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Abstract. The current of ballistic nanoscale MOSFETs is expected to exhibit shot noise, essentially because the
electron distribution is very far from equilibrium. Here, we derive an analytical expression of shot noise in fully
ballistic MOSFETs and show how it can be computed on the basis of numerical simulations of the DC electrical
properties. We show that the power spectral density of shot noise of the drain current is strongly suppressed as an
effect of both Pauli exclusion and electrostatic interaction. The amount of such suppression depends on the device
structure, and in particular on the gate capacitance. Results on shot noise of the gate current are also shown, since
such the leakage current might be significant in nanoscale MOSFETs, for small equivalent oxide thickness.
Keywords: noise, ballistic transport, MOSFETs
1.

Introduction

The issue of whether nanoscale MOSFETs with channel lengths close to 10 nm may exhibit ballistic transport is still debated, even if also the ITRS Roadmap
[1] predicts that a significant component of the total current will be ballistic. As the ballistic limit is
approached, noise in the channel should seamlessly
move from thermal to shot. Here, we investigate noise
in the limit of ballistic transport, and derive an expression of the shot noise power spectral density
which is suppressed with respect to Poissonian noise
because of Pauli and Coulomb interactions among
electrons.
This topic is important not only because it represents
one of the first cases in which effects typical of mesoscopic transport emerge also in “secular” devices, such
as the MOSFETs, and at room temperature, but also
because appropriate noise models of nanoscale MOSFETs are required by circuit designers, especially for
analog and mixed-signal applications.
Here, we have derived an analytical model of the
channel noise in the case of ballistic transport, that allows us to compute its power spectral density on the

basis of numerical simulations of DC electrical properties.
Another significant shot noise component in
nanoscale MOSFETs is provided by the gate current,
which can be significant, for the predicted Equivalent
Oxide Thicknesses of about 1 nm. This component
might also be significantly altered by the presence of
native or stress-induced traps in the oxide that assist
carrier tunneling, and suppress noise with respect to
a Poissonian process [2]. Here we focus on StressInduced Leakage Currents (SILCs), for which experiments are available. However, the same effect should
also occur in the case of trap-assisted-tunneling through
native traps, that dominates transport through very thin
oxides at small fields.

2.

Shot Noise of the Drain Current

Shot noise in multimode ballistic conductors, a class
of devices including MOSFETs, has been recently investigated in Refs. [3–6]. Suppression of shot noise
has been predicted as a result of Fermi statistics at the
source contact, and of electrostatic interaction in the
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channel. We derive a model based on parameters that
can be extracted from a numerical simulation of the DC
properties of a ballistic MOSFET [6].
We show that, in the range of operating gate-tosource and drain-to-source voltage, shot noise can be
strongly suppressed with respect to that of a Poissonian
process, at room temperature. Such suppression must
be taken into account in accurate compact models of
device noise to be used in circuit simulation.
For a given bias point, we can assume that the subband profile has been obtained from the self-consistent
solution of the Poisson-Schrödinger equation in two
dimensions [7]. Fluctuations of the drain current are
only due to fluctuations of the occupancy of incoming
states (Pauli interaction), and to potential fluctuations
induced by the mentioned fluctuations of occupation
factors through long-range electrostatic interactions.
Both terms are expected to suppress current noise with
respect to Poissonian shot noise.
In order to apply the model on a realistic structure, we
take the 25 nm “Well tempered” MOSFET considered
in Ref. [7], and make the simplifying assumption of
fully ballistic transport. We verify that for all bias points
we can reasonably assume that only the lowest doubly
degenerate subband is occupied. From the simulation of
the DC properties we can extract the maximum value of
the first subband in the channel E M for any operating
point. In Fig. 1 it is plotted as a function of the gate
voltage for two different values of the drain to source
voltage.
For brevity, let us use the following notation
!!h"" ≡ 2

!

0

∞

d Ey

!

0

∞

d E z N2D h,

(1)

for any function h of the two kinetic energy components
in the transport direction E y , and in the transversal
direction E z (x is the vertical direction). Here, N2D is
the 2D electron density in the subband.
The electron density per unit area in the point corresponding to the subband maximum is therefore
n 2D = !! f S (E y + E z + E M )

+ f D (E y + E z + E M )"",

(2)

where f S (E) and f D (E) are the Fermi Dirac occupation
factors corresponding to the Fermi energy of the source
E F S and of the drain E F D , respectively. We assume that
fluctuations of the propagating states occupation factor
affect n 2D directly and through their electrostatic effect
on E M . From (1), we have
δn 2D = !!δ f S + δ f D "" + δ E M

""

∂ fS
∂ fD
+
∂E
∂E

##
. (3)

We use a very simple approximation for the electrostatics, synthesizing all electrostatic effects in a unique
gate capacitance per unit area C G , which gives us the
relation between the electron density and the subband
potential at the maximum:
δ E M = q 2 δn 2D /C G ,

(4)

from which we obtain
δEM =

q 2 !!δ f S + δ f D ""
,
C G + CQS + CQD

where we have defined
""
##
∂ fS
CQS ≡ q 2
,
∂ EFS

CQD ≡ q 2

""

(5)

∂ fD
∂ EFD

##
. (6)

The ballistic current density I, computed at the subband
maximum, is given by
I = q!!v y [ f S (E y + E z + E M )
− f D (E y + E z + E M )]"",

Figure 1. Maximum value of the subband energy in the channel
E M and C Q S as a function of the gate voltage for two different drain
voltages.

(7)

$
where v y = 2E y /m t is the velocity in transport
direction. Again, fluctuations of f S and f D act directly on I and through long range electrostatic interactions (through E M ). For simplicity of notation, we
now consider the far from equilibrium case, in which
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f D & 1 and can be discarded (generalization for quasiequilibrium is trivial).
""
##
∂ fS
δ I = q vy δ f S + vy δ E M
.
∂E

(8)

If we substitute (5) into (8), after straightforward
derivation, we obtain
"" %
& ##
ṽ S CQS 1
δ I /q = v y 1 −
δ fS ,
(9)
C G + CQS v y
where ṽ S is a weighted average of the velocity v y :
ṽ S CQS

""
##
∂ fS
.
= −q v y
∂ EFS
2

(10)

Considering the current as a sum of pulses each carrying charge q, that δ f S2 = f S (1 − f S ), and that the
occupation factor of different modes are uncorrelated,
we can write the noise suppression factor (Fano factor)
as
γ =
=

S
2q I
'' (
vy 1 −

ṽ S CQS 1 )2
f S (1
C G +CQS v y

!!v y f S ""

− f S )""

.

(11)

In Eq. (11) we can quickly recognize the two contributions to noise suppression of Pauli exclusion (the
term f S (1 − f S )) and of Coulomb coupling (the term
squared between round parentheses). In Fig. 1 the term
CQS is plotted as a function of the gate voltage, while
in Fig. 2 we plot the Fano factor as a function of the
gate voltage for VDS = 1 V, also considering the separate effects of Pauli exclusion, of Coulomb coupling,
as computed from (11).
As can be seen in Fig. 2, Coulomb coupling is predominant, since for the device and bias conditions considered the electron gas is not degenerate, and shot
noise suppression may be significant with respect to a
purely poissonian process.
3.

Figure 2. Fano factor of the channel shot noise as a function of
the gate voltage for VDS = 1 V, for the 25 nm “Well Tempered”
MOSFETs. Effect of only Pauli exclusion, only Coulomb Interaction,
and of both.

energy distribution of traps, by fitting numerical simulations to experiments on stressed MOS capacitors.
The reader interested in the details of the method can
find them in Ref. [8]. Here, we just want to show that a
Gaussian distribution of traps in the silicon oxide, centered 0.5 eV below the energy corresponding to silicon
conduction band edge and with standard deviation of
82 meV, is sufficient to obtain a very good fitting of
both DC electrical properties and noise properties, as
shown in Fig. 3, where results are shown for a 6 nm
MOS capacitor.
For much thinner oxides, such as those used in
nanoMOSFETs, SILCs are typically much smaller than
direct or Fowler-Nordheim tunneling currents. However, for very thin oxides at small-moderate fields, a dif-

Shot Noise of the Gate Current

Shot noise in the gate current has been previously investigated by the author, and a model has been developed
for transport and noise in the presence of an arbitrary
distribution of traps assisting tunneling [2]. Recently,
we have been able to use such model for extracting the

Figure 3. Left: theoretical(solid lines) and experimental (triangles)
I-V characteristics of a MOS capacitor with 6 nm oxide. Right: theoretical (solid lines) and experimental (symbols) fano factor of the
same MOS structures. Experiments are taken from Ref. [2].
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ferent current component, due trap-assisted-tunneling
through native traps, is dominant. Even if noise measurements are not available for such case, we believe
that the same modeling approach should be applied,
and that a noise suppression similar to that obtained in
the case of SILCs is to be expected.

ories after a few program/erase cycles, a suppressed
Fano factor is obtained, typically between 0.7 and 0.8.
Similar results is expected for fresh very thin oxides in
the presence of native traps.
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Conclusion

We have derived an expression for the shot noise of
the drain current with two well-identified contributions
from Pauli exclusion and Coulomb repulsion. A simple interpretation has been given, in terms of a “gate”
capacitance and of quantum capacitances. Detailed numerical calculation is straightforward, once subband
profiles are computed with a 2D Poisson-Schroedinger
solver. From the application point of view, particular
care has to be devoted to the resistance of source and
drain extensions, since the associated thermal noise is
expected to make a significant contribution to the channel noise.
As far as the noise of the gate current is concerned,
we have developed a model that takes into account trapassisted tunneling through traps caused by electric field
stress and through native traps. For fresh oxides a Poissonian shot noise model is valid, while we have shown
that for stressed oxides, such as those of flash mem-
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