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Preface

Models of circuit elements which are sufficiently simple to be incorporated in cir-
cuit simulators and are sufficiently accurate to make the outcome useful to circuit
designers are called compact. The conflicting objectives of model simplicity and ac-
curacy make the compact modeling field an exciting and challenging research area
for device physicists, electronic engineers and applied mathematicians. Continued
down-scaling of semiconductor devices has made it necessary to incorporate new
physical phenomena, while extended applications have led to the inclusion of the
secondary and ternary effects in order to achieve the required model accuracy. In
addition several rigid requirements in terms of model continuity and qualitative be-
havior (“benchmarks”) have been imposed over the years. At the same time, the
increased size of the integrated circuits, that can now be subjected to the full SPICE
analysis, disallowed proportional increase in the model execution time. Hence con-
siderable effort went into compact model reformulation in such a way that dra-
matically increased accuracy and model sophistication are accomplished without
prohibitive decrease in the computational efficiency.

The models of MOS transistors underwent revolutionary change in the last few
years and are now based on new principles. The recent models of diodes, passive
elements, noise sources and bipolar transistors were developed along the more tra-
ditional lines. Following this evolutionary development they became highly sophis-
ticated and much more capable to reflect the increased demands of the advanced
integrated circuit technology. The latter depends on the compact models for the
shortening of the design cycle and eliminating the elements of overdesign which is
often undesirable in today’s competitive environment. At the same time, statistical
modeling of semiconductor devices received new significance following the dra-
matic reduction of the device dimensions and of the power supply voltage. Finally,
despite the complexity of the fabrication process, the multi-gate MOS transistors are
now seriously considered for the purpose of controlling the small geometry effects.
To evaluate the potential impact of these devices on the IC design, compact models
of these devices, preferably based on the same principles as the models of traditional
MOSFETs, are becoming important.

The last comprehensive description of the compact models of various semicon-
ductor devices reflects the state of the art in late 1980s [2]. While remaining an in-
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fluential and valuable source of information, it can no longer serve the needs of the
compact modeling community in the 21st century. In this volume we present con-
temporary compact models of both active and passive semiconductor devices and
discuss general modeling techniques. Given the limited size of the book, and the
wide choice of compact models available today, the selection of the topics repre-
sented an interesting problem. In the end, it was decided to include compact models
which are both heavily used in the industry and at the same time are theoretically
significant. For experimental devices like multiple-gate transistors where the opti-
mal choice of the compact models is not yet entirely clear, we have presented two
particularly promising approaches. We have also included chapters on the MOSFET
noise theory, benchmarking of MOSFET compact models, modeling of the power
MOSFET, and overview of the bipolar modeling field. The book concludes with two
chapters describing the variability modeling including some recent developments in
the field. Once again, since the field of variability modeling is far from maturity, we
present several alternative approaches to the subject.

The present volume is comprehensive but is in no way encyclopedic. It does not
include several popular and experimental models that have already been described in
considerable detail in a book form [1, 5, 6, 8, 11, 13, 15]. Another important subject
that is not covered, is the application of behavioral languages in the compact model-
ing field. Many of the models discussed in this book (e.g. PSP, PSP-SOI, MOSVAR,
R3) were developed using verilog-A language which not only significantly reduces
the development time, but eliminates numerous potential sources of errors and sim-
plifies model implementation in circuit simulators [10, 12, 14]. Furthermore, we
concentrate on the most recent developments in the compact modeling. The reader
interested in the evolution of the field can find extensive information in [2, 3, 7, 9]
while [4] contains a useful tutorial on compact MOSFET models.

We hope that this volume will be useful to the engineers actively involved in
the design of integrated circuits, developing compact models and for the graduate
students of the corresponding disciplines.

Arizona State University, Tempe, AZ, USA Gennady Gildenblat
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Compact Models of MOS Transistors



Chapter 1
Surface-Potential-Based Compact Model of Bulk
MOSFET

Gennady Gildenblat, Weimin Wu, Xin Li,
Ronald van Langevelde, Andries J. Scholten,
Geert D.J. Smit, and Dirk B.M. Klaassen

Abstract We review surface-potential-based approach to compact modeling of bulk
MOS transistors and provide introduction to the widely used PSP model jointly
developed by the Arizona State University and NXP Semiconductors. The emphasis
is on the interplay between the mathematical structure of the compact model and its
capabilities for the circuit design applications.

1.1 Introduction

There is presently a widely held consensus in the industry that the surface-potential-
based models represent the best approach to the modeling of bulk and SOI MOS
devices. This paradigm change came after careful and deliberate evaluation of dif-
ferent approaches to compact modeling [18, 81] and was enabled by finding in-
novative solutions for several long-standing problems of compact modeling such
as the computationally efficient evaluation of the surface potential and mathemat-
ical techniques for incorporating small-geometry effects within the context of the
surface-potential-based approach. The motivation for switching from the threshold-
voltage-based to surface-potential-based approach comes from the desire to increase
the physical content of the compact model and subsequently make it more suitable
for modeling advanced MOS devices including low-V,;4, analog and RF applica-
tions where traditional compact models are not compatible with the circuit design
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Fig. 1.1 A MOSFET G
cross-section

p substrate
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requirements in terms of qualitative behavior, C (V') characteristics [36] or model
symmetry [3, 31, 67]. The PSP model jointly developed by Arizona State University
and NXP is the most advanced MOSFET model incorporating the surface-potential-
based approach and has been verified and used in circuit design for the technology
nodes from 250 to 32 nm. The description of the early versions of PSP can be found
in [68] and [21] in a somewhat condensed form. In this chapter, we provide a more
detailed description of the theoretical foundation of PSP, including extension of the
symmetric linearization method for all regions of operation and some recent results,
such as the origin of the surface potential equation [22], new circuit applications,
and modeling of the non-uniformly doped devices. This allows us to examine and
illustrate the main features of the surface-potential-based model formulation using
PSP as a case study. In what follows, we concentrate on the quasi-static PSP model.
The non-quasi-static version is described in [30, 37, 52, 79] and is also surface-
potential-based.

1.2 Surface Potential Equation

Surface potential, Vg, i.e. the potential at the Si/SiO; interface is an implicit function
of the terminal voltages that is usually obtained by solving the surface potential
equation (SPE) occasionally known also as the input voltage equation. It is derived
under several simplifying assumptions essential in the compact model formulation.
The first simplification is the Shockley’s gradual channel approximation (GCA) that
assumes (cf. Fig. 1.1)

O’y P’y
dy? x2
where v denotes the electrostatic potential. With this simplification the Poisson
equation becomes

(1.1)

iy p
L 1.2
9x2 &5 (1.2)
where p denotes the charge density and & is the dielectric permittivity of silicon.
Denoting the electron and hole concentrations as n and p respectively,

p=q(p—n—N;) (1.3)
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where N, is the concentration of ionized acceptors and we consider an n-channel
MOS device. Since the hole current component is negligible, so is the gradient of
the hole imref F), and the hole concentration is given by the Boltzmann relation
p = ppexp(—pBy) where 8 = 1/¢; and ¢; denotes the thermal potential. This form
assumes that the reference point for the potential is in the neutral bulk region where
the majority and minority carrier concentrations are pp and np respectively. For
electrons it is necessary to take into account the imref gradient so that

n=npexp[B(¥ — én)] (1.4)

where the normalized imref splitting (a.k.a.“channel voltage”)

bn = (1/q)(Fp — Fp). (1.5)

For most applications it is sufficient to assume the complete ionization of the chan-
nel dopants. Then N, coincides with the total acceptor concentration N, = p, — np
(for the uniformly doped channel). Hence

p=q[ps(e PV — 1) — ny(kePV —1)] (1.6)
where
k =exp(=Bdn) . 1.7
From (1.2) and the boundary condition dvr/dx = 0 for ¥ = 0 it follows that
E§=—5/%pdw (1.8)
€s Jo
where the surface electric field E; = —(d{/dx),=o. Continuity of the normal com-

ponent of the displacement vector at the Si/SiO, interface provides SPE in the form
Ve = Vo =) =y ih (1.9)

where Vi, is the flat-band voltage,

Y =+/2q&spp/Cox (1.10)

denotes the body factor, unit area oxide capacitance Coy = €ox/tox, lox 15 the oxide
thickness and ¢, is the oxide permittivity. The dimensionless variable & represents
the normalized square of the surface electric field:

esE? 1 Vs
h= = _ pdy. (1.11)
2991 py qé:pp Jo

With the exception of the special case of an MOS capacitor where F;,, = F), and
k = 1, this integral with the charge density (1.6) cannot be obtained in a closed
form and further approximations are inevitable in a compact model. The simplest
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approximation is obtained by neglecting the position dependence of the electron
imref in which case k = ky where

ko = exp (—B¢n0) (1.12)

is determined by the imref splitting at the interface. Then & = hpg where [44]

hpsze_”—}-u—l—i-z—bko (e“—i—1> (1.13)
and u = By is the normalized surface potential. This result reproduced in classic
textbooks (e.g. [61]), is exact for MOS capacitors and works well for MOSFETs
except for a narrow region near the flat-band (i.e. near ¥y = 0) where hpg becomes
negative [40, 83]. This property of (1.13) is incompatible with SPE (1.9) or physical
interpretation of & (as the normalized square of the surface electric field) based on
(1.11) is illustrated in Fig. 1.2 and can be explained as follows. For # — 0 expansion
hps = (np/ p) (ko — Du + O (u?) (1.14)
contains a linear term and may become negative if # and ko — 1 have different signs.
As pointed out in [83], the physical origin of this difficulty lies in the assumption
F, = F,0,1.e. 3¢, /0x = 0 made in the derivation of (1.13). In reality, imref splitting
¢, is a strong function of both x and y [23, 61] with the standard approximation
¢n = ¢, (y) introducing spurious behavior near the flat-band. Despite the fact that
the region where hpg < 0 is extremely narrow, it may result in the occasional non-
convergence of circuit simulations.
We now proceed without assuming d¢, /dx = 0. From (1.11)

hu)=e ™ +u—1+"2 [fuk(ew - 1)dw+/u(k— l)dw] (1.15)
0 0

Pb
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Since the function ¢” — 1 does not change sign on the interval (0, u) (or (u, 0) if

u < 0), with reference to the first mean value theorem of the integral calculus one
has

/uk(e“’—l)dwzk(é)/u(ew—l)dw; £Eec0,u) (1.16)
0 0

so that [22]

h(u)=e™ +u—1+ Z—b [k®) (" —u — 1) + (kaw — Du] (1.17)
b
where
kavzlfukdw. (1.18)
uJo

Comparison with (1.13) shows that &pg is obtained from (1.17) using approxima-
tion k(§) = k,y = ko which is an immediate consequence of neglecting ¢, (x) de-
pendence. To improve this result we look for the best approximation of the type
k(§) = k1 and k4, = ko where coefficients k1 and k> still do not depend on u but
are allowed to have different values. Requiring 4 (u) = hps(u) in strong inversion
region where hpg(u) is physically sound we have k| = ko. The second condition

h(0)=0 and h(m)>0; uz#0 (1.19)
implies kp = 1 whence

h:e‘”—}—u—l—i—%ko(e”—u—l). (1.20)

The analysis leading to this result is a variation of that in [22, 40]. It has been
recently extended to account for the impurity freeze-out that is essential in low-
temperature CMOS applications [22].

The results of the proposed modification of the SPE are shown in Fig. 1.2 illus-
trating condition (1.19) satisfied by (1.20). Note that apart from the narrow region
near ¥, = 0 the difference between (1.13) and (1.20) is small and consequently is
invisible to the model user except for eliminating the occasional simulation crash.

Since the SPE (1.9) does not allow for an exact solution, it is solved using either
iterative Newton-Raphson procedure [4, 41, 47] or analytical approximations for
the surface potential [10, 19-21, 68, 70]. As shown in Fig. 1.3, the approximation
used in [10, 84, 85] is particularly accurate leading to the absolute error under 1 nV.
As shown in Fig. 1.4, this approximation is sufficiently accurate to evaluate A
including the subthreshold region where

AY ocexp(—Bss)[1 — exp(—BVas) ] (1.21)

is exceedingly small [26].
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Fig. 1.3 The error in surface
potential calculated from
analytical approximation
relative to the numerical
solution for different forward
bias; N, =5-10'7 cm™3,

tox =2nmand T =300 K

Fig. 1.4 A as a function of
the gate bias for various
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Circles represent the
numerical solution of (1.20),
while solid lines are obtained
using analytical
approximations for ¥ and
Vsa [21, 84]
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SPE (1.9) with & given by (1.20) implies that derivative

Vs
0 Vep

(

where (¢ denotes the “bulk potential”)

0.4 v
—V,_ =04V
bs
-- 'Vb =0.85V
s
. 02
>
A=
S N
w K
0 = T
§
1
—0.2 . .
-2 -1 0 1 2
Vo Vi (V)
Vis =1V
1073V
Analytical-
L Nulmerical
1 1.5 2
1
= (1.22)
Vo=V 1+ yv(B/2)(1+A)
A =exp[—B2¢p + ¢n)] (1.23)

has different values at the source (¢,, = Vyp) and drain (¢, = V) ends of the chan-

nel. Hence

(

oAy
Vgp

)
Veb=Vrb

(1.24)
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Fig. 1.5 Normalized
capacitances computed using
(1.13), (1.20) and (1.25).

.......

After [83] 0.8f
« 0.6
(@]
o
(=]
o° 0.4
e Eq.(1.13)
0.2 = Eq. (1.20)

» Eq. (1.25)
—2D Simulation

where Ay = Y¥gq — Vs 1s the surface potential variation across the channel. This
makes it impossible to simplify the model by setting A1 = 0 in accumulation region
where Ay is negligible.

To achieve this simplification in the PSP model 7 is selected in the form [84]

2
h:eu—i—u—l-l—:l)—f)ko(e“—u—l—;ﬁ). (1.25)

With this modification, condition (1.19) remains in place but the derivative

(%) — ; (1.26)
Ve )y,zy,,  1+vVB/2 '

does not depend on A and remains the same at both ends of the channel enabling
approximation Ay =0 for Vg, < Vyp. As shown in Fig. 1.5 the difference between
(1.20) and (1.25) does not affect the device output characteristics and is a matter of
convenience.

1.3 Symmetric Linearization Method

All compact surface-potential-based MOSFET models are based on the charge-sheet
approximation [5, 64] justified by comparison with the Pao-Sah double integra-
tion formula [44]. Since the expressions for current and especially for the terminal
charges in Brews’ model are quite complicated [40, 77] they need to be simplified
before implementation in the compact models [20, 21, 74]. Symmetric linearization
method (SLM) developed in [11, 77] (also mentioned in [73]) represents a system-
atic way to address this problem. The original work in [11, 77] and its subsequent
exposition [21, 68] deal with a simplified formulation applicable when the surface
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potential satisfies inequality 1y > 3¢, excluding flat-band condition and accumula-
tion region essential in the formulation of the complete model. In this section, we
present SLM in a more complete form which is actually used in the formulation of
the SP and PSP models [20, 21].

For this purpose, we introduce the inversion, ¢; and bulk, g; charges per unit area
normalized to unit area oxide capacitance. Charge neutrality implies

qi =—Vep = Vip —Us) —qp (1.27)

where we used the physical signs for ¢; and g. In its usual form the charge-sheet
approximation assumes that depletion theory expression

g ==YV Vs — ;Y5 >3¢ (1.28)

remains valid even after the formation of the inversion layer [5, 64]. To remove the
Y > 3¢, limitation, the expression for g, can be modified as follows [81]:

ab =~y Us — ¢l —exp(—u)] - sgn(yy) (1.29)

where the term ¢, exp(—u) accounts for the majority carrier contribution and assures
that the argument of the square root in (1.29) is non-negative.
In what follows, it is convenient to introduce functions

Puy=e"+u-—1 (1.30)
D(u) = A(@n)[e" —u—1— x(u)] (1.31)

where
A(¢pn) = exp[—B 2oy + ¢u)] (1.32)

and normalized body factor G = y/B. Then SPE (1.9) becomes
[B(Ver — Vi) — ul* = G*[P(u) + D(w)]. (1.33)

Then g, = —¢; G~/P and from (1.28) and (1.33)

$:GD(u)
p—— . 1.34
U= /Pw T D) + VPw) (139

To develop SLM we also introduce the average surface potential

1
Ym = E(‘!fss + Ysa) (1.35)

and call the point in the channel where ¥y = ¥, “the surface potential midpoint”.
The values of u, g;, D and P at the surface potential midpoint are denoted as u,,,
qim, D and P, respectively.
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The main approximation of the symmetric linearization method is [11]

qi =qim +a s (1.36)
where
s =Ys — ¥m (1.37)
and
d .
o= < di ) . (1.38)
dws Wv:wm
From (1.27) and (1.29)
d G(l —e™tm
a:l—( ‘”’) _pp 8d=e™ (1.39)
dl//x Wc=¢m 2 v Pm

To use expression (1.34) for g, it is first necessary to obtain D,, which can be done
by manipulating SPE (1.33) at the source and drain ends of the channel where the
values of imref splitting ¢, are known. This yields

Di+Dg P+ Py ¢*
= — Py — — 1.40
7 + > m =162 (1.40)
where Dy = D(BVss), Dg = D(BYsq), Ps and P, are similarly defined and ¢ =
BAY. Using (1.30)

Dy,

_Ds+Dd (02

u 9
= +e”<cosh5—l)—m. (1.41)

Since either the second term is negligible or ¢ < 1 (in subthreshold) it is safe to
make approximation

2
4 4
h—~14+ — 1.42
cos 5 + 2 (1.42)
so that finally
Ds + Dq ity 2 (pz

which is the form used in SP and PSP models.
Combining (1.36) with the standard expression of the charge-sheet model [5, 64]

drs d%)

R L U} 1.44
qi dy ¢>tdy (1.44)

Iy = —uWCox <

one finds

ds
Iy = —uWCoyx (gim +a's_a¢t)5~ (1.45)
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Fig. 1.6 Comparison of 2 r r
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Here o denotes the effective channel mobility while W and L are the width and
length of the device, respectively. Separating variables and integrating yields ex-
pression for the drain current in the form

w
Lo = 1= Cox (—qim + ) AV (1.46)

where Ay = Ysq — Vs 1S the surface potential variation along the channel. The ac-
curacy of this result is demonstrated by comparison with the Pao-Sah model shown
in Fig. 1.6 where abbreviation SLCSM stands for symmetrically-linearized charge-
sheet-model.

Since in the rectangular channel device I; is position-independent, (1.45) can be
regarded as a differential equation for the surface potential (or, equivalently, s) as a
function of position, y. From (1.45) and (1.46)

Z_i _ Li([le_wS) (1.47)
where H = Hy and
Hy =12 1 g, (1.48)
After integration
y=ym+HL—;p(H—%) (1.49)

where y,, denotes the coordinate of the “surface potential midpoint” where ¥ =
Y. To find y,, note that s = —Avr/2 for y =0 whence

_L 1 AY 1.50
ym_5<+ﬁ)' (1.50)
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Unlike the case of the complete CSM [77] not only y(i) but also ¥(y) depen-
dence becomes available in a closed form. Indeed, from (1.49) it follows that

Vs =V + H [1 = VT= QAY/HD G = ym) |- (1.51)

The accuracy of this result has been demonstrated in [77].
To insure charge conservation, modern MOSFET models are charge-based with
transcapacitances

90;
3Vj

Cij=Q268; -1 (1.52)

provided directly by the circuit simulators. In (1.52) i, j € {g,s,d, b} and §;; de-
notes the “Kronecker” delta. The physical meaning of the terminal charges

L
Qg = WCox/O (ng - Vfb —Ys)dy (1.53)
and
L
0y =WCyr [ asdy (1.54)
0
is clear, however, the partition of the inversion charge Q; = —Q, — O, into the

source Qg and drain Q4 = Q; — O components requires a few comments. Com-
monly used Ward-Dutton partition [80]

L
Qu=WCp fo (v/L)gi dy (155)

is appropriate for uniformly doped channels but not in general [1, 14]. Since in
advanced MOSFETs lateral channel non-uniformity is essential (e.g. HALO dop-
ing [6]) Ward-Dutton partition should be regarded as an approximation. Numerical
studies have shown that while the error introduced by (1.55) is noticeable, it does
not at present justify switching back to capacitance-based modeling for circuit sim-
ulations.

Symmetric linearization method allows one to obtain simple closed form expres-
sions for the terminal charges. For example, with reference to (1.47) and (1.49)

av/2 [ S(H=$)

WLCOX HAw o Hav i|(61im+ots)(H—s)ds. (1.56)

After integration

2H 20H?

qim + (1.57)

Qi ady ([ Ay Ay
WLC,, 12 ( )
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where the physical signs have been retained for both ¢;,, and Q. Similarly,

o Ay?
-V =7 1.58
WLC,y oxm + 12H (1.58)
and
Qi aAy?
= Gim + —— 1.59
WLC,, _mt o (1.59)

where Vi = Vgp — Vyp — ¥ denotes the oxide voltage at the surface potential
midpoint. In the SP and PSP models these expressions are used for Vg, > Vyp. As
explained above for Vg;, < Vyy it is safe to set Ay =0 so that Qg = WLCjx Vorm
while Oy = Q4 =0 and Qp = — Q. Since I, is also negligible for V,j, < Vi, this
eliminates the need to evaluate the linearization coefficient « in the accumulation
region.

As has been done with the expression (1.46) for the drain current, the accuracy
of the symmetric linearization method application to the terminal charges has been
verified by comparison with Pao-Sah model. Typical results are shown in Fig. 1.7.
In addition for s > 3¢; one can also compare the results of the symmetric lin-
earization method with conventional charge-sheet model. This has been done in
[11, 68, 77].

To simplify the exposition of the symmetric linearization method we have ne-
glected two important phenomena affecting the MOSFET performance: the quan-
tum corrections and the effect of the polysilicon depletion layer. Both of these effects
are included in PSP essentially as discussed in [17] and [74]. The presentation of
symmetric linearization method without the assumption of the complete ionization
of acceptors can be found in [22].

1.4 The Effective Channel Mobility

The effective channel mobility © in the MOSFET channel is reduced relative to
the bulk mobility as a result of the changed electron-phonon interaction, surface
roughness scattering and increased Coulomb scattering. In the engineering models
of the transistors these effects are usually combined via Matthiessen’s rule to obtain
semi-empirical expressions. The model used in PSP is as follows

_ UO -
1+ (MUE - E5)T™HEMU  CS - (g4, / (qom + qim)?]1 + G R

" (1.60)

where UO is the model parameter roughly corresponding to the low-field mobility
(at this point we only discuss the effects of the vertical field), parameters MUE and
THEMU describe effective mobility reduction by the effective vertical field E.z,
CS is the model parameter introducing the Coulomb scattering following [27] and
G g accounts for the series resistance. PSP also allows for the introduction of the
source and drain series resistances directly (using extra nodes that are collapsed by
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Fig. 1.7 Comparison of 1
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Pao-Sah and SLCSM models; 08 e SLCSM
Ny=2-107 em™3, )
tox =2nm, Vg =0,in
(a) Vgy =1V andin .« 0.6
(b) Vs =1V ]
~
© 04
0.2
-2 -1 0 1 2
Vs, V
(a)
0.5,
Pao—Sah
04f Oy, + SLCSM
0.3
0.2
3
@)
S O'll Cvdb “““““““
O-M
Chg
-0.1
-0.2 Csa
0 0.5 1 1.5 2
‘/dsv \Y%
(b)

default) in which case G = 0. If G is used source and drain series resistances Ry
are assumed to be equal and

Gr=UO-(W/L) - qim - Rs. (1.61)
The effective lateral field is usually defined as

__49bm +Nu - Gim

Eqf -
1

(1.62)
with 1, = 1/2 for the n-channel [49] and 5, = 1/3 for the p-channel [2] devices.

Since, generally speaking, n varies with technology, PSP allows one to adjust
using parameter FETA with the default value of 1:

_ JFETA/2  for NMOS,

- (1.63)
FETA/3 for PMOS.

um
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Strictly speaking, the effective channel mobility varies across the MOSFET channel
as a result of the position dependence of E.f, g;, g» and some other factors (e.g.
doping level). While in principle it is possible to include such dependence explic-
itly, the resulting model complication is not warranted in the compact model. For
this reason all variables affecting the effective channel mobility are evaluated at the
surface potential midpoint to assure the Gummel symmetry of the model.

Typical results are shown in Fig. 1.8. By changing parameters MUE and
THEMU one can control both the magnitude and the functional dependence of the
mobility degradation by the vertical field. In the absence of the Coulomb scatter-
ing PSP mobility model is “universal”. The introduction of the Coulomb scattering
further reduces the effective mobility and introduces the non-universality effects, es-
pecially close to threshold and in the subthreshold region (cf. Fig. 1.9). Additional
non-universality effects are described by the function wy (i, = 1 for the default pa-



