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Chapter 1.0 Introduction

1.1 General Review of CMOS Technology

Recently, with the rapid growth of CMOS@plementary Mtal xide Semiconductor) tech-
nology, it comes to be considered as the mainstream due to its low cost, low power and high
integration, etc. CMOS technology is also employed for RF applications. RF CMOS applica-
tion is discussed in section 1.1.1.

However, with aggressive scaling down of device, several serious issues, e.g. short-channel
and narrow width effects, impact ionization and gate leakage current, etc. have come out.
Especially, gate leakage current is the most serious issue, because it makes difficult to realize
Low Stand-by Power (LSTP) of CMOS devices. To control this, materials with high dielectric
constant, so-called High-k, for gate oxide as replacement for Bée attracted attention.
High-k technology is discussed in section 1.1.2.

Furthermore, modeling and simulation technology is also important for developing every
areas such as device fabrication and/or circuit design, to reduce cost and time. Requirements
for modeling and simulation technology is discussed in section 1.1.3.

1.1.1 RF CMOS Applications

Si
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Figure 1. Application spectrum : (a) ITRS2003 Edition and (b) ITRS2005 Edition

Recently, with the developement of a highly-information-oriented society, the radio-frequency
(RF) wireless communications market dramatically grows up. In the future, the demands of RF
wireless technology will continue to increase all the more in various area, e.g. our dalily life,
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industrials and medicals. These demands are realized by the developement of semiconductor
products.

Beforetime, the compound semiconductors composed of elements from Grauna O in
the periodic table such as SiGe, GaAs and InP had mainly dominated for high-speed communi-
cations and RF applications as shown in Figure 1-(a) [1]. However, RF CMOS application has
been researched and developed by Universities in Europe and the United States cheifly [2][3],
and then RF CMOS technology gets to be considered as the mainstream due to its low cost, low
power, high integration and easy access to the technology, even though the compound semicon-
ductors still dominate out of 5GHz as shown in Figure 1-(b) [4]. Since RF characteristics, such
as the cut-off frequency-({fand the maximum oscillation frequency.f, of Si ULSI come to
advance up to several dozen GHz (see Tabglavailable bandwidth increases and the signal
frequency transmitted to interconnection of LSI comes to over GHz. Thus, CMOS technology
comes to be important for both the RF technology of wireless applications and digital LSI ap-
plications. The feature that CMOS circuit configuration and multi-layer interconnections are
available for RF applications are also attractive. However, there are some challenges for RF
CMOS applications in the following:

1. The necessity of optimization at semi-restricted process conditions.
2. The difficulty of adopting high resistive substrate.
The solution of these challenges is necessary for RF CMOS applications.

Table 1: The roadmap of RF CMOS characteristics [5]

| Year || 1995[ 1997 1999] 2001[ 2003 ] 2005] 2007 2009 |
Gate length [nm] 250 | 180 | 140 | 120 | 100 | 70 | 50 | 35
Gate width [um] | 200 | 150 | 110 | 100 | 80 | 80 | 50 | 35
fr [GHZ] 39 | 50 | 65 | 80 | 105 | 145 205 | 420
foex [GHZ] 39 | 42 | 46 | 50 | 60 | 62 | 68 | 85
NFw @2GHZz? || 0.3 [ 0.26 | 0.22| 0.17| 0.14 | 0.13| 0.1 | 0.08

INFmin is the minimum noise figure. For evaluating RF device characteristics, the cutoff frequenapef
maximum oscillation frequencyn{fy) and the minimum noise figure (NI) are usually emoloyed. In this paper,
fr and fraxare only discussed.
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1.1.2 High-k Gate Materials

As stated previously, with its agressive scaling-down of CMOS devices, CMOS technology
come to play a important role in digital and/or analog applications. However, MOS structure
device have a rule, so-callé¢lde scaling ruleswhich make physical effects on device complex

and difficult. Table 2. shows the scaling rules for various device parameters. In this table,

scaling factor ik>1.

Table 2: Miniaturization with scaling factor &f[6].

| Parameter | Initial | Scaled]
channel length L L/k
channel width W W/k
total device area A A/K
gate oxide thickness Tox Tolk
gate capacitance Cox Coaxk
junction depth Xi Xilk
power supply voltage Vad Vadk
threshold voltage Vin Vi/k
substrate doping concentration Nsus | Nsusx k
S/D doping concentration | Nso | Nsoxk

As to gate oxide thicknessxIwhich plays an important role in MOS structure device, with
scaling aggressively, oI become too thin and the gate leakage current density will become
increase as shown in Figure 2. This is the most serious issue in Si MOS device.

To control the gate leakage current, many materials as replacaement fonvt8ch have a
high dielectric constant, have been researched. Other keywords for High-k are its band gap,
band alignment to silicon, thermodynamic stability, film morphology, interface quality, process
compatibility and reliability. In this thesis, sub-100 nm RF CMOS with HfSION high-k gate

dielectrics will be evaluated.
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Figure 2: Prediction of equivalent oxide thickness and the maximum gate leakage current den-
sity variation [4]

1.1.3 Requirements for Modeling and Simulation

To reduce development cycle times and costs which are pretty important factors in a commercial
sense, modeling and simulation are one of the few enabling methodologies. With the continuous
developing of device modeling and simulation, it will realize to reduce costs shown in Figure 3.
predicted by [4].
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Figure 3: Technology-development cost reduction (due to TCAD)

The flowchart from device fabrication to circuit design is simply shown in Figure 4. Device
parameters are extracted from fabricated device, and then extracted parameters are used for
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Figure 4. lllustration of the flowchart from device fabrication to circuit design

circuit design if available.

The purpose of parameter extraction is to obtain the most accurate model parameters possi-
ble directly from the measured data. Over 100 transistor models, including Level 1, Level 2,
Level 3, BSIM, HSPICE Level 28, BSIM2, BSIM3, Model 9, EKV Model and BSIM4, has
already existed and developed for digital, analog and mixed-signal applications. The model for
the intrinsic device should be derived with the inclusions of most, if not all, important physi-
cal effects in a modern MOSFET, such as normal and reverse short-channel and narrow width
effects, channel length modulation, drain induced barrier lowering (DIBL), velocity saturation,
mobility degradation due to vertical electric field, impact ionization, band-to-band tunneling,
polysilicon depletion, velocity overshoot, self-heating, channel quantization. Also, the continu-
ities of small signal parameters such as transconductanoceh&nnel conductance:and the
intrinsic transcapacitances must be modeled properly.

Recently, these models all are extended for use in RF applications. However, at RF region,
as the parasitic componets influence to device performance severely, it is difficult to predict
device behavior accurately compared to the MOSFET modeling for both digital and analog
applications at DC and low frequencies. Therefore the RF modeling accuracy of the existing
CMOS compact model in commercial circuit simulators is not satisfactory. As stated previously,
with the fast growth in wireless communication market, RF designers have begun to explore the
use of CMOS devices in RF circuits. Thus, accurate and efficient RF MOSFET models are
required. A common modeling approach for RF applications is to build sub-circuits based
on MOSFET models that are suitable for analog applications. The accuracy of such a model
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depends on how to establish a sub-circuit with the correct understanding of the device physics
in high frequency operation, and how to extract parameters appropriately for the elements of
the sub-circuit. Only problem is simulation time become so long.

1.2 Motivation of This Study

In this thesis, the RF performance of a 0.18 um CMOS logic technology and sub-100 nm High-
k MOSFET is assessed by evaluating the cutoff and maximum oscillation frequenciesl (f
fnas).

As to a 0.18 um RF CMOS evaluation, five different layout devices are campared with, and
verified what affects to device RF performance. In conclusion, we will propose the adequate
layout device for RF application.

Secondly, sub-100 nm High-k RF MOSFET with SION and HfSION gate dielectric are eval-
uated. Up to now, RF performance for High-k RF CMOS have been hardly reported. In this
work, test device measured up to 40 GHz and is also assessed by evatuatiddi.

1.3 Outline of the Thesis

This thesis is composed of six chapters. In this chapter, we describe the background of this
study, perspective on CMOS technology, futere requirements of gate dielectrics technology(High-
k) and requirements for modeling and simulation, and motivation of this study. In chapter 2,
we will discuss the methodologies of two-step de-embedding and modeling with a compact
model BSIM3v3. Furthermore, the methodologies of extrinsic paramter extraction for a RF
CMOS transistor are also discussed. In chapter 3, the RF performance of a 0.18 um CMOS
logic technology, which has already been adopted in products, will be assessed by evaluating
the cutoff and maximum oscillation frequenciesdhd f.x). And next, the leading-edge High-

k RF CMOS will be assessed by the same method in chapter 3. for the different laid-out RF
CMOS devices. In the last chapter, we will summarize our works and the conclusions will be
stated with further issues and expectation for the future works.
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Chapter 2.0 Methodology of RF Measurement and] 0 O [0
00 O Modeling

2.1 RF Measurement

Recently, with the growth of radio-frequency (RF) wireless communications market, the re-

quirements for RF applications increase. Therefore, at that stage of development, accurate RF
measurement must be performed. It is well-known that accurate RF measurement on wafer is
difficult due to system and device parasitics. So two-step correction procedure has to be done

as below:

1. Calibration
- The measurement system has to be calibrated, defining a reference plane for the S-
parameter measurements at the probe tips using a standard calibration technique (SOLT,
LRM etc. ).

2. De-embedding
- The on wafer parasitics have to be characterized, so that from the measurement the

actual transistor two-port parameters can be obtained.

If calibration is performed exactly, S-parameters of inner reference plane can be obtained.
Secondly, device parasitics must be de-embeded, which methodology is discussed in the next

section.

2.1.1 De-embedding

Resistance, capacitance or inductance included in the interconnect lines or bonding pads, which
could neglect approximately in DC measurements (not completely neglect as concerns the in-
terconnect lines resistance), largely influence to device RF performance. To evaluate intrinsic
device at high frequency, these parasitic components must be removed. De-embedding is the
method of removing parasitic componets.
For sub-micron transistors, the extraction is very sensitive to the input/output pads de-embedding.

If the de-embedding is not complete, the correct values of the equivalent circuit components
from direct extraction results may not be obtained. Different de-embedding techniques have
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been developed based on different calibration test structures [7]-[10]. In this section, the de-
embedding procedure based on @RENandSHORTcalibration test stractures shown in Fig-
ure 5. which has been widely used in RF measurements for different technologies is introduced.

ﬁ Eﬁ

2y
—H
25

(a) (b)

Figure 5: lllustrations of the test structures for a two-step calibration of S-parameter measure-
ments; (a) test structure with DUT and equivalent circuit used for the two-step method including
all parasitics surrounding the transistor. ; @ENtest structure and equivalent circuit used for

the two-step method including the parallel parasities Y2 and Yes. ; (c) SHORTtest structure

and equivalent circuit used for the two-step method including the series parasitiZs And

Zis.

A suitable equivalent circuit illustration of a DUT with its surroundings is given in Figure
5-(a). It shows the actual transistor as a two-port, embedded in parasitics of the interconnect
lines and bonding pads, i.e. both the parallel parasitigsY¥. and Y:s and the series parasitics
Zu, Zi» and Zs surrounding the transistor.

An OPEN interconnect pattern as is shown in Figure 5-(b). This measurement provides
us with theOPEN Y-parameters, ¥ew As a transistor measurement includes all parasitics
surrounding the transistor,o¥r are obtained. As first step, to remove the parallel parasitics,
Eq.(2-1) is done.

YTr = YDUT - YOPEN (2_1)

8
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For low impedance or high transconductance devices, the series parasitics in the interconnect
lines must be taken into account, even at fairly low frequencies. Thi&1@RTpattern shown
in Figure 5-(c) must be measured, providing BIdORTY-parameters, ¥orr. This result is
used to determine losses and phase rotation in the interconnect lines.

Assuming such an equivalent circuit, the series impedances can now easily be found from the
short measurement by assuming a T-network model with impedanges-And Zs as shown
in Figure 5-(c). TheSHORTY-parameters are first corrected for parallel parasitics obtained
from theOPENmeasurement and transformed to Z-parameters:

Zin+ Zs 213
213 Lo+ Zrs

Simple mathematics show that for a configuration as in Figure 5-(a) with impedanc&s. Z

) = (Ysnorr — Yoren) (2-2)

and Zs in series with a linear two-port the Z-parameters of the two-port can be found by sub-
traction of the Z-parameter matirix for the T-network from that of the total.
The actural transistor Y-parameters can be obtained from:

Yir = ((Ypur — Yoren) ™ — (Ysuorr — Yoren) ™')™ (2-3)

with Your as the measured Y-parameter matrix of the transistor together with parasiticsrand Y
as the actual transistor Y-parameter matrix. In this paper, this procedure is refered to as the
two-step method.

2.1.2 RF Characteristic

In evaluating device RF performance, some indicators are employed such as the cut-off fre-
qguency f, the maximum oscillation frequency.f the minimum noise figure Nf (and some-

times 1/f noise). Sincerfand fax are considered as qualitative indicators of the frequency
response of a transistor, there are many other elements that can affect the device performance.
In this section, fand f..x are discussed especially.

2.1.2.10 The cut-off frequency : fr

fris defined as the transition frequency which small-signal current gain drops to unity. Itis a
measure of the maximum useful frequency of a transistor when it is used as an amplifier.

fr can be easily obtained by converting measureg&ameter to H parameter.

9Im
= 2-4
Jr 2 Cys ( )

9
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2.1.2.20 The maximum oscillation frequency : frax

fris surely a good indicator of the low-current forward transit time. However, as a perfor-
mance indicator, it does not include the effects of gate resistanaehith are very important
in determining the transient response of a transistor. So a indicator includiefjeRts have
been proposedyd. fraxis the frequency at which the unilateral power gain becoms unity.

fmax = fT (2—5)
21/gas(Ry + Ra) + 27 fr Ry Ca

2.2 Modeling of DC Model

Since BSIM3v3 (Erkley S$hort-channel GFET Model 3 version 3) develped by UCB (Uni-
versity of California, Berkley) had been chosen for a standard compact model in 1995, this
model have been widely used for digital and analog circuit design. A philosophy embedded
in the BSIM3 model is to find a physically accurate functional form to describes a physical
phenomenon and then use fitting parameters and even empirical terms to achieve quantitative
match with the device characteristics.

In this chapter, several models for DC parameter extraction such as thresholod voltage model
and I-V models etc. in BSIM3v3 are described. In addition to this, extrinsic parameters ex-
traction methodologies for a sub-circuit model are also described. With recent fast growth in
the radio-frequency (RF) wireless communications market, the requirements for an accurate RF
compact model rapidly increase. As the parasitic influences at high frequency are described in
section 1.1.3, extrinsic parameters should be extracted accurately.

2.2.1 Threshold Voltage Model

Accurate modeling of the threshold voltagenf\6s one of the most important requirements for

the precise description of a device electrical characteristics. By using the threshold voltage,
the device operation can be divided into three operational regions. If the gate voltage is much
larger than W, the MOSFETS is operating in the strong inversion region and the drift current is
dominant. If the gate voltage is much less thanttie MOSFET operates in the weak inversion

or subthreshold region and diffusion current is dominant. If the gate voltage is very closg to V

10
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the MOSFET operates in the transition region called moderate inversion where both diffusion
and drift currents are important.
The complete VW expression in BSIM3v3 is as following [12]:

Vi = VTHO + K1(\/¢, — Vi, — \J0,) — K2V;,

NLX TOX
—1)y/bs + (K34 K3B - Vi) -4,
W @s + (K3 + bs) éff+W0¢

FK1( 1+
Legy

L. L
—DVTO0(exp(—DVT1 2lff) +2exp(—DVT1 lff))(vbi — ¢s)
t t

Le Le
—(exp(—DSUB=Y1) 1 2 exp(—DSUBl—ff))(ETAO + ETABVy)Vy,

2ltO t0

WeppLeys WeppLers
—DVIOW (exp(=DVTIW =400 4 g exp(—DvTiw ==y (1, —6,) - (2-6)
tw tw

In this equation, the second and third terms are used to model the verical non-uniform doping
effect, the fourth term is for the lateral non-uniform doping effect, the fifth term is for the narrow
width effect, the sixth and seventh terms are related to the short channel effect due to DIBL,
and the last term is to descibe the small size effect in devices with both small channel length
and small width. A simpler model forMwvould be preferred if it could offer the same adequate
accuracy.

In this work, since the fifth, sixth and last terms are not considered for DC parameter extrac-

tion, only considering terms will be introduced.

2.2.1.10 Modeling of the Vertical Non-uniform Doping Effects

Vi = Vino + (/65 — Vo — /) (2-7)

From Eq.(2-7), the threshold voltage depend linearlyan — V;,, with a slope known as.
However, experimental data in general displays a non-linear dependence. The bapmmes
smaller as the body biass\becomes more negative for NMOS. This non-linearity comes from
the non-uniform substate doping in the vertical direction of the body.

11
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The doping concentration may be higher or lower at the interface of the gate oxide and the
body than deep in the body due to the choice of the energies of ion implantation for the channel
and well. This non-uniform body doping will makein Eq.(2-7) a function of the substate bias.

An approximate step-doping profile can be used to obtain an analytical expressiarasfav
function of Ws. If the depletion width is less thantXNa in Eq.(2-9) is equal to i, otherwise
it is equal to Nuwe. Therefore, we have

Vin = VTHO + 71 (\/6s — Vos — \/4), [Vas| < |Via] (2-8)
Vin = VTHO + 751 (\/6s — Vas — \/05) +752(1/ 05 — Vis — /05 — Vi), [Vis| = [Voz| (2-9)

# is the surface potential at threshold, as follows:

6. = 20(%) = 26 (2-10)

)

and~; and~, are given as

V2¢e; NCH
M= qu— (2-11)

2 ESlNSUB
py = Y (2-12)

Vi is the body bias at which the depletion width is equal toPherefore, Vi satisfies

gNCHXZ
2652‘ B

(bs - ‘/b:p (2—13)

To unify the Vin expression in Egs.(2-8),(2-9), a general expression«ofinder differnt body

bias is proposed as

Vin = VTHO + K1(\/6, — Vis — \/6s) — K2V3s (2-14)

K1 and K2 are usually determined by fitting Eq.(2-14) to the measurathYa. For theoretical
discussions, they can be determined by the criteria that th@Mes given bu Egs.(2-9),(2-14)
and their derivatives versus:\should be the same at\/ where \in is the maximum substrate
bias voltage. At V=V, let Egs.(2-9) and (2-14) be equal:

Y1 (05 = Voo = 1 85) + 22 (y/0s = Vim — /05 — Vo) = K1(/8s — Vi — 1/05) — K2Vim

(2-15)

12
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We can get a second equation by letting the derivative of Egs.(2-9) and (2-14) be equal at

K1 =12 —2K2/¢s — Vi (2-16)

Solving Egs.(3-10) and (3-11) gives

Vs=Vbm and obtaining

ngs_%x_\/@
ZM(V(bs_%m_\/a)‘i“/bm

K1 can be obtained from Eq.(2-16) with K2 given in Eq.(2-17).
It has been found that using K1 and K2 as fitting parameters yields better accuracy than
calculating K1 and K2 with Eq.(2-16) and Eq.(2-17).

K2 = (71 —72)

(2-17)

2.2.1.20 Modeling of the RSCE dut to Lateral Non-uniform Channel Doping

To account for the lateral non-uniform doping effect due to the higher doping concentration
near the drain and the source than in the middle of the channel, a step doping profile along the
channel length direction may be used as a first order approximation to obtaix@gXkession.
As a further approximation, the average channel doping can be clculated as follows:

NOH(L — 2Lx) + Npocket . 2Lx 2Lz Npocket - NCH

Nepp = = NCH(1
4 L W New )
NLX
= NCH(1+ T) (2-18)
whereNLX = 2Lm]\%“];t7&§vm{. In BSIM3v3, NLX is treated as a fitting parameter extracted

from the measured data.
With the introduction of NLX to accoutn for the lateral non-uniform doping, Eq.(2-14) may
be modified into

Vin = VTHO + K1(y/6, — Vs — \/6s) — K2V + Kl(W ~1)y/o,  (2-19)

Eq.(2-19) can be best be understood by first settingOV At V=0, EQ.(2-19) models the de-
pendence of Won L due to the lateral non-uniform doping. Eq.(2-19) shows that the threshold
voltage will increase as channel length decreases. In summary, NLX is the only parameter
to represent the lateral non-uniform doping effect. It models the reverse short channel effects
(RSCE).

13
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2.2.1.30 Modeling of the Short Channel Effect due to Drain Induced Barrier Lowering

The drain-induced barrier lowering (DIBL) effect is analyzed by solving a quasi two-demension
Poisson equation along the channel. By applying Gauss’s law to a rectangular box of height X
and lengthAy in the channel depletion region assuming an equation for the electric potential
may be set up and solved, leading to

AVip = 0, (L)[2(Viy — &5) + V] (2-20)

where \i is the built-in voltage of the substrate/source junctiornis/fgiven by
KT  NCH-NDS

q il n;

where NDS in Eq.(2-21) is the source/drain doping concentration and NCH is the channel dop-

Vi

) (2-21)

ing concentration. In EQ.(3-15),
Oun(L) = [exp(~L/2l,) + 2exp(~L/1,)] (2-22)

I is a characteristic length and is given by

TOX - X,
I, = \/ €iT0 dep (2-23)
€0z
Xaepis the depletion width in the substrate and is given by
2€.. —
Xdep _ esz(¢s %9) (2_24)

qgNCH
n in Eq.(2-23) is a fitting parameter that accounts for the numerous approximations behind
Eq.(2-23). For example, &% is not constant from the source to the drain and is not equal to the
guantity in Eq.(2-24). Also the electric field is not uniform from the top to the bottom of the
depletion region.

As channel length L decreaséd/;;, will increase, and in turn Wwill decrease. Ifa MOSFET
has a LDD stracture, NDS in Eq.(2-21) is the doping cocentration in the lightly doped region.
Vi in a LDD-MOSFET will be smaller than in a single drain MOSFETS, therefore the threshold
voltage reduction due to the short channel effect is smaller in LDD-MOSFETSs.

Eq.(2-20) shows thaf\V;;, depends linearly on the drain voltage. Wecreases assMn-
creases. This is an important aspect of the DIBL phenomenon. The severity of the DIBL effect
has a strong dependence on L. 1., the DIBL effect is very weak.

14
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The influences of DIBL on W can be described by Eq.(2-22). However, in order to make
the model fit a wide range of L,Mand s, several additional paramters such as DVTO, DVT1,
DVT2, DSUB, ETAO and ETAB are introduced,

Vin = VTHO + K1(\/6, — Vs — \/6s) — K2Vh, + K1(;/1+ ]LVGI}); —1)\/9,

L L
—DVTO(exp(—DVTlZC%lff) + 2exp(—DSUB%))(VM — bs)
t t

Le Le
—(exp(—DSUB lf Ly 42 exp(—DSUBl—ff))(ETAO + ETAB-Vy,)Vy,  (2-25)

2 t0 t0

i = \Jesi Xaep/Con(1 + DVT2 - Vi) (2-26)
ltO =\ 6si)(de]o()/c(oac (2_27)

2€si<¢s - ‘/E)S)

where

Xaep = 2-28

dep qNCH ( )
2651‘ s

Xiepo = N C('b 7 (2—29)

DVT1 replaces 1f)'/? in Eq.(2-23). DVT2 is introduced to account for the dependence of the
doping concentration on substrate bias since the doping concentration in the body is not uniform
in the vertical direction. Compared with Eq.(2-20), (2-25) allows different L dependencies of V

on Vs, and on \s, i.e. different{and b, in order to achieve better accuracy of matching the V
data. DVTO, DVT1, DVTZ2, ETAO, ETAB and DSUB are determined experimentally. Although
Egs.(2-20) and (2-25) have many differences, they have the same basic double exponential

functional forms.
2.2.2 Essential Equation for I-V Characteristics
A DC MOSFET model is derived based on

Jn = quonE + qD,Vn (2-30)
Jp = quppE + gD,V (2-31)

J and J are the current dinsities for electrons and holes respectively, q is the electron charge,
1n, 1o are the mobilities of electrons and holes respectively, n and p are the electorn and hole
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concentrations, E is the electric field andddd D are the diffusion coefficients of electrons and
holes, respectively. Land D are linked tou~ and e with the following Einstein’s relationship:

D = vijin (2-32)
D, = v, (2-33)

where vis the thermal voltage.

The terms of E in Egs.(2-30),(2-31) represent the drift current components due to the electric
field E. The second terms of Eqs.(2-30),(2-31) describe the diffusion current components due to
the carrier cancentration gradient. In the strong inversion region, the current is dominated by the
drift current. In the subthreshold region, the diffusion current component dominates. However,
in the transition region (moderate inversion region) from subt-hreshold to s-trong inversion,
both drift and diffusiion currents are important.

As shown in Egs.(2-30),(2-31), carrier density and the velocity-field relationship are two fun-
damental factors determining the I-V characteristics. We need to model the channel charge and
mobility as well as the velocity-field relationship carefully to describe the current characteristics
accurately and physically. We discuss the modeling of channel charge and mobility next before
we introduce the modeling the I-V behavior.

2.2.3 Channel Charge Density Model

For the weak inversion and the strong inversion regions, separate expressions for channel charge
density have been given respectively:

siNa vs —Vin — Ve . . .
Qinv = “ r exp(—2 th OFF) in weak inversion (2-34)
4¢B nvy
Qinv = Cox(Vgs — Vin)  in strong inversion (2-35)

We can combine these expressions in the following form:

Qchso = CozVistefs (2-36)
Ves—Vi
Vistess = 2n0; In[1 + exp(=55)] (2-37)
9 1+ 2nC,, qejiﬁc;q eXp(_%;fVOFF)

As shown in Figure 6. and 7.,:M+becomes WV in the strong inversion region, and follows
/St e exp(Fe=t—Yorr) in the subthreshold region.

Cox nut
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The form of Eq.(2-37) was chosen to obtain a continuous equation for the channel charge and
to match the measured«QV s characteristics in the moderate inversion (transition) region. The
channel charge expressions;Q will be used in subsequent sections of this chapter to model
the drain current.

Furthermore, the model accurately predicts the charge in the transition (moderate inversion)
region. The continuous and accurate nature of the model makes it very attractive and promising
in circuit simulation since the moderate inversion resion is becoming more important for low

voltage/power circuit application.

3.0 I
| o Vgsteff Function

25 |

] exp[(VgL-Vth)ln*vt]

1.0 4

Vgsteff (V)

T (Vgs-VtH)
1. T T v T T T T T T T T T
5—1.0 -0.5 0.9 {,).5 ,1‘0 1.5 2.0
Ve Vi (V)

Figure 6: \gser VS. Vo=V in @ linear plot [25].

2.2.4 Mobility Model

A good model for the carrier surface mobility is critical to the accuracy of a MOSFET model.
The scattering mechanisims responsible for the surface mobility include phonons, coulombic
scattering, and surface roughness scattering. For good quality interfaces, phonon scattering
is the dominant scattering mechanism at room temperature. In general, mobility depends on
many process parameters and bias conditions. For example, mobility depends on the gate oxide
thickness, doping concentration, threshold voltage, gate voltage and substate voltage, etc.
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4 rJ 1
2
N V A—
= 2 (Vgs-Vth)
E ad
@ i
=21
= -64
= .
g 5]
. —— exp[(Vgs-Vth)/n*v,]
10—
12
14_'| ——-— Vgs=Vth
16 T T

10 -05 00 05 10 15 20 25

VeyVin (V)

Figure 7: \gserVS. VeV in @ semi-logarithmic plot [25].

The continuity of mobility model is also required to ensure the continuity of the I-V model.
To achieve continuity in the mobility model, BSIM3v3 uses a unified mobility expression based

on the \gser expression of Eq.(2-37),

Ho
Heff = (2-38)
1= (UA+Uc%seff)(M)+U (%“VU)

where

%seff = ‘/bc +0.5 ‘/bs - ‘/27(: - 51 + \/(‘/bs - %C - 51)2 - 451%5 (2_39)

It can be seen that Eq.(2-38) follows Eq.(2-37) in strong inversion, and becomes a constant
in the subthreshold region.

Several mobility model options are provided for users to choose in BSIM3v3. a selector
parameter callechobModis introduced for this purpose. The mobility expression in Eq.(2-38)
has been designated m®bMod-1.

The following empirical mobility model optionnjobMod-2) is better suited for depletion

mode devices:

Ho
e (2-40)
= 1 + (UA + UC‘/bseff)< gSteff) + U ( gsmff)

BSIM3v3 also introduced a third mobility model optiomgbMod-=3):
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Mo
'Léeff - stef f+2 F (2_41)
14 U282y 4 U (Y812 12] (1 4 U Vi)

It is clear that all of the mobility models given above approach constant values that are inde-
pendent of Ywhen VgsjVin.

It should be pointed out that all of the mobility models given above account for only the in-
fluence of the vertical electrical field. The influence of the lateral electrical field on the mobility
will be considered when discussing the velocity saturation effect in the next section.

2.2.5 |-V Model in the Strong Inversion Region

2.2.5.10 1-V Model in the linear (triode) Region
1.0 Intrinsic case (Rds=0)
In the strong inversion region, the current equation at any point y along the channel is

Ids - WeffCox(‘/gst - Abulk‘/(y))v<y) (2_42)

where \s=(VesVi), Wer is effective device channel width..(s the gate capacitance per unit
area. V(y) is the potential difference between the channel and the souiices the codfficient
accounting for the bulk charge effect and v(y) is the velocity of carriers.

BSIMS3 I-V formulaition starts with a simple piece-wise saturation velocity model,

U(y) = :u/Ey Ey < Esat (2_43)

v(Y) = Vsar By > B (2-44)

where Eis the magnitude of the lateral electric field andik the critical electric field at which
the carrier velocity becomes saturetedis the mobility including the influence of the lateral
electric field E and is given by

Heff
= reff 2-45
1Y (B, Eum) (2-45)

In order to have a continuous velocity model atE., EsxSatisfies

2 sa
B, = 2t (2-46)
Heff
Thus, before the electric field reaches e drain current can be expressed
Y
Ids = Weffcoxa/;]s - ‘/;fh - Abulk‘/(y))M (2_47)

1+ E,/Eu
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Eq.(2-47) can be rewritten as

E, = Las _ dViy)
Y ueffWeffCox(V;;st - Abulk‘/(y)) - [ds/Esat dy

By integratin Eq.(2-48) from y=0 to y=k, the effective channel length, and V(y)=0to V(y)sV

(2-48)

we arrive at

Weff 1
Leff 1+ ‘/ds/EsatLeff

Lis = preffCop (Vs — Vin — AvurVias /2) Vas (2—-49)

The drain current model in Eq.(2-49) is valid before the carrier velocity saturates, that is, in the

linear of the triode region.

2.0 Extrinsic case (Rds>0)

The parasitic source/drain resistance is an important device parameter which can affect MOS-
FET performance significantly in short channel devices. The most straightforward and accurate
way of modeling the parasitic resistance effect is to use a circuit with resistors in series with the
intrinsic MOSFET. This leads to a complicated drain current expression. In order to make the
model efficient, the drain cuurent in the linear region can be modeled by extending Eq.(2-49).

IdsO
Iy = 2-50
¢ 1 + Rds]ds[)/‘/ds ( )

where ks is the inctrinsic current expression given by Eq.(2-49)ida variable to account for
the influence of the parasitic resistances at the source and drain.

2.2.5.20 Drain Voltage at Current Saturation, V sa

1.0 Intrinsic case (Rds=0)

If the drain voltage (and hence the lateral electric field) is sufficiently high, the carrier velocity
near the drain saturates. The channel may be divided into two portions: one adjacent to the
source where the carrier velocity is field-dependent and the others adjacent to the drain where
the velocity has satureted. At the boudary between the two portions, the channel voltage is the
saturation voltage (M) and the lateral delctric field is equal texEWe can substitute vsvand
Ve=Vsainto EQ.(2-42) to obtain the saturation current:

Idsat = Weff Com (‘/gst - Abulk: Vdsat)vsat (2_51)
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By equating Eq.(2-42) and (2-51) at¥V s, We can solve for the saturation voltage.y

EsatLeff(‘/gs - ‘/th)

Vsa =
dsat AbulkEsatLeff + (V;]s - ‘/:‘,h)

(2-52)

2.0 Extrinsic case (Rds>0)
Due to the parasitic resistance, the saturation voltagewll be larger than what is predicted
by Eq.(2-52). Equating Eq.(2-50) with Eq.(2-51xMvith parasitic resistancesRwill be

b1
Vdsat - - (2_53)
2a
1
a= AguldesConefosat + (X — 1)Abulk (2-54)
2
b= _[‘/ngt<X - 1) + Abulk’EsatLeff + 3AbuldesCoxWeffvsatV;]8t] (2_55)

c= EsatLeff‘/gst + 2RclsC’ozI/Veffvsatva

gst (2_56)
A = A V,q + Ay is introduced to account for he non-saturating effect of the device I-V which

will be discussed in section 2.2.6.

2.2.6 Subthreshold I-V Model

In the subthreshold region, the potential in the channel exhibits a peak between the source and
the drain. At or near the peak of the potential, the lateral electric field can be considered zero
because the potential gradient is zero. Thus, the drift current can be ignored in the subthreshold
region. According to the current density equation given in Egs.(2-30) and (2-31), we have:

We would like to use the charge sheet dinsity expressieim®nodeling the |-V characteristics.
If we integrate Eq.(2-57) from the Si-Si@hterface to the edge of the depletion layekfXn
the bulk, the current in the subthreshold region can be given as

innv
dy

[ds = Weff,unvt (2_58)

The current expression can be obtained by integrating Eq.(2-58) along the channel from source

to drain,
We
]ds = Tffﬂ'nvt(Qdinv - Qsirw) (2_59)
eff
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where Qw and Qw are the channel inversion charge at the drain and source.
The channel charges at the source and drain can be written as,

SIIN, Ve —Vih —VOFF
4op nvy

N — YV, — VOFF —
Wiy = 1| L22CH exp(Vgs Vin = VO Vds) (2-61)
4¢p nuy

Therefore, the current expression becomes

‘/;l ‘/gs_‘/;h_VOFF

[s: s 1-— =
d o(1 — exp( m}t))exp( -

Werr |qesiNen o
Io =, 2—63
0 H’ Leff 4¢B Ut ( )

viis the thermal voltage (K/q) and VOFF is the offset.

) (2-60)

) (2-62)

2.2.7 General issue of I-V Model and I-V Model of BSIM3v3

Each model expressions for linear, saturation, subthreshold and storng inversion region is dis-
cussed in the previous sections. Although these expressions can describe the device behavior
accurately in each operation region, problems are likely to occur in a transition region between
two well-described regions. In order to address this persistent problem, a unified model should
be synthesize to preserve region-specific accuracy and to ensure the continuities of cyrrent (I
and conductance (@5and their derivatives in all transition regions. This was accomplishied in
BISM3v3.

This section will describe the unified BSIM3v3 |-V modl| equations. Based on the continuous
channel charge and mobility models, a single equation I-V expression is obtained:

IdsO Vds - ‘/dseff ‘/ds - V;iseff

= 1+ 14+ —— (2-64)

Ty 7]‘%/‘25%0 ( Va ) Vasce )

where v
1 WepsConttegyVostesVitseys (1 — ~55) .
ds0 — I 1 Visef f ( - )
err(1+ m)

Py acVstesy 1 1 _
Vi = Vasar + (1 + g + =D 266
4 sat + EsLers 7~ Vacom VADIBLC) ( )

EsatLeff + ‘/dsat + 2-RdsvsatcvoacVVeff‘/ steff[]- - %‘/dsm;]

VAsat J Q(VgstEff+2 t) (2—67)

2/)\ -1+ RdsvsatcoxweffAbulk
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Apuik EsatLefs + Vstery

PCLM - Ay Esarl
(‘/gsteff + 2Ut) (1 . Abulkv;isat )
rout(l + PDIBLCB * %seff) Abulkvdsat + ‘/gsteff + 2Ut

VACLM - (‘/;ls - ‘/dseff) (2_68)

Vapisre = 7 (2-69)

L. Le
Oy0ut = PDIBLC1[exp(—Drovr—2L) + 2 exp(—Drour : I\l + PDIBLC2  (2-70)

2y 0
1 PSCBE?2 —PSCBFE1 -1
= ex 2-71
VASCBE Leff p( vds - Vdseff ) ( )
when Rs<=0,
EsatLeff(V;]steff + 2Ut)
Vasa = 2-72
doat AbulkEsatLeff + ‘/gsteff + 2'Ut ( )
For Rs>0,
—b—VIE—1
Visat = ac (2_73)
2a
1
a= AgulkWeffvsatCodes + (X — 1)Abulk (2_74)

2
b= — {(‘/;;steff + 2Ut)(x - 1) + AbulkEsatLeff + 3Abulk(v;]3teff + 2vt)2WeffvsatCo:cRds}

(2-75)
c= (‘/gsteff + 2Ut>EsatLeff + 2(‘/5]steff + 2Ut>2WefosatCm:Rds) (2_76)
)\ - Al‘/quteff + A2 (2—77)
The parameter &and v can be introdeuced as below:
b1
Vdsat = 1 (2_78)
2a
1
a = AguldescoxWeffvsat + (X - 1)Abulk (2_79)
2
b= — ‘/QSt(X - 1) + AbulszsatLeff + 3AbuldesCoa:Weffvsat‘/gst (2_80)
c= EsatLeff‘/gst + 2RdsOoxWefosatV;]23t (2_81)
Vdseﬁ iS
1
V;iseff = Vvdsat - §(Vdsat - ‘/ds -0+ \/(V:mt - ‘/ds - 5)2 + 45‘/dsat) (2_82)

whereé is a user specified parameter with a default value of 0.01. Tkefihction is intro-
duced to guarantee continuities efhd its derivatives at M.
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2.2.8 Other Important Parameters

1.0 The Vorr Parameter
The theoretical threshold voltage.Msneeded to fit the subthreshold current is different form
Vn that is used to fit strong inversion I-V. One explanation is that the surface potential corre-
sponding to the Win strong inversion is actually higher thap2 The difference between the
threshold voltages discussed above is several@ account for this fact, a parameter called
VOFF is introduced so that
Vinsub = Vin + VOFF (2-83)

Vorr is determined experimentally from the measured |-V characteristics and is expected to be
negative. Due to the physical meaning of VOFF, overly large absolute values of VOFF are not
recommended in the model. The recommended range for VOFF is between -0.06 and -0.12V.

2.0 Drain and Source Parasitic Resistance, R
In BSIM3v3, the parasitic resistance of drain and source is modeld with th e following ex-
pression:

* RDSW [L+ PRWG - Vysegs + PRWB(\/6s — Visess — V2]

Ry 2-84
‘ (109Wess) R (2-84)

where WR is a fitting paramter and RDSW has the unit@-efm"' . PRWB is the body effect
coefficient, and PRWG is the gate-bias effect coefficient.

4.0 The n Parameter for Subthreshold Swing
The n parameter can be called the subthreshold swing factor or the subthreshold slope factor
because the traditional gate voltage swing of subthreshold slope can be defined as

AV,
N d log ]ds

~~ 2.3nv; (2-85)

The subthreshold swing is the change in the gate voltage§uired to reduce the subthreshold
current ks by one decade. Accordeing to Eq.(2-85), the n paramter is the key paramter in
determining the subthreshold swing of the device. For long channel devices, n can be modeled

as

C1clep + Cit

=1
"=t T,

(2-86)
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where Gepand G are the deplition layer capacitance and interface charge capacitance. However,
Eq.(2-86) does not consider the influence of short cahnnel effects. In short channel devices, the
potential at the surface of the channel will be determinde by both the gate bias and the drain bias
through the coupling of €and Gs, respectively, instead of the gate bias only. The coupling
capacitance &(L) is an exponential function of the channel length. To reflect this phenomenon

in BSIM3v3, the n paramater for the subthreshold swing is described in the following form:

Cde CIT
=1+ NFACTOR=22£
nEa Cow | Con "

(CDSC + CDSCD - Vg + CDSCB - Visers) (exp(—DVT15L) + 2 exp(—DVT1ELL))
Cox

(2-87)

5.0 The A Parameter for the Bulk Charge Effect

When the drain voltage is large and when the channel length is long, thie depletion region
thickness of the channel is not uniform along the channel length. This will cause the threshold
voltage to vary along the channel. This effect is called the bulk charge effect.

In BSIM3v3, the parameterw is used to account for the bulk charge effect, including both
the short channel effects and narrow width effects, as shown in Eq.(2-88). Swveral extracted
paramters such as A0, AGS, B0 and B1 are introduced in BSIM3v3 to account for the channel
length and width dependencies of the bulk charge parameter. In addition, the parameter KETA
is introduced to model the change in the bulk charge effect at high body bias conditions.

Abuik
Klox AOLeff Leff 2 B0
=(1+ 1 —AGS - Vygiess( Y+ =)
20/ 05 = Visess | Leps + 24/ X Xaep ! Lepr + 2/ X1 Xaep Wipp+ Bl
1
(2—-88)

1+ KETA - Vigess
In Eq.(2-88), A0, AGS, B0,B1 and KETA are extended from experimental |-V data.iK
given in
TOX
TOXM
It is known that Aux is close to 1 if the channel length is small, and rises as channel length

K10X = K1 (2-89)

increases.
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2.2.9 Source / Drain Series Resistance

The extrinsic parasitic resistances are important parameters which influence MOSFET perfor-
mance largely. In deep sub-micron device, it becomes much more important because the para-
sitic resistances are independence even if scaled down.

Ideally, in the discussion of MOSFET current, we consider the source and drain regions as
conductor. However, in reality, as the current flows from the channel to the terminal contact,
there is a small voltage drop in the source and drain regions due to the finite silicon resistivity
and metal contact resistance. In along-channel device, the source and drain parasitic resistances
are negligible compared with the channel resistance. In a short-channel device, however, the
source and drain series resistances can be an appreciable fraction of the channel resistance and
can therefore cause significant current degradation.

To model these parasitic resistances accurately, there are two approaches to model the para-
sitic source and drain resistances in BSIM3:I(@ped-resistance approaemd (b)absorbed-
resistance approacHht shows in Figure .

Drain Drain
[
lID,l lID,Z
Rd
Drain’ ,
Gate * Vds' gd.l Gate + Vds gd,2
Vv e—————|[— Buk gml Vv e———4{[—— Bulk gm.2
9 + vgs ] . gmb,1 98 + vgs ] gmb,2
Source’
Rs
Source Source

() (b)
Figure 8: The parasitic source and drain resistanceduf@)ed-resistance approa@nd (b)

absorbed-resistance approach

Thelumped-resistance approacivhile being conceptually simple and, in fact, more accurate
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than the to-be-discussed second approach, has some drawbacks. First, there are two more nodal
voltages which need to be solved for each transistor; namely, the Source’ and the Drain’ nodes.
This translates to lengthened computation time in a SPICE simulation. For simple circuit with
few transistors, however, we believe this extra amount of time needed for numerical solution is
trivial. Second, generally SPICE parameters are extracted by matching the measured and sim-
ulated values of the drain current and the mutual transconductance. In a measurement setting,
the measured current is that at the Drain node, and the measyrit gxample, is equal to
01,/0V,,(still referring to Figure 8.(a)). The calculated drain current, which is the current at the
Drain’ node, will be the same current that flows through the Drain node. Therefore, extracting
parameters by fitting the simulated current at the Drain’ node against the measured current at
the Drain node makes sense. However, the calculatédg BSIM3 is reallydI;;/0V;, which
often differs significantly from measured gm equalingty/0V,;. Hence, unless a numeri-
cally intensive SPICE subroutines are incorporated to calculate the derivatives at the Drain’ and
Source’ nodes, SPICE parameters should not extracted by fitting the measured and simulated
g'mS.

Some formulas are proposed to correct this problem. With a certain small-signal approxima-
tion, it is possible to relate the measured conductances to intrinsic conductances:

9d,i
N , 2-90
g miRs + 9ai(Rs + Rp) + gmp,i Rs ( )
Imi
o~ , 2-91
g 14 gmiRs + gai(Rs + Rp) + gmp,i Rs ( )
G Fmb (2-92)

~1 + gmiRs + ga:(Rs + Rp) + gms,iRs

where, for example, gs 01,/0V;,, the measured drain conductance, amdgythe intrinsic
device conductance calculated in BSIM3, equabip/dV,. After the application of Eq.(2-
91), it is possible to extract parameters by fitting BSIM3 generateit ghe measuredigWe
caution that, although the approximation afgiven in Eq.(2-91) is fairly good, using Eq.(2-
90) to relate gm and-gcan run into problems unless the current is fairly low. The equations
expressed in Egs.(2-90)-(2-92), after all, are derived with the small-signal assumption, which
can sometimes fail at normal operating current levels.

BSIMS3 offers another approach to model the parasitic source/drain resistances, basically by
absorbing the parasitic resistances’ effects on current and conductances into the intrinsic device.
The equivalent circuit is shown in the right-hand side of Figure 8. In this absorbed-resistance
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approach, the nodes Drain’ and Source’ disappear. The drain current and mutual transconduc-
tance are calculated from a totally different set of equation:

ID,2 = f2(VGS,VDS, RD + RS)

dID, 2
gd,2 = 5 (2-93)

,_ 0ID.2

I 2= v aGs

dID,?2

gmb,2 = Fpe

We usef. to describe the function form ot 4, in order to stress that the function differs from
f1 used in the calculation obl. Basically, BSIM3 devises some sort of functibnwhich is a
modified version of: to account for the effects of the parasitic resistances. The amount of devi-
ation from the originaf: depends on the magnitude of#Rs. The larger the value of RD+RS,
the more significant the deviation. The modification is made in ways such that somehsw |
approximately equal twl and more importantly, , g=2 and gw: are approximately equal to
Ou1, g1 and g, respectively. Note the keyword above is approximately. No matter how clever
the BSIM3 modification may be, there is no way to replace the SPICE simulator’s mathematical
calculations of the two additional nodal voltages if the extract solution is desired. The approxi-
mation is most accurate when the drain current is small such that the voltage drop adsoss R
small compared to the applied3/ However, despite some claims to the contrary, it is believed
that the error can be quite high (exceeding1L@t least) when the current flow is large. Setting
the issues of dc accuracy aside, the absorbed-resistance approach is also discouraged for RF
applications. When the second approach is used, the input resistance of the MOSFET will be
purely imaginary, without seeing the effect of. Hhis is because BSIM3 makes an attempt to
equilibrate only the drain current and the conductances at the two sides of Figure 8. The fact
that the device y-parameters of the overall device are greatly altered when two extra nodes are
added is not considered.

Here are some details of the actual BSIM3 implementation. When the lumped-resistance
approach is used,sRind R are specified with the SPICE parameR8H (sheet resistance of
the source and drain contact), together with the fi&é&RD (number of squares in the drain
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contact) andNRS(number of squares in the source contact) found in the device statement. They

are given by
Rs=RSH x NRS; Rp=RSH x NRD (2-94)

RDSW o be discussed shortly, should be zero in thmsped-resistance approach

In theabsorbed-resistance approgahie see that the functidn in Eq.(2-93) depends on the
sum of R and R, rather than each component individually. From this observation alone, we
can infer that BSIM3 uses a completely new parameter for this approach, independent from
the aforementione®SH NRSandNRD. It is RDSW the sum of source and drain resistances
per unit width. When this approach is us&RiSH should be set to zero, arRIDSWcan be
approximated from the measureddhd R

RDSW

where W is the device’s width. (The actual relationship between the parasitic resistances and
RDSWincludes other parameters such\&& PRWGand PRWBto account for secondary
effects. EQ.(2-95) is valid wheWF, PRWG andPRWBassume their default values of 1, 0,

and 0, respectively.) For a RF circuit designer who would like to see nonzero real part input
resitance due to the source resistance, the lumped-resistance approach is preférB&\anhd

should be zero.

2.3 Modeling of the extrinsic MOSFET

Although many MOSFET models, including MOS9, EKV and BSIM3v3, have been developed
for digital, analog and mixed-signal applications, the RF MOSFET modeling accuracy of the
existing MOSFET compact model is not satisfactory. It is because, at high frequency region, the
parasitic components severely influence to device RF performance and it is difficult to predict
these parasitics behavior only within a compact model. To make models more accurate at RF,
sub-circuits are usually added to intrinsic transistor model, BSIM3v3 in this paper, as shown in
Figure 9. (The small-signal equivalent circuit of Figure 9. is also shown in Figure 17.) Simple
sub-circuits are preferred to reduce the simulation time and to make parameter extraction easier.
For an AC small signal model at RF, the modeling of sub-circuits components, i.e. the parasitic

components, is very important. The models for these parasitic components should be physics-
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based and linked to process and geometry information to ensure the scalability and prediction
capabilities of the model.

In this section, the methodologies of the extrinsic parameter extraction, which surround the
intrinsic MOSFET in Figure 9. will be described.

G
Q

Rg  Intrinsic MOSFET

Cgs:,:—j Cgd

17 D
: 0

Rd

— Cdb :
o L
Rdsb  Rdb |

Figure 9: Sub-circuit model with intrinsic and extrinsic components [10][28].

2.3.1 Gate Resistance Model

The typical sheet resistance for a poly-silicon gate ranges between QUs#fare and can be
reduced by a factor of 10 with a silicide process, and even more with a metal stack process. At
DC and low frequency, the gate resistance consists mainly of the poly-silicon sheet resistance
and is independent of bias. However, at high frequency, it becomes a bias-dependent compo-
nent and two additional physical effects will affect the effective gate resistance [13][28]: the
distributed gate electrode resistancedBr R.y) and non-quasi-static (NQS) effects«)Ras
shown in Figure 10. [14],

Ry = Reya + Ren (2-96)

At first, the distributed gate electrode resistancesRill be described. It will become more
severe as the gate width becomes wider at higher operation frequency. So multi-finger devices
are used in the circuit design with narrow gate width for each finger to reduce the influence of
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Distributed C

w istripted R4 T .
T
T

I 1
—_ = = = =
—_— = == = —

Distributed R,

Figure 10: Distributed gate electrode resistanag Ehannel resistancedand gate capacitance
Cos.

this effect. With multi-finger devices, gate resistance can separate, as shown in Figure 11 [13].
As Rewis insensitive to bias and fregency, its value can be obtained from the gate electrode sheet

resistance (R,

o &Wum’t

LN
wherea is 1/3 when the gate terminal is brought out from one side, or 1/12 when connected
on both sides [30]. The value efaccounts for the distributed nature of the RC line across the

Reltdfsh (2_97)

channel.

Figure 11: Divided R« into Rex and Roy with multi-finger devices.

Next, NQS effects (R) in the channel will be described. For the devices with NQS effects,
additional bias and geometry dependences of the gate resistance are needed to account for the
NQS effects. There are two mechanisms involved in Bne is the static channel resistance
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(Rs), which accounts for the dc channel resistance and the other is the excess diffusion channel
resistance (R due to the change of channel charge distribution by ac excitation of the gate
voltage. R and Ratogether determine the time constant of the NQS effeciss Riodeled by
integrating the resistance along the channel under quasi-static assumption,

Rst:/dR: av
Iy

= ‘?S Q triode region; (2-98)
d

VS(I . .
= dj_ L @ saturation region, (2-99)
d

where \isxis the saturation drain voltage. Bothaind \iszare available in BSIM3v3. Rcan be

derived from the diffusion current as

qL
Ry= —— —— 2-100
T WuCo, kT ( )
wheren is a technology-dependent constant. The overall channel resistance seen from the gate
is
1 1 1
= + 2-101
Rgch ,Y<Rst Red) ( )

wherey is a paremeter accounting for the distributed nature of the channel resistance iend C
oxide capacitance per unit areaequals to 12 if the resistance is uniformly distributed along
the channel. Since this assumption is not valid in the saturation regianleft as a fitting
parameter.

2.3.2 Substrate Resistance Model

The influence of the substrate resistanee iR ususally ignored in compact models for digital

and analog circuit simulation at DC and low frequency. However, the high-frequency impact

of the substrate resistance is well-known [15]-[17]. The substrate resistance influences mainly
the output characteristics, whereas gate resistance influences the input characteristics, and can
contribute as much as 20 or more of the total output admittance [18],[19]. It is difficult to
predict the substrate resistance scales nonlinearly with channel length, finger width, number of
fingers and the actual placement of substrate taps in relation to the device. So far, some substrate
resistance models have been developed and reported [20][21]. In this section, substrate network
model is described simply.
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The different equivalent circuits for the part of substrate network in Figure 9. are shown

in Figure 12.-16. The four and five resistor networks are more accurate and can be vaild up to
higher frequency, but the analysis and parameter extraction of the components are very complex.
The one and two resistor networks introduce fewer components and are easier for the analysis
and parameter extraction. However, they may be less accurate when the operating frequency
goes to higher. The three resistor network is a compromise among these substrate networks.
It can ensure the accuracy up to 10 GHz while maintaining a simple analysis and parameter
extraction. However, it should be pointed out that the intrinsic bulk has been shifted to the end
of Rusy, @s shown in Figure 14., instead of located somewhere along the resistérids been

concluded that this approximation does not influence much the simulation accuracy.

Intrinsic source Intrinsic drain
Si Di
[ 1
- Cdb
Csb Bi T
AA A s
Rsb Rdsbl Rdsb2 Rdb
Rdsb3

l

B

Figure 12: Five-resistor substrate network

Intrinsic source Intrinsic drain
Si Di
[ il
CsbT Bi T Cdb

Rsb  Rdsbl Rdsb2 Rdb

i

B

Figure 13: Four-resistor substrate network

33



Chapter 20 Methodology of RF Measurement and Mo8elikigdeling of the extrinsic MOSFET

Intrinsic source Intrinsic drain
Si Di
o)
Csbji J— Cdb
T B8

Rsb Bl Rdsb  Rdb

$

B

Figure 14: Three-resistor substrate network

Intrinsic source Intrinsic drain
Si Di
o (6]
CsbT T Cdb
Rsb Rdb
B

Figure 15: Two-resistor substrate network

Intrinsic source Intrinsic drain

Si Di
Csb‘T‘ ICdb

Rsub

W o—

Figure 16: One-resistor substrate network

34



Chapter 20 Methodology of RF Measurement and No8eliMigdeling of the extrinsic MOSFET

2.3.3 Extrinsic Parameter Extraction with Y-parameter analysis

Y-parameter analysis of the equivalent circuit is usually adopted to obtain the necessary equa-
tions to extract the values of some resistive and capacitive components. An equivalent circuit
of sub-circuit model with intrinsic and extrinsic components is given in Figure®17t has

been well-known that Rwill influence to the input impedancewyand Ruwwill influence to the

output impedance ¥, of RF MOSFETs. So both resistances are crucial to the RF CMOS and
closely related to the development of accurate device and cicuit models.

Rg gl
Go ? ®

1 il 1 cad

Cgo—= Cos— (gm-jwCm)Vvgsi | g

TSR
N\

Rs (gds+jwCsdi)Vdsi Rd

So , ~ " oD
: S] [
V1 : (gmb-jwCmb)Vbsi

TSR
N\

Cbs=—— (})jwCmgbVbsi==Chd

T T | v

bi Rdsb db
Rbs Rbd

OB

w
@)
I
||l—o
I

Figure 17: The small-signal equivalent circuit of Figure 9. [10][18][28].

This equivalent circuit contains too many components, espaecially current sources, which
make the Y-parameter analysis very complex and difficult (if not impossible) to obtain any
useful analytical expressions for the parameter extraction. In order to extract the AC parameter,
the influence from the intrinsic components must be minimized. By considering the transistor
biased in the strong inversion mode with0V by shorting the output (drain) port, the intrinsic
behavior of the transistor becomes symmetric in terms of drain and source,that4s C'gd,

Rs ~ Rd. Therefore, the effects of the transconductances and the transcapacitances become

3Source and bulk are usually common and grounded in RF CMOS.
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very small and can be neglected, i.ex, gw~0, Ci=0, Cwx0, g«~~0 and the small-signal
equivalent circuit in Figure 17. can be simplified as shown in Figure 18., whet&/&s.
Rg gl
G o 9 ?
Cgb:T: Cgs—T— —I—ng

V1 Rs —‘7 Rds —‘7 Rd
oD

So— :
i s
Chd

Cbs T V2

bi Rdsb db
Rbs Rbd

OB

o
@]
||l—0
q

Figure 18: An equivalent circuit for the.Yparameter analysis, which can obtain to short the
output porti.e. drain in Figure 9. [10][18][28].

Note that the gate biasg\has to be chosen high enough, i.e. in strong inversion regime, in
order for the intrinsic gate-to-bulk capacitancg t© be small enough and neglected. However,
Vgsis limited to a value such that the channel resistanest&ys high enough in order not to af-
fect the values extracted for Bnd R. For such a gate bias, the simplified two-port network has
only the resistances and capacitances, and the equivalent circuit fortbarameter analysis
iS obtained.

By considering the RC time constants of the network, the equivalent circuit can be simplified

further using the following assumptions.

(a) R, Rsand R are dominated by the resistive poly-silicon and diffusion layers and treated

as bias- and frequency-independent.

(b) The equivalentimpedance from the intrinsic source/drain nodes to the external source/drain
nodes are dominated by the terminal resistances & R

N
Np

‘ ij’SbRs : QHD]F . C;‘sb + LG . C;%) . HDIF : ’I"; <1 (2—102)

=w-(

> R, (2-103)

‘ 1
jwcsb
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and

> Ry; (2-104)

(c) The relevant operation frequency is considered up to roughly 10 GHz, resulting in the
following simlpifications:

(WOngd)2 = (w- (Lg - Clgdi + Loy - C;do) -Hprp - 7“:1)2 <1 (2-105)

(wCyRs)? < 1,

WCpCoa(Ra+ RIR, < 1 (2-106)
and
1
- &1 —j5wC,,R 2-107
1+ jwCyyR, JWg9%tg ( )

where G is defined as the total gate capacitangg Cyat+CostCop.
Based on these assumptions, the following approximate equations for Y-parameters can be

obtained,
Vi1 = w?(C2 Ry + C2 R, + C2,Ry) + jwCy, (2-108)
Yiz & —w?ClyCyaRy — jwClya (2-109)
Y1 & gmw?CyyCyaRy — jw(Cya + gmBRyCly) (2—-110)

The above expressions fokYY:2 and Y contain all the information required for extracting
the series resistances and intrinsic capacitances in the linear region. By taking the related Y-
parameters, the extracted values fee=@V are determined as [10][28]

Cyg = | Lmesin) | (2-111)
Cya = | Imastia) | (2-112)
Cys = Cyq (2-113)

Cgp = Cgg — Cya — Cs (2-114)
Ry =| masti ey | (2-115)
Ra= | e | (2-116)
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ea, 02 02
Ro= | mmagvay — P — ot Fa | (2-117)
gs
This R, extraction model in Eq.(2-115) is not acturally sufficient, because this model ignore
the high order terms and total gate capacitance. As channel length is scaled, these elements can
not be ignored. So newgRxtraction model had been proposed in [22],
_ Real(Y1;)  Real(Y1)
7 Imag(Yn)wCyy — Imag(Yy;)?

(2-118)

This new model is considerable steady even if at high frequency. And if this model applied, R
model in Eq.(2-117) will be also simplyfied and=f& can be obtained.

And next, measured x¥analysis can make substrate resistance be extracted. However, the
measured ¥ includes at least the contribution from the gate resistancerRin series resitance
Rq, source series resistance Bhennel resistancesfRgate-to-source capacitance, @ate-to-
drain capacitance £and gate-to-bulk capacitance.®esides the substrate components. To
extract the substrate components, the contributions of other components sugchras @,
etc., should be de-embedded from measured Y

Eq.(2-111)-(2-118) are derived from measured Y-paramters biased in linear regre®\M)V
to extract the series resistances using a simplified equivalent circuit, as shown in Figure 18.
Since only the imaginary parts are needed for determining the intirinsic capacitances, this ex-
traction method for ¢ and Ga can also be applied to the saturation region.

In the saturation region, the depletion charge is not affetcted by a charge of the drain voltage.
Therefore, the capacitances©0 can be separated from the substrate effects, anth @e
equivalent circuit will be dominated by the junction capacitange To extract the equivalent
admittance of the substrate coupling network, the series resistane@s R from imput and

output ports are subtracted first to simplify the equivalent circuit prior to analysis.

7!, = Zi1 — R, (2-119)
Zly = Zis (2-120)
7 = I (2-121)

Zy = Zoy — Ry (2-122)

where Z are Z-parameters converted from measured S-paramters.

38



Chapter 20 Methodology of RF Measurement and No8eliMigdeling of the extrinsic MOSFET

By performing Y-paramter analysis for the equivalnet circuit shown in Figure 19, equations
can be obtained as below:

1
Rds

Real {Youp} = Real {Yyy} — Ry(wCya)? — (2-123)

Imag {You} = Imag {Ysy} — jwCya (2-124)

~1 . .
whereR;s = 1/gq4s andgys = ) where Yz’ is converted from Z, and Yauw IS

(Favir e
the output admittance of the substrate network in Figure 20. In above analysis, the contributions
of transconductances«@nd Gw are ignored since no obvious current flows in the channel at

the given bias conditions. Also, the influence e0R total admittance is not taken into account

in the analysis; this is reasonable because of the dominant contribution Bu@hermore, the
assumptions ab*(Cy, + Cy)?R; < 1 and(wCy)*R? < 1 are used, which are generally vaild

in the frequency range up to 10 GHz.

The paramters of &and R can be obtained as discussed earlier. Thus, thed#ta de-
embedded from the measureé Wata according to the above equations represents the contri-
bution of the substrate network.

To extract the substrate components, such as the substrate resistance and junction capaci-
tances, we further derive the following equation by doing a Y-parameter analysis of the substrate
network in Figure 21.

Ray(Rsp + Rasp)

Youp = wCip)? + jwCay = Reup(wCab)® + jwC 2-125

b Ro + Ry + Rdsb( ) Jwldp b(wCap) JWldp ( )
(wCsp)?R3 (wCsp)?Ray R? . .

where, w1, ottt < land(wCiy )2 R, < 1. These assumptions are valid

in the frequency range up to 10 GHz. Therefore,

Imag {Y.
Cyy = 1mag Yow} (2-126)
w
Ry = eal ¥ou} (2-127)

" Imag {Ya}
Introduced parameter extraction methodologies above can be simply summerized as shown
in Figure 22.
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Figure 19: Equivalent circuit used for Y-parameter analysis to extract the RF model parameters.

Rs Ysub
g [ VWV Si l’ro Di
CsbT Cdb
w Bi Rdsb Rdb

B

Figure 20: A simplified equivalent circiuit of the substrate network.

Di
Ysu jl:
bl Cdb

Lrs
i

w

Figure 21: One resistor equivalent circuit for the substrate network.
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Figure 22: Parameter Extraction Flowchart
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Chapter 3.0 Modeling of RF MOSFET with Different 0O O O
00O Layout

In this chapter, the RF performance of a 0.18 um CMOS logic technology which is adopted
to the present digital and analog products, e.g. mobile telephone or personal computer etc, are
assessed by evaluating the cutoff and maximum oscillation frequencasl(f.) of the differ-

ent layed-out RF CMOS devices. Furthermore, at high frequency, as the parasitic components
influence to RF performance severely, these extrinsic components sughraRor some ca-
pacitances had been extracted from measured Y-parameters directly. In conclusion, comparing
with these extracted compontents, we lead to proper layout for RF CMOS.

3.1 Test Device

There are five types of different layed-out devices, as shown in Figure 23. Additionally the open
and short pad for de-embedding had been prepared respectively. Test devices were fabricated
with gate length (k) of 0.18 um, unit gate width (W) of 2.5 um in all cases, number of finger

(F) of 16 and module(M) of 4.

Figure 23: Test Device layout
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1_FieM4

Type B

[
T
TS
T

i

| oo

A

QLT

Type E

Figure 24: Interconnection lines

The schematic diagram of the interconnection lines are shown in Figure 24. Gate metal lines
are shown as blue lines and drain metal are shown as green lines. Source is in common with
bulk. Three layers metal (gate, drain and source) and multi-finger configuration are employed.
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And the guard-ring is (are) dispensed for all devices. Type A, Type D and Type E are for
verification of the guard-ring effects.

3.2 Measurement and Extrinsic Parameter Extraction
3.2.1 DC Measurement
DC measurementgs-My and -V« for various values of M and Vs as shown in Table 3, had

performed against each type of devices. Figure 25.and 26. shows the result of DC measurement.

Table 3: DC measurement bias conditions

Vg vd
[V 0-1.5vV 0.3/0.5/1.0/1.5V
l+-Va | 0.4/0.6/0.8/1.0/1.5V 0-1.5V

Ideally, DC performance should be all the same, even if device layout would be different.
However, only in the case diype C a little bit of drain current degradation can be found for
Vq=1.0V, as shown in Figure 27. We believe that is because the effect of the interconnection
resistors such as source resistanearRl drain resistance«REXtrinsic resistance is critically
important component and affects to MOS transistor performance largely. In deep sub-micron
device, it becomes much more important because parasitic resistances are independence even if
scaled down. Therefore, especially extrinsic source and drain resistance which are parasitic on

interconnection lines should be considered even in DC.
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Figure 25: IV, logi(le)-Vy and g-V, of each layout type are aligned from left-side. Bias
conditions ; \\=0-1.5V / V:=0.3, 0.5, 1.0, 1.5V
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Figure 26: &V, gus Vo and bV, Of each layout type are aligned from left-side. Bias conditions
: Ve=0.4, 0.6, 0.8, 1.0, 1.5V /¥#0-1.5V
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4E-02
3E-02 ¢
3E-02 ¢

2E-02 |
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0 E+00 :
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Figure 27: Gate voltage dependency of drain current;alL\)V.

To compare with each extrinsic components fairly, the condition gflM0V should not be
applied. So the condition of#0.4V which has no drain current drop as shown in Figure 28. is
applied to compare with each extrinsic components.

4 DOE-04
_ 300E-04 A
= —B
S~
£ 200E-04 =
e —D

1 00E-04 -

0 DOE+00

0 05 1 15
vd [V]

Figure 28: Gate voltage dependency of drain current;a0MV.

3.2.2 RF Measurement and De-embedding

S-parameter had measured up to 40 GHz and de-embeded for each type of devices. Here, the de-
embedding procedure based on the open and short calibration test structures (see Section 2.1.1)
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which had been prepared for each type of device was performed. The effects of de-embedding
in Siz and S: which express the reflection of each port are shown in Figure 29.- Figure 33. for
V=1V and \s=0.3/0.5/1.0V.

m. 1l sd.ll

s.m.22 sd.22

Figure 2911 Type Al The graph of (a)Sand (b)S comparing the measured raw data(red-line)
with after de-embedding data wibPEN'SHORTgreen-line).

m. 1l sd.ll

s.m.22 sd.22

Figure 300 Type B The graph of (a)Sand (b)S: comparing the measured raw data(red-line)
with after de-embedding data wiDPENSHORTgreen-line).

m. 1l sd.ll

s.m.22 sd.22

Figure 3110 Type CJThe graph of (a)Sand (b)S: comparing the measured raw data(red-line)
with after de-embedding data wiDPEN'SHORTgreen-line).
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m. 11 sd. 1l

s.m.22 sd.22

Figure 3211 Type D The graph of (a)Sand (b)S comparing the measured raw data(red-line)
with after de-embedding data widPEN'SHORTgreen-line).

s.m. 1l sd.ll
s.m.22 sd.z2

Figure 33.0 Type EJ The graph of (a)Sand (b)S comparing the measured raw data(red-line)
with after de-embedding data wibPEN'SHORTgreen-line).

After de-embedding, RF performance of intrinsic part of a transistor can be assessed by
evaluating the cutoff frequency &nd the maximum available gaimfas shown in Figure 34.-
43. : Figure 34, 36, 38, 40, 42. gives the valuefhd Figure 35, 37, 39, 41, 43. gives the
value of f..x, which also shows the unilateral gain corresponding wittat zero gain.

fr and f.axare made a comparison between each type of devices in Figure 44. and 45. There
is not so much different as te €éach figure. Howeveryd of Type C obviously degrate due to

some parasitics effects such as source and drain resistances.
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Figure 35: Frequency dependence of the maximum available gain.
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Figure 34: Frequency dependence of the cut-off frequency.

Plaot

“4a

: N\
R

Tairsflemd4 AL 18F 168Ma - spara vgl o GRmasx cOFF 2

s

80.

Vd=0.3/0.5/1.0/1.2
Vg=1 \Y

.@7 I I I B ' \\\\\\\ ¥ A I
8 E| 12 11
12 12 12 12
T reqg CLOGI

50



Chapter 30

Modeling of RF MOSFET 3vith Miéamebagioiand Extrinsic Parameter Extraction

[E+7]

[P*1ogl@Chdm.21)

[E+0]

eB*loglBUgain)

2% 1og LB (GAmaxm)

Figure 37: Frequency dependence of the maximum available gain.
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Figure 36: Frequency dependence of the cut-off frequency.
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Figure 38: Frequency dependence of the cut-off frequency
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Figure 44: Comparison each type of devices withrfd f.xat Vo=0.4V.
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Figure 45: Comparison each type of devices withrfd f..xat Vo=1.0V.
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3.2.3 Extrinsic Parameter Extraction

Several extrinsic parameters discussed in section 2.3 had been directly extracted from measured
Y-parameter, which had been converted from measured S-parameter, respectively.

3.2.3.10 Gate Resistance Extraction

Gate resistance had been extracted by equation (2-118) and two graphs for each device are
given respectively in Figure 46.-55.: (a) frequency and gate bias dependency of the extracted
gate resistance ats¥0V (see Figure 46, 48, 50, 52, 54.) and (b) gate bias dependency of the
extracted gate resistance angiiRtriode and saturation region (see Figure 47, 49, 51, 53, 55.).

As shown in (a), gate resistance is sensitive to bias, but relatively independent of frequency.
Although R, had been extracted up to 15 GHz in [22], there is no statement in terms of the
accuracy of over 15 GHz. However, it can be found that a stabtaRbe extracted relatively
in considerable high frequency. As a little increase of extracteat Righer frequency can be
found, it is considered as due to much further parasitics influence, which would not affect less
15 GHz. And it can be found that as gate voltagenéreases, Rwill be saturated.

Secondly, extracted Relation with gate voltage ys shown in (b) in the case of 20 GHz.

As gate voltage Vincreases, gate resistanceddversely decreases. As stated previously, gate
electrode resistance=R(or Rw.y) is independent of bias, so the distributed channel resistance
R, i.e. NQS effects, contributes to this decrease and becomes zero.

R, are made a comparison between each type of devices in triode and saturation region, as
shown in Figure 56. and 57. WhereasdRType D is the smallest both in triode and saturation
region, R of Type C is the largest in both region. Extractedrrtriode for various \ are also
shown in Figure 58. The same result can be found in this figure.

And R, are compared withrfand fx in Figure 59. and 60. As stated previoushy has a
relationship with Ras shown in Eq.(2-5) and we can find a little gate resistance effects.for f
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Figure 46: Frequency and gate bias dependency of the extracted gate resistano¥] [V
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Figure 47: Gate bias dependency of the extracted gate resistanceiariddtle and saturation
region.
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Figure 48: Frequency and gate bias dependency of the extracted gate resistano¥] [V
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Figure 49: Gate bias dependency of the extracted gate resistanceiariddtle and saturation
region.
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Figure 51: Gate bias dependency of the extracted gate resistanceiariddtle and saturation
region.
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Figure 53: Gate bias dependency of the extracted gate resistanceiariddtle and saturation
region.
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Figure 55: Gate bias dependency of the extracted gate resistanceiariddtle and saturation
region.
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Figure 57: Frequency dependence of each device extragtaedi saturation region.
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Figure 58: \l dependence of for each type of devices.
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Figure 59: Comparisondat 20GHz with f and .. biased \\=0.4V, V=1.0V.
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Figure 60: Comparisondat 20GHz with f and .. biased \\=1.0V, V=1.0V.

3.2.3.200 Gate Capacitance Extraction

Gate capacitancet=Cyt+CostCq), Coa, Cisand Go had been extracted from Y-parameter analy-
sisin the linear region (M=1V and \us=0V). As to total gate capacitanceg,@t higher frequency,

a little increase can be found except type E duedmCanother parasitic effects. If some other
parasitics affect this increase, thig @odel must be more developed for higer frequency. How-
ever, at least, it can be said that dielectric relaxation does not yield. And asatalfR, it is
relatively stable even at high frequency.
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Figure 61:00 Type Al Extracted values of & Cy, Cos and G at a given bias condition.
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Figure 62:00 Type BO

Figure 63:00 Type
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Figure 64.00 Type D1 Extracted values of & Cy, Cos and Go at a given bias condition.
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Figure 65:00 Type H1 Extracted values of & Cq, Cos and Ge at a given bias condition.

Frequency dependence of;@r various values of / 0/0.2/0.4/0.6/0.8/1.0/1.2V, are shown
in Figure 66.- 70. and &are made a comparison between each type of devices in triode region,
as shown in Figure 71.
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Figure 66:00 TYPE Al Frequency dependence of the extracted total gate Capacitance C
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Figure 67:0 TYPE BO Frequency dependence of the extracted total gate Capacitance C
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Figure 69:0 TYPE DO Frequency dependence of the extracted total gate Capacitance C
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Figure 70:0 TYPE EJ Frequency dependence of the extracted total gate Capacitance C
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Figure 71: Frequency dependence @ffGr each type of devices.

3.2.3.30 Substrate Network Analysis
Substrate resistanca.fhad been extracted from analyzing measuredodrameter. In the

linear region, although substrate resistanceifRindependent of bias, substrate resistance starts
to increase at ¥>V.
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Figure 72:0 TYPE A0 Frequency dependence of extracted substrate resistance R
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Figure 73:00 TYPE BO Frequency dependence of extracted substrate resistance R
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Figure 76:0 TYPE EJ Frequency dependence of extracted substrate resistance R

Each type of devices are made a comparison betweemHRrigure 77. Even though:R
of type A and B are not stable at low frequencyRf type C, D and E can be obtained a
stable extracted value. Over at 20 GHz regioq; & Type C is the largest and of Type E is the
smallest. To compare with an each stable extracted data, the values at 20 GHz will be discussed
in Figure 78., which displays the comparisofsRith fr and fuax

Rsub [ohm ]

10 20 30 40
freq GHZ]

Figure 77: Frequency dependence af fr each type of devices.

We can find that.x is in disagreement with substrate resistance éxcept Type E. We
consider that the substrate resistance of Type D and E should be same ideally. We can guess
effects of the substrate resistance from Figure 79. as below:
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Figure 78: Comparison substrate resistance at 20GHz wathd frax.

e Type A: Vertical resistance increase.

e Type B : Both vertical and horizontal resistance increase.

e Type C : Horizontal resistance increase.

e Type D and E : Both vertical and horizontal resistance minimize.

According to this guess, the substrate resistance of each devices can be considered as (D or
E)<(A or B)<C. The results as shown in Figure 78. are like;dl=<B<A<C. Therefore, we
can consider this guess is roughly proper. However, we should analyse more physically.

Rsub(x)

Rsub=Rsun(X) 7/ Reuo(¥)

Figure 79: Effect of geometric
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We summarize each extracted extrinsic components and RF characteyibticif Figure
80. Since gate voltage is around threshold voltagend f..« represent not so much difference,
however we can find gate resistance and substrate network resistance largely affetct device RF
performance.
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Figure 80: Comparison gate, source/drain and substrate resistance at 20GHzamithfx
biased \\=0.4V, Vi=1.0V.

3.3 Modeling of Test Device

3.3.1 DC Parameter Extraction

DC parameter extraction of test device had been performed as following. As stated previ-
ously, source and drain resistances must be considered due to its critical effects. Two ap-
proaches to model the parasitic source and drain resistances were introduced in section 2.2.9: (a)
lumped-resistance approaetmd (b)absorbed-resistance approacim this works, thdumped-
resistance approackvas chosen due to in the following: (1) To extract DC parameters more
accurately. and (2) To obtain intrinsic transistor parameters, i.e. not including the parasitic
components (resistances only in the case of DC). This is because in modeling of RF MOSFETS,
as de-embedding is usually performed, intrinsic part of transistor will be only discussed.

After adding source/drain series resistances as shown in Figure 81., DC parameters were ex-
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tracted with the compact model BSIM3V3 By using this model, DC simulation had been
performed. As source and drain resistanceariRl R, were added to the intrinsic part of tran-
sistor respectively, all same DC parameters were used for each devices in this simulation. The
results of -V, simulations are shown in Figure 82. - Figure 86. and the results\ofdimula-

tions are shown in Figure 87. - Figure 91.

Gate
{BSIMava Srain
O0—eo AP e AAfe—0O
Rs Rd
Bulk

Figure 81: DC model including source and drain line resistances.
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Figure 82:00 Type Al (a)l+-V,, (b)loguo(le)-Vsand (c)@-V had been simulated with DC model.
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Figure 83:0 Type B (a)l-V, (b)logo(l4)-Ve and (c)@-Ve had been simulated with DC model.

“Note that the model shown in Figure 81. is intrinsic part of transistor, i.e. after de-embedded part.
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Figure 84.0 Type (1 (a)l--V, (b)logo(le)-Vy and (c)g-Vs had been simulated with DC model.
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Figure 85:00 Type DO (a)l+-V,, (b)logu(l«)-Vs and (c)g-V had been simulated with DC model.
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Figure 86:0 Type EHI (a)l-V4, (b)logi(ld)-Ve and (c)g-Vs had been simulated with DC model.
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Figure 87:00 Type Al (a)l--V4, (b)gi~Vy and (c)k-Vy had been simulated with DC model.
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Figure 88:00 Type B (a)l--V4, (b)g:Vy and (c)k-Vy had been simulated with DC model.
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Figure 89:00 Type (O (a)l--V4, (b)giVy and (c)k-Vy had been simulated with DC model.

75



Chapter 30 Modeling of RF MOSFET with Different Layout 3.3 Modeling of Test Device

Although the each results of DC simulation consistent with DC characteristics at higher gate
voltage, a little difference can be found at lower gate voltage. It may consider the limit of
BSIM3v3. Therefore, although drop will occur at Type C, we modeled at higher gate voltage

region, \,=1V and \,=1V, in next section.
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Figure 90:00 Type DO (a)l-V4, (b)gi=Vs and (c)ru-Vy had been simulated with DC model.
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Figure 91:00 Type H1 (a)l-V4, (b)giVe and (c)e-Ve had been simulated with DC model.

3.3.2 RF Equivalent Circuit Model

By using extracted extrinsic parameters, sub-circuit model is proposed. In modeling, not only
extraction but also optimize must be performed and had been done. Although we have not
already completed, we propose the RF compact model as shown in Figure 92. As shown in
Figure 93., S11 has been simulated well relatively. However S22 shows bad fitting. This means
that the input port components such as R, Cs, and Gq, had been optimized well, but the

output port components such as substrate network resistance, substrate capacitance and/or some
other components, had not been optimized yet. Therefore, we should analyse which components

76



Chapter 30 Modeling of RF MOSFET with Different Layout 3.3 Modeling of Test Device

influence to the output port in detail.

, Intrinsic MOSFET

— Measured S,

— Simulation S,

— Measured S,,

— Simulation S,,

Figure 93: Measured and simulated S-parameter of S11 and S22.
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Figure 94: Measured and simulated S-parameter: (a)the magnitude of S11 and S22, (b)the phase
of S11 and S22.
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3.4 Summary of This Chapter

Five RF CMOS with different layout had been measured and assessed by evaluating the ex-
trinsic components for 0.4V, V«=1.0V, and device RF characteristic such as the cutoff and
maximum oscillation frequencies-@nd f.y) for V,=1.0V, Vi=1.0V.

Its intrinsic and extrinsic parameters had been extracted. Extracted intrinsic parameters, i.e.
DC parameters could be obtained a good fitting at higher gate voltage. Fittingdiffeyen-
tiated k and v, and gs differentiated d and v is important. However, it could not be extracted
accurately at lower gate voltage because of BSIM3v3 model limit probably.

Extracted extrinsic paramters such as gate resistagcgoRrce resistancesRirain resis-
tance R, total gate capacitance,_gate-to-drain capacitanced«Cgate-to-source capacitance
Cqs, gate-to-bulk capacitancedand substrate resistanceshad been compared for each type
of devices. We can find that;Rnd Rw largely affect these device RF performance as shown
in Figure 80. On the other hand, BRnd/or R does not have much effect ondnd fax. For-
cused on only £ and substrate network resistance,Rve can find that the value off is
in disagreement with the value oft.Rand R, and Ru of Type C is largest (or+ of Type C
is worst). Therefore, we can consider that substrate network resistantargely effect on
these devices RF performance for different layout devices. It will be necessary to analyse the
substrate network including substrate resistance and capacitance more.

Furthermore, RF modeling had also performed. Although it could not establish a complete
sub-circuit model, only input port model had been established. Thus, we must analyse and
model the output port effects such as the effects of substrate resistance and capacitance.

In conclusion, we summarize that Type C is the worst layout for RF CMOS due to its substrate
resistance and Type D and E are good layout for RF CMOS.

78



Chapter 40 Characterization of Sub-100 nm High-k RF MOSFET 4.1 Device

Chapter 4.0 Characterization of Sub-100 nm High-k RF MOS-
FET

In this chapter, the leading-edge sub-100 nm High-k RF CMOS will be assessed by evaluating
the cutoff and maximum oscillation frequenciesdhd f..). Up to now, RF performance for
High-k RF CMOS have been hardly reported [29]. So we will measure and evaluate for RF
CMOS with SiON and HfSION gate dielectrics.

4.1 Device
41.1 TestDevice

SION (esion = 6) and HfSION é&son = 15) are employed as High-k gate oxide, to make oxide
thickness more thick physically. RF CMOS structure is shown in Figure 95, and each MOSFETs
with SION and HfSION are shown in Figure 96. Test device with SION is capped SiN to
increase mobilty and thermal fastness. Except for this structure, both test devices with SION
and HfSION are all same structure.

Test devices were fabricated with gate lengtk) @f 90 nm, unit gate width (\\:) of 5 um,
number of finger (F) of 12 and equivalent oxide thickness (EOT) is both 1.5 nm. Note that
actual gate lentgh is approximately®66 nm as shown in Figure 97.
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Figure 95: RF CMOS structure

4.1.2 Multi-Finger Straucture for RF MOSFET

As shown in Figure 96., RF MOSFETs are usually laid out as multi-finger devices, because in
deep-sub-micrometer CMOS processes the maximum finger length is limited and source/drain
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silicide™

HD-2300 200kV x500k TE 05/08/21 1669
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Figure 96: Cross section diagram of test device : (a)SiON and (b)HfSION
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Figure 97: Cross section diagram of test device.

parasitic resistance or gate resistance could reduce. It is clear that if the number of fingers

increase, gate resistance could reduce.

Rg,eff - %Rsh% (4_1)
= %Rsh mzt;\)/tfgl (4_2)

As the finger width decreases polyside sheet resistance increases due to grain boudary problems.
This is the so called narrow line effect. Typical devices have more than 10 fingers, and this test
device has 12 fingers. The total transistor effective widthig\then simply NW-.
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4.2 Measurement
4.2.1 DC Measurement

DC measurementgs-Mg and -V« for various values of M and Vg as shown in Table 4, had
performed against each type of devices. Figure 98.and 99. shows the result of DC measurement.

Table 4: DC measurement bias conditions

Vg vd
-V 0-1.5V 0.1-1.5V per 0.1V
l--Va | 0/0.3/0.6/0.9/1.2/1.5V 0-1.5Vv

id.m  [E-3]
id.m [LOG]
gm.m  [E-3]

Figure 98: 0 SIONO (a)l-Vg, (b)logule-Ve, and (c)g-V, for various value of ¥=0-1.5V and
V¢=0.1-1.5V

[E-3]

id.m  [LOG]
gm.m  [E-31

veg [E+B] vg [E+@3 vg [E+3]

(@) (b) (c)

Figure 99:00 HISIONO (a)l+-V, (b)logul«-V,, and (c)g-V, for various value of ¥=0-1.5V and
V¢=0.1-1.5V
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id.m [E-3]

gds.m [E-3]

B - -

vd [E+@3 vd CE+@A1

(a) (b)

Figure 100:0 SIONO (a)l-V4, and (b)@-V, for various value of ¥=0/0.3/0.6/0.9/1.2/1.5V and
V=0-1.5V

d.m [E-33]
\ \

gds.m [E-31]

Figure 101:0 HfSIONDO (a)l-V4, and (b)g-V, for various value of W¥=0/0.3/0.6/0.9/1.2/1.5V
and Vs=0-1.5V

The punch-througtcan be found in Figure 100. and 101. like p-MOS due to short channel
effects.

4.2.2 RF Measurement and De-embedding

S-parameter had measured up to 40 GHz. Here, the de-embedding procedure based on the open
and short calibration test structures (see Section 2.1.1) was performed for each devices. The
effects of de-embedding inuSand S: are shown in Figure 102. and 103. fog1.5V and
Vs=1.5V.

After de-embedding, RF performance of intrinsic part of a transistor can be assessed by eval-
uating the cutoff frequency {see Figure 104. and 106.) and the maximum available gain f
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(see Figure 105. and 107.). Since we measured only up to 40 GHz$d.8/0.9/1.2/1.5V and
V¢=1.5, fr and f..xmust be predicted by extrapolating for over 40 GHz as shown in the blue line
of Figure 104.- 107. From the result of this predictionof~234.2 GHz, andrfision~175.6
GHz could be obtained. As t@d, fraxson61.94 GHz, andxsion=69.20 GHz could be ob-
tained. Both maximumrfand f.xcould be obtained ata=1.2V and 4=1.5. Figure 108. shows
drain current dependent af fnacand transconductance.gNVe can easily find that the relation to

fr, fraxand transconductance.gAs biased gpea fr and faxalso increase due to device mobilty.

sd.22

s.m.22

Figure 102:0 SIONC (a)S: and (b)S: comparing the measured raw data(red-line) with after
de-embedding data witbPEN'SHORTgreen-line).

Figure 103:0 HfSIONDO (a)S: and (b)S: comparing the measured raw data(red-line) with after
de-embedding data Wit PENSHORTgreen-line).
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Figure 104: Frequency dependence of the cut-off frequency for CMOS with SiON gate di-
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Figure 105: Frequency dependence of the maximum available gain for CMOS with SiON gate
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Figure 106: Frequency dependence of the cut-off frequency for CMOS with HfSION gate di-

electrics.
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Figure 108: Drain current dependent gfff.xand transconductance.g

4.2.3 Extrinsic Parameter Extraction

Extrinsic parameters such ag Bq and Ru, etc., had been extracted and applied to evaluate its
RF performance. The methodologies of extraction are shown in section 2.3.

4.2.3.10 Gate Resistance Extraction
Each gate resistance Rad extracted as shown in Figure 109. We can find thatf BiON is

larger than Rof HfSION and, as frequency increase, dso increase simultaneously because
of NQS effects.

Rg [ohm ]

freq GHz]

Figure 109: Frequency dependency of extracted gate resistanc@\ly
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4.2.3.2001 Gate Capacitance Extraction

Gate capacitance had also extracted by Eq.(2-111)-(2-114)s ©tal gate capacitance, that

is Ci=CyatCestCev. Each gate capacitance such ag Cyt+Cos, and Gy, are compared with in

Figure 110. and 111. We can find that although as frequency increase, every gate capacitances

also increase, all gate capacitance of HfSION are larger than of SION. It can consider that

these capacitances also affect RF MOSFET with HfSION performance badly. Especially, with

comparing Gs+Cqito Cyp in Figure 111., it can be found that@nd G« mainly effect.

25

Cgg uF/cm 2]

freq GHz]

30 40

Figure 110: Frequency dependency of extracted C
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Figure 111: Frequency dependency of extractetl@s and Ge.
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4.2.3.30 Substrate Network Analysis
There is little difference betweensRof HfSION and of SiON. It can consider that.Rmakes
little difference to each device RF performance as shown in Figure 112.

100

——H{SDON
80 ——SDN

60

40

Rsub [ohm ]

20

0

10 20 30 40
freq GHZ]

Figure 112: Frequency dependency of extracted substrate resistasd&f0oV]

4.3 Summary of This Chapter

In this chapter, sub-100 nm High-k RF MOSFET with SiON and HfSION gate dielectrics had
been measured and assessed by evaluating the cutoff and maximum oscillation frequencies (f
and fa). Both devices show considerably high RF performance as shown in Figure 113. and
114. Compared the obtained values-cémd f..x to the values in Figure 113. and 114., we can

find that the obtained values afdre considerable good values over the last 10 years. However,
as to fy its value is not so reasonable.

Furthermore, extrinsic parameters also had extracted and made a comparison. RF perfor-
mance of test devices such asahd f., and extrinsic resistances such asaRd Ruw, are
compared with in Figure 115. We can find that the value.eig in disagreement with gate re-
sisitance R As each values of substrate network resistane@f almost same, it can consider
that Ruwhardly make RF performance different. This means that gate resistatarg@ly make
device RF performance worse, not substrate network resistanoetRese devices. Therefore,
gate resisntancegsfust be reduced for more higher RF performence.
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Figure 113: Reported values afih IEDM and VLSI, 1995-2004.
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Figure 114: Reported values akfin IEDM and VLSI, 1995-2004.
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Figure 115: RF performance and extrinsic resistanceani Rus.

Extrinsic capacitances such as total gate capacitapcgdie-to-drain/gate-to-source capaci-
tance G+Cgs and gate-to-bulk capacitance.@re shown in Figure 116., comparing withrahd
fmax. We can find that each gate capacitances of HfSION are larger than of SION. So we can
consider that these capacitances badly affect RF MOSFET with HfSION performance, such as
fr and fa. Especially, gate-to-source capacitangea@id gate-to-drain capacitance: @ainly
affect as shown in Figure 111. To reduce these effects, the structure of source and drain should

be changed, for example asymmetry source/drain structure.

, A

250
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200

150

100
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50

Cgg Cgd+Cgs Cdb

Figure 116: RF performance and extrinsic capacitancgsCétCes and Ge.
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Chapter 5.0 Conclusions and Future Issues

5.1 Conclusions
5.1.1 Modeling of RF MOSFET with Different layout

Five RF CMOS with different layout had been measured and assessed by evaluating the cutoff
and maximum oscillation frequencies énd f..). And intrinsic and extrinsic parameters had
been extracted. At higher frequency, since device operation are influenced by some parasitic
components, extrinsic parameter extraction and evaluation are really meaningful for verfying
RF effects and had been done. Especially, it could be found that gate resistance and substrate
resistance make device RF performance worse significantly. In conclusion, a transistor sur-
rounding guard ring such as Type D and E is well to reduce the substrate network resistance,
and the parallel aligned transistor such as Type C is the worst layout for RF application. How-
ever, the substrate resistance effects may be much more complex, so it will be necessary to
analyse the substrate network even more.

Furthermore, RF modeling had also performed. Although it could not establish a complete
sub-circuit model, only input port model had been established. Thus, we must analyse and
model the output port effects such as the effects of substrate resistance and capacitance.

5.1.2 Characterization of sub-100nm High-k RF MOSFET

Sub-100 nm High-k RF MOSFET with SION and HfSION gate dielectrics had been also mea-
sured and assessed by evaluating the cutoff and maximum oscillation frequenaras ).
The cutoff frequencies bf both devices show considerably high RF performance over the last
10 years, as shown in Figure 113. and 114. However, as.{6t$ value is not so reasonable
due to gate resistance effects. We must reduce the gate resistance to obtain higher maximum
available gain, i.e. maximum oscillation frequencies f

Another factors of interrupting to obtain higher RF performance are the parasitic capasitances,
such as gate-to-drain. gate-to-source capacitance,Gand gate-to-bulk capacitancen.
must be reduce to change structure, for example asymmetry source/drain structure.
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5.2 Future Issues

As discussed in chapter 2. actively, an accurate compact RF model are required. However, as
accurate modeling still has many problem such agchapter 3), extrinsic parameter extrac-
tion model for gate resistance, gate capacitance, etc., it must be improved to obtain stable and
accurate values at RF.

As we could make sure that gate resistance really affects to device RF performance, reducing
gate resisntance will make RF CMOS much higher RF performance.
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