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Abstract—Inversion-type varactors are interesting due to in-
herently high capacitance density of thin MOS oxides, high tuning
range as well as their ability to operate at low voltages. A new
charge based modeling framework for harmonic distortion is
provided for inversion-type MOS capacitors of bulk MOSFETs
and FinFETs throughout all operating range. A dedicated mea-
surement setup is designed and realized for the validation of the
model. The measured and TCAD data are in excellent agreement
with the analytical equations and Verilog-A model demonstrating
the advantages of this approach.

Index Terms—Harmonic distortion, inversion-mode, MOS ca-
pacitor, FinFET, MOSFET, varactor, analytical model

I. INTRODUCTION

MOS-type varactors are a key element in tunable Voltage
Controlled Oscillators (VCOs) or tunable filters. For fully-
depleted SOI and undoped/low-doped double-gate (DG) MOS-
FETs (or SOI FinFETs), inversion-type varactors are usually
available [1][2]. For bulk-MOSFETs, both accumulation- and
inversion-type varactors are used [3][4][5]. The usage of
full MOSFET compact models to simulate the non-linear
capacitance of MOS varactors is computationally demanding
and does not provide easy means of analysis or interpretation.
In the present work, novel explicit charge-based expressions
for inversion-type MOS capacitors for symmetric DG MOS-
FETs/FinFETs as well as for planar bulk MOSFETs are
presented. Analytical models describe the non-linear inversion-
type MOS capacitance at all gate voltages. Combined with
their analytical derivatives, novel expressions for harmonic
distortion (HD) in MOS varactors may be achieved throughout
all inversion levels. This stands in contrast to the strong-
inversion expressions [3].

II. INVERSION-MODE MOS CAPACITOR MODELING

The basic gate-to-channel capacitance CGC – the actual
inversion-type capacitance of a varactor – is related to the
gate charge QG,

CGC ≡ δQG

δVC
(1)

Capacitance data is usually obtained from split-CV or from
cold-RF characterization. Figure 1 ((a), (e) insets) shows the
circuit symbols and configurations for MOS varactors, either
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for the three-terminal (3T) DG MOSFET/FinFET or for bulk
MOSFETs, with source-drain terminals shorted. Here, we will
focus on the inversion-type MOS capacitance CGC occurring
among gate (G) and channel (C=S/D) terminals.

A. Gate Capacitance Model for DG-MOSFET/FinFET

The charge-based modeling approach for low-doped, sym-
metric DG MOSFETs or FinFETs [6][7][8][9] provides the
framework for expressing the gate-to-channel capacitance. The
basic relationship among gate charge density QG and applied
gate and channel voltages VG and VC , as well as threshold
voltage VT , is stated as [6],

VG − VT − VC

UT
=

QG

UTC ′
ox

+ ln

(
Q2

G

2ϵsiqUTni
+

QG

qniTsi

)
(2)

where Tsi is the FinFET’s channel thickness, C ′
ox = ϵox/Tox

and C ′
si = ϵsi/Tsi are the gate and semiconductor ca-

pacitances, Tox the oxide thickness, ni the intrinsic carrier
concentration, thermal voltage UT = kT/q and other symbols
have conventional meaning [6].

A general charges/transcapacitances model is then obtained
following [7][8][9] accounting for source-drain charge par-
titioning, due to the non-uniform mobile charge distribution
in the channel. In the case of a MOS varactor, the channel
voltage VC is constant throughout the channel, and the total
gate charge is directly obtained from (2).

However, in order to ease analysis, a normalization of
the electrical quantities in (2) is highly helpful. Normalizing
voltages to UT and charges to Q0 = 4 · UT ·C ′

ox, (2) may be
rewritten in compact form as [6],

vG − vT − vC = 2 · qm + ln (qm/2)+ ln (1 + α · qm/2) (3)

where qm = QM/Q0 is the normalized mobile charge (QG =
QM/2) and α = C ′

ox/C
′
si. The inverse function of (3) is given

in [10]. Now, differentiating (3) allows us to obtain the gate-
channel capacitance CGC defined in eq. (1),

CGC

C ′
oxWL

=
qm · (2 + αqm)

2qm · (2 + αqm) + 2αqm + 2
(4)

where W and L are the FinFET’s effective channel width and
length. Figure 1 (e) shows the obtained gate-channel capac-
itance of a long-channel silicon n-type FinFET (L = 1µm,
Tox = 1.1nm, Tsi = 6nm, and α = 1.82), where the
analytical model is compared to TCAD-simulated data.



Fig. 1. Capacitance characteristics of inversion-mode, n-channel bulk MOSFET and FinFET capacitors/varactors (circuit symbols: insets in (a), (e)). Gate-
channel capacitance CGC (a), (e), capacitance sensitivity (C1) (b), (f), second derivative of CGC (C2) (c), (g), and CGC (d), (h) vs. VG (55nm bulk CMOS,
L = 10µm, and FinFET, L = 1µm). Markers: measured/TCAD data, lines: analytical model.

Parameter Symbol Unit FinFET MOSFET
Oxide capacitance C′

OX F/m2 31.4 · 10−3 14.2 · 10−3

Silicon capacitance C′
Si F/m2 17.3 · 10−3 −

Threshold voltage VT V 0.353 0.192
Slope factor n - 1 1.13

Overlap capacitance C′
OV F/m 3.5 · 10−10 6.6 · 10−10

TABLE 1. MODEL PARAMETERS

The analytical model and TCAD data (obtained using the same
physical and geometrical parameters) concur well.

The sensitivity C1 of the capacitance vs. VG i.e. the first
derivative of CGC vs. VG, is now obtained as,

C1 ≡ ∂CGC

∂VG
=

CGC

UT
· 2α2qm + 4αqm + 4

(2qm · (2 + αqm) + 2αqm + 2)
2

(5)
and the second derivative C2 (6)

C2 ≡ ∂2CGC

∂V 2
G

=
CGC

U2
T

· 4− qm · (2 + aqm) ·m1

4(1 + qm(2 + a+ aqm))4
(6)

m1 = 8+a·(−2+qm ·(12+a·(−2+qm ·(6+a·(−1+2qm)))))

The sensitivities C1 and C2, shown in Fig. 1 (f), (g), are
useful for analytical purposes, and in particular for harmonic
distortion discussed in Section III. The model concurs per-
fectly well with the data.

Figure 1 (h) presents CGC for the same devices with channel
lengths ranging from L = 1µm to 20nm. The model scales
well with channel length. A more complete model for short-
channel devices would require the implementation of 2D-
effects and overlap/fringing capacitances following [8][9].

B. Gate Capacitance Model for Bulk MOSFET

In single-gate bulk MOSFETs, the basic voltage-charge
relationship [11][12] reads,

VP − VC

UT
= 2 · QI

Q0
+ ln

(
QI

Q0

)
(7)

or equivalently in normalized form, including its inverse,

vP − vC = 2 · qi + ln (qi) ⇔ qi =
1

2
W

(
2evP−vC

)
(8)

where qi is the normalized mobile (inversion) charge at any
point in the channel, Q0 = 2nUTC

′
ox, and VP ≃ (VG−VT )/n

is the pinch-off voltage and n ≡ ∂VG

∂VP
is the slope factor [13].

Inversion charge qi in (8) is given as a LambertW (W) function
of applied voltage vP − vC .

As the mobile charge density is constant throughout the
channel, the total inversion charge is QI = −2nUT ·Cox · qi.
Differentiating (7) vs. VC yields CGC in terms of qi,

cGC =
CGC

C ′
oxWL

=
2qi

2qi + 1
⇔ qi =

1

2
· cGC

1− cGC
(9)

The combination of (8) and (9) provides a powerful frame-
work of expressing inversion capacitance as a function of mo-
bile charge or applied voltages, or their inverse relationships.

An equivalent procedure as in the case of DG MOS-
FETs/FinFETs to obtain derivatives of CGC yields simpler
relationships for the bulk-MOSFET case,

C1 ≡ ∂CGC

∂VG
=

CGC

nUT
· 1

(2qi + 1)
2 (10)

C2 ≡ ∂2CGC

∂V 2
G

=
CGC

(nUT )2
1− 4qi

(2qi + 1)
4 (11)

Figure 1 (a)-(d) shows CGC and derivatives C1, C2 vs. VG

of an n-channel bulk MOSFET of a 55nm CMOS process,
measured with split-CV technique. The model (parameters in
Table 1) fits data perfectly well.

III. HARMONIC DISTORTION

Harmonic distortion (HD) in MOS capacitors is increased in
the regions of more non-linear dependence of the capacitance
on the controlling voltage. This has led to the preferred use
of either accumulation or strong inversion regions of MOS
capacitance [3]. Ultra-low voltage operation could motivate the
use of MOS-capacitors in weak inversion [14]. For FinFETs on
the other hand, only inversion-type varactors may be available,



Fig. 2. 2nd- and 3rd-order harmonic distortion related components C1/4CGC , C2/12CGC , HD2ω/I0 and HD3(ω/I0)2 obtained from CV data, in (a),
(b) for a bulk n-channel MOS varactor (55nm CMOS process), and in (c), (d) for FinFET varactor. Markers: measured/TCAD data, lines: analytical model.

and hence analysis throughout the inversion region is highly
desirable.

A. Analytical Modeling

For a weakly non-linear system [15], a charging current
i(t) = I0 · cos(ωt) through a MOS varactor will produce a
voltage response v(t),

v(t) = A+B · sin(ωt) +C · cos(2ωt) +D · sin(3ωt) (12)

where components A ≈ V0, B ≈ I0/(ωCGC), C ≈
C1/(4CGC)B

2, D ≈ C2/(12CGC)B
3. The 2nd-order har-

monic term is determined by the slope of CGC vs. VG, i.e.
C1. The 3rd-order harmonic term is dependent on the 2nd

derivative of CGC vs. VG, i.e. C2.
Here, we will show the 2nd- and 3rd-order harmonic com-

ponents HD2 and HD3, respectively, according to [15], can
now be analytically expressed for the whole range of inversion,
using (9)-(11),

HD2 ≈ C1

4CGC
·B ≈ 1

(2qi + 1)2
· B

4nUT
(13)

HD3 ≈ C2

12CGC
·B2 ≈ 1− 4qi

(2qi + 1)4
· B2

12(nUT )2
(14)

where the rightmost terms hold for bulk MOSFETs, while
equivalent expressions may be derived for the FinFETs.

Figure 2 shows the essential terms of non-linear distortion
for bulk MOSFET and FinFET devices (same data as in Figure
1) calculated from available data and analytical equations, with
an excellent fit.

B. Harmonic Distortion Measurements and Results

A purpose-built circuit shown in Figure 4 is designed
and built in order to measure harmonic distortion on the
55nm commercial varactor presented in Figure 1 (a) through
(d), provided on wafer. Following [3], the circuit comprises
a voltage-controlled filter, with the varactor controlling the
cutoff frequency (fc) based on the applied DC bias. For the
specific components, the fc ranges from ≈ 12kHz up to
≈ 12MHz for the varactor in depletion. The measurement
frequency of 70kHz is chosen outside the inverted varactor

passband, making the emerging 2nd and 3rd harmonic easily
measurable. A waveform generator is used to provide DC and
AC biasing of the varactor and an oscilloscope in FFT mode
is employed to record the harmonic content of the output.

Measured HD2 and HD3 are presented in Figure 3 in dB.
The data are plotted vs. the applied gate-channel voltage (a),
(d), the normalized inversion charge qi (b), (e), as calculated
from (8) and the level of inversion if = q2i + qi (c), (f).
Interestingly, HD2 and HD3 are seen to peak in the vicinity
of if ≈ 0.1.

The analytical approach proposed in this work is verified by
direct calculation of the HD2 and HD3 components, using
(13)-(14). The discontinuity observed in HD3 is a byproduct
of the logarithm used in dB calculation and the 2nd derivative
becoming negative (seen in Figures 1 (c) and 2 (a)). The
maximum magnitude of HD3 however, accurately matches
the measurement. On the other hand, HD2 provides a very
accurate fit of the measurements across all inversion levels.
To further utilize the modeling work, a compact model of the
gate capacitance is coded in Verilog-A and used to simulate
the measured response. Using the same parameters for the
analytical models in Table 1, the circuit simulation can be
seen to accurately predict the distortion at all inversion levels.
In comparison, the strong inversion (SI) analytical HD model
[3] provides good results in SI only (i.e. if > 10).

To the best of our knowledge, no similar work has been
available in literature. An equivalent evaluation for HD in
FinFETs is expected to be similarly accurate as for the bulk
MOSFETs, as suggested by Figure 2 (c), (d). Finally note that
a charge-based distortion analysis for MOSFET drain current
non-linearity has been presented [16].

IV. CONCLUSIONS

In conclusion, the present paper provides a novel analysis of
inversion-mode MOS varactor harmonic distortion. The 2nd-
and 3rd-order harmonic distortion terms HD2 and HD3 are
expressed as analytical functions of gate capacitance and its
derivatives. All model expressions are analytically obtained in
the framework of the charge-based models for bulk MOSFETs
and DG/FinFETs. The latter are validated with measured CV



Fig. 3. Harmonic distortion components HD2 and HD3 vs. gate-to-channel bias VGC , mobile charge qi, and level of inversion if , for a f = 70kHz
AC signal with peak-to-peak voltage of Vpp = 50mV (a)-(c), and 150mV (d)-(f), at room temperature, for a bulk n-channel MOS varactor (55nm CMOS,
L = 10µm). Markers: measured data, lines: circuit simulation, short-dashed: analytical model, long-dashed: analytical model in strong inversion (SI).

Fig. 4. Custom setup for MOS varactor HD measurement.

data on 55nm CMOS and TCAD data on FinFETs. HD2 and
HD3 of MOS capacitors measured on a custom setup show a
peaking at low levels of inversion (if ≃ 0.1). Analytical and
full compact models demonstrate an excellent fit to HD data
throughout the entire range of weak to strong inversion.
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