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Abstract—Surface-potential-based compact charge models for
symmetric double-gate metal-oxide—semiconductor field-effect
transistors (SDG-MOSFETSs) are based on the fundamental as-
sumption of having equal oxide thicknesses for both gates. How-
ever, for practical devices, there will always be some amount of
asymmetry between the gate oxide thicknesses due to process
variations and uncertainties, which can affect device performance
significantly. In this paper, we propose a simple surface-potential-
based charge model, which is applicable for tied double-gate
MOSFETs having same gate work function but could have any
difference in gate oxide thickness. The proposed model utilizes the
unique so-far-unexplored quasi-linear relationship between the
surface potentials along the channel. In this model, the terminal
charges could be computed by basic arithmetic operations from
the surface potentials and applied biases, and thus, it could be
implemented in any circuit simulator very easily and extendable
to short-channel devices. We also propose a simple physics-based
perturbation technique by which the surface potentials of an
asymmetric device could be obtained just by solving the input
voltage equation of SDG devices for small asymmetry cases. The
proposed model, which shows excellent agreement with numerical
and TCAD simulations, is implemented in a professional circuit
simulator through the Verilog-A interface and demonstrated for
a 101-stage ring oscillator simulation. It is also shown that the
proposed model preserves the source/drain symmetry, which is
essential for RF circuit design.

Index Terms—Circuit simulation, compact modeling, double-
gate (DG) MOSFET, terminal charge.

I. INTRODUCTION

OUBLE-GATE (DG) metal-oxide—semiconductor field-
effect transistors (MOSFETs) have appeared as a re-
placement for bulk MOSFETSs in sub-32-nm technology nodes
[1]-[4]. Existing surface-potential-based compact models [5]
for symmetric DG MOSFETs (SDG-MOSFETs) are based
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on the fundamental assumption that both gates have equal
oxide thickness. For practical devices, it is most likely that the
thicknesses of the two gate oxides are slightly different due to
process variations and uncertainties, which can affect device
performance significantly. Analysis of asymmetric DG (ADG)-
MOSFETs is difficult as the input voltage equations (IVEs) of
ADG are far more complicated than those of SDG [6], and their
implementation in a circuit simulator is not trivial [7].

In this paper, we propose a simple surface-potential-based
charge model applicable for tied DG-MOSFETs having same
gate work function but could have any difference in the thick-
ness of the gate oxides. The proposed model utilizes the unique
quasi-linear relationship of surface potentials of the two gates
along the channel that has been so far unexplored. In this
model, the analytic expressions for the terminal charges are
expressed in terms of the basic arithmetic operations of the
surface potentials and the applied biases (similar to surface-
potential-based bulk MOSFET models), making it extremely
easy to implement in any circuit simulator and small geometry
effects could be added to it by a perturbation approach as done
for bulk MOSFETs [8]. We also propose, for the cases of small
asymmetry in gate oxide, a simple physics-based perturbation
technique by which the surface potential of an ADG device
could be obtained just by solving the IVE of an SDG device
and, thus, eliminates the necessity to solve the IVE of ADG-
MOSFETs altogether. The proposed model is shown to have
excellent agreement with numerical and TCAD simulations. It
is implemented in a professional circuit simulator through the
Verilog-A interface and is shown to preserve the source/drain
symmetry, which is essential for RF circuit design [9]. A 101-
stage ring oscillator has been also successfully simulated using
the proposed model.

II. DESCRIPTION OF THE MODEL
A. Derivation of the Terminal Charges

Conventions used in this paper are as follows. Coyq(2) is the
oxide capacitance per unit area of the first (second) gate defined
as €ox/tox1(2), and Cy; is the silicon body capacitance per unit
area defined as ey /s, Where € and e,y are the permittivities
and tg; and ¢,y are the thicknesses of silicon and SiO», re-
spectively. ¢ is the elementary charge; /3 is the inverse thermal
voltage; n; is the intrinsic carrier density; B = 2qn;/f¢e;
1(2) Si/Si0z is the surface potential at the first (second) gate;
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V is the electron quasi-Fermi potential (channel potential);
and Vj, is the effective gate voltage, i.e., Vy, =V, ., —0d0,
where Vi, .., is the voltage applied at the gate terminal and
0¢ is the work-function difference of the gate material. W is
the channel width, L is the channel length, and p is the effective
mobility. In all the discussion that follows, any variable with
subscript “s” refers to its values at the source end and with
subscript “d” refers to its value at the drain end.

The “exact” drain current through a DG-MOSFET could be

written as [10]
w
Iy = A [F(Qi1s, Qina, Gs) — F(Qira, Qiza, Ga)] (1)

where
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Here, Q;1 and Q;5 are the inversion charge densities of the
first and second gates, respectively, given by

Qi12) = Cox12) (Vg — Y1(2)) (3)

and G, the coupling factor (always negative for the present
case), is expressed as [6]
2 2
G= Y1 _ g Y2 _powsv)
si €si
It should be noted that some approximate drain current
models are also available in the literature [11].
As shown in Fig. 1, the proposed charge model is based on
the following two observations.

1) For any given bias condition, along the channel, the
surface potentials (i.e., 1)1 and 3) hold a quasi-linear
relationship. This is due to the fact that both gates are
connected together and they have same work-function
difference. It is imperative that ();; and @);2 will also hold
the same quasi-linear relationship.

2) For any given bias condition, coupling factor G is a
linear function of surface potential along the channel if
the MOSFET is in weak inversion or in linear operation
mode. However, their relationship is highly nonlinear
when the transistor is in saturation. Here, nonlinearity
factor N LF is calculated as in [12]

\/fwm
NLF =

[6w) - aw] av
/(/jld - 2)/Jls

h1s

&)

where G’(w) is the linear approximation of the exact
G(t) given by (4). At the same time, as demonstrated
on the left y-axis in Fig. 1(b), the contribution of the
esitsi(Gs — G4)/2 component in the drain current equa-
tion is significant only when the transistor is in weak
inversion. Therefore, if G is always assumed to be a linear
function of 1)y (2) or Q;1(2), it should not show significant
error in terminal charge calculation.
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Fig. 1. (a) Quasi-linear relation between 11 and 12 across the channel for a

variety of devices with different V; for Vg5 = 2 V. The devices used and their
respective biases are as follows: devl: Vg = 0.6 V, tox1 = 2nm, tox2 = 2nm,
and tg; = 20 nm; dev2: V; = 0.9V, tox1 = 3 nm, tox2 = 2 nm, and tg; =
20 nm; dev3: Vg =1V, tox1 = 1 nm, tox2 = 1 nm, and tg; = 10 nm; dev4:
Vg =08V, tox1 =2 nm, tox2 = 1 nm, and t5; = 10 nm; and dev5: V; =
0.7 V, tox1 = 1 nm, tox2 = 4 nm, and t5; = 10 nm. For the same devices,
(b) on the left y-axis, shows the magnitude of term Ipo/Ip1, where Ips =
w(W/L)egitsi(Gs — Gg)/2 and Ipy = Iz — Ipo, and on the right y-axis,
it shows the nonlinearity factor N LF" as a function of Vj for Vgs = 0.5 V.
NLF remains low, and |Ip2/Ip1| remains high in weak inversion for any
Vis-

Based on the above two approximations, we linearize Q;o(1)
and G as a function of (1 () as follows:

Qiz(1) =ma2)Qir(2) + C1(2) (6)
Gi2) = s12)Qi1(2) + k12 (7N
where
Qi2(1)s — Qiz(1)d
My g) = —2Ws — ¥i2(1)d )
1) Qi1(2)s — Qir(2)d
_ Qi1(2)sQiz(1)d — Qiz(1)sQir(2)a
Ci1(2) = )
Qi1(2)s — Qir(2)d
Gqg— G
Spoy = — 8 T8 (10)
1) Qi1(2)a — Qi1(2)s
Gs [ - G [ s
by — Qi1(2)a — GaQi1(2): ' (11

Qi12)a — Qi1(2)s
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Now, F(Qi1, Qi2, G) could be approximated as
F(Qi1, Qiz, G)~F(Qi1, Qiz, G1) = F(Qi1, Qin, Ga).

Therefore, linearization helps us to approximate F' as a

quadratic function of @;; and @;2, as shown in (2) and (6)—(7).

If @Q;1 and @Q;2 be the inversion charge densities at a position

y along the channel (y = 0 describes the source end and y = L

denotes the drain end), one can write [13]
Y Fys—F

L_ES*Fd

where Fy = F(Qi1s, Qizs, Gs) and Fy = F(Qi14, Qi2d, Ga)-
Using (12) in (13), we can express y as a quadratic function of
Q;1 and ;2 as follows:

12)

(13)

Y
T =% Q(2) + N2 Qi) + d1(2) (14)
where
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Using Ward-Dutton charge partition theory [14], the terminal
charges could be computed as

Qe =W [ W
G = ; / Qldel Qik
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It is note worthy that in (18)—(20), the terminal charges can
be obtained by arithmetic operations on surface potentials and
terminal voltages and could be extended to small geometry de-
vices by a bulk transistor modeling approach [8]. The proposed
model is different from the few existing charge models for the
ADG-MOSFETs [15], [16] in the following aspects.

1) It utilizes the unique quasi-linear relationship of the sur-
face potentials of the tied DG-MOSFETSs having same
gate work function. This property has remained unex-
plored so far and might be useful in the future to model
and characterize such device properties. It should be
noted that the earlier work [16] was based on an empirical
relationship between ; and y.

2) In another work [15], [17], effective charge Qk =
(O>°) Qik) x (dV/day) is being linearized with respect
to the surface potential instead of actual inversion charge
Q- However, it is difficult to control the numeric pre-
cision of Qk since, in the weak inversion region (which
is a common case at the drain end), (3°, Qix) — 0 and
dV/diy, — oo, which leads to additional effort in their
robust implementation. It should be noted that G — 0 at
weak inversion and IVE has discontinuity at G = 0.

B. Analytical Approximation of Surface Potential

In order to calculate an approximate value of the surface
potential in the case of gate-oxide-thickness asymmetry, we first
calculate the exact surface potential vy of a symmetric device
explicitly [18] having gate oxide thickness of ¢.,x; (in case of
asymmetry, we always assign a smaller gate oxide thickness
to tox1 to improve accuracy). Now, we use the trigonomet-
ric IVEs of the asymmetric device [6] to calculate the first-
order surface potential perturbation due to the oxide thickness
asymmetry. The analytical expressions for 9v;/0C. and
0o /OCoxo obtained from [6, egs. (12) and (14)], respectively,
are shown below

O _ Qio 21
ICox2 |y =py  Cox1(M&1 + A2é2)
0o A101 + Ao
== - 22
OCox2 |y —py A&+ A2k (2
where
Cox 7
M = Goxi@io | By 23)
€ 2
Yo = Gt + 220 24)
_ QzOX
o= 6SICOX1G (25)
20’1
= 26
g2 ﬂﬁsiX (26)
€siA1 X €
S si 27
&1 < e + QiO) 27
2\
&=-%a (28)
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and QiO = Coxl(Vq — wo), T=28B eﬁ(i/Jo—V), and X = tsi +
(2¢si/8 Q0. Using the Taylor series expansion to first order,
the surface potentials for the asymmetric device can be approx-
imated as

0Py

U1 R + 90 _— (Cox2 — Cox1) (29)
02

o AP + 9o |y, (Coxz — Cox1)- (30)

Although one can obtain ¥y explicitly from 1)1, we have not
used such relationship as it is valid under certain solution space,
and thus, an approximate value of ¢/; does not mathematically
guarantee a real value for 1s.

The proposed perturbation technique is shown to yield good
results with reasonable accuracy for an asymmetry up to 50%
in oxide thickness. This is much simpler than the perturbation
technique [19] reported earlier, which uses an additional solu-
tion of IVE for symmetric devices and more computationally
intensive correction terms.

III. RESULTS AND DISCUSSION

We validate the proposed models with the results of exact
numerical integration of (18) and (19) and also with TCAD
simulations [20]. The modern compact models are implemented
in circuit simulator in charge based approach in order to satisfy
the charge conservation. However the charge models are con-
ventionally verified in terms of transcapacitance values, as any
error in terminal charge calculation is magnified due to the pres-
ence of the derivative term in transcapacitance expressions [15].
As mentioned in [21], there are four independent capacitance
values for a tied-gate DG-MOSFET, namely, Cy4, Cqq, Cyd,
and Cyq. Fig. 2 shows the plot of these four transcapacitance
values for two different devices, i.e., one an SDG device with
tox1 = 1 nm, toxo = 1 nm, and ¢;; = 10 nm and the other with
tox1 = 1 nm, oo = 3 nm, and t5; = 20 nm. A very good match
is seen for high and low Vs and V, for both the devices. In
this figure, the transcapacitance values were calculated using
the surface potential obtained by solving the trigonometric IVE
for asymmetric devices [7].

Fig. 3(a) and (b) shows the plot of drain current and tran-
scapacitance values Cyq and Cy, for different extents of foyo
variation over toy; for a nominal SDG device. Surface po-
tentials needed to compute drain current, and transcapacitance
values are obtained using the perturbation technique proposed
in this brief. One can see that the perturbation technique yields
excellent agreement with the exact results obtained using real
oxide thicknesses for small asymmetry cases and the TCAD
data. One can also note that there is a significant change in drain
current and transcapacitance values due to gate-oxide-thickness
asymmetry, which necessitates the inclusion of asymmetry
effects in symmetric DG models.

Fig. 3(c) shows the error in computation of v); and 1) using
the proposed perturbation technique. It can be seen that the
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Fig. 2. Different transcapacitance characteristics predicted by the proposed
model for two devices with device parameters (dotted line) t{ox1 = 1 nm,
tox2 = 1 nm, and tg; = 10 nm and (solid line) tox1 = 1 nm, tox2 = 3 nm, and
tsi = 20 nm, as well as the corresponding exact values obtained from (circles)
numerical simulation and (crosses) TCAD simulation. To keep the clarity of the
figure, TCAD data have been put for few cases.
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Fig. 3. (a) and (b) Comparison of drain current /55 and transcapacitance
values Cgg and Cy, predicted using the perturbation technique (lines) with
the exact value obtained using real oxide values (circles) and TCAD (crosses)
for different extents of tox2 variation over toxi. (c) Error in 11 and 2
prediction using the proposed perturbation technique. The nominal device used
has parameters tox1 = tox2 = | nmand tg; = 10 nm.

dominant surface potential ¢; is obtained with much more
accuracy than 15 since it is closer to v, the surface potential
of the symmetric device, over which perturbation is applied. As
we assign the smaller capacitance to o1, the proposed pertur-
bation technique is quite accurate since the device properties
are mainly controlled by 1/, rather than 5.
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Fig.4. Source—drain symmetry test for the proposed charge model as obtained
from the circuit simulator, i.e., SmartSpice version 4.3.2.c, for a device with
parameters tox1 = 1 nm, tox2 = 1.3 nm, and tg; = 10 nm. Continuity of (solid
line) dcg and (dotted line) dcsq and their first and second derivatives with
respect to V, at V; = 0 assure source—drain symmetry. Here, the second deriv-
atives, i.e., dg and 6., are scaled down by a constant factor of 20 to fit the
axis. (6cg, Ocsd» and V. are defined in [9].) The lines denote simulation using
the perturbation technique applied on a nominal SDG device with parameters
tox1 = tox2 = 1 nm and tg; = 10 nm, and the symbols denote simulation
using the exact value of surface potentials obtained using real oxide values.
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Fig. 5. Simulated transient characteristics of a 101-stage ring oscillator
using a circuit simulator, i.e., SmartSpice version 4.3.2.c. The W/ L ratio of a
PMOSEFET is kept three times of the nMOSFET with device parameters tox1 =
1 nm, tox2 =1.3 nm, and ¢g; =10 nm being same for both. The lines denote
simulation using the proposed perturbation technique applied on a nominal
SDG device with parameters tox1 =tox2 =1 nm and t¢; = 10 nm, whereas the
symbols denote simulation using the exact value of surface potentials obtained
using real oxide values. A constant electron mobility value of 300 cm?/V -sec
and hole mobility of 100 cm?/V -sec is used in calculating currents.

We implemented our model in a professional circuit sim-
ulator [22] through its Verilog-A interface and conducted a
source/drain symmetry test as suggested in [9]. Fig. 4 shows
that the proposed charge model has successfully passed the
symmetry test, which is essential for RF circuit design. We
adopted the technique similar to [23] to maintain the model
continuity in the neighborhood of V;; = 0. A 101-stage ring
oscillator has been successfully simulated, the waveform of
which is shown in Fig. 5.
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IV. CONCLUSION

We have proposed a simple surface-potential-based charge
model that is applicable for tied DG-MOSFETSs having same
gate work function but could have any difference in gate oxide
thickness. In the proposed model, which exploits the unique
quasi-linear relationship between the surface potentials along
the channel, the terminal charges could be computed by basic
arithmetic operations from the surface potentials and applied
biases, and thus, it is much simpler than the existing models.
We have also proposed a simple physics-based perturbation
technique by which the surface potentials of an asymmetric de-
vice could be obtained just by solving the IVE of SDG devices
for small asymmetry cases. The proposed model, which shows
excellent agreement with numerical and TCAD simulations,
is implemented in a professional circuit simulator through the
Verilog-A interface and is shown to preserve the source/drain
symmetry, which is essential for RF circuit design.
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