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l.Introduction
Capacitance-voltage (C-V) measurements are a

fundamental characterization technique for MOS devices.
However, as the oxide thickness is reduced and gate

dielectrics comprised of stacks of novel materials are

employed, CV measurement and analysis are made more
complex by the frequency-dependence of the measured

capacitance. This paper presents an analysis of the sources

of the frequency-dependence with guidelines for interpreting
frequency-dependent capacitance data.

2. Tunneling Leakage Current
It has been reported that the coexistence of series and

shunt parasitic resistances causes the measured capacitance
to depend on the measurement frequency [1-3]. The
small-signal model for a MOS device biased in accumulation
is shown in Fig. 1(a), wtrere C represents the actual
(frequency-independent) device capacitance, Rp represents

the small-signal resistance due to turureling current, and Rg

represents the small-signal series resistances of the gate and
substrate. This lumped model also applies to a MOSFET
biased in inversio& as long as the time constant of the
distributed RC network (inversion layer) is much shorter
than the period of the measurement signal; this can be
achieved by using a device with a sufficiently short channel
length. Otherwise, a transmission line model [4] must be
used in inversion.

From a single measurement of the impedance (magnitude
and phase), only two of the tlree parameters can be
determined. In the presence of tunneling leakage current,
the parallel model is often used, as shown in Fig. 1(b).
When tunneling current is negligible, series resistance is
dominant and the series model is used, as shown in Fig. 1(c).

From basic circuit theory, it can be shown that

Ctr0+Dz)=C+(CRlatz)-t (l)

where C; is the capacitance measured using the parallel

model and D is the measured dissipation (tan 6), which is
independent of the measurement model.

Figs. 2 and 3 show the systematic error in measurements
made at a single frequency.

It can be seen from (1) that C can be determined as the

slope of @'Ctr (1 + D2) vs. ar2 using data measured at

multiple frequencies. This correction method is demonstrated
in Fig. 2. Similarly, this method can be applied to

capacitance measured using the series model: C can be

determined as the slope of af C! vs. @2 .

3. Dielectric Stacks of Different Conductivity Materials
A recent attempt to grow WSiO* by reactive sputtering of

a WSi2.7 target in an oxygen plasma, resulted in a material
which exhibited a large dispersion in the capacitance

measured at frequencies from I kIIz to 1 MHz, as shown in
Fig. 5. Similarly, dispersion was observed for a ZrO2lSiO2
film grown by oxidation of a Zr film [3].

It is suggested in [3] that this dispersion is likely caused

by unoxidized metal particles disfributed in part of the

dielectric, resulting in a layer with higher conductivity (due

to the particles) together with a layer of lower (intrinsic)
conductivity. Such a stack can be analyzed using the small
signal model shown in Fig. 1(d), as has been done in [5].

The measured capacitance can be expressed as

rlm - Rt, + R r, + clzcrtr(&c, + R rr)
tvp 

- (2)

where r1=R1C1 and t2:R2C2. The small signal elements
are defined as illustrated in Fig. 1(d). The effective
stack permittivity (ert"rd can be extracted as the product
of the measured capacitance per unit area and the physical
thickness. Fig. 6 illustrates the impact of the ratio of
resistivity values of the two layers on the extracted rsiack.

The presence of series resistance reduces the measured
dispersion.

4. Conclusions
In this work, two sources of frequency-dependence of

capacitance measluements have been examined. A new
multi-frequency method has been introduced to correct for
error introduced by the coexistence of Rp and Rs. The

frequency dependence of dielectric stacks of materials with
different conductivrty has also been investigated.
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Fig. I Small signal circuit representations of MOS capacitors:
(a) Lumped 3-element small-signal model
(b) Parallel mode model
(c) Series mode measurement model
(d) Z-Layer dielectric stack model
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Fig. 2 Measured and corrected high-frequency CV.

104 105 1oG 107

Measurement Frequency (Hz)

Fig. 3 Systematic error introduced by the coexistence of Rs and Rp.
As the measurement frequency increases, the impedance of
the capacitor decreases. As a result, the impact of Rp
decreases and the impact of Rs increases. Therefore, the
error in series mode, which is independent of Rs, decreases

with frequency while the enor in parallel mode increases

with frequency. Higher gate leakage is shown on the right.
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Fig. 4 Systematic error is reduced for smaller device are4

consistent with [2]. The series (spreading) resistance does

not scale linearly with device area.
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Fig. 5 Three orders of magnitude of dispersion in measured CV.
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Fig. 6 Dispersion increases as the resistivity ratio p1lp2 increases.

Measured dispersion is reduced when Rs is present. This

example assumes both layers have the same permittivity erayen
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