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ABSTRACT

In  nanoscale field-effect
(MOSFETs), excess noise has been experimentally observed as the channel
length is scaled down. Theoretical analyses indicate that as the channel
length decreases, the dominant component of excess noise gradually
changes from modified thermal noise to suppressed shot noise. However,
no clear quantitative analysis has been provided regarding the specific
conditions for this transition. In this paper, based on a device current
model, we analyze the transition conditions under which shot noise
replaces thermal noise as the dominant component of excess noise. In the
modeling process, we comprehensively consider short-channel effects,
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including the electric field distribution, mobility reduction caused by elec- T )
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3D Monte Carlo simulations to analyze the channel current noise compo- o ENEE
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effects of drain—source voltage, gate voltage, temperature, and substrate A [Source!  Channel | Drain |
doping density on the transition of excess noise components. The simula-
tion results show that the transition trend of excess noise components is
consistent with predictions from the physical model: the critical channel
length for the transition from thermal noise to shot noise in nanoscale
MOSFETs is approximately 20 nm. The model and simulation results
presented in this paper agree with reported experimental measurements
and provide a theoretical foundation for the quantitative analysis of excess

noise components in nanoscale MOSFETs.
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1 Introduction

Transistors, as the core components of chips, have
smaller gate sizes to achieve higher integration and
enhanced performance [1, 2]. With the continuous
advancement of semiconductor fabrication processes [3,
4], nano-MOSFETSs exhibit excellent low-power charac-
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teristics and high unit-gain frequency advantages [5].
However, when the channel length of MOSFET devices
is reduced to the nanoscale, the short-channel and parasitic
effects of the devices are significantly enhanced, leading
to significant excess mnoise observed in experimental
measurements [6]. This not only reduces the efficiency of
the devices but also adversely affects their lifetime [7, 8].
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An in-depth understanding of noise characteristics, espe-
cially the physical sources of excess noise, is a prerequisite
for applying CMOS technology to low-noise RF designs
[9]. Regarding the generation mechanism of excess noise,
researchers initially attributed it to excess thermal noise
and modified the traditional thermal noise model by
introducing short channel effects such as hot carrier
effect, mobility reduction effect, and channel length
modulation effect. However, the modified thermal noise
model still cannot reasonably explain the excess noise
phenomenon in nanoscale devices when the device channel
length is less than 100 nm [10, 11]. Subsequently, experi-
mental measurements have shown that the channel
current noise in nanoscale MOSFET devices exhibits
shot noise characteristics [7, 12], suggesting that as the
channel length of nanoscale MOSFET devices continues
to shrink, shot noise will overtake thermal noise as the
main component of the excess noise [13]. Therefore, it is
necessary to investigate the transition conditions of the
excess noise component of nano-MOSFET devices.

Shot noise originates from the randomness of charge
carriers crossing potential barriers. In the channel of
nano-MOSFETSs, the potential barrier is typically
located near the source region. Charge carriers from the
source randomly cross this barrier and are injected into
the channel, which serves as the primary source of shot
noise [6]. Meanwhile, whether the carriers injected into
the channel can reach the drain region depends on the
scattering effects within the channel, whereas the presence
of channel resistance leads to the generation of thermal
noise [14, 15]. As the channel length decreases, the
carrier transport mechanism in nano-MOSFET devices
undergoes a significant transformation, gradually shifting
from traditional drift-diffusion transport to ballistic or
quasi-ballistic transport. This transition in transport
mechanism directly affects the components of excess
noise in the device [7, 16, 17]. In long-channel devices,
the channel resistance is relatively high, and carriers
undergo significant scattering during transport. These
scattering effects strongly suppress shot noise, making
thermal noise the dominant noise source [18]. Therefore,
the noise in long-channel devices is typically dominated
by thermal noise [19, 20]. However, as the channel
length decreases, the influence of the potential barrier on
the channel current gradually exceeds that of the channel
resistance. The dominant mechanism of the channel
current shifts from resistance-limited to barrier-limited,
and the effect of the barrier becomes increasingly signifi-
cant. This transition leads to a gradual shift in the
device noise from thermal noise to shot noise [21, 22].

Regarding the transition in the excess noise components
of the channel in nano-scale MOSFET devices, existing
studies have conducted related physical modeling work.
However, these studies are mainly limited to qualitative
descriptions and lack quantitative analysis. Moreover,
they have not fully considered the various short-channel
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Fig. 1 A simple flux representation of channel carrier
transport in nano-scale MOSFETSs and a schematic of reverse
scattering.

effects induced by the reduction in device dimensions
[23]. Additionally, some studies have predicted the tran-
sition conditions of excess noise components in nano-
MOSFET devices based on experimental measurements,
but they similarly have not established specific quantitative
analytical models [6, 24]. The McKelvey flux method
can capture the fundamental phenomena of carrier
transport in transistors, effectively encompassing the
transition from diffusion to ballistic transport [25, 26].
Therefore, in this study, the McKelvey flux method,
combined with short-channel effects, is employed to
establish a model for the transition of excess noise
components in small-sized, nanoscale-channel-length
MOSFET devices. The conditions for the transition from
thermal noise to shot noise are analyzed in detail. Addi-
tionally, a three-dimensional Monte Carlo simulation
[27-29] is employed to validate the channel current noise
of MOSFET devices with different channel lengths. The
power spectral densities of various noise parameters,
including channel current noise, total shot noise, and
thermal noise, are extracted from the simulation output
of current fluctuations. The variations of the excess
channel noise components with respect to gate voltage,
drain-source voltage, substrate doping density, and
temperature are further calculated and analyzed. The
trend of excess noise transition in the Monte Carlo simu-
lation results shows good consistency with the theoretical
analysis. These findings provide important references for
device reliability analysis and characterization.

2 Transformation model

The McKelvey flux method [25] decomposes the current
into forward and reverse directional fluxes. Figure 1
shows the directional fluxes of the MOSFET. F*(0)
represents the forward flux injected from the source.
F~ (0) represents the negative carrier flux under scattering
conditions, which consists of two components: the first
component is the reverse scattering part of the flux
injected from the source into the channel, and the
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second component is the negative carrier current flowing
from the drain region to the source. The drain-injected
flux is represented in Fig. 1 as F;(0).

Based on the directional carrier flux, the drain-source
current can be expressed as

Ins = Wq[F*(0) - F~(0)], (1)

where Wis the device width. The backscattering coefficient
r is introduced to describe F~(0). The backscattering
coefficient r is defined as the ratio of the number of
carriers scattered back into the injection region to the
number of carriers injected [30, 31]. Based on the
backscattering coefficient r, F~(0) can be expressed as

F=(0) =rF*(0) + (1 —r) Fg (0), (2)

_ qVps
Fy 0 = F* 0)exp (122 G)
The number of carriers at the top of the potential
barrier can be expressed as

FT(0)+F~(0

Q(0) =010

Vinj

(4)
where v;,; represents the emission velocity at the contact
region. By combining Eq. (1) and Eq. (4), we obtain

1= F7(0)/F7(0)
"MTEF(0)/FF(0)

Ins = WQ (0) (5)
Substituting Eq. (2) and Eq. (3) into Eq. (5), the transport
current of the nano-MOSFET under non-degenerate

conditions can be obtained,
1 —exp(— qVbs
kT

()
(6)

For a well-designed MOSFET, the total carrier concen-
tration at the channel inversion layer potential barrier is
approximately determined solely by the gate voltage,
ie., Q(0)~ Cox(Vgs — Vru), where Cox represents the
MOSFET oxide capacitance, Vgg is the gate-source volt-
age, and Vry is the threshold voltage. When the drain-
source voltage Vps > kT /q, Eq. (6) can be simplified as

1+7r

Ins = WQ (0) vin; (1 —r)
1

1—7r

Ins = CoxWoi; <1+T> (Vas — Vu) - (7)

The backscattering coefficient r can be analytically
calculated using the kT-layer model [26]:

Lgr

_ KT 8
Lgr+ Xo ®

r

As shown in Fig. 1, Lgr represents the kT-layer length,
which represents the distance from the top of the channel
barrier to the point where the drain region potential
drops by kT /q. Within the kT-layer length, carriers from
the source region that cross the channel barrier top may
be scattered back to the source region. After carriers
have traveled through the kT-layer length, the probability
of returning to the source region can be neglected.
According to the definition of Lir, Lixr = (kT/q) /e(07),
where (0%) represents the average electric field strength
in the kT-layer [32]. )¢ is the mean free path of carriers
in the inversion layer, and \g = 2kT 10/ (qUiny), Where pq is
the low-field mobility and wv;,, is the average random
thermal velocity of the carriers in the inversion layer.
Substituting Eq. (8) into Eq. (7) gives

I CoxW (Vas — Vrn)
DS — 1 1 .

Viny

©)

Vinj * poe(0T) vig

Eq. (9) represents the channel current of the nano-
MOSFET as consisting of two components of velocity:
one is the carrier emission velocity wvy,, representing
ballistic transport, and the other is the traditional drift
velocity 1i0e(07)vin/vinv, representing conventional drift-
diffusion transport. Therefore, Eq. (9) is applicable to
the entire range from drift-diffusion to ballistic trans-
port. By analyzing the two components of velocity, the
transition of the channel current noise mechanism in
nano-MOSFET devices can be explored.

When the size of the MOSFET device decreases to
below 90 nm, short-channel effects significantly impact
the device’s performance, leading to more noise. There-
fore, in this paper, the mobility expression resulting
from the mobility degradation effect is introduced,

L = Hno
" n0q B2
\/HM Od L1 —exp(—p x y)]

where (d=10"%W) represents the energy relaxation
parameter, Eq. (10) can be used to calculate the mobility
of each point in the channel. This expression includes
the mobility reduction effect influenced by longitudinal
electric field, transverse electric field, and electron
temperature gradient. Among them [15],

; (10)

Jino = L . (1)
1+4+6,Vgr + |: z 041 (1 — 0.504)] Vbs
eff
2d
_ 12
P SR B, (12)

VGT = VGS —_ VTH = VGS — (VTHO - O—VDS)? (13)

where po is the low-field mobility, 0; and 6, are fitting
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parameters, a is the body factor term, T, = 300 K, Vi
represents the threshold voltage of the MOSFET device,
and o is the factor for drain-induced barrier lowering
(DIBL) effect. F, is the transverse electric field in the
channel,

1

1 1 y
b Lyl
Ec ' Vpgar o Lejec

Here, Ec is the critical electric field, and Ec = 2v/fino-
Vg = 1.0 X 10° m-s~!. L is the electrical channel length:
Lo = Lot — AL. The saturation voltage Vpsar of the
MOSFET device is given by the following Eq. (15) [16]:

2V
Vbsar = o )

2Vor
Ly f14+ 0
aLeEc

E, = (14)

(15)

where AL is the channel length variation induced by the
channel length modulation effect, which can be

expressed as
Vbs — Vosatr ~ Eb
AL =[ln| —=——2" + —
n ( Be Ec) ’
Vos — Vi 2
Ep = ( DS : DSAT) + B2,
1 [eg
l=— toxX;
B\ fox OXAj5

where eg; is the dielectric constant of silicon, eox is the
dielectric constant of the oxide layer, tox is the gate
oxide thickness, X; is the source/drain junction depth,
and \ =523 is the fitting parameter used to calculate
the channel length modulation effect. Subsequently, by
substituting the effective mobility expression Eq. (10)
into Eq. (9), the current expression incorporating various
short-channel effects is obtained,

(18)

CoxW (Vs — Vin)

Ips = — - : (19)

Vinv

iy ne(0F) ving

where v, is the injection velocity of carriers emitted
from the contact region into the channel, which is generally
expressed as [26, 32]

, Fi (nr)
Vini = V3P = v , 20
inj T TF1/2 (nF) ( )
where vp = \/(2KT) / (rm;) is the random thermal velocity

of carriers. F; denotes the j-th order Fermi-Dirac inte-
gral, and nr = (Er — Ec) /(KT) is the carrier degeneracy
factor. Meanwhile, the average random thermal velocity
of carriers in the inversion layer is expressed as [33]
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KT
Vinv = ’U’%D = W? (21)
where m* is the effective mass of the electron. From

Eq. (19), it can be seen that the channel current in a
nanoscale MOSFET consists of two velocity compo-
nents: one is the carrier injection velocity vy, representing
ballistic transport; the other is the conventional drift
velocity ji,e(0%)vini/viny, representing conventional drift-
diffusion transport. These two components are in paral-
lel, and the current behavior depends on the smaller of
the two. That is, when viy < pne(07)vin/Vinv, vinj Plays the
dominant role in Eq. (19), and the carrier transport
mechanism of the device is closer to ballistic transport.
Conversely, when vy > 11,6(07)vinj/viny, the conventional
drift-diffusion velocity plays the dominant role, and the
carrier transport behaves more like conventional drift-
diffusion transport. These two transport mechanisms
lead to different types of noise: barrier-limited carrier
injection results in shot noise, whereas scattering in drift-
diffusion transport induces thermal noise. Therefore,
both types of noise coexist in nano-MOSFET devices,
and the dominant noise type depends on the carrier
transport mechanism in the device.

According to Eq. (19), the condition for the dominant
component of excess channel current noise in nanoscale
MOSFET devices to transition from thermal noise to
shot noise can be expressed as

Vinj < /JnE(OJr)@. (22)
Viny
Substituting Eq. (20) and (21) into Eq. (22) yields
2m*
1 + . 2
< pne(0T) KT (23)

Using the description of the electric field intensity from
Ref. [26]:
kT
e(01) = iﬁ, (24)
La[kT/(qVps)]

where Lg is the channel length, and g is the fitting
parameter, 0 < 8 < 1. Substituting Eq. (24) into Eq. (23)
yields

*

kT/q
KT/ (qVos)]”

From Eq. (25), it can be clearly observed that the critical
channel length for the transition from thermal noise to
shot noise is directly proportional to the drain-source
voltage and inversely proportional to temperature. To
further investigate its transition conditions in relation to
the gate voltage and doping concentration, the expression
for the average random thermal velocity of inversion
layer carriers from Ref. [26] is adopted,

2m
KT’

Lg < pn <25>
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Fig. 2 The relationship between the critical channel length for excess noise component transition and gate voltage in
nanoscale MOSFETSs. (a) Variation of the critical channel length Ls with gate voltage Vgs. (b) Curve of p as a function of
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The influence of gate voltage and substrate doping is
incorporated in the carrier degeneracy nr of this expres-
sion. Substituting Eq. (26) and the electric field intensity
expression (24) into (22) yields

_ 2D __
Viny = Vg =

(26)

Lo < pin {p (27)

kT/q}
vr[kT/(qVs))? |
where p = Fy (nr) /Fi 2 (1F)-

3 Transition condition analysis

It can be seen from Egs. (25) and (27) that, under
certain bias conditions, a reduction in channel length
will cause the inequality condition to hold, thereby satis-
fying the critical conditions for the transition. The domi-
nant component of MOSFET excess noise will gradually
shift from thermal noise to shot noise. The shortening of
the channel length reduces the number of inelastic scat-
tering events and weakens space-charge effects [34]. The
reduction in inelastic scattering and the weakening of
space-charge effects lessen the suppression of shot noise
by long-range Coulomb interactions, causing the device
transport characteristics to shift from conventional drift-
diffusion transport to ballistic transport. As a result,
shot noise becomes the dominant component of excess
noise, surpassing thermal noise. Additionally, increased
mobility also makes the equation valid. Mobility is
determined by the scattering mechanism with the highest
scattering rate [35]. In phonon scattering, the acoustic
phonon scattering probability is greater than the optical
phonon scattering probability, while the scattering prob-
ability between carriers is much smaller than the two
phonon scattering probabilities [36]. With increasing
temperature, all three types of scattering increase. At

low temperatures, the concentration of thermally excited
carriers is low, their mean free path is large, and the
scattering probability is small. Therefore, mobility is
relatively high. As the temperature increases, the carrier
concentration is enhanced, scattering becomes more
frequent, and mobility consequently decreases. There-
fore, either lowering the operating temperature or using
high-mobility materials for the channel will make it
easier for the dominant component of excess noise in
MOSFET devices to become shot noise.

According to Eq. (27), Fig. 2 illustrates the transition
of excess noise components in nanoscale MOSFET
devices as a function of gate voltage. Figure 2(a) shows
that the critical channel length at which shot noise
becomes the dominant component of excess noise in
MOSFET devices is around 20 nm. The statistical mean
of this dataset is u = 23.7 nm, with a standard deviation
of 0 =9.6nm. The relatively large standard deviation
clearly reflects the significant influence of gate voltage
on the critical channel length. Figure 2(b) shows that p
exhibits an inverse relationship with the gate voltage
Vas, where np = (Ep — Ec) /(KT) represents the carrier
degeneracy, Ep is the Fermi level at the contact, and Ec
is the barrier height. The channel barrier height FEc
decreases as the gate voltage increases, meaning that np
is an increasing function of Vgs. Consequently, p is a
decreasing function of the gate voltage Vgs. As shown in
Fig. 2(a), with the increase in gate voltage, the right-
hand side of (27) gradually decreases. This indicates
that the critical channel length at which the dominant
excess noise component transitions from thermal noise to
shot noise decreases as the gate voltage increases. In
other words, a higher gate voltage makes it more difficult
for shot noise to become the dominant component of
excess noise. This phenomenon occurs because, as the
gate voltage increases, the enhanced longitudinal electric
field leads to more surface scattering for carriers, neces-
sitating a shorter channel length to mitigate the scattering
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Fig. 3 (a) The relationship between the critical channel length Lg for excess noise component transition and the drain-
source voltage Vps. (b) The relationship between temperature T and the critical channel length Lg for the transition of
excess noise components in the channel current of nanoscale MOSFET devices.

effects. Additionally, an increase in gate voltage has two
effects: first, it increases the frequency of inelastic scat-
tering, strengthening the Coulomb interaction that
suppresses shot noise [37]; second, it enhances carrier
degeneracy, reinforcing Pauli exclusion principle
suppression, making shot noise less likely to become the
dominant component of excess noise [38]. Experimental
results confirm that increasing the gate voltage enhances
shot noise suppression [12].

Figure 3(a) illustrates the relationship between the
excess noise component transition and the drain-source
voltage in nanoscale MOSFETSs. The red bars represent
the results calculated using Eq. (25), with statistical
data of u+ 0 =19.3 £9.68 nm, while the green bars repre-
sent the results calculated using Eq. (27), with statistical
data of p+ o =18.9+10.6 nm. Both expressions indicate
that, as the drain-source voltage increases, the value on
the right-hand side of the transition condition for the
excess noise component rises steadily. For devices with
different channel lengths, a higher drain-source voltage
results in a longer critical channel length where shot
noise becomes the dominant excess noise component.
For devices in which the channel length is fixed, when
the drain-source voltage exceeds a certain critical value,
Egs. (25) and (27) hold true, and shot noise becomes the
primary component of excess noise. The experiment in
[12] also observed this phenomenon. As the drain-source
voltage increases, the kT-layer length shortens [26], leading
to a reduction in the backscattering coefficient and a
transition toward ballistic transport [21, 22]. At low
drain-source voltages, the electric field is weak, and
carrier transport is closer to conventional drift-diffusion
transport, making the noise resemble equilibrium thermal
noise. At high drain-source voltages, the electric field is
significantly enhanced, carrier velocity increases rapidly,
scattering is reduced, and transport approaches ballistic
conduction, with shot noise becoming the dominant
component.

Figure 3(b) illustrates the relationship between
temperature and the transition of excess noise components
in nanoscale MOSFET devices. As shown in the figure,
with increasing temperature, the critical channel length
at which shot noise becomes the dominant component of
excess noise gradually decreases. This indicates that at
higher temperatures, shot noise is less likely to be the
primary component of excess noise. The red bars represent
the results calculated using Eq. (25), with a statistical
result of 4 o =20.3+£0.53 nm, and the green bars repre-
sent the results calculated using Eq. (27), with
i+ 0 =20.2+0.67nm under these conditions. The rela-
tively smaller value of o indicates that, within the
normal range of operating temperature fluctuations, T is
a secondary factor affecting Lg. In modern MOS devices,
the main scattering mechanisms affecting carriers in the
channel are acoustic phonon scattering and optical
phonon scattering, both of which decrease in probability
as temperature decreases [13]. In the low-temperature
region, as the temperature increases, the average velocity
of carrier thermal motion increases [36], enabling carriers
to skim over the impurity ions faster with smaller deflection
angles, making carriers less likely to be scattered. Thus,
in the low-temperature region, the suppression of shot
noise by the Coulomb effect is weak, and the channel
excess noise is primarily governed by shot noise. As the
temperature continues to rise, the primary scattering
mechanism in the device becomes acoustic wave scatter-
ing, which is directly proportional to temperature. The
increased frequency of phonon scattering leads to a
stronger suppression of shot noise and a decrease in
mobility, causing thermal noise to increases with rising
temperature. Therefore, at lower temperatures, the tran-
sition from thermal noise to shot noise occurs more
easily, resulting in a higher proportion of shot noise in
the total current noise.

Figure 4 illustrates the transition of excess mnoise
components in nanoscale MOSFETs with substrate
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noise components in the channel current of nanoscale MOSFET devices: (a) Variation of the critical channel length L with
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doping density. An increase in substrate doping density
raises the barrier height Ec, leading to a decrease in 7.
As shown in Fig. 4(b), p is positively correlated with the
substrate doping density Ncy. As Ncy increases, the
Fermi potential wpp = %ln%{‘ gradually increases. Nx
indicates the substrates doping concentration, and n;
denotes the concentration of intrinsic carriers. When the
surface of the channel region reaches strong inversion,
the energy band bending must be equal to or greater
than twice the Fermi potential, i.e., Ug = 2¢pp. This
means that as the substrate doping density increases,
the threshold voltage of the MOSFET also increases.
The total carrier charge at the potential barrier peak in
the channel inversion layer of the MOSFET is approxi-
mately Q (0) ~ Cox (Vs — Vin) . For a fixed gate voltage,
an increase in substrate doping density reduces the
number of carriers in the channel inversion layer. As
shown in Fig. 4(a), with increasing substrate doping
density, the critical channel length at which shot noise
becomes the dominant component of excess noise gradually
increases, with statistical parameters of u+o =21.3+
0.69 nm. The reduction in carriers in the channel inversion
layer weakens carrier scattering, which in turn reduces
shot noise suppression and makes shot noise gradually
surpass thermal noise, becoming the primary component
of excess noise in the device.

A statistical analysis of Figs. 2 to 4 reveals that,
although the trends and magnitudes of the effects of
different operating conditions (Vgs, Vpg, T) and process
parameters (Ncp) on the critical channel length vary,
their statistical mean values all fall within a narrow
range of 19.8 nm to 23.7 nm. Furthermore, the fluctuation
range of Lg (defined by p+o) under all conditions
broadly covers the range of about 15 nm to 33 nm. This
analysis indicates that, for the nanoscale-channel-length
MOSFETSs focused on in this study, the critical scale for
the transition of the dominant transport mechanism is
not a fixed process node value, but rather a dynamic

range modulated by multiple factors. For typical process
and operating conditions (Vps/ Vs = 0.5-0.7 V, Neuy =
5 x 10?-3 x 10% m=3, T = 290-350 K), the critical
channel length for the transition of the main excess
noise component is dynamically distributed in the range
of 18 nm to 24 nm. This represents the characteristic
length at which this physical transition is most likely to
occur under typical design and operating conditions.

4 Monte Carlo simulation

A three-dimensional Monte Carlo simulation flow is
established based on the structural characteristics of
nanoscale MOSFET devices, and the channel current
noise for different channel lengths is extracted. As
shown in Fig. 5, as the channel length decreases, the
channel current noise of the nanoscale MOSFET device
gradually deviates from thermal noise and approaches
full shot noise near a channel length of 20 nm. This is

1097 @
@ --2q1
_ 84 —0— S
:N 6- —— SI.lhennal
< °
6] 24
0-

10 15 20 25 30 35 40
L (nm)

Fig. 5 Relationship diagram of total shot noise (2¢l),
channel current noise (Spe) and thermal noise (Spthermal)
with channel length L.
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consistent with the physical model and is also in close
agreement with the experimental trends reported in Ref.
[12] regarding how various types of noise vary with
channel length. As the channel length shortens, carrier
transport transitions from conventional drift-diffusion
transport to ballistic transport. Subsequently, the noise
for channel lengths of 10 nm, 20 nm, and
30 nm is analyzed through simulations with different
bias parameters. In the simulations, the oxide layer
thickness is set to 1 nm, and the channel thickness is set
to 3 nm. The source-drain regions are modeled as ideal
isotropic n-type silicon, with a doping concentration of 2
x 10%° ¢cm 3. The channel region utilizes low-doped p-
type silicon, with the doping concentration treated as a
simulation variable. As the simulation region is primarily
focused on the channel inversion layer, a dense mesh is
applied to the channel region, employing a three-dimen-
sional grid structure of 120 x 50 x 1. Furthermore, to
accurately capture the rapid dynamic changes of carriers
at the nanoscale, the simulation time step At is set to
1 fs. The number of supercarriers selected for the simulation
is 10 000. The band structure employed a modified non-
parabolic band structure.

Figure 6 illustrates the variation of channel current
noise components with bias voltage. Figure 6(a) shows
that as the gate voltage increases, the channel current
noise gradually rises. This phenomenon occurs because a
higher gate voltage drives the channel into a strong
inversion state, enhancing the longitudinal electric field
and increasing the carrier density. This leads to more
scattering and a slight increase in thermal noise. Mean-
while, the channel current noise moves away from the
total shot noise level, meaning that shot noise is more
suppressed as the gate voltage increases. As a result, at
higher gate voltages, shot noise is less likely to be the
main part of the excess noise in the channel. Figure 6(b)
shows how the shot noise suppression factor changes
with gate voltage. As the gate voltage increases, the
suppression factor decreases slightly, meaning that a
higher gate voltage further suppresses shot noise, reducing
its contribution to excess noise.

Figure 6(c) shows how the channel current noise
components change with the drain-source voltage. As
the drain-source voltage increases, the channel current
noise rises slightly, but the change is small. Meanwhile,
the total shot noise component increases. Figure 6(d)
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Fig. 7 (a) Variation of total shot noise (2¢/) and channel current noise (Sicn) with substrate doping density. (b) Variation
of shot noise suppression factor with substrate doping density. (c) Variation of total shot noise (2¢I) and channel current
noise (Sren) with temperature. (d) Variation of shot noise suppression factor with temperature.

shows that as the drain-source voltage increases, the
shot noise suppression factor also increases, meaning
that the proportion of shot noise becomes larger. This
happens because a higher drain-source voltage increases
the carrier velocity, reducing the number of scattering
events in the channel. As a result, the thermal noise
component decreases, whereas the shot noise component
increases to compensate for this reduction. This explains
why the overall change in channel current noise in
Fig. 6(c) is small. Therefore, as the drain-source voltage
increases, the dominant component of excess noise grad-
ually shifts from thermal noise to shot noise.
Furthermore, Figs. 6(a)-(d) collectively indicate that
as the channel length decreases, the noise in the device
channel region gradually increases, leading to excess
noise. Concurrently, the shot noise suppression factor
rises, indicating that the degree of shot noise suppression
weakens progressively with decreasing channel length.
Specifically, when the channel length is reduced from
30 nm to 20 nm, the increase in the shot noise suppression
factor is relatively small. However, when the channel
length is further decreased from 20 nm to 10 nm, the
shot noise suppression factor increases significantly, with

This
suggests that as the channel length is reduced to
approximately 20 nm, the dominant component of
excess noise begins to shift from being primarily thermal
noise to being predominantly suppressed shot noise.
Figure 7(a) shows the variation of channel current
noise components with substrate doping density. As the
substrate doping density increases, the channel current
noise gradually decreases and approaches the total shot
noise level. This trend indicates that with higher
substrate doping density, the dominant component of
excess noise in the channel shifts from thermal noise to
suppressed shot noise. Figure 7(b) further reveals the
relationship between the shot noise suppression factor
and substrate doping density. As the substrate doping
density increases, the shot mnoise suppression factor
increases slightly, indicating that the proportion of shot
noise in the excess noise of the MOSFET gradually rises.
Figure 7(c) illustrates the variation of channel current
noise components with temperature. As the temperature
increases from 200 K to 320 K, the channel current noise
gradually deviates from the total shot noise level. This
phenomenon occurs because the rise in temperature

a marked rise in the shot noise component.

Wenpeng Zhang, et al., Front. Phys. 21(12), 124202 (2026)
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enhances inelastic scattering effects, thereby increasing
the suppression of shot noise. As a result, shot noise
becomes less likely to dominate the excess noise in the
channel at higher temperatures. Figure 7(d) further
reveals the relationship between the shot noise suppression
factor and temperature. As the temperature increases,
the shot noise suppression factor gradually decreases,
indicating a declining proportion of shot noise in the
excess noise of the channel.

The analysis of Figs. 7(a)—(d) indicates a strong size
dependence of the excess noise components in MOSFET
channels, with approximately 20 nm serving as the critical
channel length for this transition. Specifically, as the
channel length decreases, the shot noise suppression
factor increases monotonically, leading to a substantial
rise in the proportion of suppressed shot noise. As seen
in Figs. 7(b) and (d), the degree of shot noise suppression
changes little when the channel length is reduced from
30 nm to 20 nm. However, when the channel length is
further decreased from 20 nm to 10 nm, the shot noise
suppression factor increases significantly, accompanied
by a marked increase in the shot noise component. This
finding corroborates the theoretical prediction that when
the channel length is reduced to around 20 nm, the
dominant component of channel excess noise transitions
from thermal noise to suppressed shot noise.

5 Conclusion

Based on the McKelvey flux method, a model for the
transition of excess noise components in mnanoscale-
channel-length MOSFETsS is established. Combined with
3D Monte Carlo simulations, the evolution of excess
noise components with decreasing channel length in
small-scale nanoscale MOSFET devices is revealed: the
transition of the dominant component from thermal
noise to shot noise occurs within a threshold range
centered at approximately 20 nm (with a dynamic range
of 18-24 nm). When the channel length falls below this
range, the carrier transport mechanism shifts from being
dominated by drift-diffusion to being dominated by
ballistic transport. Ballistic transport leads to the domi-
nance of shot noise. Furthermore, at specific device
dimensions, the transition of noise components is also
regulated by several key parameters: a decrease in gate
voltage, an increase in drain-source voltage, a decrease
in temperature, and an increase in substrate doping
concentration all lead to an increase in the shot noise
component. The transition of excess noise mechanisms is
determined by a dynamic phase boundary jointly modu-
lated by electrical and process parameters.
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