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Abstract— We propose a novel and general method to in-
vestigate shot noise in nanoscale devices by means of Monte
Carlo simulations within the self-consistent 3D Poisson-NEGF
framework, focusing our attention on Carbon Nanotube and
Silicon Nanowire Field effect transistors. We will show that Pauli
exclusion principle and Coulomb interactions play an important
role in device electrical behavior. In particular, their combined
effect leads to a reduction of shot noise in strong inversion
down to 23% of the full shot power spectral density for a gate
overdrive of 0.4 V.

I. INTRODUCTION

Carbon NanoTube (CNT) and Silicon NanoWire (SNW)
FETs have been widely investigated [1] [2] from a perfor-
mance perspective as promising alternatives to conventional
planar MOSFETs. In previous studies however, the figure
of merit of their performances has been only concerned
with electrical quantities (i.e. oy /Iof s, sub-threshold swing,
transconductance, etc.), while a complete shot noise char-
acterization has been neglected most of the time. Noise is
not only critical from an analog and digital design point of
view, but it can also provide precious insights into interactions
among carriers [3]. Since even in strong inversion only very
few electrons take part to transport, nonequilibrium current
fluctuations heavily affect the electrical device behavior.

Indeed, since electrons are randomly injected from the
reservoirs, the potential barrier along the channel as well as
the flow of charge carriers fluctuates in time.

Pauli exclusion principle and Coulomb interactions play
an important role in noise analysis. Such effects have been
considered for example in double gate MOSFET [4] and in
nanoscale ballistic MOSFETs [5], where a very large shot
noise suppression, mostly due to Pauli exclusion principle,
has been observed.

In order to properly consider such effects, a self-consistent
solution of the electrostatics and transport equation is manda-
tory. To this purpose, we present a new method to compute
the power spectral density of shot noise in CNT and SNW-
FETs based on Monte Carlo simulations of randomly injected
electrons from the reservoirs. In particular, our approach is
based on the self-consistent solution of the 3D Poisson and
Schrodinger equation, within the NEGF formalism. For what
concerns CNTs, a p, tight-binding Hamiltonian has been
assumed [6], while an effective mass approximation and an
adiabatic decoupling of Schrodinger equation in a set of
two-dimensional equations in the transversal plane has been
considered for the SNWTs [7]. In both cases, the NEGF
transport equation has been solved by means of a mode
space approach, since only the lowest subbands take part to
transport.

II. THEORETICAL BACKGROUND

At finite temperatures, the average current along a non-
interacting mesoscopic conductor can be expressed as [8]:

1) =25 [ 1B Us(B) - fo(BE

where T, is the transmission probability of the n-th eigen-
channel and it is defined as the n-th eigenvalue of the trasmis-
sion probability matrix ¢7¢, while the general expression for
the noise spectral density in a two-terminal scattering-free
conductor reads [9][10]:
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where fg and fp are the Fermi-Dirac occupation factors at
the source (S) and drain (D) contacts, respectively. Note that
(2) holds only when a constant potential is imposed along the
channel, so that Coulomb interaction is completely neglected.

In order to include the effect of Coulomb interaction, trans-
port equation is solved self-consistently with the 3D Poisson
equation, while random injection of carriers is modelled by
randomizing the occupation factor for states propagating from
the source and the drain, as well as the trasmission coefficient.
In particular Og,,, (Op,y,) is the random occupation at source
S (drain D) contact for the mode m: it can be either O or
1, with a mean value equal to fs (fp). Equivalently, we
can define the source-to-drain (drain-to-source) trasmission
occurrence 2,5, (len) from mode n to m, whose mean
value is equal to T}, (Tr',m), the transmission coefficient from
mode n to m. For the CNT-FET structure, the index m and
n run along all the transverse modes, the energies and the
spin, while for the SNWT structure they also run along the
six equivalent minima of the conduction band in the k space.
From a computational point of view, Og., (£2,,5,) is obtained
by extracting a random number r with uniform distribution
between 0 and 1: if r < fg(E) (r < Tphn(F)) then Og,p, = 1
(Q2n = 1), otherwise Og,, = 0 (4, = 0) (Fig. 1).

Starting from (1), the randomized current can then be
expressed as:

- % Z Z |:OSm Qnm - ODn Q;nn (3)
meS neD

where dFE is the energy step and e is the elementary charge.

According to the Milatz Theorem, the power spectrum density

S reads 5 Arh
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Fig. 1. Random occupation compared to the occupation factor.

where v = dE/(27h) is the maximum injection rate of
the carriers [10]. The power spectral density can then be
obtained by performing simulations on a large ensemble
of current samples. We have verified that a record of 500
samples represents a good compromise between computa-
tional requirements and accuracy. The variance instead can
be expressed as:

var (I) = <‘;‘f§>2{< > > 02 Tamn (1= Tamnl
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- Z Z Z Oamoﬁn%ﬂw:a (1 = Tasmm))
a,BeS,D meanef
Bt
+ ’UCLT(Z OSmTS;mm* Z ODnTD;nn)} (5)
meS neD

where (m € S, n € D)
2
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Time symmetry has been exploited, since in this work we
are onlg interested in the zero magnetic field case, so that
(t“‘t')” = (ttT)g. The index C means that the trasmission
probabilities depend on random occupations at both reser-
VOIrs.

From a numerical point of view, eq. (4) not only requires
the diagonal elements of ttt, but also the elements of the
matrix ¢, for which the computational burden can be high. In
order to avoid this issue, imposing identical injected modes
from the source and drain reservoirs and Og, = Og;, Vn €
0, eq. (5) can be further simplified as
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In order to achieve a good trade-off between results and speed,
particular attention has also to be posed on the choice of
dE. As shown in Fig. 2, dE= 5 x 10~* eV provides faster

convergence to the Landauer-Biittiker’s limit as compared to
the other values with a relative error almost equal to 0.16%.

III. RESULTS AND DISCUSSIONS

The simulated devices are depicted in Fig. 3. We consider
a (13,0) CNT embedded in SiO, with oxide thickness equal
to 1 nm, an undoped channel of 10 nm and n-doped CNT
extensions 10 nm long, with a molar fraction f = 5 X 1073,
The SNWT has an oxide thickness equal to 1 nm and the
channel length is 10 nm. The wire is undoped and the source
and drain extensions (10 nm long) are doped with Np = 1020
cm~3. The device cross section is 4x4 nm?. In Fig. 4 the
transfer characteristics for different Vpg are plotted as a
function of the gate overdrive. In particular, the threshold
voltage Vy;, for the CNT-FET at Vpg = 0.05 V and 0.5 V is
0.43 V, whereas we obtain a V;, = 0.13 V for Vpg = 0.5
V and 0.05 V for the SNW-FET. Current in the CNT-FET
transfer characteristics increases for negative gate voltages
due to the interband tunneling. Indeed, the larger the negative
gate voltage, the higher the number of electrons that tunnel
from bound states in the valence band to the drain, leaving
positive charge in the channel, which eventually lowers the
barrier and increases the off-current [11]. Figs. 5a-b show the
semilog plot of the average transfer characteristics computed
by performing MC simulations both for CNT and SNWT
devices on an ensemble of about 500 current samples: as can
be noted, they almost match results obtained by using average
occupation factors.

As shown in Fig. 6, only very few electrons are present
in the channel, which can make device operation extremely
sensitive to charge fluctuations. Furthermore the smaller the
drain-to-source voltage, the larger the average number of
electrons in the channel, since at low Vpg carriers are injected
from both contacts.

We now focus on the Fano factor I, defined as the ratio of
the computed noise power spectral density S and the so-called
full shot noise power spectral density 2¢(I): results are shown
in Figs. 7a-b for both CNT and SNW-FET in the saturation
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Fig. 2. Noise power spectral density obtained from (6) for a given potential
as a function of current sample number for four different energy steps. The
simulated structure is a SNWT.
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Fig. 4.  Transfer characteristics of CNT and SNW-FETs computed for

Vpg = 0.05 V and 0.5 V.

regime. As can be seen, at negative gate voltages, i.e. in
the non-degenerate injection limit, drain current noise is very
close to 2¢(I). Indeed in sub-threshold regime, Coulomb and
Pauli interactions are not effective due the negligible amount
of mobile charge in the channel. We can explain such result
taking advantage of eq. (2). For energies larger than the top of
the barrier, fs(F) and fp(F) < 1 and, since Vpg =0.5 V
~ 19kpT/q, fp(E) < fs(E). Moreover for high potential
barrier along the channel T},(F) < 1, so that we can neglect
the second and the third terms of the integrand in (2). The
Fano factor then becomes

_ S Y TB) fs(B)dE
2e(I)  2e52 %, [ To(E) fs(E) dE

as we set out to prove. For positive gate voltages instead,
the noise is strongly suppressed with respect to the full shot
value. In particular, for a 0.4 V overdrive, combined Pauli
and Coulomb interactions suppress shot noise down to 23%
of the full shot noise. By only including the effect of the Pauli
principle, we can instead overestimate shot noise by 180 %
for SNWT (Vgs — Vin = 0.4 V) and by 70 % for CNT-FET
(Ves —Vin = 0.3 V). Fig. 8 shows a distribution of the drain
current over 500 random samples obtained by performing MC

=1 7)

O veosy T o T
— Vpg=0.05V
E0-0MC V=05V E
FO-OMC V=005V -3
ol g ]
—~ 10 [ o~ 10-8; B
< <
= €
® £ ONT 10
= F 3 =
— r 3 S
> . - 0h
(6] E E|
(&] 108 | : il ]
10 /g — V=05V
L o ] /I — Vpg=0.05V
E y o E f @-0MC V,=0.05V
10: N A ] ! ©-oNC Vo0V
- 1 1 1 1 1 1 1 1 TN I YT
10 "1 0806-04-02 0 0204 -08-06-04-02 0 02 0.4
VasVin (V) VasVin (V)
(a) (b)
Fig. 5. Average current obtained by MC simulations and by means of

continuous Fermi-Dirac statistics for (a) CNT and (b) SNW-FET.

simulations for a CNT-FET, which is reasonably fitted by a
Gaussian in the ohmic region (Vpg = 0.05 V), with a slight
asymmetry in the saturation regime (Vpg = 0.5 V).

Typically, channel noise in FETs is described in terms
of a “modified” thermal noise, as S = ~vS7, where St =
4K pTgq9 is the thermal noise power spectrum at Vpg =0V,
and « is a correction parameter. For a very long channel
device, v = 1 in the ohmic region and v = 2/3 in saturation;
for relatively short devices ~ practically represents a fitting
parameter.

The comparison between shot noise and thermal noise is
shown in Fig. 9a for CNTFETs and SNWTs, for different Vpg
(0.05 and 0.5 V), whereas in Fig. 9b the v parameter obtained
as v = S/St is shown. Suppressed shot noise in ballistic one-
dimensional FETs out of the equilibrium is relatively close
to thermal noise St of the channel at the equilibrium. For
Vps = 0.5V, S has about the same shape both for CNTFETs
and SNWTSs, consequently the ratio v = S/(4kpTgao) is
close to one, except in the subthreshold region, where it can
be rather large.
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Fig. 6.  Average number of electrons in the channel in CNT-FETs and
SNW-FETs evaluated for Vpg = 0.05 V and 0.5 V.
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Fig. 7. Fano factor as a function of the gate overdrive Vgg — V;p for

(a) CNT and (b) SNW-FETs. The drain-source voltage Vpg is 0.5 V. For
Vas — Vin = 0.4V, the Fano factor is equal to 0.27 and 0.23 for the CNT
and SNW-FETs, respectively.
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Fig. 8. Current probability density obtained by MC simulations for Vgg =
0.5 Vand (a) Vpg = 0.05 V and (b) Vpgs = 0.5 V. The simulated structure
is a CNT-FET.

IV. FINAL REMARKS

We have developed a novel and general approach for the
simulation of shot noise in nanoscale devices, which has
been applied to one-dimensional FETs (CNT and SNW-
FETs). We have shown that Coulomb interaction and Pauli
exclusion principle have to be considered and included in
a self-consistent Poisson-Schrodinger scheme, in order to
quantitively evaluate shot noise. Such effects leads to a large
noise suppression above threshold, while full shot noise is
observed in the sub-threshold regime.
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_ (8Ips . ; i
gdo = ( ps ) v, g0’ kp is the Boltzmann constant, 7" is the absolute
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