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A number of JPL missions, either active or in the p l d g  stages, require 
the accurate LILT flew intensity - low temperatme) clmracte* of 
tripk-jumtbn solar, Although triple ignetiOn LILT pwloraaanee was 
reported as recently as 2002, there has been an evolutionary advance in cell 
technology by both U.S. space cell manufacturers that, for mission design 
pnrposes, effectively obde&% the earlier data As a dt, JPL MWed a 
program to develop a database for the LILT performauce of tbe new high 
performance t s p k  jMction sdnr eel4 apL obtained Emcore Advanced 
Triple J t i O a  CIC assemblies and Spectrdab Ultra Triple JuactiOn CIC 
assemblies. 'These cells were tested at temperature-intensity ranges designed 
to cover applicatioas between 1 and 5.18 AU solar distances. 1 MeV 
deetron irradiatks from 25  E14 to 1 El5 w m  performed on the d s  to 
evaluate the COBdbiaed effect ol particulde radirdion m d  LILT coQdiitio1l8, 
The e $ k t  of IlLT conditions was OBServed to igcnr aq htcrerrse m the 
variptioe of d l  pdomances tBpt at shula4ed 5.18 AU eonditkms the 
average perfonhance was approximately 3dY0 with the best cells measuring 
between 32 and 34% efficiency. The 30Ye average efficiency compares with 
appmximately BY0 average efffifiiency measured on earlier tahobgy 
t ~ p k ~ R S O h U t Z k  

Nomenclature 
low intensity, low temperature 
S h l t  cilcuit curretlt 
maximum power 
fillfactor 
o p e n ~ v o l t a g e  
maximum power voltage 
maximum power current 
airI1.tasszero 
cell-interconnect-cover 
advanced triple junction (Emcore) 
ultra triple junctm (specttoab) 
astronomical unit (average distance between Earth and sun) 



I. Introduction 
A number of JPL missions, ,some active (srtch as Dawn - an asteroid mcmnter mission) and some in planning 

of triple-junction solar cells at 
solar intensities equivalent to those found between Earth and Jupiter. Although triple junction LILT performance 
was reported as recently as 2002l, there has been an evolutionaiy advance in cell technology by both U.S. space cell 
mimuiktmxs that, fir mission des@ purposes, &&tively obsoletes the earlier data As a r d t ,  PL initiated a 
program to develop a database for the LILT performance of the new bigh pformana triple junction solar cells. A 
number of Emcore ATJ CIC assemblies and Spectrolab UTJ CIC assemblia were obtained A test matrix was 
established for tixnpemm and intensity conditions initially covering lhe range between 1 and 3 AU (Dawn mission 
environment). In the interest of minimizing the time necessary to complete the tests the conditions were selected to 
best meet the needs of the Dawn mission which was in the process of preparing the solar array procurement 
package. At the endaftheuLT tests adecisbn was m&le to imdiate someofthe test cells to the equivalent Dawn 
radiation envhmynt, since it wasn't dear how the LILT and radiation effkcts would combine over the mission AU 
range. The radiation levels were then hxeased fiuther using additional cells to pmide data to JPL missions that 
were inp1armingph;lSes. As ares&, thewjunction cell data incIudes 1 MeVelectron equivalent doses of 2.5 
E14,5 E14, and 1 E15 The cells for the later two exposwes are Werent than those used in the first, but from the 
same lots the @l manufktwers d e l i v d  to JPL. In ad@tim, the test matrix for LILT was also increased to 
encompass additkml mishnappWms. 

Below in Table 1 is the test matrix fbat was used for the t- - intensity tests. 'wis was devised to fuuy 
bracket the solar intensities and sohrceil operating&qmatms eqectedduringthe missions h E a r t h  out to the 
orbit of Jupiter. It includes three tempetatures (-70, -50, and -25 C) that are common to all inteasitis. 

. .  
m m  the accutate LILT ( b ~  h t d l ; t y  - low t - m )  wm 

I I I 

Table 1. Temperature-Intensity Test Matrix 

JPL requested the cell vendors, Spectrolab and Emcore, to &liver a minimum of 20 current tdnmlogy flight- 
type triple junction s o h  cells. JPL further specified that these cells cover the range tiom low to bigh within the 
flight deliverable distribution. The average cell effkksies of each mm&kim&s cells was appmmmt * eJy28Yiat 
AMO, 28C test conditionsy in line with the advertised performance. From these, JPL selected four CICS each from 
the low, mid, and high ends of the distribution, giving a total of twelve (12) cells for each manllfacturer to be used in 
the LET testing. It should be noted thgt the bin ranges varied slightly between the two mamkfwe~. The actual 
cells used for the plate assembly were selected fnnn those delivered, by JPL and the Dawn spxaafl prime 
contractor, olbital Sciences, to clearly rep- the three regia ofthe power distritution Three test plates of four 
CICs each were assembled for each mauufik$um. Each test plate consisted ofc&s from the same birmisgrange, 
i.e., plate 1 for each vendor had cells from the low end of the cell distn'bution, plate 2, the mid range, and plate 3, &e 
high range. Althou@ in actual fight use, the majority of cells come from the mid range, JPL was interested in 
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B. Pre-Miofion Test Description 
Iniw the CICs were checked for sborts and exadned for cracks to ascertatn. - theiT codticm. No physical 

damage was noted and the ekctricaI naeasurements agreed with the maw€hmd data. After being bonded to 
copper test plates, and hard-wired to terminal posts, they were similarly rechecked and found to still be in excellent 
condition. Then q h  CIC was tested for electrid isolation from its test plate, which resulted in all measurements 
being greater than 200 megohms. 

Electrical nwmmmts were made &rough a connector, which was wired directly to the CICs via terminal 
posts. This approaeb was used toavoid any errors that might occur through the use ofpressure contacts Them- 
irradiation- . ’on tests were performxi at the kmpahms and intensities specified in the Temperature- 
Intensity Test Matrix, shown as Table 1. Twelve (12) of each vendor’s CICs were bonded to three (3) separate test 
plates. Test plate #l contained the four (4) lowest eEciency CICs, test plate #2 contained the four (4) middle 
ei-~ cm amd test phte #3 oontai~~ed the four (4) highest efl[iciency CICS. ~ l l  cells arr: - i d  of 
delived for qmx flight applications in terms of mecharucal - aDdeledricalc~~a.During*testin&test 
plates were mounted rn a temperatnreooMroed block inside a hi&-- chamber. Illmninatlon ftom the X-25 
Mark II solar simulrrtor emxed the w m m  chamber through its fused silica window amt stimulated the at a 
nonnaf bcidmce =@e. 

I 
15.17 3.0 -100, -7s, -sa, -25 

136.7 f I.@ -100, -70, -50, -25,0,28 

21.87 2.5 -100, -70, -50, -25 
- 37.87 1.9 -100, -70, -50, -25 

C. CIC Test Plate Irradiation 
Following the initial charactaimtion tests, test plates #1 and #3 fbr each vendor were subjected to 1 MeV electron 
llK&&iXintheJPLDynamrtron Amekator. The cumlath flueace for each of the four (4) test plates was 
2.5E14 e-/cd. This is the 95% confidewe level tluence with a Radiatian Desigm Factor of two (RDF=2) for Fmp 
degradation d e  the intended Dawn mission. 

. . .  

D. Post-Irradiation Test &scription 
The post-imdiation characterization tests were perfonmed at the temperatures and intensities specified in the Post- 
Irradiation Test Matrix, shdwn as Table 2. The range is limited because those specified in Table 3 were deemed to 
be the most critical in 

however, test plates #2 d d  be used as amtrol SampIeS to correct resulks obtain& from the re-tesfing dthe 
irradiated test plates #1 and #3. The post-irradiation, 1 AU dataset was repeated for one vendor’s test plates to 
confirm~~owainedinthefirstdataset. 

Iv. LlLT Test Resub 

The test data for each mauuf&twer’s cells were similar. There were some differences between the cells from the 
two manufhdums when the behavior of all tested cells were examined. For example, one manufitctnrer’s cells 
showed a gFeater ttatiance in power at LILT conditions, with highex and lower ef‘fiddes than the d e r  

(althoughthe average was the same). However, in view of the limited cell quantitiestestedthis canraot 
be considered statistidy significant. fhsq&ly, the oommentsmthis d m  will be directed to the average of 
allcellstested. 
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The data in figure 2 shows the average cell efficiency as a fnnction of solar distance (in Astronomical units) and 
includes the estimated cell operating temperatme at the given solar distance. The results for the tested cells are 
compared to meas~lred on triplepnction CeUs approximate@ four (4) years ago'.  he improvement in 
pexfbrmmx for triplejm&ncell pedbmmx is quite dear. 
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Figure 2. Average Cell Efficiincy vs Solar Distance 
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Cell operating voltages are critical €or LILT missions since this parameter can change rapidly with AU. As a 
@t, the power electronics need to accommodate the chauge in order to operate the array near maximum power. 
As is shown in fi- 3, the triple junction cell has a moderate voltage change of a p p m x i d y  35% over the range 
1 to 5 AU, especialIy when compared to silicon solar cells. For the later, a voltage increase of approximately 75% 
occursbetwem 1 and S AU'. 

Figure! 3. Average Cell Maximum Power Voltage vs. Solar Distance 

The cell feature that most dearly identitles d s  with ~UOIW&NLS LILT degradation is the fill actor. The fill 
factor is shown in figure 4. Although it is not identifiable from tbis m e ,  a d number of cells with excessive 
degradation in fill factor lead to a €lattening and then reduction of the FF at bigher AU dues. Although a gnaU 
percentage of cells exhibited this anomalous degradaton, figure 5 illustrates the magnitude of such loss that can 
occur. As can be seen, the average performance of each plate at a given set of test conditions (intensity, temperature) 
falls within a small mge that can be related to the initial selection of cells into low, medium, and high performance 
ranges. The figure also shows the stronger role of redhLced intensity, compared to r e d d  temperature, on the LILT 



performance degdation. However, one plate exhiiited larger than auticipted losses due to the inclusion of some ’ 
cells with obvious “LILT degradation.” In some cases this could be associated with a “low” cell shuot resistance and 
ccmseqeay this was most likely to show up in d s  h m  the lowest power bins. This is an understandable LILT 
loss since a small shunt loss at AM0 will become an increasingly large component as the generated current 
decl.eases with the square of the solar distance. In some cases it may be a relatively larger shunt loss that “moves” a 
cell from a high or mid bin to the low bins. Not ah LILT losses were directly WbutabIe to shunting and there were 
some indic;ttions of elitssic “broken Imee” m e  shape, i.e., the cefl I-V curve exhiiW a n o t i d l e  and datively 
sudden decrease in the characteristic diode sbape. Due to the small sample size, it isnot. &nt what percentage of 
cells exhibits this effect, although ody a smaU number would be expect& based on this data Since the low bin 
cells will be a small fraction of those delivered (typically 60-75% of cells in flight hardware come from the middle 
bins, with smaller percentages in the bigher and lower bins) the impact on overafl array performance will be less 
prcrnounced than shown in the data here which amds eguat weight to low, mid, and hi@ bins. 
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Figure 5. Average Plate Performauce Normalized (at each test condition) 
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V. Radiation Test Results 

The priucipal environmental degmbtica for most interplanetary missions is charged particle radiation. Two 
questions arose when considering radiation damage for missions at solar distances with significant LILT conditions. 
First, is whether the dation damage is the same when induced at low temperatures as at room temperam. The 
later question was beyond the scope of the testing program described here. In addition, for most LILT missions 
under consideratiaa, radiation damage i s  attributable to solar flares and most likely to occur at solar ranges between 
1 and 2 AU, where cell temperatma are not much lower than at Earth. Exceptions can occu; such as transit in the 
radiation environment close to Jt@ter, but tbis was not investigated. 

A second question is whether the degradation calculated at Earth can be directly applied at LILT conditions, i.e., 
are the same tage losses in cell current, voltage, and power valid over a wide range of solar distances. 

conditions tban at 1 AU, not only for earlier versiolls of 3-junction cells, but also far single junction III-V and 
silicon cells. Obviously, if this behavior could be verified it would provide for addi t id  mission power at LILT 
conditions, where available power is @at most uitid 

In assessing this, JPL irradiated a group of test cells, using plate 1 (low binning) and plate 3 (high binning) cells 
from each mamrfactuer. This was done to leave plate 2 (median binning) as a control and as backup if additional 
tests were required The group 1 and 3 cells were irradiated to 2.5 E14 1 MeY elecffnws, and tested out to 3AU LILT 
conditions, in support of the DAWN mission which had a 3AU maximum solar range h i t .  This was extended in an 
additional set of tests out to 5AU, after discussions with dher programs For this extension, an additional plate was 
asembled using four @ from each vendor, mnsisting of cells in the mid range of the disttibutln These cells 
were subjected to fluences of 9 E14 and 1 E15 1 MeV electrons. 

The results of the testing performed were Surprising. In contrast with previously reported data, the percentage 
degradation of all test cells was found to be the same at LILT conditions as at the sm&d test conditions ( N O ,  
28C). Figure 6 shows this for cells tested to the fluence of 5 E14. Although the cell @ty in this data base is 
small, the results were consistent within the cells of each marmfacturerandbetween the two manutktmxs. The data 
strongly suggests that there iq no reduction in degradation at LILT operating CoDditioItS. This was also observed at 5 
E15 fluence and at 2.5 E14 fluence (performed on the larger quautity of cells). The cells from plates one (l), the 
lower power cells, exhibited greater variance due to the i n d  shunt resistances (compared to the plate 2 and 3 
cells), but still showed average degradations under LILT conditions in agreement with the standard test coRditioI1s. 

previouS wor r concluded that the percent of cell power lost to a given radiation fluence was much less at LILT 
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The discrepancy between the data obtained in these tests and previous reported data is curious. It is &cult to 
explain this on the basis of charactetistics of the advanced three (3) junction cells, since it was evident for both 
~ ~ ~ ~ a m l t h e t h e o ~ r e s u l l s a p p l i e d t o a v a r i e t y o f ~ t y p e s a n d ~ ~ . .  

M. Conclusions 

In the four years since JPL previousy examined three (3) junction solar qdk, cell efficiencies (measured at AMO, 
28C) have increased appreciably, from approximately 24% to 28% (AMO, 28C). The results of testing reported 
herein show that comparable improvements are observed at LILT conditions (up tb 5AU equivalent). Average cell 
ef6ciencies from 3 - JAU for both manuf8cturers’ cells we= measured to be appruximately 29 -30% This compares 
with data obtainerd in 2000, that showed -25% e€Eciency over the same range. The efliciency from three (3) 
junction cells remains nearly corn over a wide AU range, with only aa average 3-4 point efficiency haease 
measured as the solar 4stauce increases from 1AU to 5 AU. 

A few ofthe cells tested showed evidence of LILT degradation, i.e., a reduced performance due to a reduction in 
fill %ctor. Due to the same sample size, it is not possible to ascertzb what fiaction of a flight population would 
exhibit this. 

The radiation testing provided results that were consiWly Merent than had been published in 2002*. 
Whereas that data showed much reduced percentage loss in cell Wormauce at LILT condisions than at Ea& 
Operating conditions, this work unambigllousy showed tbat the percentage power lost under Wering AW conditioos 
was essentially the same. 

Data that would allow for a more comprehensive determination of tempera- coefficients and cell pe~ormance 
was not assessed in these tests. This was done primarily in the interest of reducing’ the testing duration td meet the 
DAWN program schedule. The lack of existing LILT cell data for the DAWN mission meant that the array 
procurement could not be initiated until annOpriae data was available. To meet the schedule, the temperame- 
intensity test matrix was limited in scope to best fit the DAWN mission, For example, temperature data at 3 AU 
does not include the 28C ‘‘room temperature” condition since there was no reason to expect the array to operate at 
that value under low intensity i l l ~ m b t i ~ ~  In hindsight, an expanded matrix would have been valuable in reducing 
the amount of extrapolation required to complete the array performance aualysis for various LILT conditions. Direct 
rehtionsbips iiont cell and anay “room temperature” test conditions to LILT conditions would redm analysis 
errors. Further LILT testing should also use larger sample Sizies thaa the 12 cells tested for each manufactum herein 
This would reduce the impact on the mdts *m a single cell. Quantities at least three times larger would tigMen 
the error limits allowing for p t e r  accuracy in predicting array performance. At the same time, there was 
fundamental consistency in the data that suppolts the conclusion of 29 - 30% cell efficiency from 3 to 5AU. 

In order to have the data necessary to allow prediction of atkay performance at LILT conditions with accuracies 
comparable to that available for Eaah orbiting spacecraft and missionS to nearby objects such as Mars and Venw 
additional LET testing needs to be performed. Increased accuracy in array performaace prediction would benefit 
b m  examining the intluence of LILT degraded cells on a Circuit. Althaogh this might be somewhat similar to the 
impact of partial shadowing, the LILT degraded cells exhibit a curve shape change (reduced fill factor) rather than a 
short Circuit current reduction (as is the case in partial shadowing). Obviously, this could be avoided if tools were 
available to remove the low percatage of d s  that show large LILT losses. 
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