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Abstract: The 1/f noise model in MOS Model 9, level 902, fails to

describe the Vg dependence of the input-referred noise, ob-
served in experiments. A new 1/f noise model has been
selected, and implemented in MOS Model 9, level 903. In
this report, its physical background is explained. Moreover,
noise measurements and noise parameter extraction on C075
are described. It is shown that the amount of 1/f noise in
HCMOS6 and CO075 is comparable. The geometrical scaling
rules of the noise model have been verified experimentally
for both n- and p-channel MOSFETSs. Moreover, it is shown
that the new model gives an improved description of the
noise in both linear and saturation regime. The new model
is available in PSTAR 3.7 as MOS Model 9, level 903. Tt will
be available in HSPICE 98.2.1 (August '98), and in SPEC-
TRE 4.4.3 (November '98).

Conclusions: MOS Model 9, level 903, contains a new 1/f noise model.

e The model describes the bias dependence of the 1/f
noise very well.

e The geometrical scaling rules of the model have been
verified on C075 silicon.

e The following set of parameters is recommended for
C075:

| | | N-channels | P-channels |

'm=1) [39.8 x 102 |15.4 x 10%
NFMOD=1 | Nggr (V Im 2)[3.24 x 10® 0.179 x 108
)

0 0.148 x 10~7
| NFMOD=0 | Npg (V?) [19.91 x 10 M | 5.81 x 10~ |
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1 Introduction

The modelling of low-frequency noise, and 1/f noise in particular, is becoming
increasingly important. Evidently, 1/f noise limits the performance of low-frequency
circuits. Moreover, in high-frequency and RF applications, such as phase-locked
loops and voltage-controlled oscillators, 1/f noise plays an important role as well.
In the case of an oscillator, for instance, the low-frequency noise may mix with the
oscillation frequency, resulting in an unwanted increase of the signal bandwidth.
The 1/f noise model in MOS Model 9, level 902 [1, 2, 3], is a simple, empirical
model. It assumes the input-referred noise (see Sec. 2.2) to be independent of bias
conditions. It has been observed in experiments, however, that this is not true (see
Fig. 1 and Ref. [4]). In saturation, the input-referred noise is seen to increase with
Vas, in particular for p-channel devices (Fig. 1). In practice, the 1/f noise parameter
Nggr is tuned in such a way that the measurements for Vg somewhat above Vg
are modelled accurately. The reason for this is that this is the most important bias
condition in circuit design.

Because of the limitations of the level 902 1/ f noise model, alternative models have
been studied. A new model has been selected which has the advantages that it
is based on physics and that it describes the 1/f noise accurately in all operating
regimes of the MOSFET. Fig. 1 clearly shows the improvement for a series of p-
channel MOSFETSs in the saturation regime. This new model is now available as
MOS Model 9, level 903 in PSTAR 3.7. It will be implemented in the August '98
release of HSPICE (HSPICE 98.2.1), and in SPECTRE 4.4.3 (november ’98).

107

Vps =33V
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<
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Figure 1: The input-referred noise, multiplied by WgLg/Wgr Lgr, as a func-
tion of gate voltage for a number of C075 p-channel MOSFETSs
in saturation. The dashed line represents the level 902 1/f noise
model, the solid lines represent, the new 1/f noise model available
in level 903. See Sec. 4 for more details.
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This report is organized as follows: In chapter 2, we will introduce the reader to the
subject of low-frequency noise in MOSFETSs. For reasons of tractability, mathemat-
ical derivations are postponed to appendix A.

Then, in chapter 3 the physical background of the new 1/f noise model will be
explained qualitatively. The derivation of the model is elucidated in appendix B.
In chapter 4, the measurements are described that were performed on CO075 silicon.
In that chapter we will show that the new 1/f noise model is capable of describing the
measurement results accurately in all operating regimes of the MOSFET. Moreover,
the geometrical scaling rules are verified on a set of 11 geometries. The extraction
of the noise parameters is discussed.

Finally, in chapter 5, this work is summarized and the conclusions are presented. A
list of all the symbols, used throughout this report, is given in appendix C.

2 ©Philips Electronics N.V. 1998
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2 Low-frequency noise in MOSFETS

2.1 Low-frequency noise spectrum of a MOSFET

Generally, the low-frequency noise spectrum of a MOSFET contains two contribu-
tions, see Fig. 2. One contribution is ‘white’, i.e. independent of the frequency f.
This is the so-called ‘thermal noise’. The thermal noise model in MOS Model 9 will
be discussed in a separate report [5]. The other contribution to the noise spectrum
has a frequency dependence which is (approximately) inversely proportional to the
frequency f, and is therefore known as ‘1/f noise’.

Occasionally, MOS transistors exhibit also generation-recombination noise, giving a
so-called Lorentzian contribution in the noise spectrum [7, 8]:

T

Tt anzfer (1)

where 7 is the time constant! of the traps. Generally, this type of noise is absent
for industrial CMOS processes.

For submicrometer-size MOSFETSs, ‘random telegraph signals’ may be observed as
well. These are discrete modulations of the channel current due to the capture
and emission of channel carriers by a single trap, located near the channel. The
electrostatic field of this trap fluctuates and modulates the surface potential in the
channel, which, in turn, causes the current to fluctuate. In the frequency domain,
this type of noise has the same shape as generation-recombination noise, i.e. a
Lorentzian spectrum.

In most cases, however, only thermal and 1/f noise is observed.

St
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Figure 2: Example of a low-frequency noise spectrum of a MOSFET. The
thermal noise and 1/f noise contributions are indicated.

!More precisely: T is given by % = (% — %) |N0 where G and R are the generation and

recombination rates, respectively. See Ref.[7]
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2.2 Output noise current and input-referred noise voltage
sources

A MOS transistor that exhibits 1/ f noise can be represented by adding a noise source
to a noiseless MOSFET. This can be done in two different ways, as illustrated in
Fig. 3. The first way is adding a 1/ f current noise source in parallel to the transistor.
The second way is putting a 1/ f voltage noise source in the lead connecting the gate.

Vs |

Oiw S, |

Figure 3: Left: 1/f output current noise source of a MOS transistor.
Right: input referred 1/f voltage noise source.

The input referred noise voltage spectral density Sy,,,. follows from the output noise

current spectral density Sy by:

St
SVgate = g_Q ’ (2)

m

ate

where g, = g{/‘éss is the transconductance.

Both ways of describing the noise are used in practice and are equally valid. At first
sight, a description in terms of S; seems more natural because both the thermal and
1/f noise originate from the conducting channel. In this report however, we will
focus on Sy,,,, for the following reasons:

ate

1. Just like the drain current itself, the quantity S; varies over many orders of
magnitude, when the bias voltages are varied. The quantity Sy,,., on the
other hand, only varies over 1 or 2 orders of magnitude, making it much easier
to observe differences between model and measurements in a graph.

2. According to the ‘old’ 1/f noise model (i.e. MOS Model 9, level 902), Sy,,,, is,
for a given frequency, independent of Vpg and Vg, as we will see in section 2.3.
Thus in graphs of Sy, the old 1/f noise model is constant. Thus plotting

4 ©Philips Electronics N.V. 1998
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SV, Mmakes the shortcomings of the old 1/f noise model and differences with
the new model clearly visible.

3. In circuit analysis, the quantity Sy,,,. is more relevant than S7. This is because
the noise figure F', i.e. the ratio of signal-to-noise power ratios at the input
and the output of the device, is directly related to Sy, by [4, 6]

S
F=14 e (3)

V,input

2.3 The 1/f noise model in MOS Model 902 and its limita-
tions

A large variety of explanations for 1/f noise is found in the literature, which can be
divided in two major categories. One is the McWorther trapping theory, the other
the mobility fluctuation theory of Hooge. The noise model presented in this report,
in fact, is a combination of these two models.

A simple, but already very useful formula for 1/ f noise in a MOSFET is obtained if
one assumes the empirical “Hooge’s law” to be valid microscopically. This leads to

qtter Ips Vs
e (4)

S[ = Oofg fL2

The derivation of this formula is found in Sec. A.2. The major drawback of this
formula for compact modelling is that it underestimates the measurements consid-
erably near Vo, which is the most important bias condition for circuit simulation.
Therefore, MOS Model 9, level 902, contains another noise model, which is purely
empirical. The MM902 expression for Sy, the flicker noise contribution in the noise
current spectral density, reads:

2

Here, Sj is the flicker noise contribution in the noise current spectral density. In
terms of input referred noise the above equation simplifies to:

Nr
SVeate = N (6)
The geometrical scaling rule for N reads:
Wer Ler
Np = Npp - —— 7
F PR T (7)

Note that there is no explicit temperature scaling rule. There is only an implicit
temperature dependence of the output current noise via gy,.

Measurements have shown that there are some limitations to this model [4]. In
saturation, the input-referred noise is seen to increase with Vg, in particular for
p-channel devices (Fig. 4). In practice, the parameter N is tuned in such a way

©Philips Electronics N.V. 1998 5
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that the measurements for Vs somewhat above Vg are modelled accurately (see
Fig. 4)., the reason being that this is the most important bias condition in circuit
design.

Because of the limitations of the level 902 1/ f noise model, described above, alterna-
tive 1/f noise models have been studied. A new 1/f noise model has been selected
and incorporated in MOS Model 9. This new model is available in MOS Model 9
level 903. Tt can be selected by setting the switch NFMOD to 1. By default, this
switch is set to 0, which selects the level 902 1/f noise model. This construction
makes the level 903 model backwards compatible, i.e. old parameter sets can still
be used in level 903, yielding the same results as before.

MOS Model 9, level 903, is already available in PSTAR 3.7, and it will be imple-
mented in HSPICE 98.2.1 (August '98), and in SPECTRE 4.4.3 (November '98).

6 ©Philips Electronics N.V. 1998
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Figure 4: Measurements (from Ref. [4]) of the input-referred 1/f noise as
a function of gate voltage for MOSFETSs in saturation, for the
(€200, C150 and C100 processes. Different grey scales correspond
to different, nominally identical, devices. Solid lines represent the

MM902 model, using Npg from the design manuals.
channels. Right: p-channels.
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3 New 1/f noise model

3.1 Qualitative description

The new 1/f noise model is based on two papers by K.K. Hung et al. [9, 10]. Tt as-
sumes trapping and detrapping of charge carriers in the gate oxide to be responsible
for the observed 1/f noise. This is illustrated in Fig. 5.

gate

j} gate oxide

il

o—o —»6—»6—»6 —_

source drain

substrate

Figure 5: Physical background of the new 1/f noise model.

The trapping and detrapping processes causes the number of carriers to fluctuate,
which of course leads to fluctuations in the current. Moreover, the trapping of a
charge carrier leads to a change of the electric field experienced by the charge carriers
in the inversion layer. In other words, not only the number of carriers, but also the
mobility fluctuates. Evidently, the two effects are correlated, which is taken into
account in the model.

The most characteristic feature of 1/f noise is, of course, its spectrum. How is
this spectrum explained in the new model? Let us first assume that we have a
single trap in the oxide, characterized by a single time constant 7. In this case
“random telegraph signals” (RTS), may be observed in the time domain, i.e. the
measured current switches back and forth between two (or more) discrete levels. In
the frequency domain, this leads to a Lorentzian noise spectrum:

.
1+ 4r2 f272

(8)

The type of fluctuations described here are indeed sometimes observed for very-
small sized MOSFETs, where a single, strategically located trap may dominate the
fluctuations.

For larger MOSFETSs, however, there is usually more than one trap and thus a
distribution of trapping sites in the oxide. This leads to a distribution of trapping

©Philips Electronics N.V. 1998 9
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times

T = To(E) . eXp(fYOX . Z) (9)

where z is the distance between traps and interface, o« &~ 1 A~! is the attenuation
coefficient of the electron wave function in the gate oxide, and 79(F) is the time
constant of traps located at the Si/SiO, interface (z = 0). It is the integration
over z that leads to a 1/f spectrum, if the trap distribution is spatially uniform, in
particular near the interface. This is illustrated in Fig. 6. Deviations from ‘true’
1/f noise, e.g. 1/f7 noise, can be understood in terms of deviations from a spatially
uniform distribution of traps. However, no systematic trends of this exponent v are
known as a function of bias conditions or geometry. Therefore, it makes no sense to
take these deviations from ‘true’ 1/f noise into account in compact modelling.

S (V2/Hz)

\ N .

TR ‘PII\I
10" 10" 10" 10* 10° 10
f (Hz)

Figure 6: The addition of only 5 Lorentzians (dashed lines) already leads to a
1/ f-like spectrum (solid line) over a considerable frequency range.
For reference, the dotted line represents true 1/f noise.

The theory, described qualitatively here, is worked out in detail in Refs. [9, 10], and
elucidated in appendix B, and leads to the model formulation presented in the next
section.

3.2 MOS Model 9, level 903 1/f noise model

The new 1/f noise model in MOS Model 9, level 903, can be selected by setting the
switch NFMOD to 1. Then, in strong inversion, the 1/f noise spectral density is
given by Eq. (73) in Appendix B (for the meaning of the used symbols, the reader
is referred to appendix C):

10 ©Philips Electronics N.V. 1998
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g _ o1 ¢*Ips B2, o«
B fe {1+ 0 Vot + 0o - (us — ug)}
Ny + N* 1
Npa - ln——— + Npg - (Ny — N, — . Ngc - (N2 — N?
FA nNL+N*+ rB - (No L)+2 re - (Ny L):|

_|_

prIiy Gy —1 _ Npa + Npp Ny, + NFCNE:| (10)

f Go (N, + N*)?
Here we have introduced three miniset parameters Npa, Npg, Npc. Note that the last
term, containing G5 which describes channel-length modulation, is the contribution
of the pinch-off region to the 1/f noise. In the above formula, we have introduced N,
and Np, which are the (approximate) expressions for the inversion charge densities
at the source and drain sides of the channel, respectively:

€ox
No= 25 Vim (1)
€ox
Ny = = (Vars — Vbsi) (12)
qtox
Moreover we use the abbreviation N*:
€ox
N* == r - (mo+ 1) (13)
qlox
The weak inversion expression for the 1/f noise spectral density reads:
St = Ny - 22108 14
wi — {VFA ° fN*2 ( )

The weak and strong inversion expressions are linked as follows: for a given bias
point both S,; and Sy are calculated. Now the flicker noise at this bias point is
given by:
o Ssi X Swi
Sei + Swi
This guarantees a smooth transition of the 1/f noise, going from weak to strong
inversion. Note that this transition has the consequence that the parameter Ngp
has to be non-zero: if Ngy = 0, then Sy = 0, irrespective of the values of Ngg, Npc,
and bias conditions.
The geometrical scaling of the model is identical to that of MOS MODEL 9, level
902, (and many other models):

Sa (15)

Npy = % - NrAR
1
—  Wgrlgr .
Npp = 572 - Nppr SViae X Wiln (approximately) (16)
Npc = % - Nrcr

The temperature dependence, on the other hand, is changed (¢ is in the equations),
but there are no explicit temperature scaling rules of the parameters. The implicit
temperature scaling is approximately:

Svgate x T (17)

©Philips Electronics N.V. 1998 11
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3.3 Relation with the BSIM3v3 model

The noise model presented above is also used in BSIM3v3 [11]. The parameters
used in BSIM3v3 are “Noia”, “Noib”, and “Noic”. They can be calculated from our
parameters by:

Noia = 0.01 - Yox WerLgr - Npar  [in V7'm ™ (18)
Noib = 0.01 - YoxWerLgr - Nppr  [in V''m '] (19)
Noic = 0.01 - YoxWrr Lgr - Npcr  [in V™'m)] (20)

Our parameters differ from the BSIM3v3 parameters because

e in contrast to BSIM3v3, we have formulated the model in miniset-maxiset
terms;

e the parameters need to be of the order of magnitude that can be handled by
PSTAR. This is the reason that 7, is absorbed in our parameters.

Note that the BSIM3v3 manual erroneously states that “Noia”, “Noib”, and “Noic”
have no unit [11]. Typical magnitudes for the BSIM3v3 noise parameters are Noia ~
102°V~tm=3, Noib ~ 10*V~'m~!, and Noic ~ 1072V ~!m.

It should be noted that there are two differences between our 1/f noise model and
the BSIM3v3 1/f noise model:

1. The transition between weak and strong inversion has been smoothed in our
implementation, See Eq. (15). This is discussed in Appendix B.3 and in
Ref. [12].

2. We use the physically correct value of N*, i.e. Eq. (13). In BSIM3v3 N* has
been fixed to an arbitrary value of 2 x 10'* m~2. We found, however, that

using Eq. (13) gives better modelling results. For more details see Sec. B.4 or
Ref. [13].

12 ©Philips Electronics N.V. 1998
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4 Noise measurements on C075

4.1 Test structures

A number of test structures has been processed on the C075 multiproject wafer
M4YN491X1. The geometries are listed in table 1. Apart from some “conventional”
device sizes? like 10/5 and 5/10, a number of wide, short devices was chosen, like
2000/1 and 400/0.35. The reason for this, is that it is these devices that determine
the 1/f noise in practical circuits. Moreover these devices have a large g, which
allows us to perform measurements in the subthreshold regime, which is not feasible
for “conventional” device geometries.

| L L W — | 2000 | 400 | 200 | 100 [ 50 | 10 | 5 |

10 X
X X | X
1 X X X X X
0.35 X X

Table 1: Geometries used for the noise measurements. W and L are in pm.

In the design of these structures, the following issues are of interest:

1. No gate protection. The use of a gate protection may have influence on the
amount of 1/f noise. In a practical circuit, a gate protection is not present
for the MOSFET that determines the noise. Therefore, we did not use a gate
protection for our test structures as well. As a consequence, we used separate
gate connections for all devices in one module, so that the possible breakdown
of one device does not affect the others.

2. Avoiding M1. The M1 level in C075 is tungsten, which has a much higher
specific resistance than aluminum, which is the metal used in M2-M5. There-
fore, the connection of drain and source was done in M2. The connection of
gate was made in M5. M1 was only used for an extra connection ‘rails’ to
connect the bulk.

3. Folding. Wide transistors were always folded in such a way that the resulting
area resembles a square as much as possible. Moreover, the folding factor was
always even, which leads to smaller drain capacitances. This is in accordance
with the way that these transistors are layed out in practice. Note: due to
this folding, some transistors can have a minor deviation in width, compared
to the values listed in table 1.

All measurements were performed on packaged devices, because no experimental
setup for on-wafer noise measurements was available at the time of the measure-
ments.

2We use the notation 10/5 to indicate W = 10 ym and L = 5 pym.

©Philips Electronics N.V. 1998 13
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4.2 DC-characterization

Standard MOS Model 9 characterization was performed on the multiproject wafer.
A HP 4155B analyzer was used for these DC-measurements. The analyzer was con-
trolled by the HP IC-CAP5.0 program, using a LAN interface (HP E2050 Gateway)
to connect the HPIB-bus of the analyzer to the Local Area Network (LAN), see
Fig. 7.

LAN (local area network)

Server HP E2050 HP 4155B probe
Gateway HP-1B Analyzer station

X-terminal

Figure 7: Schematic overview of the DC measurement setup

A MOS Model 9 simulation, using the CO75FM 2.01 parameter set, was performed.
Both for n- and p-channels it was found that this parameter set gives a satisfactory
description of both the linear and saturation regime. This indicates that the silicon
used is on target.

The subthreshold modelling, however, was not sufficiently accurate to model g,
accurately in this regime. (As we will see in Sec. 4.3, we need this g, to calculate
the input-referred noise voltage.) To improve the modelling accuracy, we adjusted
the threshold voltage parameters, leaving the other parameters unchanged. The
threshold voltage parameters were adjusted as shown in Table 2. The change of
parameters corresponds to a threshold voltage shift which is nearly independent of
channel length and amounts to ~ 100 mV and ~ 10 mV for n- and p-channels,
respectively. The width dependence of V1o, as expressed by the parameter Sy,
seems to have changed considerably. Note however that in the width range of our
samples (5 — 2000 um), the value Syr.17, = 100x 10~? Vm corresponds to a threshold
voltage shift of only 20 mV.

N-channels P-channels
CO075FM 2.01 | adjustment CO75FM 2.01 | adjustment
Vror (V) 0.625 0.520 0.595 0.5844

Stpe (Vm) || 76.00 x107° | 68.74 x10~7 || 31.00 x10~° | 45.16 x10~°
Sravpe (Vm?) || -24.80 x107" | -31.26 x10~" || -11.50 x107'* | -16.25 x10~"°
Swame (Vm) || 3.490 x1079 [ 108.5 x1079 || -11.20 x107? | 81.48 x10~°

Table 2: Adjustment threshold voltage parameters with respect to the
CO75FM 2.01 parameter set

14 ©Philips Electronics N.V. 1998
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After the adjustment of these parameters, the modelling of in all operating regimes
of the MOSFET, and for all geometries, is satisfactory. To illustrate this, we show
a comparison of data and model for the 400/0.35 p-channel MOST, see Fig. 8. In
these plots, Vs is varied in the saturation region (Vs = 3.3 V). This is exactly the
bias conditions that are used mostly in the noise measurements.

Note that this procedure (i.e. the use of the CO75FM 2.01 parameter set) has been
followed in order to obtain noise parameters which can be included in future releases
of the MM9 parameter set for CO75.

For future noise parameter extraction, we recommend to perform the noise param-
eter extraction on the same wafer as the DC parameter extraction. (This was not
possible now because the DC parameter set has been determined from earlier wafers
that did not contain the test structures used in this investigation.)

107
107

107
107
107
107
107
107
107

b (A)

Im (A/V)

Ves (V) Ves (V)

Figure 8: Drain current (Left) and transconductance (Right) in saturation
(Vbs = 3.3 V) as a function of gate-source voltage for a 400/0.35
p-channel MOST. Symbols are the data, solid line represents MOS
Model 9.

©Philips Electronics N.V. 1998 15
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4.3 Experimental setup and data handling

The experimental setup, used for the low-frequency noise measurements, is schemat-
ically depicted in Fig. 9. The device under study, which is packaged, is mounted in
a HP test fixture. The variable voltage sources Vs and Vp consist of a battery and
a potentiometer. The current fluctuations S; of the MOSFET are transformed into
voltage fluctuations Sy = Sy - R2,.., across the measurement resistor Re.s = 1 k(.
These voltage fluctuations, in turn, are amplified by an ultra-low noise amplifier,
which is also fed by batteries. The entire setup, described so far, is shielded by
a metal closet in order to avoid unwanted interference signals (mainly 50 Hz and
higher harmonics), that may spoil the noise measurements. The amplified noise
signal is now fed into a spectrum analyzer, located outside the metal closet. The
spectrum analyzer is controlled by a personal computer running a dedicated Lab-
View program. The noise spectrum was measured in the frequency range 1-1000 Hz.
Each spectrum was measured 8 times. This was done in order to check the valid-
ity of the measurements (no outliers). From these 8 spectra, both the average and
the standard deviation associated with each measurement frequency were calculated.
Typically, this standard deviation appeared to be ~ 10 % of the measurement value.
Using the experimental setup described above, noise spectra were measured for
both p-channel and n-channel devices of different geometries. Most measurements
were performed in the saturation regime, where Vpg was kept at ~ 3.3 V. For each
measurement, it was checked that it exceeds the background noise contributions of
low-noise-amplifier and measurement resistor significantly.

The spectra all showed a 1/f-like behavior. A 1/f spectral density was fitted to
the noise spectrum. Sometimes a white noise contribution was added to account for
background noise contributions. Some typical examples of measurements and curve
fits are shown in Fig. 10. The standard deviations, determined as explained in the
previous section, were taken into account in the curve fitting.

The result of the 1/f curve fit is a voltage noise spectral density at 1 Hz, which
applies to the output of the low noise amplifier. From this we calculate the voltage
noise at the input of the amplifier by dividing by 10002, i.e. the square of the
amplifier gain. Subsequently, the current noise spectral density of the MOSFET
is found by dividing by R2.... Finally, as explained in Sec. 2.2, the input-referred
voltage noise is obtained by dividing by ¢g2. The value of g,, was obtained from the
DC parameter set.

16 ©Philips Electronics N.V. 1998



Company restricted 816/98

I I Metal Closet
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Figure 9: Schematical representation of the experimental setup.
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Figure 10: Some typical examples of measured noise spectra. The dots rep-
resent the measurements, the solid line the 1/f curve fit.
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4.4 Sample-to-sample spread and comparison with HCMOS6

The input-referred 1/ f noise has been determined as a function of Vg for a number
of supposedly identical 10/5 devices. The results, for both n- and p-channels, are
shown in Fig. 11. The results for a series of 5/10 samples are shown in Fig. 12.
Both the n- and the p-channel curves show an increase of the input-referred noise
as a function of Vg, in accordance with earlier results [4]. This increase is much
more pronounced for p-channels than for n-channels. For low Vg, the lowest input-
referred noise is found for the p-channels, whereas for high Vg, the input-referred
noise of n- and p-channels is comparable. Thus the often heard statement that ‘p-
channels are less noisy than n-channels’ only applies to gate-source voltages near
VTO-

Another important observation from the measurements is the pronounced sample-
to-sample spread, which is comparable to the spread observed by de Boet [4]. Tt
is well-known that this sample-to-sample spread increases considerably for smaller
device areas. This is illustrated in Fig. 13, taken from Ref. [4], where the error bars
associated with Np are seen to increase considerably for decreasing sample area.
For a theoretical description of this sample-to-sample spread the reader is referred
to Ref. [14], where the sample-to-sample spread is associated with the stochastic
distribution of oxide traps.

Evidently, one has to take this sample-to-sample spread into account during the
measurements. Therefore it is recommended for noise measurements:

e always measure a number of devices.

e use sufficiently large devices (area > 50 um?) to reduce sample-to-sample
spread.

e use wide and short devices to keep the noise measurable (the measured noise
is proportional to W/L?).

In Fig. 11, a comparison is made between the present data on C075 silicon processed
in MOS4, and data on HCMOSG6, processed and measured in Crolles. If we assume
that the experimental setups in Crolles and Eindhoven are comparable, this leads
to the conclusion that the amount of 1/f noise in both 0.35 um processes is also
comparable.
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Figure 11: Left: Input-referred voltage noise in saturation (Vpg = 3.3 V) as
a function of gate-source voltage for various, nominally identical,
10/5 n-channel devices processed in C075. The measurements are
compared with a measurement from HCMOSG6 in Crolles. Right:
Same, but now for a series of 10/5 p-channel devices.
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Figure 12: Left: Input-referred voltage noise in saturation (Vps = 3.3 V) as
a function of gate-source voltage for various, nominally identical,
5/10 n-channel devices processed in CO75. Right: Same, but now

for a series of 5/10 p-channel devices.
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Figure 13: N as a function of device area for the C100T5 process (Crolles).
The inrease of the error bars for smaller device areas is due to the
increasing sample-to-sample spread (from Ref. [4]).

4.5 Verification of the geometrical scaling rules

Almost all noise models have a geometrical scaling

1
S -
Vgate (8 WELE
The new level 903 1/f noise model is no exception to this. The major geometrical

scaling properties of this model are found in the scaling rules for the parameters
Nra, Nrg, Nrc:

(21)

WerLer
Nia = Niag - FRUBR
FA PAR T
WerLer
Nip = Nppg - 2REER
FB FBR T
WerLer
Nico = N, — 22
FC FOR T (22)

Apart from this there are some implicit geometrical scaling via second-order effects
in Ips, scaling of the #-parameters, and the term that depends quadratically on Ips.
In order to verify this geometrical scaling, we performed noise measurements on a
series of 11 different geometries (see Table 1) for both n- and p-channels. For all the
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geometries, the input-referred noise voltage was determined as a function of gate-
source voltage for Vps = 3.3 V. This value was multiplied by the effective device
area, and divided by the effective area of the reference device (the 10/0.35 device).
The 1/f noise of the 10/5 and 5/10 devices could be measured from somewhat
above threshold up to the supply voltage. Devices which are wider and shorter,
however, have a much larger g¢,,, and therefore also a larger DC and 1/f noise
current. Therefore these devices could be measured also in the subthreshold regime.
However, they could not be measured for gate voltages as high as the supply voltage,
because the current drive capability of the experimental setup was not large enough
to keep the devices in saturation.

The results are shown in Fig. 14. It is observed that all measurements merge nicely
onto one curve. No systematic deviations for short-channel devices are observed,
and the deviations between different geometries are of the same order of magnitude
as the sample-to-sample spread for one geometry (cf. Sec. 4.4). This leads to
the conclusion that the geometrical scaling rules of the new 1/f noise model are
sufficiently accurate.

E NMOS: 11 geometries E PMOS: 11 geomeftries
~ i Vs = 3.3V i Vs = 3.3V
T o 5/10
=107k - - 1é§5

= = 50/1
= = _— - 2 - % B X 50/5
= - v o x X C . o 100/1
L A A - N *é Vv 200/0.35
n L xX B n m 200/1
' ol ¢ v ion®
45 10" o E A a I 400/5
qm?.g -V E ‘? o) 2006/1
=F B

B o

107" | | ! il | !
0 1 2 3 4 0 1 2 3 4
Vis (Vol’r) Vis (Vol’r)

Figure 14: Left: Input-referred voltage noise in saturation (Vpg = 3.3 V),
multiplied by the ratio of effective device area and effective refer-
ence device area, as a function of gate-source voltage, for a series
of n-channel geometries. Right: Same, but now for a series of
p-channel geometries.
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4.6 Parameter extraction

We have used the following parameter extraction strategy:

e Only data were used with Vps > Vir (the saturation region is the most im-

portant region for circuit simulation). Included were the measurements of
Figs. 11, 12, and 14.

e All these data are used simultaneously in fitting Ngar, Nrgr, Nrcr-

e In compact modelling we rather overestimate the noise than underestimate it.

Therefore we forced the fitted curve to the upper side of the measurements.
This was achieved in the fitting program, by taking the error, assigned to a
situation where the calculated noise exceeds the measured noise, twice the
error of the opposite situation.

e For the n-channels, Npcr was not necessary, and set to zero.

The resulting curve fit is shown in Fig. 15 for the series of 11 geometries. For
comparison, the level 902 model with the parameters from the 1.03 (A3) process
block is shown as well. All the parameters are listed in table 3.

’ SVgate (VQ/HZ)

Wg-Lg
WER-LER

22

NMOS: 11 geometries
Vs = 3.3V

PMOS: 11 geometries
Vs = 3.3V

5/10
10/5
50/1
50/5
100/1
200/0.35
200/1
400/0.35
400/1
400/5
2000/1

107

Oe« »EJLOX+D0O

T T
<
T T

107" l

Vs (Volt) Ve (Volt)

Figure 15: Same as Fig. 14, but now with the new 1/f noise model (solid

line), and the level 902 1/f noise model (dashed line).

| | | N-channels | P-channels |
Npar (V 'm™*) [39.8 x 10% [ 15.4 x 10%
NFMOD=1 | Nggr (V-'m~?) | 3.24 x 10° 0.179 x 10°
Npcr (V7 0 0.148 x 1077
| NFMOD=0 | Ngg (V?) [ 19.91 x 107" | 5.81 x 107" |

Table 3: Recommended 1/f noise parameters for C075. The parameters

Near, Nrr, Nrcr have been extracted from the present measure-
ments. The parameters Npg for the level 902 model are those found
in the 1.03 (or A3) process block.
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4.7 Improved modelling accuracy in the linear regime

The parameter extraction, as discussed above, is entirely based on saturation region
data, because of the importance of the saturation region in circuit design. It is still
interesting, however, to see how well the new model behaves in the linear regime. To
investigate this, the 10/5 p-channel device was measured for several gate voltages,
and for drain voltages ranging from 0.1 to 3.3 Volt. The result is shown in Fig. 16.
The solid lines are calculated using the new model and the parameters extracted in
the previous paragraph. The dashed line again represents the level 902 model.
Note that the calculated curves overestimate the noise somewhat throughout the
whole bias range. We will explain the reason for this now. The 10/5 p-channel
device was one of the devices discussed in the previous section. Thus the data
points for Vps = 3.3 V are also found in the right part of Fig. 15 (the triangles A).
It is seen in that figure that this particular device has a noise level which is somewhat
lower than ‘average’ (i.e. the model curve). Therefore the model curves in Fig. 16,
which are based on the same parameters, overestimate the noise as well.

Evidently, the modelling accuracy in the linear regime is enhanced considerably,
even though linear region data have not been taken into account in the parameter
extraction. Doing so would of course enhance the modelling accuracy even more.

10""E
—~ I
V
[m] GS
- 107"k N
= = g 3.3V
N> C A 2.7V
~ B ’5%}\ + 2.1V
& 10" x
N = X x X X 1.5V
9 o 0.9V
10_12 | | | | |

Figure 16: Input-referred 1/f noise for a 10/5 p-channel device for a number
of bias points in both linear and saturation regime. The solid
line represents the new model, evaluated using the parameters
extracted in Sec. 4.6. The dashed line corresponds to the MOS
Model 902 1/f noise model, using Npg from the 1.03 (or A3)
process block.
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5 Conclusion

MOS Model 9, level 903, contains a new 1/ f noise model, which accounts for the Vg
dependence of the input-referred noise, found in experiments. The model contains
three new parameters, Npar, Nrpr, and Npcr, and a switch NFMOD that selects
either the old (NFMOD=0) or the new (NFMOD=1) 1/ f noise model. The physical
background of this model has been elucidated in this report.

Noise measurements have been performed on C075 silicon. This led to the following
conclusions:

e The present 1/f noise measurements on 0.35 um silicon from Nijmegen are
comparable to the measurements performed in Crolles on HCMOS6. This is
an indication that both measurement setups are in order and that the amount
of 1/f noise in both processes is comparable.

e The geometrical scaling rules have been verified experimentally, in particular
for very wide, short devices that are important in real circuits.

e The new 1/f noise model gives much better results than the level 902 1/f noise
model, in all operating regimes of the MOSFET.

e The following set of parameters is recommended for CO75:

‘ ‘ N-channels ‘ P-channels

Npar (V7'm™) | 39.8 x 10% 15.4 x 10%

NFMOD=1 | Npgr (VIm?) | 3.24 x 108 0.179 x 108
Nrcr (V1) 0 0.148 x 107

| NFMOD=0 | Ngg (V?)

[ 19.91 x 10 ' | 5.81 x 10 '
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A Noise in MOSFETSs: theory

A.1 General method for noise calculations in MOSFETSs

First we will address the question how to calculate the current noise S;(f) on the
output terminals of a MOSFET if we know the current noise sources h(zx,t) inside
the device. We follow Refs. [7, 8, 15]. Note that the derivation is in terms of the
quasi-Fermi potential V', which makes the results valid when we have either drift,
diffusion or both as transport mechanism. In other words, the result applies to the
weak, moderate, and strong inversion regimes of the MOSFET.

The current Ipg is given by:

dv

Ins = 23
ps = g(z) dr (23)
where V' is de quasi-Fermi potential of the electrons g(z) is given by

9(x) = =WheaQi(z) (24)

where Q;(z) is the inversion charge density in C/m?.

If we have a current noise source h(z,t) in the channel the current will be Ing +
Alps(t) and the quasi-Fermi potential will be V' + AV(¢). We assume that the
source and drain voltages are constant (only Ing fluctuates), so that AV (¢) = 0 for
z =0and x = L. We have

d(V +AV(t
Ins + Alps(t) = g(V + AV (t)) ( W ®) + h(z,t) (25)
For small fluctuations this can be written using Taylor expansion as:

Ips + Alps(t) =~ {g(V) + g—éAV(t)} {% + dAd‘;(t) } + h(z,t)

~ g(V)% + g(V)dAd‘;(t) + %%AV@) + h(z, t)
= g(V)C(ll—‘; + % [g(V)AV ()] + h(x,t) (26)

The first term on the right side is equal to Ipg, so that the above equation reduces
to:
d

Alps(t) = ——[9(V)AV ()] + h(z,1) (27)

Now we integrate both sides of the equations from z = 0 to x = L. The first term
on the right side now vanishes because of the boundary conditions AV (¢) = 0 for
x =0 and x = L. Now we find:

Alps(t) = /0 C e e (28)

Now we have the relation between the current noise sources h(z,t) inside the device
and the current fluctuations Alpg(t) observed in the leads. In order to express this
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relation in terms of noise spectral densities, we first calculate the autocorrelation
function of Alps(t), i.e. the average (over time t) Alpg(t)Alps(t + s),

L L
Alos () AIns(t 1 5) = % / h(m,t)dx% / h(at, 1+ 5)da?
0

1 L L °
_ 1 / / R DR+ 5)dda’ (29)
L2 0 0

The Wiener-Khintchine theorem states that the noise spectral density of a quantity is
equal to twice the Fourier transform of the autocorrelation function [7, 8]. Applying
this theorem to both sides of Eq. (29), the noise spectral density, S;(f), is found:

L L
Si(f) = %/0 /0 Sp(x, o', f)dazda’ (30)

where Sy, (z,2', f) is the ‘spatial cross-spectral intensity’ of the noise. Now we as-
sume that we have spatially uncorrelated current noise sources. This means that
Sp(z,2', f) can be written as the product of a Dirac d-function §(z' — z) and a
function F that only depends on 2’ and f:

Sp(z, ', ) =F(', f)o(a" — x) (31)
Thus for uncorrelated current noise sources we find:
1 L
Sih) =7z [ Fla P (32)
0

If we evaluate Sr(f) in a section between z and (x + Azx) (we call this quantity
Sr.az(z, f)), we find:

_ L _ T ))

Sraxz(z, f) = Az? . F(z, f)dz = N (33)
Now we know the meaning of F(x, f):

F(z, f) = Sraz(z, f) - Ax (34)
Using this result in Eq. (32) we finally obtain:

1 /L
Si(f) = ﬁ/ Sar(z, f) - Az - dz (35)
0

Note again that this equation applies to the general case that we have both drift and
diffusion. Thus it is equally valid in the subthreshold and strong inversion regimes.
The formula (35) is somewhat counterintuitive. In fact, most people starting with
noise calculations in MOSFETSs would guess:

_ (" Svaslz, f)
se(n = [ 225t (36)

where Sy az(z, f) is the voltage noise spectral density of a segment Az. This method
of calculating the noise is sometimes referred to as the “Salami method”. Generally,
it gives wrong results because it assumes the voltage noise spectral densities of two
device segments to be uncorrelated. A discussion of this subject is found in Ref.[16].
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A.2 Application of Hooge’s law to a MOSFET

1/f noise is often characterized using “Hooge’s law”, which is an empirical relation
that reads as follows:
r 1
N f
where oy is the Hooge constant and N is the total number of charge carriers.
We will now evaluate Hooge’s law for a MOSFET, following Ref. [17]. Consider a

segment Az of the channel, containing AN charge carriers. Applying Hooge’s law
to this channel segment gives:

2 1
The integration from source to drain is performed according to Eq. 35. Thus we

assume that the current noise sources associated with each channel segment are
uncorrelated. Now we arrive at:

aH[DS /L IDsAl'd.fU
iz ), T AN

Now we use that AN = —WQ;(z)Az/q, and Ins = —W pea@i(z) 3% [i.e. Egs. (23)
and (24)]:

S] = O{H - (37)

Sar(x (38)

S; = (39)

OéHqIDsMeff
5, = Lol / —dx (40)
This finally leads to:
qprerInsVos
S;=ay - o (41)

The above formula should be valid both in subthreshold and strong inversion.
A simple formula for the strong inversion regime is obtained if we use the basic drain
current, expression

W
Ins = Meffcox (VGT——VDS) Vbs (42)

Now we find for the input referred voltage noise in strong inversion:

anq(Var — lVDS)
SVgate = . (43)
WLCo f
This result is sometimes referred to as the ‘Kleinpenning model’. Usually it is
assumed that the contribution of the pinch-off region is negligible, as confirmed by
the experiments (see Fig. 16). Then, in saturation we can simply replace Vpg in the

above formula by Vpsat &~ Vi, so that:

angVar
Sy, e 44
gate 2[1r[C’OXf ( )

©Philips Electronics N.V. 1998 29



816/98 Company restricted

30 ©Philips Electronics N.V. 1998



Company restricted 816/98

B The level 903 1/f noise model

B.1 Derivation of the model by Hung et al.

In this section, we will elucidate the mathematical derivation of the new 1/f noise
model. This is not meant to be exhaustive, but meant to give the reader an idea
how the seemingly difficult formulae of this model come about. For a full derivation
we refer to the original papers [9, 10].

The derivation starts with a calculation of the fluctuations in the number of occu-
pied traps at a position z in the channel (z is the direction from source to drain).
According to conventional number fluctuation theory this is given by:

SANt(l‘af) =

Ee pW ptox .
dny(E A 1—- ————dzdydF 45
/EV/O /0 ny(E, x,y,2) Az frp( frp) 1+ 472 f272 zay (45)

Integration has to be performed over the different trap depths z, over the various trap
energies F/, and finally over the channel width W (i.e. the y direction). It is assumed
that the distribution of traps is spatially uniform (i.e. ni(E,x,y, z) = ny(E)). The
factor frp(l — frp) expresses that a trapping process can only take place from a
filled state to a non-filled state or vice versa (fpp = [1+exp(E — Eg,))/ksT] ' is the
Fermi-Dirac trap occupancy function). Because frp(1 — frp) behaves like a delta
function around the quasi-Fermi level, ni(F) can be replaced by n(FEg,) and taken
out of the integral. The time constant 7 is given by:

T =1o(F) - exp(Yox2) (46)

where 7(E) is the time constant at the interface and v, is the attenuation co-
efficient of the electron wave function in the gate oxide. For t,, > 1/7, and
[ < 1/(271y(E)), the integration over z and y yields:

(E)AaW  [Fe

SANt(ac,f):nt o] : feo(1 = frp) dE (47)

Now the integration over the energy F has to be performed. This is facilitated using
the equality

dfrp

feo(l = feo) = —keT' - — (48)
Using frp(E.) ~ 0 and frp(Ey) &~ 1 one arrives at:
kgT W Ax
Sam. (. f) ~ m(Bim) = —— (49)

Yox f

Now that we know the fluctuations in the number of occupied traps at position x in
the channel, we are interested in their effect on the drain current Ing. As explained
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in the Sec. 3, the fluctuations of mobility and carrier number are correlated. This
leads to [10]:

2

I
D5 (R + agperN) (50)

NW Az

Sraa(@, ) = Sam (=, f)

Here, N is the carrier density, peg is the effective mobility, and ag is a scattering
coefficient, responsible for the mobility fluctuations. It has been found from inde-
pendent measurements that ag is typically 107'° Vs, and that its value decreases
with increasing carrier density due to screening effects. Furthermore, the ratio R is
introduced, defined as:

0AN
R = 51
AAN, (51)
This ratio R can be expressed as:
R G (52)

O+ O+ Cy + Oy

where C,y, C;, Cq and C}; are the oxide, inversion layer, depletion layer, and interface
2
trap capacitances, respectively. Using C; =~ k‘é—TN , this can be rewritten as

N
=—57% 53)
with
. kgT
N* = %(COX + Cy + Cyy) (54)

Note that R approaches —1 in strong inversion.

Now we are ready to perform the integration over the channel length. Assuming
that the current noise sources in each part Az of the channel are uncorrelated, the
correct method to calculate the total noise in the drain current is:

1

SI(f) = 12

/L Stac(z, f) Arde (55)
0

This formula is not trivial. The derivation, after van der Ziel, is shown in appendix A.
Combining Eqgs. (50) and (55) leads to:

B kBTIQ L R 2
Sl(f) - WW/PLSZ /0 nt(Efn) {W :tagueff] dx (56)

Just as in the derivation of I'V models, it is convenient to replace the integration
over x by integration over the quasi-Fermi potential V', using Eqs. (23) and (24),
which leads to

ke T qlIps pieg [P R? N o
Si(f) = T fLE /0 14 (Efn) W(l + asueffﬁ) dv (57)
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To proceed further, one needs to know the bias dependence of as, peg, and ng(Eyy,).
In order to keep things mathematically feasible, the following parametrization is
made:

N
ny (B ) (1 £ asueffﬁ)Z = A+ BN + CON? (58)

Using ¢N(z) = Co - [Var — aV(x)] one can replace the integration over V' by
integration over /N. Here a is the factor that corrects for the variation of the depletion
region depth going from source to drain, i.e. (14 4;) in MOS Model 9. In the linear
regime, we arrive at:

kT I o
SI(f): B4 q7IDS eft

N, N*
Aln ot

1
B(Ny — Np) + sC(Nj — N} 59
@Yox f L?Cox Nt N (No = Ni) + 50Ny = Np) | (59)

where Ny and N are the charges at the source and drain end of the channel,
respectively:

Cox

Ny = Var (60)

and

Cox

Np = : (VGT - GVDS) (61)
In saturation, there is an additional contribution of the pinch-off region. We will
not show the derivation here. According to Refs. [9, 10] the expression for the drain
current flicker noise now reads:

keTq* Inspier [, No+ N* 1o s
= Al B(Ny — N —C(N§j — N
Sr(f) o FL2Co NN TN + B(No — Np) + 20( 0 z)
AL kpTI3s A+ BNy + CN; (62)
Yox fW L? (N, + N*)?
In the subthreshold region, the noise turns out to be:
AkpTI3
Si(f) = ———22 (63)
W Lyox f N*

Here, terms with B and C' are neglected.

B.2 Rewriting Hung’s model in MOS Model 9 terms

Now we will show how we have rewritten the model by Hung et al. in MOS Model 9
terms. First, the factor a = 1 + §; is dropped from Egs. (61) and (62). We have
made this approximation to keep our model compatible with the BSIM3v3 imple-
mentation [11], which makes the same approximation. This has, however, quite
some effect on the magnitude of the calculated noise, as shown in Fig. 17.
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1 0-10

Vps=3.3 V

with (1+6,) __ - -

-

1 0-"

SVga'e (1HZ) (VZ/HZ)

10™ ! ]

Vs (Volt)

Figure 17: Example of the effect of dropping (1 + d;) from the model equa-
tions.

Next we write Cox = £, because in MOS Model 9, Co has the meaning of the total
oxide capacity (in F), and not the specific oxide capacity (in F/m?) that we need
here. Because we do not want W and L to appear on the miniset level, we solved
this by making ¢, a miniset parameter.

Now the expressions (60) and (61) for the charges at the source and drain ends of
the channel become:

€
N _ ox V 64
0= Vo (64
and
6OX
NL - qt - (VGTS — VDSI) (65)

Now we will rewrite the prefactor in Eq. (59). First we note that

_ Ho
{14+ 0:Var + 65 - (us — ugp) }

Heft (66)
Note that there is no velocity saturation (f3) in the model, just as in the original
model by Hung et al. and its BSIM implementation. Now we introduce the MOS
Model 9 gain factor [:

w
ﬂ = ,U/OCOXT (67)
and, again using Coy = 7=, arrive at
ksTq*Ipspier $1q° Ins 3 q

— . 68
o f T2~ FE {1 0 Vam + 02 (s — um)} YoWelm (68)
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Note that we replaced the drawn channel dimensions W and L by the electrical
dimensions Wg and Lg. Now we introduce the MOS Model 9 noise parameters Nga,
NFB; and NFC:

q
Noxa = A4+ — 1
" Yox LEWE
q
Neyp=B - ———— 69
e Yox LuWE ( )
q
Npc=C+ —————
re Yox LEWE

Therefore in strong inversion, the 1/f noise spectral density, denoted by S, expressed
in MM9 terms, reads:

. ¢Tq2leﬁtgx
Ssi— X
fe2 A1+ 60 Var + 03 - (us — ug) }
Ny + N* 1 9 9
Nppa - In——— + Ny - (Ny — N, — - Npc - (N5 — N, 70
FA nNL+N*+ rB - (Vo L)+2 re - (Ng r) (70)

Now we need to rewrite the pinch-off term. Therefore we need an expression for
the channel-length-modulation AL in MOS Model 9 terms. In case of pinch-off, the
drain current is proportional to:

W We 1 W
Lp—AL Ly 1-5L Ly G (71)

where Gy = 1/(1+ (AL/Lg)) is the MOS Model 9 factor describing channel length
modulation (see Eq. (2.25) in Ref. [2]). Now we see that we may write:
AL Gy—1
Ly Gs

(72)

Note that we have AL = 0 when G5 = 1, as expected. Now the full expression for
the noise in the saturation region is readily found to be:

S — ¢T qQIDsﬁtﬁx %
B fe {1+ 0 Vo + 0 - (us — ug)}
Ny + N* 1
Npa - ln———— + Npg - (Ny — N, — . Nyc - (N2 — N?
FA nNL+N*+ rB - (No L)+2 ro + (N L)]

_|_

o1 IR _ Gy —1 _ Npa + NppNVy, + NFCNE:| (73)

f Go (NL, + N*)?
Similarly, we rewrite the 1/f noise spectral density in weak inversion, denoted by
SWiZ

AR TI o ulh

Sui = DS
WLy fN? T N2

(74)
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B.3 The transition between weak and strong inversion

So far, we have shown separate expressions for Sy; and Sy, the flicker noise in the
weak and strong inversion regimes. In the BSIM3v3 model the flicker noise Sg in
the drain current is calculated as follows:

if VGT > 0.1V then : Sﬂ = Ssi

Ssi(VGT =0.1 V) X Swi
Ise: Sy = 75
O T g (Var = 0.1 V) + Sy (75)

This transition is not very smooth, as depicted in the left frame of Fig. 18. Therefore
we improved this transition for the MOS Model 9 implementation of the model:

Ssi X Swi
St S "

As shown in the right frame of Fig. 18, this transition has indeed been smoothed.
Moreover, our expression for Sy approaches the Sg; line much better in the weak
inversion regime.

Note that this transition has the consequence that the parameter Npay has to be
non-zero. This is because if Ngy = 0, the noise in weak inversion Sy; becomes zero
as well, see Eq. (74). The final result Sg, in turn, see Eq. (76), will also vanish.

‘o7 BSIM3v3 transition - MM903 transition
\ \
\ - \ -
10% - 10% -
~ \ V SWi ~ \ , Swi
I \ 4 b \ Ve
< 1oL V¥ = 1oL ¥
— \ , ~ \ /
N \ / N \ /
e \ = \
~ 107 w ~ 10" vy
g _ A g A
s \ e \
10™ 10™
107y | | | 10" | | |
0 1 2 3 0 1 2 3
Ve (Volt) Ve (Volf)

Figure 18: The transition from weak to strong inversion in the BSIM3v3
model (left) and in MOS Model 903 (right).
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B.4 The value of N*

Now we rewrite the expression for N* in MOS Model 9 terms using the well-known
relation m = mg + 1 = (Cox + Cq + Cjy) /Cox. This leads to:

N* =52 (mp + 1) (77)
qtox

Note that this differs from the BSIM3v3 implementation, where this N* has been
changed into a fixed parameter: N* = 2 x 10!* m~2. We do not know the reason for
this.
We have implemented Eq. (77) in MOS Model 9, because this turned out to give
better modelling results than setting N* = 2 x 10'* m~2. This is illustrated in
Fig. 19. In the BSIM implementation a ‘dip’ appears in the noise intensity as a
function of Vgg near Vig. In our implementation, the curve is more or less flat
around and beneath Vo, much more in accordance with our data.

. BSIM3v3 ., MOS Model 903

;f\ E N =2x10% m™? :5\ =Nt = = dr - (mo+ 1)
o B ~ B :

Z 107 A = 107

w [ & B

e 10 = 1= 10 =

= = - = =
nlin C Vs = 3.3V S C Vos = 3.3V
Sk B tall= L
Sl oo AL, = ool AL

0 1 2 3 4 0 1 2 3 4
Ves (Volt) Ve (Volt)

Figure 19: Comparison of the BSIM3v3 and the MOS model 9 expressions
for N*. Different data points correspond to 11 different PMOS
geometries, see Sec. 4.

B.5 Scaling rules

We have introduced the three (miniset) noise parameters Npy, Ngp, and Npc in
Eq. (69). Rewriting these expressions in MOS Model 9 fashion we get:

WERLER

Npy = —RUER
FA WELE FAR
ERLER
Npp = serloe 78
FB WELE FBR ( )
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Wegr Ler
Np¢ = ———— - N,
FC Weln FCR
where we have introduced the maxiset noise parameters Npar, Nppr, and Npcr.
Note that the geometrical scaling rules of the model parameters are identical to
that of Npg in MOS MODEL 9, level 902. In fact, most 1/f noise models, have the

same geometrical scaling:

SViate (approximately) (79)

m _—

WELE
The three new noise parameters on the maxiset level are Npar, NVegr, Nrcr. These
are related to the A, B, and C introduced in Eq. (58) by:

q
Y =A— 80
FAT Yox LEr WER (80)
q
N, - B.—t 81
e Yox LErRWER (81)
q
N =C+ - — 82
rer Yox LEr WER ( )

Finally we note that there are no explicit temperature scaling rules of the parameters.
However, the model equations have an implicit temperature dependence via ¢t

(= ksT/q).

B.6 Simplified model and physical interpretation of the pa-
rameters

If we simplify the model, following Ref. [18], a physical interpretation of the new
noise parameters can be given. This simplification neglects the dependences of
ny(Eg), as, and g on carrier density N. Doing so, combination of Eqgs. (58), (80),
(81), (82) gives us the following physical interpretation of the noise parameters:

q

N (P 83

PAR = Th Yox Ler WER ( )

Negr = 205 1ter Nrar (84)
N2

N — FBR 85

vow = T (85)

Thus from the parameter Ngar an “average” trap density n; can be calculated. For
NMOS, one typically finds Npar ~ 102*V~'m~* corresponding to n; = 2 x 10*m=3J~!.
Next, an “average” scattering coefficient ag can be derived from Ngggr. For a typical
value Npgr ~ 108V 'm™2 and g = 0.04m?/Vs we arrive at ag = 1071° Vs. Note
that in this simplified model Npcgr is not a free parameter anymore but follows
directly from Ngagr, Npgr. Thus if one is really interested in deriving values for ny
and ag from 1/f noise measurements, it makes sense to extract the noise parameters
under the constraint (85), as proposed in Ref. [18].

Note that in MOS Model 9, we do not use this simplified model, and we do not
recommend it for the purpose of compact modelling for circuit simulation.
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B.7 Hooge’s law

The situation where the term with Npp is the dominant term is of special interest.
This is the case when mobility scattering is the dominant mechanism, and Ng¢ is
not too big. In such a case, Eq. (59) in strong inversion simplifies to:

HerrIDsVis

Ssi = (Nrer * Lur - Wer - ¢1) - L2

(86)

This is exactly the same equation that we found in Appendix A by applying Hooge’s
law to a MOSFET, see Eq. (43), if we take the Hooge constant ay to be equal to:

ag = Nppr ' Ler - Wer * o7 (87)

Applying this to the values of Npgr found in our parameter extraction, we find for
ap values of ~ 107° for NMOS and ~ 107 for PMOS devices.
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C List of used symbols

816/98

Here we list the symbols used in this report, first the Greek symbols and then the
Roman symbols.

symbol
Oy

Qs

g

v

f)/OX

§(z' — x)
01

AL

6OX

01

02

03

Heff

Ho
-

70
P
o

a
Ca
Ci
Ci
Cox

description

Hooge constant

scattering coefficient

MOS Model 9 gain factor (miniset parameter)

frequency exponent of flicker noise

attenuation coefficient of electron wave function in gate oxide
Dirac delta-function

accounts for depletion layer depth variation from source to drain
length of pinch-off region in saturation

absolute permittivity of gate oxide

MOS Model 9 mobility reduction parameter (gate field)

MOS Model 9 mobility reduction parameter (bulk field)
MOS Model 9 mobility reduction parameter (velocity saturation)
effective mobility, defined by Eq. (66)

zero-field mobility

time constant of a trap

time constant of a trap at the Si/SiO, interface

surface potential in strong inversion

thermal voltage = kgT'/q

used in Refs. [9, 10], corresponds to (1 + d;) in MOS Model 9
depletion layer capacitance per area

inversion layer capacitance per area

interface traps capacitance per area

specific oxide capacitance

energy level

quasi-Fermi level of electrons

frequency

Fermi-Dirac occupancy function

noise figure

see Eq. (34)

carrier generation rate

transconductance

local conductivity, see Egs. (23) and (24).

MOS Model 9 factor describing channel length modulation
fluctuating current inside the device

flicker noise current

current

current flowing from source to drain

Boltzmann constant
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symbol
L

Ly

Lrr

myg

m

q

Qi

R

R

Rineas

Sh
Sh(z,z', f)
Ssi

Swi

St
SI,AI(xa f)
SVgate
SV,A:I: (.CU, f)

San,

42
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description

drawn device length

effective device length

effective device length of reference transistor

MOS Model 9 miniset parameter related to subthreshold slope
MOS Model 9 quantity, given by Eq. (2.14) in Ref. [2]
number of traps per volume and per energy

density of charge carriers

density of occupied traps

density of charge carriers at the source end of the channel
density of charge carriers at the drain end of the channel
abbreviation introduced in Eq. (54)

flicker noise miniset parameter of MOS Model 902

first flicker noise miniset parameter of new model
second flicker noise miniset parameter of new model
third flicker noise miniset parameter of new model
value of Ny for reference transistor

value of N for reference transistor

value of Nyp for reference transistor

value of Ny for reference transistor

switch in MOS Model 903 to select 1/ f noise model
first BSIM3v3 flicker noise parameter

second BSIM3v3 flicker noise parameter

third BSIM3v3 flicker noise parameter

total number of charge carriers

elementary charge

inversion charge density

carrier recombination rate

ratio of fluctuations in N and IV,

resistance value of measurement resistor

drain current 1/f noise in MOS Model 9

spatial cross-spectral intensity of h(z,t)

drain current 1/f noise in strong inversion

drain current 1/f noise in weak inversion

drain current noise

drain current noise of channel segment between z and = + Ax
input-referred voltage noise

voltage noise of channel segment between x and z + Ax
spectral density of the fluctuations in NV;

absolute temperature

oxide thickness (MOS Model 9 parameter)

V' Vs + ¢
Vs

unit
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symbol
Yi/f
v
Vb
Vbs
Vas
Vsn
Var
Vart
Vars
Vo
W
Wg

description
flicker noise voltage

externally applied voltage or quasi-Fermi-potential of the charge carriers

voltage at the drain

drain-source voltage

gate-source voltage

source-bulk voltage

gate drive Vgs — Vo

gate drive; see Ref. [2], Eq.(2.9)

gate drive; see Ref. [2], Eq.(2.26)

MOS Model 9 threshold voltage

drawn device width

effective device width

effective device width of reference transistor
direction from source to drain

direction along channel width

direction perpendicular to Si/SiO, interface
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