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This paper presents a new core compact model of double-gate (DGFET) and surrounding-gate (SGFET) MOSFETs
for circuit simulations. The current and the terminal charges are continuous with high computation efficiency
and accuracy. Despite its accuracy, it retains the same simplicity of the industry standard transistors models. The
drain current is worked out without invoking the charge-sheet approximation exploiting a quadratic symmetric
polynomial interpolation of the charge in the channel. Apart this clear approximation, no other simplification is
used to work out the drain current, the terminal charges, the potential, and electric field in the channel. The
accuracy of the model is shown by comparison with the exact numerical solution and experimental data of the

1. Introduction

Double gate, surrounding-gate and, more generally, multiple gate
MOSFETs (MGFET) as FINFET and Nano Sheets, are widely used in the
electronic industry to replace conventional planar transistors [1] thanks
to the improved gate control, near ideal subthreshold slope, and reduced
short channel effects (SCE). In principle, these devices have the potential
of maintaining the scalability of MOSFETs as the technology approaches
the end of the roadmap. Hence, there is a significant interest in devel-
oping compact CAD models for circuit simulation [2-15]. A compact
CAD model for circuit simulations consists of a core model of an ideal
long-channel transistor in which SCE and quantum effects are intro-
duced later as suitable approximations. In the literature, several excel-
lent closed-form equations of the drain current symmetric DGFET and
SGFET were worked out [2-15], nevertheless, exact closed-form ex-
pressions of the terminal charges are somewhat more complex with
respect to planar transistors compact models and requires simplifica-
tions. Furthermore, the complexity of the existing MGFET core models is
not conducive to the inclusion of SCE. The aim of this work is to present
a new core model for DGFET and SGFET based on the exact solution of
the Poisson’s equation without the charge-sheet approximation. Then, a
quadratic symmetric polynomial interpolation is used to work out the
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transistor current. We show that this approach is particularly suited to
accurately model DGFET and SGFET and easily manage terminal
charges, capacitances, and small channel effects. It retains all the
appealing features of customary compact models of planar MOSFETs as
PSP: computational efficiency, symmetry, simple polynomial expression
of current, terminal charges, potentials, and electric field in the channel.
The advantage of this approach is threefold. First, it is a compact model
for circuit simulations and retains the same simplicity of the industry
standard transistors models. Second, although compact and easily
implementable in circuit simulators, it is very accurate: the largest error
compared to the exact solution is so small that the model can be
considered equivalent to the exact solution. Third, the terminal charges,
capacitances, potential and electric field in the channel are computed
exactly: no simplification is required. The model is fully scalable and is
suitable full range of device geometries, from the long-channel limit
down to the shortest channels, with a single set of parameters. Never-
theless, as stated above, it is only the kernel of the MGFETs compact
model; SCE, quantum effects, low and high field transport, noise, etc.
should be included when it is used in a circuit simulator (Table 1).
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Table 1
Model Parameters. All the parameters of DGFET and SGFET are the same of [2]
and [4] respectively.

DGFET SGFET
L [um] 1 1
tsi [nm] 5 _
R [nm] — 2.5
tox [nm] 1.5 1.5
u [em?/Vs] 300 300
Ay [V] 0 0
esi 11.7 11.7
£ox 3.9 3.9

2. DGFET

In the DGFET, the channel is conventionally undoped (or lightly
doped) to avoid fluctuations of the threshold voltage. Here, the device
geometry and all the symbols are exactly the same of the well-known
paper of Taur [2] (Fig. 1). Assuming the current flowing in the y-di-
rection, in order to compute the surface potential, the Poisson’s equation
must be solved. The Poisson’s equation is solved following the same
approach of Taur [2]. The solution of the Poisson’s equation without
introducing any approximation reads

q(Vgs—Ay — V) 2 [2e4kT 26ty
BT In o o = Ing — In|cosf] +E ptanp (€))

where f is an intermediate parameter to be determined by solving the
transcendental equation (1), q is the electron charge, k the Boltzmann
constant, T the lattice temperature, Ay is the work-function difference
between the gate electrode and the intrinsic silicon, V is the channel
potential, n; is the intrinsic concentration, &,y is the insulator dielectric
constant, &; is the silicon dielectric constant, t,, is the insulator thick-
ness, t; is the semiconductor thickness, Vgs is the voltage applied to the
gate. Once f is computed, the electrostatic potential normal to the
channel (x-direction) in the semiconductor reads [2]

@
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Fig. 1. Schematic structure of DGFET (left) and SGFET (right).
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and, in turn, the mobile charge in the channel [2]:

0, = CoulVes — Ay —y,) = 2es,-2"7T 2 an 3)

si

where y; = y( £ t;/2) and Cox = €ox/tox. To work out a surface potential
formulation of the drain current, we recall that the charge sheet
approximation (CSM), widely used for planar MOSFET modeling, is not
suitable for DGFETs [2]. Dealing with DGFETs, in fact, the exact solution
Pao-Sah equation is mandatory to accurately model the volume inver-
sion in the subthreshold region [2,5,6]. Nevertheless, the Pao-Sah
double integral, can be worked out to be a function of the surface po-
tential y,, without introducing any simplification [5]-[6]

— wuo — _wulos | 4%
ID - WMQ, dy - Wﬂ (Qt dy vr dy) (4)
where vr = kT/q is the thermal voltage, and
0. =01+7
0 =0[1+1e(p] ®)
can be seen as a perturbed inversion charge and
sin(2f3) — 2fcos(2f3) Eoxlsi

- L it By 6

$P) = Ban(B)2p + sn@p)] T et ©

Thanks to eq. (4), the drain current is computed by means of the surface
potential y, [5,6], without invoking the charge sheet approximation,
typically used in compact models. From the physical standpoint, the
difference between Q; and (~2i accounts for the fact that, in the DGFET,
the current is not confined to a narrow surface channel. Conventionally,
to work out the drain current, Q;, (~2i, are regionally simplified [2,3] or
linearized as in the SLM and PSP [5,6]. In this work it is interpolated by
means of a second order symmetric polynomial centered at the surface
potential midpoint y,, = (w + W,,)/2, [17]. This approach gives a
more accurate and significantly simplified version of drain current and
terminal charges with respect to the existing core models of DGFET,
while keeping a clear physical nature. As shown in eq. (5), Q can be
viewed as a slightly perturbed formulation of Q;, [5,6]. Unfortunately,

despite Q;, Q; is a nonlinear function of wg. To integrate eq. (4) we

observe that (~21- is slightly nonlinear (Fig. 2) and can be very well
approximated with a second order polynomial P, as follows

0i = Py(s) = O +As + Bs® )

Q / Cox (V)

ws (V)

Fig. 2. Inversion charge in the channel Q; (solid line) and Q (dashed line) vs.
surface potential at Vgg = 3 V (blue), 2 V (orange), 1 V (green). Simulation
parameters are shown in tab.1.
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where Qi = Qi(Wy), S = W, —Wy» Vs and y, are the surface potential
at the source and drain contacts, respectively. A, B are calculated
equating Qis = Po(~4/2), Qo = Po(¢/2): A = (Qo — Qs)/¢ B =
2(Qis+ Qo — 2Qun) /¢, ¢ =wyp — v and Qis, Qup are the perturbed
inversion charges at source and drain respectively [5,17]. Finally, since
Q; is linear (3), it can be straightforwardly worked out as a function of s
without additional simplifications

Qi = Cou(Vas — Ay =y, £ ) = Qs — Cons ®)

where Qv = Cox(Ves —Aw —y,). It is worth stressing that, apart the
approximation Pq(s), no other simplification is used in this work to
compute currents, terminal charges, and capacitances.

Substituting egs. (7) and (8) in the R.H.S of eq. (4) and observing that
ds = dy,, dQ; = —Coxds, and that the device is symmetric, the drain
current turns out to be a polynomial function of s only

Ip dy =2Wu [Q-M +As+Bs+ Cox vr] ds (©)]

Integrating eq. (9) and replacing the corresponding value of s at the
source (s = —¢/2) and drain (s = ¢/2), the current eventually turns out
to be [17]

w 4@[114 + Q‘D + Q‘S

Iy =2— 1
D K 6 +Covr | ¢ (10)

where Qu = Qu[1+28(By)], Q= Cox(Vas — Ay — ) and ¢, Qss,
Qup, are explicit functions of f that, in turn, is an implicit function of Vs,
Vb, Ves. Bs, Pp, and p,, must be computed by numerical iteration with eq.
(2) and (3) respectively. Nevertheless, several excellent explicit ap-
proximations of  are reported in the literature [18]. The neat mathe-
matical formulation of eq. (10) and its high accuracy, combined with the
accurate explicit approximation of 5, make this model very suitable for
circuit simulation programs. Besides, eq. (10) does not require
computing the derivative of the charge at the surface potential midpoint
[5,6].

The derivative, actually, is cumbersome, requires simplifications and
careful coding when implemented into a circuit simulator to avoid sin-
gularities or imaginary solutions through the numerical iterations. To
assess the overall accuracy of this compact model, in Fig. 3 eq. (10) is
compared with the exact numerical solution of the Pao-Sah integral [2],
and with the simplified compact model in [3 eq. (9)]. In Fig. 3 the
corresponding percentage errors, defined as 100 x |(Alps)/Ips|, is
shown. It is worth remembering that all the device parameters and
terminal voltages are exactly the same of ref. [2]. In [2], in turn, the
analytic solution is compared with numerical simulations and experi-
ments. This model gives a smooth, continuous, and very accurate
expression of currents, charges, and their first order derivatives as well
as of the higher order derivatives [17]. Furthermore, eq. (10) passes all
the higher order Gummel symmetry tests [17]. These features are
important to achieve a rapid and smooth convergence of circuit simu-
lations and to implement SCE. Eq. (10), despite its simple linear
formulation, reproduces the exact numerical solution with a maximum
percentage error of about of 0.1 % (Fig. 3, 4, 5): it is more than one order
of magnitude smaller with respect to the well-known compact models in
[3,5]. The transfer characteristic is shown in Fig. 4. Finally, in Fig. 5 the
model is compared with the numerical solution at different device
parameters.

3. SGFET
An analogous formulation, following the same approach, can be

worked out for the SGFET. Let us consider the undoped (lightly doped)
cylindrical n-type SGFET of radius R of Fig. 1. The device geometry and
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Fig. 3. Output currents of the DGFET and corresponding percentage error at
Vgs = 2 V (blue), 1.5 V (orange), 1 V (green). Solid lines exact numerical so-
lution, dots eq. (10), dashed line the approx. [3]. Simulation parameters are
shown in tab.1.
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Fig. 4. Transfer characteristics at Vgs = 0.1 V (blue), 1 V (orange). Solid lines
exact numerical solution, dots eq. (10), dashed line the approx. As shown in
Fig. 3, below threshold the percentage error is smaller than 10" %. Simulation
parameters are shown in tab.1.

symbols are the same of [4]. Assuming the transport in the y-direction,
(0 <r <R is the direction normal to the current) the solution of the
Poisson’s equation reads [4]:
q(Ves—Ay — V) 8\ 2 1-p
T In R =In(1-p)—Ing" +7 7 an
where = 4¢,;/(CoxR), and § = ¢?n;/(kTey). All the other parameters
have the same meaning of the DGFET. Again, knowing f after solving the
transcendental eq. (11), the potential in the semiconductor as a function
of r can be straightforwardly calculated [4]:

kT —8B
r)=V+—In|—— 12)
vl q <5(1 +Br2)2>
And, in turn, the inversion charge
2kT 1
0; = Cou(Vos — Ay —y,) = 26— = (1-f (13)
(Ves ) p ﬁR( )
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Fig. 5. Output and transfer characteristics at different layers thickness. Solid lines exact numerical solution, dots eq. (10). The largest percentage error is smaller

than 0.1%.

where Coe = &5x/[RIn(1 + to/R))], ¥, =w(R),and p = 1 + BR?. The
expression of Pao-Sah’s integral, as a function of the surface potential,
for a cylindrical undoped SGFET reads [5]

dv ~d dQ;
I = ZIrRﬂQ,-d—y = 27Ru (Q,- dll;s —vp dg ) a4
where
0,=0:2(p) (15)

L1 Ps

Bs /fD+ln(/f;)
) =1+— N

1 1 2 2
7(@7#%‘@)

and

(16)

=21 1) a7

Using the same polynomial approximations of Q (eq. 7), substituting the
simplified expression of the inversion charge Pq(s) in the R.H.S of eq.
(14) and integrating, the drain the current eventually reads

_ 2zR 4Qu + Oip + Ois

I
P 6

+ CoxVT (/) (18)

where Q-M, Q,—S, QD, Qis, Qip are computed by means of egs. (11)-(13). As
for the DGFET, the drain current of the SGFET (18) depends on the
terminal voltages through g, W, ¥y, and B. Again, eq. (18) accurately
reproduces the exact numerical solution of the drain current I with a
maximum percentage error smaller than 0.1 %. In [18], it is reported an
excellent approximate solution of  for the SGFET as well. It makes this
model very suitable for circuit simulation programs. In Figs. 6, 7, eq.
(18) is compared with the exact numerical solution, and with the
approximation [3, eq. (13)].
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Fig. 6. Output currents of the SGFET and corresponding percentage error at
Vgs = 2 V (blue), 1.5 V (orange), 1 V (green). Solid lines exact numerical so-
lution, dots eq. (18) dashed line [4]. Simulation parameters are shown in tab.1.

4. Unified charge model

The most important feature of this model is the simple polynomial
formulation of the charges and of the drain currents of eqgs. (7), (8), (10)
and (18). Despite in [2] and [4] the drain current of DGFET and SGFET is
worked out exactly, they are cumbersome functions of § that cannot be
used to work out the terminal charges without simplifications. In this
work, instead, thanks to the polynomial expression of the inversion
charge Pq(s), the quasi-static (QS) terminal charges are easily calculated
without any simplification. Below, the terminal charges will be worked
out for the DGFET, same expressions hold for the SGFET. The QS ter-
minal charges are calculated using the well-known Ward-Dutton charge
partitioning [16] conventionally defined as [3]
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Fig. 7. Transfer characteristics at Vgs = 0.1 V (blue), 1 V (orange). Solid lines
exact numerical solution, dots eq. (18), dashed line [4]. As shown in Fig. 3,
below threshold the percentage error is smaller than 102 %. Simulation pa-
rameters are shown in tab.1.

0 L ¢/2 p

G _ . — (Y

W 7/ Qi(s)dy = / Qi(s) s ds 19
0 —¢2

o | Ty,

p_ [ Yo - Y (0%

W_/ 7 Oi(s)dy = / I 0i(s) dsdx (20)
0 —$2

Os=06—0p 2n

where Qs, Qp, Qg are the source, drain, and gate charge density per unit
area. The above integrals are carried out analytically. First, the expres-
sion of y(s) is required. Since the current in the channel is position-
independent, eq. (9) can be regarded as a differential equation in the
variable s. From eq. (9) one finds [17]:

dy

i R [Q‘M + Coxvr +As+ Esz} (22)
s

where R = 2Wyu/Ip. Hence, integrating eq. (22)

+ym (23)

- A, B
y(s) =R [(QiM + Cmvr)s +5s2 + §s3

where yy is the coordinate of the “surface potential midpoint”, i.e., the y
coordinate of s = 0, (Fig. 8). Furthermore, since s=—¢/2 aty = 0, yu
reads

R 80 + 12C,vr + 505 — O

= o ¢ 24
Combining egs. (9), (10), (22)

dy _ 2 3
Qi(s)ng(K0+Kls+K2s +Kss”) (25)
where
Ko = O (QM + VTCox)v Ky = AQu — vrC2 — éiMcu)c (26)

K, = BQw — AC,., K= —BC,,

Substituting eq. (25) into eq. (19) and integrating fromy = 0—s = —y/2,
toy = L—s = /2 the total inversion charge Qg in the channel reads
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Fig. 8. Solid line, normalized position in the channel Y(s) as a function of the
surface potential at Vg = 3V (blue), Vg = 2V (orange), Vi = 1V (green), and
Vps = 1V. Dashed line, surface potential midpoint yy. Simulation parameters
are shown in tab.1.

¢ = 2WR(Kc1¢ + Ko3¢°) @27

where Kg1 = Ko, Koz = K»/12.
Substituting eqs. (23), (25), into (20) and integrating the drain
charge Qp reads

Ob = 2WR(Kpip + Kpsdh® + Kpsd® + Kor') (28)
where
ke K2k 4 2RK: (Cavr + O 29
D1 L D3 241,
2BK, + 3AK, + 6K; (CUXVT + éiM) KB
Kps =R , Kpr=R——
480L 1344L

In Fig. 9 the terminal charges are validated by comparisons with the
exact numerical solution. A very good agreement is shown. In fact, the
terminal charges are worked, without introducing simplifications.
Hence, the larger percentage error, with respect to the exact solution is
about 0.1%, as for the drain current of eq. (10), Fig. 3: it is more than one
order of magnitude smaller with respect to the well-established compact
models, in [3,5]. As a double check of egs. (28), (29), the asymptotic
behavior is also shown in Fig. 9 (dashed lines). As expected, when
Vps = 0, the gate charge per unit width is the inversion charge density
multiplied by the device length. The drain and source charges are equal
and one half of the gate charge: Qp = Qs = Qg/2. Actually, using the
explicit expression of the charges in the appendix, when Vps = 0,

¢ =0, (~2,S o (~2iD =~ Qiy, the terminal charges read

R Oimn (IZQM + 12C0xVT>
Qc = 2W -Gigp = 2WL - = O (30)
12 (QiM + Cnva)
B 2
Oim | 6Qin + 6Co vy
o REDy ( ) _ O
Qp = 2W - —¢" = 2WL - =
72 <QiM + Cava>
_ QO Qg
05 =0s-5 =5
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Fig. 9. Solid lines, terminal charges (27), (28) vs. numerical solution (circles) at V; = 0V, Vp = 1V: Qg (blue), Qs (green), Qp (orange). Dashed line terminal
charges at Vp = 0.1V. Inset: normalized capacitance (C/Cox). Solid lines Cgg (blue), Csg (green), Qpg (orange), at Vi = 0V, Vp = 1V, vs. numerical solution
(circles). Dashed line capacitances (27), (28) at Vp = 0.1 V. Simulation parameters are shown in tab.1.

An even more stringent test is the comparison of the transcapacitances,
Cj = (26;—-1)0Q;/dVj, where i, j = G, S, D. Fig. 9 shows that the
transcapacitances are essentially identical to the exact numeric solution.
Again, the larger percentage error, is in the order of 0.1%.

5. Surface potential and electric field

A simple, yet exact, analytical expression of the surface potential
¢,(y), and of the electric field E(y) in the channel are very useful to
implement SCE and advanced physical effects. Same expressions hold
for both the DGFET and the SGFET. The explicit dependence y,(y) is
worked out by solving eq. (23) with respect to s. It is a cubic equation
that has one real and two imaginary solutions. Neglecting the imaginary
roots, the surface potential reads [17]

b+0+0

3 (25)

Y =Wyts=yy+
where

0= PS(A1+(A3——4AQym)]Ui

0= [O,S(Al — (Alz _4A03)1/2)]1/3

and Aq = b2 —3ac, A; = 2b® —9abc + 27a%d, a = B/3,b = A/2, ¢ =
aiM + Coxvr, d =Ym _y/R'

Finally remembering that Ey = —dy,/dy = —ds/dy, thanks to eq.
(22) the electric field in the channel Ey reads [17]

B= B ! (26)

& R(éiM + Cpvr + As + Esz)

which, in turn, can be expressed as a function of the position in the

channel replacing in (26) the expression of s(y): s = (b+6+6)/3a.
6. Conclusions

In this work a compact core model of DGFET and SGFET suitable for
advanced CAD applications is shown. It is developed based on the exact
solution of the Poisson’s equation without charge-sheet approximation
exploiting a symmetric quadratic polynomial to interpolate the inver-
sion charge in the channel. It gives an extremely accurate and signifi-
cantly simplified version of the Pao-Sah’s equation while keeping a clear
physical nature. The maximum percentage error with respect the Pao-
Sah’s equation is in the order of 0.1% for current, terminal charges and
transcapacitances: more than one order of magnitude smaller than the
well-established models in [3,5]. Apart from the inversion charge
interpolation, no other simplification is required to work out the ter-
minal charges and capacitances. The model is fully scalable and is
suitable full range of device geometries, from the long-channel limit
down to the shortest channels, with a single set of parameters. The
model, thanks to its polynomial formulation, is particularly suited to
easily manage terminal charges, capacitances, small channel and
quantum effects. It is a useful kernel for the future generation of SPICE
models of FINFET and Nano Sheets, maintaining the same ease of
implementation of today’s most advanced planar MOSFET models.
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Appendix

Substituting the expression of ;ﬂ, §, Ko, K1, K2, K3, in egs. (27), (28), the terminal charges Qg, Qp and, in turn, Qs can be straightforwardly worked
out as a function of the intrinsic charges only:

06 = 2W L (Gig + Gurh) (A1)

where

G = QiM(lZVTCux +20; + 80 + 2@:‘5)7 Gy =Cos <éi8 - Q‘D)

and

R (D , D, ,
Op = ZWT (ﬁﬁb - 5040¢ (A2)
where

~ ~ N2
Dy = Qi (6VTCox +Qpp +40u + QiS) )

Dy, =C,, [4zoc§xv§ +2902 + 144Q%, — 4102 + 42C vy (9@,.0 120, — Q-S) 320,015 + 80,p (31@,.M + 9@.)]
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