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High frequency components of current fluctuations in semiconductor
tunneling barriers
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(Received 7 November 2001; accepted for publication 29 March)2002

The power spectral density of current noise in phase-coherent semiconductor tunneling scenarios is
studied in terms of Bohm trajectories associated to time-dependent wave packets. In particular, the
influence of the particles reflected by the barrier on the noise spectrum is analyzed. An enhancement
of the power spectral density of the current fluctuations is predicted for very high frequencies. The
experimental measurement of this high frequency effect is discussed as a possible test of Bohm
trajectories. ©2002 American Institute of Physic§DOI: 10.1063/1.1482136

The Landauer approathhas become the standard reflected particles. These high frequency features are studied
method to treat steady-state coherent transport in mesoscopit detail in order to discuss its experimental measurement.
systems. Using the second quantization framework, Ledovik ~ Since our approachfollows Bohm formalisrfi of QM
and Buttikef extended the previous approach to study noisghat deals with well-defined trajectories, the current flowing
properties in phase-coherent systems. In particular, the powgénrough a mesoscopic electronic device has a clear meaning.
spectral density of current fluctuations at low frequencies foiPellegrini, according to the extension of the Ramo—Shockley
one-dimensional systems is expressed as theorem to semiconductor, provides an expression to connect

the electron motion inside the device to the external curtent.

q (= The total instantaneous currem(t), consisting of conduc-
S(0)= — fo {T[f - (1—fR) +fr(1—f)] tion and displacement current, is given by
—T%(fL—fR)?}dE (o NE
' q
(=12 mx, @

where g is the absolute value of the electron charge. The

transmission coefficient,, and the Fermi—Dirac occupation ) ) i :
functions at the leftright) reservoir, f,_z, depend on the wherel is the length of the devicé&efined as the distance

electron energf. Based on a wave packet formalism, Lan- between the two electrodes which are maintained at constant

dauer and Martihprovide a simple alternative derivation for POtentials, N(t) is the total number of carriers which are
S(0). Foreach small energy intervabE, the current can be instantaneously inside the device, an@x,t) is the value of

represented as a set 6fpulses(each one with an absolute
6=20nm |}
E=0.04 eV
L

areaq) which account for theandomtransmission of elec- 1.0
trons between the reservoirs. A positive pulse is measured

Device length
L

when a wave packet incident from the left electrode is trans-
mitted to an empty state in the right reservoir. The probabil-
ity of this event isT-f (1—fg), where the *fy factor
accounts for the Pauli principle. The transmission from right
to left gives a negative pulse whose probabilityTisf z(1
—f.). For a single injection event, the average value of
charge detected at the left contact is definedQasq-T : ; ; ; :
-(f_.—fgr). The noise is computed as the variant@* 03+ (5)
=Q?—(Q)2. The expression foB(0) is obtained when Q?

is integrated over the whole energy range multiplied by the
one-dimensional density of incoming electrdfs v
=AE/A. In a recent lettef,we have shown that this alter-
native picture for electronic noise is quiteaturally sup-
ported within Bohm interpretation of quantum mechanics
(QM).2 In this work, we investigate the role of reflected par-
ticles in the power spectral density of current fluctuations in
semiconductor tunneling scenarios. At high frequencies, we

predict an enhancement of the current noise spectrum due G. 1. Sketch of the simulating region that includes the device X0
<L) and the doped contact&) Probability of the initial wave packdthe
inset shows the lateral dimensions of the whole systéon potential energy
¥Electronic mail: xavier.oriols@uab.es profile along the contacts and the device region.
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the electron velocity at timé and positionx (the leveli ing barrier in the well-known GaAs/AlAs systems. A 0.3 eV
identifies each electron, and only those withid¥<L have height and 3 nm length barrier of &g _, As is sand-
to be considered, see Fig).1 wiched between two intrinsic GaAs spacer layers of 20 and

First, before working with the approach described in37 nm for the left/right, respectively. Two additional doped
Ref. 7, let us discuss the influence of the transmitted andGaAs layers with a wider lateral argsee inset of Fig. (B)]
reflected particles on the power spectral density using a simare characterized as perfect reservéiw® assume that the
plified analytical image. We consider a one-dimensional tuntateral area of the device is large enough to validate the use
neling barrier where monoenergetic electrons are injectedsf the one-dimensional approgcihe voltageV=0.1V, is
without correlation between the initial times, from the left high enough to consider only injection from the left contact
reservoir at an effective rate’. Assuming a constant veloc- (we usef, =0.057 at 300 K In order to compute Bohm
ity, vo, for the transmitted electrons, a square pulse of heighfrajectories, we numerically calculate the time evolution of a
- vo/L and durationrr=L/v, is expected irl (t) for each  wave packet¥(x,t) by solving the time-dependent Schro
transmitted electron. Identically to the Landauer im&tise  dinger equation in the whole simulation box that includes the
current obtained from Ed2) will be represented by positive gevice and the contacts. A simulating box of 2048wfth a
and negative pulses each having an absolute area eqgal to gpatial step of 2 Aand an electron effective mass equal to
Assuming low average currendl(t)=1(t)—I~I(t), the  m*=0.067m, (beingm, the free electron mapss used. For
power spectral density of the current fluctuations can bejmpiicity, we considered wave packets with a unique kinetic
computed by Fourier transforming the square-pulse autocognergy equal t& = 0.04 eV and positive central wave vector,
relation. We obtain the well-known expression: k., computed from the paraboliE—k relation. As seen in

Si(x)=T-»'-2- g2 sir(X)/x, 3) F_ig. 1(531), an initial Gaussia}n ‘wave packet of .spatial

dispersiof? =20 nm located inside the left contact is used.
where we definedx=wr/2. At low frequency, we According to Levitov and co-workerS, electrons are in-
obtain a constant valu&;(0)=2-g?-T-»’ that decreases jected into the sample following a binomial distribution. In
to zero atw=2w/7r. The Fano factor,F, defined as particular, we use a particle Monte Carlo scheme developed
Sr(0)=F-2-q-1 takes the expected valte=1 since the by Gonzalezet al}* At each time interval of durationy !
initial assumption of low injection is equivalent to a Poisso- =m* 7/ k. Ak an attempt to introduce a wave packet takes
nian process. place (in our case,Ak is the inverse of the wave packet

In this letter, we investigate the role of the reflected elecspatial dispersiolk= 1/o as discussed in footnote.6rhen
trons in the power spectral noise. We will show that theses random number uniformly distributed between zero and
electrons do not contribute 8(0) but provide an enhance- one is generated, and the attempt is considered successful
ment of S(f ) at high frequency components. All transmitted only if r <f, . Hence, the effective injection rate can be de-
electrons have to cross the device. On the contrary, if the sizghed asy’ = v- f, . On the other hand, each time an electron
of the electron wave packet is large in comparison with theyefinitively enters the simulation box, its initial positiag is
device length(which is a common situation in mesoscopic randomly selected from the probability’ (x, ,t=0)|? that
system$ most of the electrons will be reflected inside thetakes into account the partition noise via the unavoidable
contacts. However, we argue that there are systems where thﬁcertainty of QM. Once thg, is known, the causal trajec-
role of the reflected particles could modify the actual noisqory is computed by integrating the instantaneous Bohm
power spectral density. In this regard, we can expect that felocity!>1® As depicted in Fig. (b), a constant potential
reflected electron will be roughly monitored Irft) by a  profile (roughly similar to those obtained by self-consistently
linear triangular pulse of initial heightj- v,/L and final solving Schidinger and Poisson equationss assumed
height—q- v, /L (i.e., the total area of the reflected electronsa|Ong the whole device region. A purely ballistic electron
is zero since they do not contribute to the average Cu”emtransport without scattering is considered.

The duration of the pulserg, is not only related to the In Fig. 2(a) we represent the current noise power of the
length of the device, but also to the wave-packet dynamicsyystem. The instantaneous curreit) is obtained from Eq.
Following the previous development, the power spectral den(z) by simulating during 500 péwith a temporal step of 10

. : 1.
sity associated to reflected electrons'is: fs) random Bohm trajectories. The total power spectral den-

2.2 Tﬁ- 02 sity of the current fluctuation§(f ), are obtained following
SR(x’)=(1—T)~y’~T° the standard classical MC methbd. We have separately
plotted the contribution t&(f) due to transmitted and re-

x'2. cof(x’)+sir?(x')—x"- sin(2-x") flected electrons. From these results, we clearly show an en-

: NE. , (4 hancement of the power spectral density at the frequency

range from 1 to 8 THz. Figure(B) also depicts the expres-
wherex’ =wrg/2. At low frequencies, we obtain the value sions forS;(f) andSg(f) obtained from the simple analyti-
Sg(0)=0 and atx’~2 the maximum valu&g(2)~0.4-(1  cal model developed in the text. The average transmission
-T)-v'-g? vﬁ- rﬁ/LZ. Thus, an enhancement of high fre- coefficient of the wave packet 5=0.08. The device length
quency components of the total spectral power can be exs L=600 A. The transmission time, obtained from the nu-
pected due to reflected particles. merical simulation, gives;~0.15 ps and the reflection time
In order to discuss the experimental measurement of this roughly rr=~0.12 ps. The velocity, obtained as an average
effect, we make a numerical simulatiénsing the approach value of the numerically simulated transmitted electrons, is
described In Ret. J7of the current noise for a singie tunnei- v,=0.36x 10° m/s. The effective injection rate is given by
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FIG. 2. One-side current noise power spectral density computed from nu-
merical simulation(a), and from analytical expressiofis). The partial con-
tributions from transmitted electronS;(f ) and reflected electrorSz(f )

are depicted. An enhancement of the t@&éf ) in the range between 1 and

8 THz, due to reflected electrons, is clearly manifested.

v’ =1.66x10' Hz. The differences between FiggaRand
2(b) are due to the fact that Bohm trajectories do not have a
constant speed since its velocity insi@@ neaj the barrier
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