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Introduction. The literature widely reports that the dielectric constant of insulators depends on frequency and it has
a complex value [1]. While its real part is responsible for the capacitance of metal-insulator-metal (or semiconductor-
insulator-metal) capacitors, the imaginary part results in an AC conductance in parallel to the capacitance. This effect is
known as dielectric absorption or dielectric relaxzation [1]. In the time domain, the effect manifests itself as a slow current
transient going roughly as 1/t (inverse of the time) after application of a voltage step, that adds to the Dirac-delta current
associated to the charging/discharging of a capacitor after a voltage step [2]. This long transient has a negative impact
on the performance of analog-to-digital converters (ADCs) [3, 4, 5] since, during the hold phase, this current partially
discharges/charges the sampling capacitors, lowering/increasing the voltage to be converted with respect to the voltage
applied during the sampling phase.

Modeling framework. We model the frequency dependence of the dielectric constant by using Eq.1, that is essentially
the model proposed in [6] for FR~4 substrates, just recast to display explicitly tan d, that is the tangent of the loss-angle
in the angular frequency interval between w; and ws. Then, the complex capacitance C' can be easily expressed by
Eq.2. From the capacitance versus frequency equation, it is also possible to derive the current versus time relationship
(see Eq.3), which indeed results in a 1/t trend of the current. Fig.2 shows that the model is able to reproduce well
experimental results for integrated capacitors in terms of both capacitance and conductance versus frequency f [7].
Furthermore, in Fig.3, our model reproduces well both the current versus t experiments and the capacitance versus f
data for MIM capacitors featuring different dielectrics reported in [4, 5] by using tan d values in the order of 1073.

Therefore, in this work we propose the use of Eq.2 to model the dielectric absorption, as an alternative to the
widely used R-C model [5, 8] employing many R-C dipoles in parallel to the main capacitor (Fig.4, left). Although
phenomenological, the R-C model is however helpful to understand the effect of dielectric absorption on the ADC
performance. In Fig.4 (right), we see that during the sampling phase the capacitor C' (completely discharged in the idle
phase) is set to a voltage V. This is not the case for C; and Cy that slowly charge. During the hold phase, the current
flowing in the R-C branches discharges the capacitor C, lowering the voltage. When the conversion phase begins, the
reduction of the stored voltage with respect to V' is given by Eq.4 when considering a single R-C branch (with constant
71 = R1C1 and where the capacitor C is « times the value of the main capacitance C; Fig.4, left plot). Each additional
i-th branch would add its own AV; following Eq.4.

It can be demonstrated that, when considering that a voltage step of amplitude V is applied to the capacitor, the

Fourier anti-transform of Eq.2 gives Eq.5. This approach avoids defining a set of R-C branches and sum up their
contributions as from Eq.4 to obtain the total voltage loss AV in the capacitor.
Simulations and experiments. In this section, we first compare the predictions of Eq.5 with those of the R-C model
of Eq.4. In the latter case, different R-C branches are considered, assuming 7; values extending over different number
of time decades and different numbers of 7; per single decade (7/dec). All R-C pairs share the same « value, which is
related to the capacitance decrease per time decade. Comparing Eqs.4 and 5, it can understood that « and tan d of the
capacitor are linked together [5]. In particular, Eq.6 is obtained if only one 7; value is present in each single time decade
(1 7/dec). Otherwise the a value in Eq.6 must be divided by the assumed number of 7/dec.

Fig.5 shows that the R-C model perfectly matches Eq.5 if 15 time decades are considered, with 10 7; values per each
decade. Otherwise, small differences arise. This is consistent with the assumption that Eq.4 is the R-C model when
considering an infinite number of 7;. The figure also reports experimental data for a sample and hold (S/H) circuit
connected to an ADC. This system is meant to measure the actual voltage stored in the capacitor after sampling for
a time ts and holding the data for a time ¢;,. The system allows to configure both ¢, and ¢;,. Fig.5 shows the good
agreement between experiments and the two models when using tané = 1.2 - 1072 and an « value consistent with Eq.6.

Fig.6 extensively compares the predictions of Eq.5 against experiments when varying the sample and hold times,
showing that a model with very few parameters (in practice only tan § significantly affects the results) can nicely reproduce
all the experiments. Best fit of the whole set of experiments provides tané = 1.28 - 1073, which is in good agreement
with the tan § values extracted through fitting of experiments available in the literature [4, 5] (Fig.3), although the tan
depends on both the technology and layout used for the capacitor.

The effects of dielectric absorption propagates also to the future sampling instants. Assuming that the ADC samples
again the same V, it can be easily demonstrated that the error on the n-th sample for the model of Eq.2 is given by Eq.7.
Fig.7 compares Eq.7 with circuit simulations using the R-C model. At present time experimental data are available only
for the first sample and this latter is reported in figure as a reference. The simple Eq.7 nicely reproduces the predictions
of more complex simulations with the discrete R-C model, demonstrating the usefulness of the proposed model.
Conclusion. We developed a model to predict the errors induced by the dielectric absorption to the ADC conversion
of a sampled voltage. The proposed equations are able to reproduce experiments through the calibration of just a single
parameter, namely tan §. Although much simpler than the widely used R-C model, the analytical equations are also able
to easily predict the errors induced on subsequent sampling. Finally, the model can be easily extended also to predict
the impact of dielectric absorption on other electronic applications.
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Figure 1: Equations of the dielectric absorption models. e is the dielectric constant of the insulator, e is the dielectric constant at infinite
frequency, d is the insulator thickness, C's is the capacitance at infinite frequency, tan § is the loss tangent/dissipation factor of the capacitor,

« is the relative capacitance decrease per frequency decade, T;

R;C; is the time constant of the i-th R-C branch in Fig.4(left), ¢s and ¢, are

the sampling and hold times of the S/H system, respectively. AV; is the voltage decrease due to the sole i-th R-C branch in Fig.4(left), AV
is the total voltage loss after the first hold phase. AV (") is the voltage reduction after the n-th sample-and-hold phases of the same V value.
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Figure 2: Comparison between the capacitance (left) and the conductance (right) calculated with Eq. 2 and the experiments in [7]. The
model parameter values used to fit the measurements are Coo = 0.9 puF/cm?, f; = 5% =100 Hz, f2 = 52 = 100 MHz and tan § = 0.0502.
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Figure 3: Comparison between our model and the experiments in [4, 5]. (a), (b) Eq. 3 is used to fit the current vs. time experiments in
[5]. In this case the sole model parameter is tand. (¢) Comparison of Eq.2 with the C vs. f curves measured in [4, 5]. Experiments are

provided normalized to the capacitance measured at the lowest measurement frequency [4, 5]. In Eq.2, we used f;

fo=

w1

27

= 10 mHz and

;’—fr = 500 MHz. For the black solid line we used tand = 1.2 - 103, while for the dashed blue line we used tand = 1.44 - 103,
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Figure 4: Left: sketch of the sample-and-hold circuit in which the dielectric absorption is modeled through discrete R-C circuits. The
switch can assume three different positions: in the idle phase, C' is connected to ground resulting in its complete discharge; in the sample
phase, the voltage V' charges C' during the sample time (¢5); in the hold phase the switch disconnects C' from the input and the measurement
of the stored voltage occurs after the hold time (¢3,). The hold time includes also the time required for data conversion (that is however
much shorter). Right: time evolution of the voltages across the capacitors. The charge stored in C during tj redistributes on Ci and Cs
during tj, decreasing the voltage Vo on the main capacitor. AV =V — Vi after t;, (see also Eq.4 in Fig.1).
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Figure 5: Normalized voltage error (V=5 V) vs. the sample time
measured after ¢, = 51.6us. We fit the experiment with different
models: the green solid line is Eq.5 with tand = 1.2 - 10~3; symbols
are simulations with the R-C model assuming different number of
branches (see Fig.4), i.e. different number of 7; = R; - C; distributed
over different number of time decades. For 1 7/dec, a = 1.76- 1073,
consistently with Eq.6; for 10 7/dec, a = 1.76 - 10~*. Increasing
the number of 7;, the R-C model tends to Eq.5. The coverage of
more ts decades improves the matching between the models. This
is consistent with the hypothesis that Eq.5 is the R-C model in the
case of i = 0o, with 7; distributed over the whole time range.
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Figure 7: Normalized voltage error predicted by Eq.7 with tan§ =
0.0012 (black) and the R-C model (red) for successive samples of
the same input data V' = 5 V when using ts = 0.1 pus and ¢, =
51.2 ps. For the R-C model we used o = 1.8-1073 and 71 = 0.1 us,
7o =1 ps, 73 = 10us and 74 = 100us (1 7/dec). The measurement
after the first sample (green) is reported in figure as a reference.
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Figure 6: Comparison between experimental data measured for
different hold times (symbols) and Eq.5 (lines). The fitting proce-
dure provides tand = 1.28 - 10~3 which best fits the experiments.
Eq.5 seems to precisely predict the normalized voltage error for all
ts and tp,.



