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Abstract—The detailed electrical and thermal properties of
future ultrascaled transistors are critically dependent on
quantum effects. This is particularly true for the promising class
of 2D-material based transistors. NEMOS — a multipurpose,
multiscale semiconductor device simulation tool is applied on
these devices in many academic and industrial groups (including
Intel, Samsung, TSMC etc.). Harnessing the power of modern
HPC hardware in world’s largest supercomputing centers,
NEMOS is able to unveil more fine details of nanotransistors.
This work discusses how a physical Xeon Phi is partitioned into
several virtual Xeon Phis using the hStreams library and put into
a MPI parallelization scheme.
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I. INTRODUCTION

With the reproducible fabrication of layered graphene
systems in 2004, a new field of material and device research
started — the field of 2D materials [1] - [9]. Such materials, e.g.
layers of transition metal dichalcogenides (TMDs) combine
exciting thermal [7], electrical [8] and opto-electronic [9]
properties with the possibility to design and fabricate
ultimately thin (i.e. single or few atom layer thick)
nanodevices. More efficient-than ever light emitting and
absorbing devices, wearable nanoelectronics, and smallest
possible nanotransistors are only a few examples. Given that
the properties of such devices critically depend on unintuitive
quantum mechanical features (such as tunneling, confinement
and particle interference effects) theoretical modeling is
essential.

In contrast to well-established 3D semiconductor materials
(such as silicon, germanium, etc.), electrons in 2D materials
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face a unique physical mechanism: sheets of 2D material are
hardly ever perfectly smooth, but they host corrugations of
various lengths and intensities. Electrons that propagate in 2D
devices interact with such corrugations and lose significant
amounts of their momentum. This results in pronounced device
resistances and degradation of device efficiency. 2D
nanodevice simulations with NEMOS5 [10] - [12] are essential
to illustrate these effects and show ways for avoidance.

II. NEMOS: PHYSICS AND IMPLEMENTATION

A. Physical Model of 2D Systems

NEMOS is used to solve 2D device electrons in atomistic
resolution. All quantum mechanical effects that are common in
nanometer length scales are covered within the nonequilibrium
Green’s function method (NEGF) [13], [14]. Real-world
effects, such as finite temperature (lattice vibrations) [15],
corrugation (see Fig. 1) and device imperfections (discretized
with about 200 atoms per cross line, with about 120,000 atoms
in total) are included. The electrostatics of electrons in the field
of applied gate and contact voltages are solved self-
consistently within the Poisson equation.

B. Numerical Implementation

The main computational load for the considered problem
lies in the recursive solution of the NEGF equations. The
impact of Xeon Phi on the overall NEMOS simulation time,

Fig. 1. Schematic of corrugation effects in graphene. Blue highlighted
area depicts the central unit cell that gets repeated in the simulation
domain. Large unitcells are required to avoid artificial correlation effects.
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Fig. 2. Schematic of Xeon Phi logic domain partitioning for the case of
2 (a) and 16 (b) MPI processes.

one core NEGF equation (Eq. (61) of [16]) is used to
benchmark offloading performance in the 2D quantum
transport framework. This equation contains one addition, one
conjugate transpose and four multiplications of three squared
input matrices. All matrices are treated as dense.

Xeon Phi can work in native mode, compiler assisted
offloading mode and automatic offloading mode. hStreams
[17] is a variant of compiler assisted offloading mode. Users
explicitly move data and schedule computing tasks on Xeon
Phi. NEMOS code paradigm allows a straightforward usage of
Xeon Phi with hStreams control infrastructure. Alternative
ways to control Xeon Phi usage include the “native mode”, the
“automatic offloading” and the “compiler assisted offloading
mode” [18]. hStreams turned out to be NEMOS5’s best choice
due to its library-like support for easy and complete task
offload control.

The efficiency of Xeon Phis gets optimized with the
appropriate number of logical domains on each physical Xeon
Phi. Splitting a physical Xeon Phi requires specifying for each
Xeon Phi core to which logical domain it belongs. This is done
with the variable CPU_MASK. In NEMOS5, the CPU_MASK
variable is solved according to local communicator size and the
respective MPI rank. Fig. 2 (a) and (b) schematically show 2
and 16 MPI process configurations, respectively.

The Conte cluster at the Purdue Rosen Center for
Advanced Computing (RCAC) is used for performance
benchmarking. Each computing node is equipped with two
Intel Xeon ES5-2670 CPUs and two Intel Xeon Phi 5110P co-
processors. Intel compiler 14 and hStreams 1.0 are used on the
hosts, while Intel Manycore Platform Software Stack (MPSS)
3.6.1 is installed on the Xeon Phis.
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Fig. 3. Contour graph of the energy and spatially resolved density of
states at the interline between the mono- and bilayer MoS, used in
experiments of [1]

S
S 3.40
<
8
Z «
18 -
8 S 1.56
» 3
£ 8 0.89
CEES Yol
3 0.6 52 0.51
[q\]
@ 0.23 0.23 0.30 0.14
2 4 8 16

Number of MPI Processes

Fig. 4. Heat map of speedups when NEGF in NEMOS runs with Xeon
Phis instead of pure CPU calculations.

III. RESULTS AND DISCUSSIONS

A. Physical Results

Most electronic devices consist of regions with different
material properties. One possible configuration involves
interlines between single and double layer MoS, structures [1].
Critical for device performances are information about the
amount of trapped electrons at the interline between these
layers and their impact on the current carrying electrons. Fig. 3
illustrates the electronic density of states at the interline
between these 2D systems. Trapped electrons can be seen as
peaks in the density of states in the middle of the band gap
(blue portion of the contour graph, around the position of
1.7nm). This modeling result agrees well with experimental
findings [1].

B. Speedup with hStreams

Fig. 4 shows the achieved speedup when using hStreams on
Xeon Phi compared with CPU usage only. When the matrix
size is 4000 by 4000, Xeon Phis run out-of-memory when 16
MPI processes are used (greyed out in Fig. 4). NEGF
calculations can benefit from hStreams and virtual Xeon Phis
with input matrices equal or larger than 500 by 500. When
each Xeon Phi hosts 8 virtual Phis (i.e. 16 MPI processes per
node), speedup decreases dramatically. This may be caused by
OS and data movement overhead.

Currently, the CPU_MASK is calculated without cores
reserved for Xeon Phi OS. It is imaginable that reserving
enough resources for the OS can be critical when multiple
hStreams processes are running simultaneously. Also, moving
data asynchronously may reduce congestions as Knights
Corner Xeon Phi only has one DMA engine. Future NEMOS5
development will assess those points carefully.
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