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Measurements of physical parameters characterizing
ESDs on solar cell and correlation between spectral
signature and discharge position

V. Inguimbert, J. M. Siguier, G. Murat, S. Reyjal, J.C.Matéo-Vélez, P. Sarrailh, N. Balcon, D. Payan

Abstract— Electrostatic discharges on solar cells are possible reduce the possibility of failure.
cause of dramatic consequences such as secondary arcs . L
responsible of definitive pgwer losses. To cope withrythese ESDs are PS“a'!y characterized by macroscopic signatures,
signi(fjica_nt impl:cationz, different lapproat;:hes are fodII_owed sucn nggng;e;;g;gﬁlt leggagltj)rseitsio(r?l(c\)/\\:\iltﬁiﬁ aan?evlilla:rinlcimzrt)érgvsh?f
as design rules reducing voltage between adjacent cells,
conducti\?e layers or groutir?g to trygto reduce ESDSJ triggering.  Physical quantities such as electron temperature or plasma
However, ESDs on solar cells cannot be completely avoided and density at inception point are not easy to produce. The most
having a good knowledge of their characteristics is essential for useful technique to obtain such data is optical spectrometry
prevention, prediction and modelling. In this paper, we describe  which was used formerly by different teams ([2] [3] [4]) but
how the plasma emitted during an electrostatic discharge on needs to work on transition modelling to get quantitative
solar cell can be analyzed with dynamic tools such as triple results. This techniqgue mostly used in integrating the signal
probes and time-resolved optical spectroscopy. These techniques over the duration of the discharge [ref 1-3] can also be used as
are used to obtain results on plasma density and electron g function of time with a complex spectral and time resolved
temperature that can be compared with outputs from ESDs and  pench [5]. In this former paper, we had worked on correlation
flashover propagation models. While time-resolved optical of gptical plasma emission with the transition from ESD to
spectroscopy is used on a single point (the point where optical gecondary arc with a quite intrusive triggering setup. We have
fiber is focused on), triple probe is also used for spatial ) on developed a new triggering technique and worked on new
measurements. With this technique, electron density is measured samples adapted to this study allowing us to make optical
at several distances from the discharge point providing both spectrometry measurements on some and Scanning Electron
temporal and spatial information. In a second time, the optical Microscope (SEM) observations on the others [6]. In this

signature measured by optical spectroscopy is correlated with L .
SEM observations showing the existence of two kinds of triple P&P€r, We present new results on similar samples correlating

points at the cells edge. These two kinds of discharges have the _o_ptlcal signature with the position of_the discharges. In
different optical signatures showing either elements from the addition, we have also used a dynamic plasma analysis
active junction or from the substrate and rear electrode. These technique through a triple Langmuir probe for determining
discharges are also distinguished by SEM observations and €lectron temperature and plasma density. In a first section, the
images of cell's edges confirm the previous results. These results test setup, including samples and techniques are described.
show the importance of the silver back electrode and also of the Then (section Ill), we will present the experimental results
eventual presence of covering glue on the position of the obtained and will conclude in the last part (section V).
discharge. They provide information for models but let us also

imagine possible mitigation methods. II.  DESCRIPTION OF THE TESTS

A. Tests samples

Tests were performed on two kinds of samples built by
|l INTRODUCTION Galileo. The first type (type 1) was a coupon made of a pair of
This study aims to improve knowledge of the physicalAzurSpace 3G cells glued on honeycomb substrate with the
phenomena involved in Electrostatic Discharges (ESD¥ame configuration of a solar array (s&e1). These samples
particularly on solar arrays, but can be generalized to anyere used for optical spectrometry measurements. The second
powering equipment. This work is part of a comprehensiveype (type 2, segig. 2 was made of a portion of the same cells
approach to understanding but also allow obtaining useful daighose size (2cm*2cm) and shape (cell and epoxy substrate

for the development of numerical models of ESD (especialldges in the same plane) allowed it to be installed in the
SPIS [1]) which need quantitative data (temperatures, densitig$,seryvation chamber of a SEM.

...). The underlying aim is to overcome some discharges by
preventing phenomena participating to appearance and thus
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magnitude of the temporal window duration. That means that if
we want to measure the first instants of the discharge, a
triggering system has to be used, its response time being in the
same order of magnitude of the expected time resolution.

The triggering technique which has been developed and
tested is based on the idea of enhancing locally the potential
gradient to force ESD to occur. The sample is placed in IPG
situation by plasma with a value of,¥ slightly below the
ESD threshold. A potential pulse is then applied locally
through a metallic electrode placed on the coverglass. A
schematic view of the setup which has been widely described

in [5], is given inFig. 3.
a4 )

Fig. 1 :Photograph of a typel sample
r i

A
DGS35 plasma
Fig. 2 :Photograph of a type2 sample :
RT ?999_ R1 in

B. Test facility £TVT CTTI GHTS100

All ESD experiments were conducted in JONAS chamber R, out K /
which is a 3.4m-long and 1.9m-diameter plasma chamber. The
sample was brought to Inverted Potential Gradient (IPG)
configuration thanks to the low density argon plasma. Hence, VBiaiL 50|<Q;I,;cs‘.,t
the sample was linked to a capacitangg @presenting the ” ”
satellite capacitance and both were biased to a potential called Fig. 3 : schematics of the triggering system

Vias €qual to the value of the IPG. When a discharge occurred,

the signal was measured thanks to a current probe (Pearson_ .

2877) and recorded by an oscilloscope TDS3034. In the case df TiPle probe measurements

optical spectrometry, a specific method to trigger discharge Classical Langmuir probe needs to sweep biasing voltage
was used which was described in [6]. To simulate the missing measure collected current and evaluate plasma parameters.
solar cells compared to a large panel and to represent thethe case of high speed moving plasma bubble, this method
flashover current due to recollection by missing coverglassesannot be used. In this situation, it necessary to use a system
of the current emitted from the cathodic spot, it is known that ith static potentials. That is the case of triple probe method
simulator can be used. This simulator can be either physical [@lhich uses 3 floating electrodes biased one to each other to
or electronic [8], [9]. In the case of spectrometryoientials allowing separating different plasma populations.

measurements, the physical simulator using a large surface ffis method has shown all its interest in [10]. A schematic
metallized polymeric film to simulate the missing assemblx,iew of the triple probe system is shown g 4
cell+coverglass has been used. =

C. Setup for optical spectrometry

The bench used for time-resolved optical spectrometry is
made of a 750mm-focal length monochromator from Horiba
Jobin Yvon linked to Hamamatsu streak and CCD cameras.
The ESD light is collected by an optical fiber placed close to
the expected ESD site and sent to the monochromator where it
is diffused by the grating. Two gratings are available: 100 or
1200 groves/mm. The light is then received by a streak camera
C7700 which converts the photons into electrons sweeping
them along an axis as a function of time. Then, electrons are
again converted to photons and a 2D image is then generated Va1 Va4
whose horizontal axis is wavelength and vertical axis is time.

This image is collected and recorded by the 1334*1024 CCD Fig. 4 : schematics of the triple probe system

matrix camera (C4742-98 model). The bench has been Electrodes size and distance have to be adapted to the
wavelength calibrated using a mercury lamp. characteristics of the plasma under study. In order to make an
alysis of the plasma at different distances from the cathodic

The streak camera can work with different time range§m . - .
which have to be defined before the test. The temporal ran ot, 2 klnds_ of probes have been bu_|It a_nd used. Their
can be chosen from 10 ns to 10 ms. However, the camera gatures are given in TABLE I. The potential differences were

to be triggered in advance with a delay in the same order of
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applied with batteries and the currents measured by Pearson overflowing
2877 current probes.
Cover glass | 9lue
g
TABLE I. FEATURES OF THE DIFFERENT PROBES DEPENDING ON THEIR L
DISTANCE FROM THE CATHODIC SPOT epitaxial DC 93500
Distance from Electrode Electrode Distance Zone silver
cathodic spot length diameter between
electrodes electrode

20 mm 15mm 0,9mm 3mm
190 mn 80mn 10mn 75mn
330 mn 80mn 10mn 75mn
We first applied and validated this technique and the 2

kinds of triple probes in 2 different plasma conditions. The Fig. 5 : schematics of the cell with a view of possible triple points depending
smallest one in a quite dense plasma source (used to simulate if the glue is overflowing or not.

the plasma of an electric thruster) and the biggest one in a . o .
LEO-like plasma. These probes were then used here to. It was then decided to work on a pristine sample and in
characterize high speed expanded plasma such as the ond/§ complementary study, a new phenomenon was observed

ESDs. which is presented on the next figures.
The first presented ESD presented here has been obtained

E. Pre/Post ESD observations by SEM in the experimental conditions given in TABLE II. :

As in [6], pre and post ESD observations have been made
on kind of sample n°2 (the smallest). On these samples, several TABLE IL. EXPERIMENTAL CONDITIONS FOR OBTAININGESD85
discharges have been obtained and observations at Mgt cenyy) Integration Csat/ Vsat EO simulator
resolution have been performed by SEM. Images were thenwavelength time
reconstructed assembling different images. The microscgpe 500 nm 100 ps 100nF /-1200 Kapton 1m?

was a JEOL LV 5310. Images were obtained with 20kV
electrons in Low Vacuum (0.2_ hPa) and EDX anrgllysis were The raw data measured during this discharge, i.e. the CCD
performed pointing specific points at low pressure®(b®a). image is given in Fig. 6. We can see, not only very rich

Hence, imaging at low pressure was not possible due to effeapectra but also that these spectra change considerably along
of surface charging and metallization of the sample to avoig, discharge duration

this issue was not possible because the sample would not have
been reusable for ESD. These observations needed to define
areas on the samples to be observed prior to the ESDs and Spectrum of Discharge #35
where one ESD would be produced in order to make 100- "
observations prior to the test and then afterwards. These 901
different operations were very time-consuming and were

B 80<
performed only a small amount of times.

704

.  RESULTS 60

A. Position of the discharges 50

In a former study [6], we have shown that different optical
signatures could be recorded on our samples. Either the 301
spectra showed the presence of the cell constituting elements 201
and particularly active part of the cell (epitaxial zone) such as
Germanium, Gallium, Indium. Or, the optical signature was
dominated by the presence of silver lines all along the 350 450 500 550 650
discharge duration. These last signatures were attributed to Wavelength (nm)
discharges occurring on the silver back electrode after ESQ
sites have been eroded on the top of the cell or because th .

- The data are integrated and spectra extracted from
DC93500 glue overflew on the cell. A schematic view of the . . .
cell given onFig. 5 presents the different possible triple points!Orewous results as we can see on next ﬂgure which shows
depending if the glue is overflowing or not. integrated spectra in two time slots, first at the early

However, the observations by SEM did not confirm thisbegl_nnmgs of _the_ discharge (17-20us) and  dunng its
. . . “maximum of emission (20-60 us).

assumption. Even on cut cell where no glue could hide triple

points at epitaxial zone/glue/vacuum junction, only ESDs at

the bottom of cell were observed.

404

Time (microseconds)

iet;. 6 : Image measured by CCD camera during ESD#85
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Spectrum of Discharge #387

100+

[T 807
I | ﬂ‘s _
WL L]

L ‘ M : H;I"‘\‘ T ‘
T

ongueur d"onde (nm)

704

60

Time (microseconds)

Fig. 7 : Spectra extracted from Fig. 6 (ESD#85) integrating the result in two 0
different time slots (12-17us and 20-60us) 450 500 550 600 650 700 750
The interpretation of the peaks is not fully complete, WWavelengih (nin)

however, it is quite obvious that the spectrum in the earlyrig. 9 : Image measured by CCD camera during ESD#87

phase of the discharge is rich and shows the presence of As pefore, the data are integrated and spectra extracted
elements from the active part of the cell, while the second igom raw image as we can see on next figure which shows
mainly governed by the presence of germanium and silvehtegrated spectra in two time slots, first at the early

lines. . . beginnings of the discharge (10-20us) and during the rest of th
This light signature suggests that the discharge starts fropacorded emission (20-100 ps).

the top of the cell (presence of copper, gallium, indium,
component glue...) and then shifts to the cell main compone~*
(Ge) and silver back electrode (Ag). ce

The time evolution of some of the main lines is shown or ﬂ M@
Fig. 8 with the discharge current (BO+FO). The first elemen ™
appearing comes from the copper electrode but disappears
stay in the measurement noise during the rest of the dischar¢
The optical signals follow the electrical signature.

Intensité lumineuse un.arb. )

gL

ongueur a'onde (nm)

Courants (R)

intensité lumineuse (un.arb. normées )

Fig. 10 : Spectra extracted from Fig. 9 (ESD#87) integrating the result in two
different time slots (10-20us and 20-100us)

In this wavelength range, it is normal that we do not see
lines from epitaxial zone since their major lines are more in a
shorter wavelength zone. However, we see clearly a
Fig. 8 : Time evolution of four lines during ESD#85. Comparison with mOdlflcatlor_] of th_6_ spectrum _Wlth emission of ele_ments Suc_h
electrical signature (BO+FO) as Germanium, silicon and silver and then only silver. In this

One of the following discharges has a very similar resul€ase, the discharge can have moved from a tip on the
but this time, the wavelength window is centered on anothe§€rmanium (including maybe epitaxial area) to the silver back
value (600nm) allowing us to see better the presence of silveglectrode. ) _

This ESD has been obtained in the experimental conditions We have tried to correlate these results with SEM

temps (ps)

given in TABLE 1. observations. However, he observations on the samples used
for spectrometry was not possible (due to their size but mainly

TABLE I, EXPERIMENTAL CONDITIONS FOR OBTAININGESD87 due to the fact that a lot of discharges have been produced in

Contral Integration Coal/ Veat FO Smulator the same pom';. For the observations, we nt_eed to be sure th_at

wavelength time only a single discharge has occurred on a single area. For this

600 N 100 100nF -1200V Kapton 1m purpose, we have used the small samples presented in section
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IILA. On the sample, observations were made prior to the ES
test and after. In a first step, 4 discharges were obtained ¢
cell's edge. These resultas were already presented in [6].
these 4 ESDs performed on the edge of the cell with differe |
values of G only 2 were identified. They were situated on i 1Y Ge
the silver back electrode. However, on this sample, we couldj
see clearly with the SEM observations, that the glue betwee
the cell and the coverglass (DC93500) overflowed on the cell
and hided the top of the cell.

After this result and following the previous study by
optical spectroscopy, it was decided to perform discharges o
an ideal edge of cell i.e. without any overflowing glue. For
this purpose, the previous sample was cut in the middle and

i (b) after ESD

the edge polished to obtain a very clean stack of layers. Fig. 11 : Images of the same zone on the cut edge of the cell before (top) and
In these conditions, 3 ESDs were performed on one sigde" (bottom) ESD#1-3. _ _

and 7 on the other piece. The EDX analysis in different points shows that this
The following table summarizes the different results: discharge involved mainly germanium and silver materials.

Another example is discharge #2-1 given on Fig. 12.

TABLE IV. EXPERIMENTAL CONDITIONS FOR OBTAINING THE
DISCHARGES ON CUT CELL
Side- Csat/ Vsat Available Available ESD position
number energy charge
1/ 2Csa1V b|a52 CsalVblas
1-1 150nF /-500V 18.75 mJ 75 uC Not identified
1-2 10nF /-500V 1.25mJ 5uC Not identifigd
1-3 50nF /-500V 9mJ 30uC Bottom of the
cell
2-1 100nF /- 60.5mJ 110 pC Bottom & top
1100V
2-2 150nF -500V 18.7¢md 75puC Bottorr
2-3 100nF /- 60.5mJ 110 uC Not identified
1100V y s
2-4 100nF /- 98 mJ 140 uC Bottom _ e BECRALLL ke L Silye
1400V
2-5 100nF /-800V 32mJ 80 uC Bottom
2-6 100nF /- 60.5mJ 110uC Bottom & top MEB MAG: 500 x HV: 20.0 kV.WD: 24.0 mm
1100V .
27 | 100nF /-960V]  46.1mJ 96 uC Top Fig. 12 : Image of ESD#2-1

This image shows traces of the discharge both on top of

The first example is the discharge1-3. For this dischargdh€ cell and on the bottom i.e. on the silver back electrode.
the sample edge has been scanned completely by SEM pribee EDX analysis in different points shows that fused
and after the ESD. Images taken through the SEM were thépaterial at the top of the cell is essentially germanium and at

rebuilt to form a single image. The result is given on Fig. 11. the bottom, mainly silver. . ,
F These observations are in agreement with results obtained

Ge by optical spectrometry since most of the observed discharges
occurred on the silver back electrode. The last observation
(see Fig. 12) does confirm that discharge can migrate from
one position (certainly the top of the cell) to another (the back
electrode in silver). The shifting from the germanium to the
silver can be either thermal or electrical. From thermal point
of view, the boiling point of germanium is higher from silver’s
(83106K and 2435K respectively) and cathodic spot should
3 then migrate to the material with the lowest boiling point.
. From an electrostatic point of view, this migration can also be
attributed to the high difference of conductivity of these
(a) before ESD materials (respectively 2 and 6/10Q*.m" at room
temperature) inducing a greater ease of the current to flow by
the back electrode than through the germanium.
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B. ESD plasma characterization

The discharges obtained on the solar cells coupons were
also characterized with triple probe method. As told in the
description of the setup, two kinds of triple probes were used
depending on the position from the discharge point. }
Measurements were performed on the current probes given in
Fig. 4 During the experimental test, the biasing potential Vbias
varied from -800V to 2.2kV and Csat value first set to 100 nF,
was then reduced to 330pF because during the blow-off and
the flashover, the probe underwent a dV/dt of a few hundred
volts that strongly disturbed the current collected plasma.
After reducing the value Csat to 330pF, the triple small probeFig. 13 : Evolution of plasma density as a function of distance from the
was subjected to a variation of potential during the beginninglischarge inception point
of the blow-off which allowed the calculation of the  If we extrapolate the density to the inception point, we can
characteristics of the plasma potential only after stabilizatioheach a value of a few @m® which is in good agreement
(t> 60us). The large triple probe, farthest, was no longetwith results presented in [3].
subject to potential changes and the measurement coulqv
therefore be carried out throughout the duration of flashover. " "*

Electronic temperature Te of ESD plasma was deduced We have shown in this study that the discharges obtained
from currents and voltage values by the equation (1) [10]:  On our test samples showed ESD on the top of the cell at the
triple point usually considered in the modeling [11] or, and
- even more frequently, on the bottom of the cell. We also saw
2 1= that discharges starting on the top of the cell could migrate

o=l g expeHV3) down, being due to thermal effects or to the better capacity of

KT, silver to drain the current. These observations have been

This equation cannot be directly solved because thperformed by time-resolved optical spectroscopy but are
voltage depends on the current. Calculation of Te can beonfirmed by SEM observations cells edge after ESD. We have
obtained drawing the abacus of variation of Te as a function @fso seen that these results are certainly dependent from the
the currents ratio #1,)/(15-14). technology since other experiments on different coupons can

For plasma density jnit is calculated following the show quite different results [5] with a majority of discharges
equation (2) and (3): showing a signature corresponding to the epitaxial zone.

1.E+17

1.E+16

1.E+15

Density (cm'3)

1.E+14

1.E+13
10 15 20

distance (cm)

25 30 35

CONCLUSION

1- exp%) @

], =ne ,ﬂ ) These results show the importance of shape of cells edge
: N m not only in the triggering of discharges but also on their
L —1. ex eAVd) development: triple points are multiple and all have to be
13 2 ot KT, 3) considered for modelling and for mitigation systems
J; :g—l_exp(eavd) development.
KT, Lastly, with the help of triple probe, we have also

With : Ji is the ion saturation current density; mi, the masgharacterized the plasma created during the discharge giving
of a plasma ion, k the Boltzmann constant, e, the charge of &tformation directly usable in ESD modelling.
electron, \§ = V»-V3 and S is the surface area of the probe.

Results obtained during this test campaign were very ACKNOWLEDGMENT
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(cm) « - - - o
2 smal 15 10. 4.7 72elt | 4.8elf [1] “http://dev.spis.org/projects/spine/home/spis.” .
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33 big 11 8.5 3.2 8.8e13 8.5e13 Weyl, E. Aifer, and D. E. Hastings, “Arcing of negatively

biased solar cells in a plasma environmedat,Jpacecr.

We can see that electronic temperature is not dependent
from the distance from discharge point and equal to severgd]
eV, in agreement with [3]. We clearly see also (see also Fig.
13) the density decrease as the distance from the ESD.
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Presentation Notes
A discharge on a solar panel in IPG situation occurs because of the presence of a triple point made of conductor/dielectric/vacuum. The ESD starts from an metalic tip and avalanches through the creation of secondaries on the positive dielectric under impact of primaries. On this view of an ideal solar cell, we can see the different layers constituing it and the different possiblities of triple points.
In this study, we have worked on real solar cells, whose edges are certainly less ideal thatn those sketched on this drawing. We have used time-resolved spectrometry to obtain information on the nature of involved elements as a function of time. With a scannignelectron microscope, we have performed observations before and after ESD in order to correlate with spectrometry. Finally, we have used triple probe tehcnique to estimate physical quantities of the discharges
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In littérature, several teams have already worked on ESD on solar cells. Upschulte in 1994 correlated light emission with electrical signature of a discharge an more recntly, Boris measured also arc spectra and enhance the presence of high energy electrons and effects of species evaporation during arc.


Previous results
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In Onera, we used time-resolved spectrometry to observe the transition ESD-> arc . But the triggering system quite invaseive was thenn replaced by another based on copper electrode placed on the top of the cell. A pulse of positive voltage is imposed to the electrode while the cell has been placed in IPG situation in plasma with a biasing voltage just below the threshold. We have at that stage already measured different optical signatures with or without the presence of materials contituing the active part of the cell (I mean : As, Ga, In…)


Experimental setup
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The difficulty of this experiment is due to the fact that spectrometry bench has to be triggered in advance. The ESD signal cannot be used for the trig. We need to built a triggering system. As said before, we use a metallic electrode on the solar cell. The voltage pulse in provided by a HV relay GHTS100 which is itself commanded by the pulse generator used for the spectrometry bench. The coupon is placed in a plasma chamber in IPG situation. The biasing circuit is simple (Csat and Vbias) and a FO simulator has been sometimes used. This is made of a large surface of aluminized kapton. Light is collected through a lenses and optical fiber focused on the copper electrode end.


Triple probe measurements
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For triple probe measurements, we removed the light collection system and placed different triple probe whose size depends on the plasma density and consequently on the distance to the ESD. We used two kinds of probes ? I will cal small and big . Their characteristics are given in this table. 
For these measurements, the satellite capacitance Csat was set to the minimum value because of the noise generated when the value was higher.
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Here it is a view of the coupon with the triggering electrode , a laser was used at the other end of the optical fiber to visualise the aim point. In this photogrpah, wa can see also the small triplle probe and the light collection system which was not yet removed. Using the light collection lenses allowed us to get the optical fiber away and reduce disturbances.
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Another view of the coupon with the big triple probe at 33 cm from cathodic spot.


Example of result :
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Here is an example of a classical result.


Example of result : ESD85
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Example of result :
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Another example similar but in another range of wavelengths (around 600nm). Again, the spectrum is more rich at the beginnings and there is only lines of silver after the first µs as you can also see it on the 2 graphs.
It seems that the discharge started on the seùi-conductor but migrated on silver. As the interconnectors are completly hidden by kapton tape, the only silver that can be involved is the silver back electrode.
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SEM Observations
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To complete these results, we have performed SEM observations. 
We have first worked on the edge of special solar cells manufactured specially to be placed on the edge inside a SEM.
It appeared rapidly that it was difficult to identify the different layers due to an overflow of the DC93500 glue. We then, decided to cut the sample in the middle to obtain a more ideal sample. This sample allowed us to better identify the layers. The drawing represent the identified elements. 
We performed observations before and after ESD on one side and as it was really hard to do, we only performed post-ESD observations on the other side.
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SEM observations

Side- Csat/ Vsat Available energy Available charge ESD position
number 1/2C, Vpias® CeatVhias
1-1 50nF /-500V 18.75mJ 75 pC Not identified
1-2 10nF /-500V 1.25mJ 5uC Not identified
1-3 150nF /-500V 9mJ 30 pC Bottom of the cell
2-1 100nF /-1100V 60.5 mJ 110 uC Bottom & top
2-2 150nF /-500V 18.75 mJ 75 pC Bottom
2-3 100nF /-1100V 60.5 mJ 110 pC Not identified
2-4 100nF /-1400V 98 mJ 140 pC Bottom
2-5 100nF /-800V 32 mJ 80 uC Bottom
2-6 100nF /-1100V 60.5 mJ 110 pC Bottom & top
2-7 100nF /-960V 46.1 mJ 96 pC Top
Cover glass
DC 93500
' «—— top

§ ) «—— bottom
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Here is the list of discharges we have perfomed; Some ESDs positions were not identified and we do not know why because it is not only a question of energy or charge since…
Some discharges were found on the bottom


ESD 1.3 : « bottom »
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To complete this study, we have performed triple probe measurements, 
Here is an example of result of the different currents measured. There is a lot of noise, but sometimes signals separate and measurement is possible corresponding to plasma bursts
Thanks with these different equations, electron density and temeprature are measured. Electron density is evaluated to be between 5 and 15 eV and electron density about 10 to the sixteen by cubic meters.


CONCLUSIONS

» Position of ESDs : 2 types of triple point on solar cell’'s edge are possible
* Not only at the top where the triple point is made of semi-conductor/glue/vacuum
%X Also at the bottom of the solar cell where triple point is constitued of silver/glue/vacuum.

.......

* When it starts on the top, it can migrates to the silver back electrode :

element  Sp. Melt. Boil. Electr.
Heat Temp. Temp. Cond.
(J/kg*K)  (K) (K) (Q1im
Ag 230 1235 2435 6.107
Ge 380 1211 3106 2

* All parameters contribute to say that the cathode spot is more favorable on the silver than
on the germanium (thermal and electrical point of view).

* Inputs for modelling and areas for mitigation

» Caracterisation of the discharge by triple probe gives coherent results
* Electron temperature independent from the distance
* Density decreasing with distance. Value compatible with literature.
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On thermal point of view, the different quantities given in the table show that all contribute to a better ease to silver to arc than Ge
Idem electrically.
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