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Abstract—The capacitive gate structures available in digital-
oriented CMOS processes are reviewed, with emphasis on their
use as linear capacitors. It is shown that the voltage harmonic
distortion in MOS gate capacitors biased in either accumula-
tion or strong inversion is almost technology independent. Ex-
perimental and analytical results indicate that the total har-
monic distortion in an adequately biased (2.5 V) gate capacitor
can be kept low (THD < —40 dB for a 3-V voltage swing).

I. INTRODUCTION

OR economical reasons, it is highly desirable to im-

plement the analog part of a mainly digital system on
a chip with standard VLSI processes [1]. Most analog ap-
plications require high-quality capacitors, characterized
by high specific capacitance, uniformity, and low-voltage
and temperature coefficients. Usually, these components
are obtained at an extra cost due to the additional process
steps necessary to meet these requirements [2], with the
double-polysilicon option being the most frequently used.

One promising way to avoid the need for nonstandard
processes to implement linear capacitors is to use the
MOSFET gate structure, which is the intrinsic element of
any MOS technology. Compared with double-poly capac-
itors, thin oxide capacitors present a larger capacitance
per unit area and are expected to have better matching
properties [3] (relative mismatches of MOS gate capaci-
tances as low as 0.02% have been reported [4]). By prop-
erly biasing this structure, capacitors presenting weak
nonlinearities can be realized.

Some authors have described the use of gate capacitors
in analog applications as, for example, in transconduct-
ance-C (OTA-C) [5], transistor-only [6], {[7] and
switched-capacitor (SC) [8] filters. Despite the reported
use of the gate structure in many analog applications, a
more detailed analysis of this capacitor is necessary for
the evaluation of the impact of its use in practical filters.

The purpose of this paper is to evaluate the behavior of
MOS gates as capacitors. To this end, the capacitive
structures available in CMOS technology are reviewed.
An accurate model of the gate capacitance together with
a numerical analysis and a design-oriented expression of
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the voltage harmonic distortion are presented. Finally,
experimental data measured on an integrated capacitor are
shown.

II. GATE STRUCTURES IN CMOS TECHNOLOGY

Fig. 1 shows four gate structures that can be employed
as capacitors in a p-well CMOS process. The first two
(Fig. 1(a) and (b)) must operate in accumulation while the
last two must be biased in strong inversion. The device in
Fig. 1(a) can act as a floating capacitor. Fig. 1(b) shows
an ac grounded capacitor. The device in Fig. 1(c) can be
shielded from substrate noise by applying a fixed potential
to the well, while the one shown in Fig. 1(d) is a floating
capacitor also available in a single-channel technology.

The model of the MOS transistor with Vg = 0, valid
for low- and medium-frequency operation (Appendix A),
is shown in Fig. 2 [9]. Usually, some simple expressions
are given for the intrinsic gate capacitance in strong in-
version and in accumulation. In strong inversion, for Vpg
=0:

Cpo = Cpy = 3 Cyy

C 0 (1a)

gb

I

whereas in accumulation

Cu=Cy=0
Cp = Cy (1b)

where C,, is the thin oxide intrinsic capacitance.

The other intrinsic capacitances, C,, and C,4, are non-
linear [9] and depend on Vps. For an actual device, the
overlap (linear) capacitances are in parallel with C,, and
C,s while the junction capacitances are in parallel with
C,s and C,,. A third junction capacitance (well to sub-
strate) must be considered if the device is built inside a
well.

For the purpose of getting a nearly voltage-independent
capacitance, a voltage bias must be provided to the gate
terminal to keep the structure in accumulation or strong
inversion. This is easy to realize for grounded or virtually
grounded capacitors, as shown in Fig. 3 for typical
OTA-C and SC integrators, where the natural choice for
the top plate is the gate terminal due to its very low par-
asitic capacitance. The circuits shown in Fig. 3 are dif-
ferently affected by the parasitic capacitances. In OTA-
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Fig. 1. Gate structures in a p-well CMOS technology.
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Fig. 2. Intrinsic capacitances of the MOS transistor at Vg = 0 and the

gate capacitor symbol. The gate is the top plate while the source (bulk) is
the bottom plate for strong inversion (accumulation).
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Fig. 3. Bias schemes for a lossy integrator. All capacitors have a dc op-
erating point equal to V. (a) OTA-C. (b) Switched capacitor [8].

grounded C filters, the parasitics (Cp, + C,4) must be by-
passed because of their high nonlinearity. This can be ac-
complished, for instance, using the structure in Fig. 1(c)
with § and B connected to Vgs. For SC filters, the capac-
itors can be obtained from the same gate structure (Fig.
1(c)) with the wells tied to Vs, the gates to V(= Vpp),
and the sources to the input and output nodes. In this case,
capacitances Cp, + Cpy and Cy, will become the bottom-
and top-plate parasitic capacitances, respectively. Then,
for parasitic-insensitive networks, their values and non-
linearities will not affect the transfer function. Using this
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biasing scheme for SC filters, properly designed folded-
cascode operational amplifiers can provide common-mode
input ranges up to Vpp.

III. ACCURATE MODEL OF THE GATE CAPACITANCE

Most analytical models of the MOSFET are based on
the charge-sheet approximation, in which the thickness of
the surface channel (in inversion or accumulation) is ne-
glected [9]. For these models the gate-to-source capaci-
tance Cy, in inversion is constant for Vps = 0. Therefore,
to determine the weak nonlinear behavior of gate capaci-
tors in inversion and accumulation, the simplified models
must be abandoned and an approach based on the funda-
mental equations of the MOS structure has to be followed.

For the three-terminal n-channel MOS structure, the
voltage and electrical charge are given by the well-known
expressions, valid for nondegenerate silicon [9]:

Vg = Vig + ¥ — @i/ Cix 2
0: = —sen () VNG, exp (‘%) v
0.5
+ exp [‘//s - (2?;:‘ + VSB)B 3)

where y, represents the surface potential, ¢ is the Fermi
potential, ¢, is the thermal voltage, Vpp is the flat-band
voltage, Vg is the gate-to-bulk voltage, Q. is the total
semiconductor charge per unit area, and C/; is the oxide
capacitance per unit area. The other variables have their
usual meanings [9].

The total small-signal gate capacitance per unit area is
given by
! ’

GB GB

where Cé = Cé_‘- + C;{d + Céb (Flg 2) if VBS = VDS =0.

This capacitance can be interpreted as the series con-
nection of the oxide capacitance C,, and the semiconduc-
tor space-charge capacitance C; = —(dQ./dyy), i.e.

+_1 .1
c, C, CU

(&)

As previously stated in Section II, the gate structure
should be biased in strong inversion or accumulation in
order to obtain a nearly voltage-independent capacitance.
Hence, the voltage dependence of the gate capacitance in
these two regions will be analytically determined for Vs
= VDS = 0.

A. Accumulation Region

Retaining only the dominant exponential term e W/
in (3), a simple approximation is obtained for the semi-
conductor charge:

Q! = FIN,$, exp <;¢—>

20, (6a)
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Consequently
g: =29, - C (6b)
and, from (2), it follows that
Ves — Vs
Co=Ch|l—H— (6¢)
2¢,

where ¥, has been neglected in the numerator of (6c).
Hence, the semiconductor space-charge capacitance de-
pends almost linearly on the gate voltage. Although at a
first glance this approximation seems to be crude, an ex-
ample in Appendix B shows that (6¢) gives a good ap-
proximation of the semiconductor capacitance. The total
gate capacitance is then given by

2¢, } )

- |Vos — Visl + 24,

C, = C, [1

For the analysis of circuits with weak nonlinear com-
ponents it is useful to obtain the power series expansion
of the nonlinear term around a bias voltage V. From (5)
it follows that

C! c\
(el 1__‘1'5 —ox —- e ).
Cs C”‘< cr <C;> * ) ®

From (6) and (8), writing Vg = Vg + V:

2,V
ci=cf1-—%
§ < (Vg — Vip)’
Ve - Vel ) ®

B. Strong Inversion

The total semiconductor charge Q. is the sum of the
inversion-layer charge and of the depletion-region charge.
Assuming that the depletion charge is constant and the
inversion charge varies exponentially with the surface po-
tential, it follows that

—Q! = FYNQ¢r) + FYN b, e¥~29/2  (10a)
which results in
-Q! = FYN,Q¢r) + 20, - CL. (10b)
Substituting (10b) in (2)
C! = c;,,'VL"Z;t—VTl (10c)

where {; was assumed to be equal to 2¢x. Vy is the clas-
sical strong inversion threshold voltage.
The total gate capacitance is given by

C, = C, [1 (11)

B 24, ]
Vs — Vr| + 26,1
Therefore, in strong inversion, a power series analo-

gous to (9) for the gate capacitance is valid if Vip is sub-

stituted by V. Although the error in this case is usually

larger than for accumulation, as shown for the example in
Appendix B, the approximation is quite good to model the
weak nonlinearities of Cy in strong inversion.

To conclude this section a comment should be made
about the weak nonlinearities of accumulation or strong
inversion biased gate capacitors in contrast with their
strong nonlinearities in flat-band condition. The voltage
coefficient in the latter case is given by [2]

y oo L] _ci
« C, 1dVig 3ge, Ny

12)

while the voltage coefficients in accumulation and strong
inversion follow immediately from (9):

2¢,

Vee = (Vg — Vg) (132)
2¢,
V., = ﬁf' (13b)

In flat-band condition the voltage coefficient (12) has a
strong dependence on the technological parameters C,
and N,. On the other hand, in inversion and accumula-
tion, the voltage coefficients (13) are asymptotically in-
dependent of technological parameters. For a 5-V tech-
nology, for example, typical V7 range from 0.6 to 1.0 V.
If a bias voltage equal to 2.5 V is applied to a gate ca-
pacitor from a 5-V technology, the voltage capacitance
coefficient lies between 14 and 22 kppm/V.

IV. EXPERIMENTAL RESULTS

A test capacitor, made up of 500 thin oxide unit capac-
itors (Fig. 4) of 40 um X 40 um, parallel-connected using
metal lines, has been fabricated in a 2-um CMOS n-well
process. The main electrical parameters concerning the
available CMOS process are a specific capacitance of 0.86
fF /um?, a well doping concentration of 1.9 x 10" cm ™,
and a threshold voltage of —0.6 V for the PMOS transis-
tor.

The experimental CV characteristic of the test structure
with source and well short-circuited, together with the
theoretical CV characteristic, are shown in Fig. 5. The
latter was obtained from the application of the process
parameters to expressions (2) to (4). The difference be-
tween experimental and theoretical capacitance data in the
depletion region (near the minimum of the capacitance
curve) is explained by the nonuniform doping profile of
the well.

For the purpose of obtaining the ionized impurity pro-
file, the slope of the 1/ C§ versus Vgp curve in the deple-
tion region has been determined [10]. This method showed
that the well impurity concentration is not constant and
reaches a value as low as 2 X 10" cm ™ for a depth of
0.2 um. Hence, the minimum of the experimental capac-
itance curve corresponds to an impurity concentration at
the depletion edge much lower than the nominal value of
the well doping concentration. In spite of this difference,
not only the experimental and the theoretical curves nearly
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Fig. 4. Unit cell of the test capacitor.
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Fig. 5. CV characteristic of the test capacitor for Vps = 0. theoret-
ical, ———---- experimental.

coincide in the accumulation and strong inversion regions
but also their derivatives fit fairly well, as shown in Fig.
6. This is explained by the fact that in these regions the
effect of the doping profile on the total capacitance is
small, since the depletion charge variation is deeply over-
whelmed by the surface free carrier charge variation [10].
So, the constant doping profile model is accurate in either
strong inversion or accumulation.

A spectral analysis of the voltage in the MOS gate ca-
pacitor was performed with the integrator of Fig. 7, where
the MOS capacitor is driven by a sinusoidal current
source. A previous test with a linear capacitor replacing
the DUT has pointed to a total harmonic distortion (THD)
below —80 dB. Fig. 8 displays the second and third har-
monic distortion, experimentally measured, computed
from Fourier analysis based on (2) and (3) and computed
from:

2ND HARM DIST = ——?ﬁ———z (14a)
2(Vg = Vi)
¢.Vp
3RD HARMDIST = ——7—7——3 14b)
Ve~ Vel
for accumulation, while
d)tVP
2ND HARM DIST = ————— 15a)
We -V
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Fig. 6. Voltage coefficient (1/C,)(dCy /dVg) of the capacitance for Vs

= 0: (a) Accumulation. (b) Inversion. theoretical,

experimental.
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Fig. 7. Circuit for harmonic distortion measurement in the test capacitor.
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for strong inversion. In the above formulas, Vg and Vp are
the bias and peak values of the gate-to-bulk voltage, re-
spectively. Formulas (14a) and (14b) were derived from
(9) and are valid for both N and P substrates, as are
expressions (15a) and (15b).

Fig. 9 shows a comparison between experimental and
computed THD. It should be noted that for a 2.5-V bias,
the peak-to-peak signal in the MOS gate can be about 4
V (in accumulation) and the THD remains below —40 dB.
When the signal swing is below 2 V for a capacitor biased
at 2.5 V, the high order harmonics are negligible and the
THD is approximated by (14a). In this case, fully differ-
ential structures are useful for distortion reduction.

3RD HARM DIST = (15b)

V. CONCLUSIONS

In spite of being a nonlinear element, the gate structure
of the MOS transistor biased in inversion or accumulation
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Fig. 8. Second- and third-order capacitor harmonic distortion for a 2.5-
kHz input excitation. (a) Accumulation. (b) Inversion. - ———~--- expressions
(14) and (15) for the second- and third-order harmonic distortion;
second- and third-order harmonic distortion computed from (2) and (3)
+ + + + + experimental second-order harmonic distortion, ©c©00o ex-
perimental third-order harmonic distortion.
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Fig. 9. Harmonic distortion for a 2.5-kHz input excitation. (a) Accumu-
lation. (b) Inversion. ~~--———- expresssions (14a) and (15a) for the second
order distortion, THD computed from (2) and (3), + + + + + ex-
perimental THD.
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provides a capacitance with advantages over double-poly
capacitors, such as higher capacitance per unit area, better
matching, and full compatibility with any digital MOS
process.

Harmonic distortion in gate capacitors is almost inde-
pendent of technology provided they are biased in accu-
mulation or strong inversion. Moreover, the approximate
formulas presented for the harmonic distortion can help
the circuit designer to predict the maximum voltage swing
allowable to maintain the THD at acceptable levels for
both single and fully differential structures.

APPENDIX A
DisTRIBUTED MODEL OF THE MOSFET GATE
CAPACITOR

In the previous analysis, the gate capacitor has been
modeled as a lumped element. Practically, the distributed
nature of the gate capacitor must be taken into account,
since the channel resistance is not equal to zero. Hence,
under small-signal operation the gate structure can be
modeled as a uniformly distributed RC transmission line.
For a gate structure where the drain is open, the equiva-
lent impedance seen from gate and source is equal to [11]

Zs) = R coth V57 (16)
ST

st
where R, is the total channel resistance and 7 = R,C,
where C, is the total gate capacitance. For the gate struc-
ture shown in Fig. 1(c), expression (16) for the gate
impedance still holds but with 7 = R, C,/4 since the drain
and source terminals are short-circuited. If the operating
frequency is much lower than 1/7(w =< 0.2/7) [12], the
transmission line nature of the gate structure in Fig. 1(c)
can be modeled with the approximate impedance param-
eter:

1 1
Z(s) = — + —<R. an
s¢,

C, 12

Consequently, under low-frequency operation (w =<
0.2 /1) the MOSFET gate structure behaves like a capac-
itor with a quality factor Q = 12/(L’w R,C/;), where L
is the channel length and R, is the channel sheet resist-
ance. Therefore, for higher frequency operation, shorter
channel capacitors are required in order to avoid exces-
sive phase shift due to their parasitic resistance. The QO
factor for the unit capacitor (L = 40 um), biased in ac-
cumulation with Vgg = 2.5 V, is larger than 40 000 for
2.5 kHz, the signal frequency employed for harmonic dis-
tortion measurements.

APPENDIX B
ACCURACY OF THE LINEAR APPROXIMATION OF THE
SEMICONDUCTOR CAPACITANCE

In order to evaluate the accuracy of approximations (6¢)
and (10c), the theoretical value of the semiconductor ca-
pacitance [9] is plotted for both accumulation and strong
inversion regions (Fig. 10(a)), using the electrical param-
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Fig. 10. (a) Semiconductor capacitance: theoretical, <+ +--+----
approximated by (6c) (accumulation), ———--———- approximated by (10c
(strong inversion). (b) Gate capacitance: theoretical, <+--+-—---
+ -~ - approximated by (7) (accumulation), ——~--—-— approximated by (11

(strong inversion).

eters of the available CMOS process. Fig. 10(b) shows
the plot of the approximated gate capacitance and its the-
oretical value. As expected, the approximation presented
for the semiconductor capacitance is more accurate for
accumulation than for strong inversion, since in the latter
case the depletion capacitance has been neglected.
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