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Abstract — The miniaturization of semiconductor devices has C++ and uses all the power of the object-oriented paradigm.
reached the point where the number of atoms is countable and This means that the code is fast, robust and maintainable. New
geometries are formed in three dimensions. The Nanoelectronic jndjvidual components that perform a specific task/calculation
Modeling tool suite NEMOS is designed to comprehend the .54 1o jnserted even by a non-C++-expert, simply using the
critical multl—scale, r_‘nult_l—physms phenomena and deliver re§u_lts well-known Python language [4], [5], [6], without the need to
to engineers, scientists, and students through efficient i hi Th ts int t with NEMO5
computational approaches. recompile anything. These components interact wi
as Python library extensions. A Python developer can access

Keywords: Atomistic Simulations; Nanoelectronic; Tight- structure and geometry definitions, material parameters, and

binding; NEGF; Multiphysics, Multiscale; Parallel Computing. computational flows.

. INTRODUCTION The computational flow is based on the definition
The downscaling of electronic devices has reachednd interaction ofsolvers through well defined application
the condition where the number of atoms in criticalprogramming interfaces (APIs). The interactions are not
dimensions is countable, geometries are three dimensionptedefined. They are specified by the user from the input deck.
objects and new materials are introduced. Under thesk& simulation starts with the parsing of an input deck which
conditions, even a known semiconductor constitutes a nemrovides information about the simulated structure as well as
material that cannot be found in nature due to the overathe desired type of simulation flow and the parameters for all
geometry of the device. The interactions of electrons, photonsgquired solvers. In a general initialization phase, geometrical
and phonons are now governed by these new materidbmains are constructed. A simulation can incorporate
properties and other longer range interaction effects such asultiple conceptual domains and a mixture of continuum and
strain at atomistic scale and gate fields. The Nanoelectron&tomistic representations. Every domain is partitioned into
Modeling tool suite NEMOS5 [1] is designed to comprehendregions of different materials. This enables multi-scale and
these multi-scale, multi-physics phenomena and deliver resulisulti-physics simulations where physically realistic equations
to engineers, scientists, and students through efficier@re solved on the subsets of the entire domain and simplified
computational approaches. NEMO5's general softwarenodels are employed for the remaining regions. If needed,
framework can easily include any kind of atomistic model andomputational directives such as parallelization schemes,
even semi-classical models if necessary. The software general solver iteration schemes, and model optimizations can
entirely parallelized and implements advanced models such atso be explicitly specified from the input deck. NEMO5
the Schroedinger equation and non-equilibrium Greeembeds a large variety of well-known packages such as
functions (NEGF) in tight-binding formalism, for electronic LAPACK, PETSc and SLEPc. These packages provide the
structure and transport calculations, respectively. It also is ablgreat advantage of having updated, advanced, robust and
to take into account important effects such as atomistic strairgliable solvers at a fast rate of implementation. NEMO5 also
using valence force field (VFF) strain models. It then allowsembeds the MPI library for efficient, large-scale parallel
the calculation of electronic band structures, charge densitgomputing. It includes a general parallelization class that
current and potential, eigen-energies and wave-functiontiandles the setup of multilevel parallelization hierarchies and
phonon spectra, etc., for a large variety of semiconductahe distribution of problems onto the available processes. This
materials and devices. class can be utilized in all simulation types. This enables the
solution of large problems using tens of thousands of cores
NEMOS was designed using a dataflow architecturewith nearly ideal scaling.
Components share information with each other using data
communication channels. The core is completely written in
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structures of sizes such as 100°nrsing a few hundred cores.
As shown in [7], the long-range strain critically affects the
central device domain (see also Fig. 2). On the contrary, an
investigation of incoherent carrier—carrier  scattering
mechanisms on a micrometer length scale is neither feasible
nor desirable, as most of the system is more adequately
described by an incoherent and equilibrated carrier population.
NEMOS5 has the ability to couple together results obtained for
domains of varying size, allowing for multi-scale and multi-
physics simulations. Electrostatics and effective-mass band
structure models are continuum theories that have no concept
of atoms as such, but they can be mixed with charges
discretized over an atomic lattice. Conversely, an atomistically
Figure 1. Global usage of 8 NEMO/OMEN powered tools on nanoHUB.org. resolved electrostatic potential, necessary for tight-binding

Over 10,000 users have launched over 160,000 simulations. calculations, can be obtained by interpolation from a coarser
rid. A coupling of quantum transport with drift-diffusion has
een demonstrated in [8].

NEMOS represents the culmination of about 18 year
of development and now encompasses all the capabilities of
predecessors for transport (NEMO1D and OMEN) and

electronic structure (NEMO3D and NEMO3D-peta). Today] A0-246¢ EXP 0 Go-Go

this code is used for electronic structure and transistor research £0.244/ ¥ ~ é%iigie

in academia and industry. NEMO5, along with NEMO3D and = N o

OMEN, also powers 8 applications on nanoHUB.org and has 50.242 }-.._l__\\

served already over 10,000 users with over 160,000 simulatign gn 0.24 ]]*l‘ *

runs (see for example Fig. 1). o Il~~ \L]*Ii
50238 ]}l RN -kt
c ---VCA ' { -ﬁ?

Il.  PHYSICAL MODELS 80.236 ——Ge-Ge ‘17 ..NP
In the following, a description of only several models 0.234] f::'_','_g::gie ‘17
implemented in NEMOS is reported. NEMOS5 represents a 5 02 04 06 08
huge base of models and methods. All details and modells ) P ] )

i Fraction
cannot be reported. For the sake of completeness, referenges S = .
are reported for the interested user.

Crystal structures; Atomistic simulations are at the core of SiGe Si SiGe
the current capabilities of NEMO5. Diamond and zincblende
structures are the most common materials in nanoelectronits
but simple-cubic, wurzite and rhombohedral (triagonal) crystat
Stru,(:tures aS_We” .as carbon nanotubes _and graphene are. Othq:l’igure 2. (a) Statistical bond distribution of,&le.x as a function of Si
available choices in NEMOS. The code is open for extensiongsncentration (x) for NEMOS vs. experimental data [2,3]. Bond distribution is
to other crystal structures by specification of their primitivetrimodal with distinct peaks associated with Ge-Ge, Ge-Si, and Si-Si bonds. Si
unit cell. As examples, a disordered quantum well calculation " green, Ge in red. (b) Random alloy SiGe/Si/SiGe quantum well and (c)
is shown in Fig.2 and a graphene band-structure is reported in wavefunction for lowest conduction band state.

Fig.4. Another example that clearly shows the capabilities of
NEMO5 to deal with complex crystal structures is the

topological |nSL_JIator Bires. TOPO|09'Cal |nsulatqrs areé a New \.ith different lattice constants exhibit strain. NEMOS5 is able to
class of materials that combines the properties of msulatogbmpute the strain induced displacements of atoms using an
and conductors. Topological insulators possess an inSUIati%g(tended version of the valence force field (VFF) model [9] in
bulk while their surfaces host bound Dirac fermion like spin-, .1 the lattice energy is expressed in terms of atomic bond
polarized particles with high mobility. NEMO5 quantitatively angles and lengths together with various microscopic spring
predicts the electro.nic propgrties of thes.e.materialsl. ThSonstants. The energy functional implemented in NEMO5
warped snow-flake like Fermi surface of;Bés is shown in  toayres contributions from stretching, bending, cross-stretch,
Fig. 6. stretch-bend, and second-nearest-neighbor angle-angle
. . . interactions. These contributions can be turned on and off by
. Multl-scale_ and multl-phys_lc_s .approach: Models e user in a mix and match fashion. For polar materials, the
mplemented in NEMOS can exhlblt_d_lfferent length scales anﬁt{;ng-range Coulomb interaction can be added in the case of 0-
d'ffefe“F computatlongl . complexme_s. For exa”_‘p'e' ap (bulk) and 3-D (confined) simulations. Energy minimization
calculation of an atomistic strain profile can be achieved fofg performed by a Newton optimization method that minimizes

Atomistic Strain: Nanostructures composed of materials
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the total elastic energy of the crysepressed irterms of
atomic displacement coordinates. The Jacoland Hessian
matrices constsof first and second derivativ of the total
elastic energy functional anteed to be calculated at ew
iteration. This ensures quadrationvergencen the proximity
of the solution (see [10]).
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Figure 3. Simulation of band-to-band Tunnelin§F. (a) 2D simulatiot
domain of TFET. (b) Coherent IV characteristic of TFET at Vd=0.3V
Current spectrum at Vg=0.1V.

Electronic Sructure and Tight-Binding parameters:
NEMOS5 aims at the simulation of realistically exter
nanoscale devices. The semi-empirical tigimging formalisn
[17] using nearesteighbor coupling offers an attracti
compromise between computational cost and accuracy t
obtainedresults. It has been the workhorse of NE-1D,
NEMO-3D, and OMEN and has beextensively validatec
The atomisticrepresentation of this method allows for
accurate treatment ahaterial interfaces, alloy disorder e
randomness, and structural roughness. Crystal symmetri
represented correctgnd the obtained equations much less
numerically expensiveAn important aspect in tig-binding
calculations of states innite structures is the passivation
dangling bonds at physicalurfaces. NEMO5 generalizes !
passivation scheme of [[L1o apply to all crystal structur.
The method is also able to treat ramial passivation atoms ¢
molecules. Recently, [21]rmethod to extracEmpirical Tight-
Binding (ETB) parameters fronab-initio calculations has
been developed in which the ETB basis is parameteby
means of analytical function3.he density functional theol
(DFT) Hamiltonian is then transformed into the ETB ba
ETB parameters such as onsite energies and two ¢
integrals are obtained from the transformed Hamiltor
Targets such as band structure, effectmass and wave
functions are then evaluatedo Tnatch ETB targets with tt
DFT ones, ETB basis functions are adjusted iterati The
DFT starting data are obtained from the software ABINIT
the results for bulk Silicon are shown in F5.

Quantum Transport: NEMO5 currently implements tw
approaches to quantum transport. Tingt approach [1] uses
open-boundary wavéunctions and can be appliin ballistic
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simulations. In theabsence of scattering, this formalism
physically equivalent toGreen’s functions and outperfort
NEGF simulations as onlinear solves of a sparse matrix w
multiple right-hand-sidevectors are needed [|. The second
implemented approach to quantum transport NEGF [14]
which is a manyody formaism capable of incorporating
scattering and coherence loss. When used in conju with a
tight-binding Hamiltonian, the resulting computatic cost is
very large [1% and must be tackled with multilev
parallelization techniques. The recursive Gre function
(RGF) algorithm, a numerical technique to compute neces
components of Green functions in -terminal devices while
avoiding explicit full matrix inversion, was generalized dut
thedevelopment of NEMOS5 to multiple terminals and arbit
geometric shapes and implemented in a highly paralleli:
way. Very recently a owel technique called low rank
approximation (LRA)[19] [20] has been developed and
implemented in NEMOSNEGF involves many matrix-matrix
multiplications and matrix inversions whictl scale with the
rank of the matrix to the third power. This rank equals
number of degrees of freedom in the system (up to 2(
atom) and can insofar hardly be changThe LRA method
approximatesall NEGF matrices with matrices of mu
smaller rank (down to 2@ of the original rank). In this wa
all calculations of an be done in much shorter ti and with
much smaller memory load. The numerical load of
approximate calculation is several crs of magnitude
smaller, while the predictive power of NEGF is still preser
In this way, the quantum transport equations of the N
method can be applied on various devices of rea
extensions —in atomistic resolutiol This opens up the
investigdion of structures with advanced geomet Fig.3
shows arexample of quantum transport simulation in a |-
to-band tunneling FET.
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Figure 4. (@) The bandstructure -k) and (b) the transmission of (c) a
grapheneanoribbon (GNR) with the width 3 nm, the lengthm, and no
bias



Figure 5. Silicon band structures DFT vEight Bindinc (TB), and TB basis
functions (insert). Bth TB parameters and TB Basis functions ca
obtained from DFT calculations.
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Figure 6. Hexagonal (snowflake-likeyarping of the Fermi surface
topological insulator Bire;.

CONCLUSIONS

In this paper, the innovativganoElectronic Modeling Toc
suite, NEMO5, has been presentdédhas been shov that
NEMOS is able taleliver reliable and robusimulation results
for technologically relevant novel devicebhe tool can also
simulate a variety of materials and technologically rele
structures with a atomistic resolutioNEMOS exploits the
paradigm of object origed coding (C++ and Python) whi
makes iteasily maintainable. New solvers  be added easily
to the existing frameworksing Python scripts. urrently new
capabilities are being addeuhd will be released as soon
available.
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