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Dielectric Charging Processes and Arcing Rates of High
Voltage Solar Arrays

Mengu Cho* and Daniel E. Hastings?
Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

When high-voltage solar arrays are used in the low Earth orbit environment, serious interactions are known
to occur between the solar cell material and the surrounding plasma. Arcing is known to be one of the most
severe interactions. The charging processes of the dielectric coverglass by charged particles are studied numeri-
cally. If there is a field emission site with a high electric field enhancement factor 8 on the interconnector,
charging processes due to enhanced field electron emission (EFEE) can be initiated and lead to the collisional
ionization in neutral gas desorbed from the coverglass. Based on this arcing onset model, an arcing rate is
calculated for a high-voltage solar array and good agreement is found with experimental data.

: Nomenclature
A =1.54X 106X 1042w /¢, A/V?
Acn =area of a solar cell, m?
A ghrg =area of the coverglass that looses stored charge
due to an arcing event, m?
Ain =area of an interconnector, m?
=6.53x 10°%%°, V/m
Ciiel = capacitance per unit area, F/m?
=dielectric plate thickness, m
E =electric field, V/m
Ey, =energy required to desorb one neutral particle, eV
E, =electron emission energy, eV
E; =electron incident energy on dielectric plate, eV
h(B) =distribution function of field enhancement factor
Lom =total ram current from ambient to computational

domain, A/m

Jeona(y)  =ambient ion current density to conductor location
y, A/m?

Je =incident electron current density to dielectric,
A/m?

Jec () =electron emission current density emitted from
location y on the conductor, A/m? -

Jee(x) =secondary electron current density emitted from
location x on dielectric, A/m?

Jen =e¢lectron current density due to ionization of
neutral gases, A/m?

Jia(x) =ion current density to location x on dielectric
plate, A/m?

Jin =ion current density due to ionization of neutral
gases, A/m?

Jram =ram current density, en, Vo, A/m?

! =length of conductor gap between dielectric
plates, m

Ning =total number of solar cell interconnectors on solar
array

N =total number of emission sites on solar array

Pes = emission site density, m~2

n, =neutral density, m~3

n, =ambient ion density, m~3

P = probability

R =arcing rate of entire solar array, s~
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S = emission site area, m?
s =distance from triple junction measured along
dielectric surface, m
T =surface temperature of coverglass, K
V =bias voltage (<0), V
Vorbit =orbital velocity, 8 km/s at LEO
v, = neutral velocity, m/s
8 =field enhancement factor
Yee = secondary electron yield
Yie = jon-induced secondary electron yield
AQ = charge lost from coverglass front surface due to
an arc, C
€4 = dielectric constant of dielectric plate, F/m
Nasp = desorption energy efficiency
= individual arcing rate, s !
o = surface charge density, C/m?
Gion = jonization cross section, m?
TEFEE = EFEE charging time, s
Tion = ion charging time, s
13 = electric potential, V
s = surface potential, V
ow = work function of conductor surface, eV
wp = plasma frequency, rad/s

1. Introduction

N the future, increased activities in space will require large

L amounts of power, of the order of 100 kW to 1 MW. At
this high power level, the loss of power in its transmission
inside the spacecraft and the mass of the transmission line can
be substantial. High-voltage power generation and trans-
mission is one of the solutions that minimize the power loss
and the mass of the transmission lines. At the present time,
photovoltaic power generation is the most reliable means of
power generation in space. It is planned that the power for the
initial phase of the space station will be provided by a high-
voltage solar array generating 160 V. When the voltage is
increased to such a high value, however, we can no longer
neglect the interaction between the solar array and the sur-
rounding space plasma. This is especially true in the low Earth
orbit (LEO) environment, where the plasma density is high
(10° ~ 10% cm —3). The known interactions between the solar
array and the plasma are arcing on the negatively biased part
of the solar array, current leakage to the plasma, enhanced
drag due to Coulomb collisions, and sputtering of the solar
cell material. Among them, arcing is known to be a severe
problem. Arcing is typically defined as a sudden current pulse
up to an order of an ampere during a time of the arder of a
microsecond or less. It causes electromagnetic interference
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(EMI) with instruments, enhanced sputtering of the solar cell
material, and possible damage to the solar cell. In one space
experiment, arcing was observed to occur at voltage as low as
- 200 V.1

Parks et al.? attributed the arcing current to enhanced field
emission from the solar cell interconnector due to a dielectric
layer and subsequent collisional ionization inside the layer.
They proposed the field enhancement was due to unneutral-
ized ions inside the dielectric layer on the conductor. A similar
theory has been developed in the area of vacuum breakdown.
Latham et al.>* attribute the prebreakdown emission current
from the cathode in vacuum to the enhanced field emission,
due to microscopic insulating material on the metal surface.
For high-voltage solar arrays, electron emission from the in-
terconnector has been observed experimentally by Snyder et
al.’ In the work by Parks et al.,2 however, the electric field
outside the dielectric layer was assumed to be constant. In
actuality, this electric field will change with time, due to the
charging of the nearby dielectric coverglass. This important
issue is one of those discussed in the present work.

Hastings et al.b proposed that the arc discharge occurs by
ionization of neutral gas desorbed from the dielectric cover-
glass, due to electron stimulated desorption (ESD) by elec-
trons emitted from the interconnector, and defined the break-
down condition by

N < d, therefore, n, =

)

Giond

The neutral density over the dielectric, #,, is determined by
the desorption probability per electron, the number of elec-
trons colliding with the dielectric surface, the electron emis-
sion current from the conductor, and the thermal velocity of
the desorbed neutrals. There are several experimental observa-
tions suggesting the involvement of neutral gas in the arcing
onset. Kuninaka’-8 observed luminosity on the dielectric sur-
face near the interconnector and that the arcing rate decreased
with the array temperature. Both of these observations can be
explained by a neutral gas desorption model.

Whereas the enhanced electron emission model by Parks et
al.2 resembles the prebreakdown cathode electron emission in
vacuum breakdown, the model by Hastings et al.® resembles
the breakdown mechanism of vacuum surface flashover.® The
vacuum surface flashover is defined as a discharge phenomena
between two electrodes in vacuum bridged by insulator mate-
rial. It has been proposed’ that discharge occurs due to ioniza-
tion of the neutrals that are desorbed from the insulator
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surface while the emitted electrons from the cathode travel
toward the anode.

The application of vacuum surface flashover to solar array
arcing seems promising, because the two phenomena have
many aspects in common. But there are also differences be-
tween the two. The main differences are the following two
points: 1) In solar array arcing, there is only one electrode, the
interconnector, which acts as the cathode. The coverglass
surface seems to act as the anode, but its potential is not fixed
and is determined by charging due to charged particles from
the ambient plasma. 2) In the solar array arcing, there are
charged particles present that are neglected in the theory of
vacuum surface flashover. The charged particles can charge
not only the coverglass front surface but also the side surface
corresponding to the insulator gap in the flashover. Both of
these will significantly modify the electric field.

The purpose of this paper is to study the two effects and
consider the breakdown mechanism by ionization of desorbed
neutrals. We calculate the dielectric charging processes from
the motion of the charged particles. The model system we
consider is shown in Fig. 1. The important terminologies we
use regarding the region of interest are dielectric side surface,
the surface perpendicular to the conductor surface; * dielectric
Jfront surface, the surface parallel to the conductor; triple
Junction, the point where the conductor, the dielectric, and the
vacuum meet; and interconnector region, the region near the
triple junction where the electric field is strong and the space
charge is mostly neglected.

The rate of change of the surface charge density ¢ on the
dielectric coverglass surface is given by

do(x,t)
dr

=Jua6t) = j Px,3,t)jec051) dy

- S Pox " )jee(x ") dx” + jee(x,1)
= Jen(61) + Jin(%,1) @

where P(x,y,t)dx is the probability that the electron emitted
from location y hits the dielectric surface in the range x to
x + dx. In this paper we solve Eq. (2) numerically. For sim-
plicity, we neglect the last two terms of Eq. (2), although they
might be important during the arcing development. This
means that we are only calculating arc initiation and not arc
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development. We consider three charging mechanisms: charg-
ing due to ambient ions, charging due to ion-induced second-
ary electrons (IISE), and charging due to enhanced field emis-
sion electrons (EFEE).

In Sec. II, we discuss the numerical schemes used for each
charging process. In Sec. III, we discuss the results of our
numerical simulation. In Sec. IV, we develop a breakdown
model using the results in Sec. III. In Sec. V, we calculate the
arcing rate and compare to experimental data. In Sec. VI, we
conclude the paper with a discussion of further work that is
necessary. '

II. Numerical Schemes

The model system we consider here consists of two 0.11-
mm-thickness dielectric plates with e¢; = 2¢, (see Fig. 1), where
0.11 mm is a typical thickness of solar cell coverglasses and
€s = 2¢, was chosen so that we could charge the dielectric plate
quickly, while preserving the dielectric properties such as po-
larization. The plates sit on an underlying conductive plate
with a 1-mm gap. The ambient plasma environment is
n, =5x 10" m~3 with T, = T; = 0.1 eV. The conductor plate
is biased to — 500 V, unless noted otherwise. The computa-
tional domain is shown in Fig. 2. Three types of numerical
schemes were used.

A particle in cell (PIC) code was developed from PDW210
for a two-dimensional real space and a three-dimensional ve-
locity space, with periodic boundaries in the y direction and
Dirichlet boundary conditions in the x direction. We allow the
grids to cluster around the interconnector. The dielectric plate
is modeled by setting the charge density zero inside and accu-
mulating all the arriving charges on the surface. A PIC code is
used because it takes care of the space-charge effects automat-
ically. These become significant in the EFEE charging. How-

J. SPACECRAFT

ever, since PIC codes can be computationally expensive for
long times, we have developed two orbit integration schemes
that allow us to go to very long times for reasonable computa-
tional cost.

The scheme used for the charging of the system by collec-
tion of ions was a space-charge-limited orbit integration. The
time scale for an ambient ion to travel from the sheath edge to
the solar cell is of the order of the inverse ion plasma fre-
quency. The change of the coverglass surface potential during
time 1/w,; is approximately jium/Ciete/wpi = 0.01 V. There-
fore, we can assume that the electric field is steady during the
time an ambient ion travels from the sheath edge to the solar
cell. Hence, the ion current to each point on the solar cell
surface can be calculated by integrating the equation of mo-
tion for test particles from the sheath edge to the solar cell
under a constant potential. The ion current density j; is calcu-
lated by

jid dx =f1ram (3)

where the factor fis the ratio of the number of test ions that
reach locations from x to x + dx on the dielectric surface to
the total number of test ions followed from the ambient (usu-
ally 3072). The surface charge density is then updated using
only the first term in Eq. (2). We show later that the time
scales of the first term and the rest of the terms in Eq. (2) are
disparate. We then calculate the potential ¢, solving the Pois-
son equation with the updated surface charge density. This
process is repeated until it reaches a steady state. We neglect any
incoming electron orbits and the magnetic field, since the bias
on the conductor plate repels ambient electrons and the ion
gyroradius for LEO is much larger than our system dimen-
sion. :

The scheme used for the charging of the dielectric by elec-
trons from the conductor is a space-charge-free orbit integra-
tion. We restrict the computational domain to x = 4 mm, and
consider only x = 0—4 mm, y = 0—20 mm. This is reasonable
for the electrons, since electrons escaping this domain will go
outside the sheath without returning to the dielectric surface.
In this domain, we can neglect space charge effects, as long as
the electron current density is low. We neglect the first term in
Eq. (2). We show later that the first term is already very small
when the charging process, due to electrons, becomes signifi-
cant. The secondary electron current at each point x is calcu-
lated by

Jee(X,1) = S Yee CGYIP (Y, 8) jec (0, 8) Ay

+ j Yee (6 X P 6X ", 8) Jeekx ") dx’ ()

Then, the contribution to the rate of change of the surface
charge density by electrons is given by

dof;’t) = S Wee6¥) — WP, 1, 1) joc (0, 8) dy
+ S ['Yee(x)x,) — I]P(x,x’,[)jeg(x ') dx’ ©)

where v,.(x,x ') is the secondary electron yield at the location
x, due to the electrons emitted from the location x’. We
integrate test electron orbits from the conductor, and calculate
the secondary electron yield v,, and the impact probability P.
Once we know v..(x,»), vee(x:x’), P(x,»), and P(x,x ") for a
given j,.(y,¢), we can solve Eqs. (4) and (5) for do/d¢ and
Jee(x, ). After we renew the surface charge density o, we
obtain the surface potential ¢ by the capacitance matrix
method.!! With the surface potential obtained, we solve the
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Laplace equation to obtain the space potential, using the l‘f
Schwarz-Christoffel transformation.’? x10 space charge limited
We use the formula for v,., given by Ref. 13: 1.4 PIC code
E E vrm h fr
_ i i 0.8 space charge free
Yee = Ymax o €Xp <2 -2 Emax) exp[2(1 — cosf;)] ©6) orbit integration
. E;oe 0.6] , 10,
Where Ymax = 2.9 and E,, = 420 eV are used as typical values electric field JJ )
for SiO,. We consider two types of electron emission from the (4/m?)
conductor. The first is an IISE emission by the ambient ion 0.4 5.
current. We set jo.(¥) = Yiojeona(V), Where typically v;, = 0.1.14 logiojee
The second mechanism is EFEE, which is given by 0.2 . lo
B .
o = ABE)* ex -——) 7 0. 5.
Jec) = ABE) exp < BE, o %0 10 20 30 40 50 x10°
Thiis is the Fowler-Nordheim formula for field emission, with time w2t

field enhancement factor 3.® We assume that the electric field
is enhanced by some mechanism such as dielectric impurities
or microscopic structures -on the conductor surface. Experi-
mental data for field enhancement factors has been found to
be 8 < 100 for metallic whiskers, and up to a few thousand for
dielectric inclusions.®!* A reasonable value for ¢y is 4.5 eV
for Cu, Mo, and Ag. For the field emitted electrons, we
assumed cold emission, that is, the electrons are emitted with
zero energy. For the secondary electrons, we assumed a Gaus-
sian distribution for the energy and a cosine distribution for
the emission angle.

ITII. Numerical Results
Ion Charging

We studied only the case of zero angle of attack, where the
incoming ions have no drift velocity in the transverse direction
at the boundary. An artificial ion mass, m;/m, =100, was
used. For the initial conditions, we chose ¢, =0 for the dielec-
tric front surface and ¢, (x) = (V)(1 — x /d) for the side surface.
It is reasonable to assume that the front surface of the dielec-
tric is charged much faster than the side surface because it has
a smaller capacitance per unit area (typically by one or two
orders of magnitude) than the side surface, estimating from
the values of the capacitance matrix. In addition, for early
times when the surface voltage is still highly negative, the ion
orbits are not strongly deflected and strike the front surface on
ballistic trajectories. The ion orbits must be highly deflected in
order to strike the side surface for small angle of attack. We
estimate that, at time ¢ =(|V|e;)/(djiz), the front surface is
charged t0 ¢gon =0 and the side surface is still left uncharged.
The numerical result indicates that, after 2000w,;", the current
to the dielectric front surface becomes nearly zero. The front
surface attains a steady state by gaining a potential ¢gon =5 V
just positive enough to repel the incoming 5-¢V ion flow. The
potential contours around the interconnector are shown in
Fig. 3. The ions entering the interconnector region cannot hit
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Fig. 5 Probability that electrons emitted from point y hit any part of
dielectric surface.

Fig. 6 Time history of electric field and current density at the triple
junction due to the enhanced field electron emission charging.

the dielectric side surface for zero angle of attack. The current
distribution on the conductor near the triple junction is shown
as curves (a) and (b) in Fig. 4. The ions never strike the vicinity
of the triple junction that corresponds to the 10.5-mm point in
the figure. We followed 3 x 10° ions as a special case, and
confirmed that no ions hit the dielectric side surface for zero
angle of attack. This enables us to bound the ion current to the
side surface as being less than 6x 10~* j.. This is signifi-
cantly smaller than the electron current to the side surface
considered in the next section.

Electron Charging

As the initial condition for both types of electron charging,
the steady state obtained by the ion charging shown in Fig. 3
is used. This implies that we neglect the charging due to the
electrons until that point. If the electron emission is due to the
IISE, the ion current to the conductor is small while it is still
charging the dielectric surface. If the electron emission is due
to the EFEE, the electric field in the interconnector region is
small until the coverglass front surface becomes grounded.
Therefore, for both cases of emission mechanism, the electron
emission current is negligible until ions cease to charge the
dielectric surface. Therefore, the first term and the rest of
terms in Eq. (2) are decoupled and calculated separately.

IISE Charging

For the ion current j.on, wWe used the current density ob-
tained at 2000 wp‘,-l in the ion charging calculation. The elec-
trons emitted from the conductor mainly strike the dielectric
side surface near the corner. In most parts of the dielectric
surface, the number of secondary electrons leaving the surface
exceeds the number of incoming electrons. Due to this positive
charging, the potential over the side surface and the electric
field. at the triple junction increases. The time scale of this
charging process is one order of magnitude longer than that of
ion charging calculated in the previous section, because the
capacitance of the side surface is larger than the front surface
and the current density is smaller than the previous one.

In order to see how the electron charging affects the ion
current density to the conductor, we calculated the ion orbits
determined by the potential at £ = 1.5 X 10° w,; . The result is
shown as curve (c) in Fig. 4. The ion current tends to concen-
trate away from the triple junction as time goes on. This is
because, as the side surface potential goes up due to the
electron charging, it causes the normal electric field to increase
and deflects the ion trajectories away from the triple junction.
We calculated the probability that the emitted electrons, from
a point on the conductor, impact any part of the dielectric
surface. The probability is shown in Fig. 5. The electrons that
impact the surface are only those emitted from near the triple
junction. From Figs. 4 and 5, we can see that no electron from



702 M. CHO AND D. E. HASTINGS

300

t = 4.47 x 10°w;}
150 final state of space-charge-free calculation
(=initial state of PIC calculation)

(volt)
’ l
initial cl(lmditi?rn for
space-charge-free
¢ -150 « c%::.lculationg
1.2 x 1073w since the
300 beginning of PIC calculation

-4501

side surface front surface
-600 —
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175

s distance from the triple junction (mm)

Fig. 7 Dielectric surface potential during EFEE charging.

bresk down 7

cht
(3) | highp
. < EFEE charging
11SE charging of side
of side surface surface
N\ @)
V/id L -

/I\

low B steady state

(1
$~ion charging
of front surface

! !
“10%;  ~105w;

0 —
time

Fig. 8 Schematic picture of time history of electric field at the triple

junction.

the conductor can hit the dielectric surface at ¢ =1.5x
105011,‘,- !, We can, therefore, regard this as the steady state.

EFEE Charging

The steady state on the dielectric side surface reached by the
IISE charging is steady as long as the charging due to en-
hanced field electron emission current is negligible. For small
B (for our geometry approximately 8 < 200), we can neglect
the effect of the EFEE charging. On the other hand, if 8 is
large enough, once the emission current becomes substantial,
the EFEE charging of the side surface develops very rapidly
because of its exponential dependence on the field E, and we
no longer have a viable steady state. In order to ascertain
values that are significant, we calculate the value of 8 at which
the emission current j,. is comparable to the ambient ion ram
current j,,. For our geometry, the electric field is initially
E =500/0.11 mm = 4.5 X 10%V/m) and the choice j.c = jram
gives 8 = 345,

For simplicity we assume 8 = 345 uniformly over the con-
ductor surface. We use the same initial condition as the one
used in the IISE charging. We show the time history of the
electric field and the emission current density at the triple
junction in Fig. 6. As the current goes up, we can no longer
neglect the space charge effects produced by the emission
current itself, and we have used the PIC code after
t =4.47 x 10°w,,". As time goes on, the surface attains the
steady state j =0 from the corner s =d, and the positive
current peak moves closer to the triple junction. We show the
dielectric surface potential during the EFEE charging in Fig.
7. The potential near the corner s = d increases during the
initial phase of the charging due to the fact that v, >1, but
decreases during the space-charge-limited charging (PIC cal-
culation) as the secondary electron yield approaches unity. On
the other hand, the potential near the triple junction s =0
keeps increasing, because there is still positive current due to

J. SPACECRAFT

the secondary electron multiplication. Therefore, the electric
field at the triple junction is not bounded.

We also numerically calculated the rate of energy deposition
per unit area on the dielectric surface after the secondary
electrons are emitted. The rate is given by j.(E; — v..E.)/ e,
with E, =2 eV, and this value became as high as 105(W/m?).

IV.  Arcing Onset Mechanism

On the basis of the numerical calculations, we can draw a
picture of how the solar cell dielectric is charged after the
conductor reaches the bias potential. The time history of the
electric field at the triple junction is shown schematically in
Fig. 8.

Phases (1) and (2) occur for every solar cell on the solar
array. Some of the solar cells might have a whisker or dielec-
tric impurity on the conductor surface. This will enhance the
electric field. If the enhancement is high enough, then EFEE
charging is initiated and phase (3) in Fig. 8 develops rapidly.
The emission current from the conductor becomes so substan-
tial that we can no longer neglect desorption of neutral gas
from the dielectric surface. » _

We now examine the possibility of electron collisional ion-
ization of the desorbed neutral gas. The necessary condition
for ionization is that there is at least one ionization collision
while electrons travel through the gas. This condition is given
by Eq. (1). Following the ionization of the neutral gas, there
are several possible scenarios that can lead to the arcing. If the
ionization can create enough ion current returning to the point
near the triple junction on the conductor to cause a feedback
effect, then a self-sustaining discharge (Townsend breakdown)
will occur. It is also possible that the negative charges created
by the ionization can quickly discharge the positive charges on
the coverglass surface and change the potential structure in the
interconnector region completely before any feedback effect
begins. In this paper, we examine only the possibility of the
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gas ionization. The necessary breakdown condition we take in
the present paper is that the enhanced field electron emission
will provide enough current to desorb a neutral cloud of the
necessary density from the coverglass surface and it will begin
to ionize.

For oio;n =2 X 10-® m? and d = 0.11 mm, Eq. (1) gives the
necessary neutral density 7, = 4.5 X 102 m~3. The electron
energy flux 108 (W/m?) to the dielectric flux, calculated numer-
ically in the previous section, is too high to model the desorbed
neutral flux by electron stimulated desorption.!® Since the
details of the desorption process are beyond the scope of this
paper, we calculate the desorbed neutral flux simply by energy
conservation. We define the desorption energy efficiency 7,
as the fraction of incoming energy spent in desorption. Then
the neutral density is given by

_ Mdsp electron energy flux  nusp Jo(Ei — YeeEe)
Edsp Vn Edsp evy

®

n

The neutral density satisfies the breakdown criteria
n, =24.5x10% m73 at 94, = 0.2 for Eg, =0.5eV and v, =
550 (m/s), where a typical value for physisorption is-used for
Eyp and v, =~2«T;/m, for T, = 300 K is assumed. We only
have to spend 20% of the incoming energy in the desorption.
In Eq. (8), the factor 545, (E; — YeeF.)/ Ey4sp corresponds to the
desorption yield in the ESD, defined by the number of neutral
particles desorbed per incident electron. For our parameters,
this is an order of unity and much higher than the typical value
0.01 for ESD. Since we allow the heating of the surface, this
high yield is not unreasonable. '

V. Arcing Rate

In this section, we calculate the arcing rate of the solar
array, based on the above arcing model. We assume that the
final stage of arcing onset, that is, the collisional ionization of
neutral gas, takes a negligible time compared to the overall
charging time of the solar cell dielectric materials. We also
assume that the neutral adsorption layer on the coverglass
surface quickly recovers before the next arc occurs. Therefore,
the arcing rate is determined by the charging time of dielectric
coverglasses. The charging of coverglass is mainly done by
ambient ions and field emitted electrons. When the discharge
occurs, some of the stored charges in the coverglass are lost.
There is an experimental observation that the coverglass po-
tential drops significantly, up to a few hundred volts from the
steady-state value of ¢, ~ + 5 V during the discharge,!” Be-
fore the next discharge occurs at the same point, we have to
wait for the coverglass to recover the lost charges. We assume
that the coverglass restores its lost charge through the ambient
ions, because the electric field at the triple junction also drops
after the discharge and the field emission ceases to charge the
coverglass surface. After the coverglass charge is recovered so
that the electric field becomes E = V/d at the triple junction
again, the same EFEE charging starts and results in the next

3.0
AQ = 10-%(C)
(sec_1) ne = 5 x 101'm~3
1.0
logio(R) no=5x100m=2
-1.04 0§ =10"13p2
A S = lo—lsmz
e + $=10"1"m?
AT 3.10

250 7 2% 290
Volt (negative) logy|V]
Fig. 11 Total arc rate vs bias voltage with different densities.
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Fig. 12 Pseudo threshold voltage as a function of ion density.

discharge. This sequence is repeated with a period of 1/
Tiotal = 1/(Tion + 7eFEE), and we define this as the arcing rate of
this arcing site, N = 1/74ca1, assuming that every emission site
survives the arcing. In experiments, arcing rates have been
measured by counting the number of arcing occurrences for
the entire test sample for a given time. In this paper, we calcu-
late both the individual arc rate A and the total arc rate R.

We consider an array where two adjacent solar cells are
simply bridged by one interconnector and assume that in each
interconnector at most only one arcing site exists. Even though
there might be more than one emission site in one interconnec-
tor, the number of emission sites that can contribute the
charging of dielectric surface is assumed to be, at most, one.
This emission site corresponds to the arcing site. The validity
of this assumption is discussed later,

Charging Time

We now calculate the charging times for the EFEE charg-
ing, 7ereg, and the ambient ion charging, 7j,,. In the previous
sections, the EFEE charging time was calculated assuming
that the entire conductor surface is covered unjformly by
emission sites. In reality, the emission sites are scattered ran-
domly on the conductor surface with finite areas. In this
section we take into account the effect of finite area of the
emission sites. Pictures taken by electron microscopes show
the emission sites consist of particles of the order of the
micron.'® The emission sites often contain foreign elements
such as aluminum, carbon, sulphur, silver, and so on. Al-
though the size of the emission site particles is one um, the
emission area is not necessarily the same as the particle area.
The direct measurement of emission site area S is impossible
and is usually calculated by dividing the measured total cur-
rent by the current density calculated from the Fowler-Nord-
heim formula with 8 and work function ¢y-. The calculated
values range widely from S = 10~ 3 m2?to S = 10~ 8 m? for 8
up to a few thousands. !’

The rate of change of the surface charge density by electrons
at the first impact point x = d; on the dielectric surface is given
by neglecting the second term in Eq. (5):

0

di do di
S —dx = S[S Px,p,t) dx:|(7ee = Djec (0, 2) dy ©)

The integral [§/P(x,y,¢) dx is approximately unity, since the
point x = d; is the first impact point of the emitted electrons
from the conductor surface. Then Eq. (9) simplifies as

d
d_j di = (Ve = Diece 05 EWS (10)

The electric field on the conductor surface is approximately

an

o
E =
Caiad
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Fig. 13 Total arc rate vs bias voltage.

where the capacitance is for the side surface. Therefore, the

rate of change of the electric field is given by

d£ _ (Yee — l)jec(y’t)[\/g/di]
dr Ciiad;

(12)

We integrate Eqgs. (6) (with E; = Ed; and 6; = w/2), (7), and
(12) from E = V/d until the current density j,. shows a very
sharp increase, as shown in Fig. 6. Since the current density j,.
has an exponential dependence on the electric field E, we can
easily define this time within a small error. We take this time
as the EFEE charging time 7grgg. The parameters used for the
numerical integrations are d = 0.15 mm, d; = d/3 = 0.05 mm,
Cia=9% 1079 (F/m?), ¢w =4.5 €V, En. =420 eV, and
Ymax = 2.9. Those numbers are chosen to simulate a typical
solar cell used in experiments.
The ambient ion charging time is calculated by

AQ
Tion = = (13)

o ./idAchrg

The ion current density is given by
jid = enyeVorvit (14)

where e represents the ion focusing factor by the electric
sheath, and is approximately € = Ac./Acwg. Then, the ion
charging time is written as

AQ 1
= x— (15)
€n, VorbitAcell ny

Tion
It should be noted that this assumption, in the present study,
allows no voltage dependence to the ion charging time. In the
case of ground based experiments, V. is replaced by ion
thermal speed. The charge lost from the coverglass surface is
bounded by AQ =< ezAcnViias/d. In this paper, we vary the
value of AQ from 10~% (C) to 10 ~7 (C), which corresponds to
a voltage drop of the front surface AV = 10~ 1000 V.

Arc Rate

We first calculate the arc rate of a single arc site. The
individual arc rate \ is given by

A= ! 16)
Tion + TEFEE
We show the result for AQ =108 (C), $ =10"° m? and
n, =5x 10 m~3 in Fig. 9. In the figure, the saturated arc
rate A = 2.5 (s~ !) indicates that the arc rate is determined by
the ion charging time, i.e., Tion > 7gree- On the other hand,
\ < 2.5 indicates that 7i,, < Tgpge. For high-bias voltage and
high B, the ion charging governs the total charging time. On
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the other hand, for low-bias voltage and low 8 the EFEE
charging determines the total charging time. When the arcing
rate is governed by ion charging, it does not depend on the
bias voltage. This is because we neglected the voltage depen-
dence in the ion charging time. However, even if it were
included, it would be far less than the bias voltage dependence
of the EFEE charging. This is shown in Fig. 10.

Another thing we should note here is that there is a
threshold voltage for each @ if we define it as the voltage which
gives A = 0.0001, that is, there is no arc within 10*s at less than
this bias voltage. Since the ion charging time is much shorter
than 10* s, the threshold voltages are determined only by the
EFEE charging time. The time 10,000 s is approximately one
orbital period in LEQO. The threshold voltages are shown in
Table 1.

We have assumed that the neutral adsorption layer on the
dielectric surface recovers quickly, compared to the charging
times. In most ground experiments, the ambient neutral densi-
ties were n, = 3 x 107 m~3 [p ~ 103 (Torr)]. With this den-
sity, it takes about 0.01 s to recover one neutral gas layer
(= 10" m~?) lost due to the previous arc. Therefore, except
for very dense plasmas and small AQ, our assumption is valid.
In space, the recovery time seems to be much longer, due to
the low ambient neutral density. However, since desorbed
neutrals from the previous arc cause an increase in the neutral
density over the coverglasses, the neglect of the time to rebuild
the neutral gas layer is still reasonable.

We now calculate the total arc rate R. The total arc rate is
given by

R = j h(B)Ns dB an

where A(B) dB is the number of interconnectors which have
emission sites with value 3 to 8 + df near the triple junction.
The term near means the place where the probability in Fig. 5
is nonzero. We assume that there is only one emission site near
the triple junction in one interconnector. To confirm this, we
consider a test sample consisting of 500 interconnectors with
the area of 2 X 10~5 m? each. This is about the same as the
PIX II flight sample (500 cells of 2 cm X 2 cm). We assume
that the emission site density with 8 >250 is n,, = 1.4 x 10*
m~2, which is calculated from the results of Ref. 19. We
should note here that experimental data regarding n, is still
very scarce, and this number can even be sample dependent.
The total number of emission sites on an array is given by
N, = NN A The probability that m emission sites are
near the triple junction is (1 — R)Ne ~"R"N, 1/ m1/(N,s —
m)!, where % is the ratio of the area on the interconnector
near the triple junction to the total area of the interconnector.
The conditional probability that, given m sites are near the
triple junction, all of those m sites are in different interconnec-
tors is given by Niy!/Nji/(Niy: ~ m)!. Then, taking the sum
for all possible m, we obtain the probability that all the
emission sites near the triple junctions are in different inter-

~ connectors as

Nes N,! Nl
1 — Gp)Nes — mgpm es int 18
E, W N — m)! N~y O

We use % = 0.05 from the results shown in Fig. 5. This prob-
ability then becomes 95.29% for the present case. Therefore,
we can safely assume that there is, at most, only one emission
site near the triple junction in each interconnector. We con-
sider a uniform distribution of 8 from 8 = 250 to 950. Then,
h(ﬁ) is given by h(ﬁ) = Mnt X Aint X Rgg X RN+ (Bmax - Bmin)-
Figure 11 shows the arc rates for different ion densities. The
arc rate R is linear with the ambient ion density at high
voltage. The effects of the emission site area appear at low-bias
voltage, and the curves with the same emission site area and
the different ion densities merge at the low voltage. Therefore,
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Table 1 Threshold voltage (negative)

B/S, m? 10-13 10~ 15 10— 17
400 500 525 550
600 330 350 365
800 250 260 275

1200 165 175 185

the threshold voltage is independent of the ambient ion density
and determined by the properties of the EFEE charging.

In experiments,” it has been suggested that the threshold
voltage for arcing is density dependent. Ferguson?' pointed
out that this dependence could be explained solely on the basis
of the waiting time at each voltage step. We confirm that
hypothesis here by calculating the threshold voltage for an
experiment of operation time 7. If we draw a horizontal line of
R =1/7 in Fig. 11, then intersections with our curves will
correspond to the ‘‘threshold’’ voltage for each density. How-
ever, this ‘‘threshold’’ depends on how long we wait in the
experiment. As we increase 7, the difference between the
“‘threshold”’ voltages at different densities diminishes. Fi-
nally, if we wait long enough, there will be no difference in the
““threshold’’ voltage for the different ion densities. Figure. 12
shows this pseudo threshold voltage as a function of the ion
density for the different waiting times. This pseudo threshold
voltage for the different ion densities can be confirmed by an
experiment that mieasures the change of threshold voltages
with the operation time of the experiment.

Figure 13 shows the dependence of total arcmg rate on the
bias voltage. We also show thé experimental results.2!.22:23
Since the experimental results cited in the figure have different
parameters, we scaled the arcing rates of the experimerits by
R xNipiAini/ Tion to the arc rates that would have been if the
experiments had had n, =5x10° m~3, V ;=8 (km/s),
Nyt = 500, and A; = 2 X 10~ 5 m2. Ferguson? calculated the
dependence of R on ¥ by the least-square fit of the experimen-
tal results, and obtained R o<( — V)3~ 6. In our arcing model,
there is no single power scaling between R and V. At the
extreme high voltage, where 7,,, > Trrgg, the arc rate saturates.
On the other hand, at the extreme low voltage, where
Tion <€ TEFEE, there is a strong voltage dependence. At the mod-
erate voltage, where 7,5, and 7gpgg are comparable, the voltage
dependence is determined by the combination of the ion
charging time and the EFEE charging time. In the figure, as
the ion charging time decreases (smaller AQ), the slope at the
moderate voltage becomes higher. The shape of our curves at
the moderate voltage agrees very well with the experimental
results. The experimental results do not show the sudden drop
at the low voltage; but this can be explained by the small
amounts of data available at low voltages due to the finite
waiting time in thé experiments.

There is a large variance amounting to more than two orders
of magnitude among the results shown in Fig. 13. This large
variance of data can be explained by the insufficient sample
numbers. The number of solar cells used in those experiments
are very different. It was 24 of 2 cm X 2 cm cells for Leung’s
experiment and 4 of 4 cm x 2 cm cells for Miller’s. For the
emission site density n,, = 1.4 X 10* m 2, the expected total
number of emission sites are only 6 for Leung’s and 2 for
Miller’s, compared to 140 of PIX II.

One parameter that might have significant effect on the
results is the coverglass thickness d. The parameter d enters
the problem as the initial conditien E(f = 0) = V/d for the
EFEE charging. This initial condition is based on the numeri-
cal result that ambient ions leave the side surface uncharged
while they charge the front surface. However, as the thickness
increases, we might anticipate an ion contribution to the
charging of the side surface, and the initial condition for
E(f = 0) may be higher than V/d. The study of this effect of
geometry will be done in future work.
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V1. Conclusion

The results we have obtained are summarized as follows:

1) Ambient ions charge the dielectric front surface, leaving
the side surface relatively uncharged.

2) Ion-induced secondary electrons from the conductor can
charge the side surface and a steady state is obtained, unless
enhanced field emission becomes significant.

3) Enhanced field electron emission (EFEE) can charge the
side surface if the field enhancement factor is high. Once the
EFEE charging is initiated it can lead to-the collisional ioniza-
tion of desorbed neutral from the coverglass surface.

4) For high-bias voltage and high field enhancement 8, the
ion charging time governs the total charging time and the arc
rate. For low voltage and low 3, the EFEE charging time
dominates.

5) There is no single power scaling for the voltage depen-
dence of total arc rate. It is determined by the combination of
the ion charging time and the EFEE charging time.

6) There are well-defined bias voltage thresholds for each
field enhancement factor 3.

7) The threshold voltage is independent of the ambient ion
density for very long experiment waiting times. It is possible to
obtain the different threshold voltages for different ion densi-
ties, as possibly observed in the experiments with small waiting
times.

8) We have obtained an arc rate that agrees reasonably well
with experimental data and offers insight into interpreting that
data.

In future work, the discharge processes of the desorbed
neutral gas and the effect of geometry will be studied.
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