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Abstract— Nano-satellites are generally used in LEO
with high inclination for diverse applications such as
remote sensing, technology demonstrations and scientific
payloads implementations etc. Inevitably, they transverse
the bottom of the inner Van Allen Radiation belt which
poses increased environmental threats to the spacecraft.
The points where radiation levels are the highest are the
Polar Regions and the South Atlantic Anomaly (SAA). A
LEO spacecraft may spend up to 5 consecutive orbits
passing these regions of higher radiation doses. Based on
simulations via SPENVIS AE-8 Solar Maximum model, a
spacecraft may experience an average of -7.79×10-10 Am-2
(equivalent to 4.86×109 m-2s-1 electrons with energy
>500keV) when orbiting at an altitude of 666km during
solar cycle 24. These high energy electrons are sufficiently
energetic to penetrate the thin aluminium exterior panels
(typically 1mm) of nano-satellite to reach the interior
electronics. The intention of this research shall be to
investigate the charging profiles of plastic encapsulated
microcircuits (PEMs) chips, specifically commonly used
microcontrollers integrated chip packages. Experiments
are carried out to investigate the threshold voltage for
ESD inception. Preliminary experiments showed that the
charging on a typical electronics circuit on printed circuit
board (PCB) had a very long decay time of 10 hours or
longer. A discharge was observed at PCB when the
insulator was charged to -6kV.

They are cold launched and take on the same orbital
parameters as the primary payload. The nano-satellite often
crosses the SAA or/and polar region, with frequency and fly
pass time dependent on the inclination and altitude. In these
regions, it is expected for the nano-satellite to be bombarded
by a higher flux of electrons with energy exceeding 500keV.
(Peak integral flux >0.5MeV: -1.89×10-8 Am-2) The energy of
500keV is high enough to penetrate 1mm thick aluminum, the
typical thickness of nano-satellite external panels. Intuitively,
a thicker exterior aluminum chassis shall be able to do the job
of shielding the interior of the nano-satellite from incoming
high energy electrons. By doing so however, we greatly
increase the overall mass and henceforth also increase the cost
of launch. The additional volume occupied by the thicker
external panels is also a problem especially for Cubesats
whose size is bounded to 0.1m. The situation is intensified
when nano-satellites such as Cubesats take on the minimalist
approach by having sparingly little aluminum exterior and
instead in its place, PCB made of flame retardant 4 (FR4)
which is less dense and incapable of shielding electrons from
penetrating into the insides.
Taking into account the harsh space environment coupled
with fundamental design limitations of nano-satellites, it is
foreseeable that electronics that reside in the interior will
suffer from effects of irradiation by high energy charged
particles. Therefore it is essential for us to examine the
properties of these PEMs electronics for space usage.

I. INTRODUCTION

II. BACKGROUND

HE adoption of commercially off the shelf (COTS)
components had been prevalent since the inception of
small satellites. With advances in packaging material,
improved design, increased reliability testing and other
important developments, the use of PEMs microcircuits/
electronics had greatly surpassed hermetic/ ceramic
encapsulations. The suitability and capability of PEMs to be
used in aerospace and military applications had been
evaluated in great depth. In contrast to hermetic and ceramic
packages, PEMs packaging is smaller, lighter, cheaper, more
readily available and has greater mechanical tolerance. [1]
However, the lack of long term operating reliability data for
space applications and inadequacy of industry standard
reliability/ quality assurance procedures, makes it a legitimate
concern to characterize in greater detail the properties of
COTS-based PEMs.
Most often, nano-satellites are deployed into LEO with
high inclination as piggyback payload of launch vehicles.

A. Internal Charging & Internal Electrostatic Discharge
(IESD)
Electrons and ions with sufficiently high energy will
penetrate the aluminum chassis of the satellite. Figure 1
shows the mean penetration range versus the energy of
electrons and protons into aluminum. At 1mm thickness of
aluminum, we can expect electrons with energy >0.5MeV to
penetrate the shell.
As electrons penetrate the interior of spacecraft, they may
reside on the surface or deposit themselves into the depth of
the dielectric. As these electrons are allowed to accumulate,
there reach a point where the electric field generated will
exceed the threshold (usually less than 2107Vm-1), causing
IESD to nearby components with different charging potential

T

1

Spacecraft Charging Technology Conference 2014 - 110 Paper

coloring agents, and ion-trapping agents as indicated in figure
3. [3]

(flashover), through the dielectric iteslf (punchthrough) or
into the empty spaces in the interior (blowoff).

Figure 1: Electron/proton mean penetration energy ranges in aluminum [2]

Figure 3: Composition of molding compound[3]

While the volume resistivity of epoxy resin is estimated to
fall within the range of 21012 to 21014 m at 25C[3], the
resistivities of the remaining components that make up the
bulk of the molding compound are unknown. It is estimated
that the overall resistivity of the molding compound to be in
the range of 1011 m with relative dielectric permittivity to be
between 3 and 4[3].
Assuming the above is accurate, the substrate used for
PEMs will be considered a safe dielectric material from
internal charging with reference to figure 4. However, this is
not the case as later observed in experiments.

B. Plastic Encapsulated Microcircuits (PEMs)
PEMs uses both inorganic and organic material as molding
compound to protect the interior semiconductor die from
environmental elements. As illustrated in figure 2, this
substrate is in direct contact with the semiconductor
electronics. On the other hand, in hermetic/ ceramic
packaging, the semiconductor electronics die is hermetically
isolated (air tight) from the package.

Suggested charging
hazard:
< 3 hr: OK
3 – 30 hr: marginal
>30 hr: prefer not
to use (don’t often
have a choice)

~Kapton
~Teflon

Figure 4: Safe, intermediate and possibly hazardous dielectric materials
based on resistivity, dielectric constant and resulting time constant [5]

C. Low Earth Orbit (LEO) Space Environment
The space environment information system (SPENVIS)
platform was used to establish the premises of a worst case
analysis of a nano-satellite operating in polar orbit of 90 at
an altitude of 666km during solar maximum when the electron
flux is maximum. Using the AE-8 model with 99.865%
confidence level, 5 consecutive orbits that passes the regions
of higher radiation dose (SAA and polar regions) were
simulated in order to obtain the average and peak integral flux
of electrons with energy >0.5MeV during the said period.
(See figure 5)
Processing the raw data under trapped electron spectra
along the simulated orbit, the values of average electron
current flux, Jave= -7.7910-10 Am-2 and the peak electron
current flux, Jpeak= -1.8910-8 Am-2, are obtained.

Figure 2: Difference between hermetic and PEMs packaging [4]

The usage of PEMs in the 1970’s was discouraged because
of high failure rates. However, with advances in fabrication
processes, PEMs has become the most popular encapsulation
method used for integrated electronics chips.
The molding compound used as the encapsulant is a
proprietary multi-component dielectric of an encapsulating
resin with various additives. The three main constituents in a
molding compound are resins, curing agents (hardeners), and
accelerators. The other additives in the molding compound
include fused silica, coupling agents, flame retardants, stressrelief additives, adhesion promoters, mold-release agents,
2

Spacecraft Charging Technology Conference 2014 - 110 Paper

than 1014 m to prevent IESD. It is also interesting to note
that permittivity doesn’t play a part in determining internal
charging nor IESD.
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III. RESEARCH OBJECTIVES

109

As explained in previous sections, it is paramount for us to
examine the resistivity of the dielectric substrate material
used for PEMs. A resistive material shall be able to store more
charges on its surface and internally causing a buildup of
surface potential difference. When the resulting electric field
exceeds the limit (<107 Vm-1[2]), electrons are ejected from a
component with lower surface potential to a higher surface
potential through space. The opposite is observed for a less
resistive material. Being less resistive, it is able to conduct
charges away to prevent the accumulation. This results in a
smaller surface potential difference generated that does not
exceed the breakdown electric field.
Therefore the purpose of the research is to:
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Figure 5: SPENVIS simulated result of 5 consecutive orbits through
regions of higher radiation level

A. Find out the resistivity and permittivity of the molding
compound

D. Fundamental Equations
Modelling
the
internal
charging of PEMs dielectric
using a simple model shown in
figure 6, where the resistance R
is responsible for leakage
current, capacitance C is
responsible
for
the
accumulation
of
charges
resulting in a surface potential
V, we are able to characterize Figure
6:
Simple
RC
the charging profile with the characteristic of device under test
under electron irradiation
equations below:
𝑑|𝑉| |𝑉|
(1)
|𝐼| = |𝐽| × 𝐴 = 𝐶
+
𝑑𝑡
𝑅
where I is incoming electron current, J is electron current
density, A is area and t is time. Expressing R and C in their
base units, we get:
𝑙
(2)
𝑅=𝜌
𝐴
𝐴
(3)
𝐶=𝜀
𝑙
where l is thickness,  is resistivity,  is permittivity and
time constant,  =. Expressing equation 1 by substituting
equations 2 and 3, we get:
𝑑|𝑉| |𝐽|𝑙 |𝑉|
(4)
=
−
𝑑𝑡
𝜀
𝜌𝜀
Therefore in order for internal charging to happen,
𝑑|𝑉|
(5)
>0
𝑑𝑡
|𝑉|
(6)
𝜌>
|𝐽|𝑙
the resistivity of the dielectric material need to be more
than the inverse of the magnitude of the incoming current
flux. Based on the worst case analysis, and assuming
breakdown electric field to be 107 Vm-1, resistivity needs to
be less than 1010 m to mitigate internal charging and less
3

B. Obtain the charging and decay profiles for different
package type
C. Find out the threshold and mechanism for IESD of PEMs
D. Find out the effects of conformal coating and tungsten
shielding
In this paper, the authors will present some of their initial
findings to give an estimate to the resistivity of these molding
compounds that are used to encapsulate the majority of the
electronics used for nano-satellite missions.
IV. EXPERIMENT SETUP
A. Test Sample
The Microchip PIC16F876A-I/SO, 28SOIC (small-outline
integrated circuit) package, is first examined and used as test
samples because it is often used as a microcontroller in nanosatellite projects. Each IC chip measures 17.87(L) 7.49(W)
2.31(H) mm as the volume of the dielectric molding
substrate. The total surface area occupied by the IC chip
(including area of pins) is 1.82 cm2. The samples are mounted
using soldering to chemically etched FR4 material to simulate
as close as possible the PCB that resides in the interior of
satellites.

Figure 7: Individual samples

Figure 8: Bulk samples
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text file. The locations in the matrix corresponding to the
relevant data are identified and surface potential difference is
obtained by averaging the values in the area of interest. (See
figure 10)

2 different orientations of the samples were considered.
The first 1 shown in figure 7 studies the samples as individual
while in the second orientation in figure 8, the authors try to
investigate material property as a bulk average. In both
orientations, a copper area identical to the area occupied by
the samples was allocated as a collector to measure the current
density from electron beam gun.

C. Volume Resistivity Test
In figure 11, a constant voltage is biased to the top and
bottom surfaces of the sample via electrodes. A picoammeter/ voltage source (Keithley 6487) was used to bias the
sample as well as to measure the resultant current through the
sample. In order to reduce interface resistance, the sample is
coated with gold, a highly conductive element. This is the
classical method used to test for a material’s resistivity on
ground as stated in ASTM D257.

B. Electron Beam Test for Resistivity
The electron beam test method shown in figure 9 has the
advantage of simulating close to the actual space environment
by creating a vacuum (1~210-3 Pa) and using electrons to
create a surface potential difference to the test sample. In
addition, resistivity (intrinsic property) calculations do not
depend on physical dimensions of sample. However, the
downside is that electron beam is mono-energetic rather than
a spectrum and it is very demanding to accelerate 0.5MeV
electrons.

Vacuum Chamber

Metal Shield

Figure 11: Volume resistivity test [7]

The advantage of this technique is that it is easier to
conduct and that it had always been used to find the resistivity
of most materials. However, the disadvantage is that it is not
representative of spacecraft charging and results may differ
from 1 package to another due to the symmetry and geometry
of the sample even though they are of the same material.
Extrinsic resistivity is derived based on measured and given
dimensions of the samples.

Figure 9: Electron beam test for resistivity [6]

The test is conducted in a vacuum chamber that measures
0.6m in diameter and 0.9m in length. Vacuum is achieve by
running rotary pump and 2 turbo molecular pump in series. A
non-contact voltmeter (TRek) is used to monitor surface
potential difference during the charging and decaying phase
and also threshold voltage just before discharge occurs. In
order to maneuver TRek above the entire area of the sample,
it is attached to a rig which is extended from a 2 axis stage
controller. The pico-ammeter measures the electron current
being irradiated onto the collector. An alternating current
(AC) probe is attached before an oscilloscope in which its
function is to send a trigger signal to take a discharge photo
when it detects a spike in current from the samples.

V. EXPERIMENT RESULTS
A. Electron Beam Test for Resistivity
1) Time constant,  =
The samples were irradiated with electrons with energy
<14keV to different surface potential differences and allowed
to relax for a sufficiently long time. Generally, samples are
allowed to relax for more than 12 hours as the revisit time into
these regions of higher radiation level is shorter than 12 hours.
Which means to say the PEMs packages in space if exposure
to radiation effect of charged particles have a brief period to
allow for charge relaxation before it is being irradiated by
high energy electrons again. The experiments were repeated
to obtain more data.
From the data obtain from TRek, which measures the
surface potential difference periodically during the test
duration, we processed them using MatLab to obtain the
following results.
The graphs 1 and 2 can be distinctively divided into 2
sections. Initially, the samples experience a fast decay due to
the polarization of the dielectric as some free charges get
trapped within the dielectric as they are transported through
the material. [7] During the later part, we can expect the rate

Figure 10: Processing data for surface potential difference

The output of TRek is a 11 or 55 mm2 resolution of
surface potential difference (kV) stored in matrix format in a

4
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to slow down as the material is polarized and retards the flow
of electrons through it. Assuming the relative permittivity of
to lie between 3 and 4[3], we can express the results based on
the following exponential decay equation for the later part:
−𝑡
𝑉 = 𝑉𝑜 𝑒𝑥𝑝 ( )
(7)
𝜏
We are able to obtain  and  for bulk average and
individual samples with the following values for 3> r >4:

Graph 1: Decaying surface potential difference for each of the 2
individual chips

Table 1: Time constants results based on equation 7

Sample
type
Individual
Bulk

Ave. time
constant
75075 mins
23500 mins

Max. time
constant
157580 mins
34235 mins

Min. time
constant
14257 mins
15180 mins

Table 2: Resistivity results based on equation 7

Ave.
Max.
Min.
resistivity
resistivity
resistivity
m
m
m
17
17
Individual
1.4510
3.5610
2.421016
16
16
Bulk
4.5510
7.7310
2.571016
If we express the results based on a similar decay equation
that trails off to a final surface potential difference, Vf:
−𝑡
(8)
𝑉 = (𝑉𝑜 − 𝑉𝑓 )𝑒𝑥𝑝 ( ) + 𝑉𝑓
𝜏
We are able to obtain  for bulk average and individual
samples with the following values for 3> r> 4:
Sample
type

2) Threshold voltage for discharge
The samples were irradiated with increasing electron beam
energy until a discharge is captured by the discharge position
identification system implemented on LabView. The system
involves an AC probe that sends a 1V:1A signal to an
oscilloscope capable of high speed discharge waveform
acquisition. Upon detection of a rising edge past 400mV
(500mA), the oscilloscope sends a trigger signal to the PC
through a delay pulse generator to activate an infrared camera
for capturing discharge image. The output of the highly
sensitive infrared camera is then compared to the original
photo to identify the positions of the discharges.

Table 3: Time constants results based on equation 8

Sample
type
Individual
Bulk

Ave. time
constant
3522 mins
1489 mins

Max. time
constant
8726 mins
2486 mins

Min. time
constant
526 mins
895 mins

Table 4: Resistivity results based on equation 8

Individual
Bulk

Ave.
resistivity
m
6.821015
2.881015

Max.
resistivity
m
1.971016
5.621015

Min.
resistivity
m
8.911014
1.531015

Graph 3: Discharge current waveform
1.5
1.0
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Sample
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Graph 2: Decaying surface potential difference for each of the 15 chips
on bulk sample
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Discharges were observed to happen when 10keV electrons
were irradiated at the sample. The surface potential difference
of the samples were measured to be around -6kV when
discharges were induced. Graph 3 shows the discharge current
waveform captured by oscilloscope which indicates discharge
current to be around 0.5A.
Discharges were observed
to happen at the edge of the
samples and the collector area
as can be seen on figure 12.
However, results obtained
were non-reproducible.
Figure 12: Discharge locations

5
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B. Volume Resistivity Test
The samples are prepared by coating evaporated gold on
their surfaces in order to reduce any series resistance between
the electrodes and the material. Thereafter, they are being
biased with 200V or 500V in a random sequence for 1 hour
each tests in a vacuum chamber. From the current values
measured, the resistivity is worked out using equation 9:
(9)
𝑉𝑏𝑖𝑎𝑠 𝜋𝑟 2
𝜌=
𝐼
ℎ
where h is thickness of sample and r is radius of ring
electrode. Graph 4 shows the typical data measured.

As previously highlighted, the ground test for resistivity of
material using the volume resistivity test (ASTM D257) may
not be best suited for spacecraft charging investigations. The
results obtained from it differs by several orders of magnitude
as compared to the test using electron beam irradiation.
However, it does conform highly with textbook value of 10 11
m. [3]
With an expected peak electron current of -1.8910-8 Am-2,
resulting from electrons with energy >500keV, bombarding a
LEO nano-satellite, we can expect similar magnitude of
electron current flux penetrating into the interior. This value
may be even larger when nano-satellites, such as Cubesats,
lack an exterior aluminum shield to safeguard the interior
from electrons below 500keV.
From equation 6, we can obtain:
(10)
𝑉𝑚𝑎𝑥 = 𝜌𝐽𝑙
By substituting the values of  =3.541015 m, J =1.8910-8 Am-2 and l =0.001 m, we can obtain the maximum
charging potential to be -66906V. Considering the uncertainty
of the resistance value and the variation of the current density,
the maximum value could be larger by several factors. Since
an
electrostatic
discharge
was
observed
at
-6kV, the results demonstrate that IESD of PEMs electronics
is possible for LEO nano-satellite.

Graph 4: 1 of many results of volume resistivity test

VII. CONCLUSION
In this paper, the authors have shown that the molding
material used for PEMs packaging is susceptible to internal
charging from energetic electrons that will penetrate into the
insides of LEO nano-satellites. If left unattended, the charges
will slowly build up till the point where the threshold voltage
is reached. As the electric field exceeds the breakdown field,
an IESD may occur causing catastrophic damage to itself or
nearby components. With the findings of these preliminary
investigations, the authors will proceed to find out the
mechanism for IESD and effects of conventional methods
used for IESD mitigation. They shall also repeat the
experiments on different packages to verify the accuracy of
the results he obtained.
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VI. SUMMARY OF RESULTS
The results from various experiments are summarized in
table 6:
Table 6: Summary of all results

Experiment
Electron
beam
Volume
resistivity

Max. m

Min. m

Ave. m

No. of
samples

1.971016

8.911014

3.541015

36

1.401012

8.30108

1.341011
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Voyager-I suffered from IESD

Background
Effects of internal charging
• IESD
• Total ionizing dose effects
• Single events effects
• Shifts in threshold voltage
• Leakage currents
• Etc.
Mission failure

NASA. (n.d.). Voyager-I. [Image].
http://voyager.jpl.nasa.gov/imagesvideo/images/voyager2_large.jpg

The Hubble Space Telescope does not take observations
while passing through the SAA
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• Shorter development time
• COTS components
• Lighter mass (<10kg)
• Cheaper cost
Not practical to add more shielding
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Objectives of Research
• To characterize charging and discharging profiles
for plastic packages used for integrated circuit chips
• To find out the resistance and capacitance of each
package
• To find out if internal electrostatic discharge (IESD)
can occur in LEO nano-satellites
• To find out the mechanism for IESD
• To find out the effects of conformal coating and
tungsten shielding
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[Image].
http://cubestar.no/web_images/cube
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Plastic Encapsulated
Microcircuits/electronics(PEMs)

Epoxy resin ~2×1012 to 2×1014 Ωm
Overall resistivity ~1011 Ωm
Relative permittivity 3< εr< 4

13
H. Ardebili & M. Pecht. (2009). “ Encapsulation Technologies for Electronic Applications”.
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Background
Safe, intermediate and possibly hazardous dielectric
materials based on resistivity, dielectric constant and
resulting time constant

~FR4

3 < 𝜀𝑟 <4

Suggested
charging hazard:
< 3 hr: OK
3 – 30 hr: marginal
>30 hr: prefer not
to use (don’t often
have a choice)

~Kapton
~Teflon
NASA. (2011). NASAHDBK-4002A: Mitigating
in-space charging effects –
a guideline. [Chart].
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Charging Model
Simple model
𝑑𝑑 𝑉
I= J×𝐴= 𝐶
+
𝑑𝑑 𝑅
𝐴
𝐶 =𝜀
𝜕
𝑙
𝑅=𝜌
𝜕
𝑉
𝐽𝐽𝜕
𝑉𝑉𝜕
𝐽𝐽 𝑉
𝑑𝑑 𝐼
= −
=
−
= −
𝑑𝑑 𝐶 𝑅𝑅
𝜀𝐴
𝜌𝜌𝜀𝐴
𝜀 𝜌𝜀
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𝑉: 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑣𝑣𝑣𝑣𝑣𝑣𝑣, 𝐼: 𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑓𝑓𝑓𝑓, 𝐽: 𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑓𝑓𝑓𝑓 𝑑𝑑𝑑𝑑𝑑𝑑𝑑, 𝜀: 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
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Charging Model
Fundamental equation
𝑑𝑑 𝐽𝜕 𝑉
= −
𝜀
τ
𝑑𝑑

𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐, τ= 𝜌𝜀

For charging to occur:
𝑑𝑉
> 0,
𝑑𝑑
𝑉
𝐽 >
𝜕𝜌

16

Spacecraft Charging Technologies Conference 2014 - 110 Viewgraph

Resistivity Limit
Theoretical calculations
Assumptions:
• IESD happens when internal electric field, E >107 Vm-1
• Charging only by e- >500keV，Jpeak: -1.89x10-8A m-2
𝐸
𝑉
𝐽 >
𝐽 >
𝜌
𝜕𝜕

𝐸
107
𝜌>
𝜌>
𝐽
1.89 × 10−8
Charging will result in breakdown of internal electric field
when resistivity, 𝜌 >5.3x1014Ωm (235<τ<313mins,17
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Facilities at LaSEINE
Vacuum chamber
• 0.6m(D)×0.9m(L)
• 2×10-4 Pa (Ultimate pressure)

Electron beam gun (Max capability: 30keV, 300µA)
Non-contact voltmeter (TRek)
2 axis stage controller
Discharge position identification system
High speed discharge waveform acquisition system
Pico-ammeter/ Digital multimeter
18
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Facilities at LaSEINE
Electron beam
gun
Beam shutter
Trek
Sample
2 axis stage
controller
19
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Experiment Setup
• Electron beam test for resistivity (NASA-HDBK-4002)
• Intrinsic resistivity, 𝑉 = (𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −𝑉∞

𝑡

− 𝜌𝜌
)𝑒

+ 𝑉∞

20
NASA. (1999). NASA Handbook 4002: Avoiding problems caused by spacecraft on-orbit internal charging effects.
[Image]. http://snebulos.mit.edu/projects/reference/NASA-Generic/NASA-HDBK-4002.pdf
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Experiment Setup
• Electron beam test for resistivity (NASA-HDBK-4002)
• Intrinsic resistivity, 𝑉 = (𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −𝑉∞

𝑡

− 𝜌𝜌
)𝑒

Vacuum Chamber

+ 𝑉∞

Electron beam
gun

(Vacuum level: 1.5~2 ×10-3Pa)
2 axis stage controller
Samples

DAQ
TReK
Pico
ammeter

21
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Experiment Samples
Microchip PIC16F876A-I/SO, 28SOIC
commonly used microcontroller for nano-satellites
dimensions: 17.87(L)×7.49(W)×2.31(H) mm
total surface area: 1.82 cm2 (including area of pins)

Mounted on chemically etched FR4 substrate
Copper collector area identical as samples
Individual
Bulk
samples
samples
22
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Analyzing Data of Electron Beam
Test
1. TReK outputs measurements of surface potential in
1×1 mm resolution in text and JPEG format every 4
mins

23
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Analyzing Data of Electron Beam
Test
2. Identify the roi for each sample and calculate average
surface potential for each sample using MatLab

*Not drawn to scale

24
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Analyzing Data of Electron Beam
Test
3. Plot a graph of surface potential vs time and examine
the latter part of the graph
1.12
-1.12

Surface Potential/ kV

1.04
-1.04

0.96
-0.96

-0.88
0.88
0.8
-0.8

0.72
-0.72

0.64
-0.64
00

200
800
200 400
400 600
600
800 1000
1000 1200
1200 1400
1400 1600
1600
Time/ mins
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Analyzing Data of Electron Beam
Test
4. Best fit the latter part with Y=M1exp(-M2x)+M3
𝑉 = (𝑉𝑖𝑖𝑖𝑖𝑖𝑖𝑖 −𝑉∞

𝑡

− 𝜌𝜌
)𝑒

+ 𝑉∞

Sample type

Ave. time
constant

Max. time
constant

Min. time
constant

No. of
samples

Individual

3522 mins

8726 mins

526 mins

6

Bulk

2486 mins
Max.
resistivity
Ωm
1.97×1016

895 mins
Min.
resistivity
Ωm
8.91×1014

30

Individual

1489 mins
Ave.
resistivity
Ωm
6.82×1015

Bulk

2.88×1015

5.62×1015

1.53×1015
30
*results for 3 < 𝜀𝑟 <4

Sample type

No. of
samples
6

Limitation of results: Did not decay to 36.8% of Vinitial26
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Results for Electron Beam Test
Sample type

Ave. time
constant

Max. time
constant

Min. time
constant

No. of
samples

Individual

3522 mins

8726 mins

526 mins

6

Bulk

2486 mins
Max.
resistivity
Ωm
1.97×1016

895 mins
Min.
resistivity
Ωm
8.91×1014

30
No. of
samples

Individual

1489 mins
Ave.
resistivity
Ωm
6.82×1015

Bulk

2.88×1015

5.62×1015

1.53×1015

30

Overall

3.54×1015

1.97×1016

8.91×1014

36

Sample type

6

*results for 3 < 𝜀𝑟 <4

Resultant resistivity > 5.3x1014Ωm calculated earlier
27
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Experiment Setup
• Electron beam irradiation for measuring IESD
threshold voltage
Electron
beam gun

Vacuum Chamber
(Vacuum level: 1.5~2 ×10-3Pa)
2 axis controller

IR camera

Sample
TReK
DPG

Oscilloscope

Delay Pulse Generator

CP

Current probe
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Results for IESD Threshold Voltage
Discharge was observed by system
Discharge current ~0.5A
Surface potential ~6kV
Results were non-reproducible

Current/ A
1.5
1.0
0.5
0
-0.5
-1.0
-1.5
0

0.5

1.0

1.5

2.0

2.5

3.0 Time/ µs
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Summary of results from experiments

3 < 𝜀𝑟 <4
Suggested charging
hazard:
< 3 hr: OK
3 – 30 hr: marginal
>30 hr: prefer not to
use (don’t often have
a choice)

+ 𝑽∞
𝑽 = (𝑽𝒊𝒊𝒊𝒊𝒊𝒊𝒊−𝑽∞)𝒆

~FR4

−

𝒕
𝝆𝝆

Electron beam test

Theoretical, 𝜌 >5.3x1014Ωcm

~Kapton

~Teflon
NASA. (2011). NASAHDBK-4002A: Mitigating
in-space charging effects –
a guideline. [Chart].
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Conclusion
1. Molding material used for PEMs is susceptible to
internal charging for LEO nano-satellites
2. Build up of charges may induce IESD

Future Work
1. Obtain more accurate and precise measurements
with different packages
2. To find out the mechanism for IESD
3. To find out the effects of conformal coating and
tungsten shielding
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