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Chapter

Polyimide Used in Space
Applications

Vivginie Griseri

Abstract

Polyimide (PI) is an interesting material for space applications as it offers
excellent thermal properties. However, due to its dielectric properties, charge
storage and release can be at the origin of electrostatic discharges that are haz-
ardous for the surrounding electrical equipment. Depending on the spacecraft
orbit, it is necessary to study the impact of specific surrounding environment.

In any cases, the effect of vacuum and temperature variations can be combined
with electrons and protons’ irradiation, atomic oxygen erosion, and photons
impact from UV exposure. On the market, there exist many types of PI, and since
several years, composite are also developed. The main properties that are usually
observed are the conductivity that is analyzed from surface potential decay, the
photoemission and the ability to initiate and propagate surface flashover. Since
several years, the space charge storage analysis by the pulse electro-acoustic
method has been developed as an interesting complementary tool. It is important
to remember that experimental characterization needs to be representative to the
space environment especially because it has been observed that PI can recover its
original properties in air in a couple of hours depending on the ageing degree.

Keywords: electrostatic discharges, electron and proton irradiation, conductivity,
space charge, surface potential decay, secondary emission, photoemission

1. Introduction

Spacecraft evolves in very high-energy radiation environment that is directly
dependent on the orbit and sun activity. This harsh environment is composed of
high vacuum, energetic electrons and protons’ radiations, atomic oxygen, UV
exposure, and thermal cycling [1, 2]. A good understanding of the charge accumu-
lation dynamics in dielectrics subjected to the charging space radiative environment
is necessary to ensure spacecraft operation reliability [3, 4].

Among the dielectrics that are used in satellites conception, the polyimide (PI)
has been selected since quite a long time because it offers excellent electrical and
thermal properties [5]. However, the modification of their properties with time
under such a specific environment needs to be studied carefully. To do so, large
facilities have been developed in laboratories to reproduce the complex spectra that
may be encountered in worst configurations [6-8]. Many tests arrangements have
been developed and adapted to this specific environment to be able to analyze the
properties evolution of materials submitted to various types of external aggression.

The aim of this chapter is to get an overview on experimental results obtained
on polyimide (PI) used in space environment. The amount of studies is quite
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important and always undergoing so that is why we will focus on main techniques
and tendency. Many Pls are available on the market. In order to improve some
properties, the production of composite material [9] appears quite interesting as
it might allow to reach in a near future a better control on dielectric properties for
such specific applications. Qualifications are necessary before sending such a new
material in the space environment. This characterization and phase test can take
quite a long time.

2. Environment effect on dielectric properties

As already mentioned, when spacecrafts are evolving into space, they are
submitted to a large number of charged particles and encounter several operational
anomalies. It has been demonstrated that the harmful anomalies are related to
spacecraft charging and the risk of electrostatic discharges (ESDs). For instance,
Koons et al. [10] established a list of spacecraft accidents between 1973 and 1997,
where he shows that 54.2% of the 326 cases analyzed were directly due to ESDs.
Other studies confirm the link between ESDs and anomalies recorded on satel-
lites and try to establish links with surface and/or internal charging [11, 12]. The
final idea is always to recommend solutions so as to improve satellite’s design that
mitigate the occurrence of ESD on future spacecraft even if they are submitted
to extreme environmental conditions. Many other studies tend to give access to a
broad panel of information concerning the origin of those anomalies through the
space weather analyses [11, 12].

Usually spacecraft charging is attributed to three main categories called absolute
charging, surface charging, and deep-dielectric charging. The absolute charging
is associated to the charging of the whole structure versus its environment; the
surface charging refers to the external charging and can be associated to the differ-
ential charging between the various part of satellites; and at last the deep-dielectric
charging concerns the charging in bulk (Figure 1). Deep-dielectric charging can
occur in materials located on the satellite surface or inside the main structure. It
is due to higher energy particles that can cross thick materials on the way without
being stopped. In most of the cases, it is surface materials that are studied as they
are directly exposed to various sources of ageing and at the origin of most of the
discharges.
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Figure 1.
Schematic representation of satellite charging.
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As satellites are made of a large number of materials, it is important to determine
surface-material properties and their role in spacecraft surface charging. The main
properties that are usually analyzed are:

* the conductivity (surface and bulk)—the accumulation of charges into a
dielectric can be responsible for the creation of critic potential difference
between adjacent materials from which discharge phenomena can be initiated.
In another words, if the conductivity of a dielectric is increased, the differen-
tial charging will be limited.

* the dielectric constant as the capability of charge storage will increase if thin
samples with high dielectric constant are selected. For instance, 25 um Pl hasa
dielectric constant close to 3.4.

* the secondary electron emission (SEE) usually dielectric generates more second-
ary emissions than metals under identical electronic irradiation. Actually the
material potential equilibrium will tend toward the second crossover point E,
(Figure 2). This is in favor of a reduction in a dielectric surface potential versus a
neighboring metal and might create a disequilibrium at the origin of a discharge.

* the photoemission as the photoelectric effect tends to drive sunlight surfaces
more positive than shadowed surfaces and might create differential charging.

2.1 Conductivity and resistivity

The determination of the resistivity of insulating material used in spacecraft
conception is very important as it determines how charges will accumulate and
will be redistributed during flight. The estimation of an accurate decay time is
necessary for the buildup of appropriate spacecraft charging models. As the ohmic
resistivity of the PI is too high, the American Society for Testing and Materials
(ASTM) method cannot be applied. This is due to the fact of the poor accuracy of
pico ampere meter at low current (<1 pA). However, a charge decay resistivity test
method was proposed in order to study the ohmic resistivity of high insulation
materials [13, 14] and has been adopted by the community. Using this method
and fitting surface potential decay (SPD) curves, the ohmic resistivity of PI was
estimated to be in the order of 10" Q.m. It occurs to be several order higher than the
value estimated by ASTM method.
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2.1.1 Isothermal surface potential decay experiment

Experimental conditions always need to be carefully controlled. Isothermal
SPD is in the range 298-338 k, while the PI sample is irradiated by low-energy
electron beam that has been initially recorded. It has been observed that the
conductivity is modified as the irradiation goes on and the trapping state gets filled
with electrons. That is why depending on the way it is measured, data might be
slightly modified.

Besides, we can consider, to some extent that for PI, the photoconduction is a
form of radiation-induced conductivity (RIC) as its conductivity can be increased
by several decades when exposed to solar lighting with respect to the conductiv-
ity in the dark. It has been reported that thin PI films will not charge in sunlight
provided that its back surface is grounded. It is therefore recommended to keep PI
sample into the dark while SPD is recorded.

The ISPD curve can be separated into three zones: in the part I (transient
process), charge trapping and detrapping are competing, whereas in part III (steady
state process), the conduction is predominant. In part II, all phenomena are com-
peting [15]. This region limits are difficult to identify that is why most of the time
only the initial transient and final steady-state regions are reported on graphs. As
surface resistance of spacecraft dielectrics is higher than volume resistances [16],
at least one order higher in the case of PI and because external aggression such as
atomic oxygen seems to increase the surface resistance without modifying the bulk
resistance [17], it is acceptable to neglect the surface charge transport to estimate
the bulk conductivity [15]. It is also acceptable to consider that the relative permit-
tivity of PI remains quite stable with the temperature and the electric field during
ISPD. However, it was noticed that the surface potential decay is much faster if the
initial surface potential is increased. The steady-state current density obtained for a
time t = 3 x 10° s plotted versus the applied voltage show clearly two regime: ohmic
(at low voltage below —950 V) and space charge limited current (at high voltage
above —950 V). From the slope, the ohmic resistivity was estimated to 1.2 x 10" Q.m
and the effective charge carrier mobility to 1.9 x 1™ m*/V.s and the trap density
estimated to 1.3 x 10°'m ™. Obviously this type of experiment realized at 298 k needs
to be repeated at different temperatures.

Using the 2D ISPD model [18], it is possible to estimate the average surface
resistivity, the volume resistivity, and the charge mobility of PI by a genetic algo-
rithm from 298 up to 338 k. In the results reported in Table 1, we can observe that
the values at 298 k differ a little from the previous estimation by the same authors.
This means that these values remain relatively difficult to determine precisely even
with the same equipment and the same material. However, the authors managed
to calculate the PI surface and volume activation energy and the trap energy which
are estimated to 0.3, 0.32, and 0.54 eV, respectively. To get these values, they fitted
the surface and volume ohmic resistivity and charge carriers versus the temperature
curves using the Arrhenius law.

T (k) 298 308 318 328 338

Surface resistivity (x10" Q) 101.51 42.75 11.66 10.96 3.62

Volume resistivity (x10% Q.m) 28.70 14.96 4.06 2.14 1.08

Charge mobility (x10™"° m*/Vs) 149 3.88 6.24 15.60 30.95
Table 1.

Surface and volume resistivity estimated from ISPD and simulation with an ervor of 0.9% [18].



Polyimide Used in Space Applications
DOI: http://dx.doi.org/10.5772/intechopen.93254

2.1.2 Charge transport model based on deep and shallow traps

In order to model the charge transport in PI, complementary experiment such
as thermally stimulated current (TSC) is often performed [19] to investigate the
relaxation polarization properties that cannot be easily obtained by dielectric
spectroscopy. The charge transport is controlled by high field mechanism as soon
as the charging potentials exceed the transition voltage of the ohmic regime. It was
reported that the time-dependent permittivity €,(t) in PI obeys to Cole-Cole equa-
tion rather than Debye ones. Besides, the trap depth could be estimated to be near
1.35 eV [20]. Once released from the surface traps, the charges migrate through the
shallow trap to the rear electrode. At 298 k, the carrier residence time was estimated
between 7.92 x 10'? and 1.34 x 10* s in trap depth of 0.1 and 1 eV, respectively [21].
The carriers can easily hop in the shallow traps but will stay in deep traps much
longer. Therefore, shallow traps assist conduction processes, whereas deep traps
will control the space charge dynamics [22].

It is considered that the shallow traps will control the temperature-dependent
hopping at low temperature; then at high temperature, deep traps can also assist the
conduction processes as the residence time carriers drops (at 400 k, the residence time
carriersin 1 eV trap depth is reduced to 0.648 s). At room temperature, it is reasonable
to develop a unipolar charge transport model with a single deep trap level in a first stage
(Figure 3(a)). It was notice that the surface electrons are easily released from traps
surface center whereas they can remain into the bulk for a very long time when they are
stored into deep traps. The steady state was reached after 94.8 h; at that time, 39.72% of
electrons deposited close to the surface creating a surface potential of ~2056 V [21] were
released. The resistivity of PI was estimated in the range 8.08 x 10'°-9.40 x 10" Q.m.
However, in order to improve the model, it would be better to refine the trap distribu-
tion characteristics (Figure 3(b)) and consider the density of localized state [23, 24].

2.1.3 Effect of radiation on radiation-induced conductivity
As already mentioned, the RIC is an important phenomenon occurring in

PI materials [25]. The RIC can contribute the sample charge decay and prevent
discharges. It has been shown that when a step function and uniform irradiation
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Schematic representation of state density in dielectric materials. (a) Model with one level of deep and shallow
traps. (b) Model of shallow and deep traps for electrons and holes that ave velated to physical and chemical
disorder.
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are applied, RIC initially rises to a maximum then decreases continuously [26].
In such a case, the accumulation of space charge is not prevented and ESD can be
observed.

A different behavior has been observed in various PI (Kapton® 25 um produced
by Dupont© and PM-1-OA 15 pm or PM-1 13 pm produced by Russian services)
submitted to large dose rate and long irradiation time [27]. In this study, 40 mm
diameter films were Al coated (electrode characteristics: 32 mm diameter and 50
nm thick). They used fresh sample each time even if they mention that an annealing
dose effects was observed in PI after 4 h in air at 393 K. For instance, measurements
on PM-1 irradiated from 4 up to 10 MeV protons in vacuum (1-4 Pa) and room
temperature shows a classic behavior up to a dose of 10° Gy (the dose rate could
be in the range 100-5000 Gy/s). Above this dose, the signal increases by two or
three orders of magnitude. Even after the end of irradiation, this dose-modified
RIC remains much higher than the dark conductivity during a quite a long period
of time. An interesting point is that this slow process is completely extinguished
as soon as air is introduced into the chamber. The DM RIC effect was attributed to
a metastable state in polymers with a strong donor-acceptor interaction that can
be easily cancelled by the introduction of atmospheric oxygen. This metastable
conjugated structure might be due to the presence of side or inner-chain molecular
groups with local conjugation. This strong DM RIC produced by electron of the
ambient plasma seems quite useful to reduce the bulk charging of PI used on the
outside spacecraft but it is not well controlled. This DM RIC which is a PI intrinsic
property prevents the RIC to decay drastically after long irradiation exposure.
However, new materials providing, thanks to the introduction of nanoparticles, a
better control of the RIC are expected as replacement in the future.

2.1.4 Effect of temperature on conductivity

The effect of temperature has also been studied as spacecraft charging in
plasma, and radiative environment is highly sensitive to the temperature decrease
which is accompanied by a reduction of the electrical conductivity in dielectric
materials [28]. Spacecraft orbiting around the earth are submitted to a large tem-
perature range between 120 and 400 K. It is therefore easy to understand that when
dielectric materials are exposed to low temperature, the charge storage increases;
whereas when a warming up occurs, a dissipation of this charge can be produced.
Experimental setups have been developed in order to study the PI resistivity
combining the effect of temperature and electron irradiation to take into account
the RIC [29]. First of all, the temperature effect on the volume resistivity was
investigated on a Kapton® 200H irradiated for 60 s under a 20 keV electron beam.
The useful data reported in Table 2 have been extracted from the signal recorded
for 240 h. The volume resistivity is calculated in the dark region using the expres-
sion (Eq. (1)):

V(t)= Voe[’:] (1)

where V (t) is the surface potential, Vj is the initial surface potential, and 74 is
the decay time constant in the dark current region. As the temperature increases,
the volume resistivity decreases exponentially.

To determine the volume resistivity in short-time region where the polarization
current is dominant, Eq. (2) has been used:
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V(t)=V, gf+(1—g:°)e[_;] (2)

where 7, is the decay time constant for the decrease in potential due to polarization
current; and &, corresponds to the relative permittivity when the complete polariza-
tion is achieved. The volume resistivity in short time seems to be independent from
the temperature, while the volume resistivity in the dark region drops a lot with the
increase of the temperature.

Another experiment consists in increasing the energy of the electron beam in
addition to the temperature. It shows that when the electrons are injected deeper,
the surface potential decay rate increases. This is due to an enhancement of the
conductivity produced by trapped electrons in the irradiated area that are respon-
sible for polymer chain scission reaction and the RIC effect. It is particularly true for
electrons above 40 keV. It is always important to remember that several effects are
combined in real situations that is why the analysis remains quite complex.

2.2 Secondary emission yield

As the electron emission related to irradiated electrons influences the satellite
surface charge accumulation, the measurement of the secondary electron emission
(SEE) from metal and insulating material used for satellites is quite important.
Studies have been performed on material to determine the effect of surface deg-
radation on SEE. The SEE yield is calculated as the ration of the primary incident
electron current over the secondary electron current. The shape of the curve repre-
sented in Figure 2 shows E, and E,, the crossover energy values, where the yield is
equal to 1 and the maximum of § that corresponds to the primary electron energy
Emax. The SEE Yield (SEEY) in solid depends therefore mainly on the primary
electron energy Ep, the injection angle, the material density, and the surface status.

2.2.1 Measurement difficulties in polymers
Because of the difficulty in measurement, yield is often neglected as an impor-

tant contributor into spacecraft charging and therefore the resistivity which is
easier to be measured is taken into consideration. Indeed, a full study on the effect

Kapton® 200H 50 pm Volume resistivity (Q.m)

Temperature (K) Dark current (x10%) Short time (x10%)
233 33 0.49

253 11 1

273 0.83 11

299 042 17

323 0.33 13

353 0.11 0.45

Table 2.
Volume resistivity data obtained on Kapton® 200H films irradiated with an 20 keV electron beam for 60 s at
different temperatures [29].
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of low-fluence electron yield [30] confirms that the electron provided by the mea-
surement system cannot be easily extracted in insulators as in conductor and can
affect the measurements. Furthermore, they come to the conclusion that in insula-
tors with modest yield, the incident pulse does not produce enough SE to apprecia-
bly charge the specimen under studies. However, in the case of PI with a maximum
yield 6max < 3 due to the RIC and its persistent effect after the end of the irradiation,
charge dissipation is possible and the incident pulse amplitude does not need to be
reduced so much. Fortunately, since several years, research is made to improve the
measurement system and make it more reliable for polymers and ceramics. The
measurement method described in paper [31] shows that very accurate SEEY values
can be recorded on Kapton-HN for instance.

2.2.2 Analysis based on frontier molecular orbital theory

Also it was reported that the SEEY of Upilex®-S was smaller than Kapton®-H
[32]. This property was explained by a variation in the potential energy bound that
can be estimated by quantum chemical calculation which is based on the density
function theory. In this representation, the highest occupied molecular orbital
(HOMO), corresponding to the conduction band, and the lowest unoccupied
molecular orbital (LUMO), corresponding to the valence band, are calculated.
For Upilex®-S, the gap between HOMO and LUMO was found to be smaller than
for Kapton®-H. The ionization energy that corresponds to the energy difference
between the vacuum level and the HOMO was found to be 5.36 eV for Upilex®-S
and 5.91 eV for Kapton®-H that comfort the fact that it might be easier to get SEE
in the case of Upilex®-S. Such approach needs further investigation.

2.2.3 Effect of atomic oxygen and UV radiations

SEEY is really dependent on the surface status of the material under studies.
Among all external factors, the atomic oxygen (AO) plays the most important role
in the erosion processes of organic materials on the low earth orbit (LEO). It is
therefore important to determine the effect of such degradation on PI surface as it
might affect quite a lot its SEE properties with time.

To simulate the collision in laboratory, many sources are available [33].
Unfortunately, many AO sources produce VUV radiation during their operation, a
fact that should be taken into consideration when comparing results. It was reported
that the maximum SEEY of PI film is 1.1 when primary electron energy is 600 eV.
Specific work on PI films shows that when the fluence of the AO was increased, the
SEE yield was decreased. However, the results were different if the AO was deliver
by a laser detonation AO beam source or by the plasma asher method [34]. Usually
it is considered that an exposure between 12 and 24 h with a fluence of 3.5 x 10" and
6.9 x 10" atom/cm” is respectively equivalent to 6 month and 1 year AO erosion in
LEO. The SEE yield was increased in the second case. The difference in the result is
due to the source of AO production. It is mentioned that the asher method compared
to laser detonation generates AO more easily and avoids contamination which is
more representative to what happens in space. The conclusion is that the charging
effect of the space plasma should be less effective with time due to AO effect on LEO.

In many cases, the effect of UV and AO are studied simultaneously [35]. In some
studies, the total electron emission yield (TEEY) is reported. It corresponds to the
sum of the SEEY and the backscatter electron emission yield. The contribution of
this phenomenon depends on the electron energy and the material properties [36].
In many cases, the SEEY remains the main source of electron in the TEEY. Similar
results are obtained on virgin sample as reported in Table 3.
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Reference E, (eV) Emax (€V) Gmax
Virgin—Kapton HN [37] 500 150 1.7
(31] 180 1.95
Virgin—Kapton 100 H [35] 670 150 1.69
UV dose—Kapton 100 H 150 2.1
D =2000 ESH Saturated D > 500 ESH
AO eroded—Kapton 100 H
12h 500 1.2
24 h 700 1.0

Table 3.

Secondary emission values of cross over energy E,, maximum energy E,,,. and yield 6,,,.

The effect of UV was to increase the TEEY maximum. A saturation was
observed above 500 equivalent sun hours (ESH) UV exposure. In PI, UV creates
bond scission and provides high concentration of free radicals that are remain-
ing stable for several hours under vacuum as their lifetime is of about 20 h in air.
The non-bonded electrons are active and can be excited more easily than bonded
electrons that contribute to the increase of the TEEY. However, the UV can pen-
etrate only about 100 nm in materials, whereas energetic electrons (> 3 keV) can go
further. The effect of UV is mainly efficient close to the surface where low-energy
electrons with a weak penetration depth are supposed to be located.

On addition, the AO erosion acts on both E,,,, and TEEY. The first one increases,
whereas the second decreases with the exposure time. The AO acts on the surface
roughness. Usually E,;,.x and TEEY are expected to increase with the injection angle
increase. However, in the case the roughness becomes too important, the secondary
electrons might become the source of new primary electrons with lower energies,
but the new secondary electrons might not have enough space to escape the surface.
That is why as the AO exposure increases, TEEY decreases and E,,y is significantly
increased. The effect of surface roughness was clearly highlighted in the study
tempting to demonstrate the effect of surface modification on spacecraft charging
parameters [38]. An analysis on Kapton® HN shows that the presence of Dow corn-
ing DC 704 diffusion pump oil as surface contaminant oil or scratched produced
at the surface during a polishing operation makes the reflectivity to reduce and the
absorption coefficient to increase.

2.3 Photoemission yield

When a high frequency light illuminates a dielectric material, the photons inter-
act with the orbital electrons of the atoms. The energy provided to the electrons
might be large enough to make them overcome the material work function and
become free in vacuum. These electrons are photoelectrons. The photo emission
yield (PEY) is the number of photoelectrons to the incident photons. It depends
mainly on the incident photon energy, wavelength, and incidence angle but also on
the material properties such as absorbance and reflectivity.

It is also important to remember that the photoconduction plays an important
role in PI as it is contributing to the RIC. It has been noticed that under constant
solar lighting, the conductivity of PI can increase by several decades with respect to
conductivity in the dark. Theoretically, PI should not pose any problems of charg-
ing under illumination and therefore no electrostatic should be expected. However,
it is the surrounding that needs to be considered carefully.

As already mentioned even if spacecraft are operating in the sunlight, some
parts will remain in the shadow. The photoemission phenomena maintain the
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spacecraft frame and polymers in sunlight to low potential as the photoemission
current between the spacecraft and the ambient plasma dominates the current
balance equation. On the contrary, polymers in the shadow are charging negatively
because the photoemission does not occur and they are mainly impacted by the fast
moving electrons of the surrounding plasma.

On the GEO orbit, mainly electron and proton encountered into the Van Allen
Belt can lead to the material degradation with time. On LEO, the effects of atomic
oxygen and ultraviolet rays are more that need to be considered as harmful as
mentioned in the previous section. These UV radiations are responsible for photo-
emission that might be affected by other degradation with time.

2.3.1 Effect of proton and electron irradiation

Usually the photoemission induced a positive charging at the surface of dielec-
tric that can influence the emission as photoelectron can be attracted back to the
surface. That is why during measurements, it is important to choose new area each
time by shifting the sample and using short-time exposure to UV pulse. It was
shown on Kapton® 100H sample [39] that the proton ageing (in the range 1-15
years equivalent exposure on GEO with 50 keV proton in which penetration depth
is estimated by Casino software to be of 600 nm and various flux) makes the PEY to
raise. On the contrary, the same ageing with electrons (of 500 keV that can cross the
25 pm sample thickness) seems to make the PEY decay slightly. In both cases, the
energy loss by the particles along the way is transmitted to the material, however
in the case of proton, this energy is concentrated into the surface shallow layer that
might induce high ionization and act in favor of photoemission. In the case of high-
energy electron, the energy is deposited in the entire bulk and the surface ioniza-
tion that might occur is not predominant. It is also important to remember that air
exposure can help the sample recovery in a few hours [40]; it is recommended to
perform all these measurements while the sample is maintained under vacuum.

2.3.2 Effect atomic oxygen and UV exposure

The UV ageing in the range 25-1000 ESH seems to make the PEY increase but
with a saturation above 500 ESH. The same saturation was noticed on secondary
electron emission experiments [39]. A study on Kapton®HN, Kapton®E, and
Upilex®S showed increases in solar absorptance and the a/¢ ratio under VUV
radiation exposure, whereas emittance changes were not significant [41]. As more
photons can be absorbed by damaged PI, the PEY is expected to increase. This effect
of absorbance is probably coupled with the chemical degradation and the produc-
tion of free radical during the UV irradiation [42]. Actually free radicals provide
activated electrons that can enhance PEY. At last the AO effect seems to be limited
even with the equivalent exposure of 1 year on LEO. In fact, AO increases the
surface roughness of the PI film and the photoelectron that are emitted are probably
recapture before they can really escape and be detected that is why the PEY tends to
decrease with long AO beam exposure.

2.4 Surface flashover

Surface flashover has been identified at triple junction locations on spacecraft
[43]. A triple junction is characterized by a metal electrode, a dielectric, and
the surrounding environment (air or vacuum). The main theory is based on the
secondary electron emission avalanche (SEEA) [44]. The electrons are emitted
from the cathode due to field emission. The electrons hit the dielectric surface and

10
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produce secondary electrons. Those electrons continue to move into the direction
of the anode under the effect of the electrostatic field. The production of other
secondary electrons is made on the way and can be at the origin of an avalanche
that produces a degassing and ionization phenomenon on the dielectric surface at
the origin of the discharging channel (Figure 4).

To understand surface flashover phenomena in space environment, electron
irradiation and dc voltage should be considered at the same time. It is also important
to take into account the surrounding vacuum [45]. The number of studies combin-
ing both effects is growing and has confirmed that the experimental conditions are
really sensitive.

The simultaneous action of dc voltage and electron irradiation (Figure 4) can be
described as follows:

* During electronic irradiation, there is a charge injection and storage in the
dielectric bulk. This SC leads to the buildup of an electric field in the bulk that
can influence flashover performance.

* During the dc voltage application, a distortion of the electric field at the triple
junction (metal/dielectric/vacuum) occurs and electron emission from the
cathode is enhanced. The “classic” flashover propagation will occur.

Both phenomena are influencing each other; on one side, the internal electric
field (due to the injected charges) creates a reverse-acting force on the kinetic
electron flowing to the dielectric surface, and on the other side, the surface electric
field might affect the electron injection.

2.4.1 Effect of electron irradiation

It was reported that after electron irradiation, the dc surface flashover of PI was
increased due to the electron stored below the surface [46]. Due to the presence of
electron in the bulk, the electric field at the triple junction is lowered and then the
flashover initiation prevented unless the dc voltage is increased. For instance, the dc
voltage flashover on raw polyimide is recorded at 19.2 and 23.9 kV after an irradia-
tion under 20 keV. When the flashover is initiated, the secondary electrons are
deviated from the surface and the propagation of the flashover is inhibited. It was
noticed that electrons irradiation with an energy above 20 keV up to 30 keV seem to
produce the same effect as the penetration depth increases the influence on the sur-
face flashover initiation and propagation might have reached a limit. This tendency
was also pointed out on deeply studied PI-type SKPI-MS30 provided by Changzhou

Applied E field
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Figure 4.
Surface flashover propagation and combine effect due electron beam irradiation.
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Sunchem High Performance Polymer company [47]. It has been observed that
above a 20 keV electronic irradiation, the dc surface voltage flashover decreases
slightly with the increase of the electron energy. It was also reported in this work
that the previously irradiated PI presented higher flashover voltage than the initial
sample. They suggest that irradiation could induce chemical-physical modifications
such as degradation with the generation of low molecular compounds, gases, and
crosslinking. The dielectric constant usually decreases in favor of the diminution

of the electric field distortion and deep trap amount increases under low-energy
irradiation. These deep traps prevent electrons from migration and favor a charge
accumulation that is at the origin of the increase of the dc voltage flashover.

2.4.2 Effect of the electron beam flux

In addition, if the flux of the electron beam is increased (from 0.175 to
1.75 pA/cm?), the dc surface flashover decreases exponentially with the electron
energy. This is explained by the RIC phenomena. During the electron irradiation,
electron-holes pairs created can exceed the number of intrinsic carriers and make
the RIC to increase. This increase is generally following the energy increase. But
when the dose rate increases, the RIC effect decreases and then the effect of accu-
mulated charges increases and contributes to the reduction of the flashover voltage.

2.4.3 Behavior under continuous irradiation

Besides, when measurements are performed during irradiation on the previ-
ously irradiated samples, the dc voltage flashover varies. It decreases as the energy
of radiation in increased. Starting at 26.9 kV under 5 keV electron irradiation, the
dc flashover voltage is of about 10.5 kV under 30 keV electron irradiation. The dc
flashover voltage was equal to the value recorded on raw PI under 17.5 keV electron
irradiation. Below this energy, the electrons from the beam are repelled and the dc
flashover voltage remains higher than on Virgin PI. On the other hand, when the
energy is higher, the electrons can reach the surface and contribute to the flashover
phenomenon and the initial dc flashover voltage is decaying. The effect of attraction
of the electron of the beam toward the anode is not so important when the energy
of the beam is high. The contribution of injected electron below the surface on the
electric field distortion is in favor of the reduction of the dc voltage flashover decay.

2.4.4 Influence of vacuum

As mentioned earlier, the effect of vacuum variation in non-negligible. The
surface flashover voltage rarely varies in the range of vacuum going from 1.10° to
6.10"" Pa. However, the decay of the surface flashover voltage is extremely impor-
tant when the vacuum levels drops. The Paschen’s law is controlling the surface volt-
age flashover above 6.107" Pa. It could be thought that if the system is maintained in
vacuum, as it is the case for satellite environment, these effects could be neglected.
However, the pressure can be modified locally above some materials due to a degas-
sing phenomenon. Indeed, it has been shown that the degassing effect can enhance
flashover process and should be taken into account in the material selection [48].
Fluorination surface treatment was tested in order to prevent hydrogen degassing
from PI samples. The fluorination is realized into a reactor containing a mixed
gas composed of 12.5% of fluorine and nitrogen. It was observed that after this
surface treatment, the surface flashover voltage was increased by 10.5%. The C-H
and C—-O bonds are replaced by C—F bonds at the surface which are more stable
during the surface flashover and make degas process less effective. Besides, the
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electronegativity of the fluorine tends to weaken the avalanche phenomenon and
facilitate the electron absorption. This fluorination treatment might be considered
as an effective process to reduce flashover due to degassing, but the effect over time
should be considered. It might fade with time due to the surrounding aggressions in
space.

3. Complementary tools

As discussed in the previous section, there is a large number of conventional
tests that have been selected and validated to study material used in a space envi-
ronment. New tools have been developed to provide complementary information.
For instance, the pulse electro acoustic (PEA) method that was commonly used
since the 1980s to study the material encountered in electrical engineering applica-
tion has been adapted to characterize the material under vacuum. This method has
been developed to be also efficient to study materials under various conditions such
as electron or proton irradiation and under various temperatures in the last 18 years.

3.1 PEA signal recorded after electron irradiation

At first, it was necessary to demonstrate that it is was possible to combine mea-
surements of the surface potential and the distribution of charges in the volume by
the PEA method. Initial PEA measurements were performed ex situ by using a clas-
sical system. Then, a specially adapted PEA cell to perform in situ measurements
during the irradiation was developed [49, 50]. The analysis of surface potential and
PEA data provides additional information.

Thanks to the PEA technique, it is possible to follow the buildup of charge into
the bulk during an irradiation and then follow the relaxation. The direct observa-
tion of the SC distribution with time is providing quite a lot details on the dynamics
of the charges migration with time that cannot be obtained by surface potential
measurements alone. Depending on their energy, the electrons are expected to
be stored at a specific penetration depth that can be predicted by various online
programs such as ESTAR [51] that provides, for instance, the range and stopping
power in PI. In Figure 5, an example of PEA signal recorder on a Kapton®-H film
irradiated under a 100 keV electron beam shows a negative peak of injected charges
near the back surface in agreement with the theoretical calculation. Thanks to
PEA results, it has been shown that the relaxation of these negative charges is quite
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Figure 5.
Space charge distribution recorded by PEA on a previously electron irradiated Kapton®-H film. Irvadiation
conditions: 100 keV with a flux of 1 nA/cm’ for 20 min [52].
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slow and takes more than 24 h [52] in air. In this case, there was no spreading nor
migration of the charge with time as it could be observed in other materials. As
mentioned earlier, this type of information cannot be provided by surface poten-
tial data.

3.2 Effect of temperature and moisture on space charge distribution

As thermal effect is very important for materials used in space environment,
some studies on the impact of temperature on irradiated PI have been realized. At
first, a study on the effect of space charge formation under polarization by PEA on
Kapton®-H using high electric field (from 110 up to 150 kV/mm) shows that het-
erocharge accumulates slowly until the breakdown occurs. This effect seems to be
accelerated by the temperature when it is increased from 30 to 80°C [53]. Even long
short-circuit period could not help to recover initial condition. After an annealing
treatment (of at least 150 min in silicon oil at 100°C), it was concluded that the
presence of moisture could favor the heterocharge accumulation and breakdown.
That is why it is always recommended to take into account the humidity in the
atmosphere to characterize PI samples.

X-rays photoelectron spectroscopy (XPS) studies on PI reveals that after a fast
thermal cycling (based on IEC-60068-2-14:2009 method), the amount of C=N and
C=0 bonds increases so as the crystallinity, whereas the amount of C—C and C-O
bonds decreases [54]. Due to these modifications, an increase in shallow traps (in
the range of activation energy 0.04-0.05 eV) and in the deep traps (in the range of
activation energy 0.95-1.31 eV) has been predicted. These alterations are directly
linked with the increase of space charge amount detected by PEA during the 60 min
polarization under -5 kV. The increase in shallow energy level traps act in favor of
charge injection and recombination. In addition, the deep energy level traps make
the charges stay into the material after the end of the polarization as observed on
the PEA signal.

Another analysis of PEA measurements on a PI irradiated under a 140 keV
electron beam at room temperature for various period of time (from 10 to 1800s)
then heated up to 135°C has been reported [55]. The buildup of a negative peak into
the bulk due to the accumulation of electrons provided by the beam after 10 s of
irradiation was clearly observed. An additional negative peak was detected close to
the irradiated surface but its origin was not clearly identified. After longer irradia-
tion time, a migration of the negative charges toward the non-irradiated grounded
surface was observed. The different patterns of migration accelerated by the
temperature are also easy to understand with the representation of the electric field
into the bulk. The polarity of the electric field helps to define the direction in which
charged particles tend to move. It is also possible to analyze the charge migration
into the bulk in combination with thermo-stimulated current (TSC) measurements.
A global picture of the charge behavior into the bulk even if only the net charges
were observed by PEA can be extracted [56].

3.3 PEA measurements on proton irradiated PI

The PEA technique has been also quite useful to follow the behavior of PI
under proton irradiation with different energy on Upilex® S 125 um films [57].
The energy selected was 1 and 1.5 MeV, and the current density varied from 0.3
to 30 nA/cm” knowing that 0.3 nA/cm? corresponds to the real flux within the
inner radiation belts when a solar flare occurs. The irradiation was performed for
10 min. As expected positive charges are detected into the bulk but remain close to
the irradiated surface despite the energy as expected by the calculation of proton
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range and stopping power by PSTAR [51]. For 1 and 1.5 MeV, the proton penetra-
tion depth in PI should be of about 19 and 37 um, respectively. It was noticed that
the SC distribution is highly dependent on the flux. The amplitude of the peak

was saturated quickly during irradiation and the relaxation was quite fast for flux
higher than 3 nA/cm®. This tends to show that some chemical modifications might
have happen into the irradiated area. The analysis by XPS UV-vis confirms that
molecular scission was produced. Depending on the PI selected, it has been noticed
that usually the C—C bond at benzene group increases, whereas C—N bond at imide
group and C=0 bound at carbonyl of imide group decrease [58]. At last the recovery
of the dielectric properties was obtained after a day in air.

4. Conclusions

Polyimide films are used for spatial applications as they offer excellent thermal
properties. As they are submitted to various charged particles and radiation dur-
ing their lifetime, the determination of the ageing effect on such material is really
challenging. In laboratories, many irradiation chambers have been developed so
as to reproduce and couple the ageing sources such as electron radiation, proton
radiation, UV exposure, atomic oxygen surface erosion, and temperature variation.
In this chapter, the classic experimental measurements used to study materials for
space applications have been presented. It is obvious that the surface potential decay
is quite convenient to study the PI conductivity variation under various external
conditions. It is also important to be able to characterize the SEE or photoconduc-
tion or surface flashover processes in order to mitigate ESD. In addition, the chemi-
cal analysis and the use of other techniques such as the PEA method to follow the
dynamic of charge buildup and release are important to get a better understanding
of the dielectric properties of PI under such an aggressive environment that remains
quite difficult to reproduce entirely in laboratories. As mentioned, PI is very
sensitive to air exposure, humidity, or UV exposure, so all the experiments must
be performed with care in order to provide reliable data for the model that tend to
reproduce satellite in its whole structure taking into account the material arrange-
ment so as the surrounding environment.
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