CHAPTER 3
RF MODELING AND
CHARACTERIZATION OF
SUB-MICRON MOSFET

3.1 Introduction

The evolution of CMOS technologies in the microwave domain has required to
develop specific characterization techniques. Methods have been developed to
determine a correct model of transistors, based on the measurement of their
true S-parameters.

Models for high frequency transistors are basically of two kinds:

- Polynomial models: They are obtain easily from measurement. They de-
scribed the behavior of devices, as black boxes. They can be easily intro-
duced in simulators. But no information about the device physic can be

deduced from these models.

- Physical small signal equivalent circuits: These circuits are usually close to
the device physic. The circuit elements have a known origin. But they are

not easily extracted from the S-parameters.

Along this chapter, techniques used to extract physical equivalent circuits of
MOSFETs are presented. They are using transistor measurements at different
bias to extract all the elements of its equivalent circuit, and they are called
“direct extraction techniques”.

The knowledge of the equivalent circuit elements is interesting to develop
circuit design methodologies, or to determine which parameters have strong
influences on the performances of MOSFETS.

In the following sections, a general equivalent circuit of MOSFET transistor

is presented. It is created based on the device physics, and its 3D structure.
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Then various techniques are presented to extract the physical equivalent circuit

of sub-micron SOI MOSFET transistors.

3.2 Small signal model of integrated SOI MOSFET

One of the advantages of SOI transistors compared to bulk device, is that at
microwave frequency, the substrate does not influence significantly the behav-
ior of transistors. Thanks to the thickness of the buried oxide, the body effect
can be neglected at high frequency [1]. There is no significant parasitic effects
related to the substrate occurring at microwave frequency. Then it is not neces-
sary to develop a four terminal model for the SOI transistor used at microwave
frequency.

In the next sections, a general equivalent circuit of SOI MOSFETSs is built,

taking into account its intrinsic behavior and its physical structure.

3.2.1 Useful effect

The useful effect of a MOSFET is its ability to control its output current (I)
when a voltage is applied to the gate (V). This behavior can be easily modeled
using a voltage controlled current source connected between the device source
and drain. The gate voltage will be applied between the gate and the source.
A preliminary equivalent circuit, modeling the useful effect of the device, can
then be drawn (Figure 3.1). The transconductance (g,,) is qualified as intrinsic
element, because it is a simple representation of the physical phenomenon,
that occurs inside of the transistor channel. The transconductance is defined

as follow
_ 0 ids

B anS Vd:VS:O (3.1)

gmi

where i, is the small variation of the drain current when a small variation
of potential (v4s) is applied to the gate. The sub-index “i” means that it is an
intrinsic element.

Even if it denotes the useful effect of the MOSFET, the equivalent circuit of

Figure 3.1 is not efficent enough to describe the behavior of the device if the
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Figure 3.1: Modeling of the useful effect of a MOSFET.

operating frequency is raised, as no parasitic elements are taken into account.

3.2.2 Quasi-static model

Because of transistors physics, there are influencies from each device terminals
on the others. These influences can be modeled by capacitances added in the
equivalent circuit (Figure 3.2). As explained in [2], all these components are bias
dependent and are related to variations of charges or currents when a small
signal is applied around equilibrium on a terminal. The capacitances between

the source, drain and gate are defined by

_04q4 _ 0da

ngi - _a,vd Vs=14=0 dg; = _a'Vg Ve=vg=0 (32)
_ 0dg _ 05

Cgsi - _a’VS Va=v4=0 sgi — _6vg Vevyg=0 (3.3)
_ _94a _04g;s

CdSi - avs Vd:Vg:() CSdi - avd Vg:Vg:() (34)

These relations can be used only in quasi-static operation. The applied small
signal is varying sufficiently slowly such as the charges respond instantaneously
to the applied signal.

Moreover, MOSFETs being inperfect current sources, an output conductance
must be added in the model. It is defined by

aids
anS Vg:VSZO

gdSi = (3.5)

The capacitances are not linked to any physical capacitor-like structure.

They are representations of the influence of a voltage applied on a terminal
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Figure 3.2: Intrinsic quasi-static model of a MOSFET.

on the charges being at another, with regards to the MOSFET physic. They are

called intrinsic capacitances.

These intrinsic capacitances may not be reciprocal. Indeed, considering an
ideal MOSFET in saturation, any variation of the drain voltage will not introduce
any variation of the output current and of the gate charges because of pinch
off. Hence the drain to gate capacitance must be equal to zero. But if the gate
voltage is changed, a variation of the current will occur, inducing a variation of
drain charges. The gate to drain capacitance will then be higher than zero, and

is different than the drain to gate capacitance.

This non-reciprocal effect can be modeled adding a parasitic element to the
transconductance, defining a new one. The new “effective” transconductance

(9m,) can be defined by

Im, Im; — jWCin, (3.6)

where Gy, = Cag, — Cyga,

Usually the non-reciprocity of capacitances is neglected when the device is
studied at microwave frequency. It is not necessary to take it into account to
model correctly MOSFET transistors up to several tens of GHz. But recently,
some authors [3] proposed a method to extract non-reciprocal capacitances for
bulk MOSFET using measurement up to 10 GHz and a extremely simplified

equivalent circuit.
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Figure 3.3: Non-quasi-static modeling of a MOSFET using several quasi-static
transistors connected together

3.2.3 Non-quasi-static model

In the previous section, an equivalent circuit of MOSFETs has been presented,
considering that charges respond without delay to the applied signal. But when
the frequency becomes higher, the charges are not able to follow the signal in-
stantaneously. This phenomenon can be observed more easily for long devices.
According to Ts1vIDIS, the upper limit of the quasi-static model is proportional

to 1/L?, L being the channel length of the transistor [2] (Figure 3.3).

To model the non-quasi-static effects, the MOSFET channel can be divided
into several small transistors connected together as presented in Figure 3.3.
Then, quasi-static models are used for all sub-transistors. This solution is used
when the values of different intrinsic elements are obtained using formulae
from physical model. If they must be extracted from measurement, this method

cannot be used, because the number of unknowns increases drastically.

Instead of dividing the MOSFET into several small transistors, the non-quasi-
static effects can be modeled by introducing new elements in the equivalent cir-
cuit (Figure 3.4) [2]. These elements introduce a delay between the signal and its
effects. They are of two kinds: intrinsic resistances (R44,, Rys;) that are in series
with intrinsic capacitances, and a time delay (T) affecting the transconductance.
The command of the voltage controlled current source is still the potential “v”

applied to the intrinsic capacitance Cgg;,.
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Figure 3.4: Intrinsic non-quasi-static model of a MOSFET

The Y-matrix of the new equivalent circuit of Figure 3.4 is given by

. Cys.: Cud. ; Cad.:

Jw<1+'1iq$l'c + Toer.oC ) —J O T erC
Y. = JWKRgs; Cgs; JWRgad; Cga; +JWRga; Cgd;
=

gm; el : Cod; : Cod;
T+jwRgs; Cgs; I QT jwRea Ca, 9T IO Csa; + T+j@Rgd, Cya,

) (3.7)

3.2.4 Extrinsic model and access elements

In the previous sections, equivalent circuits have been defined only considering
the physical properties of the MOSFET channel. They were composed of several
intrinsic elements which depend on the device dimension and on the applied
bias. But, the physical structure of the MOSFET is more complex. Because of
its geometry, some parasitic elements are surrounding the active part of the
device. And they are mainly bias independent.

In the following paragraphs, these parasitic elements are described. They
will be defined from the closest to the intrinsic to the furthest, filling the gap
between the intrinsic part of the device and the reference planes defined by the
calibration. It would lead to an astonishing and extremely complex equivalent

circuit, which could be simplified depending on the device layout.

3.2.4.1 Extrinsic capacitances

Several parasitic capacitances are located around the channel of the transistors

as presented in Figure 3.5. They are bias indepedent, and proportional to the
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Figure 3.5: Location of the extrinsic capacitances in the physical structure of
the MOSFET

transistor width. They are named extrinsic capacitances and noted with an index
“e"

The extrinsic gate to source (Cys, ) and gate to drain (Cy4, ) capacitances
are composed of two different elements. They include overlap capacitances,
located between the gate oxide and the diffusion of the source and the drain
under the gate, and fringing capacitances from the gate sides to the source and
drain implants.

The capacitance Cy;, is completely different from the two other extrinsic
capacitances. It is the expression of the coupling between source and drain
through the film of silicon, the buried oxide, and the substrate. The capacitance
Cus, 1s the simple high frequency model of a complex capacitive network.

The extrinsic capacitances are added to the previous equivalent circuit. A

new one is obtained (Figure 3.6). Its Y-matrix is given by

Yre =Y+ Ye (3.8)
jw (Cga, + Cys,) —jwCya,
where Y. = J ”?d 9 ' J@Ogd (3.9)
_J(chde Jw(cdse + Cgsg)

3.2.4.2 Extrinsic resistances and inductances

The intrinsic gate, source and drain are connected to the “outside world” by

gate, source and drain fingers. These fingers having a given resistivity, they are
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Figure 3.6: Intrinsic model of a MOSFET with extrinsic capacitances

distributed resistances (Figure 3.7).

These distributed elements are modeled by using lumped resistances called
Ry, , Rs, and Ry, , since the transistor is generally small compared to the wave

length. They are connected to the gate, the source, and the drain respectively.

The resistances R;, and R;, include the metallic losses and the contact re-
sistances between the metal and the source and drain implants. They are pro-
portional to the inverse of the transistor width. The resistance R, includes
the resistance of the gate fingers, which is proportional to the transistor width,
and the resistance of some metallic lines. These lines connect the gate fingers
together and to the reference plane. In most of the cases, the resistance of the
gate finger is much higher than the others. It is usually considered as the only

contribution to the extrinsic gate resistance Ry, .

Using the same approach, parasitic inductances can be defined. They are

called Ly, , Lg, and L;, . But, nowadays, for sub-micron MOSFETs, these in-

e

ductances are usually a few pico-Henry and are nearly negligible within the fre-

quency band of operation.

The equivalent circuit including these extrinsic elements are presented in

Figure 3.8. The Z-matrix of this circuit is defined by

Zs =Z,+Y;! (3.10)
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Figure 3.7: Distributed resistances along the fingers in the physical structure of
a MOSFET

R, +R;, + jw (L, +L R, + jwL
where Z, = Je se FJw (Lg, se) se T JWLg, (3.11)
Rse + ijge Rde + RSg + jOU (‘Lde + Lse)

3.2.4.3 Extrinsic-Extrinsic capacitances

Since the dimensions of MOSFETSs are shrinking, some parasitic couplings, which
were negligible for larger devices, cannot be longer neglected. Considering the
structure of modern MOSFETs presented in Figure 3.9, GOFFIOUL [4] has pro-
posed to model the coupling between metal lines outside the active zone by
new capacitances. These capacitances (Cys,, , Cga,, , and Cgs,, ) are connected
directly between the three terminals of the previous equivalent circuit (Figure
3.10). Since they are bias independent and proportional to the transistor width,
they are called “extrinsic-extrinsic” and noted by the index “ee” (Figure 3.10).

The Y-matrix of the new circuit is defined by

Y = Zs' + Yee (3.12)
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Figure 3.8: Equivalent circuit of a MOSFET including parasitic extrinsic resis-
tances and inductances.
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Figure 3.9: Cross section of sub-micron MOSFET using several metal layers.
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Figure 3.10: Equivalent circuit of a MOSFET including all extrinsic parasitic ele-
ments.
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Figure 3.11: Top view of two MOSFET’s, with a gate length of 0.75 pum (a) and
0.25 pum (b) with the same W/L ratio, embedded in CPW lines. The measurement
reference planes are represented by dashed lines

w0 (Cya,, + Cys,.) —jwCya,,
where Yo, = | 77 9% T T J0Tad (3.13)
_jwcgdee jw(CdSee + Cgsee)

3.2.4.4 Access parameters

Depending on the device size and the measurement method, the reference
planes after the calibration, might not be located at the edge of the active zone.
Thus metal interconnections remain at the input and at the output of the tran-
sistor, which were not cancelled by the calibration. Also, when huge devices
are measured, the ground planes of the CPW line around the transistor are cut
(Figure 3.11). Several parasitics are then introduced, and are independent of the

transistor dimension.

The parasitic effects of metallic interconnections are usually modeled by in-
ductances and capacitances. These elements are considered lossless because
their losses are negligible compared to those introduced by the extrinsic resis-

tances in SOI technologies.

Since they are bias independent and not directly proportional to the device

width, these elements are called “access”, and noted by an index “a".

The general equivalent circuit of an integrated MOSFET embedded in a CPW
line can finally be built (Figure 3.12).
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Figure 3.12: General equivalent circuit of an integrated MOSFET embedded in a
CPW line
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3.3 Extraction procedure of the small signal model

The purpose of this part is to develop a systematic characterization scheme al-
lowing us to determine correct equivalent circuits of MOSFET transistors. Based
on the general equivalent circuit proposed previously, assumptions are made
in order to simplify the equivalent circuit.

Various measurements are used to describe the different steps of the method.
In order to cover all cases that can be encounter.

The method is also applied in its entirety to a Fully Depleted, a Partially
Depleted, and a Bulk MOSFET with gate length I = 0.13um and total width
W = 10um. Only the results of the FD are presented at each step of the method,
but the transistors results obtained for the other devices are compared and
briefly discussed at the end of this section.

The transistors are embedded in CPW structure, and are measured from
40 MHz up to 40 GHz by using a VNA. The two-steps calibration technique
presented in section 2.3.2 is used to obtain the true s-parameters of the transis-
tors. The influence of the measurement pads is then canceled. After calibration,
the reference planes are defined at the edges of the transistors (Figure 3.11b).

Along the following sections, the intrinsic part of the transistors is de-embedded
of all parasitic elements. Different methods are proposed to determine the val-

ues of extrinsic components. Their advantages and drawbacks are explained.

3.3.1 Parasitic access elements

Methods description The first step of the scheme is to decide if it is neces-
sary to take into account access elements in the extraction. As explained in
section 3.2.4, these elements are necessary to model metallic interconnections
connecting the active zone of the transistor to the reference planes.

Some years ago, when the gate length of MOSFETs were in the range of
0.75um, the area of an efficient RF MOSFET was so huge that the ground plane
of the CPW was cut, and a taper was used to connect the gate fingers to the
central conductor of the CPW (Figure 3.11a). The reference plane cannot be de-

fined close to the active zone, because of the non-uniformity of the access lines.
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Figure 3.13: Considered equivalent circuit of a MOSFET to extract the access
parameters.

Complex model had to be used for access elements.

Nowadays, since the size of efficient MOSFETSs is smaller, the ground plane
of CPW lines does not require to be cut (Figure 3.11b). The influence of access

elements is then extremely small and mainly capacitive [1][4][5][6].

The usual techniques used to determine the access capacitance are based
on the depletion assumption. The transistor is biased with Vs below threshold
(Vgs << Vi) and V4 = OV. Its intrinsic part is neglected. The general equivalent
circuit can then be simplified. The considered equivalent circuit is shown in

Figure 3.13.

In most of the cases (Figure 3.13), the imaginary part of the Y-parameters
is strictly proportional to the frequency, and is approximated by the following

relations

IJ{Yn} = w(Cy, +Cga, + Cga+ Cys) (3.14)
9{Yi2} = -w(Cya, + Cqa) (3.15)
9{Yn} ~ @ (Cay+Cha, + Coa+ Cas) (3.16)
where Cga = Cga, + Cya,,

Cgs = Cgs, + Cyse

Cds = Cdse + Cdsgg

Equations (3.14)-(3.16) are not sufficient to determine the access capacitances

(Cydyas Cay Cy,)- Indeed, only their sum with the extrinsic capacitances can be
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Figure 3.14: Evolution of the capacitances measured in deep depletionatV;, =0
for various width of Partially Depleted MOSFETs with a gate length L = 0.25um

deduced directly.
To solve that problem, two different techniques can be used, depending on

the number of available devices:

1. When several devices having the same gate length and number of fingers,
but different width, are available, a linear regression between the effective
capacitances (3(Y;;)/w) and the transistors widths is used to extract rigor-
ously the access capacitances. Since the extrinsic capacitances are propor-
tional to the device width, the intersections between the lines formed by the
effective capacitances and the y-axis provide the access capacitances values.
Figure 3.14 shows the regression for PD SOI transistors with a gate length
L = 0.25um. The extracted values of Cy,, C4,, and Cy4, are equal to 15, 11,
and 7fF respectively.

2. If only one device is available, three other assumptions must be made to

extract access capacitances:

(@) The coupling between the gate and drain is negligible (Cy4, = 0)
(b) The transistor is symmetrical (Cys = Cya)

(c) Cys is small compared to Cy,

The access capacitances are renamed C; and C éu. The imaginary parts of
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Figure 3.15: Effective capacitances of a SOl PD MOSFET with a gate length L =
0.25um and a total width W = 80um. The transistor is biased at Vys = -1V
and Vi =0

the Y-parameters are given by

3{Yu} ~ (¢, + Cos+ Caa) (3.17)
I{Y2} ~ —w (Ca) (3.18)
3{Yn} ~ w(Cl, +Coa) (3.19)
where Cga = Cga, + Cyd,,

Cgs = Cgs, + Cgsee

The extraction of the access capacitances is then straightforward

C/

guzﬁ

{M} (3.20)
w .

Yoo + le}
w

Ci, = 3]
The access capacitances are deduced from the measurement shown in Fig-

ure 3.15. The extracted values of C;, and C; are equal to 10fF and 22fF

respectively.

The single transistor method induces errors depending on the physical val-
ues of Cyq, and Cy4s. The access gate capacitance is always underestimated
(Cy, = Cgo — Cga,), and the access drain capacitance is overestimated (C; =

Cda + Cds).
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Figure 3.16: Effective capacitances of a FD SOI MOSFET with a gate length L =
0.13um and a total width W = 10um at V43 = =1V and V45 = OV

Once the access capacitances are known, they can be de-embedded from the

transistor measurements (Y ,.45), using the following relations

Yl'[ = Ymeas - Ya (321)
jw(Cya, + Cy,) —jwCgya,
where Y, = J 94 g J@0Tod (3.22)
—JjwCya, Jw(Ca, + Cga,)

Experimental results The FD MOSFET transistor has been biased at Vg5 = —1
and V4 = 0. The access capacitances are extracted from the imaginary part of
the measured Y-parameters, using the single transistor method (Figure 3.16).
The extracted capacitances Cgq,, Cy,, and Cgz, are equal to OfF, 0.5fF, and
0.5 fF respectively.

These capacitances have been de-embedded from measurements using Equa-

tions (3.21)-(3.22).

3.3.2 Extrinsic-extrinsic capacitances

Method description The origin of the extrinsic-extrinsic capacitances (Cyq,, ,
Cys.. » and Cygs,, ) is the capacitive coupling between the metallic interconnection
lines outside the transistor active zone. These capacitances exist in all transis-
tors, but can usually be neglected. Because they are usually small, and their

effects are not often in the frequency band of measurement.
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Figure 3.17: Measurement of MOSFET with a gate length L = 0.25um and a
total width W = 120um requiring “extrinsic-extrinsic” capacitances. (a) Input
capacitances of a MOSFET in deep depletion, (b) real part of the Z-parameters

If they cannot be neglected, the following behaviors are observed in the MOS-

FET measurement in deep depletion:

- The effective capacitances (J (Ynij) /w) exhibit a strong variation versus fre-

quency, as shown in Figure 3.17a.

- The real parts of the Z-parameters are extremely small. They can even be
lower than zero (Figure 3.17b). This behavior is confirmed using the corre-

sponding relations deduced from the equivalent circuit.

In order to extract these “extrinsic-extrinsic” capacitances, some authors
[4] have proposed to use electrostatic simulators to estimate their value. This
technique necessitates the exact knowledge of the 3D structure of the transistor.
But usually, the complete transistor structure is not known accurately. As a
consequence, this technique is difficult to use.

A new method has been developed to deduce the capacitances value directly
from measurements [5]. The measurements made by GOFFIOUL in [4] and its
simulated results have been used to validate the proposed method.

The expression of the effective capacitance is approximated by the following

Yij Ce
o=t 5 (3:23)

equation
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where T2 is function of all of the equivalent circuit parameters and does not

depend on frequency.

The coefficients C,., C, and T2 are determined using a mean square method.
Indeed, if we call ¢, = Y;j(w = w,)/w, and d, = 1/(1 + T?w?), the coefficients

Cee, Co, and T2 are found to minimize the following expression:
N
> (€1 = Cee — Cedy)? (3.24)
1=1

The sum is made over the whole frequency range.

After differentiating this equation for each of the unknowns, and after some

basic manipulations (Appendix B), the following equations are obtained

Coe = V—Cod (3.25)

1 Y P o 1 X -
C, = lezldl—d Nl:zlcldl -yd (3.26)
cor[c,d?] = cor[c,d]cor[d,d?] (3.27)

where cor[a, b] is the correlation coefficient between a and b and the overline

represents the mean.

Equation (3.27) has to be solved numerically, by finding the roots of the

following function
F(1?) = cor[y,d?] - cor[y,d]cor[d,d?] whered, =1/(1 + T>w?) (3.28)

Figure 3.18 shows the function (‘F) versus T2, using measurements shown in
Figure 3.17a. Two roots can be determined. The first one, which corresponds
to T = 0, mustberejected. It means that the two capacitances are just connected

in parallel. The second one is used to solve the Equations (3.26) and (3.25).

Table 3.1 compares the values of the extrinsic-extrinsic capacitances ex-
tracted using Equations (3.25)-(3.27) with the values obtained from simulations.

No big differences are observed, validating the efficiency of the method.

Since the “extrinsic-extrinsic” capacitances are determined, they are de-embedded
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Figure 3.18: Determination of the roots of equation 3.27 for a MOSFET with a
gate length L = 0.25um and a total width W = 144um

Cgsee (fF) ngee (fF) ngee (fF)
Simulated Values 10 10 20
Extracted Values 11 13 35

Table 3.1: Extracted and simulated values of extrinsic-extrinsic capacitances of
a MOSFET with a gate length L = 0.25um and a total width W = 144um

from the measurement (Yyy), using the following relation

Z5' = Yn - Yee (3.29)
,w(C ee + C ee) - ,wC ee
where Yo, = | 70 0% T o) T ad (3.30)
_Jngdee Jw(Cdsee + Cgsee)

Experimental results The FD transistor measured exhibits nearly flat effective
capacitances (Figure 3.16) over the whole frequency band, then no extrinsic-
extrinsic capacitances are required in its equivalent circuit. Neither the PD
nor the Bulk MOSFET require the use of extrinsic-extrinsic capacitances in their

equivalent circuit.

3.3.3 Extrinsic resistances and inductances

Methods description Extractions of parasitic resistances and inductances are
classical topics in the field of RF characterization of integrated components.

Various methodologies have been developed to extract these parasitic elements.

88



3.3 EXTRACTION PROCEDURE OF THE SMALL SIGNAL MODEL

In the following paragraphs, some methods, which can be used for SOI MOS-

FETs, are described . They are divided into three categories:

- The depletion methods. The extrinsic resistances and inductances are ex-

tracted from one measurement made in deep depletion.

- The inversion methods, also called cold-FET methods. The extrinsic resis-

tances and inductances are extracted from several measurements made in

strong inversion (Vg >> Vi) with Vg = OV.

- The saturation methods. The extrinsic resistances and inductances are ex-

tracted from one measurement made in saturation.

Depletion method : In this method, the MOSFET is put in depletion (Vg5 <V ).

The intrinsic part of the device is neglected. The Z- param-

eters, defined by Equation (3.10), are used to extract the

resistances and the inductances using relationships given

by LOVELACE in [7]

o
|
o
It

. 1
ZZIZ ~ RSG + J(DLSe + J

o
|
&
!

1 ~ _ 1
where 7 = (Yo = (Y12, JowC

(Yol oo = (Yo 12

1
R, + jwL, +
Ge J Ge J(U 1

Rde +j(ULde + — 1
JwCs

= (Y;!

(3.31)
(3.32)

(3.33)

1 _
JjwCr —

The capacitances are extracted using the mathematical ex-

pressions of the Y-parameters

(22_1)11 ~ jw(nge + Cgsg) + €11 w?

N

M

o
U

(22_1)21 ~ jw(nge + Cdse) + €22 w?

. 2
JwCyg, + €12 W

(3.34)
(3.35)
(3.36)

where €;; is function of all parameters of the equivalent

circuit.
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Saturation method :

90

The accuracy of this method is poor for small integrated
devices [1]. Practically, the real part of the Z-parameters
are frequency dependent, because even in deep depletion,
the gate transconductance g,,, and the output conductance
Ja have a value different from zero. The imaginary parts of
the Z-parameters are affected. Few uS for g,,, and g4 are
sufficient to degrade the validity of Equation (3.31)-(3.34)
[8].

The transistor is biased in the saturation regime. The en-
tire equivalent circuit is considered, but the non-quasi-static

resistances and the source inductance are neglected.

The expressions of the Z-parameters become complicated

but can be summarized as follow

R{Zi2} = Re +3 fswz (3.37)
R{Z2 - Zi2} = Ra,+ fiﬂ (3.38)
R{Zun-Zi2} = Ry +3 f“;z (3.39)
I {¥} = Lo - B fng B wZ(BFi w?) (3.42)

where all the coefficients are frequency independent.

To find the solution of this set of equations, some authors
use an optimizer [9], or some relationships between differ-

ent Z-parameters [1].

For example, for the extrinsic resistances, the parametric
curves defined in a two-dimensional plane by
[R{Z;j}, R{Zi} ] whereij # kl are straight lines. The slope
and the intercept at the origin of that line are function of

the resistances.



3.3 EXTRACTION PROCEDURE OF THE SMALL SIGNAL MODEL

Vgs\Vas | 0.75V | 0.9V | 1.05V | 1.2V

0.6V 9.8Q2 | 10Q2 | 10.1Q

0.75V 7.9Q | 8.3Q2 | 8.4Q
0.9V 6.4Q2 | 6.8Q2
1.05V 4.75Q

Table 3.2: Extracted gate resistances fora 12 x (12.6/0.5)um MOSFET at differ-
ent polarization, using a saturation method.

Rg Lge

e

AV

o

L R
C YV

Il W=V

O

Figure 3.19: Equivalent circuit of the MOSFET used in strong inversion.

Inversion method :

This method has shown strong dependancies to the applied
bias [5]. Table 3.2 shows the extracted gate resistances of a
SOS MOSFET, with a gate length of .5um and a total width
of 120um, for various applied bias. Large variations of
the extracted values are observed, which is clearly a strong

limitation of this method.

Moreover, this method neglects the non-quasi-static effect
of the intrinsic part of the MOSFET. These simplifications

can introduce significant errors [10].

To increase the method accuracy, RASKIN [1] proposes to
use optimization steps after introducing the non-quasi-static
resistance in the model. Then, this method becomes much

more complicated.

The transistor is biased with V45 equal to zero. Several
measurements of the transistor with different gate voltages
are required [6]. As the transistor is working in the linear

regime, the equivalent circuit of the transistor is simplified
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(Figure 3.19).

Assuming that C4q = Cy4s = C, the expressions of the Z-

parameters can be approximated by

1
R{Zy —Z12} = Ra, + San (3.43)
9a
R{Z1p} = R, + L (3.44)
29a
1
RA{Zi1 —Zi2} = Ry, — 10, (3.45)
gd
3 {7222 _ Z”} = L+ S (3.46)
w 4gd
y {@} =g, 4 SF2Ca (3.47)
w 495
211—212} _ Cas (C+2Cg) 1
S{ w = La. 4gd2C 2o
_C?_
when (%aﬂ) <1 (3.49)

Practically, this condition is reached when the applied gate
voltage is at least two times bigger than the threshold volt-

age (Vg5 > Vi ).

In the MOSFET theory, the drain to source conductance is
proportional to the gate voltage in linear regime. The out-

put conductance is given by

_ HWCox
L

gdd (Vgs — Vin — nVyy) (3.50)
Then, the values of the real and imaginary part of the Z-
parameters are proportional to the inverse of the gate volt-
age overdrive (1/GVO = 1/(Vy4s — Vin)). The resistances
and the inductances are extracted using linear regression
of the real and imaginary part of the Z-parameters versus
1/(V4s — Vi) for the resistances and 1/(Vys — Vin)? for the

inductances.

In order to evaluate the accuracy of the presented methods, the intrinsic part
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T T

o Depletion
Inversion

v v Saturation

mq

Rg R4

e

Figure 3.20: Relative errors in the extraction of extrinsic elements of MOSFET
with a gate length L = 0.25 um and a total width W = 108 um. The different
triangles are for different biases in saturation.

e Rse Lge Lde Lse

of the MOSFET has been simulated using Atlas from Silvaco [11] for several
polarizations and frequencies. The transistor is a fully depleted SOI MOSFET
with a gate length I. = 0.25um. The simulated 2-ports have been embedded
with extrinsic elements using several values taken from the literature. Then, a
random variable following a Gaussian law has been added to the corresponding
S-parameters in order to generate realistic noisy data, to evaluate the robustness

of the different methods against measurement noise.

The relative error in the extraction of the extrinsic elements, defined as the

ratio between the fixed value and the extracted value, is shown in Figure 3.20.

The inversion method seems to be the most accurate one for the dimensions
of interest, which are in the submicron range. The depletion method can give
good results but it is extremely case dependent. It is also the same for the sat-
uration method, but this one exhibits also a strong dependence on the applied

bias.

After the determination of the extrinsic resistances and inductances, these

parasitic elements can be de-embedded from the data using the following equa-

tions
Y l=2s-2Z, (3.51)
R, +R; +jw (L, +L R, + jwL
where Z, = 9 st (Lo + L) e T 0% (3.52)
Rse + ijge Rde + RSg + j(D (Ldg + LSg)

93



CHAPTER 3. RF MODELING AND CHARACTERIZATION OF SUB-MICRON MOSFET
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Figure 3.21: Real part of measured Z,, of a FD SOl MOSFET (L = 0.13 um,
W =10 um)
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Figure 3.22: Real part of measured Z-parameters versus gate voltage overdrive
of a FD SOI MOSFET (L = 0.13 pym, W = 10 um)

Experimental results Since the inversion method seems to be the most accu-
rate one, it is used to determine extrinsic resistance values of the transistors.
We did not extract directly extrinsic inductances, because no significant varia-
tions of the imaginary part of the Z-parameters were observed when the gate
voltage was changed.

To apply the inversion method, the real part of the Z-parameters must reach
a plateau at a few GHz (Figure 3.21). If no plateau is observed, there must be
errors in the de-embedding of the access or extrinsic-extrinsic capacitances. The
mean values of each plateau are calculated, then they are plotted versus 1/(Vys—
Vi) as shown in Figure 3.22. Then linear regressions are made. The extracted

resistances Ry, , R, , and Ry, are equal to 570, 14Q, and 16Q2 respectively.
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3.3.4 Extrinsic capacitances

Method description The extrinsic capacitances are usually considered bias in-
dependent, and can be deduced directly from the imaginary part of the param-

eters of Y in deep depletion using the following equations

Cyso = 9 {%} (3.53)
Cya, = 3 {_ij} (3.54)
Cas, = 3 {%} (3.55)

Only a few authors [1][4] are considering these capacitances in their extrac-
tion procedure for MOSFETs. The others assume that they are part of the in-
trinsic. They concider implicitly that these capacitances are bias dependent, or
that they are negligible compared to the active capacitances.

The extrinsic capacitances are de-embedded from measurements (Y ), using

the following relation

Yi=Yr =Y (3.56)
0 (Cay + Coss)  —jCaa,
where Y, = | 70 T o 0 (3.57)
_chgdg Jw(Cﬂlse + Cgse)

Experimental results The extrinsic capacitances are extracted from the imagi-
nary part of the measured Y-parameters. The extracted capacitances Cys, , Cga, »
and Cy,, are equal to 4fF, 4fF, and OfF respectively.

The extracted extrinsic capacitance Cg4;, is always close to zero when the
single transistor method is used to determine the access capacitances (Section
3.3.1). Indeed, the effect of this physical capacitance is compensated by the

capacitance Cq,.

3.3.5 Intrinsic elements

Method description After all the previous steps, the intrinsic part of the MOS-
FET is obtained (Y;). Based on the expression of the Y-parameters of the non-

quasi-static model shown by the Equation (3.7), the values of the intrinsic ele-
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ments are given by

YlZl Yilz 1
o= - (3.58)
gml Yill + Yilz 5 {Y Jer }
i1 TR
ga = R {Yizz + YilZ} (3.59)
1
Cgsi = - 1 (3.60)
w3 {Yin*Yilz}
1
Cga, = — 7 (3.61)
w3 {Yilz}
Cdsl- — M (362)
(€3]
1
R,z = —-R (3.63)
gd; {Yilz}
1
Ry, = Ryi—0——7— (3.64)
g5 <{Yiu + Yilz }
1 S{(Yi21 _Yilz)/(]- +jUJRgS.CgS.)} }
T = —atan . — 3.65
{%{(Yim _Yilz)/(l +JngSngSi)} ( )

Experimental results Equations (3.58)-(3.64) are applied to the de-embedded
measurement, the different extracted elements are shown in Figure 3.23. Rel-
atively flat curves are obtained above a few GHz for almost all components,
except the non-quasi-static resistances. In fact, the frequency band is not wide
enough to allow determining accurately the non-quasi-static elements. Their
effects on the behavior of a deep sub-micron MOSFET are extremely small in the
frequency band of measurement. It is then extremely difficult to extract their

values.

Values for the intrinsic components have been deduced from these curves.
Then, by using the previously determined extrinsic components, the complete
model of the MOSFET has been built. The values of the equivalent circuit ele-

ments are summarized in Table 3.3.

The model is compared with measurement in Figure 3.24. Relatively good
agreement is obtained between simulation and measurement. The methodology

used is then correct for such device.
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Access capacitances
Cy, = 0.5fF | Ca, = 0.5fF | Cga, = OfF
Extrinsic resistances
Ry, =57Q | Ry, =16Q [ R, =14Q
Extrinsic capacitances
Cys. =4fF | Cas, =0fF | Cga, = 4fF
Intrinsic components
Im;, =7.6mS | ga=.72mS
Cys; = 4.5fF | Cga, = 0.26fF | Cas, = 0.3fF
Ry, = 49Q Rgyai = 0Q) T =~ .3ps

Table 3.3: Extracted parameters of the equivalent circuit of a FD SOl MOSFET

(L=0.13 um, W =10 uym) biased at Vys = 0.7 Vand V4s = 1.2V
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Figure 3.23: Parameters extracted using Equation (3.58)-(3.64) of a FD SOI MOS-

FET (L = 0.13 uym, W = 10 um) biased at Vys = 0.7 and Vs = 1.2 V
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Figure 3.24: Simulated (o) and measured (-) S-parameters of a FD SOl MOSFET
(L =0.13 yum, W = 10 uym) biased at Vys = 0.7 and Vzs = 1.2 V

3.3.6 Comparison between FD, PD, and Bulk MOSFET

One of the main differences between FD and PD or Bulk MOSFET, is that there is
a part of the substrate, located between the source and the drain, which is not
depleted. Then, the coupling between drain and source may not be accurately
model using only the capacitance Cy4. In that case, the intrinsic output con-
ductance (g4) and drain to source capacitance (Cys,), extracted using Equation
(3.59) and (3.62), will not be constant versus frequency.

By applying the extraction scheme to the PD and Bulk MOSFETS, the intrinsic
part of their equivalent circuit has been extracted. The output conductance (g4)
and drain to source capacitance (Cgs;) are given in Figure 3.25. The parame-
ters extracted from the PD are relatively flat over the whole frequency range as
for a FD transistor. The equivalent circuit is then correct to model deep sub-
micron PD transistor at high frequency. But in the case of bulk transistor, huge
variations are observed.

Thus, the equivalent circuit is not adequate to model deep sub-micron Bulk
MOSEET. It has to be completed by adding new elements between source and

drain to model the influence of the substrate.
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Figure 3.25: Output conductance and drain to source intrinsic capacitances of
a PD (a) and a Bulk MOSFET (grounded body) with a gate length L = 0.13 um
and a total width W = 10 ym biased at Vys = 0.7V and V4, = 1.2V

3.4 Conclusion

Along this chapter, an equivalent circuit of integrated SOl MOSFETs has been de-
fined. Different methods have been proposed to simplify the equivalent circuit,

and to determine the values of its components.

The described procedure has been successfully applied to deep sub-micron
FD and PD SOI MOSFETs. The influence of the substrate has been found negli-
gible for both FD and PD transistor, compared to what it is observed for Bulk

transistors.

But direct extraction techniques have exhibited some of their limits. In-
deed, the non-quasi-static elements are difficult to extract with accuracy for
sub-micron MOSFETSs as their effects is less important, in the measurement fre-
quency band (section 3.2.3). The extracted values allow us to obtain a model
that fit correctly the measurements, but they cannot be directly linked to the
device physic.

Usually, the non-quasi-static elements are easily extracted when frequency
is sufficiently high so that intrinsic capacitances are almost short-circuited. But
this condition cannot be achieved in deep sub-micron transistors for frequencies
under 40 GHz. Higher frequency measurements will be helpful if we want to

use direct extraction techniques for next generations of integrated MOSFETS.
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Otherwise, optimization should be used to determine correct equivalent circuit
of transistors.

Furthermore, the equivalent circuit considered for the intrinsic part of the
MOSFET might be not appropriate for future generations of MOSFET transistors.
Indeed, as the dimensions of the transistors are reduced, new parasitics will be
required to model the transistor. Then all the extraction methods used should
be adapted.

However, extraction techniques are still the most practical method to deter-
mine the parameters limiting the device performances, if the correct equivalent
circuit is used. When the aim of extraction is to do a technological study, and
not a modeling of MOSFET for circuit designer, MOSFET should be designed to

facilitate the extraction of the extrinsic parameters.
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