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Abstract

We present a Monte Carlo analysis of shot-noise suppression in mesoscopic ballistic conductors due to the joint action
of Fermi and Coulomb correlations. Analytical expressions for Fermi suppression are used to validate the injection
model used in the simulations. We "nd that Coulomb correlations maintain a relevant in#uence on the noise suppression
even for strongly degenerate contacts. The carriers responsible for Coulomb suppression are those Boltzmann-like
electrons at the tail of the Fermi distribution. ( 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Several mechanisms can be responsible for sup-
pressing shot noise below its full value S

I
"2qI

(with q the electron charge and I the DC current) in
mesoscopic structures. In the case of ballistic con-
ductors contacted to degenerate thermal reservoirs
at di!erent electrochemical potential, Fermi cor-
relations are typically considered as the only origin
of suppression [1]. This e!ect is usually investi-
gated in quantum point contacts at low temper-
atures [2]. The same analysis in systems with
higher dimensionality and at room temperature has
received less attention until the recent appearance
of Ref. [3]. Indeed, besides Fermi correlations,
long-range Coulomb interaction can also suppress
shot noise in ballistic structures [4]. Therefore, the

analysis of the joint action and relative importance
of Fermi and Coulomb correlations is a mandatory
issue [3]. The aim of this work is to address this
problem by performing an analysis of shot-noise
suppression in ballistic conductors which properly
accounts for both correlations. To this end we use
an ensemble Monte Carlo (MC) simulation self-
consistently coupled with a Poisson solver (PS) to
simulate the carrier dynamics in a ballistic active
region where the carrier injection from degenerate
thermal reservoirs is appropriately modelled.

2. Physical model

We consider a simple structure consisting of
a lightly doped active region of length ¸ sand-
wiched between two heavily doped (degenerate)
contacts of the same material which act as per-
fect injecting contacts at room temperature. The
structure is assumed to be su$ciently thick in
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Fig. 1. Current normalised to its saturation value and ampli-
tude of the potential minimum vs. applied voltage: (Inset) spatial
pro"le of the potential for di!erent applied voltages.

transversal directions to allow a 1D electrostatic
treatment. Thus, the MC simulation is 1D in real
space and 3D in momentum space. The contacts
maintain change neutrality and are characterised
by the carrier density n

#
and the associated Fermi

level e
F
.

Once injected, electrons move ballistically inside
the sample. Therefore, the noise originates from the
randomness of electron injection from the contacts,
which must be consistent with Fermi statistics [5].
Due to Pauli principle, the instantaneous occu-
pancy of an incoming electron state k"(k

x
, k

y
, k

z
)

with energy e
k
"+2k2/2m impinging on the bound-

ary between an ideal thermal reservoir and the
active region #uctuates in time obeying a binomial
distribution [6] with a probability of success given
by f (ek )"M1#exp[(ek!e

F
)/k

B
¹]N~1. This statis-

tic is implemented in a MC simulation of the con-
tact injection by means of a discretization of k-
space and the use of the rejection technique [5]. As
limiting cases, when ek!e

F
@!k

B
¹, f (ek)+1 and

the injection statistics of the corresponding k-state
is uniform in time; in contrast, when ek!e

F
Ak

B
¹,

f (e
k
)@1 and the injection statistics is Poissonian.

For the calculations we use: ¹"300 K,
m"0.25m

0
, e"11.7e

0
, ¸"100 nm and n

#
"

7.55]1019 cm~3 (e
F
"10k

B
¹). The above set of

values yields j"¸/¸
DC

"212.1 (with ¸
DC

the De-
bye length corresponding to n

#
) [4], which implies

a signi"cant action of space-charge e!ects inside the
structure. Static (frozen potential pro"le) and dy-
namic PS (potential pro"le updated at each time
step) schemes will be used to evidence the e!ect of
Coulomb interaction on shot-noise suppression [4].

3. Results and discussion

The current}voltage (I};) characteristic nor-
malised to the saturation value I

S
is reported in

Fig. 1. At the lowest voltages we "nd a linear
behaviour, while for high voltages near saturation
a superlinear behaviour is evidenced (space-
charge-limited conditions). The main feature of
transport in the active region of the structure is the
existence of a minimum in the potential pro"le
(inset of Fig. 1) due to the presence of space charge.
The amplitude of this minimum <

.
(;) is larger

at increasing j and depends on the applied vol-
tage ; as reported in Fig. 1 for j"212.1
(<

.
"14.5k

B
¹/q at equilibrium).

When using static PS, no correlation among car-
riers takes place in the active region, and the only
source of noise suppression is the Fermi statistics
electrons obey at the contacts. Once the value of
<

.
is determined, the Fermi suppression factor can

be calculated analytically as c
F
"S4

I
/2qI, with

S4
I

(static current spectral density) and I given by

S4
I
"P

=

kx/J2mqV. @+
dS

I
(k

x
)#P

=

kx/J2mq(V.`U)@+
dS

I
(k

x
),

(1)

I"P
=

kx/J2mqV. @+
dI(k

x
)!P

=

kx/J2mq(V.`U)@+
dI(k

x
).

(2)

dS
I
(k

x
) and dI(k

x
) are, respectively, the current and

the low-frequency spectral density of its #uctuations
due to the electrons injected by a contact into the
active region within the range of incoming wave
vector (k

x
, k

x
#dk

x
), and are given in Refs. [1,3]:

dI(k
x
)"q

1

4p3

+k
x

m
dk

xP
=

~=
P

=
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f (e
k
) dk

y
dk

z
, (3)

dS
I
(k

x
)"2q dI(k

x
)C1!
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Fig. 2. Shot-noise suppression factor calculated under static
(circles) and dynamic (triangles) PS as a function of: (a) applied
voltage, and (b) amplitude of the potential minimum. Squares
refer to Coulomb suppression factor and solid line to theoretical
Fermi suppression factor.

In Fig. 2 an excellent agreement between the
theoretical and simulated values of c

F
is observed,

which con"rms the validity of the injection scheme
used to include the e!ect of Fermi statistics in the
MC simulations. For the lowest ;, c

F
'1 due to

the dominant e!ect of thermal noise. At intermedi-
ate ;, when q<

.
'e

F
, I is carried by Poissonian

electrons with energy above e
F

in the tail of the
Fermi distribution, and thus c

F
"1. At higher ;,

when q<
.
(e

F
, the contribution to I of carriers

obeying Fermi statistics becomes more and more
important and, accordingly, c

F
decreases. Finally,

at the highest voltages, when q<
.
"0, c

F
reaches

a constant value.
When using the dynamic PS, as carriers move

through the active region, the dynamic #uctuations
of the electric "eld modulate the transmission
through the potential minimum and smooth out
the current #uctuations imposed by the injection at
the contacts [4]. Thus, in addition to the sup-
pression associated with Fermi statistics, a further

suppression related to Coulomb correlations can
take place. Since the two suppression mechanisms
are independent, the low-frequency dynamic spec-
tral density can be expressed as S$

I
"c

F
c
C
2qI,

where c
C

is the Coulomb suppression factor.
Fig. 2 shows c

C
and S$

I
/2qI"c

F
c
C

as a function
of ; [Fig. 2(a)] and q<

.
[Fig. 2(b)]. For

q;(k
B
¹, thermal noise is dominant, thus static

and dynamic results nearly coincide. When U in-
creases above k

B
¹ shot noise dominates over ther-

mal noise. Accordingly, when q<
.
'e

F
, we "nd an

increasing Coulomb suppression due to the large
amount of Poissonian electrons passing over the
barrier and leading to potential #uctuations which
modulate the subsequent transmission of carriers.
Here, Fermi suppression plays a minor role. When
; is high enough so that q<

.
(e

F
, c

C
becomes

practically constant and any further suppression of
noise is related to Fermi correlations. The satura-
tion of Coulomb suppression is due to the fact that,
as U increases, the new carriers contributing to the
current are those below e

F
(nearly noiseless), which

do not lead to further #uctuations of <
.
. Finally,

when current saturates (<
.
"0), Coulomb e!ects

vanish abruptly and Fermi correlations remain the
only origin of suppression.
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