

D. Rossi, A. Di Carlo, M. Auf der Maur
Department of Electronic Engineering, University of Rome fiTor Vergatao,
Via del Politecnico 1, 00133 Rome, Italy
Daniele.Rossi@uniromaz2.it

The traditional approach for semiconductor transport modeling in electronic devices is
typically based on the drift-diffusion model [1], that describes uniquely the electron and hole
flux driven by the gradients of the respective thermodynamic potentials, where each particle is
assumed in local thermal equilibrium with the host material. Despite it has been the most used
approach for electronic device simulation during the last fifty years, the classical drift-diffusion
model exhibits several limitations when considering some mechanisms that occur in new
nanoscale optoelectronics devices. We developed a novel generalized multi-particle drift-
diffusion (mp-DD) model capable to overcome the limitations imposed by the classic drift-
diffusion model. It was designed as flexible and reusable tool that takes into account explicitly
multiple carrier populations, whether charged and neutral, allowing to consider also e.g.
exciton transport or ionic motion, crucial for a relevant number of device structures. The
modeling approach provides first of all the generalization to more than two carrier populations,
each one individually assumed in a local thermodynamic equilibrium and characterized by its
individual electrochemical potential; secondly, the particles are coupled to each other by
recombination-generation terms, formulated to be strictly thermodynamically consistent. Figure
1 shows schematically the basic assumption behind the intra-band and inter-band recombination
modeling. [2]

We applied the multi-DD in different application contexts. We calculated the impact of
intermediated band charge transport on intermediate band solar cell (IBSC) performance, as
show in Figure 2. We also model the optical and electrical operation of a thermally activated
delayed fluorescence (TADF) in OLED. This represents a good demonstration of how the
explicit inclusion of excitons, within the system of equations, allow us to draw important
conclusions about the device emission profile (see Figure 3), accounting for typical exciton
quenching processes such as triplet-triplet annihilation (TTA) [3] and triple polaron quenching

(TPQ) [41

[1] W. van Roosbroeck et al., Bell Syst. Tech. J., 4(29), 560-607 (1950).
[2] D. Rossi et al., IEEE Trans. Electr. Dev., submitted (2019).

[3] H. Uyoma et al., Nature, 7428(492), 234 (2012).

[4] M. A. Baldo et al., Phys. Rev. B, 62, 10967-10977 (2000).
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