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Abstract

We derive an analytical model for 1/f noise in MOSFETsS, highlighting a term that is often neglected in literature but becomes
important for ultra-thin oxides. Furthermore, we identify an interesting relationship between the thermal noise of the gate
impedance and the gate noise due to trapping/detrapping between the free carriers in the channel and the oxide traps, as well
as the 1/f noise cross-correlation between drain and gate, showing that a single voltage noise generator is not enough to describe

completely the 1/f noise. TCAD simulations are used to verify the model predictive capabilities.
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Abstract—We derive an analytical model for 1/f noise in MOS-
FETs, highlighting a term that is often neglected in literature
but becomes important for ultra-thin oxides. Furthermore, we
identify an interesting relationship between the thermal noise
of the gate impedance and the gate noise due to trapping/de-
trapping between the free carriers in the channel and the oxide
traps, as well as the 1/f noise cross-correlation between drain and
gate, showing that a single voltage noise generator is not enough
to describe completely the 1/f noise. TCAD simulations are used
to verify the model predictive capabilities.
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I. INTRODUCTION

This paper presents a modelling technique to accurately
estimate 1/f noise in MOSFETs biased in the linear region.
The study will focus on carrier number fluctuations, meaning
that the noise is caused by the variations of free carriers in the
channel due to charge trapping/de-trapping in oxide traps [1].
Mobility fluctuation will not be considered at this stage, given
that its contribution is generally less significant [2]. Moreover,
also diffusion noises will not be considered, as this paper
focuses on 1/f noise only.

1/f noise in MOSFETs is of paramount importance in RF
circuits, where low frequency noise is up-converted and sig-
nificantly impacts the overall performance of high frequency
circuits such as oscillators [3]. In modern technologies, the
introduction of high-k materials and advanced gate stack, has
further increased the importance of 1/f noise for transient
variability and the interest in noise for accurate and reliable
measurement of interface and oxide properties. Conventional
techniques, such as impedance spectroscopy (C-V and G-V),
are not feasible for nanoscale devices whose characterization
instead often relies on 1/f noise measurements and comparison
with models to infer the concentration of traps. As a result,
the accuracy of the estimation clearly depends on the accuracy
of the model employed.

We derive here a 1/f model that differs from most of the
ones used in literature mainly by two aspects. Firstly, the
noise is described by two noise current generators, one in
the drain and one in the gate port instead of the single noise
voltage generator usually employed in compact 1/f models [4].
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Secondly, our model has an additional term (1 - ti} that
takes into account the position of the traps in the oxide. This
term “weights” the effect of the traps, based on their position in
the oxide and has a bigger effect as the oxide thickness scales
down. As of nowadays oxide thicknesses, this term cannot
be neglected, since it could introduce errors of several order
of magnitude i2n the estimation of the noise. The presence of

the (1 — i term in the drain noise generator expression
has been already derived in [5] back in 1972, but the formula
has been approximated for large oxides. This approximation,
reasonable at that time, has become so common that the
additional term is hardly seen in new publications, even when
thin oxides are treated [6]- [9]. This has been aided by the fact
that no specific study, to our notice, has evaluated the effect
of this term on the 1/f spectra.

In this study a small-signal Y-matrix noise representation will
be used. Thanks to this general approach, a complete noise
description composed by two correlated noise generators at
the gate and 2drain ports will be obtained. We show that

the (1 — i term changes the correlation between drain
and gate noise induced by trapping/de-trapping leading to the
necessity of including two noise current generators in the
model instead of a single noise current generator.

The paper proceeds as follows. In section II, the derivation of
the model will be presented, starting from a single layer of
traps and successively extending the results to the case where
the traps are distributed along the oxide. In section III, a re-
lationship between thermal noise of the gate conductance and
gate noise due to trapping will be identified. In section 1V, the
main results will be validated through TCAD simulations [10].
Finally, the concluding section draws the main implications of
the results.

II. MODEL DERIVATION
A. RC distributed circuit to describe gate stack

Several equivalent circuits, that attempt to describe the
gate stack in the presence of traps, have been proposed in
literature [11]- [13]. In particular, RC distributed circuits has
been proven to successfully represent C-V and G-V frequency
dispersion caused by bulk oxide traps [13] [14]. This paper
reports the derivation of the noise model based on this circuit
representation. A step-by-step approach will be used, starting
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Fig. 1. Equivalent circuit for the bulk oxide traps distributed over the depth

of the insulator. Figure is taken from [13]

from the analysis of a gate stack where one layer of traps of
infinitesimal thickness dx is located at x. This approach puts
emphasis on the position of the traps with respect the semicon-
ductor/insulator interface and highlights the importance of an
often neglected term in literature. This additional term has the
effect to scale the impact of each trap on the drain/gate noise
current according to its position in the oxide. In the following,
a n-MOS will be considered, even though the model remains
valid also for a p-MOS if the signs are taken in the appropriate
way.

B. Derivation of the model for a single layer of traps

In this case, the equivalent circuit is simpler than in Fig.1,
since only one RC pair is needed to represent the trap layer.
This is represented by the Rp; - Cp; series shown Fig.2.
The inversion capacitance is neglected, due to its large value
above threshold. C is the gate stack capacitance from the
semiconductor/insulator interface to the trap layer and C is
the gate stack capacitance from the trap layer to the gate
electrode.
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Fig. 2. Equivalent gate stack circuit with one trap layer

Cs

These components have the following expressions [12], [15]

Cbt:—WLda:/f (1— f)Nu(E) dE
Ry, =
bt Cbt 0
C, = WL—0
toxr — T
Cy=WLZ
x

where f is the Fermi distribution function, Ny is the bulk
oxide trap concentration and 7 is the time constant associated
with charge exchange between the traps and the channel.
Firstly, we make a simplification on the circuit: we assume
that, in the parallel between C5 and the series Cy; — Ry, the
impedance is dominated by Cs. This is a reasonable approx-
imation since the value of the RC series trap conductance is
much smaller than the conductance associated with the gate
capacitance. In this way, the circuit becomes even simpler.
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Fig. 3. Approximated gate stack circuit with one' trap layer and thermal noise
of Rbt

The noise generator S; is obtained in the following
manner: starting from the Thevenin noise representation of
the Ry thermal noise, the equivalent current noise generator
connected at the terminals of C is calculated. This generator
represents the noise current flowing in the RC series. Its

expression is:
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A simple current partition shows that the noise current on the
gate is equal to:

Gy

P 3
Y ‘ Ch+ Cs ®)

It is then straightforward to obtain the power-spectral-density
(PSD) of the current noise generator connected to the gate by
squaring the absolute value of 7,4:
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Let’s now focus on the noise current induced in the drain .
The voltage noise across C is equal to:

n )

Voy = ———
7 ju(Cr + C)

The induced noise charge in the channel is equal to:

*Z‘n 02
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(6)

Applying the Shockley-Ramo theorem [16], [17] for the



MOSFET at low Vds we obtain the current induced on the
drain:

Vds Qch - . 02 . Im (7)
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Repeating the same procedure as for iy, we find the PSD of
the drain current noise:

_ 4q-g2, T-dx 2>
S = Wice 1+ (m)‘f( ) /f(l_f)th(E) v
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Using the Eq.3 and 7, we find that the correlation is purely
imaginary:
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C. Extension of the model for distributed traps

C= 9

In order to extend the formulas of the previous paragraph
to the case of a general trap distribution along x, we have to
integrate the noise spectrum along z:

_ 4q-9%,
Sia - WLC2, T) t
, {10
fA=fir (=
g =4gWLW* || Ny(B,z)- — - (—) dEd
S.‘] qW w / bt( ,IZ’) 1+(w7)2 toz xz
1D
C=j (12)
The cross-spectrum between the two noise spectra is:
. AggRw f(1=HT (tow — )z
igriy = ]Ciow\/ Ny (B, x)- Tr (wr)Q. =) dE dx
(13)

In the approximation of large t,,, the cross-spectrum

expression becomes:
2
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Eq.14 allows to refer the 1/f noise to the input and represent
the drain noise by the means of a single noise voltage
generator:

S;,
92

Sy, =

g
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However, since the approximation of large t,, is not verified
nowadays, the presence of a single voltage noise generator is
not sufficient to completely describe the 1/f noise. In general,
the Eq.15 is not verified and the input referral procedure must
use the Eq.13 and produce two noise generators with their
correlation.

The expression obtained in this analysis for the drain noise
is the same found in most literature for 1/f noise, except the
term in the brackets that depends on x. This term modulates
the spectrum of the noise generators according to the position
of the trap in the oxide. If we assume that ¢,, is very large,
the noise generator S;; goes to zero and the value of Sjq
becomes the one found in many papers. This approximation
was reasonable when the oxide thicknesses where in the order
of 200-300 nm, but it introduces huge errors with ultra thin
oxides, as we will see in section IV. Furthermore, Eq.13 shows
that a single noise voltage generator connected at the gate, as
it is found in compact models, is not sufficient to completely
describe 1/f noise.

It is worth mentioning that the trap distribution can assume
any expression in the spatial and energy domain, because it
is inside the double integral. Hence, this model describes 1/f
noise caused by trapping events in devices operating in the
linear region, no matter what the distribution of the traps is.

D. Derivation of the trapping/de-trapping time constant T

The main parameter of the model, 7, refers to the time
constant associated with charge exchange between bulk-oxide
traps and channel. Its expression is directly related to
the tunneling mechanism and it is often modeled with a

—f tog — 2\
/ / (E,x) 1 + (w 7. dE dz  exponential dependence on the trap position [13]

T = fT062k (16)

where f is Fermi function, 7y is time constant associated
to interface traps, k is wave number inside the potential, as
defined in the WKB approximation. This time constant can be
also evaluated starting from the capture and emission rates of
the traps, respectively denoted by ¢ and e, as:

=(c+e)" (17)

In this work we consider both elastic and phonon-assisted
transitions [18]- [20], with the expressions implemented in
the TCAD simulator SDevice [10], since this tool will be used
later to validate our model.

\V8m mi/QgC
;—;LiﬂvT [Ec(xo) — Etrap]2

Celastic =

Em (z)|?
% \/Frrap f< : p) \Ij((gf)o))”Q (18)
31373,
Cphonon = mit;;(\)/y g VT(S - l)2
AFE 2
x exp[=S(2fp +1) + TR X (lfx)
Ep\ |[¥(z)?
() RE o

where:



e g.= prefactor to Richardson’s constant
¢ Fc= conduction band energy

e Eypqp= energy of the trap

« myu= tunneling mass inside the oxide
e M= electron mass

¢ k= Boltzmann constant

o h=reduced Planck constant

o T'= temperature

e f= Fermi distribution

o F/5= Fermi integral of order 1/2

e Vr= tunneling volume

« 1= electron wavefunction

o [ = number of phonons emitted

o fp = Bose-Einstein distribution

e S= Huang-Rhys

o 2=25y/f5(fB+1)

e X =V l2 + 222

o AF= dissipated Energy

Fig.4 indicates the reference energy and the meaning of some
terms.

GATE OXIDE SEMICOND. #Ec(x)(eV)
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Fig. 4. Conduction band energy diagram in the MOSFET assuming a trap
with energy Etrap

Since the two events are uncorrelated with each other, it is
possible to write the total capture rate as the sum:

(20)

C = Celastic + Cphonon

Exploiting the detailed balance principle, capture and emission
rates can be related and the final expression for 7 can be
obtained:

f

T=*=
¢

III. EQUIVALENCE BETWEEN TRAPPING/DE-TRAPPING
NOISE AT THE GATE AND THERMAL NOISE
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One of the most interesting outcomes of the previous
analysis is that we can interpret the 1/f noise as the thermal
noise of an effective trap resistance caused by the traps. This
observation has emerged several times in literature [21]. Here
we show that this consideration can be extended in general
to the input conductance of the MOSFET device.

To this purpose, starting from Fig.2, which represents the
gate stack in presence of a trap layer of thickness dx located
at x, we evaluate the input conductance of this circuit.

Let’s denote Yj,, the admittance of the parallel of C and
the trap RC series:

w(Cyt + C2 + w?r2Cy) + w2CE Ry

J
Ypar = 1+ w?r2

~ jwCy + Gy

The approximation is reasonable, since the capacitance
introduced by the trap is much smaller than the oxide
capacitance and the value of w272 is smaller than 1, even at
high frequencies. The input admittance will be:

wQC%th —‘y—jw(ClGEt + w20102(01 + 02)

Y;n =
G2, +w?(Cy + Cy)?

The input conductance is the real part of Y;,:

o \?
Gy | —— 22
bt ( Ot 02> (22)

The last approximation is justified, since even with high
trap concentrations, the value of the parasitic conductance
is way smaller than the conductance associated with the
gate capacitance. This difference is so evident that this
simplification also holds true when the value of the frequency
approaches frequencies close to DC.

The equivalent thermal noise current spectral density thermal
noise relative to this conductance is:

0J2012th
G, + w?(Cy + Cy)?

Gin =

o) 2
S ermal — 4kT in — 4ETGyy - | —— =
thermal g bt (01 . 02>

2

e (JC)Q dz / f(1— f)Nuu(E,z) dE

=4qWL-
q 1+ (wr) tox
(23)

This equation is identical to the S;, we found in the previous
section for a single trap layer.
If we extend this result to the case where the traps are
distributed in the oxide, we obtain the general result that the
trapping/de-trapping noise current through the gate terminal
can be seen as thermal noise of the input conductance. Let’s
recall that we are considering devices operating in the linear
region, hence this results derives from the fact that we can see
the input port as isolated from the output port.
Furthermore, it is also possible to write an expression for the
input conductance of a MOSFET in presence of traps:

2

) dE dx

o = gt [[ 10t

However, it is worth recalling that we are not considering the
diffusion noise in this study. Thus, the derivation of this section
holds true only when the 1/f noise dominates over the white
noise, hence at low frequencies.

T



IV. MODEL VALIDATION BY COMPARISON WITH TCAD

We use TCAD simulations implementing the model for
generation/recombination noise coupled with the non-local
model for tunneling to and from traps [22]. These are
implemented through the Sdevice tool of Sentaurus [10].
Diffusion noise will not be active in the simulations, as the
main objective is to validate and analyze 1/f noise.
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Fig. 5. Comparison between the analytical model of Eq. 11 and the TCAD
simulations employing an inelastic tunneling model for a single trap layer of
thickness 0.1 nm in a Si/SiO2 gate stack, using Npr=1e22 cm3eV! tox=5
nm, trap volume Vr=8e-9 um?>, phonon energy=48 meV, S=10, W= 1 um,
L=0.2 pm, Vds=25 mV, Vgs=1 V
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Fig. 6. Comparison between the analytical model of Eq. 10 and the TCAD
simulations employing an inelastic tunneling model for a single trap layer of
0.1 nm thickness in a Si/SiO, gate stack, using Npr=1e22 cm3eV!, tox=5
nm, trap volume Vr=8e-9 um?, phonon energy=48 meV, S=10, W= 1 um,
L=0.2 pm, Vds=25 mV, Vgs=1 V

Fig. 5 and 6 refer to a Si/SiO2 gate stack with a single
trap layer of thickness 0.1 nm and different trap distance
from the interface. The proposed model agrees well with the
reference simulation results, showing that the proposed model

correctly describes trapping/detrapping events. Furthermore,
Fig 7 and 8 consider a Gaussian distribution along the oxide
and different oxide thickness in a GaAs/AI203 gate stack. The
“w/out the Jew term” curve refers to the model where the term

1-— i) introduced by this paper is not present. The error
increases’ as the oxide thickness becomes smaller, implying
that an estimation error based on the commonly used and
simpler formula would lead to an unacceptable error. Finally,
Fig 9 compares the gate noise and the thermal noise of the
input conductance, proving the calculations made in section
1.
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Fig. 7. Comparison between the analytical model of Eq. 11 and the TCAD
simulations employing only the elastic tunneling model with a Gaussian
spatial distribution of traps in a GaAs/Al,O3 gate stack, using Npr=lel7
em3eV! with center xg=2 nm and ox=1 nm, trap volume V=8¢-9 um?, W=
1 ym, L=0.2 um, Vds=25 mV, Vgs=3 V
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Fig. 8. Comparison between the analytical model of Eq. 10, with the new
term and without the new term, and the TCAD simulations employing only
the elastic tunneling model with a Gaussian spatial distribution of traps in
a GaAs/Al,O;3 gate stack, using Npr=1el7 cm3eV-! with center xo=2 nm
and ox=1 nm, trap volume V1=8e-9 pm3, W= 1 um, L=0.2 pm, Vds=25 mV,
Vgs=3 V
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Fig. 9. Comparison between the analytical model of Eq. 23 and TCAD sim-
ulations employing only the elastic tunneling model for uniformly distributed
traps in a Si/SiO, gate stack, using Ngr=1e16 cm3eV-!, trap volume V1=8¢-9
um?, W= 1 pym, L=0.2 um, Vds=25 mV, Vgs=1 V

V. CONCLUSIONS

We presented a compact way to derive the 1/f noise PSD
of MOSFETs on drain and gate and their correlation, based
on RC distributed circuits. We have shown that a commonly
adopted approximation in noise models no longer holds for
ultra-thin oxides devices. This could lead to errors whenever
this formula is used to extract traps distributions from experi-
mental samples. Finally, an alternative expression for the gate
noise associated to trapping/de-trapping has been extracted,
exploiting its correlation with the thermal noise of the input
conductance.
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