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Abstract

Lessons learned in 15 years of NEMO developmentirsga
from quantitative and predictive resonant tunnelidipde
(RTD) to multi-million atom electronic structure aheling and
the path for OMEN are laid out. The recent OMENatalities
enable realistically large 3D atomistic nano-scalevice
simulation.

Introduction

The end of Moore’s Law has been falsely predicteanyn
times. Irrespective of “details” of continued sogl in heat
dissipation, lithography, materials, or financiabhility, the
fundamental limit of transistors containing an insible,
countable number of atoms is coming closer. In tbggme the
detailed atom arrangements and quantum mecharatalvior
of the carriers are critical in the understandirfighe device.
Not only are the structures getting smaller, bu¢ythare
morphing from planar to 3-D topologies and new a&pacies
are introduced. From now on the distinction betweew
device and new material is blurred and transpodeting must
embrace atomistic and quantum concepts.

NanoElectronic M Odeling (NEM O1D)

In the 1990’s the RTD was touted as one of the idatels for
the replacement of the coming end of the silicamdistor. In
about 1997 Texas Instruments had assembled a tegynim
the first Industrial Nanoelectronic Research grotigat might
have been a viable replacement, if Silicon ever tadout of
steam. Physics-based modeling was part of thattedind it
resulted in the creation of NEMO1D. The RTD was timdy
300K transport device that demanded a quantum média
analysis. NEMO1D was the first demonstration ofiradustrial
strength simulator that is based on the Non-Equilib Green
Function Formalism (NEGF) [1]. NEMO1D enabled ftve
first time the quantitative and predictive study mfionons,
interface roughness, and alloy disorder scatteramgl the
importance of atomistic layer representation thtou
experimental benchmarks [2] (Fig. 1). While RTDsvédnano
commercial applications today the technical undeding we
gained serves in hindsight as a guide to what iset@xpected
in 3D nano devices.

The intellectual effort was focused on the undediteg of the
origin and reduction of the RTD valley current. idugh it was
widely accepted that phonon scattering is creatiig
dominating valley current, this turned out to netttue for high
performance, high current InP-based InGaAs/InAIABOI3
RTDs. Instead the critical processes were (a)mtwaric
transport through excited states, which are muaketoin
energy than typically predicted with effective massdels and

(b) scattering in the extended contact regionsttieimalize the
emitter. These processes are associated with ftitwat

insights: 1) an atomistic basis representation thatlves the
material variations on the 2-5nm scale includesa$f such as
band non-parabolicity, band-warping, band-to-baodpting,

and full Brillouin zone transport; and 2) the exted quantum
states reaching over 100nm are critical to the @ragarrier

injection into the central device.
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Fig. 1 Test matrix of a strained InGaAs/AlAs RTDstgm as described in detail
in [2c]. One of the AlAs barriers is increasedhictkness by one monolayer at
a time introducing an asymmetric forward and rewdniss behavior. Full band
sp3s* with transverse momentum integration is neglto model these devices
quantitatively. Band non-parabolicities lower ezditstates to allow valley
current, complex band wrapping to the valence barttie AlAs increases the
barrier transparency.

The need for atomistic modeling implies that effectmass
approaches are doomed to start with and would moatito
guide the community in the wrong direction. Emgatfitight
binding captures the critical physical effects swh band-
coupling, band warping, spin, and strain for el@tsr [2] and
holes [3].

E1:igure 1 depicts a comparison between an experahent

testmatrix of InGaAs/AlAs RTDs as described in deta[2c].

Forward and reverse bhias performances are plotiegtiedsame
positive voltage axis. The testmatrix intentiopaihcreased
one of the barriers from device to device, causahgrge
accumulation in the central device in one bias diio@

(shifting the current peak to higher voltages, sitite charge in
the device pushes against the voltage drop indHector), and
charge depletion in the central device, since dmrgscape
faster to the collector, than they are injectednfrithe emitter
side. Current peak voltage and amperage, as welladey

current and turn on-of the second resonance atefifly

reproduced.
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Fig. 2: Transmission and transverse dispersion esufvom NEMO1D for
electrons (top) and holes (bottom) in a simple GAlss RTD from [3]. The
electron dispersion is roughly parabolic for thevide and translates the higher
transverse momentum transmission vertically shiiiteeinergy (not the case for
high performance InGaAs devices, which show a higgree of non-
parabolicity). The hole transmission shows stréeatures of HH and LH
resonances. The dispersion shows strong HH andnldthg, and the higher
momentum transmission curve has no resemblancethétishape of the zero
momentum curve and shows symmetry-breaking indapadsplitting.
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Fig. 3 NEMO1D is a full device design environmehatt enables interactive
simulation tracking and data exploration. Datadesliviews enable the
exploration of the data space (a) I-V, (b) J(E) Hc & resonances, (d) T(E).
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The behavior of holes in nanoelectronic deviceseursirong
confinement is currently attracting a lot of intgre Figure 2
shows simulations for electrons and holes in an RBP
Particularly striking are the strong hole-hole ratgions which
result in dramatically different transmission ciogéints as a
function of in-plane momentum. sp3s* and sp3d5ghtt
binding models fully capture the needed bandstrectffects at
the nanometer scale under strain and disorder.

NEMO1D was built as a complete 1-D heterostructlesign
tool which can be used by experimental device exegm; Fig.
3 shows several screen-shots of the graphical uerface
(GUI). Data selector sliders allow users to easign through
the large output data sets. This design ultimasthpngly
influenced the current nanoHUB.org user interfdzesed on its
Rappture tool-kit (see www.rappture.org).

NEM O3D

Armed with NEMO1D insight, NEMO3D development began
at NASA/JPL in 1998 [3]. Due to computational iméy
atomistic NEGF transport simulations were deeme@asible.
However, electronic structure simulations for desic
containing a million atoms for quantum dots, quamtwells,
and nanowires were achievable on then new Beovusfers in
the JPL HPC group [4]. Continued work at Purdugifmging
2003 demonstrated the simulation of systems of ap52
million atoms corresponding to (101lrnyolumes [5] and
resulted in quantitative modeling capabilities tplain core-
shell nanowires [6], valley splitting in silicon @iGe ultra-thin
bodies [7] (Fig 3), and impurities in silicon [§ingle impurity
metrology is demonstrated in this year's IEDM paj@r

A key NEMO1D insight had been the need for careful
calibration of the tight-binding material paramstethat
describe the electronic structure of bulk materialsluding
experimentally verified bandgaps, effective massesl strain
behaviors. Such parameterizations had been tadlty very
tedious. The development of a genetic algorithiseda
approach [9a] has helped to alleviate, but not iakite the
fitting tedium, resulting in room temperature paedenizations
for common IlI-V and Si/Ge material systems [9].

Nano-scaled Si structures have found strong intereshe

realm of quantum computing with the hope that thiity to

mass-produce nano-scaled Si devices will eventuadiyp to

create a quantum computer. A critical ingredientsuch a
computer will be the establishment of well-defingcbund

states. Valley-splitting (VS) which had been staddecades
earlier has therefore become of high interest agaioe it is
responsible for the separation of the 6 differantadlleys due to
quantum mechanical interactions. Deposition oéistd Si
onto SiGe [7] splits the valleys into 2 and 4-fatthnifolds.

Confinement at the nanometer scale causes symimegaking
and splitting of the 2-fold degeneracy.

Perfectly flat [100] Si quantum wells of 10-20 aiom
monolayers can result in VS of the order of 1-10m@¥].
Experimentally, however, the observed valley dplittis about
2 orders of magnitude smaller. This can be astat{@b] with
the 2 degree slant of the experimental wafer. Hewnea
perfectly stepped Si quantum well would result i Yhat is
one order of magnitude too small as compared teréxent.
Atomistic disorder effects due to step disorder biorad with
SiGe alloy disorder raise the VS by an order of mitage to
match experimental data almost perfectly [7b]. ®ephasize
here that there were no particular parameter &tsopmed for
these simulations. The Si/Ge parameters [9], &htum well



size, and the SiGe buffer thicknesses, the loc&ali electric Such simulation capabilities will soon be deliverexsh
field and different disorder samples were the dnput to the nanoHUB.org through user-friendly GUIs. Howevengge
simulations. Mechanical strain and electronic cttiee are simulations are generally too time consuming touked for
computed in 10 million and 2 million atom (sub-stms. educational purposes. Simulation times can be aliaaily
reduced if only a single band effective mass model,
corresponding to a single “s” orbital are seledtelEMO3D.

In that case the code no longer needs to solvg Glewly) for
interior eigenvalue solutions, but can rapidly resoexterior
spectrum eigenvalues and deliver results in litgisconds.

The first simulation capability goal of NEMO3D haden self-
assembled quantum dots [4,5]. Typical simulatioostain 10
million atoms in the strain domain and 1-4 milliatoms in the
central device domain that confines electrons. hSiimulations
typically require 8-15 hours on 30-60 cores on astelr [5].
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Fig. 4 . Valley splitting in a gated Si ultra thhiody on a slanted SiGe substrate in a magnetit [B&]. Disorder at the SiGe/Si interface and SsGbstrate (b) and
disorder in the slanted steps (d) are criticahim quantitative agreement with the experimentl¢gloring the atomistic disorder underestimatesviileey splitting
by over an order of magnitude (ideal in (e)). Igng the slant of the quantum well altogether ogtneates the valley splitting by 2 orders of magaét. Thinner
Si slabs can show valley splittings of the ordet@feV which will change the available states @medshold voltages of UTB devices.
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Fig 5. NEMO3D deployed in the educational applmml Quantum Dot Lab” on nanoHUB.org. (a,b) showiareresting looking % state in a dome shaped
quantum dot. (c,d) is thé"tate in the same dot. Data sliders shown iml{eyv users to interactively compare data simtaNEMO1D. (f) map of over 1,500
worldwide Quantum Dot Lab users. (g,h) Over 1,566rs have launched over 13,000 from Nov. 05 to Au@8. Without any software installation users can
explore different quantum dot geometries and te#&cts on quantum states and intra-band absorpiteractively. Almost all nanoHUB tools have nols
same look and feel through the new Rapptusev(.rappture.oryjtoolkit created for nanoHUB.org.

nanoHUB.org’s “Quantum Dot Lab” is powered by NEM®D3 computationally too intensive to model realistigallarge
and was deployed in September 2005 primarily farcational devices, especially in an atomistic model. Howgvére
purposes. Typical execution times are 6-10 secandsusers investigation of more efficient ballistic approashdike the
can select various quantum dot shapes and sizeslly FWave Function (WF) formalism, the availability obroputers
interactive 3D rendering allows users to exploréfedént with tens of thousands of cores and the compatiloli NEGF
guantum dot state symmetries as illustrated in Fig. and WF with multiple levels of parallelism [11] r@awpened
NEMO3D served over 1,500 users on nanoHUB.org as the feasibility to implement OMEN [12]. OMEN congbrends
educational tool [9] and will be deployed fullyfell of 2008. the NEMO concepts and models realistically extensigstems

OMEN in atomistic device representations within compiitiees less

than about an hour on parallel computers.
By 2007 the sp3s* and sp3d5s* models used in NEKIG,9]

are being adopted worldwide by several researcthemsever,
most still try to get by with effective mass or kqodels which

cannot represent the crystal symmetry and its cpresee on ) - )

the quanFt)um mechani>c/al stZ\tes ir):terfaces andragiso Scattering all total energies are decoupled, aedldvice can be
Meanwhile NEGF has become the accepted standard ?Bﬁza"y fdecohmposed UTBs have an additional ﬁﬁp?
quantum carrier transport, yet it remains widelgunsed to be reedom for the transverse momentum. Large-scalallp

For nanowires and ultra-thin body (UTB) devicesibit8 and
4 levels of natural parallelism (Fig 6). In priplg all voltage
points can be considered independent, without et



machines are becoming more and more available foritical insight into SiGe nanowires (Fig 7) andgmd n-doped
researchers, not only at supercomputer centerglboitas local 22nm double gate MOSFETSs [13] has already beeredaifn

university resources. Figure 6b compares the OMéallirgy for analysis of transport through a InAs/InGaAs/InAlAsdloy

computations of a 22nm UTB on 5 such machines u$,@86 device is presented at IEDM this year [14].

cores. Figure 6¢c shows that OMEN can scale top3akessors Similar to the release of NEMO3D as a limited reseuon

¥Vh|Ch lnozv results n COTpl.Jtatllo? t'metf] (t)f a fg\gk::% P:OIrf nanoHUB.org we are currently in the process of apg a
ormerly nero experiment simufations that use analt panowire tool that is based on OMEN that will beeato

year or longer. ~ For many device engineers Suij}e"’]‘rexplore 3nm nanowires in a compute time of abow baur
computing resources appear to be rather out-ohrea

H hasize here that within  f ; fon around 100 cores provided transparently toutter). We
owever, we emphasize here that Within a 1ew yamrexpec recently replaced the Matlab code in Bandstructiab [15]
to have hundreds of cores available in workstatimnslusters

. ) . ith OMEN resulting in significant code speed-up.
of workstations. OMEN will run efficiently on suchsources. W UHHing in-signifl P up

(a) NW or UTB Device (b) scaling on various clusters (22nm UTB) (c) scaling on Ranger@TACC (22nm UTB)
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Fig. 6. (a) multi-level parallelism in voltage, menium, energy, and space. (b) scaling on varitusters up to 4,096 cores at three supercomputterseand 2
midwest universities (Purdue and Indian U.). Swabnly utilizes parallelism of the 3 innermostpgso- course voltage parallelism not used. (c)irsgain the
largest NSF-funded computational resource for USaesearchers (Ranger@TACC) utilizing all fouelg of parallelism.
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Fig. 6. Transfer characteristics of a 3.3x3.3x4816nanowire FET composed of 23,040 atoms. Wire issitgd on a buried oxide surrounded by a wrap atoun
oxide of t,=1nm. The gate length is 15 nm and the source &aid dre n doped at 1%m?®. 4 samples of explicitly disordered SiGe matesia compared to a
smoothed out homogeneous (virtual crystal approtonpSiGe and to pure Si. The atomistic disor@®own as an insert in the middle) lowers the eurby
over an order of magnitude. The effective chanrmitity is reduced.
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