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ABSTRACT

A unified compact model for gate-all-around (GAA)
FETs is discussed. This single unified model can ac-
curately model different shapes of GAA FETs. In this
work, we present its validation with the reported GAA
FETs: stacked GAA nanosheet, stacked nanowire MOS-
FETs, Multi-bridge-channel MOSFETs and Twin sili-
con nanowire MOSFETs. This study shows that the
BSIM-CMG unified multi-gate MOSFET model is ready
for production design of silicon GAA based circuits and
technology-product co-development for future technol-
ogy nodes.

Keywords: GAA, Nanowire, Nanosheet, Compact Model,
BSIM-CMG.

1 Introduction

FinFET is in mass production for its capability of
scaling below 20nm. Thin silicon Fin surrounded by
gate provides a superior channel electrostatics result-
ing in higher on current (Ion) and better subthreshold
swing [1, 2]. The same thin body concept was also im-
plemented in planar fully depleted silicon-on-insulator
(FDSOI) transistors [3–5]. Both solutions have a very
thin body which has solved the problem of sub-surface
leakages and poor gate control over the channel [6]. In
FinFET, the thin body is obtained by etching the sili-
con into thin fin shape [7]. In every generation, semi-
conductor companies have made this fin thinner to have
fin thickness (Tfin) nearly one-third of the gate lengths
Lg [8]. To achieve higher electrical width per device
footprint, the fin height is increased in every generation.
Below 5nm technology node, it may not be possible to
make this fin any thinner and taller because of cleaning
and etching issues during manufacturing [9]. In such
condition, gate-all-around (GAA) FET may become the
preferred choice. Due to its gate all around structure, it
offers better electrostatic control which enables contin-
ued CMOS device scaling [10].
GAA structures may take different shapes. IRDS-2016
(ITRS 2.0) roadmap shows that vertically stacked nanowires
(source at the bottom and drain at the top) will be
suitable for logic applications at 5nm technology node
and beyond as shown in Figure 1. For past several

Figure 1: Device architecture roadmap for logic de-
vice technologies [9]. Different device architectures
are Fully-Depleted Silicon-On-Insulator (FDSOI), Lat-
eral Gate-All-Around-Device (LGAA), Vertical GAA
(VGAA) and Monolithic-3D (M3D).

years, world’s leading fabrication companies are work-
ing on GAA FETs to meet IRDS prediction for ad-
vanced nodes. Samsung was the first who introduced
multi-bridge-channel FET in 2003 [11] and twin sili-
con nanowire with a 10nm diameter in 2006 [12]. Re-
cently IMEC has fabricated vertically stacked horizon-
tal Si nanowire FET at scaled dimensions: 8nm di-
ameter, 45nm lateral pitch, and 20-nm vertical separa-
tion [13,14]. These devices show excellent subthreshold
swing at a performance level comparable to FinFET de-
vices. IBM has demonstrated it’s horizontally stacked
GAA nanosheet structure as replacement of FinFET at
5nm technology node and beyond [15]. Thus, GAA is
one of the most promising device for logic applications
for future technology nodes. Hence it is important to
have a compact model for such GAA structures. Here
we have discussed the industry standard BSIM-CMG
model [16] and its validation in Section 2 and Section 3,
respectively. The conclusions are drawn in Section 4.

2 Unified Compact Model for GAA

FETs

From the solution of Poisson’s equation, the ana-
lytical solution for the double gate (DG) FinFET is
known [17] which can be expressed as (1) in BSIM-CMG
model [18].
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Similarly, for the cylindrical gate (CG) GAA FinFETs,
the analytical solutions becomes [17]:
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where Qe,dg and Qd,dg are the total mobile electron and
depletion charge per unit area, respectively. Qe,cg and
Qd,cg denote the total mobile electron and depletion
charge per unit length. By comparing these two equa-
tions, terms by the term, we found that these two equa-
tions are exactly the same. For example, the first right
term is the multiplication of insulator capacitance (Cins)
and inversion change (Qe) in both the equations. Both
equations have used different ways to represent their
insulator capacitance Cins, channel width Wch, chan-
nel doping Nch and channel cross-sectional area Ach as
listed in table 1.

Table 1: Key Model Parameters
Param DG TG QG CG
Wch 2Hfin 2Hfin+Tfin 2(Hfin+Tfin) 2πR

Cins Wch
ǫox
Tox

Wch
ǫox
Tox

Wch
ǫox
Tox

2πǫox
ln(1+Tox

R
)

Ach HfinTfin HfinTfin HfinTfin πR2

Nch Nbody Nbody Nbody Nbody

We have developed a unified model (new normalized
charge model) from the solutions of the Poisson equation
for DG and CG-GAA FinFETs [19]. This model can
be expressed in terms of mobile charge and the applied
terminal voltages as

vG−vo−vch = −qm+ln(−qm)+ln

(

q2t
eqt − qt − 1

)

(3)

where vo and qt are expressed as
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where vG(=
VG

vt
), vch(=

Vch

vt
) are the normalized gate
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are the normalized mobile and depletion charges. Cins

is the insulator capacitance per unit length. In (3), we
no longer have the expression for radius of wire or thick-
ness of fin. Instead, we have the term for total charge qt
shown in right hand side of (3). qt is a function of Cins

and Ach. Therefore this unified GAA model can capture
any cross section like nanosheet, nanowire, non-circular

(a) (b) (c) (d)

Figure 2: Schematic channel cross-section of various
shapes of FinFET/GAA that can be modeled by this
unified GAA Compact Model. (a) Double-Gate (DG)
(b) Triple-Gate (TG) (c) Nanosheet/Quadruple Gate
(QG) (d) Nnaowire/Cylindrical Gate-All-Around (CG-
GAA).

Figure 3: Cross section of a silicon nanowire (SiNW)
indicating four key model parameters.

wire. Some of the example cross sections are shown in
Figure 2. Four key parameters for GAA device are ex-
tracted as shown in Figure 3.

The BSIM-CMG compact model has two parts. First
is the unified core derived from Poisson solution for long
channel device that we have already discussed. Second
is the various real-device effect sub-modules which are
needed for accurate modeling of a real device. These
sub-modules include effects like short channel effect (SCEs),
channel length modulation (CLM), Quantum mechani-
cal effects (QMEs), poly depletion effect, vertical and
horizontal electric-field dependent mobility, length, and
width scaling, temperature dependence, current satu-
ration, impact ionization, self-heating [20], thermal and
flicker noise models, gate induced drain leakage (GIDL),
gate leakage, geometrically scalable parasitic models etc.
as shown in Figure 4. We have represented the BSIM-
CMG model validation results in Section III.

Figure 4: The structure of BSIM-CMG model is illus-
trated. The middle portion is the unified core and rest
blocks are showing some of the real device sub-modules.
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(a) (b)

Figure 5: (a) Vertically stacked multi-bridge channel
FET (MBCFET) (b) Twin silicon nanowire MOSFET
[11,12].

(a) (b)

Figure 6: Vertically stacked silicon GAA FETs fabri-
cated by IMEC [13]. Drain current vs gate voltage char-
acteristics for two values of |Vds| = 0.05, 0.9V. (a) short
channel device (Lg = 24nm, D = 8nm) (b) long channel
device (Lg = 1µm, D = 8nm).

3 Unified GAA Model Validation

The unified model shows good agreement with 25nm
channel length multi-bridge-channel FET as well as with
10nm diameter twin-silicon nanowire FET [11, 12] as
shown in Figure 5(a) and Figure 5(b). The unified
model accurately emulates the device behavior for ver-
tically stacked GAA FET fabricated by IMEC [13, 14]
as shown in Figure 6 and Figure 7. Furthermore, Fig-
ure 6(a) and Figure 6(b) are showing model’s scaling
capability results for n- and p-channel nanowire FETs.
The model has shown good agreement with short and
long channel length devices for NMOS and PMOS both.
The BSIM-CMG model has the continuous behavior of
transconductance (gm) for different channel lengths as
shown in Figure 7(a) and shows excellent agreement
with the experimental data. Good agreement of gm
with experimental data ensures the robustness of mo-
bility module. Figure 7(b) shows model results for sili-
con nanowire with diameter 10nm which shows model’s
scalability over different diameters.

Figure 8 shows that the unified model is also able
to model the correct behavior of 5nm channel thickness
nanosheet fabricated by IBM [15]. From Figure 5 to
8, it’s clear that we have a flexible model for captur-
ing correct behavior for different shapes of GAA FETs.
To test the model’s predictability for different geome-
tries of the channel, we have finally validated our unified

(a) (b)

Figure 7: (a) Transconductance vs gate voltage charac-
teristics for short and long channel devices. (b) Verti-
cally stacked silicon GAA FETs fabricated by IMEC.
Device dimension: Lg = 30nm, D = 10nm. [14]

(a) (b)

Figure 8: (a) Horizontally stacked GAA nanosheet fab-
ricated by IBM [15]. Structures feature 3 sheets, in-
ner spacer, gate length Lg=12nm, and Tsi=5nm. (b)
Stacked Nanosheet NMOS devices: drain current vs gate
voltage characteristics for two drain voltages.

Figure 9: TCAD simulation of Gate all around FETs
with of different cross sections with channel length
Lg = 12nm and width Wg = 18nm: Circular GAA FET
(Ach = 28nm2, Cins = 0.86nF/m), Square GAA FET
(Ach = 22nm2, Cins = 0.76nF/m), Triangular GAA
FET (Ach = 14nm2, Cins = 0.73nF/m).

Figure 10: Unified model validation with 3D TCAD
GAA devices.
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model with 3D TCAD GAA devices of different cross-
sections as shown in Figure 9 [21]. We have studied
three GAA structures with same oxide thickness, chan-
nel length, and width except for different shapes of the
channel. Only parameters changed in these devices are
the cross-sectional area and corresponding insulator ca-
pacitance. The model shows excellent agreement with
these TCAD GAA devices (see Figure 10) which shows
that this model has significant predictive capability.

4 Conclusion

BSIM-CMG unified model can accurately model GAA
FETs of different shapes including nanosheets, circular
and non-circular wires and multi-bridge-channel FETs.
It has the significant predictive capability which will
be useful for modeling the manufacturing variation as
well as device-circuits co-development. Our model has
shown good agreement with silicon GAA FETs with
5nm thin film for sub-7nm technology node. Accord-
ing to IRDS, the diameter of vertical GAA FET will
remain no less than 5nm till 1.5nm technology node.
This unified model can be used for GAA device-circuits
co-development and GAA circuit designs.
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