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ACCELERATED AGING OF GaAs CONCENTRATOR SOLAR CELLS 

Paul E. Gregory 
Varian Associates, Inc. 
Solid State Laboratory 

611 Hansen Way 
Palo Alto, CA 94303 

ABSTRACT 

An accelerated aging study of AlGaAs/GaAs solar 
cells has been completed. The purpose of the 
study was to identify the possible degradation 
mechanisms of AlGaAs/GaAs solar cells in terres
trial applications. Thermal storage tests and 
accelerated AlGaAs corrosion studies were per
formed to provide an experimental basis for a 
statistical analysis of the estimated lifetime. 
Results of this study suggest that a properly 
designed and fabricated AlGaAs/GaAs solar cell 
can be mechanically rugged and environmentally 
stable with projected lifetimes exceeding 100 
years. 

Prepared for Sandia National Laboratories under Contract 
13-5674. 
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I. INTRODUCTION 

An accelerated aging study of A1GaAsjGaAs solar cells has been 

carried out. The purpose of the study was to identify the possible 
degradation mechanisms of GaAs solar cells in terrestrial applications. 

Two types of experiments were carried out for the study: thermal 
storage tests, and A1GaAs corrosion studies. 

The thermal storage tests were performed in order to assess degra
dation mechanisms, such as diffusion, which are thermally activated. 

Groups of unpackaged GaAs solar cells were stored at temperatures far in 
excess of any likely operating temperature, and their response to one

sun illumination was periodically measured. The cells proved to be 
quite rugged; it was necessary to subject them to higher temperatures 

than had been expected. Groups of solar cells were stored at 400°C and 

425°C in nitrogen ambient and 250°C and 320°C in air ambient, and were 

subjected to thermal cycling between 25°C and 400°C in nitrogen ambient. 

The tests at 400°C and 250°C were both continued for over 3000 hours. 

A statistical analysis was performed on the results of the thermal 

stress tests in order to project an estimated cell lifetime at expected 
operating temperatures. The result obtained from the analysis was at a 
cell temperature of 100°C; the median lifetime for the cell output power 

to drop by 20% of its initial value is between 5700 and 30,000 years. 
These results indicate that thermally-excited failure mechanisms within 
the cell itself (not including the cell package) should not be a limita

tion for the use of GaAs solar cells in practical systems. 

The A1GaAs corrosion experiments assessed the vulnerability of the 
high aluminum-content A1GaAs window layer to atmospheric corrosion. The 

A1GaAs layer is protected from the atmosphere in these cells by a 700 ~ 

thick Si3N4 optical antireflection coating. It was found that it is 

necessary to deposit the Si3 N4 with the cell held at 400°C or above for 
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the Si3N4 to be sufficiently d~nse to protect the A1GaAs. Furthermore, 
it was found that A1GaAs/GaAs cells produced by organometallic vapor 
phase epitaxy (OM) are much more resistant to A1GaAs corrosion than are 
cells produced by liquid phase epitaxy (LPE). Experiments seem to 
indicate that the greater corrosion resistance of the OM cells is caused 
~ the A1GaAs layer being thinner on the OM cells than it is on the LPE 
cells. 

The results of this study provide a good basis for belief that a 
properly-fabricated A1GaAs/GaAs solar cell is a rugged, environmentally
stable device. 
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II. THERMAL STORAGE TESTS OF SOLAR CELLS 

Groups of solar cells were subjected to thermal storage tests in 
both nitrogen and air ambients, and to a thermal cycling test in nitrogen. 
The tests are intended to accelerate diffusion and any other thermally
activated degradation mechanisms. 

In the following sections, we describe the cells used in the tests 
and the procedures and equipment used to carry out the tests. Finally, 
we present the results of the tests and analyze the results in order to 
extrapolate cell lifetime to temperatures at which the cells would 
normally operate. 

A. Test Procedures 

1. The Solar Cell and Its Package 

The solar cell epitaxial structure, contact grid, and package 
are shown in Fig. 2-la, b, and c, respectively. This solar cell has 
been under development at Varian for the 1 ast several years. (1) The 
cell is a GaAs p-n junction device which has a high aluminum-content 

A1GaAs window layer. The function of the A1GaAs window layer is to 
reduce the surface recombination greatly at the upper GaAs surface. The 
A1GaAs layer is subject to corrosion by the air, so it must be protected 
from the atmosphere. During processing, the A1GaAs is protected by a 
GaAs "cap" layer grown over it. Just before packaging the cell. the cap 
layer is etched off the active cell areas, and a Si3N4 layer, approximately 
700 ~ thick, is deposited on the cell surface. The Si3N4 ha~ the dual 
function of protecting the A1GaAs from atmospheric attack, and of serving 

as an optical antireflection (AR) coating for the solar cell. The Si3N4 

layer is deposited by rf plasma reaction of SiH4 and N2' with the solar 
cell he' d at 400°C in an LFE Model PND-301 depos ition system . Usually. 
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three cells are coated simultaneously along with a Si test piece. The 
quality of the AR coating is monitored by measuring the thickness and 
index of refraction of the Si3N4 on the Si test piece with an ellipso

meter. 

At the time this contract Nas begun, the GaAs and A1GaAs layers for 

Varian solar cells were usually grown by liquid phase epitaxy (LPE). An 
alternative growth technique, organometallic vapor phase epitaxy (OM

VPE, or just OM), had been under development at Varian for several 
years. Shortly after the accelerated aging program began, it became 
possible to routinely produce high-quality solar cells by OM. Since the 
thermal storage tests had begun with LPE cells, it was decided to con
tinue to concentrate on LPE cells for those tests. All but two of the 
cells used in'the thermal storage tests were LPE grown. Experiments to 
measure A1GaAs corrosion resistance, described in a later section, were 
performed on both ~PE and OM cells, and the OM cells were found to have 

a greater corrosion resistance than the LPE cells. Partly as a result 
of those experiments, it was decided to produce only OM cells for future 
work. Both OM and LPE cells were delivered to Sandia under the cell 
delivery requirements for this contract. 

The OM and LPE cells are similar in structure. The major differences 
are that the OM cells have Zn as a p-type dopant, while the LPE cells 
are Mg doped and the A1GaAs layer is typically 1500 ~ thick in the OM 

cells versus 7000 ~ in the LPE cells. 

The front contact grid, seen in Fig. 2-lb, is a 1/3-inch radial 
pattern on a 0.36-inch square cell, and is formed by conventional photo
lithographic techniques. The front contact metal system, starting with 
the layer closest to the cell, is 300 ~ Au/125 ~ Mg/300 ~ Au/1000 ~ 
Ti-W/ 1500 A Au. The back contact metal system is 100 ~ Au/250 ~ Sn/100 
~ Au/ 1000 ~ Ti-W/500 ~ Au/4500 ~ Ag. The contacts are alloyed in a 
belt furnace under a nitrogen atmosphere. The front contact series 
resistance is lowered by electroplating a 2-micron thick gold layer onto 
the grid pattern. 
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A cutaway of a packaged 1/3-inch cell is shown in Fig. 2-lc. The 
cell shown is soldered to a molybdenum baseplate using an Ag-Sn eutectic 
solder preform in a vacuum soldering station. The top contact is made 
by a gold-plated copper leadframe that is soldered to the cell corners 

with Pb-In paste solder (Indalloy #7). The leadframe soldering is done 
in a belt furnace. A similar package is used for 0.49-inch diameter 
cells, but has a metallized ceramic baseplate instead of the molybdenum 
baseplate. The ceramic baseplate provides electrical isolation between 

the cell and coolant water in the solar array. 

The maximum temperature which the cell package can withstand is 

limited by the 180°C solidus temperature of the leadframe solder. It 
was originally hoped to develop a high-temperature cell package for the 
accelerated ag"ing study by using Au-Ge solder, but we were unable to 
develop a technique for attaching the leadframe using Au-Ge solder. The 
Au-Ge eutectic temperature is 356°C. As discussed below, temperatures 
of 400°C or more were required to obtain a significant number of failed 

cells, so the Au-Ge solder would not have withstood the required tem
peratures anyway. Furthermore, results of a thermal storage test at 

425°C with cells Au-Ge soldered (on the back side only) to ceramic trays 
showed that the solder itself can cause cell failures at high temperatures. 
Thus the thermal storage tests were limited to tests on unpackaged solar 

cells. The use of unpackaged cells means that the test results are 
valid for failure mechanisms intrinsic to the cell and are independent 
of any associated with a package. 

The unpackaged solar cells were handled in two ways: completely 
loose cells, and cells soldered to ceramic trays. The ceramic trays 
were developed to minimize cell damage caused by handling of individual 

cells during testing, and to provide an easy means of identifying each 
cell. The ceramic trays were alumina substrates 2.5 inches x 1 inch x 
0.02 inch thick with metallized areas to which the cells were soldered. 
The metallized areas were formed by painting on moly-manganese paste, 
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firing at l400°C, and then plating ~p wfth nickel and gold. Five cells 

were soldered to each tray with Au-Ge splder. 

After the test at 425°C had shown that the solder could cause the 
cells to short out, al'l aluminum cell holder was fabricated for handling 
the loose, unsoldered cells. Cells are placed in 0.4-inch square recessed 
areas in an aluminum block 2.6 x 1.2 inches by 0.25 inches thick, with 
space for ten cells per holder. Thesa cell holders were used for the 
four loose cells stored at 425 Q C in nitrogen and the ten cells stored at 
320°C in air. 

2. Equipment for Thermal Storage Tests 

For thermal storage of cells below 320 9 C, three Bl ue-M model 
IGF-146F-3 oyens were purchased. These are controll ed atmosphere ovens, 

intended to be used with jnert gases, such as nitrogen or argon. How
ever, the testing at 400a C in nitro~en showed such a low failure rate 
that it was apparent that there was no point in testing cells &t or 
below 320°C in nitrogen ambient. Therefore~ one oven was connected to 
compressed air and used for the storag~ of ten cells in air at 320°C. 
(The connection to compressed air ~as nec~ssary' to provide the gas flow 
through the oven required for cooling internal oven seals.) 

A small Blue-M oven Model OV-8A was used to store cells at 250°C in 
air. For the tests at 400°C and 425°C, the cell s were stored in roll-on 
Marsha 11 furnaces Which had prev iousl y been used for LPE growth reactors. 
Figure 2-2 shows roll-on furnaces similar to those used in this work. 
The cylindrical furnace is mounted on wheels which roll in tracks, 
allowing the furnace to roll on and off the quartz tube. The cells 
under test are placed in the quartz tube on a graphite boat or in the 
aluminum cell holder. The nitrogen ambient gas (from the building 
nitrogen gas lines) flows through the quartz tube and out through an 

7 



N
 I 

N
 ~ ::! 
O

'l 
o

r-
LL. 

(I) 
2 W

 
>

 
0 

'w
 

Z
 
-..J N

 
Z

 N
 

Z
 

--.. " 

w
 

a
l 

::> 
Z

W
 

.... 
~
 

Q
~
 

N
 

(.) 
.... 

+-;2 
..IZ

 
a: 

..I a: 
« 

0
::>

 
::> 

a:u.. 
0 

1 
I 

,.J < 
G

 ... 
en 

-, 
a: 

• 
I 

w
 

: 
I 

..I 
-' 

I 
I 

0 
..... 

, 
I 

a:: 
.... 

.. 
I 

, 
Z

 
I 

, 
0 

, , 
(.) 

t 
I 

I 
w

 

I : 
z 0 N

 
( 

I 
I 

( 
(II) 

I 
I 

l' 
I 

S
H

31ssn
s 0

1
 

. 

8 



oil-filled bubbler, which prevents back flow of air. The furnaces were 
controlled by a Leeds and Northrup controller on one furnace and a 

Eurotherm three-zone controller on the other furnace. Sample tempera
ture was monit0red by a chromel~alumel thermocouple placed near the 
solar cells. 

The lower furnace shown in Fig. 2-2 was modified to be used for 

thermal cycling tests. The furnace was fitted with a drive motor to 
roll it on and off the quartz tube. A timing motor, relays, and micro-
switches were used to proVide the logic required to periodically drive 

the furnace on or off the tube and stop it in the proper place. A fan 

positioned to blow air over the portion of the quartz tube containing 
the cells was .wired to turn on when the furnace rolled off the tube, in 
order to cool the cells more quickly. Figure 2-3 shows a plot of the 

thermocouple output, measuring the temperature at the cell position 
during temperature cycling. One cycle takes approx;matleyl/2 hour. A 

cycle counter increments each time the furnace rolls onto the tube. 

It was originally planned to extend the temperature range of the 

cycling test to below ambient temperature by switching from the house 
nitrogen supply to chilled nitrogen blow-off gas from a nearby liquid 
nitrogen t~nk each time the furnace rolled off the tube. However, this 
would have required a more complex timing cycle to control the nitrogen 
flow and to prewarm the quartz tube to evaporate any condensation on it. 
It was decided that the modifications required for this would delay the 

experiment enough that results could not be obtained within the contract 
period. Therefore, testing was done within the range 25°C to 400°C. 

3. Test Procedures 

Since the cells used in these tests were unpackaged, testing 
of the cells was restricted to measurements at one-sun light intensity. 

Testing of unpackaged cells at high concentration levels is very diffi
cult because the reliable contacts capable of conducting several amps 
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required for testing at concentration are difficult to achieve with 
pressure contacts on unpackaged cells. Periodically, the cells were 

returned to room temperature and one-sun measurements of cell I-V 
characteristics were made using q $pectro1ab model XT-10 solar simu
lator. This light source is a xenon lamp whose spectrum is modified to 
simulate a terrestrial solar spectrum by use of dichroic filters and a 
filter consisting of a thin layer of water sandwiched between two glass 

plates. The light intensity at the ccill under test was kept at -900 
2 

W/m • 

It was origi~ally planned to measure the cell characteristics 
under computer control, but it proved to be impractical to locate the 
computer and solar simulator in the same room. Therefore. the cell I-V 
characteristics were displayed on a Tektronix curve tracer and photo
graphed. The photographed I-V curve was analyzed by digitizing it on a 
plotter which input the data into an HP-9835 computer. The computer 
program then found the peak power point by interpolating between the 
digitized points with a spline fit. The program then saved the open 
circuit voltage, short circuit current~ voltage and current at peak 
power point, peak power qnd fill factor on a disk file for further 
analysis. This method of analyzing the I-V characteristics no doubt 
introduced some inaccuracies into the data, but the accuracy was suffi
cient for the aging study. The main drawback of this technique was the 
large amount of time required to digitize the I-V curves. 

After the cell I-V characteristics were measured, the condition of 
the cell surface was recorded by making a photomicrograph of the center 

of each cell 's activ~ area. The center of the cell was chosen for this 
measurement because it is easy to locate, and it is netessary to photo
graph the same area on the cell for each test. 

11 



B. Test Results and Analysis 

Groups of. sola~ cells were stored in nitrogen ambient at 400° and 
425°C and in air ambient at 250° and 320°C, and one group of cells was 
cycled between 25° and 400°C in nitrogen. In the following section, we 
present the results of one-sun measurements made on the cells during the 
testing. In the next section,the measurements are analyzed to extract 

a cell lifetime extrapolated to normal -cell operating conditions. Finally, 
the results of cosmetic evaluation of the cell surface during the testing 
are presented and discussed. 

1. One-sun Performance Results 

a. High Temperature Storage ,in Nitrogen 

Nine LPE-grown cells were stored at 386-400°C in nitrogen; 
five of them were soldered to a ceramic tray and four were kept loose. 
Figures 2-4 through 2-9 show the data generated from. the one-sun I-V 
curves for thi s group of cell s. The figures show open circuit voltage 
(Voc )' short circuit current (I sc )' voltage at the peak power point 
(V k ) current at the peak power point, peak power output, and fill p -pwr 
factor versus the total thermal storage time. The values shown in Figs. 

2-4 through 2-9 are normalized to the initial value of each parameter. 

for each cell, measured before any thermal storage had taken place. The 
normalized values are plotted 50 that changes from the initial cell 
characteristics are readily apparent. For the purposes of this accel

erated aging study, we have defined cell failure to occur when one of 
the measured cell parameters drops below 80% of its initial value. 
Thus, any line which drops below 80 in Figs. 2-4 through 2-9 indicates 
that the cell has failed with respect to the parameter plotted on that 

fi gure. "Tray 1" through "Tray 5" are the names adopted for the cell s 

sol dered to trays, whil e "HRF 6" etc., are the names of the cell s that 
were kept loose. After over 3000 hours at 400°C, each cell failed with 
respect to at least one parameter. 
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cells stored at 400°C in nitrogen. 
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The data of Figs. 2-4 through 2-9 shows quite a wide scatter. Some 
of the scatter is probably due to errors in digitizing the I-V curves~ 
The 400°C test was the first test started, and the I-V curves were 
recorded on a small scale that makes accurate digitizing difficult. The 
I-V curves for the other tests w~re recorded On a larger scale. Other 

likely sources of scatter in the data are variations in the quality of 
the contacts to the cell and fluctuations in the solar simulator output. 
Contact to the cell front is made by probing the corner of the grid 

pattern. Contact to the back is made by probing the metallized ceramic 
to which the cell is soldered, This is usually an adequate contact, but 

sometimes a poor contact is made. The simulator light output is measured 
with a reference cell and is kept close to 900 W/~2, but short-term 

fluctuations of several percent occur frequently. 

Figures 2-10 through 2-13 show the un-normalized values of Voc ' 
Isc ' Vpk-pwr and Peak power versus time for the cells in the 400°C test. 
These figures show that there was considerable variation in the initial 
output from these cells. 

Ten LPE cells, soldered to two trays, were stored at 425°C in 
nitrogen. Figures 2-14 through 2-16 show normalized values of Voc ' 
Isc ' and peak power for these cells. As the figures show, these cells 

experienced catastrophic failure aft~r one hour or less at 425°C. Voc 
dropped drastically, while Isc rem~ined fairly constant for some of the 
cells. The I-V characteristic for the cells became linear, indicating 
that the cells were shorted out, although they did retain light sensitivity. 

It was suspected that the Au-Ge solder used to solder the cells to 

their trays might have caused the cell failures, since the solder melts 
at 356°C, considerably below the 425°C stora~e temperature. To test 
this point, another test at 425°C in nitrogen ambient was carried out, 
with four LPE cells kept loose. For the tests through 267 hours, the 

cells were held on a graphite boat. For the test period 267 through 598 
hours, the cells were kept in an aluminum holder in the furnace. 
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Voltage at peak power point versus thermal storage time for cells 
stored at 400°C in nitrogen. 
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Figures 2-17 through 2-22 show the normaliz~d data measured for 
this group of cells, and Figs. 2-23 through 2-26 show the actual values 

of Voc ' Isc ' Vpk-pwr' qnd Peak Power. 

As Figs. 2-17 through 2-22 show, there was little degradation for 
this group of cells until aft~r 30 .. 100 hours of storage; by 267 hours, 

all had failed. The fact that the lo?se cells survived much longer than 
'the cells soldered to trays is strong eviqence that the solder is the 
cause of the early failure of the soldered cells. 

To see if the solqer had simply shorted out the cells by flowing up 
the cell. edge and bridging the p-njunction, the edges of one shorted 
cell were sanded to remove any possible solder, but the sanding produced 
no change in the cell I-V characteristic. Furthermore, there was no 
visible evidence of solder on the cell edge, so solder flow can be ruled 
our as a failure mechanism. As a further test, the cell was cleaved 
into several pieces. Some of the pieces remained shorted, some exhi
bited a good I-V characteristic, and some had a soft I-V intermediate 
between a shorted and a good charCl.cteristic. Thus the failure mechanism 
affected a broad area of the cell, but not the whole cell. 

The above observations point to diffusion of a component or impurity 
from the solder as the source of the cell failure. Gold is known to 
react with GaAs, even at room temperature.(2) The Au-GaAs eutectic is 

_450°C, and annealing of Au-GaAs near this temperature has been found to 
produce significant Au diffusion into the GaAs. (~) Furthermore, films 

of Au-Ge eutec~i~ have been shown to diffuse into GaAs at lower tempera
tures than for pure Au films, and both Au and Au-Ge films produce pits 
in the GaAs upon annealing at -400°C.(4) Therefore, it seems reasonable 
that the cell failures ~ere caused by the Au-Ge diffusing into and 
attacking the GaAs cell. 
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Since the cells are cycled back to room temperature to measure 

their I-V characteristics, there is a possibility that the degradation 
seen in the testing was caused by the temperature cycling rather than by 
the static thermal storage. To examine this possibility, one OM and 

nine LPE cells soldered to two trays were cycled between 25°C and 400°C 

in nitrogen ambient (cell T4C20 is the OM cell). As discussed in Sec. 
A-2, the temperature cycle had a period of about 1/2 hour and had the 
profile shown in Fig. 2-3. Figures 2-27 through 2-32 show the nor
malized one-sun data for these cells. As the figures show, the short 
circuit current held fairly constant throughout the tests, while the 
other parameters showed a gradual decline for 8 of the 10 cells. Two of 
the 10 cells, cells T4C16 and T5C25, failed rapidly, their peak power 
falling below 80% of their initial values by the first measurement after 
21 cycles. After 800 cycles, all ten cells had failed. As will be 
discussed in Sec. B-2, below, an analysis of the thermal cycling results 
shows that the 50% failure point for this group of cells is 300 cycles. 

Since the cells in the static thermal storage tests were cycled back to 
room temperature at most eleven times, we can conclude that returning 
the cells to room temperature for measurements had a negligible effect 
on cell failures. 

b. High Temperature Storage in Air 

Two groups of cells were stored at 250°C and 320°C in air 

ambient. The air ambient allows oxidation to take place, so these tests 
are expected to be more severe than storage in nitrogen ambient. 

Ten cells, soldered to two trays, were held at 250°C in 
air ambient. Cell T3C15 was OM; the others were LPE. Figures 2-33 
through 2-38 show the normalized one-sun data for these cells, and Figs. 

2-39 through 2-42 plot the actual values for V ,I ,V k ,and Peak oc sc p -pwr 
Power. As these figures show, the cell performance was quite constant 
during the tests. The consistency of the short circuit current is 
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especially striking. Only 3 of the 10 cells failed in over 3000 hours 

at 250°C, and none failed catastrophically (for example, by shorting 
out). The performance of the OM cell does not appear to be different 
than that of the LPE cells. 

Ten LPE cells were stored in air at 320°C. These cells were stored 
loose in the aluminum holders. After 250 hours of storage, three of the 
ten cells had failed. As with the c~ils stored at 250°C in air, none of 
the failures were catastrophic. Figures 2-43 through 2-48 show the 
normalized one-sun data for these cells. while Figs. 2-49 through 2-52 

show the actual values of Voc ' Isc ' Vpk-pwr' and peak power for this 
group of cells. 

2. Analysis of Test Results for Cell Lifetime 

In this section, we will analyze the test results of the 
previous section in order to estim~te the cell lifetime at normal opera
ting temperatures. The qnalysis will be of a standard type commonly 
used for accelerated life testing.(5-7) The analysis proceeds as follows: 

the cumulative percentage of cell failures versus test time is found and 
plotted on log-normal probability paper, for each test temperature. 
Straight lines are fitted to the plotted points for each temperature, 
with the lines for each temperature being parallel to each other. The 
lines are used to interpolate, or extrapolate, to the 50% failure time, 
or median life time for each temperature. The median lifetimes are then 
fitted to an Arrhenius equation of the form 

where tso is the median lifetime, Ro is a constant, EA is the activation 
energy, K ;s Boltzmann's constant, and T is the absolute temperature. 

The fit to the Arrhenius equation can be done by plotting tso versus liT 
on semilog paper. The cumulative percentage of cell failures for a 
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particular time of test is calculated from 100 . Nf/(N + 1), where Nf is 
the total number of failed cells at that time and N is the total number 
of cells in the test.(5) For this work, we have defined a failed cell 

to be one for which a given parameter (Voc ' Isc ' etc.) has fallen below 
80% of its initial value. We will analyze failure data from the peak 
power, open circuit voltage, and short circuit current measurements from 
the tests at 400 and 425°C in N2 and 250 and 320°C in air. 

Figure 2-53 is a lognormal plot of the cell failures derived from 
the one-sun peak power measurements, along with the lines fit to the 
points by eye. The median lifetime points determined by the line are 
indicated by a + sign. The test at 320°C only had three failures, which 
occurred relati~ely early in the test at about 50 hours. There were no 
more failures until 250 hours, the last point for which data is available. 

The three early failures appear to represent cases of infant mortality, 
and would be disregarded if more failures from longer testing were 
available; thus, it is not possible to estimate a median lifetime for 
the 320°C test. 

The median lifetimes from Fig. 2-53 are shown on an Arrhenius plot 

in Fig. 2-54. (We have plotted the 400°C data at 386° because a failed 
thermocouple compensator was found at the end of the test., An accurate 
temperature measurement showed that the temperature had been 386° rather 
than 400°.) 

Since there are only three points in Fig. 2-55, and they do not lie 
on a single line, it is not immediately obvious what is the best straight 

line fit to the points. The point from the 400°C test is the most 

certain; it represents 8 failures out of 9 cells. There were only 3 
failures at 250°C, and the sample size was only 4 for the 425°C test. 
The best fit line should be weighted towards the 400° point. 
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Ideally, the air and nitrogen tests should be considered sepa

rately, but there is not enough data to do that. Furthermore, if we 

concentrate on only the nitrogen tests and draw the line through the 400 
and 425° points, an activation energy of 2.7 eV results, which is un
reasonably large. Even worse, if we extrapolate this line to 50°C, we 

get a median lifetime of _1020 years, which seems very unrealistic, 
especially considering that the estimated age of the universe is _1010 

years. 

A more reasonable estimate is given by connecting the 425 and 250° 

points. This line gives EA = 0.98 eV, a reasonable number, and an 

estimated median life at 50°C of 6.5 x 105 years. If we draw a line 

through the 400 P point that is parallel to the line through the 425 and 
250°C points, and use the line through the 400° point for an upper limit 
estimate and the line through the 425 and 250°C points to get a lower 

limit estimate, we get the estimates in Table I. 

TABLE I 

Cell Median Lifetime Estimates from Peak Power Data 

Cell Temperature (oC) 

150 

100 

50 

Estimated Median Lifetime (years) 

150 - 800 
5700 - 30,000 

650,000 - 3,400,000 

Figure 2-55 is a lognormal pl~t of cell failure times taken from 

the open circuit voltage data. The median lifetimes from Fig. 2-55 
are plotted in Fig. 2-56. Again, the 400° point does not lie on a line 

with the other three points. Drawing two lines, as was done for the 

peak power data, we get the lifetime estimates in Table II. 
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TABLE II 

Estimates of Cell Median Lifetime from Open Circuit Voltage Data 

Cell Temperature (OC) 

lS0 

100 

SO 

Estimated Median Lifetime (years) 

420 - 1700 

14,000 S8,000 

1,SOO,000 - 6,000,000 

The activation energy derived from the open circuit voltage data is 0.96 eV, 

essentially the same as from the peak power data. 

Figure 2-S7 is a lognormal plot of cell failures from the short 

circuit current data. The short circuit current was the cell parameter 
least affected during the life tests; there were no short circuit current 

failures in either the 250 or 320° tests in air, and only one failure in 
the cells held at' 42So. The number of short circuit current failures is 

so small that it is not possible to make a meaningful prediction of cell 
lifetime on the basis of that data. 

Figure 2-58 shows a lognormal plot from the peak power measurements 
from the cells cycled between 2S qnd 400°C. Discounting the one early 

failure, we get a median lifetime of -300 cycles. Since the cells 
stored at a constant temperature were cycled back to room temperature at 

most 12 times, the failures seen in those tests were unlikely to have 
been caused by the thermal cycling. 

Although the estimates of cell lifetime presented above are based 
on a limited amount of data, they strongly indicate that the cell is 

quite rugged. Even the lowest estimate above of a median cell lifetime 
of lSO years at ,1SO°C is far beyond expected solar array system lifetimes. 
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Fig, 2-59 

(a) 136 hours 

(b) 295 hours 

Photomicrograph of center of cell Tray 3 
for storage times from 136 hours to 
3046 hours at 400°C in nitrogen ambient, 
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(c) 648 hours 

: 

(d) 1440 hours 

Fig. 2-59 (continued) 
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• 
(e) 3046 hours 

Fig. 2-59 (continued) 
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Of course, there may well be degradation mechanisms other than those 

which were activated in these tests which would place a more severe 
limit on cell lifetime. For example, effects of the cell package on the 

cell lifetime were not studied in these tests. 

3. Solar Cell Surface Degradation 

Surface degradation was observed on some of the cells in the 

thermal storage tests. It might be expected that the cells stored in 

air ambient would show the most severe degradation, but that is not what 
happened; the cells stored at 400°C in nitrogen showed the most severe 

degradation. The cells stored in air at 250°C showed a very small 

cosmetic degradition. Only two of the cells stored at 320°C in air 
showed any surface degradation, and it was found that those two cells 

had experienced an unusual surface preparation prior to Si3N4 deposition. 

Figure 2-59 shows the surface degradation of the center of cell 
TRAY3 at times from 136 to 3046 hours at 400°C in nitrogen. Notice that 

the defects first appear as light-colored points which spread laterally 
and merge. By 3046 hours, the entire s~rface has decomposed. 

Figure 2-60 shows the center of the surface of cell TRAY5 at the 
same times as are shown in Fig. 2-59. The surface of TRAY5 degraded 

at a much lower rate than cell TRAY3, but nevertheless, had severely 
degraded by the end of the test. The cell which showed the most severe 

surface degradation at the earliest time was cell JRF2, whose surface is 

shown in Fig. 2-61 at 136 hours. Most of the surface of JRF2 showed 

severe degradation by 136 hours of storage. Cell JRF2 also showed the 
earliest failure in one-sun performance (see Fig. 2-5). It is difficult 
to correlate the surface degradation with cell performance for the other 
cells because the changes exhibited by those cells were less severe, and 
because the photomicrographs show only a portion of the cell surface and 
the whole surface may show a different fraction of degraded area than 
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Fig. 2-60 

(a) 136 hours 

(b) 295 hours 

Photomicrograph of center of cell Tray 5 
for storage times from 136 to 3046 hours 
at 400°C in nitrogen ambient. 
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Fig. 2-60 
(cont.) 

(c) 648 hou.rs 

(d) 1440 hours 

Cell Tray 5 after (c) 648 hrs and 
1440 hours. 
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Fig. 2-60 
(cont) 

(e) 3046 · hours 

Photomicrograph of center of cell 
Tray 5 after 3046 hours at 400°C 
in nitrogen ambient. 
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Fig. 2-61 Photomicrograph of surface of cell 
JRF2 after 136 hours at 400°C in 
nitrogen ambient. 
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does the portion shown in Figs. 2-59 through 2-61. Nevertheless, it is 

reasonable that a drop in short circuit current should accompany the 

surface degradation. The degraded areas have a higher reflectance than 
do the good areas and appear to be less transparent than the good areas, 

so less light probably reaches the cell beneath the regions of surface 
degradation. Also, if the A1GaAs layer is disrupted or destroyed down 

to the GaAs surface in the region of degradation, the surface recom
bination would be greatly increased there. This effect would also 
decrease the short circuit current. 

The degraded areas appeared to start at surface defects and spread 
from there. Figure 2-62 shows an especially striking example of this. 

The figure is a composite of photomicrographs tracing a line of surface 

degradation from one edge of cell HRFl to the other. The defect appears 
to follow a "drag line" generated during the LPE growth of the cell. 

The drag line could have trapped contaminants which caused poor adhesion 

of the Si3N4 in that area. Delamination of the Si3N4 layer would then 
have allowed corrosion of the A1GaAs layer. 

All of the cells stored at 400°C in nitrogen showed extensive 
surface degradation. Similarly, all the cells cycled between 25 and 
400°C in nitrogen showed some surface degradation after 800 cycles. 

Figures 2-63 and 2-64 show two of the cells in the cycling test after 
400 and 800 cycles. The degradation appears to be very similar to that 

seen in the static tests at 400°C. Since 800 cycles took about 400 
hours, with the cells at high temperature for only a part of this time, 

the surface degradation appears to have proceeded at about the same rate 
in the static and cycling tests. 

The surface degradation appears to be oxidation of the A1GaAs 

layer, although no analysis has been made to verify this hypothesis. 
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co 
-Po 

Fig. 2-62 Composite photomicrograph showing antireflection coating defect 
running across width of cell HRF 1 after 1440 hrs. at 400°C in N2. 



(a) 401 cycles 

(b) 801 cycl es 

Fig. 2-63 Surface of cell T4C18 after cycling from 
25-400°C in nitrogen. 
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Fig. 2-64 

(a) 401 eye1 es 

· (b) 801 cycles 

Surface of cell T4C19 after cycling from 
25-400°C in nitrogen. 
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Although the thermal storage was made in a nitrogen ambient, there could 

have been a significant oxygen impurity level in the nitrogen. At the 
conclusion of the cycling and static 400°C tests, the furnaces were 
helium leak checked. Several leaks were found and repaired, and a piece 

of tygon tubing used to connect the nitrogen to the furnaces was replaced 

with copper tubing. 

After the leaks had been repaired, the temperature in the 400°C 

oven was increased to 425°C, and the thermal storage tests at 425°C were 
conducted. Even after 600 hours, no surface degradation was seen in the 

cells stored at 425°C. This fact lends support to the possibility of 

the surface degradation having been caused by an air leak. Further 
support comes' from the fact that cell T5C25 in the cycling experiment 
and cell Ll in the 425°C test were cut from the same wafer and were 

Si3N4 coated in the same batch; the surface of T5C25 degraded, while 
that of Ll did not. 

Six of the cells stored in air at 250°C showed a slight surface 
degradation, while four showed no surface degradation. Figure 2-65 

is typical of the degradation seen in these cells. Between 61 and 361 
hours, the cell developed a mottled appearance. The surface showed 

practically no further change to 3216 hours, the last point for which we 
have data. Figure 2-65 was made with a phase contrast microscope (as 

were all the other photomicrographs in this section), so the mottled 
appearance is exaggerated. There is no correlation between the cell 

surface appearance and the cell performance for this group of cells. 

Also, there is no correlation between the index of refraction and thick

ness of the Si3N4 on the cells and the cell surface appearance. 

Figure 2-66 is a high magnification view of mottled areas on the 

surface of two of the cells. The mottling appears to be small areas of 

A1GaAs corrosion at pinholes in the Si3N4 coating. It is not obvious 
why these areas did not spread. 
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(a) 61 hours 

(b) 361 hours 

Fig. 2-65 Photomicrographs of center of cell T2C7 for 
storage times from 61 to 3216 hrs. at 250°C 
in air. 
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(c) 793 hours 

.: 

(d) 3216 hours 

Fig. 2-65 Photomicrographs for storage times of 
(cont.) 793 and 3216 hours in air. 
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(a) Cell T2C6 

(b) Cell T2C10 

microns 

Fig. 2-66 Mottled areas on cell surface at high magnification. 
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One would assume that the surface degradation would be worse for 
cells stored at a higher temperature in air, but that is not what was 

observed. Only two of the cells stored at 320°C in air showed any 
surface degradation, and that turned out to be somewhat spurious. 

Figure 2-67 shows the surface of one cell which showed degradation; the 
surface of the other cell which degraded was very similar. Round 

blistered areas appeared after only 1/2 hour at 320°C. There were 
regular rings around the blisters, w~ich may have been interference 

fringes formed by the Si3N4 lifting off the cell surface. The blisters 
did not grow with subsequent thermal testing, although some of them 

developed a roughened appearance. The blisters were explained when it 

was noticed that prior to Si3N4 deposition the two cells with blisters 
were subjected to an unusual surface treatment that has not been used on 

any other cells. The Si3N4 deposition has a freon cleaning gas supply 
that is periodically used to plasma etch Si3N4 deposits from the depo
sition chamber. The freon cleaning gas was used to plasma etch the 

surface of the two cells that later developed blisters prior to deposi

ting the Si3N4' Apparently, this treatment left a residue in spots on 
the cell surface. 

The fact that the cells stored at 320°C showed less surface degrada
tion than those stored at 250°C may indicate that the quality of the 

Si3N4 was better for the cells stored at 320°C. The Si3N4 deposition 
system was modified after the cells stored at 250°C had been coated. 

Mass flow controllers and an accurate pressure gauge were added to give 
better control over the deposition parameters. Perhaps of more impor
tance, the deposition system baseplate was redesigned and rebuilt to 
eliminate several air leaks. The average index of refraction measured 
for the cells held at 250°C was 1.965 with a standard deviation of .037, 

while it was 2.054 with a standard deviation of .022 for those stored at 
320°C. The slightly higher index of refraction for the cells held at 

320°C may indicate that the Si3N4 was somewhat more dense on those 
cells. 
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Fig. 2-67 

(a) before thermal storage 

(b) O.5-hour thermal storage 

Photomicrograph of center of cell A6 for thermal storage 
times from 0 to 10.7 hrs. in air at 320°C. This cell 
was treated with Freon cleaning gas prior to Si3 N4 
deposition. 
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(c) 10.7 hours thermal storage 

Fig. 2-67 (continued) 
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III. OTHER THERMAL STORAGE TESTS 

A. Ohmic Contacts 

1 . Test Patterns 

The ohmic contact test pattern is shown in Fig. 3-la; it 

consists of a set of source-drain patterns with variable spacing from a 

FET mask set. By measuring the resistance-versus-spacing characteristic, 
it is possible to determine the contact resistance, as described below. 
An attempt was made to automate the ohmic contact testing. To that end, 

test structures were made by cutting the test pattern into 20 x 20-mil 
chips, with one ~et of pads per chip, and soldering the chips to metal

lized ceramic trays. The individual contact patterns were then wire 
bonded to pads which could be contacted by a test jig wired to the 9835 

computer. Unfortunately, measurements on these test structures produced 
inconsistent data that could not be used for ohmic contact measurements. 

A likely cause of this problem was the difficulty in achieving good wire 

bonds. Furthermore, the test structures were quite time-consuming to 
fabricate, so their use was abandoned. Measurements were made for the 
test described below by probing the patterns by hand. An effort is 
being made to develop an ohmic contact pattern that can be automatically 

tested, or at least requires less tedious probing for testing. 

2. Ohmic Contact Data Analysis 

The circuit model for an ohmic contact is shown in Fig. 3-2a. 

It consists of distributed elements corresponding to the substrate sheet 
resistivity, R , and the contact resistance R. The active layer is s c 
assumed to be electrically isolated from the substrate, so that current 

flow is essentially one dimensional. 
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( a) 

Figure 3-2 

CROSS-SECTION REPRESENTATION OF METAL·EPITAXIAL 
FILM CONTACT SHOWING SPECIFIC CONTACT RESISTANCE, 
RC, AND FILM SHEET RESISTANCE. RS. 

,,-EPITAXIAl,. FILM 

x-
INSULATING SUBSTRATE 

(b) POTENTIAL DISTRIBUTION 
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By inspection, the current loss along the substrate is 

dI = V(x) 
dx -~ 

The voltage drop under the contact is 

dV 
dx 

(1) 

(2) 

Differentiating (2) and substituting (1) gives the potential distribution 
under the contact, 

(3) 

The solution with a potential Vo at the contact edge is 

V(x) = V exp - [~] o LT 
(4 ) 

with 

(5) 

Figure 3-2 shows this distribution. In the channel, before the 
contact, the potential drops linearly. Under the contact, the potential 

drops exponentially as Eq. (4). As an example, for Rc = 4 x 10-4 ohm
cm2 and Rs = 40 ohms, LT is 30 microns. This is considerably shorter 
than the pad width. 

Finally, it is seen that the intercept of the straight line with 

the x axis lies at x = LT' This can be shown by realizing that the 
channel current is 

I = ( 
Va - V 0) Z = MZ 

Rs I l'r t\s 
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where Va is the applied voltage, Z the width, and L the length of the 
channel, and M = dV/dx in the channel. The contact current equals the 

channel current. The contact current is found from integrating (1): 

00 

I = Z f 
Rc 

o 

V(x)dx 

00 

f 
o 

X 
-C 

e t dx = (7) 

Comparison of (6) and (7) yields M = Vo/LT' so that the x intercept lies 

at x = LT' 

This technique can be used to determine both Rc and Rs' We take a 
number of contact patterns fabricated on the same wafer, of identical 
geometry except- that the channel length, L, is varied from pattern to 
pattern. Plotting the channel resistance as a function of channel 
length in effect gives a plot of the x > 0 region of Fig. 3-2b. The 
intercept at R = Ro' from Eq. (7), gives 

Vo ~s = = r Z (8) 

The slope of the plot gives the active layer sheet resistivity from 

m = 

where Rch is the channel 

resi stivity. Combi ni ng 
resistance, t the thickness, 

(8) and (9) gives the contact 
2 

Z R 
RC = 0 

m 

(9 ) 

and Ps the layer 
resistance, 

(10) 

(Note: For Ro measured from a symmetric pattern of two pads separated 
by a channel, Rc calculated from Eq. (10) is twice the true contact 

resistance.) 
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Figure 3-3 shows a typical fit for a sample undergoing life test. 

This particular wafer had four patterns of twelve sets of pads similar 

to Fig. 3-1a. Each data point represents the average of eight measure
ments. As can be seen. a strqight line fit is obtained. Measurement of 

the slope and intercept gives the contact resistance, RC' and the sheet 

resistivity, RS' For this particular example, a least-squares fit gives 
-4 2 RC = 1.06 x 10 D-cm and RS = 97 D. 

3. Ohmic Contact Test Results 

Two p-type contact wafers were stored in a N2 ambient at 
400°C. Each wafer had four sets of 16 ohmic contact patterns. Probing 
was carried out by hand. 

Figure 3-4 shows the contact resistance versus time for both 
samples. These data were obtained with the technique described above. 

It is seen that whi1e the two samples had considerably different initial 
contact resistivities, the two samples ended up with essentially iden
tical values. Furthermore, changes occurred in the course of time 
periods long compared to those required for processing. Thus, we can 

feel confident about using the 400°C Si3N4 system without damaging the 

top contacts. 

The sheet resistivity is plotted versus storage time in Fig. 3-5. 

Of interest is the steady downward trend observed for both samples. The 
explanation for this is not at present clear; it could well be due to an 

annealing effect. 

It was planned to perform thermal storage tests similar to those 
described above on n-type ohmic contacts. A test sample was made using 

the standard solar cell metalli~ation and alloying schedule. The con
tact resistance of this sample was found to be considerably higher than 
expected. Upon further investigation, it was decided that either the 
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Figure 3-3 

RESISTANCE VS SPACING, SAMPLE 7·26·79 
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alloying schedule or metallization scheme were far from optimum. It was 

then decided to defer the n-type contact storage tests until it was 

decided if any fundamental changes would be made in the n-type contact. 

That issue has not yet been resolved. 

B. Electromigration 

Figure 3-lb shows the pattern to be used for electromigration 

tests. A test structure similar to the ohmic contact test structure was 

fabricated. It consisted of 20 x 20-mil chips of Cr-doped GaAs, with 
one pattern per chip. The chips were soldered to a metallized alumina 

tray, and connections from the test pattern to pads on the alumina were 
made with wire bonds. The contact pads on the alumina were to serve 
both as test points for automated testing and as contacts for applying a 
bias thermal storage. 

Several months passed after the test pattern was fabricated before 

an oven was ready for the electromigration test. When the test pattern 

was examined, it was found that most of the patterns had lost electrical 

continuity. In some cases, the bond wires had lifted the metal pattern 

off the GaAs chip. In other cases, the chip had come loose from the 

tray and the wire bonds were either broken or likely to break. The 
sample was judged to be unusable. 

A second attempt was made to fabricate a test sample. A new design 

was attempted in which the test patterns and the test pads would both be 

on the same wafer. Since there was no mask available having this 
pattern, a double exposure was used in the photolithography. It was 
planned to join the test patterns to the test pads with wire bonds, but 

the wafer was broken before this step was accomplished, and there was 
not sufficient time left in the contract period to try another one. 

103 



If the experiment is tried a~ain, it would be best to have a special 
mask made that incorporates the test pattern with pads large enough to 

make it easy to bias the patterns during thermal stress. That way, the 
photolithography can be aGcomplished in one step and the use of rather 
delicate wire bonds can be avoided. 
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IV. CORROSION TESTS 

Several groups of tests intended to assess the resistance of the 
cells to A1GaAs corrosion were performed. The first series of tests 
served to show that a necessary condition for corrosion resistance was 

that the Si3N4 layer be deposited with the cell held at 400°C or above. 
The second series of tests showed that some corrosion was still possible 

with 400°C Si 3N4, but that OM cells were more corrosion resistant than 
LPE cells. The third group of tests was aimed at understanding the 
difference in corrosion resistance between OM and LPE cells. This last 

group of tests is still in progress. 

Early in'the program, severe corrosion of the A1GaAs window layer 

was noticed, even at room temperature storage. The quality of the Si3N4 
antireflection coating was obviously suspect, and the corrosion tests 

were focused on this problem. 

A number of devices were stored in a 65°C/95% relative humidity 

environment to reproduce the observed degradation. Figure 4-lc shows 
the surface of one such cell after 22 hours of storage. Note the severity 

of the degradation indicative of defects in the Si3N4 that allowed the 
A1GaAs layer to see the high humidity environment. 

This degradation has been correlated to the deposition temperature 

of the Si 3N4. Specifically, when Si3N4 is deposited below 400°C, it 
lacks the chemical resistance required to provide adequate surface 

passivation. This is consistent with results published for the depo
sition technique we employ.(8) Figure 4-2 taken from Ref. (8) shows the 

etch resistance versus temperature for plasma Si3N4 films. Note the 
flatness of the curves for temperatures at or above 400°C. 

Cells with the high temperature nitride show no degradation after 

extended periods in the corrosion test environment. Figures 4-2a and b 
show the center of such a cell after 22 and 157.5 hours, respectively. 
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Fig. 4-1 

(a) 

(b) 

Photomicrographs of center areas of cells in humidity 
test; cell (a) with 400°C Si3N4 after 22 hours of 
testing, (b) same cell after 157.5 hours, and (c) 
cell with 300°C Si3N4 after 22 hours of testing. 
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Fig. 4-1 
'. 

(c) 

Photomicrograph of cell with 300°C Si3N4 
after 22 hours of testing. 
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The only cosmetic marks are due to residue left from water drying on the 
cell surface. Short circuit current measurements confirm that, within 
experimental error, degradation is nonexistent. Some of these electrical 
data are shown in Fig. 4-3. Such results were seen consistently on 
cells with the 400°C Si 3N4, and indicated that the A1GaAs degradation 

problem had been substantially overcome at that time. 

Unfortunately, the corrosion problem arose again in connection with 

a program to build two photovoltaic concentrator modules, under Sandia 
Contract No. 42-7248. Cells were again exposed to the 65°C, 95% relative 
humidity thermal/humidity test. The cells used in this test were 1/2-

inch packaged cells, all with a Si3N4 layer which had been deposited at 
400°C, 

After a 50-hour exposure in the humidity chamber, most of the LPE
grown solar cells exhibited some A1GaAs corrosion. However, organometallic
grown solar cells showed no A1GaAs corrosion, even after 285 hours of 
exposure in the humidity chamber. Figure 4-4 shows photographs of the 
surface of an LPE solar cell before and after 50 hours in the humidity 
chamber. The light-colored areas on the cell surface after exposure are 
areas of A1GaAs corrosion. 

In order to speed up the corrosion testing, a more severe test was 
employed: the solar cells were boiled in water. LPE cells showed 
A1GaAs corrosion after one hour of boiling, while none of the organo
metallic solar cells showed A1GaAs corrosion even after 8 hours of 
boiling, in addition to the humidity chamber test which had been performed 
on the same organometallic cells. A1GaAs corrosion on an LPE cell after 

1 hour of boiling is shown in Fig. 4-5. No A1GaAs corrosion could be 
seen on the organometallic cells after boiling, even under high magnifi
cation with the SEM. 
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Before After 

Fi g. 4-4 Surface of LPE solar ce 11 #2-22-80 I RFG #2 before 

and after 50 hours in the thermal/humidity chamber. 
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Fig. 4-5 Photomicrograph of the surface of LPE solar cell 
#2-22-80 HRF #2 showing A1GaAs corrosion after 
one hour of boil i ng in water. 
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There are two differences between the organometallic and LPE solar 
cells which might account for their remarkable difference in A1GaAs 

corrosion resistance: the organometallic cells typically have a smoother 
surface than the LPE cells, and the A1GaAs layer is thinner on the 
organometallic cells (typically 7000 ~ thick for LPE cells, 1500 ~ 

for organometallic cells). The smoother surface on the organometallic 

cells probably allows the deposition ?f a more continuous Si3N4 layer 
than on the LPE cells. The thicker A1GaAs layer on the LPE cells may 

cause the A1GaAs corrosion to spread by a self-propagating mechanism: 

the A1GaAs layer increases in thickness during corrosion, and this 

swelling cracks the Si3N4 layer around the site of corrosion, thus 
exposing more A1GaAs to corrosion. The thinner A1GaAs on the organo

metallic cells may not swell enough to crack the Si 3N4, thus inhibiting 

the spread of corrosion. 

This mechanism of corrosion propagation was suggested by an SEM 
examination of corroded cells, but awaits fa ther experimental verifi
cation. Figure 4-6 shows an SEM picture of the surface of an LPE cell 
after one hour of boiling. The pyramidial structure is an area of 

A1GaAs corrosion and suggests that the corroded A1GaAs is pushing up 
under the Si 3N4. Figure 4-7 shows an SEM photograph of another LPE 
solar cell after exposure in the humidity chamber. There are bands 

around the corroded region, suggestive of regions of successive corro

sion spreading due to breaking off of the Si3N4 layer. 

The fact that A1GaAs corrosion was seen in the second group of 

tests with Si3N4 is in conflict with the earlier results. A possible 
explanation for the difference is that several modifications were made 
in the Si3N4 deposition system after the initial measurements. The 

modifications included mass flow controllers on the gas-feed lines and 

an accurate vacuum gauge so that the deposition conditions could be 

established more reproducibly. Also, the baseplate of the deposition 
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Fig. 4-6 SEM picture at 1350X of an LPE solar cell after 
one hour of boiling. The pyramidal structure 
is an area of A1GaAs corrosion. 
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Fig. 4-7 SEM picture at 400X of an LPE solar cell after exposure 
in the humidity chamber, showin A1GaAs corrosion. 
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chamber was redesigned and rebuilt to eliminate several rather large 

leaks. The changes in the system could well have changed the deposition 

conditions enough so that the Si3N4 properties were somewhat different 
in the two separate tests. 

Two experiments were performed that were intended to provide a test 
of the above explanation of the corrosion resistance of the OM cells. 

In both experiments, wafers with A1GaAs layers of varying thicknesses 
were prepared with a standard Si3N4 coating over the A1GaAs. The corro
sion resistance of the wafers was then tested by immersing the wafers in 

boiling water. 

In one experiment, solar cells were grown by lPE with A1GaAs layers 

varying from 0.21 ~m to 0.85 ~m in thickness. After 40 minutes of 
boiling, small isolated spots of corrosion several microns in diameter 
formed on all the wafers. Most of the spots were attached to grid 

lines. After a total of 80 minutes, the corroded areas had grown, but 
the corrosion was still not severe. 

Severe corrosion appeared when the samples were accidentally allowed 

to boil dry. The corrosion followed the grid lines on the cells with 
the 0.21- and 0.28-~m A1GaAs layers, but extended between the grid lines 
on the cells having thicker A1GaAs layers. 

The grid lines obviously had an influence on the results of that 

test. Furthermore, the technique used to grow the different thickness 
A1GaAs layers caused each wafer with a different thickness to also have 

a different surface morphology and to have thicker GaAs cap layers on 

wafers with thicker A1GaAs layers. To eliminate both those points of 
confusion, another experiment was performed with wafers grown by OM and 
with no contact grid. Wafers with A1GaAs thicknesses of 0.1, 0.2, 0.3, 

and 0.4 ~m were prepared and coated with Si 3N4. Corrosion testing was 
by boiling water, as before. 
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The surface on the O.4-~m wafer degraded almost immediately. It. 
was later found that the heater had burned out in the Si3N4 deposition 
system when that wafer was being coated; the deposition was apparently 

carried out far below 400°C, possibly at room temperature. 

The wafer having the O.l-~m A1GaAs layer survived over 9 hours of 

boiling with only a f~w very small sp~ts of corrosion appearing. On the 
other hand, the other two wafers had significant corrosion after between 
3-1/2 and 4-1/2 hours of boiling. The corrosion did not completely 
cover the surface of either wafer, however. 

The results with the OM wafers lend support to the hypothesis that 
it is the thin A1GaAs layer which gives the OM cells their corrosion 
resistance. As a further test, we plan to. repeat the test with the OM 
cells described above, but to deposit the Si3N4 simultaneously on a set 
of pieces with the full range of A1GaAs thicknesses under study. Thus 
any variation in quality of Si3N4 will be eliminated from the experiment. 

When it beGame apparent that the LPE cells still had a problem with 
A1GaAs corrosion, several encapsulating techniques ~ere tried. The one 
which gave the best results was a technique to bond a cover glass to the 

cell. Limited testing of the cover glass indicated that the cover glass 
did prevent A1GaAs corrosion on the LPE cells, and that they could 
withstand concentrated sunlight. Cover glasses were installed on the 
cells used in the spectral splitter module built under Sandia Contract 
No. 13-0308, and successfully withstood several months of module testing 
on the roof of Varian1s Building 7 in Palo Alto. Thus it appears that 
the A1GaAs corrosion problem can be overcome either by use of the OM 

cells or cover glasses, or both. The cover glasses are desirable in any 
event to provide mechanical protection for the cells. 
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V. ROOF TESTS 

Equipment was designed and built to perform two accelerated life 
tests of solar cells under actual concentrated sunlight. The two tests 
were to be testing cells under highly concentrated sunlight (up to 
9000x) and testing cells at lOOOx concentration but at a temperature 
much higher than the normal operating t~mperature. An extensive amount 
of design and fabrication went into preparing for these tests. Unfor
tunately, by the time the tests were ready to begin, the contract period 
had ended. 

The major parts on hand for these tests are mirrors and secondary 
optics for h;g~~concentration testing, thermal spacers for the high
temperature illumin~tion test, anq cell holders for the improved 1/3-

inch cell package. Also~ rapid computer-controlled cell testing has 

been set up~ both for cells on the roof under actual insolation and in 
the laboratory with a flash tester. The only remaining items needed for 
the tests are mounts for the high-concentration mirrors and a supply of 
1/3-inch cells. There should be no problem in fabricating both of these 
items if it is desired to perform the experiments. 

Details of the equipment for these tests are given in the following 
sections. 

1. Illumination-Only Tests 

This test exposes a small spot of the cell to extremely high 
illumination levels. It is possible to evaluate the subsequent effects 
by comparison to adjacent areas of the cell that did not receive intense 
i 11 urn ina t ion. 
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An important constraint in the design of the concentrators was 
cost, since suitable parabolic mirrors can run from $2,000 to $5,000 
each; a system based on spherical optics was developed. This system is 
described in Fig. 5-1. The basic element is a spherical mirror designed 
to reach about 4000 suns. This upper limit arises from spherical aber
rations. 

Examination of the inset in Fig. 5-1 shows the problem. A ray 
at a small angle (ray 2) hits the axis at a focal point about RC/2 from 
the center of the mirror, where RC is the radius of curvature. A ray at 

a steeper angle (ray 1) hits the axis nearer the center of the mirror. 

Such an aberration can be corrected with a meniscus element as 
shown in the inset. The steeper ray is bent away'from the axis, thus 
hitting nearer the focus for shallow-angle rays. Thus the overall 
design philosophy is to use a large spherical mirror to reach about 4000 
suns. Even higher concentrations are achieved through the insertion of 
a meniscus element in the optical path. 

The optical elements were designed through the use of several 
Monte Carlo ray trace computer programs. Each of these worked by choosing 
a random spot on the sun, weighted by the sun's radial intensity distri
bution, and drawing a ray to a random spot on the mirror aperture. By 
tracing a suitable number of these rays, it was possible to find the 
radial intensity distribution on the cell for any given optical configura
tion. Programs were written for systems with either a spherical or 
parabolic mirror and an arbitrary number of spherical refracting surfaces 
after the mirror, each with a single antireflection coating. 

Figure 5-2 shows the computer output for a 1211 spherical mirror 
with a 5011 radius of curvature and a 93% front surface reflective coating. 
The triangle in the upper right shows the point of origin of each ray 
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from the sun. The circle in the upper center shows the point of inter
section with the aperture. This distribution is seen to be random. 
The quarter circle on the low~r right shows where the rays hit the cell. 
The program keeps track of the radial locations and plots them normalized 
to the square of the radial location. This radial concentration distri
bution is seen in the plot at the lower left. This particular mirror 
provides a peak concentration of about 3700 suns. 

The effect of the meniscus element is seen in Fig. 5-3. The 
el ement has a concave front surface with a radius of curvature of 111

, a 
convex back surface wi th a radius of curvature of 1.5 11

, an el ement 
thickness of 1" and a diameter of 1.5 11

• The spot is about 0.12" in dia
meter, and the peak concentration is about 9000 suns. 

The mirror and lens designs just described are those that were 
purchased and received. Ten lenses and 10 mirrors were purchased at a 
cost of about $700 for each lens and mirror unit. 

2. Combined Thermal-Illumination Tests 

In this test, cells are exposed to about TOOO suns illumina
ti"on, while the temperature is raised. The approach here is to use 
mirrors already in-house for the illumination. Thermal standoffs between 
the cell and the water-cooled mount provide the elevated temperatures. 

The mirrors are fifteen square, spherical surface mirrors that were used 
in a 1977 demonstration experiment. These have recently been recoated 
with aluminum and protected with an epoxy coating. 

The design of the thermal standoffs is shown in Figs. 5-4a, b, 
and c. Normally, the cell is fastened to a water-cooled mount, main
taining its temperature at 50°C. As seen in Fig. 5-4a, the thermal 

spacers have a length ~, diameter OS' a temperature at the bottom equal 
to that of the cooling water, and a power incident of Pin' Pin is the 
difference between the insolation and the electrical power generated. 

122 



N 
W 

.. 

1 LENS SECONDARY CONCENTRATOR 

LEt~s 1; 1.0eo Itt. THICK, RADIUS Of .750 IN. 24.1313 IN. lit fRONT Of IHRF'OR. 
RADII OF CURVATURE <INCHES): FRONT= -1.00 BAO.:= -1.50 
L£NS HIDE;, OF REFRACTI ON- 1. 500 ; dwdf (.<5'\1) = 0. ':113000 

THE LENS HAS fi SIHGLE.LAiER fiR COATING ON FRONT AND BACK SURFACES. 
90.e8 DEGREES THICK (1148.13 ANGSTROMS); E MINIMUM (eV)=2.000 

INDEX OF REFRACTION-J.350; dn~df ('eV)-8.80000 

SPHERICAL t1IRROR/SECCJNDARY LENS rKRT 

DIRM (IN.)-12.00 
RADIUS (IN. )-50.00 
CELL Z ... 24.60 
CELL Z-APP Z~24.24 
CELL DIAI1- .213 
REFL= .93 

"ti~\ '.'1i!.~i"~tt'.;!.v .. ,<'~ ,.1. 
::~~r; ·~·~ti;.(~~~~f ''\' t;~~.~:.~ . .t'~ • 

. r~~·,'il.:f.'~· 

4' CELL EDGE 
i I 

NO. OF RAYS-10800 
AVERAGE TRRNS : .856 
FRAC MISS. CELL-8.0000 
29.10 DEG MAX INCIDENCE 
16.31 DEG RVG INCIDENCE 
FRAC >45 DEG-0.0000 

.~ 

RNGLE 
RNGLE 

1'4 CELL 

3 

RC I (\/ 

2 

\ 

~ 
~:~~I~itit~',k , 

'".;;-.., __ "N", -:'-r"'~ .~:. ; .. -" 1. ~j,~~~~~:';;':;;~~~'J( ~!t ;'.:;. """ , > .. ~~~: ~:;-: ;;:'\~>.-"~;:'? ~ ....... ,; ,.-<, ,. ". ;-O:)!\ "~_"" ',~, ,. _ .~ • 

~~~~~~i~~~0;;~,::i:>/~ . 
~,. "'> 'u ~. "1;',j~ . 0 _.~ '.'," • _ _ f .. tt; '".;~~~ ...... ~. p ... <IIr.-~_"'!. '",,,) ~. 

Figure 5-3 



CELL 

Figure 5-4 

THERMAL DESIGN 

Pin 

! 'LLUM'NATED 
SPOT 

I Dc .. ~ 
~::::::~.- ~~ ... - ... 

"~. '. 

L 
0, .D4 

WATER T m;;: SOOC 
OOLED 

~--tMOUNT t--_ 

(a) (b) 

124 

(c) 

.. 



This is mo~elfj!d ~s two thermal r~sistances in series, as seen 

in Fig. 5-4b and c. R2 corr~sponds to the portion of the standoff in 
which the heat spreads. R, corresponds to the rest of the standoff. 

The cell temperature, TC' is given by 

where Tm is the mount temperature. 

Simple ana'~sis gives 

2(Os -DC} 
Rl ;: I ?TKOs 'DC 

'( (DC - Os)) 
4 L + ' ~" 

R2 ;: --; ; 2 .-
7TK Os 

where K is the thermaJ con~uctivity of the standoff. 

For the design chosen, the standoff diameter, DS' is 2.54 cm. 

The spot diameter on the cell is DC ;: .85 cm. For stainless steel 
cylinders with L ;: 2.64 em and K::; 0.19 W/cm oK, Rl = 7.84°K/W and R2 = 
1.83°K/lrL For Pin::; 35 watts, corresponding to about 1000 suns and 20% 
cell efficiency, Te - Tm;: 340°C. 

Since a gold-germanium solder system has not yet been developed 
for the cell, the spacers would hqve to be shortened to avoid melting 
the solder in the Gell package. 

3. Computer }nterfacing 

The 9835A computer has been connected to a programmable load 
on the laboratory roof, allowing cell performance to be automatically 
measured. The test setup is similar to that described below for the 
flash tester. The test setup has been extensively used in testing the 
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Varian GaAs cell module and the Varian spectral splitter module. The 
system can obtain a cell or module I-V curve in less than a minute. 

4. Array Control 

To improve the array reliability, it was decided to replace 

the existing analog tracking electronic$ with a microprocessor-based 
system. This is based on a Motorola MC-6800 board, driving stepping 
motors for both azimuth and elevation control. Battery backup ensures 
operation during power fai1ure. 

Interfacing the microprocessor to the stepping motors and sun 
sensors was more difficult than originally expected. The system was 
completed and appears to function properly. However, while the inter
facing was being developed, the old analog tracking electronics were 
substantially rebuilt. The rel iability of the improved analog system 
has been quite good.. Due to the heavy demand on the array for modul e 
testing, there has nat been enough time to install the microprocessor
controlled system. It is planned to install the microprocessor system 
whenever a lull in array ~se develops. 

5. Fl ash Testi ng 

It was necessary to develop a facility for quickly testing 
packaged cells under concentration "with reproducible conditions, in 
order to assess changes in performance of cells undergoing the accelerated 
aging tests on the roof. To accomplish this, a computer-controlled 
flash test system was developed. The flash unit itself had been in use 
for several years, with cell current and voltage read manually from a 
storage oscilloscope~ The manual system was very tedious and subject to 
error. 
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Reference to Fig. 5-5 shows how the computer-controlled flash 
tester works. A Norman 202 photographic strobe unit is mounted about 20 

cm above the cell. This unit is triggered by a computer-generated relay 
closure. The flash intensity is variable from less than 400 to over 
1200 suns, with better than 3% uniformity over the cell area, and 

reproducibility within the measurement limits of the detection electronics. 

The cell is in series with a 5-~ current-sensing resistor, 
and with a germanium power transistor which serves as an active load con
trolled by the 9835 computer. The peak cell current and voltage are 
measured with two channels of peak detectors. The detector outputs are 

read sequentially into a DVM and are then read into the 9835A. The 
program causes the computer to vary the load resistance to pick out the 
open circuit voltage and short circuit current, and then to search out 

the peak power point, flashing the strobe once each time the load is 
changed. 

Considerable effort was expended to show that this transient 
measurement gives results that accurately represent the solar cell IS dc 
characteristics. This aim has been accomplished; a good correlation has 

been found between the flash test measurement and measurements of the 
same cells under concentrated sunlight, both at Varian and Sandia . 
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Figure 5-5 FLASH TESTER 
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VI. SOLAR CELL FABRICATION 

Sixty-four solar cells were produced under this contract and 
delivered to Sandia, in addition to the 53 cells that were used in the 
tests described in Section II. Of the cells sent to Sandia, half were 
1/3-inch LPE cells and half were 1/2-inch OM cells. The efficiency, 

short circuit current, open circuit voltage, and fill factor for these 
cells -- measured with the flash tester at -400 AM2 suns -- are given in 
Tables III and IV. 
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1. 
2. 
3. 
4. 
S. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
21$. 
27. \ 

28. 
29. 
30. 
31. 
32. 

TABLE III 

Flash test characteristics of packaged, 1/3-inch LPE 
GaAs solar cells delivered to' Sandia under this 
contract. 

CEll E Isc: Voc 

8/13/80 BlR6 29.6~ 4.39 1.1~3 
8/13/80 CLR3 20.48 4.41 1.15~ 
4/28/90 ARF.4 1,.89 3.98 1. 141 
8/13/80 BlR3 19.85 4.3~ 1. 150 
4/29/90 ARFlt6 19.5S 3.,90 1. 131 
4/28/80 ARFI7 19.38 3.89 1. 131 
8/121'90 BLRI 19.34 4.12 1. 150 
4/29/8,9 BRF7 19.24 3.79 1. 131 
8/13/99 BLR2 19.17 4.315 1. 153 
4/28/80 ARFI6 19.10 3.80 1. 132 
4/28/89 ARFI8 18.88 3.88 1.130 
4/28/80 ARFtt5 18.78 3.86 1. 127 
4/28/80 ARF3 18.1$9 3.83 1. 129 
4/28/80 BRFI2 18.1$2 3.77 1. 133 
4/29/80 ARFttl 18.29 3.73 1.136 
8/13/80 ALR~ 18.26 4.36 1.143 
8/13/80 ALRl 18.19 4.23 1.128 
4/29/80 CRFtta 18.10 3.49 1.138 
1/25/80 IRFI2 1,7.73 3.1$5 1.132 
4/29/80 CRFlt4 17.47 3.'52 1. 139 
4/29/80 BRF4 17.15 3.68 1. 1215 
8/12/80 ALRI 16.79 3.80 1. 135 
4/29/80 ARFtt5 IG.G6 3.54 1. 126 
5/11'80 ARF.l 16.1$0 3.41$ 1.13~ 

5/1 .... 80 BRF9 16.59 3.69 1. 107 
81'13/89 CLR2 16.5~ 4.17 1. 128 
5/1/80 ARFI3 16.12 3.54 1.140 
8/12/80 ALR6 15.95 3.59 1. 116 
5/1/80 BRFI2 15.8~ 3.86 .957 
5/1/80 BRF.4 1'5.1$9 3.80 1.088 
1/2~/80 IRFtt3 1~.44 3.70 1.075 
8/13/80 ALR2 14.57 4.37 1. 037 
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13. 
14. 
15. 
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17. 
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TABLE IV 

Flash test characteristics of packaged, 1/2-inch 
OM GaAs solar cells delivered to Sandia 
under this contract. 

CELL ': .. E 1.= .: Voc. 

O117~7 #2 4~ ;:, • ..J~ ":-.7':- 1. 1~:: 
011729 A2 40 :':~.1(1 . '? 14 1.16e 
2011194 B2 25 &: 1. 89 8.S;- 1.164 
011796 12 47 ~1.e3 '?73 1 • 154 
011729 At 3':1 21.53 9. 12 1. 160 
O1179~ It 50 21.29 9.46 1.155 
01177·:; 12 42 21.20 8.93 1. 16!5 
011799 II 53 ZO •. 94 9.98 1. 152 
2011187 11 33 20.52 ~:. 86 1. 136 
011794 13 36 20.44 ,Et • .:.( 1.146 
Or'1794 12 4~ 20.4'3 9.":'0 1 • 15:3 
20111 '?4 E3 26 20.37 8. 9'~ 1 • 1 5'~ 
Or1775 13 43 20.37 8.'33 1.153 
2011194 F3 23 20.25 9.37 1. 144 
OM775 14 44 20.10 e.1'8 1. 162 
2011192 Al 29 Z0.98 9.80 1. 142 
01'1798 13 51 20.05 ';'4.93 1. 153 
or1797 52 19.84 9.88 1 • 15t: 
20M194 F2 22 19.74 St.42 1. 143 
OM728 A2 32 19.63 S.2( 1. 153 
20M185 Dl 6 19.49 S.OS 1.144 
OM7.99 12 54 19.3~ 9.93 1.14€. 
20M185 Cl 5 18.98 8.8e 1. 141 
20111 83 B2 3 18.87 7.61 1 • 15t; 
0"'~28 Al 31 18.e7 S.3:: 1. 154 
OM7'25 11 27 18.78 9.34 1. 140 
OM799 13 55 18.76 10.00 1. 146 
20Mle3 F2 1 18.4( 7.51 1. 156 
OM728 Bl 3~ 18.3'? .,. -.., , • r:- ( 1. 156 
20r'11 85 BI 4 18.35 ~ .. ~'-. 

0 • .,)4 1. 13':' 
201'11 83 BI 2 18. '25 .,. .... 

' • e·:.;.) 1 • 151 
OM825 Bl 56 18. 12 S.77 1.137 
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VII. CONCLUSIONS AND RECOMMENDATIONS 

The tests described above have shown the basic GaAs cell to be 
rugged. The projected lifetimes from the thermal stress experiment at a 
cell temperature of 100°C show that thermally-activated degradation 
mechanisms within the cell should not be a limit to cell performance in 
practical photovoltaic systems. The studies of A1GaAs corrosion show 
that with a properly applied Si3N4 protettive coating, the cell can 
withstand high temperature/humidity stressing. The OM cell was shown to 
be more resistant to A1GaAs corrosion than are LPE cells. Encapsulation 
of the cell with a cover glass gives further protection, insuring that 
degradation due to A1GaAs corrosion can be prevented. 

The major limitations of tests performed so far are that they have 
relied on one-sun testing for characterization of the cells, and that 
the cell was in a passive state during testing. The reliance on one-sun 

testing means that any increases of resistivity within the cell that 
would only show up under concentrated sunlight evaluation may have been 
missed. The testing was restricted to one-sun illumination because 
testing under concentration requires packaged cells, and the cell package 

cannot withstand the -400°C temperatures required to produce a signifi
cant number of failures. The fact that the cells were passive during 
thermal stressing (i.e., no current was flowing through them) means that 
any degradation mechanisms activated by both current and temperature 

were missed in the tests. 

The rooftop tracking concentrator tests that were planned would 
complement well the thermal stress tests that were performed. Since the 
roof tests would test fully packaged cells, the cells would be evaluated 
with concentrated sunlight testing, or with the flash tester at high 
equivalent concentration levels. Since neither roof test relies on 
thermal stressing alone, the cell can be stressed without exceeding the 
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temperature at which th~ sold,r in the package will melt. In particular, 
the high-intensity illumination experiment would test cells for any 
degradation activated by higher than normal photon flux or current 
density. The combined thermal/illumination experiment would test for 
any degradation activated by the combinatiQn of current and high tem
perature. 

Both Of the roof tests could be started with little additional 
effort. Mirrors and cell holders are on hand for both experiments. 
Corrector lens elements for the high-intensity illumination test have 
been received, and the thermal standoffs for the combined thermal/illu
mination experiment have been fabricated. The only remaining require
ments for the'experiments are the production of a sufficient number of 
1/3-inch cells, and fabric~tion of mounts for the high-concentration 
mirrors and corrector lens elements. Neither requirement should pose 
any prob1 ems. 

The study of ohmic contact degradation and e1ectromigration in the 
contact grid was intended to complement the one-sun evaluation of the 
thermally-stressed cells, since t,hose t~sts would point up likely sources 
of increased series resistance in the cell that would limit performance 
at high concentration levels. The ohmic contact aging studies that were 
performed did not show any serious degradation of the p-type contact. 
Whil e it woul d be useful to. perform more studi es of the ohmi c contacts 
and to perform the electromigration study, it would probably be best to 
postpone those studies until results of the roof tests became available 
and perform them only if it appeared that they would be useful in inter
preting the results of the roof tests . 

Another technique for applyin~ current and temperature stressing to 
a cell is to pass a forward current of, say, 20 amps through the cell 

while it is heated in an oven. This technique has the advantage over 
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the combined thermal/illumination test in that it holds the cell tem
perature constant, rather than the fluctuating cell temperature that 
woul d be developed in the roof tests. The major di sadvantage of thi s 
technique is the fact that the current flow through the cell is in the 
reverse direction from that produced under illumination. That fact 
might make the results of the test difficult to relate to normal cell 

operation. However, this test could be,useful if performed in con
junction with the roof tests. 

In summary, we feel that the most us·efulresul ts of further acce
lerated aging studies would come from the roof tests, since those tests 
stress the cell sin a way that is closely rel ated to actual cell opera
ting conditions in a photovoltaic system. 
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