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A Universal Core Model for Multiple-Gate
Field-Effect Transistors. Part II: Drain Current Model

Juan Pablo Duarte, Sung-Jin Choi, Dong-I1 Moon, Jae-Hyuk Ahn, Jee-Yeon Kim, Sungho Kim, and Yang-Kyu Choi

Abstract—A universal drain current model for multiple-gate
field-effect transistors (FETs) (Mug-FETSs) is proposed. In Part I,
a universal charge model was derived using the arbitrary potential
method. Using this charge model, Pao-Sah’s integral is analyt-
ically carried out by approximating its integrand. The model
describes both the subthreshold inversion for undoped FETs and
the effects of finite doping density in the channel. With an explicit
and continuous expression, the proposed drain current model
covers all regions of device operation: subthreshold, linear, and
saturation. The accuracy from the proposed model is comparable
with that from well-known previous models for double-gate (DG)
and cylindrical gate-all-around (Cy-GAA) FETs with an undoped
channel. In addition, the model shows good agreement with 2-D
and 3-D numerical simulations for doped-channel multiple-gate
structures such as single-gate, DG, triple-gate, rectangular gate-
all-around, and Cy-GAA FETs. The proposed model is well suited
to be a core model for Mug-FETs due to its good computational
efficiency and high accuracy; hence, it is useful for compact
modeling.

Index Terms—Compact modeling, cylindrical gate-all-around
(Cy-GAA) field-effect transistor (FET), double-gate (DG) FET,
FinFET, multiple-gate FET (Mug-FET), Pao-Sah’s integral,
Poisson’s equation, rectangular gate-all-around (Re-GAA) FET,
semiconductor device modeling, single-gate (SG) FET, triple-gate
(TG) FET.

I. INTRODUCTION

ULLY DEPLETED multiple-gate field-effect transistors
(FETs) (Mug-FETs) [1] have been proposed as an alter-
native to planar devices in the nanoscale transistor era. Leading
microelectronics for the past four decades, conventional planar
CMOS transistors on bulk silicon substrates are approaching
the fundamental physical limits related to device downscaling.
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Thus, gate oxide tunneling and short-channel effects (SCEs)
[2], [3] are of crucial concern. However, Mug-FETs effectively
suppress SCEs by virtue of their overwhelming electrostatic
control of the channel potential, which alleviates the stringent
demand of aggressive gate oxide downscaling.

Compact models are essential for the comprehensive under-
standing of device properties and performance dependence on
device parameters. They are also indispensable in fast circuit
simulators due to their good accuracy and good computational
efficiency. Several compact models have been proposed for
a large variety of Mug-FET structures such as double-gate
(DG) [4]-[12], triple-gate (TG) [13]-[15], rectangular gate-
all-around (Re-GAA) [15]-[17], or cylindrical gate-all-around
(Cy-GAA) FETs [18]-[21]. Most of those core models are
obtained using the gradual channel approximation [22] and
solving Poisson’s equation in the channel. However, this ap-
proach becomes impractical for nonsymmetrical structures (see
Fig. 1) or FETs with finite channel doping concentration.
Indeed, a direct analytical solution of Poisson’s equation is only
available for the cases of undoped DG [4] and Cy-GAA FETs
[18] because those 3-D Poisson equations can be reduced to a
1-D form. Even though other structures such as TG or Pi-gate
FETs offer simpler fabrication processes than other symmetric
structures [23], compact models are rarely found in the litera-
ture. Hence, physically based core models for structures to have
nonsymmetric geometry need to be developed.

In Part I, a universal charge model for Mug-FETs was pro-
posed. The charge model showed good agreement with numer-
ical simulations [24] for several Mug-FET structures and with
the direct analytical results of Poisson’s equation which were
available for the cases of undoped DG [4] and Cy-GAA FETs
[18]. In this paper, utilizing Pao—Sah’s integral and the universal
charge model from Part I, a universal drain current model for
Mug-FETs is developed. The proposed drain current model is
validated for various multiple-gate structures: single-gate (SG),
DG, TG, Re-GAA, and Cy-GAA FETs. The proposed model
shows good agreement with 2-D and 3-D numerical simulations
[24] and with the drain current models for undoped DG [5] and
Cy-GAA FETs [19].

II. CHARGE MODEL

In Part I, accurate charge models for DG and Cy-GAA
FETs were derived utilizing the arbitrary potential method.
Thereafter, using an equivalence found between the charge
models of DG and Cy-GAA FETs, a universal charge model
was derived for other Mug-FET structures by directly mapping
the device parameters (gate capacitance, channel capacitance,

0018-9383/$31.00 © 2013 IEEE
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Fig. 1. Schematic diagrams of Mug-FET cross sections. (a) SG FET. (b) DG
FET. (c) TG FET. (d) Re-GAA FET. (e) Cy-GAA FET.

channel doping, and cross-sectional area) from the Mug-FET
structures. The implicit charge model is given by

QD,n

Vg — Ve + -V

g.n qT;Ach,n
_(Qe,n/an + Qd,n)/UTCCh,n

e Qe n/&n Qd n
1 Xp ,UT/Cch,n ’

+ vrln

where Vg is the gate voltage, Vpgp is the flatband voltage, V'
is the electron quasi-Fermi potential, Ng; is the doping concen-
tration in the channel, n; is the intrinsic carrier concentration,
v is the thermal voltage equal to k7'/q, Qq,y is the depletion
charge per unit length, Q). ,, is the mobile electron charge per
unit length, Cy ,, is the gate oxide capacitance per unit length,
Cen,n is the channel capacitance per unit length, Ay, ,, is the
area of the channel, and «, is a fixed parameter added in Part
I.! The “n” term denotes the device structure being used, e.g.,
n = DG refers to a DG FET. Each structural term was provided
in Part I. High accuracy of (1) was confirmed. For example, it
precisely matches the simulation data not only for the electron
concentration in the channel but also for high-order derivatives
of the electron concentration (see Fig. 2). It also captures the
subthreshold inversion of undoped Mug-FETs. Moreover, (1)
describes the charge behavior of nonsymmetric Mug-FETs,
which cannot be described by the use of symmetric DG and
Cy-GAA models (see Fig. 3).

TFor simplicity, (32) from Part I is used in the drain current model derivation;
however, (3) from this paper can be used for the same purpose.
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Fig. 2. First, second, and third derivatives of the electron density with respect
to the gate voltage for a DG FET with different doping concentrations, which
are obtained from the proposed model (1) with apg =1.8 and numerical
simulations.
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Fig. 3. Mobile electron concentration per unit length in a doped TG FET
obtained from numerical simulations and the proposed model (1) for three
miscellaneous cases: TG structure, a DG structure neglecting the top surface,
and a DG structure with an effective Hg;. Note that the use of DG models gives
inaccurate results for a TG structure in all regions of device operation.

Using (1), a threshold voltage (Vry) expression can also be
obtained

n Nsi
Vran = Vi — Qa, 4+ 2vrln
g.n U
Cch n Qdin
_ In|—="21(1—=e"T%nh.n . 2
o [ Cg,n < ‘ ):| ( )

The threshold voltage expressed by (2) serves as a universal
Vru for Mug-FETs. In Part 1, it was also noted that (1) can be
expressed with a continuous and explicit form by the use of the
method proposed in [25]. Therefore, due to the good accuracy
and computational efficiency of the proposed universal charge
model, it will be used to obtain a universal drain current model,
which can be used as a core model in fast circuit simulators.

III. DRAIN CURRENT MODEL

Drain current models for long-channel FETs are commonly
obtained with the assumption that drift and diffusion are the
main transport mechanisms which govern the total current
in the FETs. Another assumption is that the carrier mobility
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is constant along the channel. Following these assumptions,
the drain current in a FET is obtained by solving Pao—Sah’s
double integral [22], which can be expressed in the following
form [20]:

Qe,D dV
m
I = 7 en~—dQc n. 3
o=~ [ Quigg—ia. @
Qe,S

In (3), 11 is the electron mobility, L is the channel length, Q. p
is the mobile electron charge density at the drain region, and
Qc,s is the mobile electron charge density at the source region.
Here, )¢,p and (). s are obtained from (1) by replacing V'
with Vp and Vg, respectively. From (1), dV/dQ. , is given by

awv - 1 v v
dQen Cy Qen  Qen + anQan
1/, Cehn . @

If (4) is directly plugged into (3), analytical integration is
not possible because the last term in the RHS of (4) leads
to an integral which is similar in form to the well-known
Fermi—Dirac integral, which is not available for analytical
integration. However, with consideration of the asymptotic
behavior of (4), (3) can be analytically integrated. In strong
inversion, the last term in the RHS of (4) tends to be zero.
However, in the subthreshold region, the last term in the RHS
of (4) has two different behaviors depending on the doping
concentration. If the doping concentration is high, it is much
smaller than the rest of the terms; thus, it can be neglected.
On the other hand, if the doping concentration is low, the
last term in the RHS of (4) tends to be vr/(Qen + Qd.n);
thereby, it cancels out the penultimate term in the RHS of (4)
under a weak-inversion condition. Following these asymptotic
behaviors, an approximation for (4) can be made as follows:

dv - 1 . vr . vr
dQe,n Cg,n Qe,n Qe,n + ’YTLQd,n
1

1
. Q’Ync/ch,n ) (5)
(1 Qe ’Yn+Qd,n) (7@&,7L/'77L+Qd,n>
v Ceh,n v1 Cen,n

where 7, is approximately equal to c,. It is used to fit (5)
with (4). For simplicity, in this section, -, is taken to be equal
to «,,. This assumption still produces very accurate results.
Hence, in the next section, 7, is further optimized to obtain
better accuracy for the proposed model. Expression (5) shows
the same behavior as (4). In the strong inversion, the last term
in the RHS of (5) is canceled out. For highly doped FETs, it
is much smaller than the other terms; thus, it can be neglected.
Finally, for a lightly doped FET in the subthreshold region,
it cancels out the penultimate term in the RHS of (5). Fig. 4
compares the values of —Q. ,, x dV/dQ.,, obtained using
(4) and (5) for a DG FET as an example. As expected, good
agreement is found between both expressions. This accuracy
can further be optimized by fitting ,, or by the use of a higher
order approximation for (4) as shown in Section V.
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Fig. 4. —Qen X dV/dQeﬂn obtained using the initial expression of

dV/dQe,n given by (4) and the approximation given by (5). Using vn, = an,
the peak error of (5) is approximately 5% in the moderate-inversion region of
undoped devices and less than 0.1% for doped devices. A better approximation
for dV/dQe,n is presented in Section V.

Using (5), (3) can be analytically integrated, which gives
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The form of the drain current model expressed by (6) is com-
monly seen in compact modeling applications [6], [9], [11]. For
example, in the case of a lightly doped FET, (6) approximately
reduces to the expression in [6]. On the other hand, for a heavily
doped FET, (6) approximately reduces to the representation in
[9]. In addition, (6) has the same form as the previous drain
current model in [11], which was known to have a source/drain
(S/D) exchanging feature. This is an important requirement for
compact modeling applications because FETs are physically
symmetric across S/D.

IV. RESULTS AND DISCUSSION

To validate the proposed universal drain current model, sev-
eral approaches will be used. First, the proposed model will be
compared with the well-known analytical models for undoped
DG [5] and Cy-GAA FETs [19]. Thereafter, for doped devices,
2-D simulations [24] for SG and DG FETs and 3-D simulations
[24] for Cy-GAA, TG, and Re-GAA FETs will be used to
validate the proposed model for each Mug-FET structure. In
Section V, an extensive study of the drain current model error is
analyzed and improved. The same value of the electron mobility
(u = 100 cm?/V -s) is used for the proposed model and the
simulations, with a gate length (L) of 1 um. In addition, the
source and drain charges are calculated using the explicit form
of (1) obtained with the method proposed in [25]. A floating
body is assumed in all the simulations.

Figs. 5 and 6 show the drain current versus the drain voltage
and gate voltage, respectively, for undoped DG and Cy-GAA
FETs, obtained from (6). Also, they are compared with the
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Fig. 5. Drain current versus drain voltage of undoped DG and Cy-GAA FETs,
obtained from the proposed drain current model and the models for undoped
DG [5] and Cy-GAA FETs [19].
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Fig. 6. Drain current versus gate voltage of undoped DG and Cy-GAA FETs,
obtained from the proposed drain current model and the models for undoped
DG [5] and Cy-GAA FETs [19].
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Fig. 7. Output conductance (gpg) versus drain voltage of undoped DG and
Cy-GAA FETs, obtained from the proposed drain current model and the models
for undoped DG [5] and Cy-GAA FETs [19].

models proposed in [5] and [19]. Good agreement is shown
between the proposed model and the models for undoped FETSs
[5], [19]. In addition to the drain current, the output conduc-
tance (gpg) and the transconductance (g,,) obtained from the
proposed model also show good agreement with respect to
those in [5] and [19], as shown in Figs. 7 and 8.
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Figs. 9-18 show the drain current versus the gate voltage
and drain voltage for doped SG, DG, TG, Re-GAA, and Cy-
GAA FETs, obtained from the proposed model and the nu-
merical simulations [24]. The output conductance (gps) and
the transconductance (g,,) obtained from the proposed model
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are also compared with those from numerical simulations [24].
Good agreement is also found between the proposed model
and the numerical simulations. This good agreement is further
improved in Section V. A small difference in the ON-current
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proposed drain current model and the numerical simulations.

level is observed between the proposed model and the 3-D
simulations of TG, Re-GAA, and Cy-GAA FETs. These dif-
ferences come principally from finite mesh density [19] (note
the good agreement for Cy-GAA FETs shown in Figs. 5-8).
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Fig. 17. Drain current versus gate voltage and drain current versus drain
voltage of a doped Cy-GAA FET obtained from the proposed drain current
model and the numerical simulations.
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Fig. 18. Transconductance (g, ) versus gate voltage and output conductance
(gps) versus drain voltage of a doped Cy-GAA FET obtained from the
proposed drain current model and the numerical simulations.

The drain current characteristics in all regions of device
operation, i.e., subthreshold, linear, and saturation regions, are
represented with a continuous and explicit expression in the
proposed model arising from (6). In the subthreshold region,
the second and third terms in the RHS of (6) are dominant; thus,
the drain current is approximately given by

Ve—Vrun -
Ipg~ ﬁU%C’q,n exp (GTH) (l —exp DS) . (D
L : v )

Note that (7) is independent of C; ,, for undoped devices. In the
linear and saturation regions, the first term in the RHS of (6) is
dominant. Hence, the drain currents in the linear and saturation
regions are approximately given by

Ips ~ %Gg,n(VG — Vrun — Vbs/2)Vos ®)
IDS ~ %Cg,n(VG - VTH,n)2~ (9)

V. OPTIMIZATION OF DRAIN CURRENT MODELS

As shown in Section III, the accuracy from the proposed
model is comparable with that from well-known previous
models for DG [5] and Cy-GAA FETs [19] with an undoped
channel. In addition, the model shows good agreement with 2-D
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and 3-D numerical simulations for doped-channel Mug-FETs.
This section is devoted to further analyzing and optimizing the
accuracy of the proposed drain current model expressed by (6).
In addition, another approximation for dV/dQe , is proposed.
This new approximation shows more accurate results than the
one expressed by (6) but with a more complex formulation.
It also provides a drain current model which is symmetric
with respect to S/D exchange as needed for some analog
applications [26], [27].

One of the main steps used in the derivation of the drain
current expressed by (6) was the use of an approximation for
dV/dQe,n, which is expressed by (5). However, for undoped
devices, this approximation produces an error of ~5% at the
moderate-inversion mode if -y, is assumed to be equal to a,,
as shown in Fig. 4. In order to improve this approximation,
Y, can be optimized using the reported models for undoped
DG [5] and Cy-GAA FETs [19]. These models were based on
the direct analytical solutions of Poisson’s equation; however,
they are only valid for undoped devices. Note that ~,, can be
optimized directly using (4) as well. Indeed, both approaches
give similar values of ~,,. It is preferred to use the models for
undoped DG [5] and Cy-GAA FETs [19] for the optimization of
~n because, from this procedure, the accuracy of the proposed
model can also be evaluated.

The drain current obtained from (6) and the reported model
for undoped DG FETs [5] using different device parameters and
values for ypg were compared. The error of the data from the
proposed model was obtained for different Vz’s from —0.5 to
0.5V, Vpg’s from 0.1 to 1.0 V, Wg;’s from 1 to 50 nm, .,’s
from 1 to 10 nm, and ypg’s from 1.8 to 2.6 and for fixed doping
(undoped), Hy; (1 pm), and gate work function (n* polygate).
As expected from Part I, the peak errors are relatively serious
in the moderate-inversion mode. A value of ypg = 2.3 gives
the best optimization with a worst peak error of 5.803%. This is
an improved result compared with the case of ypg = 1.8 as in
Section III (9% error). In the case of Cy-GAA FETs, the same
procedure used for DG FETs is employed but using R from 1
to 25 nm. The error from (6), using the charge model expressed
by (8) in Part I (linear potential with acy, = 1.6), with respect
to the model from [19] was calculated. In this case, an optimum
value of yc, = 1.8 produces the lowest peak error of 4.49%.

Even though the drain current model can give good accuracy
for DG (< 5.803%) and Cy-GAA FETs (< 4.49%) for a wide
range of device parameters and biases, it is possible to further
improve it by the use of a second-order approximation for
dV/dQe,n. This second-order approximation is proposed as
follows:

dV N 1 vT vr
dQe,n Og,n Qe,n Qe,n + VnQd,n
_ 1/77L0C11,7L
2
Qen/Ynt+Qd,n Qe,n/Yn+Qd,n
<1 o vTCch,n . + ( vTCch,nd ) )
1

X . 10

(7 Qe,n/’yn-‘er,n) (10)
'”chh,n

In this expression, 7,, is also utilized to optimize the proposed
model. Using approximation (10), it is possible to analytically
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solve Pao—Sah’s double integral [22] in (3). This results in a
new drain current expressed by

M 2 Qe,D
I == | =" -2 e,n e,n 11
DS L|2c,., vrQen + f(Qen) . (11)
e,S

where f(Q.,,) is given by

f(Qe,n) = - %Vn(UTCch,n - sz,n)

\/gr)/nUTOch,n
2')/nc?d,n - ’Vn'UTCchm + 2Qe,n

X arccot

v
+ 7T7n Qd,n In

X ['Vn (Q?l,n - ’UTCCh,nQd,n + Cgh,nv%)
+ 'Yn(sz,n - UTCch,n)Qe,n + Qg,n] .(12)

In the same manner as (6), (11) continuously represents the
drain current in Mug-FETs under each operational region:
subthreshold, linear, and saturation. The form of (11) is not
commonly seen in compact modeling; thus, symmetry cannot
be easily checked by its form. Symmetry with respect to S/D ex-
change, the so-called Gummel symmetry [26], is an important
requirement for drain current models [26], [27]. It can be shown
that (11) fulfills the requirements of the Gummel symmetry test
[26]. Therefore, this expression can also be used as a universal
drain model for Mug-FETs.

Equation (11) can be optimized using the proposed model for
undoped DG FETs from [5] as it was done for (6). The error of
the drain current model for DG FETs from (11) with respect to
the proposed model for undoped DG FETs in [5] was calculated
for different device parameters and gate and drain biases. In this
case, an optimum value of ypg equal to 3.65 gives the lowest
peak error of 3.06%. In the case of Cy-GAA FETs, (11) can
also be optimized using the model reported in [19] for undoped
Cy-GAA FETs. Using a gy of 2.6 gives a peak error equal to
2.18%. For SG FETs, the same parameters (apg and ypg) used
for DG FETs are assumed. In addition, for TG and Re-GAA
FETs, it is possible to use an average between the parameters
obtained for DG (apg and ypg) and Cy-GAA FETs (acy
and 7cy) or simply use the parameters for DG FETs, which
also give a low peak error for the Cy-GAA FET case. Both
approaches give good accuracy (<~5% error). In addition, note
that the proposed models have rms errors lower than ~1%. In
the case that a more specific optimization is needed, numerical
simulations are required to obtain v, and -, for TG and Re-
GAA FETs.

VI. CONCLUSION

A universal core model has been proposed for fully depleted
Mug-FETs. In Part I, a universal charge model was derived by
the use of the arbitrary potential method, which was very con-
venient for Pao—Sah’s integral. The electron charge density and
its high-order derivatives obtained from the proposed charge
model showed good accuracy for each Mug-FET structure. It

was also shown that the proposed charge model can capture
the behaviors of several nonsymmetric Mug-FET structures,
which cannot be represented by the models for DG or Cy-
GAA FETs. In this paper, a universal drain current model
has been analytically obtained from Pao—Sah’s integral and
the charge model proposed in Part I. The proposed universal
core model can be expressed with a continuous and explicit
form, which is desired for fast simulator programs. It showed
good agreement not only with well-known analytical models
for undoped DG and Cy-GAA FETs but also with 2-D and 3-D
numerical simulations (rms errors lower than ~1%). Hence, the
proposed model is well suited to be a core model for Mug-FETs
due to its good computational efficiency and high accuracy. It
can also be extended to other FET structures, such as Pi- or
Omega-gate FETSs, by deriving proper gate and channel capaci-
tances for these structures. To complete the proposed universal
core model, additional physical effects should be included,
e.g., quantum mechanical effects, SCEs, field-dependent mo-
bility, S/D resistances, partial depletion effects, corner effects,
and noise.
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