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Electron-number statistics and shot-noise suppression by Coulomb correlation
in nondegenerate ballistic transport
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Within a Monte Carlo simulation, we investigate the statistical properties of an electron flow injected with
a Poissonian distribution and transmitted under ballistic regime in the presence of long-range Coulomb inter-
action. Electrons are shown to exhibit a motional squeezing which tends to space them more regularly rather
than strictly at random, and to evidence a sub-Poissonian statistics with a substantially reduced Fano factor
Fn!1. The temporal~anti!correlation among carriers is demonstrated to be a collective effect which persists
over the transit of several successive electrons, and results in a considerable~more than one order of magni-
tude! shot-noise suppression.@S0163-1829~98!03903-4#
s
vi

ic
or
on
in
h

c

de
ce

tr

ou
n

ng

ri
s
in
b

ot
t

e
a
o

t b
of
op

n-
best

the
ier
ime
er-
lf-

ical
dis-
it
-

el:
ple

al
o-

on
o
gen-
i.e.,
en-

t of
The study of electronic noise in low-dimensional system
and mesoscopic conductors in particular, has been recei
increasing attention in recent years.1–7 Indeed, by comple-
menting the analysis of current-voltage characterist
knowledge of statistical properties provides valuable inf
mation on the microscopic mechanisms ultimately resp
sible for charge transport. Uncorrelated carriers exhibit
Poissonian statistics are known to be characterized by a s
noise power given by the Schottky formulaSI52qI (q being
the unit charge, andI the average current!. To a general
extent the ideal 2qI value can be reduced by impartingan
anticorrelation to the electron stream, thus making the ele
tron statistics becomesub-Poissonian. This can be achieved
by exploiting several mechanisms. Pauli correlation un
degenerate conditions has been investigated in re
experiments1–5 and theories~see detailed bibliography6!. A
1
2 noise-suppression factor has been found in a symme
double-barrier junction.1–3 For a diffusive conductor a13 sup-
pression has been demonstrated.7 The statistics of charge
transmitted through a degenerate conductor has been f
to be binomial,8 while that through a double-barrier junctio
is in between a Gaussian and a Poisson distribution.9

Another possibility to incorporate correlations amo
electrons is by means of long-rangeCoulomb repulsion. The
desired effect can be achieved by virtue of a potential bar
near an injecting contact, which fluctuates synchronou
with electron passages through it. In this way, an incom
Poissonian flow is converted into an outcoming su
Poissonian flow. This effect is similar to that leading to sh
noise suppression in vacuum diodes, and discussed in
literature long ago,10 although, in the case of a device, th
potential barrier should not necessarily be provided by sp
charge. In a semiconductor structure it might be, e.g., a c
striction, as in the experiment on a quantum point-contac
Reznikov et al.4 We note that, although the importance
Coulomb correlations on noise suppression in mesosc
570163-1829/98/57~3!/1366~4!/$15.00
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structures has been emphasized,11,12 only a few calculations
are available,13,14 and the statistics of charge transmitted u
der Coulomb correlations has never been studied to the
of our knowledge.

It is the aim of the present Brief Report to address
problem of Coulomb correlation by investigating the carr
statistics under a nondegenerate ballistic transport reg
through a Monte Carlo simulation. We have found the int
esting result that just after the potential barrier, se
consistently generated by the electron flow, the statist
variance of electron-number counts decreases with the
tance from the barrier. Thus, correlated electrons exhiba
motional electron-number squeezing, characterized by a re
duced Fano factorFn!1.

For our analysis we consider the following simple mod
a lightly-doped active region of a semiconductor sam
sandwiched between two heavily doped contacts~of the
same semiconductor! subject to an applied voltage biasU.
The contacts are considered to be Ohmic~the voltage drop
inside them is negligible!, and they always remain at therm
equilibrium. Thus electrons are injected from the two opp
site contacts according to a Maxwell-Boltzmann distributi
at the lattice temperatureTL . To exclude correlations due t
Fermi statistics, the electron gas is assumed to be nonde
erate. Electrons are injected with a Poissonian statistics,
the time between two consecutive electron injections is g
erated with a probability per unit timeP(t)5G0e2G0t, where
G05 1

2 ncv thS is the injection-rate density,nc the carrier con-
centration at the contact,S the cross-sectional area,v th

5A2kBTL /pm the thermal velocity, andm the electron ef-
fective mass. For the simulation we used the following se
parameters:TL5300 K, m50.25m0 (m0 being the free elec-
tron mass!, relative dielectric constante511.7, active region
length L5200 nm, andnc5431017 cm23, much higher
than the sample doping~here taken at 1011 cm23, but the
1366 © 1998 The American Physical Society
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57 1367BRIEF REPORTS
same results are obtained up to 1015 cm23). Under these
conditions the electron dynamics is determined by the r
l5L/LDc , whereLDc is the Debye screening length asso
ated with the electron injection density. The above set
parameters corresponds tol530.9.

We calculate the fluctuating currentI (t) and its low-
frequency fluctuation spectrumSI by an ensemble Monte
Carlo simulator self-consistently coupled with a Poiss
solver ~PS!.13 To illustrate the importance of Coulomb co
relation, we provide the results for two different simulatio
schemes. The first one involves adynamicPS: the fluctua-
tions of the potential follow self-consistently the fluctuatio
of the space charge by virtue of the Poisson equation.
second scheme makes use of astaticPS, which calculates the
stationary potential profile only, so that carriers move in
frozen nonfluctuating electric field. Both schemes give
actly the same average current and steady-state spatial d
butions of all first-order quantities, but they providedifferent
noise levels and statistical distributions of transmitted car
ers.

Figure 1 illustrates the potential minimum which, actin
as a barrier for the electrons moving between the contact
shifted by changing the biasU. The corresponding noise
suppression factorg5SI /2qI is reduced considerably whe
the dynamic PS is used, while for the static PSg'1 for all
the biases~see the inset of Fig. 1!. The noise suppressio
becomes particularly pronounced atqU'40kBTL , when the
potential barrier almost vanishes completely, and its fluct
tions affect the transmission of the most populated~low-
velocity! states of injected carriers. At the highest voltag
the barrier disappears, and no shot-noise suppression is
served. Note that the shot-noise suppression factor by C
lomb interaction can achieve a value as low as desired
contrast to other mechanisms~ 1

3 for diffusive conductors,71
2

for double-barrier junctions9! by increasing the ratiol
5L/LDc , i.e., by increasing the sample length and/or
carrier concentration at the contact, provided the trans
remains ballistic. In the following we fix the bias atU
540kBTL /q, for which g'0.045.

FIG. 1. Spatial profiles of the normalized potentialf(x) for
different applied voltagesU ~in units ofkBTL /q). Inset: shot-noise
suppression factor vs voltageU for the dynamic PS (gdyn) and
static PS (gst), respectively.
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Having found the level of noise below the ideal Poiss
nian value, it is natural to ask which are the statistical pro
erties of the transmitted carriers once they are tempor
correlated. To address this question, we register the time
passage of electrons through different sections of the sam
at a distancex from the injecting contact. We register onl
those going from the cathode to the anode, since these
the only electrons contributing to the low-frequency curre
noise. With this procedure we are able to study how
carrier statistics imposed atx50 ~in our case Poissonian!
modifies at different distances from the cathode. For e
sectionx the times of passage of carriers$t1 ,t2 , . . . ,t i , . . . %
constitute a stationary stochastic point process, which ca
described by specifying the random set$t i%, where t i
5t i 112t i is the time interval between events. By knowin
the set$t i%, we calculate the distribution functionPn(T),
which is the probability of detectingn electrons during the
observation time intervalT. For a Poissonian process all tim
occurrences are statistically independent, which leads to
simple formula

Pn~T!5
~GT!n

n!
e2GT, n50,1,2,. . . , ~1!

where G is the rate density of events. Distribution~1! is
characteristic of uncorrelated transport, and is tested to
scribe correctly the carrier statistics at the injecting contac
x50. The distribution of carriers at the receiving conta
depends crucially on the PS scheme~see Fig. 2!. For the
static PS,Pn(T) is perfectly fitted by the same Poissonia
formula ~1! as for the injected carriers, but with a small
value of the rate densityG5kG0, with k'0.65. Its reduction
is caused by the part of injected carriers, which is reflec
by the potential barrier back to the contact.15 In contrast, for
the dynamic PS the distribution function no longer obe
formula ~1!. Figure 2 shows the following differences be
tween dynamic and static PS’s:~i! for eachn>1 the maxi-
mum of the distribution is shifted to longerT; ~ii ! the prob-
ability distribution is narrowed; and~iii ! the higher the index
n, the more the dynamic case deviates from the static o

FIG. 2. Distribution functionPn(T) of electron-counting statis-
tics at the receiving contact for the static PS~dotted line, Poissonian
statistics! and for the dynamic PS~solid line, sub-Poissonian statis
tics!.
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the distribution profiles becoming more symmetrical a
closer to a Gaussian shape. We remark that the differenc
point ~ii ! can be interpreted as amotional squeezing of elec
tron number, and corresponds to a higher regularization
the carrier passage due to correlation among them.

The temporal correlation among carriers can be charac
ized by the autocorrelation function of the interevent times
a function of the number of successive events defined a

Ct~k!5^~t j2 t̄ !~t j 1k2 t̄ !&, k50,1, . . . . ~2!

Here t̄ is the mean of the random variablet i , and angular
brackets denote average over the reference indexj . Figure 3
shows the functionCt(k) calculated for static and dynami
PS’s using the random sets$t i% registered at different posi
tionsx along the sample. First, we note that for the static
the correlation function is zero for allkÞ0 @Fig. 3~b!#. This
means that the absence of correlation among carriers
posed by the Poissonian injection is preserved at any sec
of the sample. Indeed, the electric potential being frozen
additional correlation is introduced inside the system. T
only nonzero value is the varianceCt(0)5Var(t)5t2

2 t̄ 2, which increases withx until x coincides with the mini-
mum of the potential profile~here the carrier flow is de
creased due to the reflection!, and then saturates for large
values ofx ~see Fig. 4!. In contrast, for the dynamic PS
Ct(k) is in general nonzero forkÞ0 and, moreover, it is
negativeby decaying to zero at increasing values of the
dex k @Fig. 3~a!#. Negative values ofCt(k) start to appear
just after the potential minimum, their magnitude tending
increase for longer distances. The negative sign means
once a time intervaltm longer than the average valuet̄ is
registered, to compensate for such a deviation the succe
tm11 is expected to be shorter thant̄ . The mechanism re
sponsible for this compensating behavior is the s
consistent redistribution of the potential which, by varyi
the barrier height, introduces a correlation into the car
flow. From Fig. 3~a! we estimate that the number of consec

FIG. 3. Correlation function of interevent times as a function
the number of successive events at different distancesx from the
injecting contact for the dynamic~a! and static~b! PS’s, respec-
tively. For a better view discrete points are connected by lines.x is
in units of the sample lengthL.
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tive carrier passages over which the correlation persist
'6 @i.e., Ct(k)'0 for k.6#. It should be stressed that th
mean time between consecutive electrons is not influen
by the long-range Coulomb correlation, sincet̄ is related to
the average current. Figure 4 shows that, for both static
dynamic PS’s,t̄ increases in the region before the barr
(x<0.06L), due to the loss of the part of injected electro
which are reflected by the potential barrier, and then sa
rates. The Coulomb correlation is mirrored by the seco
moment Var(t) which, for the dynamic PS, is found to de
crease with distance just after the barrier~see Fig. 4!.

The autocorrelation functionCt(k) refers to the statistica
distribution of interevent times$t i% which, in turn, is related
to the operation mode of registering the carrier arrival tim
Another operation mode is the number counting, for wh
the number of carriersni

T in a given time intervalT is reg-
istered. For this mode the statistical information is carried
the random variable$ni

T% which depends on the observatio
time T as a parameter. The first-order statistics of the rand
set $ni

T% is described by the distribution functionPn(T)
shown, for example, in Fig. 2 for the carriers at the receiv
contact. A better insight into the carrier correlation can
obtained by calculating the correlation function

Cn~k,T!5^~nj
T2 n̄ T!~nj 1k

T 2 n̄ T!&, k50,1, . . . , ~3!

representing the second-order statistics. Heren̄ T is the mean
number of counts during the observation time intervalT. For
fixed T; t̄ , Cn(k,T) behaves likeCt(k), i.e., it is negative
for k>1, with its lowest value atk51 @like in Fig. 3~a!#.
Therefore,Cn(1,T) can be a good measure of the correlati
between the number of counts. This quantity, normalized
the mean number of countsn̄ T, is shown in Fig. 5 for the
statistics registered at the receiving contact under dyna
regime.Cn(1,T) is seen to display a minimum as a functio
of T ~indicating the maximum of correlation! for T'5/G.
This means that the maximum of the correlation occurs w
the observation time intervalT is chosen such that the num
ber of counts isn̄T'5. In fact, this is another estimation o

f FIG. 4. Mean and variance of interevent times as a function
distancex from the injecting contact.t is multiplied by the injec-
tion rateG0.
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the number of consecutive carriers over which the correlat
persists, in addition to that obtained from the approxim
decaying range ofCt(k) of Fig. 3~a! (k'6).

The correlation function fork50 gives the variance of the
number of countsCn(0,T)5Var(nT)5(nT)22( n̄ T)2. In Fig.
5 we also present the ratio of the variance to the me
Fn(T)5Var(nT)/ n̄ T, known as the Fano factor in photon
counting statistics.16 It characterizes the degree of deviatio
of the counting statistics from the Poissonian one, whene
Fn(T)Þ1. We have found that, for the static PS,Fn(T)51
always, while for the dynamic PS it decreases withT ~see

FIG. 5. Fano factorFn(T) ~left axis, squares!, and correlation
function of the number of counts between two consecutive ob

vation intervals,Cn(1,T), normalized byn̄ T ~right axis, stars!, cal-
culated at the output contact within the dynamic scheme.
n
te

n

er

Fig. 5!. Notice that if the observation timeT!1/G, Fn(T)
'1, i.e., Coulomb correlation among carriers cannot be
tected by any means, and the observed statistics of carrie
always Poissonian. ForT@1/G the correlation between the
counting intervals is lost@Cn(1,T)→0#, while the Fano fac-
tor approaches its minimum value at the shot-noise supp
sion factorFn(`)[g'0.045~Fig. 5!.

In conclusion, within a Monte Carlo scheme we have i
vestigated the statistics of carriers which are Poissonian
jected and transmitted through a nondegenerate balli
structure in the presence of long-range Coulomb interact
The sub-Poissonian statistics exhibited by carrier num
fluctuations registered at the receiving contact provides
interesting example of motional squeezing, in analogy w
photon satististics. The negative value of the correlat
function of both the time intervals between consecutive el
tron passages and the number of counts in successive o
vation time intervals, mirrors the temporal correlation
transmitted carriers introduced by the presence of sp
charge. The small value of the Fano factor (Fn!1) found
here, besides being of fundamental interest, offers interes
perspectives in communication systems. Indeed, a s
Poissonian electron flux can generate a photon-numb
squeezed light which, in turn, can be used to enhance a c
nel capacity to transmit information in optica
communication systems.16
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