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Impact of Non-linear Capacitances on Transient Waveforms during
System Level ESD stress

F. Escudié, F. Caignet, N. Nolhier’, M. Bafleur

LAAS-CNRS, Université de Toulouse, CNRS, UPS, Toulouse, France

Abstract

Prediction of failures induced during system level ESD stress is mainly related to the transient waveforms at chip
level. To investigate hard and soft failures a precise modeling of the system is required. On-chip protection models
can be obtained using quasi-static measurements. Even if such models can achieve good ESD simulations the impact
of'the external elements are more important. Paper deals with non-linear behaviors of the external elements related to
the on-chip protections. Characterization techniques and models are presented, based on two types of capacitances,
two different values, placed in parallel to on-chip protections. The paper shows the important variations of X7R
capacitances during stresses that change the waveforms at the input of the chip. In measurements different behaviors
are observed and reproduced by simulation. The methodology to build model and simulation will be presented.

1. Introduction

Achieving system level electrostatic discharge
(ESD) reliability is a main challenge in embedded
systems regarding ElectroStatic Discharges (ESD). The
analysis and understanding of malfunction is usually
very difficult because all the elements will impact the
stress propagation into the Integrated Circuits (IC). At
die level two types of failures can be distinguished.
One causing permanent damages, such as the
destruction of the electronic system, called “Hard
failure”. The second called “Soft or Functional failure”
leads to temporary loss of function. In both cases it is
particularly important to prevent failures and it is more
crucial for applications that require very high level of
safety. To predict the impact of such transient events,
System Efficient ESD Design (SEED) approach is
required [1]. Several studies were carried out to predict
the impact of ESD at system level based on models
created by I(V) curves generated by Transmission Line
Pulse (TLP) testing [2,3,4,5,6,7]. In these studies
quasi-static simulations are performed to predict hard
failures. However, the prediction of soft failures
require precise dynamic simulations . In this paper, we
focus on transient simulation and on the impact of
modeling of external elements like capacitors largely
used to absorb transient events. We will show that the
non-linear behavior of X7R type capacitors can largely
differ during stresses and then impact the IC responses.
In this study we used different providers of a LIN
(Local Interconnect Network) device, which allows
different behaviors of on-chip protections [9].
Capacitors are placed in parallel to these devices to
absorb part of the stress, and the evolution of the
voltage across the capacitor is studied. A dedicated

board has been developed to inject the ESD stress and
measure the, response that is compared to simulations.
The passive external elements can have a large
influence on the overshoot when the component turns
on.

X7R type capacitance value varies when static DC
voltage is applied (from 0 to 50V for a 50V DC
capacitor). During ESD stress the voltage applied to
the capacitor could reach thousand volts. The dynamic
behavior of this capacitor is crucial to predict the
impact at component level. The response to a transient
event such as TLP stress (Ins rise time, 100ns
duration) is investigated. For DC stress, datasheets of
X7R capacitor manufacturers exhibit a capacitance
variation around 10% to 20% maximum. During a
short event like ESD, it is important to know if the
capacitance will vary in a same way [8] : Does the
capacitance follow such nominal variation or is the
stress too short to have an impact on the capacitance?
In the paper, we show that depending on the value of
the capacitance, and on the on-chip protections the
effect could be very different. The variation of the
nominal value of the capacitance can reach 80%,
which would dramatically change the system response.
A method to extract an accurate behavioral model for
the external capacitance is proposed and detailed.
Based on the measurements, a non-linear VHDL-AMS
capacitance model is built and comparison with
measurement data is performed.

2. Measurement setup

Two Printed Circuit Boards (PCB) have been
developed. The first one is only dedicated to the



measurement of stand-alone capacitors. It includes
SMA connectors and 5092 matched PCB lines (Open,
Short, and with the capacitor). The high frequency
parameters of the capacitors are extracted using a
Vector Network Analyzer (VNA). This first step
allows obtaining the high frequency model of the
capacitors for simulation purpose.

The second PCB is dedicated to the measurement of
the system composed of the LIN component with the
capacitor placed in parallel. To perform measurements,
a dedicated PCB pattern is used (Fig.1).
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Fig. 1: Injection pattern used on PCB.

All the PCB lines are 50Q2 impedance. The pattern
allows both measurement and injection techniques.
The discharge from SMA_injection can be modulated
with external elements placed on footprints 1 to 5. The
capacitor under study is placed on footprint 3. A
dedicated calibration pattern is placed on the board to
calibrate each configuration used during the tests.
SMA_CH3 allows the voltage measurement by adding
a 500 Q resistance on footprint 6. Using such
resistance value, in parallel to the 50 Q lines, we get an
attenuation of 21dB. This on-board dedicated probe
has been characterized in the frequency domain using
VNA and exhibited a good linearity up to 1GHz.

All measurements in this article are made using a TLP-
TDR (Time Domain Reflectometry) generator with 1ns
rise time and 100ns duration. The setup is reported in
figure 2. The equipment under test could be one of the
two boards or directly the standalone capacitor. The
“Celestron” box is the TLP generator, the “TLP POD”
is a TDR box that allows the measurement of injected
and reflected pulses. An attenuator is used to protect
the 6GHz bandwidth oscilloscope. It means that we
perform both voltage measurement at board level, and
voltage and current measurement using TDR method.
In this paper we started to analyze how the capacitance
behaves in the system configuration (on the LIN
board). The TLP-TDR is used secondly to precisely
extract the model of the capacitor. In this case the TLP
injection is directly done at the standalone capacitor.
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Fig. 2. TLP-TDR measurement setup.

3. Impacts of non-linear X7R capacitance.

A. Observations

The figure 3 presents voltage measurements of 1nF (a)
and 10nF (b) capacitors connected to the LIN input
(Lin board). In our case, the on-chip protection is a
snapback device that triggers at 70V with a holding
voltage of 17V. It shows two different behaviors.
These capacitors are compared to a COG capacitor with
a constant value during stresses. In two cases the
voltage through the capacitor reaches 70V (triggering
condition of the component). Compared to the COG
charged voltage, the behavior of the two X7R
capacitors is completely different. With the InF
capacitor, the X7R is charging more slowly than the
COG type. This is completely the opposite for the 10nF
capacitor.

It results in the modification of triggering time of the
on-chip protection. In case (a), the COG type triggers
the protection. In case (b), the X7R triggers the
protection.

Such behavior is not predictable using standard
capacitor model into simulation (the COG type respect
a basic model). To be able to predict soft errors, such
differences have to be taken into account in
simulations, and a methodology to extract the behavior
of the X7R capacitance is needed.
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Fig. 3. Comparison between COG and X7R capacitors, in
parallel with LIN component.



B. Capacitance model extraction.

Using TLP-TDR, a quasi static I(V) curve is obtained
for each tested capacitor: COG and X7R. Results of the
InF capacitances are reported in Figure 4. The X-
coordinate is the pre-charged voltage of the TLP
generator. The current points reported correspond to
the reflected values obtained at 80ns. As shown, the
COG type is purely linear and respects the charge law
of a 1nF capacitance. Regarding the X7R, from 0 to
200V TLP, the current through the capacitor is higher
than the COG one then it continuously decreases as the
COG one continues to increase. Looking at TLP
response it looks like two different components.
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Fig. 4: TLP measurements of 1nF capacitances COG and
X7R type.

From this result a C(V) curve is extracted using the
charge capacitance formula.

V_TLP t
Icapa(t) = ———* EXP(-——
pa(t) =—4 CTag’
t
TAU = —————55—
LN(Icapa*R
V_TLP

Where Icapa(t) is the measured current, V_TLP, the
charge voltage of the TLP generator and TAU the time
constant of the RC network. t is the time where the
I(V) measurement is performed minus the time to get
the reflection (10ns). We assumed that R=50Q
because all the setup is 50Q impedance. From the
transient waveforms (fig.5) we can extract the value of
the capacitance depending in the injection voltage.
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Figure 5. Transient waveforms of voltage and current
reflected pulses for 100V TLP injection on 1nF
capacitance.

For X7R we compute the value of the capacitance
obtained during TLP stress at 20ns, 40ns and 70ns
versus TLP stress. The results are reported in figure 6.
It seems that the modification of the capacitance value
depends on the stress time. At 20ns, only a small
variation around the 1nF is observed. At 70ns, the
variation is more important and reaches 0.5nF for the
InF nominal value.
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Fig. 6: Computed X7R capacitance value versus TLP
stress at t= 20ns, 40ns and 70ns.

From the data of figure 6, we could think that the
capacitance value depends on the stress time. To
validate this assumption, we report in figure 7 the
computed capacitance versus the voltage across the
X7R.
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Fig. 7: Computed X7R capacitance value versus voltage
across the capacitor at t= 20ns, 40ns and 70ns.



Now, the evolution of the capacitance is almost the
same for each stress time. This result demonstrates that
the capacitance value depends on the voltage between
its pins.

The figure 8 reports the percentage of variation of
each capacitance type (X7R and COG) versus the TLP
stress amplitude for the 1nF and 10nF capacitances. As
expected, there is no variation on the COG capacitance.
For X7R, the nominal value increases for small TLP
stress injection (less than 300V) up to 20%. After
300V TLP it decreases to around 50% of its value for
the 1nF and 80% for the 10nF. The behavior of the two
capacitances looks similar.

Figure 9 reports the nominal value of the
capacitance depending on the voltage at its pins (note
that it is a transient voltage). As noticed, this voltage is
much more higher than the one provided by the
datasheet. This representation clearly shows that the
InF and the 10nF (same provider) have a very different
behavior.  This phenomenom can explain the
differences observed into the transient waveforms of
figure 3. For 100V injection on the InF and 400V
injection on the 10nF, the voltage across the capacitors
reaches 70V. Looking at figure 8, InF capacitor
exhibits a 20% increase that slows down the charge
(Fig.3(a)). The 10nF has decreased by 20% that
explains the rapid charge observed in figure 3(b)
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Fig. 9. C(V) of the 1nF, 10nF capacitance COG and X7R
vs transient voltage over the capacitance.

We also investigated if the rise time of the pulse could
have an influence. Three rise times have been used:
175ps, Ins and 10ns. The pulse duration is fixed to
100ns. As shown in figure 10, there is not impact.
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Fig. 10: Computed X7R (1nF) capacitance value versus TLP
voltage stress for diferent rise time : 175ps, Ins and 10 ns.
As mentionned in this chapter, depending on the
type of capacitor, important modifications of the
nominal value can be observed during ESD stresses.
For X7R, up to 80% capacitance value variation is
observed. We proposed a way to get this value using
TLP. Such important modification of the capacitance
must be taken into account into the simulations. From
the measurements we built VHDL-AMS models of the
capacitances and insert it into the simulation. The
model is based on a polynomial expression. The
expression obtained for the 1nF is reported below:

dv
i=((-1E™MxV*+3E  x V3 -2E 5 xV?+29E* xV+1.08) x 1E®) x a



4. Simulation and measurement comparison

The whole measurement setup is reproduced in
simulation. Following the methodology presented in
most papers dealing with SEED, behavioral models are
created with quasi-static measurements obtained by a
100 ns, 1ns rise time TLP injection. The component’s
pins are tested in pairs with positive and negative
pulses.

The X7R are modeled using a polynomial equation,
the COG is represented with an ideal capacitance. For
each capacitance model, a high frequency part is added
with its parasitic elements (RLC) extracted using a
vector network analyzer (VNA). The simulation results
with and without the 1nF capacitor, compared with
measurement data are reported in figure 11. The charge
is perfectly reproduced, for both COG and X7R
capacitors.The impact of the introduced delay to
trigger the protection is well predicted.

The discharge exhibits an on-chip resistance not
modelled into the IC model. It appears that complex
transient phenomena control the discharge. This is not
related to the capacitor (COG) in this case but to the
internal IC behavior. The way to model the transient
turn-on of the protection is studied in article [9] where
a dedicated measurement method is provided to extract
dynamic on-chip parameters.

As shown in Fig. 12, the shape of the voltage is not
well reproduced in the simulation with the 10 nF X7R,
i.e. the variation of the capacitance is much more
important than the model extracted. Additional
expertise is needed to understand why the behavior of
the capacitor is not the one reported Fig. 9.
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Fig. 11. Measurement and simulation with and without
capacitor (1nF) for the LIN component, 100V TLP
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5. Conclusion
Highly accurate system modeling is required to
achieve system ESD soft failure prediction. The

external elements have a great impact on the on-chip
phenomenon. The paper investigates the non-linearity

of X7R capacitors and the impact on transient
response. We demonstrated that during ESD stresses,
capacitances could have strong variations up to 80% of
their nominal value. Such important variations must be
taken into account in simulation. We show that this
variation is mainly related to the voltage across the
capacitor. Using TLP, a method to extract the
evolution of that capacitance is presented for modeling
purpose. A new model of the capacitor is introduced
into the simulation that provides an accurate prediction
of the in-situ measured waveform. This method has
been applied to X7R capacitors, and it can be used to
extract any other types of capacitor.
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