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ABSTRACT

Electrical characteristies of OCLI 225-micron MLAR wraparound
N/P, 2 ohm-cm silicon solar cells are presented in graphiecal and tubular
format as a function of solar illumination intensity, temperature,
and 1-MeV electron fluence,
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SECTION I

INTRODUCTION

A series of reports is being generated to present parametric
characterization data on both state-of=the-art and developmental solar
cells of interest to the photovoltaic community. These data consist
of the electrical characteristics of the candidate solar cell under
a wide range of temperature and illumination intensity combinations
of the type encountered in typical space applications. This series
(JPL Publiecation 78-15) will consist of a number of reports, each re-
port being devoted to a particular type of solar cell and identified
by a volume number. Previously published reports with their associated
solar cell descriptions are listed in the bibliography to this-document.
Each report consists primarily of working graphs and tables and does
not address itself to interpretive conclusions. The formatting of
this series of reports will be relatively invariant to. facilitate com- )
parisons between the characteristics of any of the cell types considered
in the series., This report contains a set of parametric data on the
OCLT 2 x Y-cm wraparound cell which was produced in limited quantity
as a possible candidate for the Scolar Electric Propulsion Mission.
Parametriec data are presented for the cells both before and after
irradiation with 1 x 10 e/em2 of 1 Mev electrons.

SECTION IIX

CELL DESCRIPTION

The cells reported here were manufactured by OCLI in pilot line
quantities and are not yeit space~qualified. These cells are fabricated
from crucible grown, P-type silicon, boron-doped to a resistivity of
1-3 ohm-cm (2 ohm-cm nominal). The cell dimensions are 2 x U4 x 0.023
cm (9 mils) thick. The electrical contacts on both the front and back
surfaces are evaporated Ti-Pd-Ag. The contact pattern on the front .
surface consists of 12 fingers running the long dimension of’ the cell.
The fingers terminate in contacts deposited on the cell edges. These
cell edge contacts wrap around to the rear of the cell and terminate
in pads measuring approximately 0.31 x 0.46 cm. The wraparound contacts
and pads are insulated from the silicon by a dielectric oxideé material
deposited prior to contact deposition. The cells are not textured
and have a 2«layer antireflection coating, giving the cells a green
appearance,



SECTION III

TEST PROGRAM

The solar cells were mounted on a copper test plate using RTV 560.
The test plate was in turn mounted to a heat sink with provisions for
both heating and cooling so that the cells could be maintained at the
desired temperature, independent of the solar intensity. All testing
was ecarried out in a vacuum at a pressure of less than 1 x 1077 torr.

The illumination source used was a Spectroclab Model X-25 Mark II
Spectrosun filtered solar simulator. This simulator uses an optical
integrator lens in the optical system which uniformly distributes a
relatively collimated light beam at specific distances from a 2.50«kW
short-arc zenon lamp. A system of filters modifies the spectral distri-
bution so that it approximates that of space sunlight. The light beam
provides a pattern having a uniformity of +1% over an area of 225 cm
at the test plane. Ilumination intensity is varied by position of
the simulator in combination with transmission filters. The solar
simulator beam is introduced into the vacuum chamber through a window
of T940 fused silieca. The solar intensity and spectral integrity of
the solar simulator are constantly monitored and maintained, using
space-calibrated standard cells obtained with the NASA/JPL solar cell
balloon flight standardization program. Photographs of the solar cell,
the assembled plate, and the experimental characterization test facility
are shown in Figures A-1 through A-l4 in the appendix.

The temperature range covered in these measurements was -160 to
14000, while the solar intensity range covered was 5 to 250 mW/em?.
The data were taken at each environment point in the matrix in the
form of an 1I-V curve. The appropriate parameters were then read from
the I-V curves and punched on cards for the computer analysis and curve
plotting functions. The cell temperature was monitored by a thermocouple
attached to the surface of a separate cell mounted with the cells under
test. ~Prior, intermediate, and posttest ambient measurements were
performed daily to ensure that the accuracy and stability of the test
equipment and the test specimens themselves were maintained within
+2% during the course of the testing program.

After the initial solar cell measurements over the above temperature
and intensity ranges, the test plate was mounted in the evacuated target
chamber of the JPL Dynamitron and irradiated with 10" e/en? of 1-MeV
electrons. During the irradiation the cells were maintained at 28°C.
After the irradiation the cells were annealed at 60°C for 66 hours, then
illuminated for ¥ hours at 28°C with the AMO simulator. No significant
changes in cell electrical output were observed as a result of either the
annealing or the photon illumination. The cells were then characterized
over the same intensity and temperature schedule and the data procesged
as _before. Following this, the cells were remeasured at 135.3 mW/cmz,.
287°C, under the same conditions as the postirradiation anneal.



SECTION IV

DISCUSSION OF RESULTS

A computer program computes statistical averages and standard
deviations with respect to the measured cells for each intensity-
temperature measurement condition. It then produces summary tables,
as shown in Tables 1 to 14, that display averages and standard
deviations of the cell characteristies in a two-dimensional array
format, one dimension representing cell temperature and the second
dimension representing incoming light intensity (AMO spectrum). The
program then produces plots of the various electrical parameters of
interest, with either incident intensity or cell temperature as the
independent variable, as shown in Figures 1 _to 1% and 19 to 32.
Least square fits to the data points are then made automatically to
the measured data points using a second-degree polyncominal for most

parameters. The Voo and Vmp data points are fit with a linear equation.
The curve factors and AMO efficiencies are not fit but are interconnected
from point to point. In addition, the program calculates the temperature

coefficients of the pertinent cell electrical parameters of interest,
using the aforementioned curve fits, and plots these as a function

of temperature, with intensity as a parameter, as shown in Figures 15
through 18 and 33 to 36. Tables 1 to 7 and Figures 1 to 18 summarize

the preirradiation data. Tables 8 to 14 and Figures 19 to 36 summarize

the postirradiation data.

The figures are intended to be working artifacts; that is, they

are formatted in such a way that they can supply information of a general

nature or may be used to generate predictions, comparisons, computer
input data, ete. To facilitate comparisons and inputting, all units
are standardized as follows:

(1)  All currents are in units of mA/cm?,

(2}  All voltages are in units of mV.

(3) All power outputs are in units of mW/cm2.

(43 Al1 curve factors are in dimensionless units.

(5) All efficiencies are in percentages and are based on
total cell area.

(6) All temperatures are in °C.

(1) All incoming intensities are in units of mW/cm? and are
representative of an AMO spectrum.

(8) All geometriec dimensions are in units of cm or um
(whichever is most convenient conceptually),



The tables ineluded in this report contain complete numerical
information with respect to the-average values of the following solar
cell electrical parameters: Iges Voer IPmaxs VPmaxs Pmaxs CF, and
efficiency at each intensity-temperature combination. For each such
parameter at each such intensity-temperature combination the standard
deviation is presented to provide estimates of statistical validity.
All efficiency, current, and power output data 1s on the basis of unit
area derived by dividing measured output by total cell area.

After the 10 e/em? irradiations and anneal, the cells were
found to degrade 8.8% in Pp, 6.0% in Ise, and 2.9% in V,o when measured
at 135.3 mW/em? incident intensity and 28°C. After the parametric
measurements they had degraded an additional 5.7% in Py, 4.5% in Ig,,
and 1.3% in Voe+ It is not known precisely when the additional degrada-
tion occurred. Measurements of other 2 ohm-cm cells in this laboratory
have shown a reverse annealing which occurs at or below 200°C, suggesting
the possibility that the reverse anneal may have occurred during the
time the cells were held at elevated temperature.

The low-temperature, low-intensity I-V curves of these cells
varied greatly from cell to cell as can be inferred from the large
standard deviations in the tabulated electrical parameters. This is
due to the onset of three effects: (1) the increasing relative im-
portance of shunting at low cell current output, (2) the appearance
of a voltage drop across the Schottky barrier at the rear contact
silicon-metal interface, and (3) the appearance of a broken knee effect
characterized by a rather abrupt change in slope of the I-V curve at
voltages below normal knee voltage.

Unirradiated cells exhibited Schottky barriers at temperatures
below ~100 C at all intensities examined. Irradiated cells had Schottky
barriers appearing at temperatures as high as -60°C at the 135.3- and
250-mW/cm® intensity levels, but at lower intensities the barriers
appeared only at temperatures below -80°C. Most cells had broken knees
at low intensities. The lower the incident intensity, the higher the
temperature of broken knee gccurrenee. At 5 mW/cmz, broken knees occurred
at all temperatures below 0 C, but at 100 mW/cm? broken knees occurred
at all temperatures below ~120°C. The onset of the broken knee effect
appears to be independent of radiation. Cell shunting is independent
of radiation and simply occurs in those ecells which have low. shunt
resistance,

The effects reported here for the wraparound cells are not attribut-
able to the wraparound configuration since cells of standard design
behave in the same manner, At the higher temperature regions of normal
spacecraft operation the cells do not exhibit the low temperature I-V
ancmalous behavior.
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Table 1. Average Short-Circuit Current
- OCLY! DIELEETRIC WRAPAROUND
N/P 2 OWMM=gM CG SILICON
2 X 4 X 0285 CM
TI1«PD=AG
2 LAYER AR COATING
NO COVERSLIDE
SAMPLE 812 8
CELL TEMP, SCLAR INTENSITY (MW/CMx%2)
(DES. C) 5.00 15,00 25,00 50,00 100,00 135,30 250,00
160,00 1.24 3,67 6,13 12.33 24, 4% . -
(.02} (00 (.08) et (.29)
={40,00 1.2% 3.75 6,20 12,44 elh.84 - L
(.02) (.04} (.07} (e14) (.29}
'120.00 1.27 3'30 5.26 12‘57 ia-ﬁb - -
{.02) (.04} {.08) («14) (.368)
»100,00 1.27 3.79 65,35 12,70 24.89 . -
{.02) (.00 (.09} («15) (34) .
=80,00 1.29 1.83 b.41 12,80 2%5.06 344867 -
(.02) (.04) (. 09) 1% (.29) Cak)
60,00 1,30 1,87 .47 12,91 25,34 34.99 64,18
{.02) (.05 (.09) (a16) {40} (aG3) {.85)
=U0,00 1.31 3,91 6,54 13,01 ‘25463 315,37 64,85
(.02) (.04) {07 ts16) (.36} (+46) (.83)
20,00 1.32 3.94 6,61 13,14 25,97 15.%7 65,55
(.02) (.0%) (.09) (+1%) (.35} talb) (94}
«00- 134 -3.96 b,568 $13.28 26425 35,94 66,17
. (.02) (.0%) €e10) talé) {.38) {.50) (+88)
20,00 1.,3% 4,01 6,74 13,43 26462 36.41 67,22
(.02) {04} («09) (s15) (3%} {452 (932
40,00 1.37 4,06 b.82 13,.6% 2713 37.00 67,93
’ (.02 t.0%5) (.10} {215} {+36) (o447} (9%}
60,00 1.38 4,10 .91 $13.01 27.48 37.%7 68461
. t.02) (. 0%) (+09) ts18) {.38) {512 (e9T)
80,00 . - . 13,97 -27.51 37,92 69,29
ta17) (.40} (58] {1.00})
100,00 - - - 14,10 28,11 35,34 70,08
(e18) {.39) {.54) {97}
120,00 - - - 14,22 28.42 35,73 7076
(«17} {.35) {«53) {.88)
140,00 - - - 14,38 28,607 39,08 11,02
v tel8) (.39 (.50 (.98}

NOTEs STANDARD DEVIATIONS ARE GIVEN IN PARENTHESES,

T
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Table 2. Average Open~Circuit Voltage
OCLY DIELECTRIC WRAPAROUND
N/P 2 OHM=CM CG SILICON
2 XU X ,022%5 CM
TIePD=AG
2 LAYER AR COATING
NO COVERSLIDE
SAMPLE SI1ZE 8 -

CELL TEMWP, SOLAR INTENSITY (MW/CM¥%2}) -
(DEG, €) S.00 15,00 2%,00 %0,00 100400 135.30 280,00
«i50,00 794499 816,28 816,14 811,90 B0F415 - -

£53,75) (33,29) {18,98) (11,90 (11,70)
=140,00 782.18 801,31 800,7¢ 788,26 79632 - -
. €42,97) (24,B5) (1%.26) (12.88) (12,80 .
=120,.00 T7T0.6! 786,75 787,09 786,00 784,29 - -
(32.66) (18,28) (1d.44)- (13447 (13,39)
=100,00 753,70 72410 774,15 773,84 77275 - -
(24,533  (14,87) (13,34) (13.07) (13.12)
80,00 T2d.12 750,71 756,95 740,40 760,94 760,85 -
£18,36) (10,57) {10,21) {31100 (18,69) (11,89}
=50,00 682,99  Ti6.86 - T2T.60  TIT.B82  Tal.Sd  T4S.40  747.3)
{15.54) {7.0M) (5.74) (6.58) {8,0%) (8,89} (9467)
=40,00 638,79 673.95 687,54 TCtEe22 Tide2d 718.89 725495
(14,04} (5,84} {3.87) {3a.16) (3,71 (4,4b) {5.64)
=20.00 592,21 628,71 642496 660,385 67874 682.61 693412
(12,73 (5,20} {3,23) (2,06) (1,8%) (1.99) {2.52)
« 00 45,39 S82.01  997.77 616,30 63334 64317 653,72
(10,79 (4.96) {2,60) (1,89 01,48} (1,53) t1.94)
20,00 498,41 €35, 70 £51,54 571,67 589,92 598.1% 612.%9%
(9.73) (4,28) 12,74 (1e88) (1.52) {1,%50) (1,98}
40400 451,45 489,63  S05,%59  Sp6.67  SQ6.10  580.82 S4%.7h
(8,81) {4.06) [2,57) .(1.TN} {1,58) (}e70) {180)
60,00 403,46 442,82 459,9% 481.97 502,07 S{1.24 52T.12
(7.43) 13,98 (2,34} ¢1,90) (1.,77) . (1,81) {2.13)
80,00 - - - 435,41  457.26 467,07 483,90
(2.23) {1.87) (1.96) (2.26)
100,00 - . . 389,82  412.21 422,34 4do.12
(2417) (2.,11) {2+410) (2s41)
120,00 @ . . 342.92 367401 377,235 39634
. {239) (2.41) (2.,27) (2.44):
140,00 - - - 296,36 321447 332.44 352.30
(2.30) (2,58) (2.88) t2,80)

NOTE1 STANDARD DEVIATIONS ARE GIVEN IN PARENTMESES,

43
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Table 3. Average Maximum Power Current
OCLY OIELECTRIC WRAPAROUND
N/P ¢ OMM=M  CG SILICON
2 X 4 X 40225 CM
Ti=PDaiG
2 LAYER AR COATING
NO COVERSLIDE
SAMPLE SIZE 8
CELL TEMP, SOLAR INTENSITY (MW/CME%2)
(DEG, ©) S.00 15,00 25,00 50,00 100,00 135,30 250,00
«i60,00 95 3,00 B.22 1i.10 2266 - -
(.07} (423} (32) Celib) {0}
=140,00 «97 3,10 5.38 11,28 22.%%9 - L
(«07) (.22 (.29) (ed3) (.52}
'120-00 .qq 3‘19 5.“9 11.“5 23000 - -
(.08) (:20) (.25} {:38) Celih)
100,00 1.01 .24 5.84 11.65% 23,22 . -
{.08) (o18) (.21 {«34) (s36) ’
=80,00 1405 3,33 .76 f1.78 23.56 52,61 >
(.08) (a18) etV {e26) (+33) Cadd)
wb0,00 107 3,42 £.87 11,97 23.83 32,94 60,44
(.08) {s14) {.14) Y 1% {.,35) (.47 (76
»i0,00 109 3,48 .97 12,06 2d.02 331,.2% 80494
(07) {11 {ei1) (152 (.28} (.38) (802
»20,00 1.41% 3,52 &,04 12,17 2i.37 33,30 61,06
{+006) (ot1) (.08} (.18) (.30) (.51} {.69)
«00 1.13 3.53 ba08 12,26 2450 33.%2 61,25
{.06) (.09 (e10) (el?) (.28} {.50) (466)
20,00 fotd 3.8 6,18 12.37 24,67 33.62 61,42
- .05} (,08) (407) Calb) (32} (.48) (.83)
40,00 1a16 3,59 6,19 12,50 25400 313.9¢ 61437
{,08) (.06} (.06) {+12) (30} falib] (.81)
60,00 lal6 3.%9 6.22 12.42 204,97 3d.08 61439
. (.04} (.06)- (.0%) Celd) {.286) (.58} (.62}
80,00 - - - 18,42 24,95 13.84 60598
ta14) (.38} (o dd} (+76)
160,00 - - . 12,30 2U.TT 33.64 &0.20
(+14) (.29} (+50) {:89)
120,00 - - - 12,16 20,31 33,08 59.56
{al6) (+33) («50) (+75)
140,00 - - - 11,98 23.4} 32,23 57.069
- Cel5) (o 44) tad6) ‘(’l)

NOTE: STANDARD DEVIATIONS ARE GIVEN IN PARENTHESES,

4y




Table 1,

Average Maximum Power Voltage

GCLT DIELECTRIC WRAPARDUND

N/P

2 OHMeCM

2 X 4 ¥ 40825 CM

Tl=PDuAG

2 LAYER AR COATING
NO COVERSLIDE
SAMBLE SIZE 8

€6 SILICON

CELL TEMP, SOLAR INTENSITY (MW/CM¥%*2)
(PEGS, €) €.00 15,00 25.00 20.00 100.00 138,30 250400
»160,00 S45,80. 649,75 697,75 712,50 718,50 - -
(101,22% (45,84) (26.,01) (23.,56) (20,08)
=140,00 S47.2% 645,37 481,00 697,62 T01.62 - -
(91,08) (42.43) (27,28) (21.%1) (20,9%)
120,00 5%8,.,87 od3. 42 669,25 681,25 683,62 - L]
[B0,99) (37.55) (24.86) (20.79) (18,72}
=100,00 567.7% 635,62 656,37 667,37 669,62 - -
(64,82) (33,82) (26,16) (20.90) (18,62)
30,00 549,50 630,00 646,87 685,12 655,75 654,12 -
(52.38) (26.97) (21,28} (17.39) (17.42) (15.39)
=60,00 563,42 607,75 b24.12 636,25 a37.62 640,25 633,87
(39.03) (22,09) (18.4%) ({18,80) (12,93) (12.27} (13.75)
=40,00 520,62 575,00 598,47 606,25 618,692 618,75% 6i3.42
(34,43)  Q17.57T) (14.98) (11.,15) (8.60) (960} (8.79)
wg0,00 483,87 5$35.50 5%1.%0 569,12 579.62 584,87 583,37
(28,07 (13428) (11.19) (7.88) (T.82) (T.43) {(S.29)
«00 qu2.87 490,7% 507.25% £28,.317 539,42 S43.00 Sdbgle
(22.,44) 14,37 (765} (Se60) (3.94) (4.50) (3.,44)
20.00 402.2% 446,62 489,62 479,62 494.50 S00.00 S04.50
(20,06) [9.90) (7.87) (S5.07) (3,78} (3.38) (4.1T)
40,00 3160.12 401 .87 414,.,5%0 434,62 448.590 454.37 489.75
(15,50) {9.64) 16,59} (4etd) (4,17} (3.66) (4,48)
£0.00 315,37 358,00 170,37 193,75 4oé.12 411.12 415,75
(13,18) (8,42) {4.60) (3.45) (3,56) {2.85) (3,37
80,00 - - L] 346,50 361.62 367,37 3172.00
(3.55) {3.18) (2e62} (3,34)
100,00 - - - 304,12 317450 323,37 327.12
CTRL )] (3.2%) (3.93) £3,74)
120,00 - - - 260,12 275,50 281,12 283,62
(2.23) €4,048) (1.73} £5:13)
140,00 . - - 216,50 232,00 241,75 245,%0
(2.07) (2.5} (2.76) (4,17
NOTE! STANDARD DEVIATIONS ARE GIVEN IN PARENTHESES.
g i}
CH?JFQJCH? u S
QUALITY
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Table 5. Average Maximum Power
pCLYI DIELECTRIC WRAPAROUND
N/P 2 OHMecM (G SILICON
2 %X 4 X ,022% CM
TI«PD«AG
2 LAYER AR COATING
NO COVERSLIDE
SAMPLE STZE 8
CELL TEMWP, SOLAR INTENSITY (MW/CH¥%2)
(PEG. C) 5,00 15,00 25.00 50,00 100,00 135,30 250.00
wlb0,80 W52 1,96 3.45 7.91 16,29 - -
(s12) (.27) {.34) fe54) (79
40,00 54 2,01 3,67 7.85 15.86 - -
(12} (a26) {.33) (.50} (74
-120.00 «56 2.06 3!68 7.50 i5!73 b -
(o1t} (23 {.28) e 4%) (.68)
=100,00 «58 2,06 3.7¢ 7.78 15,58 - -
(.10) (.20) (.25) {.41) (+59)
=80,00 «&0 2,10 3,73 T.72 15.4% ei.40 -
(.0%) (.17} (.21) (.34) (:50) {.68) .
-50.00 -59 2.08 3-63 7.&2 15.20 2!.09 33-31
{.08) {eil) 4" (.28) {.45) {.56) (1.02)
«40,00 «57 2.00 3.%4 7.31 14,78 20,57 3736
{07 {.12) (.14} (.21} («29) {s40) (268}
20,00 54 1,88 1.33 6,93 14,13 19,47 318,42
(.06} (a10) (.10) (L} (.25) (.33) (sd2)
«00 «50 1,73 3,08 b 44 13.2% 18,20 33,48
(.0%5) {.09) (.08) teid) {o19) («27) (e840}
20,00 46 1,59 2.83 5.93 12.20 16.81 30,99
(.04) {.08) (.07 te11) (.18) (.23} (+36)
40,00 42 1,44 2.57 S.43 11.2¢ 15.41 28,22
{.03) {.0%) (.05) {.08) {e14) {e21) (.35)
60,00 «37 1.29 2.3¢ 4,89 10.14 14,00 25.52
t.02) {.0%) (.04) {07) {elb) {.18) (27)
80,00 . - - 4,30 9.02 12,43 22.%2
(.07) (.18) (48 (2%}
100,00 - - - 3,74 786 10.88 19,69
(«07) (+13) (.16) (.35}
120,00 - - - 2.16 6,70 9,30 16.89
(»05) {.15) t.15) (.35%)
140.00 - - L) .59 5,53 T+.79 14,16
{.05) (.09) (1T (s26)

NOTEf STANDARD DEVIATIONS ARE GIVEN IN PARENTHESES,
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Table 6. Average Curve Factor

CELL TEMP,
{DEG, ©)

=160,00
40,00
»$120,00
=100,00
*80,00
~b0,00
»d0,00
»20,00
.00
20,00
40,00
60,00
80,00
100,00
120,00
140,00

5.00

9270
(e1091)
«5439
(.1072)
5703
{.1026)
+ 5948
{.0947)
«6396
(.0899)
6678
(0809}
o791
(.0734)
8870
(.06%7)
56844
(.0%57)
«5830
(0494)
«b725
t.0404%8)
«6567

Tt.0378)

15,00

8536
(+0921)
16688
(.0844)
bBBY
(.0737)
+ 7084
C.0051)
+« 7305
(.0568)
+ 751814
{.0500)
+T602
(. 0424)
- 7408
(.0373)
«78L4
£.0342)
7420
t.0294)
7271
(.0265)
+T093
t.0241)

0CLY OIELECTRIC WRAPARDUND
N/P 2 DpM=CM
2 X 4 %X ,02285 CM

TI«PDuwil
2 LAYER AR

COATING

NO ECVERSLIDE
SAMPLE SIZE 8

SOLAR INTENSITY (MW/CH¥%2)

25,00

« 7295
(0721)
« 71384
(+0667)
« 1486
(. 0566)
«7545%
(.0518)
«THAS
{.0d438)
7787
(.0378)
« 7913
{+0387)
« 7840
{.0281)
7726
t,0253)
«TE0DG
{.0233)
7442
(.0t97)
« 7258
(.0188)

NOTEL STANDARD DEVIATIONS ARE GIVEN IN

50,00 100,00
«T90S «8232
(. 0514) (,0378)
2 7806 «B1U8
(0464) (,0318)
o 7854 8132
(«0414) (,0308)
l7915 18057 “
(20368 (,0256)
« 7935 «8103
(«0297) (.,0200)
. s7993 BOSY
t.0271) (,0209)
8002 «B077
(0242) (.0176)
« 1984 «B0%3
(.0203) (.015%)
« 1878 +TO34
C.018%) (,0116)
7726 « 1770
C.01%2) (,0121)
» 7557 7569
CaD136) (,0082)
7349 7357
{e0824) (,0115)
«7079 7078
{.0120) (,0090)
«6806 «6787
(.0121) (.,0080)
+OUBT 6422
{.008%) (,0108%)
+5093 + 5997
{.0006) (,0070)
PARENTHESES,

€6 SILICON

135,30

28112
(01786)
28087
(.0148)
8091
{+0143)
8022
(0138}
(+0110)
« 7717
(20099)
7506
(e0110)
2 7294
(.0088)
«7021
(.0083)
OTR
{.008%)
«6368
t20072)
+«599¢
Ce0090)

250,00

« 7992
(.,0128)
2 T35
(01147
+ TBLL
[ 0094}
«T733
(0092}
« 7526
[.0080)
o TE2SL
(.0088)
« 7087
{«0083)
«6718
(.0079Y
«638%
(.0090)
+6024.
(«0093)
15660
(0092}
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Table 7. Average AMO Efficiency

CELL TEMP,

(PEG, ©)
160,00
140,00
»120,00
«100,00
=80,00
«60,00
40,00
20,00
200
20,400
40,00
50,00
80,00
100,00
120,00
140,00

.00

10,43
(2,49}
10,71
(2.38)
11,17
(2.27)
11.54
(2,08
11.99
(1.89)
11.87
(1.61}
11.38
1,39)
10.79
(1,18}
10.03
(.92}
.21
La75)
8.34
(63
T.32
t.d48)

0CLI DIELECTRIC WRAPAROLND
N/P 2 OMM=fM G SILICON
2 X 4 %X ,0225 CM

TlePD~AG

2 LAYER AR COATING

NO COVERSLIDE

-S§AMPLE SIZE 8

SOLAR INTENSITY (HMW/CM¥*¥2)
18,00 25,00 50,00 100,00

13,04 14,59 15,83 16.29
(1.82) (1,35 L1407 (79)
13,40 14,67 15,71 15.86
(1,713 1,30} (e99) (.74)
13,72 14,70 15,60 1%,73
(1,53} (1.11) (89) {.68)
13,76 14,82 15,58 15455
(1,38 (1.02) («82) (.59)
14,02 14,92 15,44 15,45
(1.,15) (.83) Leb7) (.50}
13,88 14,65 15,23 185,20
(.95} (702 " {+5%) (45}
13,38 14,213 14,62 14,78
(7T (.56} t.d2) (.29}
12.56 13,32 13.8% 104413
(.63 (.40} {233 (.2%)
11.56 12,34 12,89 13.2¢
(.57 (.32} («27} (219}
10,82 11,31 11.86 12.20
C.43) (.28} (+22) (.18)
9.53 10,27 10,87 11,21

(o38) Ce20) - alTY | (eid)
8,58 9.22 9,78 10.14
{.31) (o172 €e15) (.16)
- - 8,61 .02
€:+13) {e16)

- - T.48 .86

s (18] {.13)

- - 6,33 be 70
Cel0) {,15)

™ - 5,19 5,53
. (210) (.09)

NOTEt STANDARD DEVIAfIONS ARE GIVEN IN PARENTHESES.

135,30

250,00

15.32
(ed1)
14,94
(.27)
14.25%
Lat?)
13,38
(«16)
12,39
(+18)
11,29
Cetd)
10,21
(.11)
G.01
(ai12)
T.88
(.14}
6.7
Leld):
5.60
(o181}
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Table 8. Average Short~Circuit Current After- 1014
electrons/cm

OCLI DIELECTRIC WRAPAROURND
BFTER luaE14 E/CHM#»x2 1 MEV ELEC

N/FP 2 GHM~-CM C6 SILICON
2 X & X «0225 CR
TI-PD=~AG

2 LAYER AR COATING
NO COVERSLIDE
SAMPLE SIZE 8

CELL TEFP. SOLAR INTENSITY (MW/CM#*+2)}
(DEGs C} 5«00 15.00 25.00 50.60 180.00 13530 256400
-168-00 1.09 3-30 5.50 13-96 21-92 - -
{.01) tel2} (.05) (.08) te27)
~148.00 1.10 3.39 S.60 11l.16 22.23 - -
(e02) («04) €.05) (073 (e 28)
~122.00 111 Se &l 568 11.32 22451 - -
(013 (.03) (.06) {«09) te 282
~100.00 1.15 Jekt 577 11.51 22 o B4 - -
€012 {.04) (.06} £.08} e 327
~00.00 - le17 3.51 5«86 11«66 23 .13 30.90 -
€01 (2041 {-06) (.09} €, 26) {332
-65400 1.19 34597 5.95 i1.82 23.42 31.12 58,11
{+81) te04) (.07} (=10) (e 322 (e34) (.79
~45.406 1e2% J.62 6el2 11.97 23477 3Jle48 58.99-
.01 C.042 (.06) (10} (e33) (.28) (.82)
~20+00 1.22 368 €all 12.16 25 420 31.98 558 8
(«01) o042 («06) (112 .38} (33} {e77)
«00 la24 3.73 Ge21 12.37 24 464 32.81 £0.99
(.01} Ce042 (0632 (e11) {e 282 (s34 {78
22.00 1.26 3.89 6e33 12460 25 .03 33.37 62433
t.81% ta04) (.07) t.11) 1.32) Ce33) (e82)
40.00 1.29 J.89 6e87 12.87 2577 J&.21 63472
{.01) €04} (.07) te11) (e31) (.38} (75)
6L+80 1.32 396 te61 13.18 26437 35403 Ehe93
(+01) (al4) (07> (10} (e 35) (e36) (.B0)
8030 - - - 1332 26 «95 3587 66607
(12} (e 35) (+37) 1.78)
160.00 - - - 13.61 27 43 36.61 67«42
(127 {333 (2373 (1.07)
128.00 - - - 13.83 27 .88 37.30 5840
(.12) (s« 33} (41} 1e78)
140,30 - - - 12,01 28.22 37.84 6he BT
(.12} (372 €.353 (722

NOTE: STANDARD CEVLIATICNS ARE GIVEN IN PARENTHESES.
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Table 9. Average Open-Circuit Voltage After 1014
electrons/cm

OCLI BIELECTRIC WRAFAROUND
AFTER 1.E14 E/fCMxx2 1 MEV ELEC

N/P 2 GHM-CM CG6 SILICGN
2 ¥ 4 X «0225.CH
TI-PD~AG

2 LAYER AR COATIREG
NOQ COVERSLIDE
SAFMPLE SIZE B

CELL TEMFP. SCLAR INTEKRSITY (ME/CM+x2)
(DEG. €} E.00 15,60 25.00 50.080 100,00 135.30
-162.00 821e44 860455 852.52 842.31 82664 -
(62.71) (34,03} (31.03) (27«27} (14.87)
~140G.00 796,72 832.04 827+81 822.54 812.45 -
(524343 (25.71) (23647 (20133 (13.78)
-120,00 T73.19 806.80 807.20 B80S .36 80G .12 -
(46443} (18.63) (17+32) (15.05) (13,80}
-100.00 458,51 T82+26 78712 T789.49 788431 -
(28419) (13.63) (12.65) {12.55) (13.08)
~80.00 713435 749449 T58.77 76822 772412 T13.90
(20447 (5454} {8+41) (8.50) €3.92) (1l0.23)
“60.00 EETe59 704455 719.24% 73352 T44 «51 T4Te30
{18.36) (8.73) (4436) (3.752 €4,48) (h o633
-40.00 £25.40 E60.61 673455 6906.19 704455 T09.07
(13463) {4481) (Tel4) (2.30) {1.50) (1.78)
-20,.00 578.01 Gl4,34 £28.31 645,51 660 %4 666427
€11.58} (4 e65) (3.28) {2.07) Cle 472 £1.53}
«08 530451 E66e417 581451 59982~ 616431 621459
tigd.18) (5.10) {3.05) (2.07) (1.64) (l.46)
2000 482697 920425 535447 554,82 572 «44 578.21
(8.68) {3.99) {2.,92) (1e84) (1.52} (1.62}
40400 436.16 474410 4894564 510435 528.76 534477
(2.70) (372} {2.65) €1.50) (1.97) {1.71)
60400 388.15 428411 444,60 4566+11 485 40 492,12

{6 64D €356} 24572 {1e40) (1.86) (14683)

8G.60 - 419.02 442 426 443454
(8.01) (1.59) (143}
100,87 - - - 37665 399 .42 407+30
€166 (1.383 (1.527%
12000 - - - 33244 355.70 364475
€1465) {1.23} €1+43)
14G.900 - - - 286464 311.3° 320.61

€1.64) €1.40) (1.27)

NOTES STANDARD DEVIATICNS ARE GIVEN IN PARENTHESES.

250400

753.57
(5.82)
Tl8.62
€2412)
67762
{1.72)
E344T4
(1.68)
59192
(1.913
54931
{199}
507437
t1.79)
46519
{2812
423.59
(2.17)
382.24
(1.88)
339.89
€1.98}
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Table 10. Average Maximum Power Current After 1014
electrons/cm

QCLT DIEFLECTRIC WRAPAROUND
AFTER 1.E14 E/Ci¥»»2 1 MEV ELEC

NIE 2 OHM«CM CG SILICON
Z2 X & X 0225 (M
TI-PD=AG

2 EAYER AR COATING
NG CCVERSLIBE '
SAFPLE SIZE 8

CELL TENMP. SOLAR INTENSITY (MW/CHMxx2)
(DEG. C} 5400, 15,00 25,00 50.00 180400 135, 30 250.00
~150.008 o84 2.65 4461 G55 2012 - -
{.06) (o203 (29} Cetit) (.58)
-140.00 «B6 2.76 4,74 5,590 20461 - -
(06) (a28) (283 (<381} €. 60)
-120.00 «B7 2483 4,92 1020 21.02 - -
07) a1 (.26) {e33) te5%4)
-10B.00 91 2494 5.08 10.50 21 .39 - -
(BT {4172 242 {28} (a83) |
-80.00 .04 305 523 1074 21 470 2919 -
¢.0T) (+15) (.19} (+25) €. 38) Calth )
~60e00 2% 3.14% .35 10.93 22,02 29.36 5394
073 teld) (173 (.19) Ce34) (29} (1.23)
-40400 1.00 3.21 S5e48 11.07 22 .31 29.69 52,91
CaB7) ta12) (+15) (+18) ¢e 31 30) €a61)
~20,00 1.62 5428 5,55 1ie29 22,75 29,91 53.69
(06D (al0} (12} €17} e 332 (+33) €.89)
00 1.05 3436 5.65 11.48 23.02 30467 53.66
€ e05) (.09} {el2) {13} (e 302 (27} o3 )
20.680 1.87 3e42 575 11.58 23,28 30495 54439
{.05) (.08) .05} (03} €e 30} Ce24) €69}
4000 1.69 3448 .86 11,79 23488 3147 5555
(.05} .06} 08} (12} t.46) €e20) Le75)
60.00 1.10 3449 Se8B 11.89 24 05 31486 BE.86
bt} («04) (.08) (D7) e 42} €233 €465)
80.00 - - - 11496 24 .06 31.97 5641
. te8T} (.29} (.28) €48
180.00 - - - 11.9% 24416 31.95 56487,
. €+11) (e 46 te27) {973
120.00 - : - - 11.77 23.78 31475 B6el 8
{ell) (31} €35} t,51)
148.08 - - - - 11,59 23 .44 31.42 5622
€.10) €e36) €e32) (42

MOTE: STANDARD DEVIATICNS ARE GIVEN IN FARENTHESES.

ORiGING: ).
o ;1‘—‘ H =
O PoOR g
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Table 11. Average Maximum Power Voltage After 10714
electrons/cm -
OCLI DIELECTRIC WRAPARGUND
AFTER leE14 E/CM=»2 1 MEV ELEC
N/P 2 OHM~CM CG SILICON
2 X 4 X 0225 CK
Ti-PD=-AG .
2 LAYER AR COATING
‘ NO COVERSLIDE
SAMPLE SIZE 8
CELL TEMP.- SOLAR INTENSITY €MU/CM*»2)
(DEG« ©) 5.80 15.00 25400 50.00 100.00 135.30 250.80
-160.00 525.12 €41.00 67887 T06.75 T1T 37 - -
. {95 4.TY (£1e74) (38465) (23.863 (20,07
-140.00 527.87, 637.87 665.37 693 .00 698 .12 - -
(91.393 (42.80) (35414) (2554) (19.332, .
=-12G.0C 537.50 632,87 65700 676.50 68037 - -
(8l «41) (29.14) (28.22) (24263) (18.373
~100+80 550450 628.37 649425 660.00 664412 - -
(67,.08) {33.55) (24 424) (20.95) (15.98)
~80.00 55362 E17+87 £34437 644475 £46 .50 644400 -
(55.82) (2797} (23465) (1B+S8) (16435} (15.27)
-60.00 540487 £96.00 61375 624450 628 .50 62550 6£618.5¢8
(41440} (21.85) t16,81) (15.22) (15.28) (I2.82) (13437}
=-40,00 506.12 S65.75 576450 - 596.87 602437 528.87 598e12
{31.93) £13.35) (16.0813 €951 (8420) (8.791} {Be71}
-20.00 4T0.87 52237 539,37 55587 56175 568450 Sa4.12
(2747} (12.96) (513} (5.03) {4.80) {5.32) (7.04)
«00 43000 47337 493.5D 516.87 523.00 52350 5344090
{22..32) (10.34%) (Be11) {6.51) (3.70) (469) {5.13)
204900 386475 42962 447487 465.62 477 «87 480412 491,87
(17.48) (%.01) (6.513 {(5.45) {4a19). {3+56) {4.36)
40.00 345,12 IB4e62 402450 42000 431 462 434425 446,00
€13.12) {2.09) {5455) {3+16) (370) . (3332 (63T)
60.00 301.37 343450 360.12 37T7.12 389.75 391.37 403,50
(12.08) {Ba33) {5.22) €4412) (24 60) {325} (4,25
80.00 - - - 330425 347 62 350637 J6050
{Be4]1) {239} (2+20) 38212
100.00 - - - 289.12 30572 30275 32037
{2.85) {3+ 5%4) {3333 {(3.7813
12G.00 - - - 251.12 264 450 26925 28062
(Ze6h) {2.88) €2.38) (34853
140400 - - - 208475 225.00 228412 238.00
(2«87} {227 (247 (3«07

NOTE: STANDARD DEVIATICNS ARE GIVEN

IN PARENTHESES.
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Table 12. Average Maximum Power After 101% eleetrons/cm2
OCLI DIELECTRIC WRAPAROUND
AFTER 1.E1%4 E/CM*x2-1 MEV ELEC
NFP 2 OHM-CHM C6 SILICOR
2 X 4 X «08225 CR
TI-PD-AG
2 LAYER AR COATING
NO COVERSLIBE
SAMPLE SIZE 8
CELL TEHP. SOLAR INTENSITY (MW/CHx%2)
(DEGe C} 5400 15,00 25400 50400 100.00 135.30 250400
-160480 o4 1.71 3a14 6eB2 14 o&4 - L=
€.10) €e25) €34} (+493 CeT8)
=1438.,080 19 1.76 Se16 6487 14 439 - -
(.10) 23 34} {47} (.70)
=120,00 .47 1-80 Je24 6.91 14430 - -
€102 (.22} (23} €e43) {«66)
-100.00 .51 1.85 3030 6.93 1".21 - -
(.093 (.19 .26} (.36 €573
-80.00 52 1.89 3.32 6493 14483 18.80 =
(093 C17) €e22) (+33) (51> {e6D) .
«60e0B0 52 1.87' 3«28 6.83 13«84 1836 33.36
ta0T) teld) (.18) (.25) (e 43) Cets3) €114}
=40.00 «51 1.82 316 6.61 1344 17.78 31.64
t.06) (.11} (161 (19) e32) €+35) te591}
=20.00 48 1.72 3400 6428 12,78 17.00 30.29
{405} €. 09) (11} {e14) €a25) Ce23) €«58)
-60 45 1,59 2.79 5.86 12.64 16406 28465
te04) (.07} (.09} (.13) €203 €+20) €.50)
20400 .41 1e47 2457 539 11413 14486 2675
€.04) (062 (072 (08} t.18) (.18} €45}
40.06 «38 1.34 2436 4495 10429 13.67 24,77
(«83) t05) (.086) .07} €. 26) fe16) | €e36)
£0.00 «33 1.20 2412 4448 937 12447 22454
€.02) tality €.05) t.073 (.19} €.18) £.40}
8060 - - - 3-95 8.36 11.20 20433
(.11) te13) 09 {.32)
1¢0.60 - - - 3445 739 .90 1g.22
Calit) (+19) €.13) €442)
129.00 - - - 2495 6429 Be55 15.85
. (eG4} t.12) (.11) t.28)
140.060 - - - 2.42 527 Tal7 13.386
€04} €. 591 (10) €.25)

NGTE: STANDARC DEVIATICNS ARE CIVEN IN PARENTHESES.
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Table 13. Average Curve Factor After 1014 electrons/cm2
OCLI DIELECTRIC WRAPAROUND
AFTER 1.F14 E/CM#»#*2 1 MEV ELEC
NZP 2 GHM-CHM €6 SILICON
2 X 4 X .0225 CM
TI-PD-AG
2 LAYER AR COATING
Ng- COVERSLIDE
SAMPLE SIZF 8
CELL TEMP. SOLAR INTEMSITY (HU/CMx*2}
(DEG. ©) 5400 15,00 25400 50«00 100,00 135.30 250.00
~160.00 « 4898 6017 e 6596 « 7393 7372 - -
Tt €a0827) (07983 (.0681) (.0529) (.0373)
~140400 #5130 «6256 «B822 $ 7482 « 7569 - -
C+0880) (L0771) (070603 (04933} (.0338)
-120.00 «S404 6541 7056 71573 7941 - -
€«0902) (407443 (40579} (a0431) (.0285)
~166.60 5837 6837 #7267 . 7628 «7892 - -
Ce0941F {06543 (405133 (403521 (02551
-80.00 £2584 « 7165 « 7463 - 7733 «TH5E 786D -
£.0885) («0604) (.0856) (403393 (.0228) (.0196)
~60.00 «6540 «Th60 « 7675 « 7875 7937 « 7898 «7618
fe08B16) («0506) (€40419) (02373 (e0212) (.0179) (.0213)
-40.00 <6785 7601 «+7800 «8000 «3825 + 7966 W THEE
C.0T740)  (40436) (.0348) (a0245) (.0182) (.0152) (.06113)
-20.08 #5813 - .7584 7805 + 7996 #7991 » 7979 27464
(06600 (e0374) (L0279) (a0187) (0120 (.0136) €.0108)
<00 6840 7527 L7730 «7901 7927 « 7874 #7491
(20600} (e0315) (02403 (€a02G0) (40117} (.0098) (.00881}
28400 6776 7413 «7550 e 7716 e 7766 e 7701 #7251
€e0500) («02B6) (402003 (01433 (.0113) (.0076) (.0076)
40400 +« 6688 #7273 eT4G2 | L7541 #7553 <7470 T0TT
€0420) (€40256) (401833 (€ 0128) (.0148) (0081) (L0077)
60400 6505 «F0T72 «7212 7319 7322 « 7234 5842
(387 {e0219) (01683 (01293 (.H097) (.0088) ¢.0077)
B0.00 - - - - 7041 «7018 «6948 6616
€.0116) (.0088) (L0075) (C.0067)
100.50 - - - 6736 6741 $66£38 «6380
00843 (.0123) (€.00%4) €.0082)
120.080 - - - o 5429 6343 6284 6063
(«0082) (0078 {(,0080) (.0087)
140.00 - - - «56023 #6001 5509 «5718
(.0088) (.0076) (.0087) {(.0082)

NOTE: STANDARD DEVIATIONS ARE GIVEN IN PARENTHESES.
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Table 14, Average AMO Efficiency After 101% electrons/cm?
OCLI DIELECTRIC WRAFAROUND
AFTER 1.E14 F/CKs*2 1 BEV ELEC
B 2 OGHF-CM GG SILICON
Z X 4 X 9225 C#
TI-PD=AG
2 LAYER 4R COATING
MO COVERSLIDE
SEMPLE SI1ZE 8
CELL TEMP, SCLAR INTENSITY (MU/CM++2)
(DEG. () 5406 15400 25408 56.60 100,00  135.30 255,00
-150.00 8484 1140 12,56 13465 14 044 - -
(2.04) t1.78) (1.36) (e58) (.74
-140.0¢ 9,18 11.75 12.64 13474 14,39 - -
(2.08) {1456) (1435} (+94) t. 70)
-120.00 S.41 11.98 12.95 13.51 1% <30 - -
(1.97) t1e473 (1.14) («85) (e66)
-100.060 10411 12436 13.21 13,86 14 .21 - -
t1.88) (1.28) (1.63) (731 €573
~-80.00 15449 12458 13,28 13.26 16403 13.89 -
1.713 (l.11) (.88} 663 £.51) (e84)
-6Ge00 10.38 12.50 13.13 13,65 13,84 13457 13.35
(1.44) €.94) (.73 €.50) t.43) €.32) €.46)
40,60 1813 12,13 12465 13.22 13 .44 13.14 12.6E
(1.27 (.71} (.63) (+38) (e 32) (263 (e24)
-20.B0 S 65 1lebt 11.98 12455 12..78 12,57 12.11
(1.06) (e58) {.45) (.28) £.25) £.22) (e23)
$G 8 S.02 10.61 11.16 11.73 12.04 il.07 11.46
(883 (48} {37} {.25) (203 (e15) (.20)
20.G6 £.28 9,79 10e38 10479 11413 106.98 12.78
(.71 Cetil) (.2%) (.16) ta18) €.13) t.18)
40.00 7455 B.94 T 9,91 10 .29 10.10 .91
{.561) (332 23 te14) (.26) (o123 £.15)
60400 Ee55 He00 848 2497 9 .37 9,22 9,92
€e3) (272 {.21) (e13) (e19) t.13) te18)
80,00 - - - 7.90 Be36 Ba2& Bel3
{e22) t.13) TS Cel3)
100.00 - - - €£.91 7439 7.32 7.25
(.07} .19 €102 ta17)
128.G0 - - - 5.91 Ge2% 6e32 [
.07 €12} {e08) fel1)
146400 - - - 4e84 S.27 5.30 5435
07 £.09) (.07 £.10)

ROTE: STANDARLC DEVIATICNS ARE GIVEMN IN PARENTHESES.
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APPENDIX

| ]

mmmjml;ma 1]

Figure A-1. Solar Cell




Figure A-2. Test Plate

A-2



Figure A-3. Solar Cell Characterization Facility

Figure A-4. Solar Cell Environmental Test Chamber

NASA—JPL—Coml, LA, Calil A-3
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