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Approach to study the noise properties in nanoscale electronic devices
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An approach to study the noise characteristics in mesoscopic devices is presented. It extends, via
quantum trajectories, the classical particle Monte Carlo techniques to devices where quantum
nonlocal effects are important. As a numerical example, the fluctuations of the electron current
through single-tunnel barriers are compared with the standard Landauer—Bulttiker results, showing
an excellent agreement. ®001 American Institute of Physic§DOI: 10.1063/1.1402651

The generation of electronic devices in the nanometeample, we study the fluctuations of the electron current
scale[such as metal—-oxide—semiconductMOS) transis- through single-tunnel barriers.
tors with channel lengths as small as 10]ns1now being Hereafter, we present a brief description of our formula-
actively studied, both, theoretically and experimentallne  tion. In particular, we will discuss the computation of Bohm
electrical characteristics of these devices are determined hyajectories, the injection of carriers, and the algorithm used
an interesting interplay between quantum-mechar(@il)  to compute spectral noise power. Full account of the deriva-
and classical theories. In particular, the study of current fluctions will be presented elsewhere. In order to compute Bohm
tuations due to the discreteness of the electron charge hasjectories, first the time evolution of a wave pachgx,t)
become a very active field of research where quantum anf.e., the solution of the time-dependent Salinger equa-
classical knowledge merge together. In mesoscopic devicd®n), must be known. Then, according to the Bohm
where phase coherence is preserved, the Landauer—Buttikepproact, the instantaneous velocity(x,t) for an electron
scattering approach provides a transparent description ddcated at positiorx and timet is given by
electron transport, both for the average current valdies,
due to Landauérand for the spectral power of current fluc- (x,t)= } J(x,t) )
tuations,S,(w), mainly due to Buttiker* g w(x )

@ [~ whereJ(x,t) is the quantum-mechanical current density. The
S(w=0)= %I (TE){fL(1—fr) +fr(1—f)} elec_tron causal traje_ct_ory,_= x_(x_o_,t), is fj_etermlnec_i b_y_mte-

0 grating Eq.(2) after fixing its initial positionx,. This initial
position accounts for the unavoidable uncertainty in QM and
is randomly selected according to the probabili#y(x,,0)|2.

An introduction of Bohm trajectories for MC simulators can
be found in our previous worksThe main difference be-
Rween a classical MC scheme and our proposal lies in the
expression used to compute electron velocity: in the former,

—T(E)(f_—fr)3dE, (1)

whereq is the absolute value of the electron chargég) is
the transmission coefficient as a function of the total electro
energyE andf g are the Fermi—Dirac occupation functions
at the left(right) reservoir(for simplicity, a one-dimensional he yeocity is proportional to the local electric field, while in
system is considergdOn the other hand, when phase coher-, - annroach, the electron velocity takes into account the
ence does not play an essential role, a classical particle d?JM nonlocal effects vial (x,t).
scription has been used by several gutﬁﬂrm study fluc- When dealing with mesoscopic device simulations, the
tuations in mesoscopic systems. In this framework, the use Qf,qgeling of carrier injection from thermal reservoirs is a
classical Monte CarldMC) simulations has been particu- gejicate problem. According to Levitov and co-work&fs,
larly useful because it has the additional advantage of includy;qer degenerate conditions one should use a binomial dis-
ing long-range Coulomb interaction between carriers by congip tion. An injection model for MC particles using a bino-
sidering self-consistentpotential profiles governed by the .01 distribution has been developed by Gonzat#zl’
Poisson equation. .. showing its accuracy to describe either nondegenerate or
In this letter, we present an approach to study noise i mpetely degenerate conditions in one-dimensional meso-
mesoscopic devices based on quantum trajectories. Ourwogﬁopic conductors. In our quantum MC simulator, we will

extends the previous classical MC technique to device§gg an injection scheme based on this model. The probability
where QM phase-coherent effe¢ssich as tunneling through ¢ jniecting a wave packet with a positive central momentum

a potential barrigrare of prime importance. In particular, we k. depends on the probability of being occupied in the left
will use Bohm tr.ajectorie.s to describe the electron’s pathsreservoir,fL, and also on the probability that there is no
Bohm's formulation provides exactly thg same average reéyaye packet with the same central momentgynat the right
sults as the standard QM theory and implicitly takes intog,niact 1t (differently from Gonzalez's model that deals
account the discrete nature of electr8is a numerical ex- ity point particles, we have considered a spatial size of the
wave packetg, , much longer than the sample lengt@ur
dElectronic mail: Xavier.Oriols@uab.es algorithm to inject particles from the left contact with veloc-

0003-6951/2001/79(11)/1703/3/$18.00 1703 © 2001 American Institute of Physics



1704 Appl. Phys. Lett., Vol. 79, No. 11, 10 September 2001 Oriols, Martin, and Suné

3.0
3 SAMPLE A
: 0.2
% 0.0
< : -
= 2.0 4 % 02 SAMPLE B|
g o-o&
o il —
=
; 80 920 100 110 120
~~1.0 Distance (nm)
[7p]
0.0 T —————
10 100 1000
0 L frequency (THz)

IG. 2. One-side noise spectral power den§fw) for sample A(dashed
ine) and sample Bsolid line) whenV=0.15V andug=pu, =0.2eV. The
insets represent the energy potential profiles associated with each sample.

FIG. 1. Schematic potential profile considered in this work. Electrons ar
described by Bohm trajectories along the whole simulating box that includee%:
the sample and the two reservoirs. A constant bids applied only along
sample length..

ity v, is the following: at each time, (inversely propor- cally described in Fig. 1, consists of two highly doped layers
tional tov,) an attempt to introduce an electron takes placeof AsGa separated by a potential barrier ofA8Ga . We
Then, a random numbar uniformly distributed between 0 assume that applied bias falls only in the barrier region
and 1 is generated, and the attempt is considered successithout voltage fluctuations. The two AsGa layers are con-
only if r<f_ (1—fg). Similar arguments are used to inject sidered large enough to be characterized as perfect reservoirs
electrons from the right reservoir. with the Fermi—Dirac distributiorf ;g at 300 K with the
Since in our approach we deal with causal trajectorieschemical potentials related by, =ug+qV. We consider
noise properties can be computed from the classical technjection from both reservoirs, left and right, but from a
niques. In particular, according to the extension of theunique energy. In this regard, we define two wave packets
Ramo—Shockley theorem to semiconductor devitdise to- ~ with the same central energy,=0.15eV, but different ini-
tal instantaneous curren(t) through each cross-sectional tial central positions and opposite central wave vectors. At
area of the device, consisting of conduction and displacetime t=0, the initial probability presence of each wave

ment current, is computed by packet corresponds to a Gaussian wave packet with a spatial
N(1) dispersionch:130_A. The wave packet evolution is known
I(t) = _E (1) 3) by solving the Schrdinger equation along a simulating box
L of 2048 A, which includes the sample and the two reservoirs.

Every time that an electron is injected into the simulating

0x, its initial position is selected according to the initial
arobability presencé In order to compare our numerical
results with the Buttiker formalism, the potential profile is
considered to be time independent without Poisseif-
consistencyWe will consider two samples: sample A bf
=40A, consisting of an abrupt rectangular barrier Ef
=0.3eV height; and a sample B bf=76 A, which includes
a potential barrier described B/(x) = E, sech(ax) with E,
=0.3 anda=0.065(see the insets in Fig.)2

In Fig. 2, according to Eq(4), the simulated values of

wherelL is the length of the devicé\(t) is the total number
of carriers which are instantaneously inside the device, an
vi(x,t) is the value of the Bohm velocity at timeand posi-
tion x. Leveli identifies each electron, and only those within
0<x<L are considere¢see Fig. 1L The current, neglecting
the initial transient, is recorded during the whole simulation
time on a time grid of step sizAT. Then, by defining the
time length in which the correlation function should be cal-
culated asmAT, with m an integer, the current correlation
function, C,(t), is obtained from the algorithth

M-m spectral noise power, obtained from a total simulation time
CUAD =y, Z LA +])AT] of 50 ps andAT=0.25fs, are represented for the two
=t samples with an applied bias of 0.15 V. For low-frequency, it

1 M 2 takes a constant value and decreases down to a frequency

—(—iZl [(iIAT) | , (4)  related to the electron transit time across the sample. The

cutoff frequency in sample B is lower than in sample A be-
where ergodicity is implicitly assumed, and=0,1,..., m, cause electrons have a slower velocity. In Fig. 3, the zero-
M>m. The values in the present case &e=200000 and frequency noise power is computed as a function of the ap-
m=256. The corresponding spectral densyw) is deter- plied bias, and compared with the analytical results obtained
mined by Fourier transforming the above correlation func-from the Buttiker formalism. The analytical results are com-
tion. puted from Eq.(1) considering a monoenergetic system
At this point, we give two numerical examples of our where T(E) is defined as the average transmission coeffi-
proposal. We will consider ballistic electronic transport in acient of the wave packets.The comparison of the noise
one-dimensional tunnel barrier that roughly corresponds, focharacteristics is carried out in terms of Fano fadtpide-
example, to a scanning tunneling microscof§TM) tip  fined by S (0)=F2qg(l). For low bias, the transmittance
separated from a metallic surface. Our example, schematihrough the barrier is so low th&t tends to diverge. On the
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. based on two fundamental characteristics of Bohm's
2.0 - SAMPLE (A) approacﬁ‘: th_e average QM resulfsuch as average current
\ -0.3 or transmission coefficiepare perfectly reproduced in terms
1.5 of Bohm trajectories; and the discrete nature of electrons is
| 6 explicitly considered in Bohm'’s formulatioallowing noise
104 computation using classical techniguel this regard, this
m) work follows the path opened by Landadémho deduced
w 05 - 01 ; Buttiker formalism within a simple wave packet framework.
5 2 The main potentialities of our approach are related to its
5 - o0 5 capability to include a Poisson solver to obtain self-
‘s NE ' ' ' ' § consistent potential profiles and noise spectra at high fre-
E ! \ SAMPLE(B) | ., % guencies. These condltlon_s are noF easily acco_unted for in
2 present phase-coherent noise theories and drastically modify
154 % noise characteristicsEuture work will follow this direction.
1.0 SO v B T,he authors are really grateful to Javier Mateos, Tomas
) = Gonzdez, and Daniel Pardo for helpful discussion. This
05 - 0.1 work has been partially supported by the Diréeci®eneral
I de Enséanza Superior e Investigacidhrough Project Nos.
- . . . . 8 PB97-0182 and BFM2000-0353.
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