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RF MOSFET Small Signal Equivalent Circuit Model

Parameter Extraction for VVarious Biases and Geometries

Student : Kuan-Hsu Chen Advisor : Dr. Jyh-Chyurn Guo

Department of Electronics Engineering Institute of Electronics
National Chiao Tung University

ABSTRACT

Small signal equivalent circuit models and the corresponding parameter extraction
methods have been developed in this thesis for RF CMOS circuit simulation. Both two-port
3-terminal (3T) and four-port 4-terminal (4T) RF MOSFETSs are covered in this work. The
former one — 3T MOSFETs with a-.ecommon source topology is a conventional one widely
used in RF circuits, and the test-key layout is arranged in a two-port configuration with a
common ground for source and body tied together to fit the two-port RF measurement system.
In fact, source and body terminals ‘are-not always connected together in the practice of RF
circuit design, the traditional two-port test-key cannot capture a whole spectrum of 4T
MOSFET’s features and cannot adequately represent 4T MOSFET’s characteristics over high
frequencies. To solve this critical problem, the latter one — four-port 4T RF MOSFETSs are
designed and fabricated in 0.13um RF CMOS process for high frequency characterization and
model development in this work.

In this thesis, the basic principles of two-port and multi-port scattering parameters
(S-parameters) will be reviewed in the first place. Then, the small signal equivalent circuits
and parameter extraction methods developed for two-port 3T device under various biases and
geometries will be discussed in detail. Based on what have been done for two-port 3T
MOSFET, a modified equivalent circuit relevant to four-port 4T test structures, and the

corresponding fundamental works, such as de-embedding method and parameter extraction



flow have been carried out.

Finally, an extensive verification has been performed on the proposed small signal
equivalent circuit models through simulation under various biases. The model accuracy is
certified over a broad frequency up to 40GHz and various bias conditions — linear and
saturation. More importantly, the model parameters of the developed equivalent circuit
models manifest themselves a promisingly good scalability over various geometries in
MOSFETSs, such as gate lengths and gate finger numbers under a specified finger width. The
accuracy over frequencies and biases and scalability over device geometries is useful to
improve accuracy of high frequency circuit simulation and facilitate RF CMOS integrated

circuit development.
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Chapter 1

Introduction

1.1 Research motivation

In the area of RF MOSFET modeling, many interesting and challenging effects
have to be considered and implemented to achieve the desired accuracy and
scalability. Among them, it still is a challenge in the gate resistance and substrate
networks modeling and parameters extraction. It has been known that gate resistance
Is a primary source of the input impedance in an intrinsic MOSFET and the induced
excess noise will increase the thermal noise proportional to frequency. In a
conventional approach, Ry is assumed. as a constant to simplify the model formulation.
However, this assumption and.the simplified moedel are no longer valid for simulating
devices with various gate lengths in_ which poly sheet resistance and channel
resistance play a trade-off to each other.indetermining Rq. In this thesis, an improved
model is developed considering the feature of distributed TML and non-quasi-static
effect in the poly gate and conduction channel. This enhancement can help improve
simulation accuracy over a wide range of gate lengths.

As for substrate resistance existing in 4T devices like MOSFETSs, it significantly
affects the small-signal output characteristics over high frequencies and should be
taken into the model for an accurate simulation, particularly under body biasing
conditions. A simple substrate RC network adopting a single resistance is frequently
used and the accuracy was demonstrated to around 10 GHz. However, the simplified
model may lead to tremendous deviation over higher frequencies above 10 GHz and
cannot fit RF circuit simulation and design using 4T MOSFET with body biases. As a

matter fact, the development of an accurate substrate network model relies on the



four-port S-parameters, which cannot be achieved from conventionally used 3T
devices in a two-port test structure. In other words, a reliable substrate network model
and four-port 4T test structures depends on each other. In this study, four-port test
structures were designed and implemented for four-port S-parameters measurement
and model parameter extraction. Note that the supply voltage on each terminals can
be independently controlled and a dynamic body biasing scheme can be realized in
this scheme.

Based on the mentioned principles and objectives, small signal equivalent circuit
models were developed and implemented in this work for three operation conditions,
such as off-state, linear, and saturation regions. De-embedding and model parameter
extraction methods were implemented and performed on two-port 3T and four-port 4T
test structures. The model accuracy was verified through circuit simulation using ADS
and comparison with S- and Y-parameters-measured from multi-finger RF MOSFETs
with various geometries (gate lengths, finger numbers, and finger widths). In the

following, the major subject in each ehapter will be described.

1.2 Overview

The main objective of this thesis is the development of small signal equivalent
circuit models for RF MOSFETs and circuit simulation. This thesis is organized into six
chapters as follows:

Chapter 2 provides the introduction to the non-quasi-statistic (NQS) effect for
gate resistance in long channel devices and the NQS modeling in SPICE simulation.
Two-port and four-port S-parameters, as well as port reduction methods for four-port
to two-port will be covered in this chapter.—

In chapter 3 and Chapter 4, the equivalent circuit models will be developed



under different biasing conditions for two-port 3T and four-port 4T MOSFETSs,
respectively. The model parameters for both intrinsic and extrinsic components will be
extracted under appropriate bias conditions. Then, an analysis will be performed on
the extracted model parameters in the features under various biases and scalability
over different geometries.

In chapter 5, the proposed equivalent circuit models will be verified through ADS
simulation. It can be proven that the substrate network extracted from four-port 4T test
structures can provide sufficient data base in terms of four-port S- and Y-parameters
and facilitate the model accuracy for simulation under body biases.

Chapters 6 will make conclusions and address the future work for further study.



Chapter 2
Fundamental theory and RF MOSFET design

2.1 Non-quasi-statistic (NQS) effect

As the improvement of RF CMOS technology, the cut-off frequency is roughly
inversely proportional to the gate length. In the longer channel devices, the channel
charge relaxation time is finite, and then, the carries in the channel can not response
to the signal immediately. NQS effect should be included for the equivalent circuit

model to describe the device behavior accurately over a broad frequency.

2.1.1 Quasi-static (QS):model

In Quasi-static model, the channel charge is;assumed to be a unique function of
the instantaneous biases, the. charges-per unit area at any time are assumed to
identical at any position. QS model assumption is described in Fig. 2.1, the gate
capacitances are lumped into the intrinsic source and drain nodes, the signal form
gate will couple to source and drain side directly, this model ignores that the charge
built up in the center portion of the channel does not follow a change of gate biases as

readily as at the source or drain edge of channel.

2.1.2 NQS model

It has been known that the carriers in the channel can not respond to the signal
immediately nearly cut-off frequency, for long channel devices, the channel transit
time is roughly inversely proportional to (Vgs-Vth) and proportional to square of

channel length, NQS effect become pronounced in the application, considering the



input signal with rapid rise and fall times comparable to the channel transit time in Fig.
2.2, the channel charge is not a unique function of the instantaneous terminal voltage
but a function of the history of the voltage, owing to the existence of the NQS effect,
QS model will be not suit to the characteristic of devices with NQS effect at the
operating frequency accurately.

The method to model NQS effect for RF application, one solution is to represent
the channel as n transistors in series, this model wastes on the expense of simulation
time but the behavior is accurately. One solution is the RC network approach, NQS
model in BSIM3v3.2.2 was based on the circuit of EImore model, the Elmore
equivalent circuit can be viewed as a first step toward an NQS model, the channel
charge buildup is modeled with reasonable accuracy because it retains the lowest
frequency pole of the original RC network. Fig. 2.3 illustrates the QS and NQS
equivalent circuit for SPICE simulation.

The Elmore resistance Remorelis Calculated from the channel resistance in strong

inversion as
I-iff I-eff
. =— " &« Rch-~ (2.1)
o e/ueff Qch lueff Weff Coxvgst

Where e is the Elmore constant with a theoretical value close to 5 and Qch is the
total charge in the channel, this formulation is only valid above threshold where the
drift current dominates. The overall relaxation time t is model as two components: Tt
and tgir. In strong inversion region, tqrix IS dominates ; in subthreshold region, 14 IS

dominates, the relaxation time t can be written as follows:

1 1 1
=t (2.2)
T Thit Tarift

where



Tarit = REImoreCoxV\/eff Leff - \/ (2.3)
/J gst
L2
Ty = (2.9)
1644, KT

2.2 Scattering parameters

At microwave frequency the Z, Y and H parameters are very difficult to measure,
the reason is that short and open circuits to ac signals are difficult to implement at
microwave frequencies, so that, the scattering matrix are used usually in the analysis
of two port networks usually.

Considering the two-port network with incident wave al and reflected wave b1l at

portl, and incident wave a2 and.reflected wave b2 at port 2, the S parameters can be

b b, SirTom | &
oo

2.2.1 Two-port network parameters conversion

written in matrix form as:

At a given frequency, a two-port network can be described in terms of several
parameters. Therefore, there is a conversion relationship between the parameters, for

example, the conversion relation between the S and Z parameters can be shown as:
[s]=(z]+[z,D)"(z]-[z.) (2.6)
[2]=[z,X]+[sDda]-[s)™ (2.7)

where [Z,] is the characteristic impedance diagonal matrix, and [1] is the unit
diagonal matrix. The other conversions among the Z, Y, H, and S parameters also be
included in the ADS and ICCAP for using, they are useful to analyze the small signal

equivalent circuit.



2.2.2 Four-port scattering parameters

The extension of the formulation to four-port network is simple, the transmission
lines are assumed to be lossless with characteristic impedance Zy, and then, we can

write the scattering parameters of the four-port in matrix form

1

o

 [b]=[s]a] (2.8)

3

N

nw n nm wm
S

w »w »nw wm
N

w »w »nw wm
&

w w »nw wm
R
Q
N

o T T

(M4 L L%
Note that the value of Si;in (2.8) will be different from the value of S;; in a two-

port common source configuration. For example, Si; can be arranged form the S

matrix in (2.8) as

-

a'l a2=a3=a4=0

811 (2.9)

To measure S;i, the matched resistive terminations of 50Q2 are used at ports 2, 3,
and 4, and the ratio b1l/al is obtained. In a two-port common source configuration, Si;
is measured with reference resistance 50Q at port 2 and source/body grounding.
Similarly, the parameters Si,, S»1, and Sy, in four-port S matrix will be different form

the parameters in two-port matrix.

2.2.3 Port reduction method in S-parameters

Considering a 4-port networks system, the I-V relationship of the extrinsic and

intrinsic parameters can be written as a 4X4 Y matrix

R 1 | Yu Yo Y Yy |[Vi

I, _ Yu Yo Yy Yu|V,

I - Ya Yo Y Yo |V (2.10)
L I, | _Y41 Yo Yo Ya | _V4 |



According to equation (2.10), grounding a terminal is simply giving the
corresponding zero supply voltage, and the remained sub-matrix will be the Y matrix
representing the resulting configuration of the MOSFET, therefore, the 4 x 4 matrix of
the 4-port networks can be reduced to 3-port or 2-port Y matrix.

For example, the common source(CS) configuration is source (port3) and body
(port4) grounding, the CS 2-port Y matrix can be obtained by setting the Vs=Vb=0V in
the 4-port measurement, in this case, the term of source and body in (2.10) is

negligible, the reduced Y matrix can be written as

{ll} _ {Yﬂ le}[vl}
I 2 Y21 Y22 VZ

Similarly, the common gate and common drain Y matrix can be obtained by

(2.11)

setting the corresponding supplywvoltage to zero.

2.3 RF MOSFET design

To understand the dependency of device parameters, and develop better scaling
RF model at high frequency, the extraction from the measured S parameters are
presented under various bias conditions and geometries, both two-port 3T and
four-port 4T RF MOSFETs are covered in this work. In this study, four-port S
parameter measurement is supported by Radio Frequency Technology Center of
National Nano Device Laboratory (NDL RFIC). The device geometries of two-port 3T

and four-port 4T MOSFETSs are listed in Table. 2.1 and Table 2.2, respectively.

Table 2.1 The device geometries of two-port 3T MOSFETSs

L(um) | W(um) NF Dummy Pad
0.13 4 6,18,36,72
0.18 4 6,18,36,72
open short
0.35 4 6,18,36,72
0.5 4 6,18,36,72




Table 2.2 The device geometries of four-port MOSFETSs

L W NF Dummy Pad

0.13 4 6 open NF=6 |short NF=6

0.13 4 18 |Jopen NF=18 hort NE=36

0.13 4 36 |open NF=36|
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Chapter 3
Two-port 3T RF MOSFET Model Parameter Extraction

3.1 De-embedding methods and verification

The test structures of the RF MOSFET includes the actual device under test
(DUT) and parasitic components form the metal interconnections to the pad structures,
in order to model the behavior of the DUT accurately and extracting MOSFET
parameters from measured data, to build de-embedding method is necessary for the
purpose, and the de-embedding method in the thesis will use “open” and “short”

de-embedding method.

3.1.1 Open de-embedding

The dummy open pad is designed to'clear the parallel coupling capacitances, the
test structures is the full structure take off the layer under metal1(M1), and the open
de-embedding step can be describe as follows.

a. Measure the S parameters of the DUT and transform it into Y parameters.
Smea - Ymea (31)

b. Measure the S parameters of the dummy open pad and transform them into Y

parameters.
Yo, +Y, -Y,
Sopen _)Yopen ; Yopen :|: “ © e :| (32)
_ch Ycz +Yc3
c. Subtract the Y parameter of the open pad from the Y parameters of DUT.
Ymea_o - Ymea _Yopen (3.3)

Fig. 3.1 and Fig. 3.2 represent the equivalent circuit of 3T device with pad and
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dummy open pad respectively, the open pad equivalent circuit is composed of
capacitance mainly, in Fig. 3.1, Yc1 and Y¢, are coupling parameters between pads
and reference ground, Ycs is the coupling parameter between two signal pads. Zr.1 ~
Zgri 3 parameters are related to the metal line layout in each terminal of device, and the
parameters will be discussed later in section 3.1.2. So far, we can get the first
de-embed Y parameters of device, and the parameters can be used to calculate the

value of the components in equivalent circuit model.

3.1.2 Short de-embedding

The open de-embedding method can de-embed the parasitic components in
parallel with the DUT, but there are _still_the parasitic components in series with the
DUT. Thus, the dummy shart padris designed to clear the series parasitical
parameters, the dummy short “pad structures tses the layout of open pad and
connected all terminals together iin.‘metal3, the short de-embedding step can be
describe as follows.

a. Measure the S parameters of the Short pad and to execute open de-embedding.

S....—>Y

short Yshort _Yopen :Yshort_o (3-4)

short

b. Convert Ymea o and Ysnort o Parameters into Z parameters.

Ymea_o - Zmea_o ; Yshort_o - Zshort_o
_ ZF&Ll + ZRL3 ZRL3
Zshort_o - (35)
ZF€L3 ZRL2 + ZRL3

c. Subtract the Z parameter of the Zsnort o from the Z parameters of Zmea o-

Zdut = Zmea_o - Zshort_o (3.6)

Zdut - Ydut (3.7)
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Remember that all test structure have the parasitic capacitances between the
GSG pad and ground, so that, all test structure need to do the open de-embedding
first in order to substrate the coupling parameters. The equivalent circuit of short pad
is shown In Fig. 3.3, we support that there are only parasitic parameters Zgr 1~Zr.3
originate from metal interconnections between the terminal of DUT and the pad. The
intrinsic Z parameters of the DUT can be obtained through conventional open and
short de-embedding discussed above, the final Z matrix also can be converted to Y
parameters or S parameters for the need. Fig. 3.4 is a good illustration of showing

de-embedding procedures discussed in preceding paragraphs.

3.2 Parasitic resistance and inductance extraction and analysis

The two-port 3T RF MOSFET Is implemented with common source configuration
that source and body terminals_are tied together in metal3 and grounding, and the
terminals of DUT connect to GSGrpad-by metal line. In our experience, the parasitic
resistance contributed from the metal line will-affect the 1-V characteristic of DUT. For
the purpose, we will extract the parasitic RL parameters from short pad and extract RL

parameters from device directly in this session.

3.2.1 Parasitic RL extraction from short pad

The equivalent circuit of short pad after open de-embedding can be represented
as Fig. 3.5. According to the layout, the metal line connects form metal3(M3) to
metal8(M8), we assume that it is composed of parasitic resistance and inductance
only form metal interconnections between the DUT and the pad, and the parameters
with subscript “ext” to represent extrinsic RL parameters.

By analysis the Z parameters of the equivalent circuit of short pad after open
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de-embedding, the Z parameters can be express as follow:

Zshort_o _ |:(Rg,ext + j(OLg,ext)‘F (Rs,ext + J'a)Ls,ext) Rs,ext + ja)Ls,ext 3:8)

R + ja)Ls,ext (Rd ext + ja)Ld,ext)+ (Rs,ext + ja)Ls,ext ):|

s,ext

In addition, the parasitic resistance and inductance can be expressed by arrange the

(3.8) in the form.

short_o _ short_o

Rs,ext = Re(zlz - ) Ls,ext - Im(zlz )/0)
short _o short_o short _o short_o

Rg,ext = Re(zll T ZlZ - ) X Lg,ext = Im(zll - ZlZ ) @ (3.9)
short _o short _o short _o short_o

Ryext = Re(zzz =Ly ) Ly e = Im(zzz =Ly ) w

The extracted Ry ext and Ry ext have the weak frequency dependence at low frequency,
the behavior indicated that there are frequency term without considered at high
frequency probably. Although it has the behavior, the parasitic RL parameters are

extracted at low frequency.

Table 3.1 The extracted extrinsic'resistance and inductance of short pad

Extracted Rg_ext Rdzext Rs_ext Lg_ext Ld_ext Ls_ext

extrinsic RL Q) (Q) Q) (pH) (pH) (pH)

AVG(2~5G) 0.355 0.589 0.228 57.05 57.72 15.11

3.2.2 Parasitic RL extraction from device

In chapter 3.2.1, we discuss the approximate parasitic resistance and inductance
from short pad, but this part of resistance and inductance come from metal connection
between metal3 and metal8 only, in order to determine total terminal resistance come
form metall to metal8, parasitic parameters are extracted from device after open
de-embedding only directly.

When MOSFET operating in strong inversion region and V4=0V, the equivalent

circuit of DUT after open de-embedding can be represented as Fig. 3.6. Refer to the
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publishing in our laboratory, parasitic RL extraction method can be summarized as the

following equation.

Re(z2)~ chh — R, =2-Re(z) (3.10)
Re(Zl";ea—‘)): R, + Rz"h - Ry =R (3.11)
Re(z1?-°)=R, + Ry + Ry, (3.12)
Re(z-°)= R, +R; + RZ* (3.13)
Im(Z22-° )/ = L - CQ‘ZR"Z“

2
iz Yoty S -
Im(Z12-° ) = L LG = a)zlcgd

3.2.3 Frequency and bias'dependence of Parasitic RL

It has been known that gate resistance will influence the input impedance and
noise performance of RF MOSFET at high frequency, for the layout of multi-finger
MOSFET, the gate/drain terminal is used parallel structure to reduce the gate/drain
resistance. The terminal parasitic RL represents the effective lumped resistance and
inductance that consists of both intrinsic and extrinsic part.

The effective lumped resistance and inductance can be considered to have a
gate bias dependent and a bias independent component, remember that the terminal
of DUT connect to the GSG pad by metal only, it means that the bias independent
parasitic RL contributed from the extrinsic metal interconnection between M3 and M8,

and the bias dependent RL will be contributed from the intrinsic MOSFET device.
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We have extract the parameters from devices with various channel length (L) and
gate finger number (NF) at several bias conditions under the suitable frequency, and
observe that Rp and Rg are almost const in short channel device but sensitive to the
gate bias at long channel device, the parasitic resistance decreases with gate bias
increases. Thus, the optimizing Rg and Rp verse (Vgs -Vth)™ at different geometry is
plotted in Fig. 3.7 and Fig. 3.8.

The effective gate resistance that consists of the distributed channel resistance
and the gate electrode resistance, the effective drain resistance that consists of the
electrode resistance and the resistance contributed from the channel, the expression

for gate/drain resistance model can be written as:

Rc = Rg_poly-l- Rg_ch

Rg bias
= Ry const + ———— (3.15)
gs _Vth

Rp = Rd_ poly -+ Rd_ch
Rd ~ bias

o Vth

= Rd " const + (3.16)

gs

Rc versus inverse of (Vgs -Vth) is plotted to obtain Ry yoy and Ry ch, Where Ry poly
and Rg ch represent the gate bias independent resistance and gate bias dependent
resistance respectively, Ry poy can be determined from the linear regression of
measurement data intercept at (Vgs -Vth)*=0, in addition, Ry_bias iS Obtained from the
slope of the liner regression equation in Fig. 3.7. Similarly, Rq_const Can be determined
from the linear regression of measurement data intercept at (Vgs -Vth)™*=0, Rd_bias IS
obtained from the slope of the liner regression equation in Fig. 3.8. It provides that
electrode resistance is bias independent, but distributed channel resistance is bias

independent again.
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3.2.4 Device geometry dependence

In this session, we will discuss the geometry dependence of gate/drain resistance
further, the optimizing Rg verse channel length at different Vgs is plotted in Fig. 3.9, it
shows that Rg decreases first as channel length increase while showing a weak bias
dependence in the region, then to increase with channel length increase above
0.18um while showing a strong bias dependence. The channel length dependence of
R is strong on longer device and at lower Vgs.

The U-shape channel length dependence of Rg in Fig. 3.9 can be explained with
the consideration of the distributed effects in both distributed transmission line effect
on the gate and NQS effect in the channel. It has been well known that the resistance
of a poly-silicon resistor is proportional to 1/L, and resistance of NQS effect is
proportional to L.

The extracted Ry const and Ry pias decrease with increasing finger number (NF) in
the all devices, Fig. 3.10~3.13 show.that extracted Ry const, Rd_const: Rg_bias @nd Rg_pias
verse inverse of NF individually, the result support us that the linear regression of the
resistances is a good reciprocal function of NF, and the behavior proved that the
resistance originate from channel distributed effect obviously.

Using the method to separate the bias and geometry dependent and independent
component from the Rg, the total parasitic resistance Rg can be written as below,
where «,  almost is constant.

Rec =Ry _poy+ Rg _cn
= Ry _ poly + Rg _ ngs
gs _Vth
o *L
TINE NF*?V ~V,)
gs th

= Rg _ const +
(3.17)

= Rg _ext
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The calculated Ry poy and Ry ch verse channel length show in the Fig. 3.14 and
Fig. 3.15. Ry poy decrease with the channel length increasing, and Ry _cn increase with
the channel length increasing. When channel is short enough, the contribution of Rg cn
is smaller than Rg poy, Rg poy IS gate bias insensitively and dominate the total
resistance. As channel length increasing, the NQS effect is more significant, Rg_ch will
dominate the Rg, and Rg has a strong gate bias dependence. So that, it provides that
Ry poly @nd Ry ch cause the U-shape channel length dependence of the total gate

terminal resistance.

3.3 Extraction of device parameters in linear region

In this section, we will discuss that parameters extraction of MOSFET operating
in linear region. When gate voltage riszsmaller than the threshold voltage and at
Vds=0V, the equivalent circuit:of 3T device with parasitic RL parameters and substrate
network components can be“shown in-Fig. 3.16. CgsO and CgdO represent the
gate-to-source and gate-to-drain zero bias capacitances, respectively. Cgb is the total
intrinsic and extrinsic gate-to-body capacitances. Cjs and Cjd are diffusion junction
capacitances, Rsub represents the substrate resistance and Cdnw is junction

capacitance between substrate and deep N-well.

3.3.1 Capacitance extraction and analysis

Capacitances of RF MOSFET are extracted from the intrinsic Y parameters at low
frequency conventionally, short de-embedding is essential for accurate capacitances
extraction in our experience. By performing Y parameter analysis on the circuit of
intrinsic DUT in Fig. 3.17, the capacitance of equivalent circuit at low frequency can be

express by
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Im(v,2)= w(C,, ) (3.18)

—Im(Y,2)= wC,, (3.19)

Im(v2*)= w(C,, +C}) (3.20)

For Vgs>Vth, ng = ng + Cgs . For Vgs<Vthy ng = ngo + Cgso + Cgb .

Note that the capacitances Cgs and Cgd are equal almost because the symmetry
structure in this bias condition. The extracted gate capacitances includes both intrinsic
and extrinsic component of the MOSFET individually, it also can be separated the bias
dependent or independent part by the gate voltage. The extracted capacitances
appear non-smooth curve in the smaller finger number devices with the frequency,
because that small device has the small capacitances compared to the capacitances
of the open pad in operating open de-embedding, and the capacitances decreases by
a time constant decay with frequency increasing, the issue can be solved by the
goodly dummy open/short pad. Thus, we still extract the capacitances of measured

data at low frequency as the initial value of ‘the circuit.

3.3.2 Capacitance bias and geometry dependence

The gate-bias dependences of the optimizing capacitances are shown in Fig.
3.18, the intrinsic capacitance is normally bias dependent while the overlap
capacitance is bias independent. when gate voltage small than the threshold voltage,
To observe the transcapacitances conservation, the gate capacitances cab be rewrite
as the equation Cgg=Cgd0+Cgs0+Cgb, As the gate voltage increases, the channel
charges build up to increase the intrinsic component of the extracted capacitances,
when the channel charge can be supplied by source/drain to channel rather than body

in the strong inversion region, the whole Cgb capacitance which through the active
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channel area to source/drain region is very small and can be neglected, the gate
capacitances can describe as Cgg=Cgd+Cgs.

In the simplified C-V model, the gate capacitance can be described as equation
(3.21). under a given gate voltage, we will discuss the capacitance geometry
dependence, Fig. 3.19 and Fig. 3.20 show that the gate capacitances are well
proportioned to the NF and channel length, the intercept of Y-axis is much closed to

zero, and it verifies that the proposed extraction method is accurate and reliable.
Qg = Wactive LactiveCox *V (Vgs) (3.21)

3.3.3 Channel resistance extraction and analysis

When MOSFET operates at strong inversion region and Vds=0V, the extracted
channel resistance Rch discussed.above in.question (3.10), Rch is considered as a
intrinsic parameter originate form| the inversion layer channel charge, the bias, NF,
and channel length dependent are plotted in Fig. 3.21~Fig. 3.23, individually.

As the Vgs increasing, the.channel charge can be supplied by source/drain to
channel is increasing, the depths of inversion layer is increasing similarly, the behavior
will cause the Rch decrease as vgs increase, Rch also decrease as NF increase base
on the multi-finger gate/drain structure, but the total Rch is sum of the distributed
channel resistance at the source/drain direction, Rch will increase with the longer
channel length. So that, channel resistance is inverse proportion to gate voltage and
finger number but is propositional to channel length. Rch is well propositional to
geometry provided that the channel resistance is dominated by the intrinsic resistance

from the device only.

3.3.4 Substrate resistance extraction and analysis

One of the most important features to be considered when the MOSFET is
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operated at high frequencies is the impact of the substrate network on the output
impedance. This substrate network consists of the junction capacitances and the
substrate loss resistances, the drain junction capacitance and the bulk spreading
resistance are represented by Cjd and Rsub, respectively.

As the operation frequency increases, the impedance of the junction capacitance
reduces. The signal coupling through the substrate resistances from the drain to the
source and from the drain/source to the substrate contact has to be carefully
considered for the output admittance. By performing Y parameter analysis on the
circuit of intrinsic DUT in Fig. 3.17, the parameters of equivalent circuit at low

frequency can be express by:
Cy= Im(Yz‘iUt +Y3" )/a) (3.22)

R = Re(Ya" )/ o o (3.23)

We will extract the substrate parameters using (3.23) as the initial value, In order

to achieve the best fit for the simulated and measured S-parameter data, optimization
of all the RF component values must be done. The optimizing Cjd and Rbulk

geometry dependence are plotted in Fig. 3.24 and Fig. 3.25.

3.4 Extraction of intrinsic parameters in saturation region

When MOSFET operating in saturation region, the equivalent circuit of DUT after
open de-embedding can be represented as Fig. 3.26, the difference between linear
region and saturation region is the asymmetry channel structure and current gain. The
parameters gm and gds represent the transconductance and the output conductance
of the transistor respectively, and uniform channel resistance replace by R¢, , Rg4s and
Cgs parameters to express the asymmetry inversion layer.

Refer to the thesis in our laboratory, and the extraction method of element can be
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summarized as the following equation,

g = ol g, = ol
"V, T AV (3.24)
PR RCh + Rds ; Rchcgs = Rdngd (3.25)

gds ,

(3.26)

jd jd
18V =Vy=1.2v 1%V, =0, Vg =1.2v

3.4.1 Capacitance extraction and analysis

Extraction of capacitance at Vds=0V (3.18~3.20) to be suitable for use at this
condition, the gate bias dependences of extracted capacitances are shown in Fig.
3.27 and Fig. 3.28, Cgs and Cgd are composed of the intrinsic and overlap
components, the intrinsic capacitance'is - noermally bias dependent while the overlap
capacitance is bias independent. As V@gs increases, the channel charges build up and
increase the intrinsic component of the extracted capacitances.

Cgs has strong gate bias dependence in-Fig. 3.27, Cgs increases strong as gate
bias increases near subthreshold region, and is saturation gradually in the strong
inversion saturation region. Cgd only increases slightly with gate bias in Fig. 3.28,
under saturation conditions, intrinsic capacitances of Cgd are very small because that
drain voltage will deplete the drain side capacitance, and the total gate-to-drain
capacitance is dominated by the overlap capacitance.

From Fig. 3.27, it is observed that as Vds increases, there is a small increase in
Cgs., this is because the transistor is approaching the saturation region and the
channel is pinched-off when Vds=Vgs-Vth. The channel charge in the source side
increases and the intrinsic capacitance of Cgs also increases. For Cgd, when the
channel is approaching the pinch-off condition, the charge in the intrinsic drain region

decreases and this decreases the intrinsic capacitance of Cgd.
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The capacitance geometry dependence are plotted in Fig.3.29 ~ Fig. 3.32, the
gate capacitances are well proportioned to the NF and channel length as the

description in section 3.3.2.

Port 1 . Port 2
[, ZRu1 Device ZRri2 o
Yei Zri3 Yc2
[, o
Fig. 3.1 The equivalent circuit of 3T device with pad
Yecs
[, o
Yci Yc2
[, o
Fig. 3.2 The equivalent circuit of open pad
Yes
[, ZRrL1 ZRr12 0
Yei Zri3 Yc2
[, o

Fig. 3.3 The equivalent circuit of short pad
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Chapter 4
Four-port RF MOSFET Model Parameter Extraction

4.1 De-embedding methods

MOSFETs are designed as common source amplifiers in most RF circuit
application, and are implemented by the traditional two-port 3T MOSFET CS
configuration that source and body terminals are tied together in metal3 and
grounding. In fact, source and body terminals are not always connected together in
the application of RFIC design, there are some MOSFETs are designed to operate
with the body bias, such as a conventional cascade LNA with source degeneration
inductor, the body terminal is always connected to ground, but source terminal is not.

To implement the MOSFET with separate source and body terminals for
measurement, source and body terminals-will connect to signal pad of the GSG pad,
therefore, four terminal of MOSFET can supply the voltage individually for the needs.
In this study, the deep N-well (DNW) also connect to ground as the clean-cut
reference point to avoid the unanalyzable Z parameter in the four-port devices, and
the supplied body bias should be small than the turn on voltage of the junction
between the substrate and DNW. One thing is mentioned that test key layout design
must conform to the rule of four-port network measurement mechanism, and then the
area of the four-port devices will be larger than two-port conventional devices, the full

test structure and cross section of four-port devices are plot in Fig. 4.1.
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4.1.1 Open and Short de-embedding method

The two port conventional open and short de-embedding method are introduced
in session 3.1, basing on the concept of two port de-embedding method, we suppose
that the de-embedding method can be apply to the four-port devices, so that, the
unique four-port dummy open and short pad will be developed for the purpose. For the
open pad, the test structure is the full device structure take off the layer under metall
(M1), and DNW connecting to ground, the simple 3D illustration is shown in the Fig.
4.2. For the short pad, all signal terminals are connected together in metal3 on the
open pad structure, then through the M1 to the ground, remember that M1 grounding
is a necessity for the short pad, or it will be as the through pad. However, the simple
3D illustration is shown in the Fig. 4.3.

In this study, the de-embedding method of two-port devices will extend to the
four-port networks. According: to the conventional de-embedding method of two-port

devices, the step can be summarized as:

Smea — Ymea’ Sopen — Yopen ! Sshort - Yshort
Ymea_o - Ymea _Yopen
Yshort_o - Yshort - Yopen
(4.1)
Ymea_o — Zmea_o’Yshort_o — Zshort_o
Zdut — Zmea_o - Zshort_o

Following the above de-embedding step, the intrinsic device Z parameters can be
obtained, final Z matrix also can be converted to Y parameters or S parameters for the
needs, the parameters in equation (4.1) are all the 4x4 matrix, and the matrix

conversion between of S, Y and Z parameters is discussed in session 2.
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4.2 Parasitic RL extraction from short pad

The two-port parasitic RL parameters extraction method is discussed in session
3.2. For four-port devices, the equivalent circuit of short pad after open de-embedding
can be represented as Fig. 4.4. Similarly, we support that there are only parasitic RL
parameters originate from metal interconnections between the terminal of DUT and
the pad, by analysis the Z parameters of the equivalent circuit of short pad after open

de-embedding, the parameters extraction for four-port devices can be described as

Rg ext — Re(zlslhort_o o lezhort_o) Lg ext — Im(Z short_o _ lezhort_o) 0]

Ruse = RE(ZE™"=Z"%) L, Im(z;;m - ze))

Ry <R 2270) Ly oz 2o
Ryon = RE(ZI™ - Z27) Loy = Im(z27=* 2" o

Roen = RE(Z2") e 'm(Zfzh"”—")/a)

where Z3°"-0 =730 = ZS*:‘;’: 0

In equation (4.2), the subscriptvalue represents the port number for the measurement
respectively. In this study, portl, 2,3, and 4 represent that gate, source, drain, and
body respectively. The result shows that the extracted parasitic RL is not the
frequency independent parameters, it may be has a high frequency term without
considered in the equivalent circuit, and common part of the resistance is smaller than
the resistances come from metal connection between metal3 and metal8, the parasitic

RL parameters are extracted at low frequency.

4.3 Extraction and analysis of parameters in linear region

In this section, we will discuss that parameters extraction of four-port devices
operating in linear region. For four-port devices, when gate voltage is smaller than the

threshold voltage and Vds=0V, the equivalent circuit of four-port devices with parasitic
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RL parameters and substrate network components can be shown in Fig. 4.5. The
differentiation between two-port and four-port devices is the substrate networks that

connection of the body and DNW terminal is not tied together in four-port devices.

4.3.1 Extraction of parameters in linear region

The capacitances of the equivalent circuit are extracted from the intrinsic Y
parameters at low frequency conventionally, the circuit is very simple, we assume that
the components between gate and the other terminals can be considered as purely
capacitances, the terminals resistance is finite in the frequency of our consideration,
and it will be smaller than the impedance of the captaincies, according to the
assumption, Rs and Rd can be neglected at low frequency to simplified the extraction
equation.

For the four-port MOSFET, Ward=Dutton', description leads to a total of 16

transcapacitances. This set of 16 elements can: be organized as follows in a 4x4

matrix.
_ng Cgs ng Cgb |
C ng Css Csd Csb
- Cdg Cis Cu Ca (4.3)
_Cbg Cbs de Cbb 1

In this bias condition, there is not current flow through the devices, so that
terminal current does not contain any conductive current component. The elements in
each column and low must sum to zero owing to the constraints imposed by charge
conservation. As gate capacitances for example, the gate capacitances relationship
cab be represented as

Cyp =Cu +Cy +Cy (4.4)

By performing the Y parameter analysis of the equivalent circuit, the Y11
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component cab be derived as

2 2
@Ry, Cyp + J0C
252 2

YliUt = ja)Cgs + ja)ng + (4.5)

Following the Y parameter analysis, the components of Yxy(x=1~4, y=1~4) also

can be derived, under the assumption a)thfu,szb <<1, the capacitances extraction

equation can be simplified as bellow:

Co. =—IM(Y.2 )/ & = —Im(Y 2 )/ o
Cy =—IM(Y, 2 )/ = —Im(Y2 )/ 0
Cyo =—IM(Y.2 )/ &= —Im(Y )/ o (4.6)
C.=—ImY2 ) o=-Imy3) o
C o ==Im(re )/ @ Z—ImY &)/

The proposed de-embedding method is simpler than that of two-port 4T devices,
and the capacitances can be“extracted-form the intrinsic Y matrix at low frequency
directly, especially source junction'capacitance, it is hardly to extract Cjs in a
traditional two-port 3T CS MOSFET because source and body connected together.

The substrate resistance extraction tends to use the method discussed in the
two-port CS configuration devices, the 2x2 matrix will be obtained by using the port
reduction method that discussed in session 2.2.3, the remaining parameters Rs_gif,
Rq_dgit, and Cgnw also can be extraction by the reduced 2x2 Y matrix that bias at
Vg=Vd=Vs=Vb=0V in other words.

Similarly, when MOSFETs operate at the strong inversion region and at
Vd=Vs=Vb=0V, the equivalent circuit is plotted in Fig. 4.6, extraction of capacitance at
Vg=0V (4.6) to be suitable for use at this condition, and the channel resistance will be

extracted in the 2x2 matrix that reduce from the 4x4 matrix.
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4.3.2 Analysis of parameters in linear region

The extracted capacitances are plotted as a function frequency in Fig.4.7 and Fig.
4.8, the extracted capacitances Cgg, Cgs and Cgs have weak frequency dependence
at low frequency, and will be increase with the frequency increasing, there are some
inductances without de-embedding completely to cause the behavior at high
frequency. Conversely, the extracted capacitances Cgb, Cjs, and Cjd will be decease
as the frequency increase, Cgb is extracted from the imaginary part of the intrinsic Y
parameters in equation (4.6), and there is a frequency component in the denominator
with the RC component, In other words, the capacitances Cgb, Cjs, and Cjd will be
decrease as frequency increasing because of the existence of Rblk in equivalent
circuit.

The geometry dependence; of theroptimizing capacitances are shown in Fig. 4.9
and Fig. 4.10, it shows that the capacitances are well proportioned to the NF. As gate
voltage increases, the channel.charges build up to increase the intrinsic component of
the extracted capacitances and Cgs is larger than the Cgd at Vgs=1.2V, because
there are one source junction than the drain, the extrinsic capacitances with gate bias
dependency of source is more than drain.

When the channel charge can be supplied by source/drain to channel rather
than body in the strong inversion region, the whole Cgb capacitance which through
the active channel area to source/drain region is very small and can be neglected, the
value of the Cgb is close to zero at Vg=1.2V. The extracted junction capacitances also
show that the value of Cjs is larger than that of Cjd, because there is one source
junction than the drain and gate bias independent almost.

The geometry dependence of the optimizing resistances is shown in Fig. 4.11, it

iIs known that Rq oy IS gate bias insensitively and dominate the total resistance in
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shorter devices, it also show that Rg is well proportional to reciprocal function of NF.

4.4 Extraction and analysis of parameters in saturation

region

When MOSFET operates at saturation region and Vs=Vb=0V, the equivalent
circuit can be extend to four-port devices base on ones of the two-port 3T devices, the
equivalent circuit of four-port devices with parasitic RL parameters and substrate

network components can be shown in Fig.4.12.

4.4.1 Extraction of parameters in saturation region

The capacitance extraction for four-port devices at Vds=0V is discussed chapter
4.3, by performing the Y parameter analysis of the equivalent circuit, the capacitance

extraction equation at Vds=1.2V also can be written as:

C,, = Im(v2)

g9

Cp=-Im" o ¢ =—Im(Y2)/ o

is

C=-Im(r Vo ¢~ im{r)iw *.7)
Cyo =—Im(Y, )/
ol ol
On = : ;Re(ng) v Qg = : =Re(Yy) (4.8)
8Vgs ds

Note that the Yij is not equal to Yji in equation (4.7) because of the existent of current

gain and asymmetry in channel.

4.4.2 Analysis of parameters in saturation region

The extracted capacitances are plotted as a function frequency in Fig.4.13 and
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Fig. 4.14, the extracted capacitances Cgg, Cgs and Cgs is weak frequency dependet
at low frequency, and will be increase with the frequency increasing. There are some
inductances without de-embedding completely to cause the behavior at high
frequency. Conversely, the extracted capacitances Cgb, Cjs, and Cjd will be decease
as the frequency increase, and the extracted Cjs, and Cjd is almost gate bias
independence.

The geometry dependence of the optimizing capacitances are shown in Fig. 4.15
and Fig. 4.16, it shows that the capacitances are well proportioned to the NF, and the
gate capacitances relationship between of linear and saturation region is described in
two-port devices.

For the junction capacitances, according to the equivalent circuit of two-port
devices, Im(Y22) combine with Cjd, Cgd, Cds,and Cdnw, so it is hardly to extract the
Cjd in two-port devices that operate at saturation region. Contrary, it is easy to extract
junction capacitances in four-port devices,.and the extracted result shows that the Cjd
capacitances at Vds=1.2V is smaller.than oneat Vds=0V, because that the drain-body
junction with the reverse bias operation, and Cjs is a gate bias independent

parameters.
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Fig. 4.1 The cross section and structure of four-port MOSFETs
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Fig. 4.2 Four-port dummy open structure (M1)
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Fig. 4.3 Four-port dummy short structure (M3)
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O AN\ YV NN N e A A N——0 Port3
Rg,ext Ld,ext Rd,ext
st,ext
Rs,ex Rsb,ext

Port2 —

Fig. 4.4 The equivalent circuit of four-port short pad after open de-embedding
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Fig. 4.5 The equivalent circuit of four-port devices at Vgs=V4s=0V
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Fig. 4.6 The equivalent circuit of 4-port device at Vygs=1.2V, Vy4s=0V (Open_de)
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Chapter 5

Model Verification by Circuit Simulation

5.1 Equivalent Circuit model verification

In chapter 3 and 4, the proper equivalent circuit and extraction method for the
different bias condition is discussed, after the establishment of the equivalent circuit
and the extraction method of parameters, it is essential to verify the validity of the
model. Next, the proper equivalent circuit will be verified in this session, the equivalent
circuit is simulated by the Advanced Design System (ADS) simulator and ICCAP

technology in various bias conditions.

5.2 Two-port 3T MOSFETs undervarious bias conditions

In this study, three kinds of operate-bias condition to consider: 1.off state device
(Vgs=Vas=0V); 2. Strong inversion‘in liner region (Vgs>>Vin, Vus=0V); 3. Strong

inversion in saturation region (Vgs>>Vi, Vgs=1V).

5.2.1 3T MOSFETs in linear region

Fig. 3.8 is the illustration of 3T device after open de-embedding at Vys=Vgs=0V
bias condition, it has been known that substrate resistance will influence the output
impedance significantly, inversion layer still doesn’t build up in this condition, the
signal coming from drain (port2) certainly through Cjd and substrate resistances to the
ground, to improve the result between measurement and simulation, it is necessary to
adjust the substrate network parameters for optimization. Cdnw does not have the

extracted value because the combinatorial substrate network, to fine tune these two
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parameters to fit the measurement data by ADS simulation. The model parameters
optimized for 3T device under Vgs=Vds=0V are listed in Table 5.1, and the S and Y
parameters comparison of simulation and measurement after optimization are plotted

in Fig. 5.1.

Table 5.1 The optimized parameters for 3T device at Vygs=Vys=0V

=0.13 | Ls(pH) | Ld(pH) | Lg(pH) ] Rs Rd Rg | Rg_int | Rs_diff | Rd_diff | Cgd(fF) | Cgb(fF) | Cjd(fF) | Rbulk | Chulk
6 | 1752 [ 4897 [4150 | 022 | 060 | 041 | 6.11 | 1881 | 23.34 | 7.26 | 12.80 | 14.89 |203.60 | 16.78
18 [ 1752 | 47.21 | 4231 ] 022 | 0.60 | 041 | 205 | 6.81 | 7.57 | 30.56 | 15.33 | 39.68 | 79.58 | 33.42
36 | 1752 {4721 [42.27 | 022 | 060 | 041 | 1.04 | 352 | 371 |66.22 | 1842 | 7154 | 47.49 | 75.53
72 | 1752 [ 4822 [ 4254 | 022 | 060 ] 044 | 053 | 1.85 | 1.91 ]142.30 | 26.99 [138.00 | 29.58 |121.00

1=0.18 | Ls(pH) | Ld(@H) [ Lg@H) ] Rs | Rd | Rg | Rg int| Rs diff] Rd_diff | Cgd(fF)] Cab(iF) | Cid(fF) | Rbulk | Cbulk
6 | 1810 [49.81 [4243 | 022 | 060 [ 041 | 426 [ 1939 [24.12 [ 9.05 [ 1339 [ 1504 [209.20 | 16.78
18 [ 1810 [ 4786 [ 4243 T 022 {060 [ 041 [ 152 [ 731 813 T3365 [ 1678 [ 4065 [ 8625 [ 33.42
36 [ 1810 [ 4738 [ 4144 022 T 060 | 0drrfs094 [ 379 T 400 [7218 [2142 7308 [ 5271 [ 7553
72 [1810 [ 4635 [ 4254 [ 022 [ 060+ 041 [ 053 J-2.05 | 211 [152.30 [ 3290 [137.60 | 34.92 [121.00

1=0.35 | Ls(pH) | LdpH) [ LaH) | Rs | Rd | Rg | R int | Rs diff| Rd_diff | Cgd(fF)] Cgb(iF) ] Cid(fF) | Rbulk | Cbulk
6 | 18.10 | 48.22 | 4354 | 0.22 | 060 | 041 | 829 | 2025 | 25.26 | 10.05 | 1529 | 15.13 |223.50 | 16.78
18 | 1816 | 4822 | 4292 | 022 | 060 [n041 | 272 | 789 | 876 [39.01 [ 2099 [ 4268 | 9785 [ 33.42
36 | 1810 | 4753 | 4231 | 022 | 060 | 041 | 148 | 434 | 458 | 8135 | 28.16 | 75.49 | 66.38 | 75553
72 | 1801 | 4753 | 4354 | 022 | 0.60° ] 04L | 0.68 | 235 | 242 |174.20 | 48.33 |136.40 | 4857 | 12100

L=05 | Ls(pH) [ LdpH) [ LoeH) ] Rs | Rd | Rg | R int] R diff| Rd diff | Cod(iF) ] Cab(tF) Cid(fF) | Rbulk | Cbulk
6 | 1810 [ 4753 [44.80 | 022 | 060 [ 041 | 2129 [20.00 [ 2582 [ 11.41 1677 T1513 J227.60 | 16.78
18 [18.10 {4822 [ 4354 [ 022 [ 060 [ 041 [ 782 [ 792 [ 028 [ 4398 [ 24.66 | 4268 [103.00 [ 33.42
36 | 1810 [ 4822 [ 4231 [ 022 [ 060 [ 041 [ 425 [ 434 [ 528 [87.76 [ 3464 [ 75.49 [ 71.38 [ 7553
72 [1810 [4822 T 4354 [ 022 T 060 [ 041 053 [ 273 | 281 [182.20 [ 5935 [136.40 | 5457 [121.00

The equivalent circuit of 3T device after open de-embedding at Vgs>>Vth and
Vds=0V was plotted in Fig. 3.25, we supposed that the substrate network parameters
is gate bias independency, the optimized substrate parameters in above session will
be used in this circuit, the preliminary result indicate well match in terms S parameters,
but has a shift along the frequency in the Y parameter, to improve the behavior at high
frequency, terminal inductances and gate resistance will be fine tune for good match,
in fact, substrate resistance is lager than the channel resistance in this bias, and drain

signal going through channel inversion layer directly, it is almost no different by tuning
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the value of substrate resistance, the results suggest that the substrate network does
not make any effect under this bias condition. Fine tuning the parameters in these two
bias conditions repeatedly, it will be has the same value of parasitic inductance and
substrate parameters for the actuary model parameters. The S and Y parameters
comparison of simulation and measurement after optimization are plotted in Fig. 5.2,
and the model parameters optimized for 3T devices under Vgs=1V,Vds=0V are listed

in Table 5.2.

Table 5.2 The optimized parameters for 3T device at V4s=1V, Vys=0V

1=0.13 [ Ls(pH) [ Ld(pH) [ Lo@H) ] RS | RD | RG | Reh [Rs diff [ Rd diff [ Cos(iF) [ Cod()] Cid(tF) | Roulk | Couk
6 [ 1752 [ 4897 [4150 [ 019 [ 194 T 1271 1456 [ 1881 | 23.34 | 20.99 | 20.99 | 14.89 [203.60 | 16.78
18 [17220 [ar21 [ 4231 019 | 108 [ 489 | 493 | 681 [ 757 [ 5641 [ 5641 [ 30.68 | 79.58 [ 33.42
36 | 17.22 [4721 T4227 T 019 [ 080 | 2740 254 | 352 | 371 T118.40 [118.40 | 7054 T 47.49 | 75.53
72 [1752 [ 4822 [ 4254 [ 009 | 066+ 198 | 147 J-185 | 191 [23050 [230.50 [138.00 | 29.58 [121.00

1=0.18 | Ls(pH) [ LaeH) [ LgeH) ] RS | RD | RG | Reh |Rs diff [ Rd_diff | Cos(iF)[ CodiF) [ CidtF) | Roulk | Chulk
6 | 1810 [ 49.81 [ 4243 | 019 | 243 11035 2079 | 1039 [ 24.12 | 29.69 [ 29.69 | 15.04 [209.20 | 16.78
18 [ 1810 [4786 [ 4243 [ 019 [ 099 [nd06 717 | 781 | 813 [85.22 [ 8522 [40.65 [ 86.25 [ 33.42
36 | 1810 | 4738 [41.44 [ 019 | 065 ["240 [7369 [ 379 | 400 [166.70 [166.70 [ 73.08 [ 5271 [ 7553
72 1810 [ 4635 | 4254 | 0.9 | 049" 495 | 2.06 205 | 211 [334.30 [334.30 [137.60 [ 34.92 [121.00

1=0.35 | Ls(pH) [ LaeH) [ LgeH) ] RS | RD | RG | Reh | Rs diff | Rd_diff| Cas(iF) ] CodiF) [ Cid(tF) | Roulk | Cbulk
6 | 1810 [48.22 [4354 [ 019 [ 721 [ 893 [3845 [20.25 [ 2526 | 59.05 | 50.05 | 1513 [22350 | 16.78
18 [18.16 [4822 14292 [ 019 [ 196 | 313 1431 [ 7.89 | 876 [169.40 [169.40 [ 42.68 | 97.85 | 33.42
36 [ 1810 [ 4753 [ 4231 [ 019 [ 098 [ 224 [ 736 [ 434 | 458 [34150 [341.50 [ 75.49 [ 66.38 [ 75.53
72 (1801 [4753 [ 4354 [ 019 [ 076 | 143 [ 412 [ 235 | 242 [690.20 [690.20 [136.40 | 4857 [121.00

=05 | Ls(pH) | Ld(pH) | Lg(pH) | RS RD RG Rch | Rs_diff | Rd_diff | Cgs(fF) | Cgd(fF)| Cid(fF) | Rbulk | Chulk
6 |1810 | 47.37 [43.20 | 019 | 813 | 825 [ 5537 | 20.09 | 25.82 | 87.13 | 87.13 | 15.63 | 227.60 | 16.78
18 [ 1810 | 47.98 | 4475 | 019 [ 239 | 3.69 | 20.75 | 7.92 | 9.28 |220.40 | 220.40 | 37.07 ] 103.00 | 33.42
36 1820 [ 4758 [ 4227 | 019 | 1.06 | 196 | 11.07 | 434 | 528 |467.60 |467.60 | 72.38 | 71.38 | 75.53
72 ] 1820 | 4658 [ 43.85 | 0.19 | 063 | 155 [ 6.19 | 2.73 | 2.81 ]903.80 | 903.80 |142.90 | 54.57 |121.00

5.2.2 3T MOSFETs in saturation region

The equivalent circuit of 3T device after open de-embedding at Vgs>>Vth and

Vds=1V was plotted in Fig. 3.39, the equitant circuit is most complicated one because
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the current gain and asymmetry between source and drain along the channel. in this
bias condition, the optimized substrate network and parasitic RL parameters in Table
5.2 is used for the simulation, there exists large deviation in the simulation S, from
the measurement, according to the equivalent circuit, the output impedance compose
of the Rouik, Cjd, Reh, Ras, Cds, Om and ggs. The re-optimization required for gm come
from the parasitic resistance effect on Id and gm, and the deviation in gqs will impact
Rchand Rys derived form the reciprocal of gqs, therefore, re-tuning and optimization on
the motioned parameters to enable fit to measurement by simulation. Through the fine
tuning by manually and optimization automatic by the simulation tool ICCAP. The S
and Y parameters comparison of simulation and measurement after optimization are
plotted in Fig. 5.3, and the model parameters optimized for 3T devices under

Vgs=Vds=0V are listed in Table 5.3.

Table 5.3 The optimized parameters for 3T device at V4= Vgs=1V

[=0.13] RS RD RG | Cgs(fF) | Cgd(fF) | Cjs(fF) | Cjd(fF) | Rch |CDS(fF)] RDS |gm(mS)|gds(mS)
6 0.19 194 | 12.71 302 | 10.327)'14.89 | 11.17 |357.70 | 130.32 | 282.49 | 23.99 | 1.60
18 0.19 213 11035 | 40.75 | 10.91 | 15.04 | 11.28 |546.10 | 33.65 |#####H##H# 19.77 | 0.66
36 0.19 721 | 893 75.15 | 13.04 | 15.13 | 8.28 |856.00 | 11.07 [###H] 12.68 | 0.15
72 0.19 8.13 | 8.25 1199 | 13.34 | 15.63 | 11.07 |#HH##| 5.11 || 10.23 | 0.18

L=0.18] RS RD RG | Cgs(fF) | Cgd(fF) | Cjs(fF) | Cid(fF) | Rch |CDS(fF)] RDS |gm(mS)|gds(mS)
6 0.19 1.08 4.89 7876 | 30.57 | 39.68 | 29.76 |136.77 | 282.49 | 154.18 | 69.80 | 5.11
18 0.19 0.99 4.06 1129 | 34.26 | 40.65 | 30.65 ]198.33 | 91.90 |677.33 | 56.00 | 2.40
36 0.19 1.96 3.13 2024 | 38.39 | 42.68 | 26.42 |383.00 | 37.07 |###HH###] 38.60 | 0.62
72 0.19 2.39 3.69 325 | 43.32 | 37.07 | 24.99 |497.60 | 29.11 [HHHHH# 29.11 | 0.38

1=035] RS | RD | RG | cCgs(F)[Cad(fF)] CistF) | CidF) | Reh |cDSER)] RDS gm(mS)[gds(ms)
6 | 010 | 080 | 274 | 1429 | 67.32 | 7154 | 53.68 | 85.98 |739.10 | 80.50 |143.50 | 10.05
18 | 0.19 | 065 | 240 | 2036 | 75.05 | 73.08 | 54.81 |145.20 | 125.40 | 277.60 | 103.00 | 4.50
36 | 010 | 098 | 224 | 415 | 76.3L | 75.49 | 49.00 | 193.60 | 80.35 |787.60 | 73.00 | L.22
72 | 019 | 1.06 | 1.96 | 6334 | 79.69 | 72.38 | 53.08 | 254.60 | 72.95 |ww####] 5730 | 0.55

L=05 | RS | RD | RG Jcus(tF)] codtF)] Cis(tF) | Cid(fF) | Reh [cps@ER)] RDS [am(ms)[gds(ms)
6 | 019 | 066 | 1.98 | 2515 [140.10 [138.00 [105.00 | 60.94 [assaes] 51.50 [221.00 | 18.00
18 | 019 | 049 | 1.95 | 3669 | 15550 |137.60 [ 104.20 | 94.60 |256.40 | 97.50 [193.40 | 6.80
36 | 019 | 076 | 143 | 787 |167.90 | 136.40 | 91.72 |118.40 [174.20 |310.10 [138.30 | 1.60
72 [ 019 [ 063 | 1.60 | 1128 |172.20 [142.90 | 80.35 | 165.20 | 123.50 | 853.40 [ 109.90 | 0.85
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5.3 Four port MOSFETs under various bias conditions

For four port devices, three kinds of operate bias condition to consider: 1.off state
device (V¢s=Vgs=0V); 2. Strong inversion in liner region (V¢=1.2V, V4s=0V); 3. Strong

inversion in saturation region (Vg=1.2V, Vys=1.2V).

5.3.1 4T MOSFETs in linear region

The equivalent circuit of four-port devices after open de-embedding at
V4=V4=Vs=Vp=0V was plotted in Fig. 4.7. Using the extracted model parameters for
primary simulation and fine tune the parasitic inductance according to the imaginary
part of Y parameters along the frequency, gate resistance according to the Re(Y1;) at
high frequency, substrate resistancé according to the Im(Y24), Im(Y3s4) with the RC
decay behavior, in this condition, to maintain the charge conservation in body terminal,
it should be add a parameter Chb in body terminal, and use a parameter Rbb connect
with Cbb to control the RC dec€ay behaviors in' Im(Y44), and Cbb can be calculated
from the equation (5.1).The modified equivalent circuit are plotted in Fig. 5.4 and Fig.
5.5, the substrate networks compose with a lumped RC equivalent circuit in a
multi-finger device, to simplify substrate networks, substrate resistance represent as a
total distributed effect resistance, and Cbb represent as the nearest capacitance
between substrate and DNW, when the impedance of Cbb smaller than the Rbulk with
operate frequency increasing, the body signal can coupling to DNW by the Cbb
directly and connection to GND with a resistance. The S and Y parameters
comparison of simulation and measurement after optimization are plotted in Fig.
5.6~Fig. 5.13. And the model parameters optimized for four-port devices under

Vg=Vd=0V are listed in Table 5.4.

Cip TCw = IM (Yﬂlm 'Y4d1Ut 'Y4d2Ut 'Y4d3ut )/ @ (5.1)

dnw —
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Table 5.4 The optimized parameters for four-port device at Vgs= Vgs=0V

NF [ Lg(pH) | LspH) [ LdpH) | Lb(pH) | RG RS RD | RB [ Rs_diff [ Rd_diff
6 |6965 6954 [6659 [ 6512 [ 1661 | 073 [ 073 | 073 | 2011 | 26.82
18 | 79.65 | 7359 [ 7959 | 7690 | 811 | 073 [ 073 [ 073 | 866 | 963
36 | 8164 [ 7959 [8159 | 7911 [ 502 | 071 [ o073 [ 073 | 417 | 440

NF_ | Cgs(fF) | Cgd(F) [ Cab(F) | Cis(tF) | Cid(fF) | Rbulk Jcdnw(F] Cob(tF)| Rbb
6 | 11.06 | 11.06 | 2.84 | 26.19 | 16.09 | 352.13 | 24.04 | 39.25 | 93.60
18 [ 27.47 [ 28.08 [ 1055 | 6017 [ 5034 [ 27251 [ 27.76 [ 61.02 [ 103.12
36 | 55.15 | 56.62 | 21.05 | 110.10 | 98.40 | 185.70 | 66.10 | 75.46 [ 113.78

According to the equivalent circuit of four-port device after open de-embedding at
Vg>>Vth, Vd=Vs=Vb=0V and the additional substrate parameters Cbb, Rbb, the
model parameters optimized for four-port devices under Vg=1.2V, Vd=0V are listed in
Table 5.5.

One thing mentioned that the substrate networks component is ignorable in
two-port 3T devices in this supplied_bias-condition, because channel resistance is
smaller than the impedance of 'substrate network from drain to source. For four-port
devices, owing to body terminal connected to signal pad and separate from source
terminal, substrate resistance will affect the behavior in body terminal directly, it is
essential element to model the substrate network. Looking at the parameters that Ygg,
Yep, Yps, and Ypp can be express the two-port CS configuration MOSFET
characteristic under this bias condition, it is always unchanged with the varying Rpui
and the result is expectable.

Table 5.5 The optimized parameters for four-port device at Vgs=1.2V, Vys=0V

NF | Lg(pH) | Ls(pH) [ Ld(pH) | Lo(pH) | RG RS RD | RB [ Rs_diff [ Rd_ diff

6 69.65 | 69.54 | 66.59 | 65.12 | 16.61 0.73 0.73 0.73 20.11 | 26.82

18 79.65 ] 73.59 | 79.59 | 76.90 8.66 0.73 0.73 0.73 8.66 9.63

36 81.64 | 79.59 | 8159 | 79.11 5.24 0.71 0.73 0.73 4.17 4.40

NF | Rch | Cgs(fF) | Cgd(F)] Cab(F) | Cjs(F) | Cid(fF) | Rbulk |Cdnw(fF] Cbb(fF) | Rbb

6 16.16 | 19.10 | 17.21 0.10 2821 | 16.19 35213 | 24.04 | 39.25 | 93.60

18 5.66 | 60.60 | 50.18 0.01 69.61 | 54.77 ]272.51 | 27.76 | 61.02 |103.12

36 2.85 |129.11 | 85.76 0.02 ]118.40 | 108.50 | 185.70 | 66.10 | 75.46 | 113.78
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5.3.2 4T MOSFETSs in saturation region

The equivalent circuit of four-port device after open de-embedding at
V4=V4s=1.2V, Vs=Vb=0V was plotted in Fig. 4.20, it must be add a current gain gmo
parameters between drain and source to fit the Im(Y24) and Im(Ys4), the current gain
dmb Can be extracted from the Re(Yqp). The modified equivalent circuit is plotted in Fig.
5.14, the S and Y parameters comparison of simulation and measurement after
optimization are plotted in Fig. 5.15~Fig. 5.18. And the model parameters optimized

for four-port devices under Vgs=Vds=1.2V are listed in Table 5.6.

Table 5.6 The optimized parameters for four-port device at Vgs=Vys=1.2V

36 215.14 | 29.22 | 31.77 86.12 | 10.72 | 28.60
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NF Lg(pH) | Ls(pH) | Ld(pH) | Lb(pH) | RG RS RD RB | Rs_diff | Rd_diff
6 69.65 | 69.54 | 66.59.3} 65.12 | 16.36 | 0.73 0.73 0.73 | 20.11 | 26.82
18 79.65 | 73.59 | 7959 | 76.90 | 8.50 0.73 0.73 0.73 8.66 9.63
36 81.64 | 79.59 | 8159 79.11 4 5.28 0.71 0.73 0.73 4.17 4.40
NF Cgs(fF) | Cgd(fF) | Cgb(fF) | Cjs(fF) | Cjd(fF) | Rbulk JCdnw(fF)] Cbb(fF)] Rbb
6 21.66 | 11.24 | 0.80 | 28.29 | 1047 |352.13 | 24.04 | 39.25 | 93.60
18 64.84 | 29.52 261 | 69.61 | 32.68 |27251 | 27.76 | 61.02 |103.12
36 127.00 | 65.49 | 5.02 ]118.40 ] 69.32 ] 185.70 | 66.10 | 75.46 | 113.78
NF Rds Cds Rch Gm(ms) | Gds(ms)|Gmb(ms)

6 1630.00 | 5.92 | 302.00 19.50 1.90 3.96

18 323.38 | 8.30 |]185.43 51.62 | 5.59 14.10
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Fig. 5.6 The measured and simulated Mag(S) of 4-port devices at Vgs=Vds=0V
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Fig. 5.8 The measured and simulated Re(Y) of 4-port devices at Vgs=Vds=0V
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Fig. 5.9 The measured and simulated Im(Y) of 4-port devices at Vgs=Vds=0V
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Fig. 5.11 The measured and simulated Phase(S) of 4-port devices at Vgs=1.2V, Vds=0V
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Fig. 5.14 The modified equivalent circuit.of 4-port device at V4s=1.2V, Vys=1.2V
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Fig. 5.15 The measured and simulated Mag(S) of 4-port devices at Vgs=Vds=1.2V
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Fig. 5.18 The measured and simulated Im(Y) of 4-port devices at Vgs=Vds=1.2V

84



Chapter 6

Conclusions and Future Work

6.1 Conclusions

Base on the small signal equivalent circuit and model parameter extraction
method are proposed previously in our laboratory, to develop the equivalent circuit
and extraction method relevant to the test structures under various biases further,
both two-port 3T and four-port 4T RF MOSFETSs are covered in this work.

An extensive verification has been performed on the proposed small signal
equivalent circuit models through simulation under various biases. The model
parameters manifest a good scalability over gate lengths and gate finger numbers
under a specified finger width.: The accuracy over frequencies and biases and
scalability over device geometries is useful to improve accuracy of high frequency

circuit simulation.

6.2 Future Work

6.2.1 Parasitic resistance extraction

According to the equivalent circuit of short pad, the extracted resistance should
be frequency independent, the extracted results show that the common part of
resistance is almost const with the frequency, but the terminal resistance is not. To
develop the parasitic resistance and inductance extraction method and the suitable

dummy structure to de-embed in the future.

6.2.2 Substrate resistance extraction

Substrate resistance is a significant parameter for the MOSFET modeling, the
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substrate network parameters extraction discussed in many researches, and it is a
challenging issue for the accuracy extraction and modeling until now, it is mentioned
that the substrate resistance effect the Im(Y24) and Im(Y34) with the frequency, in this
study, substrate resistance extracted from the reduced 2x2 matrix, according to the
equivalent circuit of four-port MOSFET, it is a feasible way to extract substrate
resistance directly on four-port MOSFET in theory, even when the MOSFET operate

at saturation region.

6.2.3 Small signal equivalent circuit with body biases

The equivalent circuit established in three kinds of different operate region, the
simulation result is approximately match, with measurement when Vds=0V, but the
equivalent circuit operate at saturation:region, the output impedance have to improve
the extraction method and modified the equivalent circuit to make the accurate
simulation behaviors.

According to four-port devices, intraduction of the equivalent circuit establishment
and the extraction method when Vbs=0V. it is necessary to develop the equivalent
circuit when operate with body biases in the feature, it have to include the asymmetry
channel phenomenon, transcapacitances, transconductance (gm, gds, gmp), the
complicated substrate networks and others physical mechanism parameters in the

completed MOSFET small signal equivalent circuit modeling.
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