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The eectrical properties were investigated to understand better the non-linear behavior of multilayer ceramic capacitors
(MLCCs). The dectrical properties of the capacitors with a new equivalent circuit were smulated by a Sawyer-Tower circuit
system under a high AC-field using B2 spice software, the smulated results were then compared with the experimental results.
The experimental Q-V curves showed the non-linearity of ferrodectricity in the applied AC-fields. The predicted Q-V curves
using B2 spice software under various AC-fields also showed the non-linearity of ferrodectricity in high AC-fidds. As a result,
the nonlinear didectricity of the MLCCs was successfully ssmulated by the new circuit model.
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Introduction perty to understand better the non-linearity behavior.
For each electrica charge, the electrical properties of
High performance portable eectronic appliances such the capacitors with a new equivalent circuit were

as potable computers, mobile phones, persond digital simulated by the Sawyer-Tower circuit system under a
assistants (PDA) are being continuously scaled down to high AC-field using B? spice software, the simulated

smaller and smaller sizes. As a result, the demand for results were then compared with the experimenta

minimizing technology of passive components contain- results.

ing resistors, inductors, and capacitors with low power

consumption and high performance has significantly Experimental Procedure

increased. The advantages of miniaturization and low

power consumption of passive ceramic components are Measurement of Q-V curves under various ac-fields

now understood in industry. Figure 1 shows a schematic diagram of the tool used
As the leading passive ceramic components for com- for the measurement of Q-V curves as a function of

puters and telecommunications, multilayer ceramic various AC-fields. A response analyzer (NF Corp., NF-

capacitor (MLCC)s are widely used for DC-blocking, 5050) was utilized to detect the sinusoidal signa gene-
RF choking, by-passing, coupling, and the degeneration rated from a signal generator. The current displacement

of signals in electronic devices. The eectronic perfor- was measured with a current probe (Yokohama Electric
mance of MLCCs should be maintained, even though Corp., 700937). The frequency response analyzer de-
the size is much smaller. The high performance of the tected the voltage signal converted from the current
MLCCs can be attained through understanding of elec- displacement. The current was integrated to calculate

trical applications and functions in electronic devices. the electric charge (Q) and capacitance (C).
Even though severa references have been suggested,
the electrical properties of MLCCs under high AC- Simulations of Q-V curvesfor MLCCs

fields [1-3], the non-linearity of these capacitors is not The dectric charge of MLCCs was measured using a
well understood. frequency response-analyzer. Except for the current
In this study, we investigated the electrical properties displacement of negative voltage parts, the current dis-
of 4.7 uF and 1 uF MLCCs with X7R temperature pro- placement of positive voltage parts was reversed in
order to maintain the balance of the current displace-
* Corresponding athor: ment. The current displacement measured as a function
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Fig. 1. Schematic diagram of thetool used for the measurement of
Q-V curves.

Fig. 2. Schematic diagram of the Sawyer-Tower circuit with anew
equivaent circuit for MLCCs.

where Q is the eectric charge, and C and V are the
capacitance and the applied voltage, respectively. Eq.
(1) can only show a linearity of Q-V curves. The non-
linearity of Q-V curves is represented using poly-
nomina functions such as.

Q=0uV +0V2+0V3+ouV?, 2

where oy, 0p, 03, ae oy are the capacitance of each
order, respectively.

Figure 2 shows the Sawyer-Tower circuit in which
the non-linear dependent voltage source part was deriv-
ed for a capacitor by converting Eq. (2) to Eq. (3) [2].
The equation for the controlled voltage source for
capacitors in the Sawyer-Tower circuit is:

V=B(V1—-V2)—(V1-V2), ©)

where V; is the input voltage and V, is the output
voltage in the MLCCs.
B is defined as:

B=Ce/Cm, )

where Ce and Cm are the capacitance of each order for
the MLCCs, respectively. The B2 spice software (Beige

Fig. 3. Q-V curvesunder different AC-fields: (a) 4.7 uFand (b) 1.0
uF MLCCs.

Bag Software, A/D 2000) was used to smulate Q-V
curves as a function of the AC-field.

Results and Discussion

Measurement of electric charge (Q)

Figure 3 shows the Q-V curves of the MLCCs with
capacitances of 4.7 uF and 1 puF. The electric charge
(Q) was measured as a function of the applied voltage
for various AC-fields at room temperature. The sope
of the Q-V curvesisin agreement with the capacitance
of the MLCC chips. Figure 3 shows that the capaci-
tance of the MLCC chips increased with increases in
the AC-fidd. It seems that the gradual rise in domain
switching gives rise to the non-linearity of the capaci-
tors [3]. It has been reported that domain switching is
affected by the grain size of BaTiOs; [4-6]. Therefore,
the increase in capacitance is attributed to an improve-
ment in the ferroelectricity of BaTiOz which counteracts
the size suppression effect that occurs with increasing
AC-fields, which in turn could explain the non-linear
dependence of the electric charge (Q) to the applied
voltage (V) in the MLCCs.

Fitting and smulation of Q-V curves for various
ac-fieds
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Fig. 4. Thefitted Q-V curveswith apoly-nomina function: (a) 4.7
wF and (b) 1.0 uF MLCCs.

Figure 4 shows the Q-V curves fitted with a poly-
nominal function (Eqg. 2). It is apparent that electric
charge (Q) is non-linearly proportional to the applied
voltage. The Q-V curves can be expressed by Eq. (5)
and (6) for 4.7 uF and 1.0 uF MLCCs respectively:

Q=-3x10" v4-2x108V3+2x10Y V2+5x10°V
®)

Q=-3x10"8 V*4-5x1070V3+5x 10 V2+1x10°V
(6)

Eg. (5) and (6) may be converted to Eq. (3) to input a
non-linear dependent voltage source with the new
equivalent circuit in the Sawyer-Tower circuit which
was shown in Fig. 2. The converted formula was
inserted into the non-linear dependent voltage source
parts and simulated using B? spice software under each
AC-fidd, as shown in Fig. 5.

Figure 5 shows the simulated Q-V curves and the
measured Q-V curves for various AC-fields. The simu-
lation Q-V curves are in agreement with the measured
Q-V curves, both of which show the non-linearity of
Q-V curves. It was noted that the non-linearity was
related to harmonics [7, 8]. Harmonics are defined as a
multiple ingredient of the fundamental frequency and

Fig. 5. Smulated and measured Q-V curves of MLCCs under
different AC- fields: (a) 4.7 uF under 6 V AC-idd; (b) 1.0 uF
under 16 V ac-fidd.

have cyclic frequency dependence. It is characteristic
that harmonics are reduced to vanish with an increase
in frequency due to the increasing loss. Harmonics can
be expressed as following trigonometric function:

V=a+bV+cV2+dv3+evi+ - @)
V is an input voltage of the AC-field and is defined as:
V=A cog(wt) at ®=2nrf. 8

The combination of Eq. (7) and (8) provides the
following equation:

V=a+bA cos(wt)+CcA? cos?(wt)+dA3 cos’(mt)
+eA* cos'(wt) ©

The applied voltage (V) is the DC term without frequ-
ency at constant (zero order), which approached zero in
the experiments. The fundamental frequency is observ-
ed at the 1% order. For the 2" order, the following
equations were derived:
1+cos2mt, _ cA” | cA?

> )= > + > cos2mt (10)
where cA%2 is the al of the amplitude. Eq. (10)
consists of a DC term and the 2™ harmonic, which is at

cA? cos¥(wt)=cAY
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Fig. 6. The amplitude-frequency relationship applied at 1 kHz for
each AC-fidd: (a) and (b) are simulated resultsfor 4.7 uF and 1.0
uF under 6 V and 16 V AC-fields, respectively. (c) and (d) are
experimental results for 4.7 uF and 1.0 uF under 6 V and 16 V
AC-fidds, respectively.

the second location of the fundamental frequency. For
the third order, the following equation was observed:

cos3wt+3cosmt
— 2 )
3

=coswt+ d% cos3mt (1)
Eqg. (11) consists of the fundamental frequency ingre-
dient and the 3“ harmonic, which is at the third
location of the fundamenta frequency. The amplitudes
are 3dA¥4 and dA¥4, respectively. The following
equation was given for the fourth order:

1+cos2mt
2

dA3 cos*(wt) =dA¥(

eA% cosi(t)=eA( )Z:geA4

4

+ % eA*cos2mt + e,% cosdot (12)

Eq. (12) is composed of a DC term ingredient, a 2™
harmonic ingredient and a 4™ harmonic ingredient,
which is a the fourth location of the fundamenta
frequency. The amplitudes are 3/8eA’, 1/2eA* and eAY/
8, respectively. Therefore, we can compare the mea-
sured data with simulated data using Fourier series
functions. Figure 6 shows the amplitude-frequency
relations at 1 kHz for each AC-field. The amplitude of
the 39 harmonic was larger than that of the 2™
harmonic in the amplitude-frequency relationship for
all MLCC chips. It was matched with the Q-V relation
for MLCCs with 4.7 uF and 1.0 uF. The third order
consisted of the fundamental frequency ingredient and
the 3 harmonic. This suggests that the 3" harmonic
was strongly affected by the amplitude of the fund-
amental frequency ingredient.

Even though the simulated results were in agreement
with the measured ones, there was a dight differencein
the harmonic frequencies resulting from experimental
noise. These were from the five or seven times the
frequency of the fundamental frequency; however, they
were ignored in the simulation because the amplitude
was very small.

Conclusons

The non-linearity of MLCCs with a new equivalent
circuit was studied under various AC-fields. An experi-
mental technique to measure the capacitance for the
MLCCs was developed. The new equivalent circuit of
the capacitors was developed in a Sawyer-Tower circuit
a high AC-fields. The non-linearity of the Q-V curves
for the 4.7 uF and 1.0 uF MLCCs, appeared from high
order harmonics under high AC-fields. The simulated
results for the 4.7 uF and 1.0 uF MLCCs with the new
equivalent circuit were consistent with the experi-
mental results. The amplitude-frequency relationships
simulated for the MLCCs were aso consistent with the
experimental results.
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