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Abstract. We present a numerical simulation of shot-noise suppression due to
long-range Coulomb interaction in nondegenerate ballistic transport. Calculations
make use of an ensemble Monte Carlo simulator self-consistently coupled with a
one-dimensional Poisson solver, and are applied to a ballistic semiconductor
structure formed of a lightly doped active region surrounded by two contacts acting
as reservoirs. The doping of the injecting contacts and the applied voltage are
taken as variable parameters. At increasing voltages the transition from thermal to
shot-noise conditions is analysed. Space-charge is found to be responsible for an
important suppression of shot noise even in the presence of linear current–voltage
characteristics. At increasing injection rates we have found a strong tendency
towards shot-noise suppression which scales with a dimensionless Debye length.
The statistical properties of the electron flow along the structure are modified by
Coulomb interaction, evidencing a sub-Poissonian behaviour. The frequency
dependence of the fluctuations is also analysed. The spectral density of current
fluctuations exhibits structures related to the different characteristic times involved
in the carrier transport.

1. Introduction

Shot noise is caused by the randomness in the flux of
carriers crossing the active region of a given device and
is associated with the discreteness of the electric charge
[1]. At low frequency (small compared to the inverse
of the transit time through the active region) the power
spectral density of shot noise is given bySI = γ2qI ,
where I is the d.c. current,q the electron charge and
γ the suppression factor. When carriers cross the active
region in an uncorrelated way, full shot noise withγ = 1
is observed, which indicates that the current pulses follow
a Poissonian distribution. However, correlations between
carriers can reduce the shot-noise value givingγ < 1,
and leading to binomial [2, 3], sub-Poissonian [4] or other
kinds of statistics [5]. In recent years the study of
shot-noise suppression in low-dimensional and mesoscopic
systems [6] has attracted increasing attention from both
a theoretical [7–20] and an experimental [21–31] point
of view. Since it can be used to obtain additional
information which is not available from d.c. characteristics
or low-frequency conductance, shot-noise investigation has

become a fundamental tool for the understanding of electron
transport in low-dimensional and mesoscopic devices.

Several mechanisms can be responsible for introducing
correlations between electrons in different systems. Among
them we recall: the Pauli exclusion principle under
degenerate conditions in systems obeying Fermi statistics
[21, 24–27]; short-range Coulomb interaction (electron–
electron scattering), where a

√
3/4 suppression factor has

been predicted [16, 17]; tunnelling transport, where a1
2

noise-suppression factor has been found in symmetric
double-barrier junctions [21, 24, 25, 32]; coherent and
diffusive conductors, where a13 suppression has been
demonstrated [10, 11, 13, 20, 28, 33]. Another possible way
of incorporating the correlation among carriers is by
means of long-range Coulomb repulsion (through the self-
consistent electric potential) [4, 33–35]. While most of
the above mechanisms have been extensively discussed
in solid-state literature [6], the last one has received less
attention [36–38], although its relevance to shot-noise
suppression has been known since the era of vacuum tube
devices [39].

The suppression due to Coulomb interaction can be
achieved by virtue of a potential barrier near an injecting
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Figure 1. Schematic drawing of the ballistic structure under investigation.

contact which fluctuates synchronously with electron
passage through it. In this way, an incoming Poissonian
flow is converted into an outgoing sub-Poissonian flow
[4]. This effect is similar to that leading to shot-noise
suppression in vacuum diodes and discussed in the literature
long ago [40], although, in the case of solid-state devices,
the potential barrier should not necessarily be provided
by space-charge. In a semiconductor structure it might
be, for example, caused by a constriction, as in the
experiment on a quantum point contact by Reznikovet al
[26]. We notice that although the importance of Coulomb
correlations on noise suppression in mesoscopic structures
has been emphasized [8, 12, 14, 18], under ballistic transport
regime only a few calculations where the dynamic potential
fluctuations are taken into account are available [4, 34, 36].

The aim of the present paper is to investigate the
effect of long-range Coulomb interaction on the shot-noise
power spectrumunder nondegenerate ballistic regime of
carrier transport in a two-terminal device, thus completing
and extending preliminary reports on the subject [4, 34].
The ballistic regime is nowadays accessible in mesoscopic
devices such as electron waveguides, quantum point
contacts etc, with characteristic lengths of the order of,
or smaller than, the carrier mean free path. The theories
which are used to interpret the experiments on shot-noise
suppression [22, 26, 27] commonly neglect the contribution
coming from the fluctuations of the self-consistent potential.
Here, we use a rigorous microscopic approach by self-
consistently coupling an ensemble Monte Carlo simulator
with a Poisson solver (PS) [41] thus giving a theoretical
frame for the understanding of specific experimental results.
We address the case, typical of semiconductors, of a
sufficiently low carrier concentration thus avoiding any
effect due to statistical degeneracy. This approach allows
us also to calculate the frequency dependence of shot noise,
a subject which is usually disregarded, though recently
receiving renewed attention [37, 38].

The outline of the paper is as follows. In section 2 we
discuss the physical model used for the ballistic structures,
with special emphasis on the modelling of the contacts.
We also provide the details of the Monte Carlo simulation
and noise calculations. Section 3 presents the results
of the present investigation and will be concerned with
static characteristics, the shot-noise suppression and the
frequency dependence of the noise spectrum. Finally, in

section 4 the main conclusions and future trends of the
present work are summarized.

2. Physical model

In this section we present the details of the structures
here analysed, the models used in the simulations and the
procedures for the noise calculation.

2.1. Simulated structure

For our analysis we consider the simple semiconductor
structure shown in figure 1. It consists of a lightly
doped active region of a semiconductor sample sandwiched
between two heavily doped contacts (of the same
semiconductor) which act as reservoirs by injecting carriers
into the active region. The doping of the contacts is always
taken to be much higher than that of the sample. The
carrier density at the contacts,nc, corresponds to their
doping concentration; all impurities are assumed to be
ionized at the temperature considered. The contacts are
considered to be ohmic (the voltage drop inside them is
negligible) and they remain always at thermal equilibrium.
Accordingly, when a voltageU is applied to the structure,
all the potential drop takes place inside the active region,
between the positionsx = 0 andx = L. The electron mean
free path` is assumed to be much longer than the distance
L between the contacts, and therefore carrier transport is
ballistic inside the active region. The structure then acts
similarly to a vacuum diode, with the relevant difference
that there are two opposing currents, instead of a single
one, which flow in the presence of a medium. We shall
analyse six different structures where, while the length of
the sample remains unchanged, the doping of the contacts
is modified.

2.2. Monte Carlo simulation

The transport analysis is carried out by simulating the
carrier dynamics only in the active region of the structure.
The influence of the contacts is included in the simulation
by means of a stochastic injection rate taking place at
positionsx = 0 and x = L. Under the action of a d.c.
applied voltageU , the carrier dynamics are simulated by an
ensemble Monte Carlo technique self-consistently coupled
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with a PS [41]. The simulation is one-dimensional in real
space (the Poisson equation is solved only in the direction
of the applied voltage) and fully three-dimensional in
momentum space. Since we are interested in analysing only
the effects related to the Coulomb interaction, the electron
gas inside the sample is assumed to be nondegenerate,
thus excluding any additional correlations due to Fermi
statistics. The carriers move ballistically inside the active
region according to the semiclassical equations of motion
with a constant effective mass. Under the condition of a
constant applied voltage, the instantaneous current in a one-
dimensional structure is given by [42]

I (t) = q

L

N(t)∑
i=1

vi(t) (1)

whereN(t) is the number of particles inside the structure
and vi(t) the velocity component along the field direction
of the ith particle. It must be stressed that, although
not explicitly appearing in (1), the displacement current is
implicitly taken into account by constant-voltage conditions
[42].

To better analyse the importance of Coulomb corre-
lations we provide the results for two different simulation
schemes. The first one involves adynamicPS, which means
that any fluctuation of space-charge due to the random
injection from the contacts causes a redistribution of the
potential, which is self-consistently updated by solving the
Poisson equation at each time step during the simulation
to account for the fluctuations associated with the long-
range Coulomb interaction. The second scheme uses a
static PS to calculate only the stationary potential profile;
i.e. once the steady state is reached, the PS is switched off,
so that carriers move in thefrozennon-fluctuating electric
field profile. Both schemes are checked to give exactly the
same steady-state spatial distributions and total current, but
the noise characteristics and the statistical distributions of
transmitted carriers are different. Of course, the PS scheme
which is physically correct is the dynamic one. The static
case is just used to evaluate quantitatively the influence of
the self-consistent potential fluctuations on the total noise.

For the calculations we have used the following set
of parameters: lattice temperatureT = 300 K, electron
effective mass,m = 0.25m0, dielectric constantε = 11.7ε0,
sample lengthL = 2000 Å, contact dopingnc ranging
between 1013 cm−3 and 4× 1017 cm−3 and doping of the
active regionnar = 1011 cm−3. As proved in the appendix,
with the above model the results on shot-noise suppression
depend only on the dimensionless lengthλ, defined as

λ = L

LDc
(2)

where

LDc =
√
εkBT

q2nc
(3)

is the Debye length corresponding to the carrier concen-
tration at the contact, withkB the Boltzmann constant.

Typical values of the time step and number of meshes
in real space used for the PS are 2 fs and 100 respectively.

We have checked that by reducing the time step or by
increasing the number of meshes the results remain the
same. The average number of simulated particles in the
active region ranges between 50 and 2000 depending on
the contact doping and applied voltage.

2.3. Contact model

Since the carrier motion in the active region of the structures
is ballistic, the behaviour of the contacts is crucial in
determining the current noise. To provide a complete model
for the contacts and define the sources of randomness in
the carrier flux associated with them, we have to specify
the velocity distribution of the injected carriersfinj (v), the
injection rate0 and its statistical properties. Here we have
denotedv ≡ (vx, vy, vz).

Let us consider the process of electron injection from
contact 1 into the active region atx = 0 (see figure 1).
According to equilibrium conditions at the contacts, the
injected carriers follow a Maxwellian distribution weighted
by the velocity componentvx normal to the surface of the
contact

finj (v) = vxfMB(v) vx > 0 (4)

where fMB(v) is the Maxwell–Boltzmann distribution at
the lattice temperature. The injection rate0, i.e. the number
of carriers per unit time which are entering the sample, is
given by

0 = ncv̄+S (5)

whereS is the cross-sectional area of the device, and

v̄+ =
∫ ∞

0

∫ ∞
−∞

∫ ∞
−∞

finj (v) dvx dvy dvz =
√
kBT

2πm
. (6)

This injection rate is considered to be independent of the
applied voltage. Due to the very high value ofnc as
compared with the sample doping, any possible influence
of the applied voltage (especially for high values) on
the contact and, consequently, on the injection rate, is
neglected. Therefore, the maximum currentIS (saturation
current) that a contact can provide will then be given by

IS = q0. (7)

As the transport regime in the active region is ballistic
(i.e. deterministic), shot noise originates from the random
injection at the contacts, which is taken to follow Poissonian
statistics. Accordingly, the time between two consecutive
electron injectionstinj is generated with a probability per
unit time given by

P(tinj ) = 0e−0tinj . (8)

In the simulation we make use of (8) to determinetinj ,
which, following the Monte Carlo technique, is given by

tinj = − 1

0
ln(r) (9)

wherer is a random number uniformly distributed between
0 and 1. We note that the carrier number in the sample
N(t) is a stochastic quantity and electrons are injected at
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x = 0 andx = L into the active region of the structure
according to the above fluctuating rate. When a carrier
exits through any of the contacts it is cancelled from the
simulation statistics, which account only for the carriers
that are inside the active region at the given timet . Thus
N(t) fluctuates in time due to the random injection from
the contacts and we evaluate both the time-averaged value
〈N〉 and its fluctuationsδN(t) = N(t)− 〈N〉.

In the contact model previously described we are
assuming that the doping of the contacts is so high
compared with that of the active region that all the built-
in effects associated with the diffusion of carriers around
the contacts take place exclusively in the active region.
As a consequence, the model is not fully consistent,
since the effects related to the possible fluctuations of
the concentration at the contacts are not included in the
calculation of the current according to (1). In any case we
are mostly interested in the low-frequency region of the
noise spectrum, and these effects (like plasma oscillations
[43]) are expected to appear at very high frequencies,
beyond the cut-off region of shot noise.

Several values ofnc (and therefore several injection
rates0) are considered. Asnc increases, space-charge
effects become more and more relevant, the dimensionless
parameterλ being the indicator of their importance. In
particular, we have considered the following values ofnc
(in cm−3, with the correspondingλ): 1013, λ = 0.15;
2×1015, λ = 2.18; 1016, λ = 4.88; 2.5× 1016, λ = 7.72;
1017, λ = 15.45; 4× 1017, λ = 30.90. These values of
nc cover the range from negligible (λ = 0.15) to very
important effects played by long-range Coulomb interaction
(λ = 30.9) †. It should be noted that the boundary condition
at the contact can be defined either through the contact
electron densitync or, equivalently, through the injection
rate0, as they are proportional. We use the former since it
allows us to introduce the characteristic screening parameter
LDc associated withnc (equation (3)), which completely
determines the importance of space-charge effects inside
the active region. In such a case, the shot-noise suppression
can be characterized in terms of the dimensionless length
λ = L/LDc.

2.4. Noise calculation

In our analysis of shot noise we are mostly interested in
calculating the low-frequency value of the spectral density
of current fluctuationsSI (0). To this end, from the
simulation we firstly evaluate the autocorrelation function
of current fluctuations,δI (t) = I (t) − 〈I 〉, which under
stationary conditions is given by

CI (t) = 〈δI (0) δI (t)〉 (10)

which, after Fourier transformation, provides the spectral
density

SI (f ) = 2
∫ ∞
−∞

CI (t)e
i2πf t dt. (11)

† The same values ofλ (and therefore the same shot-noise suppression
results) could be obtained by keepingnc constant and appropriately
modifying L according to (2) and (3).

Once a sufficiently long sequence of current valuesI (t)

is obtained from the simulation, the time average of the
current 〈I 〉 is determined and the current autocorrelation
function is easily calculated following (10). To clarify
the role of different contributions to the current noise we
decompose the current autocorrelation function and the
spectral density into three main contributions as

CI (t) = CV (t)+ CN(t)+ CVN(t) (12)

respectively given by

CV (t) = q2

L2
〈N〉2〈δv(t ′) δv(t ′ + t)〉 (13a)

CN(t) = q2

L2
〈v〉2〈δN(t ′) δN(t ′ + t)〉 (13b)

CVN(t) = q2

L2
〈v〉〈N〉〈δv(t ′) δN(t ′ + t)

+ δN(t ′) δv(t ′ + t)〉. (13c)

In the above equationsCV is associated with fluctuations in
the mean carrier velocity,CN with fluctuations in the carrier
number andCVN with their cross-correlation [41, 42]. To
distinguish between the results obtained by using static and
dynamic PSs, we shall denote the corresponding current
spectral densities asSsI andSdI respectively.

3. Results

3.1. Static characteristics

Figure 2 shows the electron concentration and potential
profiles inside the active region for several values ofλ under
thermodynamic equilibrium conditions. Asλ increases,
the higher injection rate at the contacts leads to a larger
carrier concentration inside the sample and to a stronger
nonuniformity of its spatial distribution, showing maximum
values at the contacts due to the electron injection and
decaying towards the middle of the sample. Accordingly,
the potential profile exhibits a minimum in the middle of
the active region of amplitudeVm which increases with
λ, thus evidencing the stronger influence of space-charge.
For the highest value ofλ, Vm reaches 4kBT /q. When
a positive voltage is applied to the anode (contact 2 in
figure 1), the minimum is displaced towards the cathode
(contact 1) while its amplitude decreases, as shown in
figure 3 for the case ofλ = 30.9. Physically, this minimum
provides a potential barrier for the electron moving between
the contacts. Accordingly, the injected electrons not having
sufficient energy to pass the barrier are reflected back to the
contacts. The mechanism of shot-noise suppression is based
on the fact that the barrier height and, as a consequence,
the transmission through it, fluctuate with the passage
of electrons and modify the Poissonian statistics of the
incoming carriers. Therefore, the transmission through the
barrier is current dependent, which is crucial in calculating
the noise characteristics. Of course, the fluctuations of
the barrier are more important when stronger space-charge
effects are present (highλ).

Figure 4 shows the dependence of the currentI , average
energyε and average number of electrons inside the active

717
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Figure 2. Spatial profiles along the active region of
(a) electron concentration and (b) normalized potential
qφ(x)/kB T at equilibrium for different values of λ.

regionN with the applied voltageU for different values
of λ. The current flowing through the diode reflects the
evolution ofVm with U shown in figure 3. The currentI
consists of two opposite contributions

I = I+ − I− (14)

I+ flowing from the cathode to the anode andI− in the
opposite direction. Since the injected carriers follow a
Maxwellian distribution and move ballistically, the value
of both currents depends exponentially on the amplitude of
the potential barrier that the carriers injected at each contact
find when moving towards the opposite contact. ForI+ the
amplitude is justVm and forI− it is Vm + U . Therefore

I+ = IS exp[−qVm/kBT ] (15a)

I− = IS exp[−q(Vm + U)/kBT ]. (15b)

As a result, while the presence of the minimumVm persists,
the current increases practically linearly withU , up to a
certain value of the external biasUsat for which the barrier
vanishes, so that all the electrons injected at the cathode
can reach the anode, the current saturates and becomes
independent of the bias (figure 4(a)). Asλ is increased, the
barrier induced by the space-charge is more important, the
current is lower and the saturation takes place for higher
applied voltages. In the case ofλ = 0.15, when space-
charge effects are negligible, theI–U curve corresponds
exactly to that obtained in [44] within an approach where
Coulomb correlations are disregarded. The dependence of
the carrier average energy onU (figure 4(b)) shows the
cooling effect associated with the presence ofVm. Starting
from U ∼ kBT /q, the increase of the average energy with
U is systematically lower for higher values ofλ. WhenVm
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qφ(x)/kB T for different applied voltages U (in units of
kB T/q) for the case of λ = 30.9. Note the evolution of the
amplitude and position of the potential minimum until its
disappearance at the highest applied voltages.
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Figure 4. (a) Current flowing through the sample
normalized to the saturation value, (b) average energy of
electrons inside the active region normalized to the thermal
value and (c) carrier number inside the active region
normalized to the equilibrium value as a function of the
applied voltage for several values of λ.

vanishes, current saturation conditions are reached, and the
average energy becomes independent ofλ by approaching a
linear increase with the applied voltage [45]. In figure 4(c)
it can be observed that the voltage dependence ofN/N0
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Figure 5. Spatial profiles along the sample of (a) electron
concentration, (b) average energy and (c) average velocity
for the case λ = 30.9 at several applied voltages.

mirrors that ofI/Is ; N decreases systematically with the
voltage (∼ U−1/2) once the current is saturated.

Figure 5 shows the profiles of the electron concentration
n, carrier average energyε and velocityv along the active
region of the structure withλ = 30.9 for several values
of U . When a voltage is applied to the right contact, the
symmetry of the carrier concentration profile at equilibrium
is clearly destroyed in order to ensure current conservation
through the sample. Accordingly, near the anode, wherev

reaches the highest values,n takes the lowest ones. The
extension of the region near the anode contact where the
carrier concentration is high and both the velocity and
energy are low decreases at increasing applied voltages.
In this region, most of the carriers are thermal electrons
proceeding from the right contact which are reflected back
to the anode by the opposite electric field. The greater the
applied voltage, the higher the opposite field and the shorter
the distance they penetrate before being reflected. WhenU

is high and the potential barrier is near to disappearing or
has just vanished (see figure 3,U = 40, 80kBT /q) the
energy increases systematically along the sample up to a
maximum value close toqU near the anode contact, as
expected from the ballistic transport inside the sample.

The velocity distribution of the carriers inside the
active region of the structure withλ = 30.9 is shown in
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Figure 6. Distribution function of the carrier velocity inside
the active region for λ = 30.9 at several applied voltages.

figure 6 for several applied voltages. At equilibrium, the
expected Maxwellian distribution at the lattice temperature
is found. As U is increased, the fraction of carriers
with negative velocities is reduced and the distribution is
displaced to positive velocities. The Maxwellian shape of
the distribution is conserved until high values ofU are
applied (qU � kBT ), for which a significant tail of high
positive-velocity carriers induced by the field acceleration
is present. When the potential barrier disappears (U =
80kBT /q, see figure 3), all the carriers injected by the
left contact have positive velocities inside the active region
(none is reflected back) and the only carriers with negative
velocities are those injected at the anode contact. This
leads to the shape of the distribution around zero velocity
showing two different slopes.

All the results presented in this section are independent
of the PS scheme used for the calculations.

3.2. Shot-noise suppression

Once the static characteristics have been analysed, the shot-
noise suppression effects can be more easily understood.
Below, the difference between the results of the static and
dynamic PS will evidence the influence of the dynamic
fluctuations of the potential on the noise characteristics of
the structures. As we have already mentioned, the number
of carriers instantaneously present in the active region of
the structures fluctuates in time. Its variance normalized to
the number of carriers at equilibrium〈1N2〉/N0 is shown
in figure 7 as a function of the applied voltage forλ = 7.72.
When the static PS is used,〈1N2〉 coincides exactly with
the average carrier numberN . This is the expected result,
since in the absence of dynamic Coulomb correlations
and other sources of noise inside the sample, the carrier
number follows the Poissonian statistics imposed by the
contacts. However, in the case of dynamic calculations,
a sub-Poissonian behaviour is observed,〈1N2〉 being
significantly smaller thanN in the complete range of
applied voltages for which the potential barrier is present.
Only after current saturation (see figure 4(a)), that is when
the potential barrier vanishes, does〈1N2〉 return to the
Poissonian value.
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function of the applied voltage for the case λ = 7.72,
calculated by using static and dynamic PSs. The
normalized average carrier number is also plotted for
comparison.

After having proved that the carrier statistics are
modified by Coulomb correlations, we analyse their
influence on the low-frequency value of the current spectral
densitySI . In the static case,SsI should be given by the
sum of the full shot noise associated with the two opposite
currents flowing through the structure. Accordingly, at all
voltages and for all the values ofλ analysed, we obtain an
excellent coincidence [34] ofSsI with the standard formula
used to describe the crossover from thermal to shot noise
when carrier correlations play no role [1]

SI = 2q(I+ + I−) = 2qI coth(qU/2kBT ) (16)

whereI is the total current flowing through the structure
given by (14) and (15). This agreement confirms the
validity of the simulation scheme used for the calculations.
For the lowest values ofλ (0.15, 2.18) no difference
between the dynamic and static cases is obviously detected.
Indeed, forλ = 0.15, SsI and SdI coincide exactly, with
values in complete agreement with those obtained in [44]
in the absence of Coulomb correlations. However, at
increasing values ofλ, when space-charge effects become
significant, starting fromqU ∼ kBT , SdI decreases with
respect toSsI (which in this range, according to (16),
corresponds to full shot noiseSsI ≈ 2qI ) and exhibits
a minimum before jumping to the saturation value [34].
Under saturation, the results for both schemes coincide and
full shot noise is recovered in the dynamic caseSdI = SsI =
2qIs (no barrier modulating the current). When compared
with the static case, the noise suppression is stronger for
higherλ (more important space-charge effects).

This behaviour ofSI is illustrated in figure 8, where
the suppression factorγ = SdI /2qI is shown as a function
of U for different λ. The sequence of thermal-noise (for
qU < kBT ), suppressed shot-noise (forkBT < qU <

qUsat ) and full shot-noise (U > Usat ) behaviour is clearly
shown. The curves corresponding to the different structures
only differ in the suppressed-shot-noise range. For the
lowest values ofλ, when no suppression takes place,
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Figure 8. Shot-noise suppression factor γ = S d
I /2qI versus

applied voltage for several values of λ.

γ = coth(qU/2kBT ). Shot-noise reduction becomes more
pronounced and covers a wider range asλ increases (e.g.
for λ = 30.9, γ = 0.045). Thus, the present self-consistent
approach predicts values of the suppression factor much
lower than those of previous analytical models [36] where
the dependence of the potential minimum and its position on
the applied voltage was not taken into account. The reduced
shot-noise level found with our approach is accompanied by
sub-Poissonian electron number statistics, as was reported
in [4]. We stress that, according to the results shown
in figure 7, Coulomb correlations modify the statistical
properties of the carrier-number fluctuations even under
thermal equilibrium conditions. However, their influence
on the current noise (as an excess noise contribution) is
evidenced only in the presence of a net current when
the noise goes from the thermal to the shot-noise limit
(qU > kBT ).

In principle, the value ofγ has no lower limit and it
follows asymptotically the behaviourγ ∼ kBT /qU in the
rangekBT < qU < qUsat . Furthermore, throughλ, γ can
reach values as low as desired by an appropriate increasing
of the sample length and/or the carrier concentration at the
contacts, provided the transport remains ballistic. However,
by increasing the device length (or the lattice temperature)
the carrier transport actually goes from a ballistic to a
diffusive regime and the action of Coulomb interaction on
shot-noise suppression changes completely [35]. Moreover,
when the carrier concentration at the contact is increased so
that the electron gas becomes degenerate, statistical (Pauli)
correlations between carriers act as an additive contribution
to shot-noise suppression.

To better understand the physical reason for shot-noise
suppression in the present ballistic structure, figure 9 reports
the decomposition ofSI into the three additive contributions
SV , SN and SVN (equations (13)) forλ = 7.72 and
different U . Both SN and SVN vanish at equilibrium
(U → 0), since they are proportional to〈v〉2 and〈v〉 → 0.
Thus, for small biases (qU � kBT ) SI ∼ SV , which
means that the current noise is the thermal noise associated
with velocity fluctuations and governed by the Nyquist
theorem SsI = SdI ≈ 4kBTG, with G = dI/dV |V=0
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Figure 9. Decomposition of the spectral density of current
fluctuations SI into velocity, number and velocity–number
contributions versus applied voltage for the case λ = 7.72
calculated using (a) the static and (b) the dynamic PSs.

the static conductance. In this case, the results for the
static (figure 9(a)) and dynamic (figure 9(b)) schemes
evidently coincide. However, starting fromqU ∼ kBT

the difference between the two schemes becomes relevant.
For the dynamic case,SVN is negative, while for the
static case it is positive. Furthermore, again for the
dynamic case,SN and SVN are of opposite sign and
compensate each other, so thatSdI approximately follows
SV as long as the current is space-charge controlled. As
a consequence, the current noise, which now corresponds
to shot noise, is considerably suppressed below the value
2qI given by the static case. This result reflects the
fact that, as the carriers move through the active region,
the dynamic fluctuations of the electric field modulate the
transmission through the potential minimum and smooth
out the current fluctuations imposed by the random injection
at the contacts. Therefore, the coupling between number
and velocity fluctuations, throughSVN , is the main factor
responsible for shot-noise suppression. This velocity–
number coupling becomes most pronounced just before
current saturation (U ≈ 7kBT /q), when Vm → 0 and
its fluctuations modulate the transmission of the more
populated states of the injected carriers (i.e. the low-
velocity states). Under current-saturation conditions, space-
charge effects no longer modulate the random injection (no
potential minimum is present) and again both dynamic and
static cases provide the same additive contributions and
total noise (2qIs).
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Figure 10. (a) Autocorrelation function and (b) spectral
density of current fluctuations at equilibrium for several
values of λ. Static and dynamic PSs provide the same
results.

3.3. Frequency dependence of noise

In this section we investigate the time and frequency de-
pendence of current fluctuations in the presence of space-
charge effects. Figure 10 reports the autocorrelation func-
tions of current fluctuationsCI (t) and the corresponding
spectral densitySI (f ) under thermal equilibrium conditions
at increasing values ofλ, thus evidencing the influence of
space-charge effects. These results are independent of the
PS scheme used. For low values ofλ, whenVm is negli-
gible,CI (t) recovers the typical dependence obtained ana-
lytically for the ballistic case when Coulomb interaction is
neglected [46, 47]. At increasing values ofλ, the shape of
CI (t) changes and tends to exhibit a behaviour determined
by two processes with different (short and long) character-
istic times. The short time is related to the injected carriers
which are not able to pass the potential barrier and return
back to the contacts (returning carriers). Here, the greater
the value ofλ, the higher the amplitude ofVm, and the
shorter the characteristicreturning time, as is shown in fig-
ure 10(a). The long characteristic time inCI (t) is associ-
ated with thepassing carriers, whose longitudinal velocity
component is significantly reduced while crossing the bar-
rier region. The difference between these two times (and
the fraction of reflected/transmitted carriers) becomes more
pronounced at high values ofVm. Accordingly, the slopes
of CI (t) related to each time are more easily identified at
increasing values ofλ. The corresponding spectral densi-
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Figure 11. (a) Autocorrelation function (normalized to the
zero-time value in the inset) and (b) spectral density of
current fluctuations calculated using static and dynamic
PSs for the case of λ = 30.9 and U = 10kB T/q . The
cross-sectional area of the structure in the simulation is
2.5× 10−10 cm2. Nyquist noise 4kB TG(f ) is also shown for
comparison in (b).

ties (figure 10(b)) reflect the behaviour ofCI (t) previously
described by exhibiting higher cut-off frequencies asλ in-
creases and characteristic structures in the cut-off region
related to the transit time through the sample.

To illustrate how the dynamic fluctuations of the self-
consistent potential modify the noise in the presence of
an applied voltage, figure 11 reportsCI (t) and SI (f )
calculated with the static and dynamic PS for the case of
λ = 30.0 andU = 10kBT /q. Here it can be observed
that long-range Coulomb interaction not only reduces the
low-frequency amplitude of the noise, but also leads to
a different distribution in frequency. The dynamic PS
drastically reduces the long time tail ofCI (t) present
in the static case (see inset of figure 11(a)). When a
static profile of the potential is used, all the carriers with
enough energy (higher thanqVm) in the direction of the
barrier are able to cross the sample, most of them very
slowly (those with an energy close toqVm). In contrast,
in the dynamic case the value ofVm increases with the
passage of a carrier, thus blocking the further passage
of slower (lower energy) carriers. Moreover, a carrier
able to pass the barrier is accelerated by the dynamic
redistribution of the potential when crossing the barrier
region. Thus, it is mainly fast carriers that contribute
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Figure 12. (a) Autocorrelation function and (b) spectral
density of current fluctuations calculated using the dynamic
PS for the case of λ = 7.72 at several applied voltages.
The cross-sectional area of the structure in the simulation
is 4× 10−9 cm2.

to the d.c. current, and the long time tail vanishes.
As a consequence, the corresponding spectral density
(figure 11(b)), apart from the suppressed value of the
plateau, exhibits a higher cut-off frequency in the dynamic
case. The expected Nyquist noise 4kBTG(f ), with G(f )
the differential conductance of the structure calculated at
the given applied voltage, is also shown in figure 11(b) for
comparison. The Nyquist formula provides an estimation
of the noise spectrum which constitutes an intermediate
situation between the static and dynamic spectra. The
discrepancies between 4kBTG(f ) andSI (f ) calculated in
the dynamic case clearly indicate the presence of far-from-
equilibrium conditions in the structure. Moreover, this
comparison demonstrates that the noise obtained using the
self-consistent potential is well below (at low frequencies)
the Nyquist value, while neglecting Coulomb correlations
would lead to an erroneously high value of the noise in the
structure under an applied voltage bias. It is remarkable
the fact that all three curves exhibit the same values for the
highest frequencies after the cut-off, thus demonstrating that
the noise in this frequency range is not affected by Coulomb
correlations.

Finally, figure 12 showsCI (t) and SI (f ) calculated
with the dynamic PS for the case ofλ = 7.72 at several
voltages. Starting from the standard shape of equilibrium
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conditions,CI (t) tends to exhibit a triangular shape, more
pronounced as the applied voltage increases. This triangular
shape is typical of a constant-velocity emitter with all the
electrons reaching the opposite contact [48]. In our case,
electrons are injected at the cathode with a velocity which
is Maxwellian distributed, but, due to the acceleration
provided by the high electric field in the active region, the
transit time of all the carriers tends to become practically the
same, decreasing with the increase of the applied voltage.
The carriers injected at the anode immediately come back
to the contact and thus play only an insignificant role
at the shortest times. In the spectral density it can be
observed that once saturation is reached (qU > 8kBT ,
see figure 4(a))SI (0) takes the same value 2qIS for the
different applied voltages, but the spectra after the cut-
off are distinguished by showing smoothedgeometrical
resonancesat different characteristic frequencies related to
the corresponding transit times.

4. Conclusions

We have provided a microscopic analysis of the influence of
long-range Coulomb interaction on shot-noise suppression
in nondegenerate ballistic transport. To this purpose the
carrier dynamics in the active region of a semiconductor
structure have been simulated by using an ensemble Monte
Carlo technique self-consistently coupled with a PS. A
contact model for injecting carriers into the active region
which makes use of Poissonian statistics constitutes the
origin of shot noise in the current. Several injection rates
leading to different levels of space-charge effects inside the
active region have been considered. The current–voltage
characteristics and other first-order quantities have been
investigated and reported in terms of a dimensionless Debye
length. Of particular interest, we have found that the current
remains almost linear with the applied voltage before
saturating at the maximum value a contact can provide.
Concerning second-order quantities, the transition from
thermal to shot noise in the structure has been analysed.
The influence of Coulomb interaction on the noise has been
discussed by using static and dynamic schemes to solve
the Poisson equation. Under shot-noise conditions, the
dynamic fluctuations of the self-consistent potential modify
the carrier statistics imposed at the contacts (becoming
sub-Poissonian) and are found to be responsible for a
remarkable noise suppression, which becomes stronger as
space-charge effects become more important. A shot-
noise suppression factor decreasing for more than one
order of magnitude is predicted. The main contribution to
suppression is found to originate from the velocity–number
correlations induced by the self-consistent field. The time
and frequency dependences of the fluctuations have also
been analysed. The noise spectra show different features
related to transit time, returning carriers and geometrical
resonances, and are also modified by Coulomb correlations
among carriers.

The two essential conditions necessary for a relevant
shot-noise suppression because of long-range Coulomb
interaction are found to be: (i) the presence of a potential

barrier which controls the current inside the device and
(ii) the dependence on current of the carrier transmission
through the barrier. These conditions are quite general and,
therefore, the results obtained in the present paper for the
case of a space-charge-induced barrier should be extended
to a much wider class of physical situations. For example,
they could explain some existing controversy between
theoretical predictions and experimental measurements in
point contacts [26].

Though in principle the shot-noise suppression factor
in ballistic transport can be as low as desired by increasing
λ, in so doing other kinds of mechanisms, apart from the
Coulomb interaction, are expected to become important,
e.g. Pauli correlations or scattering processes. In particular,
the presence of strong scattering is found to modify
the influence of the fluctuating potential on shot-noise
suppression [35] and, in some cases, it may become another
source of shot-noise suppression [10, 11]. This will be the
subject of future investigations.

Acknowledgments

We gratefully acknowledge the support from the NATO
networking linkage Grant No. HTECH.LG 960931, the
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Appendix

The effect of long-range Coulomb interaction in the
analysed structures takes place by means of the self-
consistent potentialφ(x) calculated at each time step by
solving the Poisson equation. Taking into account that the
electron concentration in the active region is much higher
than the doping (n(x) � nar ), the Poisson equation takes
the form

d2φ(x)

dx2
= q

ε
n(x). (A1)

By normalizing each of the variables involved in this
equation to the corresponding characteristic parameter of
the structure:ñ = n/nc, x̃ = x/L and φ̃ = qφ/kBT , the
Poisson equation becomes

d2φ̃(x)

dx̃2
= λ2ñ(x) (A2)

with λ given by (2). Equation (A2) indicates that the effects
related to long-range Coulomb interaction must be identical
in structures characterized by the same value ofλ. This fact
has been corroborated by Monte Carlo simulations.
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