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Self-consistent simulation of quantum shot noise in nanoscale
electron devices

X. Oriols,? A. Trois,” and G. Blouin®
Department d’Enginyeria Electronica, Universitat Autbonoma de Barcelona, Spain

(Received 11 May 2004; accepted 17 August 2004

An approach for studying shot noise in mesoscopic systems that explicitly includes the Coulomb
interaction among electrons, by self-consistently solving the Poisson equation, is presented. As a
test, current fluctuations on a standard resonant tunneling diode are simulated in agreement with
previous predictions and experimental results. The present approach opens a new path for the
simulation of nanoscale electron devices, where pure quantum mechanical and Coulomb blockade
phenomena coexist. @004 American Institute of PhysidOIl: 10.1063/1.1806546

. The time_—dependent .fluctuations of t.he electron. current IW,(x,) 72 R 1M q
in mesoscopic systems, i.e., the shot noise, are a direct con- ihi————=[-———5+V(x) + D

. . at 2max; 2,5 Ame % — %
sequence of the quantum mechani¢@M) wave-particle ! :
duality.1 Following this idea, we have recently developed an ki
approach® to study shot noise in QM systems showing that XWi(x,1), (1)

it can benaturally understood within the de Broglie-Bohm \here o is the dielectric constantn is the electron effective
(dBB) interpretation of the quantum theo‘lr?/.ln particular, mass,q is its charge, an¥/(x,) takes into account the exter-
we have shown that our approdgitovides identical predic- g electric potential. Each wave functioif;(x;,t), does not
tions as the ones obtained within the second quantizatioaepend explicitly on other electron positiong, but (this is
frameworK-® for simple mesoscopic systems. In recent yearsthe crucial point a correlation between the wave functions
shot noise approaches for phase-coherent devices, mainfie., between all electron dynamjds contained in Eq(1),
based on the second quantization formalism, have beepecause the last term of the potential energy depends on all
greatly developed in the literatuté® In these approaches, electron positions. The dBB formalism has the technical ad-
the (nontrivial) electron—electron interaction has been onlyvantage that the Schrodinger equations have to be solved
considered through the assumption of a linear relationshi@nly for the particular points where Bohm trajectories
(i.e., a capacitangebetween the charge and the voltdde. *a(l),%e(D), .. xy(b)} are defined;’ and not for all configura-

The goal of the present letter is to show that our previou§ions p?i?ts{x?,gz,a..xN,t}. In. ?r%er ttc;] furlthhemr S|rr]npl(|jfy the
approach® can be generalized to study Coulomb interactionOMputational burden associated with SO gcehrodinger

among electrons by self-consistently solving the Poissoequations, second, we assume that the potential energy,
equati%n y y 9 IEc(x,t), is roughly identical for all electrons as defined by

expression(2b) [i.e., we neglect the conditiok+#i in Eq.

Now, let us explain how the dynamics bfinteracting (1y] Therefore, the three self-consistent equations that we
electrons in a mesoscopic system are described within thgsjve in our approach are the following:

dBB formalism using a self-consistent solution of the Pois-

2

; I . A J108) h? P

son equation. In principle, electrons are described by a gen- jp—"" 2 = | - —— +Ex) | Ti(xb), (2a)
eral wave functionW(x;,X,, ...Xy,t), solution of the many Jat 2max
particle time-dependent Schrédinger equation that explicitly , N
contains the Coulomb interaction in its Hamiltonian. By con-  Ec(xt) _ 4 _

. : Lo 7 = — 5 2 A= x(b), (2b)
struction, once the many-particle wave function is known, all aX e-A
QM observable can be perfectly reproduced within the dBB
formalism®> However, the practical computation of such o Jix)

(20)

wave function is far from being trivial and some kind of vi(t) = |Wi(x,1)[?
approximation is mandatory. In this regard, first, we consider

that the dynamics of each electron can be described fram Expression(2a) is the single-particle Schrédinger equation,
to t+dt by assuming that the rest of the electrons remain agimilar to Eq.(1) but with a unique time-dependent potential,
fixed positions. Thus, eadkelectron is associated to a wave Ed- (2D) is just the Poisson equatiaA is the lateral area of

. . : R L the devicg™ and Eq.(2c) is the Bohm velocit§® [defined as
feuqnucat:i):r,lg‘lf,(xl,t), solution of a single-particle Schrédinger the ratio between the QM particle current densiyx,t),

and the wave packet probability presence densiitst deter-
mines the electron trajectory;(t), by integration. Each
SAuthor T wh p hould be add § electron _L—electron has its own particular boundary conditions for
uthor t0 whom correspondence shou e addresseaq, electronic maily : H

o olving the set of Eqg2a)—2c) and, therefore, its own wave
xavier.oriols@uab.es . . ' . ’
P'Currently at the DIEE in Cagliari, Italy. function W;(x;,t) and its own Bohm trajectory(t). In sum-
Currently at the ESEO in Angers, France. mary, regarding the goal of the present letter, the dBB for-

x=x;(t)
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4 . ; : N(t)
a O Our approach _ q
( ) mb —#Parﬁ(:Zs emitter I(t) - [z Ui(t)’ (3)
. 3 l® \‘ | # Particles collector
?ii ,db g sl wherelL is the length of the active device regid«(t) is the
g 21 / ‘\ total number of electrons which is instantaneously inside the
5 ,/? device, and;(t) is the value of the Bohm velocity defined by
| e Cgf;m?.@@@%@ E'q. (?c). The tme-ayeraged (?urrer(I,(t)), for each applied
& L E. bias is depicted in circles in Fig(d). In t_he same picture, we
Lo WL FROZENPOTENTIALS have also plotted the dc current obtained by time averaging
i ' g ; T the net number of Bohm trajectories crossing the emitter
Q@ (vertical ling or the collectorhorizontal ling. Moreover, we
129 & Oragpac have also plotted the dc current computed from the well-
— = Buttiker results [6] A ) 3
_ A known Esaki formuld® Let us just mention that the excellent
£ t? agreement between the four different calculations provides a
e \ o satisfactory test of the technical implementation of our for-
g 109 ‘Q OQO.Q-Q-QO- malism. In addition, within our approach, the total power
w o - e spectral density of the current fluctuatioi®f), is obtained
~Qo from the instantaneous currelft) by simply using the stan-
os (b) FROZEN POTENTIALS dard numerical techniqué. The comparison of the noise
0.0 0.1 02 03 0.4 characteristics is carried out in terms of the Fano fadfor,
Applied bias (Volts) defined byS(0)=F-2-q-{I(t)). It is well known that the ex-

o planation of Fig. 1b) is based on an interplay between two
FIG. 1. (@ Current-voltage characteristic for a standardG.As  gitferent sources of noisgi) The partition noise introduced

2 nm/6 nm/2 nm RTD. The inset shows the st&tiozen) potential profile. . . . N
The excellent agreement between the four different calculations of the a\py the barriers, andl) the thermal noise due to the Injecting

erage current shows a satisfactory test of the technical implementation d$tatistics. For low biasjl(t)) tends to zero since it is com-
our approach. In dashed line, results obtained from the EsekiRef. 1§  puted by subtracting théalmost identical emitter and col-
expression(b) In circles, numerical values of th_e Fano factor for each bias|actor currents, bug(0) is obtained by summing the fluctua-
point computed from ourapproach. In dashed line, results obtained from thﬁons of both currents. Therefor® tends to diverge. For
Buttiker (see Ref. § expression. . ) A ! . S
higher voltages, the transmission coefficient of the barrier is
moderately high, and partition and thermal noises are mani-
malism provides a simulation framework whe(®:all pure  fested in the value of the Fano factor. Hence, since these
QM phenomena, as tunneling, are perfectly reproduced iBources of noise are described by a Binomial procehs,
terms of quantum trajectori@sand(ii) the Coulomb interac-  Fano factor approximatesR{whereD is the total probabil-
tion can be treated self-consistently via the Poisson equatioify, proportional to the transmission coefficient and occupa-
as in the standard classical-device Monte Carlo technique. tion function, that an electron can effectively cross the RTD
Now, let us emphasize the capabilities of our proposalrhus, the Fano factor, as a function of the applied bias, has
for dealing with the Poisson equation in a QM framework bythe same shape of the average current when flipped vertically
providing a numerical example. We study the current throughupside dowh as seen in Figs.(&) and Xb). For voltages
a resonant tunneling diod&®TD) which is a quantum-based higher than 0.3 V, the transmission coefficient is so low that
device that has been exhaustiveIX investigated, both, fromeven for high temperatuy¢he total probability of traversing
theoreticd****and experiment&f** points of view. We as-  the RTD is transformed from a binomiggrobability D close
sume a standard GaAs/AlAs heterostructure system mith to 1.0) into a Poisson procegprobability D close to zerp
=0.067m, (m, being the free electron mgssVe use room and a Fano factor roughly equal to 1.0 is obtained. Let us
temperature, 300 K, for all numerical simulations. The par-mention that highly doped emitter/collector regiofthe
ticular heterostructure considered here is a 6 nm intrinsie@mitter/collector Fermi levelssrz/Erc, are 0.05 eV above
GaAs quantum well, sandwiched between twq@®d, ,As their conduction-band minimuyrare considered to assume
barriers of 2 nm width and 0.3 eV height. At each time stepdegenerate injection statistics. As an additional test, we have
electrons are injected from emitter/collector contacts into theotted in Fig. 1b) the Fano factor obtained from the original
simulating region according to model presented in Ref. 2expression provided by Buttikein 1992 to describe parti-
Eachi-electron of energyE, injected into the device, is as- tion and thermal noise in “frozen” mesoscopic systems
sociated with an initial Gaussian wave packetth central  (dashed ling

wave-vectork=y2mE/# and spatial dispersiolr=16 nm In any case, we are interested in using our approach to
defined deep inside the emitter or collector contacts, undestudy how the Coulomb interaction among electrons can
flat potential profile: modify the noise properties. The results depicted in Fig. 2 are

In order to be able to distinguish the effects originatedobtained by self-consistently solving Eq2a)—(2¢c) for the
by the electron—electron interaction, first, we consider frozesame RTD considered in Fig. 1. For simplicity, the self-
potentials[i.e, without using Eq(2b) for self-consistende  consistence is taken into account inside thex3<L region
As depicted in the inset of Fig(4), a linear potential profile [see inset in Fig. ()]. For low doping conditions, the con-
is assumed along the whole device region at any time. Theideration of the Coulomb interaction in the emitter/collector
instantaneous curreri(t), is computed from the extension to region could modify the present resulfsThe details on the
semiconductors, due to Pellegri]ﬁipf the Ramo-Shockley calculation will be explained elsewhef®in Fig. 2a), we
theorem: have plotted|(t)) obtained within our approach with circies.
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@ ' ' can accurately deal with additional scattering mechanisms by
5 /m‘ O Our approach introducing their interaction/potential directly into the
] — # Particles emitter . .
b ' | #Partiles collector Hamlltonlan[Eq_' D). .
§ 4 !\ = = Vieualguided ne In copclus,lon, we have .shpwn that our previous
z 3 ' 1 approacﬁ’ for studying shot noise in terms of Bohm trajec-
c . . . . .
g l” "‘ tories can be generalized to include the Coulomb interaction
3 2 2 \ among electrons via the self-consistent solution of the Pois-
K ® son equation. On the contrary, most QM noise approaches do
~, . .
! @/“’ Osp-0-0-0-0 only take into account dynamical aspects of the Coulomb
o , SELF CONSISTENT POTENTIALS (i.e., electron—electrgninteraction through a simple linear
(b) 5\ capacitance relationship. As a test, we have applied our ap-
41 6 our approach ) proach to study current fluctuations on standard RTD and our
_ - - Visualguidedfine t O ! numerical results are in good agreement with previous
'R FROZEN . . . - .
2 ., !’ v prediction€1?® and experimental resulté-** We believe
L Q | Ty that the present approach opens a new path for the simulation
% = ‘ER'FROZEN,' Lo of electron devices of nanometric dimensions. At such di-
N N . . . . .
L0 b\ o o/ 00p0 mensions, pure QM effectdike tunneling or quantization
&o coexist®?® with classical electrostatic phenome(such as
"0 0 0 g consisTENT POTENTIALS Coulomb blockgd)a and the ancient Poissori gquation be'—
08+ o7 0o 03 o7 comes as meaningful as the prevalent Schrédinger equation

Applied bias (Volts) for the correct understanding of actual mesoscopic devices.
FIG. 2. (a) Current-voltage characteristic for the RTD described in Fig. 1 . The, aUth_OrS aie really_ grateful to G. Iannac_cone for
when the Poisson equation is solved self-consistently with the timeStimulating d|SCUS.5|0nS_-, This work has been Pam{ﬂlly sup-
dependent Schradinger equatigh) Fano factor for each bias point com- ported by the Direccibn General de Investigaciéon and

puted within our approach. The insets show the effect of the time-depende®EDER through Project No. TIC2003-08213-C02-02.
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