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Abstract—In this paper we present a model for the Flicker
noise in quasi-ballistic transistors based on our improved core
transport model. The model is validated with DC and noise
measurements for an InGaAs nanowire FET and a Carbon
nano-tube FET. The noise model, along with the core is valid
from drift-diffusive to quasi-ballistic regimes of operation.

Index Terms—Quasi-ballistic, Nanowire, CNT, InGaAs, Noise,
Flicker noise, Compact Model, SPICE

I. INTRODUCTION

Continuous scaling of Field Effect Transistors (FETs) has
resulted in channel lengths of the order of the mean free path
for electron flow. The drift-diffusive transport mechanism of
long channel transistors is dictated by continuous scattering
of all electrons resulting in lateral field dependent velocities.
However, with continued scaling, this has now given way to
the quasi-ballistic transport, where different electrons scatter to
different degrees and some might even flow without scattering
[1–14]. This change in the transport mechanism affects the
distribution of the potential drop and the carrier concentration
in the channel, which in turn affects the device behaviour.
As expected, apart from the terminal current-voltage (I-V)
characteristics, this shift in transport mechanism also changes
the noise behaviour observed in such devices [15], [16].

Since the scattering events are random, it is difficult to an-
alytically model a quasi-ballistic device, especially for SPICE
simuations where computational efficiency is of high priority.
Existing models use empirical formulations for channel poten-
tial [3], [5], [6], channel charge [7], transmission coefficient
[8], effective velocity [9] and effective mobility [10]. Some
also use sub-circuit based approach [11], [12] or rely on
smoothing functions to stitch separate models for linear and
saturation regions [13]. However, none of these include a
model for the noise behaviour.

We have already presented a model for quasi-ballistic de-
vices based on a simple scattering picture [2], [17]; along with
the only existing model for flicker noise for such devices [16].
Here we present a new model for flicker noise based on the
improved core model for quasi-ballistic FETs [17].

II. TRANSPORT MODEL

Assuming a parabolic potential profile perpendicular to the
channel and with suitable boundary conditions, the 2D Poisson
equation in the channel can be reduced to a 1D equation given
as [2], [17]
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Fig. 1: A graphical representation of the cross-section of a generic FET showing the
choice of axes.

where x is the transport direction as shown in Fig. 1, q is the
electronic charge, Vgfb = Vg − Vfb with Vg denoting the gate
voltage and Vfb denoting the flat-band voltage; ψc denotes the
center potential, n(x) denotes the carrier concentration, κ =
1+ εinsTs

εsTins
and ξ = εsTinsTsκ

εins
. Ts represents the semiconductor

thickness while εins and εs denote the permittivities of the
insulator and the semiconductor respectively.

The condition for current continuity is given as [17]

nbvb︸︷︷︸
Ballistic

+µndd
∂ψc
∂x︸ ︷︷ ︸

Drift

+ µφt
∂ndd
∂x︸ ︷︷ ︸

Diffusion

= constant (2)

where nb is the ballistic carrier density, vb is the ballistic
velocity and ndd is the drift-diffusive carrier density [17].
µ denotes the mobility and φt denotes the thermal voltage.
The Poisson equation along the channel coupled with the
requirement for current conservation at every point along the
channel gives [17]
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= 0 (3)

In our previous work [17] we have shown that the carrier
density along the channel for the charges flowing from the
source to the drain can be given as [17]

ndd−source(x) = ns
S

1− S
γ(x/λ) = n0sγ

(x/λ);

nb−source = (1− S)L/λns (4)

where ndd−source and nb−source represent the drift-diffusive
component and the ballistic component, respectively. Also,
n0s = ns

S
1−S and γ is a material dependent parameter, with ns

denoting the source-side carrier density. From [2], γ = (1−S),
where S is the fraction of incoming charge carriers that scatter
at every λ interval. Similarly the drift-diffusive and ballistic
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Ib = qTsW (nb−sourcevb(x = 0)− nb−drainvb(x = L))
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Fig. 2: Measurement and model results for drain current as a function of gate voltage for
different drain biases. The measurement is for an InGaAs device with L = 20nm,
W = 20nm and EOT = 1.2nm (0.5nm Al2O3 − 4nm LaAlO3 stack). [15].
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Fig. 3: Measured data along with prediction from the model for drain current as a function
of the drain voltage for different gate voltages for the same device as in Fig. 2 [15]

components of the carrier density of the charges flowing from
the drain to the source can be given as

ndd−drain(x) = nd
S

1− S
γL−x/λ = n0dγ

−x/λ;

nb−drain = (1− S)L/λnd (5)

where n0d = nd
S

1−S γ
L/λ with nd denoting the drain-side

carrier density.
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Fig. 4: Normalised noise PSD with varying drain current at f = 10Hz and Vds =
0.05V , as predicted by the model along with measured data for the same device as in
Fig. 2 [15].

Eq (3) can used along with (4) and (5) to get the surface
potential along the channel as (6) [17] where α = ln(γ)/λ
and

M1 =
κ

αξ
Vgfb −

qκ

αεs
nb−source − φtα,
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qκ

αεs
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κ

αξ
Vgfb,

N1,2 =
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K2e
κL
αξ −K1

e
2κL
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, C1 = K1 − C2,

(7)
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κ
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K2 =κVds +
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κ
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Using the surface potential and the carrier density, we can
calculate the drain-to-source current as Ids = Ib + Idd, where
Ib represents the ballistic component and Idd represents the
drift-diffusive component. Ib and Idd are given as (8) and
(9), respectively, where κ′ = κ/(αξ), A is the Fermi-Dirac
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Fig. 5: Measurement and model results for normalised noise PSD as a function of
frequency at Vds = Vgs = 0.05V for the same device as in Fig. 2. The linear
decrease of the noise PSD with increasing frequency in the log-log scale is a signature
of Flicker noise.
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Fig. 6: Measurement and model results for the bais dependence of drain current for a
Carbon nano-tube FET fabricated on heavily -doped Si substrate with Ti contacts. For
this device, L = 600nm and EOT = 10nm [20], [21].

correction factor [2], L is the channel length and W is the
effective channel width. The ballistic velocity, vb, is calculated
as in [2] and the short channel effects are taken into account
as described in [2], [19].

III. FLICKER NOISE MODEL

It is widely accepted that Flicker noise is caused due to
the trapping/de-trapping of charge carriers. The change in the
drain current due to trapping/de-trapping of charges can be
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Fig. 7: Noise PSD amplitude, fSid/I
2
ds, as function of the gate voltage at Vds =

0.01V , as obtained through model simulations and experimental measurements of the
same device as in Fig. 6 [20].

given as

∂Ids
∂Nt

= P1
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∂Nt

+
∂Ib
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)
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
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where Nt denotes the vacant trap concentration and P1 and P2

are coefficients dependent on channel length modulation and
velocity saturation respectively [16]. The drain current noise
PSD, Sid , can be calculated as

Sid =
SN
WL2

∫ L

0

(
∂Ids
∂Nt

)2

dx (11)

where SN = qNtφt/(NPtf
EF ). NPt depends on the prob-

ability of tunneling of charge carriers to/from the trapping
sites, ndd = ndd−source − ndd−drain, nb = nb−source(x =
L) − nb−drain(x = 0), f denotes the frequency of operation
and EF is a parameter. The final analytical expression for Sid
is given as (12), where N1 = (P2Idd)

2, N2 = IbIddP2/nb,
N3 = (Ib/nb)

2 and Γ1, Γ2 and Γ3 are parameters.

IV. RESULTS AND DISCUSSION

The model is validated with electrical measurements of an
InGaAs nanowire FET [15] and a Carbon Nanotube FET
[20]. Both the devices are operating in the quasi-ballistic
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Fig. 8: Measurement and model results for frequency and bias dependence of the
normalised noise PSD at Vds = 0.01V , for the same device as in Fig. 6 [20].

regime [15], [20]. The DC model parameters are extracted
based on an accurate match with the DC current-voltage data.
Using this set of parameters, the model is then validated with
noise measurements using only the noise parameters γ1, γ2
and γ3.

Fig. 2 and Fig. 3 show the measured data of the drain current
along with the prediction by the model, as a function of the
gate voltage and drain voltage, respectively, for the InGaAs
nanowire FET [15]. As can be seen, the model is able to
capture the DC current behaviour accurately. Fig. 4 shows
the bias dependence of the normalised noise power spectral
density (PSD) while Fig. 5 shows the frequency dependence.
Fig. 5 clearly shows the 1

f behaviour of the noise PSD, which
is a trademark of flicker noise.

Fig. 6 shows the measurement and the model prediction
for the drain current as a function of different gate and
drain biases. Fig. 7 shows the noise PSD amplitude, defined
as fSid/I

2
ds, with varying gate voltage and Fig. 8 shows

the frequency dependence of the normalised noise PSD for
different gate biases. The model results are able to match all
the measurements with good accuracy.

V. CONCLUSION

We have presented a model for Flicker noise in quasi-
ballistic systems. This model is an improvement over the
existing model [16] brought about by the improved core model
for transport in quasi-ballistic systems [17]. The model has
been validated with experimental measurements and shows
good agreement.
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