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Abstract— We report experimental evidence revealing a
nonmonotonic temperature dependence of time-dependent
dielectric breakdown (TDDB) in galvanic isolators based on
polymeric dielectrics. In particular, the lifetime of the device
under TDDB stress decreases when temperature rises from
room temperature (RT) to 100 °C and then steeply increases
above the latter temperature. This effect, which introduces
a turnaround in the Arrhenius plot of device lifetime,
is explained as a result of two competing processes leading
to the weakening and strengthening of polymeric chains in
the dielectric material, respectively. The proposed physical
picture is further supported by a simple numerical model
that allows to investigate the temperature dependence of
TDDB in galvanic isolators based on polymeric dielectrics
under various working conditions.

Index Terms— Galvanic isolators, moisture, polymeric
dielectrics, semiconductor device modeling, semiconduc-
tor device reliability, time-dependent dielectric breakdown.

[. INTRODUCTION

HANKS to their cost effectiveness, power efficiency,

high performance, and high reliability, modern galvanic
isolators are increasingly replacing optocouplers to allow
the safe interaction between the low-voltage and the high-
voltage parts of an electronic system [1], [2], [3]. Among
the possible design options for galvanic isolators, those based
on thick-dielectric capacitors or transformers integrated in the
back end of line (BEOL) stage of a semiconductor process
flow are the most profitable and energy efficient [2], [3], [4],
[5]. In order to withstand stress voltages in the tens-of-kV
range, the employed dielectric layer must be in the tens-of-
micrometer range and offer high dielectric strength. To meet
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these demands, polymeric dielectrics are currently under inten-
sive investigation for next-generation galvanic isolators [6],
[71, [8], [9], [10], [11]. Some polymeric dielectrics such as
polyimide (PI) and polybenzoxazole (PBO), in fact, have
been explored for the BEOL stage of some microelectronic
processes [12], [13], [14] and may offer a consolidated inte-
gration scheme along with relatively high dielectric strength
in the hundreds-of-volts per micrometer range. However, the
reliability of galvanic isolators based on these materials is
yet to be fully explored and understood, starting from their
time-dependent dielectric breakdown (TDDB) phenomenology
and dependences.

In this work, extending our preliminary work in [15],
we experimentally investigate the temperature activation of
TDDB in thick-PBO capacitors that are at the basis of
next-generation galvanic isolators. We provide clear evidence
of a turnaround in the Arrhenius plot of device lifetime
and explain the observed phenomenology in terms of the
combined effect of two physical processes making the rupture
of polymeric chains due to electrical stress more and less
likely, respectively. Starting from the experimental evidence of
a markedly different temperature activation for those two pro-
cesses, we develop a numerical model to support our physical
picture and explore the impact of temperature on TDDB under
different stress conditions. Results highlight important aspects
that can affect the reliability of next-generation galvanic iso-
lators based on polymeric dielectrics.

[l. EXPERIMENTAL TDDB RESULTS
A. Samples and Setup

Fig. 1(a) shows the experimental samples investigated in
this work and the setup used to study the temperature depen-
dence of their TDDB lifetime. Test structures consist in
metal/PBO/n"silicon capacitors encapsulated in a package
made of epoxy resin. A circular top electrode with diameter
equal to 1 mm was adopted to define the device area (A).
The PBO thickness (#) was limited to 7 um to reach device
breakdown over an experimental timescale of few weeks with
a voltage limit that safely prevents arching and discharge
phenomena during the test. Besides, the chosen voltage also
avoids any possible impact on the results of the sockets and
chipboards used to connect the samples under test to the
measurement instruments. Applied electric field was close to
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Fig. 1. (a) Schematic description of the experimental setup and of the samples investigated in this work. (b) Representative examples for the TDDB
dynamics in the investigated samples (T; = RT). On the y-axis, the rms value of the current is shown.

the typical dielectric strength of polymeric dielectrics, that is
some MV /cm. To gather statistical data, up to 20 samples were
measured in parallel by mounting their chipboards on mother
boards placed in an oven and connected to 20 Vitrek 955i high-
voltage testers. Each tester applies a 50-Hz sine stress voltage
waveform to the top electrode of a sample and monitors the
current through its bottom electrode. Sample breakdown is
detected as a steep rise of its current above a compliance value
equal to 7 mA. When that occurs, the duration of the stress
time on the sample is stored as device lifetime in the TDDB
test, and the electrical stress on the sample is interrupted. It is
important to point out that the breakdown of a sample does
not impact the electrical stress on the other samples tested in
parallel, which proceeds unaffected.

B. Temperature Activation of TDDB

An example of the TDDB dynamics of the investigated
samples is reported in Fig. 1(b). Data refer to the case of
ambient temperature (7,) equal to room temperature (RT)
but are representative of all the explored stress conditions
addressed in this work. The current flowing through the
sample under test stays flat to the root-mean-square (rms) floor
set by the charging/discharging of the metal/PBO/n*silicon
capacitor up to the breakdown event, which corresponds to
the steep increase of the current above the compliance limit.
In this regard, it is worth pointing out that, even with the
minimum sampling interval of 60 ms made available by the
high-voltage tester, no current data points have ever been
detected in our experiments in-between the floor level and
the compliance level as a result of device breakdown. That
suggests that the breakdown process is an extremely abrupt
phenomenon in the investigated devices, in agreement with
what typically observed in thick-dielectric capacitors with
metal electrodes [16], [17], [18], [19].

Fig. 2 shows the cumulative distribution of device lifetime
gathered at different 7, ranging from RT to 115 °C. Data
reveal a weak leftward shift of the distribution when T, is
increased from RT to 100 °C and a strong rightward shift
of the curve for higher temperatures. It is worth pointing out
that the latter rightward shift is so strong that in the case of
T, = 115 °C, only one sample reached breakdown over the
maximum explored stress time of three weeks. Dashed lines
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Fig. 2. Cumulative probability distribution of device lifetime at different
T, values. A Weibull representation has been used in the plot. Dashed
lines indicate that device lifetime exceeds the limit of experimental
observation.
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Fig. 3. Arrhenius plot for device lifetime at a cumulative probability
of 63.2%, as resulting from the data reported in Fig. 2. The data point
corresponding to T, = 115 °C is representative of the fact that device
lifetime is beyond the limit of experimental observation. See Section 11I-B
and Fig. 9 for a description of Process 1 and Process 2.

in Fig. 2 are guide for the eye to indicate that device lifetime
exceeds the limit of experimental observation.

To better highlight the TDDB temperature dependence of
the samples, device lifetime at a probability of 63.2% (corre-
sponding to the scale parameter of a Weibull statistics) was
extracted from the cumulative distributions and used to build
the Arrhenius plot shown in Fig. 3. The figure reveals not only
that the increase in 7, from RT to 100 °C gives rise to a weak
reduction of device lifetime but also that the data points in
that temperature range are very well aligned over a straight
line corresponding to an activation energy E, =~ 170 meV.
Increasing T, above 100 °C, instead, makes clearly evident a
turnaround in the Arrhenius plot and a steep growth of device
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Fig. 4. Device lifetime distributions showing the impact of a
high-humidity preconditioning on TDDB. The red curve with square
markers was gathered by inserting a 220 h idle time between the end of
the preconditioning and the start of the electrical stress phase.

lifetime. Similar results (not reported here for brevity) were
obtained on similar metal/PI/n*silicon capacitors.

C. Impact of Moisture on TDDB

It is widely accepted that the moisture content in polymers
affects their dielectric strength [13], [20], [21], [22]. This sug-
gests that even the TDDB dynamics of these materials may be
impacted by their moisture content. To demonstrate this point
on our samples and check the possible impact of moisture on
the results presented in Section II-B, we performed some ad
hoc TDDB tests. In the first one, we preconditioned a batch
of samples for 192 h at 7, = 30 °C and relative humidity
(RH) equal to 60% before measuring their TDDB lifetime
distribution at RT. The comparison between the resulting
device lifetime distribution and that previously gathered on
fresh samples tested under the same stress conditions is
shown in Fig. 4. Results reveal that the distribution of the
preconditioned samples is shifted leftwards with respect to
that of fresh samples, with the statistical spread of device
lifetime practically unaffected by the preconditioning phase.
To understand whether the previous effect is either permanent
or transient, we repeated the preconditioning on a further batch
of samples but waited 220 h under normal 7,/RH conditions
of our laboratory before the electrical stress phase. Fig. 4
shows that the impact of the preconditioning phase on TDDB
lifetime vanishes due to the idle time and that the resulting
distribution is practically equal to that of fresh samples.
The previous evidence seems to suggest that the decrease in
device lifetime due to preconditioning can be simply related
to moisture absorption from the ambient while the opposite
process takes place during the idle time between the end of
the preconditioning and the start of the electrical stress phase.
The observed phenomenology seems to agree with results
reported in [20], which show that dielectric degradation due
to hydrolysis processes is completely recovered by baking the
dielectric after the high-humidity treatment.

Along with the decrease in device lifetime discussed so far,
another electrical property of polymeric dielectrics that can
change due to moisture absorption is relative permittivity [23],
[24]. The high polarizability of water molecules inside the
dielectric, in fact, can contribute to increasing the dielectric
constant of the material and, as a consequence, the capacitance
of our devices. The previous fact suggests the possibility to
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Fig. 5. (a) Comparison between capacitance values measured on
two batches of samples that differ in their average moisture content.
(b) TDDB lifetime distributions gathered on samples of the batches
of (a).

exploit capacitance measurements to monitor the moisture
content in our devices and understand how the latter is related
to device lifetime. Fig. 5 relates the capacitance values mea-
sured on two batches of devices that differ in their moisture
concentration with the TDDB lifetime distributions of the
same batches. Data clearly show that the lifetime distribution
of samples with a higher average capacitance (hence, higher
moisture concentration) is shifted leftwards with respect to
that of the remaining samples. Interestingly, the previous
evidence allows to exploit device capacitance measurements
to investigate moisture absorption and desorption dynamics to
relate them to the temperature activation of TDDB lifetime.

I1l. MODELING

The nonmonotonic temperature dependence of TDDB can
be considered as the outcome of the action of two competing
processes. The first one is the degradation of the insulating
properties of the polymeric dielectric due to the applied elec-
trical stress. Such degradation is a consequence of the rupture
of polymeric chains which can occur for various physical
mechanisms [13], [25], [26], [27], [28] and eventually results
in dielectric breakdown. A weak temperature dependence
can be assumed for this process, compatible with the low
activation energy reported for other degradation phenomena
of dielectrics [28], [29], [30].

The second of the two processes that lead to the turnaround
in the Arrhenius plot for 7, > 100 °C can be identified
in the outdiffusion of water molecules. This outdiffusion
should, in fact, be enhanced by the increase in 7,, making
the dielectric less prone to breakdown and resulting in the
increase in device lifetime. In Section III-A, we present a
detailed experimental investigation of moisture outdiffusion
dynamics and show that the time and temperature dependence
of the results are quantitatively compatible with our proposed
physical picture. Then, starting from the previous evidence,
in Section III-B, we develop a numerical model that catches
the main features of the 7, dependence of TDDB and
the impact of moisture on the activation energy of the
phenomenon.

A. Analysis of Moisture Outdiffusion Dynamics

In order to investigate the dynamics of moisture desorption
from our samples, we performed the experimental scheme
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Fig. 6. (a) Schematic of the test scheme used to investigate the outdiffu-
sion of moisture from our samples through capacitance measurements.
(b) Results of the experiments made according to (a) showing the
decrease in device capacitance due to moisture outdiffusion.
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Fig. 7. Arrhenius plot of T as extracted from the transients of Fig. 6
compared to the Arrhenius plot of device lifetime of Fig. 3.

in Fig. 6(a). First, we preconditioned our devices with a
168 h-long high-humidity treatment under controlled tempera-
ture and RH conditions equal to 85 °C and 85%, respectively.
After that, we monitored the decrease in device capacitance
(Cppo) over high-temperature bake periods. During these
periods, the devices were kept in an oven at temperature T
but each capacitance readout was performed at RT after chip
cooling. For each Tj, the experiment was made on six samples
to highlight a possible statistical variability in the results.
Fig. 6(b) reveals that Cpgp of all the samples decreases with
time and that the process shows a strong acceleration with 7.
Besides, devices sharing the same Tp display a very similar
behavior, meaning that the statistical variability in Cpgo does
not impact the main features of the observed phenomenon.
In particular, Fig. 6(b) also shows that the decrease in Cpgo
over time can be reproduced by an exponential relation such
as

Cro(t) = CPRd — [ng%l) - CPBO(O)](’”/T- ()

In the previous equation, #3 is the cumulative bake time, C S]‘;‘g

is the value taken by Cpgp when stationary conditions are
reached after a sufficiently long 75, and 7 is the characteristic
time constant of the exponential. Fig. 7 shows that t changes

with Tp according to an Arrhenius law with activation energy
(EXV) equal to 650 meV. The results in Figs. 6 and 7 can
be regarded as evidence of the desorption of water molecules
from the polymeric dielectric over time and of its acceleration
by Tp. Besides, the comparison between the Arrhenius plot
of 7 and that of device lifetime at 63.2% in Fig. 3 (reported
again in Fig. 7 for clarity) reveals that the curves cross each
other when Ty approaches 100 °C. In fact, even though t
is much longer than device lifetime at low temperatures,
the relation between the two physical quantities becomes the
opposite when temperature increases, due to the fact that
EXV > E4. Fig. 8 shows, moreover, that the previous moisture
outdiffusion dynamics remain the same in the case of non-
preconditioned samples. When the high-humidity treatment is
not present, in fact, the overall variation of device capacitance
during the bake phase in Fig. 8 is smaller than that in Fig. 6(b)
but, nevertheless, both data follow an exponential trend with
the same time constant.

From a physical standpoint, all the previous results indicate
that when 7, < 100 °C device breakdown occurs before
any relevant changes in the moisture content of the dielec-
tric. On the other hand, when 7, > 100 °C, the fact that
water molecules diffuse out of the material before breakdown
occurs leads to the increase in device lifetime. It is worth
mentioning that the 7, value corresponding to the turnaround
in the Arrhenius plot of device lifetime is the outcome of
the interplay between dielectric degradation dynamics and
moisture outdiffusion which, in general, depend not only on
the electrical stress conditions but also on device and package
properties. The fact that the previous 7, value is close to
100 °C must not be intended as an inherent property of all
polymeric materials, rather as the outcome of the chosen
test conditions and geometric and physical parameters of the
investigated devices.

For a quantitative description of the previous process, the
density of water molecules (n,) can be obtained from the
following formula [31]:

d d
PwNa (8PB0 - Spgo) (5w + 38P;3yo)

di dr
My (é‘pBo + 351;1;/0) (sw — SPBYO)

2

w =

where 8]230 and ¢, are the relative dielectric constants of PBO
with no moisture inside and of water, respectively, epgo i
the relative dielectric constant of PBO filled with a uniform
concentration of water molecules equal to n,, p, is the
specific weight of water, N4 is the Avogadro constant, and
m,, is the molar mass of water. In the previous equation,
&» = 80 was assumed, and epgo and sggo were computed
from the sample capacitance in the nondry and dry conditions
as (Cpgoh)/(gpA) and (ngoh)/(aoA), respectively (&g is the
vacuum permittivity). In particular, ng/o was assumed equal
to the lower capacitance among those that were measured in
Fig. 6, corresponding to CSE% of the experiment at T =
150 °C (black dashed line).

Considering that the decrease in Cpgp in Fig. 8 due to
moisture outdiffusion is small with respect to the value of
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Fig. 9. Schematic description of the physical picture proposed to
explain the turnaround in the Arrhenius plot of Fig. 3.

Cppo of fresh samples (C{,rBSg‘), (2) can be approximated as

~~ .,fresh fresh
ny ~ ny™ + K (epo — €pgo) 3)
with
dry dry
_ PuwNa 48])]30 epso + 38]3]30

K “)

dr dr
M (eppo + ep50)*  Ew — Eppo

where et = (Clehh) /(g9A) and ni™" is the concentration
of water molecules computed with (2) when epgo = ehser.
Thanks to the linear relation between epgo and n,, in (3), the
time evolution of n,, can be expressed with an exponential law

with time constant equal to 7 as in (1)

n(6) = ny™ = [y =y (0)]e™" 5)

w w

where all the symbols in the previous equation have the same
meaning of the respective ones in (1).

B. Modeling Results for TDDB

We started from the idea suggested in [13] for poly-
meric dielectrics similar to ours and assumed that dielectric
breakdown is the outcome of the generation of defect states
resulting from the rupture of polymeric chains due to electrical
stress. As a consequence, the degradation of the material
can be described by the density of defect states (ny), and
dielectric breakdown occurs when n,; exceeds a threshold
nﬁlh. According to our proposed physical picture, however,
the rupture of polymeric chains and the generation of new
defect states can happen only when the reaction with water

molecules is involved in the process. Despite being a sharp
simplification of the actually involved physical mechanisms,
the previous approach will be shown to be enough to catch the
main features of the temperature dependence of TDDB. The
proposed picture is schematically represented in Fig. 9, which
shows that only the concurrent action of water molecules and
electrical stress [Fig. 9(b)] leads to polymeric chains rupture,
while the previous process is precluded by the absence of
water molecules [Fig. 9(c)]. According to this picture, it is
therefore possible to write

dnd

dt
where r is the defect generation rate. Considering that when
n, is constant, the temperature activation of n,; and of device
lifetime is determined by r, and we assumed r = roe~F4/*Te,
where r( is a prefactor, k is the Boltzmann’s constant, and
E4 = 170 meV is the activation energy extracted from the
region of the curve in Fig. 3 that follows an Arrhenius-like
trend. Integrating (6) with n,(0) = 0, ny can be computed as

=7rny, (6)

t
ng = r/ nydn. 7
0

To compute n, from the previous equation, a further relation
for the time evolution of n,, is needed. We considered that the
concentration of water molecules in the material can decrease
because of two mechanisms. The first is the outdiffusion of
water molecules ruled by the gradient of concentration with
the external ambient. The second mechanism, instead, consists
in the disappearing of water molecules when they contribute to
creating precursors for the generation of new defects. The rate
of the former process can be computed assuming that moisture
outdiffusion dynamics are not affected by the presence of
electrical stress. Computing the time derivative of (5), the
previous rate results in —(n,, — nfi")/r. The rate of the
latter process, instead, coincides with the defect generation
rate expressed in (6). As a consequence, the complete rate
equation for n,, reads

dn,,
dt

The previous equation can be solved for n, with n,(0)
computed from CE through (2). Given n,(7), ny(t) can be
computed through (6) and, in turn, device lifetime as the time
corresponding to the condition n; = n;h.

Simulation results in terms of n, and n,; are shown in
Fig. 10. In particular, simulated device lifetime at different
T, values is also shown in Fig. 10(a) to easily relate the
lifetime with n,,. Results confirm that n,, barely changes with
respect to n,,(0) when T, < 100 °C and that the decrease in
device lifetime with 7, comes from the temperature activation
of r with E4 = 170 meV. The previous dynamics can
be understood by noting that the curves in Fig. 10(b) shift
leftwards when T, increases in this regime, and the same
happens also to the time at which n; = n’}'. However, since
EXV > FE,, the previous condition does not hold anymore
when T, approaches 100 °C and n, decreases significantly
before the breakdown condition is met. In turn, the decrease
in n,, slows down defect generation as can be seen in the inset

= —(ny — n&"al)/r — Fiy,. (8)
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Fig. 10. (a) Simulation results showing n, over time during electrical
stress for different T, values. (b) Simulation results showing ny over
time during electrical stress for different T values (rp ~ 2.5h™' was
assumed).
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Fig. 11.  Simulation results of the impact of a prebake preceding the
electrical stress phase on device lifetime. The stress conditions were
the same of those experimentally investigated in Fig. 2 with T, = 20 °C.

of Fig. 10(b) and, eventually, delays device lifetime. Overall,
the developed model can nicely reproduce the experimental
evidence for device lifetime reported in Fig. 3 with only a
limited number of free parameters, namely ry and nﬁlh. All the
remaining physical quantities involved in the model, in fact,
were retrieved from the experimental results discussed in
Sections II and III.

Due to its simplicity, the developed model can be employed
for a quick assessment of the impact of high-temperature
phases on the performance of galvanic isolators based on
polymeric dielectrics. For example, Fig. 11 shows the effect on
fresh devices of a prebake of duration fpg and at temperature
Tpp before the electrical stress phase. The prebake conditions
that lead to a particular increase in device lifetime (a factor

2 was chosen in the figure just a reference) can be easily
extracted from the color map resulting from simulations.

IV. CONCLUSION

We have provided clear experimental evidence that the
nonmonotonic temperature dependence of TDDB in galvanic
isolators based on polymeric dielectrics can be explained as
the outcome of two competing mechanisms: 1) the electrical
degradation of the polymeric dielectric and 2) the outdiffusion
of water molecules from the material during the electrical
stress phase. Starting from the previous physical picture,
we also developed a numerical model that easily allows to
investigate important aspects of the reliability of galvanic
isolators when operating under various ambient conditions.
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