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ABSTRACT

Conventional (four-terminal) bulk-MOS models are
based on unipolar conduction in a doped body with body
contact and ideal symmetric PN-junction source/drain
(S/D) contacts. As bulk-MOS technology is approaching
its fundamental limit, non-classical devices such as
ultra-thin body (UTB) SOI as well as multiple-gate
(MG) and gate-all-around/Si-nanowire (GAA/SINW)
MOSFETs emerge as promising candidates for future-
generation device building blocks. This trend poses new
challenges to developing a compact model suitable for
these new device structures and requires a paradigm
shift in the core model structure. In MG/NW (including
non-body-contacted UTB-SOI) MOSFETS, however, the
(three-terminal) device has a nearly undoped body and
without a body contact, and S/D contacts (PN-junction
or Schottky) also become an integral part of intrinsic
channel. Carrier transport may become bipolar and
may change from drift-diffusion dominant to tunneling
dominant, depending on the S/D contacts. Source-drain
asymmetry, either intentional or unintentional, in a
theoretically symmetric MOSFET also becomes
important to be captured in a compact model, which is
nontrivial in a model that depends on terminal S/D
swapping at the circuit level. This paper discusses these
new challenges and demonstrates solution methods
based on the unified regional modeling (URM)
approach to the ultimate goal of unification of MOS
compact models.
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1 INTRODUCTION

MOSFET compact model (CM) has been at the heart of
VLSI circuit design and chip fabrication over the past
several decades. Starting from the most complete and
rigorous Pao—Sah formulation [1, 2] of the iterative surface-
potential (¢) voltage-equation solution and double-integral
current-equation solution, and its simplest version of fixed
bulk-charge threshold-voltage (V;) and drain-current (lgs)
equations [1], history has witnessed generations of MOS
compact-model development from first-generation V-based

to second-generation ¢-based formulations. We have seen
the efforts required for the radical changes from one
generation to the next, which prompts the need for an
extendable core model infrastructure to meet the challenges
in developing future-generation models.

The essence of compact modeling is to come up with an
analytical equation that faithfully describes the terminal
current/charge characteristics of a transistor, including all
its higher order derivatives, and scalable over terminal bias,
geometry, temperature, frequency variations, which can
match fabricated device characteristics and can be used
efficiently and accurately in large circuit design. This
requires integrating (or “compacting”) physically-
formulated differential equations for the specific transistor
structure and boundary conditions, and adding various
higher order effects on top of the intrinsic core model. The
ideal long-channel transistor is only in the “linear” channel
in the gradual-channel approximation (GCA) as illustrated
by the shaded region (with voltages V; and Vg<.) in Fig. 1,
whereas the real transistor has to include the velocity-
saturation region as well as the built-in voltages of the S/D
contacts, which depends on the contact type.

In this paper, we outline various properties of an
MOSFET compact model and compare conventional with
non-classical MOSFETs in terms of symmetry, body
doping and contact, carrier type, and S/D contacts. We
demonstrate solution methods to meet the new challenges
in unifying MOS compact models with the unified regional
modeling (URM) approach.
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Figure 1: Generic MG-MOSFET structure with or without body
contact (Vg) and with PN-junction or SB S/D contacts, showing
band diagrams across the channel and potential across the body.
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2 CONVENTIONAL AND NEW
PROPERTIES OF MOSFETS

2.1 Symmetric vs. asymmetric MOSFET

An ideal MOSFET’s physical source and drain are
indistinguishable or interchangeable and, in fact, are
defined by the convention of current-flow direction. It is
due to this property that in all existing simulators, intrinsic
(nMOS) model evaluation is all performed with positive
S/D bias (Vgs) since whenever Vg across the two (physical)
terminals of an nMOS becomes negative, its polarity is
swapped by the simulator such that the drain current will
always flow from “drain” to “source” by convention. As a
result, in the intrinsic (nMOS) model equations, Vgs will
never be negative.

To comply with this symmetry property, a compact
model has to pass the Gummel symmetry test (GST), which
requires that the drain current Iy be strictly an odd function
of Vg and no singularities in any higher order derivatives as
Vq=-V;— 0. This is trivial to achieve in a numerical
model, but a nontrivial task for a CM with mathematical
functions, since in a CM based on convention, saturation
always happens at the “drain” end with respect to the
source and, together with complications in the use of a
smoothing function for the effective drain—-source voltage
(Vaserr), those models often cannot satisfy the GST with any
order of derivatives. One such example is the use of the
smoothing function
\ (1)

[1+ (Vs Vi s )ax Tax

which, although satisfying the odd-function requirement,
will encounter singularities at higher order derivatives when
a, has to be small for short-channel drain-conductance
modeling.

We have proposed a paradigm shift in modeling
symmetric and asymmetric MOSFETSs [3] by describing all
physical quantities associated with the respective source
and drain relative to the bulk and taking the difference for
the effective S/D voltage (Vaserr = Vet — Vserr), Where
source and drain are the device terminals by label (rather
than by convention). In this way, lgs will be an exact odd
function of Vg and negative Vg can be evaluated in the
model. The GST will always be satisfied even with
different smoothing functions for Vg Essentially, the
intrinsic channel drain-source current (lgsp = I — Is)

lyo = ,E (CT. + Kvth )Vds,eff (2)

:E(ai+gvth )Vd,eff _E(ai+gvth )Vs,eff
is being modeled by the difference of the drain (I3) and
source (ls) (or “forward” and “reverse™) currents in a totally
symmetric way for a perfectly symmetric-S/ID MOSFET
(i.e., source and drain are interchangeable). The complete
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short-channel drain-current model is built strictly as an odd
function of Vg [3]:

— gvoldso . (3)
ds
1+ de Idso/vds,eff

On the other hand, as technology scales, S/D asymmetry
in real devices (due to unintentional process and layout
variations) becomes an important effect to be captured by
the model. “Intentional” asymmetry, such as “true-LDD”
[4, 5], dual-material-gate (DMG) [6], asymmetric-halo [7],
and self-aligned asymmetric MOSFETS [8], have also been
proposed, which always show improved performance over
their symmetric counterparts although still not being widely
used. For these (unintentional or intentional) asymmetric
MOSFETS, the characteristics will be different for positive
and negative Vg sweeping on the same device. The only
way to capture this difference in a conventional model with
terminal Vg5 swapping is to extract two complete sets of
model parameters for the respective forward and reverse
mode of operation. Obviously, this is not the physical way
of modeling asymmetric MOSFETS, which is restricted by
the model framework designed only for symmetric devices.

Our proposed paradigm shift also provides a simple
modeling of asymmetric devices since source and drain can
now be distinguished from label (or layout). One example
is shown in Fig. 2 [3], in which the source side has a thicker
junction and a lower doping than those of the drain
extension, and only the saturation-velocity parameter for
the respective source and drain sides is refitted for the
forward and reverse mode. The model captures the
different forward/reverse characteristics, including it output
resistance (inset).

0.8
Symbols: Medici apens

—~ Lines: Model S oo o fotototototatotststetululot]
€ 0.6 Ao
ét o Vps

v V o
E 041 S
~ J
2 -
S 021 B
- (%)
c =
L 0.0 3
= S
S
O
g 024
g
a ) 0.0 0.5 1.0 15 2.0

-04 ¢ Vs O Vgp (V)

0.0 0.5 1.0 15 2.0
Drain-Source/Source-Drain Voltage, Vg or Vgp (V)
Figure 2: Modeled drain current (lines) of an asymmetric
MOSFET with different S/D junction depth and doping with +Vps
sweeping, and compared with the same numerical device

(symbols). The inset shows the corresponding output resistance
and the schematic of the asymmetric nMOS. (After [3])

2.2 Body-contacted vs. non-body-contacted
MOSFET
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Conventional bulk-MOS always has a body (substrate)
contact and a bias (V}) applied to it. This allows the three-
terminal (gate, source, drain) voltages to be referenced to
bulk, including the channel-to-bulk voltage, or the imref
split, defined as Ve, = ¢en— ép.  In conventional MOS
modeling, “unipolar” transport is assumed in which holes
(for nMOS) are always assumed at equilibrium so that
&p = ¢ (body Fermi potential), and the electron imref
¢Fn(y):Vcb(y)+¢F (4)
will change from Vg, + ¢ to Vg, + ¢ along the channel
from source (y = 0) to drain (y =L). This still allows Iy to
be formulated with bulk reference (B-ref) in a symmetric
way.

However, in non-classical double-gate (DG) FinFETS or
GAA/SINWs, there is essentially no place to make a body
contact. In some SOI technologies in which there is no
body contact, it also belongs to this category. For body-
contacted SOI, it would belong to bulk-MOS in terms of
hole imref since it will be set by the body bias. In non-
body-contacted SOl and MG/SINW MOSFETs, with
unipolar assumption, the hole imref will be determined by
the lower of the S/D bias, ¢~ ¢ =Vn=min(Vs, V)
referenced to ground. It should be noted that this concept
applies to all existing SOI modeling without a body contact,
and the so-called “floating-body” concept in SOI is flawed
since the body silicon film on which the conducting
surface/volume channel forms will never be “floating.” In
this situation, the common and existing practice is to define
the channel voltage as the imref split, Vs = ¢en — @, With
source reference (S-ref), which changes from 0 at source to
Vgs at drain end. This is consistent with the model by “S/D
convention,” but it would be very difficult to pass the GST
due to source referencing.

We propose a fundamental change in core model
formulation with “ground reference” (G-ref) [9], in which
both hole and electron imrefs (as well as all other terminal
voltages) are referenced to ground. (4) is then modified to
¢Fn(y):ch(y)+¢F =(Vc(y)_vm)+vm =Vc(y) (5)
which changes from V; to V4 (G-ref) along the channel from
source to drain. This formalism is also consistent with
“SID by label” (Vy, can be Vs or Vg, where S/D by label) and
forward/reverse currents can be similarly formulated with
complete S/D symmetry, and extendable to asymmetric
devices as well. A GST for the (three-terminal) undoped
symmetric-DG MOSFET is shown in Fig. 3, with up to
sixth-order derivatives.

2.3 Doped vs. undoped-body MOSFET

Conventional bulk-MOS devices always have a doped
(thick) body. Current transport is through drift and
diffusion of unipolar (minority-carrier) conduction in the
surface channel of the depleted (majority-carrier) body.
Conventional bulk-MOS compact modeling is based on
charge-sheet approximation (CSA) [10] and GCA by

solving the y-dependent current equation together with the
x-dependent voltage equation. This core model formalism
is valid as long as the body is doped such that CSA applies
in the GCA and current conduction is mainly confined in a
thin “surface channel.” The voltage equation can be solved
exactly by iteration or approximately from regional
solutions.
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Figure 3: Comparison of the “ground-referenced” model GST

second-order derivative (lines) with Medici numerical data

(symbols) with constant mobility. Lower inset: model’s sixth-
order derivative. V, step size: 10 mV.

In non-classical MG/UTB-SOI MOSFETs, when the
body thickness is thin and doping is low, full-depletion
(FD) occurs before strong inversion and, hence, the voltage
equation governing the surface-potential solutions will be
different from bulk-MOS due to different boundary
conditions. In the generic MG-MOS devices, there are two
unknowns but the Poisson equation cannot be integrated
twice if body doping cannot be ignored. CSA also becomes
invalid in the “volume-inversion” regime. To circumvent
this difficulty, most existing compact models for DG/GAA
transistors assume undoped (pure) body, together with
unipolar-transport assumption, such that the voltage
equation can be solved with the second integral of Poisson
equation for two unknowns. However, ideal pure-body
devices do not practically exist and even unintentional body
doping would cause errors in surface-potential solutions if
body doping is ignored.

We have been adopting the URM approach to surface-
potential solutions for generic MG-MOS transistors that
encompass all different types of device structures
(bulk/UTB-SOI/DG/GAA) and operations [11]. Figure 4
shows one example of various regional and unified surface-
potential solutions in a doped symmetric-DG MOSFET in
comparison with the numerical data. The key is the
solution at full-depletion voltage (Vep), which separates
depletion and volume-inversion regional solutions. The
URM approach makes it possible to obtain a unified
solution that scales with doping and body/oxide
thicknesses, as shown in Fig. 5 for the derivatives of the
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surface potential from high doping to zero doping (pure
body), with seamless transition in low-doping ranges that
are otherwise missed in undoped-body models.
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MOS at various doping as indicated, including below intrinsic and
pure body (lines), compared with the exact iterative solutions.

It should be noted that when the net doping term is not
included in the Poisson equation, it implies theoretically
either pure body (N, = Np = 0) or completely-compensated
body (Na — Np = 0) that are both practically non-exist. As a
matter of fact, “pure” body is different from “intrinsic”
body (there has been confusion in some literature) in which
net dopant concentration, Ny — Np =n;, is not zero (and
strictly speaking, it needs to be included in the Poisson
equation), and can be high at high temperatures. Also, the
exact symmetric (bell-shaped) derivative of ¢ vs. Vg only
happens in pure body, not even with “intrinsic doping,”
which can be a nontrivial modeling task [12]. This detailed
physics has been captured in our URM model, as shown in
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Fig. 5 [13], with identically symmetric behavior for zero
doping but not strictly symmetric for “intrinsic” doping
(10" cm™®).

2.4 Unipolar vs. bipolar MOSFET

In almost all existing literature on MOS models since
Shockley’s unipolar MOS theory [14] until recently [15],
unipolar carrier conduction is assumed, which means
majority carrier in the body will always be at equilibrium.
However, it has been shown [16, 17] that the electron and
hole imrefs become bias-voltage dependent for body net
doping below intrinsic concentration (n;), as given by

2
¢Fp:V1h In NAZ_ND +\/[NA2_NDJ e Vi (6)
n, n,

where V = ¢e, — ¢, is the imref split or channel voltage
due to non-zero Vg, and for undoped MOSFET, ¢, = -V/2.
Obviously, this new feature would not be observable if the
body net doping is higher than the intrinsic doping and,
hence, hole imref can still be modeled by the equilibrium
Fermi potential [18]:

4o =y, sinh? [NZ—NJ )
ni

However, for (theoretically) pure-body MOSFETS, whether
there will be bipolar conduction depends on the S/D contact
(see more discussions in the next sub-section).

In all existing literature on undoped DG/GAA surface-
potential solutions, holes are ignored in the Poisson solution
which, as shown by us recently [19], gives a ~1.5-nV error
in the surface potential for symmetric-DG as compared
with the rigorous iterative solution of the elliptic-integral
voltage equation. Although being able to be ignored at gate
voltages well above the flatband (Vgg), this would cause a
singularity in the derivative of the Cyq exactly at Vgs = V.
Otherwise, two-carrier solutions still can be obtained from
the sum of two single-carrier solutions.

2.5 PN-junction vs. Schottky-barrier
MOSFET

The channel-voltage-dependent electron/hole imrefs
derived in the above sub-section are still subject to the
boundary conditions of the real device when current-
transport equation is solved. In undoped thin-body DG/NW
MOSFETSs, if the S/D extensions are PN junctions, there
will be only one type of carriers as the source and sink for
current flow, so unipolar transport would still be valid. If,
on the other hand, the S/D extensions are Schottky-barrier
(SB) contacts that favor both electron and hole injection by
tunneling and/or thermionic emission, there would be
ambipolar current depending on the polarity of the terminal
voltages. However, transport would be essentially
tunneling and/or thermionic limited rather than drift-
diffusion limited due to the much larger voltage drops
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across the SB-induced potential barriers. We have recently
developed such a compact model for SB-MOSFET based
on a compact quasi-2D potential solution [20] and
combined tunneling-thermionic current calculation using
the Miller-Good [21] approximation, and a sample current
plot is shown in Fig. 6. The Medici device was simulated
with electron (n) only, hole (p) only, and two-carrier (n + p)
transport. ~ The tunneling/thermionic compact model
without any drift-diffusion transport matched so well to the
numerical device, showing the dominant mechanism is due
to tunneling and thermionic current (without drift-diffusion)
in SB-MOSFETSs.
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Figure 6: (a) Modeled (line) and Medici (symbols) transfer
characteristics of SB-MOSFET showing ambipolar current at
three Vs, (b) modeled (lines) and Medici (symbols) output
characteristics for one-carrier only (dotted lines/small symbols)
and two-carrier current (solid lines/large symbols) at five V.

3 KEY CHALLENGES AND CORE
MODEL INFRASTRUCTURE

3.1 Key Challenges and Solutions

From the ensuring discussions, it is clear that model
symmetry and asymmetry as well as with or without body
contact are two different but related challenges.

Conventional approaches to symmetry in body-contacted
MOSFETs based on convention (terminal swapping) will
not solve the new problems in asymmetric and non-body-
contacted non-classical MOSFETs. The proposed ground-
referenced modeling (with S/D by label) will be the key to
solving both problems; of course, actual formulations will
not be trivial. Models based on (1) for the effective drain—
source voltage, or in general, with V4 appearing in the
model equation, will eventually face fundamental limitation
in passing the GST.

Body doping, carrier transport, and contact effect are
also different but related challenges. In conventional
devices in which doping is usually high, unipolar transport
is sufficient. In DG/NW devices in which body is usually
undoped, Debye screening length is ~26 um and practical
transistors are all “short” length, and conducting carriers
depend on the S/D contacts. So, contacts will be an
essential part of the intrinsic core model for undoped
devices, and transport will be either drift-diffusion or
tunneling limited with PN-junction or SB contacts,
respectively. In addition, to model practical devices with
unintentional doping, and extending to partially/fully-
depleted SOI models, the core model with body-doping
scaling from high to zero is necessary.

3.2 Unified Regional Modeling Approach

Since it is known that Poisson equation cannot be
integrated twice if doping term is considered and the
generic MG MOSFET has two unkowns, a “short-cut” to
tackle MG devices with undoped body cannot be extended
when doping has to be considered. Our demonstrated URM
approach can solve for the generic surface potentials with
doping scaling, that can also be extended to include poly-
doping and quantum-mechanical effects. Although the
regional solution is not as accurate as that from iterative or
explicit solutions (with nV error), it captures the essential
physics, which has otherwise no exact solution (i.e., no
physical equation to solve iteratively) when doping has to
be considered.

3.3 Unification of MOS Models

The ultimate goal is to unify MOS models of various
types and operations in one core infrastructure. As MG
device operations vary from one to another seamlessly (e.g.,
symmetric to asymmetric DG, partially-depleted to fully-
depleted SOI), so does the model describing their
behaviors. The key methodology is to start with the
symmetric-DG with URM approach to surface-potential
solutions, which can be extended to common-gate
asymmetric-DG as a special case and, eventually, to
independent-gate asymmetric-DC in general that also
includes fully-depleted UTB-SOI operation. Once the most
difficult task is overcome, it will cover all different
structures and operations, and it pays for the efforts.
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4 SUMMARY AND CONCLUSIONS

In summary, we have discussed new properties and
challenges in developing compact models for future-
generation non-classical CMOS in comparison with the
conventional bulk-MOS device modeling. Looking back
the history of compact-model development, it is important
to construct a core model infrastructure that is extendable to
various device structures and operations. This requires a
paradigm shift in intrinsic model description that accounts
for physical as well as contact effects with seamless scaling
over device geometry, layer thickness, doping and bias.
Such a modeling framework should also revert back to the
simplest bulk-MQOS device, as would a DG FinFET when it
is “enlarged” to resemble that of a conventional bulk/SOI
device. Then, the model will be able to share similar set of
parameters and extraction for progressing technologies, as
well as providing accuracy and speed trade-off within a
single design, and even for design and verification purposes
which require different levels of accuracy.
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