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ABSTRACT

Although there is dill controversy abou its origin, the
designer requires accurate models to estimate 1/f noise of
the MOS transistor in terms of its $ze, bias point and
techndogy. Conventiond models present limitations; they
usuadly do nd consistently represent the series-parallel
asgciation d transistors and they may not provide
adequate results for all the operationregions, particularly
moderate inversion. In this work we revew current flicke
noise models, paying paticular attention to their behavior
along the different operation regions and to their series-
parallel association properties. We present a physics
based model for flicke noise following classcal carrier
fluctuation theory. With the aid of a compact, continuows
modedl for the MOS transistor it has been pcsshle to
integrate the cntribution to drain current noise of the
whole chanrel area arriving & a consistent, continuots,
andsimple model for the 1/f noise.

1. INTRODUCTION

Flicker noise or just 1/f noise is such that its power
spedra  density (P.S.D.) varies with frequency

k
approximately in the form S(f) = rE It also recaves

the name “pink” noise in contrapasition to “white” noise
because light with a spedra density of the same form
would appeas as a week pink color to the human eye. 1/f
noise is present in most natural phenomena. Wentai Li
[13] reports an extensive bibliography grouped into
several categories, ranging from 1/f noise in eledronics,
biology and chemicd systems to 1/f noise in music and
network traffic. However, it is in eledronic devices that
Uf noise has recéved most attention and particularly in
MOS transistors because it bemmes an important
limitation in circuit design, espedally for instrumentation.

The physics behind flicker noise in the MOS transistor is
still atopic of discusgon. It is more or lessacceted that

the sources of low frequency noise ae mainly carier
number and mobhility fluctuations due to random trapping
— detrapping of carriersin energy states nea the surfaceof
the semiconductor. However, the exad mechanism and the
statistics of the resulting roise arrent, aswell ashow it is
related to technology parameters like doping concentration
or surfacequality, are still not clea.

From the designer's perspedive it is desirable to have
noise models that all ow an acaurate prediction of the noise
power spedral density in terms of the pdarizaion, size
and technology of the transistor. These models sould not
be cmmplex to compute and employ variables which are
easly handled by a smulator, like airrents or charges in
the transistor nodes. Finaly, these models sould be
simple becaise the ajustment of several technology
parameters bewmmes difficult when limited noise
measurements are available. It is also a @ndition for a
good model to preserve the symmetry of the transistor, to
be cntinuous in al the regions of operation and to give
consistent results for the series — paraléel association. A
considerable dfort has been made to set up MOS
transistor models providing them with the &ove
charaderistics; but a mnsistent and continuous asciated
flicker noise model has not yet been developed. As far as
we know, there is no reference in the literature to the
series-parallel association properties of MOSHET's noise
models, and in fad most of the usual flicker noise models
are not consistent in this ense.

In this paper we develop a physics based modd for the
flicker noise in MOS transistors. First we review noise
modeling for the series-paralel association of devices,
starting with resistors and ending with MOS transistors.
After that we present a brief description of common noise
models used for eledricd simulation, discussng their
series-parallel association properties as well as their
behavior along the different (weak (W), moderate (M),
strong (S)) inversion regions of operation of the transistor.
Thirdly, we will discussa simple physics based model of
the low frequency noise. Based on a few hypathesis, we



will deduce an expresson for the noise due to carier
trapping-detrapping in energy states inside the oxide. This
noise model results in the particular 1/f dependence on the
frequency of the P.S.D. The badkground physics is the
same &s that which has been presented in several papers on
the subjed [2-5], but with the d@d of an advanced compad
transistor model [8-10] we will be ale to integrate exadly
the noise mntributions along the dannel, resulting in a
consistent, simple, and continuous 1/f noise model for the
MOS transistor, valid in al the operation regions. Finally,
we present some preliminary measurements of flicker
noise in MOS transistors where we @ver all the operation
regions. We cmpare these experimental results with the
theoreticd expresson here derived and finaly present
some a@nclusions.

2. SERIES-PARALELL ASSOCIATION AND
CONSISTENT NOISE MODELS.

The most fundamental eledricd noise is the thermal noise
present in every resistor due to the thermal random
movement of charges. The spedral density is awhite noise
(does not vary with the frequency):

su>=ﬁf, m

where we represent noise & a airrent source in parallel
with the resistor. K is the Boltzmann's constant, T the
absolute temperature and R the resistor value. As diown in
Fig.1, the noise formula (1) is consistent when applied to
the series asociation of resistors. If we cdculate the
current variation Ai in Fig.1a due to currentsi,; and i,,, and
then its gedral density Sy , the result is the same & we
would oltain applying Eqg.(1) diredly to the equivalent
resistor Req (Fig.1b).

In Fig.2 a similar procedure for the cae of parale
aswciation is down. In this case the euivalent noise
SOUrce iy ¢ is the cmpasition of the two non-correlated
sources iy and iy, The P.S.D. once ayain could have been
cdculated by applying Eq. (1) to the eguivalent resistor
Req
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Fig.1: a) two resistors in series b) associated equivalent
resistor and noise.
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Fig.2: a) two parallel resistors b) associated equivalent
resistor.

Now consider the cae of a MOS transistor. In Fig 3, a
scheme where asinge transistor is $lit into two parallel
ones is diown. Small signal analysis is performed to
caculate the eguivalent noise aurrent i, o Considering
non correlated noise sourcesi, and i,, it follows:

Sh_eq(f) = Sha(f) + i, (f) ©

A smilar analyss may be performed for the series
asciation of transistors (seeFig.4). In this case the small
signa analysis leads to the nclusion that to be
consistent, amodel must verify:



Si, o) = saz(f).é%kg + sgl(f).é'j—kg@

where Sing)(f) Sinz(f) and Sieq(f) are the noise power
spedral densities of the lower, the upper and the
equivalent transistor respedively. The wefficient k is

definedask:%.
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Fig.3: Two parallel transistors with same channel
length L; shown separately and as a single transistor
with the associated noise currents in both cases.
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Fig.4: a) A single transistor is splited into two series
transistors b) schematic ¢) small signal analysis for
noise calculation.

The k fador depends only on the geometry of the devices.

In effed, considering the general expresson for the
source (drain) transconductance gim,, defined as the

derivative of the drain current with resped to the source
(drain) voltage [8]:

w
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Eq. (5) can be written:

Sin_eq<f):syz(f).ﬁg +smw§§ %

As an example we will consider the dasscd model for
thermal channel noise [1]:
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SI :L—qul’ (8)

where u is the dfedive mobility and Q, is the total
inversion charge in the channel. Substituting Eq. (8) into
the series compasition of thermal noises given in Eq. (7),
we obtain:

@g Q. —dHZD ~AKTQ

2
Fatgtoi e
€)

As expeded, the dasscd therma noise model of the
MOSFET is consistent regarding the series (paralé)
asciation.

3. COMMON SPICE MODELSFOR FLICKER
NOISE.

Table | summarizes common moise models that are
implemented in circuit simulators [11,12]. In the second
and third column we state whether noise models are
consistent with series and parallel association in the sense
of Eq. (4, 7). Note dso that if this test is performed with a
simulator not only the noise model should be @nsistent
but also the DC and AC transistor models. In effed, noise
analysis depends on DC bias cdculation, small signa
parameter values, as well as on the noise euivalent
SOUrCeES.



MODEL SERIES PARALEL So/ly”
Spice NLEV=0
- X
_Kelha Onlyif ___ 1,
Sp = C_ 12t ‘/ AF =1 Tends to 0 in
ox* W.1.
Spice NLEV=1: X
AF Onlyif —*
Sp = & i \/ Alr:] Zé Remains constant
CoxW.L f in the whole

operating range.

Spice NLEV=2,3:

See ref .[14] for
description.

S, = Kegm® 1 X ‘/ 0 gm/lo
D~ A~ a7 °
Cox W.L fe Only under certain
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BSIM 33 v v

(partial seenote ®)

v

Note:(WAccording to BSIM3v3 manual [14] it uses a different model for S.I. and W.I., both verify series and parallel
association but this is not necessarly the case of their empirical composition used to model moderate inversion.

Table I: The most common flicker noise models with series-paralell asociation properties and

behavior along the operation regions of the ratio Sio/Ip2.

In the third column we analyze the behavior of the ratio
Sp/lp?> aong the different operating regions of the
transistor. This ratio is asaumed to present a plateau for
W.I. while it strongly deaeases (propartional to 1/Q?) as
the transistor goes in deep S.l. [4]. Note for example that
Spice NLEV=0 predicts a perfed noise performance in
W.I. with Sp/lp® tending to 0. Spice NLEV=1 daes not
refled the variations on the bias condition while Spice
NLEV=2,3 in spite of presenting the plateau for W.l. does
not present a decgy in the Spllp? ratio as grong as
expeded. The BSIM3v3 noise model [14] shows a corred
behavior for the Spl/lp? ratio from wek to strong
inversion and is partially consistent for series and perallel
asciation. However the BSIM3v3 noise model is not
continuous [14] and it presents the alditional difficulty of
having 3 fitting parameters.

Modern designs tend to employ an increasing number of
transistors in W.. so an adequate model is required
covering the whole range of bias conditions. In the
following sedion we will present amodel for flicker

noise, based on the traditional number fluctuation theory
but supparted by an advanced compad transistor model
[8-10], to arrive & a noise model that is consistent,
continuous and simple.

4. APHYSICSBASED MODEL FOR
FLICKER NOISE.

Acoording to the dasscd number fluctuation theory, first
we onsider a small volume dV =W.dx.dz inside the
oxide (Fig.5). Trapsin this snall volume will cgpture and
emit cariers in a random process Consider only traps
with energies within a narrow range between E and
E +dE, and let AN, denote the fluctuations in the
number of occupied traps in this narrow energy range ad
in the volume dV. The power spedral density of this
fluctuation S, . isgiven by [2]:
v

4t

SANV(f) = N,[.ft.(l_ ft)m

dV.dE (10

where: N, (z,E) isthetrap density (eV*.cm®).
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f, = tl+ e'f Ef”)/kT) is the trap occupancy
function, E,isthe dedron quasi-Fermi level.

7(z, E) isthetrapping processtime mnstant.

Fig.5: MOS transistor scheme and a small volume

dV =W.dx.dy.dzinto the oxide.

To cdculate the P.S.D. of the total fluctuation AN,, of the

number of occupied trapsin the volume of oxide of height
t., over a smal channel area dA=W.dXwe have to

integrate Eq.(10) over the energy and the z @ordinate:

toxEy 4_[_

SANV(f) = -!:thft(l_ ft)Wde‘dZdE
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To evaluate the integral in Eq. (11) two hypothesis are
made [3]:
. The oxide traps have auniform spatial and energy
distribution N, (z, E) = N,.
Because fy(1-f) is sharply pedked, it can be shown
[3] that

INt f,(1-f,).dE=NKT (12
¢ Thetime mnstant of the processis given by a
tunneling processwhere T = T,€”* | A = h/ 8m'@

is the tunreling constant for eledrons, M’ their effedive
mass (Pthe energy barrier and 7 is the Planck’ s constant.

tox

T A
' dz="(tap*(wr(t..)) - tan (wr(0
[1+@iye * ltan(@r(t,) - tan*(@r(0))
(139)
Thetime constant T has avery large dispersion,
consequently [3]:

tox T A
Iizzdz 0= (13b)
31+ (2rf ) T 4f

Now Eq.(11) can be eaily cdculated:

S, (f) = kT)\NtW.dxi = Not.W.dxi (14)

where we have defined the number of effedive traps
N, =KTAN,.

Eq.(14) predicts the P.S.D. of total occupied traps over a
channel region dA. These variations produce dso small
variations in the number N of cariersin the channel in the
area 0A. The ratio between both quantities is denoted

r= ‘ , and it has a general expresson deduced by a

\%
simple dharge balance[4]:

r= —Ci' (15
C, +Coi+C, |

Ci' is the inversion layer capadtance per unit area that

varies from C, = Q0 inW..to C, = Q. in S
O 2,

[9] . C;J is the depletion layer capadtance per unit area

and C o is the oxide cgadtance per unit area The P.S.D.

of the fluctuations in the number of carriersin the channel

inthe aea dAis given by:

SAN(f):rZ'SANV(f) (16)

But aong the x coordinate the r ratio and the shed
resistance of the channel may vary significantly and thus

S, (f). For example in strong inverson with the
channel pinched dof, the channel charge density at the
drain Q;D is negligible in magnitude in comparison to the
channel charge density at the source Q;S. Traditi onal

approaches to physics based models for MOS flicker noise
try to integrate noise antribution of all dA elements along
the channel but fail to doit with wide generality. What is
usual is to examine different operation regions like strong
inversion, we& inversion or linea region separately, and
with the adequate gpproximation for ead case perform the
integration along the channel. To overcome this difficulty



we will employ the ACM model for the transistor [8-10].
The fundamental approximation of this model is the linea
dependence of the inversion charge density on the surface

potential @y, which encompasses the week, moderate, and
strong inversion regions

dQ =(C, +C, Mos =nC,do, 7

where n is the slope fador, dightly dependent on the gate
voltage. The drain current in a long-channel transistor is
cdculated with the dd of EQ.(17) and the darge-shee
approximation [1]:

W . \dQ
ID ::?;)X(_QI +(ptnCox)% (18)

Now let us return to the cae of a noisy element in the
transistor. We separate the channel into 3 series elements:
the upper transistor, the lower transistor, and the noisy
element modeled as a noisy resistor (Fig.6). If we use
Egs.(14) to (16) to cdculate the noise airrent
Ai produced by the dement dA, then it is easy to cdculate
by a smple small signal analysis the resulting drain
current noise Al

Al % Al (20)
L

Thusif we have the noise arrent P.S.D. S (X, f) of the

current Al of a small channel area dA, then the total
noise aurrent of the transistor is:

So(H)=7 [(S0Dddax @

Equations (20),(21) have awide generdity and could be
employed for any noise airrent model for the noise of
single channel elements like Hooge's model [7], empiricd
model [1], or thermal noise model of Eq.(8). Note dso that
the use of Eq.(21) to compute total channel noise,
inherently result in a consistent noise model in the sense of
series asociation.
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Fig.6: a) A mos transistor channel and a element
dA =W.dXin it. b) The transistor is separated into 3
series components ¢) Small signal analysis to calculate
the noise contribution to the drain current of the noisy
element dA
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Fig.7: Current (Al ) and resistor variation (AR)
model for the noise introduced by the element dA.

Eqg.(16) does not predict a noise airent P.S.D. but a
channel carrier number P.S.D.. Fortunately, Eq (20) can be

extended just by representing the noise aurrent Ai with a

variation of the noisy resistor value AR as is dated in
Fig.7.

ANi=l,.— (22)
o

where O denotes the conductivity of the channel element
dA. This conductivity varies with the carier density in
the chanrel and also with the dfedive mobility [/ of
cariers in the surface For the sake of simplicity we will

consider only the former fador but the analysis could be
extended to include fluctuation in the mobhility [5] with the



penalty of introducing two more cnstants to adjust. We
prefer to have asinge cnstant to be adjusted in the noise
model.

o N g N?

With (14) to (16), (22) and (23) we mpute the
equivalent noise airrent of the small channel sedion dA.
Then we substitute expresson (17) and perform the
integration of Eq.(21) to cdculate the total noise aurrent of
the transistor due to the random cgpture-emisson of
cariersin the oxide traps:

2

p 1
PRy
qZNotl’ll 1 Qo 1
ICHERED FTeRr e
where the integration over the darge variable is caried

out with the ad of Eq.(18). Now the noise arrent P.S.D.
iscdculated as:

S - quo’['I D
D

5 1 dx =
W.L f

(24
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(29

+  Inwes inversion, Q,s,Q,, << NnC,, @ . Using the
gate transconductance expresson [8]:

_ HW
m=-——
g nL

@ -Qs). (26)

and making a first order series expansion, it is pasdgble to
rewrite Eq.(25) as.

So _ 4N, gm1
12 WLnGi@ 1, f°

(27)

S
2
D

dependence @& the gnvlp term and consequently must

present a plateau in the wed inversion region of

operation.

where it is clea that the ratio has the same bias

e Instronginversion and in the linea region,
Qs 0Q,, OCyy (VG —VT), and the first order
expansion of the Eq.(25) lealsto:

2
I

D ) WLQJZX (VG -V; )2

2
SD q NOt :‘ (28)

5. MEASUREMENTS

In order to test the model of EQ.(25 some noise
measurements have been performed for a saturated NMOS
transistor from we&k to strong inversion. The transistor,
fabricaed in a 24u technology, has an asped ratio
W/L=48Qu/16u. We dhoose awide transistor in order to
be @le to comfortably charaderize wed inversion
operation. The experimental setup is swown in Fig.8; the
low noise amplifier is a Stanford Research SR560, the
spedrum analyzer is a Hewlett Padkard HP3582A, and
different R values have been employed from 1k to 10kQ.
To measure the drain current and fix the node’s voltages
we amployed a Hewlett Packard HP4155 Semiconductor
Parameter Analyzer. The gate voltage V¢ is adjusted to
obtain a desired drain current while the Vp vaue is
adjusted to oktain 3.5Volts in the transistor drain that
guarantees the saturation in all cases. The employment of
the spedrum analyzer allows us to olserve arves of the
P.S.D. in terms of the frequency that in al cases have
shown a 1/f dependence & it was expeded. However,

Sp (f) plots are not shown here ad once the Lf

dependence was chedked, we employed a narrow band
analysis of the P.S.D. around an arbitrary low frequency to
study the behavior of the flicker noise & the bias point
changes. The seleded frequency was 0.7Hz, an enough
low frequency to negled the dfed of white noise. This
procedure is the same amployed by Reimbold [4] to

observethe plateauinthe S, /12 curve.

In Figure 9 the measured data & well as a @mparison
with the model of Eq.(25) are shown. The solid triangles
represent the measured value (Sp) of P.S.D. of the flicker
noise for a frequency f=0.7Hz. With these values we
cdculated the Sp/lp? ratio that is represented in the open
triangles. To compare the measured values with the model
of Eqg.(25 we have to cdculate the dannel charge
densities at source ad dain. We measured the drain

and source transconductances gim, , gimy employingthe
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Fig.8: Experimental setup for noise measurements.
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Fig.9: Measured value Sip of the P.S.D. of the flicker noise
at a frequency f=0.7Hz, measured and estimated ratio
Sio/lp in terms of the drain current Ip.
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Fig.10: Transconductance gm and gm/Ip ratio for the test
transistor in terms of Io.

HP4155 and with the dd of Eq.(6) we cdculated
Qp. Qs in terms of the drain current. TheN,,
parameter has been cdculated to best fit the measured
values with the result N, =1.4E7cm. The dashed line in

the plot of Fig.9 is the cdculated Sp/lp® ratio from
Eqg.(25). In Fig.10 the transconductance gMm and the

m
gm ratio are shown. In Fig.11 the cdculated channel

D
charge densities Q,5,Q,s in terms of the drain current
are shown.

T T T
10n 100n 1p 10pn 100p im

Drain Current (A)

Fig.11: Measured channel charge density at the source
and drain in terms of the drain current.

6. CONCLUSIONS

The problem of the mnsistent representation of the noise
in series-paralel association of transistors has been
presented as well as a discusson of the properties of
common flicker noise models implemented in eledric
simulators. A flicker noise model, consistent and
continuous in all the operation regions from we& to
strong inversion has been developed. The new model is
based in usua physicd hypothesis but we use aprocedure
to integrate the contribution to the transistor noise arrent
of al the noisy elements in the dhannel that inherently
preserves the series association properties of the model.
With the ad of an advanced compad transistor model, this
integration procedure result in a simple, continuous, and
consistent model for flicker noisein MOS transistors.
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