
1

Atomistic nanoelectronic device engineering with
sustained performances up to 1.44 PFlop/s

Mathieu Luisier∗, Timothy B. Boykin†, and Gerhard Klimeck∗, and Wolfgang Fichtner‡
∗Network for Computational Nanotechnology, Purdue University, West Lafayette, IN 47907, USA

†ECE Dept., University of Alabama in Huntsville, Huntsville, AL 35899, USA
‡Integrated Systems Laboratory, ETH Zürich, 8092 Zürich,Switzerland

Abstract—We present a multi-dimensional, atomistic, quantum
transport simulation approach to investigate the performances
of realistic nanoscale transistors for various geometriesand
material systems. The central computation consists in solving
the Schrödinger equation with open boundary conditions several
thousand times. To do that, a Wave Function approach is
used since it can be relatively easily parallelized. To further
improve the computational efficiency, three additional levels of
parallelization are identified, the work load is optimally balanced
between the CPUs, computational interleaving is applied where
possible, and a mixed precision scheme is introduced. Usingtwo
different device types, a high electron mobility and a band-to-
band tunneling transistor, sustained performances up to 1.28
PFlop/s in double precision (55% of the peak performance) and
1.44 PFlop/s in mixed precision are reached on 221,400 coreson
the CRAY-XT5 Jaguar at Oak Ridge National Lab.

I. I NTRODUCTION

Electronic devices have seen a tremendous increase of their
functionalities since the invention of the radio transistor in the
1950’s. For example, laptops, desktops, GPS, cameras, and cell
phones have kept improving from one generation to the other
due to software progresses, but also due to better hardware
characteristics. As predicted in 1965 by Gordon Moore, Intel’s
co-founder [1], the number of transistors that can be placed
on an integrated circuit (IC) has doubled almost every two
years, reaching nowadays a value larger than 1 billion. At
the same time, the performance of each single transistor
has been constantly enhanced. The combination of these two
factors has led to more powerful ICs with better computational
capabilities and has allowed for the development of complex
and portable electronic devices.

To double the number of transistors per area, their lateral
dimensions are reduced by about 70% each time a new tech-
nology node (TN) is introduced. We are currently at the 32nm
TN [2] and transistors with a total length that does not exceed
112 nm are massively produced by semiconductor companies.
For many years now the transistor structure has remained
the same, a planar silicon metal-oxide-semiconductor field-
effect-transistor (MOSFET) and the transition from one TN to
the other could be achieved by “simply” using the transistor
design from the previous generation, proportionally reducing
its dimensions, and eventually optimizing its performances.

Till very recently, the scaling of the transistor size alone
automatically gave a performance boost of 25%.

However, at the horizon of 2018-2020, it will no more be
possible to further scale the planar Si MOSFET and keep
improving its performances due to material, structural, and
power efficiency problems [3]. New device concepts need
to be embraced that can overcome the limitations of the
Si MOSFET and enable Moore’s scaling law to continue.
Among possible candidates to become the next generation
switch, multi-gate devices [4], [5], III-V high electron mobility
transistors (HEMTs) [6] and MOSFETs [7], graphene-based
transistors [8], and band-to-band tunneling transistors (TFETs)
[9] are often cited. The active region of all these devices is
usually composed of a countable number of atoms and their
behavior is dominated by quantum mechanical effects.

The development of new transistors has always been sup-
ported by computer aided design (CAD) tools that can predict
the device characteristics before their fabrication. As the
gate length of MOSFETs was longer than 100nm and their
cross section larger than 15nm, the classical drift-diffusion
(DD) approach [10], [11], [12] was accurate enough to give
good predictions about transistor performances. The major
concern about the DD model is that it does not capture energy
quantization, quantum mechanical tunneling, the wave nature
of electrons and holes, and the atomistic granularity of the
devices, which are all essential at the nanometer scale. Hence,
it is not only necessary to find a replacement for the Si MOS-
FET, but also for the simulation approach that will facilitate the
discovery and the emergence of novel nanoelectronic devices.

A direct and self-consistent solution of the single-electron
Schrödinger equation with open boundary conditions is more
accurate than DD and fulfills the quantum mechanical require-
ment, but demands more computational power. However, the
continuous increase of the CPU performances in the recent
years represents a fantastic opportunity to re-think transistor
simulation at the nanometer scale and go beyond standard
approaches. In this context, we have developed OMEN, a next
generation, multi-dimensional CAD tool based on quantum
mechanical concepts and dedicated to the simulation of nano-
electronic devices [13]. Due to multiple parallelization levels,
it can benefit from the largest available supercomputers to
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investigate nanoscale transistors with an atomistic resolution.
To ensure a good representation of the semiconductor proper-
ties while minimizing the computational burden, the empirical
tight-binding method [14] has been chosen to describe the
bandstructure of the simulated devices. Note that quantum
transport based on the Kohn-Sham Density Functional Theory
[15] is still computationally too intensive to be applied to
realistic device structures and is restricted to molecules.

The implementation of OMEN started in 2005 at the ETH
Zürich and has continued since 2008 at Purdue University.
Since then, it has been used to study a broad range of
transistor types. Some of them are schematized in Fig. 1.
For example, nanowire [16], ultra-thin-body [17], graphene
nanoribbon [18], high electron mobility [19], and band-to-
band tunneling [20] transistors have been simulated in the
ballistic limit of transport. It is also possible to treat dissi-
pative (non-coherent) transport in OMEN by accounting for
electron-phonon scattering [21]. More recently, the simulation
capabilities have been extended to treat thermal transportand
heat dissipation in nanoscale devices with out-of-equilibrium
confined phonons.

In all these applications, the time-to-solution as well as
the potential to treat large structures are key issues that must
be properly addressed. The Non-equilibrium Green’s Function
(NEGF) formalism is very popular among the device model-
ing community to solve the Schrödinger equation with open
boundary conditions [22], but it is computationally intensive,
difficult to parallelize, and does not yet allow to simulate large
transistors in an atomistic basis, especially in 2-D and 3-
D. This is exactly the opposite of the Wave Function (WF)
formalism [13] implemented in OMEN, which reduces the
Schrödinger equation into a sparse linear system of equations
in the case of ballistic or coherent transport (no inelastic
scattering such as electron-phonon interactions).

We will therefore show in this paper that by combining
the WF approach to other computational methods that are
well-established in other research areas (load balance, com-
putational interleaving, communication-computation overlap,
mixed precision scheme), OMEN can simulate realistically
extended devices in a reduced time and reach a sustained
performance of 1.44 (1.28) PFlop/s in mixed (double) preci-
sion on 221,400 cores on the CRAY-XT5 Jaguar at Oak Ridge
National Laboratory.

As benchmarks, two very recent Si MOSFET alternatives
are selected, a multi quantum well In0.53Ga0.47As-InAs-
In0.53Ga0.47As high electron mobility transistor (HEMT) and
an InAs band-to-band tunneling field-effect transistor (TFET).
Both devices are based on different physics and electron
transport concepts, they are simulated with different band-
structure models, but in both cases a sustained performance
larger than 1.2 PFlop/s during more than 1 hour is measured
in double precision, including the initialization phase, the
central computation, and the generation of the output files.
Such performances and capabilities open the doors for true
nanoelectronic device engineering. Atomistic transistordesign
and optimization is now feasible in tens of minutes per device
on a peta-scale machine.

The paper is organized as follows: in Section II, an overview

(a)
(b)

(c)

(d)

Fig. 1. Example of device structures that OMEN can simulate:(a) Single-
Gate and Double-Gate Ultra-Thin-Body field-effect transistor (FET) made
of Si, Ge, or III-V semiconductors, (b) Gate-All-Around Nanowire FET, (c)
Coaxially-Gated Carbon Nanotube FET, and (d) Graphene Nanoribbon FET.

of the simulation approach is given, followed by its imple-
mentation in Section III. The simulation setup for the HEMT
and TFET structures is presented in Section IV as well as the
accuracy of the mixed precision scheme. The performances of
OMEN are finally described and analyzed in Section V before
the paper is concluded in Section VI.

II. OVERVIEW OF THE SIMULATION APPROACH

A. Formulation of the Quantum Transport Problem

OMEN is a multi-dimensional quantum transport simulator
based on different flavors of the nearest-neighbor empirical
tight-binding model (singles-orbital, singlepz-orbital, sp3s∗,
and sp3d5s∗). Its algorithms have been described in several
publications before [13], [23], [24], [25], [26] and will only
be briefly summarized here so that the latest improvements
can be more easily tracked and understood. The starting point
is the solution of the Schrödinger equationH(r)ψ(E, r) =
Eψ(E, r) with open boundary conditions (OBCs) where the
HamiltonianH describes the interactions between the atoms
composing the simulation domain andψ(E, r) is the electron
wave function at positionr and energyE. In the tight-binding
formalism,ψ(E, r) is expanded in terms of localized orbital
functionsφσ(r −Rijk) of type σ = {s, p, d, s∗} on an atom
situated atRijk={xi, yj , zk}

ψ(E, r) =
∑

σ

∑

ijk

Cσ
ijk(E)φσ(r−Rijk). (1)

The expansion coefficientsCσ
ijk(E) are the unknown quan-

tities that need to be determined. Note that if one direction,
for examplez, is assumed periodic, as in 2-D devices, thez

dependence is replaced by a phase factore−ikzz

ψ(E, r) =
∑

σ

∑

ij

∑

kz

Cσ
ij(E, kz)φ

σ(rxy −Rij)e
−ikzz, (2)

wherekz is the electron momentum along thez direction.
As the devices considered in this work are two-dimensional,
the ansatz in Eq. (2) is retained and theCσ

ij(E, kz) are calcu-
lated by inserting it into the Schrödinger equation and recalling
the nearest-neighbor Slater-Koster table from Ref. [14]

(E−H(kz)−V −Σ(E, kz)) ·C(E, kz) = S(E, kz). (3)
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Fig. 2. OMEN simulation flow chart. The loops on the left-hand-side (bias
points, momentum, and energy) are parallelized while the loop on the right-
hand-side (Poisson) cannot. The floating point performances are measured by
inserting the function PAPIflops before the first task and after the last one.

Equation (3) is the Wave Function form of the Schrödinger
equation. The vectorC(E, kz) is of sizeNA × Norb, where
NA is the number of atoms composing the simulation domain
andNorb the number of orbitals describing the bandstructure
of each atom. For example,Norb=10 in the sp3d5s∗ tight-
binding model without spin orbit coupling, 1s-orbital, 3
p-orbitals, 1 exciteds-orbital called s∗, and 5 d-orbitals.
Each single elementCσ

ij(E, kz) is stored inC(E, kz). The
diagonal matrixE contains the electron/hole energyE, H(kz)
is the device Hamiltonian matrix expressed in a tight-binding
basis. It includes the on-site energy and the coupling elements
between different orbitals (σ1,σ2) and atoms (n,m), Hσ1σ2

nm ,
while the entries of the diagonal matrixV are the electrostatic
potential at each atomic siteV (xi, yj). The open boundary
conditions, i. e. the coupling of the simulation domain withits
environment, are cast into the matrixΣ(E, kz) and the vector
S(E, kz). Both quantities are calculated using an approach
developed specifically for OMEN and much more efficient
than other techniques [13]. SinceS(E, kz) contains as many
vectors as injection channels,C(E, kz) has multiple entries.

At this stage it is important to note that the Schrödinger
equation in the Wave Function formalism takes the form of
a sparse linear system of equationsAx = b with the matrix
A=(E−H(kz)−V −Σ(E, kz)) and the multiple right-hand
side vectorb=S(E, kz). It can therefore be solved using par-
allel sparse linear solvers, as explained in Section II-C, which
is computationally less expensive than the NEGF formalism

Algorithm 1 OMEN Algorithm with four levels of paralleliza-
tion (lines 4, 9, 14, and 16)

1: Construction of the atomistic simulation domain
2: Generation of the tight-binding Hamiltonian matrixH
3: Initialization of the FEM Poisson environment
4: for every bias pointVgs/Vds (in parallel)do
5: Get source and drain Fermi levels
6: Get initial guess for electrostatic potentialV
7: repeat
8: Update electrostatic potentialV → H

9: for every momentum pointkz (in parallel)do
10: Update momentumH → H(kz)
11: Compute contact bandstructure
12: Generate energy gridE(kz)
13: Balance work load through CPUs
14: for every energy pointE (in parallel)do
15: Compute open boundaryΣ andS
16: Solve (in parallel) Schrödinger Eq.

(E −H(kz)− Σ) · C(E, kz) = S

17: Extract DOS and TE
18: end for
19: end for
20: Compute chargeρ and currentJd
21: Solve FEM Poisson equationρ→ V

22: until self-consistent convergence ofρ andV
23: end for

(E−H(kz)−V −Σ(E, kz)) ·G
R(E, kz) = I. (4)

In effect, in Eq. 4, the retarded Green’s FunctionG
R(E, kz)

is a full and square matrix, not a vector, with the same size
as the HamiltonianH(kz), NA×Norb, while I represents the
identity matrix. Only the diagonal blocks and the first block
column of GR(E, kz) are required for ballistic transport so
that partial matrix inversions can be used to treat Eq. (4) [27].

Equation (3) must be solved for each electron/hole energyE

and momentumkz. Each equation can be solved independently
from the others since there is noE or kz coupling between
them in the ballistic limit of transport, as assumed all along this
paper. Once this is done, the electron (hole) densityn(x, y)
(p(x, y)) and the current densityJd can be calculated using

n(x, y) =
∑

p

∑

kz

∫

dE Zp(E, kz, x, y)f(E − µp) (5)

Jd =
e

~

∑

p

∑

kz

∫
dE

2π
Tp(E, kz)f(E − µp), (6)

wheree is the elementary charge constant,~ the reduced
Planck’s constant,f(E − µp) the Fermi-Dirac distribution at
contactp={Source, Drain} characterized by the Fermi level
µp, Zp(E, kz , rxy) and Tp(E, kz) the density-of-states and
electron transmission originating from contactp, respectively
and derived fromC(E, kz) [28]. The hole density is simply
obtained by replacingf(E − µp) by (1 − f(E − µp)) and
adjusting the energy rangeE.
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Finally, the solution of Eq. (3) directly depends on the
electrostatic potentialV (x, y) which forms the diagonal en-
tries of the matrixV and is related to the charge density
ρ(x, y)=p(x, y)− n(x, y) through the Poisson equation [29]

∆V (x, y) = −
e

ǫ(x, y)
(p(x, y)− n(x, y)−Ndop(x, y)). (7)

The doping concentrations are cast intoNdop(x, y) and the
permittivity of the different materials composing the simula-
tion domain is represented byǫ(x, y). The Poisson equation is
solved with the finite element method [30] on a typically larger
domain than the Schrödinger equation. The Schrödinger and
Poisson equations are self-consistently iterated till convergence
betweenρ(x, y) and V (x, y) is achieved. The number of
required iterations is labeledNpoiss.

B. Parallelization Scheme

The calculation of the charge and current densities in Eq. (5)
and (6) depends on the electron/hole energyE and momentum
kz, but also on the externally applied gateVgs and drain bias
Vds through the Poisson equation and the contact Fermi level
µS/D, respectively. The flow chart of OMEN and the basic
algorithm are described in Fig. 2 and Algorithm 1.

Three levels of parallelization can be identified (from the
highest to the lowest level): (i) the loop over the bias points
Vgs/Vds, which is embarrassingly parallel and consists of a
parameter sweep, (ii) the loop over the momentumkz , and (iii)
the loop over the energy pointsE. Hence, starting from the
total CPU pool, a different sub-group and sub-communicator
is created for each bias point, then at the next level for each
momentum, and finally, at the lowest level for each energy.
Communication between the bias point sub-groups is not
required, but a collective reduce operation is needed within
each of them to calculate the charge and current densities in
Eq. (5) and (6) (summation overkz and integration overE).

While the number of bias pointsNV and momentumNkz

are input parameters, the number of energiesNE depends on
the device characteristics and is different for each momentum,
i. e. NE=NE(kz). SinceNE(kz) is not known “a priori”,
the same number of CPUs is assigned to each momentum
sub-group. From there, an energy gridE(kz) based on the
bandstructure of the device contacts and the position of
the Fermi levels is generated. Then the total number of
CPUs assigned to each bias point is redistributed according
to NE(kz) to optimally balance the work load among the
different momentum sub-groups.

As compared to Ref. [24], the parallelization of OMEN
has not evolved much. The generation of the energy vector
has been accelerated by computing the bandstructure of the
source and drain contacts in parallel instead of one after the
other. The load balance scheme has been slightly improved
by changing the criterion to redistribute the CPUs among the
different momentum sub-groups, the goal being that each CPU
treats more or less the same number of energy points. Finally,
the construction of the atomistic simulation domain has been
better parallelized by removing unnecessary and expensive
communication operations.

C. Block Cyclic Reduction (BCR) of the Schrödinger Equation

OMEN contains a fourth level of parallelization, a 1-D spa-
tial domain decomposition that is applied to the Schrödinger
equation. Instead of being solved on a single CPU, Eq. (3),
in its reduced formAx = b, can be solved using a parallel
sparse linear solver such as SuperLUdist [31] or MUMPS
[32]. Hence, ifNCPU cores are assigned to the solution of
Eq. (3), each of them stores only the part of the matrixA it is
dealing with, considerably reducing the memory consumption.
The first CPU treats then first lines of the matrixA, the second
CPU the nextn lines and so on, which corresponds to a 1-
D spatial domain decomposition along the electron transport
direction. Note that direct solvers are preferable to iterative
ones here due to the multiple right-hand-side vectorb.

Although the available parallel solver libraries greatly facil-
itate the solution of Eq. (3), they are intended to be as general
as possible and cannot really benefit from the structure of
the matrixA in order to reduce the computation time. In the
nearest-neighbor tight-binding model, the matrixA possesses
four important properties:

• A is block tri-diagonal and each block represents an
atomic layer, i. e. each block contains all the atoms with
the same coordinate along the electron transport direction
x.

• the diagonal blocks ofA contain the orbital on-site
energies and are quasi-diagonal if the electrons flow along
the<100> crystal axis as here, except the first and the
last one.

• the off-diagonal blocksAii±1 connect one atomic layer
to its previous and next neighbor, they are sparse, and
Aii+1=A†

i+1i

• the open boundary conditions, the matrixΣ(E, kz) and
the vectorS(E, kz), alter only the first and the last block
of A.

Hence, Eq. (3) can be rewritten as

(E−Hii)
︸ ︷︷ ︸

Aii

·Ci −Hii+1
︸ ︷︷ ︸

+Aii+1

·Ci+1 −Hii−1
︸ ︷︷ ︸

+Aii−1

·Ci−1 = 0 (8)

for each atomic layeri, except for the first, labeled “1”, and
the last, labeled “N”, where it becomes

(E−H11 −Σ11)
︸ ︷︷ ︸

A11

·C1 −H12 ·C2 = S1, (9)

(E−HNN −ΣNN )
︸ ︷︷ ︸

ANN

·CN −HNN−1 ·CN−1 = SN . (10)

The matrices in Eq. (8) to (10) are of sizeNa×Norb where
Na is the number of atoms per atomic layer. TheE, kz, andσ
indices are dropped for clarity. Based on this representation of
the Schrödinger equation, it has been shown in Ref. [25], [26]
that a parallel block cyclic reduction (BCR) [33] (also known
in the physics community as “renormalization” [34]) of the
matrix A gives better performances than SuperLUdist and
MUMPS while solving Eq. (3). The idea is to use Gaussian
elimination to remove atomic layers until the first atomic layer
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is only connected to the last one. For example, removing the
atomic layeri “renormalizes” the blocksAi−1i−1 andAi+1i+1

as well asAi−1i+1 following

Xi = A−1

ii · Aii−1 (11)

Yi = A−1

ii · Aii+1 (12)

Âi−1i−1 = Ai−1i−1 −Ai−1i ·Xi (13)

Âi+1i+1 = Ai+1i+1 −Ai+1i · Yi (14)

Âi−1i+1 = −Ai−1i · Yi. (15)

These identities involve one matrix inversion and five matrix
multiplications and lead to the suppression of the atomic layer
i from the matrixA. To take full advantage of the quasi-
diagonal structure of theAii blocks and the sparsity of the
Aii±1, it is important to carefully choose the removal orders.
Hence, three renormalization (or cyclic reduction) stagesare
performed

1) all the blocks with an even indexi are removed. This re-
quires the inversion of a quasi-diagonal matrix (analytic)
and the multiplication of diagonal and sparse matrices.

2) half of the blocks with an odd indexi (3, 7, 11, · · · )
are removed. A sparse matrix must be inverted and
the multiplication of sparse and full matrices must be
performed.

3) the remaining half blocks with an odd indexi are
removed. All the involved matrices are full. The elim-
ination process is repeated till onlŷA11, ÂNN , Â1N ,
and ÂN1 are different from 0.

After the last renormalization step, the 2 block× 2 block
remaining system of equations is solved,b1 and bN are
computed, and the rest of the solution vectorb=C(E, kz) is
constructed according to the recursion

bi = −Xi · bi−p − Yi · bi+q, (16)

where the atomic layeri was connected to the layersi− p

and i+ q before being removed.
A 1-D domain decomposition can also be applied to the

BCR algorithm. Each CPU stores only one part of the matrix
A, removes all the local atomic layers till only its first and
last blocks are connected, and finally exchanges information
with the neighbor CPUs to remove the remaining layers.

Apart from its good scalability, the main advantage of
the BCR method over SuperLUdist and MUMPS is that it
allows for the introduction of computational interleaving. To
solveAx = b, a linear solver requires the entire matrixA
and therefore the open boundary condition matrixΣ which
modifies its first and last blocks. In the BCR approach, the
first and last blocks are removed at the end so that the
computation of the OBCs can be done at the same time as
the renormalization ofA. This is of great interest since the
calculation of the OBCs is expensive and cannot be efficiently
parallelized beyond two CPUs. Hence, ifNCPU cores have
to solve Eq. (3) in parallel with SuperLUdist or MUMPS,
NCPU -2 CPUs first remain idle while the OBCs are computed
while theseNCPU -2 CPUs can start renormalizingA right

from the beginning with the BCR algorithm, improving both
the time-to-solution and the performances.

The computational interleaving of the OBCs and the BCR
method were introduced in Ref. [24]. To improve their ef-
ficiency, the number of CPUs that deal with the OBCs can
now be either 1 (a single CPU treats both the source and
drain contacts) or 2 as before (1 CPU for the source and 1
CPU for the drain). This change is driven by the fact that
for long 2-D devices, the time to compute the OBCs is much
faster than the time to renormalize the matrixA and a better
balance is obtained if one additional CPU works on reducing
A and one less on the OBCs. Another improvement has been
made to the BCR algorithm by overlapping computation and
communication where possible.

III. C ODE IMPLEMENTATION

A. General Overview

The OMEN code is written in C++ and implements the
quantum transport approach described in Section II. The
purpose of using an object-oriented language is to make the
solution of the Schrödinger equation as transparent as possible
to different solvers and to the choice of real or complex
arithmetic. In effect, to be as general as possible, OMEN
takes only the Hamiltonian matrixH as an input parameter
and then solves the Schrödinger equation either in the NEGF
or in the WF formalism with MUMPS, SuperLUdist, our
BCR algorithm, or any other direct sparse linear solver. This
is achieved by class inheritance from a general class called
“Solver”. More than 50% of OMEN is based on template
classes so that the Schödinger equation can either be solved
in real arithmetic as for 3-D devices without spin-orbit (SO)
coupling or in complex arithmetic as in 1-D and 2-D structures
or in the presence of SO.

OMEN has four natural levels of parallelism as shown
in Fig. 2 and in Algorithm 1 (bias points, momen-
tum, energy, and 1-D spatial domain decomposition),
all using MPI [35] and a hierarchical organization of
communicators. Starting from the global communicator
MPI COMM WORLD, each parallelization level is character-
ized by sub-communicators derived from the higher level root
communicator. The command MPIComm split or the com-
bination MPI Group incl/MPI Comm create are employed to
create all the sub-communicators. The communicators at the
bias point and energy level are generated at the beginning of
each simulation while new communicators at the momentum
level are created at the beginning of each Poisson iteration
to optimally balance the work load. This means that the
number of CPUs working on each bias point as well as
solving the Schrödinger equation at a givenE andkz are fixed
and input parameters, but the number of CPUs associated to
each momentum is a function of the work load. The most
recent improvement made to the parallelization of OMEN
concerns the creation of the sub-communicators, each CPU
creating only the communicator it belongs to and not all the
communicators existing at a given parallelization level.

All the algebraic operations including full matrices rely
on the high-performance BLAS/LAPACK libraries [36], [37],
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especially zgemm, zgetrf, zgetrs, and zaxpy. We have devel-
oped our own sparse matrix multiplication routines based ona
compressed sparse row (CSR) and compressed sparse column
(CSC) format. However, when a sparse matrix multiplies a full
matrix, the routine zaxpy from BLAS is used to operate on a
matrix row or column instead of single elements. The inversion
of sparse matrices, as required by the BCR algorithm, is done
with the Umfpack library [38]. Finally, the sparse linear system
of equations resulting from the application of the Newton-
Raphson scheme to the Poisson equation is solved in parallel
with the Aztec library [39].

B. Mixed Precision Scheme

Most of the simulation time in OMEN is consumed by the
solution of the Schrödinger equation, line 16 in Algorithm1.
More precisely, the third (and last) renormalization stageof
the BCR algorithm described in Section II, which involves
only one quarter of the blocks (or atomic layers) composing
the matrixA, takes about 70% of the total time, irrespective
of the number of CPUs solving the systemAx = b, because
all the matrices are full. To reduce the computational time,
the full matrix multiplications in Eq. (11) to (15) could be
executed in single instead of double precision, i. e. by using
cgemm instead of zgemm. However, this approach does not
offer the required accuracy and cannot be used in that form.

It turns out that Eq. (11) and (12) must always be computed
in double precision, otherwise rounding errors are propagated
through the repeated usage ofXi andYi, both in Eq. (13) to
(15) as well as in the recursion (16). This means that only
Eq. (13) to (15) can be computed using cgemm .

There is a second constrain about the utilization of sin-
gle precision matrix multiplication: as mentioned earlier, the
Schrödinger and Poisson equations must be self-consistently
solvedNpoiss times before the charge densityρ(x, y) and the
electrostatic potentialV (x, y) converge to their final value.
Single precision operations can only be used for theNpoiss-1
first iterations, in the best case, and double precision matrix
multiplications must still be used for at least one last iteration
to obtain accurate results. The difficulty is to determine the
right moment to switch from single to double precision. This
can be done either by defining a criterion related to the
convergence ofρ(x, y) and V (x, y) or by settingNpoiss to
a fixed, large enough value so that converged results are
obtained. The latter approach has been chosen in this paper.

IV. SIMULATION RESULTS: HEMT AND TFET

A. Structure Definition

To demonstrate the performances of OMEN, two realistic
2-D nanoelectronic devices are simulated, a single-gate III-V
high electron mobility transistor (HEMT) [6] and a double-
gate band-to-band tunneling field-effect transistor (TFET)
[40]. Both transistor structures are schematized in Fig. 3.
Currently, many experimental groups are trying to fabricate
nanoscale III-V HEMTs and TFETs and compare their per-
formances to the standard Si MOSFET. What is expected is
mainly a reduction of the IC power consumption. Being able
to simulate such devices could accelerate the innovation of
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In0.53Ga0.47As

In0.53Ga0.47As

In0.52Al0.48As

In0.52Al0.48As

Si δ-doping

5nm

2nm

3nm

40nm

3nm

3nm

55nm 55nm

p+

InAs

intrinsic 

InAs

n-

InAs

HfO2

HfO2

16nm

2nm

2nm

40nm25nm 90nm

(a)

(b)

Fig. 3. Schematic view of the devices considered in this paper. (a) A
single-gate, multi quantum well high electron mobility transistor (HEMT).
The channel is composed of a strained InAs layer and two In0.53Ga0.47As
layers. The two surrounding In0.52Al0.48As layers act as insulator. Doping is
realized through a Si delta-doped layer with a donor concentration ND=3e12
cm−2. (b) A double-gate band-to-band tunneling transistor (TFET). A pure
InAs channel is surrounded by two HfO2 oxide layers. The source isp-doped
with an acceptor concentrationNA=4e19 cm−3 and the drainn-doped with
a donor concentrationND=4e18 cm−3.
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Fig. 4. Transfer characteristicsId-Vgs at Vds=0.5 V (upper subplots) and
spectral current density (lower subplots) of the HEMT (a andc) and TFET (b
and d) structures schematized in Fig. 3. In subplots (c) and (d), red indicates
high current concentrations while green means “no current”. The position of
the conduction (CB) and valence (VB) band edges are given as well as the
left (Efl) and right (Efr) contact Fermi levels.
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these new technologies. Some technical details about them
are summarized below:

• III-V HEMT: the active region of this transistor is com-
posed of a 5nm biaxially stressed InAs quantum well sur-
rounded by a 2nm (top) and a 3nm (down) In0.53Ga0.47As
quantum well. The insulator layer separating the gate
contact (lengthLg=40 nm) from the channel as well as
the bottom substrate layer are made of In0.52Al0.48As.
Doping is realized though a Si delta-doped layer of
concentrationND=3e12 cm−2. The structure measures
150nm in length and containsNA=55,226 atoms with
Norb=10 orbitals per atom (sp3d5s∗ tight-binding model
without spin-orbit coupling) so that the size of the
Hamiltonian matrix in Eq. (3)N=NA × Norb=552,260.
The tight-binding parameters are taken from Ref. [41]. A
total of NV =20 bias points are simulated withNkz

=30
momentum per bias and a range ofNE(kz)=[420,1470]
energy points per momentum.

• InAs TFET: the second device is made of a single
material, a 16nm relaxed InAs quantum well. The source
and drain extensions are asymmetric in size and doping.
The Ls=25nm long source isp-doped with an accep-
tor concentrationNA=4e19 cm−3 while the drain, of
length Ld=90nm, is n-type with a donor concentra-
tion ND=4e18 cm−3. The double-gate contact measures
Lg=40nm. The InAs TFET is composed ofNA=54,272
atoms, the number of orbitals per atomNorb=10, as for
the III-V HEMT, but the bandstructure model is different.
To ensure a good representation of both the conduction
and valence bands of InAs, as required in TFETs, the
nearest-neighborsp3s∗ tight-binding model with spin-
orbit coupling is used with the parameters from Ref. [42].
The number of bias points,NV =20, and momentum,
Nkz

=30, are the same as for the HEMT. However, the
number of energiesNE(kz) ranges from 160 to 1800.

Equation (3) must be solvedNV ×Nkz
×NE,mean×Npoiss

times to simulate the HEMT and TFET, whereNE,mean is
the average number of energy points per momentum. This
represents more than 1 million solutions of the Schrödinger
equation per device simulation.

B. Device Simulation

The transfer characteristics (current as function of the ap-
plied gate biasVgs) at a drain-to-source voltageVds=0.5 V and
the energy-resolved spectral current of the HEMT and TFET
are plotted in Fig. 4. In the lower subplots, the red regions
indicate high current concentrations, green means no current.
It can be seen that the HEMT and TFET exhibit significantly
different current characteristics, both in terms of magnitude
and overall shape. These trends are consistent with available
experimental data [6], [9].

The fundamental difference between the two devices is
illustrated in Fig. 4 (c) and (d). “Hot” electrons flowing on
the top of a potential barrier carry the current through the
HEMT while “cold” electrons tunneling through a potential
barrier are responsible for the current in the TFET. Hence,
in the HEMT case, everything happens within the conduction
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Fig. 5. Comparison of the HEMT simulation results obtained in double
precision (blue lines with circles) and in mixed precision (dashed red lines).
(a) Transfer characteristicsId-Vgs atVds=0.5 V on a log and linear scale. (b)
Percentage error of the mixed precision scheme for the current Id as function
of Vgs as well as the average error. (c) Conduction band edge at differentVgs

ranging from -0.45 to -0.04 V. (d) Electron density along theHEMT channel
at the sameVgs as in (c).

band of the channel, but in the TFET case, electrons located
in the valence band of the source contact move into the
conduction band of the drain contact. A proper treatment of
TFETs requires therefore the inclusion of electrons, holes, and
quantum mechanical tunneling, as implemented in OMEN.

C. Accuracy of the Mixed Precision Scheme

Asserting the accuracy of the mixed precision scheme
introduced in Section III-B is an important issue. It is only
meaningful to accelerate the time-to-solution by sacrificing
a part of the accuracy if the approximate results are close
enough to the exact ones. Many tests have been conducted
so far for many different structures and the main conclusions
for the HEMT and TFET are that (i) the mixed precision
scheme does not work well for TFETs because the hole
bandstructure is too complex with multiple coupled bands in
the same energy region to support rounding approximations,
whereas the electron bandstructure is almost parabolic with
one fundamental band, (ii) the average error on the HEMT
current, which is the quantity of interest, is less than 1% as
compared to the double precision scheme, and (iii) maximum
errors up to 4% have been observed in the HEMT current. A
comparison between the double (solid blue lines) and mixed
(dashed red lines) precision schemes is given in Fig. 5 for the
current defined in Eq. (6), the conduction band edge resulting
from Eq. (7), and the charge density in Eq. (5). The relative
error between the current calculated in mixed and double
precision is also reported in subplot (b).

For engineering applications, an average error of less than
1% is acceptable, but we may need to find a way to improve
the bias points for which the error is around 4%. Equation
(3) must be solved almost 100,000 times per bias point,
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HEMT (TFlop/s) TFET (TFlop/s)
num. of cores double mixed double

2700 16.20 18.39 16.09
5535 32.79 37.34 32.94
11070 65.52 73.84 64.93
44280 260.99 295.93 259.75
110700 645.65 735.99 645.54
221400 1268.03 1439.27 1276.25

TABLE I
SUSTAINED PERFORMANCE OFOMEN ON THE CRAY-XT5 JAGUAR AT

ORNL FOR THE SIMULATION OF A HEMT AND TFET DEVICE IN DOUBLE
AND MIXED (ONLY FOR THE HEMT) PRECISION. THE THEORETICAL PEAK

PERFORMANCE OFJAGUAR IS 2.3 PFLOP/S ON 221400CORES.

over 1 million overall. However, the application of the mixed
precision scheme is problematic for very few energy and
momentum configurations, usually less than 100. The goal
is therefore to find a proper criterion to identify these badly
conditioned cases and to eliminate them without increasingthe
computational burden. A criterion based on the calculationof
the residualr=Ax−b for certain entries has been tested without
success. Other approaches are currently under investigation.

The mixed precision scheme could be used for other ap-
plications where the accuracy is not critical. For example,
device simulations including electron-phonon scatteringare
computationally very intensive [43], but a good initial guess
of the electrostatic potential can considerably reduce the
simulation time. By starting with the electrostatic potential
resulting from a ballistic (coherent) simulation, the number of
required self-consistent Schrödinger-Poisson iterations can be
reduced by around 50% when electron-phonon scattering is
turned-on. The electrostatic potential resulting from a mixed-
precision ballistic run works very well as an initial guess for
a device simulation with incoherent electron transport.

V. CODE PERFORMANCES

A. Simulation Configuration

The HEMT and TFET described in Section IV were simu-
lated on the CRAY-XT5 Jaguar at Oak Ridge National Labora-
tory [44] on 2,700 up to 221,400 cores. The simulation settings
are identical in all the computational experiments, which
means that the same number of bias points (20), momentum
(30), and energy (from 430 to 1470 per momentum for the
HEMT and from 160 to 1800 per momentum for the TFET) are
used in all cases. For convenience, the self-consistent calcula-
tion of the Schrödinger and Poisson equations is stopped after
Npoiss=5 iterations for the HEMT andNpoiss=4 iterations for
the TFET. When the HEMT is simulated in mixed precision,
the 4 first Schrödinger-Poisson iterations are solved in single
precision (only full matrix multiplications in the last stage of
the BCR algorithm as explained earlier), the last iterationin
double precision. This configuration has been used to produce
the comparison between the mixed and double precision
scheme in Fig. 5.

For all the results reported here, the four levels of paral-
lelization of OMEN are turned on and organized as follows

1) the maximum number of CPUs that can work on a single
bias point is set to 11,070. If the total number of CPUs

is larger than 11,070, for example 44,280, then four bias
points are treated in parallel. If the total number of CPUs
is smaller than 11,070, then they will all be assigned to
the same bias point and compute one bias after the other.
Another possibility, not shown here, would be to always
treat all the bias points in parallel, but this would not
lead to different conclusions.

2) at the next lower parallelization level, all the momen-
tum points are computed simultaneously. The number
of CPUs attributed to each momentum sub-group is
determined by the load balance scheme.

3) at the energy parallelization level, each CPU treats more
than a single energyE, here 18-21 when 11,070 cores
are assigned to each bias point, but all belonging to the
same momentumkz.

4) finally, at the lowest parallelization level, the
Schrödinger equation Eq. (3) is solved on 9 cores using
our BCR algorithm and computational interleaving.
One CPU computes only the source and drain open
boundary conditions, the 8 others renormalize and
reduce the matrixA in theAx = b system of equations.

The time-to-solution, the sustained performance, and the
number of floating point instructions as function of the num-
ber of CPUs are measured using the PAPIflops function
v3.6.2 [45]. The counters are initialized before line 1 in
Algorithm 1 and read after line 23 so that the entire sim-
ulation flow is taken into account. As a sanity check, it
has been verified that PAPIflops returns the same results
as PAPI start counters put before line 1 in Algorithm 1
combined with PAPIstop counters set after line 23.
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Fig. 6. Walltime and sustained performance of OMEN up to 221,400 cores
for the simulation of the HEMT structure in Fig. 3 on the Cray-XT5 Jaguar
at ORNL. The blue curves refer to double precision, the red curves to mixed
precision calculations. A total of 20 bias points, 30 momentum, from 420 to
1470 energy points per momentum, and a 1-D spatial domain decomposition
on 9 cores are used. For each bias points, the number of Poisson iterations is
limited to 5. Since the computation of the bias points is embarrassingly parallel
and the execution time on Jaguar limited, only 1 bias point iscomputed on
2,700 to 11,070 cores and the simulation time is multiplied by 20. It has been
verified that this simplification does not affect the scalingbehavior of OMEN.
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Fig. 7. Same as in Fig. 6, but for the TFET structure in Fig. 3 and in double
precision only. The number of bias points and momentum is thesame as
for the HEMT structure, but the number of energies per momentum is more
scattered and goes from 160 to 1800. Here, only 4 Poisson iterations per bias
point are considered since the convergence of the Poisson equation is faster
for TFETs than for HEMTs.

B. Sustained Performances on Jaguar

Figures 6 and 7 report the time-to-solution and the sustained
performance of OMEN for the simulation of the realistic
HEMT and TFET described above. The sustained perfor-
mances are also summarized in Table I. These are strong
scaling experiments since the amount of work to perform
remains the same, but the number of CPUs increases.

As significant achievement, it can be mentioned that (i)
OMEN reaches asustainedperformance of 1.44 PFlop/s
during about1 houron 221,400 cores for the HEMT structure
simulated in mixed precision, (ii) it reaches asustained
performance of 1.27 and 1.28 PFlop/s in double precision
for the HEMT and TFET, respectively (55% of the peak
performance), (iii) the time-to-solution scales almost perfectly
from 2,700 to 221,400 cores. In fact, the scaling can be
expected to remain as good as shown here down to 9 cores,
the number of CPUs required to solve Eq. (3). Then, the
increase of the simulation time will slightly saturate since the
time to solve the Schödinger equation on 9 cores is “only”
7.9 times faster than on a single core. Hence, a transfer
characteristics that can be computed in less than 1 hour on
221,400 cores would last more than 20 years on a single CPU,
more realistically around 9 days on a small cluster with 1,000
CPUs.

C. Evolution of the Simulation Approach

OMEN offers unprecedented simulation capabilities to in-
vestigate nanoelectronic devices. Many factors have con-
tributed to the improvement of its performances from 190
TFlop/s on 60k cores in 2008 up to 1.44 PFlop/s on 221,400
cores today. Better hardware (faster CPUs), better software
(compiler, high performance libraries), and above all better
algorithms have enabled the simulation of larger device struc-
tures in a shorter amount of time.
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Fig. 8. Evolution of the HEMT simulation time as function of the
numerical methods and parallel algorithms that are used. The time to solve
the Schrödinger equation for all the momentumkz and energiesE and the
Poisson equation at one given bias, on 11,070 cores, is reported. Three solvers
are compared (NEGF, MUMPS, and BCR) and combined with three schemes
(load balance, computational interleaving, and mixed precision). The speed-
up from one numerical experiment to the other is also reported. Note that
the time for the first experiment using NEGF is just a “best-case” estimation
based on the parallel performances presented in Ref. [46] since OMEN does
not provide any parallelization of the NEGF formalism.

Figure 8 shows the evolution of the simulation time for the
HEMT structure for one self-consistent Schrödinger-Poisson
iteration on 11,070 cores as function of the introduction of
new algorithms. The real breakthrough is the replacement
of the NEGF formalism, still used by more than 90% of
the researchers in the field of quantum transport modeling,
even in the ballistic limit of transport, by the more efficient
Wave Function approach (speed up of 4×). This explains why
OMEN is more powerful than probably any other quantum
transport simulator. At the beginning, the parallel library
MUMPS was used to solve the Schrödinger equation, but it
was found that the BCR algorithm of Section II is slightly
faster in 2-D structures although it was originally developed
for 3-D nanowires and requires 60% more floating point
intructions (speed up of 1.2×). This naturally leads to bet-
ter sustained performances. Another advantage of the BCR
method over MUMPS is that it allows for a computational
interleaving of the open boundary calculations and the solution
of the Schödinger equation, further reducing the simulation
time (1.3×). Other performance boosters include the load
balance (1.7×) and the mixed precision schemes (1.1×).

The combination of all these algorithmic innovations have
helped reduce the time-to-solution by more than one order
of magnitude (12×), as compared to the simulation approach
using the NEGF formalism and no parallelization tricks,
without increasing the number of CPUs.

VI. CONCLUSION

We have improved the numerical algorithms and parallel
scheme of our multi-dimensional atomistic quantum transport
simulator OMEN to reachsustainedpetascale performances on
221,400 cores of the CRAY-XT5 Jaguar at ORNL. Using two
very different realistic nanoelectronic devices, a high electron
mobility transistor and a band-to-band tunneling field-effect
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transistor, it was demonstrated that the time-to-simulation
scales almost perfectly from 2,700 up to 221,400 cores and that
a sustained performance up to 1.44 PFlop/s can be reached.

These achievements open new perspectives for the computer
aided design of nanoscale transistors. More efficient collabora-
tions with experimental groups will be possible due to the re-
cent progresses made to OMEN. Experimentalists are usually
disappointed by the time that device simulations take, but in
the future, based on the availability of more and more petascale
machines, it will be possible to simulate new transistor designs
within a couple of hours only, including the time spent in the
waiting queue. We are already offering a simplified version of
OMEN with reduced simulation capabilities through the web
platform nanohub.org[47], and expect to extend it soon to
serve more than the current∼500 users.
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