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SECTION I

INTRODUCTION

Humidity-related degradation of solar cells and modules is well
known from both space and terrestrial experience. Current humidity
cycling tests being applied to flat plate modules (References 1, 2)
are "survival" tests, i.e., the modules are not operating —- no
illumination, no voltage, terminals short-circuited. A standard
environmental test in the semiconductor industry is to subject devices
to 85°C, 85% relative humidity while imposing a voltage bias across
the device (Reference 3). A TV manufacturer in Japan found a positive
correlation between mean time between failures (MTBF) from an
accelerated life test (TV set operating) at high temperature and high
humidity and MTBF from field conditions (Reference 4). The results
indicated that for each hour of operation at 35°C and 95% relative
humidity, the manufacturer expected about 16.8 hours of operatiom
under field conditions. Also, experienced people at JPL noted that
with an applied voltage-humidity combination using a ground plane the
resulting electrolysis would accelerate the deterioration of the
insulating material. Furthermore, if a voltage gradient from cell to
cell were applied, metal migration may be accelerated. For these
reasons, the feasibility and value for solar cell modules of a
humidity test combined with a voltage bias was an appropriate subject
for research and development.

The objectives of the bias-humidity efforts were:
° Develop testing procedures combining voltage biasing with
a humidity cycle for the purpose of accelerating failure

mechanisms which may occur in long term field use.

. Define the bias~humidity tolerance of current photovoltaic
module designs.

) Define design changes associated with improving
bias-humidity tolerance.

e Determine value of bias-humidity testing as a mandatory
qualification test.

This report describes the results associated with these efforts.

1Hizs it tisk14dd
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SECTION II

TEST APPARATUS AND TEST SETUP

Bias-humidity development testing was conducted in two phases.
The first phase was to demonstrate feasibility of implementing such a
test to determine if field-like failure modes (especially encapsulanmt
delamination) would result. The second phase, a refinement of the
first phase, was to separate the variables resulting in Phase 1
degradation so that causative variables could be identified. The
Phase 1 studies were conducted on full size Block II modules, one from
each manufacturer. The Phase 2 studies utilized three mini-modules
from each of four Block II manufacturers. All modules were fabricated
with circular silicon solar cells of 50, 75, or 100 wm (2, 3, or &4
inches) diameter. Other materials, such as those for cell
metallization or module encapsulation, varied widely. Figure 1 shows

-the eight module types tested. A physical description of the modules

is provided in Table 1.

A. PHASE 1 TESTING

For the Phase 1 testing, two electrical conditions were imposed
on the modules during the humidity exposure. One condition consisted
of providing a voltage gradient from cell to cell with the current
opposite that normally experienced in the field (i.e., reverse
biasing). The reason for this condition was to provide a mechanism
that may accelerate metal migration, a degradation mode detected by
this type of testing in the semiconductor industry. The second
condition consisted of placing a ground plane in close proximity to
one-half of the front surface of the module. The rationale for the
ground plane was to provide a mechanism for stressing the encapsulant
to accelerate possible degradation, especially dielectric changes,

.e.g. deterioration of the insulating characteristics. Also, ground

plane "stressing'" conditions can conceivably occur in the field whem
moisture or dust form a conductive film on the module surface. The
ground planes for the modules were fabricated from perforated alumimum
plates. The ground plane for modules from manufacturgrs P and T was
positioned on the front side so that the half of the cells near the
negative terminal was covered. The other half was not covered. The
ground plane for the module from manufacturer L was similarly
positioned except that the ground plane was located on the reverse
side of the cells. If the module had a conductive frame, the ground
plane was electrically connected to the frame.

The basic electrical schematics for the test are shown in Figure
2. A summary of pertinent electrical connection information by module
is given in Table 2.

" Overall module power performance was determined by using the
pulsed solar simulator before and after the environmental exposure to
obtain current-voltage characteristics. Visual inspection reports and
photographs were used to document physical changes.

epiegre eqry
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Block II Full Size Modules
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Block II Mini-Modules

Figure 1. Types of Modules Subjected to
Bias—-Humidity Testing
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51061-84

Design Features of Photovoltaic Modules Tested

Feature

MANUFACTURER

Overall Dimensions

Full Size (Block II)
Mini-Modules (Block II)

T

X

P

L

589 x 290 x 25 mm
356 x 29Q x 25 mm

582 x 582 x 47 mm
356 x 268 x 47 mm

1168 x 387 x SO mm
387 x 280 x SO mm

1168 x 387 x 37 mm
387 x 285 x 37 om

Materials and cell types
(in sequence, top to

bottom)

Top, exposed surface

+sTop, encapsulant

Cells, type
diameter
thickness
number (full size)
number (mini-module)
Cell support

Primer
Bottom layer/

support structure

Cell metallization

Anti-reflection
coating

RTV 615

RTV 615

N on P
56 mm
0.042 mm
44
24

PVC-coated
fiberglass
mesh

Dow Corning

Aluminum
5052-H32

60-40 Pb-Sn
solder; pro-
prietary
metal

Aluminum
oxide

Sylgard 184

Sylgard 184

N on P
75 mm
0.042 mm
42
12

RTV-108 thinned
with MEK

Fiberglass -
reinforced
polyester G200

Ti-Pd-Ag metal
Sn contact
areas

Metal oxide

Dow Corning
X1-2577

Sylgard 184 or

- RTV 615

P onN
100 mmo
0.042 mm
40
8

Dow Corning
30-060

White glass
reinforced
polyester

60-40 Pb-Sn
solder; pro-
prietary
metal

None

2.03 mm float glass
Polyvinyl butyrol

N-on P
50 mm
0.042 mm
120
24
Polyvinyl butyrol

Mylar film

Ag paste, fired
Ag-solder contacts
(5% silver)

5102
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GROUND PLANE ——

GROUND
CURRENT 10k

Figure 2. Basic Electrical Schematic for Phase 1 Tests

Table 2. Detailed Electrical Connection Information

Module Module Grounding Fusing Amperage
Attachment
Point for
+Supply Lead
P -Terminal +Terminal (Module) 1/32
) Frame
Wire Mesh .
T -Terminal +Terminal (Module) 1/32 :
Frame ?
Wire Mesh :
L ~Terminal +Terminal (Module) 1/4
' Frame
Wire Mesh
X Wire Connecting | Frame 1/32
+ and - Wire Mesh
Terminals
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) For each module, the insulation resistance between the cell
terminal leads and the frame and ground plane was measured before and
after the test. Leakage current was measured before, during, and
after the test.

To perform correlations between test induced degradation and
voltage differences between cells with a module, reverse bias woltage
measurements were made of each cell. This procedure is described in
detail in the appendix.

One module from each of four Block II manufacturers was placed
in the humidity chamber in the arrangement shown in Figure 3. This

arrangement was necessitated by the desire to subject the four modules.

to the same humidity cycle to minimize one kind of variation (test to
test) as well as to conserve time and resources. Variations in
humidity and temperature exposure because of positional differences
(horizontal, vertical, and tilted, top of chamber vs bottom) were
assumed to be inconsequential after consultation with facility
personnel.

The humidity cycle that was applied to the modules is based on
Method 106 of MIL STD 202. The cycle (Figure 4) consisted of a
24-hour preconditioning period at 50°C (uncontrolled humidity)
followed by ten 24~hour cycles. The testing was performed in three
ten-day periods, with a visual and electrical evaluation following
each ten-day test. The Phase 1 and Phase 2 tests were performed at
JPL's environmental test facility (Building 144) using the Comrad II
humidity chamber.

B. PHASE 2 TESTING

The second phase of bias-humidity testing of solar modules was
conducted to determine if the first phase observations could be
repeated and to determine which of the various electrical test
parameters were the most significant in producing the observed
changes. The second phase tests were conducted in two parts. The
first, lasting ten days, exposed the modules to the ground plane bias
field only (both polarities) without reverse biasing the cells.
During the second ten-day test, modules were forward and reverse
biased. Control samples from each manufacturer were included in the
environmental chamber during each test. These control samples had no
ground plane or bias voltage applied.

Three mini-modules from each of the four Block II manufacturers
were placed in the humidity chamber on a special rack as shown in
Figure 5. The rack permitted the modules to be tilted at an angle of
60°. .

The electrical connections for the first test are shown in
Figure 6. All four manufacturers' samples were connected as shown
except that the modules from manufacturer L had a partial ground plane
on the back side of the cells in addition to the top surface ground
planes. These top surface ground planes covered the entire top
surface of the modules, rather than half the surface as was done for
the Phase 1 tests. They were constructed of an open mesh screening,
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HUMIDITY CHAMBER

Figure 3. Arrangement of Full-Sized Modules in Chamber for
Phase 1 Tests
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' Figure 4. Temperature-Humidity Test Profile
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.

rather than perforated metal, to permit exposure of more of the top
surface to the chamber enviromment. The ground plane screen was in
direct contact with the module top surfaces, and electrically

connected to the metal frame of the modules from manufacturers L, T,

and X.

The electrical connections for the second ten-day test of Phase
2 were as shown in Figure 7.

Data measurement methods of the Phase 2 tests were similar to
those for Phase 1, i.e., I-V curves, visual inspection, and cell
reverse bias voltage. The temperature-humidity profile for both of
the Phase 2 tests was the same as for the earlier Phase 1 tests

(Figure 4).
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Figure 5. Mini-Modules in Environmental Chamber at Start
of Phase 1 Tests
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o
- LEAKAGE CURRENT MONITORING POINTS

R = CURRENT SHUNT .

a = CONTROL SAMPLE

b = +POLARITY GROUND: PLANE SAMPLE
R ¢ = - POLARITY GROUND PLANE SAMPLE

* GROUND PLANE CONNECTED TO METAL
= = MODULE FRAME FOR MANUFACTURERS
. LAND T

250V =250V

Figure 6. Electrical Connections for Phase 2 Ground Plane Effects

O O

/T %jx

t——o0 +——o0

Pk

CURRENT SHUNT

FORWARD OR REVERSE BIAS VOLTAGE
CONTROL SAMPLE

REVERSE BIAS, WITHOUT GROUND PLANE
FORWARD BIAS, WITHOUT GROUND PLANE

[ - ]
L TR TR T 1)

. Figure 7. Electrical Connections for Phase 2 Cell Bias Effects.
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\ SECTION III

TEST RESULTS

Following each of the ten-day bias-humidity tests, &he modules
were examined, photographed, and tested. Changes were classified,
when possible, as:

(a) Changes related to a particular bias conditiom.

(b) Changes not associated with bias.

A. _PHASE 1 TEST RESULTS
1. Visible Changes

Two of the four modules from Phase I showed visible changes
assoclated with material transfer and discoloration. Visiible
deterioration of the front surface appeared after the first ten-day
test on the module from manufacturer P. However, no appreciable
changes were noted as a result of subsequent testing. AX1 cells
exhibited a white material extending out across the cell surface from
the metallization fingers. On some of the white material, a dendritic
structure was observed. Using an energy dispersive X-ray analyzer
(EDAX), the major constituent of the white surface material, including
the dendritic growth, was identified as tin. Other than some traces
of lead, no other elements were detected. The corrosion mechanism
appears to be a tin migration effect. Figures 8 and 9 show SEM views
of typical areas, including a dendritic growth.

The second module having visual changes was from mamufacturer
L. The metallization fingers on top of the cells and the back
contacts were discolored to a yellow-brown appearance around the edges

"of the cells. This yellow-brown discoloration was noted after the

second ten-day exposure (i.e., twenty days). There was additional
discoloration present after the third ten-day exposure. As part of
the failure analysis, portions of the bottom encapsulant were peeled
off the back of one representative cell. It was observed that the
yellow-brown discoloration peeled off with the encapsulant, leaving a
normal silver color on the cell back contact.

Using the crystal spectrometer, wavelength dispersive X-ray
analyzer (WDXA), the major constitutent of the yellow-brown material
was found to be silver with minor traces of lead and sulfur. The
corrosion mechanism appears to be a silver tarnishing or oxidation
effect.

No visible changes were noted on the modules from manufacturers
T and X.

2. Electrical Measurements

The bias—humidity test had little effect on power output. The

10
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Figure 8. SEM View of Cell No. 38 Showing Various Forms. of Corrosion

Products. Tin was the Major Constituent of ALl Corrosion
Products Examined

Figure 9. Dendritic Growth Pattern on Cell No. 38
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maximum power loss noted on any module, even after thirty days
exposure, was 5%. The power measurements taken during the Phase 1
test are given in Table 3. Assuming a measurement accuracy of + 2%,
the only modules with notable power changes were from manufacturer T
(3%) and manufacturer L (5%). The Phase 1 test results and test
conditions are summarized in Table 4.

Table 3. Maximum Power Measurements, Phase 1

- Initial Post 10-day humidity Pogt 20~day humidity . Post 30-day humidity
Module* | Output - - -
(Watts) Dry Delta Wet Delta Dry Delta Wet | Delta Dry Delta
T 11.23 10.99 -2,12 10.96 | -2.42 10.92 | -2.7% 10.96 | -2.42 } 11.08 | -1.32
L 27.14 26.57 -2.1% 26.48 | -2.4% | 26.39 | -2.8% 25.59 { -5.7% 25.70 | -5.3%
, )
X 20.50 20.48 -0.1% 20.31 | -0.9% | 20.35 {-0.7% 20.32 | -0.9% 20.50 0.0%
P 33.71 34,17 +1.4% 32,18 | -4.5% |} 33.62 | -0.3% 31.88 | -5.4%, 33.57 | ~0.4%
*
Full size.

B. PHASE 2 TEST RESULTS
1. Visible Changes

The visible changes observed as a result of the Phase 2 bias-
humidity testing were similar to those noted during Phase T.

Some discoloration appeared on the cells of the mini-modules
from manufacturer P which was similar in appearance to’the tin
migration observed following the first phase tests. This was randomly
distributed, not affecting all cells on any mini-module, and was most
extensive on the unbiased control sample. The changes were barely
visible after the first ten-day test, but clearly evident after the
second test. Figures 10 and 11 show the worst area from the unbiased
control sample. By SEM-EDAX, the material between the metallization
fingers was found to be rich in tin, similar to the observation on the
first phase bias-humidity test.

A yellow discoloration of the edges of the front and back
contact metallization was observed on one of the three mini-modules
from manufacturer L, after the first ten-day test. This mini-module
had +250 volts on the cells, with the ground planes (covering both the
front and rear faces of the mini-module) at ground potential. No
other appreciable changes were observed on any other of the mini-
modules, and the discoloration did not appear to increase during the
second ten-day test. This discoloration was very similar to that

12
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Table 4.

Summary of
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Phase 1 Bias-Humidity Test Results

Test Results

a) Visual Changes

b) Power Qutput
Changes

Test Conditions

Position in
Chamber

Reverse Bias
Voltage

Bias Current

Ground Plane

MANUFACTURER

T X P L

None None Tin migration Discoloration
on top of cells| on bottom of
cells

-37% None None ~-5%
Horizontal| Vertical| Tilted Tilted
250V None 250v 250v
6.1mA None 5.8mA 100mA
Half of All of Half of top Half of
top top bottom

Figure 10.

Example of Tin Migration on Solar Cell After
Bias-Humidity Testing, Phase 2.
Area Shown in Figure 11
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Figure 11. Scanning Electron Microscope View of Tin Migration
After Bias-Humidity Testing, Phase 2

observed on the first phase bias-humidity test of a module from
manufacturer L. It was also the only observed change on any of the
second phase modules which may be related to a particular bias
condition.

Some discoloration or delamination of the encapsulant was noted
on many cells of the modules from manufacturer T, particularly after

the second ten—day test. None of the changes appeared to be related
to bias voltage.

No appearance changes were noted on the mini-modules from
manufacturer X.

2. Electrical Measurements

The results for Phase 2 testing were similar to Phase 1. The
test had little effect on power output. The maximum power change
observed on any of the Phase 2 bias-humidity mini-modules, with one
exception, was 3%. The one exception was observed after the second
ten-day test when a crack in one cell of a mini-module isolated half
the cell and caused a 347 power loss. The Large Area Pulsed Solar
Simulator (LAPSS) test data for modules exposed to the Phase 2 bias-
humidity tests is presented in Table 5. A summary of the Phase 2
bias-humidity test results and test conditions is given in Table 6.

3. Delamination Test Module

A full sized field module (mapufacturer P) from MIT, Lincoln
Laboratory, with extensive encapsulation delamination was exposed to

14 -
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Table 5. Electrical Measurements for Bias—Humidity
Tests, Phase 2

FillL

MGF S/N DATE Voc Ise R/B Vmp Tmp Pmax  poctor 0 PWr (%)
3-7-78  4.785  2.288 1.920 3.741  2.044 7.65  0.698
831 4-5-78 ~ 4.815  2.199  1.997 3,741 2.042 7.64  0.721 0.1
5-9-78  4.794  2.181 1 3.672  2.059 7.56  0.723 “1.2
3-7-78  4.743  2.293  1.802 3.564  2.136 7.01  0.700
836 4-5-78  4.755  2.254 1.856 3.573  2.115 7.56  0.705: -0.7
» 4 5-9-78  4.737  2.233 1.889 3.531  2.117 7.48  0.707 -1.7
' 3-7-78  4.764  2.124  2.065 3.732  2.040 7.61  0.752
851 - 4-5-78  4.794  2.177 2.028 3.681  2.076 7.64  0.732 +0.4
5-9-78  4.794  1.186 2.043 4.293  1.170 5.02  0.883 -34.0
3-10-78 12.984  1.452 10.089  1.428  14.40  0.76&
7610013 4-5-78  12.975  1.486  2.147 9.960  1.422  14.16  0.735 -1.7
5-8-78 12.960  1.292 2.212  10.323  1.361  14.05  0.839 -2.4
3-6-78  13.527  0.594 2.938  11.031  0.566 - 6.24  0.177 .
011 4-6-78 13.554  0.583 2.906  11.127  0.566 6.19  0.783 0.8
5-9-78 13.527  0.575 2.927  11.292  0.537 6.06 0.780 -2.9
3-6-78 13.527  0.572 3.059  11.490  0.539 6.19  0.800
T 014 4-6-78 13.593  0.560 3.043  11.325  0.544 6.16  0.809 -0.5
5-9-78 13.506  0.556 3.028  11.331  0.538 6.10  0.812 -1.5
3-6-78  13.527  0.603 2.825  11.052  0.569 6.29  0.77%
022 4-6-78  13.554  0.589 2.734  11.304  0.547 6.18  0.774 _1.7
5-9-78  13.527  0.588 2.704  11.271  0.546 6.15  0.774 -2.2
11-4-77  4.704  1.842 1.913 3.753  1.651 6.20  0.715
007 4-21-77 4.656  1.857 1.943  .3.771  1.655 6.24 * 0.722 +0.6
. 5-9-78  4.659  1.857 1.939 3.789 1.644 6.23 0.720 +0.5
3-4-78  4.689  1.921 - 3,681 1.726  6.35  0.705
027 4-5-78  4.689  1.927 1.924 3.810  1.682 6.41  0.709 +0.9
L 5-9-78  4.677  1.926 1.910 3.780  1.693 6.40  0.710 +0.8
3-4-78  4.698  1.939 3.669  1.723 6.32  0.694
035 4-5-78  4.698  1.942 1.910 3.819  1.673 6.33 *0.700 +1.1
5-9-78  4.689  1.942  1.954 3.699  1.741 6.44  0.707 +1.9
3-4-78  4.707  1.933 1.917 3.810  1.658  6.32  0.69%
053 4-5-78  4.698  1.943  1.920 3.819  1.668 6.37  0.698 +0.8
: 5-9-78  4.689  1.938 1.919 3.789  1.673 6.35  0.699 +0.5
3-7-78  6.804  1.502 2.047 5.109  1.340 6.85  0.670
028 4-5-78  6.989  1.494  2.091 5.148  1.329 6.8  0.655 -0.1
5-9-78  6.813  1.422 2.103 5.226  1.288 6.73  0.695 . -1.8
3-7-78  6.915 ~1.439  2.049 5.307  1.285 6.82  0.685 _
X 037 4-5-78  6.918  1.446 .2.054 5.277  1.297 6.84 - 0.684 +0.3
5-9-78  6.912 -1.435 2.038 5.256  1.296°  6.81  0.687 -0.1
_ 11-18-77 7.005  1.405 2.158 5.382  1.239 6.67 0.678
056 4-5-78  7.017  1.398 2.203 5.379 1.247 6.71  0.68% +0.6
5-9-78  7.011  1.384  2.197 5.337  1.247 6.65  0.685 -0.3
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the humidity cycle during the Phase 2 tests. The rationale for this
concurrent test was to determing whether humidity cycling coupled with
a ground plane would significantly accelerate delamination of an
existing condition. For the ground plane effect test, a ground plane
was placed over the front face of the module and a potential of +250 V
was applied to the terminals. For the second test, the terminals were
short circuited.

No significant acceleration of the existing delamination was
observed. The delamination areas increased somewhat in area, and a
distinct color change, from green toward a bleached yellow-green, was
noted on the fiberglass substrate. Immediately following the second
ten-day test, the delamination areas were observed to be puffy, and
apparently filled with water. This feature disappeared within one or
two days as the module dried out. No corrosion or tin migration was
observed. The output power was moderately decreased during the bias-
‘humidity test (down 2.4%), and short circuit current was reduced.

c. CELL EQUIVALENT SHUNT RESISTANCE RESULTS

To perform correlations between test induced degradation and
voltage differences between cells with a module, reverse bias voltage
measurements were made of each cell using the shadowing technique
described in the appendix. Using the calculation method, also given
in the appendix, cell shunt resistance was determined. The
significance of cell shunt resistance is that the voltage difference
from cell to cell with reverse biasing is proportional to shunt
" resistance (E = IRgy). Consequently, a cell with a high shunt
resistance would experience a higher bias voltage across the cell

during the bias humidity test than a cell with lower shunt resistance.

Figure 12 shows the variation of cell shunt resistances within a
module and among modules. The cell shunt resistances from one
manufacturer's modules are significantly different from the
resistances of the other three. This is probably due to process
differences between the manufacturers. The significance of this
difference to bias voltage testing, such as bias-humidity, is that
complexities in the test set up and equipment must be introduced and
that test tailoring for each manufacturer's modules may be warranted.
Specifically, a universal test requirement and test set up may be
difficult to specify.

Two difficulties were experienced in performing these
measurements. First, it was found that significant light leakage to
the shadowed cell could occur because of reflections from the
substrate and oblique illumination. These effects were minimized by
an improved shadow mask; to compensate for any remaining "bias
current" effect, a 5-10mA correction factor was applied.

The second difficulty arises from the non-linear nature of the
reverse bias I-V curve. This is illustrated by Figure 13. The two
reverse bias curves shown were made by direct probing across the
shadowed cells with only normal room light as a background (much lower
intensity than the Sun-u-lator). It may be seen that the calculated

17
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MANUFACTURER L

NUMBER OF CELLS PER
RESISTANCE CATEGORY ——___

e BEFORE
CAFTER ‘]:’

MANUFACTURER P

1
| -}

MANUFACTURER T
1 2 (0 volts)

MANUFACTURER X

1

1.0 2.2 4.7 10 22 47 100 220 470 1000

1.5 33 68 15 33 68 150 330 680

CELL SHUNT RESISTANCE, ohms

Figure 12. Cell Shunt Resistance Before and After Bias-Humidity
Testing, Phase 1

resistance value changes drastically with the selected current level.
Therefore, the data presented here for 100mA reverse bias current may
be taken as only one point on a curve, and the term "equivalent shunt
resistance'" (ESR) is used to emphasize this fact. The actual shunt
resistance usually is considerably higher (if taken as the slope of
the 1I-V curve near the origin), and the limiting value of reverse bias
voltage at high currents (over 500mA) would correspond to a much lower
equivalent shunt resistance. It was observed that some I-V curves may
cross, so that a cell with higher than average ESR at low current
(50-100mA) may have a lower. limiting value of high current reverse
bias voltage than other cells with lower ESR. (See Figure 14.)

Following the shadowing technique measurements, the reverse I-V
characteristics of the same cells were recorded by direct probing
using a four point probe system, and with electronic voltmeter,
ammeters, and an X-Y plotter. The wide range of reverse
characteristics of individual cells within a module is well
illustrated by this technique (Figures 14 and 15).

18
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Figure 14. Curve Tracer Trace of Reverse Bias Characteristics
of Four Cells. Note that Curves May Cross, and a
Wide Range of Limiting Voltages Was Encountered

Table 7 lists the calculated ESR at 100mA for all cells from two
modules used during the Phase 1 bias humidity testing. The data has
“been corrected for the 5-10mA "bias current' effect, and compared with
direct curve tracer measurements. Approximate ESR values from direct
curve tracer measurements are also included. 1In general, the shadow
measurement data agrees well with the curve tracer data, giving
increased confidence in the validity of the shadowing technique. Some
cases where the curve tracer ESR is significantly higher than the
shadow technique value may have been due to contact resistance
problems. '

No correlations were observed between degree of corrosion,
applied voltage differences from cell to cell, ground plane position,
or potential difference between the cell and the ground plane.

D. MODULE INSULATION AND REVERSE BIAS RESISTANCE RESULTS

'From voltage and current measurements made during the Phase 1
and Phase 2 tests, module insulation resistances and module reverse
bias resistances were determined. The insulation resistance for three
of the four modules (Phase 1) decreased for the first seven to ten
days and then did not change appreciably thereafter (Figure 16). No
insulation resistance changes were noted in the module from
manufacturer T. This data suggests that future test plans for
insulation resistance should include test durations of moderate
length, e.g. ten days.

Module reverse bias resistance is plotted as a function of time
and module temperature in Figures 17 and 18. The data indicate slight
increases in reverse bias resistance during the first ten days. The
spread in resistance at the hot and cold portions of the cycle varied
considerably from manufacturer to manufacturer. In one case, the low
temperature condition resulted in higher resistance. In another case,
the higher temperature resulted in somewhat higher resistance. Some

20
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Figure 15. Examples of Reverse Bias I-V Curves for Several
. Cells Within a Given Module
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Table 7. Comparison of Equivalent Shunt Resistance Results
Obtained by Two Different Methods

s R

Module Manufacturer P Module Manufacturer L
Cell No. Shadowing, Curve Tracer, Cell No. Shadowing, Curve Tracer,
' Q Q Q Q.
1 243 310 Cc-1 98 90
2 197 230 Cc-2 273 286
3 231 220 c-3 152 - 145
4 266 240 C-4 90 85
5 149 170 C-5 141 130
6 114 120 c-6 - 124 127
7 404 340 c-7 78 70
8 210 200 Cc-8 94 - 87
9 324 430 c-9 132 124
10 198 220 C-10 84 75
11 351 350 Cc-11 83 132/67% .
12 254 260 C-12 136 147
13 323 - 300 Cc-13 98 96
14 286 270 C-14 224 242
15 267 370 C-15 66 65
16 291 310 c-16 78 70
17 ‘102 120 Cc-17 227 210
‘ 18 236 240 Cc-18 310 327
. 19 106 140 C-19 291 307
. 20 229 270 Cc-20 149 155
21 371 380 D-1 250 240
22 122 130 D-2 210 210
23 248 230 ' D-3 337 335
24 : 348 330 D-4 314 310
‘25 344 310 ; D-5 _ 144 135
26 231 240 D-6 127 122
27 : 349 340 D-7 314 315
28 219 230 D-8 107 100
29 : 176 150 D-9 224 230
30 348 . 370 D-10 146 145
31 248 370 D-11 243 255
32 . 354 420 D-12 110 110
33 269 400 D-13 318 324
34 : 162 . 170 D-14 94 82
35 246 . 270 D-15 95 92
36 177 170 D-16 . 208 220
37 252 260 D-17 151 153
38 181 - D-18 72 68
- 39 270 270 D-19 338 340
40 . 247 250 D-20 285 293
Mean 250 Mean 175
°-
Erratic.
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Figure 16. Module Insulation Resistance, Phase 1
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Figure 17. Module Reverse Bias Resistance, Phase I
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modules' reverse bias resistances were not affected by temperature.
Based on this data, the following guidelines are suggested for future
tests in which reverse bias resistance is determined: the changes in
resistance with time may be slight; modules from different
manufacturers may have significant differences in reverse bias
resistance which would necessitate different test equipment, e.g.,
different size power supplies; expect the temperature depemdence of
reverse bias resistance to vary greatly from manufacturer to
manufacturer.

25




- indicate the need for more extended temperature~humidity cycling than

" 5-20mA whereas the cells normally operate at currents of 500mA to 2A.

.test development program a mandatory bias-humidity qualification test

J AV 4L U & f

SECTION IV

CONCLUSIONS

The major corrosion mechanisms appear to be a tim migration
effect on modules from manufacturer P and a silver tarnishing or
oxidation effect on modules from manufacturer L. The corrosion
products may contain more complex oxides or other compounds, possibly
with some moisture content. The discoloration of the silver
metallization on L modules was the only observed change which may be
related to the application of a bias voltage during the
temperature-humidity test. However, due to the small sample size,
additional tests would be required to confirm this possibility.

During Phase 2 testing, changes in appearance of other modules
became much more evident after the second ten-day test. This may

a single ten-day period. Incorporation of the freezing pexriod for
three hours during each 24-hour cycle would seem to be a realistic
feature, considering the similarly wide temperature variations which
may be encountered in field service.

Applying a forward or reverse bias to the cells durimg the test
did not produce any observable effects. The currents used were only

Additional bias-humidity tests could be planned at a considerably
higher forward bias current. The bias voltage must be selected for
each module type, however. Thus, this type of test is comsiderably
more complicated to set up than simple unbiased temperature-humidity
testing, or even testing with a bias voltage with respect to ground
planes.

Because of the limited bias-related changes observed during this
is not recommended at this time.

Comparison of module insulation resistance results suggests a
moderate time dependency for some modules. Future tests should
include test durations of sufficient length to account for this
dependency. .

Module reverse bias resistance results indicate a strong
temperature dependence which varied widely between manufacturers.

The improved shadowing technique for measuring reverse bias
voltage has proven to give good correlation with direct curve tracer
measurements, and is thus a valuable technique when direct contact to
the cells cannot be made. The effect of parallel paths needs to be
taken into account, however, if these cannot be electrically isolated.
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APPENDIX

REVERSE BIAS VOLTAGE MEASUREMENT BY THE SHADOWING TECHNIQUE

I. INTRODUCTION

Ideally, the reverse bias voltage of a solar cell would be measured
directly, utilizing a curve tracer, or a current source and high impedance
voltmeter connected with separate leads directly to the cell. This latter

arrangement, the "four point probe' configuration, is shown schematically

in Figure A-1, together with the equivalent circuit for the cell. Typically

RS is low and much less than R

SH? so the short circuit current of the cell,

as measured directly, would be approximately equal to the intermal short

circuit current, I (Strictly speaking, this requires that the combination

sc’

of the series resistance, the terminal contact resistance and lead resistance

‘ much lower than the parallel combination of R, and the forward-biased

SH
diode resistance.) With the cell shadowed (ISC = 0), an equivalent shunt

Since R is

resistance may be measured at selected current values, IO. SH

~typically a non-linear function of I the current at which the measurement

O’

is .made must be stated. Also, as indicated by the cell equivalent circuit in

Figure A-1, such a measurement actually is the sum of the series and shunt

resistance. Thus:

Equivalent Shunt Resistance = v - R, + R
I S SH
0 I=1
0
= RSHI (If: RS << RSH)
1= I0

When dealing with a module, it may not be possible to make direct

‘mtact to the individual solar cells, either because the module must be

A-1
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~

protected from any damage such as that caused by probing through the emcapsu-

‘ation, or because the package includes a glass cover plate or other structural

features yhich make such contact difficult or impossible. .In such cases, an
indirect measurement of individual cell parameters must be made, based upon
changes in illumination of one cell compared with the others, and electrical
measurements at the module terminals. The shadowing technique to be described

is one such measurement procedure.

The following discussion assumes that the module consists of a single
series string of cells without bypass diodes. Series-parallel arrangements
present additional difficulties of data interpretation and will not be dis-

cussed in the present treatment. The technique consists of illuminating all

_ but one of the cells, while passing a known current (less than the illuminated

short circuit current) through the module. As indicated in Figure A-2, this

‘esults in reverse biasing the shadowed cell, while the remaining illuminated

cells are in their normal forward biased condition.

The series string of N cells may be treated as (N-1) illuminated cells
in series with one shadowed cell. The module I-V curve is, therefore the

summation of the illuminated I-V curve of (N-1) cells in series, and the

‘reverse bias characteristics of the shadowed cell. This is shown in Figure A-3.

The I-V curve for the (N-1) illuminated cells cannot be directly
measured, but may be approximated by assuming that all cells have similar

open circuit voltages. Thus, the open circuit voltage of (N-1) cells is:

<
]

v N-1 ' .
oC 0Cy ( N ) 1)

A-2
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In the low current region, the (N-1) cell I-V curve may be assumed to
.ave the same slope as the N-cell I-V curve, intersecting the I = Q ordinate

at VOC . The validity of this assumption rests upon a consideration of the
N-1

effect of shadowing a single cell, Refering to the equivalent circuit of the
cell (Figure A-1 or A-2), shadowing cell "X" reduces I to near zero. The

SCX

series resistance, Rs , 1s unchanged and the shunt resistance, R

X SHy
in series with the R, and the remaining (N-1) cells. If R were very low

Sx Sty

(nearly shorted cell), such that the open circuit voltage of cell "X" was

, appears

much below average, then V would remain nzarly the same as VOC

. However,
N-1 N '

ocC
for a typical module, where N 2 20, the error would be le;s than 5Z. A very
high shunt resistance (compared with the average for the cells) would not
affect the validity of the assumption. Similerly, since the series resistance

.‘s unaffected by shadowing, variations from the average value would not affect

.VOC . The effect of series resistance of the shadowed cell is included in
N-1

the slope of the (N-1) I-V curve.

Referring to Figure A-3, the I-V curve when one cell is completely

shadowed is similar to curve "A". The reverse bies voltage at the selected

current, IO, is, to a first approximation:

V.. = V -v
RB 0Cy_; 0

N—l) }
=({=2) v -V
( oc, 0

The above expression assumes the N-cell I-V curve to have almost no

(2)

.hange in voltage with current in the region of interest (relatively low

A-3
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.1 Figure A-4, where the shadowed cell generates a leakage current, I

5101-84
cirrents, well below the peak power point). While valid for modules having
. good fil1l1l factor, this assumption would not be as satisfactory for degraded
modules. A better approximation is indicated in Figure A-4. Measuring the
unshadowed module voltage, V

N
accomplished, and the result may be substituted for Vo

, at the selected current, IO, is easily

in equation (2).
CN

Vgl;l = Xli} (&) - V&l (3)
I =1 I0

0

An additional complication occurs because the individual cells often
cannot be totally shielded. Reflected light from the underlying mounting
surface or from side illumination impinges on the shadowed cell surface,
generating a small "'leakage' current which must be taken into account if an
accurate result is to be obtained. This situation is indicated on the curves
P’
actually 1ts short circuit current under the small residual illumination.

Experimentally, I may be determined by iocating point "P", the intersection

P
of the shadowed I-V curve, A, and the derived (N-1) I-V curve. Once IP is

known, IO (the selected current for reverce bias voltage measurement) is

increased by the same amount when measuring the voltage. Thus, the reverse

bias voltage of the selected cell at the chosen current, IO’ is:

(4)

W, - ()

0 0
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II. ~ EXPERIMENTAL PROCEDURE
(i

The following procedure assumes use of the circuit elements in Figure A-2,

.d a source of illumination such as the JPL "Sun-u-lator' which can i}luminate

all cells at a fairly repeatable intensity, even when cycled on and off.

Temperature of the module should be monitored, and maintained constant (prefer-
ably 28°C * 2°) since the module voltage typically drops by 0.1 volt per degree
increaée. This requirement necessifates operation of the Sun-u-lator for brief

periods rather than continuously.

A, Determine and plot the low current portion of the fully illuminated

I-V curve:

1. Adjust light intensity to give the desired short circuit current,

current, ISC (typically that corresponding to 100 mW/cm2 intensity).
N

Sl in position 1. Maintain this intensity during all subsequent

. : measurements.
I

® -

R

2. Measure the open circuit voltage of the module, VOC .
' N

S1 in position 2.

3. Measure the module voltage and current with a resistive load which

results in a current in the range of 100-200 mA. S1 in position 3.

4. Plot the two points from steps 2 and 3, above, on an expanded
scale, as shown in Figure A-5. The straight line through them

approximates the low current portion of the I-V curve.

5. Calculate and plot: VOC = ( N;l ) VOCN'

Draw a line through this point, parallel to the line previously drawn..

A-5
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Set up R3 for positive regulation of the constant curremt power supply,

as follows:

Set the constant current supply to a value equal to the selected

current at which the reverse bias voltages are to be méaSured, I

0

Adjust R3 so that the voltage across the constant current supply
is a small, positive value (polarity as indicated in Figure A-2),

with IO flowing through the module, R3 and the comstant current

supply. S1 in position 5.

Note: This adjustment is necessary because most comstant current
supplies will only regulate current with a positive output voltage.
With R3 too small, the illuminated module would force more than

the desired current, IO’ through the supply resulting in a negative

supply polarity and loss of regulation.

Perform the reverse bias voltage measurement on each cell of interest

as follows:

1. Determine the leakage current level, IP: (Sl'in position 4.)

a) Position the shadow mask over the cell of interest.

b) Adjust R, while observing the module voltage and current,

2

so that these values, VP and IP’ fall on. the (N-1) I-V curve
plotted previously (Figure A-5, step A-5, above). Record

these values of VP and IP.

A-6
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Set the constant current supply to the value I ='IO + IP, where

IO is the selected current for measuring the reverse bias voltage

(typically 100 mA or 250 mA).

Without moving the shadow mask, measure the module voltage,

VO’ at this current level, IO + IP. (Sl-in position 5.)

Calculate the reverse bias voltage and equivalent shunt resistance

I = 1. +1
0 I=1)+1,
where'VNl is obtained from the plotted I-V curve of
I=IO+IP

Figure A-5. (Note: If the fully illuminated I-V curve has

very little slope, and VR is appreciable, V may be substituted

i
for YHJ with 1itt1e'error.)
I=T,+1 ]
Equivalent shunt resistance: ESR = VRB
. IO

£=7
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a

SINGLE CELL EQUIVALENT CIRCUIT

= —

l o
1

/I

Figure A-1 Four-Point Probe Configuration for
. Measurement of Solar Cell Parameters
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SINGLE CELL - N CELLS

COMPLETELY . t— (N=1) CELLS
SHADOWED

CELL REVERSE
CHARACTERISTIC *

Vo V v
o Yoc Yocy

A = SUMMATION OF (N-1) CURVE AND SHADOWED SINGLE
CELL REVERSE CHARACTERISTIC.

* SHADOWED CELL REVERSE CHARACTERISTIC LESS SERIES RESISTANCE.
THE SERIES RESISTANCE EFFECT OF THE SHADOWED CELL APPEARS
IN THE (N-1) I-V CURVE,

Figure A-3. Composite I-V Curve of One Completely Shadowed
Cell in Series with (N-1) Illuminated Cells

N CELLS
| (N-1) CELLS

‘4—— VRB —
N
: St
Vo

\"

N|, _
——JI-IO+IP

Figure A-4. Composite I-V Curve of One Partially Shadowed
Cell in Series with (N-1) Illuminated Cells
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(N-1) CELLS

I-V CURVE
(STEP A-5)

~— Vpp —"

VN AT IN_ (STEP A-3)

N-CELLS: BV CURVE
(STEP A-4}

LEAKAGE
CURRENT
(STEP A-4)

Figure A-5. Typical Expanded Scale I-V Plot for

Reverse Bias Voltage Determination
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