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ABSTRACT

The non-quasi-static (NQS) description of device behavior is useful in fast
switching and high frequency circuit applications. Hence, it is necessary to develop
a fast and accurate compact NQS model for both large-signal and small-signal sim-
ulations.

A new relaxation-time-approximation based NQS MOSFET model, consis-
tent between transient and small-signal simulations, has been developed for surface-
potential-based MOSFET compact models. The new model is valid for all regions of
operation and is compatible with, and at low frequencies recovers, the quasi-static
(QS) description of the MOSFET. The model is implemented in two widely used
circuit simulators and tested for speed and convergence. It is verified by compari-
son with technology computer aided design (TCAD) simulations and experimental
data, and by application of a recently developed benchmark test for NQS MOSFET
models. In addition, a new and simple technique to characterize NQS and gate
resistance, Rgate, MOS model parameters from measured data has been presented.

In the process of experimental model verification, the effects of bulk resistance
on MOSFET characteristics is investigated both theoretically and experimentally to

separate it from the NQS effects.
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CHAPTER 1
Introduction

1.1. NQS Compact MOSFET Models

The state-of-the-art design of RF and mixed-signal CMOS circuits can require
inclusion of the non-quasi-static (NQS) effects, such as the finite channel transit time
[1]. Various compact formulations of NQS models have been reported [3,4,6-51].
Among them, [25,29,30] are threshold-voltage-based (Vr-based) models, [3,44,50]
are inversion-charge-based (gr-based) models, and [4,31-34,47] are surface-potential-
based (s-based) models. To be useful in a generic circuit simulator, NQS models
need to be large-signal and not rely on the small-signal approximation. Inclusion of
NQS effects in a large-signal formulation is a difficult task which when performed
rigorously, and increases both the model complexity and the execution time. For
example, two accurate large-signal NQS )s-based compact models are based on
the channel segmentation [31] and spline-collocation-method [32,33] and are both
significantly more complex than the corresponding QS models [52,53]. A popular
simplification of the NQS model is the use of the relaxation-time-approximation
(RTA) which reduces the simulation time and improves convergence at the price of
the reduced accuracy, especially at high frequencies. These models are described
in [29, 34, 54-56] with some additional insights found in [57]. In a different form,
RTA also appears in a comprehensive varactor model where it is used to describe
the inertia in the formulation of the inversion layer [58-61]. In the development of
RTA NQS models, it is common to assume that RTA applies to all terminal charges,

including the bulk charge. As shown in [62], this assumption makes RTA models



fail a benchmark test specific for NQS models. The shortcomings of this assumption

from the experimental point of view are discussed in [5].
1.2. Existing Large-Signal NQS Models
1.2.1. BSIM3/BSIM4-NQS

BSIM3 and BSIM4 are Vp-based models [57,63-66]. Berkeley’s LEVELL,
LEVEL2, and LEVEL3; BSIM1, BSIM2, BSIM3, and BSIM4; and NXP’s MM9 all
belong to this category. The models of this type are formulated directly in terms of
figures of merits in mainstream circuit design theory (e.g., Vi, subthreshold slope,
etc). The Vp-based model is essentially a regional model that relies on a piece-wise
description of the strong and weak inversion regimes of the device operation.

In the BSIM3 and BSIM4 NQS models, the MOSFET is divided into a few sub-
MOSFETSs of smaller channel length. The RC network representing the distributed
channel is now replaced by an Elmore lumped equivalent circuit that preserves the

lowest frequency pole of the distributed channel [29]. The Elmore resistance is given

by:

L2
Rpiyv = —5 (1.1)
Peryv - o qp

where p is effective channel mobility, L is channel length, Pgrs is a fitting parameter,
the total inversion ¢ = Cox (Vgs — Vi) is adopted in the Vp-based model which is
only valid for the strong inversion region, and Cyy is the oxide capacitance. The
superscript “(0)” denotes the QS value of the corresponding variable and SI units
and physical signs are used throughout. The value of Pgr\ is extracted by matching

the time response of the fast switching device operation.



The RTA models in BSIM3 and BSIM4 are essentially the same [29,65,66] ':

0
dQT:F _qI()_QI

dt T T

T € {D,G,S} (1.2)

where Ip, Fg, and Fg are the NQS channel charge partitioning factors for terminals

D, G, and S, respectively:

Fs + FD =1 (1.3)

Fo=-1 (1.4)

Both BSIM3 and BSIM4 large signal NQS models use the quasi-static value for the
bulk charge [65,66].

The relaxation time, 7, is slightly different for BSIM3 and BSIM4. In BSIM3,
for a unified expression valid for both strong and weak inversion modes of operation,

T is given as a combination of the diffusion and drift mechanisms:

1 1 1
Z - 4 (1.5)
T Tdiff Tdr

where

L2
Taiff = ————— 1.6
W= 15 (1.6)
¢y is the thermal voltage, and
L? . Cox
Tar = Rprm - Cox = ©) (L.7)
Pgrwm - g gy
In BSIM4, 7 is given by
1 1
g 1.8
T R;iCox ( )

lef. Eq. (8.1.4b) of [66]



where the inverse of the intrinsic input resistance

1 [DS N@btcox
— =X 1- X 2- 1.
7 = XRCRG <Vdo{f + XRCRG2 - 25 (1.9)

Here, XRCRG1 and XRCRG2 are model parameters and Ve is the effective drain

voltage.
1.2.2. HiSIM-NQS

HiSIM [56,67,68] is a 1g-based model. In fact, HiSIM NQS uses [34]

(1) = an(tar) + 22 [ (1) — (1) (1.10)
b (tn) = an(ta1) + = [a) (1) — an(t-1)] (1.11)

where 7 and 7 are the relaxation time for inversion and bulk charges, respectively.

After the inversion charge is known, source and drain charges are evaluated by

o =FY . g (1.12)

gs = [1 . F]gm] a1 (1.13)

where F]go) is the QS partitioning factor for drain charge.
The relaxation time, 7, is evaluated in the same way as (1.5) but with slightly
different parameterization of the components for diffusion and drift currents (Pyig

and Py, are model parameters) [34]

L2
S ~ 1.14
aift Py - p - ¢t (1.14)
L?. Cuy
Tqr = — (1.15)
Par - - gy
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Fig. 1.1. Schematic for channel segmentation method

Similarly,
1 1 1
— = + (1.16)
TB  Tdiff  Tdr,B
and
L? . Cuy
Pup-p-q

where Py, g is an additional model parameter.

The use of RTA (1.11) for gp is unphysical as explained in [5]. In particular,
it introduces inertia in the response of ¢g to ¥g which is not present in real devices.
1.2.3. Channel Segmentation Method

A powerful but computationally expensive method to model a MOS transistor
operating under NQS condition is to view its channel as a series connection of
segments, each segment being short enough to be modeled quasi-statically [1, 31,
69-78]. The NQS model in MM11 [47,79,80] is based on this approach. This idea
is illustrated in Fig. 1.1 with each segment modeled by a “subtransistor.” These
subtransistors are assumed to consist only of intrinsic parts. In other words, no
extrinsic source and drain regions at intermediate points are included. Also, it can

be tricky to model short-channel effects.



1.2.4. SP-NQS and PSP-NQS

SP-NQS and PSP-NQS are ig-based MOSFET models which are based on
SP [81-85] and PSP [52,53,86-88], respectively. Both models are based on the cubic
spine-collocation method which is a weighted residues method. The restraining
equations and boundary condition are enforced on the continuity equation at each
collocation point to construct a number of (the same number as the user specified
collocation points) coupled ordinary differential equations. Detailed descriptions of
the model can be found in [32,33].

The cubic spline-collocation-method gives physically meaningful approxima-
tions and transforms the partial differential continuity equations into a system of
ordinary differential equations. Another advantage of this method is that users
can choose the number of collocation points to balance simulation speed and ac-
curacy depending on their applications. Still, the spine-collocation NQS model is
significantly slower than the QS model (but faster than the channel segmentation
method.)

1.3. Existing Small-Signal NQS Models

During small-signal simulations, complex quantities such as the voltage phase
and amplitude are used to reduce the complexity of computation [1,89-91]; thus,
the system matrix becomes complex with a real and imaginary part for each ele-
ment. In the analysis of high-frequency MOSFET characteristics, the so-called “y-
parameters” are often used. In this section, we developed the y-parameter models

for the RTA-based NQS MOSFET model to perform the benchmark test suggested



in [62]. The standard definition of y-matrix in circuit theory is as follows

i = (L18)

ZJ ‘ vm:5mk

For a linear 4-port network, it is assumed that the small-signal terminal currents 4,
ig, is, and 7y, are linear functions of the applied small-signal terminal voltages vq,
Ug, Vs, and vy,. Superposition principle may be applied to find a terminal current i;

when all four of the small-signal voltages are nonzero:

’LJ = Yjdld + Yjglg + YjsUs + YjbUb, J € {d7 g,5s, b} (119)

The y-matrix satisfies certain conditions which follow from the following observa-
tions:

(1) There is no current flowing if all four small-signal potentials are identical.

(2) The sum of the total 4 small-signal currents have to be zero for a 4-port network.

Consequently, the relations between the y-parameters are as follows

D Yk =0 (1.20)
k
>y =0 (1.21)

1.3.1. Small-Signal Model in [1]

Physically formulating the y;i terms is non-trivial, as it requires the solution to
the coupled continuity and drift-diffusion equations. Sometimes, numerical results
might be practically obtained and used. Analytical solutions are available with
simplifying approximations. Presented in [1,35,92] is a four-terminal small-signal

dc-to-high-frequency model, valid in weak, moderate, and strong inversion regimes.



This model is advantageous in the following aspects. First, it is formulated
in a single continuous expression valid for weak, moderate, and strong inversion
regimes which is free of discontinuities across the boundaries of different regimes.
Second, it is for a 4-terminal MOSFET device which is capable of modeling various
substrate effects. Third, it reduces to the QS version of the model at sufficiently
low frequencies which contains the nonreciprocal capacitive effects [93].

Various approximations have been made to arrive at the analytic expressions
for y; in [1,35]. The first assumption is since s only changes slightly as the gate

to bulk voltage, vgg, increases in strong inversion, tg is assumed to be pinned at
Ys ~ ¢o + Vs (1.22)
where Vg is the channel to bulk voltage,
Po ~ 20F + Ad (1.23)

with A¢ equal to several ¢.
Another assumption made is that, in strong inversion, the negative of the

normalized inversion charge u; (for the source referenced model)
ur =vags — VFB — 0 — 7V ¢0 + VsB — ao Vs (1.24)
where Vg is the flatband voltage, v is the body effect coefficient, and

a0:1+2 7

N (1.25)

. Here, the bulk charge is linearized at its dc biasing point.



The results are

(iw)! Nix1

M

o~

1902

Yik =
(jw)'Dy

N
Il
=)

where

Dy =1
4 1+3n0+n8
15w, (1—|—’I70)3

1 1+dno+nd
45w§ (1+7]o)4

D1

Dy

and (we consider ygg) [1]

Nggo =0
Nt — O 2 T4dmpt+ng o1
ggl — ~ox 3ag (1 + ?’]0)2 Qg
ao Cox [ 2 2+ 1no+2n | 4 ap—11+3no+n
82 0 [ 450y (14mn9)3 15 ag (1+mnm)3
Here
\% /
1— 25 Vhs < Vg
no = DS
0. Vps> V]SS
’ Vas — Vo
Vae =
DS -
~ u(Vgs — Vr)
o — L2

(1.26a)

(1.27a)

(1.27b)

(1.27¢)

(1.28a)

(1.28b)

(1.28¢)

(1.29a)

(1.29b)

(1.30)

(1.31)

Naturally, these equations are only valid for strong inversion and do not cover all re-

gions of MOSFET operation; in addition they do not account for any small geometry

effects and assume constant mobility.



1.3.2. Small-Signal Models in [2, 3]

A set of analytic expressions is presented in [2] for the small-signal analysis
of NQS operation of the MOS transistor. This model is derived from the gr-based
EKV compact model [94-98]. Expressions for the figures of merit for small-signal
analysis are formulated which are valid from weak to strong inversion regimes. The
model is derived from the continuity equation and drift-diffusion equation, and relies
on the assumptions that underlie ¢;-based compact models. The results are written
in the form of a normalized y-matrix, which is expressed in terms of normalized
variables including currents and frequency, so that they are independent of the
process parameters such as mobility and substrate doping. From this approach,
first and second order approximations to the detailed analytical expressions have
been obtained.

The results are expressed in terms of Bessel functions of fractional orders
and of complex arguments. Such functions are not available in most programming
environments, and their numerical evaluation tends to be slow and have poor conver-
gence. Therefore, the results require simplifications in order to become practically
useful. In [3], it is proposed that a simple equivalent small-signal circuit is sufficient
to express the terms of the transadmittances in [2]. [3] further shows that these
functions can be represented in two simple forms, which are valid for all operating
regions. Approximate analytical expressions are also proposed in [3].

1.3.3. Small-Signal Model in [4]
In [4], a small-signal MOSFET model is described, which takes the local ef-

fects of both velocity saturation and transverse mobility reduction into account.
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The model is based on the PSP model and is valid for both QS and NQS opera-
tion. Recently, it has been found that, in the presence of velocity saturation, the
low-frequency capacitances cannot be determined from the Ward-Dutton charge-
partitioning scheme [99,100]. By use of the small-signal model developed in [4], it
is demonstrated that, in the presence of velocity saturation, no terminal drain and
source charges exist, from which the capacitances can be derived. The small-signal
model enables the determination of the correct capacitive behavior in the presence
of velocity saturation. Furthermore, it is demonstrated how the small-signal model
can be used to determine the number of collocation points needed in the large-signal
NQS PSP model. Finally, inclusion of the local variation of mobility reduction due
to the vertical electrical fields provides insight into the approach commonly applied
in compact modeling, where these fields are replaced by global ones depending upon
the terminal voltages only.
1.4. Present Work

In the present work, we develop a new version of the NQS model based on
RTA for the inversion charge (and some other approximations detailed below.) No
RTA is used for the bulk charge or (to be consistent with the neutrality condition)
for the gate charge. This leads to increased accuracy while retaining the simplicity
and speed of the model. Most importantly, the description of the NQS effects in the
new formulation becomes reliable in the frequency range up to 1.5-2fp (in this work
fr is a shorthand for fr max for a single transistor as described in [101,102].) Since
practical MOSFET applications for f > 2fr are rare, this makes the new approach

to NQS modeling suitable for most RF applications [59,103-119].
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We note in passing that if for some reason large-signal formulation is not re-
quired, then a variety of analytic small-signal models become available even without
RTA [3,4,25,35,41,44,49,50]. These are theoretically significant and in some cases
may be practically useful. However, the emphasis in this work is on the complete
large-signal formulation required by SPICE-like simulators. The small-signal ver-
sion of the new model is derived entirely for the purpose of applying the benchmark
test of [62].

While the work described in this thesis is based on PSP [52,53] as the under-
lying QS model, the approach is quite general and with suitable modifications can
be used with any advanced ¢s-based model.

In summary, the main objective of the new RTA-based NQS model are as
follows:

(1) To formulate an accurate and efficient approach for RF and mixed-signal circuit
simulations,

(1-1) To achieve consistency between large-signal and small-signal simulations,
(1-2) To accurately model all terminal currents under NQS conditions up to 2 fT max,
(1-3) To include all regions of MOSFET operation,

(1-4) To include short-channel-effects (SCEs),

(1-5) To achieve the consistency with QS simulation results for slow transients and
low frequencies,

(2) To verify the new NQS model using PSP-NQS, TCAD results and measured
data,

(3) To develop a new small-signal y-parameter model based on the new RTA-based

12



NQS model to perform the benchmark test of [62], and
(4) To implement the model into commonly used circuit simulators and demonstrate
the applicability of the new NQS model using circuit simulations.
1.5. Organization of This Thesis

This thesis proceeds as follows. In chapter 2, we formulate the new version
of RTA, which is verified by comparison with TCAD simulations and experimental
data in chapter 3 while chapter 4 contains results based on the small-signal version
of the model. After the modeling of the bulk resistance effect on the high frequency

gate capacitances in chapter 5, the conclusions are presented in chapter 6.
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CHAPTER 2
The New RTA-Based NQS MOSFET Model
2.1. Terminal Charges
To formulate the RTA, we introduce terminal charges at the source ¢g and at
the drain ¢p and the total inversion charge q; = ¢s + ¢p. It is assumed that the

equation

dﬂ__qT—qg))

= 2.1
dt T (21)
(7 is the relaxation time) is valid for T = S, D and hence, for T = I. Applying (2.1)
to the source and drain charges directly differs from the approach in [34] where (2.1)

was used for ¢r and gp after which the QS partition of the total inversion charge

was adopted to compute gp and gg,

)
gD = NOR q1 (2-2)

ar

Strictly speaking, the relaxation time approximation (2.1) is not valid for gp
since the bulk charge has no inertia to follow the variation of surface potential, hence
it doesn’t have a characteristic relaxation time associated with it [5]. This aspect of
the new NQS model is further detailed in section 5.2.

The inverse of the relaxation time entering (2.1) is modeled as in [29,34]:

1 12
— = L—f [Kdrift : Qi(o) + Kaif - ¢t] (2.3)

where Kg.if; and Kgig are model parameters corresponding to the drift and diffusion
current components, respectively, Qi(o) = —qI(O) /Cox, and ¢y = kpT/q where kp is

Boltzmann’s constant, 1" is the absolute temperature, and ¢ is the magnitude of the
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electronic charge. The form (2.3) is similar to the models of [29,34] but includes the
physical factor 12, which follows from detailed analysis of inversion charge inertia
with contacts to both source and drain [1].

The gate charge is

L
sz/%@ (2.4)
0
where W is channel width and
4G = (Cox/WL) [ves — Vis — ¥s(y)] (2.5)

where 1g(y) is the surface potential at a point y along the channel (from y = 0 at

the source to y = L at the drain). Hence,

qa = Cox (vaB — Vis — 1s) (2.6)

where the average value of the surface potential along the channel is

L
%Z%/%@@- (2.7)
0
The bulk charge is
L
i =W [ oy (28)
0

where q;3 is the bulk charge density per unit area which, unlike the inversion charge,
responds practically instantaneously to changes in the surface potential. The func-

tional form of the gg(1)s) dependence is not affected by NQS effects so

) -1/2 —Bs —
o= ~ sgu(ys) Cox v B WL\/e s + Byps — 1 (2.9)

15



where 5 = 1/¢y, thus

L
-1/2
0 = _SgH(T/)S) Oox/yﬁ /\/e_ﬁws + ﬁl/)S — 1dy ) (210)
0

L

From the first mean-value theorem of integral calculus, there exists a point y* €

(0, L) such that

ap = —sgn(3) Coxy 671/2 o0 + gy — 1 (2.11)

where 1§ = s(y*).
Generally speaking, 1§ is not known, varies with bias, and differs from s as

defined in (2.7). In the QS case the symmetric linearization method [53,120] gives

U~ Yu — (g’gz ~ s (2.12)

where
¥m = (¥so + ¥sL) /2 (2.13)
At = s, — Pso (2.14)

1o and 1gr, denote the surface potentials at the source and drain ends of the
channel, respectively, and H is a bias-dependent but position-independent variable
whose precise value depends on the details of the velocity-field relation implemented
in the compact model. Here, we use H in the form given in [53].

The additional approximation we make is that

v ~ s (2.15)

is valid in the more general NQS case. Note that we do not assume that the 1§
dependence on ¥y and A remains unchanged in the NQS case, which means that

(2.15) is a weaker condition than (2.12).
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We believe that (2.15) is preferable to assuming that (2.1) applies to the bulk
charge. Indeed, (2.15) produces some numerical error in the evaluation of gg while
using RTA for ¢p introduces an unphysical inertia in the response of gg to the surface
potential variation. The approximate validity of the NQS model based on (2.1) and
(2.15) is justified by comparison with TCAD simulations, experimental data, and a
benchmark test in subsequent sections.

The charge neutrality condition
G +qa+gs=0 (2.16)
with (2.6) and (2.15) gives
Cox (veB — ViB — ¥s) + a1 + qB(¢s) = 0 (2.17)

where gg(1s) is given by (2.11) with 9§ replaced by . Note that while the corre-

sponding equation for the charge densities per unit area, qi and q1’3,

(Cox/WL) (veB — Vs — ¥s) + g1 + qp(vs) = 0 (2.18)

is exact, the equation (2.17) for the charges is approximate and is based on (2.15).

The terminal charges are computed as follows: the RTA equations (2.1) are solved

for gr and ¢p; with ¢ known, g is determined from (2.17) using an accurate ana-

lytical approximation originally developed for varactor modeling [59]; with g thus

determined qg is evaluated from (2.6); and, finally, ¢p is calculated from (2.16).

All small-geometry and secondary effects are inherited from the QS model used to
(0)

compute u, gy, and q](30 ). The resulting NQS model is coded in Verilog-A to make

it portable across circuit simulators. While the simulations presented below were
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performed using the Verilog-A compilers of two widely used simulators: Spectre

and ADS, we have also used automatically generated C-code [121] with identical

results. Typical execution time increases by about 40% relative to the QS PSP

model [52, 53] which is acceptable for NQS simulations; the exact computational

overhead compared to QS modeling depends on details of the circuit, analysis per-

formed, computing platform, compiler, and similar factors.

In this section, we have obtained large-signal NQS terminal charges. This is

summarized in Table 2.1.

TABLE 2.1
SUMMARY OF EVALUATION OF TERMINAL CHARGES IN PSP-RTA-NQS
Sequence | Terminal Charge Equation(s) Comments
1 ap (2.1) gp satisfies (2.1)
2 qs Equivalently by (2.1) | gg satisfies (2.1)
3 qc (2.6) and (2.17) (2.11) and (2.15)
4 a8 (2.16) NA
2.2. Terminal Currents
Terminal currents are given by
. dqp
=T — 2.19
D D+ dt ( )
. dga
= I — 2.20
g = 1g + a (2.20)
, dgs
=Is+— 2.21
15 = Is + ar (2.21)
, dgp
=1 — 2.22
B B+ at ( )

where Ip, Ig, Is, and Iy are convection currents which are computed by the PSP-QS

model.
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2.3. Small-Geometry Effects, Parasitics, and Noise

Model equations for the small-geometry effects (such as the polysilicon de-
pletion effect [122-125], quantum mechanical corrections [126-129], etc.) are in-
herited from the PSP-QS model and their description is not affected by the RTA
approach. Parasitics [130-132] are also modeled automatically. An NQS noise
model [110, 133-148] is not included in the present work. More precisely, small-

geometry effects, parasitics, and noise models are included in z'](DO ), ig), z'(so), 2.1(30 ), q](D0 ),

qg) ), qéo), and qg)). The geometry dependance of 7 is given by (2.3).
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CHAPTER 3
Model Validation
3.1. Model Validation with TCAD

The new RTA-based NQS model has been implemented in PSP103 [53] and
is called PSP-RTA-NQS. Comparisons with two-dimensional (2-D) TCAD [149] re-
sults for large-signal simulations are shown in Figs. 3.1-3.4 and for small-signal
simulations in Figs. 3.5-3.8. In all cases, W=1 um, L=5 pm, Vgg =0, t;x=2 nm,
1#=0.104 m?/V-s, Ngyp=3 x 103> m~3, and T=300 K. The relatively large L was
selected to emphasize the NQS effects.

Figs. 3.1 and 3.2 show the terminal currents during switching from depletion
to strong inversion operation for dVg /dt = 10'° V/s; results from the QS version of
PSP are also shown for comparison. There is good agreement between PSP-RTA-
NQS and TCAD simulations, and the improvement over PSP-QS is apparent. Fig.
3.3 shows transient gate and bulk current during switching from accumulation to
strong inversion for a ramp rate of 2 x 10! V/s. As expected, NQS effects appear
only when the inversion charge becomes significant. This further illustrates the fact
that there is no inertia involved in the formation of the bulk charge (at least until
the Maxwell relaxation becomes relevant) [5].

RTA-based models are approximations and become less accurate as voltage
ramp rates increase, see Fig. 3.4 for gate and bulk currents for a ramp rate of
5 x 1011V /s. Even in this extreme case, the qualitative behavior of the PSP-RTA-
NQS model remains reasonable.

While an ability to model the large-signal response to a fast transient is im-
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Fig. 3.1. Drain and source terminal currents for vgg switching from 0 to 3 V at
1019 V/s; Vpg=3 V and Vs=0.

portant for NQS models, RF circuit design requires small-signal modeling, including
transcapacitances, at high frequencies. Figs. 3.5 and 3.6 show Cy, and Cg, respec-
tively, for f from 0 to 2fr; the new model fits the TCAD results well, with some
inaccuracy at the onset of strong inversion at the highest frequency. Fig. 3.7 shows
Chg over a significantly extended frequency range; although neither the gate nor the
bulk charge are affected by the inertia in the inversion charge, if the partitioning
of the NQS inversion charge into source and drain components is done incorrectly,
then this induces errors in modeling Cy, at high frequencies; the inset in Fig. 3.7
shows that this is not the case for PSP-RTA-NQS.

A further interesting detail that demonstrates how NQS inversion charge par-
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Fig. 3.2. Gate and bulk terminal currents for vgg switching from 0 to 3 V at 1010
V/s, Vbg=3 V.

titioning qualitatively affects capacitance modeling is shown in Fig. 3.8. In our
model formulation, as described in the previous section, the issue of partitioning

does not arise since both ¢p and gr are individually computed from (2.1) and ql()O )

and qI(O) are directly provided by the underlying QS model. This results in the

physical monotonic behavior of Cys as a function of the dc bias Vgg in Fig. 3.8. In
contrast, if the ratio ¢gp/qr is assumed to be its QS value, as is done in previous RTA

NQS models, then Cy4g acquires an unphysical peak which becomes more pronounced

as frequency increases.
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Fig. 3.3. Gate and bulk terminal currents for vgg switching from -3 to 3 V at
2 x 1019 V/s; Vpg=3 V.
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Fig. 3.4. Gate and bulk terminal currents for vgg switching from 0 to 5 V at
5 x 10 V/s; Vpg=5 V.
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Fig. 3.5. Cgg for f=0,0.5f7, 1.0 fr, 1.5 fr and 2.0 fr (top to bottom), where fr=1.6
GHz; Vps=0.5 V. The weak frequency dependence in accumulation is completely
due to the bulk resistance effect (extracted Rpux = 116.8 © from TCAD data) [5].
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Fig. 3.6. Cg for f=0, 0.5ft, 1.0f7, 1.5fr and 2.0 fr (top to bottom), where fr =
1.6 GHz; Vpg=0.5 V.
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Fig. 3.7. Cypg for f=0, 3.1fr, 6.3 f1, 12.5fr, 18.8f1, 25 f1 and 31 fr (top to bottom
in accumulation region, bottom to top in strong inversion inset), where fr=1.6 GHz;
Vbs=0.5 V. The significant decrease in the accumulation is completely due to the
bulk resistance effect (extracted Rpux = 116.8 Q from TCAD data) [5].
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Fig. 3.8. (g5 from partitioning based on (2.1) (solid lines) and (2.2) (dot-dash
lines), fr = 1.6 GHz; Vpg=0.
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3.2. Model Validation with Experimental Data

To further validate the accuracy of the new model, we measured s-parameters,
over a range of gate and drain biases and frequency with Vpg=0, for a PMOS
transistor in a 90nm RF CMOS process. Fig. 3.9 shows the layout view of the

device.

Fig. 3.9. Test device with GSG probe pad configuration. Courtesy of Freescale
semiconductors, presented with permission.
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The device was laid out in a 2-port ground-signal-ground (GSG) probe con-
figuration, with the gate configured as port 1 and the drain as port 2; the structure
included 6 gate fingers and a surrounding bulk contact ring, with two devices con-

nected in parallel. De-embedding was done using a 2-step open-short technique [150].

PSP-RTA-NQS
PSP-NQS .

~
o
u]

¢ measured

(mS)

ggg

-1.5 -1 -0.5 0 0.5 1 1.5

Fig. 3.10. Comparison of model and measured data for a PMOS ge, when Vpg =
-0.6 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,

W =10 pm.

Figs. 3.10 through 3.33 show measured data from the device (cf. Fig. 3.9),
along with simulation results from both the PSP-RTA-NQS model and, for com-
parison, PSP-NQS with the spine collocation points N = 9 which is the maximum
allowed number. The y-parameters are shown over frequency both vs. Vg, for fixed

Vbs, and vs. Vpg, for fixed Vgg, with the fixed voltage value chosen to be that for
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Fig. 3.11. Comparison of model and measured data for a PMOS Cy; when Vpg =
-0.6 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.

which there was the maximum change in qualitative behavior over both frequency
and the swept bias. Cj, was calculated as (205 — 1) Im(y;x)/w, with y;, computed
from transformation of the de-embedded s-parameters; fr for the device is 0.71
GHz. Rpuk and Rgate wWere adjusted to provide a least squares fit to the data. The
frequency and bias dependence of the measured data are fitted well, both qualita-
tively and quantitatively, by PSP-RTA-NQS, and in many of the plots it fits the
data better than PSP-NQS, even though the latter is a significantly more complex
model. For example, the peak in gg(Vgs) in Fig. 3.10 near threshold is able to be

modeled by PSP-RTA-NQS.
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In particular, Figs. 3.10 through 3.17 are the fitted frequency and gate bias

dependance of conductances and normalized capacitances when Vpg = —0.6V.

_2

PSP-RTA-NQS
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_2.5 1 1 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5

Vas V)

Fig. 3.12. Comparison of model and measured data for a PMOS ggq when Vpg =
-0.6 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. 3.13. Comparison of model and measured data for a PMOS Cgq when Vpg =
-0.6 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pym.
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Fig. 3.14. Comparison of model and measured data for a PMOS g4, when Vpg =
-0.6 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pym.
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Fig. 3.15. Comparison of model and measured data for a PMOS Cg, when Vpg =
-0.6 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.
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Fig. 3.16. Comparison of model and measured data for a PMOS gqq when Vpg =
-0.6 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.
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Fig. 3.17. Comparison of model and measured data for a PMOS Cyq when Vpg =
-0.6 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.
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Figs. 3.18 through 3.25 are the fitted frequency and drain bias dependance of

conductances and normalized capacitances when Vag = —0.8V.
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Fig. 3.18. Comparison of model and measured data for a PMOS gy, when Vgg =
-0.8 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. 3.19. Comparison of model and measured data for a PMOS Cys when Vg =
-0.8 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.
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Fig. 3.20. Comparison of model and measured data for a PMOS gyq when Vgg =
-0.8 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.
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Fig. 3.21. Comparison of model and measured data for a PMOS Cgq when Vgg =
-0.8 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.
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Fig. 3.22. Comparison of model and measured data for a PMOS g4, when Vgg =
-0.8 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pym.
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Fig. 3.23. Comparison of model and measured data for a PMOS Cq, when Vgg =
-0.8 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.
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Fig. 3.24. Comparison of model and measured data for a PMOS gqq when Vgg =

-0.8 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.
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Fig. 3.25. Comparison of model and measured data for a PMOS Cgq when Vgg =
-0.8 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.
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Figs. 3.26 through 3.33 are the fitted frequency and drain bias dependance of

conductances and normalized capacitances when Vag = —0.9V.
10 T T T T T
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8| ¢ measured .
®

by 6 . [ [ T ] _J
UE) ® o ¢ o o o o

Vo ¥

Fig. 3.26. Comparison of model and measured data for a PMOS gy, when Vigg =
-0.9 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. 3.27. Comparison of model and measured data for a PMOS Cys when Vg =
-0.9 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. 3.28. Comparison of model and measured data for a PMOS geq when Vgs =
-0.9 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. 3.29. Comparison of model and measured data for a PMOS Cgq when Vgg =
-0.9 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. 3.30. Comparison of model and measured data for a PMOS gq, when Vgs =
-0.9 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. 3.31. Comparison of model and measured data for a PMOS Cq, when Vgg =
-0.9 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. 3.32. Comparison of model and measured data for a PMOS gqq when Vgg =
-0.9 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.

52



— PSP-RTA-NQS

0.38 o PSP-NQS
® measured
0.25
05 0.2
\'U
o’ 0.15
0.1
0.05¢
0 1
0 0.2 0.4 0.6 0.8 1 1.2
—VDS (V)

Fig. 3.33. Comparison of model and measured data for a PMOS Cgq when Vgg =
-0.9 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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3.3. Parameter Extraction for RTA-Based NQS MOSFET Models

It is interesting to mention that the fitting results in Sec. 3.2 not only complete
the model validation but also suggest a physical extraction methodology for an
advanced RTA-based NQS model. In fact, high frequency MOS transistor behavior
is also affected by the gate resistance Rgate [5]. In this section, we present a technique
to self-consistently determine both Ky in (2.3) and Rgate from measured data; the
approach uses bias dependent Qi(o) and effective mobility u as computed by the PSP
model.
3.3.1. Analysis

The RTA-based model introduces a relaxation time that in strong inversion is
(3.1)

For a MOSFET in strong inversion with Vg = 0 the y-parameter matrix accounting

for NQS effects in the relaxation time approximation to first order is

Yoz Yed 1 jw[Cg(g)pz + Cg(g)ps + Céﬂ)pl] —ijéﬂ’pg
B b1 . .
Ydg  Ydd gl — JwCéﬂ)ps oy + Jw(Cég) + s

(3.2)
where p;1 = 1+ jwry, p2 = 1 + jwms, and p3 = 1 + jwrs; the symbols have their
usual meaning, the superscript (0) denotes the quasi-equilibrium value, and the
time constants 7(123), defined in [1], are Vps dependent factors multiplied by 7.
The simplest terms in (3.2) to analyze are clearly yqe and ygq. The latter is small
in saturation, so is not reliably measurable there, however C’c(l(;) is large and easily

measurable for all drain biases. In particular, it has a maximum at Vpg = 0 and at
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that bias gﬁ?) = 0. Extraction of NQS effects from measured data is therefore most
easily and directly done by analyzing yq4, for Vps = 0.

Both real and imaginary parts of yq as a function of w could be used for NQS
behavior characterization (although Re(yéog)) = 0 for Vpg = 0, at higher frequencies
capacitive currents “bleed over” into the real components of all y-parameters, giving
them a characteristic w? dependence). From measurement, the imaginary compo-

nent has the cleanest behavior, and it is also the easiest to analyze. Including the

effect of Rgate gives

(0)
Im(yag) Cq
Cae === = Ty T O (33)

where 7o = Tngs + RgateCgg s a function of Vag (through both p and Qi(o) in (3.1)).
Rearranging gives

8 1 =7%0° (3.4)

and this is the basic relationship we use to determine the NQS and Rgate parameters.
3.3.2. Extraction Algorithm

From Cqg at Vpg = 0 over Vgg and w, at each Vg, extrapolation of 1/Cqg vs.
w? to w = 0 gives 1/ C’ég). Vs should be where the device is reasonably into strong

0)

inversion and w should be from well below fr (so extrapolation to determine C’ég is

accurate) to roughly 2fr (for higher frequencies higher order terms make (3.3) and

(0)

(3.4) inaccurate). Knowing Cj/,

from (3.4) regression of Cég) /Cag — 1 on w? gives
Teff s a function of Vgg (cf. Fig. 3.34).

In modern technologies with low supply voltages MOS transistors never reach

very strong inversion operation, so the assumption that Qi(o) = Vgs — Vr is not
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accurate, and mobility u is not constant but depends on Vgg. In addition, the RTA
NQS model (3.1) is applied to PSP [53] and not to an approximate, simple analytical
model; NQS parameters should therefore be extracted to be consistent with ,uQi(O)
as modeled by PSP. By calculating ,uQi(O) from PSP, with parameters extracted to
fit dc and low frequency capacitance data, 79 in (3.1) can be computed and then

from

m0(Vas)

Teff = Rgatecég) + Karitt
ri

(3.5)

Rgate and Kgyify can be determined from the intercept and reciprocal of the slope of

Teff VS. To (with Cég;)

extrapolated from the measured data at the highest Vig; as
Vas increases Cgg approaches Cg(g) irrespective of frequency).
3.3.3. Experimental Results

Fig. 3.35 shows a plot of 7o vs. 7 for a W/L = 10pm/1.2pm pMOS transistor
in a 90nm RFCMOS technology; the extracted parameter values are Rgate = 5.9€2
and Kgige = 0.959 (which indicates that the underlying NQS model is quite accurate,
if it were perfect then Kgyg should equal 1 exactly). It is apparent that our analysis
leads to a highly linear relationship, and the extracted value of Rgate is close to the
value of 5.54Q2 determined from brute force nonlinear least-squares optimization [5]
to gate capacitance at Vpg = 0 over Vg and frequency. If a constant mobility
and Qi(o) = Vas — V1 are assumed the extracted value of Rgate is 10.3€2, which is
significantly in error.

In this section, we have presented a new and simple technique to characterize

NQS and Rgate MOS model parameters from measured data. ,uQi(O) from PSP is used
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Fig. 3.34. Extracted and modeled Céz)/Cdg — 1, pMOS transistor; Vpg = 0,
Vsa=1.5V, f=0.1, 0.5, 1.0, 2.0GHz.

both to ensure consistency between the extracted parameters and the model they
will be used for and to avoid the assumptions that mobility is constant and Qi(o) =
Vas — Vir, which are inaccurate for modern devices. As far as we are aware, this is
the first procedure reported for self-consistent direct extraction of NQS relaxation

time and Rgate parameters.
=
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Fig. 3.35. Extracted and modeled effective NQS relaxation times, pMOS transistor;
Vbs =0, Vsg=0.6 to 1.5V by 0.1V top right to bottom left.
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CHAPTER 4
Small-Signal Model

4.1. Small-Signal RTA-Based NQS Model

Practical applications of NQS models rely on the large-signal formulation,
which is the one implemented directly in circuit simulators. The small-signal model
is provided directly by the circuit simulator by linearization of the large-signal model.
Nevertheless, there are some situations where it is advantageous to have an analytical
small-signal model. The small-signal model derived in this chapter is particularly

useful to perform an RF benchmark test on NQS MOSFET models.

4.1.1. Model Formulation and Terminal Charges

Ug
o1 B
— o
is Z'D
— —
Us I ‘B (08|

" " TI
- T" -
Fig. 4.1. Intrinsic MOSFET with dc biases and small-signal voltages.

Let us consider a MOSFET driven by a dc bias and small-signal excitation



at each terminal, as shown in Fig. 4.1. One could assume that the small-signal
voltages are sinusoids and consider the corresponding small-signal terminal currents.
However, the algebra turns out to be unnecessarily complicated. We will thus follow,
instead, a standard practice and consider a fictitious complex exponential excitation

[1,89-91,151]. Thus, the small signal voltages, charges, and currents are given by (j

€{d, g s, b}):
vj(t) = Re (Avze™") (4.1a)
gi(t) = Re (Agje™) (4.1b)
ij(t) = Re (Agje™") (4.1c)

where Awvj denotes the complex amplitude and w is the angular frequency. Similarly,
Agj and Aidj = iwAgj denote the complex amplitudes of the corresponding charges

and terminal currents. We also use

¢ = ¢s + ga = Re (Agie™") (4.2)
where
Agi = Ags + Aqq (4.3)
From (2.1)
Aq-(o)
- j Lo .
D= e s d i) (1.9

where Aqgo) denotes the QS value of Agj. Just as (2.1), (4.4) does not apply for

j =gorj=b. Instead, we use the linearized form of (2.6)

Agg = Cox - (Avgb - A%) (4.5)
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where Avyg is the surface potential phasor and the linearized form of (2.17)
Cox - (Avgy, — Atg) + Agi + Agy, =0 (4.6)
Here, according to (2.11) and (2.15)
Agy/Cox = —& - Ats (4.7)

where

¢ _ 590(s) 877 [1 = expl(—57s)] (4.8)

2y/exp(—f¢s) + s — 1
The validity of (4.7) is based on the fact that the response of the majority carriers

(and hence of ¢gp) to the surface potential is, essentially, instantaneous.

From (4.6) and (4.7)

—-— A'Ugb + Aqi/Cox

A 4.9
Vs o (4.9)
and
Age = (1 —n) - Avgp - Cox — - Agy (4.10)
where
1
= — 4.11
=17 (4.11)
With reference to (4.4)
(0)
n- Aq.
Ag=(1—-n)-A ox — 4.12
qg ( 77) VUgh C 1+ iwr ( )
while from the neutrality condition Agy, = —Ag — Agg or
Aq-(o)
— (1—- Oy i 41
Agy, (1—=mn)- |Avg - Cox + 1T ior (4.13)

So far, we have formulated the small-signal RTA-based NQS MOSFET model.

The terminal charges are summarized in Table 4.1.
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TABLE 4.1
SMALL-SIGNAL TERMINAL CHARGES

Terminal Charge | Equation
Agq (4.4)
Ags (4.4)
Agg (4.12)
Agy, (4.13)

4.1.2. y-Parameters

Denoting
gik = Re(yjk)
and
i = Tm (k)
w - Cox
we have

Yik = gik + 1wCoxCik
with these notations, the traditionally defined transcapacitances become
Cik = (205 — 1) - ¢jxc - Cox

In terms of complex amplitudes,

_ 0,
yjk - ng + Zqu‘] |Avmzémk

whereas

0
ng g gJ( ) — (,()Im (qu|AUI;1:6111k)

1

Cjk = C—RG(AQJ

| Al}m :6mk )
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(4.15)

(4.16)

(4.17)

(4.18)

(4.19)

(4.20)



In what follows, we present detailed derivation of ygs and yp,,. The remaining
elements of the y-matrix will be discussed in a more condensed manner.

Starting with (4.16)

ygg = ggg + iwC'OXng (421)
where from (4.19) and (4.20)
gg = 0¥ —w - Im <Aqg\ - 5mg> (4.22)
1
ces = R (Aqg| - 6mg> (4.23)
Substituting Ag, from (4.12)
(0) (0) w’T
ggg - ggg —-n- Aql : 1 n (WT)2 (424)
n 0
g = (1=m) = 5~ A s PO (4.25)
Substituting
0 0 0
A¢” = &2 Coxhvg = €Y Cox (4.26)
and assuming the steady-state gate tunneling current is negligible
o1,
0 _ G _ 4.27
Jee = By (4.27)
yield
(0) w27'
Ygg = —1+ Cig - Cox T+ @r)? (4.28)
0 1
g = (=) —n-c) 7 PO (4.29)
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To evaluate ypy, we start with

Yob = gob + iwCoxChy

where

0
gbb = g]gb) —w-Im (AQb‘AUm:me)

Chp = CLRG (Aqb|AUn}:6Hlb>

ox

Substituting the expression for Agy, from (4.13)

Substituting

Aqi(o) = ci(g)COXAUb = ci(g)COX

and assuming the steady-state bulk tunneling current is negligible

0 OIp
= a0

yield

2
0 wTCox
gbb ( 77) Cb 1+(w7_)2

L0
b= (1—mn)- ll—m]

To evaluate yqq, from (4.16)

Yad = 9gdd + iwCoxCaa
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(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

(4.37)

(4.38)

(4.39)



where from (4.19)

0
gdd = g((id) —w-Im (A%‘Avm:cimd)

_ (0 (0)

- gdd —w Aqd |AUIIl:6Hld +Im <1 + ZWT)
2

_ () Q) wr

=9ad T 244" | apmsyy 1+ (wr)?

0 4 0 _w7Cu

= 9ad T %d T2 (wr)? (4.40)
Here,
0 Olp
géd) o (4.41)
From (4.20)
1
Cdd — Re (AQd‘Ava&nd)
1 (0) 1
=—A
Cox 1 |AU"‘:6dee <1 + in>
1 (0) 1
= A -
COX Qd |Avm=5md 1 + (WT)z
(0)
= _dd (4.42)
1+ (wr)?
Then, we evaluate ygq from (4.16)
Ygd = Ggd T+ Z‘WCongd (4.43)
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where from (4.12) and (4.19)

0
Jgd = géd) W

= gy +w
= gy T
zgég) -1
:gg?f -n

Recalling that

we find

Ged

From (4.12) and (4.20)

. Aqi(o

- Im <AQg‘Avm=6md>

Avg

. T, : Im (Aqi|AUm:6md)

1

)| . wi%—
Avm=bma 1 4 (wr)2

(0) w27'00x

Ty e
0 _ 9l _
9ed = gy =0

(0) szCOX
=N % T2
1+ (wr)

Cod = CLRG <AQg‘Avm=6md>

ox

_ L [=m) Avgy - Cox — - Ags
o Avg
n
_ o -Re (AQi‘Avmzémd>
n (0) !
— L aq T (r)?
oA | vt T (wr)?
_ndd
14 (wr)?

Next, we evaluate ysq from (4.16)

Ysd = Gsd + iwC'OXCsd
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.Im[(l—n)-ﬁvgb'cox—”'mi

(0)
: T, ' Aql |AUm:6md . Im <1 + ZUJT

|

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)



where from (4.4) and (4.19)

gt = 90 —w-m <Aqs| N

_ . 1
=4 sd w - Aq |Avm—6md ’ Im <1 —+ Z(,UT)

w27'

1+ (wr)?

(0)
- ng + Aq |A'Um—(gmd

©) 4 0, @ 27Cox

_ . CToX 4.
= Jdsq Csd 1+(w7.)2 ( 50)

From (4.4) and (4.20)

Csa = Re (Aqs‘Avmzémd>

1
= AQS ‘Avm—(sde <1 + ZWT)

1
‘Avm—(smd 1 + ( )2

= Aqs

0 Cox

=% Tr o (4.51)

It is followed by the evaluation of ypq. From (4.16)
Ybd = gbd + iwCoxChd (4.52)

where from (4.13) and (4.19)

9bd = 91(0%) —w-Im <AQb|AUm:5md) (4.53)

— glg?i) —w-Im [_(1 - 77) ’ (Avgb - Cox + AQi):|
A?Jd

o+ (Sl )

_ (0 :
=Gpq tw- ( n) - Aql ‘Avm—émd Im [<1+iw7>]

U.)2T

|A7Jm—5md 1 _|_ (UJT)2

= gﬁ?f —(1—mn)- Aq(o

W2 TCox

0 0
—géd)—(l—??)'ci(d)'m

(4.54)
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Recalling that

we find

Also from (4.20)

1
Chd = COX Re (AQb‘AUm:(Smd)
_ iRe —(1=n) - (Avgp, - Cox + Agj)
ox A’Ud
L—n
Oy Re <A%‘Avm=5md)
N S/ BN 1
- Cox Aqi |Avm:6md 1+ (w7)2
A=)y
1+ (wr)?

To evaluate yqg from (4.16)

Ydg = Jdg + Z'WCoxCdg

where from (4.4) and (4.19)

0
9dg = g((ig) —w-Im (Aqd‘Avm:ng>

0 0
= g((jg) —we Aq((jl )‘Avm:(smg ’ Im <
2

— 0 (0) wT
= Jag T Adqg |Aum:6mg 1+ (wr)?

2
0, (0 wTCh
= Jag +Cag - 1+ (wr)?
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(4.55)

(4.56)

(4.57)

(4.58)

(4.59)



From (4.4) and (4.20)
1
—Re <Aqd|Avm: mg)

‘e = C
1 (o 1
— _— Agq
Cox |Avm—5ng <1 + Zw’r)

1
C—OX |AUm—(smg 1 + ( )2

- (4.60)

Similarly, we evaluate yss from (4.16)
Ysg = Gsg T+ Z‘Wcoxcsg (4.61)

where from (4.4) and (4.19)

gog = 9t —w-Im (A%Mvm:amg)

1
0
_ggg) w - Agl® |Avm—6mg Im<1+iw7>

(0) w27'

= 9% + 807 |avmone T3 G2

_ 0, 0, @70 4.62
Isg +csg 1+(w7_)2 ( 6 )

From (4.4) and (4.20)

ch o C Re (Aqs‘Avmzémg>
oxX

1 1
= Agl®
COX % |Avm=5mg Re <1 + z'wT)

1
|Avm—5mg 1 + ( )2

C
(0)
- % (4.63)

1+ (wr)?
It is followed by the evaluation of yp, from (4.16)

Ybg = gbg + 1wCoxChg (4.64)
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where from (4.13) and (4.19)

9bg = gl()(;) —w-Im <Aqb|Avm=5mg) (465)
(0) —(1—n) - (Avg, - Cox + AQi):|
=gy, —w-Im [
bg Avg

=gy +w-(1—n)-Im (Aq‘|A”m:5mg)

4 > (0) 1
+w-(1—n) Ag |Aum:5mg 'Im<1+iw7>

‘ w27'

A’Um—6mg 1 + (OJT)Z

=g — (1 —1) - Ag’

W2 Clox

(%) 0

From (4.4) and (4.20)

Chg = CLOXRG <AQb|AUm:5mg)

= LRe |:_(1 _ 77) ) (Avgb - Cox + A(]i):|
Avg

__1-n, [Cox+Re (Bdil ., )]

1—n 0) 1
=— : |:Cox + Ag; |Avmzamg 1+ (w7)2}

(0)

1+ ﬁ] (4.67)

In the next we evaluate yqs from (4.16)

Yds = 9ds T+ Z“")C'oxcds (468)
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where from (4.4) and (4.19)

gas = g —w - Im (Aqd|mm=5ms>

1
= g((j(;) —w- Aq((iO) ‘A’l}m:&ms ~Im ( >

1+ iwr
2
— 0 (0) il
=9gas +Aqq ‘Avm:(sms 1+ (wT)2
2
© , (0 w70l
_ . wiTCox 4.
Yas + Cds 1+ (w7)2 ( 69)
From (4.4) and (4.20)
Cds = Re (Aqd|AUm:6ms>
_ 1A\ !
= Ay | pp—si RE (1 i z'w7->
L \,0 1
= A e
OOX qd ‘A'Um:éms 1 + (w7)2
0
= ds 4.70
1+ (wr)? (4.70)
Then, we evaluate ygs from (4.16)
Ygs = YJgs + z'wCoxch (471)
where from (4.4) and (4.19)
g = 90 — w0 T (Aqg 5, 5 ) (4.72)
1=7)-A -Cox — 1 - Ag;
= gég) —w-Im [( n) ngv ! ]
= o0 +w-nm (Agly, ;)
_ 0 (0) 1
- gés) +w-n- Aq1 |Avm:5ms ~Im <1 + in>
2
_ (© (0) w'r
= gés) —n-Ag ‘Avm:(sms 1+ (wr)2
2
_ o, 0 @0 4
ggs n CIS 1 + (U.)T)2 ( 73)
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Recalling that

Ol
0
gés) 3 0 (4.74)
we find
2rC,
(0) W Thox (4.75)

Jes = 7% T (r)2
From (4.4) and (4.20)
1
Cgs = C—OXRG (AQg‘Avmzéms)

1 (1—=mn)-Avg, - Cox — 1 - Ag;
= C’OXRe[ Av,

_ _sz -Re (AQi‘Avmchms)

= COX Aql |AUm:6HlS 1 + (WT)2
__nq) (4.76)
14 (wr)? |

Similarly, we evaluate yss from (4.16)
Yss = Gss T 1wCoxCss (4.77)
where from (4.4) and (4.19)

gSS = gég) W Im (AQS‘AUI“:(SH‘S)

1
_ 0 0
S RN Y ey

2
gSS + qS ‘AUm:(Sms 1 —+ (WT)2
2
= g© 4 (o), T Cox (4.78)

1+ (wr)?
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From (4.4) and (4.20)

Css = CLOXRe (Aqs‘Avm:(;ms)
- A0, Re (1 +1m>
_ Clox AGO| 5 5 - Tlmy
(0)
= %ﬁn—)? (4.79)
It is followed by the evaluation of yps from (4.16)
Ybs = Gbs T 1WCoxChs (4.80)
where from (4.13) and (4.19)
gos = gy —w-Tm (Aan|,, 5 ) (4.81)
—g® . Im [—(1 —7) - (AAvib - Cox + Aqi)}
=g +w- (=) -m (Ag|y, 5 )
=g +w-(L-n)- A", -Im <1 +1m>
=g~ 0= 2"y, %
=g —(L—m)-e) % (482)
Recalling that
g0 = g—‘l}z —0 (4.83)
we find
gos = —(1— 1) - ¥ w77 Clx (4.84)

s 1 (wT)?
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From (4.4) and (4.20)

1
cbs = C Re (Aqb|AUm:6ms>
ox

_ L m(=m) - (Avgy - Cox + Agy)

o Avg
_ 16;)):7 -Re (AQiMUIn:an}s)
_ ! o s ﬁ
BN ()
- % (4.85)

Then, we evaluate yqp, from (4.16)

Ydb = gdb + iwCoxCab (4.86)
where from (4.4) and (4.19)

gdb = gc(l(l]o) —w-Im <A(Id|mm=5mb>

_ 0 ) !
=093y — W Aqd |Avm:5mb ~Im <1 + iw7>

U.)2T

T @)

0 (0)
= géb) + Agy ‘Avm=5mb

2
_ 0, 0 w7l
From (4.4) and (4.20)

1
Cdb = 7~

Re (Aqd ‘ Avm =6mb)
oxX

_ 1 o 1
— Oox Aqd ‘Avm=5mbRe <1 4+ IWT

Cox Avm=0mb 1 + (wT)?

Aqéo

(0)

_ ﬁ (4.88)
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After that, we evaluate ygy, from (4.16)
Ygb = Ggb + iwcoxcgb

where from (4.13) and (4.19)

0
9gb = géb) —w-Im (AQg‘Avmzémb>

(0)

(1—n) - Avg, - Cox — 1 - Ag;

:ggb_w'Im[ AUb

0
= géb) + W T, ’ Im (Aqi|AUm:6mb>

0
= ggb +w-n- Aql( )|Avm:5mb Im<

2
= gy —n- g’

_ o o, wCx
=9 T T (o)
Recalling that
0 _ 9lc _
9gb % 0

we find

_ 0 wTCu
Ggb = 1 Gy, -

From (4.4) and (4.20)

1 Agg
Cgb = C—OXR,G <A—'Ub>

1+ iwr

) w T
|Avm:6mb 1 + (wr)?

Cox AUb
= —(L=n) — = Re(Aq
= —(1=n) = = Aqf

(0)
(1 T CGb
=—(1—n) 14 (wr)?

75

1 1—1n) Avgp, - Cox — =
Re [( 77) gb Cox

: A%]

‘ Avm:6mb )

1

|
)

2

) i
|A7Jm:5mb 1 + (WT)

(4.89)

(4.90)

(4.91)

(4.92)

(4.93)

(4.94)



Similarly, we evaluate ygp, from (4.16)

Ysb = gsb + 1wCoxCsh (495)
where from (4.4) and (4.19)
Ags
e
_ 0 A O . L
=g @ ATy, o, T (1 —|—z'w7'>
2
() (0) v
=gy, + Ags ‘Avm=5mb 1+ (wr)?
2
_ 0, 0 @TCox
=sp TCp 1+ (WT)Q (4.96)
From (4.4) and (4.20)
1
Cb = o Re <Aqs|mm=5mb>
1 1
— _— AJO
Cox qs ‘AUmZmeRe <1 + iWT)
1 1
— Agl® -
COX s ‘AUm:(Smb 1+ (w7-)2
c(g)
— s 4.
1+ (wr)? (4.97)
The evaluated conductances and capacitances can be presented as
[ 0 0 0 0 | [ 0 0 0 0
o o SR R
0 0 0 0 nci(g) nci(g) 7701(3 ) nci(g)
(93] — koF, (4.98)
LI Al
0 0 0 0 | |y ey ) ey
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where ko = W2TCOX7 C =1- m, F, = [1 + (WT)z]_l and

0 0 0 0
I

ey el — ¢ neld ey + ¢

R

(4.99)

!

e A I

Here, ¢ = ¢ /F,. Note that we assumed negligible steady-state gate and bulk

(0) (0)

currents which lead to the vanishing elements Jok and gb(l]{ .

4.1.3. Lowest-Order Corrections to the QS Small-Signal Model

To obtain the lowest-order corrections to the QS model needed for the bench-

mark analysis, we substitute
F,=1—(wr)?+0(w? (4.100)

in (4.98) and (4.99). This results in

o] = [gj(ﬁ’} + [gjﬁ?} + O(wh) (4.101)
and

] = [cj(ﬁ)} + [c}i)] + 0w (4.102)
where
© 0 0 (0

9ad Y9dg Y9ds Ydb

[gjﬁf)]z o (4.103)
0
a6 A )

7



[ CJ(}?)] _
and
4
Note that

Physically, [gjk

[gj(i )} and [cj(l?

0
ad

—n- Ci(g)

(0)

0
¢ ci(d)

_ k?(]T
Cox

]:

(0)

(0)

¢—n-
(0)

ng

—C- {1 + Ci(g)} —(-c

(0)

—n- ¥

0
Céd)

0
—C- ci(d)

] =

} and [cj(g)] are the QS conductances and capacitances matrices and

(0)

0
O

_’r].c

49

_C.c,

0)
ig

o
—neld) (-
LW
O -]
o
e -y
L
G )
oA
a0
I

(0)
ig

COX

0 0
¢ —¢e) |

1)]

of

4.2. Benchmark Test for Vpg = 0 in Strong Inversion Regime

(4.104)

(4.105)

(4.106)

(4.107)

} are the lowest-order corrections predicted by the new RTA model.

Smit et al. [62] suggested a benchmark for NQS models based on the double

transmission line representation of the MOSFET for Vpg = 0 in the strong inversion
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regime (when the diffusion current may be neglected.) Here, we apply their test to
the new RTA model developed.

For Vpg = 0 we have

a5 = (4.108)
g =0 (4.109)
g =gl = —o% (4.110)
and
a0 = g (4.111)
Hence, from (4.103)
1 0 -1 0
0 0 0 0
0 0
[gj(k)} = g4 (4.112)
-1 0 1 0
0 0 0 0

while [cj(g)], [gj(é)], and [cj] are the same as (4.104), (4.105), and (4.106), respec-
tively.

We next transform the lowest-order corrections [gj(i)] and [CJ(}?] to facilitate
the comparison of the new RTA model with the “exact” results in [62]. For Vpg = 0

in a strong inversion regime, the [cj(l(:)] term in (4.104) should be equivalent to the
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corresponding [CJ-(E’)TLM] term of (7) in [62] which is given below !

2ay -3 o
) 1 -3 6 -3
[Cjk,TLM} =%
Q -3 20
3—3a 0 3-3«x

where o = 1+ &.

3 —3a
0

3 —3a

6a — 6

By equating elements of (4.104) and (4.113), one finds

==

-

0 0 a
W=y =0

) 11—«

Cab = B

0 0 1
Céd) :_n'ci(d) )
oy =1-n—n-q =1
0 _ o _ 1
==
=) =
) 1l -«

Csb - 9

(4.113)

(4.114)
(4.115)
(4.116)
(4.117)
(4.118)
(4.119)
(4.120)
(4.121)

(4.122)

!The Cj(l(j)TLM of (7) in [62] is a 3x3 matrix. The fourth column and fourth row in
this thesis are evaluated by applying the rule that the sum of the matrix elements

in each column or row should be zero.
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which yields

-4

o = =3
=2
=5
o-Ls
ci(g) —1

0 _ @

Cd = 6
0 =1
0 _ %
CSS 3

0) l—«o
Cshp = 9

(4.123)
(4.124)
(4.125)
(4.126)

(4.127)

(4.128)

(4.129)

(4.130)
(4.131)
(4.132)
(4.133)

(4.134)

Inserting (4.123)-(4.134) into (4.105) and (4.106), one finds that, when Vpg =

0 in a strong inversion regime

a/3
~1/2
a/3

(1—a)/2

—1/2
1/
~1/2

(@—1)/a
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a/6
~1/2
a/6

(1—-a)/2

(1—-a)/2
(a—1)/c
(1-a)/2

(0= 17/a |

(4.135)



and

The lowest order NQS corrections to the QS y-matrix are given by

[gj(li,)TLM} = k1

and

|:Cj(li)TLM:| = ko

where

and

a/3 —1/2 a/6 (1—aw)/2
—1/2 1/« —1/2 (a—1)/«
a/3 —1/2 a/6 (1-a)/2

1-a)/2 (a—1/a (1-0a)/2 (a—-1)?%/ «a

8a? —15a Ta? —150é
—15a 30 —15a  30¢
70’  —15a  8a® —1haf

—15a€ 306 —15af  30€2

—32a 63 —3la  63¢

63 —1% 63 1265

«

—3la 63 —32a  63¢

63¢  —1265  63¢ 1265

k= w2C2 ) {3609((1%)}

2
ky = w2C% a2/ {15120 [gg] }

(4.136)

(4.137)

(4.138)

(4.139)

(4.140)

To obtain the lowest order NQS corrections to the y-matrix for the present

model, we use expansions (4.101) and (4.102) for the small-signal version of the
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model developed in (4.98) and (4.99). In the strong inversion regime for Vpg = 0

1002 —15a 50?2 —15aé

" “15a 30 —15a  30¢
[gjk } = kky (4.141)

502  —15a  10a? —150é

—15af 306 —15af  30¢2

and
42 63 —2la 63¢
126 €
1 51{73]&‘2 63 —=> 63 —1262
{cj(k)} = =3 (4.142)
2la 63 420  63¢
63¢ —1265 63¢ 1265
where
0)
12
ke = % (4.143)

is a dimensionless coefficient close to 1. For the purpose of this study, we select

V30aCox

(4.144)
607’9(51%)

T =

which is equivalent to setting k, = v/30/5 ~ 1.095. This choice makes [cj(i)] close to
the ideal value [CJ-(QTLM} given by (4.138). To facilitate the comparison of (4.141),
(4.142) with (4.137), (4.138), we introduce the “ratio matrices” Rj(ﬁ) = gj(i)/gj(i)TLM

and R = ¢l /i1 . From (4.137), (4.138), (4.141), and (4.142),

1.37 1.10 0.78 1.10

" 110 110 110 1.10
[Rjk] - (4.145)

0.78 1.10 1.37 1.10

1.10 1.10 1.10 1.10
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131 1 068 1

[Rj(l?] - (4.146)
068 1 1.35 1

Since ideally all elements of these matrices are equal to one, the new RTA model
satisfies the benchmark test only approximately. This inherent limitation of the RTA

approach can be regarded as the price that is paid for model speed and simplicity.
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CHAPTER 5
Bulk Resistance Effect on MOSFET Gate Capacitance
5.1. Introduction

The gate capacitance, Cyg, of MOS transistors and capacitors is frequency de-
pendent in all regions of operation. However, different physical mechanisms control
the frequency dependence in different regions of operation.

In strong inversion, the electron concentration (here, we assume a p-bulk struc-
ture) in the channel can lag in time (i.e. have inertia) with respect to changes in
gate voltage; for rapidly changing gate bias, the channel charge does not have time
to equilibrate to a value consistent with the instantaneous values of the terminal
biases. The delay in establishment of the channel charge is in MOS transistors due
to the finite transit time of electrons from the source and drain into the channel, and
in MOS capacitors due to finite recombination and generation lifetimes for electrons.
In both cases, the qualitative effect, but not details of the frequency dependence, is
similar: as frequency increases Cgs in inversion decreases. This is the so-called NQS
behavior.

In accumulation operation, Cg, also decreases as frequency increases. In at
least one compact MOS transistor model, this has been attributed to inertia in the
formation of bulk charge. Actually, the physical cause of this behavior is different;
for the p-bulk MOS structure in accumulation, there is a plethora of holes available
in the bulk immediately adjacent to the surface, so there should be negligible delay
in the re-equilibration of the accumulation charge following a change in gate voltage

and therefore, no inertia effect on MOS capacitance in accumulation.
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In this chapter, we present TCAD simulations and derive a new analytic model
for the frequency dependence of Cy, in accumulation and depletion that accounts for
the series resistance Ry of the bulk, to show that the variation of MOS device Cgg
with frequency in accumulation does not arise from charge inertia effects but rather,
is due to the influence of Ry, We then show that the frequency dependence of Cyg
for MOS transistors for all biases can be accurately modeled using the PSP-RTA-
NQS MOSFET compact model and present measured data, along with simulations
from PSP-RTA-NQS, to show that the series resistance Rgate of the gate needs to be
included to accurately model the frequency dependence of (g from accumulation
through strong inversion.

The gate capacitance normalized by the oxide capacitance Cyyx will be denoted
in lower case, i.e. cgg = Cgg/Cox (see (4.17)). In this work, it was not found
necessary to include the effect of gate leakage current on the frequency dependence
of Cgs. Generally speaking, this is another source of dispersion in advanced MOS
structures [112].

5.2. TCAD and PSP-RTA-NQS Modeling

Fig. 5.1 shows TCAD simulations [149] of MOSFET gate capacitance, for
Vbs = Vs = 0 over gate voltage Vgg and frequency f, along with simulations from
the QS version of the PSP model [53] with no Rypyk. The TCAD simulations were
performed with an ideal contact at the top of the gate dielectric and so include no
parasitic gate resistance; Rgate Was therefore set to zero in PSP for all comparisons

to TCAD simulations.
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1.2

PSP-QS

e TCAD

ad

0 Il Il Il Il Il Il Il
-2 -15 - -0.5 0 0.5 1 1.5 2

Fig. 5.1. TCAD and PSP-QS models of normalized Cgg, with Ry = 0 for
PSP-QS. W/L = 1.0pm/5.0pm, to = 2.0nm, Npgx = 3.0 x 107ecm™3 (p-type),
frequencies are 0, 0.25fr, 0.5 fp, 0.75 fr, fr, 1.25f1 and 1.5 fp(top to bottom). Here
fr = 1.6 GHz and substrate thickness ty = 30 pm.

The TCAD simulations clearly show the decrease in Cy; with increasing fre-
quency, both in accumulation and inversion regions of operation. (The decrease is
also apparent in depletion, but is less pronounced.) The PSP-QS model show ideal
MOS transistor capacitance behavior irrespective of frequency. Note the qualitative
difference in the shape of the Cys(Vag) curves over frequency between accumula-
tion and strong inversion. In accumulation, the curves are almost horizontal and
move down by approximately the same amount as frequency increases. In strong
inversion, the amount of reduction in Cys decreases as Vg increases for a given
frequency, i.e. there is a slope introduced into the Cgg(Vgs) characteristics.

If the frequency dependence of Cg, is due to the inertia in formation of the in-
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Fig. 5.2. Effect of accounting for NQS behavior - TCAD and PSP-RTA-NQS mod-
els of normalized Cgq, with Ry = 0 for PSP-RTA-NQS. Same device parameters
and frequencies as Fig. 5.1.

version layer, then this should be able to be modeled by the PSP-RTA-NQS model;
Fig. 5.2 shows the results of such simulations. The improvement in accuracy of the
compact model, which is based on RTA and depends on two adjustable model para-
meters, is apparent in strong inversion, but there is no improvement in accumulation
or depletion where the inversion charge is negligible.

Due to the fact that in accumulation and depletion there is, from the bulk
p-type doping, an excess of mobile holes (i.e. majority carriers) readily available,
there should be negligible inertia in the change in bulk charge with respect to a
change in terminal voltages. The frequency dependence of Cye out of inversion,

therefore, should not be due to an NQS effect; most likely, it could be from series re-
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sistance. Given that Rgate = 0 in the TCAD simulations, the cause of the frequency
dependence of Cy, in accumulation and depletion in Fig. 5.2 should be Ry, which
should appear in series with the intrinsic MOS capacitance.

To provide an explanation of the difference in qualitative behavior of the
TCAD simulations between accumulation and strong inversion, and support for the
statements in the two preceding paragraphs, we will use simplified models that are
applicable only to each of these individual regions of operation; neither is a general
model that is appropriate for all operating regions.

First, in strong inversion, the effective gate capacitance of a MOS transistor,
at an angular frequency w for Vpg = 0, using a first order expansion in iw of an

NQS analysis based on the continuity equation in the channel [1], is
Cie
wlL? ] 2
120(Vas — Vr)
where Vr is the threshold voltage. This indicates that at a given frequency, as Vs

Cog(w) =

- [ (5.1)

increases in strong inversion, Cye(w) should increase and asymptotically approach
C’ég) for large Vg — Vip. This is precisely the qualitative behavior seen in strong
inversion in Fig. 5.2, both for the TCAD simulations and for the PSP-RTA-NQS
model.

Second, consider operation in accumulation. If the device is modeled as Ry

in series with Cg(g), then
0
Cie
2
1+ [WRbulkCég;)}

Cog(w) = (5.2)

If the frequency dependence in accumulation in Fig. 5.2 is due to series resistance,

then from (5.2) a plot of C’g(g) /Cgg vs. w? should be a straight line with slope
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- — —linear fit (first 5 data points)
7L data |

0 | | |
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10720 o? (radianz)

Fig. 5.3. Cég)/ng vs. w? from TCAD simulations at Vgs = —2.

[RbulkCg(g)] 2. Fig. 5.3 shows this plot from the TCAD simulations for frequencies
up to 1.25fr (at fr there is some deviation from the linear trend predicted by (5.2),
which is only a first-order approximation.) This supports the hypothesis that the
frequency dependence of Cge in accumulation is from series resistance. Further,
(5.2) indicates that the decrease in Cg, with frequency should, for a fixed series
resistance, be smaller if the low frequency capacitance is smaller; the simple series
RbulkC’g(g) model (5.2), therefore, also explains the reduced frequency dependence
in depletion, where the low frequency capacitance is significantly smaller than in

accumulation, but Ry is essentially unchanged. The rapid increase in Cg(g)

as Vas
decreases is the cause of the peak in (g around flatband at high frequencies.

We stress that the models (5.1) and (5.2) used for the above analyses are not
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1.2

PSP-RTA-NQS

e TCAD

g9

0
VGS (V)

Fig. 5.4. Effect of accounting for both Ry, and NQS behavior — TCAD and
PSP-RTA-NQS models of Cge with Ry = 2.2 k@ included for PSP-RTA-NQS.
Same device parameters and frequencies as Fig. 5.1.

general and are only approximate even in the regions of operation they are targeted
to model. We now present further PSP-RTA-NQS and TCAD simulation results
that verify that the frequency dependence of Cgg is due to Ry in accumulation
and is due to inversion charge inertia in strong inversion.

Fig. 5.4 shows PSP-RTA-NQS simulations that include Ryuy; there is a sig-
nificant improvement in compact modeling accuracy in accumulation and depletion
cf. Fig. 5.2, and in particular, the peaks in Cg, in the vicinity of flatband at the
higher frequencies are captured. The value of Ry determined from optimization
to fit the TCAD simulations is 2.20 k€2; this compares well with the values of 2.23

and 2.17 k) determined from the slope of a linear regression using the first 3 and
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g9

0
V)

Vas (

Fig. 5.5. Effect of accounting for Ry — TCAD and PSP-QS models of Cy; with
Rpu = 2.2 kQ included for PSP-QS. Same device parameters and frequencies as
Fig. 5.1.

the first 5 points of the plot of Fig. 5.3, respectively. As further verification that the
frequency dependence of Cyg, in accumulation is a bulk resistance effect, and not an
NQS effect, Fig. 5.5 shows simulations with Ry included but using the PSP-QS
model; there is no change in the accuracy of fit of Cy, in accumulation and depletion
cf. Fig. 5.4.

Fig. 5.6 shows results, at f = fr, with the body thickness in the TCAD
simulations varied from 20 pym to 40 pm. Increasing the body thickness should not
alter the inertia of holes at the surface, but increases Ry and therefore, decreases
the apparent Cye at high frequency; this is exactly what is observed in Fig. 5.6.

Ryuk was adjusted in PSP-RTA-NQS for each case for good fitting of the TCAD
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1.2

PSP-RTA-NQS
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~ 0.6 = 20,30 and 40 um
oU)
0.44.
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Fig. 5.6. Effect of variation of bulk thickness, f = fr = 1.6 GHz. PSP-RTA-NQS
model parameter Rpyuik = 2/3 Rpuiko, Rbuko and 4/3 Rpuio for thux = 2/3tpuko; thuiko
and 4/3tpuko, respectively. Here Rpyko = 2.2 kQ and tpyko = 30 pm.

simulations, and the ratio of Ry, to the body thickness varied by less than 10%
over the body thickness values that were simulated.

The frequency dependence of Cy, in accumulation and depletion is thus not an
NQS effect for the body charge, but is due to the resistance of the bulk (and, as we
will see below, also depends on gate resistance, although to a lesser extent); inclusion
of series resistance is therefore necessary to model properly Cgs over frequency.
5.3. Analytic Expression for Cy, in the Presence of Bulk Resistance

The simple series RbulkC’ég) analysis result (5.2) does not take into account
details of the operation of MOS devices. In particular, it fails to predict that Ry

does not affect Uy, in strong inversion, see Fig. 5.5. Physically, this is due to the
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fact that in strong inversion, the incremental change in inversion charge with bias
flows from the source and drain regions and not from the bulk of the device. To
make this clear, we now develop an analytic expression for the effect of Ry while
neglecting, for simplicity, inertia in the formation of the inversion charge.

We adopt the notation
va(t) = Vi + Re (Avg - ) (5.3)

where vg(t) is the instantaneous value of the gate bias, V(g is its quiescent value,
and Av, is the phasor representing the small harmonic component with the angular
frequency w. Another example, the phasors for the substrate displacement current

and charge are related by
Adp = iwAgqy . (5.4)
Inclusion of the voltage drop in the bulk in the surface potential equation gives
vGB(t) — ViB — ¥s(t) — in(t) Rbu = —ai(t) — g(t) (5.5)

where g, q1, and gp are following the same definitions we used in the previous

chapters. It is also assumed that the quiescent substrate current is negligible
iB = ip (5.6)
With reference to (5.4), the phasor form of this equation becomes

Avg = [1 4+ (1 +iwTR)E]Avhs — Ag; (5.7)
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where Tg = RpukCox and £ = —dgp/dis/Cox, see (4.8). In the QS approximation

(neglecting the inertia of the inversion layer formation, cf. [58,60])

Aqy/Cox = FAY, (5.8)
Agi/Cox = (F — §) Aty (5.9)
and
F = dvg/dis — 1. (5.10)
Then, from (5.7)
Avg = (1 + F +iwTp&) Av)s (5.11)
= (1+ F)(1 + iwThes) At (5.12)
where
o= —o = L das (5.13)

1+F  Cocdvg’
Using (5.8) once more yields

AQg . AQg/AT;Z)s

Avg  Avg/Aths (5.14)
- C’LOX 1+ F)(lljr iwTRcss) (519
and including the quasi-equilibrium value
ClY = F/(1+F) (5.16)
of cgg for Ry = 0 gives
s = R (Bag/Auy) (5.17)
Cég) (5.18)

- 1 + (wTBC42)2
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In non-normalized form, this is

0
Ol

. —
8 1+ (wRbukChg)?

(5.19)

The non-trivial aspect of this analysis is that different capacitances appear in the
numerator and denominator of (5.18) and (5.19); this does not follow from the
simple RbulkCég) analysis of (5.2). In strong inversion, Ci,g is negligible and the
effect of Ry disappears, as explained above. In accumulation, Cy,, = Cég), SO
(5.19) reduces to (5.2).

Comparison with the results of TCAD simulations, see Fig. 5.7, shows that
(5.18) accurately describes the effects of series resistance, including the peak of
Cge near flatband. This further confirms that NQS effects are not involved in the
frequency dependence of Cy, in the accumulation and depletion regions.

5.4. Experimental Data

To further investigate the frequency dependence of MOSFET gate capaci-
tance, we measured s-parameters over gate bias and frequency, with Vpg = Vgg = 0,
of a PMOS transistor in a 90nm RF CMOS process.

Fig. 5.8 shows measured data from the device, along with simulation results
from the PSP-RTA-NQS model. Rk and Rgate wWere adjusted to provide a least
squares fit to the data. The peak in the Cge (Vi) characteristic near flatband seen
in the TCAD simulations and predicted by our analytic expression (5.18) are also
observed in the measured data and are able to be modeled by PSP-RTA-NQS.

Unlike the TCAD simulations, the measured device does not have an ideal gate

contact but includes some nonzero Rgate. Fig. 5.9 shows the measured data along
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— Analytic
e TCAD

VOV
V)

Fig. 5.7.  TCAD and analytic models, Ry effect only (no NQS) in the analytic
model. Same device parameters and frequencies as Fig. 5.1.

with PSP-RTA-NQS simulations with all parameters kept at the same values as
those used for Fig. 5.8 with the exception of Rgate, which was set to zero. The gate
resistance has some effect on the PSP-RTA-NQS simulation results, especially at
higher frequencies in strong inversion. This is where it would be expected to have the
greatest influence: in strong inversion, the gate charging current is predominantly
gate-to-channel. Hence, it should be affected by Rgate but not by Rpuk. There is
some influence of Rgate in accumulation, as well; however, as Fig. 5.10 shows, if Ryyx
is set to zero instead of Rgate, the change in behavior in accumulation is significantly
greater, and there is only a very small change in the modeled characteristics in strong
inversion. This is also expected as, in general, the gate is made from much lower

resistivity material than the bulk, therefore, Ry, should be greater than Rgate; they
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1.2 . .
PSP-RTA-NQS

® measured

Fig. 5.8. Measured PMOS data and PSP-RTA-NQS model with both Ry and
Rgate included. W/L = 10.0um/1.2pum, frequencies are 5, 10, 20, 30, and 50 GHz
(top to bottom). fr = 0.71GHz.

essentially appear in series in accumulation, hence, Ry, should have the dominant
effect on device behavior.

As one final option, Fig. 5.11 shows the measured data along with PSP-RTA-
NQS simulations with all parameters kept at the same values as those used for Fig.
5.8, but with the QS, rather than RTA-NQS, version of PSP selected. Compared
with Fig. 5.8, clearly, the behavior at the lower frequencies in strong inversion is
dominated by NQS effects; however, a comparison of Figs. 5.9 and 5.11 shows that
at higher frequencies, the influence of the gate resistance is more pronounced than
the contribution of NQS effects. To model accurately, the high frequency behavior of

MOS capacitance over all regions of operation, it is, therefore, necessary to account
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Fig. 5.9. Effect of not accounting for Rgate — measured PMOS data and PSP-
RTA-NQS model with only Ry included. Same device and frequencies as Fig.
5.8.

for all of Ry, Rgate, and NQS effects.
5.5. Summary

In this chapter, we present an analytic solution for and measurements, TCAD
simulations, and PSP-RTA-NQS model simulations of the frequency dependence of
MOSFET gate capacitance. We clearly demonstrate that the frequency dependency
of Cgg in accumulation and depletion is from Ry, and, to a lesser extent, Rgate and
not, as has been claimed previously, from NQS effects.

In inversion, Ry, has a significantly smaller effect than in accumulation, but
we show that it is important to account both for Rgae and for NQS effects to be

able to model accurately the frequency dependency of Cg, in strong inversion.
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PSP-RTA-NQS; R, =0Q,R  =28.80

1.6[ ¢ measured

Fig. 5.10. Effect of not accounting for Ry, — measured PMOS data and PSP-

RTA-NQS model with only Rgate included. Same device and frequencies as Fig.
5.8.

Figs. 5.4 and 5.8 show the capability of PSP-RTA-NQS to fit TCAD simula-
tions and measured data, respectively, when Ry, Rgate, and NQS effects are all

taken into account.
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Fig. 5.11.  Effect of not accounting for NQS effects — measured PMOS data and
PSP-QS model with Ry and Rgate included. Same device as Fig. 5.8. In addition
to the same frequencies as in Fig. 5.8, the curve for f < fr is included as well.
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CHAPTER 6
Conclusions
6.1. Conclusion
It is possible to improve on the traditional form of the RTA NQS model by
not using the RTA for the bulk and gate charges. The new formulation retains the
speed and simplicity of the original RTA NQS approach but improves the accuracy
of the model, especially for the gate and bulk currents. The PSP-based formulation
of the improved RTA NQS model is verified by comparison with TCAD simulations
and experimental data. The new model is coded in verilog-A and several circuit
applications are performed to illustrate the new approach and to demonstrate its
convergence properties. In addition, a new and simple technique to characterize
NQS and gate resistance, Ry, MOS model parameters from measured data has been
presented.
The effects of bulk resistance on the MOSFET gate capacitance is investigated

both theoretically and experimentally to separate it from the NQS effects.
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APPENDIX A

ADDITIONAL RESULTS FOR MODEL VALIDATION
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Model validation against the experimental data was done over a wide range of
gate biases, drain biases, and frequencies. These data can be generally categorized
into two groups, i.e. those for Vpg = 0 and those for Vpg # 0. Because of limited
space, only representative part of the validation results were presented in Chapter
3 which are for Vpg # 0. Here, additional results for model validation including
Vbs = 0 are provided in Fig. A.1 - A.16. In these cases, the data are presented for
swept gate biases from -1.5 to 1.5V with multiple frequencies up to roughly 3fr. In
the first section, results for Vpg = 0 are presented.
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Fig. A.1. Comparison of model and measured data for a PMOS gz when Vpg =
0 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr =0.71 GHz. L = 1.2 ym, W
= 10 pm.

118



——PSP-RTA-NQS
PSP-NQS
measured

-1.5 -1 -0.5 0 0.5 1 1.5
—VGS (V)

Fig. A.2.  Comparison of model and measured data for a PMOS Cy, when Vpg =
0 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 ym, W
= 10 pm.
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Fig. A.3.

Comparison of model and measured data for a PMOS ggq when Vpg =

0 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 ym, W
= 10 pm.
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Fig. A.4. Comparison of model and measured data for a PMOS Cgq when Vpg =
0 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 ym, W
= 10 pm.
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Fig. A.5. Comparison of model and measured data for a PMOS gq, when Vpg =

0 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 ym, W
= 10 pm.
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Fig. A.6. Comparison of model and measured data for a PMOS C4; when Vpg =
0 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 ym, W
= 10 pm.

123



12

——PSP-RTA-NQS
o PSP-NQS
® measured

-1.5 - -05 0 . 05 1 1.5
~Vas (V)

Fig. A.7. Comparison of model and measured data for a PMOS gqq when Vpg =
0 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 ym, W
= 10 pm.
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Fig. A.8. Comparison of model and measured data for a PMOS Cyq when Vpg =
0 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 ym, W
= 10 pm.
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In the next section, results for Vpg = —0.3V are presented.

A2 Vpg=—-03V
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Fig. A.9. Comparison of model and measured data for a PMOS ge, when Vpg =
-0.3 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pm.
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Fig. A.10. Comparison of model and measured data for a PMOS Cg; when Vpg
= -0.3 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr =0.71 GHz. L = 1.2 um,
W =10 pym.

127



-1t
& -1.5¢
E
s =2t
()]
()]
—2.5
_3-
—— PSP-RTA-NQS
~3.5} o PSP-NQS
® measured
15 -1 -0.5 v 0 v 0.5 1 1.5
“Ves V)

Fig. A.11. Comparison of model and measured data for a PMOS ggq when Vpg =
-0.3 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. A.12. Comparison of model and measured data for a PMOS Cyq when Vpg
= -0.3 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr =0.71 GHz. L = 1.2 um,
W =10 pym.
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Fig. A.13.

Comparison of model and measured data for a PMOS gq, when Vpg =

-0.3 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. A.14. Comparison of model and measured data for a PMOS Cq; when Vpg
= -0.3 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr =0.71 GHz. L = 1.2 um,
W =10 pym.
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Fig. A.15. Comparison of model and measured data for a PMOS gqq when Vpg =
-0.3 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr = 0.71 GHz. L = 1.2 um,
W =10 pum.
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Fig. A.16. Comparison of model and measured data for a PMOS Cyq when Vpg
= -0.3 V. Frequencies are 0.1, 0.5, 1 and 2 GHz where fr =0.71 GHz. L = 1.2 um,
W =10 pym.
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