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Abstract 
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This report presents a solar cell electrical overstress failure model and the results of 
experimental measurements of threshold pulsed failure currents on four types of silicon 
solar cells. The transient EMP field surrounding a lightning stroke has been identified 
as a potential threat to a photovoltaic array, yet failure analysis of solar cells in a pulsed 
environment had not previously been reported. Failure in the low resistivity concentra­
tor cells at pulse widths between 1 }J.S and 1 ms occurred initially in the junction. Finger 
damage in the form of silver melting occurs at currents only slightly greater than that 
required for junction damage. The result of reverse bias transient overstress tests on 
high resistivity (10 ncm) cells demonstrated that the predominant failure mode was due 
to edge currents. These flat-plate cells failed at currents of only 4 to 20 A which is one or 
two orders of magnitude below the model predictions. It thus appears that high 
resistivity flat-plate cells are quite vulnerable to electrical overstress which could be 
produced by a variety of mechanisms. 

*Curr~ntly with Sandia National Laboratories 
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Rogers was the Sandia Technical Monitor. The Mission Research Corporation 

program manager was R. L. Pease. Other major contributors to the analyses 

and report were J. R. Barnum, V. A. J. van Lint, W. V. Vulliet, and T. F. 

Wrobel • 
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1.0 INTRODUCTION 

This final report on contract 62-8208 presents a solar cell electri­

cal overstress failure model development and results of experimental mea­

surements of threshol,d pul sed failure currents on four types of sil icon 

solar cells. This work is a follow on to contract 13-0215, Transient 

Effects from Lightning. l Under contract 13-0215, MRC identified the tran­

sient EMP field surrounding a lightning stroke as a potential threat to a 

photovoltaic array. The EMP field can couple energy into the DC array 

cabling connecting the array with a power conditioning unit or DC load. 

The resultant current and voltage transients, in the form of a double 

exponential pulse may cause damage to the silicon solar cells in the 

array. In order to determi ne the threshold current requi red to damage the 

cells, a first order model was developed to predict the failure current 

from the cell characteristics. The results of the model were that the 

metallization would burn out at a substantially lower current than the 

silicon junction. Failure currents of several thousand Amperes for pulse 

widths of 10-100 US were predicted for a typical 2 1/4" diameter concentra­

tor cell and several hundred Amperes for a typical 3" diameter flat-plate 

cell. 1 

These model predictions did not take into account the heating of the 

silicon junction by conduction from the metal. Also no experimental mea­

surements were made of pulsed overstress failure levels. A literature 

search performed duri ng contract l3-02l5 revealed tha t no pu 1 sed overstress 

failure testing had been performed on solar cells. However, TRW has per­

formed electrical overstress failure tests on silicon solar cells under 

steady state reverse bias. 2 They found the failure levels to be several 

Amperes to tens of Amperes with failures occurring on the edges of the 

cell. 

The purpose of this program is to refine the transient overstress 

failure model and experimentally measure the pulsed current failure thresh­

olds for several typical concentrator and flat-plate silicon solar cells. 
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Section 2 of this report provides background information on the 
development of the program. Section 3 provides details of the Solar cells 
that were modeled and tested for overstress failure. The model development 
is presented in Section 4 along with the predictions of threshold failure 
current for each of the cells. Section 5 presents the results of the 
experimental verification of the cell current distribution under high cur­
rent pulses and the results of the overstress failure tests. A discussion 
of the results is given in Section 6 along with comparisons to model pre­
dictions. Section 7 presents the conclusions and recommendations • 
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2.0 BACKGROUND 

In the original test plan for this program, a primarily experimental 

effort was proposed in which 

a) A minimum sample of 40 each of six different solar cell types 

would be obtained for ch~racterization and overstress testing. 

b) Extensive electrical and physical measurements would be made to 

extrapolate model input parameters. 

c) Threshold failure currents would be measured on each cell type 
as a function of pulse width, temperature and illumination. 

d) A statistically significant sample would be tested at room tem­

perature, 10 US pulse width with no illumination to determine 
the variabil ity in fail ure level for eac'h cell type. 

e) An extensive failure analysis would be performed to determine 

fai 1 ure modes. 

The experimental facility proposed for this test effort was the 
Direct Drive Lab (DOL) of the Air Force Weapons Laboratory (AFWL). Within 
the first few months of the program it became apparent that the overstress 
failure characterization of the solar Cells required more of a development 

effort than originally conceived. There was a great deal of difficulty in 
obtaining the test cells and developing mounting techniques for testing. 

The semi automated electrical test eqUipment of the DOL, which is used pri­
marily for transistors and diodes, proved inadequate for the large area 

solar cell. The source impedance and short circuit current output of the 

square wave pulsers of the DOL proved inadequate for overstress failure 

testing of the concentrator cells. Also the temperature controller and 
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illuminator of the DDl could not easily be incorporated into the overstress 
test setup. In addition, a flaw was discovered in the burnout model 
developed under contract 13-0215. 

Therefore the program was significantly revised and a ne~ test plan 
generated. The new plan called for a reduced electrical characterization 
program aimed primarily at measuring the substrate resistivity, hence dop­
ing level, of the cells, as well as the avalanche voltage and dynamic impe­
dance of the cells. Part of the reason for this was that nearly all of the 
model input parameters could be obtained either directly from the manufac­
turers and/or from technical reports and papers written on the development 
of the cells. The tests to be performed at increased temperature and 
illumination were dropped since the model predictions indicated that these 

variables would introduce only small deviations in the threshold failure 
currents. Since the available square wave pulsers at DDl have insufficient 
output to cause damage in some of the cells, the test plan was revised to 
include failure tests on smaller symmetrical pieces of the entire cells. 
The problem with this approach, however was the confidence in extrapolating 
failure currents to the entire cell. 

A considerable amount of time and effort was expended in trying to 
develop the capability to perform threshold failure tests on whole cells. 
The alternatives considered were, a) locate and schedule an existing high 
current pulser facility with sufficient output to fail all cells and ade­
quate instrumentation to get acceptable measurements of the current and 
voltage waveforms during the overstress tests, b) determine the time and 
expense involved in developing a pulser and instrumentation system with the 
proper characteristics, and c) designing and building a transformer to be 
used with an existing high voltage pulser so that adequate current would be 

available to fail whole cells. The decision was made to use approach c) by 
having AFWl design and build a transformer to be used with a Maxwell labs 
150 KV pulser available at AFWl. This decision was based primarily on the 
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fact that Sandia had already contracted with the AFWL DOL for experimental 
support for the program. This decision however, meant that instead of 

being able to measure the threshold damage current as a function of square 
wave pulse width over the range of 1-100 ~s, the failure thresholds could 
only be measured for a double exponential pulse with a 10 ~s decay time. 

In addition to the previously mentioned difficulties, there were 
problems in obtaining the test cells. Although the original plan called 
for at least 40 each of three types of concentrator cells and 40 each of 

three types of flat-plate cells, Sandia was only able to supply ~40 each 
of two concentrator cell types, 16 of a third concentrator cell type and 60 
each of one flat-plate cell type. The major limitation on the flat-plate 
cell was the requirement for a small area to guarantee that the failure 

currents would be within the capability of the pu1ser. 

Based on the aforementioned developments during the early part of 
the program, the program plan evolved into the following: 

1) Perform e1~ctrical characterization of test cells prior to over­

stress tests to verify substrate doping levels and measure 
avalanche breakdown voltage and dynamic impedance. 

2) Refine the failure model and predict failure modes and threshold 
failure currents for each of the cell types. 

3) Perform high current pulse measurements of the voltage drops 
along the bus and fingers to verify the model predictions of 
current distribution. 

4) Measure the threshold failure currents in each cell type for 
both forward and reverse bias. 
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5) Perform visual failure analysis on all cells to determine fail­

ure modes. 

6) Compare measured failure data with predicted failure'levels to 

determine validity of model • 
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3.0 CHARACTERISTICS OF THE SOLAR CELLS 

As mentioned in Section II the original plan called for an experi­

mental test program on 3 concentrator and 3 flat-plate cell types. 
Although 3 concentrator cell types were obtained, only one type of flat­

plate cell was included. In this section a complete description of the 
cells is given along with the geometrical and physical characteristics and 

the cell mounting techniques important for modeling the overstress fail­
ure. In addition, the results of electrical tests performed to verify cer­
tain parameters will be given. 

Table 3-1 is a list of the solar cells characterized along with 

references for the cell parameters. 

TABLE 3-1 

Ce 11 Type Manufacturer Sample Total Cell Reference 
Size Area ------------- ----------

Concentrator Applied Solar 48 5.5 cm2 3 

Energy Corp. 
(ASEC) 

Concentrator Solarex 40 15 cm2 4 

Concentrator Sandia National 16 5.5 cm2 5 

Labs (SNL) 

Flat-plate TRW (obtained 60 4 cm2 6 

from Photowatt) 
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3.1 General Description of Cells 

The ASEC concentrator cell is a point focus cell used in a Sandia 

National Labs prototype concentrator array system. Figure 3-1 presents top 

and cross section views of the cell. This cell has an active surface area 

of 4.2 cmf with 72 fingers per side. 

The SNL concentrator cell is also a point focus cell with a finger 

pattern similar to the ASEC cell. This cell also has an active area of 4.2 

cm2 but only 54 fingers per side. MRC received two lots of SNL cells, both 
of which were unable to meet SNL performance specifications. The cells had 

a low fill factor, more than normal 1 eakage cu rrent and meta 11 i zat i on adhe­

sion problems. However, these cells were used for overstress tests since 

cells meeting SNL specifications were not available to MRC at that time. 

Figure 3-2 presents top and cross section views of the Sandia cell. 

The Solarex concentrator cell is a line focus cell developed under 

contract to SNL. This cell has an active area of 11.94 cm2 and 106 fin­

gers. Top surface and cross section views are presented in Figure 3-3. 

The Photowatt cell is the only flat-plate cell received. This cell 

was manufactured by TRW and was originally intended for space applications. 

The cell has an active area of 8 cm2 with 48 fingers as shown in Figure 

3-4. The cells received for testing were LASER scribed and sectioned into 

two cells. Figure 3-5 presents top and cross section views of the two ele­

ments. Correspondence with TRW revealed that the original cells were 

rejected because they did not pass environmental tests. 

The ASEC cell is fabricated with a blanket n+ top surface diffusion 

into a .4 ohm-cm p type substrate 12 mil thick. A single main bus encir­

cles the active area with the grid fingers perpendicular to the bus at each 

edge. The electrode metal on the front and back surfaces is an evaporated 
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trimetal (Ti-Pd-Ag) with the thickness of the electrode ircreased to 5 ~m 
by electroplating of Ag. The main bus cross sectional area is additionally 

increased approximately 5 mil s by flowing solder on the bus. An anti­

reflective coating is utilized to reduce surface reflectance over the 

usable solar spectrum. 

The SNL cell is similar to the ASEC in geometry only. The cell is 

fabricated with a planar p+ top surface diffusion and an n+ blanket back 

surface diffusion utilizing a .3 ohm-cm p type substrate 12 mil thick. 

Figure 3-2 illustrates the cell cross section. As with the ASEC cell a 

single main bus encircles the active area with the grid fingers perpendicu­

lar to the bus and 5 mils of solder flowed on the bus. However, the main 

bus on the SNL cell is on top of an oxide which provides dielectric isola­

tion between the bus and the Si. The metallization technique for the front 

and back surfaces is the same as for the ASEC cell except the resulting 

metallization thickness is -10 ~m. An anti-reflective coating is also 

utilized • 

The Solarex cell is constructed on a .4 g cm p type 12 mil textured 

wafer and employs an n+ planar top surface diffusion. The junction extends 

to the edge of the cell at the ends. The front surface metallization is a 

dual bus configuration with the fingers perpendicular to the bus. The 

Solarex bus does not lie on top of an oxide, but on the Si. The front sur­

face metallization uses a trimetal evaporation (Cr-Cr&Au-Au) and Ag elec­

troplated to 20 ~m, with approximately 5 mils of solder on the bus. The 

back surface metallization uses an A1 alloy, Cr&Au evaporated film, and Ag 

electroplate. A tantalum oxide anti-reflective coating is evaporated on 

the front surface. 

The Photowatt cell construction and specifications were obtained 

from personnel at TRW. The Photowatt cells were fabricated with an n+ 

15 



blanket diffusion on a 10 ohm-cm p type textured substrate 8 mils thick. 

The metallization consists of a trimetal (Ti-Pd-Ag) contact with an Ag 
electroplate to 5 ~m. The textured surface has an anti reflective coating. 

A summary of the pertinent information obtained from the manufac­

turers is given in Table 3-2. These values must be considered nominal for 

the cell types. 

3.2 Verification of Nominal Parameter Values 

Most of the nominal parameter values obtained from the manufacturers 

have been assumed correct. Spot checks of cell size, bus width, finger 

width and chip thickness verified the values given in Table 3-2. The upper 

layer resistivity and thickness are more difficult to verify. The resis­

tivities are reasonable numbers considering the solubility of electrically 

active dopants in silicon. The thickness, or diffusion depth is reasonable 

since these values are nearly the same for the shallow emitter diffusTons 

in microcircuits. One of the more critical parameters is the base region 
resistivity which was verified experimentally. 

Base region resistivity can be verified by two methods, capacitance/ 

voltage (C/V) and reverse breakdown measurements. These methods were both 
used to determine experimental values for substrate doping concentrations 

and thus base resistivity. The results from the two methods were compared 

to nominal substrate concentrations and were found to be within 20% of the 

nominal substrate doping concentrations obtained from resistivities 

supplied by the manufacturers shown in Table 3-2. 

C/V - Method 

To determine substrate doping concentrations from C/V data, either a 

step or a linearly graded junction is assumed. For solar cells which use a 
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Characteristic 

Junction type 

Symmetry 

No. of fi ngers 

Finger width 

Finger thickness 

Maximum finger length 

Bus width 

Bus length 

Silicon base resistivity 

Base doping 

Avalanche Voltage 
(From plane junction 
approximation) 

Chip thickness 

Top layer resistivity 

Top layer thickness 

ASEC 

n+/p 

1/8 

72/side 

20 jJm 

5 jJm 

1 em 

.15 em 

2.35 em/side 

.4 Qem 

5.4x10 16 cm- 3 

21 

12 mil s 

.002 Qcm 

.4 jJm 

• 
TABLE 3-2 

Sandia 

p+/n 

1/8 

54/side 

23 jJm 

10 jJm 

1 em 

.15 em 

2.35 cm/side 

.3 Qem 

2.65x10 16 em- 3 

33 

12 mil s 

.002 Qcm 

.35 jJm 

Solarex 

n+/p 

1/2 

108 

32 jJm 

20 jJm 

1 cm 

.236 em 

6 em 

.4 Qcm 

5.4xlO 16 em- 3 

21 

12 mil s 

.001 !lcm 

.4 jJm 

• 
Photowatt 

n+/p 

1 

24 

25.4 jJm 

5 jJm 

1.9 em 

.lem/.0686 em 

1.9 em 

10 ~,em 

1.4xl015 em- 3 

245 

8 mils 

.001 "em 

.3 jJm 



shallow very heavily doped top surface layer a step junction assumption is 

reasonable. The depletion layer capacitance for a step junction is given 
. by:7 

where 

C - capacitance per unit area 

Ns - substrate doping concentration 
q - electron charge 

EO - permittivity of free space 

Ks - dielectric constant of Si 

VBi - built in voltage 

VB - reverse bias voltage 

(1 ) 

If 1/C2 is plotted versus applied reverse bias voltage a straight 

line should be obtained. The slope of the line is found by differentiating 

equation (1) with respect to bias voltage. This is given by: 

(2) 

Equation (2) can be rearranged to give: 

(3 ) 

To determine Ns • C/V measurements were made for each solar cell 

under non-illuminated reverse bias conditions using an HP-4275A program­

mable digital LCR meter. The HP-4275A has a variable frequency from 10 KHz 

to 10 MHz. It is capable of measuring capacitance up to 35 Volts reverse 

bias with reverse currents up to 100 mAo The capacitance of the solar 

cells was measured up to the maximum voltage (35 V) or current (100 rnA), 

whichever occurred first. The test signal frequency was set at 10 KHz. 

Figure 3-6 shows the set up used for the C/V measurements. Table 3-3 shows 

the test parameters for the solar cells tested. The column under maximum 
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Figure 3-6. Capacitance measurement test set up . 
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nominal test voltage lists the highest nomimal voltage for which the leak-. 
age current was less than 100 rnA. 

TABLE 3-3 

C/V Test Parameters 

Max Max 
Nominal Nomi na 1 

No. of Nomi na 1 Test Test 
Cell Cells Reverse Voltage Current 
Type Tested Breakdown V rnA ----

ASEC 28 21 20 100 

SANDIA 15 33 20 100 
SOLAREX 12 21 5 100 

5 FINGER 
SOLAREX 1 21 12 100 

8 FINGER 
SOLAREX 1 21 12 100 

11 FINGER 
SOLAREX 3 21 13 100 

15 FINGER 
SOLAREX 2 21 12 100 

PHOTOWATT 23 245 85 60 

Results 

Table 3-4 lists the results of measured substrate doping compared to 
predicted values. Figure 3-7 ill ustrates a typical 1/C2 versus bias vol-
tage plot from which doping concentrations were determined. 

The Solarex cell data did not follow the expected C/V dependence. 
The l/C2 plots were nonlinear and differences were noted between complete 
and sectioned cells. Figure 3-8 illustrates a typical 1/C 2 plot for the 
Solarex cell. The figure shows the non-linearity of the data compared to 
the expected l/C2 behavior. 
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TABLE 3-4 

C/V Measurement Results. Experimental and Nominal Values. 

MEAN OF STANDARD 
No. of NOMINAL NOMINAL MEASURED DEVIATION OF 

CELL CELLS DIODE SUBSTRATE DOING DOPING MEASURED 
TYPE TESTED TYPE RESISTIVITY CONCENTRATION CONCENTRATION CONCENTRATION 

Q em (em- 3 ) (em- 3 ) (em- 3 -) 

ASEC 28 n+/P 
N 

.4 5.4xlO 16 4.44xlO 16 .35xlO 16 

w SNL 15 p+/n .3 2.65xlO16 1.70xlO16 .174xlO 16 

PHOTOWATT 23 n+/p 10 1.4x10 1S 1. 52x10 15 .191xl0 1S 

COMPLETE SOLAREX 12 n+/p .4 5.4xl0 16 1.18x1017 .362xlO 17 

5 FINGER SOLAREX 1 n+/p .4 5.4xlO 16 8.82x10 16 

8 FINGER SOLAREX 1 n+/p .4 5.4xl0 16 6.48xlO16 

22 FINGER SOLAREX 3 n+/p .4 5.4xl0 16 6.182xlO 16 .417x1016 

15 FINGER SOLAREX 2 n+/p .4 5.4xl016 7.085x10 16 .137x1016 

ALL SOLAREX 7 n+/p .4 5.4xlO 16 6.8SxlO l6 . ;a6A.iJ ~.E, 
SECTIONED CELLS 



Since the 1/C2 values for the Solarex cells increase at a nearly 
exponential rate with increasing bias voltage, the data would not fit a 

1/C2 or 1/C3 dependence or even a shift from a 1/C 2 to a 1/C3 dependence as 

sometimes occur with epitaxial devices. Nonlinearities can result from 

high leakage current or parasitic capacitance. However increased leakage 

current results in increased capacitance at high voltage. In the case of 

the Solarex cells, the capacitance is decreasing. Dominance of parasitic 

capitance effects is not expected since the mounting technique for the 

Solarex cells was similar to that of other cells and no parasitic effects 

were observed with the other cell types. 

Even though the Solarex cell C/V data did not fit a 1/C2 dependence 

at higher voltages, it did seem to fit the expected linear behavior up to 

about 5 V. The doping level data shown in Table 3-4 was based on C/V mea­

surements up to 5 V. It is evident that a much better correlation to the 

nominal resistivities was obtained from the C/V data on the cell sections. 

Breakdown Method 

Substrate doping concentration can also be determined from breakdown 

or avalanche voltage. The breakdown voltage as a function of doping con­
centration for a step junction is. 7 

where: 

VB - breakdown voltage 

Ns - substrate doping concentration 

q - electron charge 

£s - semiconductor permittivity 

Em - maximum electric field 
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This relation applies to a plane junction. For planar junctions the break­

down voltage is also a function of the diffusion depth or junction radius 

of curvature since the breakdown is assumed to occur at the junction peri­

phery. For bulk conduction in large area devices the plane junction 

approximation is reasonable. 

Since the solar cells were so leaky, high current pulsed measure­

ments were required to assure that the cell was in avalanche. Measurements 

were made using 100 )JS rectangular pulses. Current and voltage pulse data 

were taken both below and well into avalanche in order to determine the 

breakdown voltage. Table 3-5 presents the doping concentrations obtained 

from pulse measurements. No data is presented for the Photowatt cell, 

since avalanche could not be achieved without damage to the cell. 

Table 3-6 is a list of the measured doping concentrations compared 

to the nominal values obtained from the manufacturers. In the case of the 

ASEC cells, both experimental methods gave results that were lower than the 

nominal value given in Reference 3. However for the Sandia and Solarex 

cells, one method gave results that were larger and the other method gave a 

result that was smaller than the nominal value used. For the Photowatt 

cell only the C/V method could be applied and the experimental result was 

within a few percent of the nominal. Because of the variation in the 

experimental results, there appeared to be no justification for selecting 

one method over the other. Hence it seemed reasonable to use the nomi na 1 

value supplied by the manufacturers for the model predictions. 

3.3 Mounting Techniques 

There were two primary considerations regarding cell mounting: 1) 

to mount the cells in a similar manner to their application in a system, 

and 2) to have the mounting such that electrical overstress failure and 
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N 
Q) 

Ce 11 
Type 

ASEC 

SNL 

SOLAREX 

• 

TABLE 3-5 

Substrate Doping Concentration Determined from Breakdown Measurements 

No. of 
Cells Test Diode 
Tested Method Type 

5 Pulse n+/P 

17 Pulse P+/n 

29 Pulse n+/P 

Nominal 
Substrate 

Resistivity 

.4 Q cm 

.3 n cm 

.4 Q cm 

Nominal 
Breakdown 
Voltage 

21 

33 

21 

Mean 
Measured 
Breakdown 
Voltage 

24.0 V 

24.62 V 

19.92 V 

Standard 
Deviation 
of 
Measured 
Breakdown 
Voltage 

.59 

1.51 

The standard derivation of substrate doping is not presented 

because the mean breakdown voltage was used to determine the 

doping concentration~ 

• 

Nomi na 1 
Doping 
Concentration 

Doping 
Concentration 
Extrapolated 
From 
Breakdown 
Voltage 

5.4xl0 16 /cm3 3.2xl0 16 /cm3 

2.65xl0 16 /cm3 3.2xl0 16/cm3 

5.4xl0 16 /cm 3 5.0xl016 /cm3 

• 
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rv ......, 

• • 
TABLE 3-6 

Comparison of substrate doping values obtained from C/V and breakdown measurement to predicted values obtained 
from base resistivity specifications. 

AVERAGE DOPING CON- DOPING CONCENTRATION RATIO OF 
CELL TEST CENTRATION EXTRA- DETERMINED FROM MEASURED TO NOMINAL 
TYPE METHOD* POLATED FROM DATA NOMINAL RESISTIVITY DOPING CONCENTRATION -----

ASEC C/V 4.44xl0 16 /cm3 5.4xlO 16 /cm3 .8148 

ASEC BV 3.2xl016 /cm3 5.4xl016 /cm3 .5926 

SNL C/V 1. 70xlO 16 /cm3 2.65xl0 16 /cm3 .6415 

SNL BV 3.2xl016 /cm 3 2.65xl0 16 /cm3 1.208 

PHOTOWATT C/V 1.52x101S /cm3 1.4xlO1S/cm3 1.086 

COMPLETE SOLAREX C/V 1. 18xl01 7 /cm3 5.4xl016 /cm3 2.185 

COMPLETE SOLAREX BV 5.0xlO16 /cm3 5.4xlO 16/cm3 .9259 

SOLAREX SECTIONS C/V 6.86xlO 16 /cm 3 5.4xl016 /cm 3 1.27 

*C/V Capacitance voltage method 
BV Breakdown voltage method 



testing is a function of the cell and not the mounting. These two con­

straints are met for each of the cells as described below. 

The ASEC cells were supplied mounted to ceramic headers and studded 

copper heat sinks •. This was the mounting configuration for their system 

application. Figure 3-9 illustrates the ASEC mounting. In mounting the 

cells solder is flowed on the back surface and main bus of the cell. Top 

surface contact is made to the cell at the fo~r corners by soldering copper 

contact straps to the bus. Back surface contact is made between the entire 

back surface and the back surface contact bus on the ceramic header. 

The SNL cell was not supplied with a mounting header. Since this 

cell is the same size as the ASEC cell, the ASEC ceramic header was used 

without the copper heat sink. 

The photowatt cell was also supplied without a mounting header. 

Since there were no specifications as to system mounting considerations, 

this cell was also mounted to the ASEC ceramic header. Figure 3-10 illus­

trates the photowatt cell mounted on the ASEC header. 

Since the Solare~ cell is much larger than the other cells, it would 

not fit on the ASEC header. Therefore a special mount was fabricated for 

the cell as shown in Figure 3-11. The header material chosen was a stan­

dard 1/16 inch copper clad glass-epo~ circuit board. Although preferable, 

there were no ceramic substrates of the desired size readily available. A 

possible draw back of the glass-epo~ board is heat transfer. However, 

this was not a problem for overstress testing since the thermal diffusion 

length for a 100 microsecond current pulse is shorter than the cell thick­

ness. The bus layout on the glass-epoxy header was chosen to have a geo­

metry similar to the ASEC ceramic header. 
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Contact Bus 
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Front Surface 
Contact Bus 

Ceramic Header 

FIGURE 3-9. ASEC SOLAR CELL AND MOUNTING. 
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FIGURE 3-10. PHOTOWATT FLAT-PLATE CELL MOUNTING. 
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4.0 MODEL DEVELOPMENT 

A failure model was developed under Sandia Labs contract 13-0215. 

The main conclusion of that model was that the solar cells would fail due 

to metallization burnout and that junction burnout would occur at' signifi­

cantly higher currents. In this program the earlier model was reviewed and 

extended. It was discovered that a significant contribution to the heating 

in the silicon had been overlooked. Since the silicon junction is within a 

micron of the surface, heat from the metallization is conducted to the 

junction in times short compared to the pulse widths of interest. This 

conductive heating was not included in the earlier model. In addition, the 

model was extended to include the effects of the change in metal resistivi­

ty with temperature. In this report, the entire model is discussed includ­

ing the work performed in the previous effort. 

In deriving the model, the following assumptions were made: 

a) Maximum heating occurs for reverse bias. 

b) The maximum current density in the silicon, hence heating, 

occurs in the bulk rather than at the surface or edges for tran­

sient currents in the range of 10-100 ~s pulse widths. 

c) The threshold for failure of the silicon junction occurs when 

the silicon is heated to the resistivity turnover temperature 

which is a function of the base doping density. 

d) The threshold for metallization failure is the silver melt tem­
perature, 960°C. 

Assumption a) is valid since the power, hence increase in tempera­

ture, across the junction is equal to the current times the voltage. 
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... Clearly for reverse bias the voltage across the junction is greater for the 

same current than for forward bias. Assumption b) is much more difficult 

to justify. In the case of reverse DC bias, failures are in fact due to 

surface or edge currents.2 In order to justify this assumption for tran­
sient currents, an estimate of the current densities in a surface inversion 

region must be made. If we assume that the surface leakage currents are 

through a narrow inversion region at the silicon - silicon dioxide inter­

face, then the adiabatic heating in the silicon is 

... 

• 

where 6T is the increase in temperature, P the power delivered to the in­

version region, T the pulse width of the current pulse, Cs the silicon 

heat capacity (1.78 j/cm3 °C) and V the volume being heated (cross section­

al area times inversion layer thickness). The power, P, dissipated in the 

inversion region is due to the silicon resistivity, Ps, and is equal to 

I2R where I ;s the total current and the resistance R is Ps~/A where 2 is 

the length of the current path, i. e., chip thickness for edge conduction, 

and A is the cross sectional area (chip perimeter times inversion layer 

thickness). As an example, the ASEC cell has a silicon resistivity of .4 

~-cm, a chip thickness of 300 ~m dnd a perimeter of 9.4 cm. If a worst 

case leakage resistance, R, of 10 ~ is assumed, then the inversion layer 

thickness ;s 1.3 ~m dnd the inversion layer volume is 3.7xl0- 5 cm 3 • The 
resistivity turnover temperature, 6T, for the silicon base region is 

325°C. A current of 4.6 A would be required to heat the inversion volume 

to 325°C at T = 100 ~s. In order for this much current to flow through the 

inversion region, a voltage of 46 V across the inversion region would be 

required (V = 4.6A x 10 ~). However, the breakdown voltage of the ASEC 

cell is only 23 volts. Therefore if the leakage resistance is 5 ~ or 

greater, then current conduction should be primarily through the bulk 

rather than the edges. This analysis assumes that only the inversion 
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regi on is heated. However at 100 liS the thermal diffusion 1 ength is L = 

ID, = 77 11m, where D is the silicon thermal diffusivity (.6 cm2/s). Since 

L is much greater than the inversion layer thickness, much of the heat will 

be conducted away from the inversion layer during the pulse and the current 

required to heat the inversion region to the turnover temperature will be 

greater. Thus a leakage resistance of less than 5 Q would be required for 

edge current failure to dominate. 

Typical leakage resistances measured on the cells used in this study 

were 50-100 Q. Therefore we expect the transient current conduction to be 

primarily through the bulk. 

Assumption c) allows for a worst case model since the resistivity 

turnover temperature is the threshold for instability. In typical pulsed 

power failure tests on diodes and transistors, the amount of power required 

to cause failure in addition to the power required to reach instability is 

only 5-10%. Therefore assumption c) should allow the model to provide a 

lower bound to the failure current. Assumption d) is obvious. 

4.1 Current Distribution in the Cell 

Before the heating in the cell can be calculated, the cell current 

distribution under pulsed conditions must be determined. The ASEC cell 

will be used to illustrate the model. 

The bus distributes current to the fingers. Since its cross sec­

tional area is large, due to its width and the thickness of the solder, the 
major resistive voltage drop occurs in the fingers with the bus being at 

uniform potential with respect to the back surface of the cell. For the 

ASEC cell, the bus lies directly on the silicon, hence some of the current 

in the bus is conducted directly into the silicon. The majority of the 

current however, is into the fingers, then through the silicon to the back 
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• surface after traversing some fraction of the finger lengtr,. This current 

distribution is illustrated in Figure 4-1. As shown in Fi9ure 4-1b, cur­

rent down the fingers also spreads out laterally from the finger through 

the low resistivity n+ region. If we assume the junction voltage Vj is 

constant, then for a finger voltage V(x), where x is measured from the bus, 

and a current per unit finger length 12(x) along a finger of length 2 the 

following relations apply 

• 

• 

dV(x) Pm 
dx = Am 1

2 

1
2

(x) dx 

x 

I ( )~- (V (x) - Vo) 
2 x '" PsS s J 

(1) 

(2) 

where Pm is the finger (silver) resistivity assumed to be 2 ~n - em, Ps 

is the p type base resistivity, Am the fing~r cross sectional area, Wp 
the width of the current sheet in the n+ region and Ss the silicon base 

thickness. Combining these equations gives the differential equation for 

the voltage along the finger 

d
2V(x) _ ~ 
di --AS (V(x)-VJo) 

Ps m s 

which can be solved for V(x): 

V(x) = V 0 + (V - V 0) 
J 0 J 

-X/A e 

where Vo is the bus voltage, assumed constant, and 

A = 

(3) 

(4) 

(5) 

is the exponential decay length down the finger. A similar set of equa­

tions for the current and voltage distribution in the direction transverse 

to the finger yields a lateral decay length 
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Figure 4-1. Current distribution in the silicon. 
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(6) 

where Pn+ is the resistivity of the n+ region and Sn+ is its thi,ckness. 

The total width of the current sheet. Wp. is then equal to 2As + Wf 

where Wf is the finger width. Using the data given for the ASEC cell the 

exponential decay length A is 0.426 cm and the current sheet width Wp is 

330 f,lm. 

The current conducted down the finger can also be related to the 

current density of the current conducted under the bus, Jo• This current 

density Jo multiplied times an effective incremental area for current 

down the finger gives the incremental finger current I(x). 

(7) 

The differential voltage along the finger can be derived by integrating 

this current to a distance x in the following manner. 

Pm 
V(x) = Am L

x 

I (x) dx 

(8) 

The current density J o is determined by dividing the total current into 

the cell. IT. by the total effective area of the fingers plus the bus 

area. The effective area of a finger of length t is 

(9) 

For the ASEC cell with fingers of varying lengths the total effective area 

of the fingers is 
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(10) 

where N is the number of fingers. 

Equation (8) is used to calculate the voltage drop along the finger 

from the geometrical and physical properties of the cell. Experimental 

values of V{x) are compared to this equation in a later section. 

4.2 Heating Effects in the Silicon 

Once the current distribution under pulsed high current conditions 

is established, the heating due to this current can be determined. The 

current through the cell will cause heating in the silicon from the power 

dissipated across the junction, the r2R power in the bulk silicon base 
and by conduction of heat from the metallization which lies directly on the 

silicon. Heating in the metal fingers occurs from the r2R power which is 

position dependent due to the exponential decay of current down the finger. 

Maximum heating in the finger will occur near the bus where the current 

density is greatest. The threshold damage current is assumed to be the 

minimum current which will either heat the silver finger to its melting 

point of 960°C or heat the silicon to its resistivity turnover temperature. 

For the ASEC cell the 6T required for resistivity turnover is approximately 

325°C. 

Junction Heating From Reverse Bias. The most severe heating effects 

in the silicon pn junction occur for the reverse bias case. The maximum 

power per unit area occurs directly under the bus where the current density 

is greatest. This power density is equal to the current density Jo times 

the junction voltage. The junction voltage, Vj. is equal to the ava­

lanche plus space charge voltage. The temperature rise in the silicon due 
to this power dissipation is 

(11 ) 
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• where T is the current pulse width, Cs the silicon heat Cil\lacity (1.78 

j/cm3°C) and D the silicon thermal diffusivity (0.6 cm2/S), For the 
ASEC cell at 100 ~s, 6T = 0.045 IroC. Thus it would take ?,220 A to 

raise the temperature of the junction to its turnover temperat~re. 

Bulk Heating of the Silicon. The heating of the silicon base region 

under the bus (maximum current density) due to the silicon base resistance 

is 

2 
Jo Ps T 

6T '" -C-- (12) 
S 

For the ASEC at T = 100 ~s, 6T = 1.60 x 10-6 IroC. A current of 14,200 

A is required to raise the silicon temperature 325°C. 

Heating of Finger Metallization and Subsequent Heating of Silicon by 

Conduction. The most important source of heating in the silicon is due to 

conduction from the metal finger. Consequently a solution of the thermal 

• diffusion differential equation is necessary to determine the temperature 

profile in the silicon. For thermal diffusion lengths, IDT, much less than 

the finger width the solution to the thermal diffusion equation using the 

plane wave approximation is 

• 

(13 ) 

where P is the power per unit length in the finger and Wf the finger 

width. For lOT large compared to the finger width, the thermal wave 

becomes cylindrical and it is necessary to integrate the thermal conduction 

in cylindrical geometry to obtain the heated volume. For this case 

(14 ) 
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To find the value of P it is necessary to know the current density in the 

metal finger, Jm • J m decreases along the length of the finger and is a 

maximum near the bus. The maximum value of Jm• which will be used in 

subsequent calculations. is related to the maximum silicon current density, 

J o• by the ratio of the effective finger area for current flow and the 

actual cross sectional area of the finger. 

where Am is the firger cross sectional area. 
is 

2 P = J P A m m 

(15) 

The power per unit length 

(16) 

Substitution of (15) into (16) and the result into (13) and (14) gives the 

temperature increase in the silicon in terms of the total cell current. the 

finger and silicon parameters and the current pulse width. The resultant 

equations solved for the total cell current are 

LIT Am Cs Wf /0 1/2 
1 

FA
F
- -------.-~.-

Pm IT 

( 17) 

rrllT Am Cs 0 1/2 
1 

FA; 
-------

(~DT ) Pm~n 
2 Wf 

(18) 

where F = (AFT + AB)-l. 

Using equation (18) for the threshold failure current of the ASEC at 

100 ~s, we get a value of 4600 A which is smaller than the value calculated 

for either bulk silicon heating or junction heating. 
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Equations 17 and 18 provide results for the threshold failure cur­

rents for the plane and cylindrical wave approximations assuming constant 

silver resistivity. However the silver resistivity varies with temperature 

according to the relation Pm = po(l+abT) where bT is the increase in 

temperature above room temperture, a is the temperature coefficient of 

resistivity for silver, .0038/ oC and Po is the room temperature silver 

resistivity. 

Equation 13 is the plane wave solution for AT in terms of power, P. 

Since the power dissipated in the silver is proportional to Pm then P 

Po(l+abT) where Po is the power for constant resistivity. Differen­

tiating bT with respect to T we obtain 

thus 

Integrating both sides yields: 

P 
~ J/, n ( 1 +a6 T) = W fg s ~ 

Sol vi ng for b T we have 

(19) 

In a similar manner equation (14) can be used to derive the variable resis­

tivity solution for the cylindrical approximation. The result is 
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1 t.T - -
a (_4-r~) W '­

f 

(20) 

Equations 19 and 20 are not easily solved for IT. However the failure 
current can be determined by plotting t.T versus IT and finding the value 
of IT for which t.T = resistivity turnover temperature. 

4.3 Metallization Burnout 

The maximum heating in the silver metallization occurs in the fin­
gers near the bus. This temperature increase is given in equations (19) 
and (20) for the short and long pulse approximations. The threshold fail­
ure currents for metallization burnout are determined by plotting AT versus 

IT and finding the value of IT for which AT is 935°C (melting pOint -
room temperature). 

4.4 Prediction of Threshold Failure Currents 

The solar cell parameters necessary to calculate first the current 
distribution in the cell and the threshold failure currents were presented 
in Section 3.0. These are nominal values obtained by the manufacturers and 
in some cases verified by measurements on the test cells. The predictions 
of failure current are based on these nominal values and do not represent 
either the spread in the parameters from cell to cell within a cell type 
nor do they represent a worst case for a given cell type. The prediction 
do, however, represent a lower bound to the nominal cell failure inasmuch 
as the prediction is based on heating only to the instability temperature 

and not the failure temperature. 

All of the nominal parameter values necessary to calculate failure 
currents are given in Table 4-1. The nominal threshold failure currents 
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Description 

Symmetry 
Di ode Type 
No. of Fingers per Section 
Finger Width 
Fi nger Th i ckness 
Max. Finger length 
Finger Spacing 
Finger cross sectional area 
Bus width 
Bus 1 ength 
Bus area per section 
Sil i con Base p 

Silicon Base thickness 
Top layer p 

Top layer thickness 
Silicon resistivity turnover temperature 
Relaxation length down finger 
Width of current sheet 
Finger effective area (longest finger) 
Total effective finger area (whole cell) 
Total bus area for current flow to silicon 

(whole cell) 
Reciprocal of total current flow area 
Time for thermal diffusion equal to 1 Wf 

• 
TABLE 4-1 

Symbol Units ASEC 

N 
W

f 
Sf 
!/, 

SF 
Am 
WB 
!/,B 

AB 
Ps 

\ 
p+ 

S+ 
LIT 
A 

Wp 
AF 
AFT 
ABT 

F 

Tb 

cm 
cm 
cm 
cm 
cm2 

cm 
cm 
cm2 

stcm 
cm 
Qcm 
cm 
°C 
cm 
cm 
cm2 

cm2 

cm2 

1/8 
n+p 
35 
2.0E-3 
5.0E-4 
1.0 
2.8E-2 
1.0E-6 
0.15 
1.1 
0.165 
0.4 
3.0E-2 
0.002 
4.0E-5 
325 
.426 
.0330 
.0127 
2.42 
1.32 

cm- 2 .267 
I1S 1.7 

Sandia 

1/8 
p+n 
27 
2.3E-3 
1.0E-3 
1.0 
3.7E-2 
2.3E-6 
0.15 
1.1 
0.165 
0.3 
3.0E-2 
0.002 
3.5E-5 
325 
.615 
.0274 
.OlJ5 
1.84 
o 

.543 
2.2 

Solarex 

1/2 
n+p 
106 
3.2E-3 
2.0E-3 
1.0 
5.66E-2 
6.4£-6 
0.236 
6.0 
1.42 
0.4 
3.0E-2 
0.001 
4.0E-5 
325 
.904 
.0470 
.0284 
6.02 
2.83 

.113 
4.3 

• 
Photowatt 

1 
n+p 
24 
2.54£-3 
5.0E-4 
1.9 
7.9E-2 
1. 27E-6 
0.1/0.0686 
1.9 
0.159 
10 
2.0E-2 
0.001 
3/0E-5 
175 
1.12 
.078 
.0723 
1.74 
.159 

.527 
2.7 



are determined from equation (19) for times, T, small compared to the ther­

mal diffusion length equal to 1/2 the finger width. From Table 4-1, the 

times for which (19) is valid are less than 1 ~s. For time much greater 

than Tb eq~ation (20) is valid. Figures 4-2 through 4-5 are plots of ~T 

versus IT for each of the four cell types. Equation (19) was used for 

100 ns and 1 ~s and equation (20) was used for 100 ~s and 1 ms. These 

equations should be valid for the concentrator cells since the maximum tem­

perature increase in the silicon is principally due to conductive heating 

from the fingers. However, in the case of the Photowatt cell, the heating 

from reverse bias is appreciable since the avalanche voltage is about 245 

V. From equation (11), the heating of the silicon under the bus, where the 

current density is a maximum, is 

The failure currents calculated from the reverse bias heating are 

thus lower than those predicted from equation (20) for T ~ 100 ~s. However 

for the shorter pulse widths, equation (19) gives lower threshold currents. 

Figure 4-6 is a plot of the threshold failure currents for each of 

the four cell types versus the pulse width. Since neither of the approxi­

mations are valid in the range of 10 ~s the failure currents at this pulse 

width are found by merely connecting the predicted results at 1 and 100 ~s. 

The failure predictions are presented in terms of current rather 

than current density. The variations in area could be normalized out if 

the failure data were for current density. However it is difficult to 

accurately present the data in terms of current density since in the case 

of the concentrator cells, the heating of the silicon is due to current 

density in the fingers, and in the Photowatt cell at long pulse widths, the 

heating is due to the current density under the bus. 

Part of the reason the failure currents in the Solarex cell are high 

is due to the much greater cross sectional finger area, Am. Also the 
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pulse widths for ASEC cell • 
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reason for the low failure currents in the Photowatt cell is the small 

value of Am and the high base resistivity, hence high avalanche breakdown 
voltage. The Sandia and ASEC cells are the same area. However the Sandia 

has a lower failure current due to the fact that the bus sits on an oxide 

layer thus forcing all of the current down the fingers. This difference 

offsets the larger value of Am in the Sandia cells compared to the ASEC 

cell. 

The metallization burnout threshold failure currents can be deter­

mined from Figures 4-2 to 4-5. For the concentrator cells. all of which 

have a resistivity turnover liT of 325°C. the failure currents are about 37% 

higher than the silicon junction failure currents. For the Photowatt cell, 

with liT = 175°C, the metallization burnout current is about 73% higher at 

the short pulse widths. At the longer pulse widths, T ~ 100 ~s the failure 

current is governed by the reverse bias heating. In this case the differ­

ence between the silicon junction failure current and the metallization 

failure current is even greater. 
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5.0 EXPERIMENTAL VERIFICATION OF CELL CURRENT DISTRIBUTION 

As described in the section Qn Illodel development. an important 

aspect of predicting transient failure currents is the prediction of the 

current distribution in the cell. Oner;) toe current di stribu~ion is 

established, the maximum heating i'n the various regions can be determined. 

Equation (8) is the predicted differential voltage down the fingers as a 

function of the current density in the finger and the finger resistivity. 

The position dependent current density in the finger is a function of the 

current under the bus and the effective area for current into the sil icon. 

This effective area involves the width of the current sheet along the 

fi n ger, Wp , and the decay length. A.. Good ·corre 1 at i on between the mea­

sured values of 4V(X) and the predicted v,lues provides confidence that the 

model properly describes the current di~tributionw 

Therefore a rather extensi ve set of measurements was made on the 

concentrator cells in order to verify the c~rrent distribution. 4V(X) mea­

surements were made down the bus on the ASEC cells to veri fy the assumption 

that the bus is at an equipotentia1.4V(x) measurements along the f-ingers 

were made on all of the concenVator cells as a fun!;:ti9n of current up to 

600 A. These tests were performed for beth reverse bias and forward bias 

in order to compare the current distributions. At these current levels the 

cell fingers did not experience significant tJeating, hence the temperature 

variation in both silver and silicon reliistivity did not have to be con­

sidered. However. in order tQ determine the eff~cts of temperature on 

~V(x), some tests were con~ucted on ~ma11er sections of cells. For the 

sma 11 er sect; ons, cu rrents of 300~600 A cause s i golfi cant heat; n9 and hence 

produce nonlinear results. 

In the remainder of this section. the development of a special 

pu1ser is described along with the experimental setup for measuring 4V(X). 

Results of ~V(x) measurements will be presented and correlation with pre­

dicted response discussed • 
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Because a rather large volume of data was generated, only represen­

tative data will be pres~nted in the main text •. The remainder of the data 

is included in Appendix A. 

5.1 Experi menta 1 Test Set-up and Procedu re 

Measurements were performed using the test setups shown in Figures 

5-1 and 5-2. A device under test (OUT) is forward or reverse biased by a 

10-100 jJS, 0-600 A current pulse from a pulser qesigned and built by MRC 
, .1 '. ' ; 

espec i a lly for thi s program. "!he curr~rt pul segenerates vol tage drops on 

the cell fingers and bus whiSh are measured with ,microprobe contacts. 

The current pulse also genera,tes a magnetic H field close to the solar 
• 

cell The H field will generate B coupling effects on the microprobes and 

their respective cables. These effects must be minimized by careful micro­

probe and test circuit layout • 

. , 
The pulser deve10ped,by MRC is. capable of delivering a 10 to 100 pS, 

o to 600 A pu 1 se i I1to a load impedance < .1 II. The ,pu 1 ser ut 11 i zes M.oS 
, < -, • ....... 

power transistors (IR130 Hexfe1;s) in parallel for wave shaping and switch-
h" , 

ing of a capacitor ~ank. The initial pulser used 10 IR130 Hexfets and a 

11500 jJf capacitor bank and h~d an ,qutpuj; of 200 ,A. The modified pu1ser 
; - . ' ,. , 5,; - - . 

uses 30 IR130 Hexfets and a 34500 jJf capac i t,9r bank and deli vers d 600 amp 

output. Figure 5-3 illustrates the circuit for,themodified pulser. The 

circuit for the initial pu1ser is the salJ1e except for 20 fewer capacitor -

switch sections. There is no charging supply' or triggering circuitry built 
G ~ It 

into the pulsar. The changin~.,supply used was an HP-6227B dual power 
supply which is limited to 100 mA and 90 volts for physical protection of 

the pulser. The trigger supply used was an HP-214 pulser which provides a 

10 volt variable width output pulse. The trigger pulse width determines 

the high current output pulse width which is varied from 10 jJS to 100 \Is. 
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Figure 5-1. Initial test setup for current distribution tests. 
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To assure accurate measurements of the reI attvely small voltage 

drops along the fingers, differential voltage measurements were made. The 

measurements were made using a Tektronix 7A13 differential comparator plug­

in, which has a common mode rejection ratio of 86 dB. Contact to the cell 

surface was made with Micro-Manipulator microprobes. Two different mea­

surement set ups were used. The initial pulser setup is shown in Figure 

5-4 and the modified pulsar set up is shown in Figures 5-5 through 5-7. 

Due to the type of measurement being performed, close attention was . . 
paid to the CMRR of the 7A13 and B coupl ing into the microprobes and 

cables. In reverse. bias mode, the total cell volta~~ was approximately 25 

vol ts for the ASEC ce 11 s. In order to make sure the common modevo l-tage 

was I ess than the maximum specifi ed for the. 7A13, '5X attenuator~ ter;m; nated 
, . 

in 50 ohms were used on the input to the 7An. To keep the B coup ling to a 

minimum, measurements were made Oli fingers which are perpendicular to the 
main current loop. The microprobes are positioned perpendicular to the 

main current loop and parallel to the fingers as shown in'Figures 5-5 and 

5-7. The coax cab I es from the mi croprobes were a I so route:d through ferrite 

cores and twisted slightly to minimize common mode voltage on the cable 

shields. The microprobe cables were also routed perpendicular to th.e main 

current loop to minimize coupling. 

The test method cons i sted of pul sing the ceH with ,a current p~l se 
and making differential voltage measurements between various points on the 

metallization. Data was taken on current through the cell,~oltage afross 

the cell and differential finger and bus voltages at currents between'20' 

and 600 A. Differential finger voltage measurements were made with respect 

to distance down the finger and relative to bus position. Differential bus 

voltage measurements were made with respect to finger number. 
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Solar cell and probe position for reverse bias current 
distribution measurement. (Rotate cells 180 0 for for­
ward bias.) 
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5.2 Experimental Results and Comparison With Model Predictions 

As stated in Section 4, the model was developed with the assumption 

that the bus was essentially at an equipotential and that the current down 
the fingers decayed exponentially according to equation (7). Equation (8) 

was derived to express the differential finger voltage as a function of 
distance from the bus to the finger end and is applicable for reverse 
biased. Table 5.1 is a summary of the experimental measurements that were 

made to verify equation (8), investigate the differential voltage down the 

bus and to determine the effects of heating on the current distribution. 

TABLE 5-1 

Current Distribution Tests Performed 

Test Conditions Test Cell s Test Conditions 

Current Pulse Width Bias 

Bus potential ASEC 20 A, 200 A 30 ~s R 

AV(X) vs. finger ASEC 20-200 A 50 ~s R 
number 

6 V( x) on longest ASEC, SNL 
finger (sma 11 AT) SOLAREX (Section) 50-600 A 100 ps R, F 

6V(X) on longest 1/8 section ASEC 200-600 A 100 ps R, F 
finger (large AT) 

Unfortunately all of the Photowatt cells were used for failure tests 

in order to investigate the failure current versus pulse width. Thus no 

current distribution tests were performed on this cell type. 
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5.2.1 Bus Voltage 

The voltage drop down the bus was considered to be quite small, 

hence the bus was treated as an equipotential in the model predictions. 

Measurements of the differential voltage drop down the bus were made on the 

ASEC cellon two opposite sides. These measurements were made in San Diego 

using the intital MRC pulser. The data is presented for a 20 A pulse in 

Figure 5-8 for one side and a 200 A pulse in Figure 5-9 for the opposite 

side. As expected, the maximum I::.V is roughly linear with total cell cur­

rent. However, the results shown in Fi gure 5-8 for the 1 eft side i nd i cate 

that the bus voltage is not symmetrical. The peak drop occurs near finger 

45 rather than finger 36. This asymmetry was not observed on the right 

hand side bus. The reason for this asymmetry is presently not understood. 

The voltage drop down the bus is due to the bus resistance and the total 

current in the bus. If we assume that the current down the bus decays 

1 inearly then 

IT 
I (x) = "8 

where Ir/8 represents the current in one section and ZB is the bus 

length of one section (1 cm). The differential voltage drop measured from 
a corner is thus 

x 

I::. V(x) 
PmB f. 

ZB-y 
dy = BAmB IT R.B 

I::. V (x) 
PmBIT 1 2 = SA

mB 
R.
B
- (ZBx -2" x ) 

where PmB is the bus metal resistivity and AmB is the bus cross sec-

tional area. The resistivity of 50-50 solder is 15 ~n-cm. The bus cross 

sectional area is formed by assuming that the cross section is a segment of 

a circle with base equal to bus width and height equal to 5 mil as shown in 
Figure 5-10. 
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Figure 5-10. Bus cross sectional area. 

Using this approach, the bus area is found to be .00128 Cmf. Thus 

A comparison of the differential bus voltage from equation (21) to 
the experimental data at 200 A is given in Figure 5-11; The difference 
between the predicted curve and the measured curve shows an increasing 
value down the length of the bus. This is due to the voltage drop on the 
outer bus to which the copper contact bridges are soldered. The offset is 
about 25 mv at the end of the bus. If this offset were proportionally 
added to the predicted curve the agreement would be excellent. 

The results of the bus voltage measurements demonstrate that there 
is a small but measurable voltage drop down the bus and a more thorough 
analysis would have to account for this difference in the prediction of 
failure current. However, accounting for the current distribution down the 
bus would significantly complicate the analysis of threshold failure cur­
rent without changing the results appreciably. Therefore no attempt was 
made to modify the analysis to include bus voltage drops. 

5.2.2 Voltage Down Fingers of Varying Length 

An extensive amount of data was generated for the value of 6V(X) 

near the intersection of the bus and finger for fingers of varying lengths. 
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On each side of the cell there are 72 fingers, hence the center finger is 

No. 36. The fingers with low and high numbers are near the bus ends and 
are proportionately shorter. In Figure 5-12 the differential finger vol­

tage is plotted versus distance down the finger up to .3 cm. Curves for 

every 5th finger are shown. This data was generated in San Diego using the 

initial MRC pulser. The data was taken on a whole ASEC cellon the left 

side at 200 A and 30 ~s. The slope of the ~V(x) near the bus is a measure 

of the relative amount of current entering the finger. The figure illus­

trates that the longer fingers (near the center) are receiving more current 

as predicted by the model. This data verifies that even though the bus 

voltage drop at 200 A is appreciable, the model prediction that the current 

in the finger is proportional to finger length still holds. 

Figures A-I through A-4 show data similar to Figure 5-12 at total 

cell currents of 20A, 40A and 80A for the left side. Figure A-4 is a plot 

of ~V(x) versus x at 200 A for every 5th finger on the right'side of the 

'same ASEC cell. This data demonstrates that the center finger, number 36, 

has the maximum current. This is consistent with Figure 5-9, for the bus 
voltage on the right side bus. For the right side bus the differential 

voltage was symmetric. 

5.2.3 Results of ~V(x) Measurements on Longest Fingers 

The most extensive current distribution measurements were performed 

on the longest fingers as a function of current for both reverse and for­

ward bias on the ASEC cells, SNL cells and small sections of the Solarex 

cells. ~V(x) measurements were taken .25 R" .5 R" .75 R, and R, where R, is 

the length of the finger. Measurements were taken at currents between 50 

and 600 A for a 100 ~s pulse. The ~V data was typically read from the 

photos at 80 ~s. Figure 5-13 is a reproduction of typical current and vol­

tage waveforms • 
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Top Trace - voltage across the 

cell 10 V/d, 20 IIS/d 

bottom trace - current through 

the cell 50 A/d, 20 IIS/d 

Differential finger voltage 

50 mV/d, 20 IIS/d 

Figure 5-13. Current and voltage waveforms for current distribution tests. 

For this illustration, the test was performed on an ASEC cell at 200 

A. The voltage waveform is shown in the upper oscilloscope trace on the 

left. The lower trace is the total cell current and the photo on the right 

is the differential finger voltage. lIV(x) versus current, plotted param­

etrically with x for each ASEC cell, for both forward and reverse bias is 

given in Figures A-5 through A-8 in the appendix. This data is followed by 
representative waveform photos at each of the current levels in Figures A-9 

through A-14. The data is summarized and presented in Figures 5-14 and 

5-15 as lIV(x) versus x at 200 A and 400 A respectively. Along with the 

experimental data, the predicted curves from equation (8) are shown for the 

assumed thin film silver resistivity of 2 II n cm and the Handbook value for 

bulk silver of 1.6 II n cm. 

69 



'-J 
o 

• 

U'l 
::1. 

o 
<Xl 

+' 
<1:l 

::> 
E 
~ 

c 

5-
QJ 
0'> 
C 

'+--

c 
3 
o 
-0 

0.. 
o 
5-
-0 

QJ 
0'> 
<1:l 
+' 

o 
::> 

--- Calculated using 1.6 IJ -cm 
Calculated using 2 IJ n- cm 

& AS EC #21 reverse bias 

• ASEC #25 reverse bias 

• ASEC #47 reverse bias 

• ASEC #47 forward bias 
- 500 

o cm .25 cm .50 cm .75 cm 1.0 cm 

Distance down finger in (cm) 

Figure 5-14. Complete ASEC cell differential finger voltage versus distance 
down the finger for a 200 amp 100 IJ S square pulse. 

• • 



'-J 
>-' 

• 

<.Il 
;:i 

o 
ct:J 

+-' 
n:> 

:> 
E 

c 

"­
OJ 
rn 
c 

4-

c 
::; 
o 
-a 

0.. 
o 
"­-a 

OJ 
rn 
n:> 
+-' 

o 
:> 

• 
--- Calculated using 1.6 )J ~I-cm. 

Calculated using 2 )J ~-cm. 

• ASEC #21 reverse bias 

• ASEC #25 reverse bias 

• ASEC #47 reverse bias 

• ASEC #47 forward bi as 
-900 

.25 cm .50 cm .75 cm 1. a cm 

Distance down finger in (cm) 

Figure 5-15. Complete ASEC cell differential finger voltage versus distance 
down the finger for a 400 amp 100 )JS square pulse. 

• 



There is a rather unexpectedly large variation from cell to cell in 

the measured data along with a peculiar shape in the curve for unit 21. 
However the data do in general follow the exponential shape predicted by 

equation (8) and the absolute values of ~V(x) agree reasonably well with 
the predicted values. A better fit is obtained using the bulk resistivity 

of silver rather than the assumed thin film value of 2 ~ n cm. 

The forward biased V(x) measured on cell 47 is less than half the 

value measured for reverse bias. This indicates that either the decay 

length is significantly lower for forward bias, hence the current less uni­

formily distributed down the finger, or the total current into the finger 

is much less. The predicted value of V(x) assuming that the current were 

proportionately lower is compared to the forward bias curve. Since the 

data shows a reasonably good fit to this curve it may be assumed that the 

total current flowing under the bus, Jo is much higher in the forward 

biased case. However, no experiments were performed to directly verify 

this assumption. The V(x) values for forward bias were in all cases much 

lower than for reverse bias. 

In Figure 5-15, similar data is shown for the whole ASEC cells but 

at 400 A. Again there is a large variability from cell to cell and the 

predicted V(x) curve for Pm = 1.6 ~ n cm fits the data better than the 
curve using 2 ~ Q cm. 

Although the variability in data is somewhat greater than expected, 

the experimental data appear to validate the current distribution predic­

tions represented by equation (8). 

Another comparison of the measured and predicted data was made by 

calculating the decay length, A, from the experimental data using equation 

(8) and assuming Pm '" 2 ~ n cm. These reslJlts are shown in Fi gure 5-16. 
The calculated A from the experimental data is plotted versus x and 
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compared to the predicted value of A. This analysis indicates that the 
agreement between the calculated and measured A is reasonably good, 

especially for the data taken at ~, the end of the finger. The departure 

of the measure A near the bus indicates that the experimental data did not 

follow the precise functional form of equation (8) over the entire finger 

length. However the agreement is still good enough to verify the 
exponential behavior. 

6V(X) data was also taken on several whole SNL cells. The results . 
of these tests were extremely erratic. The noi se voltages caused by B cou-

P 1 i ng were mi nimi zed in the same manner as for the ASEC ce 11 s however they 

were much greater for the SNL cells resulting in unacceptable signal to 

noise ratios. This made the data analysis much more difficult. Even with 

the efforts to sort the data from the coupling noise the results appeared 

to be nonphYSical with the 6V(X) increaSing and decreaSing over the length 

of the finger. One feasible explanation for the erratic results is that 

the SNL cells were known to have contact resistance problems from poor 

adhesion. Whatever the cause of the erratic data, it was determined that 

no useful information could be derived f,'om the data and hence it is not 

presented. 

The 6V(X) measurements on the Solarex cells were performed on 11 

finger sections rather than whole cells. The reason for this was that the 

Solarex cells were too large to fit in the fixture and even at 600 A the 6V 
values were too small to measure accurately. As with the ASEC cells, the 

6V(X) versus current plots are included in Appendix A along with the cur­

rent and voltage waveform photos. Figures A-15 through A-20, contain the 

6V(X) plots and Figures A-21 and A-22 are typical oscilloscope photos. 

A summary of the data, plotted as 6V(X) versus x is given in Figure 

5-17 for 200 A and Figure 5-18 for 400 A for both reverse and forward bias. 

Predicted data are shown for both 2 ~ Q cm and 1.6 ~ Q cm. Again the 
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forward biased AV(X) values are much less than for the reversed bias case. 

The reverse bi ased tests were performed on two samples. The results for 

cell #18 are quite erratic for both the right hand side and the left hand 

side, whereas the results for cell #13 are well behaved. 

The reason for this erratic behavior is not known. Although the 
data has not been corrected for coupling noise, a review of that data shows 

that there was no difference in the coupling voltage for unit #13 and unit 

#18. The coupling voltage was about 75 mV at 200 A and 125 mV at 400 A. 

This noise voltage is small compared to the AV(X) values and hence could 

not account for the shape of the curves for unit #18. 

Although the data for the Solarex cells is not as well behaved as 
for the ASEC cells,it does support the current distribution prediction 

reasonably well. As with the ASEC cells, the data seem to fit the predic­

tion based on the 1.6 ~ ~ cm resistivity better than the 2 ~ ~ cm predic­

tions. 

A plot of the A's calcu1ated from the measured data is shown in 

Figure 5-19. This data demonstrates the erratic behavior of the Solarex 

cell sections but does verify that the theoretical predictions are rea­

sonable. 

5.2.4 AV(X) Measurements on ASEC Cell Sections 

Current distribution measurements were made on a 1/8 section of an 

ASEC cell as shown in Figure 5-20, to confirm the nonlinear effects due to 
temperature dependent resistivity. Measurements were made on several 1/8 

sections under forward and reverse bias conditions on the longest finger of 
the 1/8 section. This corresponds to the center finger on the complete 

cell. One cell was taken far into the nonlinear mode to the pOint of over­

stress. This occurred in the reverse bias direction for a 600 A pulse. 
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Damage was observed where the finger contacts the bus. Overstress damage 

did not occur in the forward direction at 600 A. Since the purpose of this 

section was not to generate overstress effects, but current distribution 

measurements, currents for the remaining 1/8 sections were limited to 400 

A. 

Differential voltage drop versus current for the 1/8 section ASEC 

cells are presented in Appendix A, Figures A-23 through A-26. Figures A-27 

through A-30 illustrate typical waveforms. Figures A-31 and A-32 present 

the data on the ASEC sections as ~V(x) versus x at 200 A and 400 A respec­

tively. 

Figure 5-21 is a plot of ~V(x) versus current for the reverse bias 

tests made on the longest finger of unit #19B. The dashed line illustrates 

the predicted behavior for a constant silver and silicon resistivity. The 

measured results show a dramatic increase in ~V(x) starting at currents 

above 100 A. This increase in ~V(x) is due to the temperature dependent 

increase in Pm and the changes in Wp and A due to both the temperature 

dependent silver and silicon resistivities. The cell section is observed 

to fail at 600 A. This implies that the temperature rise in the metal was 

at least 325°C which is the silicon resistivity turnover temperature. The 

temperature coefficient of resistivity for silver is .0038/ oC which means 

that a temperature increase of 263°C will cause P to double. However at 

600 A the value of ~V(x) is seen to be less than twice the linear value. 

This implies that either Wp or A or both decrease with increasing temper­
ature. 

No attempt was made to predict the temperature dependence of Wp or 

A. However it does appear that the effective area for current flow down 

the fingers decreases with increasing temperature. The effect of this 

decrease on the threshold failure current is difficult to determine. 

Reference to equations (17) and (18) show that the failure current is 
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proportional to the ratio of the total effective area to the effective area 

of the longest finger. Both of these effective areas are seen to decrease 

with increasing temperature. 

In conclusion, the results of the current distribution tests support 

the general conclusions used in the derivation of the failure model. The 
functional form of the exponential current decay is verified along with the 

absolute value of the predicted ~V(x) curves. Since the derivation of the 

current distribution was based on bulk current conduction as opposed to 

surface or edge conduction, the assumption that transient currents up to 

100 ~s pulse width are primarily through the bulk seems to be verified at 

least for the ASEC and Solarex cells. This assumption was not verified for 

the SNL cells since the data was too erratic to give meaningful results or 

for the Photowatt cells since no ~V(x) tests were performed. 

The results of the bus voltage test showed that the voltage drop was 

appreciable but should not invalidate the analysis. Another interesting 

result was that the forward biased ~V(x) tests on the ASEC and Solarex 

cells resulted in -much smaller voltage drops than for the reverse biased 

case. This result can be explained by a much larger component of Jo for 

forward bias. If the value of Jo is much larger for forward bias then 

the current in the fingers would be reduced proportionately. This would 

result in larger threshold failure currents under forward bias for the ASEC 

and Solarex cells. 
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6.0 OVERSTRESS FAILURE TESTING 

The results of the model predictions were given in Section 4.0. 

Predicted failure currents for the concentrator cells were several thousand 
Amperes (A) for 10-100 ~s pulse widths. whereas the predictions 'for the 
Photowatt cell were a few hundred Amperes. As mentioned earlier, a great 
deal of time was spent in developing a suitable pulser for the overstress 
testing. The desired requirements were a fast rise and fall time square 
wave pulser with variable pulse width between 1 ~s and 1 ms capable of 
delivering at least 30.000 A into a short circuit. The desired instrumen­
tation was a current transformer or current viewing resistor setup capable 
of measuring the current waveform through the cell up to 30.000 A with 
resolution at low current of approximately 1 A. In addition. a voltage 
probe was desired capable of measuring the voltage waveform across the cell 
up to approximately 300 V with a resolution at low voltages of about .1 V. 

An investigation of available pulsers at both AFWL and other govern­
ment and contractor facilities indicated that we had two options. 

a) Use an available high voltage, 50 n pulser and construct a 
transformer capable of delivering the high currents to the low 
impedance cell, or 

b) Contract the use of a lightning simulator facility. 

Neither of these options would provide a variable pulse width square wave 
pulser, however they would provide the necessary current. 

Since Sandia Labs had already contracted with the AFWL to support 
our testing with the DOL facility we opted to have the AFWL build a suita­
ble transformer to be used in conjunction with an available high voltage 
double exponential wave pulser. This facility was designed to provide the 
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necessary current for the failure tests on the concentrator cells and 

available square wave pulsers were used for additional tests on the flat­

plate cell. 

6.1 Description of Pulsers and Instrumentation Used for Overstress 
Testing 

Because of the high currents required for overstress failure, most 

of the tests were performed on a Maxwell labs high voltage pulser for which 

the special transformer was built. In addition to the Maxwell, two square 

wave pulsers were used; a Velonix 360 and a custom pulser built for AFWL by 

the BDM Corporation called the SPG-200. 

The Maxwell pulser is a high voltage capacitor discharge pulser. 

The pulse shape is double exponential with a variable rise time of 10 to 

1000 ns and a variable decay time of .5 to 10 ~s. The charging voltage is 

continuously variable from 50 to 150 KV. Additional control of the output 

voltage is accomplished with the use of 3x and/or lOx attenuators. The 

pulser output is through a 100 foot length of RG-220 cable with a nominal 

source impedance of 50 Q. Figure 6-1 is a typical output waveform into a 

50 n load. 

A transformer was designed and built by the AFWL for the Maxwell 

pulser. The input impedance was specified to be 50 n and the output impe­

dance -.1 n to match the dynamic impedance of the solar cells. The 

design is coaxial with the shield forming a Single term secondary (output) 

and the center conductor forming a 22 turn primary (input). In order to 

achieve a pulse duration correlating to the lightning environment, the pul­

ser was adjusted to 1 ~s rise time and 10 ~s decay time. Figures 6-2 and 

6-3 show typical output pulses from the transformer into a short circuit 

and .1 n load. The maximum output current measured into a short circuit 

was -30 kA. 
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Typical voltage waveform of Maxwell pulser into 
50 ~ load for 10 ns rise and 10 ws decay time. 

Current Waveform 

Transformer output into 
short circuit. 
226 Aid 5 )J s/d 

Figure 6- 2 . 

Fi gure 6-1 . 
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The transformer output was designed to provide instrumentation and 

function as a test fixture. Figure 6-4 A, Band C illustrate the transfor­

mer output and appearance. Figure 6-5 illustrates the Maxwell transformer 

test set up. Current measu rements were made by emp 1 oyi ng a mill ed out 

section in the copper bus bar as a current viewing resistor, (CVR) . The 

precision 50 n resistor is similar to a voltage probe and functions as a 

matching impedance on a 50 n coax cable . The 50 n coax cable i s also ter­

minated in 50 n at the scope input. The voltage across the cell is moni­

tored by a Tektronix P6009, 100x voltage probe. Voltage measurements were 

also made with two P6009 probes in a differential mode and using a custom 

made 50 n differential probe. The single P6009 probe set up shown in Fig­

ure 6-5 worked as well as the more complicated probe arrangement, therefore 

the simple set up was used. 

Instrument cal ibration was performed using a known .1 n load across 

the transformer output. An integrator was used to adjust the CVR wave form 

to correspond to the voltage waveform. The final calibration factor was 

45.2 A/mv. The minimum scope sensitivity of 5 mv/division gives a current 

of 226 A/division with a maximum resolution of -±6 A. 

The Velonix 360 has a nominal output impedance of 200 n. The 360 is 

supplied with several transformers to match load impedances down to 3 n. 

Two different configurations of this pulser were used as shown in Figures 

6-6 and 6-7. The two different configurations were necessary because low 

output impedance transformers were not available for 50 and 100 ~s pulse 

widths. For these test configurations the output pulse from the 360 i s 

transformer coupled to the desired output impedance. For the 3 n transfor­

mer a 1 n CVR is used. For the 50 n system a commercial 50 n coaxial cur­

rent and voltage T&M probe was used. This probe uses a 1: 1000 voltage 

divider and a .01 n CVR . 

The SPG-200 is a 30 kV 50 n charge line square wave pulser. This 

pulser was used for the short pulse width, 1.5 ~SJ testing of the Photowatt 
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cell. As with the Velonix 360 two test setups were used as shown in Fig­

ures 6-8 and 6-9. Testing was originally performed with the setup in 

Figure 6-8. However the dynamic impedance of the solar cell caused 
unacceptable reflections. To reduce these reflections, the setup in Figure 

6-9 was tried. Although there was no great reduction in the reflections, 

instrumentation is somewhat cleaner, therefore the setup of Figure 6-9 was 

used for the remainder of the SPG-200 tests. 

6.2 Overstress Failure Criteria 

In overstress failure testing of most semiconductor electronic com­

ponents the failure criteria is defined as 

a) A distinct break in the current and voltage waveforms during the 

overstress pulse with a rapid increase in current and a rapid 

decrease in voltage. (Breakpoint criteria) or 

b) A measureable degradation of the electrical performance parame­

ters after the overstress pulse, e.g. decrease in transistor 

current gain, increase in leakage current, or 

c) A catastrophic failure after the overstress pulse. Examples are 

a short circuit due to junction burnout or an open circuit due 

to a metallization burnout. (Metallization damage is normally 

implied from electrical tests since the semiconductor chip is 

not visible unless the package has been opened.) 

Since a solar cell is a semiconductor diode, a simildr set of fail­

ure criteria were implemented in this test program. Where possible the 

breakpoint criteria was employed. Unfortunately for most of the failure 

tests no obvious breakpoints were observed. The important electrical 
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performance parameters of the solar cell are open circuit voltage, short 
circuit current, efficiency and fill factor. Since these tests are rather 
time consuming and we did not have the test setups for making these mea­
surements, we relied on the reverse DC current-voltage characteristic of 
the cell to measure cell degradation. The major problem with th{s approach 
is that cell leakage currents were 10's to 100's of rnA, compared to typical 
bulk junction leakage currents of nA to ~A. Thus the surface or edge cur­
rents domi nated. In order to observe an increase in 1 eakage in the bul k, a 
change large enough to overcome the initial surface leakage is required. 
This would correspond to an increase of several orders of magnitude. 

Catastrophic failures observed either by visual inspection of the 
cell surface or by a short circuit in the I-V characteristic. 

Since solar cells are not packaged, visual examination after each 
overstress pulse was relatively easy. Cells were observed with a micro­
scope at 90x. I-V characteristics were monitored with a curve tracer • 

In summary, the fa il ure criteri a for the solar ce 11 s was: 

a) A distinct break in the voltage and current waveforms during the 
overstress pulse. 

b) A 10% or greater change in the reverse leakage current after the 
overstress pulse. 

c) A visual defect after the overstress pulse. Examples are metal­
lization melting or rupturing or burned regions in the silicon • 
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6.3 Test Procedure 

A summary of the overstress failure tests performed on the solar 
cells is given in Table 6-1. Listed in the table are the sample sizes, 
pulser and test setup used and the test conditions. 

TABLE 6-1 

Summary of Overstress Fa i 1 ure Testing 

Pulser (1) Bias 
Sample and test setup Pulse (2) Test (3) 

Cell Type Size (Figure No.) Type Condition 

ASEC 28 MAX, 6-5 DE, 10 )JS R 

ASEC 8 MAX, 6-5 DE, 10 )JS F 

SNL 13 MAX, 6-5 DE, 10 )JS R 

SNL 3 MAX, 6-5 DE, lD )Js F 
Solarex 25 MAX, 6-5 DE, lD )Js R 

Solarex 7 MAX, 6-5 DE, 10 )JS F 
Photowatt 17 MAX, 6-5 DE, 10 )Js R 

Photowatt 9 MAX, 6-5 DE, 10 )JS F 
Photowatt 5 SPG 200, 6-8, 6-9 SW, 1.5 )Js R 

Photowatt 3 VELONIX. 6-6 SW, 10 \IS R 

Photowatt 4 VELONIX, 6-7 SW, 50 \IS R 

Photowatt 8 VELONIX, 6-7 SW, 100 \IS R 

(1 ) MAX - Maxwell pulser with AFWL transformer 
(2) DE - Double exponential, SW - square wave 
(3) F - Forward, R - reverse. 

The failure tests were performed using the step stress method. An 
initial peak current level was selected which was, hopefully, below the 
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threshold failure current for the cell. This initial level was generally 

1/2 the predicted threshold failure current. A photograph of the reverse 

I-V characteristic was taken prior to pulsing and the cell was inspected 

visually at 90x to determine any initial defects or abnormalities. The 

cell was then mounted to the fixture and given the initial current pulse at 

room temperature and normal test room lightning. Current and voltage wave­

forms were recorded and inspected for breakpoint failure. The cell was 

then removed from the fixture and tested on the curve tracer to determine 
if any change took place in the I-V characteristic. The cell was also 

inspected visually to determine silicon and/or metal damage. If the cell 

did not fail according to the criteria outlined in Section 6-2, then the 

current level was increased and another pulse applied. This procedure was 

continued until the cell failed. In many cases where the failure was due 

to an increase in the leakage current as determined from pre-post curve 

tracer measurements, the current was further increased until metallization 
damage occurred • 

All of the failure tests on the concentrator cells were performed 

with the Maxwell pulser. However, for the reverse biased tests on the 

Photowatt cell the results using the Maxwell pulser were not satisfactory. 

The breakdown voltage of the Photowatt cells is about an order of magnitude 

higher than the concentrator cells. Once the charging voltage on the Max­

well was increased to the point where sufficient voltage was delivered to 

the cell to cause avalanche, the available current was several hundred 

Amperes. No current limiting resistors were employed, hence the cell cur­

rent could not be sufficiently controlled. Since the failure currents for 

the Photowatt cells turned out to be far belOW the predicted level of about 
200 A, the failures occurred early in the pulse and were in some cases 

below the resolution of the instrumentation. 

Since the failure currents for the Photowatt cells were difficult to 
measure accurately on the Maxwell pulser and were low enough to be measured 
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on the square wave pulsers, it was decided that failure tests on the 

remaining cells should be done using the SPG-200 and Velonix pulsers. 

The use, of these pulsers also allowed a measure of failure current 

versus pulse width. The SPG-200 is capable of pulse widths up to 1.5 ~s 

and the Velonix up to 100 ~s. 

6.4 Results of Failure Tests on the Concentrator Cells 

All of the failure tests on the concentrator whole cells were per­

formed on the Maxwell Labs pulser with the AFWL transformer. The pulse 

shape is a double exponential with a rise time of approximately 1 ~s and a 

decay time of 10 ~s. A summary of the threshold failure data on the con­

centrator cells is given in Table 6-2. The threshold failure currents are 

the lowest currents for which the cells failed by the criteria given in 

Section 6.2. The minimum, maximum, average and standard deviation are 

shown for each of the cell types for both reverse biased and forward biased 

testing. In addition, a predicted threshold failure current is shown based 
on the variable resistivity model. The predictions were made for constant 

current or square wave pulses. In order to compare the measured failure 

currents to the predicted failure currents, a conversion between a double 

exponential and a square wave is required. If the conversion is based on 
the average power 

10 and decay time 

pulse width .4 T. 

in the wave, then an exponential wave with peak current 

T is equivalent to a square wave of amplitude 10 and 

Thus the predicted threshold failure current was taken 

from Figure 4-6 at 4 ~s in order to compare to the Maxwell pulser results. 

There are several general features of the experimental results that 

require comment. First the spread in the data is much greater than would 

be expected from the variation in the important cell parameters that influ­

ence the predicted failure thresholds. The ratio of maximum threshold 

failure to minimum threshold failure ranges from 2 greater than 5 for 
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• TABLE 6~2 

Summary of failure tests on concentrator cell s 

(All current values are in Amperes) 

ASEC Sandia Solarex 

Reverse Bias 
Average fai 1 ure 6636 3146 18819 
current 

Std. Dev. 1367 766 5678 

Sample Size 28 13 25 

Mi nimum IF 3164 2305 5880 

Maximum IF 9300 4926 31200 

Predicted IF 4700 3400 15000 • Forward Bi as 
Average failure 12871 4896 22406 
current 

Std. Dev. 2807 1643 2886 

Sample Size 8 3 7 

r~inimum IF 8362 3751 19400 

Maximum IF 16300 6780 25990 
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reverse bias and 13 to 33% for forward bias. Concentrator cells typically 

have rather tight controls on most of the variables important in the model 

predictions such as finger cross sectional area and base doping level. The 

C/V and breakdown voltage measurements, discussed in Section 3.2 indicated 

that variations in base doping concentration from cell to cell within a 

cell type were quite small. Thus the wide variations in failure threshold 

must be due either to defects or nonuniformities in the cells that are 

difficult to detect (e.g., variations in finger sectional area from finger 

to finger or along a finger) or multiple failure modes not predicted by the 

model. 

Another feature of the data is the difference in threshold failure 

current for forward bias and reverse bias. In all cases the failure cur­

rents for forward bias were substantially higher than for reverse bias. 

This suggests that the current distribution under forward bias was differ­

ent than for reverse bias assuming that the failure mode is that of junc­

tion failure due to heat conducted from the fingers. 

As mentioned in Section 4, the model is based on the assumption that 

at current levels sufficient to cause failure the current is primarily 

through the bulk rather than the surface or edges. Since the model also 

assumes that failure occurs when the silicon is heated to the resistivity 

turnover temperature, the predictions should be conservative since actual 

failure occurs when the instability results in hot spots which extend 

across the base and cause local silicon melt regions or filaments. No 

estimates were made for the additional energy required to go from resis­

tivity turnover to actual fi1amentation. Therefore the model should pre­

dict a nominal lower bound to the failure current. Any failures that occur 

at currents below the predicted value should be due to either a different 

failure mode or due to a variation the cell parameters that would substan­
tially lower the predicted threshold current for that particular cell. 
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• In all three of the concentrator cell types the minimum failure cur-

• 

• 

rent was below the predicted failure level, and in fact for the SNL cells 
the average failure level was below the predicted value. Therefore a much 
closer look at the data is required in order to determine the nature of the 
unexpected low failures. 

In order to investigate the low failures, the data was plotted as 
histograms of frequency of occurrence versus threshold failure current for 
each cell type. Since most of the cells were tested at currents above 
where they first failed, histograms of first fail, second fail, and final 
fail were plotted. The histogram for the reversed biased ASEC cells is 
shown in Figure 6-10 for first fail, 6-11 for second fail and 6-12 for 
final fail. Included in each block of the histogram are the cell number, 
criteria by which the cell failed and the failure current level. 

There are two cells, units # 1 and 8 which failed below the predic­
ted level of 4700 A. The cause of failure was an increase in the reverse 
leakage current for both cells. The reverse leakage current in the cells 
prior to overstress testing is due to surface or edge currents as discussed 
in Section 6.2. In order to detect a change in the leakage current, 
increases of several rnA were required since the initial leakage currents 
were 10's to 100's of mAo This would correspond to several orders of mag­
nitude increase in bulk leakage current. In order to cause such an 
increase in the bulk leakage severe junction damage would be required in a 
small fraction of the junction. If a region of the junction did undergo 
filamentation then it is reasonable to assume that the local current den­
sity in this region would be increased sufficiently to cause metallization 
damage in the fingers directly above where the filamentation occurred. It 
was pOinted out in Section 4.0 that an increase of only 37% in the current 
density in the finger would,raise the temperature of the silver from the 
silicon resistivity turnover value to the silver melt value • 
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Thus, if enough junction damage occurred in the bulk to cause a mea­

surable increase in the leakage current, one would expect to see finger 

melts at about the same total cell current. In the case of units #1 and 

#8, increases in the reverse leakage current were observed without any 

accompanying finger melts. This observation suggests that the increase in 

leakage current could have been a surface or edge effect. If surface 
effects were the cause of the increase in leakage then the model predic­

tions would not apply. Therefore a closer look at the data is required to 

determine if any failures occurred in the bulk at currents below those pre­

dicted by the model. In Figure 6-11 the current levels for second observed 

failure are given. Again units #1 and #8 failed below 4700 A. However, 

both failures were again due to further increases in leakage without any 

finger melts. In Figure 6-12 the final fail data is given. Unit #8 exhi­

bited a short circuit for reverse bias and finger melts were observed. 
This occurred at 4248 A which is again below the predicted failure level. 

Thus unit 8 does fail from bulk current conduction at a level below where 

the model predicts a lower bound. 

Unit #8 received a total of 4 overstress pulses. No anomolies were 

noted in the pretest data on unit #8. Its breakdown voltage was 21 V and 

the pretest leakage was 225 rnA at 15 V. After 3160 A the leakage increased 

by 300 mAo After the 2nd shot of 3525 A the leakage increased an addi­

tional 400 rnA at 15 V. Shot 3, at a current of 3890 A, caused an addi­

tional increase of 150 rnA at 15 V, again with no finger melts. On the last 

shot, at 4248 A the reverse I-V characteristic became essentially a short 

circuit and finger melts were observed. The finger melts are located near 

the bus as predicted by the model but do not occur on the longest fingers. 

It is possible that the low failure level is caused by a reduction in the 

cross sectional area of the particular affected fingers, however a failure 

analysis could not provide such information because of the melt damage. 

The conclusion that can be drawn from the reversed biased overstress 

tests on the ASEC cells is that the model works well in predicting a lower 
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bound to the bulk failures produced by electrical overstress. Only one 

device had a confirmed bulk related failure at a level below the prediction 

and it occurred at 90% of the predicted threshold. However. there were 

failures that occurred as low as 67% of the predicted threshold that appear 

to be due to a different failure mode. The rather unexpected failure mode 

is apparently excessive surface or edge conduction causing a significant 

increase in reverse leakage current. 

The forward biased overstress data on the ASEC cells is shown in 

Figure 6-13. The lowest first fail was observed at 8360 A. well above the 

predicted lower bound. The lowest failure which involved finger melts. 

hence bulk damage. occurred at 10.400 A or more than twice the predicted 

threshold for reverse-bias. It seems reasonable that the current distribu­

tion under forward bias is substantially different than for reverse bias. 

As suggested in Section 5. a much greater fraction of current may be 

directly under the bus under forward bias. This would substantially lower 

the amount of current down the fingers hence increase the threshold failure 

current. Although the data is not conclusive the 6V(X) measurements on the 

ASEC fingers under forward bias seem to confirm this idea. 

The conclusion drawn from the forward bias overstress tests on the 

ASEC cells is that the model developed for reverse bias is quite conserva­

tive in predicting a lower bound for forward bias. No cells were observed 

to have failure levels below that predicted. 

The SNl cells were received in two lots and the test results indi­

cate a difference in response of the two lots. Therefore the data is plot­

ted separately. In Figure 6-14. data is shown for first. second and final 

fail levels for the reversed biased tests on the first lot of SNl cells. 

In Figure 6-15. similar data is given for the second lot. 
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All of the first fail currents for lot 1 were below the predicted 

threshold failure level of 3400 A. However all of these failures were due 
to increases in the leakage current without any accompanying finger melts, 

suggesting that the failures may be related to surface effects. 

These apparent surface related failures occurred at currents as low 

as 2300 A. However the second fail data shows that cell 01 exhibited a 

finger melt at 3160 A, below the predicted threshold. No finger melts were 

observed in the other four cells until the final fail data. Thus there was 

only one of the five cells which had a confirmed bulk related failure at a 

current below the predicted threshold. The first fail current levels on 
lot 2 were much higher than for lot 1 as shown in Figure 6-15. Two of the 

units had first failure currents below the predicted values, however both 

of these were due to increased leakage. The final fail data, however, 

shows that unit #3 had finger melts at 3070 A, well below the predicted 

threshold. 

Thus one unit from each lot of SNL cells had a confirmed bulk 
related failure below the predicted threShold. No obvious abnormalities 

were noted in the pretest characterization of these cells which would 
explain the low failure levels. However as mentioned in Section 3, all of 

the SNL cells were rejects because of low performance and contact problems. 

Therefore it is reasonable to assume that the low failures may be due to 

imperfections or metallization contact problems which could significantly 

alter the current distributions. This was verified by the difficulty in 

measuring ~V(x) as was described in Section 5. 

Because of the small sample size of SNL cells, only three cells were 

tested for forward biased overstress failure. The histogram for forward 

bias failures is given in Figure 6-16. The lowest failure, which occurred 
at 3750 A was apparently surface related. Since the bus on the SNL cells 

lies on top of an oxide layer all of the current is forced to flow through 
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the fingers. Because of this, one would expect the bulk related failure 

levels for reverse and forward bias to be the same. Although the sample 
sizes are two small to be statistically significant, the range of confirmed 

bulk related failure levels for reverse bias was 3070-5290 whereas for for­

ward bias the range was 4880-6780. Thus the forward bias failure levels 

were clearly higher. At present we do not have a reasonable explanation 

for why this occurred. 

Histograms for reversed biased first fail, second fail and final 

fail levels for the Solarex cells are given in Figures 6-17, 6-18 and 6-19 

respectively. Five cells had first fail currents below the predicted 

threshold of 15,000 A, one occurring as low as 5876 A. Although four of 

these five failure were due to leakage current increases, one cell, which 

failed at 12,000 A had a finger melt. The melt occurred on the finger next 

to the edge where the current entered from the pulser. On the next pulse, 

at 12,650 A, several fingers near the same end melted. As the current was 

further increased, more and more fingers at the same end showed melts. The 

final current pulse was 15,800 A. The failures were due to bulk current 

flow with the number of affected fingers increasing with each pulse. This 

cell had a pretest leakage of 800 rnA at 15 V and a breakdown voltage of 

-17 V. Nothing was noted in the pretest characteristics of this cell 

that would explain its low failure level. However, a survey of the finger 

melt data shows that in nearly all cases the finger melts occur at the end 

nearest where the current enters the back surface of the cell. As 

described in Section 6.1, the Solarex cell was mounted to the transformer 

terminals between the center of the cell and one end since the cell was too 

long to fit between the two terminals. This asymmetry caused a larger 

fraction of the current to pass through the two contacts on the one end 

mounted between the terminals. Since the one contact was placed at the end 

of the cell, if the current through the two contacts was approximately 

equal then the failures would be expected to occur near the end contact 

because fewer fingers feed the end contact. This would cause a greater 

current density in the fingers nearest the end, hence a lower total cell 
failure current. 
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Unit number 31 had a first fail current level well below the other 

cells. On the first pulse, at 5876 A, the cell showed an increase in the 

leakage current at 10 V of 50 rnA. The pretest leakage at 10 V was 120 mAo 

However no finger melts were observed on this device until a current of 
16,500 A. Thus it appeared that the early failure was surface related. 

The conclusion for the reversed biased Solarex cells is that the 

model does predict a reasonable lower bound for the failure even though 

failures were observed at currents below the predicted threshold. The low­

est bulk related failure occurred at about 80% of the threshold. The rea­

son for the low failures appears to be due to the asymmetry of the current 

flow resulting from the mounting technique. 

The first fail forward-biased current levels for the Solarex cell 

are shown in Figure 6-20. All of the failures occurred well above the 

threshold failure level predicted for reverse bias. As with the ASEC cells 

the reason for the hi gher fail ure currents appea rs to be due to the differ­

ences in current distribution between reverse and forward bias. Thus the 

model adequately predicts a lower bound to the failure threShold. 

6.5 Results of Failure Tests on the Photowatt Flat-plate Cell 

As discussed in Section 4, the predicted failure levels for the 

Photowatt cell were much lower than for the concentrator cells. There are 

several reasons for this. The Photowatt cell has a small junction area as 

well as a small cross sectional finger area. The substrate resistivity of 

10 Q cm is much higher in the Photowatt cells than in the concentrator 

cells. This high resistivity results in a breakdown voltage of -245 

Volts which causes much greater heating due to reverse bias. At pulse 

widths of 100 ~s and greater the predominate failure mechanism is reverse 

biased junction heating under the bus. 

115 



5 

D-
4 ::l 

0 
l-

e.!) 

f-' C 
f-' 
m 

'" 3 ~ 

~ 

OJ 
U 

4-
0 

I- 2 
OJ 
.0 

§ 
:z: 

1 

00 

• 

'l~ 

10 12 

SOLAR EX REVERSE BIAS FINAL FAIL 

31r-- Ce 11 I D Number 

I---Fail Code FM 

16480 

_____ L 
14 

t Peak Current Through Cell (A) 

1 

FM,I/V 

19662 
11 

FM, I IV 
19436 

18 2 
FM, I IV FM, I IV 
18532 23956 

31 4 15 13 

FM, I IV FM,I/V FM,I/V 

1649§.. 
16 IS 

18080 c.103jO 
20 

IT (KA) 

FM, I IV 

22600 
22 24 

Fai 1 Code: 

I/V - Change in I/V 
FM - Finger Damage at Bus 

2C 

FM, I IV 

27572 
3C 10 3 

FM,I/V FM,I/V I/V 

275721 28928 . 32544 
26 28 30 32 34 

Figure 6-19. Histogram of reverse bias Solarex failure currents for final pulse . 

• • 



• 

5 r-

CL 
::> 
0 
<-

<.!:l ...... ...... s:::: I-

" .~ 

(/) 

OJ 
u il-
4-
0 

<-
OJ 

..0 
E 
::> ~-
z 

L-

00 

• 
• 

SOLAREX FORWARD BIAS FIRST FAIL 

241-- Cell 10 Number 

FM 
25086 

I--- Fail ure Code 

f Peak Current Through Cell 

• 

Fa i 1 u re Code: 
Cell number 2 had damage to the fingers at the bus 
at 26668 A and a change in I/V. 

I 

10 

I/V - Change in I/V 

FM - Damage to Fingers at Bus 
Cell number 17 was also pulsed in the reverse 
bias mode first. The failure to the fingers 

testing. 
Predicted 
Threshold 

28 

FM 

25990 
24 i3 26 

I/V Wr>1 FM 
19436 21470 25086 

25 21 17 

FM FM FM 
I I I 19436 20340 25086 J 

12 14 16 18 20 22 24 26 28 

IT(KA) 

Figure 6-20. Histogram of forward bias Solarex failure currents. 



The initial reverse biased failure tests on the Photowatt cells were 

performed on the Maxwell Labs pulser. A total of 17 cells were tested to 

failure using the 10 ~s double exponential pulse. The charging voltage on 
the pulser was increased until the cell approached avalanche. Once this 

voltage was reached, the current in the cell increased rapidly. Since no 

current limiting was employed, the current increased well beyond the ini­
tial failure current. A distinct breakpoint occurred in the current and 

voltage waveforms indicating initial failure. Since the resolution of the 

current waveform was on the order of 5 A, an accurate measure of failure 

current was not possible. The cells unexpectedly failed at currents on the 
order of 4-20 A, between .75 and 5 ~s into the pulse. The predicted fail­

ure level at a pulse width of 1 ~s is 450 A and at 10 ~s about 300 A. 

Figure 6-21 illustrates a typical current and voltage waveform for 

the reversed biased failure tests on the Maxwell pulser. The current wave­

form at the top shows a very slight increase in current up to about 4 ~s. 

At that point the current increases rapidly to a peak of about 250 A, then 

decays back to zero. The voltage waveform at the bottom shows a rapid 

increase to a peak of about 130 volts. This is well below the breakdown 

voltage of 245 V. At 4 ~s the voltage decreases sharply from about 110 V 

to about 70 volts. A histogram of the failure currents is presented in 

Figure 6-22. Each block in the histogram shows the approximate fail cur­

rent, the time to failure, the cell number and the failure mode. The pri­

mary failure mode is a hole in the bus near the edge accompanied by an 

increase in the reverse leakage current. These failure modes indicated in 

the blocks were determined by a detailed visual examination at 500 x after 

the pulse. They are not representative of the type of failure that 

occurred at the breakpoint. From the oscilloscope photo of the current 

waveform presented in Figure 6-21, it was evident that after the failure 

occurred, a large current was dumped into the cell. Therefore it is not 

possible to determine the nature of the failure that occurred at the break­

point. The failure modes listed for the post-test analysis are increases 
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on Photowatt cell using Maxwell pulser . 
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outside fingers next to the edge, increases in leakage current and bus 

damage at the outside of the bus next to the edge. Figures 6-24 through 

6-26 give the results of the Velonix tests at 10 ~s, 50 ~s and 100 ~s 

respectively. All of the cells tested on the Velonix failed at voltages 
much less than the breakdown voltage, hence they never reached a bulk 

avalanche condition. Again all failures were surface or edge related. A 

plot of the failure current versus time to failure for all of the reverse 

biased square wave pulse tests on the Photowatt cells is shown in Figure 

6-27. Although there is a lot of scatter in the data for short times, all 

of the failure currents were between 4 and 15 A for time to fail greater 

than 2 ~s. 

Comparisons between the experimental results and the predicted 

threshold failure is inappropriate since all of the observed failures were 

apparently due to edge effects and the model predicts failure currents for 

bulk conduction. It was apparent from the voltage waveforms that only a 

few cells, those tested on the SPG-200, actually reached avalanche. 

The forward biased overstress tests were performed on the Maxwell 

Labs pulser. A histogram of the test results is given in Figure 6-28. The 

predicted threshold failure level for reverse bias at 4 ~s (corresponding 

to a 10 ~s exponential) is 340 A. Although most of the forward biased 

failures levels were well above the predicted threshold, one cell failed at 

322 A, exhibiting a finger melt near the bus. Since no ~V(x) tests were 

performed on the Photowatt cells, no comments can be made concerning the 

current distribution under forward bias. However if it is similar to that 

of the ASEC and Solarex cell, we would expect forward biased failure cur­

rent to be higher than that predicted for reverse bias. Thus it is rather 

surprising that a bulk related forward biased failure would occur below the 
predicted threshold for bulk related reverse biased failure. 
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One possible explanation is that due to the texturing of the silicon 

surface, the finger metallization is uneven. Thus the cross sectional area 
of the fingers may vary significantly along the length of the finger. 

Since the failure current is directly proportional to the square, root of 

the finger cross sectional area, a factor of two reduction in finger cross 

sectional area would cause a 30% decrease in the predicted failure current. 

6.6 Results of Post-test Visual Inspection 

At the conclusion of all of the overstress testing a detailed visual 

inspection of all of the cells was conducted under high power magnification 

in order to determine the nature and location of all of the failures. Each 

cell was scanned over the entire surface at 500 x. The results of this 

visual inspection are presented as visual composites of the damage loca­

tions and damage types for each cell type for each different test condi­

tion. Also presented are drawings of the cell test configurations showing 

the direction of positive current during the overstress test. Electron 

current would of course be in the opposite direction of the conventional 

positive current. Photomicrographs of the various types of visual damage 

are presented in Appendix B. 

Figure 6-29 illustrates the results of the visual analysis for the 

ASEC cells tested under reverse bias on the Maxwell pulser. Figure 6-30 

shows the direction of positive current for reverse bias. The results 

clearly indicate that finger melts occurred on the longer fingers near the 

intersection of the finger and the bus as the model predicts. 

Figure 6-31 illustrates the location of visual failures for the ASEC 

cells under forward bias on the Maxwell pulser. The current under forward 

bias is shown in Figure 6-32. It is clear that the distribution of fail­

ures under forward bias is significantly different than under reverse bias. 

All of the failures occur in the corners near the bus contacts rather than 
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Figure 6-30. Test configuration and direction of positive current 
for reverse bias ASEC tests. 
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Figure 6-32. Test configuration and direction of positive current 
for forward bias ASEC tests. 
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on the longer fingers. Also, the failures are heavily weighted towards the 
side where the electrons enter from the pulser. The distribution of the 

failures reinforces the assumption that under forward bias the bulk of the 

current flows directly from the bus into the silicon with a small fraction 

of the current in the fingers. The preferred current path for electrons 

seems to be from the pulser through the contacts on the right hand side 
(Figure 6-32) spreading very little from the bus contacts through the sili­

con and out the back surface contact. Since the outer bus on the ceramic 

substrate offers some resistance, less current enters the contacts on the 
1 eft hand side. Hence there are fewer damage centers located near the 1 eft 
side contacts. 

The results of the visual defect location for the SNL cells under 

reverse bi as are shown in Fi gure 6-33. The di rect i on of pos it i ve current 
is shown in Figure 6-34. As with the ASEC cells, the failures are primar­

ily finger melts near the bus and are more heavily weighted toward the 
longer fingers. This further confirms the model predictions of bulk 

related failure. The results for forward bias on the SNL cells are shown 

in Figure 6-35 with the direction of positive current shown in Figure 6-36. 

These results are distinctly different from the ASEC results under forward 

bias. In the SNL cells, the bus is not in contact with the silicon hence 

the current cannot be conducted under the bus. Since the current is forced 

down the fingers, there is a much more uniform distribution of finger 

melts. The finger melts seem to be slightly weighted toward the right 

side. In the case of the SNL cell, which is p+ on n, the electrons enter 

from the back surface of the silicon and flow out the bus to the bus con­

tacts. Again the failures are weighted toward the side where the electrons 

enter from the pulser but the bias toward the electron entry pOint is not 
as great as for the ASEC cells. 

The results for the Solarex cells under reverse bias are shown in 

Figure 6-37. The direction of positive current is shown in Figure 6-38. 

133 



>-' 
W 
-I:> 

• Fi nger Me It 
• Fi nger Melt and 

Open Circuit 
• Finger melt, open 

circuit and hole 
into the junction 

• 

~ 

..., 

" 

.. 

M :: :i 

Figure 6-33. Location of visual damage on SNL cell after 
reverse bias overstress tests. 

• 

~ 

~ 

• 



• 

• 

• 

J\_, 
;."" . 

Figure 6-34. Test configuration and direction of positive current 
for reverse bias SNL tests . 
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Figure 6-36. Test configuration and direction of positive current 
for forward bias SNL tests. 
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With the exception of one device, all of the visual failures occurred on 
one end within the first 15-20 fingers. The reason for this asymmetry in 
failure location was discussed in Section 6.4. It is apparently due to the 
mounting technique required for the pulser configuration. The highest cur­
rent density occurs in the fingers nearest the point of entry of the elec­
tron current from the pulser. These results further verify the model pre­
dictions of failure type and location. 

The results of the visual inspection of the Solarex cells for for­
ward bias tests are given in Figure 6-39. The direction of positive cur­
rent is shown in Figure 6-40. The location of the failures under forward 
bias is nearly identical to that for reverse bias. The proximity of the 
failures to the bus end contacts is evident for both bias conditions. In 
both cases this asymmetry is due to the mounting configuration. 

The Photowatt overstress tests under reverse bi as were performed on 
the Maxwell pulser, the SPG-200 and on the Velonix pulser at several pulse 
widths. Drawings indicating the visual failure type and location will be 
presented for each of these tests. For the tests conducted on the Maxwell 
Labs double exponential pulser, the cells failed early in the pulse but 
were subjected to a large current surge after failure. Thus the post-test 
visual defects are a result of high surge currents received after initial 
failure. Since the Photowatt cells were originally 4 cm x 2 cm cells which 
were sectioned in two equal parts, there are two bus configurations. 
Therefore in order to reproduce the actual failure locations, the data is 
presented in two figures, one for each bus configuration. Figures 6-41 and 
6-42 show the type and location of the visual defects for reverse biased 
Maxwell Labs pulser tests. Figure 6-43 shows the mounting configuration 
and direction of positive current. Nearly all of the failures occurred on 
the bus and consisted of bus melts in the center of the bus and holes in 
the silicon at the bus edges. The surge currents, after initial failure, 
were typically 200-500 A. 
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Figure 6-43. Mounting configuration and direction of positive 
current for reverse bias Photowatt tests. 
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The reverse bias square wave visual failure results are given in 
Figures 6-44 through 6-49 for the SPG-200 and Velonix tests. The failures 

are predominately edge related. Finger melts usually occurred on the edge 
fingers or at the end of the fingers next to the edge. Bus failures 

usually occurred at the outside bus edge. There were also tracks in the 

silicon from the bus edge or an edge finger to the silicon edge. 

The results of the post-test visual defect analysis on the Photowatt 

cells tested under forward bias on the Maxwell are shown in Figures 6-50 

and 6-51. The direction of positive current through the cell is shown in 

Figure 6-52. With the exception of one hole in the bus at the edge, all 

failures were finger melts near the bus as predicted by the model developed 
for bulk conduction under reverse bias. All of the failures were clustered 

near the wide part of the bus where the bus contact was made. This further 

confirms that under forward bias, when the bus lies directly on the sili­

con, most of the current enters the silicon either under the bus or within 

• 

a short distance of the bus. • 

• 
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Figure 6-52. Mounting configuration and direction of positive current 
for forward bias Photowatt tests . 
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7.0 SUMMARY AND CONCLUSION 

The goal of the program was to develop a model to predict the 
threshold failure currents for pulsed electrical overstress in silicon 

solar cells and to experimentally verify the model on several concentrator 

and flat-plate cell types. The model has been developed and presented in 

detail. Calculations of threshold failure currents have been made for 

three concentrator cells and one flat-plate cell. The model calculations 

were based on nominal values of cell parameters obtained from the manufac­

turers and partially verified by physical and electrical measurements. The 
model was developed for reverse bias on the assumption that the primary 

mode of current conduction during the transient overstress environment is 

through the bulk silicon. The threshold failure current is derived assum­

ing that silicon damage occurs once the instability temperature (silicon 

resistivity turnover) is reached. This provides a lower bound to the fail­

ure current. 

Three types of concentrator cells (ASEC, SNL and Solarex) and one 

type of flat-plate cell (Photowatt) were obtained for testing. Each of 

these cell types was modeled for threshold failure current. 

The results of the model predictions are the following: 

a) Failure in the concentrator cells under reverse bias at pulse 

widths between 1 ~s and 1 ms occurs initially from the silicon 

junction being heated to instability by conduction from the 
metal fingers. 

b) Initial failure occurs under the longest fingers near the inter­

section of the finger and bus. 
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c) Finger damage in the form of silver melting should occur at cur­

rents only slightly greater than that required for silicon junc­
tion failure. 

d) Failure in the high resistivity flat-plate cell shoul'd occur in 

the same manner as for the concentrator cells at pulse widths 

below 10 ~s. 

e) For the longer pulse widths the primary failure mode in the high 

resistivity cell should be due to reverse bias heating of the 

junction to the instability temperature. This would occur where 

the current density in the silicon is greatest, i. e., under the 

bus. 

A significant part of the model development involved a detailed 

description of the current distribution under transient high currents. An 

experimental setup was developed in order to verify the current distribu­

tion under pulsed conditions. This setup involved the development of a 

high current square wave pulser capable of delivering a 600 A, 100 ~s pulse 

at up to 100 volts. The current distribution was experimentally verified 

by measuring the voltage distribution along the bus and down the fingers 

from the bus to the finger end. These measurements were made using micro­
probe contact to the metallization and monitoring the voltage with a 

differential preamplifier. Both the functional form of the voltage distri­

bution and the magnitude of the voltage drops down the fingers were veri­

fied for reverse bias on the ASEC and Solarex cells. However excessive 

coupling voltages prevented the acquisition of meaningful data on the SNL 

cells, which was apparently due to contact problems with the cells. No 

measurements were taken on the Photowatt cells as they were all utilized 

for failure tests. The results of the current distribution tests under 

forward bias were quite different than for reverse bias. Although it was 

not verified directly, the results implied that a much greater fraction of 
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the current was directly into the silicon under the bus rather than down 
the fingers and into the silicon. If the total current into the finger 
were reduced from that predicted for reverse bias, then both the form and 
magnitude of the voltage down the finger could be predicted by the model. 
The conclusion of the current distribution tests was that the model was 
verified for reverse bias and under forward bias the current distribution 
was significantly different, apparently with less current into the fingers. 

All cell types were tested for transient overstress failure under 
both reverse and forward bias. Because of the high currents required for 
failure, a special transformer was built to be used in conjunction with a 
high voltage pulser. The resultant pulser test configuration was capable 
of delivering a double exponential pulse with a maximum 10 ~s decay time 
and with a peak current of 30,000 A into a short circuit. This pulser was 
used for the overstress failure tests on all cells under both bias condi­
tions. However additional reverse bias tests on the flat-plate cell were 
performed using square wave pulsers. 

The failure criteria established for the cells was one or more of 
the following, whichever occurred first; 

a) A breakpoint in the current and voltage waveform during the 
overstress pulse, i.e., rapid increase in current and decrease 
in voltage. 

b) A post-test to pre-test change in the reverse current of 10% or 
more. 

c) Post-test visual damage in the form of metallization melts or 
silicon damage. 
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• The only case where a clear breakpoint occurred was for the reverse bias 

tests on the Photowatt cells. In all other cases failure was determined by 

either criteria b) or c). Post-test electrical and visual examination was 

performed after every pul se. In most cases the overstress testing was con­

tinued until some visual damage occurred, even though the cell failed at 

lower currents due to increases in leakage. 

The results of the reverse bias tests on the concentrator cells ver­

ified that the model works well in predicting a lower bound to the thresh­

old failure current for failures resulting from bulk current conduction. 

Out of 66 concentrator cells tested under reverse bias, only four cells had 

confirmed bulk related failures below the predicted threshold. The lowest 

bulk related failure occurred at 80% of the predicted value. Possible 

explanations for these low failures are discussed in Section 6. However in 

several instances for all three cell types failures that are apparently due 

to surface or edge effects occurred below the predicted threshold. All of 

these "failures" were increases in leakage current. It is doubtful that 

degradation of leakage current would affect cell performance. Thus the 

failure model seems to work very well in predicting both the nature of the 

failures and a lower bound for the threshold failure current. 

The threShold failure currents for forward bias transient overstress 

on the concentrator cells were much larger than for reverse bias. No cells 

failed at currents below the threshold predicted for reverse bias. The 

failure mode for forward bias was predominately finger melts near the bus 

indicating bulk current conduction. However it was verified that the cur­

rent distribution was significantly different in the ASEC cell where the 

bus lies directly on the silicon. Failures occurred very close to the bus 

contacts. In the SNL cells, the failures were evenly distributed along the 

fingers near the bus since the bus lies on an oxide layer thus forcing cur­

rent through the fingers. Due to the asymmetry of the mounting configura­

tion on the Solarex cells, current conduction occurred preferentially at 
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one end of the cell and hence the failure locations were the same for for­
ward and reverse bias. The failure model developed for reverse bias proved 
to be conservative as a lower bound for the threshold failure current for 
forward bias. 

The results of the reverse bias transient overstress tests on the 
flat-plate cell demonstrated that the predominate failure mode was due to 
edge currents, hence the model did not adequately predict a lower bound to 
the failure threshold. Failure currents for pulse widths greater than 
about 2 ~s ranged from 4-20 A which is one to two orders of magnitude below 
the model predictions. Therefore the assumption of bulk current conduction 
does not apply to transient currents in high resistivity flat-plate cells 
and a different model based on edge currents is required. It appears that 
high resistivity flat-plate cells are quite vulnerable to transient over­
stress damage and could present a major problem for photovoltaic arrays in 
the lightning environment. 

The results of the forward bias transient overstress tests on the 
flat-plate cell indicate that the model developed for reverse bias provides 
a reasonable lower bound to the forward bias failure current. 

It is recommended that on the bias of the reverse bias transient 
overstress tests on the flat-plate cell, further work be performed to 
develop a model based on edge conduction and to characterize a variety of 
flat-plate cells. 

Based on the model predictions, which have been verified for concen­
trator cells under reverse bias, there are several parameters which can be 
controlled to increase the tolerance of the cell in the overstress environ­
ment. One major factor is, of course, total cell area. As with other 
semiconductor devices, the tolerance to overstress failure increases with 
increasing active area. The other major factor is the cross sectional area 
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of the fingers. The failure current scales with the square root of the 
finger cross sectional area. Since the total surface area of the fingers 
must be minimized, in order to increase efficiency then the finger thick­
ness can be increased to maximize cross sectional area. Another conclusion 
is that the overstress tolerance can be increased by placing the bus 
directly on the silicon. This not only increases the total active area, 
but allows a large fraction of the current to be conducted directly into 
silicon hence reduces the current density in the fingers . 
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50 A PULSE 

Top Trace. Cell Voltage 10 V;d 
Bottom Trace. Cell Current 20 A/d 

100 A PULSE 

Top Trace. Ce l l Voltage 10 V/d 
Bottom Trace. Cell Current 50 A/d 

150 A PULSE 

Top Trace. Cel l Voltage 10 V/d 
Bottom Trace. Cell Current 50 A/d 

Di fferenti al Fi nger 
Vo ltage 50 mV /d 

Differential Finger 
Voltage 50 mV/d 

Di fferent i a 1 Fi nger 
Voltage 100 mV/d 

Figure A-g. Typical voltage , current and differential finger voltage waveforms 
for an ASEC ce ll under reverse bias conditions. For currents of 
50 to 150 A. 
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200 A PULSE 

Top Trace . Cell Voltage 10 V/d 
Bottom Trace . Cell Current 100 A/d 

200 A PULSE 

Top Trace. Cell Voltage 10 
Bottom Trace. Cell Voltage 100 AJd 

400 A PULSE 

Top Trace . Cell Voltage 20 Vjd 
Bottom Trace. Cell Vo 1 tage 200 AJd 

Differential Finger 
Voltage 100 mV/d 

Differential Finger 
Voltage 250 mV/d 

Di fferenti a 1 Fi nger 
Voltage 250 mV/d 

Fi gure A- IO . Typical voltage, current and differential finger voltage 
waveforms for an ASEC ce ll under reverse bias conditions. 
For currents of 200 to 400 A. 
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500 A PULSE 

Top Trace . Cell Voltage 20 Vld 
Bottom Trace. Cell Current 200 Aid 

550 A PULSE 

Top Trace . Cell Voltage 20 VJd 
Bottom Trace. Cell Current 200 Aid 

600 A PULSE 

Top Trace. Cell Voltage 20 Vld 
Bottom Trace. Cell Current 200 Aid 

Differential Finger 
Voltage 250 mV/d 

Differential Finger 
Voltage 250 mV/d 

Differential Finger 
Voltage 250 mV/d 

Figure A-II. Typical voltage, current and differential finger voltage 
waveforms for an ASEC ce ll under reverse bias cond itions. 
For currents of 500 to 600 A. 
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50 A PULSE 

Top Trace. Ce 11 Voltage 5 V /d 
Bottom Trace. Cell Current 20 A/d 

100 A PULSE 

Top Trace. Cell Voltage 5 V/d 
Bottom Trace. Cell Current 50 A/d 

150 A PULSE 

Top Trace. Cell Voltage 5 V/d 
Bottom Trace. Cel l Current 50 A/d 

Differential Finger 
Voltage 25 mV/d 

Differential Finger 
Voltage 50 mV/d 

Figure A-12. Typical voltage, current and differential finger voltage 
waveforms for an ASEC ce ll unde r forward bias conditions. 
For currents of 50 to 150 A. 
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200 A PULSE 

Top Trace. Cell Voltage 5 Vld 
Bottom Trace. Cell Current 100 Aid 

300 A PULSE 

Top Trace. Cell Vo ltage 5 V Id 
Bottom Trace. Cell Current 100 Aid 

400 A PULSE 

Top Trace. Cell Voltage 10 V/d 
Bottom Trace. Cell Current 200 Aid 

Differential inger 
Voltage 50 mVld 

Differential Finger 
Voltage 50 mV/d 

Differentia l Finger 
Voltage 100 mVld 

Figure A-13. Typical voltage, cur rent and differential finger voltage 
waveforms for an ASEC cell under forward bias co nditions. 
"For currents of 200 to 400 A. 
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500 A PUL SE 

Top Trace. Cell Voltage 10 V/d 
Bottom Trace. Cell Current 200 A/d 

550 A PULSE 

Top Trace. Ce ll Voltage 10 V/d 
Bottom Trace. Cell Current 200 A/d 

600 A PULSE 

Top Trace. Cell Voltage 10 V/d 
Bottom Trace. Cell Current 200 A/d 

Different nger 
Voltage 100 mV/d 

Di fferenti al Fi nger 
Voltage 100 mV/d 

Different i a 1 Fi nger 
Voltage 250 mV/d 

Figure A-14. Typical voltage, current and different ial finger vo l tage 
waveforms for an ASEC cell under forward bi as condi ti ons. 
For currents 500 to 600 A. 
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600 A PULSE 

Top Trace. Cell Voltage 10 V/d 
Bottom Trace. Cell Current 200 A/d Differential Finger 

Voltage 250 mV/d 

Figure A-21. Typical voltage, current and differential voltage waveforms for an 
11 finger Solarex cell, under forward bias conditions. 
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Figure A- 22. Typical voltage, current, differential voltage waveforms for an 
11 finger Solarex cell, under reverse bias conditions . 
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25 A PULSE 

Top Trace. Cell Voltage 10 V/d 
Bottom Trace. Cell Current 10 Aid 

50 A PULSE 

Top Trace. Cel l Voltage 10 V/d 
Bottom Trace. Cell Current 20 Aid 

100 A PULSE 

Top Trace. Cell Voltage 10 V/d 
Bottom Trace. Cell Current 50 A/d 

Differential Finger 
Voltage 100 mV/d 

Differential Finger 
Voltage 250 mV/d 

Differential Finger 
Voltage 250 mV/d 

Figure A-27 . Typical voltage, current, differential finger voltage for a 
1/8 ASEC section under reverse bias conditions . For currents 
of 25 to 100 A. 
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150 A PULSE 

50 A/d 
200 A PULSE 

Top Trace . Ce ll Voltage 20 V/d 
Bottom Trace. Cell Current 100 A/d 

300 A PULSE 

Top Trace. Cel l Voltage 20 V/d 
Bottom Trace. Ce ll Current 100 A/d 

Differential Fin ger 
Voltage 500 mV/d 

Differential Finger 
Voltage 1000 mV/d 

Different ial Finger 
Voltage 2500 mV/d 

Figure A- 28. Typical voltage, current, differentia l finger voltage for a 
1/8 ASEC section under reverse bias conditions. For currents 
of 150 to 300 A . 
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400 A PULSE 

Top Trace . Cell Voltage 20 V/d' 
Bottom Trace. Cell Current 200 Aid 

500 A PULSE 

Top Trace. Cell Voltage 20 V/d 
Bottom Trace. Cell Current 200 Aid 

Differential Finger 
Voltage 2500 mV/d 

Differential Finger 
Voltage 2500 mVld 

Figure A- 29. Typical vol t age, current , differential finger voltage for a 1/8 ASEC 
section under reverse bias conditions. For current of 400 A. 
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Top Trace. Cell Voltage 10 V/d 
Bottom Trace. Cell Current 200 A/d 

Differential Fi nger 
Voltage 500 mV/d 

. • Fi gure A-30. Typical vo l tage, current, differential finger voltage for an 1/8 
ASEC section under forward bias conditions for current of 400 A . 
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-3500 

---Calculated using 1.6 jJ Q-cm 

---Calculated using 2 jJ Q-cm 

• ASEC #19B reverse bias 

• ASEC #19C reverse bi as 

• ASEC #19B forward bias 

.a. ASEC #19C forward bi as 

.25 cm .50 cm 

Distance down finger in (cm) 

----------

. 75 cm 1.0 cm 

Figure A-31. 1/8 section ASEC cell differential finger voltage versus 
distance down the finger for a 2.00 amp, 100 jJS square pulse . 
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Distance down finger in (cm) 

Figure A-32 . 1/8 section ASEC cell differential fin ger voltage versus distance 
down the finger for a 400 amp, 100 lJ S square pulse . 
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APPENDIX B 

PHOTOMICROGRAPHS OF VISUAL DAMAGE 
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As discussed in Section 6.6, a detailed visual inspection of the 
cells was conducted after the overstress tests were completed. Composite 

diagrams showing the nature and location of the failures were presented. 
In this appendix, photomicrographs are presented which show typical visual 

damage for each of the cell types. Photomicrographs will only be presented 

for a few cells of each type. Damage is similar for the other cells under 

forward and reverse bias conditions. Each photomicrograph is accompanied 
by a description of the damage, damage type, cell type, test conditions, 

and the highest peak current to which the cell was subjected. 
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Fi gure B1 

Ce 11: ASEC #13 
Magnification: . 275 x 

. Bias: Reverse 

Pul ser: Maxwell 
Peak Current: 7684 A 
Damage Type: Finger Heating 

This photo shows a finger which just began to melt and pull back. Note 
vertical filaments (Arrow) 

Figure B2 

Cell: ASEC #12 
Magnification: 500 x 
Bias: Reverse 
Pulser : Maxwell 
Peak Current: 8271 A 
Damage Type : Finger melt and open 

circuit. 

This photo shows where a finger has melted and pulled back (arrows) result­
ing in an open circuit. 
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Figures B3, B4, B5 

Ce 11 : A5EC #14 
Magnification: 500 x 
Bias: Reverse 
Pulser: Maxwell 
Peak Current: 8588 A 
Damage Type: Finger melt, open cir­

cuit and hole in 5i . 

Figure B3 . 

Figure B4 . Figure B5 . 

These photos show typical finger damage at the bus. Here the fingers have 
melted, pulled back and a hole has formed into the junction. The (::::) 
indicate the holes and the (----) indicate where the finger has pulled 

back . 

199 



Figure B6. 

Figure B6 and B7 

Cell: ASEC #8 

Magnification: 137.5 x 

Bias: Reverse 
Pulser: Maxwell 

Peak Current : 4248 A 

Fi gure B7 

Damage type: Finger melt, open circuit and hole in Si. 

These photos show severe damage to the finger and junction. Here a track 

has formed in the junction from the bus (----) down the finger path. 
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Figure B8 

Cell: ASEC #50 
Magnification : 68 . 75 x 
Bias: Reverse 
Pulser: Maxwell 
Peak Current: 6328 A 
Damage Type: Hole in bus. 

This photo shows a hole through the bus into the junction. Other failures 
of this type occurred on the outside edge of the bus under reverse bias 
conditions. 
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Figure B9, BID 

Cell: ASEC #35 
Magnification: 68.75 x, 137.5 x 
Bias: Forward 
Pulser: Maxwell 
Peak Current: 15820 A 
Damage Type: Finger melt, open cir­

cuit and hole in Si. 

Figure BID . 
(Magnification of B9) 

Fi gure B9. 

These photos show typical corner damage under forward bias conditions. The 
(===:) indicate where a hole has formed into the junction. The (----) 
indicate where the metal has pulled back. 
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Figure B11 

Cell: SNL # 02 
Magnification: 137.5 x 
Bias: Reverse 
Pulser: Maxwell 
Peak Current: 4113 A 
Damage Type: None 

This photo shows a discoloration of the surface next to the finger 
(arrows). This sometimes indicates heating has occurred in the area. This 
observation method was not used for reliable failure analysis as the 
discoloration can be due to processing . 

Figure B12 

Cell: SNL # 02 
Magni fi cati on: 137.5 x 
Bias : Reverse 
Pulsar: Maxwell 
Peak Current: 4113 A 
Damage Type: Finger Melt 

This photo shows a finger which has begun to melt . 
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Figure B13 

Cell: SNL 04-
Magnification: 500 x 
Bias: Reverse 

Pulser: Maxwell 
Peak Current: 5288 A 

Damage Type: Finger melt and 

open ci rcu it. 

This photo shows a finger where the Ag has melted and pulled back (---.). 

However not all the tri-metal has melted (===:). In the center the 

tri-metal has melted and pulled back, resulting in an open circuit. 

Figure B14 

Cell: SNL ~3 

Magnification: 500 x 

Bias: Reverse 

Pulser: Maxwell 

Peak Current: 5288 A 
Damage Type: Finger melt, open circuit 

and hole in Si. 

This photo shows the same type of 

damage as described in Figure 813 except 

the finger has pulled back considerably 

further. In this case the tri-metal 

did not open circuit. However, a small 

hole did form through the tri-metal into 

the junction I-l. 
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Figure B15 

Cell : SNL 05 
Magnification : 68 .75 x 
Bias: Reverse 
Pu1ser: Maxwell 
Peak Current: 3887 A 
Damage Type: Finger melt, open cir­
cui t . 

This photo shows a finger which 
has been lifted from the surface 

of the cell • 

Figure B16 

Cell: SNL ~2 

Magnification: 137 .5 x 
Bias : Reverse 
Pu1 se : Maxwell 
Peak Current : 4113 A 
Damage Type: Finger melt , 
open circuit and hole in Si. 

This photo shows a finger which has melted and pulled back (===: ) . Holes 
have also formed into the junction (----) . 
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Figure B17 

Cell: SNL 02 
Magnification : 137.5 x 
Bias: Reverse 
Pulser : Maxwell 
Peak Current: 4113 A 
Damage Type: Finger melt, open 

circuit and hole in Si. 

This photo shows the same type of damage as in Figure B17 except more 

severe. Here the metallization has pulled back into bubbles ( :). The 

(----) indicate where a track has formed into the junction. 

Figure B18 

Cell : SNL 03 
Magnification : 137 .5 x 

Bi as: Reverse 
Pulser : Maxwell 
Peak Current: 4610 A 
Damage Type: Finger melt , open 

circuit and hole in Si . 

This photo again shows the same type of damage as Figure B16 and B17. The 

(=) indicate a hole into the junction . The (- ) indicates where the 

finger has pulled back. 
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• Figure B19, B20 

Cell: SNL 3 
Magnification: 500 x 
Bias: Reverse 
Pulser: Maxwell 
Peak Current: 3073 A 
Damage Type: Finger melt and 
holeinSi . 

Fi gure B19 . 

These photos indicate a failure which occurred at a damaged finger. Figure 
• B19 shows where a finger has been abraded and pushed over (---+). Figure 

B20 shows where the metal has pulled back (----) and a hole has formed into 
the junction (===:). 

Figure B20 . • 
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Figure B21 

Cell: SNL01 
Magnification: 6875 x 
Bias: Reverse 
Pulser: Maxwell 
Peak Current: 3616 A 
Damage Type: Finger melt, open 
circuit, hole in Si. 

This photo shows damage which occurred in the corner of the cell. The 
(----) indicates finger melting. The r==::) indicates a hole into the 
junction. 
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Figure B22 

Cell : SOLAREX 
Magnification: 68.75 x 

This photo shows the textured 
surface of the SOLAREX cells . 

Figure B23 

Cell: SOLAREX #24 
Magnification: 68.75 x 

Many of the Solarex cells have damaged fingers such as shown in the photo. 
Here the finger has been torn off the surface of the cell . The dark spots 
(----) indicate where there was good adhesion between the surface and the 
finger • 
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Figure B24 

Cell: SOLAREX 25 
Magnification: 137.5 x 
Bias: Forward 
Pulser: Maxwell 
Peak Current: 20340 A 
Damage Type: Finger melt 

This photo shows a finger 
which has been melted (----). 
However the metal has not 
pulled back. 

Figure B25 

Cell: SOLAREX 25 
Magnification: 137.5 x 
Bias: Forward 
Pulser: Maxwell 
Peak Current: 20340 A 
Damage Type: Finger melt. 

This photo shows the same type 
of damage as finger B24 except 
more severe. 

• 
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Figure B26 

Cell: SOLAREX 17 
Magnification: 137.5 x 
Bias: Forward 
Pulser: Maxwell 
Peak Current: 26216 ,A 
Damage Type: Finger Melt 

This photo shows a finger where the Ag has melted and almost pulled back. 
In this photo the tri-metal pattern can be seen (----). 

Finger B27 

Cell: SOLAREX 17 
Magnification: 137.5 x 
Bias: Forward 
Pulser: Maxwell 
Peak Current: 26216 A 
Damage Type: Finger Melt 

This photo shows a finger which has melted and the Ag has pulled back to 
the points indicated by the (===:). The tri-metal (----) has not melted • 
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Figure B28 

Cell: SOLAREX 23 
Magnification: 500 x 
Bi as : Forward 
Pulser: Maxwell 
Peak Current: 22939 A 
Damage Type : Finger Melt 

This photo shows a finger which has melted and the Ag pulled back (===:). 
The (---+) shows where the tri - metal has begun to melt. 
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• Figures B29 and B30 

Cell: SOLAREX 24 
Magnification : 137.5 and 500 x 

Bias: Forward 
Pulser: Maxwell 
Peak Current: 26668 A 
Damage Type: Finger Melt and 

open-circuit 

These photos both show a finger 
which has melted and pulled back 
resulting in an open circuit. 
(Figure B30 is an enlargement 
of Figure B29). The (----) 
indicates where the metal has 

• pulled back. 

• 

Figure B29. 

Fi gure B30 . 
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Figure B31 

Cell: SOLAREX 25 
Magnification: 137.5 x 
Bi as: Forward 
Pulser: Maxwell 
Peak Current: 2034 A 
Damage Type: . Finger Melt, 

Open Circuit 
and hole in Si 

This photo shows a finger which has melted and pulled back to an open cir­
cuit. Here a hole has formed into the junction (----). 

Figure 832 

Cell: SOLAREX 23 
Magnification: 137.5 x 
Bias: Forward 
Pulser: Maxwell 
Peak Current: 22939 A 
Damage Type: Finger Melt, 

Open Circuit 
and hole in Si 

This photo shows the same type of damage as Figure 831 except the hole in 
the junction (----) is longer . 
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Finger B33 

Cell: Solarex 27 
Magn i fication : 68.75 x 
Bias : Forward 
Pulser: Maxwell 
Peak Current: 21470 A 
Damage Type : Damaged Cell 

This photo shows a cell which had been damaged prior to overstress testing. 
The failure occurred at the remaining bus and finger contacts. The failure 
indicated by (===:1 is a finger melt resulting in an open circuit. The 
failure indicated by the (-1 is a partial finger melt. 
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Figure B34 

Cell: SOLAREX 22 
Magnification: 137.5 x 
Bias: Reverse 
Pulser: Maxwell 
Peak Current: 23052 A 
Damage Type : Finger Melt and 

Open Circuit 

This photo shows a finger which has melted and pulled back (----) resulting 
in an open current. 

Figure B35 

Cell: SOLAREX 17 
Magnification: 137 .5 x 
Bias: Reverse 
Pulser: Maxwell 
Peak Current: 26216 A 
Damage Type: Finger Melt and 

Open Circuit 

This photo shows a finger which has melted and lifted up from the surface. 
The lifted section is indicated by the (----) . 

216 

• 

• 

• 



• 

• 

• 

Figure B36 

Cell: SOLAREX 17 
Magnification: 137.5 x 

Bias: Reverse 
Pulser: Maxwell 
Peak Current: 26216 A 
Damage Type : Finger melt, 
Open Circuit and hole in Si. 

This photo shows a finger which has melted and pulled back to the points 
indicated by the (===:). A hole has also formed into the junction 
indicated by the (---.) • 
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Figure B37 

Cell: Photowatt 
Magnificat{on: 68.75 ,x 

This photo shows the 
textured surface of the 
Photowatt cell. The 
(~) indicates the 

finger. 

Figure B38 

Cell: Photowatt 
Magnification: 500 x 

This photo shows the end 
of a Photowatt finger 
(undamaged) . 

• 

• 

• 
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Figure B39 

Cell: Photowatt # 9 
Magnification : 68 .75 x 
Bias: Reverse 
Pulser : Maxwell 
Peak Current: 429 A 
Damage Type: Bus melt 

This photo shows bus 
damage . Here the bus 
has vaporized and alloyed 
into the surface of the Si. 

Figure B40 

Cell: Photowatt # 9 
Magnification : 60.75 x 
Bias : Reverse 
Pulser: t~axwell 

Peak Current : 429 A 
Damage Type : Bus melt and 
hole in bus . 

This photo is of the same 
cell as Figure B39 . The 
damage area is closer to the 
current input point. Here 
the damage is much more severe 
and holes have formed in the 
junction (---+) . 
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Figure B41 and B42 

Cells: Photowatt # 15 
Magnification: 68.75 x 

Bias: Reverse 
Pulser: Maxwell 
Peak Current: 452 A 
Damage Type: . Hole in bus edge 

Both of these photos both show 
cell edge damage. The hol es 
i ndi cated by the (-) go through 
to the back side of the cell. 

• 

Fi gure B41. 

• 

Fi gure 842. 
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Figure B43 

Cell: Photowatt # 28 

Magnification : 68.75 

Bias : Reverse 

Pulser : SPG-200 1.5 ~s 

Peak Current : 560 A 

Damage Type: Hole in bus edge . 

This photo shows edge damage to 

a cell. The (----) indicate 

small holes into the junction 

and the (===:) indicates 

large holes into the junction . 

Fi gure B44 

Cell: Photowatt 28 

Magnification: 68 . 75 

Bias: Reverse 

Pulser: SPG - 200 1.5 ~s 

Peak Current : 560 A 

Damage Type : Finger melt , 

open circuit and ho l e in Si . 

This photo shows a finger next 

to the edge of the cell . The 

finger melted and a hole has 

formed into the junction (---- ) . 

>': 

v~ . __ .•. .:t: ' 
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Figure B45 

Cell: Photowatt 30 
Magnification: 68.75 x 
Bias : Reverse 
Pulser : SPG-200 1.5 ~s 
Peak Current: 560 A 
Damage Type : Damaged Cel l 

; ~ , ,gus 

This photo shows a 
bus damaged prior to 
overstress testing and 
the resulting failure . 
The failure (~) is 

a bus melt. 

Figure B46 

Cell : Photowatt 27 
Magnification : 137.5 x 
Bias : Reverse 
Pulser : Velonix 10 ~s 
Peak Current: 11 A 
Damage Type : Track from bus 

to edge . 

This photo shows a track (~) 

into the junction from the bus 
to the edge of the cell . 

~~~ A ~ , 

.' 
.......... -. 
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Figure B47 

Cell: Photowatt 26 
Magnification : 68.75 x 
Bias: Reverse 

Pul ser: Velonix 10 11 S 

Peak Current: 25 A 
Damage Type: Finger melt, 
open circuit and hole in Si. 

This photo shows severe damage to a finger. The end of the finger is just 
slightly out of view at the bottom of the photo. The shiny spots (1) are 

where the metal has pulled back into bubbles . The medium dark areas (2) 
indicate where there is an open circuit. The very dark areas (3) are where 
track/holes have formed into the junction . 

Figure B48 

Cell: Photowatt 36 
Magnification: 68.75 x 

Bias : Reverse 
Pulser: Velonix 50 I1S 

Peak Current: 15 A 
Damage Type: Finger melt, open 
circuit, hole in Si and track 

from finger to edge . 

This photo shows two types of damage. The primary damage to the finger is 

a track into the junctions indicated by the (- ). There is also a track 

from the finger to the edge of the cell (===:) . 
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Figure B49 

Cell: Photowatt 45 
Magnification: 500 x 
Bias: Reverse 
Pulser: Velonix 100 ~s 
Peak Current: 7 A 
Damage Type: Finger Melt. 

This photo shows the end of a finger which has melted , indicated by the 
light line in the photo (----) . 

Figure B50 

Cell: Photowatt 43 
Magnification: 68.75 x 
Bias: Reverse 
Pulser: Velonix 100 ~s 
Peak Current: 7 A 
Damage Type: Damaged Cell 

This photo shows cell damaged prior to overstress testing . The failure 
(----) was the formation of a hole in the junction . After repeated pulses 
the failure cleared itself. 

224 

• 

• 

• 



• 

• 

• 

Figure B51 

Cell: Photowatt 1 
Magnification: 137.5 x 
Bias: Forward 

Pulser: MRC 100 ~s 

Peak Current: 300 A 
Damage Type: Finger Melt 

This photo shows a finger which has melted but not pulled back (----). The 
bus is the dark area at the top of the photo. 

Figure B52 

Cell: Photowatt 1 

Magnification: 500 x 
Bias: Forward 

Pulser: MRC 100 ~s 

Peak Current: 300 A 
Damage Type: Finger Melt 

This photo is an enlargement of the damaged area indicated by the arrow in 
Fi gure B51. 

225 



Figure B53 

Cell: Photowatt 1 
Magnification: 137.5 x 

Bias: Forward 
Pulser: MRC 100 ~s 
Peak Current: 300 A 
Damage Type: Finger melt, open 
circuit and hole in Si. 

This photo shows a finger which 
has melted and a hole formed 
in the junction (~). 

• 
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